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(Abstract) 

The concept of employing engineering thermoplastics as toughness modifiers for 

Bismaleimide resins was utilized to improve the fracture toughness properties of these important 

materials, which have applications as matrix resins for high performance composites. Modifier 

molecular weight, end group functionality, backbone structure and weight percent incorporation 

were all studied with respect to their influence on Kj, fracture toughness properties. Increases in 

fracture toughness were created with thermoplastic oligomers without sacrificing high 

temperature properties and desirable hot-melt processing conditions. Investigations were also 

made to study the morphological features that develop within these modified thermosets and 

their resistance to specific environments. In addition, unidirectional carbon fiber composites were 

prepared and their mode | and II strain energy release rates measured. Respectable increases in 

the interlaminar fracture toughness were obtained, 15 and 20 percent by weight loadings of 

maleimide terminated polysulfone modifiers yielded Gj, values of 489425 and 734+10 Jim2 

respectively, a substantial improvement over the control value of 359+17 J/im2. 

Laminates were prepared using carbon fibers that had been investigated in terms of their 

surface energies using Inverse Gas Chromatography. It was illustrated how this technique could



distinguish between the acid-base properties of fibers possessing different degrees of 

proprietary surface treatments. Fiber composites containing both contrasting and subtle changes 

at the fiber-matrix interphase were prepared and their mechanical properties evaluated using a 

variety of test methods. Dramatic increases in laminate properties were measured for composites 

possessing contrasting interphases. Furthermore, the mode II fracture toughness test was 

sensitive to interphase differences; however, the mode | fracture toughness test was not. 

Specimens subjected to the new Continuous Ball Indentation test method (meso- 

indentation) were compared with single fiber micro-indentation test results. Differences were 

detected in composites prepared using untreated and surface treated fibers. The new method 

was also sensitive to changes in matrix ductility. Certain anomalies that were noted to be 

surprising from micro-indentation measurements were not present in the meso-indentation test 

results. These observations brought to light certain limitations found within the micro-indentation 

test, but further supported the new test method as a potential technique for fiber-matrix 

interphase evaluation.
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Chapter 1: Introduction 

Thermoset resins based on Bismaleimide (BMI) chemistry have been marketed to 

compete with epoxy resins as they too possess many desirable properties that are associated with 

thermoset networks. These include high tensile strength and modulus, excellent chemical and 

corrosion resistance and good dimensional stability. A major reason for the substantial interest in 

Bismaleimide resins at present, is that they process in a similar manner to epoxies, and cure 

without the evolution of volatiles, and exhibit higher glass transition temperatures than epoxies 

(approximately 250°C and above). Bismaleimide resins can be processed together with carbon 

fibers. Major applications for these BMI structural composites are in military aircraft and aero- 

engines. 

One major disadvantage associated with many thermosetting networks is their inherent 

brittle character. For BMI's to be used as matrix resins for high performance structural composite 

materials, their fracture toughness must be improved without sacrificing other important 

mechanical properties, such as high temperature flexural strength and storage modulus. One 

approach that can be taken, and is studied in detail in chapter three, is to utilize the concept of 

employing engineering thermoplastics to serve as toughness modifiers for the BMI network. 

Through controlling the molecular weight, weight percent incorporation, backbone structure and 

end group chemistry of these modifiers, the BMI fracture toughness has been studied while 

maintaining high temperature performance and good processing characteristics for hot-melt 

processing techniques. Phase separation of the thermoplastic modifier occurs during network 

formation, and variations in morphology associated with changes in polymer parameters are also 

discussed. Included in this chapter are the resistance of certain morphologies to different 

environments.



As the modified resin system is still capable of being processed using existing hot-melt 

technology, attempts were made to prepare unidirectional carbon fiber prepreg to be 

consolidated into laminates for mechanical testing. Chapter four discusses the impregnation 

process, where a laboratory scale drum-winding prepregger was utilized to prepare unidirectional 

prepreg. Much experience has now been attained concerning the relative parameters and 

problems that are encountered using this instrument. Chapter four focusses on these 

prepregging issues, and also introduces typical characterization methods that are necessary 

when evaluating composite laminates. Prior to processing the toughened BMI's and carbon fibers 

into composite materials, the fiber surfaces were characterized using inverse gas 

chromatogtraphy (IGC), to monitor the surface energy changes in terms of their acid-base 

character. The IGC results and some X-Ray photoelectron studies are reported in chapter two for 

carbon fibers prepared by different manufacturers. 

To study how the fracture toughness measured in chapter three transfers into the 

composite material, mode | and mode II fracture toughness tests were performed, their results are 

presented in chapter five. This chapter details the macro-mechanical techniques used to monitor 

the mechanical performance of the toughened BMI laminates, prepared as in chapter four, and as 

developed in chapter three. Rather than pursue a series of mechanical tests that would be typical 

of product development, toughened BMI matrix resins were prepregged onto certain carbon 

fibers (measured as described in chapter two) that would prepare laminates containing both 

contrasting and subtle changes at the fiber matrix interphase. Chapter five presents the macro- 

mechanical property results for these laminates utilizing a variety of test methods. These materials 

were then employed within an interdisciplinary research program being conducted at VPI to study 

indentation techniques as possible methods to measure the interfacial response in fiber 

composites.



Chapter six provides a review of the current test methods employed to study the fiber- 

matrix interphase in composite materials, and the rationale as to why such measurments are 

important. The new technique being developed in the Engineering Science and Mechanics 

Department termed the Continuous Ball Indentation test method is introduced, and the response 

of laminates containing toughened Bismaleimides on differing interphases is reported. Also, 

these initial findings are presented with results from micro-indentations into polished cross- 

sections of the unidirectional laminates. Such information, concerning interfacial response, is 

needed by the mechanics community to learn how to develop mechanical tests that probe the 

engineering properties of the fiber-matrix interface. The ultimate goal is to use these 

measurements in models predicting life/strength of important structural materials such as 

toughened thermoset carbon fiber composites.



Chapter 2: Carbon Fiber Characterization 

2.1 INTRODUCTION 

2.1.1 Background And Literature Review 

Most carbon fibers are prepared from either polyacrylonitrile (PAN) or pitch based 

precursors, with the PAN based fibers having the best mechanical properties for structural 

applications, (Pitch is the final residue from oil and contains large quantities of aromatic material). 

The exact production process is kept proprietary by fiber manufacturers, although some details 

are known and have been outlined by Diefendorf (1). Briefly, the process includes spinning the 

precursor into fiber form followed by several different heat treatment stages. These include fiber 

oxidation at 200-300°C and carbonization (under an inert atmosphere) at 1000-1500°C. Fibers 

are then passed through a proprietary surface treatment process and sometimes ‘sized’. The term 

‘size’ is applied to a particular substance which is used to coat the fiber 'tow’. A tow represents a 

certain number of individual fiber filaments, for example, 6K or 12K tows contain 6000 or 12000 

filaments. Filaments are individual fibers (5-8 microns in diameter). The fiber sizing is often used 

to protect the brittle filaments during handling and may, for certain fiber-matrix combinations, 

improve the fiber-matrix adhesion. 

Carbon fiber mechanical properties such as tensile strength and modulus can vary 

significantly depending on how the fibers are processed (2). For example, the modulus may 

increase with increasing carbonization temperature due to an increase in the graphitization of the 

carbon, since a more ordered structure of graphitic sheets produces a stiffer fiber. Pitch 

precursors are used for ultra high modulus fibers.



A number of fibers used in this study are termed Intermediate Modulus (IM) carbon fibers. 

These newer fibers are improved versions of the old type | and II fibers. Type | fibers were formed 

at high carbonization temperatures (>2000°C) and possessed high moduli but low strengths. 

Type Il fibers were formed at lower temperatures (1000°C - 1600°C) and had lower moduli but 

better strengths. Improvements are continuing to be made for the IM fiber types, and the latest 

product is IM9. 

Carbon fiber tensile strengths are governed by flaws which exist both within the fiber 

structure and on the fiber surface. The numbers and types of flaws obviously vary between fiber 

manufacturers due to their processing differences. Typical flaws found within carbon fibers 

include: 

1) Impurities in the precursor 

2) Thickness variations along a fiber length 

3) Discontinuities in the crystal or fibrillar structure 

4) Surface defects from processing or handling. 

A lower probability exists of encountering a flaw in smaller length fibers, which explains 

why fiber strengths tend to increase as fiber lengths become smaller. It is clear that the fiber 

breaking strength in general will be governed by the presence of defects. Workers have shown 

how fiber surface treatment affects breaking strengths (3,4 ). Initial anodization removed flaws 

from the fiber surface which could initiate fractures, thus fiber strengths increased. Too much 

anodization reduced the fiber strength due to an increase in flaws. These results highlight the 

importance of "optimization" when surface treating carbon fibers, and it must be emphasized that 

optimizing the surface treatment to improve fiber strengths may not necessarily be the optimum 

treatment required to optimize fiber-matrix adhesion. 

Fiber surface treatment occurs after fibers exit the carbonization furnace. Several reasons 

exist as to why surface treatment is necessary. Surface treatment removes weak outerlayers of



amorphous carbon which have low shear strengths. Chemical functionalities are introduced onto 

the fiber surface which may promote fiber-matrix adhesion through a number of adhesion 

mechanisms (5). Finally, the carbon fiber surface structure is modified to remove flaws which may 

lead to improved fiber strengths. Numerous fiber surface treatments exist, some of which have 

been reviewed by Donnet (6,7). Anodization is the most practical surface treatment for industrial 

fiber production, being a continuous process. With the variety of polymeric matrix resins 

continually increasing, a number of surface treatments are being studied to improve the 

compatability between matrix resins and carbon fiber reinforcements. 

Kaeble (8) and Daukeys (9) have suggested that interlaminar shear strengths (ILSS) for 

carbon fiber composites are directly related to fiber-matrix bonding. They suggest that interfacial 

bonds between the carbon filaments and resin material may be enhanced by enlarging the fiber 

surface area, which provides more points of contact between fiber and matrix and enhances the 

physiochemical interaction between the two. These observations guided investigators to study a 

number of surface treatments which may improve the fiber-matrix interfacial bond strength. As 

commercial surface treatments are trade secrets, information regarding surface treatments are all 

due to laboratory investigations carried out by various research groups. Table 2.1 (10) illustrates 

the improvements in composite ILSS for various surface treatments. The validity of comparing 

these surface treatment effects with interlaminar shear strength values remains questionable 

since it is not clear which failure mechanisms are present within the short beam shear test used for 

the measurements. 

Figure 2.1 (11) illustrates how surface treatments may be categorized. Probably the most 

widely studied surface treatment is the wet oxidative treatment with nitric acid. Numerous 

parameters have been varied such as concentration, time, and mode of treatment. Their effect on 

surface area (from BET adsorption isotherms) and functionality (X-ray photoelectron



Table 2.1 

Surface Treatment of Carbon Fiber and Improvement of Composite ILSS (11) 

  

Treatment Improvement in ILSS (%) 
  

Gaseous oxidation 10-15 
(air, ozone, RF plasma) 

Liquid-phase oxidation 100-200 
(HNO3, NaClO, electrolytic) 

Whiskerization 200-300 
(SigN4, TiO2, SiC) 

Pyrolytic carbon coating 60-100 
(CHa, FeC, SiC) 

Polymer grafting 80-100 
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Surface Treatments for Carbon Fibers (11)



spectroscopy, titrations, etc.) are typically measured. Other reported measurements include 

weight loss analysis. The preferred electrochemical oxidations allows for continuous carbon fiber 

processing. Pioneering work in this area by Donnet (12,13) used dilute nitric acid (10 weight 

percent) containing 2.5% potassium dichromate and sodium hydroxide, using a graphite plate as 

the cathode. The work potential was ~2 volts and current density was approximately 1mA/cm2. 

Once more, many parameters were altered to study the surface treatment effects. It was found 

that nitric acid increased carbon fiber oxygen content whereas oxidation in an alkaline medium did 

not. Graphitic oxides were observed when type | fibers (2500°C graphitization) were treated, 

however no oxides were noticed for treating type I! (1100°C graphitization). More recently Muzzy 

(14) and co-workers have studied the electrochemical surface treatment of carbon fibers. The 

anodic oxidation used in this process was based on an aqueous solution containing ammonium 

nitrate as the electrolyte. Different reaction conditions were chosen to study their effects on 

carbon fiber surface functionality. Such conditions included polarization potential, electrolyte 

concentration, solution temperature and treatment time. Fiber surface analysis used XPS studies 

to verify that surface functionalities involved carbon-oxygen bonds. After curve fitting the oxygen 

binding energy peaks, it was concluded that large amounts of phenolic and carboxylic groups had 

been introduced on the surface. A moderate treatment for ten minutes was sufficient to produce 

uniform oxidation across fiber bundles, and no change in fiber surface morphology or mechanical 

properties was observed. Although studies concerning the effects of various surface treatments 

continue to be made, little information is provided upon how the various fiber surface chemistries 

create and/or cause changes within the fiber-matrix interphase, and how these changes may 

influence interfacial bond strengths. 

Drzal (15) has studied the surface composition and energetics of Hercules Type A PAN 

based graphite fibers. He concluded in this early work that fiber surface treatments were 

increasing the amounts of material that could be desorbed from the fiber surface with moderate



thermal treatment. Unless adequately removed, this material would have the potential for causing 

voids in the composite and adversely affect interactions between fiber and matrix. Drzal (15) also 

used isoteric heats of adsorption to indicate that fiber surface treatments affect only a portion of 

the fiber surface. This observation was supported by an increase in the isoteric heats of 

adsorption on only 30% of the treated fiber surface when compared with the untreated one, thus 

illustrating the heterogeneous nature of carbon fiber surfaces. A marked sensitivity to exposure 

to the environment was observed by the surface treated fibers following isoteric heats of Krypton 

adsorption. Drzal (15) did suggest however, that after environmental exposure some high energy 

sites did still remain on the fiber surface. Extending his work further, Drzal (16) studied untreated 

and surface treated high modulus (HM) type fibers. A structural model for the HM type fibers was 

reported by Diefendorf and Tokarsky (17). The main elements within this model were graphitic 

lamellar ribbons with a high degree of axial alignment. Diefendorf reported that the lamellar 

ribbons were about 20 basal layers thick and 7nm wide with over 75% of the graphitic basal planes 

oriented within 12° of the fiber axis. It was believed that because of the graphitic basal plane 

orientation, the fiber surface in the untreated case would be expected to be energetically similar 

to high temperature processed graphite. Drzal (17) verified this fact using adsorption techniques 

and concluded that these higher modulus fibers processed at higher temperatures had little 

heterogeneity and were uniform in adsorption energy. Upon surface treatment, an increase in 

heterogenous sites was measured (0.8 - 3.8%) by extrapolating the linear portion of the Krypton 

adsorption isotherms to zero pressures. These surface sites were highly energetic and remained 

so even when exposed to air. Fiber surface energetics were monitored using a Wilhelmy balance 

and indicated that the polar component of the surface energy was the primary reason for the 

energy increase. Fiber surface area was not significantly altered by surface treatment. 

Utilizing the single fiber fragmentation method and combining fiber analysis which 

included chemistry, morphology, and fracture characterization studies during the interfacial shear 

10



strength measurements, Drzal (18,19) concluded that proprietary surface treatments designed to 

promote adhesion between carbon fibers and epoxy resins operated through a two part 

mechanism. Firstly, the treatments remove weak outerlayers that have poor shear strengths; and 

secondly, chemical groups are added to the surfaces to promote fiber-matrix interaction. 

Increasing a fiber surface area was not found to be an important factor in promoting fiber-matrix 

adhesion. 

Schultz et. al. (20,21) has attempted to bridge the gap between fiber surface chemistry 

and interface strength by generating an energy interaction parameter that uses the acid-base or 

acceptor-donor concept between fiber surfaces possessing different energies and the acid-base 

properties of an epoxy matrix. By using inverse gas chromatography (IGC), Schultz obtained the 

specific enthalpy of adsorption for a number of probes that varied in their acid-base character and 

possessed different values for their Gutmann acceptor (AN) and donor (DN) numbers. Using 

Papirer's (22) approach, Schultz assumed that: 

AH gp = Ka DN + Kg AN 

Where AH? <p is the specific enthalpy for acid-base interaction and values for the 

constants Ka and Kp were obtained graphically by injecting a series of polar probes over different 

fiber surfaces and by knowing their respective DN and AN numbers. Thus, for an untreated fiber, 

a surface treated fiber, and two coated fibers, Ka and Kg values were obtained. Schultz also 

reported the Ka and Kg values for the epoxy resin matrix, within which he embedded the carbon 

fibers. They measured an interfacial shear strength, t, using the single fiber fragmentation test. A 

specific acceptor-donor interaction term, A, was calculated using the following expression for 

each fiber(f)-matrix(m) specimen. 

f om mf 
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Interfacial Shear Resistance Against Specific Energetic Interaction Parameter ‘A’ (21)



Interestingly, a linear correlation (Figure 2.2 ) was observed between the measured 

interfacial shear strength, t, and the interaction parameter, A, suggesting that chemistry at the 

fiber-matrix interface plays an important role in interface strength. 

Vukov and Gray ( 23) have utilized Inverse Gas Chromatography to measure dispersive 

components associated with two different carbon fiber types (high strength and high modulus) 

when studied ‘as received' and also when subjected to a heat treatment process to clean the fiber 

surface. Comparing the fiber'’s dispersive energies at 50°C, it was observed that for PAN based 

fibers of high strength (T300) the dispersive component increased by approximately 100% from 

38.8 mJ/m2 to 76.8 mJ/m2 when heat treated to remove physisorbed species. The same IGC 

experiments were performed on pitch based fibers (P55) which were higher in modulus. Results 

illustrated that these fibers had lower dispersive components at 50°C, 39.4 mJ/m@ changing to 

54.4 mJ/m2 when subjected to surface cleaning by the heat treatment process. Vukov and Gray 

attributed the increase in dispersive component to an increase in high energy prismatic edge 

surfaces on the higher strength carbon fiber. Clearly the IGC technique is a powerful analytical 

tool for probing the surface energies of numerous carbon fibers, and if details concerning fiber 

manufacture were made available, correlations could be drawn between fiber surface energies 

and processing histories. 

Fiber surfaces may be characterized by a wide variety of techniques. These 

include spectroscopy, contact angle measurement, calorimetry, and gas chromatography. This 

chapter discusses two of these techniques, X-ray photoelectron spectroscopy (XPS) and Inverse 

Gas Chromatography (IGC). 

2.1.2 X-Ray Photoelectron Spectroscopy (XPS) 

In XPS, the sample is bombarded with X-rays and photoelectron's are emitted from within 

the atomic orbitals of various atoms present in the sample. The photoelectrons binding energy 
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(Eg) can be calculated knowing the X-ray energy (hv), the sample work function () and the kinetic 

energy of the analyzed photoelectrons (Ex). The expression relating these terms is: 

Ep =hv-Ex-@ (2.1) 

Binding energy values are characteristic of each element and their peak intensities are 

proportional to the number of atoms sampled, thus enabling a solid surface to be characterized in 

terms of atomic composition. Small deviations in the binding energy values known as chemical 

shifts will occur when a specific core level of a particular element is in a different chemical state. 

Bonds such as C-C have C1s peaks at 285.0 electron volts (eV). This peak shifts in R-C-O type 

bonds by 1.5 eV, and for R-C=O bonds the peak shift is 3.0 eV.(24). Hence, some structural 

information can be obtained; however, this information may be ambiguous and for carbon fibers 

the peak shapes tend to be noisy and difficult to resolve. 

The purpose of using XPS analysis in the present study was to examine to what extent 

the carbon fiber surface composition changes with various degrees of surface treatment, and how 

much variation in surface composition occurs between fibers made by two different vendors. 

2.1.3 Inverse Gas Chromatography (IGC) 

To further develop the understanding of how carbon fibers contribute to the interphase in 

composite materials, the fiber surface's physical and chemical nature needs to be studied. 

Physical properties of a carbon fiber surface are related to the fiber's internal structure, which 

hasbeen studied by wide and small angle X-ray diffraction (25,26,27,28,29), electron diffraction 

(30,31), transmission (26,27,31,32) and scanning electron microscopy (33,34,35) and optical 

microscopy (36,37). These techniques provide information when examining surface and internal 
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flaws, as well as describing the spatial configurations of crystalline regions that make up the fiber. 

Figure 2.3 (38) is a schematic diagram of the constituents that may form within a carbon fiber. 

Each part may vary in its size, number, and orientation, and the diagram is only a schematic in that 

respect, however it does serve to highlight how fiber surfaces (which will contribute to interphase 

properties) depend on the fiber's internal constituents, which are in turn related to the fibers 

processing history. 

Carbon fiber surface energies do contribute to the interphase in a composite material 

(20). These energies represent a combination of the chemical and physical nature of a fiber 

surface. Different alignments of crystalline regions with respect to the fiber axis will change the 

amount of graphitic basal planes (low energy surfaces) and prismatic edges (high energy regions). 

This is an example of the physical nature contributing to surface energies. A chemical influence 

on surface energies would arise from various functionalities that are introduced on a fiber after 

surface treatment. These functionalities are sometimes difficult to quantify in terms of the actual 

chemistries they represent and how many of each type exist. However, DeVilbiss (39) did use 

derivatization experiments to verify the presence of amines, and titrations have been performed in 

attempting to quantify the number of acidic and basic sites per unit area of fiber surface (40). 

Inverse gas chromatography (IGC) is an excellent technique for studying the surface 

energetics of carbon fibers. It offers a number of advantages: 

(i) Column preparation is quick and simple. It involves the careful handling of fiber 

tows (typically 12000 filaments), unlike the difficult and tedious experiments that use single 

filaments which are 5-7 microns in diameter. 

(i) | The technique uses a large number of tows, typically 24 (288000 filaments!), and as 

fiber surfaces are heterogeneous, an average response from a large sample size provides a good 

representative figure for the surface energies of each fiber type. 

16



(iii) | The ability to use a variety of different probes when performing the IGC technique 

enables one to study the extent of dispersive and non-dispersive (acid/base) energies that form 

the total surface energy response. 

The technique is termed Inverse Gas Chromatography as unlike conventional gas 

chromatography, the sample (carbon fiber) is the stationary phase and is packed within a stainless 

steel column. Small molecules termed probes, of known physical characteristics are passed 

through the column, they are detected by a flame ionization detector and the retention times 

recorded. Figure 2.4 is a schematic diagram showing the essential features for an Inverse Gas 

Chromatography experiment. 

The measured parameters involved in an IGC experiment are given in an expression 

termed the specific retention volume (Vg). 

273.16. Vn Vg = (2.2) 

In the above expression T¢ is the column temperature, W is the weight of material on the 

column and Vn is the net retention volume given by expression 2.3. 

Vn = J.F.corr (tp - to) (2.3) 

where J is a correction factor for gas compressability and Feorr is the corrected carrier gas 

flow rate, calculated via expressions 2.4 and 2.5. 

5 3_| PiPolt) 
2 | (P)/Po)*-1) 

(2.4) 

Pj = Pressure at the chromatogram inlet 

Po = Atmosphere pressure in mnVHg 
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Foor =F (% ne 

Po (2.5) 

F = carrier gas flow rate 
PH20= Vapor pressure of water at the temperature of the flowmeter 

Also, tp is the probe retention time and tg is the retention time of the reference probe 

(typically methane in helium carrier gas). Both probe and reference probe are injected 

simultaneously. The work by Smidsrod and Guillet (41) pioneered the way for many other 

researchers to use IGC as an analytical tool for studying physical polymer properties (42,43). A list 

of such properties is detailed in Table 2.2. Early work on the surface properties of carbon fibers 

using gas chromatography was performed by Brooks and Scola (44). Graphite and carbon black 

surfaces were studied by Domingo-Garcia et. al. (45). More recently, with great interest being 

stimulated into understanding the constitutive elements that form a carbon fiber-matrix 

interphase, inverse gas chromatography has emerged as a potential analytical tool for probing 

fiber surfaces to yield information concerning surface energetics (40). A number of publications 

(21,46) have described how Lewis acid/base interactions monitored by IGC can be correlated to 

adhesion properties at a fiber-matrix bond. The literature also describes how IGC can discriminate 

between Pitch and PAN based fibers and discusses how the graphitic nature of a fiber surface in 

terms of basal plans and prismatic edges can contribute to the fibers dispersive component (23). 

Optimization of the fiber-matrix interphase would certainly depend upon optimizing many 

factors, including a fiber surface treatment. It was the purpose of this research to obtain fibers 

from different manufacturers with various levels of surface treatment and to study their surface 

energetics via the IGC technique, and to assess the ability of IGC to perform as a suitable analytical 

tool for monitoring processing variations in carbon fiber manufacturing. At a later stage when 

composite laminates were prepared from the same fibers and interfacial shear strengths 
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Table 2.2 

Bulk Properties Determined from Inverse Gas Chromatography (54) 

  

  

Parameter Symbol 

Percent Crystallinity %C 

Flory-Huggins Interaction X12 

Parameter (polymer solvent and polymer 103 
polymer) 2 

Hildebrand Solubility Parameter 62 

Enthalpy of Solution AHg 

Diffusion Coefficient df 

Weight Fraction Activity Coefficient Q,a 

Heat of Acid/Base Interaction AHAB 
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measured, information conceming each fiber would be available to determine if any correlations 

could be made between interfacial shear strengths and carbon fiber surface energies. 

2.2 MATERIALS 

A variety of carbon fibers were used in XPS and IGC analysis. High specific strength and 

modulus values associated with carbon fibers are the major reasons why these fibers have 

become so advantageous for use as structural materials in high performance composite 

applications. Properties of carbon fibers depend upon the precursor used in manufacture (i.e. 

PAN (polyacrylonitrile) or Pitch (residue from oil tar). The processing conditions such as 

temperatures and tension levels can also cause changes in fiber properties. Exact processing 

details are kept proprietary by the fiber manufacturer, and so fiber surface analysis can only 

characterize the effect these processing conditions have on fiber surface properties. The XPS 

and IGC techniques provide a variety of information concerning carbon fiber surface phenomena. 

Numerous fibers listed in Table 2.3 were obtained from two different manufacturers. Some varied 

in their level of surface treatment, others varied in their type (i.e. A or IM type). All fibers were 

unsized, that is no protective coating (termed size) surrounded the fiber tows. Size is usually put 

on carbon fibers to keep the filaments together during the prepregging process and to protect 

individual filaments from tearing or "pilling" up which would eventually destroy the tow. Certain 

"sizes" may improve adhesion between fiber and matrix; however, as the variety of polymeric 

materials and types of fiber increase, sizing may or may not be important. In this study “size” would 

just be an extra unwanted variable, and would “hide” the various effects on surface energetics 

that were caused by different manufacturers and levels of surface treatment, for this reason 

unsized fibers were studied. 

Fibers were obtained form Hercules and Courtaulds. Intermediate Modulus (IM) fibers 

from Hercules have similar properties as the Courtaulds 43-750 fibers, and so could be used for 
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Table 2.3 

Carbon Fibers Studied by XPS and IGC Techniques 

  

  

Designation Manufacturer Tensile Strength Tensile Modulus 

GPa(Ksi) GPa(Msi) 

IM7 . Hercules 4.713 (683) 283 (41) 

IM8 50% ST Hercules 5.17 (750) 310 (45) 

IM8 100% ST Hercules 5.17 (750) 310 (45) 

IM8 400% ST Hercules 5.17 (750) 310 (45) 

AU4 Hercules 3.45 (500) 235 (34) 

AS4 Hercules 3.45 (500) 235 (34) 

43-750 0.1x ST Courtaulds 283 (41) 

43-750 0.1 x ST Courtaulds 283 (41) 

43-750 1.0x ST Courtaulds - 283 (41)



comparison purposes. The A type fibers from Hercules were designated AU4 for untreated fiber 

and AS4 for the surface treated fiber. 

2.3 EXPERIMENTAL TECHNIQUES 

2.3.1 X-Ray Photoelectron Spectroscopy (XPS) 

2.3.1.1 Sample Preparation 

An XPS sample mounting probe with screw holes drilled into its surface was placed ona 

clean flat worktop. Carbon fiber tows were draped over the mounting probe until a thick fiber layer 

covered the metal surface. Ends of the fiber tows were taped to the worktop, thus preventing the 

specimen set up from misaligning. An aluminum gasket was screwed in place above the mounting 

probe trapping the fibers in position, tows were cut free, and fiber edges were trimmed around the 

mounting probe. 

2.3.1.2 Data Collection 

Data was collected on a Perkin Elmer PHI 5300 electron spectrometer with a magnesium 

Ka X-Ray source. Operating power was 250 W. Pressures within the spectrometer ranged form 

2x10°8 to 4x10"? torr. No angular dependant studies were performed. All data acquisition 

occurred with the sample aligned at 90° to the spectrometer analyzer slit. 

The atomic fraction for various elements was calculated using equation 2.6. 

AF = (A)A(SFi)/(STi)] 
n 

UAMSF)(ST 
(2.6) 
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The area (A) under each photopeak was divided by the elements sensitivity factor (SF) 

and the time spent by the spectrometer (ST) when scanning for that particular element. This value 

was normalized for each element detected by dividing by the sum of all such quantities, as 

described in equation 2.6. 

The proprietary nature of the electrochemical surface treatment by the fiber 

manufacturers make it difficult to identify specific elements, (other than carbon, oxygen, and 

nitrogen) to search for in the XPS spectroscopy measurements. Table 2.4 describes the 

elements used for quantitative analysis of XPS data, they were chosen as the possible salts used 

in the proprietary electrochemical anodization process could be sulfates, nitrates, phosphates, or 

silicates. Obviously, other salts may be used, however, it was felt that the majority of fiber surface 

functionalities would be composed of elements from such compounds. 

2.3.2 Inverse Gas Chromatography 

2.3.2.1 Column Preparation 

Stainless steel tubing approximately one meter in length and 1/4" diameter was fitted with 

brass Swagelok® ferrules and weighed. After straightening the tubing, a piece of wire (1.5 meters 

in length) was pushed through the tube until wire 1/4 meter in length protruded at either end. 

One end of wire was curled in the form of a hook and individual tows (2 meters in length) were 

wrapped around the hook, thus forming a double layer of fiber tow one meter in length. The 

process of “tow looping" was repeated twelve times. Fibers and hook were carefully gathered 

together and guided into one open end of the stainless steel tubing while being pulled by the 

wire at the other end. After careful column packing, ensuring that little fiber damage occurred, 

fiber edges were trimmed and the column weighed. The column was fitted to the inlet port and 

flame ionization detector by tightening the brass ferrules. 
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Table 2.4 

Elements Used in XPS Analysis 

  

  

Element Atomic Orbital 

Electron 

Carbon Cis 

Nitrogen N 1s 

Oxygen O 1s 

Fluorine Fis 

Chlorine Cl 2p 

Sulfur S 2p 

Phosphorus P 2p 
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A Hewlett-Packard 5890 Gas Chromatograph equipped with a 3392A integrator was used 

for the IGC experiments. The carrier gas was helium, its flow rate was adjusted to approximately 10 

ml per minute and monitored by using a soap-bubble flow meter. Outlet pressure (atmospheric) 

was measured using a mercury and brass barometer. Inlet pressures were calculated by finding 

the pressure drop across the column and subtracting the value from the measured outlet 

pressure. Pressure drops were obtained using a mercury manometer and taken as the difference 

in height of mercury levels when a tight fitting needle attached to the manometer was pushed 

through the inlet septum (also tightly fitted to the injector port with the aid of teflon tape). 

2.3.2.2 Injection Technique 

Solvents were kept in 5 ml solvent ampules with a tight fitting septa held firmly in the caps. 

The “art” of sample injection was to fill the Hamilton® 10 il gas tight syringe with sufficient solvent 

vapor (taken from head space above the solvent) and dilute it a sufficient number of times so that 

the solvent peak on the integrator was not so large that (at zero attenuation) it went off the paper. 

Also, the peak should not be so small that the integrator does not give a reading. Prior to charging 

with solvent vapor the Hamilton Gas Tight® syringe was flushed thoroughly with the non- 

interacting marker probe, a 10% volume mixture of methane in helium. Thus two peaks on the 

integrator should be observed. It must be noted that the vapor pressure of alkanes, for example, 

reduces dramatically from pentane to decane and so a variety of sample sizes is required 

depending on the physical characteristics of the probe. 

2.3.2.3 Carbon Fiber Heat Treatment 

Physisorbed material, such as water molecules and carbon dioxide may be present on the 

fiber surface and could contribute to the value of fiber surface energies as they too may possess 

an ability to undergo dispersive and non-dispersive interactions. To study this physisorption” 
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effect on surface energetics, a number of fibers were “heat treated” to remove such material. 

Various carbon fibers from Hercules® Corporation, IM7 unsized and IM8 fibers of 50%, 100%, and 

400% surface treatment levels, were used. The heat treatment was performed within the 

chromatogram. After results from performing the |GC procedure had been obtained from “as 

received" fibers, the chromatogram oven was heated to 120°C and held for 14 hours with a 

constant flow of helium carrier gas passed through the column, “sweeping out" the physisorbed 

material. 

2.3.2.4 Data Reduction for IGC 

The free energy of desorption or adsorption, AG°, is described in equation 2.7. Where 

Vn is the net retention volume and K is a constant. 

AGO = RTInVn + K (2.7) 

The relationship between the work of adhesion (Wa) and the free energy for the probe 

and solid per unit surface area is expressed in equation 2.8, where N is Avogadro's number and a 

is the surface area of the probe molecule. 

AG = NaWa (2.8) 

Fowkes (27) has suggested that for the case where only dispersive interactions occur 

(when n-alkanes are used as probes for example), the work of adhesion may be expressed as the 

geometric mean of the dispersive component from the contributing solid (fiber) and liquid (probe). 

Wa= (yey ty" (2.9) 
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By substituting equation 2.9 in equation 2.8 and then in 2.7, the following expression 

results: 

D 1/2 D 1/2 
RTInVy = 2Na (v2) (y,2)) +K (2.10) 

The above equation is the key expression in determining fiber surface energetics as it 

describes the relationship between experimentally determined values (Vj) and known physical 

characteristics of the probe molecule, (surface area, a, and dispersive component, (¥°)). As the 

1/2 
term RTInVjp is a linear function of the quantity a (y°) , the slope of the straight line yields the 

fiber dispersive component. Deviations from this linear relationship which occur when polar 

probes are used enable surface energetics in terms of acid/base properties to be determined. 

Equation 2.3 allows the calculation of the retention volume for every injection. For every probe 

used, a plot of RTInVn against peak area was constructed using a typical linear regression 

analysis. Extrapolation of such plots yields the values of RTInVn at zero area (zero concentration). 

Such criteria has to be met as the derivations that form equation 2.10 assume measurements are 

made at infinite dilution and that readings are taken within the Henry's law region, which states that 

the area of gaseous molecular adsorption onto a solid surface is directly proportional to the 

pressure above that surface. 
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After obtaining values of RTInVp at zero coverage for a series of n-alkanes, a plot of 

RTInVp against the term a(y,°)'* can be made, as shown in Figure 2.5. The slope of the straight 

line corresponds to the dispersive component of the fiber surface at column temperatures used 

for the probe injections. Tables exist within the current literature (48) that describe the change in 

Yer of n-alkanes as a function of temperature, thereby allowing a more accurate calculation of 5 

at these temperatures. 

The IGC technique may also be used to obtain estimations of the acidic and basic 

character of fiber surfaces. Such interactions fit into the non-dispersive (specific) interaction 

category, and have more usually been referred to as polar interactions. Gutmann (49) stated that 

liquids and solids could be characterized by donor or acceptor numbers, and followed the 

arguments of Fowkes (50,51) and Drago (52,53) that non-dispersive intereactions may be 

described as Lewis acid/base interactions. The acid/base concept suggests that strong 

interactions develop between acids and bases that accept and donate lone pairs of electrons, 

respectively. Species that have the same character (i.e. both acids or both bases) will not interact. 

The Gutmann donor number (DN) defines the basicity or electron donating capacity of the 

molecular species. It is the molar enthalpy value for the reaction of the electron donor D with a 

reference acceptor antimony pentachloride (SbCi5). The acceptor number (AN) defines the 

electron accepting ability (acidity) and is determined using phosphorus NMR. It is the 31p shift in 

the triethyl phosphine oxide molecule upon reaction with the acceptor A. Table 2.5 lists a number 

of acceptor and donor numbers according to the Gutmann definitions (49). 

Values of the term RTInVp were calculated as described earlier from the retention times of 

acidic and basic probes. In these studies, chloroform was chosen as the acidic probe and diethyl 

ether was chosen as the basic probe. Polar probes contain both dispersive and non-dispersive 

interactions and are retained on the column for longer periods of time than corresponding 

molecules which have the same surface area and only a dispersive component. Therefore the 
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Table 2.5 

Gutmann's Acceptor (AN) and 

  

  

Donor Numbers (DN) (49) 

Probe DN AN 

Tetrahydrofuran 20.0 8.0 

Diethyl Ether 19.2 3.9 

Chloroform 0 23.1 

Tetrachlororethane 0 8.6 

Benzene 0.1 8.2 

Acetone 17.0 12.5 

Ethyl Acetate 17.1 9.3 
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values of RTINVp do not obey the linear relationship described in equation 2.10; instead, they lie 

above the line as depicted in Figure 2.6. A separation can now be made between the respective 

dispersive and non-dispersive interactions. (At a given value of a(y)" 2 corresponding to the 

non-dispersive probe, the difference in the ordinates between the acid/base point and the 

dispersive reference line will result in the specific free energy of adsorption, AGE»: for acid/base 

interactions). Mathematically, this difference is described in equation 2.11 (20). 

  

Vv 
AGSp = RTInVy . RTInViivres =RTin Vine (2.1 1) 

Once the specific free energy of acid/base interactions has been obtained, enthalpies 

and entropies may also be calculated by performing the same injections at different temperatures. 

(It should be noted that in the author's experience higher temperatures require higher boiling n- 

alkanes to obtain the dispersive reference line. Difficulty may be experienced in separating 

pentane and methane at 60°C for example, due to the high vapor pressure of pentane.] Plotting 

the specific free energy against ternperature enables the specific entropy, ASS to be obtained 

from the slope and specific enthalpy, AHS» to be obtained from the intercept, that is: 

AGS, = AHS, - TASS, (2.12) 

If specéfic enthalpies and entropies are not required, but merely a comparison of different 

fibers using the same polar probes, the specific interaction parameter, Isp, may be used. 

Equation 2.13 details this value: 

°o
 

AG 
Isp =Ta (2.13) 
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The specific interaction parameter is the free energy of acid/base interaction divided by 

the product of Avagadro's number and the surface area of the polar probe being used in the 

analysis. For comparisons of fiber surface energetics, the specific interaction parameter is an ideal 

tool, as it normalizes the energy per unit area of fiber surface. It also minimizes errors, as the 

propagation of error analysis stops at the specific free energy calculation. 

2.4 RESULTS AND DISCUSSION 

2.4.1 X-Ray Photoelectron Spectroscopy (XPS) 

2.4.1.1 Atomic Concentrations on Fiber Surfaces 

Table 2.6 lists the results from XPS analysis. Atomic concentrations are given for carbon, 

nitrogen and oxygen. With increasing levels of surface treatment on the IM8 fibers, the carbon 

content decreases with a corresponding increase in nitrogen. The same trend is noted when the 

untreated and surface treated AU4 and AS4 fibers were observed. These contrasting surfaces 

show dramatic reductions in carbon, which was being replaced with large concentrations of 

nitrogen and oxygen. Curve fitting XPS peaks may provide information concerning the functional 

group associated with that element (40). To curve fit with accuracy, peaks should have some 

additional shape to the typical gaussian-like response, enabling second peaks to be 

superimposed with confidence. No such shoulders were found on the noisy peaks associated 

with carbon fiber studies, thus, preventing the ability to curve fit. 
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Table 2.6 

Atomic Concentrations of Various 
Elements on the Surface of Carbon Fibers from XPS Analysis 

  

  

Fiber Atomic Concentration 

C(1s) N(1s) O(1s) Other O/C N/C 

AU4® 96.0 2.0 1.8 - 0.02 0.02 

AS4® 84.0 5.0 9.9 0.8 0.12 0.06 

IM7 82.9 6.2 10.4 0.5 0.13 0.07 

IM8 50% ST 88.8 2.9 8.3 . 0.09 0.03 

IMB 100% ST 83.7 4.1 11.4 0.8 0.14 0.05 

IM8 400% ST 82.1 6.3 10.7 0.9 0.13 0.08 

® Reference 17 

ST = Surface Treatment 
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2.4.2 Inverse Gas Chromatography (IGC) 

2.4.2.1 Discussion on Dispersive Components of Fiber Surfaces 

Plots of RTInVp, against ale) for each fiber resulted in straight lines and the dispersive 

components for each fiber may be determined from their slopes. Dispersive component values 

may possibly be related to the varying contents of high energy prismatic edges and low energy 

basal planes present on fiber surfaces (23). These literature reports Ye values for high strength 

PAN based fibers to be 76.8 mJ/m2@ whereas high modulus pitch based fibers had values of 54.4 

mu/m?2,all at 50C. Clearly this difference in the dispersive energy component must reflect 

differences in internal structure which occur when producing carbon fibers from Pitch and Pan 

based precursors. 

The dispersive component of each as received Hercules fiber was plotted as a function of 

temperature and is shown in Figure 2.7. The same plot was made for Courtaulds fibers and is 

illustrated in Figure 2.8. When considering, the results using Hercules fibers, IM7 had a much 

higher dispersive component than any IM8 fiber at any given temperature with IM8 fibers having 

slightly higher modulus. An explanation can be made for this decrease in ye values if one follows 

the argument that higher moduli fibers have a larger proportion of crystalline regions aligned with 

the fiber axis, thus producing a higher basal plane (low energy) content on their fiber surfaces. 

When considering only the IM8 fibers, which varied in their degree of surface treatment, 

the 100% surface treated fiber gave the highest Ye values at any temperature (Figure 2.7). As 

explained earlier, fiber manufacturers need to optimize their surface treatments. Not enough 

treatment will leave existing flaws on the fiber surface and too much surface treatment will induce 

more flaws. The 100% surface treated IM8 fiber was supposed to be the optimum level (Hercules- 

private communication). It follows that if the 100% level of surface treatment did provide the 
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optimum tensile strength fiber, and high strength fibers are obtained from having dislocations of 

crystalline regions within the internal structures, then more prismatic edges would be evident on 

the fiber surface and would lead as Figure 2.7 signifies, to a fiber with a higher dispersive 

component. 

Figure 2.8 represents the same type of data (ve as a function of temperature) for 

Courtaulds 43-750 fibers, which also vary in their surface treatment levels. For this series of 

treatments the dispersive cornponent decreased with increasing surface treatment at a given 

temperature. No IGC data could be collected at temperatures above 50°C, as the probe 

molecules could not be separated from the methane reference probe and, interestingly, the three 

plots extrapolate to the same point. The Courtaulds fibers were in general lower in their surface 

dispersive energies. Verification of this point can be made by analyzing Table 2.7 which contains 

a column for all the as received fibers at 40°C. The Courtaulds fibers showed lower values than 

any of the four Hercules fibers studied. 

Gaseous volatiles physisorbed on carbon fiber surfaces, such as carbon dioxide and 

water, may contaminate interphases and reduce their properties. The molecular weight species 

may be removed by a heat treatment process as described earlier. Figure 2.9 illustrates the 

dispersive components as a function of temperature for Hercules fibers that had been subjected 

to the heat treatment process. Results follow the same trends as obtained for the as received 

fibers. However, when comparing the dispersive component values between as received and 

heat treated fibers in Table 2.7, it is clear that removal of physisorbed species has significantly 

increased the fibers dispersive surface energy. 

2.4.2.2 Discussion on Acid/Base Interactions 

The specific interaction parameter (Isp) as detailed in equation 2.13 is compared for all 

fibers at 40°C in Table 2.8. Fibers from both Hercules and Courtaulds were predominantly more 
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Table 2.7 

A Comparison of Dispersive Components From All Fibers At 40°C 

  

  

Ye (mu/M2) 
Fiber AR HT % Increase 

Hercules 

IM7 78+3 85+3 9% 

IM8 50% ST 45+5 56+5 24% 

IM8 100% ST 57+4 78 +7 37% 

IM8 400% ST 54+5 65+4 20% 

Au4® 65 

As4® 48 

Courtaulds 

43-750 0.1xST 43 +3 

43-750 0.5xST 39+2 

43-750 1.0xST 36+2 

® From Reference 54 
ST = Surface Treatment 
AR = As Received 
HT = Heat Treated 
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Table 2.8 

A Comparison of Specific Interaction Parameters For All ‘As Received' Fibers at 40°C 

  

Specific Interaction Parameter Isp (mJ/M2) 

  

Fiber 

Diethyl Ether Chloroform 

Hercules 

IM7 43.5+0.1 6.1+0.4 

IM8 50% ST 19.7+2.4 2./+2.6 

IM8 100% St 26.7+1.9 4.4+2.4 

IM8 400% ST 32.0425 99+23 

Au4® 58.5 (THF) 4.7 

as4® 150 (THF) 12.8 

Courtaulds 

43-750 0.1xST 4.0 + 2.5 (THF) 1.24214 

43-750 0.5xST 15.8 +2.2 10.3 + 1.4 

43-750 1.0xST 18.2+1.1 93+22 

@ From Reference 54 
ST = Surface Treatment 
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acidic than basic in nature. This is illustrated by the specific interaction parameter for diethyl ether 

(a basic molecule interacting with acidic sites) being greater than Isp values obtained from the 

chloroform probe (an acidic molecule interacting with basic sites). For both Hercules and 

Courtaulds fibers, the amount of acidic character on the fiber surface increased with increasing 

surface treatment; however, fibers from Hercules were much stronger in acidity than the 

Courtaulds fibers. IM7 carbon fiber had the most acidic character. The level of bascicity for each 

fiber, as Measured with the chloroform probe, was comparable between fibers from each 

manufacturer. Basic character in terms of specific interaction parameters was found to increase 

gradually with surface treatment for the Hercules intermediate modulus fibers, but not with the 

Courtaulds fibers. Differences between Hercules and Courtaulds fibers in terms of trends and 

values for the various surface energy parameters are most probably associated with variations in 

the surface treatments performed during fiber preparation. Available information concerning 

these surface treatments is scarce and limits further discussion on the trends and measurements. 

Table 2.9 describes the specific enthalpy of acid/ base interaction for the chloroform and 

diethyl ether probes on the Hercules intermediate modulus fibers. These values were calculated 

using two different approaches, and Table 2.9 illustrates how these values change depending on 

the method used. Method 1 did not take into account the change in the dispersive component 

with temperature for the alkane probe molecules. Method 2 did utilize these changes and so 

altered the alkane reference line position when evaluating the acid-base interaction free energy. 

Although the general trends were the same, the actual numbers were altered. As to be expected, 

the numbers were more negative when values for the dispersive component were modified to 

incorporate temperature changes. 

Tables 2.5 and 2.6 also contain information concerning surface energy measurements for 

AU4 and AS4 fibers (54). This information on contrasting fiber surfaces clearly indicates the 
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Table 2.9 

Specific Enthalpy of Acid/Base Interaction 
Determined Using Two Different Data Reduction Schemes 

AHgp Kd/mol 
  

  

Diethyl ether Chloroform 

Fiber Method 1 Method 2 Method 1 Method 2 

IM7 -75.9 -35.5 -37.3 -8.9 

IM8 50% ST -49.5 -24.7 -34.8 -4.7 

IM8 100% ST -55.4 -22.10 -38.5 -5.5 

IM8 400% ST -58.5 -32.9 -44.1 -13.9 

ST= Surface treatment. 
All fibers were As Received. 

METHOD 1. Used (72) of all alkanes at 40°C for all AGgp calculations at 
different temperatures. 

METHOD 2. Changed (v2) of alkanes as temperature for the AGsp 

measurements were changed.



power of surface treatment to induce chemical functionalities on surfaces as both acidic and basic 

character increased as shown by the Isp values from tetrahydrofuran (THF) and chloroform 

(CHCI3) probes, respectively. 

2.5 CONCLUSIONS 

A carbon fiber's dispersive component (¥) measured from inverse gas chromatography 

experiments at different temperatures has served as a valuable measure for differentiating 

between (i) a fiber that is studied "As Received” or “Heat Treated”, (ii) fiber's that are similar in type 

(i.e. modulus) yet prepared by different processes (i.e. different manufacturers), and (iii) fibers of 

the same type but vary only in their levels of surface treatment. 

IGC may also provide a means by which the carbon fibers graphitic nature can be 

assessed. Varying amounts of basal planes and prismatic edges upon a fiber surface may very 

well be govemed by a carbon fiber's internal structure. This in turn is almost certainly related to the 

fibers processing history. If more information were available from fiber manufacturers, then more 

definitive conclusions could be made relating fiber structure-surface energy relationships. 

The specific interaction parameter was an excellent indicator for differentiating between 

the acid/base properties of many different fibers. All surfaces were predominantly acidic in 

character. By comparing results measured at the same temperature, errors were minimized and 

significant differences between fiber types and surface treatment levels were observed. 

XPS data gave indications that fiber surfaces were different. The IGC data confirm these 

observations, and represented the differences as variations in energy types which could 

contribute to the make-up of a carbon fiber-matrix interphase. 
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Chapter 3: Composite Matrix, Preparation and 

Characterization 

3.1 INTRODUCTION 

3.1.1 Introduction And Background 

An important part of a composite material system is the matrix which serves to bond and 

hold fibers together, and protects individual filaments from breaking. Matrix resins can provide 

transverse strength, interlaminar toughness and durability to a composite system, and equally 

important, the matrix acts as a load transfer medium and transmits stresses to the fibers which help 

carry the load. Furthermore, interphase regions surrounding a fiber play a critical role in the stress 

transfer process, and will be governed by the matrix type and form. 

Composites may be split into several generic classes when considering the various matrix 

materials available. They are (i) metallic, (ii) ceramic, and (iii) polymeric. Polymer composites are 

becoming widely accepted as an important class of material; their development has been driven 

mainly by the aerospace and defense industries, where, weight savings (due to improved specific 

properties such as strength and stiffness) over conventional materials such as aluminum are a 

major advantage. Polymeric matrices may be thermoplastic, thermosetting, or a mixture of both. 

The first generation carbon fiber polymer composites were typically prepared using epoxy resin 

thermoset chemistry. Processing composite materials has to occur delicately, so that brittle 

carbon fibers are not damaged. 

Epoxy resins exhibit many characteristics that are advantageous to the composite 

industry. In the uncured state, epoxies are low viscosity liquids that can impregnate fiber bundles 
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and therefore wet out many individual fibers during the prepregging process. Due to the uncured 

state, the fiber prepreg has a characteristic stickiness associated with its feel termed ‘tack’; also the 

prepreg sheets may be draped over a mold when preparing a combination of individual plies 

during material lay up. This ‘tack’ and ‘drape’ characteristic eases the handling of composite 

materials when processing into various structures, and is a major advantage for thermoset 

prepregs. When thermosets such as epoxies are cured to form rigid networks, their high cross- 

link density imparts many useful properties to a composite material, such as good dimensional and 

thermal stability, high modulus, solvent resistance, and excellent adhesive properties. 

A class of thermoset resins based on bismaleimide (BMI) chemistry has been marketed to 

compete with epoxy resins as they too possess the many advantages associated with thermoset 

networks. However, due to their higher cross-link density, they exhibit higher glass transition 

temperatures (approximately 250°C and above). Thus, bismaleimides were introduced to fill the 

demand for higher temperature thermosetting composite matrix materials for military applications. 

Figure 3.1 (1) illustrates how bismaleimide composites compare with other resin systems 

regarding their ‘use’ temperature window at short and long service times. 

A major reason for the substantial interest in bismaleimide resins at present, is that they 

process in a manner similar to epoxies, and cure without the evolution of volatiles, which would 

create voids in composite parts. Major applications for BMI structural composites are in military 

aircraft and aero-engines. Some printed circuit boards are also made using glass fiber/BMI 

composites. Table 3.1(2) details some applications in which BMI composites are being used 

today. Recently, epoxy resin composites have been improved in terms of their damage tolerance 

capabilities (3,4,5) enabling them to be used in primary aircraft structural parts. The poor hot-wet 

performance exhibited by epoxies led to the demand that materials based on bismaleimide 

chemistry should be used as suitable alternatives. Aircraft speeds such as Mach 2.2 in 70% 

relative humidity conditions (6) dictates certain material use temperatures to be 149°C 
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Table 3.1 

Examples of the Applications of BMI/Carbon Fiber Composites (2) 

  

  

Application Resin Type Supplier 

RB 162 Compressor Casing Kerimid 601 Rhone-Poulenc 

F16XL--Wing Skins V378A US Polymeric 

AV-8B various V378A US Polymeric 

Beech Starship nacelle V388D US Polymeric 

V22 rotorcraft nacelle, access doors F650/V398 Hexcel/US Polymeric 

Endoatmospheric interceptor nose cap F650 Hexcel 

Cruise missile fins F650 Hexcel 

SRAM-11 missile, various V398 US Polymeric 

F111-A leading edge 

CFM-56/D6-8 nacelle deicer F178/V378A Hexcel/US Polymeric 

Missile fins, General Dynamics V398 US Polymeric 

Particle separator--LHX 800 engine V388 US Polymeric 

Missile case--Morton Thiokol V388 US Polymeric 

747 Hot air ducts --Boeing (Canada) V378A US Polymeric 

Radome--Northrop 5245 BASF 

Alpha-Jet (Domier)--speed brake Compimide 800  Shell-Technochemie 
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(300°F); these performance characteristics set the temperature requirements for bismaleimides to 

replace their epoxy counterparts. Bismaleimide composites possessing good toughness 

characteristics have been developed to fill the aircraft industrie's needs (7,8); however, the exact 

chemistry associated with the toughness modifiers remains as proprietary information and 

academic institutions are not informed as to how materials are being improved, or how the 

toughening mechanisms work. Thus, toughened BMI's represent an important new area in 

composite matrix resins, and need to be studied in greater detail. 

Coupling these needs with the ultimate goal when studying fiber-matrix interphases, 

which is to characterize interphases regarding their engineering properties for substitution into 

strength and lifetime prediction models. It seems relevant that composites which form primary 

aircraft structural materials (i.e., toughened thermosets) should be studied in terms of their 

interphase characteristics with carbon fibers. 

In this study, toughened bismaleimides were chosen as the modified thermoset network 

that would represent a typical highly damage tolerant matrix resin for primary aircraft structural 

materials. This chapter analyzes the concept of introducing engineering thermoplastics as a 

viable route for toughening a commercial Bismaleimide resins system, which would later be used 

as the matrix resin in composite laminates that were evaluated in terms of their interphase 

response. 

3.1.2 BMI Chemistry, Curing and Properties 

Bismaleimides fall within the category of thermosetting polyimides, which have in turn 

been defined by Stenzenberger (9) as “low molecular weight, at least difunctional monomers or 

prepolymers, or mixtures thereof, which carry imide moieties in their backbone structure. Such 

materials are terminated by reactive groups which undergo homo- and/or copolymerization by 

thermal or catalytic means." bismaleimides are a leading class of thermosetting polyimide and 
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were originally synthesized by Alelio (10) using aromatic diamines, pyromellitic acid dianhydrides 

and maleic anhydride as the end capper. General structures based on such monomers are 

outlined in Figure3.2. 

Polymerization for most bismaleimides is believed to occur via a free radical reaction 

through the double bonds of the maleimide functional group, which are themselves activated by 

the adjacent electron withdrawing carbonyl moieties (11). A typical synthetic procedure for 

preparing bismalemide resins involves the chemical dehydration of N,N’ arylene-bismaleamic acid 

with acetic anhydride and sodium acetate as a catalyst at temperatures below 80°C. The 

bismaleamic acids are themselves prepared by reacting aromatic diamine compounds with maleic 

anhydride, illustrated in Figure 3.3 (11). Yields for pure recrystallized BMI normally fall in the 65- 

75% range, various by-products such as isoimides and acetanilides are responsible for the low 

yields. However, as certain aromatic diamines have proven to be relatively cheap to prepare, the 

commercialization of various bismaleimides has been made. 

Table 3.2 lists some BMI's based on aromatic diamines, and details the melting points for 

these semi-crystalline compounds. The most common BMI is that based on the diamine 4,4'- 

diaminodiphenylmethane (Figure 3.4a), as this diamine is readily available due to its low cost. 

However, toxicity issues are being raised and a need to replace such compounds may soon exist. 

Bismaleimides are semi-crystalline compounds that tend to possess short processing 

windows between melting temperatures and onsets for exothermic reactions. Recently, Wood 

and McGrath (12) have prepared a novel BMI monomer based on a diamine containing the 

triphenyl phosphine oxide group. The resulting BMI compound exhibits an excellent processing 

window, low viscosities for good processability, and excellent flame retardant properties. Effects 

on BMI cure kinetics utilizing changes in backbone structure were studied by Stenzenberger (13), 

where he varied ether and ether-ketone links in bismalemide monomers (Figure 3.5). 
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Table 3.2 

Structures and Properties of Bismaleimides (9) 

  

0 0 
C, { [ N-R-N | 
C C 
O O 

DSC Data! 
-R- Mp TMAX2 H3 

(°C) (°C) (J/g) 
  

—_S-cH,-{ »- 155-157 235 198 

Don, <4 195-196 NA NA 

Don, <)- 164-165 NA NA 

CH, CH, 
LY-ox, —()- 210-212 NA NA 

CoH, 
Da eo 150-154 298 187 

C2H¢ 

CoH Oot 

-° << 149-151 328 206 

CoH¢ CoH, 

S---<)- 235 290 216 
I 
CH, 
gt 

Oy 90-100 203 89 

CH, 

1DSC = Differential Scanning Calorimetry, heating rate 10°C/min. 
2TMAX = cure exotherm peak maximum,3H = heat of polymerization 
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Figure 3.2 

General Formula for Early Bismaleimide Resins (2) 
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Figure 3.3 

Typical Bismaleimide Synthesis (11) 
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4,4' Bismaleimidodiphenyl methane 

0,0’ Diallyl Bisphenol A 

Figure 3.4 

a) Structure for 4,4'-Bismaleimidodiphenyl Methane; 
b) Structure for 0,0'-diallyl of Bisphenol A (31) 
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Stenzenberger suggested that para isomers provide higher melting transitions and lower 

polymerization energies, whereas meta isomers are lower melting but show higher polymerization 

energies (13). 

As mentioned earlier, the carbonyl groups within the N-substituted maleimide 

functionality withdraw electrons from the double bond making it susceptible for undergoing a wide 

variety of chemical reactions. Peroxide initiated reactions have caused homo- and 

copolymerizations of N-substituted maleimides with vinyl monomers (14), vinyl ethers (15), allyl 

and methally| substituted phenols (16), triallyicyanurate (17), styrene (18), and triallyl-isocyanurate 

(19). The maleimide bond can also be activated using ionic catalysts (20,21). Other chemistries 

that utilize the highly reactive maleimide group include Diels Alder and Ene type reactions 

(chemistries that may play an important role in the Matrimid® 5292 A/B curing mechanism 

discussed later in this section). Also, maleimides may undergo Michael-addition reactions with 

primary and secondary amines, and addition type reactions with cyanates, isocyanates, 

azomethines, and epoxies. 

Due to the extreme brittle character associated with highly cross-linked homopolymerized 
| 

BMI's, the various chemistries available for potential reactions have been widely studied to provide 

comonomers for BM, which, not only reduce the brittle character, but also allow bismaleimides to 

be processed by conventional hot-melt technology. 

Early BMI modifications by Stenzenberger involved blending a complex combination of 

BMI's and crystallization inhibitors in an attempt to prepare room temperature mettable, non- 

crystalline resins. Réacting a BMI with an aromatic diamine or amino benzoic hydrazide (22, 23, 

24) utilizes the maleimide functionality to undergo Michael addition reactions. A resin system 

possessing a low uncured Tg of approximately 90-100°C, yet soluble in N-methyl pyrolidone can 

be prepared, where carbon fiber prepreg preparation would have to be performed via a solution 

process. This tends to be disfavored within the composite community as residual solvent may 
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cause voids in final composite structures. Hence, a great desire to formulate hot-melt processable 

resins exists. 

One approach described by Street (25) utilized divinyl benzene as a comonomer to 

transform BMI's into hot-melt processable resins. Divinyl benzene possessed two outstanding 

features, (i) it is a liquid at room temperature which reduces the BMI melt viscosity to allow for hot- 

melt prepregging, and (ii) the divinyl benzene can copolymenze with BMI's via a Diels-Alder 

reaction to produce a relatively tough resin network. This latter statement conceming toughness 

is only relative to the unmodified BMI's. When cured with diaminodiphenyl methane, BMI's exhibit 

an improvement in fracture toughness from a Gjc strain energy release rate value of below 

50 J/m2 (63) to a Gic of 200 J/m? (63). Even though the divinyl benzene formulated BMI system 

was commercialized by U.S. Polymeric under the tradename V-378A , and was the first BMI 

formulation to be used in primary aircraft structures (27), it still exhibits brittle character when 

compared with epoxies and has low damage tolerance to various impacts. 

Damage tolerance has become a major concern for polymer chemists when synthesizing 

and formulating matrix resins for advanced composites (3,4,5,26,28). Toughness modifiers are 

required to improve the damage tolerance behavior of composite materials, however the 

toughness modifier choice must be selected carefully, without sacrificing other important 

properties such as the retention in storage modulus at high temperatures. Also, upon the 

application of many other additives in resin formulating, reductions in the processability for 

modified resin systems requires special attention to ensure processing limits are not exceeded. 

Thus, BMI resins possess two major areas in which improvements need to be made, they are 

processing and toughening. Stenzenberger has again highlighted the present BMI limitations 

and has designated specific areas where research should be focused (29), including the 

following: 
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Figure 3.6 

Synthesis of bis(propeny! phenoxy)-compounds (29) 
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(i) new BMI building blocks for improved resin processing and cured properties 

(ii) development of new comonomer backbone structures for improved temperature 

Capabilities of BMl/comonomer networks 

(Ill) use of functionalized (reactive) thermoplastics with controlled molecular weights and 

backbone chemistry to achieve high glass transition temperatures and tough networks. 

Some progress has been made towards the use of suitable comonomers for BMI's. Two 

families of bis(propenyl phenoxy) compounds, namely 4,4'-bis(propenyl-phenoxy) 

benzophenone and 4,4'-bis (propenyl-phenoxy) sulfone (30) have been prepared and 

commercialized (Figure 3.6). Low molecular weight species of such compounds are low melting 

materials and can therefore be melt blended with BMI's at low temperatures. Stenzenberger 

reported (29) how the ratio between BMI and bispropenyl phenoxy compounds can be varied, 

which significantly altered important properties such as fracture toughness, flexural modulus, 

moisture uptake and glass transition temperatures (Figure 3.7). One particular comonomer type 

that has proved its potential and has been commercialized by a number of companies are the ally! 

phenyl compounds. Compimide TM121 (from Shell/Technochemie) and 0,0’ dially!l bisphenol A 

(Ciba Geigy) illustrated in Figure 3.4 provide tough copolymer networks when coreacted with 

BMI's and are liquids at room temperature. Again the BMI/comonomer ratio is important in 

controlling the final network properties, with the major compromise being that excess comonomer 

contents may initiate reductions in high temperature performance capabilities, which can be 

associated with the aliphatic allyl groups found within the compounds structure. A list of modified 

BMI's with various comonomers is presented in Table 3.3. 

The commercially available BMI resin system from Ciba Geigy termed Matrimid 5292 A/B 

was chosen as the base resin formulation in this study and is composed of two compounds, the 

common BMI, 4,4'-Bismaleimdodiphenyl methane and 0,0'-diallyl bisphenol A (Figure 3.4). King 

and Zahir (31) first reported the important diallyl derivative bisphenol A (DABA) comonomer as a 
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unique compound that improved the toughness, moisture resistance, and processability when 

coreacted with the BMI monomer. The cure mechanism has been the subject of much debate 

and is currently being investigated by various research groups (32,33,34). Early work (35) utilizing 

differential scanning calorimetry (DSC) indicated that two exotherm peaks at 130°C and 252°C 

were present when the material was cured. The lower exotherm was attributed by King and Zahir 

to the addition reaction between the maleimide and allyl groups, termed the "ene" reaction 

(Figure 3.8). This linear chain extension reaction was proposed following studies using solid state 

NMR, isolation and characterization of intermediate products, and model compound studies. 

Information concerning the cause of the second exotherm peak at 252°C was less clear. 

King and Zahir believed it was from a combination of reactions including a Diels Alder process and 

an ionic imide oligomerization (35). Later work by Morgan et al. (32) suggests that a total of five 

reaction mechanisms are present within the cure. Morgan proposed three principal temperature 

regimes associated with the cure reactions: (i) a 100-200°C range, (ii) a 200-300°C range and (iii) a 

300-350°C range. Gel permeation chromatography studies indicated that at 100°C for 16 hours 

the molecular weight increased from 520 to 680 g/mole (32), this illustrates the excellent potential 

for this system to be used in hot-melt prepregging. The “ene” reaction (Figure 3.8) is believed to 

proceed in the 100-200°C range. In temperature regime (ii), a number of reactions take place with 

the “ene” reaction proceeding at a significant rate, followed by the BMI homopolymerization 

(Figure 3.9a). Evidence for this was supported from a DSC plot curing only the BMI 

monomer,where an exothermic peak centered at 205-210°C was found to occur. Morgan 

reported that these reactions preceded crosslinking, which itself occurred at higher temperatures 

via the Diels Alder reaction, reported by Zahir, between a maleimide group and the styrenic moiety 

present in the “ene” reaction product (Figure 3.10). This reaction was associated with the DSC 

exotherm at 252°C. Higher temperatures are believed to promote both BMI and “ene” 
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Figure 3.7 

Properties of Compimide® 769/Bis(Propenyl-Phenoxy-o-Methoxy) 
Benzophenone Copolymers (29) 
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Table 3.3 

Toughness of Bismaleimide Resins Coreacted with Allyl, Vinyl and Propenyl Terminated Modifiers 

  

  

  

  

(30,63) 

TOUGHENER WEIGHT Gic Tg 
FRACTION (%) (J/me) (°C) 

Control//Compimide 796 100 63 >300 

4,4'bis(o-propenylphenoxy)- 18 185 285 
diphenylsulfone 40 267 256 

4,4'bis(o-propenylphenoxy)- 20 191 266 
benzophenone 30 397 265 

40 439 249 

4,4'0-methyoxy-p-propenyl- 20 234 300 
phenoxy diphenylsulfone 40 378 277 

4,4'o-methyoxy-p-propenyl- 20 247 252 
phenoxy benzophenone 30 545 258 

40 466 260 

2,4'bis(o-propenylphenoxy)- 20 296 249 
benzophenone 30 323 252 

40 467 241 

Contro/Compimide 353 100 25 - 

Divinylbenzene 20 180 

0,0'diallyl bisphenol-A 24 210 - 

Control/Desbimid 100 ~25 

Styrene/2-hydroxy- 50 470 250 
ethyl methacrylate 
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“ENE” Reaction Between an Allyl and Maleimide Group (32) 
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a.) 

BMI! Homopolymerization 

ORC. C=O + ORC, C=O — =  —CH-CH—CH—CH- 
Yo. £=0,0. {C=O 

Ry Rp Oo” N’ o” “Ny” 
R, R 

where 

O 

"ENE" Homopolymerization 

R,CH=CHR, —> —br,cH—cnr,} 

where R; and Ro are chain continuations of the ‘prepolymer’ formed in the ‘ene’ reaction. 

Figure 3.9 

a) Bismaleimide Homopolymerization; b) Ally] Homopolymerization (32) 
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Diels Alder Reaction Between Maleimide Group and the Substituted 
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Gel Time versus Temperature 
(For both systems) 

Time, minutes . a 
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Cure Schedule versus Glass Transition Temperature 
Final cure is dictated by the end use properties desired. The following 
graph shows the effect of different cure schedules on the glass transition 
temperature: 
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Figure 3.11 

a) Gelation Time for Various lsothermal Hold Temperatures; 
b) Glass Transition Temperature as a Function of Cure Time (97)



homopolymerizations (Figure 3.9b), and above 240°C dehydration of hydroxyl groups present on 

the diallyl bisphenol A compounds were lost via a dehydration reaction (32). After reacting at 

300°C for 2 hours, full cure was apparently attained. However the necessity for isothermal holds at 

300°C for 2 hours are questionable when considering the results presented earlier by King et al. 

(35). They showed that different profiles such as 6 hours at 250°C or 10 hours at 200°C did not 

significantly alter neat resin properties, with the exception of the glass transition temperature. 

Figure 3.11 illustrates the time to gelation at various isothermal hold times, and also describes the 

glass transition temperature as a function of cure time at 250°C. 

As the upper temperature limit for short service times is 230°C for this BMI resin system, a 

cure cycle of one hour at 200°C followed by an isothermal hold at 250°C was used for curing all 

materials throughout this study. The Tg graph in Figure 3.11b suggested such a cure would yield 

glass transitions around 250-260°C, far above the upper service temperature limit for this material. 

Only a few articles are available within the current literature that report the neat resins Gjc 

for the Matrimid® 5292 A/B system (36,37), and these vary in the values presented. Zahir 

reported Gic of 210 J/m? (36), while Lin et al. (37) report 90 J/m@. Even with this discrepancy, the 

untoughened BMI's have generally very low fracture toughness properties and the 210 J/m? 

value reported by Zahir, although a substantial improvement, can be further improved by 

introducing tough ductile engineering thermoplastics with reactive end groups into the thermoset 

matrix. 

3.1.3 Toughening Thermoset Resins 

Large quantities of detailed research have probed the methods and mechanisms 

associated with improving epoxy resin fracture toughness when introducing a second particle 

phase into the thermoset network. Second phase constituents are often composed from either 

soft rubbery materials (38,39,40), or hard inorganic glasses (41,42). By triggering extrinsic 
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toughening mechanisms that effectively shield the crack tip, inherently brittle thermosets have 

been successfully toughened. 

Much debate has been focused around understanding the failure mechanisms 

associated with toughening. It is widely accepted that once failure mechanisms have been 

understood, then design parameters which include synthesis, formulating, and processing may 

be optimized to produce products with superior performance capabilities. Primary interest lies in 

understanding a materials ability to effectively blunt the crack tip, and to pinpoint the cause of 

such energy absorbing mechanisms. Yee (43) contrasted the mechanisms in elastomer modified 

glasses and ductile thermoplastics. The difference in mechanisms was associated with the 

modified glass or thermoplastics ability to undergo crazing or shear yielding. In elastomer modified 

polystyrene, the polystyrene undergoes crazing more readily than shear yielding. Dilatational 

plasticity occurs as a result of massive crazing, which itself becomes nucleated from dilatational 

and deviatoric stress concentrations around the more compliant elastomer particles (44,45). 

However, when elastomers were used to toughen ductile thermoplastics such as polycarbonate 

(46) and epoxies based on the diglycidyl ether of bisphenol A, intense shear yielding or shear 

band formation caused plasticity effects at the crack tip and improved toughness. The shear band 

formation was associated with cavitated or ruptured elastomer particles (46,a,b,c,). 

Kunz-Douglas et al. (47) proposed a crack bridging model for rubber toughened epoxies, 

they suggested that the toughness increase was mostly related to the volume fraction and tearing 

energy of phase separated rubber particles. Kinloch (39,48) has given an alternative explanation 

for the toughening effect, and suggests that void formation within the particles or at the rubber- 

epoxy interface initiates plastic flow near the crack tip, which serves as an energy absorbing 

mechanism. Kinloch further stated that the epoxy resin matrix undergoing shear yielding was the 

major source for energy dissipation. 
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Most research papers that discuss failure mechanisms for thermoplastic toughened 

thermosets are limited in their experimental approach by only employing commercial materials as 

their toughening agent. Early literature reports from Raghava (49) and Bucknall (50) both 

employed Victrex 100P polyethersulfone (ICI) as the toughening agent. Both research groups 

reported no increase in fracture toughness, even though phase separation had been observed. 

Later Raghava (51) related the poor adhesion between the phase separated components as the 

cause for poor fracture toughness improvements. Indeed, the end groups on Victrex® 3600P 

polyethersulfone are chlorine and are not expected to react with epoxy resins systems; thus, poor 

adhesion to phase separated particles would be expected. 

Yee (43) has recently reported an extension of his research into thermoplastic toughened 

thermosets. Polymers such as polyetherether ketone (PEEK), polyphenylene oxide (PPO), 

Udel® polysulfone, and Victrex® polyethersulfone (both hydroxyl and chlorine end capped), 

have all been employed in the initial investigation (43). Only small levels of toughening were 

reported. Yee suggested that these effects may be related to crack bifurcation and some crack 

bridging. By employing a fine dispersion of styrene-butadiene-styrene block copolymer into the 

PPO particles, 400% increases in the critical strain energy release rates were observed, and 

toughening was attributed to the copolymer inducing cavitation within the PPO particles. Pearson 

has also recently reported initial investigations into thermoplastic modified thermoset failure 

mechanisms (52). Again, commercial polyphenylene oxide was employed as the toughness 

  

modifier and a microcracking mechanism was suggested to be the toughening source. One 

important point illustrated by Pearson (52) and also observed by Kinloch (53) suggests that 

“positive multiplicative effects may exist between toughening mechanisms.” Evidence for such 

interactions was stimulated from ernploying 10% volume loadings of large hollow glass spheres, 

and small CTBN particles into epoxy resins, which resulted in fracture toughness values greater 

than just a 10 volume percent loading of either particle type. Thermoplastic modifiers have 
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recently included polyetherimides. Bucknall reported that Ultem® 1000 produced a linear 

increase in fracture toughness with increasing polyetherimide incorporation in epoxies up to 25 

weight percent (54). 

Chemically reacting a thermoplastic polymer into an epoxy resins network was first 

exploited in the open literature by McGrath et al. (55,56). In this study an hydroxyl terminated 

bisphenol A based polysulfone was reacted with a large excess of epoxy resin. Cured networks 

possessed fracture toughness values substantially higher than the unmodified networks, and 

values increased when both molecular weight and percent incorporation were increased. Further 

end-capping engineering thermoplastics with reactive end groups was performed by Cecere et al. 

(57,58). Amorphous poly(arylene ether ketone)s as well as amorphous poly(arylene ether 

sulfone)s were functionalized with amine groups for use as toughness modifiers in epoxy resin 

matrices. Controlled molecular weight engineering thermoplastic oligomers were chosen, and 

although the improvements in fracture toughness were modest, the service temperatures and 

modified network moduli were not significantly altered, which would be the case if rubber particles 

were used as modifiers. 

Chu and Jabloner (5) patented similar improvements in fracture toughness using amine 

terminated polysulfone oligomers with number average molecular weights between 2 000 and 10 

000 g/mole. Using this commercially available thermoplastic toughened epoxy resins system, 

Brown (59) proposed two toughness mechanisms based on the weight percent incorporation of 

the toughness modifier. At low percent incorporations (10%), where the epoxy thermoset formed 

the continuous phase, Brown suggested the toughening mechanism consisted of localized 

yielding within the epoxy phase, initiated by the deformation of discrete modifier particles. Upon 

increasing the thermoplastic modifier incorporation up to 30 percent by weight, a phase inverted 

morphology resulted and the thermoplastic became the continuous phase. When this occurred, 

Brown attributed the toughening mechanism to the ductile yielding of the oligomeric modifier 
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phase, and also observed the existence of interface failure through optical micrographs of thin 

films. The thin film studies performed by Brown and Kim (59) suggested particle deformation was 

occuring and therefore considerable distortion was present in either phase (this distortion could 

not be observed by SEM micrographs). Also, phase contrast studies provided evidence that void 

formation was present and could be one source for energy absorbing mechanisms. 

For epoxy resin networks modified with polysulfone, continuous thermoset phases 

occurred at 10-15 weight percent incorporation, and at 30-40 weight percent incorporations the 

thermoplastic continuous phase (phase inversion) resulted (59), however the transition from one 

phase to another has yet to be analyzed in detail. Recker et al. (4) did report a maximum in fracture 

toughness for an epoxy resin containing intermediate levels (20-25%) of a proprietary 

thermoplastic modifier. Recker associated this optimum toughness to a specific morphology 

where both the thermoplastic and thermosetting continuous phases co-existed within the same 

phase separated material. Earlier work by Sefton and coworkers (3) had reported that an optimum 

morphology was required for improved fracture toughness. Sefton reported that a co-continuous 

morphology, characteristic with that resulting from a spinodal decomposition of a polymer blend, 

gave optimum toughness values. Furthermore, Sefton reported that this morphology gave better 

toughness translation into composite materials. In this case, the optimum morphology was 

attained by varying backbone structure, keeping all other thermoplastic modifier parameters 

constant. Once again, the actual polymer structure remains proprietary knowledge to industry. 

With much interest being generated in toughening epoxy resins with engineering 

thermoplastics, it was not surprising that the same concept has recently been applied to 

toughening bismaleimides. (Only a small number of papers,regarding the toughening of BMI's, 

have been published in the open literature (29,30,37,60,61)). With the exception of Lin et al. 

(37), who employed the commercial Victrex® Polyethersulfone and Uitem® 1000 Polyetherimide 

the remaining efforts utilizing the concepts of thermoplastic toughening with polymers of 
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controlled molecular weight and reactive end groups have mostly been performed by 

Stenzenberger and McGrath. 

McGrath (62,63) and Sillion (64,65) have both modified the simple BMI based on 

methylene dianiline using thermoplastics. McGrath and Senger (63) blended maleimide 

terminated Bisphenol A based polyarylene ether ketones with 4,4'- 

bismaleimidodiphenylmethane. Both molecular weight and weight percent incorporation of the 

polyether ketone modifier were varied and both resulted in an increase in the fracture toughness 

of the BMI blends. Although improvements in fracture toughness were made, the resin systems 

could not be processed using hot-melt technology. Such was the case in work reported by Sillion 

(64,65), here, linear polyimides (containing hetero nitrogen atoms from the dianhydride 

monomer) were blended with three different BMI monomers to prepare semi-interpenetrating 

polymer networks. Film preparation was performed by casting NMP solutions that contained both 

the BMI and linear polyimides. An increase in thermal resistance was noted with an increase in BMI 

concentration, however this increase led to a simultaneous drop in the polyimides adhesive joint 

strength. 

Propenyl terminated arylene ether ketones (low molecular weight), were reported by 

Stenzenberger to improve fracture toughness (30), when hot-melt blended with the commercial 

Compimide 796 BMI formulation. Higher molecular weight compounds showed significantly 

higher melt viscosities, and had to be blended with BMI resins via solution techniques. 

Consequently, when Stenzenberger (66) first employed commercial engineering thermoplastics 

as toughness modifiers (Table 3.4), a 60% by weight solution of the Compimide 796/TM123 

blend (65:35) in methylene chloride was mixed with a methylene chloride solution containing the 

thermoplastic. Polysulfone (Udel® 1700), polyetherimide (Uittem® 1000) and polyhydantoin were 

all employed, weight percent incorporations were varied and Stenzenberger reported that 33% of 

the polyhydantoin modifier exhibited the greatest fracture toughness (Kic = 1.9 MPa.m1/2). 
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However, the polyhydantoin had also the highest intrinsic viscosity (0.76 dl/g), and it was not clear 

whether the backbone structure, molecular weight, or simply a high percent incorporation had 

governed the increase in fracture toughness. These thermoplastic polymers had also phase 

separated upon crosslinking, thereby generating certain morphologies; however, the influence of 

certain morphologies on fracture toughness was not well understood. 

To probe any effect the modifiers backbone structure may have on fracture toughness, 

Stenzenberger and Hergenrother (67) varied the bisphenol monomer when synthesizing various 

polyarylene ether ketones (Table 3.5a), thus providing toughness modifiers that varied in 

backbone structure, glass transition temperature and hence rigidity. Each polymer was 

incorporated into the Compimide 796/TM123 resin system at 13 and 20 percent loadings. 

Fracture toughness was highest in all cases for the 20 percent toughened systems. When 

comparing backbone structures with fracture toughness values (Table 3.5b), it was apparent that 

the least bulky bisphenol group (lowest Tg polymer) provided the best fracture toughness; 

however molecular weights for these polymers did vary and conclusive statements are therefore 

difficult to make. 

In Stenzenberger's study (67), he increased the molecular weight for one polyarylene 

ether ketone polymer based on bisphenol A, and a corresponding increase in fracture toughness 

was reported. Stenzenberger's work up to this point had not considered the modifier's end group 

effects on fracture toughness properties. More recently, in a publication with Hergenrother (68), 

end groups were considered when a polyarylene ether (Figure 3.12) was synthesized containing 

fluorine, allyl, and maleimide functionalities. Polymers possessing theoretical molecular weights 

of 3 000, 7 500, and 15 000 g/mole were prepared for each end group type and incorporated into 

the resin at 20 percent by weight loadings. Table 3.6 details Stenzenberger's fracture toughness 

results with each individual toughness modifier and their corresponding molecular weights. 

Again, an increase in fracture toughness was observed with increasing modifier molecular weight. 
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Table 3.4 

Commercial Thermoplastic Modifiers Initially Used by Stenzenberger (66) 

  

  

TP Type/Vendor Structure IV Tg 
di/g c 

1 Polyethersulfone CH, 0.38 190 
(AMOCO, UDEL | 

1700) oe O-PS: 

CH, 

2 Polyetherimide Oo O 0.50 220 
(General Electric) 

N-R-N 

Ar=—=O 5 Oo O ~ 

3 Polyhydantoin CH, 0.76 >250 
(Bayer AG) 

O CHa 

fn Y 
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Table 3.5 

a. Controlled Variations in Modifier Backbone Structure 
b.Corresponding Fracture Toughnes Values for the Modified Compimide796/TM123 

Formulations (67) 

fo COLO 
  

  

Polymer Ar = inh,adb/g GPC, min My, °g/mole Tg,4 °C, Kic, HPad‘an Gic J/m? 

(at 23°C) {at 23°C) 

PAE-1 {OO 0.75 29.63 122,000 156 5,594 10,850 
cH, 

PAE-2 <O)-«{O)- 0.58 31.37 53, 80 152 4,894 8,225 
cH, 

i. 
PAE-3 <O)-<4O)- 1.16 28.99 203,000 175 5,073 8,925 

O 
PAE-4 OL [C 0.68 30.72 110.000 223 2,334 2,048 

C79 
  

®CHCLa @ 25°C 

®*Coluan, 10*, 10°, 104, 103, A Ultrastyragel; Solvent: CHCLa; Flow Rate: 1 ml/min; Detector: UV @ 254 on 
©Static LALLS, CHCLa 

4pSc @ 20°C/nin 

Table 2 : Properties of COMPIMIDE 796/COMPIMIDE TM 123 - BMI resins modified with 20% functionalized 
Poly (arylene ethers) 

  

FUNCTIONALIZED POLY (ARYLENE ETHER) 
PROPERTY CONTROL FLUORO-TERMINATED ALLYL-TERMINATED MALEIMIDE-TERMINATED 

3903-85-1 903-84-1 903-85-2 903-87-2 903-87-1 903-88-1 903-90-1 903-88-2 903-89-1 

  

Me g/mol - 14600 53000 140000 “6000 “16000 31000 6000 16000 32000 

Tg (tano)&c 316 199 210 202 224 223 226 222 224 217 

Flexural 
Properties 

_ (RT/dry) 
Strength,MPa 115 73 _ 124 108 67 79 112 70 72 114 

Modulus, GPa 3.86 3.93 ~ 3.91 3.98 3.96 3.98 4.03 3.98 3.94 3.96 

Elongation,% 3.05 1.85 3.21 2.69 1.88 1.97 2.80 1.61 1.84 2.91 

Fiexural 

Properties 

(177°C/dry) 

Strength,MPa 85 22 85 99 45 60 71 31 40 78 

Modulus, GPa 3.27 3.14 3.30 3.36 3.36 3.37 3.34 3.37 3.43 3.31 

Elongation,% 2.73 0.69 2.64 3.38 1.35 1.77 2.16 1.13 1.14 2.99 

Fracture 

yOugnness 

kg, KNmw?\ mm? 573 525 $45 1088 580 637 899 640 719 1098 

Fracture 

Energy 85 70 220 297 85 101 200 103 127 305 

Gre, J/m? 

Moisture 

Gain. $8? 2.72 

  

‘®) Moisture gain was obtained on test specimens after 500 hrs at 94% relative humidity.



ee 

Figure 3.12 

Poly(arylene ether) Modifier, Studied by Stenzenberger and 
Hergenrother for Toughening Compimide 796/TM123 BMI Resin System (68) 
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Table 3.6 

Fracture Toughness for Poly arylene ether ketone Modified Compimide 796/TM123 Formulation 

(68) 

: Properties of COMPIMIDE 796/COMPIMIDE TM 123 - BMI resins modified with 20% functionalized 
Poly (arylene ethers) 

  FUNCTIONALIZED POLY (ARYLENE ETHER) 

PROPERTY CONTROL FLUORO-TERMINATED ALLYL-TERMINATED MALEIMIDE-TERMINATED 
903-85-1 903-84-1 903-85-2 903-87-2 903-87-1 903-88-1 903-90-1 903-88-2 903~89-1 

  
M. g/mol - 14600 53000 140000 “6000 “16000 31000 6000 16000 32000 

Tg ({tano)°C 316 199 210 202 224 223 226 222 224 217 

Flexural 
Properties 

_ (RT/dry) 
Strength,4Pa 115 73 . 124 108 67 79 112 70 72 114 

Modulus, GPa 3.86 3.93 * 3.91 3.98 3.96 3.98 4.03 3.98 3.94 3.96 

Elongation,% 3.05 1.85 3.2] 2.69 1.88 1.97 2.80 1.61 1.84 2.94 

Fiexural 
Properties 

(177 *Cfdrv) 

Strength, MPa 85 22 85 99 45 60 71 31 40 78 
Modulus, GPa 3.27 3.14 3.30 3.36 3.36 3.37 3.34 3.37 3.43 3.31 

Elongation,® 2.73 0.69 2.64 3.38 1.35 1.77 2.16 1.13 1.14 2.39 

Fracture : 

Toughness 

ng, KNw?*xn m> 573 525 945 1088 580 637 899 640 719 1098 

Fracture 

Energy 85 10 220 297 85 101 200 103 127 305 

Gre, J /m? 

Moisture 

Gain. 8) 2.72 

  
‘®) Moisture gain was obtained on test specimens after 500 hrs at 94% relative humidity. 
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Low molecular weight, fluorine end capped (unreactive) modifiers produced no improvements in 

fracture toughness values over the control. Significant fracture toughness improvements were 

only made upon increasing the molecular weight of reactively end capped thermoplastic 

modifiers. Composite laminates were prepared using both the allyl and maleimide terminated 

polymer (Mw = 32 000 g/mole). Carbon fabric weave was impregnated using a methylene chloride 

solution, and the Gi. strain energy release rate values of approximately 245 J/M2 were 

disappointingly low. 

The Matrimid® 5292 BMI resin from Ciba Geigy (31,36,69) possesses a distinct 

advantage over the Compimide resins, as the diallyl bisphenol A component can act as a solvent 

for the thermoplastic modifiers. Blair (70) blended polybenzimidazole with the Matrimid® resin, 

and Lin et al. (37) blended both polyetherimide (Ulttem® 1000) and polyether sulfone (Victrex® 

3600P) with the two component BMI formulation. Lin reported that fracture toughness values for 

the Ultem moditied system decreased from 1.36 to 1.26 MPa.m1/2 when increasing the Ultem 

content from 8 to 15 parts per hundred of the Matrimid® resin. 

The potential for improving the fracture toughness of the Matrimid® resin system, by 

utilizing the concept of employing controlled molecular weight engineering thermoplastics with 

reactive end groups has not been published in the open literature. The role of certain 

morphologies on toughening thermosets and the relationship between morphological 

development and thermoplastic modifier parameters is also an area where clear understanding 

had not been developed. 

The objectives for this chapter were to study the structure property relationships for a 

thermoplastic modifier being incorporated into the commercial BMI resin formulation, termed 

Matrimid® 5292, utilizing the dially! bisphenol A (DABA) monomer as a solvent for the various 

modifiers. By varying the parameters associated with the thermoplastic modifier, a clearer 

understanding would be gained concerning the essential features that, (i) dictate improvements 
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in fracture toughness values, and (ii) govern the role in which various polymer parameters affect 

morphological development. 

3.2 EXPERIMENTAL 

3.2.1 Preparation of Thermoplastic Modifiers 

3.2.1.1 Synthesis 

3.2.1.1.1 Synthesis of functionalized oligomers of controlled molecular weight 

All polymers used in this study as toughness modifiers for the BMI/DABA network were 

prepared via a typical A-A/B-B type step-growth polymerization reaction. Different bifunctional 

monomers that each possess one type of functional group were utilized. The well documented 

(71,72,) polymerization procedure between the diphenate salt of a bisphenol undergoing a 

nucleophilic aromatic substitution reaction with an activated dihalide monomer (Figure 3.13a) was 

used to prepare a variety of amorphous thermoplastic polymers differing in backbone structure 

(Figure 3.14). Copolymers can be prepared by varying the types of bisphenol or dihalide 

monomers. Molecular weight and end group functionality were controlled by employing the 

Carothers equation. A more complete description on molecular weight control in step growth 

polymerization can be found elsewhere (74,75). Generally, the molecular weight control is 

obtained by creating a calculated stoichiometric imbalance where one difunctional monomer is in a 

higher molar ratio over the second. The following equation relates the stoichiometric imbalance 

(r), to the number average degree of polymerization (Xn). 

=m
 

Xn = (3.1) 

The Xn value is twice the number of repeat units in the polymer molecule (DP) since each 

repeat unit contains the residue of two monomers, and can be calculated knowing the repeat unit 

molecular weight, and the desired molecular weight, (equation 3.2). 
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Z = activating group e.g., SOs, CO, etc. 

X=Cl, F 

Figure 3.13a 

Nucleophilic Aromatic Substitution Reaction for the Synthesis of Various Poly arylene ethers 
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Synthesis for End Capping Amine Terminated Oligomers 
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Amorphous Thermoplastic Toughness Modifiers Used in This Study 

86



Desired Molecular Weight (3.2) 

Repeat Unit Molecular Weight , 
Xn = 2DP = 2x 

Hence, by calculating Xn from equation 3.2 and substituting into equation 3.1, the 

stoichiometric imbalance r is found. 

r=4 (3.3) 

There are two ways to imbalance the stoichiometry, (i) using an excess of either dihalide or 

bisphenol, or (ii) using a monofunctional reagent that reacts with one of the difunctional 

monomers and thus acts as a step growth terminator in the polymerization reaction. In all 

polymerizations utilized in this study, the monofunctional end cap m-({amino phenol) was used to 

prepare controlled molecular weight amine terminated oligomers. A value for the stoichiometric 

imbalance can now be expressed by equation 3.4. 

re NA 
~ Np + 2NB: 

(3.4) 

The total number of moles for the monofunctional reagent is expressed by 2Np’. By 

arbitrarily choosing a value for Na, (which coincides with an appropriate batch size) and knowing 

the desired r value, one can calculate Np using equation 3.3. Substituting all Known values into 

3.4 and rearranging produces the required quantity for 2NB: moles. A soluble maleimide 

_terminated polyimide prepared via a novel solution imidization route (76) was also studied, its 

structure based on 6F dianhydride and Bisaniline A are also detailed in Figure 3.14 accompanying 

the other toughness modifiers. 

87



3.2.1.1.2 End capping amine terminated oligomers 

The ability for amine functional groups to readily react with an anhydride moiety was 

utilized to further end cap amine terminated oligomers. The reaction enabled maleimide and 

phthalimide end groups to be substituted on polymer chain ends, where oligomer backbone and 

molecular weight were kept constant. Figure 3.13b outlines the reaction scheme and details the 

structures representing the three end groups. Section 3.2.1.1.2.1 outlines this synthesis. 

Kwiatkowski and Robeson (73) first reported the synthesis of maleimide terminated polysulfone 

utilizing the dimethy! sulfoxide/sodium hydroxide route; however, this research did not utilize the 

resulting polymer as a toughness modifier. Instead, their purpose was to crosslink the amorphous 

polymer with itself to form an insoluble, high Tg, polymeric network possessing good thermal , 

mechanical, and adhesive properties. 

3.2.1.1.2.1 Synthetic procedure for the end capping process 

A desired quantity of amine terminated oligomer was dissolved in a three necked round 

bottom flask containing chlorobenzene (15% w/v), (heating may initially be required to dissolve all 

the polymer after which the solution is cooled to room temperature). The flask was fitted with a 

mechanical stirrer, thermometer, and inverse Dean and Stark trap, on top of which a condenser 

was fitted. A 5 mole percent excess of anhydride monomer (either phthalic or maleic) was added 

to the three necked round bottom flask. The contents were stirred for one hour at room 

temperature under a constant nitrogen purge, and then heated to reflux for solution imidization of 

the amic acid produced from the anhydride/amine reaction. After refluxing for 24 hours, the 

solution was cooled and filtered. The polymer was precipitated from solution using a 5:1 volume 

ratio with methanol in excess in a high speed blender. Upon filtering and drying the polymer, a 

second precipitation step was employed after redissolving the polymer in chloroform. The 
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polymer was once again filtered, dried, and end groups qualitatively check by FTIR and NMR 

analysis. 

3.2.1.2 Characterization 

3.2.1.2.1 Differential scanning calorimetry 

To allow the diallyl derivative of bisphenol A compound to act as a solvent for the 

toughness modifiers, only amorphous thermoplastics were used in this study. Glass transition 

temperatures for all modifiers were obtained using a DuPont 912 differential scanning calorimeter 

connected to a DuPont 2100 Thermal Analyst. The heating rate was 10°C per minute, all reported 

glass transition temperatures were from the second scan, and were taken at the half point of the 

slope change from the baseline. All scans were run under a nitrogen atmosphere. 

3.2.1.2.2 Intrinsic viscosity measurements 

Intrinsic viscosity measurements for the various functionalized oligomers were 

determined in chloroform using Cannon-Ubbelohde viscometers immersed in a water bath 

maintained at 25°C. Four concentrations were used for each measurement. 

3.2.1.2.3 End group analysis 

3.2.1.2.3.1 End group analysis by titration 

Potentiometric titrations were performed on amine terminated oligomers (75) to compare 

the actual number average molecular weight with that of the theoretical value. This method does 

assume that all oligomers are 100% difunctional. In some cases, when unreacted chlorine groups 

were detected on a 400 MHz 'H NMR spectra, the potentiometric titration method could not be 

used. All titrations were performed using an MCI GT-5 (COSA Instruments Corporation) automatic 

potentiometric titrator. 
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Amine terminated oligomers were accurately weighed into a 150 ml beaker. Sample 

quantities were chosen to require approximately 2 to 4 ml of titrant, and were dissolved in 50 ml of 

chloroform. (Standardization of the titrant was performed using potassium hydrogen phthalate in 

glacial acetic acid). Glacial acetic acid (15 ml) was slowly added with constant stirring to the 

chloroform solution. On complete dissolution, a titration was performed with 0.02N anhydrous 

hydrogen bromide (HBr) in glacial acetic acid. End points were determined from the maximum in 

the first derivative plot of the titration curve. Reported molecular weights were based on the 

average from three titrations. 

3.2.1.2.3.2 Qualitative end group analysis from spectroscopic measurements 

Both nuclear magnetic resonance (NMR) and infra-red spectroscopy were utilized to 

qualitatively assess the end groups after a polymerization had been performed. Quite typically, 

complete end group assignment is very difficult when considering that resonance levels from end 

group functionalities on high molecular weight polymers fall below signal to noise ratios. However, 

infra-red analysis performed on a Nicolet MX-1 FTIR Spectrometer using polysulfone films cast 

from a filtered solution did prove useful in verifying that amine stretches at 3400 cm"! had formed 

when preparing an amine terminated polymer. Also, carbonyl groups were observed at 1610 cm’ 

when maleic anhydride was reacted with the amine ended oligomers to prepare maleimide 

functional polymers. Proton NMR spectra proved especially useful in identifying the presence of 

amine and hydroxyl end groups on polysulfone modifiers (Figures 3.15a and 3.15b). The 

_ aromatic protons adjacent to the hydroxyl and amine groups are well separated from other 

aromatic protons associated with main chain aryl groups, when the high resolution 400 MHz NMR 

spectrometer was used. 

Only semi-quantitative information can be obtained at this point concerning NMR end 

group analysis for number average molecular weight characterization. This is due, in part, to some 
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end groups such as -OH para to an aryl sulfone linkage (which may occur due to ether cleavage 

from a poorly dehydrated reaction mixture) being possibly hidden by the large aromatic proton 

peaks. Evidence for such groups has been partially observed using 13¢ NMR data. Future work, 

concerning detailed 19C NMRstudies with model compounds, and custom synthesized low 

molecular weight polymers each containing a different end group type are required to make 

complete spectral assignments and to use NMR analysis for quantitative molecular weight 

measurement. 

3.2.2 Preparation of Hot-Melt Blends 

Incorporating thermoplastic modifiers into the Matrimid® 5292 thermoset resin system is 

relatively easy if the polymers are (i) amorphous, (ii) in powder form, and (iii) in low weight % 

quantities (up to 30% w/w for a 10,000 g/mole polymer). The following is an example for preparing 

a modified BMI system containing 10% by weight amorphous thermoplastic polymer in a resin 

batch totaling 50 grams: 

For BMI/DABA + 10% w/w Thermoplastic Modifier 

A.) Modifier Calculation: 
10 4: 

700% 50 g = 5.0 g modifier 

Total Weight of BMI + DABA = 50g - 5g 
= 45g 

B.) BMI/DABA ratio 57:43 parts by weight. 

For DABA calculation, “ x 45 = 19.35g 

For BMI calculation, 45 g - 19.35g = 25.65g 
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C.) Total Resin Amounts Required 

Thermoplastic Modifier = 5.00g 

Bismaleimide = 25.65g 

Diallyl Bisphenol A = 19,.35g 

Total = 50.0g 

The diallyl of bisphenol A compound (DABA) was initially weighed into a two necked 

round bottom flask. The thermoplastic modifier (preferably dried overnight in a vacuum oven) was 

weighed and added to the flask. A mechanical stirrer with teflon paddle and vacuum adaptor was 

fitted to the flask and placed in an oil bath heated to 130°C. A vacuum was slowly applied to the 

stirring mixture in order to degass the resin system and remove volatiles such as residual solvent 

and entrapped air. Great care was taken during this step to ensure that the hot-melt resin did not 

enter the vacuum manifold. Upon completing this first step a homogeneous yellow solution was 

obtained. After raising the temperature to 140°C the bismaleimide resin was added via a powder 

funnel. Again, vacuum was applied to the reaction flask with great care, and with further stirring for 

approximately 20 minutes a dark reddish brown homogeneous hot-melt solution was obtained. In 

this form, the hot-melt resin could be poured into silicon molds specifically designed to the 

desired dimensions for fracture toughness and DMTA specimens, or added to the resin pot within 

the hot-melt drum winder for fiber prepregging. 

The hot-melt processable BMI formulation used in this study is commercially available from 

Ciba Geigy as the Matrimid® 5292 A/B thermosetting resin system. Part A is the common 

bismaleimide compound based on methylene dianiline designated 4,4'-bismaleimidodiphenyl 

methane. Part B is a reactive diluent, liquid at room temperature, termed 0,0'-diallyl bisphenol A 

(DABA). The diallyl of bisphenol A compound serves as a solvent under hot-melt conditions for 

the BMI compound. This improves the processing window for the BMI which commonly reacts 

and gels just a few degrees above its 140°C melting point. Previous researchers have also 

indicated that the diallyl of bisohenol A compound with the correct stoichiometric ratio to BMI (i.e., 
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0.85 moles DABA to 1.0 moles BMI) helps produce a thermoset network of improved fracture 

toughness (31). Throughout the study this ratio (1.0 moles: 0.85 moles) corresponding to 57:43 

parts by weight, was held constant as Yee and Pearson (77) have reported that when improving a 

thermosetting networks fracture toughness, the toughenability of the original thermoset is an 

important factor. (This was proved by varying the cross-link density in rubber toughened epoxies, 

an epoxy matrix possessing a lower cross-link density behaved in a more ductile fashion and 

proved an easier matrix to toughen (77)). 

3.2.3 Thermogravimetric Analysis (TGA) 

Dynamic thermal stabilities were measured using a DuPont 951 Thermogravimetric 

Analyzer attached to a DuPont Thermal Analyst 2100 interface. Degradation analysis was 

performed in air at heating rates of 10°C/min. 

3.2.4 Thermomechanical Analysis (TMA) 

Thermomechanical Analysis (TMA) was performed using a Perkin Elmer TMA 7 

Thermomechanical Analyzer. Indium and Zinc standards were used for calibration. For highly 

cross-linked thermosets, it was found that using the penetration probe with a force of 2500 

Newtons, appropriate transitions were obtained from which studies were made on the glass 

transition behavior of various modified networks. 

3.2.5 Dynamic Mechanical Thermal Analysis (DMTA) 

Dynamic Mechanical Thermal Analysis (DMTA) was utilized to study how the thermoplastic 

modifiers, when incorporated into brittle thermosets, affected an important property such as 

storage modulus when the instrument was ramped at 1°C per minute between -150 and 350°C, 

thus exceeding both the thermoset and thermoplastic modifier glass transition temperature. A 
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Polymer Laboratories Mark II instrument was used at various oscillating frequencies (0.1, 0.3, 1.0, 

10.0 and 20.0 Hz), strain amplitudes constantly being maintained at 2¥2 um. Sample dimensions 

were 3.0 mm x 6.5 mm x 30 mm and were mounted in a single cantilever clamp for mechanical 

perturbation. 

3.2.6 Kic Fracture Toughness Measurements 

3.2.6.1 Specimen and Test Fixture Details 

The critical stress intensity factor (Kj,), an indication of a material's ability to resist fracture, 

was measured for the thermoplastic modified bismaleimides according to a procedure described 

by the American Society for Testing and Materials Specification (ASTM E399). Specimen 

samples were prepared by casting the degassed hot-melt resin (section 3.2.2) into silicon rubber 

molds possessing dimensions of 3.2 mm x 6.5 mm x 38 mm. These samples were prepared for 

fracture toughness testing by notching samples (approximately 0.5 mm in depth) with a 

reciprocating saw. The ASTM standard required that infinitesimately sharp cracks are needed for 

testing purposes, (the more blunt a crack is then the tougher the material appears to be, hence 

leading to false toughness data). Sharp cracks were initiated within the specimen by first cooling a 

razor blade in liquid nitrogen, and tapping the sharp blade within the notch using an aluminum bar. 

Care was taken to ensure the crack had propagated evenly through the specimen thickness by 

holding the sample to the light and examining both edges. 

3.2.6.2 Data Reduction 

Freshly cracked specimens were placed into the three point bend apparatus (Figure 3.16) 

which was attached to an Instron testing machine (Model 1123). The samples were tested at a 

50.8 mm per minute crosshead speed.Plane strain conditions must be 
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attained, a specific requirement for testing materials with the specified dimensions using the 

ASTM E399 standard. Upon failure, the various specimen geometries such as crack length, width 

and thickness were measured using digital calipers. The critical stress intensity to cause 

catastrophic failure in mode | crack opening was calculated using equation 3.5. 

Kic = es [2.9(anw) 1/2 - 4.6(afw)9/2 + 21.8(ahw)9@ - 37.6(aw)”/2 + 38.7(aiw)92] (3.5) 

P = Load at failure 

S = _ Span length between supports 

b = Thickness 

w = Width 

a = Crack length 

All calculated results were in MPa.m'/2 and were reported with their standard deviation. 

Any data that contained crack length to width ratios (a/w) outside the 0.3 to 0.7 limits were not 

used in the data reduction procedure. 

3.2.7 Flexural Modulus Measurements 

3.2.7.1 Specimen and Test Fixture Details 

The American Society for Testing and Material Specification (ASTM E966) was followed 

for measuring the flexural modulus of the bismaleimide networks. Specimen dimensions were 1.5 

mm x 13 mm x 52 mm and were formed in silicone rubber molds as previously described. Testing 

was performed in a three point bend apparatus illustrated in Figure 3.16 and took place at a 

constant cross head displacement of 1 mm per minute until failure. 

3.2.7.2 Data Reduction 

Four types of information may be calculated from modulus measurements. 
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(i) Flexural Modulus 

(ii) Flexural Strength 

(iii) Strain at Failure 

(iv) “Toughness” (area under stress/strain curve). 

The following equations can be used to calculate the above parameters, if specimen 

dimensions, chart speed, cross head displacement, and load at failure were recorded. 
LYM 

Flexural Modulus = Ep = 4bd3 (3.6) 

3 LP 
Flexural Strength = omax =o bd? (3.7) 

  Flexural Strain at Failure = emax = bor max (3.8) 
L“-M 

Toughness = 1/2 Omax Emax (3.9) 

Where Linear load at failure (brittle) 
Width 
Thickness 
Slope from stress/strain plot 

P 

b 
d 
M 
L Span Length (63 mm) 

3.2.8 Swelling Analysis 

Samples remaining from the fracture toughness tests were dried, weighed, and placed in 

small sample vials fitted with a screw cap, and filled with chloroform solvent. At regular time 

intervals samples were removed, dried with tissues, and quickly weighed to four decimal places. 

The percent solvent uptake was calculated from equation 3.10. 

swollen weight - initial weight x 100 (3.10) Swelling % = initial weight 1 
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Percentage swelling for various weight percent loadings of polysulfone in the BMI resin as 

a function of time were plotted and compared with swelling behavior from the unmodified network. 

3.2.9 Moisture Uptake 

An approach similar to that used for swelling was applied in monitoring the moisture 

uptake for various samples which varied in their thermoplastic modifier weight percent 

incorporation. Samples were dried and weighed, then placed in cellulose fiber extraction thimbles 

and soxhlet extraction apparatus was arranged to maintain a constant circulation of hot water. The 

water temperature was monitored and at regular periodic time intervals samples were removed, 

dried quickly with tissues and weighed. The weight uptake was calculated using the following 

equation. 

sample weight - initial weight | 100 (3.11) 
initial weight 1 " 

Weight % uptake = 

3.2.10 Scanning Electron Microscopy (SEM) 

Morphologies obtained within the neat resin, when thermoplastic modifiers phase 

separated from the thermosetting networks, were studied from fracture surfaces using scanning 

electron microscopy (SEM). This technique also enabled composite fracture surfaces to be 

studied, as well as polished composite laminate cross sections where morphology translations 

from neat resins to carbon fiber composites were observed. All SEM micrographs were performed 

using an International Scientific Model S X-40 using conductive silver paint as adhesive. Fracture 

surfaces were mounted on aluminum substrates and coated with approximately 100 A of gold 

using a Bio-rad Polaron (Model E5400) high resolution sputter coater. Typically, electron beam 

voltages of 10,000 volts were used and sometimes increased to 15,000 volts if focusing was 

desired at higher magnifications. 
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3.2.11 Energy Dispersive Spectroscopy (EDS) 

A useful attachment on any scanning electron microscope is an energy dispersive 

spectrometer (EDS). Back scattered X-rays that occur from the surface bombardment by incident 

electrons are gathered and their energies analyzed. Each energy is specific as to from which 

element it came, thus allowing a fracture surface SEM to be mapped in terms of individual 

elements. As sulfur is present in the polysulfone backbone, but not in either of the two 

thermosetting monomers, sulfur mapping using EDS would indicate the relative abundance and 

location of thermoplastic modifier within a fracture surface morphology. To prevent sulfur peaks 

from being masked by large peaks from gold, fracture surfaces were sputtered with silver using 

the Bio-rad Polaron (Model E5400), when any EDS monitoring was required. Each surface 

micrograph was scanned 128 times forming a resolution mapping diagram containing 128 x 128 

pixels. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Effect of Varying Polymer Backbones on the Toughness Modifiers 

3.3.1.1 Varying Toughness Modifiers Backbone Chemistry and The Effect on 

DMTA Analysis 

Figure 3.14 illustrates the chemical composition for various amorphous functionalized 

engineering thermoplastics used in this study. As one passes from top to bottom in the figure, 

polymer backbones become more rigid and thus increase the glass transition temperature. 

Bismaleimides have upper service temperatures of approximately 230°C (1) for certain short 

service time applications, while other aerospace applications (leading edges on aircraft wings) may 

have upper service temperatures in the range 150-200°C. An important parameter to monitor 
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101



when modifying thermoset networks is storage modulus retention at temperature values 

approaching the upper service limits of a materials application. Dynamic mechanical thermal 

analysis (DMTA) is an excellent tool for such measurements. Figure 3.17 depicts the retention in 

storage modulus as a function of temperature for three modified networks. All samples were 

cured for one hour at 200°C and two hours at 250°C then slowly cooled at 3°C per minute to room 

temperature. Samples only varied in the modifiers chemical composition which had altered the 

modifier Tg. Other parameters such as modifier molecular weight (10,000 g/mole), end group 

functionality (maleimide terminated) and weight percent incorporation (20% by weight) were all 

kept constant. (The DMTA spectra clearly illustrate that the modifier's glass transition temperature 

controls the onset to loss in storage modulus, and illustrates the important issue that when 

engineering a thermoset network to meet specific applications, a modifier's glass transition 

temperature could effect ‘in service’ properties with constant use at high temperatures for long 

time periods). Such an example could possibly be the creep phenomena, not usually 

encountered with highly cross-linked thermoset resins, but could produce problems with 

thermoplastic modified networks. 

3.3.1.2 Effect of Varying the Modifiers Backbone Structure on Fracture 

Toughness Values 

Table 3.7 details the fracture toughness properties for three amorphous thermoplastic 

modifiers with different backbone structures. The number average molecular weight for each 

modifier was theoretically 10 000 g/mole. The table lists the amine precursor titration (prior to end 

capping modifiers with maleic anhydride) as well as the intrinsic viscosities and glass transition 

temperatures for the three amorphous polymers. Fracture toughness measurements were made 

at both 10 and 20% by weight incorporations. The K),values decreased with increasing modifier 

rigidity, (reflected by higher glass transition temperatures) thus suggesting that the 
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Table 3.7 

Fracture Toughness Values for Various Polymer 
Modifiers Possessing Different Backbone Structures 

  

Mn {g/mol [7] 25°C 

  

Polymer Mn __ precursor CHC! Kic/MPa.m"2 
Backbone Theory _ titration] (dL/g) Tg (°C) 10% w 20% wiw 

Polysulfone 10000 12800 0.25 186 1.0+0.2 1.4+0.3 

Polyether 
Phosphine Oxide 10000 #11400 0.23 226 0.9+0.2 — 

Polyimide 10000 10200 0.32 284 0.8+0.3 1.3403 
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Figure 3.18 

SEM Micrographs Illustrating Various Morphologies From Polymers with Various Backbone 
Structures Incorporated into the BMI/DABA Network 
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    10% W/W POLYIMIDE (6F/BIS.A)(Mn=10.2K- MALEIMIDE 
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thermoplastics inherent ability to deform plays a major role in the fracture toughness properties of 

the modified BMI networks. This appears reasonable if one considers that a similar network 

toughened with 10% by weight carboxyl terminated butadiene-stryrene rubber would yield higher 

Kj,values (approaching 2-3 MPa.m!, for example). Although this trend seems feasible, 

conclusive statements concerning the polymer rigidity are difficult to make due to the error overlap 

in Kj,values. 

3.3.1.3 Effect of Various Modifier Backbones on Neat Resin Morphologies 

Fracture surface morphologies for 10% by weight modifier networks discussed in Table 

3.7 are illustrated in Figure 3.18. Both the polysulfone and polyimide exhibit a mixed morphology 

phase. That is, (i) phase inversion, where the thermoplastic forms a continuous phase around 

thermoset spheres, and (ii) a continuous thermoset phase surrounding phase separated 

thermoplastic particles. Interestingly, the polyether phosphine oxide shows no phase separation 

from SEM micrographs, and only one loss peak was observed from DMTA, (i.e., that from the 

network Tg), this possibly suggests that the phosphine oxide moiety has kept the thermoplastic 

modifier miscible throughout the thermoset cure,possibly due to hydrogen bonding. 

With the ability to synthesize and control the modifier parameters such as molecular 

weight, backbone structure, and end group functionalities, a comparison was made between the 

morphologies produced by two polymers that varied only in a subtle backbone modification. The 

polymers were polysulfone synthesized using Bisphenol A monomer, and polysulfone 

synthesized using tetra-methyl Bisphenol A. Figure 3.19 describes the differences between the 

two polymer structures. With molecular weight held constant at 10 000 g/mole and both having 

amine end group functionalities, Figure 3.20 represents morphologies resulting from a 20 

percent by weight incorporation of either polymer. By introducing the tetramethyl bisphenol A 

moiety into the backbone structure, a morphology mix where both thermoset and thermoplastic 
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Polysulttone Polymers Based on Bisphenol A and Tetra-Methy! Bisphenol A 
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Figure 3.20 

SEM Micrographs Illustrating the Difference in Morphology 
Obtained by Changing Only the Backbone Structure in Poly (arylene ether sulfone) Modifiers 
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a) Phase Diagram for Morphological Development in Polymer Blends, by Paul (98) 
b) Phase Diagram for Morphological Development in Simultaneous 

Interpenetrating Polymer Networks by Sperling (96) 
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phases are continuous, has been created. Interestingly, the fractutre toughness of the network 

containing tetra-methyl Bis. A polysulfone was 0.9 MPa.m'/2 compared with 1.1 MPa.m1/2 for the 

Bis A polysulfone. Explanations for this difference may be attributed to the phase inverted 

morphology being more desirable than the mixed morphology for improved fracture toughness, 

possibly related to more interfacial surface area being present in the phase inverted case. Also, a 

second explanation could simply be related to the tetra-methyl Bis A polysulfone being a less 

ductile polymer, due to the restricted bond rotation around the phenyl rings which are associated 

with the tetra methyl groups. 

Paul (98) has simplified the possible outcome for polymer-polymer blends by considering 

a schematic phase diagram that includes polymer-polymer ratios and polymer-polymer viscosities 

(Figure 3.21a). Based on this type of phase diagram and using similar concepts, it may be 

possible in the future to develop phase diagrams indicating morphology results from curing 

thermoplastic thermoset hot-melt solutions. Section 3.3.6 discusses these proposed phase 

diagrams in more detail (and also introduces a phase diagam from Sperling, (Figure 21b). Our 

results suggest that by simply changing the backbone structure, the polymer-polymer blend has 

shifted from one region into the mixed morphology area by altering the free energy of mixing. A 

change that could be accounted for by assuming that the tetra-methy! Bis A polysulfone being 

less polar creates a larger solubility parameter difference when dissolved in the BMI based hot- 

melt solution. This difference leads to a less miscible polymer solution and the tetra-methyl Bis A 

based polysulfone phase separated at an earlier time than the Bis A based polysulfone. Another 

explanation could be related to the difference between gelation temperature (200°C) and modifier 

Tg. The tetramethyl Bis A polysulfone with a higher Tg is less mobile and more viscous in 

solution, and as discussed in section 3.3.6, may tend to push the system up into the mixed 

morphology domain. 
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Table 3.8 

Fracture Toughness Values for Amine Terminated 
Polysulfone Modifiers that Vary in their Molecular Weight 

  

  

Mn (g/mole) Mn (g/mole) 25°C 
Theory Titration IM cx, (dL/g) Tg(°C) Ki,(MPa.m"2) 

5000 6000 0.13 166 1.0+0.2 

10000 10900 0.18 178 1.14+0.2 

10000 12800 0.22 182 1.4402 

15000 15760 0.27 181 1.5+0.1 
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Figure 3.22 

Molecular Weight of the Toughness Modifiers Does Not 
Alter the Fracture Surface Morphologies at 20 Weight Percent Incorporation 
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20% W/W MI-POLYSULFONE (Mn=15.8K gm/mole) 
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3.3.2 Molecular Weight Effect of the Toughness Modifier 

3.3.2.1 Molecular Weight Changes of Toughness Modifiers and the Effect on 

Fracture Toughness Values 

Table 3.8 lists the Kj, fracture toughness values for amine terminated polysulfone 

modifiers that vary in theoretical molecular weights from 5000 to15 000 g/mole. Their intrinsic 

viscosities, glass transition temperatures, and Mn's are also reported. Each property, including 

the fracture toughness value, increased with the modifiers increasing molecular weight (the 

weight percent incorporation was maintained constant at 20 weight percent). As described in the 

following section, all of these modifiers exhibited the phase inverted morphology and as 

discussed in the introduction, the only work published concerning possible failure mechanisms 

for this morphology was reported by Brown and Kim (59). Their optical observations on the failure 

mode of thin films possessing phase inverted morphologies showed the existence of both 

interface failure and considerable distortion in both phases. The thermoplastic continuous phase 

exhibited ductile failure behavior within the fracture process. The increase in fracture toughness 

with increase in modifier molecular weight tends to support these findings. Plotting fracture 

toughness against modifier molecular weight results in a typical ‘knee’ shaped curve similar to 

property/molecular weight plots for polymers. Such evidence supports the theory that one factor 

affecting fracture toughness in these modified networks is the inherent ductility of the modifier. 

The fracture surface of these BMI systems exhibited cleaved thermoset spheres (Figure 3.22), 

not observed before with the modified epoxies, and tends to suggest that with good interfacial 

bonding between the phase separated domains, the thermoset spheres are the limiting phase 

during the BMI fracture process. Such an observation leads one to suggest that to further improve 

the fracture toughness of these modified BMI systems, the thermoset sphere needs to behave in 

a more ductile fashion. A higher incorporation of more phase mixed species may be one solution, 

and could be the subject for future investigations. 
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Figure 3.23 

Sulfur Mapping Using Energy Dispersive 
Spectroscopy to Probe the Interior of a Fractured Phase Inverted Sphere 
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3.3.2.2 Molecular Weight Changes of Toughness Modifiers and the Effect on 

Fracture Surface Micrographs 

Examining the fracture surfaces from each specimen in section 3.3.2.2 revealed that 

molecular weight changes associated with the toughness modifiers had not changed 

morphologies (Figure 3.22). Indeed, the same phase inverted morphology was evident with each 

specimen. The morphology is termed phase inversion since the thermoset monomers that form 

the cross-linked phase are the higher volume fraction, yet form discrete spheres surrounded by a 

continuous phase of thermoplastic. Upon closer examination, the observer can identify a coating 

surrounding the spheres. This coating is the polysulfone and excellent adhesion between the 

thermoplastic and thermoset phases occurs due to the reactive end groups present on the 

polysulfone modifier. 

In certain regions, the micrographs illustrate how some spheres appear to have been 

cleaved in the fracture process and a smooth grey surface remains. The energy dispersive 

spectroscopy (EDS) attachment now becomes a valuable analytical tool for probing the interior of 

a cleaved phase separated sphere. Figure 3.23 compares an EDS sulfur map with the 

corresponding fracture surface from which it was developed. Sulfur atoms are present in the 

polysulfone modifier, but not in the thermoset monomers. The relative abundance of modifier 

within a surface micrograph can therefore be monitored. White areas represent high intensity 

sulfur regions, whereas black areas are regions of low intensity. The EDS map depicts white areas 

around dark circular regions (which themselves correspond to cleaved spheres) and is 

representative of the phase inverted morphology. On the EDS map, a good example are the five 

dark circular regions located top-center. They correspond well to the five fractured spheres in the 

same position on the surface micrograph. Looking ‘inside’ a sphere on the EDS map one 

observes ‘grey' regions, suggesting the polysulfone modifiers are present within the thermoset 

114



  

TA
N 

DE
LT
A 

  

  

  | -150 -50 50 150 
TEMP/°C 

Figure 3.24 

Three Dimensional Plot of Tan &, Temperature, and Weight Percent Incorporation 

Illustrating the Presence of a Third Species Representing a Thermoplastic-Thermoset Alloy 
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sphere. This would be a likely possibility if the polysulfone maleimide end groups could react into 

the growing BMI network during the cure process. Presence of such a third species representing 

a thermoplastic-thermoset alloy is evident from a third peak present in the three dimensional tan 

delta, temperature, weight percent modifier plot (Figure 3.24). This third peak is located between 

the pure thermoset and thermoplastic glass transitions, and steadily increases in intensity as the 

polysulfone weight percent loading is increased. 

3.3.3 Effect of Weight % Toughness Modifier Incorporation 

3.3.3.1 Effect on Neat Resin Fracture Toughness Values When Varying the 

Effect of Weight % Toughness Modifier Incorporation 

Table 3.10 presents Kj, fracture toughness results for various weight percent loadings of 

polysulfone and polyimide modifiers. For each polymer, increasing the modifier content resulted 

in an increase in the Kj, fracture toughness values above the 0.5 MPa.m1/2 obtained for the 

control. Maximum weight percent loadings possible approached 25 -30%. This value depended 

upon the modifiers molecular weight; as too high molecular weights coupled with high weight 

percent loadings resulted in high viscosities when preparing the homogenous hot-melt solutions, 

thus making sample preparation for various specimens increasingly difficult. 

Approximately three-fold increases in fracture toughness values were measured at weight 

percent incorporations of 20% and higher. This can be observed by analyzing the fracture 

toughness column in Table 3.9 that contains a maleimide terminated polysulfone modifier (Mn = 

12 800 g/mole). Values tended to increase and level off with increases in weight percent 

loadings, unlike those reported by Recker and co-workers (4) who observed that the toughness 

values went through a maximum. Interestingly, section 3.3.4 discusses how no difference in 

fracture toughness was observed when the polysulfone modifier end groups varied between 
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Table 3.9 

Fracture Toughness Values for Various Weight 
Percent Loadings of Polysulfone and Polyimide Modifiers 

  

  

Weight % NH2-PES! MI-PES MI-Polyimide 
Incorporation Mn = 16400 g/mole Mn = 12800 g/mole__ Mn = 10200 g/mole 

0 0.5+0.2 05+ 0.2 0.5+0.2 

10 0.7+0.2 1.0+0.2 08+0.3 

15 0.8 + 0.1 12+0.2 _— 

20 1.1+03 1440.3 1.3+0.3 

25 1340.2 15+0.2 _— 

30 1.3+0.2 —_ _— 

'NMR indicates ~60% amine end groups 
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amine and maleimide. Also, section 3.3.2 shows that Kj, fracture toughness values increase 

when only the modifiers molecular weight is increased. Now, when examining Table 3.9 closer, 

one notices that an amine terminated polysulfone with number average molecular weight equal to 

16400 g/mole, has lower K), values at similar weight percent loadings when compared with the 

maleimide terminated polysulfone having Mn = 12 800 g/mole. After further analysis, this anomaly 

was clarified using 400 MHz 1H NMR. It was determined that the higher molecular weight 

polysulfone modifier contained unreacted chlorine end groups (approximately 40% chlorine, 60% 

amine), thus highlighting the importance of preparing suitably end capped modifiers with a high 

percentage of reactive functional groups for obtaining specimens with optimum fracture 

toughness properties. 

Figure 3.27a describes the change in fracture toughness, as a function of weight percent 

incorporation, for a low molecular weight hydroxyl terminated polysulfone (intrinsic viscosity 

equaled 0.14 dl/gram). Interestingly, poor fracture toughness was observed at high weight 

percent loadings (20 to 30 percent). A possible explanation for this phenomena could be related 

to the hydroxyl end groups generating a weaker interfacial bond strength between the phase 

separated domains as compared to stronger interfacial bonds produced by the amine and 

maleimide terminated modifiers. Kim and Brown (59) have reported that interface failure 

contributed to the failure mechanism in resins containing the phase inverted morphology as did 

the ductility of the continuous phase. The low molecular weight polysulfone that is weakly 

bonded to the phase separated thermoset material has little mechanical integrity and its ductility 

would be low, hence providing poor fracture toughness values as depicted in Figure 3.27a. The 

corresponding SEM micrographs illustrated in Figure 3.27b also support the suggestion that the 

hydroxl end groups are providing only weak interfacial adhesion. The phase inverted spheres 

remain intact, (similar to the fracture surface morphology observed when phthalimide terminated 

modifiers were used) and are not cleaved in two, as is the case when examining the fracture 
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surfaces generated by using amine and maleimide terminated modifiers (Figures 3.22,3.26 and 

3.29). 

3.3.3.2 Neat Resin Morphology Changes by Varying the Weight Percent 

Incorporation of Toughness Modifiers 

When commercial engineering thermoplastics were used to modify the BMI resin, gross 

phase separation occurred, illustrated by the fracture micrographs in Figure 3.25. Macroscopic 

phase separations typically lead to low fracture toughness values; thus, phase separation on a 

microscopic level 0.1-5 microns is desired. A major problem with employing commercially available 

engineering thermoplastics is that they were not specifically designed for use as reactive 

modifiers. Their end groups are typically unreactive, (to ease in processing when injection 

molding for example), and their molecular weights are high to ensure good mechanical integrity, 

(however, only low weight percent incorporations into hot-melt resins are therefore possible). By 

lowering molecular weights, higher weight percent loadings into hot-melt processable resins may 

be achieved, thus providing various morphologies. Figure 3.26 illustrates the variations in 

morphology as one increases the weight percent loading for polysulfone modifier from 10 

through to 25 percent. At 15, 20 and 25% the phase inverted morphology is observed and 

densifies as the thermoplastic content increases. At 10% loadings, a mixture of morphologies is 

present, where both continuous thermoset and thermoplastic phases exist simultaneously. In 

addition to the phase inversion, a second morphology of a continuous thermoset phase 

surrounding thermoplastic nodules, usually attributed to low weight percent loading occurs. The 

morphology mixture is again observed in Figure 3.27. Here, hydroxyl terminated polysulfone 

modifier with lower molecular weight (intrinsic viscosity equals 0.14 dl per gram compared with 

0.25 for the previous polysulfone) gave a mixture of morphologies at 15% weight incorporation. 

At 10% by weight incorporation, a pure morphology containing a continuous thermoset phase 

surrounding thermoplastic nodules is observed. 
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Figure 3.25 

Phase Separation Phenomena Observed for 
Commercial Polymers Used to Toughen the BMI Resin Formulation 
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Figure 3.26 

Variation in Fracture Surface Morphologies by 
Varying the Weight Percent Incorporation of the Polysulfone Modifier (12800 g/mole) 
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Figure 3.27a 

Fracture Toughness As a Function of Weight Percent 
Incorporation For Low Molecular Weight Hydroxy! Terminated Poly(ethersulfone) 
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Figure 3.27b 

Variation in Fracture Morphology by Varying the Weight Percent 
Incorporation For a Low Molecular Weight Hydroxyl Terminated Polymer 
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Figure 3.28 

Same Fracture Surfaces as in Figure 3.27b but at a Lower Magnification 
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The ability to change and control morphology in these toughened networks could be of 

significant importance when considering resistance to certain environments as discussed in 

section 3.3.5. So far, morphologies have been shown to be dependant upon modifier 

backbone, molecular weight, and weight percent incorporation. These morphological changes 

resulted from simple variations in the thermoplastic modifiers polymer parameters. Many other 

factors may play a a critical role in controlling morphology. Recent work by Hedrick (78) utilized 

microwave energy to increase the rate to gelation and thus changed a phase inverted morphology 

to a co-continuous morphology characteristic of a spinodal decomposition phase separation 

process, thereby illustrating another method for morphological control. 

3.3.4 Effect of Various Toughness Modifier End Groups 

3.3.4.1 End Group Functionalities and their Effect on Fracture Toughness 

Values 

In section 3.2.1.1.2, a procedure was presented for forming various end groups onto an 

amine terminated oligomer. This method was utilized to prepare quantities of polysulfone modifier 

that varied only in end group chemistry, i.e., amine, maleimide, and phthalimide (Figure 3.13b). 

As discussed earlier, amines can react with the growing BMI/DABA network via a Michael Addition 

reaction. The maleimide functionality has several possible mechanisms for reacting with the 

growing network (32); however, polysulfone modifiers with phthalimide end groups are not 

expected to react with the thermosetting monomers. The Kj, fracture toughness results for 

changing only the end group type are depicted in Table 3.10. Polymer backbone structure, 

molecular weight, and percent incorporation were all kept constant. The unreactive phthalimide 

end groups should not provide good adhesion between phase separated thermoplastic and 

thermoset phases, in contrast to the amine and maleimide functionalities which are expected to 

provide excellent adhesion. This improvement in adhesion is reflected in the improved fracture 
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toughness values when amine and maleimide functional polymers were utilized, as compared with 

the unreactive phthalimide end capped modifier. 

3.3.4.2 Neat Resin Fracture Surfaces for Toughness Modifiers with Various End 

Group Chemistries 

Scanning electron micrographs illustrating the fracture surfaces from specimens detailed 

in Table 3.10 are given in Figure 3.29. With the constant loading of 20 percent by weight, each 

micrograph exhibits the phase inverted morphology. Fracture surfaces from modified networks 

containing amine and maleimide terminated polysulfone modifiers were very similar, and as 

described in section 3.3.2 cleaved thermoset spheres were evident. In contrast, on inspecting 

the micrograph illustrating the fracture surface from a network modified with phthalimide end 

capped polysulfone, it is apparent that no thermoset spheres have been cleaved. The 

micrograph depicts whole spheres coated with a continuous phase, and suggest that the fracture 

process has caused a separation or pull-out effect. From the fracture toughness values and their 

corresponding fracture surface micrographs, it is quite possible that a change in failure 

mechanisms is evident, due again to the contrasting adhesion levels at the interface between the 

phase separated domains. The literature has many references (39-54,79,80) relating to failure 

mechanisms in rubber toughened thermosets, but only a small number have recently appeared 

(49-52,59) discussing thermoplastic modified thermosets. Even in these cases, (with the 

exception of Brown and Kim (59)) the thermoplastics used were commercially available and did not 

contain reactive end groups. This illustrates that with the ability for controlling thermoplastic 

modifier parameters via various synthetic routes, large areas of research opportunities exist for 

polymer scientists within the field of thermoplastic-thermosetting alloys to pursue failure 

mechanism studies. 
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Table 3.10 

Fracture Toughness Variations by Changing 
Only the End Group Functionality on Polysulfone Modifiers 

  

  

End Group Kic(MPa.m‘/2) Tg(°C) [n] CHCl, (dL/a) 

Phthalimide 0.9+0.2 182 0.25 

Amine 1.4+0.2 182 0.22 

Maleimide 1.4+0.3 186 0.25 
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Figure 3.29 

Fracture Surface Micrographs For Modifiers Varying Only in Their End Group Functionality 

128



( 
(
S
N
O
Y
O
I
W
 

O
°
S
=
4
V
a
)
 

NISSHY 
T
A
T
I
V
I
G
/
I
N
G
 

O
L
N
I
 

(
S
N
O
H
O
I
W
 

O
°
S
=
Y
V
a
)
 

N
I
S
S
Y
 

T
A
T
I
V
I
G
/
W
A
 

OLNI 
G
A
a
d
d
V
O
 

G
N
A
 

A
N
I
N
V
-
y
8
°
Z
L
)
 

A
N
O
J
I
N
S
A
T
O
d
 

M
/
M
 

%0Z 
G
A
d
d
V
O
 

GN&3 
A
G
I
N
I
Z
1
V
I
N
-
8
'
2
 
1) 

A
N
O
J
S
I
N
S
A
I
T
O
d
 

M
/
M
_
 

 
    

(SNOHOIW 
0'S=4va) 

NISSY 
TATIVIG/WE 

OLNI(Gaddv9O) 
GN3_ 

AGINIIVHLHd-»8°Z1) 
A
N
O
S
I
N
S
A
T
O
d
 

M/M 
%0Z 

%
0
S
 

 
 

128A



3.3.5 Environmental Resistance of Various Neat Resin Morphologies 

3.3.5.1 Solvent Uptake 

Specimens from fracture toughness measurements were subjected to swelling studies in 

chloroform solvent as described in section 3.2.8. The specimens studied contained various 

weight percent loadings of hydroxyl terminated polysulfone modifier as well as a control 

(unmodified) sample. Swelling results are presented in Figure 3.30 and the morphologies 

representing these samples are illustrated in Figure 3.27b and 3.28. Phase inverted 

morphologies present in the 20, 25 and 30% by weight modified networks have a continuous 

polysulfone phase surrounding the thermoset spheres, and it was these samples that exhibited 

the most swelling, approximately 45% by weight. Interestingly, all samples possessing the phase 

inverted morphologies reached the same equilibrium swelling content illustrated by the plateau 

regions in Figure 3.30. The control sample (an untoughened cross-linked network) exhibited 

very little swelling, approximately 5% weight gain over a 60 day period, compared with a 45% 

weight gain for modified networks containing the phase inverted morphologies. Naturally, small 

amounts of swelling can be attributed to the tightly cross-linked thermoset network, and the high 

degree of swelling can be attributed to the amorphous polysulfone. The increase in swelling with 

increasing polysulfone content follows the morphological trends described in Figure 3.27b, which 

is also a consequence of the increasing modifier content. 

Polysulfone is extremely soluble in chloroform and the retention in sample integrity after 

60 days in chloroform represents the importance of reacting the thermoplastic modifier into the 

thermoset for retaining good solvent resistance. Samples that had only 60% amine functionality 

on the polysulfone modifier lost their integrity after 2 days, and swelling experiments could no 

longer be performed. 
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Percent Swelling Against Time for Various Samples Possessing Different Morphologies 
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3.3.5.2 Moisture Resistance 

The ability to reduce the moisture uptake of a matrix resin is an important consideration, as 

a property termed the hot-wet compressive strength may govern the acceptance of new 

candidate matrix resins for certain aerospace qualification programs. Figure 3.31 described the 

reduction in moisture uptake with increasing modifier content. Due in part to hydroxyl groups 

present within the network (32), a control BMI sample adsorbed approximately 3.6% moisture over 

a 20 day period (Figure 3.31). Equlibrium was attained after four days. By incorporating 

polysulfone modifiers, the equilibrium moisture uptake steadily decreased with increasing 

polysulfone content. At 25% by weight incorporation, the moisture uptake had been reduced by 

33% to an equilibrium level of 2.4%. In this case equilibrium uptake was reached after 8 days. 

3.3.5.3 Resistance to Hydroxide lons 

Quite recently, considerable alarm has spread through the composite industry following 

an announcement by General Dynamics (81) that certain carbon fiber composites containing 

polyimide resins were being degraded by a galvanic corrosion process. A small symposium at 

SAMPE 91 was dedicated to discussing this problem (82). Although the whole degradation 

process is not clearly understood, an electrochemical cell is apparently set up at the interface 

between carbon fibers and imide resins when the composite material is immersed in a metal (tin) 

vessel containing salt water. The electrochemical reaction appears to be forming a high hydroxide 

ion concentration within composite laminates, which is possibly causing the imide moiety to ring 

open, and thereby degrade composite properties. The problem could be extremely hazardous 

when uses for imide composites are being sought in naval applications, where the composite 

parts are joined together using metal fasteners. Protective coatings on laminate parts may not be 

sufficient to stop the electrochemical attack. However, a protective coating within the matrix 

material could inhibit the property degradation. A continuous polysulfone phase (which is 
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resistant to hydroxide attack) surrounding the imide material (i-e., the phase inverted morphology) 

could be one solution. To examine this possibility, some flexural modulus specimen bars were 

immersed in concentrated potassium hydroxide solutions (40%), and removed after several time 

periods for 90° flexural modulus measurements. Two specimen types were chosen. One was a 

control BMI containing no polysulfone modifier, while the other contained 20% by weight 

polysulfone, and thus exhibited the phase inverted morphology within its network. The mean 

values from five specimens of each type are presented in Figure 3.32, which clearly illustrates how 

the polysulfone coating has protected the modified network from losing its modulus properties. In 

contrast, a steady reduction in flexural modulus is apparent for the control BMI specimen, 

suggesting that the hydroxide ions have ring opened some imide groups thereby lowering 

modulus values. 

3.3.6 Speculative Phase Diagrams for Explaining the Observed Morphological 

Features 

In section 3.31, 3.32, and 3.33, various morphologies were observed depending upon 

the backbone structure, molecular weight, and weight % incorporation of the thermoplastic 

modifiers. As specific morphologies may be required in certain ‘in service’ applications, a desire 

for understanding the phase separation phenomena remains high. 

Inoue (83,84) has studied the phase separation process for epoxy resins modified with 

commercial polyethersulfone (ICI Victrex 4100G) and liquid nitrile rubbers (CTBN and ATBN), 

utilizing light scattering, scanning electron microscopy, and torsional braid analysis. Using a high 

temperature cure with low reactivity curing agent, a morphology exhibiting a bimodal distribution of 

spherical domains was produced. Low temperature cures produced a co-continuous two phase 

structure. Inoue postulated that a phase separation process based on a spinodal decomposition 

generated the resulting morphologies. He also suggested from studies 
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using polyethersulfone that a phase inverted morphology could be produced via a connected 

globule structure which had formed from the spinodal decomposition mechanism (Figure 3.33) 

(83). Particular importance was emphasized for considering the ratio between the phase 

separation rate and polymerization rate. This ratio has also been discussed by Pascault and 

Williams (85,86) who have championed the analysis for the phase separation process of rubber 

modifiers in epoxy resins. Williams and co-workers (85-90) proposed a theoretical model based 

on Flory-Huggins theory and constitutive equations for the polymerization and phase separation 

rates to predict the fraction, composition, and particle size distribution of the dispersed rubber 

domains. After the rubber concentration surpassed a critical value a phase inversion is predicted 

to occur. Most workers studying the phase separation process of rubber modified epoxies 

suggest a nucleation and growth mechanism is responsible for the phase separation process. Ina 

recent presentation, Pascault and Williams (85) described how the trajectory in a conversion 

versus composition diagram (Figure 3.34) could take three possible routes depending on the 

ratio: 

  

__Phase Separaton Rate 

~ Polymerization Rate 

As K > © (infinity), equilibrium is instantaneously reached and the system evolves along 

the binodal (trajectory a). If K > O, no phase separation will be produced until the spinodal is 

reached (trajectory c). The intermediate cases result in phase separation following trajectory b. 

For a clearer understanding into the formation of the observed morphologies presented in this 

chapter, consideration must be made into how changes in the thermoplastic modifier affect the 

phase separation and polymerization rates. 

Gillham (91) has shown how the time, temperature transition diagram can be modified to 

include the phase separation phenomena (Figure 3.35). In this work, Gillham described that for 
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the same weight percent rubber modifier loading, the isothermal temperatures used to obtain 

gelation varied the size and densification of the phase separated particles. Higher temperatures 

gave larger domains in a less dense phase separated medium. Lower cure temperatures resulted 

in a higher population of smaller diameter rubber particles. Viscosity was suggested to be of 

primary importance in the morphological development. Gillham (92,93) studied how viscosity 

influenced the domain formation, and related the varying extents of phase separation to the 

competing effects of thermodynamic compatability, and diffusivity, of the growing spheres. It was 

illustrated how domains formed at a 90°C cure had precipitated in a more viscous medium than 

those formed at a 150°C cure; consequently, the corresponding cloud point of the 90°C cure 

medium occurred at a later isothermal hold time than the cloud point from the 150°C cure. 

Diffusivity was related to temperature and viscosity by using the Stokes Einstein relationship (92). 

KT 
DaB = 12 AB = GcRate (3.12) 

« = _ Boltzman constant 

= Temperature 

CB = Viscosity of phase B 

Ra = Radius of phase separated rubber adduct (A) particles. 

Using the diffusitivity term, Dap, a characteristic time scale of diffusion, tgjg¢ , in two 

dimensions is 

[2 

Witt = Dag (3.13) 

L = average length between two phase separated domain centers. 
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Morphological development was essentially quenched as the gel point was reached. The 

competing effects of thermodynamic compatibility leading to phase separation and diffusivity (i.e., 

transport of matter to form morphological development) both change as a function of time. The 

phase separation 'window' was introduced by Gillham (92,93) and is the difference in time 

between the gel point and the cloud point (expression 3.14). 

tos = tgel - tel (3.14) 

During this phase separation (tps) window the diffusivity decreases continually during the 

cure as viscosity is increasing with increasing network formation. Conversely, this increase in 

molecular weight associated with network formation is the major driving force for phase separation 

and leads to the effective diffusion time being longer than the value based on viscosity at phase 

separation (tgif), whereas the effective phase separation time is shorter than the time between 

the cloud point and gelation (tps). 

Samples cured in this study all followed the same cure cycle, that is one hour at 200°C 

followed by a 2 hour isothermal hold at 250°C. Soxhlet extraction studies performed on samples 

that were cured isothermally for various time intervals at 200°C indicated that after 40 minutes, 0% 

‘sol’ fraction was present within the cured resins, thus proving gelation had occurred during the 

200°C isothermal hold. The gel point is an important phenomena when discussing phase 

separated materials, as at this time the morphological development is assumed to cease due to 

mobility restrictions imparted on the curing material, by the highly branched network associated 

with such crosslinked resins. A more interesting point to study is the time at phase separation, 

i.e., the ‘cloud point’. This then generates a “phase separation” window in which morphological 

development occurs. There appears to be four possible morphologies that may arise during this 
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time window, depending on the many variables involved in the phase separation process. The 

four morphologies may be summarized as follows. 

1.) Acontinuous thermoset phase surrounding phase separated thermoplastic 

nodules. 

2.) Acontinuous thermoplastic phase, which has undergone a phase inversion 

phenomena and surrounds thermoset spheres. 

3.) A mixture of both morphologies described in 1.) and 2.), where the continuous 

thermoset and continuous thermoplastic phases co-exist simultaneously. 

4.) Aco-continuous morphology that is characteristic of a spinodal decomposition found 

in numerous polymer blends (94,95). 

During this study, the fourth morphology has not been observed, and the proposed 

phase diagram considers only the development of the first three morphologies described. Of 

course, a consideration as to the phase separation type (i.e., either binodal or spinodal) must be 

considered at some stage, but will not be discussed any further within this preliminary phase 

diagram discussion. 

As discussed earlier, all resins in this study were cured under identical conditions. 

Morphology differences must have occurred due to the variations in parameters associated with 

the thermoplastic modifiers themselves. These variations include: 

1.) Molecular weight 

2.) Weight percent incorporation 

3.) Backbone structure 

4.) End groups. 

Somehow, a phase diagram that depicts the possibility for producing the first three 

morphologies should possess a means to describe the morphological development in terms of 

the above modifier parameters. If one assumes that the end group effect is negligible, then a 
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polymer's molecular weight, percent incorporation, and backbone structure may be related by 

discussing their effect on the hot-melt solution viscosity at the time of phase separation while the 

resin is continuing to cross-link. 

For two thermoplastic blends, Paul (78) first published a simple schematic representation 

which described how the three possible morphologies may result by considering viscosity and 

concentration ratios (Figure 3.21a). Sperling modified this diagram (illustrated in Figure 3.21b) for 

simultaneous interpenetrating networks of castor oil and polystyrene (96). The theory proposed 

by Sperling suggested that polymer at high concentrations or low viscosity would form the 

continuous phase. The speculative phase diagram proposed in this section to explain the 

formation of the various morphologies is based upon Sperling's diagram. A third axis has been 

added to indicate the time at phase separation. Figure 3.36 describes the proposed phase 

diagram. 

Figure 3.36 depicts the three phases (or sectors) which may exist depending on the 

concentration, hot-melt solution viscosity at phase separation, and time to phase separation. In 

future work, representative values for all three axes could possibly be obtained from experiments 

utilizing torsional braid and rheology analysis. The diagram illustrates that phase 3, the continuous 

thermoplastic phase (phase inversion) occurs at high concentrations when hot-melt solution 

viscosity is high and the time for phase separation is long. Conversely, phase 1 (which lies 

beneath the shaded area depicting phase 2) represents the morphology where the thermoset 

phase is continuous and occurs at low thermoplastic concentrations making the solution viscosity 

at phase separation low. This same morphology also has a tendency to form at small times to 

phase separation when the solution viscosity is low. To obtain phase inversion (phase 3), the 

phase separation process must pass through the phase 2 type, that is, where both continuous 

thermoplastic and thermoset phases co-exist simultaneously. This morphology mixture 
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possesses sufficient thermoplastic modifier to phase invert, yet the time at which phase 

separation occurs is early and the material possesses a low viscosity to promote a continuous 

thermoset phase. 

Although no rheology and/or torsional braid analysis has been obtained for the materials 

undergoing cure within this study, it remains interesting to pursue the resulting morphologies and 

examine them within the context of the speculative phase diagram. Figure 3.37 represents a slice 

through the phase diagram proposed in Figure 3.36, where solution viscosity and concentration 

ratios are considered for two bisphenol A based polysulfone modifiers possessing different 

molecular weights (12 800 and ~5 000 g/mole). Actual morphologies as a function of weight 

percent incorporation for these modified networks are depicted in Figures 3.26 and 3.27b 

respectively. Comparing the morphologies, depicted as circles within the diagram, one observes 

that at 15 percent by weight thermoplastic the higher molecular weight polymer (intrinsic viscosity 

= 0.22 di/g) possesses a phase inverted morphology whereas the lower molecular weight polymer 

(intrinsic viscosity = 0.14 dli/g) has been trapped in the mixed morphology state. Thus, with the 

same polymer backbone, and identical concentrations, the higher molecular weight polymer 

contributes to a higher solution viscosity, and as reported by Gillham (92) will therefore make 

phase separation occur at a later time. All these phenomena acting together support the 

generation for a phase inverted morphology, which as one can observe in Figure 3.26 has 

occurred. Essentially, this is implying that long times or high viscosities have the same effect as 

increasing concentration ratios, which is to move the material system past the critical point for 

_phase inversion as suggested to exist by Pascault and Williams (86). In comparing morphologies 

at 10 weight percent incorporation, one notices that a decrease in polymer molecular weight 

creates a morphology with a continuous thermoset phase (Figure 3.27b). Lower solution 

viscosities resulting from the lower molecular weight modifier tend to shift the morphological 

development towards a continuous thermoset phase. 
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An attempt was made to study the speculative phase diagram by varying the modifier 

backbone structure, yet keeping the weight percent incorporation constant. Figure 3.38 

illustrates the slice which is now taken through the proposed phase diagram, and Figure 3.39 

described the morphology results that were generated by incorporating 20 percent by weight 

loadings of two polysulfone modifiers. One polymer was bisphenol A based polysulfone, while 

the other was tetra methyl bisphenol A based polysulfone. By changing the backbone structure, 

the difference in solubility parameters for the two polymer solutions are effectively being altered. 

If the assumption is made that tetra methyl bis A polysulfone is less miscible than the Bis A 

polysulfone due to a larger solubility parameter difference, the polymer will phase separate at an 

earlier time. This explanation can be used to describe why the tetra methyl Bis A polysulfone 

generated the mixture of morphologies and the bis A based polysulfone generated a phase 

inverted morphology (Figure 3.20). Also note that within Figure 3.39, the circle representing the 

tetra methyl Bis A polysulfone is situated at a higher viscosity than the Bis A polysulfone. Here the 

higher glass transition temperature attributed to the tetra methyl Bis A generates a higher viscosity 

solution, due to the modifier Tg being closer to the 200°C cure temperature, and an increase in 

the effective hot-melt solution viscosity may also drive the morphology up into the mixed 

morphology state. 

It must be emphasized that the phase diagram discussed herein is purely speculative 

based on observed morphologies. No data has so far been obtained to fit actual numbers to the 

solution viscosities and times at phase separation. Such values remain to be obtained and their 

results discussed in future studies. 
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3.4 CONCLUSIONS 

A BMI resin system was successfully modified to alter its fracture toughness values while 

still retaining good hot-melt processable resin characteristics. Dynamic mechanical thermal 

analysis (DMTA) was used to illustrate how the high temperature property retention (such as 

storage modulus) for thermoplastic modified networks depended on the glass transition of the 

thermoplastic modifier. It was also shown using the modifier's Tg, that increasing the toughening 

agent rigidity (higher Tg) promoted a decrease in fracture toughness when polymers of similar 

molecular weight and percent incorporation were employed in the BMI resin matrix. It was difficult 

to be absolutely conclusive about this trend due to fracture toughness error bars overlapping. 

The fracture toughness values tended to increase upon increasing the molecular weight 

and percent incorporation of the polysulfone toughness modifiers. In so doing, these results 

support the findings of Kim and Brown (59) who suggested that at high percent loadings when 

phase inversion occurs (and the thermoplastic forms the continuous phase), the thermoplastic 

exhibits ductile failure behaviour. The phase inversion morphology for polysulfone modified 

epoxies was also observed by Brown and Kim to undergo interface failure and considerable 

distortion in both phases. In this study, varying end group functionality (amine,maleimide and 

phthalimide) on the thermoplastic modifiers, demonstrated how fracture toughness was 

dependant on the level of adhesion at the interface between the phase separated domains, and 

that when hydroxyl end capped polymers were reacted into the thermoset network, the interface 

strength was not sufficient to promote improvements in fracture toughness. Scanning electron 

microscopy was utilized to study possible changes in failure mechanisms. Polysulfone modifiers 

possessing phthalimide and hydroxyl end group functionalities produced fracture micrographs 

that illustrated how phase inverted thermoset spheres had remained as one whole entity during 

the fracture process, in contrast to the cleaved spheres, which were observed within the fracture 

micrographs from the amine and maleimide end capped polysulfone modified thermosets. These 
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observations possibly suggest that for modified BMI systems which possess a strong interfacial 

bond between the phase sparated domains, the distortion occuring in the thermoset spheres is 

acting as the limiting entity in the fracture process, further implying that improvements in fracture 

toughness could be made if these spheres were made more ductlie. 

Energy dispersive spectroscopy (EDS) was introduced as a possible alternative to 

Osmium Tetraoxide staining in locating the presence of the thermoplastic modifier in a fracture 

surface micrograph. Sulfur mapping was utilized to prove that phase inversion had occurred and 

that a polysulfone phase was located around the edges of the phase inverted spheres. The EDS 

sulfur mapping also suggested that some polysulfone material was incorporated within the 

thermoset spheres as would be expected from modifiers containing reactive end groups, and that 

some degree of phase mxing had occured. The presence of a phase mixed thermoset- 

thermoplastic species was verified using Tan 6 measurements from DMTA analysis on the control 

BMI network and various weight percent loadings of polysulfone modifier. 

Modified networks possessing various morphologies were subjected to different 

environmental conditions. Swelling in chloroform solvent was most predominant for phase 

inverted morphologies, where the continuous phase of amorphous thermoplastic polymer is in 

contact with chloroform, (a good solvent for polysulfones). Advantageous reductions in moisture 

uptake were observed for increasing polysulfone contents, and the phase inverted morphology 

was shown to protect the control BMI network from attack by hydroxide ions, which may be a 

potential problem for composite materials containing imide matrix resins that are susceptible to the 

galvanic corrosion problem. 

Finally, some speculative phase diagrams were presented that may form the starting point 

for some future work into investigating morphological development at isothermal cure 

temperatures. The importance of studying the phase separation ‘window’ that lies between the 

cloud point and gelation point was stressed. It was also emphasized that future work should study 
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the various changes in thermoplastic modifier parameters that alter the hot-melt solution viscosity 

within this phase separation window, such parameters being concentration, molecular weight, and 

modifier Tg. Also, backbone structure was emphasized as being another important factor that 

could alter morphologies by possibly changing the time to phase separation. Changing the Bis A 

based polysulfone modifier to tetra methyl Bis A polysulfone proved how backbone structure can 

alter the resulting morphologies when keeping molecular weight and percent incorporation 

constant. 
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Chapter 4: Carbon Fiber Composite Preparation and 

Characterization 

4.1 INTRODUCTION 

The ability to prepare quality fiber-polymer matrix laminates depends to a large extent 

upon the process used to impregnate the fiber bundles (or tows) with the chosen polymeric 

material. A composite structure, whether it is a detailed aircraft part or a hollow tube for golf clubs 

or tennis racquets is typically manufactured from prepreg. This term has been defined as pre- 

engineered, ready-to-mold combinations of resin and reinforcement (1). When the reinforcement 

is polymeric, the materials physical characteristics dictate which engineering approach should be 

taken to successfully impregnate the brittle carbon fibers. For example, monomers that react to 

form a thermoset network may also form a low viscosity melt-stable solution at moderate 

temperatures, where sufficient energy has been applied to form the mett, yet insufficient energy 

has been supplied to begin the chemical reactions that form the cross-linked network. Such 

materials (typically epoxy resins and unsaturated polyesters) were used to prepare prepregs 

through hot-melt processes. For thermoplastic matrix resins, slightly different processes are 

required. Thermoplastic polymers may be amorphous or semi-crystalline. The amorphous 

polymers possess only a glass transition temperature above which the polymer chains do flow, but 

with extremely high viscosities which would break the brittle carbon fibers. Typically, the 

amorphous thermoplastics can be dissolved in solvents which lowers the viscosities and enables 

carbon fiber tows to be pulled through the solution without breaking. A major disadvantage with 

solvent prepregging of amorphous thermoplastics is that solvent molecules have been 
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introduced into the material and must be removed after the prepreg preparation but before the 

final composite structures are made; a process which can be time consuming and costly in 

industry. Semi-crystalline thermoplastics create even more problems when attempting to 

impregnate the brittle carbon fibers. High temperatures are required to melt the crystallites to 

make the polymer chains flow (340°C is the crystalline melt temperature for PEEK®for example). 

Also the high viscosities again do tend to break the carbon fibers. Two commercially available 

prepreg systems possessing semi-crystalline thermoplastic matrix resins are APC-2 from ICI plc., 

which has a poly(arylene ether ether ketone) matrix, and Avtel® from Philips which utilizes 

polyphenylene sulfide as the matrix resin to hold the E glass fibers together. The processes for 

preparing these prepregs are proprietary knowledge to the individual companies and are believed 

to be extremely complex and expensive. More recently (2-8), various research groups have been 

focussing attempts at producing novel methods to bring such polymers and carbon fibers 

together. These include prepregging from water suspensions (7,8),dry powder coating using 

electrodeposition principles(2-6), and co-mingling (9). The following are brief descriptions of the 

various processes, both old and new, with their respective advantages and disadvantages. 

Hot-Melt Solution Prepregging. 

Typically, this technique has been most commonly used by industry for the thermoset 

resins that possess a relatively low temperature processing window, within which the monomers 

are in a low viscosity form, and can be used safely and with ease. Figure 4.1a (10) describes the 

process whereby a dry piece of fabric (woven from the desired fibers), is dipped into a bath 

containing the resin and pulled through rollers that help meter the resin onto the fabric. An oven 

is then used to heat the thermoset monomers to partially polymerize them and give the material its 

‘tacky’ feel. This has been commonly known in the industry as the 'B' stage. 
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The 'A' stage being liquid monomers and the 'C' stage simply the final cured laminate part. Figure 

4.1b (10) is a schematic representation of a typical commercial prepregging process where 

unidirectional carbon fiber tape is prepared by impregnating many carbon fiber tows with a thin film 

of the desired resin. 

Initially, resin is melted in a resin hopper and fed onto special paper termed release paper. 

The prepreg resin content is controlled by the films thickness, which can be changed by the 

relative height of the resin knife to the film surface. Individual fiber tows are spread out by a ‘comb' 

like fiber spreader to ensure good impregnation and compaction rolls are utilized to squeeze the 

resin into the fibers. Take up spools then wind up the unidirectional tape. Again, the resin must 

possess specific viscosity requirements that enable fiber impregnation to occur, and have suitable 

release characteristics from the paper. The apparatus described in Figure 4.1a (10) and 4.1b (10) 

are most commonly used with thermoset monomers. An amorphous thermoplastic polymer, 

dissolved preferably in a low boiling solvent for ease of solvent removal (such as chloroform and 

methylene chloride), could be used in the apparatus depicted in Figure 4.1a (10) where the oven 

is used to drive off solvent. Such a process contains the disadvantages that harmful solvent 

vapours could create health hazards. One approach to impregnate carbon fibers with 

thermoplastics that does not utilize harmful solvents, is the co-mingled thermoplastic/carbon fiber 

process. 

Co-mingled Fiber Process 

This approach uses fusion by applying heat and pressure to a single tow of carbon and 

thermoplastic fibers which have been co-mingled together, (illustrated schematically in Figure 4.2 

(10)). This process has the disadvantages that the blended tow has no tack and may create 

difficulties when preparing composite structures. However, with the correct engineering it does 
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appear to have a promising future, as it would create composites that possess the advantages of 

thermoplastics and were prepared by a solvent free process. 

Powder Coating Processes 

Figures 4.3 a (2) and b (7) illustrate two simple schematic representations of various 

powder coating processes, (one wet and one dry). Powder technology has certain characteristics 

which it imparts on the various product forms such as drape and flexibility, non-solvent preforms 

and potential products may exist in several forms such as unidirectional tape, towpreg, and woven 

fabrics. The major driving force for using powder technology was to create a prepregging process 

for the high performance thermoplastics, which have high viscosities in the polymer mek that can 

lead to high shear stresses and long residence times when attempting to permeate and wet out a 

carbon fiber bundle. 

Muzzy and co-workers (2) reported how electrostatic fluidized beds could be used to 

combine dry thermoplastic powder with carbon fiber tow. The process is depicted in Figure 4.3a, 

where powder is electrostatically charged and the carbon fibers grounded to promote powder 

pick-up. The spreaded tow passes over the fluidized powder which helps to promote good 

mixing and also reduces the abrasion levels which may break the fibers. Following the coating 

process, the tow is passed through a radiant oven to melt the polymer on the tow. Design 

variations can be made at this point, where the tow could be consolidated using pressure rollers, 

or collected on spools in the flexible form. Resulting mechanical properties using poly(arylene 

ether ether ketone, PEEK®, powder were similar in properties to those obtained from APC-2 

laminate measurements (2). 

Baucom and Marchello (4,5,6) have recently reported design theory and operating 

correlations to provide a basis for scale up to commercial operations, which appear comparable in 
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cost to conventional hot-melt processing technology. This area of dry powder coating is 

extremely exciting as it offers a means by which thermosets can also be prepregged, but without 

employing processing agents that improve the prepreg's tack. Processing agents such as these 

may lead to the reduction in composite properties when the prepreg has to be prepared via the 

conventional hot-melt technology. 

Recently, workers at Virginia Tech have coupled their synthetic capabilities to make small 

particle sizes of semi-crystalline PEEK particles (8), with their chemical engineering Knowledge to 

prepreg from aqueous Slurries to prepare carbon fiber/PEEK unidirectional tape (7). Initial 

laminates appear to be of similar quality to those prepared from using commercial carbon 

fiber/PEEK prepreg (APC-2). In this aqueous slurry process shown schematically in Figure 

4.3b(7) , a carbon fiber tow was pulled through a resin pot containing the aqueous PEEK (or 

sometimes polyimide) suspensions. A polyamic acid was typically used as the suspension agent 

(7), and research is currently being pursued to improve the nature of this agent. 
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4.2 EXPERIMENTAL 

4.2.1 Hot-Melt Resin Preparation 

The procedure was most similar to that described in section 3.2.2. However, a larger 

batch size ~250-300g was required to completely fill the resin pot within the hot-melt drum winder. 

A 500 rnl, 2 necked round bottom flask was used for the degassing procedure with the desired 

quantities being degassed and stirred under vacuum. Again, important emphasis must be 

stressed on completing total degassing. One factor, overlooked several times was the pump 

quality and its ability to pull a good vacuum. Poor maintenance led to a poor quality vacuum and 

degassing appeared to be complete in just several minutes. Unfortunately, this short time limit 

generally implies that complete degassing has not been attained and leads to disastrous, void 

filled resin specimens and laminates. In the author's opinion when degassing large batches 

(~250g), a good indicator as to the pump and vacuum quality, is that initial degassing should take 

~10-15 minutes. That is, the stage at which foam formation is occurring, and has to be decreased 

by increased stirring and vacuum release should be tedious and time consuming. Once complete 

degassing has been attained, the hot-melt resin solution was transferred to the drum-winder resin 

pot, (already pre-heated to 130°C). 

4.2.2 Preparation of Carbon Fiber/Toughened BMI Prepreg 

4.2.2.1 Description of the Hot-Melt Drum Winder 

Figure 4.4 illustrates the hot-melt drum winding prepregger used to prepare unidirectional 

carbon fiber prepreg during this study. The prepregger, a Research Tool Corporation (model 30), 

was one of the first commercial instruments on the market that was specifically designed for 

laboratory/small scale prepregging applications. 
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Figure 4.4 

Hot-Melt Drum Winding Prepregger (12) 
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Needless to say, this early model has many limitations and top quality prepreg identical to 

that prepared in industry is difficult to make. However, unidirectional prepreg tape can be made 

with the appropriate care, and although mechanical properties from some resulting laminates may 

be 20-30% lower than those made from commercial prepreg, trends concerning the increase in 

fracture toughness with increasing weight percent loadings of modifier, and trends concerning 

interface properties should still be observed. 

Figure 4.5 is a schematic representation of the prepregger. The fiber take off spool, resin 

pot with impregnation bar, die, flattening pins, guide roller and take up drum are all illustrated in 

Figure 4.6, 4.7, 4.8, 4.9a/b, and 4.5 respectively. 

Essentially, the prepregging process consists of a single carbon fiber tow unwinding from 

a tension controlled spool (Figure 4.6), and passes over a series of guide rollers to drop vertically 

and enter the resin pot. After passing over flattening pins located inside the resin (Figure 4.7 ), 

the fiber tow exits a wedge slit die (Figure 4.8) located directly beneath, and fastened to, this resin 

pot. The tow travels down and around a guide roller (Figure 4.9b), which may be heated, and 

contains a groove of specific dimensions for the fiber type (i.e., AS4 or IM7 for example). Tape 

can be used to fix the carbon fiber to the drum, which is then controlled in terms of the revolutions 

per minute and traverse speed. The process is described schematically in Figure 4.5. Itis 

important to discuss the various options available to the operator for controlling various operations 

during the prepregging process. 

1) Resin Pot Temperature 

For prepregging hot-melt thermosets the resin pot temperature is an essential control. 

The temperature has to be high enough to create a low viscosity prepregable resin but not too 

high to create resin advancement, which would in turn lead 
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Figure 4.6 

Fiber Take off Spool (12) 
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Figure 4.7 

Resin Pot With Impregnation Bar (12) 
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Figure 4.8 

Wedge Slit Die (12) 
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Figure 4.9 

a. Flattening Pins b. Guide Roller (12) 
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to a viscosity increase which in turn breaks the fiber tow. Also, if temperatures were too high then 

gelation and/or exotherms may occur during the process which would both lead to disastrous 

consequences. It is always recommended that wherever possible, viscosity-time, and/or 

viscosity-temperature information should be obtained for the resin system being used. For the 

Matrimid® 5292 BMI resin from Ciba Geigy commercial literature included a plot for time to gelation 

for various isothermal holds, and so, based on this information the resin formulations prepregged 

in this study were processed at 130°C. This temperature was low enough to yield sufficient time 

for prepregging (approximately 2.5 hours at the very minimum) yet high enough to ensure a low 

viscosity resin was attained. 

The temperature control for the resin pot may also be used when preparing prepreg from 

a solution containing an amorphous thermoplastic polymer. For example, in some earlier work 

reported by the author (11), polyethersulfone (ICI Victrex 3600P) was dissolved in N-methyl 

pyrolidone solvent and prepregged using a die specifically designed for Intermediate Modulus 

(IM) fibers. To obtain the desired fiber volume fractions (~65%) it was calculated that a 50% w/v 

solution of PES in NMP was required when prepregging with a die 0.3429 cm x 0.0165cm. Such 

a high PES content solution could be prepared, however the viscosity was so high that high 

prepregging temperatures were required (~110°C) to lower the solution viscosity. 

2) Drum Rotation and Traverse Speeds 

The drum carriage movement (i.e., traverse speed in mm/min) must be matched with drum 

rotations (i.e., revolutions per minute) so that no gaps are formed within the prepreg. A digital 

readout on the control panel indicates the drum carriage revolutions. The traverse speed must be 

calibrated with the individual settings on the control panel by monitoring the drum movement as a 

function of time for each setting. When this is performed, a characteristic of the prepreg termed 

Fiber Aerial Weight (FAW) may be controlled. The fiber aerial weight, coupled with the prepreg's 
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fiber content permits the calculation for the number of prepreg plies to be made for composite 

lamina possessing specific thickness requirements. 

For example, to prepare a laminate 0.2794cm (0.11 inches) thick from prepreg material 

possessing a 60% fiber volume fracton, where the carbon fibers specific gravity equals 1.78 g/cc, 

and the prepreg fiber aerial weight is 150 g/M2, the following calculation is performed to obtain the 

thickness for one individually cured ply, which further permits the number of plies required to 

prepare the laminate with the desired specific dimensions. 

CPT = Cured Ply Thickness (cm). 

F.V. = Fiber Volume Fraction (percent) 

FD = Fiber Density (g/cc) 

2 
CPT FAW(150G/M*) = 0.014 em   

FV(0.60) x FD(1.78g/cc x108) 

0.22794 
0.014 

# plies to make a laminate 0.2794cm thick 

= 20 

Some control exists in obtaining a desired fiber aerial weight provided the fiber yield 

(weight per unit length) is known and that drum carriage traverse settings have been calibrated. 

The proceeding calculations follow the steps necessary to set the drum carriage movement for 

preparing prepreg with a fiber aerial weight of 150g/m2 using IM7 carbon fiber that possesses a 

fiber yield value of 0.1356 g/30.48cm (12 inches). 

150 g/M2 For Fiber Aerial Weight 
0.015g/cem2 
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Fiber Yield = 0.1356 g/30.48 cm 
= 0.0044 g/cm 

# fiber tows per cm = 0.015 = 3.4tows percm 
0.0044 

= 1/3.4 = 0.29 cm per tow. 

Setting the drum rotation speed at 4 revs/min .. in one minute a 4 x 0.29 cm width was wound. 

= 1.16 cm width of prepreg in one minute. 

The calibration plot (Figure 4.10) describes the drum carriage traverse speed as a function 

of the control settings. Hence the desired setting is obtained by reading off the corresponding 

value associated with the desired FAW. In reality, the fiber aerial weight was typically higher than 

that projected, as the traverse speed was decreased to make an overlap in the individual fiber 

tows. This was found to be necessary, as the ‘in house’ prepreg, especially containing 15 and 20 

percent loadings of thermoplastic modifier, produced prepreg with poor tack; hence, individual 

tows did not adhere well to each other and would fall apart, ruining the prepreg, during the 

handling and lay-up process. 

3) Tension 

With 12 000 filaments passing through the resin pot, one major problem associated with 

this laboratory scale prepregger is its ability to squeeze/impregnate resin into all the fiber filaments 

within the tow during the short time period that the tow is present within the resin. One possible 

method used to improve this impregnation, is to apply tension to the fiber tow as it passes over 

impregnation pins located inside the resin (Figure 4.7). The tension and flattening pin 

combination tends to widen the fiber tow and increases the impregnation by spreading the 

filaments. One major problem with applying tension to the prepregging process is that it tends to 

stimulate fiber breakage. The individual filaments are 
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spread out and form a wide tow which tapers down and passes through the die. If the fiber tow 

tapering is insufficient to reduce the width to dimensions less than the die width (Figure 4.8 ), 

then fibers (especially the unsized fibers used in this study which possess no protective size) will 

individually break and tear. The build up of broken fibers within the resin pot essentially narrows 

the tow width, as more and more fibers break, until eventually all the fibers break within the single 

tow and the prepregging process has to be stopped. After numerous attempts to apply tension 

within this study, the decision was made to prepreg without applying any tension due to large 

resin batches being wasted from numerous fiber tows breaking inside the resin pot. 

Goodman (12,13) utilized the same drum winder and concluded that increased tow 

velocity, the use of impregnation pins, and an increase in tow tension all enhanced resin 

impregnation when prepregging polyethersulfone from an N-methyl pyrolidone solution. Tension 

was varied in their study between 0 and 44.5 Newtons (12,13), the inability to use tension in the 

present study may probably be associated with fiber spool quality. Poorly wrapped tows were 

continually separating during the prepregging process and created fiber breakage problems. 

4) External Flattening Pins 

The drum winding prepregger has external flattening pins which may be heated and/or 

allowed to freely rotate or be kept stationary, (Figure 4.9a). The prepreggers designers suggest 

additional impregnation may be obtained by using these flattening pins. In the authors own 

experience these flattening pins created more problems than answers, and are present as only an 

additional gimmick. 

5) Guide Roller 

Associated with each different die size is a corresponding guide roller (Figure 4.9b). 

Situated above the drum, the guide roller has the same lateral dimensions as the die used 
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beneath the resin pot, and guides the impregnated tow onto the drum. In reality, the rotating 

drum moves in a lateral direction (left or right) with respect to the guide roller being in a fixed 

position. The operator possesses the ability to change the guide roller temperature and/or allow it 

to rotate freely or remain stationary. 

During the many prepregging runs, it was found necessary to increase the guide roller 

temperature to ~150°C, slightly higher than the resin pot temperature, to allow resin on the tow to 

remain tacky and liquidus as the fiber tow was placed on the drum winder. Also, loose broken 

fibers tended to build up on this guide roller and regular attention was needed to continually 

remove these loose fibers with a tack cloth. This ensured that the prepreg surface was not 

contaminated with broken fiber lumps that may act as stress concentrators or voids when final 

lamina were prepared from the drum wound prepreg. 

6) Die Size 

The prepregger manufacturers had recommended two different die sizes for prepregging 

with IM7 fibers and AS4 fibers from Hercules, due to the fibers themselves possessing different 

fiber yields (grams of fiber per unit length). The die size used for AS4 type fibers was 0.5588cm x 

0.1651cm (0.220" x 0.0065"), the die size for the IM type fibers was 0.3429cm x 0.1651cm 

(0.135" x 0.0065"). From the manufacturers own tests these dies had produced prepreg with 

35% by weight resin contents. This manufacturer calibration was checked by the author using a 

VPI hot-melt solution and the calculated resin contents were 39.4% and 38.7% w/w resin on 

prepreg. 

Work by Goodman and Loos (12,13) utilized solution prepregging of polyethersulfone in 

NMP solution to help formulate resin calculations from various prepregs prepared when various 

parameters associated with the polymer solution were altered, such as weight percent polymer in 

NMP. Taking into account polymer, solvent, and fiber density as well as fiber yield, die size and 
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weight percent polymer solution, calculations for predicting prepreg resin content were made 

(12). A discrepancy was observed between the measured content and the calculated content. 

After performing an experiment to study whether tow necking was causing the inaccuracy, it was 

observed that the actual tow impregnation cross-sectional area was 71% of the theoretical cross- 

sectional area expected from the die size measurements (12). 

The prepregger manufacturers must have apparently taken this discrepancy into account 

and corrected for it in their die size calculations. The author performed the following calculations 

to measure the required die size for a one meter length prepreg strip possessing a 65 percent 

fiber fraction. The assumptions invoved in the calculations are that the impregnated tow has the 

same cross-sectional area as the die opening and that complete impregnation is achieved. 

A =_ Die Width (0.3429 cm) 

B = Die Slit 

= Tow length (100 cm) 

Vf = Fiber Volume (cc) 

Vt = Total Volume of 1 meter of impregnated tow (cc) 

pf = Fiber density (g/cc) 

Fy = _ Fiber yield (g/cm) 

Vt = ABL 

ve = SY 
pf 

Vf required = FyL. = 65% 

pf 
ABL 

= 0.00449 x 100 = 65% 

— 1.78 
0.3429 x 100 x B 
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B = 0.0113 cm 

calculated die area -=0.0113cm x 0.3429cm = 3.875 x 10°3 cm2 

manufacturers die area = 0.0165cm x 0.3429cm = 5.658 x 10-3 cm2 

The calculated die has a cross-sectional area 69% of the actual die specified by the 

manufacturers, hence illustrating that the Goodman assumption concerming how ‘tow necking’ 

was Causing resin content discrepancies was correct. For future calculations of desired die sizes 

the following crude expression can be used. 

Actual die area required (A xB) = 1/71 x Calculated Die Area 

The inability to change die size easily is a major disadvantage with the hot-melt drum 

winding prepregger. Small shims may now be used to alter the die width by placing them between 

the two die halves. The limiting factor in utilizing the wedge slit die is that its dimensions are fixed 

and can not be altered when various resin systems are changed and their physical characteristics 

are altered, such as viscosity and density. However, it is believed that “nip” rollers are much easier 

to use when prepregging carbon fibers as the gap between rollers can be changed with relative 

ease to control prepreg resin content. Newer versions of this drum winder prepreg unit possess 

such modifications, and will make prepregging easier and more quantitatively precise on these 

small research scale prepregging units. 

Many problems were encountered when attempting to prepreg the unsized fibers. A 

large build up of loose broken filaments tended to accumulate within the prepregger, and would 

eventually tend to fray and break the single fiber tow. The only method possible to remove such 

loose filaments was to loosen the die screws that fitted the two halves together. As this opened 
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the die slightly the loose filaments were pulled out from the die while the tow was in motion, this 

tended to improve the loose filament removal. 

One problem associated with opening the die was that a higher prepreg resin content was 

created, acommon problem. Attempts were made, whenever possible, to characterize all prepreg 

material in terms of their resin content and fiber aerial weight. Typically resin gradients along the 

prepreg width were found. In such cases, care was taken during individual ply lay up, to match the 

same prepreg characteristics and ply numbers when comparisons between the resulting laminate 

mechanical properties were to be made. One such example was the comparison made between 

Gic and Gac for a 15% polysulfone toughened BMI network on AU4 and AS4 fibers. Prepreg 

characteristics were matched as close as possible, and the resulting lamina possessed a fiber 

volume fraction of 63% for the AU4 composite and 66% for the AS4 composite. 

In another comparison between two laminates each possessing dimensions of 15.24cm x 

15.24cm (6" x 6") but differing in polysulfone content (15 percent and 20 percent by weight) two 

batches of prepreg with higher resin contents but similar in characteristic values were matched 

and laminated. The resulting fiber volume fractions were both 50%. With an unlimited resin 

supply and plentiful resources for accurate viscosity data, the small research scale drum winder 

unit can be utilized to prepare prepreg with defined specifications. In this study, final laminate 

properties had to be normalized to 65 percent fiber volume fractions whenever possible, to 

account for any large discrepancies due to resin content variations. 

4.2.2.2 Characterization of Fiber Aerial Weights and Resin Contents 

Individual pieces, typically 5.08cm x 7.62 cm (2" x 3") or 7.62 x 7.62 (3" x 3") were 

accurately cut from unidirectional prepreg tape along the entire sample width. Specimens were 

accurately weighed and measured, then placed in a 250 ml beaker containing chloroform solvent. 

Within a few minutes, with the aid of constant stirring, the resin had dissolved and could be filtered 
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away leaving the remaining fibers to be washed with chloroform, acetone, and finally dried ina 

vacuum oven for 4 hours. After drying the remaining fibers were weighed and the Fiber Aerial 

Weight (FAW) and resin contents (RC) were calculated using the following simple calculations. 

RC = Resin Content (%) 

FC = Fiber Content (%) 

FAW = Fiber Aerial Weight (g/M2) 

FC = inal Fiber Weight 
Initial PrePreg Sample Weight 

FAW = 

Prepreg Sample Dimensions 

This procedure follows the guidelines of ASTM test method D3529. 

4.2.2.3 Acid Digestion Studies 

The final characterization step after carbon fiber laminates have been prepared and 

tested, is to ensure that any discrepancies or trends were simply not due to differences in fiber or 

resin contents. Acid digestion studies are required to measure these contents and depending 

upon the matrix type a number of possible matrix digestion methods are available. For highly 

cross-linked thermoset resins as used in this study, a potent combination comprising fuming 

concentrated sulfuric acid with hydrogen peroxide was used to digest the matrix resin. The 

method is completely described in ASTM test method D3171. 

Essentially a small piece of accurately weighed composite laminate was placed in a beaker 

containing sulfuric acid (30 ml), and a magnetic stirring bar. The acid was heated until fumes 

appeared. After a short time period the solution turned black and hydrogen peroxide was 

carefully added to the solution. Upon sufficient peroxide addition the composite piece 

disintegrated and fibers floated to the solution surface which had changed to a clear liquid. For 

many composite pieces, the inner composite core did not disintegrate at this point and had to be 
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removed using tweezers, placed on a watch glass, and scraped or chopped into smaller pieces. 

The residuals were flushed back into the beaker using sulfuric acid and the digestion procedure 

repeated until all the matrix resin had disintegrated. The acid digestion solution was filtered and 

the remaining carbon fibers washed twice with water and twice with acetone. Upon accurately 

weighing the carbon fibers and measuring the laminate density the fiber volume fraction was 

calculated. 

Fiber Volume Fraction (FV) 

Fiber Weight (FW) 

Fiber Density (FD) 

Composite Weight (CW) 

Composite Density (CD) 

FWD _ 
CWICD ~ 

FV 

4.2.2.4 Density Measurements 

A small composite piece specifically cut for acid digestion purposes was accurately 

weighed to four decimal places (W1). A copper wire was bent at one end and hung from a hook 

attached to the balance as illustrated in Figure 4.11, in which part of the wire became immersed in 

the water. The weight for this wire possessing a certain length immersed in water was recorded 

(W3). The composite sample was attached to the wire by wrapping the free end around the 
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specimen. The sample was prewet in methanol and water before being hung from the balance 

hook and immersed in water. The sample and wire were measured (Wo). Specific gravity was 

calculated using the following simple expression. 

Specific Gravity = Wawa) 

Density of water y, measured Density = 
ensity at room temp. specific gravity 

4.2.2.5 Potting/Polishing Laminate Cross Sections 

A relatively quick method to analyze the quality of cured laminate parts is to pot and polish 

small cross sections, and then view these cross sections under an optical microscope. This 

potting and polishing procedure is the same used to prepare samples for micro and continuous 

ball indentations. 

A coating of Buehler® release agent was smeared onto a glass plate and also around the 

inner edges of the circular metal holders. Small pieces of composite laminate were held vertically 

in position using curled plastic grips, and were located inside the metal holders on the glass plate 

surface. A 5:1 ratio of Buehler® low shrinkage epoxy to Buehler® room temperature hardener 

were thoroughly stirred and degassed in a vacuum chamber for 10 minutes. The curing mixture 

was poured into the potting molds and left to cure for 24 hours. Upon removing the potted 

samples the surfaces were highly polished using various levels of grit paper located on a polishing 

wheel. 

The mounted specimens were polished in a two step method. Initially, the specimens 

were polished with various levels of abrasive silicon carbide grinding paper in a wet sanding 

process. The specimens were rotated and even pressure maintained while polishing with the 

various sand papers. Five grit levels were used 180, 240, 320, 400, and 600. After this first 

polishing stage, a finer polishing finish was prepared using three descending levels of alumina 
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suspensions in water. The suspensions were sprayed onto a Textmet® polishing cloth (attached 

to the polishing wheel) while the specimens were continually moving in the opposite direction to 

the rotating wheel. The three alumina particle sizes used in the water suspension were 3, 1, and 

0.3 microns. 

4.2.3 Laminate Consolidation 

4.2.3.1 Vacuum Bagging 

Before cutting individual prepreg plies for laminate consolidation, the prepreg sheet was 

placed on a flat worktop, covered with teflon coated release cloth and heated to soften the resin 

using a series of heating lamps positioned 12-16 inches above the prepreg surface. This helped 

individual tows fuse together when being flattened and rolled. Each prepreg sheet was 

individually rolled to aid in the cutting up of individual plies, and to smooth out the prepreg 

surface. 

The desired number of prepreg plies were cut, typically 15.24 cm x 15.24cm (6" x 6”) and 

7.62cm x 12.7cm (3" x 5") molds were used in this study to prepare individual laminates. Once 

stacked on top of each other, the plies were weighted down using the mold plunger and plies at 

each corner were fused together using a welding gun to ensure the ply stack did not move and/or 

individual plies slip. 

The mold and its constituent parts including all the mold screws were coated with 

Freekote® release agent. Two sheets of non-porous teflon coated release cloth were cut to the 

desired specifications and placed above and below the stacked plies. This lay up was then placed 

inside a vacuum bag which had one end sealed using sealant tape (manufactured by General 

Sealants®), and located on top of the mold base. The mold plunger was positioned on top of the 

prepreg stack and the mold sides were individually screwed into place, taking care not to nip and 

tear the blue nylon vacuum bag. A vacuum adaptor was attached to the bag by using more 
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sealant. Breather cloth was taped to the adaptor and was cut long enough to ensure contact was 

made with the mold. This provided a route for entrapped air to be pulled from the prepreg stack to 

the vacuum line during the consolidation process. The vacuum bag end was closed using more 

sealant and the whole arrangement, vacuum bag, prepreg stack and mold were transferred to the 

hot press. Figure 4.12 details the vacuum bag arrangement. 

If a prepreg contains excess resin, then Mauchberg® bleeder cloth may be used to 

remove this excess. The number of Mauchberg bleeder plies depends on calculations based on 

desired fiber volume fractions and fiber/resin densities etc. Two major disadvantages are 

associated with using Mauchberg bleeder cloths. 

1) During the consolidation process resin tends to bleed from the mold at the low 

viscosity stage, as well as bleed into the Mauchberg bleeder cloth, thus providing laminates with a 

lower resin content than actually desired. 

2) Mauchberg bleeder cloth specifications were designed for one resin system and 

would change as one varied resin viscosity. Such a case would occur when adding more 

thermoplastic modifier for example. 

Figure 4.13 illustrates the stacking sequence for the material lay up when using 

Mauchberg bleeder cloth. Note the additional use of porous teflon coated breather cloths located 

between the carbon fiber plies and the bleeder cloth. 

The following is an example calculation describing the necessary steps to estimate how 

many pieces of bleeder cloth are required for producing a laminate 0.254cm (0.10 inches) thick 

with a fiber volume fraction of 62 percent, when one has prepreg plies of specific fiber aerial 

weight and resin content specifications. 

Prepreg Fiber Aerial Weight (FAW) 197.2 g/M2 

Prepreg Resin Content (RC) 53.3 % 
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Prepreg Fiber Content (FC) 

Fiber Density (FD) 

Resin Density (RD) 

Desired Fiber Volume 

Fraction (DFV) 

Desired Resin Volume Fraction 

Laminate Resin Solids 

Cured Ply Thickness (inches) 

Total number of plies for a 
laminate approximately 0.254cm thick 

Prepreg Resin Aerial Weight (PRAW) 

LRS 

LRS 

254x62x1.78 

46.7 % 

1.78 g/cc 

1.25 g/cc 

62% 

38% (DRV) 

LRS 

FAW 
254xFVxFD 

197.2 7.03x10°3 inches 

= 0.0179cm 

0.254/0.0179 = 142 

~14ply's 

FAW x RC 

197.2 x 53.3 _ 
——“467..~—CO 225.1g/m2 

(DRV x_RD x 100) 
~(DFV x FD) + (DRV x FD) 

(100-62) x 1.25x 100 
  

(62x 1.78) + ((100-62) x 1.25) 

30.09 % 

189



, ; ; , _ FAW xLRS — 197.2 x 30.09 _ 2 
Laminate Resin Aerial Weight (LRAW) = (100 - LRS) 00 - LRS) = “6901. ~«” 86 g/M 

Resin Weight to be Bled per ply = PRAW - LRAW 

= 225qg/M2 - 86 Q/M2 
= 139 g/M2 

14 plies required for laminate 0.254cm thick. 

.. Total amount of resin to be bled = 14x 1399/M2 

= 1946 g/M2 

From the Mauchberg chart (Table 4.1 (16))1940 g/M2 corresponds to 21 plies of Mauchberg 

cloth, each 15.24cm x 15.24cm (6" x 6") in dimensions. 

4.2.3.2 Laminate Cure Cycle 

All the neat resin specimens were cured for one hour at 200°C and two hours at 250°C 

with a 3°C per minute slow cool to room temperature. The cure cycle for the unidirectional 

laminates was similar to that used for the neat resin specimens. The major difference being that 

pressure was applied after a dwell period of 30 minutes at 130°C. 

The vacuum bag containing the prepreg lay up within the mold was located in the press 

between the plattens and centered to ensure even pressure would be applied to the whole 

laminate specimen. The plattens were closed to subject the mold to only contact pressure, and 

heated at 5°C per minute to 130°C. Upon reaching this temperature an isothermal hold was 

maintained for 30 minutes, after which the temperature was raised to 200°C at a 3°C per minute 

heating rate. During this temperature ramp the pressure was raised 50 psi at five minute intervals 

until the total pressure reached 200 psi. The laminates were held at 200°C under 200 psi 

pressure for one hour after which the heat to the plattens was turned off, but 
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Table 4.1 (16) 

Corresponding Mauchberg® and E Glass Ply's Required To Remove a Desired Quantity of Resin 
  

g/M2 Mauch- 120 g/M2 Mauch- 120 g/M2 Mauch- 120 

  

berg —_ glass berg glass berg glass 
10 0 0.1 510 2.8 5.6 1020 8.0 11.2 
20 0 0.2 520 2.9 5.7 1040 8.2 11.4 
30 0 0.3 530 3.0 5.8 1060 8.5 11.7 
40 0.1 0.4 540 3.1 5.9 1080 8.7 11.9 

50 0.1 0.6 550 3.2 6.1 1100 9.0 12.1 

60 0.1 0.7 560 3.3 6.2 1120 9.2 12.3 
70 0.1 0.8 570 3.3 6.3 1140 9.5 12.5 
80 0.2 0.9 580 3.4 6.4 1160 9.7 12.8 
90 0.2 1.0 590 3.5 6.5 1180 10.0 13.0 
100 0.2 1.1 600 3.6 6.6 1200 10.2 13.2 
110 0.3 1.2 610 3.7 6.7 1220 10.5 13.4 
120 0.3 1.3 620 3.8 6.8 1240 10.7 13.6 

130 0.4 1.4 630 3.9 6.9 1260 11.0 13.9 
140 0.4 1.5 640 4.0 7.0 1280 11.3 14.1 
150 0.5 1.7 650 4.1 7.2 1300 11.5 14.3 

160 0.5 1.8 660 4.2 7.3 1320 11.8 14.5 
170 0.5 1.9 670 4.3 7.4 1340 12.1 14.7 

180 0.6 2.0 680 4.4 7.5 1360 12.3 15.0 

190 0.6 2.1 690 45 7.6 1380 12.6 15.2 
200 0.7 2.2 700 4.6 7.7 1400 12.9 15.4 
210 0.7 2.3 710 4.6 7.8 1420 13.2 15.6 

220 0.8 2.4 720 4.7 7.9 1440 13.4 15.8 
230 0.9 2.5 730 4.8 8.0 1460 13.7 16.1 
240 0.9 2.6 740 4.9 8.1 1480 14.0 16.3 

250 1.0 2.8 750 5.0 8.3 1500 14.3 16.5 

260 1.0 2.9 760 5.1 8.4 1520 14.6 16.7 
270 1.1 3.0 770 5.3 8.5 1540 14.9 16.9 

280 1.2 3.1 780 5.4 8.6 1560 15.1 17.2 

290 1.2 3.2 790 5.5 8.7 1580 15.4 17.4 
300 1.3 3.3 800 5.6 8.8 1600 15.7 17.5 

310 1.3 3.4 810 5.7 8.9 1620 16.0 17.8 

320 1.4 3.5 820 5.8 9.0 1640 16.3 18.0 
330 1.5 3.6 830 5.9 9.1 1680 16.6 18.3 
340 1.5 3.7 840 6.0 9.2 1700 16.9 18.5 
350 1.6 3.9 850 6.1 9.4 1720 17.2 18.7 
360 1.7 4.0 860 6.2 9.5 1740 17.5 18.9 
370 1.7 4.1 870 6.3 9.6 1760 17.8 19.1 
380 1.8 4.2 880 6.4 9.7 1780 18.2 19.4 
390 1.9 4.3 890 6.5 9.8 1800 18.5 19.6 
400 2.0 4.4 900 6.6 9.9 1820 18.8 19.8 

410 2.0 4.5 910 6.7 10.0 1840 19.1 20.0 
420 2.1 4.6 920 6.9 10.1 1860 19.4 20.2 
430 2.2 4.7 930 7.0 10.2 1880 19.7 20.5 
440 2.3 4.8 940 7.1 10.3 1890 20.0 20.7 

450 2.3 5.0 950 7.2 10.5 1900 20.4 20.9 
460 2.4 5.1 960 7.3 10.6 1920 20.7 21.1 

470 2.5 5.2 970 7.4 10.7 1940 21.0 21.3 
480 2.6 5.3 980 7.5 10.8 1960 21.3 21.6 
490 2.7 5.4 990 7.7 10.9 1980 21.7 21.8 

500 2.7 5.5 1000 7.8 11.0 2000 22.0 22.0 
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pressure maintained as the mold slowly cooled to room temperature. A series of fans was 

arranged to aid the process which cooled at 3°C per minute. Faster cooling or releasing the 

platten pressure at high temperatures may lead to voids or air pockets within the laminate 

expanding rapidly, and hence creating huge delaminations within the specimens. After checking 

that no such areas of void filled regions are present using the c-scan instrument, each laminate 

was post cured for two hours at 250°C in a computer controlled convection oven. The heating 

and cooling rates were precisely maintained at 3°C per minute. Figure 4.14 describes the laminate 

cure cycle in a schematic representation. During the whole process a constant vacuum was 

maintained. This was especially required during the 130°C dwell period. 

4.2.4 C Scanning 

Prior to mechanical testing each laminate was C-scanned to determine if it was of sufficient 

quality to proceed with the required tests. C-scanning is a term used in the ultrasonic non- 

destructive evaluation (NDE) of composite laminates. Elastic waves above 20 kHz are in the 

ultrasonic region with typical wavelengths being in the order of 1cm. The piezoelectric effect in 

materials such as lead zirconate titanate (PZT) conveniently generates ultrasonic waves in the 20 

kHz to 5 MHz region. For NDE ultrasound is most commonly used in a pulse echo mode. Short 

bursts generated by a transducer are transmitted by water (to ensure acoustic coupling), into the 

laminate to be examined. The specimen is raised above a glass plate surface and the transducer 

is located approximately 2.5 cm above the laminate. Figure 4.15 (14) shows the experimental 

arrangement. The ultrasonic wave is reflectd by the defect, which can occur from any 

inhomogeneity within the laminate. Such inhomogeneities can be attributed to delaminations, 

porosity, and even resin and fiber rich areas. The wave can be reflected by a defect and also by 

the glass plate and returns to the transducer. The scan is displayed on an oscilloscope and is 

termed the A-scan (Figure 4.16a) (15). It is the time domain presentation of the reflected beam 
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(typically rectified and smoothed) for one position of the transducer. The scan constructed from a 

number of A -scans recorded at points along a line (y = constant in figure 4.16b (15)) is known as 

the B-scan. The B-scan yields a one dimensional trace of the defect. Similarly the scan 

constructed from A-scans made across a two dimensional grid is termed the C-scan (Figure 4.16c 

(15)). It is the C-scan that produces a real image of the defect. A grey scale was used to illustrate 

the laminate quality. To verify that the correct signal was being monitored a copper plate was 

located in the signal path between the glass plate and laminate. By moving this glass plate in and 

out of the signal path, one could verify that the correct signal was being monitored by observing 

the oscilloscope signal appear and dissapear. As each C-scan was performed, the transducer 

type was recorded and the Grey scale printed out on the same scan. 

4.3 RESULTS AND DISCUSSION 

Unidirectional carbon fiber prepreg containing both control BMI resin and modified BMI 

with polysulfone thermoplastic were successfully prepared by using the hot-melt drum winder. 

Many problems were encountered while preparing the prepreg. Major problems were: 

1) Fiber Breakage 

This typically occurred within the resin pot and large resin batches were destroyed. The 

major reason for fiber breakage was associated with loose filament accumulation within the resin 

pot around the die opening. Increasing fiber tension and poor fiber spool quality were believed to 

add to the cause. 

2) Inhomogeneous Fiber-Matrix Distribution 

Due primarily to the drum-winder design, a single carbon fiber tow has a short residence 

time within the hot-melt resin pot, and even with the presence of impregnation pins located inside 

this pot, only a small widening of the carbon fiber tow occurred and complete impregnation was 

not achieved. This was observed by photographs of polished cross-sections. To improve tow 
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impregnation it is recommended that tension should be applied to the fiber while impregnation is 

being performed. This increase in tension instigated fiber breakage and could not be conducted 

during the prepregging runs. 

3) Variations in Resin Content 

In theory, the resin content and fiber aerial weight are all controlled by the die size and the 

drum rotation and traverse speeds respectively. In practice the fiber aerial weight control could 

not be exactly followed as individual tows had to be overlapped to ensure that prepreg did not fall 

apart when being removed from the drum or cut up into individual plies. Control over resin 

content was found to be difficult when the die halves had to be opened slightly to help remove 

broken filaments, which would break the fiber tow if left remaining within the resin pot. Also, as the 

resin level within the resin pot decreased, a resin content gradient along the prepreg width was 

observed. In an attempt to circumvent these problems, the prepreg batches were completely 

characterized in terms of their fiber aerial weight and resin content prior to lay up for consolidation 

into laminates. An example of prepreg characterization is given in Table 4.2, where the values for 

resin content and fiber aerial weight are reported for every three inches across a unidirectional 

tape width of AU4 and AS4 fiber prepreg. When several prepreg batches were prepared, each 

had to be characterized individually. The individual plies from AU4 and AS4 prepregs were then 

correlated as close as possible to each other when comparisons between identical tests were to 

be made from the resulting laminates. 

Initial efforts attempted to use the Mauchberg bleeder cloth to remove excess resin from 

the prepreg, so that a 62% fiber volume fraction would remain. Table 4.3 lists the results from the 

control BMI laminate as well as lamina possessing polysulfone modifier. The table illustrates that a 

greater fiber volume fraction had been attained than initially desired. This was most probably due 

to excess resin bleeding around the mold edges as well as being absorbed by the bleeder cloth. 
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Used to Match Up Laminates During Ply Lay Up and Consolidation 

Fiber Aerial Weight (g/M2) 

Resin Content 

Width Dimensions 

Fiber Aerial Weight (g/M2) 

Resin Content 

Width Dimensions 

Table 4.2 

A Typical Example of Prepreg Charactristics 

AS4/15% MI-PES/BMI Prepreg 
Prepreg Code SW084-1C 

195 190 

42% 42% 

7.62 cm 7.62 cm 

AU4/15% MI-PES/BMI Prepreg 
Prepreg Code SW084-2C 

191 197 

46% 45% 

7.62 cm 7.62 cm 

193 

45% 

7.62 cm 

202 

40% 

7.62 cm 

192 

48% 

8.57cm 

207 

43% 

8.57cm 
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Table 4.3 

Fiber Volume Fraction ResultsFor Laminates Using Mauchberg® Bleeder Cloth 

  

Desired Fiber Volume Fraction Measured Fiber Volume 

Prepreg Material in Composite Laminate Fraction 

(Acid Digestion Studies) 

IM7 / BMI Control 62% 81% 

IM7 / BMI / DABA 62 % 80% 

+ 10% POLYSULFONE 

IM7 / BMI / DABA 62 % 74% 

+ 15% POLYSULFONE 

IM7 / BMI / DABA 62 % 10% 

+ 20% POLYSULFONE 
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Figure 4.17 

Micrograph of Polished Cross-Section Illustrating a Variation In Fiber Volume Fraction 
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The decision was made not to use bleeder cloth, but to prepare laminates and check their fiber 

volume fractions after mechanical testing. 

Figure 4.17 indicates the worst case found for the mismatch of fiber volume fractions. 

The figure shows polished cross-sections of AU4 and AS4 toughened BMI composite, where the 

AS4 laminate had a 70% fiber volume fraction, and the AU4 composite had a 50% fiber volume 

fraction. The photograph clearly illustrates a difference in fiber volume fractions. It was later found 

that such resin rich regions gave unusual responses when subjected to the continuous ball 

indentation test. The micro indention test, however, was not expected to be affected by such 

fiber-matrix inhomogeneities. 

Figure 4.18 and 4.19 illustrate both good and poor quality C-scans which were used as an 

indication as to whether the laminates were of sufficient quality to run mechanical testing 

experiments. Clearly the laminate in Figure 4.19 is not of sufficient quality and can not be tested. 

The C-scan illustrated in Figure 4.18 is much better in quality and the laminate can be used for 

testing. Upon a closer inspection this c scan does illustrate the problem with resin and fiber rich 

areas where the individual fiber tows can be observed as dark regions but light grey areas most 

probably associated with resin material surrounding each tow can also be observed. 

The problems discussed so far, appear to be an inherent function of the prepregger 

design and drum wound impregnated tows. The advantages associated with this prepregger are 

that relatively small amounts of resin material are required and that prepreg can be made with a 

single fiber spool. Laminates of reasonable quality can be prepared and trends and differences 

can be observed (as discussed in chapters 5 and 6). However the author believes that top quality 

prepreg material matching the quality of that from industry can not be made with the current 

prepregger design. Figure 4.20 is a schematic representation of a suggested design that may 

possibly improve upon the problems encountered within this research. It utilizes a narrow, open 

dip tank resin pot, through which the fiber tow is passed over impregnation pins, and the resin is 
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Figure 4.18 

C Scan Result From A ‘'Good' Quality Laminate 
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Figure 4.19 

C Scan Result From A ‘Poor Quality Laminate 
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Tow From 

fiber spool 

    

  

Heated Resin Pot Hot-Melt Resin   

Figure 4.20 

Suggested Design For A n Improved Resin Pot Including Nip Rollers 
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metered onto the fiber with the use of nip rollers that can be varied in their width apart. The open 

design for the resin pot would allow easy access to the fiber tow, where loose filaments could be 

removed. The horizontal rather than vertical design should help alleviate the problem with resin 

content gradients, providing the tow is kept well below the resin level. The impregnation pin 

positions can be altered to observe which alignment spreads the tow the most and thus improve 

the degree of impregnation. The tow still needs to be drum wound but it is believed that this 

design may offer more control over the prepregging process, than the design on the existing 

drum winder. 

4.4 CONCLUSIONS 

Carbon fiber composite laminates were successfully prepared ‘in house’ utilizing prepreg 

material that was drum wound from a single carbon fiber tow and hot-melt BMI resin solution. With 

a dwell period at 130° C included during the consolidation cycle composite laminates produced 

good quality C-scans. Attempts were made to utilize bleeder cloth for the production of carbon 

fiber composites with controlled resin content, however excess resin bleed resulted in laminates 

being formed that had a higher than desired fiber volume fraction, the decision was made to fully 

characterize the prepreg material prior to consolidation and analyze fiber volume fraction after 

mechanical testing. 

A detailed description of the necessary requirements was given to control the prepreg 

characteristics, however, in reality it was found that to produce prepreg material these 

requirements had to be ignored, and full characterization of the resulting prepreg was needed 

prior to consolidation into laminate form. A recommendation for future pre-pregging would be to 

modify the resin pot and utilize nip rollers to control resin content. Also, for exact control when 

consolidating prepreg into laminates, future work should concentrate on obtaining complete 
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viscosity profiles for the different resin systems being studied, as the incorporation of increasing 

loads of polysulfone modifier may significantly effect hot-melt resin viscosity behaviour. 

4.5 

1.) 
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10.) 
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13.) 
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Chapter 5: Composite Properties 

5.1 INTRODUCTION AND BACKGROUND INFORMATION 

5.1.1 Introduction 

This chapter illustrates the mechanical response of unidirectional carbon fiber laminates 

prepared as described in chapter 4, which were in turn prepared from neat resins synthesized and 

characterized as in chapter 3 with carbon fibers that were characterized as in chapter 2. Two areas 

of interest were investigated and form the major objectives for this chapter: 

1) Investigate how the neat resin toughness and morphology of the thermoplastic 

modified networks translate into the final unidirectional carbon fiber laminates, and understand 

how the carbon fibers may affect this toughness translation. 

2) Observe the mechanical response of composite laminates that have a common 

toughened thermoset matrix, yet possess a different fiber-matrix interphase. In certain cases, 

material was prepared that possessed a contrasting interphase, and in others, a subtle change at 

the fiber-matrix interphase was prepared by prepregging a common resin system onto Hercules® 

IM8 fibers that had been subjected to 50, 100, and 400% levels of a proprietary surface treatment. 

In total, five different composite tests were performed and their results are presented. 

The author did attempt to obtain compression data using the IITRI test fixture. Unfortunately 

however, no compressive strength and modulus data is reported as for most of the compression 

tests performed, the tabs which were adhered to the specimens failed in testing prior to specimen 

failure. Also, a large amount of out of plane bending was observed throughout the tests and may 

possibly have altered the actual failure modes. Insufficient material and time were available to 

pursue the compression information, this is a disappointing fact-the information obtained could 
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have been compared with the indentation performance of the same material (discussed in chapter 

6). The five tests that were studied can be divided into two groups, (i) fracture toughness testing 

and (ii) mechanical performance in the transverse direction. The following gives a brief 

background with some current literature references into these two areas. 

5.1.2 Fracture Toughness 

Theories for fracture stem from Griffith's (1) early work where he proposed that critical 

failure occurred when the rate at which energy was lost equaled or exceeded the energy required 

to create new surface area, which was generated by the crack propagation. 

2 
ongrat > ty (5.1) 

2 
enomat = Strain energy release rate 

per unit of crack extension 

4ty> = Created Surface Energy 

per unit of crack extension 

Applied stress = Oo 

One half the crack length = a 

Plate thickness = ft 

Youngs Modulus = E 

Surface Energy = 5 
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It was found in this early work that the predicted critical stresses were much lower than the 

actual stresses required to fracture materials. The basic problem lying in the Griffith assumption 

was that materials would exhibit pure linear elastic behavior, whereas, in reality, many materials can 

exhibit various levels of plastic deformation which dissipates additional energy. The strain energy 

within a material exists as energy from the surroundings may be transferred into the material upon 

straining the sample. This energy can be lost as heat during plastic deformation or stored as 

elastic strain energy. The strain energy release rate, Ge, can be determined by measuring the 

stored elastic strain energy at various crack lengths (Figure 5.1) (2). This follows a proposed 

explanation by Irwin (3,4,) that a small incremental increase in crack length, a, (created by a 

displacement 8) will change the energy within a specimen, and that this energy change was equal 

to the energy transferred to the material by an extemal load, P, minus the loss in strain energy, V. 

Pd 
d 

mo
 

& 
|e (5.2) Q)
 Hl 

Se
 

m9 

For a material undergoing elastic loading, the stored strain energy is the area under a load 

displacement plot, hence 

PS Pe 
V= > = mh (5.3) 

The material stiffness is denoted as m. 

(5.4) 3 i 
T
l
m
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Figure 5.1 

Load Against Extension Curve For a Growing Crack Length (2) 
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It is apparent that as the crack extends with an increasing displacement the material 

stiffness decreases and for a constant load the product of stiffness and displacement is constant. 

Substituting for P and V into equation 5.2 one yields the common expression 5.5. 

G=12 (Se) 
oa (5.5) 

When the strain energy release rate reaches a critical level then catastrophic failure occurs 

and Pmax = load at failure. In a cracked specimen of thickness B 

= PR (Stim 
* P| oa (5.6) 

This is the expression upon which the Berry data reduction method (5) in section 5.2.1.3 

is based. Through a simple expression for the strain energy release rate, a micro event such as 

crack length, a , is being related to the global compliance (1/m) of the specimen. 

There are numerous methods available to open a crack during fracture toughness testing. 

These modes are illustrated in Figure 5.2. Mode | is referred to as the tensile or opening mode. 

Modes II and III are referred to as the in-plane and anti-plane shear modes respectively. Failure in 

fracture toughness testing can occur by one or more modes. Typically, mode | is the failure mode 

found in the majority of fractures as cracks generally propagate along a path that provides the least 

resistance. Crack opening in modes I! and III are more resistant to crack propagation as they are 

produced by shearing stresses. 

Irwin (3,4) studied fracture using concepts based on elasticity theory. Using an analytical 

model formulated by Westergaard (6), Irwin calculated the various stresses within a volume 

element a certain distance from an atomically sharp crack within an infinitely wide elastic 
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Figure 5.2 

Different Modes For Crack Opening (52) 
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Figure 5.3 

Stress Co-ordinates in a Volume Element a Specified Distance From a Crack Tip (53) 
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plate, (Figure 5.3). The observation made by Irwin was that the magnitude of each stress was 

directly proportional to the product of the applied stress and square root of the crack length, this 

product was termed the stress intensity, K. 

K = o¥na (for an infinitely wide plate) (5.7) 

K = f(o,a) (for other geometries) (5.8) 

The applied stress can therefore be given as equation 5.9. 

K_ 
Yna (5.9) 

Cor 

This expression is similar to that used to denote the critical stress at failure which was 

reached at a critical energy release rate. 

EG, 

ma (5.10) 
  Oc = 

Equating expressions 5.9 and 5.10 results in the equation 5.11 that describes the 

relationship between the stress intensity factor K, and the strain energy release rate G. Poisson's 

ratio, v, is used for plane strain conditions. 

K2 g- (5.11) 

G - ev’ (5.12) 
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There are two equations as the materials fracture toughness can vary depending on 

thickness effects these may govern whether the crack is opening in either plane stress (equation 

5.11) or plane strain (equation 5.12) conditions. 

For unidirectional carbon fiber composite materials much attention has recently been 

focused on improving the interlaminar fracture toughness in attempting to improve a composite 

materials ability to resist impact. In particular, the Compression After Impact test (7,8,9,10) 

developed by Boeing and NASA as a guide to suppliers for their material specifications was the 

major instigator for the recent growth in interest. As a consequence of impact, composite material 

may delaminate internally, but show no external signs of the damage. The impact damage can 

reduce the residual compressive strength and create a mechanism by which the laminate may fail. 

A mechanism proposed by Wang (11) suggests that the impact causes delaminations which 

divide the laminate into several sublaminates in the damaged area. These sublaminates have a 

lower bending stiffness than the original laminates and may buckle locally at an applied laminate 

strain and load that is well below the failure strain of the undamaged laminate. When stresses at 

the buckled delamination boundary exceed the ultimate strength of the resin then this 

delamination can propagate and create laminate failure (11). The current damage tolerance 

philosophy yields a design allowable ultimate strain limited to about 0.4%. Improvements in 

damage tolerance could possibly raise this value to 0.5-0.6%, thereby producing further weight 

savings (12,13). 

Hunston (14,15,16) has performed detailed studies on composite interlaminar fracture 

toughness, especially concerning the effect temperature and rate have on the measured fracture 

toughness values. Hunston observed that in neat epoxy resins toughened with rubber, 

increasing the test ternperature (-60°C to 60°C) and lowering the testing rate (0.8 mm/s to 0.0008 

mvs) did cause significantly higher fracture toughness values. However, when this material was 

made into woven composite material only very small temperature and rate effects were observed. 
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Major observations made by Hunston (14,15) showed that large increases in matrix-resin 

toughness (twenty fold) produced only a four fold increase in the composite Gijc. The detailed 

relationship between resin toughness and composite interlaminar toughness has not been 

established and needs further investigation. Hunston also observed that for brittle polymers the 

composites were typically tougher than the neat resins, in this instance fiber bridging and fiber 

nesting (Figure 5.4) were suggested to be the source of additional toughening mechanisms, as 

were fiber breakage and fiber pull out (14,16). Hunston has compiled interlaminar fracture 

energies (16) and plotted them with their neat resin counterparts (Figure 5.5). As matrix resins 

increased in toughness only a portion of this toughness was transferred into the composite. 

Possible explanations being that fibers restrict the deformation zone in the polymer, change the 

details of the local stress field, introduce stress concentrations or reduce the resin amount in the 

deformation zone. Interestingly, the point at which composite interlaminar fracture energy 

changes from greater than, to less than that of the resin, occurred at a resin fracture energy of 

approximately 700 J/m@ (16). 

Recent work by Altstadt and co-workers at BASF (17) reported similar trends whereby 

tough matrix resins did not transfer all their neat resin toughness to the composite. Altstadt has 

also argued (18) that the Gj test was not sensitive to changes at the fiber matrix interphase, 

however the mode Il test was found to be sensitive to the same matrix on untreated and surface 

treated fibers. Altstadt initiated a fundamental study on the effects of neat resin properties on 

interlaminar crack growth of composite laminates under fatigue loading conditions (19,20). Some 

initial results suggest that the threshold strain energy release rate range, AGih, in composites 

under mode | conditions is controlled by fracture energy, Gc, of the neat matrix resin. These 

studies all use commercial resin systems manufactured by industry and do not specify the 

chemistry details of the matrix resins. For matrix resins showing high Gjc values above 2KJ/m2, 

the matrices are probably toughened using rubber and/or elastomeric modifiers. For lower Gic 
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Figure 5.4 

The Fiber Bridging and Nesting Effects (14) 
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Composite Strain Energy Release Rate Plot Against Matrix Resin Strain Energy Release Rate (16) 
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values ca.1 KJ/m? thermoplastic modifiers are most likely to be used. Clearly, the effect of 

chemistries and morphology need to be presented along with the results and findings to provide 

a clearer understanding of these important materials. Recently, Boyd and co-workers (21) 

reported the mechanical properties for a BMI prepreg resin system with improved damage 

tolerance characteristics. The material was termed X5260. One interesting feature concerning 

the BASF report was that when the X5260 resin was compared with other commercial resin 

systems (5250-3 and 5250-4) the Gjc values for the X5260 system were not the highest, but the 

Glic values were. The importance of these results was highlighted by the X5260 system 

possessing superior damage tolerance than the 5250-3 and 5250-4 materials. Altstadt has 

reported a linear correlation between compression after impact values and Gjj-p measurements 

illustrated in Figure 5.6 (17). Even though failure mechanisms within the Gyi¢ and compression 

after impact tests are most certainly not identical, it may appear that damage tolerence is 

dominated by mode Il fracture behavior and certain possibilities do exist for future investigations 

into understanding any possible correlations. 

Work is currently being pursued to develop a better understanding of the individual 

fracture toughness test methods (22-27), with round robin studies being investigated. Some 

recent work reported by Davies (25) illustrated how composite laminate thickness changed the 

Gic fracture toughness values from 2.1 + 0.3 KJ/m2 to 3.2 + 0.4 KJ/m@ when the thickness in 

IM6/PEEK laminates were changed from 3 mm to 5 mm. 

Kinloch and Williams (23) have recently studied the effects of geometry, rate and 

_ temperature on the mode |, mode II and mixed mode I/II interlaminar fracture of carbon-fiber/PEEK 

composites. These studies found that the Gjc values tended to steadily increase as the crack 

propagated through the composites, that is, a rising R curve was obtained (an R curve is a plot of 

Gic versus crack length, a). As these observations made the assignment for one unique Gijc value 

impossible, an initiation value Gic (init) and a steady state propagation value Gjc (S/S-prop) were 
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therefore defined. For the mode | testing, the steadily rising R curve behavior was attributed to 

increasing fiber bridging as the interlaminar crack grows. For the mode ll tests microcracking and 

plastic deformation that develop around the advancing crack tip were used to explain the shape of 

the mode Ii R curves. In these studies no effect on specimen thickness was observed, but Glic 

values were high, being 2.9 KJ/m2 + 0.3. This work also reported how mixed-mode I/II results 

could be obtained using an end-loaded split (ELS) test specimen. 

Details concerning these individual tests are still being pursued. One of the conclusions 

made by Davies (26), was that specimen width did not affect mode | values but did affect the mode 

Il results (600 J/m? changed to 700 J/m? for increasing specimen width from 10 mm to 20 mm). 

Starter film thickness and length are being studied with initial results suggesting that both mode | 

and II initiation values do depend on film thickness. With many variables being able to control the 

resulting Gjc and Giic values, the author adhered to one method and held these variables 

constant, so that at least trends could be observed and extracted from the results. 

5.1.3 Transverse Mechanical Performance Response 

Three tests, 90° flexure, 90° tension, and the 90° losipescu tests were all performed. The 

following gives a brief explanation as to why each test was chosen and certain terminologies 

related to these tests are explained. 

90° losipescu Test 

The losipescu specimen is illustrated in Figure 5.7a, it was developed originally by a 

Romanian, N. losipescu (30), for measuring the shear properties of metals. The specimen 

configuration is compact, instrumentation is simple, a range of specimen thicknesses can be 

tested and from an engineering viewpoint the specimen uses a small amount of material. These 
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a.) losipescu Specimen 
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attractive features have led researchers (31 ,32,33) to use the losipescu specimen for measuring 

the in-plane shear modulus, G49, of unidirectional composite materials (however, the specimen 

geometry is relatively difficult and sometimes expensive to manufacture). The first subscript in the 

term G12 describes the plane in which the shear stresses act and the second subscript denotes 

the direction. 

One of the goals of this research was to prepare toughened BMI composites that varied at 

the fiber-matrix interface for testing by a continuous ball indentation technique, which, it was 

hoped may provide some insight into interface failure strengths and mechanisms. The technique 

itself, and initial results have only recently been reported by Lesko and co-workers (34), and the 

technique is still undergoing further development. However, within these initial studies it was 

found that an interfacial shear strength could be evaluated for materials that failed within linear 

elastic limits using a complex micromechanics model developed by Carman (35). This model used 

the following material properties, E44, Eo, v12, vo3, and G42. Hence the losipescu method was 

chosen to generate the G;2 values which would be used in the model if the material failed within 

the linear elastic limits. Also, certain texts suggest that another term for adhesion is the resistance 

to shear. Consequently, the adhesion level of a toughened BMI on carbon fibers was deliberately 

changed by prepregging onto untreated and surface treated fibers to observe how the adhesion 

level difference affected the magnitude of changes in the in-plane shear strengths. 

Morton and co-workers (33) have found that the 0° specimen, (where fibers are 

perpendicular to the longitudinal x-axis), possess a strain distribution which is more sensitive to 

material property variations within a specimen under local contact conditions between the 

specimen and fixture. A strain distribution that is more sensitive to material property variations 

could produce large scatter within data as compared to a 90° specimen made from the same 

material. Hence a 90° specimen was chosen where the fibers are perpendicular to the longitudinal 

x axis. The Wyoming Test Fixture was used (Figure 5.12) and tests were kindly performed by Mr. 
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H. Ho and Mr. M. Y. Tsai, graduate students of Professor John Morton in the Engineering Science 

and Mechanics Department. 

Transverse Flexure and Transverse Tensile Tests 

Specimens for both transverse flexure (90° flex) and transverse tension (90° tension) are 

illustrated in Figures 5.7a and 5.7b respectively. In both cases the carbon fibers are 90° to the 

specimens longitudinal (x) axis. For the transverse flexure test a three point bend apparatus was 

used similar to that used in the Giic testing. Adams (36) has recently reported upon the 

evaluation of the transverse flexure method for composite materials, where he described how this 

test consistently produced a desired failure mode in contrast to the short-beam shear tests which 

often produces a mixture of failure modes. Typically, short beam shear tests, which use a short 

span length and therefore low span to thickness ratios, have been used to qualitatively measure 

levels of adhesion at the fiber-matrix interface as researchers attempt to probe interlaminar shear 

with small amounts of material. As the desired failure mode is difficult to attain with consistency, it 

is difficult to determine what exact interface effect is being measured. The transverse flexure test 

consistently fails at the tensile (lower) surface, and therefore, any observed differences in tensile 

strengths due to fiber-matrix interface changes will be at least dictated by a similar failure mode, 

and may be useful to compiement fiber-matrix interfacial shear strength measurements. 

The transverse tensile test has been the most common method used to evaluate 90° 

tensile properties of unidirectional composite materials, but the method has typically produced 

relatively low tensile strengths, which are believed to arise from the existence of surface and 

intemal flaws. In this research, the 90° tensile test was chosen to study the change in magnitude 

associated with transverse tensile strength that should be encountered when toughened BMI 

laminates were prepared that possessed a contrasting interface. Failure within the resin would be 

225



Table 5.1 

Published Data By Adams Using Transverse Tests On Laminates With Contrasting Interphases 

(36) 

  

Transverse Flexure Strength Transverse Tensile Strength 

_ (MPa) __ (MPa) 

AU4/AS4/ _ Fiber Average Standard Ratio Average Standard Ratio 

Epon828/ Volume (MPa) deviation AS4/AU4 (MPa) deviation AS4/AU4 

  

mPDA Fraction _(MPa) __ (MPa) 

AU4 59 29.6 6.8 - 18.1 2.9 - 

AS4-A 68 33.5 5.5 1.13 - - 

AS4-B 61 36.9 6.0 1.25 17.3 4.2 0.96 

AS4-C 61 41.5 6.2 1.40 16.5 6.0 0.91 

AS4-D 61 40.6 3.8 1.37 22.1 1.1 1.22 
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Table 5.2 

Published Data By Drzal Using Transverse Tests On Laminates With Contrasting Interphases 
(37,38) 

  

AU4/Epon 828mPDA _AS4/Epon 828mPDA AS4/AU4 Ratio 

Transverse Tensile 22.4 31.5 1.41 

(MPa) (Ref ) 

Transverse Tensile 18.0 34.2 1.9 

(MPa) (Ref ) 

Transverse Flexure 2.31 

(MPa) (Ref ) 

1= Estimated Value From Published Graph 
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expected for good adhesion at the fiber matrix interface, with poor adhesion resulting in adhesive 

rather than cohesive failure. 

In the literature, two sets of researchers, Adams at University of Wyoming (36) and Drzal 

(37,38,39) at Michigan State University have both reported transverse tension and flexure results 

from laminates that contained contrasting interphases. Table 5.1 and 5.2 illustrate their values. 

The contrasting interface was again prepared by using untreated and surface treated (AU4 and 

AS4) fibers. Both research groups observed higher 90° flexural strengths than 90° tension 

strengths, and different strength ratios of AS4/AU4 specimens for both tests were observed 

(Table 5.8). Adams (36) also reported short beam shear strength ratiosfor the AS4/AU4 

composites which was on average 1.72, closer to the ratio of interfacial shear strength values 

(measured from the single fiber fragmentation test) which was 1.9 (40). Adams (36) concluded 

that the transverse flexure test was sensitive to differences in surface treatments and sizing, yet 

did not correspond to shear test results as the methods measure different characteristics of the 

interfacial bond. Adams suggested that future work should concentrate on the transverse flexure 

tests sensitivity towards interfacial bond strength failures. 

To pursue how surface treatment may affect shear properties and tensile effects of the 

fiber matrix bond, a number of laminates were prepared to study just how sensitive the losipescu 

and transverse flexure tests are to surface treatment levels. Laminates containing a contrasting 

interphase were made as were unidirectional fiber laminates prepared with a common toughened 

BMI matrix (as described in Chapter 3) and three intermediate modulus (IM8) carbon fibers that 

possessed three differences in surface treatment levels. The fiber surfaces had been 

characterized and are reported in terms of their surface atomic concentrations and surface 

energies in chapter 2. 
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5.2 EXPERIMENTAL 

5.2.1 Gjc Fracture Toughness 

5.2.1.1 Specimen and Fixture Details 

The mode one strain energy release rate, Gjc, a measure of the composite materials 

fracture toughness, was measured using a double cantilever beam specimen geometry (Figure 

5.8a). Test coupons were machined using a diamond saw (cooled with water) from 152mm x 

152mm (6" x 6") unidirectional panels specifically laminated to produce Gjc specimens. Each 

laminate was prepared from 18 ply’s of carbon fiber prepreg to make laminates approximately 2.5 

mm (0.10 inches) thick. During the ply lay up a 152.4mm x 50.8mm (6" x 2") piece of Kapton® film 

was inserted after nine ply's (the laminate mid thickness point) at one end of the lay up to act as 

the crack initiator (or starter defect). The protocol (22) being followed for Gjc testing suggested, 

the starter film length should be greater than 50 mm (1.97 inches), so that any influences from the 

hinges could be neglected. Typical specimen dimensions were 152.4 mm (6 inches) in length, 

12.7 mm (0.5 inches) wide, and nominally 2.5-3.5 mm thick (depending on resin content). A ratio 

of opening displacement divided by crack length (&/a) of less than 0.4 is necessary to keep the 

overestimation of Gic to less than 5% (22). If larger values are noted then corrections may be 

made (see reference 22). 

Brass piano stock hinges were adhered to the specimen ends using cyanoacrylate 

adhesive and primer after carefully preparing and cleaning the adherend surfaces (both 

composite and hinges) with sand paper and subsequent rinses with water and acetone. Care was 

taken to ensure that both hinges on each specimen were in alignment with each other as the 

direction of applied load used for the mode one crack opening within the specimen would be 

dictated by this alignment. A photograph (Figure 5.9) describes the specimens and hinge 

arrangement. The hinges must be free to rotate so that minimal stiffening of the Gic specimen is 

introduced when attached to the Instron grips. The protocol followed for measuring Gjc values 
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Figure 5.9 

Photographs of Gj, Specimens Illustrating Hinge Attachment 
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suggested that specimens should not be precracked. That is, the initial crack must be started at 

the starter defect ends upon continuous load displacement at the initial stages of the Gic 

measurement. However, the double cantilever beam was pre-opened (without initiating the 

starter crack) to prevent large crack-running at the initiation point. This was done by placing the 

specimen in vice grips where the Kapton® film end was held firmly together. At the same time a 

razor blade was utilized to open the displacement between the two specimen halves, and was 

pushed vertically down into the specimen along the Kapton® film surface to a distance of 

approximately 44.5 mm (1.75 inches). 

§.2.1.2 Test Procedure 

The load read-out at zero displacement was minimized by careful alignment of the grips as 

the specimen was attached. Twisting could easily be introduced at this stage and could create 

erroneous load readings. Great care was taken to minimize twisting and the specimen was loaded 

using a cross-head rate of 0.5 mm per minute (0.02 inches per minute). This rate was chosen to 

allow crack propagation to be followed and recorded easily. Crack propagation was monitored 

using a large magnifying glass situated in front of the specimen. Digital calipers were used to 

monitor the crack length, the end of which could be observed using the naked eye. A smooth 

coating of liquid paper was applied to the specimen edge to aid in the crack length 

measurements. Approximately 45-50 crack length values were obtained, including the 

corresponding displacement value (5) and the load being carried by the double cantilever beam 

(P). 

§.2.1.3 Data Reduction 

The Berry data reduction approach was followed to obtain Gic values. This approach 

uses the experimental compliance calibration method (5). Numerous methods exist to reduce the 
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data to yield the Gjc values and their relative merits are discussed in the literature (41,42). 

Equation 5.13 describes the approximate relationship between the compliance, C, of the double 

cantilevered beam and the measured crack length, a, where K and n are empirical parameters. 

Ward (43) has described the advantages of using this method as it by-passes the question 

regarding if fracture occurs under conditions of plane stress or plane strain.! 

C = Ka" (5.13) 

The value n can be obtained by plotting log C against log a, and finding the slope as: 

log C = logK+nloga (5.14) 

The value determined for 'n' is substituted into expression 5.15 to yield the strain energy 

release rate value as a function of the measured crack length, where B is the specimen width and 

P is the load being carried by the double cantilevered beam at the corresponding cross-head 

displacement, 5. 

nP8 Gic = oa (5.15) 

Figure 5.10 is a typical plot illustrating how G varies with the measured crack length. The 

plateau region is taken to be the constant strain energy release rate and by extrapolating to the y- 

axis one obtains the desired Gic value. 
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5.2.2 Gjic Fracture Toughness 

§.2.2.1 Specimen and Test Fixture Details 

The mode II strain energy release rate (Gjjc¢) which is a measure of the composite materials 

fracture toughness when a crack is being opened through shear, (Figure 5.2), was studied by 

using an end-notched flexure specimen (Figure 5.8b) developed by Russel and Street (44). Test 

coupons were machined in the exact manner as described in section 5.2.1.3, and the crack pre- 

opened but not pre-cracked, in a similar fashion also. The specimens were cut from the same 

152.4mm x 152.4mm (6" x 6") unidirectional panels as the Gic specimens which contained the 

Kapton® film inserted at the laminate mid point. Typical specimen dimensions were again 152.4 

mm (6") in length, 12.7 mm (0.5 inches) wide, and approximately 2.54 mm (0.10") thick. The 

Instron testing machine (Model 4204) was fitted with a three point bend apparatus and run in 

compression. A fixed span length of 100 mm was used. 

5.2.2.2 Test Procedure 

Samples were initially loaded without the starter crack being inside the span length. A 

stress/strain response was obtained from which a compliance value for the beam without the 

Kapton® film could be calculated. After obtaining the elastic response, the specimen was turned 

around and loaded within the three point bend apparatus so that the crack length, a, would equal 

25 mm. This would ensure that the a/L ratio was 0.5. The width and thickness for each specimen 

was measured at the specimen center and at either end, average values were recorded. The 

specimen was loaded in compression at a rate of 0.5 mm per minute (0.02 inches/min). A load 

displacement plot was recorded, as the specimen was loaded the crack propagated to the center, 

and the load dropped sharply. Quite typically, the stress-strain plot would become non-linear, 

reach a maximum value, and then drop. The data treatment for both the non-linear and maximum 

load points are given in the following section. 
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5.2.2.3 Data Reduction 

Several Giic values may be determined following the experiment. The two described 

here are the Gijc values calculated from the non-linear point (Gijc (nl))and Gijic (max), where the 

maximum load and the corresponding displacement point are used. A schematic diagram for a 

typical load displacement plot is illustrated in Figure 5.11. The following calculations are used to 

measure Giic (nl). 

Ea=o 

9a?Py7Cry 
2B(2L3 + 3a3) (9.16) 

Load at Non-linear Point 

Specimen Width 

Half Span Length (50 mm) 

Crack Length 

Calculated Compliance Using Experimental Compliance Calibration 

Specimen Thickness 

  

2L3 | 3a3 

8Ea-oBh? (9.17) 

L3 
aBGh (5.18) 

The value Cj within expression 5.18 is taken from the initial plot where stress/strain was 

measured with no crack length placed between the spans. Eaco is calculated and substituted 

back into expression 5.17. The calculated compliance Cy, is then substituted into expression 

5.16 for the Gijc (nl) determination. 
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The load displacement curve may change from linear to non-linear, this occurs as the initial 

crack length, a, is slightly changing during the non-linear portion. A new value for the crack 

length, equiv » needs to be calculated and expressions 5.19 and 5.20 detail the necessary 

calculations to evaluate the Gijc (max). 

  

9a1° Pmax Cmax 
Gilc (Max) = 55 (013 + 3a3equiv) (5.19) 

C 8 Eazo Bh® - 2L3 
Aequiv =— max 3 2 (5.20) 

Where Eaz-o is calculated using expression 5.18 and Cmax is calculated from the 

compliance corresponding to the maximum load (22,25). 

5.2.3 Transverse Flexure (90° Flex) 

5.2.3.1 Specimen and Fixture Details 

Figure 5.7b illustrates the specimen required for 90° flexure testing. The test is termed 

90° flexure as the fiber axial direction runs 90° to the specimens longitudinal (x) axis. Typical 

dimensions were 76.2 mm (3") 20.3 mm (0.8") x 2.54 mm (0.1"). The fixture used was a three 

point bend apparatus, identical to that used in the Gj;; measurements; however, the span length 

was changed to 63 mm to keep the tests in accordance with the ASTM test method D790 M, 

where the specimen span length to specimen thickness ratio was kept at 16:1. 

5.2.3.2 Test Procedure 

The specimen was placed on the supports and centered. The Instron test machine was 

operated in the compression mode at a rate of 0.5 mm (0.02" per minute) until the specimen 
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failed. A recorder was used to collect the raw data, from which 90° flexural strength, modulus and 

strain at failure were obtained. 

5.2.3.3 Data Reduction 

The following expressions were used to calculate strength, modulus, and strain at failure. 

  

L = Span Length 

P = _ Load at Failure 

d = Specimen Thickness 

M = _ Slope From Load/Displacement Plot 

b = Specimen Width 

LP 
90° Flex Strength = Omax = 7s q2 (5.21) 

90° Flex Modulus = Ep = LEM (5.22) 
4bd? 

° , _ _ 6Dd 
90° Strainat Failure = r = BD (5.23) 

Pmax where D = —M (5.24) 

A total of five specimens were typically tested. 
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5.2.4 Transverse Tension (90° Tension) 

5.2.4.1 Specimen and Fixture Details With Strain Gage Application 

The specimen for the 90° tension test is illustrated in the Figure 5.7c. Typical dimensions 

were 152.4 mm (6") x 15.5 mm (0.6") x 3.6 mm (0.14"). Strain gages were required to monitor the 

stress-strain response within the gage section. The following was the procedure used for adding 

the strain gages (manufactured by ‘M-M' Micro measurements division) with resistances 

350 + 0.5% ohms, gage factor 2.095 % and transverse sensitivity 0.9 + 0.2%. Initially the gage 

section was sanded down, rinsed under water, dried with a tissue, and wiped using acetone. A 

strain gage was taken with tweezers and taped to its container using transparent tape. Upon 

peeling off the tape the strain gage adheres to the tape and is then positioned within the center of 

the gage section on the specimen. The tape with gage, were adhered to the specimen and then 

keeping some tape down acting as a hinge, the gage was peeled back off the specimen surface. 

The gage area was wiped with '200' adhesive catalyst and left to dry for two minutes. A small drop 

of M-200 bond adhesive was applied to the gage surface and the gage was pushed down from 

behind the tape in a smooth action to flatten out the adhesive and adhere the gage. After drying 

and pressing down firmly for several minutes, the tape was peeled back and the gage remained 

adhered to the specimen surface. Strain wires were soldered carefully onto the gage and tape 

added to surround and protect them. Sand paper was taped around the specimen ends to help 

securing within the grips of the MTS testing machine. 

§.2.4.2 Test Procedure 

Each specimen was gripped and pulled in uniaxial tension. The load was increased at a 

rate of 20 Ibs. per second until failure occurred. Observations were made regarding the specimen 

failure location, and if it failed within the gage length or not. 
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5.2.4.3 Data Reduction 

Transverse flexural strength, modulus, and strain at failure can all be obtained from this 

test. 

M = _ Slope of Stress-strain Plot 
>
 it Specimen Area 

Load at Failure 3 R i 

CF = _ Correction Factor for Strain Sensitivity 
(for example CF = 777.5 x 10°! eWolt is typical) 

Transverse Tensile Modulus = M XEX CF (5.25) 

Transverse Tensile Strength = Emax (5.26) 

Transverse Tensile Strain at failure was measured from the chart paper on the strain per 

inch scale, at the maximum load-displacement position. 

5.2.5 90° losipescu Test 

5.2.5.1 Specimen and Test Fixture Details 

A number of test configurations have been proposed to measure the in-plane shear 

modulus (G42) for unidirectional composite materials (45-48). This research capitalized on the 

experience within the Engineering Science and Mechanics Department which had been gained 

in measuring G42 values by utilizing the losipescu V-notched beam specimen (Figure 5.7a) in the 

modified Wyoming test fixture, Figure 5.12. Typical specimen dimensions were 76.2 mm x 

19.1 mm x 2.6 mm. 'V' notches were precisely machined into the specimen and strain gages 
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Carefully attached to both front and back surfaces. The two strain gages were arranged at + 45° to 

the longitudinal axis and 90° iosipescu specimens were used. The load and individual gage 

readings were logged using an Apple Macintosh SE computer equipped with a Strawberry tree 

data acquisition system. Shear stress-strain data were obtained from average shear stresses 

plotted against shear strain determined from the strain gages. 

5.2.5.2 Test Procedure 

The specimen depicted in Figure 5.7a was loaded into the Wyoming test fixture (Figure 

5.12). Each specimen was subjected to a compressive load, and for every specimen arrangement 

a front and back stress-strain response was obtained and then averaged to yield an average front 

and back stress-strain response. This procedure was useful for indicating the desired correction 

factors (33), required for calculation of the in-plane shear modulus values. 

5.2.5.3 Data Reduction for losipescu Testing 

The losipescu specimen in the Wyoming test fixture produces the in-plane shear 

modulus and strength for the composite material. As reported by Morton and co-workers (33) the 

strain measured by the strain gages is not truly representative of the actual distribution as, due to 

the specimens material properties and geometry, a non-uniform strain field occurs between the 

notches and needs to be corrected . The shear strain determined by the two strain gages is; 

Yer = E445 — E45 (5.27) 

The shear modulus can then be calculated through expression 5.28 where the average 

shear stress on the specimen cross-section (tayg = P/A) is divided by the shear strain from the 

strain gages (equation 5.27). 
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Table 5.3 

Tabulated Data for Composite Gj Against Neat Resin Gic 

  

  

  

IM7 

Neat Resin Gic (J/m?) Composite Gic 
(J/m2) 

Weight % 
Flexural Modulus Plane Plane Strain 

Polysulfone (GPa) Stress (v = 0.35) 

0 4.1+08 60.8 + 36 53.4 +31.7 359 + 17 

10 3.9+0.7 366.0 + 107 321.2 + 94.0 489 + 22 

15 3.6+0.5 549.0 + 184 481+ 161.0 734+ 12 
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ty (5.28) 

Using correction factors (CF) described by Morton (33), the corrected shear modulus is 

given by; 
SG 

Equivalent expressions can be written for the shear stresses where the load at failure is 

used to calculate the in-plane shear strength. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Composite Fracture Toughness Values 

Tables 5.3 and 5.4 describe the mode | strain energy release rate values (Gjc) measured 

using a double cantilevered beam specimen for unidirectional carbon fiber laminates that contain 

0,15, and 20 weight percent loadings of a maleimide terminated polysulfone toughness modifier 

(Mn = 12800 g/mole). The table illustrates how the composite Gj, values increase with 

increasing polysulfone content to a respectable value of 743 + 10 J/m? for the 20 percent 

toughened resin from 359 + 17 J/m2 for the control. As reported in chapter 3, the stress intensity 

factors (Kic) for the neat resin samples can be measured and as discussed in the introduction, by 

knowing the modulus of these specimens the strain energy rate values (both plane stress and 

plane strain) can be calculated for the neat resin samples through expressions 5.11 and 5.12. 

These values are listed in table 5.3 and plotted in Figure 5.13 in a similar manner to the plots 

described by Hunston (16). The error bars for the neat resin values are wide as errors from Kic 

and flexural modulus measurements have been propagated. A 45° line has been drawn through 

the graph to illustrate a one:one fracture toughness translation. A clear observation is that the 

composite strain energy release rate values are higher than their neat resin counterparts. A 
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Table 5.4 

Gic and Gj Values (J/m2) 

  

IM7/0% PES IM7 15% PES IM7 20% PES 

  

  

  

    
  

BMI/DABA (12.8K - MI) (12.8K - MI) 
BMI/DABA BMI/DABA 

Specimen Gic Glic Gic Glic Gic Gilc 

(J/m*2) _(J/m2) (J/m*2) (J/m2) (J/m*2) (J/m*2) 

1 - 586 471 2589 739 2556 

2 361 466 468 2576 719 2553 

3 378 454 485 2564 733 2063 

4 360 475 490 1673 746 2539 

5 337 578 530 1875 - 2357 

Mean 359 512 489 2255 734 2411 

Standard 17 65 25 399 10 189 
Deviation 

Fiber 73% 73% 50% 50% 50% 50% 
Volume 

Fraction 
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Figure 5.14 

Photograph Illustrating The Fiber Bridging Effect 
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possible explanation for this higher fracture toughness measurement could lie in the fiber 

bridging/nesting phenomena, and also in the fact that higher resin contents were observed in the 

15 and 20 weight percent systems (50% resin). Tough matrix resins are believed to possess high 

fracture energies due to the ability of these polymers to generate large crack-tip deformation 

zones and effectively blunt the crack tip (49). As mentioned in the introduction, carbon fibers may 

restrict the growth of this deformation zone and produce composites with lower than expected 

fracture toughness values. A resin rich laminate which also have resin rich regions, and therefore 

low fiber contents in the interlaminar zones, could create good toughness translation by 

minimizing this fiber deformation zone restriction effect. Coupled with the fiber bridging 

phenomena, another energy absorbing mechanism, the composite material may reflect higher Gijc 

values than the neat resin. Fiber bridging and nesting (Figure 5.4) occur when various plies do 

not remain in distinct layers but rather mesh (or nest) together with adjacent plies. Such an effect 

inhibits the crack propagation along a smooth plane, instead the crack must move around the 

fibers causing fibers to pull out and away from adjacent layers. This fiber pull out phenomena 

which does create some fiber breakage, was observed with most of the unidirectional laminates 

prepared within this study. Figure 5.14 illustrates the effect within a double cantilever beam 

specimen. 

Table 5.4 also describes the mode Il results for these composite systems. The values do 

increase with increasing polysulfone content but are extremely high, being above 2 KJ/m2. 

Carbon fiber/PEEK composites have been reported to be as high as 2.9 KJ/m@ (23). The 

excellent mode II toughness results for these modified BMI systems do tend to suggest that the 

resin rich laminates have encouraged high values, as crack opening in shear (mode Il) would 

require large amounts of fracture energy in resin rich zones. A crack opening typically occurs 

along the path of least resistance. In commercial fiber composites, an interlaminar crack may 

propagate within interply regions, as fibers from adjacent layers are typically close together. 
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Figure 5.15 

Optical Micrograph Illustrating Resin Rich Zones in the Interply Regions 
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Figure 5.16 

Optical Micrograph Illustrating Resin Rich Zone in Front of The Crack Tip 
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However, in laminates prepared in this study a thin resin layer on the underside of the prepreg 

formed during the drum winding process. It is believed that this proceeded to form an ‘in-situ’ 

interlaminar toughening effect, and the propagating crack was forced to travel horizontally through 

the resin rich interply areas (Figure 5.15). By restricting the crack's progression up into the 

interply areas the high Gjic values were obtained. The resin rich zone in front of the crack tip 

could also be used to explain the high Gjj¢ values observed, (Figure 5.16), as could the fact that 

specimens were typically 3-3.5 mm thick and a thickness dependance has been observed for Giic 

values in carbon fiber/PEEK composites (25). Altstadt has discussed this increase in mode II 

fracture toughness by describing the “hackling” effect (17). Here it is believed that resin in front of 

the crack tip can open locally in mode | and then propagate in mode Il. This vertical and then 

horizontal crack opening on a localized level in front of the crack tip can lead to jagged fracture 

surfaces that have been termed hackles. Restricting hackle formation can limit the interlaminar 

toughness. Conversely, allowing sufficient material within the interply region to form large hackles 

generates an energy dissipating process that could lead to higher interlaminar fracture toughness 

values. Such explanations have been given as a driving force for developing special interlaminar 

toughening effects. One approach is the introduction of interleaf systems (50,51). This is a 

concept introduced commercially by American Cyanamid whereby a discrete layer of very high 

toughness, high shear strain resin is added to a standard prepreg. By developing interleaf 

materials that co-cure with the matrix resin and remain as a discrete layer throughout the 

consolidation process, a composite material possessing superior compression after impact 

behavior was prepared (51). 

One important feature which requires some attention, is the neat resin morphological 

translation into the composite material. Polished cross-sections of the 15 and 20 percent 

polysulfone toughened composites were subjected to a potassium permanganate/phosphoric 

acid etching process. After sonicating for 30 minutes the material was sputtered lightly with gold 
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Figure 5.17 

Morphology Transfer From Neat Resin into the Fiber Composite 

253



CARBON FIBERS CHANGE 
MORPHOLOGY IN COMPOSITE MATERIAL 

NEAT RESIN COMPOSITE 

       

  

   

15% W/W MI-POLYSULFONE (Mn=12.8K gm/mol) 15% W/W MI-POLYSULFONE (Mn=12.8K gm/mol) 
IN_BMI/DABA (BAR=10 MICRONS) IN IM7/BMI/DABA COMPOSITE (BAR=10 MICRONS) 

   20% W/W MI-POLYSULFONE (Mn=12.8K gm/mol) 20% W/W MI-POLYSULFONE (Mn=12.8K gm/mol) 
IN BMI/DABA (BAR=10 MICRONS) IN IM7/BMI/DABA COMPOSITE (BAR=10 MICRONS) 
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and the etched surfaces analyzed on the SEM. Figure 5.17 illustrates the neat resin 

morphologies in conjunction with their etched composite cross-sections. The large thermoset 

domains associated with the phase inverted morphology are reduced in their dimensions. For 

example the BMI modified with maleimide terrninated polysulfone (12 800 g/mole) illustrated in 

Figure 5.17 (bottom left) has phase inverted sphere dimensions of 7-8 microns in diameter. On 

the other hand an SEM micrograph on the bottom right of Figure 5.17 illustrates, upon close 

inspection, that the phase inverted morphology does exist within the laminate; however, the 

dimensions are much smaller, being on the order of 2 microns and lower, (top right hand corner of 

the micrograph). The smaller domain size could possibly contribute another explanation as to why 

higher Gic values were obtained in the composite than in the neat resin. A more dense formation 

of smaller phase inverted spheres could provide an increase in the interfacial area between the 

phase separated domains, resulting in more interfacial bonds being required to create fracture 

and hence increase the fracture toughness. This hypothesis would have to be proved by future 

neat resin fracture toughness experiments if morphology could be controlled to create such 

differences in neat resin specimens, keeping all other parameters constant. 

In summary, the high Gijc values could be attributed to a combination of higher resin 

content, thick specimens, resin rich areas within the interlaminar regions and possibly a 

dimensional change in the matrix morphology. 

A polysulfone (maleimide terminated, Mn = 12 800 g/mole) modified BMI resin was used 

as a common matrix in laminates that were prepared with contrasting interphases, they were 

formed using untreated and surface treated A type fibers from Hercules Corporation. Table 5.5 

describes the Gic and Giic strain energy release rate values for both composite systems and also 

includes data for the same toughened BMI resin on IM7 carbon fibers. The Gic results provide 

mean values of 431 + 37, 433 + 38 and 489 + 25 J/m for the toughened resin on AU4, AS4, and 
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Table 5.5 

Mode | and II Fracture Toughness Values For a 
Common Toughened BMI Matrix on Different Carbon Fibers 

  

  

  

  

    
  

AU4/ AS4/ IM7/ 
15% MI-PES (12.8K) 15% MI-PES (12.8K) 15% MI-PES (12.8K) 

BMI/DABA BMI/DABA BMI/DABA 

Specimen Gic Glic Gie Gile Gic Gllc 

 (S/m*2) (Wm’*2) ——— (S/rm*2) (Jim*2) —— (S/m*2) (d/m*2) 

1 484 394 410 1299 471 2589 

2 405 457 407 1061 468 2576 

3 431 417 429 1180 485 2564 

4 404 529 480 1355 490 1673 

5 351 487 1075 530 1875 

Mean 431 429 433 1194 489 2255 

Standard 37 59 38 56 25 399 
Deviation 

Fiber 63% 63% 66% 66% 50% 50% 
Volume 

Fraction 
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Bar Chart Representation of Mode | and Mode II Strain Energy Release Rate Results 
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Figure 5.19 

Micrographs of Failed Gj\, Specimens 
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S.E.M. MICROGRAPHS OF G2c SPECIMENS 
FROM FRACTURE TOUGHNESS TEST 

     

      

15% W/W MI-PES(Mn=12.8K) IN BMI/DABA AS4 FIBER/ 15% W/W MI-PES(Mn=12.8K) IN BMI/DABA 
BAR=20 MICRONS BAR=20 MICRONS 

AU4 FIBER/ 

AU4 FIBER/15% W/W MI-PES(Mn=12.8K) IN BMI/DABA AS4 FIBER/15% W/W MI-PES(Mn=12.8K) IN BMI/DABA 
BAR=10 MICRONS BAR=10 MICRONS    
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IM7 fibers respectively. Figure 5.18 illustrates these values with a bar chart representation. The 

higher resin content within the IM7 laminate (50%) could explain the slightly higher value obtained 

using IM7 fiber. However, the resin contents within the AU4 and AS4 laminates are virtually the 

same (63% and 66% respectively), and it is interesting to note that the mode | fracture toughness 

values were essentially identical. This is in sharp contrast to the mode II fracture toughness 

values, these showed a marked difference depending upon whether the fiber was untreated or 

surtace treated. Specimens containing AU4 fiber had Gio values of 429 J/m@ whereas the AS4 

composite yielded Giic values of 1194 J/m2. With the processing conditions and fiber volume 

fractions again almost identical, a clear example has been found to illustrate that the mode II 

fracture toughness test which propagates a crack through shear in the interlaminar regions of a 

unidirectional composite laminate is sensitive to differences at the fiber matrix interface. The bar 

chart (Figure 5.18) illustrates the differences between mode | and mode II values for the same 

matrix on different fibers. The micrograph in Figure 5.19 illustrates the failed Gijc test specimen 

surfaces. On the left the AU4 fibers are clean and exhibit low levels of resin adhesion on the fiber 

surface. In contrast, the micrographs for the specimen containing AS4 fibers illustrates good resin 

adhesion on fiber surfaces, in which the matrix lies between the fibers in troughs and in some 

areas exhibits a rugged fracture surface. The bottom left micrograph illustrates some ‘hackle’ 

marks that are characteristic of the mode II fracture toughness test as described earlier in this 

section. 

5.3.2 Composite Properties from Transverse Testing 

Tables 5.6 and 5.7 describe the transverse tensile and transverse flexure results 

respectively for the common toughened BMI matrix resin on AU4, AS4 and IM7 carbon fibers. 

The surface treated AS4 and IM7 fibers possessed far higher strength values than the untreated 

fiber, Table 5.8 describes the mean results from the AU4 and AS4 specimens with the 
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corresponding AS4/AU4 property ratio. A high transverse property ratio, approximately a two fold 

increase for the AS4/AU4 composite specimens, can be observed for each transverse test used. 

This is in sharp contrast to the data published by Adams (36), who also studied the property ratio 

for these two transverse tests when AU4 and AS4 fibers were used to prepare laminates 

containing an epoxy resin matrix, (Epon 828/mPDA). In his case, for both tests, the property 

ratios were low, being 1.0 and 1.3 for 90° tensile and flexure respectively. Drzal has also 

published two sets of data concerning the 90° tensile properties of AU4/AS4 composites using 

the same Epon 828/mPDA epoxy matrix,-Table 5.8 lists the values published in two different 

articles (37,38). One set (37) yields a ratio of 1.4, slightly higher than that reported by Adams (36) 

of 1.0. The second paper reports a ratio of 1.9 (38), much closer to the ratio of 2.3 obtained in this 

study. 

Micrographs illustrating the differences in the failed transverse flexure surfaces are 

depicted in Figure 5.20. Again, good adhesion was observed for the surface treated fibers. Poor 

adhesion of matrix resin onto the AU4 fibers can be noted by observing the clean fiber surfaces, 

exhibiting little indication of resin adhering to the surface. 

Since all materials prepared in this study and in the work reported by Adams and Drzal 

were drum wound, it is easy to imagine that processing may be a significant factor controlling the 

observed variations. None the less, the fact that differences have been observed is of value and, 

as reported by Adams (36), further investigation is desirable. The transverse measurements used 

together with shear strength evaluation would provide a more complete characterization of the 

fiber-matrix interface as it is likely that interfacial shear and tensile strengths are unequal. 

The transverse flexure test is potentially an attractive method for screening the fiber- 

matrix tensile strength. Small specimen size, consistent failure mode and relatively insensitive to 

surface flaws as compared with the transverse tensile tests are the methods primary assets. To 

probe how sensitive the transverse flexure test is to variations at the fiber-matrix 
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Table 5.6 

Transverse Tension Test Results 

  

  

  

  

    
  

AU4 AS4 IM7 

15% PES (12.8K)/ 15% PES (12.8K)/ 15% PES (12.8K)/ 
BMI/DABA __ BMI/DABA BMI/DABA 

Spec. Modulus Strength SAF Modulu Strength SAF Modulus Strength SAF 
Ss 

GPa MPa GPa MPa GPa MPa 

1 8.55 17.6 0.0020 8.69 73.1 0.0089  =8.00 71.5 0.0089 

2 8.00 27.5 0.0034 8.55 73.0 0.0089 7.86 66.9 0.0084 

3 8.07 30.3 0.0037 8.69 66.5 0.0079 7.86 65.3 0.0082 

4 7.86 31.6 0.0040 8.69 67.6 0.0079 7.79 68.3 0.0087 

5 8.27 35.1 0.0043 8.62 43.98 0.0051 7.93 66.8 0.0086 

Mean 8.15 31.02 0.0039 8.65 70.0® 0.0086 7.89 67.8 0.0084 

Stancar’—0.27 «= «83.20.0009 s«0.06-——isi3x7~—0.0008 Ss «0.08. 23.0007 

Fiber Vol . 54% 56% 66% 
Fraction 

® Mean from first four readings 
@ Mean from last four readings 

SAF = Strain at Failure 
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Table 5.7 

Transverse Flexure Test Results 

  

  

  

  

    
  

AU4 AS4 IM7 
15% PES (12.8K)/ 15% PES (12.8K)/ 15% PES (12.8K)/ 

BMI/DABA BMI/DABA BMI/DABA 
Spec. Modulus Strength SAF Modulus Strength SAF ##Modulus Strength SAF 

GPa MPa GPa MPa GPa MPa 

1 7.72 50.7 0.0066 7.72 100.9 0.0130 8.00 118.9 0.0148 

2 7.93 54.7 0.0069 8.55 99.4 0.0116 7.93 104.9 0.0130 

3 7.72 55.0 0.0071 8.69 102.8 0.0118 7.93 117.3 0.0147 

4 7.86 52.3 0.0067 8.41 116.7 0.0139 8.07 107.2 0.0132 

5 8.14 52.8 0.0065 8.55 105.0 0.0123 8.07 114.9 0.0142 

6 7.79 42.3 0.0055 8.20 99.2 0.0120 8.14 109.6 0.0134 

Mean 7.86 51.3 0.0066 8.34 104.0 0.0124 8.00 112.2 0.0139 

nunca’ 0.14 «4.700008 Ssi0.34si«iBSC«0009S«07—(iti«*L~—C«é.0008 

Fiber Vol . 69% 59% 71% 
Fraction 
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Comparison of Transverse Results With Literature Values 

Table 5.8 

  

  

  

  

  

  

  

Fiber Type Property Ratio 

AU4 AS4 AS4/AU4 

Transverse Flexural 51.3 + 4.7 104.0+ 6.6 2.0 

Strength (MPa) 

Transverse Flexure 0.0066 + 0.0006 0.0124 + 0.0009 1.9 

Strain at 
Failure 

Transverse Tensile 30.0+3.2 70.0 + 3.7 2.3 

Strength (MPa) 

Transverse Tensile 0.0039 + 0.0009 0.0086 + 0.0003 2.2 
Strain at Failure 

Data from Adams (36) 
AU4/Epoxy AS4/Epoxy 

Transverse Flexural 29.6+ 68 39.7+ 5.3 1.34 

Strength (MPa) 

Transverse Tensile 18.1+2.9 18.6+7.8 1.03 

Strength (MPa) 

Data from Drzal (37,38) 

AU4/EPOXY ASYEPOXY 

Transverse Tensile 18.0 34.2 1.9 (ref 38) 

Strength (MPa) 

TransverseTensile 22.4 31.5 1.4 (ref 37) 

Strength (MPa) 
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Figure 5.20 

Micrographs of Failed 90° Flexure TestSpecimens 
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S.E.M. MICROGRAPHS OF FAILURE 
SPECIMENS FROM 90° FLEXURE TEST 

   
    

IM7 FIBER/ 15% W/W MI-PES(Mn=12.8K) IN BMI/DABA 
BAR=20 MICRONS     

AS4 FIBER/ 15% W/W MI-PES(Mn=12.8K) IN BMI/DABA 
BAR=20 MICRONS 

  

   AU4 FIBER/ 15% W/V 
BAR=20 

MI-PES(Mn=12.8K) IN BMI/DABA 
MICRONS 
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interface, the IM8 carbon fibers from Hercules (varying in their levels of surface treatment as 

characterized by their surface energies as described in chapter 2), were prepregged with a 

toughened BMI resin to prepare unidirectional laminates that contained subtle energy changes at 

the fiber-matrix interface. The results are tabulated in Table 5.9. The mean transverse flexure 

strengths increased with increasing surface treatment, but only marginally, i.e., 83.3, 88.8, and 

90.5 MPa respectively for the IM8 50%, 100% and 400% surface treatment levels. These 

differences can not be claimed to be of real significance due to error overlap from their standard 

deviations. Also of interest, is how the strain at failures vary in correspondence with the levels of 

surface treatment. The flexure strengths and strain at failures are all illustrated in bar chart form in 

Figures 5.21a and 5.21b respectively. Although these trends appear promising, to suggest that 

the transverse flexure test is sensitive to subtle fiber matrix interface differences, (especially the 

strain at failure trends which definately increase with incresing surface treatment), the results 

appear fortunate in light of the variations in fiber volume fractions, (Table 5.9). It is difficult to be 

conclusive about the IM8 laminate properties without fully understanding the fiber volume effect 

on these materials. 

In attempting to probe the subtle and contrasting variations at the fiber-matrix interface 

composite tests that fail in shear are desirable. Rather than perform the highly debated and 

commonly disliked short beam shear test, the in-plane shear modulus and strengths were 

evaluated for the AU4, AS4 and IM8 fiber composites using the 90° losipescu specimen tested 

within the Wyoming test fixture. The results are tabulated in Tables 5.10 and 5.11. A dramatic 

increase in shear strength was observed for the AS4 composite over the AU4 composite 

(approximately 70%). The differences in modulus can be attributed to the variations in fiber 

volume fraction. Results obtained from the IM8 laminates (Table 5.11) show only slight increases 

in shear strength with the increase in surface treatment levels and again the differences are not 

significant. 
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Table 5.9 

Transverse Flexure Results On IM8 Laminates That Vary in Their Surface Treatment Levels 

  

  

  

  

    
  

IM8/50% ST + IM8/100% ST + IM8/400% ST + 
15% PES 15% PES 15% PES 

(NHo - 11.9K) (NHo - 11.9K) (NHo - 11.9K) 

Spec. Modulus Strength SAF Modulus Strength SAF Modulus Strength SAF 

(GPa) (MPa) (GPa) (MPa) (GPa) (MPa) 

1 10.0 69.6 0.0078 7.9 98.6 0.1039 7.0 77.4 0.0124 

2 10.3 98.6 0.0107 7.8 101.4 0.0146 7.1 92.4 0.0146 

3 10.2 76.5 0.0084 7.9 81.4 0.0117 6.9 101.4 0.0164 

4 9.7 83.3 0.0103 7.6 77.8 0.0108 6.9 91.0 0.0148 

Mean 10.1 83.3 0.0093 7.8 88.8 0.0128 7.0 90.5 0.0146 

Standard 0.3 12.8 0.0014 0.1 13.4 0.0017 0.1 9.9 0.0016 

Fiber Vol. 75% 48% 44% 
Fraction 
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a.) Flexure Strength b.) Strain at Failure 

266



Table 5.10 

losipescu Results From AU4/AS4 Composites 

  

  

AU4 AS4 
15% PES (12.8K)/ 15% PES (12.8K)/ 

BMI/DABA BMI/DABA 

Specimen Gi2 t Gi2 t 
Modulus Strength Modulus Strength 

(GPa) (MPa) (GPa) (MPa) 

1 3.6 26.8 5.8 42.2 

2 3.5 29.0 5.7 44.5 

3 3.4 28.4 5.9 48.9 

4 3.6 29.5 6.5 51.6 

5 3.5 30.2 6.1 52.6 

6 3.6 25.0 - - 

Mean 3.5 28.2 6.0 48.0 

Standard 0.1 1.8 0.3 4.0 
Deviation 

Fiber Volume 50% 50% 70% 70% 
Fraction 
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Table 5.11 

losipescu Results From IM8 Laminates That Vary in Fiber Surface Treatment Levels 

  

IM8 50% + 15% PES IM8 100% + 15% PES IM8 400% + 15% PES 

  

  

  

    
  

(NHp2 - 11.9K) (NHp - 11.9K) (NHp2 - 11.9K) 

Specimen Gi2 tT Gyo t Gio T 
Modulus Strength Modulus Strength Modulus Strength 
(GPa) (MPa) (GPa) (MPa) (GPa) (MPa) 

1 5.8 59.8 5.3 57.2 5.4 63.3 

2 5.7 59.2 5.5 64.3 5.5 63.9 

3 5.7 65.9 5.7 63.7 5.2 63.1 

4 6.0 60.3 5.9 5.1 67.8 

5 - - 5.9 - - - 

Mean 5.8 61.1 5.7 61.7 5.3 64.5 

Standard 0.1 2.8 0.2 3.2 0.2 1.9 
Deviation 

Fiber 72% 67% 70% 
Volume 
Fraction 
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5.4 CONCLUSIONS 

Composite fracture toughness values were found to increase for both mode | and mode II 

crack opening with incresing levels of polysulfone modfier of controlled molecular weight and 

possessing reactive end groups. Good translation from neat resin to composite strain energy 

release rates were found. Higher values were obtained for the composite Gj, when compared to 

neat resin, and were attributed to a number of contributing factors that include fiber bridging and 

nesting,high resin contents, and resin rich zones within the interply regions. One other possible 

explanation that may contribute to the higher composite values was suggested to arise from the 

smaller domain size of the phase inverted morphology, observed from micrographs of polished 

cross-sections. It was apparent that the carbon fibers had not changed the type of morphology 

but had altered the domain sizes, thereby creating an increase in the interfacial surface area. This 

could possibly contribute to the increase in fracture toughness if interfacial bond strengths 

between thermoset and thermoplastic phases played a major role in the failure mechanisms. 

Future work is necessary in elucidating such mechanisms in these important high performance 

composite materials. 

The unusually high mode I! strain energy release rates can be attributed to similar 

explanations as described above. Extremely high fracture energies were found to be required to 

propagate the crack in shear when resin rich zones were found in the interply regions. 

The mode Il strain energy release rate test was found to be sensitive to the laminates that 

contained the same toughened matrix but possessed a contrasting interphase. Results from the 

_ mode | test were found to be insensitive to the specimens that possesed the contrasting 

interphase. 

Values from the transverse flexure test on AS4 and IM7 fibers were comparable with 

those from the literature, indicating that the laminates were of reasonable quality. Both transverse 

flexure and transverse tensile tests were found to be sensitive to the specimens possessing a 
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contrasting interphase. The laminates containing AS4 and IM7 fibers both yielded far higher 

transverse strengths and strain at failure values than the AU4 laminates. The poor fiber-matrix 

adhesion on the AU4 specimens could easily be identified through micrographs of the failed 

surfaces. Property ratios between AS4/AU4 laminates were higher in this study than similar 

values reported in the literature using the same fibers. More studies are necessary to understand 

the effects of processing, matrix, and test variables before any definative conclusions can be 

made concerning these tests and their ability to evaluate the tensile strength of the fiber-matrix 

interface bond. 

The losipescu shear test using a 90° specimen within the Wyoming Test Fixture was 

found to be sensitve to specimens with a contrasting interphase through evaluating shear 

strength values. This test method was also found to be extremely sensitve to the fiber volume 

fraction as noted through the in-plane shear modulus measurements. 

Specimens that possessed subtle energy changes at the fiber-matrix interface did not 

produce any significant differences in laminate strengths when measured by both the losipescu 

and transverse flexure methods. Future work utilizing these test methods should concentrate on 

developing suitable sizing agents or coatings, specifically designed to control the adhesion 

between fiber type and matrix chemistry. 
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Chapter 6: Interphase Evaluation Studies Using 

Micro and Meso-Indentation Techniques 

6.1 INTRODUCTION AND BACKGROUND INFORMATION 

6.1.1 Introduction to the Fiber-Matrix Interface/interphase 

It is generally accepted that an important component of a composite material is the 

interface/interphase. An interface is a two dimensional border separating distinct phases, and the 

interphase considered to be the boundary between fiber and matrix which is not a one 

dimensional plane, rather a region with a finite thickness, that has properties different from the 

bulk matrix and fiber. Jaycock and Parfitt (1) have discussed the thermodynamics of both 

interfaces and interphases and treating the interphase as a region between interfaces that 

possess a gradation in properties. The Gibbs-Duhem equation for a bulk phase was shown to be 

modified for an interphase by including the term Ady. This term represents the change in surface 

energy, dy, for an area, A,of the interphase as one passes from the fiber-interphase interface with 

species nz and of chemical potential 1; to the interphase-matrix interface which possess no 

species and has a chemical potential 1». Mathematically Jaycock and Parfitt (1) defined the Gibbs- 

Duhem equation for an interphase as: 

SdT - VdP + Ady + 3; nj dy = 0 (6.1) 

In a fiber composite material the properties of the interphase have a significant effect on 

the stress transfer between the matrix and fibers, (the load bearing constituents of composite 
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materials), and also on the composite's environmental resistance. Sharpe (2) presented his 

concerns over numerous approaches to study the mechanical response of a composite material 

whichdid not, include a mechanical model of the, "Region in the vicinity of the interface.” Sharpe 

suggested that models based on an “interphase” should be studied. The term interphase was 

described further by Drzal (3) who depicted the interphase using a schematic model (Figure 6.1), 

which illustrates the many different characteristics associated with the interphase region. 

A wide variety of phenomena can exist within the interphase region, each occuring 

simultaneously and varying in magnitude. Such phenomena include thermodynamic wetting (4) 

of the fiber surface by matrix material as dictated by surface energies. Surface treatments may add 

surface functionality and can also remove original surfaces to provide a new region that is 

chemically and structurally different (5). Depending on the interphase nature chemical and 

physical bonds may exist, the number and type of each can strongly influence fiber-matrix 

interaction. Also, exposure to air can lead to material on fiber surfaces that, if not sufficiently 

removed, could be a source for volatiles which could disrupt the interphase (6). The interphase 

can have profound effects on a composite materials mechanical strength (7,8). Therefore the 

interphase region should be clearly understood if accurate models for predicting important 

properties such as material life and strength are to be developed (9). 

The rationale for studying the fiber-matrix interphase region is twofold. First, from a 

mechanics viewpoint, an understanding of how interfacial shear strengths and interphase 

properties fit into composite micromechanics is required. Following this understanding, if 

engineering properties related to the interphase can be accurately measured then their 

substitution into predictive models for composite life and strength can be made. Secondly, to 

yield the best composite mechanical properties the interphase must be optimized for the 
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Figure 6.1 

Schematic representation of the Interphase (3) 

276



proposed use and performance requirements. To understand this concept it is necessary to 

discuss stress transfer at the interphase and to introduce the term "ineffective length." 

Considering a unidirectional laminate that is stressed in the fiber direction, then shear 

stresses at the interphase are essentially zero since the tensile strain within the fiber will equal the 

tensile strain in the matrix. This will not be the case at fiber ends, where at a point of fiber fracture 

stresses built up within the matrix can not be effectively transferred to the fiber. Within this region 

a large shear stress, t, is found which traverses a fiber length termed the ineffective length ( 

Figure 6.2). Over the ineffective length the tensile stresses in the fiber will be zero at the fiber 

end and then rise to a far field value, do, as the fibers ability to carry a load increases receeding 

from the point of fracture. The interphase shear resistance around the broken fiber will govern the 

amount of stress transfer and will therefore dictate the size of this ineffective length. Bascom (10) 

has depicted the various contributions to the interphase shear resistance by illustrating them in a 

schematic representation Figure 6.3 (10). 

The ineffective length (5)will determine the manner in which the stress is transferred from 

a fiber break to adjacent fibers. A short ineffective length will impart a high stress concentration 

upon neighboring fibers, which themselves are carrying a higher load due to the original broken 

fiber losing its load bearing capabilities. Multiple fiber fracture within close proximity caused by 

these stress concentrations can lead to catostrophic composite failure. If the Interphase is weak, 

and the ineffective length long, then a fiber break results in a significant loss in the fiber's ability to 

carry a load. Stresses will be transferred far away down the fiber length, and therefore extend to 

numerous other fiber locations. These may fracture due to the existence of a distribution of flaws 

contained within all fibers. Such a larger region encountering stress transfer will inevitably create 

many fiber fractures and hence lead to composite failure. The interphase shear strength must 

therefore lie between these two extremes as depicted schematically in Figure 6.4. 
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The Ineffective Length (10) 
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Various Effects Contributing to the Ineffectivre Length (10) 
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Figure 6.4 

Schematic Diagram Illustrating Stress Transfer (10) 
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To optimize a composite interface/interphase much work needs to be directed towards 

surface treatments, sizing agents and (perhaps) processing techniques. At present it is difficult to 

develop optimum interphases since current knowledge relating to the interphase is far from 

complete. This is mostly due to the difficulty in measuring the interphase properties, in view of the 

small size and delicate nature of the fibers. 

Data published in the literature may frequently conflict when different test methods are 

used to measure the interphase shear strength for example. Typically, the major concem focuses 

upon what effect is actually being measured. It is generally believed that in a true composite 

material an interfacial shear strength will be composed from a number of constituents. Such 

components could exist from both chemical and mechanical effects. Covalent bonds , acid-base 

interactions and dispersive energies would contribute towards bond shear strength of the 

interphase as well as radial tensile strength. A frictional shear strength component within the 

interphase region could exist through differences between fiber-matrix thermal expansion 

coefficients. A mechanical clamping or gripping of the fibers by the matrix can occur in carbon 

fiber-polymeric composites where shrinkage pressures created upon cooling from processing 

temperatures above glass transitions and on curing are highly likely. Their are four major 

techniques that have been reported and highly debated in the literature concerning 

measurements of the interfacial shear strength. These techniques are; 

1. Single Fiber Fragmentation 

2. Single Fiber Pull-Out 

3 Single Fiber Micro-Drop Debonding 

4. Single Fiber Micro-indentation 
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Scematic Representation of the Four Current Interfacial Test Methods 
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Figure 6.5 schematically illustrates the specimen arrangement in these various test 

methods. The following section gives a brief description of the above tests, and discusses some 

literature results that have utilized the various techniques. Certain advantages and disadvantages 

and possible limitations are described, which set the foundation and philosophy as to why certain 

techniques were chosen in this study to probe the fiber-matrix interphase response. 

6.1.2 Discussion of Literature and Interface Evaluation Techniques 

6.1.2.1 Single Fiber Fragmentation Test 

Initial work by Cox (11) used elasticity theory to provide the approximate determination of 

tensile stresses within fibers and shear stresses at the interface. Later, using this analysis, Kelly 

Tyson, and Davis (12,13), derived a simple expression that related the shear stress (t,) at the 

fiber resin boundary to the fiber diameter (d), the fiber tensile strength (o,), and the limiting 

fragmentation length (I,), expression 6.2. 

Oc.d 
Io = Qe (6.2) 

Due to the variation in fiber properties attributed to an inhomogenous distribution of 

flaws along the fiber length, equation 6.2 can be altered when Weibull statistics are applied to the 

evaluation of fiber strengths, that is: 

t = (o/2B) T (1-1/a) (6.3) 

Where I is the gamma function and a and B are the Weibull shape and location 

parameters (3). The procedure has been widely used and the results which were published (14- 

22) have generated a great deal of discussion. 
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In the fragmentation tests a single fiber is embedded within a matrix coupon and a tensile 

force is applied to each specimen end. The stresses within the matrix are transfered to the 

embedded fiber through an interfacial shear transfer mechanism. Fiber axial stresses thus 

induced will rise within the fiber and become maximum at the fiber center. Fiber fracture occurs 

when this maximum stress reaches the failure strength of the fiber. The point of fracture is 

dictated by the flaw distribution along the fiber length. Upon continued loading more fiber 

fractures are created and the fragmentation process continues until the fiber is so short that 

insufficient stresses are transferred into the fiber to create fracture (Figure 6.6). At this point the 

fiber length is termed the fiber critical length (I,) and the expression 6.3 is used to evaluate an 

average interfacial shear strength that takes into account the measured distribution of 

fragmentation lengths. 

Typically the fiber fragmentation lengths are measured using a filar eyepiece when the 

matrix material was transparent. Such transparency was also noted as a major advantage of the 

technique since stress birefringence patterns could be monitored to study failure mechanisms 

associated with various interphases (3,14,18,19,23). This requirement that transparent resins 

were needed to perform the tedious task of fiber fragmentation measurements became a major 

disadvantage for the technique. However, Bascom (19) partially solved this problem when he 

studied Polycarbonate, Polyphenyleneoxide and Polyetherimide matrix resins that were all 

soluble in low boiling solvents, thereby collected the fragments through dissolution and filtration. 

Narisawa (24) has used an accoustic emmision technique to monitor the number of fiber breaks to 

estimate fiber lengths. This appears to be far less tedious than other methods. 

In order for the fragmentation process to be used the matrix needs to be strained to 

extensions greater than twice that of the fiber breaking strain. The polymer must possess at least 

this ultimate strain. This can be a major drawback for the technique if brittle resins are to be 
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Fiber Fragmentation Process (28) 
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studied. Favre (25) has overcome this problem by utilizing a two-step embedding process 

whereby the single fiber is initially coated with a brittle resin, cured, and then further embedded in 

a more ductile matrix. 

A problem typically attributed to this fragmentation method is that only a mean interfacial 

shear stress can be evaluated. If partial debonding occurs during the fragmentation process this 

mean value may be far less than the maximum. Piggott (26) has suggested that one advantage for 

this technique over the other existing single fiber methods is that the stresses across the 

interface due to Poisson effects are much closer to those found within actual composite materials. 

This is a surprising comment given that a quite common major concer relating to this, and all other 

single fiber techniques, is associated with the fiber being in an unrealistic stress state as 

compared to that within a true composite material. 

Major problems lie in the elementary derivation of equation (6.2), where gross 

assumptions have been made that over simplify the stress state around the fiber. Kelly (12) 

originally identified t, as "The failure stress in shear of the interface or matrix." Bascom (18) 

suggests that the tendancy to equate t with fiber resin interfacial shear strength may be a false 

approximation. Bascom (18) has stated that, “Unless it can be shown independantly that stress 

transfer is in fact limited by the interfacial shear strength, t, can not be unequivocally identified as 

a measure of fiber resin adhesion." Bascom appears adamant concerning this issue and suggests 

that the terminology of Frazer (27) who studied glass fiber-resin interactions, diplomatically avoids 

the question of locus of stress transfer by refering to t as the "shear stress transfer coefficient.” 

The locus of failure within the interphase determines the level of stress transfer between fiber and 

resin. A knowledge of where the failure occurs is important so that modifications can be made 

within the correct areas of the interphase to improve the stress transfer process. 

A major concern from a mechanics viewpoint is that equation 6.2, first reported by 

Kelly, uses assumptions that are over simplified for analyzing actual carbon fiber composites. 
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Verpoest (28) has presented a critical review concerning the micromechanical test methods for 

interfacial strength measurements in composite materials. In the review Verpoest highlights the 

assumptions made by Kelly when formulating the force balance equations that form the basis of 

equation 6.2. The major assumptions were: 

1. Ideal elastic fiber properties 

2. Uniform load distribution 

3. Constant shear stress at fiber ends 

4. Azero shear stress occurs far from the fiber ends 

At the critical length, Kelly's model assumed that the shear stress and the tensile stress 

are as illustrated in Figure 6.7a, here the maximum tensile stress at the fiber center equals the 

fiber strength. Verpoest (28) presented a more rigorous and complete micromechanical analysis 

of the fragmentation process, he reports that the simple elastic model used to measure an 

average interfacial shear strength is an oversimplification and can be valid only if full debonding or 

full matrix yielding has occured. 

According to Verpoest the fully elastic model fails through the basic assumptions in that 

the concept of critical length would not exist as theoretically predicted. On continued loading the 

broken fiber length will continue to decrease to zero. A new data reduction scheme was 

presented (28), whereby bond shear strengths and matrix yield strengths could be derived, (thus 

refuting Piggot's (26) claims that the pull-out technique is superior, providing more interfacial 

information). Verpoest (28) presented an approximation of the shear stress distribution for his 

‘partially elastic’ model (Figure 6.7b) where, as specimen deformation increases, shear stress at 

the fiber ends reaches a level where in-elastic deformations occur. An important progression, as 

now this new 
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shear stress distribution predicts shorter fiber critical lengths and would therefore yield higher 

interfacial shear strengths. 

Drzal (3,14,15) has frequently used this fragmentation technique throughout his studies 

on the fiber-matrix interphase. Recently he has begun to evaluate and report (20-22) the 

mechanical response of the AU4, AS4 and AS4C fibers and epoxy resin composites which have 

also been studied through the fiber fragmentation test. A direct relationship was found between 

increasing levels of fiber-matrix adhesion and the off-axis properties of the mechanical laminates 

(20-22). Drzal noted, that three different interfacial failure mechanisms resulted from the three 

fibers that possessed three differing levels of adhesion within the epoxy matrix, these being 

frictional, interfacial, and matrix dominated with respect to the AU4, AS4 and AS4C fibers 

respectively. 

Drzal and Rao (29) have also studied the dependance of the interfacial shear strength 

with respect to matrix and interphase properties. By using both di and tetra-functional epoxy 

resins cured with a series of different diamines, matrices for the carbon fibers were prepared that 

varied in their shear modulus and gave a variety of matrix properties ranging from brittle-elastic to 

ductile-plastic. A linear relationship between the interfacial shear strengths and the square root of 

the shear modulus times the strain at failure at the critical length of the system was found. Also, a 

linear relationship resulted from a plot of interfacial shear strength against the temperature 

difference between the matrix glass transition and the test temperature. From these results Drzal 

(29) concluded that a dependance appears to exist between matrix modulus and interfacial shear 

strength due to the stress transfer function of the matrix. It may be that Drzal was attempting to 

verify the opinions of Bascom (18) where, if stress transfer is limited by the matrix, it would be 

highly unlikely that costly modifications in fiber surface properties would improve stress transfer or 

mechanical properties when stress transfer is a determining factor, (such as 0° tensile strength). 
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Table 6.1 

Comparison of Interfacial Shear Strengths From Various Techniques on the Same Fiber 
Composites Possessing Untreated and Surface Treated Carbon Fibers (15,16) 

  

  

  

Fiber Continuous Ball Single Fiber Single Fiber Single Fiber 
+ Indentation Micro-Indentation Micro-Debond Fragmentation 
Epon 828/mPDA 

AU4 71.71 55.52 23.42 37.22 

AS4 71.5 50.3 68.3 

AS4/AU4 1.3 2.1 1.8 
Ratio 

  

1 (See Reference 66) 
2 (See Reference 15) 

290



Drzal et al.(15) are currently pursuing a comparative investigation into the interfacial shear 

strengths as measured by different techniques using the same fiber-matrix combination (Table 

6.1). The results do indicate that the fragmentation method is yielding lower values for the 

interfacial shear stress (37.2 MPa on AU4 fiber as compared with 55.5 MPa measured by the 

micro-indentation method), a concern stressed also by Piggott (26). 

In work reported by Bascom (19) using the fragmentation method to study thermoplastic 

adhesion to carbon fibers it became evident that the shear adhesion strength for three 

thermoplastics was significantly less than that of an epoxy resin adhered to the same carbon fiber. 

Some studies at Cornell University (30,31,32) have begun to use Monte Carlo simulation studies 

to use as a foundation for interpreting data that may generate methods at obtaining a more realistic 

value for the interfacial shear strength. Favre (33) has also pursued the interpretation of the test 

and developed a computer simulation which models the build up of elastic stress transfer and 

stress transfer by friction during the test. A comparison of the model with experimental results is 

continuing. 

The single fiber fragmentation test, although possessing certain limitations, is continually 

stimulating research efforts. Recent attention is on improving the data reduction scheme with 

some efforts employing multiple fibers (84). Presently the technique may be summarized by 

suggesting that it measures an effect of the interphase rather than the true interfacial shear 

strength were the fiber to be found in an actual composite specimen. 

6.1.2.2 Fiber Pull Out Test 

Favre (35), initially pioneered this single fiber pull-out technique where a specimen 

consists of an individual fiber embedded within a resin block or a thin resin disc (Figure 6.5b). The 

fiber may be pulled out from the resin with a steadily increasing force, providing that the force 

required to create pull-out does not exceed the fiber's breaking strength. An average strength for 
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the fiber matrix interface is determined to a first approximation by dividing the measured pull-out 

force by the area of the embedded fiber (expression 6.4). 

Tay = (Fpo/2 Trl) (6.4) 

Tay = Average shear strength 

Foo = Pull-out force 

r = Fiber radius 

L = Embedded length 

A major assumption made in the test analysis is that the shear stress distribution is 

uniformly distributed along the fiber length. Friction and embedded length can affect this stress 

distribution as can the matrix properties (15). Again, a test that possesses an oversimplification of 

the stress state is being used to measure fiber interface strengths. 

Piggott (26,36-42) has been the main advocate for this technique and has stated that 

three failure modes are possible during the test, they are: 

1. The maximum shear stress reaches the interface strength, 

2. Yielding takes place at the interface at a particular stress value, 

3. The interface fractures, and possesses a work of fracture G; per unit area 

of interface. In this case the strain energy within the components is the 

source for the required fracture surface energy. 

Penn (43,44) suggests the stress concentration which occurs at the point where the fiber 

exits the resin, generates a crack which causes the failure. Piggott (26) tends to support this work 
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of fracture analysis and has shown that an equivalence exists between the debonding shear 

stress, tg, and the work of fracture Gj]. 

Gyy = (d(14V_p9) In(D/d) 2E,_) (tq)? (6.5) 

Gy); =Work of interface failure in shear 

Tq = Debonding shear stress 

Em = Youngs Modulus of polymer 

Vm =Poissons ratio of polymer 

D = Effective diameter of surrounding polymer region 

d = Fiber diameter 

Piggott (26) emphasizes it is not entirely clear as to what is being measured during the 

pull-out technique, a shear strength or a shear mode fracture toughness. A rather surprising 

result occurred when carbon fibers were well bonded to epoxies, the pull-out strength exceeded 

the yield stress of the matrix resin (38). For debonding to be a yielding process the debonding 

force should be linearly related to the embedded length. However this is not the case and a curve 

is typically obtained which is used to estimate the work of fracture (36,37). Piggott claims that 

plots of debonding force against embedded lengths suggest an energy controlled failure is 

occurring rather than one controlled by a stress criterion. Penn (43,44) supports this, and has 

presented a fracture mechanics arguement to predict the behaviour and suggests that no unique 

bond strength occurs over all embedded lengths. 

When the free fiber length is kept very small (ie the fiber length embedded neither in the 

polymer nor in the grips) frictional data may be determined from this technique using a curve fit 

from a typical pull out curve, illustrated in Figure 6.8. As can be observed, the force increases 
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linearly and rapidly until a sudden debonding occurs. With a continual application of force the fiber 

is pulled out against the resistance of frictional forces, a curve is generated that may be fitted to 

produce data for the coefficient of friction,u , and the pressure across the interface, p. This type 

of data may be obtained for low modulus fibers such as glass or Kevlar where the fibers Poisson 

shrinkages are very large (41). 

The potential for obtaining three interfacial parameters: the debonding force, coefficient 

of friction and interface pressure, have stimulated Piggott to claim the pull-out technique is the 

superior method for probing interfacial response, and that it possesses the greatest potential for 

determining absolute interfacial values. Bascom and Drzal (45) have indicated that under the pull- 

out loading conditions a normal tensile state of stress develops which acts to pull the matrix away 

from the fiber at the exit point. This is the opposite of what is observed in an actual composite 

specimen. Also, in the single fiber pull-out technique if the required force to pull out the fiber 

exceeds the fiber breaking strength then the fibers will break, a most annoying situation 

considering the effort required to embed a single fiber into the resin. 

The most valuable information resulting from this technique is obtained from plots of 

debonding force against embedded lengths. Pitkethly and Doble (46,47) have recently 

described a new data reduction technique for the pull-out test where, if sufficient data points are 

obtained within the embedded length range <30 and > 300 um, the maximum interfacial shear 

strength values can be evaluated with confidence. 

Pitkethly utilized a stress analysis developed by Greszczuk (48), which was based on 

shear-lag equations for a single fiber pull-out scheme. The maximum shear strength for the 

interphase (expression 6.6) contained a term a (expression 6.7) that included a term for the 

interphase shear modulus, G , the interphase thickness, b, fiber radius,r , and E the fiber 

modulus. 
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Tmax = Tay alcoth (6.6) 

a =, /2G 
V bre; (6.7) 

The term Tay was Calculated through expression 6.4 and as the interphase modulus and 

thickness are unknown. Pitkethly developed a data reduction method to evaluate tra, through 

a non-graphical procedure that eliminated the direct calculation of a. Values for tma, were higher 

than those reported by Piggott and Drzal (ie 124 and 174MPa as compared to 26-55 MPa). A 

suggested reasons for these discrepancies were that Drzal can only measure average interfacial 

shear strengths due to long fiber fragment lengths being obtained in the single fiber 

fragmentation technique. Also, Piggott was calculating a frictional shear strength rather than an 

interfacial bond shear strength. 

Pitkethly (46,47) further described a method to evaluate the interfacial thickness and 

modulus by calculating o once trax had been evaluated. Calculated interphase thicknesses for 

the two systems studied were 2.3 and 1.0 um respectively, although these may appear large it 

was stressed (46) that the term, b, was not describing a coating but was rather a measure of the 

distance from the fiber over which the stress transfer acts. 

To perform the data reduction scheme described by Pitkethly, extremely tedious fiber 

embedding processes are required to make the embedded length <30 um, which illustrate a 

major disadvantage for the pull-out technique. Most importantly however, certain matrix resins 

cured at temperatures of approximately 200-250°C will impose such large shrinkage pressures on 

the fibers upon cure. The debonding strengths to pull out the fibers embedded as deep as 

300m will be higher than the fiber breaking strengths. Premature fiber rupture will occur rather 

than fiber pull-out and the technique can not be performed with these important resin systems. 
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Typical resin cure temperatures for pull-out specimens prepared in studies by Piggott (41) 

are 20C and 80C and for Penn 120C (43,44). The pull-out technique has major advantages for 

relatively low performance composites. However, for those researchers interested in high 

performance composites, typical of materials for primary composite structural applications, clearly a 

different technique is required to probe the fiber matrix interfacial response. 

In his efforts to promote the importance of respecting friction, Piggott (26) has described 

the energies required to overcome frictional forces as "contaminants" to the interfacial shear 

strengths. Rather than a contaminant, the frictional forces at the interphase may be a component 

of the entire response. Thus, it is becoming evident that any method which studies the 

interphase should possess some means for monitoring this response. Test methods on actual 

composite specimens therefore possess an immediate advantage over single fiber model 

composites. They reflect true composite processing conditions, which will include residual 

stresses and frictional effects at the interphase. 

6.1.2.3 Micro-drop debond Test 

A variation of the fiber pull-out technique described in the previous section was 

developed by Miller (49) and utilizes a polymer droplet on a single fiber (Figure 6.5c) which is 

adhered to a metal tab which in turn is attached to a load cell on a tensile tester. A microvice is 

mounted on the crosshead of the tester and used to grip the single fiber. The fiber is pulled out 

from the polymer as the shearing plates move downward. A simple shear strength required to 

create fiber pull-out is calculated from the expression 6.8. Figure 6.5c schematically describes the 

experimental apparatus. Initially a wedge shaped vice was used to debond the polymer however a 

torque may be produced that causes resin to peel from the fiber and so vice grips with flat 90° 

faces are now used 
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t=F/A=F/ (MDL) (6.8) 

t = Interfacial shear strength 

F = Force Required for Debond 

D = Fiber Diameter 

L = Embedded Length of the Droplet 

A major difference between this test and the fiber-pull out previously described is that 

due to surface tension effects the small droplet contracts into an ellipsoidal shape having a 

smooth curving boundary where the fiber exits from the drop. This effect reduces but does not 

eliminate the stress concentration factor, and, the variability in the recorded data with this 

technique decreases. Sample preparation can again be tedious since single fibers with small 

diameters have to be controlled. Also, as attempts are employed to use the technique with a 

variety of matrix resins, limitations concerning sample preparation are being found. Certain 

examples are the hot-melt resins described in Chapter 3 of this thesis. Initial attempts to prepare 

droplets on fiber surfaces were not succesfull as the material needed to be melted on to the fiber, 

and sample preparation within ovens has not yet been perfected for these thermoset resin 

systems (53). 

Thermosets which are low viscosity resins at room temperature can be utilized to prepare 

specimens and their results have been published (49-52). Thermoplastic resin samples can be 

prepared into micro-droplets. Polyerthersulfone, for example, can be cast into thin films and 

micro-drop specimens prepared through a wedge shaped sample that is hung over the mounted 

fiber (53). A semi-crystalline thermoplastic, polyetheretherketone, was subjected to the test on 

Hercules AS4 and HMS fibers (51). Lower bond strengths found for the polymer on the higher 
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modulus HMS fiber have not been explained. Differences in interfacial morphologies have been 

proposed as one possible cause (51). 

Advantages of the micro-drop technique lie in the small amount of resin that is required to 

create the micro-drop. Miller (50,52) studied E-Glass, Kevlar and carbon fibers on droplets of 

Epon 828 epoxy. Upon treating the E-glass surface with a silane coupling agent the bond 

strength between resin and fiber increased from 33 MPa to 49 MPa. The load for debonding was 

found to increase linearly with embedded area and bond strengths were found to be 

reproducible; however, the standard deviations were rather large being typically 20%. 

Miller and Gaur (50) pursued the technique further and examined the influence of various 

experimental parameters on the interfacial bond strengths such as initial tension on the fiber and 

variations in loading rate. As the applied shearing force decreases with distance from the point of 

application the measured shear strength decreased with several fold increases in the embedment 

area . Miller and Gaur (50) also suggest that the large distribution of bond shear strength values 

reflect real differences in fiber surface heterogeneity. Clearly this technique can not accurately 

reflect the interfacial shear strength values in actual fiber composite laminates. However, this 

method may be of use to serve as an indicator in the ability of new matrix resins to adhere to 

different carbon fibers, thereby acting as a possible screening test for new matrix resins in which 

material supply is limited. 

The ability to study various effects of fiber surface treatments such as acid plasma effects 

is another advantage the microdebond technique possesses. The adhesion of 

polyphenylenesulfide on IM6 carbon fibers changed from 49.5 + 12.1 MPa to a value of 73.2 + 

8.5 MPa for the same matrix on acid plasma treated carbon fiber (51). Acid-base interactions were 

suggested to have created this increase (51). 

Drzal and Hunston have shown that the small droplet size may be a cause for concem, as 

vaporization of the curing agent at typical curing ternperatures may cause property differences 
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between the drop and bulk samples (15). Penn ( 43,44) has published papers which discuss the 

interpretation of single fiber pull-out tests and indicates that the relationship between pull out 

force and embedded length is linear for small embedded lengths but at large lengths reaches a 

constant force. A fracture mechanics arguement was used to predict this behaviour and suggests 

that no unique bond strength occurs over all embedded lengths (44). Penn also suggests that 

crack propagation is the failure mechanism within these specimens rather than simultaneously 

debonding of a uniformly loaded interface. 

6.1.2.4 Micro-indentation Test 

The micro-indentation test (also referred to as the micro-compression or push-in test) 

utilizes a sophisticated apparatus that subjects an individual fiber to a compressive load (using a 

diamond shaped indentor), and measures the force required to debond this fiber from a 

surrounding matrix (Figure 6.5d). Initial work using micro-indentation was performed by Marshall 

and Oliver (55) who studied thick fiber reinforced ceramic composites. They obtained interfacial 

shear strengths using a data reduction scheme based on the shear lag model (11). Grande and 

Mandell (56) developed a finite element model for use in data reduction to produce interfacial 

shear strength values. 

The major advantage for using micro-indentation is that model composites do not have to 

be prepared. Data may be obtained on actual composite specimens that have high fiber volume 

fractions and reflect the processing and environmental conditions of the composite specimen. 

Sample preparation includes potting the unidirectional composite laminate in a room 

temperature cure epoxy resin, and polishing the surface to permit compressive loading of 

individual fiber ends oriented normal to the polished surface. Dow (57) patented the instrument 

developed at MIT and use an automated indenter, computer controlled, to carry out the 

positioning and debonding measurements (57-59). The direct measurement involved in the test 
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is the compressive force required to produce debonding. Data is then reduced through a Finite 

Element Analysis (56), which is based on a simplified micromechanical model, and analyses the 

stress state around each fiber under examination. The input parameters required for interfacial 

shear strength calculation are ; 

1. Es = Young's Modulus of the Fiber 

2. Gn = Matrix shear modulus 

3. Dy = Fiber Diameter 

4. Tm = Fiber Distance from it's Neighboring Fiber 

9. o = Axial stress on the fiber at debond 

The shear strength, t , is obtained through the analysis of Grande's Finite Element Model 

(56) as a function of the above parameters. 

t=F (6, (Gr/E) . (Tm /Dp) (6.9) 

As reported by Caldwell (59) before any fundamental significant difference can be given 

to the numbers produced, considerations regarding the underlying assumptions of the finite 

element model must be addressed. These are: 

1. Deformation and damage to the fiber by the probe tip is ignored, 

2. Effect on the stress state of multiple neighboring fibers is not taken into account, 

3. The possibility of compressive failure or damage to the fiber is ignored, 

4. Effects of the elastic free-edge singularity at the corner of the fiber matrix on the 

contact surface are ignored. 
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From the finite element results of Grande (56) failure was reported to occur due to a 

dominance of the shear stress component which reached a maximum value at approximately one 

half the fiber diameter below the contact surface (Figure 6.9). It was assumed that at this point 

debonding is initiated by the maximum shear stress and quickly spreads over the area around the 

fiber and up to the surface. Both the maximum position of the shear stress and the failure criteria 

are questionable when applying the technique to composites containing various fiber and matrix 

types. However Mandell and McGarry et al. (61,62) has succesfully applied the technique to a 

variety of thermoplastic and thermosetting composites. 

Piggot has discussed this test in an interface overview (26), and suggests that as the 

interpretation relies upon a finite element model, it is difficult to use the results to determine 

interface failure modes. Also, since Piggot (26) has championed the importance of frictional forces 

contributing towards interface strengths, he points out that pressure on the fiber may increase 

pressure across the interface due to the fiber expansion due to the Poisson effect (26). Asa 

carbon fiber has a much higher stiffness than a matrix resin, the latter statement may be somewhat 

irrelevant. However , with the data reduction procedure currently available the analysis of 

pressure effects can not be made. Verpoest has also highlighted this point and suggests that in 

the real situation, interface failure is not controlled only by a simple shear stress criterion . An 

important consideration is the effect radial stresses impart at the interface. Verpoest postulates 

that these radial tensile stresses may be so high that tensile failure could occur (28). To 

characterize interface properties it is more appropriate to use a failure criterion that takes into 

account the different stress types. A more complex failure criterion would then enable the 

interphase shear strength to be separated into its constituative elements such as bond shear 

strength or radial tensile strength and frictional shear strength. 

Literature citations were initiated by Mandell (62) who reported on the various indentor 

geometries that could be used for measuring debonding in composites. He studied Kevlar, 
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graphite and glass composites, in which the interfacial bond degradation upon exposure to 

moisture was monitored by measuring the force required to debond the fibers during indentation. 

Grande (56) took the technique further and studied carbon fiber-epoxy, metal, glass, and glass- 

ceramic composites and developed a finite element programme to calculate bond strength values 

at the debond initiation point. Typical values for a carbon/epoxy composite were 44.0+5.7 MPa. 

Following the initial effort by workers at MIT the Dow chemical company patented an 

instrument (58) that fully automated the micro-indentation technique and used Grande'’s finite 

element program to calculate interfacial shear strengths. Tse (58) used two of Dow's resin 

systems, one epoxy, the other a rubber toughened epoxy, and illustrated how the micro- 

indentation technique was sensitive to an increase in the composite fracture toughness as fiber 

debond strengths increased with increases in mode | strain energy release rate values of the fiber 

composites. 

Caldwell (59) utilized the Dow instrument to develop an understanding into the interfacial 

phenomena for a Dow cyanate ester resin system containing one of two carbon fiber types, AS4 

and G40. The micro-indentation results indicated that the same matrix resin gave good adhesion 

on AS4 fibers but showed poor adhesion to the G40 fibers (typical values were 37.9 MPa 

compared with 66.9 MPa on the AS4 fiber). These results were also reflected by composite 

mechanical tests such as the Edge Delamination Test (EDS) which were lower for the poorly 

bonded resins on the G40 fibers. Interestingly, the G40 fibers produced composites that were 

not toughened through the addition of rubber modifiers; but, the AS4 fiber composites were to 

toughened. However an increase in toughness was not reflected by an increase in fiber 

debonding strengths as reported by Tse (58), thus illustrating the complex nature of fiber-matrix 

interactions. 

Caldwell has further illustrated how composite mechanical performance may be related to 

an optimum interfacial strength by studying flexural and tensile strengths and notched Izod impact 
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strengths of vinyl ester-glass mat composites (Figure 6.10). The impact and tensile strengths 

appear to be maximized at interfacial shear strengths of 60-70 MPa. 

Similar micro-indentation methods have been reported which differ in their specimen 

geometry. Netravali (64) has reported studies on sized and unsized glass fibers embedded within 

a disc of epoxy resin. The fibers were pushed through the resin and interfacial shear strengths 

measured using expression 6.10 where D is the fiber diameter, T is the specimen thickness, and 

Ly is the load value at the point of intersection between two tangents drawn upon the elastic and 

non-elastic curves on the load displacement plot. 

t=Lg/(DT) (6.10) 

Netravali (64) observed increases of 60% in the interfacial shear strengths for the sized 

glass fibers when compared to unsized fibers. 

Although certain limitations appear to be associated with the micro-indentation technique 

in terms of the data reduction using a Finite Element Model, it has proven to be sensitive to fiber 

matrix interactions, and its major advantage of describing interfacial responses from testing bulk 

composite specimens can not be overlooked. 

6.1.3 Rationale and Research Goals 

The preceding section illustrates how interface/interphase properties have been probed 

over the past few years and indicates that no technique has so far distinguished itself as the 

method for evaluating composite material interface/phase properties. The various methods each 

possess their own attributes and the author feels that researchers should select a particular test 

that best suits the main research goals for an individual project. For example, various 

modifications in surface treatments and coupling agents on carbon fibers may be best estimated 
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or ranked by fiber pull-out mehods. Single fiber fragmentation methods, with improvements in 

data reduction techniques may best illustrate effects of varying matrix morphology on stress 

transfer mechanisms. However, test methods on composite specimens must ultimately be used 

to obtain information regarding interfacial properties, since existing single fiber model composites 

do not represent a complete description of the stress state found within composite laminates. 

More information is required to understand how and why differences observed by these 

tests are related to the mechanical property responses of composite specimens. Drzal has begun 

to characterize the interfacial response through a number of these single fiber techniques and 

also to measure the mechanical response from laminates of the same material (20-22). Table 6.1 

details the comparison between four techniques used to measure the interfacial shear strengths 

for the same epoxy matrix on untreated and surface treated fibers. The table illustrates two 

important features. First, the interfacial shear strength values are lower for the tests performed 

using a single fiber model composite when compared with tests performed upon composite 

specimens. Secondly, taking the ratio between the measured interfacial shear strengths from 

surface and untreated fibers the results from tests on composite laminates gave lower values. 

Table 6.1 introduces a value obtained from a new method that is being investigated and 

developed at Virginia Tech within the Material's Response Group (MRG). This is termed the 

Continuous Ball Indentation Test (CBIT), or meso-indentation. Rather than performing an 

indentation on one single fiber a group of fibers are continually loaded. Their response to 

penetration is being studied by Lesko and co-workers (65-69) in order to analyze if any interfacial 

shear strength information can be inferred. To date, a micromechanical model developed by 

Carman (67,68) has been applied to the meso-indentation response, and the value reported in 

table 6.1 obtained for the interfacial shear strength. 

A unifying theme of this thesis would arise from evaluating interfacial responses for 

important composite matrix materials such as the thermoplastic modified bismaleimides as 
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reported in Chapter 3, which were processed into laminates in Chapter 4 and tested as described 

in Chapter 5. If models for predicting life/strength of composite laminates are to be developed, 

and a philosophy exists that interfacial response information would make them more accurate, 

then interfacial test methods should possess the ability to measure the interface properties from 

specimens containing high temperature performance thermoplastic modified thermosets. A 

suitable test that successfully measures interfacial responses is required. 

The single fiber pull-out techniques would not be suitable for such measurements due to 

the high cure temperatures (250°C) which create high shrinkage stresses on the fibers. This 

would exceed fiber breaking strengths and render the test impossible, since the fibers would 

break rather than pull out. 

The micro-drop debond technique has not (to date) been performed on such matrix 

materials which require high temperatures for hot-melt resin preparation. Transfer and cure the 

single drop onto the fiber surface presents many problems. 

Sample preparation for the single fiber fragmentation test is tedious and difficult to 

perform. With the phase separated phenomena occuring within the toughened BMI thermosets 

birefringence patterns could be observed through cross-polarizers. These patterns would 

probably make the failure mechanism interpretation and fragmentation length measurements 

difficult. Also, this method most probably underestimates the interfacial shear strength, and an 

average rather than a maximum value is typically obtained. 

Considering the above reasons for not pursuing single fiber techniques, and with an 

understanding that indentation measurements could provide useful interfacial information on 

important structural composites such as toughened thermosets, they were the best choice. 

Further, coupling this with a desire from the Virginia Tech Materials Response Group for obtaining 

composite laminates which varied at the 
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Table 6.2 

List of Materials Supplied By the Author into the interdisciplinary Program Measuring the 
Indentation Response on Composite Materials 

  

  

  

  

  

  

Fiber Matrix Comments 

+ 15% PES (12.8K-Ml) Contrasting 
AU4 BMI/DABA Interphases 

AS4 + 15% PES (12.8K-Ml) 
BMI/DABA 

IM7 + 0% PES (12.8K-Ml) Varying the Levels of 
BMI/DABA Polysulfone Modifier 

IM7 + 15% PES (12.8K-Ml) 
BMI/DABA 

IM7 + 20% PES (12.8K-Ml) 
BMI/DABA 

Cure cycle Effect of Post Cure on 
IM7 Interphase Response 

| Hour at 200°c 

Cure cycle 

IM7 | Hour at 200°c 
2 Hours at 250°C 

IM8 50% ST + 15% PES (11.8K-NH2) Subtle Changes at the Fiber- 
BMI/DABA Matrix Interphase 

IM8100% ST + 15% PES (11.8K-NH2) 
BMI/DABA 

IM8 400% ST + 15% PES (11.8K-NH2) 
BMI/DABA 

IM8 50% ST Poly(ethersulfone) Subtle Changes at the Fiber- 

IM8 100% ST 

IM8 400% ST 

Poly(ethersulfone) 

Poly(ethersulfone) 

Matrix Interphase 
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fiber-matrix interphase, toughened BMI laminates were prepared in-house, and characterized for 

interphase evaluation using micro and meso-indentation techniques. 

6.2 MATERIALS 

Table 6.2 lists the materials that were generated to evaluate interfacial responses using 

indentation methods. Numerous samples were studied that hopefully illustrate various responses 

to changes at the fiber-matrix interface. A contrasting interphase was generated by prepregging 

the toughned BMI matrix onto untreated and surface treated fibers (AU4 and AS4). Subtle 

changes were made at the interphase, by prepregging onto IM8 fibers that varied only in their 

degree of surface treatment levels. These same fibers were also prepregged to possess only a 

thermoplastic matrix (polyethersulfone). 

A series of IM7 fiber composites were also studied, where the weight percent 

incorporation of polysulfone modifier was varied from zero percent to 20 weight percent. It was 

hoped differences may be observed in the stress strain response of these laminates when 

subjected to the indentation test methods. 

In attempting to probe the interfacial response with respect to shrinkage pressures 

produced by different curing temperatures, two composite pieces from the same laminate were 

subjected to two different cure cycles. After both being fully cured for one hour at 200°C, one 

specimen was post cured for two hours at 250°C. 

6.3 EXPERIMENTAL 

6.3.1 Sample Preparation 

Specimen dimensions were approximately 1cm in length and 1cm deep with thicknesses 

typically 0.25mm. These samples were embedded in room temperature cure epoxies and 

polished as described in section 4.2.5. 

310



6.3.2 Micro-indentation 

The Dow Interfacial testing system was utilized for the micro-indentation analysis. 

Specimen preparation and testing were kindly performed by S. Mudrich from the Dow Chemical 

company. As described in section 6.1.2.4 the single fiber micro-indentation technique employs a 

compressive force upon a single fiber. The force required to debond the fiber from the 

surrounding matrix is measured and substituted with other material properties of the fiber 

composite constituents into the Finite Element Model developed by Grande (56). Figure 6.11 

depicts a typical indentation response as a force against displacement plot. 

6.3.3. Meso-indentation 

6.3.3.1 Sample Preparation and Apparatus 

Sample preparation was identical to the method described for micro-indentation. 

Typically, samples were greater than 2.5mm (1/10 ") thick and mounted in room cure epoxy, the 

fibers were oriented perpendiculatr to the polished cross-section and a shematic representation is 

illustrated in Figure 6.12. The method and instrumentation used was first described by Lesko and 

co-workers (65,66,69) and is currently being modified and updated. The samples prepared by 

the author were intended to help in the techniques development; therefore, all indentations were 

kindly performed by Mr Jack Lesko and Mr Scott Case of the Engineering Science and Mechanics 

Department. 

Indentations were performed using the continuous ball indentor (Figure 6.13) developed 

by J.J. Lesko at the University of Maryland sa a student of Dr. R.W. Armstrong in the Mechanical 

Engineering department. The indentor head is 1.58mm in diameter thus requiring relatively thick 

laminates for indentation specimens. The indentor head, a hardened steel ball bearing, was 

driven into the polished composite surface using displacements attained from the thermal 

expansion of an aluminum rod. Typical indentation rates were 0.4 microns per second which 
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produced residual indentations of approximately 0.8mm in diameter depending on the maximum 

load reached. A calibrated load cell monitored the applied load and real time penetration 

measurements were obtained using a direct current Linear Variable Differential Transformer 

(DCDT). For a more complete description on the indentation apparatus the reader is refered to 

the Masters thesis of Mr. J.J. Lesko (66). It must be stressed that as the technique is currently 

being developed, more changes to the design are continually being made. 

6.3.3.2 Data Reduction 

A measured output can be transformed into a load displacement plot depicted in Figure 

6.14. The load, P, can be observed to increase until a sudden drop occurs at the point, A. At 

present this decrease in the load carrying capability of the fiber composite is assumed to be the 

point at which interfacial failure is occuring. More work is being undertaken to verify that 

differences observed in this type of failure are indeed due to variations in interphase properties. 

Continual loading past this point is carried outup to the point B, where unloading occurs to the 

point C, where the indentation depth, h, is measured. 

The load displacement plot can be transformed into a representative stress versus strain 

response by utilizing the load P, and penetration depth h, to calculate values termed the Mean 

Hardness Pressure (MHP), and a representative strain d/D. Figure 6.15 illustrates how the contact 

diameter, d, is interpreted from the penetration depth, h. Expression 6.11 describes the 

necessary calculation to obtain the contact diameter. 

d=2 ¥(Dh-h’) (6.11) 

h = Penetration Depth 

D= Indenter Diameter 
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The mean hardness pressure is calculated using expression 6.12. It can be taken as a 

measure of the applied indentor pressure and considered as an applied stress. 

MHP = P/(Ag + Ap) = 4P/nd? (6.12) 

The results for analyzing the interfacial response can be represented as a Maximum Mean 

Hardness Pressure (MMHP) at the point where the load drops. Also, the representative strain is 

typically reported at this position and may indicate the amount of matrix deformation prior to failure. 

The composite laminate panel lends itself to many indentations on one sample. This provides an 

excellent opportunity for a statistical analysis to be performed on the indentation results. 

6.4 RESULTS AND DISCUSSION 

The ultimate goal resulting from these indentation studies was to obtain interfacial shear 

strength values. The elaborate method employed by Lesko and Carman (65,66,69) during the 

meso-indentation techniques development included an elasticity solution and the application of a 

micromechanical analysis. 

An elasticity solution exists in the literature (70) for an elastic contact between a 

transversely isotropic half space and an isotropic sphere. The solution naturally requires only 

elasticity constants and was utilized by Lesko to describe the stress state beneath the ball contact 

for the indentations on Drzal's material (66,69). The micromechanics analysis developed by 

Carman ( 67,68) was based on a "cellular element" approach. Any fiber-interphase-matrix element 
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could be extracted from anywhere beneath the indentation response subject to the boundary 

conditions that are dictated by the elasticity solution, and consistent with the applied pressure at 

the composite surface. In subjecting this element to the pertinent stresses (the desired element 

was taken from the position at which the elasticity solution indicated that a maximum in shear 

stress occurred) the micromechanical analysis was able to describe, on a point wise basis, the 

stresses in the element moving from the fiber center through the interphase and into the matrix. 

The maximum stress was noted to occur at the interface boundary furthest away from the 

indentation center and was taken to calculate a maximum interfacial shear strength value reported 

in table 6.1. 

This elaborate and detailed interpretation of the indentation response was only possible 

for composite materials that failed in the linear elastic region. Work is continuing in the Materials 

Response Group at Virginia Tech to investigate if the materials failing in the non-linear region can 

be analyzed. A finite element model could be used to ease such an interpretation; however, only 

average point stresses can be obtained. 

Composite specimens prepared by the author all exhibited failure in the meso-indentation 

tests within the non-linear region of the representative stress-strain plot. Thus, no interfacial 

shear strength values can be reported. However, the Mean Maximum Hardness Pressures 

(MMHP) and representative strain values (d/D) can be described for the location where interfacial 

failure is believed to occur. Weibull statistics have been applied to the data for the Meso- 

indentation results. Table 6.3 details these values for most of the materials listed in Table 6.2. 

Only three specimens have been returned by the Dow Chemical Company from micro-indentation 

analysis; however, they do reflect some interesting results. 

For each material described in Table 6.3 values for the Maximum Mean Hardness 

Pressure (MMHP) and representative strain (d/D) are quoted. These values report the average 
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Table 6.3 

Summary of Meso-Indentation Results Obtained to Date (71) 

  

  

  

  

  

  

  

  

  

  

Maximum Mean Hardess d/D 
Composite Pressure @ 

(MPa) MaxMHP 

AU4 / 15% PES (12.8K-Ml) 652.9 0.334 
BMI/DABA 

a= 18.0 v= 94% a= 14.0 v= 91% 

AS4/ 15% PES (12.8K-Ml) 757 0.295 
BMI/DABA 

a= 7.1 v= 96% a= 14.8 v= 86% 

IM7 0% PES (12.8K-Ml) 603.2 0.284 
BMI/DABA 

a= 3.1 v= 69% Q= 7.7 v= 31% 

IM7 15% PES (12.8K-Ml) 703.2 
BMI/DABA foo Po eee eeenee 

a= 9.6 v= 91% 

IM7 20% PES (12.8K-Ml) 348.1 0.239 
BMI/DABA 

a= 4.7 v= 77% a= 29.2 v= 79% 

| Hour at 200°c 590.8 0.336 

IM7 15% PES (12.8K-M!) 
BMI/DABA a= 11.1 v= 80% a= 14.3 v= 97% 

| Hour at 200°c 568.1 0.269 
2 Hours at 250°C 

IM7 15% PES (12.8K-Ml) a= 5.6 v= 82% a= 6.7 v= 75% 
BMI/DABA 

IM8 50% 502.6 0.255 
15% PES (11.8K-NH2) 

BMI/DABA a= 9.4 v= 84% a= 13.5 v= 71% 

IM8 400% 403.3 0.229 
15% PES (11.8K-NH2) 

BMI/DABA a= 9.6 v= - a= 13.3 v= 62%     
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value (1) or the “most like value" for the Weibull statistical distribution representing the data. More 

information is also presented regarding the Weibull statistics in terms of the shape parameter (a) 

and the goodness of fit of the data to the statistical distribution (v). 

Figure 6.16 illustrates a typical indentation on the toughened BMI thermosets. Due 

mostly to the inhomogeneous distribution of fibers found within the composite, a problem 

discussed in chapter 5, the number of indentations that contacted all fiber were noted to be 

limited. Indeed, the resin rich zones clearly indicated by surface deformations emphasized that 

deviations from normally observed indentation phenomena were occuring,. One example of this 

was that in the early work, Lesko (66) described two distinct deformation zones that were 

observed on opposite halves of the impression. These were termed an abraded zone and a high 

depressed zone (66). In the current work, resin rich zones and subsequently poor fiber 

distributions were believed to cause change in the abraded zone. In certain instances a small 

peak occured at low Mean Hardness Pressure values far from the final Maximum Mean Hardness 

Pressure. Figure 6.17 illustrates a typical example. Such a peak was not previously observed and 

is believed to arise from indentations that provided an abraded zone throughout the region of 

contact. Thus suggesting lateral support had been minimized by resin rich zones. Further 

characterizations with respect to the non-linear point in the representative stress-strain plots were 

attempted. But, many anomalies presented wide scatter in the data and therefore are not being 

reported. 

The most successful and important data to be obtained from the meso-indentation 

technique is illustrated in Figure 6.18. There the representative stress-strain plots are shown from 

indentations on laminates possessing a common toughened BMI matrix and different fibers. The 

  

successfully observed by this continuous ball indentation technique. Results from a Weibull 
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Figure 6.16 

Photomicrograph of Meso-Indentation Response From Toughened Thermoset 
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Typical Meso-Indentation Response When Resin Rich areas Are Indented 
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Figure 6.18 

Representative Stress Strain Response From Common Toughened BMI Matrix on Fibers with 
Contrasting Interphases 
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Table 6.4 

The new Continuous Ball Indentation Test Illustrates Differences in Contrasting Interphases 

  

  

  
  

AU4 AS4 IM7 
15% PES 15% PES 15% PES 
(12.8K-Ml) (12.8K-Ml) (12.8K-Ml) 
BMI/DABA BMI/DABA BMI/DABA 

Maximum 
ean 

Hardness 653 157 103 

Pressure 

MMHP 
(MPa) 

OQ 
Weibull 18 7.1 9.6 

ShapeParameter 

Statistical dstrbution, «94% 96% 91% 
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analysis are presented in table 6.4 where the Mean Maximum Hardness Pressure is clearly greater 

for the composites containing the surface treated fibers (u=757 and 703.2 for AS4 and IM7) as 

compared to the untreated AU4 fiber composites (1.= 652.9 ). These results are in good 

agreement with the macro-mechanical properties presented in Chapter 5. Large improvements in 

off-axis properties were measured when comparing the laminates containing surface treated 

fibers to those with untreated fibers. 

Anomalies appear to occur when interfacial shear strength values were obtained using 

the micro-indentation technique. These values are presented and their trends compared within 

Table 6.5. The IM7 fiber composites, from the results presented in chapter 5, possess a much 

stronger interface than the AU4 fiber composites. Thus the low interfacial shear strength value 

(82.7 MPa) for the IM7 specimens as obtained from micro-indentation analysis, gives cause for 

concer when a value for the interfacial shear strength of 102.7 MPa was determined from the 

AU4 composites. 

Some comments must be made at this point which may highlight certain discrepancies 

and problems associated with the single fiber indentation technique. Clearly the anomaly 

reported for the micro-indentation results is most probably related in the nature of the two fibers 

studied. The IM7 fibers are higher in modulus (283 GPa) when compared to the A type fibers (235 

GPa). Also the IM7 fibers possess a higher strength (4.71 GPa compared to 3.45 GPa). These 

differences are attributed to the internal fiber structure and therefore fiber formation process. 

Because the fibers are so different inherently creates variations in fiber properties and will most 

probably cause variations in hardness response. 

The micro-indentation technique as reported by Caldwell (60) ignores important artifacts 

associated with using a single fiber indentor. Such important phenomena as compressive failure 

of fiber during the indentation process, and damage to the fiber surface by the probe tip, are 
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Table 6.5 

Micro-Indentation Results Compared with Meso-Indentation Results 

  

AU4 AS4 IM7 AS4/AU4 
15% PES 15% PES 15% PES Indentation 
(12.8K-MI) (12.8K-MI) (12.8K-Ml) ratio's 
BMI/DABA BMI/DABA  BMI/DABA 

Micro- 102.7 123.4 82.7 1.20 
indentation 

(MPa) 

Meso- 652.9 757 703.2 1.16 
indentation 

MMHP (MPa) 
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ignored. These may be the cause for some type of premature failure that created the low 

interfacial shear strength values in the IM7 fiber composites. Also, since all carbon fibers appear to 

possess a certain high degree of heterogeneity both in their internal structure and on their 

surfaces. The effects of the elastic free edge singularity present at the micro-indentation 

specimen surface may differ dramatically between the IM7and A type fibers. Again, a failure 

dominated by such a phenomena, which is ignored in the micro-indentation technique, could 

possibly have created the discrepancy observed in the interfacial results described. 

Table 6.5 also details the property ratios between the interfacial response from the 

untreated and surface treated fiber composites. Interestingly, both techniques, micro-and meso 

indentation, showed similar (approximately 20%) increases in their interfacial response. The 

increase appears small in light of the large increases observed in the transverse properties as 

detailed in chapter 5. However, a similar small increase was observed by Drzal (15) and given in 

Table 6.6, for micro-indentation measurements made on AU4/AS4 epoxy laminates that also 

produced large differences in macro-mechanical properties. Results such as these suggest that 

differing interphases of similar magnitude have been made and measured by two different 

research groups using similar fibers and interfacial techniques. These results tend to suggest that 

interfacial measurements, made on composite specimens possessing fibers of the same type, will 

typically yield only modest improvements even when contrasting fiber-matrix interphases are 

being studied. Such techniques may not be benificial for probing subtle changes at the fiber- 

matrix interphase. However, the meso-indentation technique and the values it provides may still 

possess certain relevance towards engineering applications. 

In comparing the micro-indentation responses from the toughened BMI composites with 

those from Drzal's epoxy specimens in Table 6.6, it is evident that (i) the micro-indentation 

technique yields higher values than the other test methods, (ii) the contrasting interphases 
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Table 6.6 

Comparison of Micro-indentation Results on Toughened Thermosets With Drzal's Results From 
Three Interface Tests on Composites Made with the Same Fibers 

  

Drzal's 
Epoxy 

Composites (15) 

AU4 AS4 AS4/AU4 Ratio 
Epon 828/mPDA Epon 828/mPDA 

  

  

Single fiber 
fragmentation 37.2 68.3 1.8 

Single fiber micro-drop 23.4 50.3 2.1 

Micro-indentation 55.5 71.5 1.3 

VPI Toughened 
Thermoset 

Composites 

AU4/15% PES AS4/15% PES  IM7/15% PES 

  

(12.8K-Ml) (12.8K-Ml) (12.8K-Ml) 
BMI/DABA BMI/DABA BMI/DABA 

Micro-indentation §=402.74+9.7  123.4+16.5 82.7 1.2+0.2 
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produced in composites with different matrices but similar fibers resulted in the same interfacial 

shear strength differences, and (iii), the BMI composites cured at 250°C gave higher interfacial 

shear strength values than the epoxy composites prepared on the same fibers and measured by 

the same technique but cured at 125°C. 

The first observation just above is most probably related to the single fiber fragmentation 

and single fiber micro-drop pull-out tests underestimating the interfacial shear strength values, a 

subject discussed in the background presented at the beginning of this chapter. The new data 

reduction technique presented by Pitkethly (46,47) for the single fiber pull-out technique would 

most probably result in higher interfacial shear strength values. 

The third observation, an increase in interfacial shear strength values for the toughened 

BMI composites, is believed to be a consequence of the large shrinkage pressures created upon 

the fibers from the 250°C cure. The Drzal material was believed to have been undercured at 

a125°C cure temperature. In order to assess if changes in cure temperature could create such 

large differences in interfacial shear strength, one IM7/BMI laminate was subjected to two different 

cure cycles. After curing the laminate at 200°C under pressure for one hour, half the laminate was 

post cured in an oven for two hours at 250°C. Specimens were taken from both halves and 

subjected to the meso-indentation analysis. Results are presented in Table 6.7 for the Maximum 

Mean Hardness Pressures (MMHP) and representative strain response (d/D). The corresponding 

stress-strain curves are illustrated in Figure 6.19. An increase in the MMHP was not observed for 

the increase in cure temperature, possibly suggesting that larger temperature differences {ie 

100°c rather than 50°C) would be required to observe any differences due to residual shrinkage 

pressures. However, the meso-indentation technique was sensitive to different cure cycles in 

terms of the strain response. Table 6.7 illustrates that the representative strain at failure was 

higher for the specimens cured at 200°C suggesting that the material was indeed more ductlie at 
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Table 6.7 

Continuous Ball Indentation Technique Detects Differences in Strain to Failure For Same 
Samples Possessing Different Cure Cycles 

  

  

  

  

200°C one H ° 

No-Post Cure Post Cure 

250°C 2Hours 

IM7/BMI IM7/BMI 

MMHP 
(KSi) 85.7 82.4 

d/D 
@ 0.336 0.269 

MMHP 

O 14.3 6.7 
WeibullShape Parameter 
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interfacial failure as would be expected for undercured bismaleimide composites. The new 

continuous ball indentation technique proved effective in detecting these differences. 

6.5 CONCLUSIONS 

A new meso-indentation technique was sensitive to different interphases prepared within 

specimens of important high temperature toughened Bismaleimide carbon fiber composites. The 

contrast in properties was exhibited as variations in their Maximum Mean Hardness Pressures. No 

values for the interfacial shear strengths could be reported as all specimens failed within the non- 

linear elastic region. Difficult refinements to the data reduction process are therefore required to 

fullfill these objectives. 

Unusual responses encountered during the meso-indentation technique were attributed 

to resin rich areas common in most ‘in house’ laminates. This new continuous ball indentation 

method has proven sensitive to such flaws and further suggests that refinements in the 

composite processing methods are required to yield further improvements in laminate quality. 

From both micro and meso-indentation techniques only small increases were observed in 

the measured interfacial responses from laminates possessing contrasting interphases. These 

differences were consistent with the measured responses from composites containing the same 

fibers reported by another research group. It therefore appears that measurements made on 

composite specimens using both the micro and meso-indentation methods only yield modest 

improvements in interfacial measurements. On the other hand, their composite properties 

indicate a more substantial increase, perhaps suggesting that the interfacial response is averaged 

out or diluted when monitored on actual composite specimens. 

Micro-indentation resuts in all cases exhibited higher interfacial shear strength values than 

those using reported single fiber model composites, thus, providing evidence that these single 
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fiber methods were underestimating the interfacial shear strengths found in actual composite 

specimens. However, the anomalies observed within the micro-indentation test results suggest 

that although it may be suitable for ranking orders of interfacial strength within composites 

possessing the same fiber types, the technique is most probably not useful for serving as an 

absolute measure of the interphase shear strengths from composites containing different fibers. 

This conclusion is based on the knowledge that the technique ignores important phenomena 

associated with the hardness response of different fibers. The meso-indentation technique did 

not exhibit the same anomalies upon the same specimens. This further suggests that the modes 

of failure measured in the two techniques are most probably different. 

A dominance in the interfacial shear strength by shrinkage pressures was believed to 

occur when comparing the micro-indentation results from epoxy and BMI composites. Initial 

studies designed to investigate this possible effect indicated that a 50°C cure difference for the 

BMI composites did not alter the interphase strength. However, from these initial meso- 

indentation measurements it can be concluded that the new continuous ball indentation 

technique was found to be sensitive to changes in matrix ductility at the point of interfacial failure. 
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Chapter 7: Overall Conclusions and Future work 

7.1 OVERALL CONCLUSIONS 

Inverse gas chromatography was shown to be a valuable technique in determining carbon 

fiber surface energy differences. The dispersive components and specific interaction parameters 

illustrated how a fibers surface energy changed for fiber's that were; (i) studied as received or heat 

treated, (ii) similar in type (ie. modulus) but prepared by different manufacturers, and (iii) of the 

same type but varied in their levels of surface treatment. All fiber's were predominantly acidic in 

nature. Also, it was concluded that a deeper knowledge of the fiber’s processing history would be 

required, before any definitive correlations could be made between a fiber's dispersive 

component and internal graphitic structure. 

The fracture toughness of a BMI resin system was improved by incorporating 

thermoplastic modifiers into the thermoset network. Fundamental changes in the modifier 

parameters such as molecular weight, end group functionality, backbone structure, and weight 

percent incorporation were investigated. Fracture toughness properties increased and reached a 

limiting level with corresponding increases in molecular weight and percent modifier incorporation. 

By utilizing thermoplastic polymers possessing reactive and unreactive end groups, it was 

demonstrated how the fracture toughness was dependant upon the adhesion level between the 

phase separated domains. Scanning electron micrographs of fracture surfaces, and energy 

dispersive spectroscopy (EDS), were both employed to investigate the morphologies found 

within the phase separated material. Sulfur mapping using EDS proved that phase inversion had 

occurred at low percents of thermoplastic incorporation. The phase inverted morphology 
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produced fractured thermoset spheres not previously reported for thermoplastic toughened 

thermosets. Also reported, was the existence of a third tan 6 transition that corresponded to a 

thermoplastic-thermoset phase mixed species. It was suggested that the quantity of sucha 

species could be important in controlling and optimizing fracture of the phase inverted thermoset 

spheres. 

The phase inverted morphology was found to be beneficial in protecting the BMI phase 

from hydrolysis by hydroxide ions, thereby demonstrating the potential advantages for structure 

property control in toughened thermoset resin systems. Morphologies depended upon the 

modifier backbone structure, amount of thermoplastic incorporation, and molecular weight of the 

modifier. 

Improvements in the fracture toughness of the modified BMI resin system was made 

without sacrificing its advantageous hot-melt processing characteristics. This enabled 

unidirectional prepreg to be prepared using the carbon fiber characterized by inverse gas 

chromatography and x-ray photoelectron spectroscopy. Good quality laminates, as verified using 

ultrasonic C-scans, were successfully prepared for laminate performance studies. Such laminates 

varied in the amount of thermoplastic modifier incorporated into the BMI resin, and also in the 

interphase bond quality. Such laminates were made by prepregging a common modified BMI 

resin onto untreated and surface treated carbon fiber. After mechanical testing, laminate cross- 

sections and fiber volume fractions were analysed, it was concluded that improvements in resin 

content control and size of resin rich zones were required. Also, a change in the resin pot design 

was recommended to help improve the prepreg quality. 

Composite fracture toughness values were found to increase for both mode | and mode II 

crack opening with increasing levels of polysulfone modifier possessing reactive end groups and 

of controlled molecular weight Respectable Gic values of 720 J/m2 were obtained, illustrating the 

effective method of thermoplastic modification for improving fracture toughness values. Also, 
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good translation from neat resin to composite strain energy release rates were found. Transverse 

flexure results corresponded well with literature values of bismaleimide resin systems. This 

indicated the good quality of in-house laminates. 

The mode II strain energy release rate test was found to be sensitive to the laminates that 

contained the same toughened matrix but possessed a contrasting interphase. Results from the 

mode | test were found to be insensitive to the specimens that possessed the contrasting 

interphase. Both transverse flexure and transverse tensile tests were sensitive to the specimens 

possessing a contrasting interphase. The laminates containing AS4 and |M7 fibers both resulted 

in higher transverse strengths and strain at failure values than the AU4 laminates. The poor fiber- 

matrix adhesion on the AU4 specimens could easily be identified through micrographs of the 

failed surfaces. Property ratios between AS4/AU4 laminates were higher in this study than similar 

values reported in the literature using the same fibers. More studies are necessary to understand 

the effects of processing, matrix, and test variables before any definitive conclusions can be made 

concerning these tests and their ability to evaluate the tensile strength of the fiber-matrix interface 

bond. 

The losipescu shear test using a 90° specimen within the Wyoming Test Fixture was 

found to be sensitive to specimens with a contrasting interphase through evaluating shear 

strength values. This test method was also found to be extremely sensitive to the fiber volume 

fraction as noted through the in-plane shear modulus measurements. 

A new meso-indentation technique was sensitive to the different interphases prepared 

within specimens of these important high temperature performance toughened BMI carbon fiber 

composites. The contrast in properties was exhibited as variations in their Maximum Mean 

Hardness Pressures. Unusual responses encountered during the meso-indentation technique, 

were attributed to resin rich areas common in most ‘in house’ laminates. Also, the meso- 
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indentation technique detected variations in matrix ductility, when similar laminates possessing 

different cure histories were indented. 

Anomalies observed within the micro-indentation test suggested that although it may be 

suitable for ranking orders of interfacial strength within composites possessing the same fiber 

types, the technique is most probably not useful for serving as an absolute measure of the 

interphase shear strengths from composites containing different fibers. This conclusion was 

based on the knowledge that the technique ignores important phenomena associated with the 

hardness response of different fibers. The meso-indentation technique did not exhibit the same 

anomalies upon the same specimens. This further suggested that the failure modes, measured in 

the two techniques, were most probably different. 

7.2 FUTURE STUDIES 

Recent work, utilizing inverse gas chromatography (IGC), has focussed upon the surface 

energetics of carbon fibers. More work is required to understand the contribution of the 

composite matrix towards the acid/base bonding concept, and the IGC technique needs to be 

performed on the various resin systems used. These include polymers that are more difficult to 

pack in a column, such as semi-crystalline thermoplastics and thermoplastic modified thermosets. 

The ultimate goal in these investigations would be to combine the acid/base properties of both 

the matrix resin and carbon fibers. In doing so, the interaction parameter could be obtained for 

use in correlations with mechanical performance studies. Also, as discussed in Chapter 2, if 

information concerning the processing histories was available, then a carbon fiber's dispersive 

component could be used to investigate internal structure. Such details may be important in 

optimizing fiber mechanical properties. 
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A great deal of future work can be focussed in the area of thermoplastic toughened 

thermosets. Initially, the concept could be extended to other thermosets such as cyanate esters 

and bisbenzocyclobutanes. By changing the fundamental parameters associated with the 

toughness modifiers, as described in this work, a large data base would be generated that could 

give insight into the morphology development process. Parameters such as gel fraction and 

extent of conversion could be monitored during the phase separation "window" and compared for 

the various thermoset systems, to understand the effect of monomer functionality on the phase 

separation process. A technique such as dielectric analysis should be used to evaluate it's ability 

to monitor morphological growth. Once an understanding has been established on how to 

control morphology, then mechanical and physical property control on individual material systems 

may be possible. Much research has focussed on the rubber toughened epoxies and now needs 

to be directed towards these newer materials. From the results presented within this dissertation, 

future work concerning the failure mechanisms for thermoplastic modified thermosets would be 

desirable. In particular, the mechanisms associated with changing only the end groups on the 

thermoplastic modifier need to be understood. Such a small modification may also impart 

significant increases in fatigue and creep properties of both neat resin and composite materials, 

work probing these effects should be initiated. 

The failure mechanism studies, on resins containing the phase inverted morphology, may 

take advantage of existing equations found within the literature for epoxy resins modified with 

glass spheres. These equations relate increases in Gj), to parameters such as interfacial 

adhesion, diameter, yield strength, and quantity of the spheres. Such equations could be used 

as models for describing the different failure processes that occur when modifier parameters are 

changed. Also the phase inversion phenomena, once understood, could be utilized to solve 

many problems within material science by protecting one polymer from another, hence future 

work on investigating it's development is required. 
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The ability to provide laminates for mechanical testing studies is a powerful source for 

understanding the response of a material system which has been altered with respect to only one 

feature. Fatigue studies on laminates that have contrasting interphases need to be performed, as 

do compression studies and the analysis of creep response. Similar studies may be performed on 

laminates that vary only in their morphology, modifier molecular weight, modifier end group 

functionality, or backbone structure. 

Much research is being focussed towards the interphase and developing techniques to 

measure it's response. The chemist may contribute to the research by developing desirable 

coupling or linking agents which are compatible with the various matrix resins currently being 

used. In following on from the results presented in Chapter 6, the effect of interfacial pressures 

caused by resin shrinkage needs to be evaluated using both micro and meso-indentation 

techniques. The advantageous specimen preparation for either technique does lend itself 

towards such studies,where responses from laminate processing variations may be evaluated. 
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