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(ABSTRACT) 

The final tensile fracture of any composite structure is primarily due to the failure of its con- 

stituents, namely fibers and matrix in the present case. To date, no experimental data exists, 

to the author’s knowledge, to define the behavior of constitutive fibers of a composite structure 

throughout its life span. The prime candidate for a fiber—based investigation is unidirectional 

zero—degree composite coupons. But unidirectional coupons do not demonstrate any signif- 

icant loss of stiffness during fatigue cycling compared to other lay-ups. Even if stiffness de- 

gradation was significant, due to the nature of damage in this material system it would be 

impossible, practically, to monitor that change using conventional techniques (e.g. an 

extensometer) because the damage and failure process destroys the integrity of the contact 

between those devices and the material, under cyclic conditions. 

This investigation presents the findings of a fiber-based investigation of unidirectional com- 

posite material systems. In particular, a unidirectional graphite/epoxy system was studied, 

and the influence of applied load level on fiber fractures, and their influence on damage 

growth documented. A damage monitoring technique (patent pending) was developed to ac- 

curately record the state of damage in this material system without the usage of 

extensometers or strain gages. Following this method, two new damage norms were intro- 

duced, namely, “percent phase damage” and “percent gain damage”. Fiber fracture, strength 

degradation, and the life of unidirectional specimens were investigated and recorded as a 

function of various load levels.



Fiber fracture, in general, showed no definitive growth pattern during fatigue cycling. It ap- 

pears that the majority of the broken fibers that occur over nearly 90% of the life are due to 

the initial applied load cycle. This is one of the key findings of this investigation. “Proof 

testing” which is a common practice in industry for “verifying” the integrity of a structure, 

could very well be causing significant subsequent reductions in life. With these findings as a 

base, it is now possible to postulate the first well—founded mechanistic model of 

fiber—dominated fatigue degradation under tensile loading.
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CHAPTER | 

INTRODUCTION 

High performance structures that must be tailored to sustain severe and complex loading 

while maintaining reliable and safe performance over a period of time are prime candi- 

dates for the application of continuous—fiber reinforced laminated composite materials. 

Primary structures in aircraft and other vehicles are examples of such applications. It is 

generally not possible to reproduce all of the engineering environments in which such 

components must serve in the test laboratory. It is particularly difficult to establish the 

nature of long—term response from laboratory tests that cannot be conducted over the 

required service life of the component in general. 

Many engineering applications involve applied loads that vary in time. The behavior of 

materials under these conditions is generally characterized by applying cyclic loading in 

a “fatigue” test. Various cyclic tensile and compressive amplitudes are generally applied, 

and the number of cycles required to fail the material under those conditions is recorded. 

In some cases, tests may be terminated and residual strength determined after some pe- 

riod of cyclic loading. The data from such tests are usually characterized by empirical 

means and generalized by implication or extrapolation to a variety of service conditions for 
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which the materials were not specifically tested in the laboratory, as required for various 

anticipated design situations. 

The most common variable in such generalization is the cyclic load level. In homogeneous 

materials, such as common metals, where fatigue degradation is often dominated by 

self—similar crack propagation, the effect of cyclic load amplitude variation on the micro- 

mechanism of fatigue damage development has been widely investigated and character- 

ized in many cases [1-12]. Damage accumulation in continuous fiber reinforced laminated 

composite materials has also been widely documented [13-24]; however, a fundamental 

understanding of the relationship of damage mechanisms and failure modes that control 

the short—term behavior of composite laminates at high cyclic load levels to the mech- 

anisms that control the long—term fatigue behavior at low cyclic amplitudes has not been 

established. 

In order to investigate the effect of load levels on damage growth evolution in these lami- 

nated materials, the damage growth mechanisms need to be identified and separated. The 

mechanisms and microstructural details of fatigue—induced failure in polymer composite 

laminates have been the subject of numerous studies. Some of the more frequently cited 

failure features include fiber fracture, fiber pullout, fiber/matrix splitting, and matrix dam- 

age described as hackles, serrations, lacerations, and chevrons. Most of these studies 

concentrated on microscopic examinations of the fractured surfaces rather than on the in- 

dividual plies of the laminate. To date, no ply—level fiber—based failure mechanism based 

on microstructural evidence has been proposed for long—term fatigue behavior, and the 

role of fiber failure (or even its “general character”) has not been established. 

The influence of load level on the mechanism of damage growth and evolution can only 

be determined if a ply level approach is taken. It is only then that the influence of fiber 

fracture, delamination, fiber matrix interaction and their influence on the global response 

of the laminate can be observed. A detailed analysis using such an approach has been 

INTRODUCTION 2



made by Razvan et al. [13]. It was shown that the fundamental nature of fiber fracture and 

delamination pattern development is dependent upon cyclic load level. Fiber fractures 

tend to form localized patterns under high cyclic loads, and more widely dispersed pat- 

terns at low load levels. The load level is also found to influence the development of matrix 

damage, primarily the extent to which delamination and matrix damage grows during cy- 

Clic loading. Delamination (under fully reversed loading) is much more dominant at lower 

load levels, while matrix cracking is more extensive at higher load levels. These results 

are consistent with the argument that delamination is a growth phenomenon. In general, 

it is suggested that load level has opposite effects on certain damage modes. Elevated 

cyclic stress levels tend to accelerate and emphasize initiation—dominated damage modes 

such as localized fiber fracture and matrix cracking, but suppress growth—dominated 

modes such as delamination compared to low—level excitation. While it is certainly true 

that high load levels will cause more rapid growth of growth—dominated damage, the ex- 

tent of such damage is limited by the fact that smaller amounts of growth can occur before 

fracture occurs at such high load levels. Also, since (in the “real world”) high and low load 

levels tend to occur independently of the cyclic rate of loading, the effect of loading rate 

(which is higher at high loads for a fixed frequency) is also important to the load—level 

influence. 

Because of these facts, several engineering consequences are expected. Remaining 

strength at a percent of life will, in general, depend on cyclic load level and the consequent 

damage development patterns. “Equal damage” concepts are likely to be difficult to define 

since the consequence of any damage development will depend on the subsequent level 

of cyclic loading. Nondestructive test techniques which are insensitive to differences in 

fiber fracture patterns are not likely to be good “predictions” of remaining strength after 

damage. And the “best” laminate for low—level cyclic loading may not be the “best” 

laminate for high—load level cyclic loading. Finally, any successful model of remaining 

strength should account for load—level variations in damage development. Therefore, in 
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order to fully understand damage, each individual factor involved in defining “damage” 

should be characterized. From the above arguments, it is evident that delamination and 

fiber fracture are two of the most important modes in damage evolution in fibrous com- 

posite materials. Delamination has been the subject of numerous studies; on the other 

hand, the influence of fiber fracture has not received the attention it deserves. Generally 

the final fracture of any continuous—fiber composite part (regardless of geometry, stacking 

sequence, and material property) involves fracture of fibers. The evolution of fiber fracture 

throughout life is still a mystery. The influence of fiber fracture on the response of lami- 

nates can only be investigated by isolating them from the influence of other damage modes 

such as delamination. Unidirectional, zero degree, specimens are prime candidates for 

such a study, and were used for most of the present study. 

Even though the history of modeling uni—directional composite materials dates as far back 

as 1967 when Hedgepeth [25] presented his analysis, there is still no definite model that 

can predict the fiber—controlled remaining life of a structural component. Hedgepeth’s 

original approach shared the assumption common to shear—lag analyses, that no addi- 

tional damage other than the initial notch is considered. This work was extended by 

Hedgepeth and Van Dyke for the case of specific broken filaments [26] and longitudinal 

splitting in the matrix [27]. Goree and Gross [28] extended Hedgepeth’s solution to include 

an arbitrary number of broken fibers as well as longitudinal yielding and splitting of the 

matrix. They extended the latter solution to account for longitudinal matrix damage, in 

addition to transverse matrix and fiber damage in the vicinity of the flaw [29]. The under- 

standing of the splitting mechanism is of paramount importance, due to its complexity and 

effect on the final fracture of the laminate. Splittings are known to mitigate the effect of 

discontinuities, and therefore to reduce the likelihood of a rapid fracture through the plane 

of the discontinuity. Characterization and understanding of the nature of such splittings 

has been the subject of numerous studies [30-33]. Mar demonstrated the lessening of the 

strain concentration as the growth of the splits physically separates the laminates into load 
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carrying and non—load carrying strips [31]. Garg [32] argues that once the split initiates, 

the propagation occurs only due to shear. Wolla [33] extends this argument to two modes 

of longitudinal matrix splittings being responsible for the final fracture of the laminate. He 

notes that after split initiation, a region of slow, stable split growth occurs. This is followed 

by a distinct transition into a rapid split growth region. Wolla explains the discrepancies 

between actual and predicted results to be likely caused by interference with the fracture 

path and irregular damage such as fiber breaks and crossover of matrix splits. He also 

argues the shortcoming of the classical shear—lag model in predicting the complete lon- 

gitudinal split growth in a brittle matrix composite. Dharan [34] divides this fatigue re- 

sponse into three distinct life ranges. In the first region, (<200 reversals), a small 

dependence of the fatigue life on cycling is observed where the behavior is dependent 

upon the fiber mean strength and strength distribution. In the second region (200 to 10° 

reversals), the logarithm of the applied stress decreases almost linearly with the logarithm 

of the number of cycles. Fatigue failure in this region occurs by the growth of matrix 

microcracks, which leads to preferential fiber failure, and is followed by interfacial shear 

failure. In the third region (>10° reversals), the applied stress is below the microcrack in- 

itiation stress and no failure is expected. Reedy, [35] by comparison with 3—D finite ele- 

ment analysis, demonstrated some benefits in the usage of shear lag analysis. He notes 

the importance of the shear lag model for composites with 1) a relatively stiff matrix that 

can carry substantial load (e.g. boron/aluminum) and 2) a highly anisotropic fiber which 

has a shear modulus not much greater than that of the matrix in which it is embedded (e.g. 

Kevior 49/ epoxy). Brittle matrix composites have been modeled using different ap- 

proaches [36]. 

The time dependency of the final fracture behavior has almost been ignored in all of the 

previously discussed models. Laminated composites are known to have altered responses 

under long—time static or cyclic loading [37]. This time dependency is related to the 

strength reduction of the matrix (or of the fiber—matrix interface surface) at a higher rate 
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with increasing numbers of cycles than that of the strength in the direction of the fibers 

[38]. Fatigue failure modes and the sequence of damage accumulation is highly dependent 

on the stress level. Lorenzo has reported fiber—controlled failure in low—cycle specimens 

and matrix crack failures in high—cycle specimens [39]. He also concludes that fiber break 

and matrix cracking are the dominant mechanisms during fatigue in unidirectional lami- 

nates. This is in contrast to transverse matrix cracking, dispersed longitudinal cracking, 

localized longitudinal cracking, delaminations along transverse cracks, and local delami- 

nations at the intersection of longitudinal and transverse cracks in cross ply laminates [15]. 

In these laminates, in many cases most of the fiber failures and damage localization oc- 

curs in the last 10% of the life of the laminate [18]. While elsewhere [14] it has been ar- 

gued that most of the fiber fracture occurs during the early stages of life due to the initial 

high load levels. It has been shown by the author [13,40] that this behavior is affected by 

the stacking sequence and the material system. 

Understanding the initiation, growth, and final fracture of the composite laminate has 

helped in the development of various fracture models for predicting such events as: first 

ply failure [41], residual strength [42], damage evolution using a homogenization method 

and the thermodynamic theory of generalized standard materials [43], stiffness degrada- 

tion and remaining life [16], ultimate strength [44], the effect of interfacial shear strength 

on the ultimate strength [45], dynamic response [46], and incremental failure accumulation 

using finite element analysis [47]. Various statistical models have also been proposed 

[48-53] using Weibull distribution concepts with the hope of predicting the state of fiber 

fracture, and the remaining life of the composite laminate. Failure models which have fiber 

fracture densities and behavior incorporated in their schemes lack experimental backup. 

There are very few reported experimental results on fiber fracture density [54] and its in- 

fluence (or lack of influence) on the final fracture of the laminate. This is primarily due to 

the difficulty associated with monitoring damage in unidirectional laminates [55-56]. 
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Due to the statistical nature of the fatigue damage evolution mechanism in unidirectional 

material systems, thorough analysis of such events as residual strength degradation and 

fiber fracture has not been possible [56-57]. Severe surface matrix splitting results in de- 

bonding of extensometer tabs from the surface of the specimen. If extensometers can not 

be used, monitoring stiffness change—using classical methods—as a measure of damage 

is not possible. Therefore, a new experimental technique other than life estimation based 

on the median life or on stiffness degradation should be used for analyzing damage evo- 

lution and growth mechanisms throughout life. 

Several investigators have utilized dynamic stress—strain signals in order to characterize 

fatigue damage development by measuring phase and stiffness where the phase values 

are obtained either from direct measurement at the zero—crossing points of signals, or by 

constructing a hysterisis loop [58]. This procedure still requires use of an extensometer 

or an attached strain gage to measure strain. Using an experimental procedure similar to 

that of So [59], Elahi et al. [60] proposed a new technique for measuring dynamic stiffness 

of fatigue cycled specimens. He utilized the load and stroke signals from a servo hydraulic 

test machine to measure quantities such as phase lag and gain, for measuring damping 

and compliance, respectively. 

In an effort to determine the state of damage in unidirectional laminates using non-contact 

methods, the approach of Elahi et al. [60] was undertaken. Detailed analysis of the dy- 

namic response of composite laminates demonstrated the possibility of incorporating such 

an approach for damage growth analysis and determination of the stage of damage within 

the laminate. Application of such an approach made it possible to estimate the degree of 

damage in unidirectional laminates at any given time in life of the specimen with reason- 

able accuracy. Knowing the damage state, fiber fracture behavior throughout life was in- 

vestigated. The remainder of this dissertation is devoted to the investigation of the 

characteristics and behavior of fiber fracture and its influence on strength degradation and 

remaining life of the unidirectional graphite/epoxy composite laminates. 
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CHAPTER Il 

EXPERIMENTAL PROCEDURE 

A detailed study of the damage evolution and life of unidirectional laminates was per- 

formed. Specially designed laminates were fatigued and examined for fiber fracture, re- 

maining strength and life through out the fatigue life of the specimen. 

Specimen Geometry: Eight-ply unidirectional panels were made of Hexcel’s 

graphite/epoxy prepreg (AS6/F584) with a layer of release cloth (non-Teflon coated) em- 

bedded at the middle ply (Figure 1). This layer made it possible to deply the specimen at 

the mid—plane for fiber fracture analysis at various stages of life. Glass epoxy tabs with 

30° tapering were used to reduce the stress concentration as well as fiber fracture in the 

gripped section due to gripping the specimens. This is represented by Figure 2 A&B for 

unidirectional satin weave Celion 3000/PMR-15 specimens. High fiber fracture density at 

the gripped section is the result of extremely high grip pressure needed to avoid 

specimen/grip slippage. Such grip effects was reduced by tabbing the specimens at the 

grip sections. Tabs and the tab-section surfaces of the panels were lightly sand-blasted for 

cleaning as well as to increase the mechanical friction between the two adjoining surfaces. 
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American Cyanamid’s FM-300K adhesion film was used for binding the tabs to the panels. 

The tabs were bonded to the panels at 0.5 MPa (75 psi) for 1 hour after being preheated 

for 30 minutes at 175°C (350°F) in an autoclave. The test specimens shown in Figure 1 

were cut at 0° from the laminated panels after cure of the grip tabs [56]. 

Residual Strength Measurement: Residual tensile strength of the specimens was obtained 

by stopping the fatigue cycling at various stages of life (or damage) and quasi—statically 

loading the specimens to failure at a loading rate of 880 N/s (200 Ibf/s). To avoid failure 

of the specimens at the gripped section, a minimal grip pressure of 5.52 MPa (800 psi) was 

used. This grip pressure was high enough to avoid specimen/grip slippage and yet low 

enough to avoid premature failure of the specimen due to the grip effect. 

Ultimate Tensile Strength Measurement: Following the same loading rate as in the residual 

strength measurement, eight specimens were tested for ultimate tensile strength. Of the 

eight specimens loaded quasi-statically to failure, four were laminated without any release 

cloth and four were laminated with a layer of release cloth, at the mid—plane, as described 

earlier. The four specimens without any release cloth had ultimate tensile strengths of 

339,591, 344,081, 377,961, and 340,000 psi. The specimens with the release cloth had ulti- 

mate tensile strengths of 347,500 psi, 340,000, 353,333, 360,000 psi. An average ultimate 

tensile strength of 350,408 psi was used throughout this investigation. 

Deply Technique: The specimens were deplied using Freeman's deplying technique [8] in 

a modified tube furnace with argon purging to avoid oxidation of fibers at elevated tem- 

peratures. A pyrolysis time of 15 minutes at 600° C (1112° F) was found to be sufficient. 

Pyrolysis time was judged by the ease of deplying and the amount of remaining matrix. 

This was of extreme importance, because in fiber fracture analysis the amount of fiber 

fracture due to deplying had to be minimized, while at the same time enough matrix had 

to be kept to ensure that the relative position of fibers within the ply remained intact. 
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Fiber Fracture Count: Fatigue tested and deplied specimens were examined for fiber 

fracture using a Joel JCM 35 scanning electron microscope. The central 1 in. gage section 

of the specimens was examined for fiber fracture. Fractured fibers were counted in the 

form of singlets (Figure 3), doublets (Figure 4), triplets (Figure 5), and finally clusters of 

more than three broken fibers. 

2.1.1.1 Damage Evolution Monitoring Based on the Classical Median Life 

Approach. 

Specimens were fatigue cycled (R = 0.1) at 60%, 65%, 70%, 75%, and 80% o, and the 

S—N diagram for this material system was obtained. Representative samples were taken 

at early, middle life, and impending failure based on the median life of each representative 

group (10%, 50%, and 95% life according to the S—N data) for residual strength and fiber 

fracture measurements. 

Damage evolution monitoring based on the median life technique was later proved to be 

inadequate due the large scatter in life data in this material system. As was discussed in 

Chapter |, the method of Elahi et. al [60] was adapted to the present study. Dynamic me- 

chanical analysis proved to be a viable method for damage evolution monitoring. Appli- 

cation of this technique made it possible to examine fatigued specimens based on a 

uniform damage term regardless of the life of specimen as noted by the cycles to failure. 

2.1.1.2 Damage Evolution Monitoring Based on the Dynamic Mechanical 

Approach. 

Dynamic analysis of fatigued structures can be easily modelled using a discrete parameter 

mode! as illustrated in Figure 6. The idealized elements are called mass, spring, damper, 
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and excitation. Energy is stored by the system in the mass and the spring in the form of 

kinetic and potential energy, respectively. Energy enters the system through excitation 

and is dissipated through damping. 

The relationship among the constituents of the system (mass, stiffness, and damping) is 

given by equation 1.1. 

mx + cx + kx = f(t) [1.1] 

Equation 1.1 is referred to as the equation of motion for the single degree of freedom 

(SDOF) system depicted in Figure 6. The constant coefficients m, c, and k represent the 

system parameters as illustrated in Figure 6. The natural frequency and damping factor 

of the system is calculated using the definitions in equation 1.2. 

  

2__k Cc Cc 
o,=—, %two,=— or C= 1.2 A m a m J2km [ ] 

The natural frequency, w, is in units of radians per second (rad/s). The typical units dis- 

played on a digital signal analyzer, however, are in Hertz (Hz). The damping factor (€) can 

also be represented as a percent of critical damping—the damping level at which the sys- 

tem experiences no oscillations. Although there are three damping cases, only the 

underdamped case (€<1) is generally important for structural dynamics applications. 

When there is no excitation, the roots of the equation are as shown in equation 1.3. 

S;2=—a+ fog where o—DAMPING RATE 
[1.3] 

®q—DAMPED NATURAL FREQUENCY 

Each root has two parts: the real part or decay rate, which defines damping in the system 

and the imaginary part, or oscillatory rate, which defines the damped natural frequency, 

®g. This free vibration response is illustrated in Figure 7. 
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When excitation is applied, the equation of motion [1.1] leads to the frequency response 

of the system. The frequency response is a complex quantity and contains both real and 

imaginary parts (rectangular coordinates). It can be presented in polar coordinates as 

magnitude and phase, as well. Because it is a complex quantity, the frequency response 

function cannot be fully displayed on a single two dimensional plot. One method of pre- 

senting data is to plot the polar coordinates, magnitude and phase versus frequency as 

illustrated in Figure 8. At resonance, w=a,, the magnitude is a maximum and is limited 

only by the amount of damping in the system. The phase ranges from 0° to 180° and the 

response lags the input by 90° at resonance [61-62]. 

Even though application of frequency response analysis is predominantly in electrical net- 

work analysis, the various forms of frequency response function based on the type of re- 

sponse variable are also defined from a mechanical engineering viewpoint. They are 

somewhat intuitive and do not necessarily correspond to electrical analogies. These forms 

are summarized in Table 1. Using the frequency response of a dynamic signal analyzer, 

phase lag and compliance between the load and stroke signal could be determined. The 

frequency response measurement, often called the “transfer function”, is the ratio of a 

system's output to its input, and yields compliance (X/F) as a function of frequency. Fre- 

quency response is calculated as the ratio of the cross spectrum to the load signal’s power 

spectrum as shown in equation 1.4. 

G 
where: G,, is the cross spectrum 

s! 

Gy [1.4] 
G,, is the load signal’s power spectrum 

  H(A) = 

The cross spectrum of the load/stroke signals is calculated by multiplying the complex 

conjugate of the load spectrum by the stroke spectrum as given by equation 1.5. 

Gy) = (F.\(F) ) where: F, is the load spectrum’s complex conjugate 

F is the stroke signal's linear spectrum 
[1.5] 
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The power spectrum measurement shows the load signal in the frequency domain. It is 

computed by multiplying the FFT of the signal by its complex conjugate (Eqn. 1.6). 

G)= (F,)(F;) where: F, is the load signal’s linear spectrum 

[1.6] 
F; is its complex conjugate 

It is evident from the above formulation that the dynamic compliance of any mechanical 

structure or system could be determined using the displacement from any applied forcing 

function [63-64]. 

From a practical stand point, the applied force function could be a sinusoidal waveform 

load signal and the displacement could be the stroke signal from a servo hydraulic load 

frame, or the strain signal off the extensometer’s amplifier. If this is true, the possibility 

of omitting the usage of an extensometer is worth exploring. Dynamic stiffness determi- 

nation by non—contact methods could bring about opportunities for investigation of fiber 

fracture analysis which have not been possible to date. Damage evolution and property 

degradation in unidirectional composite laminates could be monitored and stage of life 

could be estimated. Life estimation based on the median life need not be used, hence the 

costly statistical analysis which requires large sample sizes could be avoided. 

2.1.1.3. Dynamic Mechanical Analysis as a Tool For Monitoring Damage 

State in Uni-directional Composite laminates. 

Using the specimen configuration of Figure 1, S—N data were obtained and dynamic re- 

sponse measurement recorded. Dynamic data acquisition was performed using an HP 

§000/PC-315 computer in—line with an HP 5208 data acquisition control unit as well as an 

HP 3562A dynamic signal analyzer (Figure 9). A software routine was developed for real 
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time dynamic response monitoring.1 Phase lag and gain response of the load/stroke 

signals from the MTS servo—hydraulic load frame were plotted in conjunction with the load 

and stroke data. To avoid disk storage overflow, data were sampled according to their 

relative change with respect to the previous events. 

Working in a frequency domain, all the measurements were made at the system's 

excitation frequency in a linear resolution mode. First, by using the cross spectrum func- 

tion, the fundamental frequency was determined and the marked (Figure 10A-B). Then the 

phase lag and gain measurements were made at this frequency using a frequency re- 

sponse measurement function (Figure 11A-B). 

Dynamic response for the unidirectional laminates demonstrated a general characteristic 

behavior. Modelling this behavior made it possible to identify the stage of damage in the 

material. Two new damage terms were identified and, as will be explained in Chapter Ill, 

“percent phase damage” and “percent gain damage” illustrated good correlation with the 

residual strength, and fiber fracture density as well as the remaining life measurements. 

Specimens were fatigue cycled and tests stopped at predetermined values of percent 

phase and gain damage. Two sets of specimens were fatigued and stopped for residual 

strength and fiber fracture density analysis at various degrees of damage as depicted by 

the new damage norms. 

“Dynamic Measurement Scheme for Characterization of Material Property Evolution”, Patent pending, 
Reifsnider, K.L., Razvan, A., Elahi, M.. 
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CHAPTER Il 

RESULTS & DISCUSSION 

As discussed earlier, unidirectional laminates demonstrate a large scatter in their life data. 

Initially the median life data were used to determine the stage of life for this material sys- 

tem. After several trials, this method was abandoned, and the dynamic mechanical ap- 

proach was used instead [55, 56]. In the present Chapter, results obtained from the first 

phase of study are discussed and then the final technique is treated and discussed at 

length [57, 60, 65, 66]. 

3.1.1.1 Damage Evolution Monitoring Based on the Classical Median Life 

Approach. 

The S—N diagram for the material system illustrated in Figure 1 was obtained and, based 

on the stabilization of the Weibull shape parameter (Figure 12), further testing was termi- 

nated. Using such an approach, a sample size of 30, 39, 49, 43, and 42 for 60%, 65%, 70%, 

75%, and 80% o,, respectively, was found to be sufficient (Figure 12). The S—N diagram 

for this material system is illustrated in Figure 13 and tabulated in Table 2 — Table 7. 
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The unidirectional laminates showed very little change in stiffness throughout their life. 

Damage monitoring becomes even more complicated at approximately 50% of life when 

severe surface matrix splitting causes separation of the extensometer from the specimen 

surfaces (Figure 14). The separation of the extensometer leaves no other choice than to 

base the life of specimens on the average or median life from the S—N diagram. Based 

on the S—N data for this material system, the median life of samples at each load level 

could be determined. Due to the wide variation in cycles to failure (life), this approxi- 

mation is very rough indeed. For example, only half of the samples that were fatigued at 

a load level of 75% failed at between 1,668 and 38,728 cycles; these numbers represent, 

respectively, the first and third quartiles of the cycles to failure. The median life for these 

samples is 2,979 cycles. By fatigue cycling a sample for 1,000 cycles, one may conclude, 

based on the median life, that this sample is at one—third of its potential life. There is a 

one—fourth chance, however, that the life would have been greater than 38,728 cycles; if 

this is in fact the case, then this sample is at less than one—fortieth of its potential life! 

Similarly, if it happens to be a sample with an actual life of less that 1,668 cycles, which 

occurs one—fourth of the time, then this sample has less than half of its life left. Therefore, 

the variability of survival times is too great to make fixed stopping times a reliable method 

of uniformly estimating the damage state of a given specimen for the purpose of predicting 

life or for the purpose of measuring remaining strength (or any other variable) as a function 

of fractions of life. This had a pivotal effect on the present effort. 

Residual strength degradation as a function of life based on the median life demonstrates 

the unreliability of such an approach (Figure 15). Various specimens were stopped at 

various stages of life at 70% o,, according to the median life, and the residual strength of 

the specimens was determined. The random behavior of fiber fracture and residual 

strength proves the inconsistency of this approach for approximating the stage of life. 

The development of a new experimental technique or approach is paramount to achieving 

an understanding of the response of unidirectional composite laminates. Ifthe stage of life 
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could be approximated with a certain degree of repeatability, then further analysis of 

strength degradation and fiber fracture would be possible, but in the absence of such a 

scheme, no technique could offer a consistent method for estimating and predicting life. 

Such a scheme is proposed below. 

3.1.1.2 Damage Evolution Monitoring Based on the Dynamic Mechanical 

Approach. 

Phase lag and gain response of unidirectional specimens, regardless of their respective 

lives, demonstrated a characteristic behavior. As is evident from Figure 16 — Figure 17, 

three distinct regions are produced throughout the life of specimens, resembling that of 

compliance change of cross ply laminates, as explained in Chapter Il. Taking advantage 

of this characteristic behavior, after several more tests, it was noticed that the relative 

change between the initial phase lag and gain values with respect to their final values 

before specimen fracture, on the average, remains constant. In the case of 65% o,, 108% 

and 18% change for phase lag and gain were found, respectively. The percent change 

calculations were based on equation 3.1. 

-—* 100 where | = Initial value 
[3.1] 

F = Final value 

  % Change = 

Using this characteristic relative change, new specimens were tested, and, based on their 

initial phase lag and gain, their final phase lag and gain were approximated using equation 

3.2. 

% change 
F=1x(1-— =) [3.2] 
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The approximate final value was then used to estimate the stage of life for the new speci- 

mens using equation 3.3. 

% damage = 100 — | -=¢ x 100 | where F-= Final value 

/ = Initial value [3.3] 

C = Current value 

Equation 3.3 is normalized relative to the initially obtained value to represent damage on 

a relative scale of 0% for no damage and 100% for expected failure. Depending on the 

term used, the percent damage term was named “percent phase damage” or “percent 

gain damage”. Based on this approach, “MR—PHASE 4000” software was developed, and 

these new damage norms were monitored in real time (Figure 16 — Figure 17). Various 

specimens were fatigue cycled and stopped based on the percent phase and gain damage. 

These specimens were later loaded quasi—statically to failure for residual strength meas- 

urements. A similar technique was followed and specimens were collected for fiber frac- 

ture analysis. Table 8 and Figure 18 — Figure 19 illustrate the residual strength 

degradation as a function of these new damage norms for 65% oy. 

This characteristic behavior was not observed for 70% o, fatigue tested specimens. At 

70% oz, the initial load levels are so high that excessive matrix damage initiated from the 

first few cycles. Damage in unidirectional laminates under high load levels is predomi- 

nantly in the form of matrix splitting [55-56]. In the presence of matrix splits, damage be- 

comes predominantly concentrated in the region of the split. This is clearly demonstrated 

in Figure 20 where fiber fractures are concentrated at the matrix split while the neighbor- 

ing areas are free from any fiber fractures. Due to the splitting—dominated damage, using 

the same approach as the one used for 65% o,, revealed no characteristic behavior. 

Further analysis of the test data showed inconsistency between the initial phase lag and 

gain from specimen to specimen. This is in line with the previous argument that the failure 
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of unidirectional specimens at high load levels is dominated by matrix splitting. If the initial 

values could not be used as an initial state, the previous approach could not be applied. 

At 50% o,, after 3000 cycles, no change of phase lag and gain was observed (Figure 21 

— Figure 22). Therefore, the final value of phase lag and gain at 50% oa, for each specimen 

was used as an initial condition for that specimen. In other words, specimens were fatigue 

cycled at 50% o, for 3000 cycles after which the test was stopped and loading was changed 

to 70% o,. Following such an approach, a consistent initial state was obtained, and the 

previous percent change approach was once again found to be characteristic. Phase lag 

and gain percent changes of 229% and 20% were recorded respectively. Residual 

strength and fiber fracture measurement were then performed and results illustrated good 

correlation with the 65% o, case. The results are tabulated in Table 9 and Figure 23 — 

Figure 24. Figure 25 — Figure 26 illustrate the load level dependency of residual strength 

in this material system. In the case of unidirectional materials, the load level dependency 

has never been quantified before, and is a significant step towards understanding their 

response is demonstrated in these figures. As is evident, there is a threshold in life be- 

yond which specimens fatigued at 70% o, have lower strength, for the same percentage 

of remaining life, than the specimens tested at 65% o,. Until the middle stages of life, 65% 

o, specimens demonstrate a lower residual strength than the specimens fatigued at 70% 

oy, after which the strength at 70% oa, falls below the specimens tested at 65% o,. How- 

ever, this difference is not large, compared to the spread of data. 

Fiber fracture data for both load levels demonstrate the spread and scatter in the data for 

such measurements (Table 10 — Table 11). The data are not as convincing as it is argued 

in such theoretical models as Batdorf [48-50] for quasi-static loading. Whether arguments 

such as Batdorf's are valid or not, cannot be deduced from the present data. Some key 

issues could be addressed with the available information and they are as follows: 

1. At 65% o,: 
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a. The number of singlets appears to increase as a function of % gain damage and 

stay constant relative to the % phase damage. Even though the observed in- 

crease in the singlet formation {in the case of % gain damage), relative to the 

spread in the data is not convincing, mathematically the increase resembles that 

of an exponential function (Figure 27 — Figure 28). 

b. Doublets and triplets appear to remain constant relative to both % phase and % 

gain damage (Figure 29 — Figure 32). 

c. The total fiber fracture, or the sum of all the broken fibers (singlets, doublets, and 

triplets), also seems to follow the arguments presented in 1-a & 1-b (Figure 33 — 

Figure 34). 

2. At 70% ou: 

a. The number of singlets relative to % gain and % phase damage appears to stay 

constant (Figure 35 — Figure 36). As is evident from Figure 37 — Figure 40, 

doublet and triplet formations do not show any pronounced dependence on the 

new damage norms as well. This lack of dependence is further illustrated in the 

total fiber fracture data presented in Figure 41 — Figure 42. 

From an experimental standpoint, a specimen fails when all its constitutive fibers are 

fractured at least once. The details of this process are obscured by the limitations in the 

experimental procedure and the way the data are presented. Experimentally the following 

short comings and limitations are known to exist: 

1. For the phase lag and gain to be calculated by the dynamic signal analyzer, the 

specimen has to undergo at least 300 cycles. So, the initial state of the fiber fracture 

is based on 300 cycles and not 1 or 2 cycles. 
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2. Based on case 1, it is evident that the closest a datum point could be collected to the 

end of life is also about 300 cycles. 

3. Even if the data are collected at the very beginning of life, the specimen could not be 

deplied at the mid—plane since the specimen has not delaminated at that early stage 

of life, a requirement for deplying purposes?. 

With all these short comings, the data reveal some important characteristics of the nature 

of fiber fracture. From the residual strength data of Figure 18 — Figure 19 and Figure 23 

— Figure 24, the validity of the two new damage norms is evident. If these two norms are 

valid damage parameters, then why the fiber fracture data not show any relationship such 

as the relationship shown by the residual strength data needs to be determined. The an- 

swer could lie on the absence of data in both extremes of the spectrum of life, namely, the 

beginning and end. Therefore, it is suggested that the data represent only the middle 

stage of damage relative to fiber fracture. If this argument is true, then the number of fiber 

fractures does not increase substantially after the initial cycle, and Graphite fibers do not 

fatigue under the given loading conditions. This is, once again, in support of the argument 

presented by Reifsnider [19] that the majority of fibers should break due to the initial load 

levels. 

To fully understand the nature of such an argument, twenty four specimens were 

quasi—statically loaded to 80%, 85%, 90%, 91%, 92%, 93%, 94%, and finally 95% oa, 

(three specimens at each load level). After the quasi—static load, each specimen was then 

fatigued at 65% a, till 50% phase or gain damage was recorded. Following the previously 

discussed procedure, each specimen was deplied and examined for fiber fracture. An- 

other group of specimens, after being quasi-statically loaded to the above load levels, were 

fatigue cycled to failure. Following this stage, life and fiber fracture variation due to initial 

2 The reader is referred to Chapter II, and is reminded of the presence of a release cloth at the mid 
section of the laminate. 
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high load levels should be indicative of such influence, if any, on the damage state of this 

material. Results are given in next section. 

3.1.1.3 Influence of Initial High Static Loading on the State of Fiber 

Fracture. 

As discussed in the last section, several specimens were quasi—statically loaded to 80%, 

85%, 90%, 91%, 92%, 93%, 94%, and 95% o,. A few specimens failed at high load levels 

of 94% and 95% o,, but the ones which survived were fatigued at 65% o,. The latter 

specimens were divided into two groups; one group was stopped after approximately 50% 

phase damage, and then deplied for fiber fracture counts. Specimens in the second group 

were fatigued to failure and the S—N plot at 65% o, was obtained. Results are tabulated 

in Table 12 and Table 13. Figure 44 through Figure 47 also demonstrate the singlet, 

doublet, triplet, quad-plet, and finally the total number of fractured fiber formations in these 

specimens. Figure 43 illustrates the S—N diagram for this material system due to the de- 

scribed loading history. Singlet fiber fracture counts revealed an exponentially increasing 

growth pattern with increasing static load levels prior to the fatigue cycling at 65% o, 

(Figure 44). Doublet, triplet and total fiber fracture counts revealed no significant pattern 

and appear to stay constant within the data scatter (Figure 45 — Figure 47). 

The S—N diagram of Figure 43 illustrates the influence of initial high load levels on the 

fatigue life of the specimens at 65% o,. As discussed in earlier sections, singlet formations 

demonstrated no further initiation after the first few cycles of life until the last few cycles 

before specimen failure (Figure 27 and Figure 28). Due to such evidence, we conclude 

that the behavior demonstrated in Figure 43 is primarily due to the initial high load levels 

and not to the fatigue cycling at 65% oy. 
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Fatigue Cycling and High Load Levels and The Influence on Fiber Fracture Spacing.: As- 

suming a uniform density of fiber fractures throughout the cross section of the specimen, 

one can hypothesize a hexagonal distribution for the fiber fractures as illustrated in 

Figure 48. The area of each of the unit cells (hexagons) is defined as equation 3.4. 

3/3 ad 
_ ava ty? where A, =Area of the unit cell (Hexagon) uc ( 2 2 [3.4] 

dy =distance between broken fibers 

The total surface area of the specimen is, hence, given by equation 3.5. 

A,=NexAy. where Ny=Number of broken fibers 
[3.5] 

A, =Total surface area 

The total surface area of each specimen was measured prior to every test, and the fiber 

fractures were also counted as part of the study. Having both the total area and the 

number of fiber fractures, one can easily calculate the distance between broken fibers in 

the plane of observation (dy) as a function of Ny (Equation 3.6). 

4 

BJ3_) Ay? One = L ( 0 ) Ne [3.6] 

Knowing Ny at each load level, dy could be expressed as a function of initial applied static 

load level (% o,). According to Figure 49, specimens loaded to higher initial load levels 

have smaller fiber fracture spacings than the specimens loaded to lower initial load levels. 

Using least square fits of Figure 49 and Figure 43, namely equations 3.7 and 3.8, 

Opp = 0.84 @ O08 (au) [3.7] 

L = 1.41 x 10°xe 0078 (au) [3.8] 

where L=Life at 65% ultimate tensile strength 

“%o, = Percent of the ultimate tensile strength used in static loading 
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one can easily solve for %o, in equation 3.8 and substitute it into equation 3.7 to obtain a 

relationship between fiber fracture spacing and life at 65% oy. 

L 0.38 
dy, = 0.84 [ ——— ] [3.9] 

1.41x10 

Equation 3.9 is derived if an exponential fit is assumed for equation 3.8. Considering the 

scatter in data, a linear fit could also be used in Figure 43. Using a linear fit for the data 

in Figure 43 results in equation 3.10. (Figure 50) 

L = 1,097,804 — [5460 x (%o,)] [3.10] 

Solving for % o, in equation 3.10 and substituting it in equation 3.7 results in equation 3.11. 

pe = 0.84 00.08 Seg) [3.11] 

Equations 3.9 and 3.11 are illustrated in Figure 51. Discarding, the outlyer data point, as 

marked on Figure 50 and Figure 51 and expanding the scale reveals the sensitivity of such 

an analysis to the kind of fit used for the data. The dashed trend line in Figure 52 is 

hypothetically illustrative of fiber fracture spacing and its influence on life of specimens. 

The specimens with a greater fiber fracture spacing live longer than similar specimens 

with smaller fiber fracture spacing. In fact, one could postulate a simple proportionality 

between the fiber fracture spacing and the number of cycles to failure. If one considers a 

typical Paris— type growth law [67], of the form of equation 3.12 

da _., ¢é ant & [3.12] 

where G is the strain energy release rate and « and # are material constants for matrix 

crack growth at the local level (between fiber breaks), and if G is constant during that 

growth (which may be a reasonable assumption under locally strain—controlled conditions 
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[68], then equation 3.12 suggests that the number of cycles to failure is directly proportional 

to the distance between fiber fractures. 
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CHAPTER IV 

CONCLUSION 

The finai tensile fracture of any composite structure is primarily due to the failure of its 

constituents, namely fibers and matrix in the present case. Numerous investigations have 

concentrated on the interaction between these constituents and how they control or influ- 

ence the final failure of the structure. Mathematical models have also been proposed to 

predict the remaining life and strength of these structures based on a predefined or 

measured damage states. Even though a majority of these predictive methodologies con- 

sider the engineering properties of both the fiber and matrix, and take into account the 

fiber-matrix interaction as well as the matrix damage state, they rarely consider the spe- 

cific influence of fibers, and especially the fractured fibers in such studies. 

To date, no experimental data exists, to the author’s knowledge, to define the behavior of 

constitutive fibers of a composite structure throughout the life span of that structure. This 

is mainly due to the difficulty associated with conducting such experimental analysis. The 

prime candidate for a fiber—based investigation is unidirectional zero—degree composite 

coupons. But unidirectional coupons do not demonstrate any significant loss of stiffness 

during fatigue cycling compared to other lay-ups (e.g. quasi-isotropic or orthotropic). Even 
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if stiffness degradation was significant, due to the nature of damage in this material system 

it would be impossible, practically, to monitor that change using conventional techniques 

(e.g. an extensometer or strain gages) because the damage and failure process destroys 

the integrity of the contact between those devices and the material, under cyclic conditions 

[57]. It is also very difficult to derive the nature of fiber fracture in the interior of a speci- 

men. In fact, no nondestructive method for detecting individual fiber fractures, their lo- 

cation, and the local conditions around such a break is known. Furthermore, taking 

composites apart, systematically, to determine those details is remarkably difficult, and 

time consuming. Knowing all the difficulties associated with unidirectional composite 

studies, it is not hard to imagine why such a data set is not yet created. 

Through extensive research on this subject, the current manuscript presents the findings 

of a fiber-based investigation of unidirectional composite material systems. In particular, 

a unidirectional graphite/epoxy system was studied, and the influence of applied load level 

on fiber fractures, and their influence on damage growth documented. The affect of fiber 

fracture on the damage state of composites varies from one material system to another. 

Common logic dictates that “virgin” structures should have few broken fibers, while 

“failed” structures should have all their constitutive fibers broken at least once. What 

happens in between these two states is a question poorly addressed in the literature. 

Depending on the material system, it is shown by the author that delamination and fiber 

fracture often have related roles in the final failure of specimens [13,40]. Quasi-isotropic 

laminates, for example, demonstrated delamination preceding fiber fracture, while in 

orthotropic specimens fiber fracture precedes delamination. Load level was also proven 

to influence the damage initiation and growth mechanisms [15]. This is especially impor- 

tant when accelerated laboratory—generated data are to be used in the actual design of 

structures. High load levels (typical of “short” laboratory tests) demonstrate 

initiation—dominated failure, while low load levels (typical of “long” service life) cause 

failure due to growth—dominated mechanisms. 
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If fiber fracture is to be investigated, one has to be able to separate their influence from 

other damage mechanisms (e.g. delamination). As discussed earlier, unidirectional spec- 

imens are prime candidates for such an investigation. In order for such a study to be un- 

biased and accurate, a special specimen configuration was designed [56]. Testing 

machines had to be more accurately aligned [55], and, to make quantitative damage 

monitoring possible, a new approach had to investigated [57, 60, 65, 66]. A damage mon- 

itoring technique (patent pending) was developed to accurately record the state of damage 

in this material system without the usage of extensometers or strain gages. Following this 

method, two new damage norms were introduced, namely, “percent phase damage” and 

“percent gain damage”. Fiber fracture, strength degradation, and the life of unidirectional 

specimens were investigated and recorded as a function of various load levels, using these 

norms to establish “comparable” specimens during cyclic loading, i.e., cyclic loading was 

interrupted to record data based on these norms. 

Fiber fracture, in general, showed no definitive growth pattern during fatigue cycling. It 

appears that the majority of the broken fibers that occur over nearly 90% of the life are 

due to the initial applied load cycle. Fiber fracture could be mapped during the life of the 

specimen as a three—stage growth phenomenon. In the first few cycles, a majority of the 

weak fibers break and fiber fracture initiation is “halted” while other damage mechanisms 

come into play. A Second stage is characterized by almost no further fiber fracture until 

the very last few cycles prior to failure when the rest of the fibers break. Further study of 

this initiation mechanism revealed a direct relationship between the fiber fracture state 

and the applied load level. Subjecting the specimens to quasi-static loading at high load 

levels (80, 85, 90, 91, 92, 93, 94, and 95% a,) prior to fatigue cycling at a fixed lower load 

level (65% o,) demonstrated higher fiber fracture densities at higher pre—load levels, re- 

gardless of the fatigue cycles at lower load levels. This is one of the key findings of this 

investigation. “Proof testing” which is a common practice in industry for “verifying” the 

integrity of a structure, could very well be causing significant subsequent reductions in life. 
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In summary, this investigation has provided the following salient new findings: 

4. During cyclic loading of unidirectional fiber—dominated composite coupons, the evo- 

lution of fiber fracture has at least three distinct phases, an early stage (a few percent 

of life) in which fibers fail in a manner fully dominated by load level, a secondary stage 

(typically 80% of the life) when very few additional fibers break, and a third stage in 

which matrix (and interface) damage alters local stress states and links up fiber frac- 

ture process to an extent that a catastrophic fiber fracture process is initiated. These 

three stages present three distinct opportunities to influence the fatigue response of 

such composites, a fact not previously identified. 

2. Using an experimental damage norm that is sensitive to fiber fracture, it was conclu- 

sively shown that remaining strength of a fiber—dominated coupon in tension is pro- 

portional to fiber fracture density. Since deriving fiber fracture density and 

determining remaining strength both require destruction of a specimen, this had pre- 

viously not been established (although widely assumed). 

3. Loading to a high level of stress quasi—statically (as one would do in proof testing) 

before cyclically loading such coupons can greatly reduce fatigue life, if the static load 

level is high enough to cause significant fiber fracture(of the order of 90% of static 

strength) in the present case. Moreover, it was found that this reduction in life corre- 

lates with the experimentally determined distance between fiber fractures as a func- 

tion of load level. Based on typical representations of crack growth rates, this strongly 

suggests that life after stage | fiber fracture is controlled by crack growth in the matrix 

material. 

With these findings as a base, it is now possible to postulate the first well—founded 

mechanistic model of fiber—dominated fatigue degradation under tensile loading. Al- 

though beyond the scope of this document, it is clear that with a knowledge of the cyclic 
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load level to define stage | fiber fracture and, therefore, stage II crack growth lengths, and 

subsequent (correct) modeling of stage II crack growth, fatigue life can be mechanistically 

modeled in these materials, the first time such an approach has been suggested or pos- 

sible. As a continuing effort, interaction terms between fiber and matrix as well interface 

between the two could also be incorporated in the model. It is hoped that this dissertation 

is a first (essential) step in that direction. 
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Table 1. 

Tables 

Different Forms of Frequency Response. 

  

  

      

Definition Response Variable 

; X DISPLACEMENT 
Compliance F FORCE. 

vs V VELOCITY 
Mobility F FORCE 

A ACCELARATION 
Inertance F FORCE     
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Table 2. S—N data for 8—ply graphite/epoxy laminate at 60% ultimate strength. 

  

  

  

          

Average Weibul Parameters 

Specimen # Neaiture (Median) o p 

SN3-1 2,403,240 
SN3-3 7,881,920 
SN3-6 4,135,601 
SN3-7 7,565,160 
SN3-8 9,906,804 
SN3-9 11,992,505 

SN3-11 3,987,324 
SN3-12 6,604,190 
SN3-13 7,204,820 
SN3-14 8,395,891 
SN3-15 10,097,693 
SN3-16 8,330,743 
SN3-18 4,626,800 
SN3-19 2,339,410 
SN3-20 5,055,522 
SN3-21 12,860,280 
SN3-23 6,815,911 
SN3-24 16,653,502 
SN3-25 1,256,378 
SN3-27 5,912,666 
SN3-28 1,280,142 
SN3-29 5,987,634 
SN3-30 2,068,569 
SN3-32 14,542,559 
SN3-33 2,758,260 
SN3-34 4,376,978 
SN3-35 4,537,064 
SN3-37 5,115,977 
SN3-38 5,178,283 
SN3-39 6,308,511 6,900,333 
SN3-40 16,704,605 (6,710,050) 1.73 7,754,593   
  

Tables 38



Table 3. S—N data for 8—ply graphite/epoxy laminate at 65% ultimate strength. 

  

  

  

          

Average Weibul Parameters 

Specimen # Neaiture (Median) x B 

SN5-1 5,131,668 
SN5-2 2,207,925 
SN5-3 432,983 
SN5-4 2,213,055 
SN5-5 2,703,331 
SN5-6 2,945,936 
SN5-8 2,645,112 
SN5-9 2,358,805 

SN5-10 7,887,005 
SN5-114 2,944,780 

SN5-12 6,517,765 
SN5-13 3,149,355 
SN5-14 4,865,949 
SN5-16 459,689 

SN5-17 2,401,376 
SN5-18 1,787,059 
SN5-19 371,484 
SN5-20 1,035,588 
SN5-21 3,250,402 

SN5-22 164,257 
SN5-23 167,040 
SN5-25 2,141,080 
SN5-26 2,657,951 
SN5-27 1,015,979 
SN5-28 4,896,031 
SN5-29 2,473,120 
SN5-30 1,293,098 
SN5-32 1,638,624 
SN5-33 251,049 
SN5-36 494,623 
SN5-37 1,369,172 
SN5-39 2,816,096 

SN5-43 757,645 
SN5-44 2,653,670 
SN5-46 1,817,623 
SN5-47 128,808 
SN5-48 609,889 
SN5-49 3,988,324 2,321,463 
SN5-50 6,893,718 (2,207,925) 1.23 2,478,860   
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Table 4. S—N data for 8—ply graphite/epoxy laminate at 70% ultimate strength. 

  

  

  

          

Average Weibul Parameters 

Specimen # Nraiture (Median) a B 

SN1-1 1,700 
SN1-2 136,150 
SN1-3 831,520 
SN1-4 399,380 
SN1-5 2,582,960 
SN1-6 36,170 
SN1-7 179,030 
SN1-8 682,410 
SN1-9 922,550 

SN1-10 520,340 
SN1-11 700,660 
SN1-12 4,070,179 
SN1-13 46,830 
SN1-15 32,060 
SN1-16 1,577 
SN1-17 169,432 
SN1-18 56,892 
SN1-49 33,289 
SN1-20 1,030 
SN1-21 5,264 
SN1-22 200,209 
SN1-23 264,019 
SN1-24 1,662 
SN1-25 7,622 
SN1-26 85,097 
SN1-27 489,724 
SN1-28 15,215 
SN1-29 64,059 
SN1-30 5,648 
SN1-31 20,672 
SN1-32 51,254 
SN1-33 57,846 

SN1-34 769,191 
SN1-35 15,401 
SN1-36 442,736 
SN1-37 4,623 
SN1-38 42,165 
SN1-39 1,649 
SN1-40 68,836 
SN1-41 454,380   
  

Tables 40



Table 5. S—N data for 8—ply graphite/epoxy laminate at 70% ultimate strength-(continued from 

  

  

  

      

Table 4). 

Average Weibul Parameters 

Specimen # Nraiture (Median) a p 

RSM-7M 1,171 
RSM-3L 8,855 
RSM-4L 7,377 
RSM-6L 255,327 
RSM-7L 465,517 
RSM-8L 296,660 

RS-70-E1 3,400 
RS-70-E2 1,128 260,663 
RS-70-M1 174,873 (57,369) 0.53 147,909         
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Table 6. S—N data for 8—ply graphite/epoxy laminate at 75% ultimate strength. 

  

  

  

  
          

Average Weibul Parameters 

Specimen # Neaiture (Median) 0 p 

SN4-1 4,708 
SN4-2 9,218 
SN4-3 6,462 
SN4-4 81,228 
SN4-5 357,206 
SN4-6 736,455 
SN4-7 38,728 
SN4-8 280,001 
SN4-9 193,849 

SN4-10 3,395 
SN4-11 6,767 
SN4-12 138,066 
SN4-13 176,902 
SN4-14 4,668 
SN4-16 986 
SN4-18 3,980 
SN4-19 1,352 
SN4-20 1,983 
SN4-21 1,138 
SN4-22 1,819 
SN4-23 1,961 
SN4-24 2,979 
SN4-25 734 
SN4-26 2,251 
SN4-27 2,397 
SN4-28 2,413 
SN4-29 4,035 
SN4-30 1,969 
SN4-31 66,341 
SN4-32 2,395 
SN4-33 2,619 
SN4-34 1,465 

SN4-35 5,798 
SN4-36 1,196 
SN4-37 2,820 
SN4-38 55,563 
SN4-39 8,311 
SN4-40 141,859 
SN4-41 4,079 
SN4-42 6,350 
SN4-43 557 
SN4-44 1,615 54,980 
SN4-45 6,511 (2,979) 0.47 19,466   
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Table 7. S—N data for 8—ply graphite/epoxy laminate at 80% ultimate strength. 

  

  

  

          

Average Weibul Parameters 

Specimen # Nesiture (Median) ot B 
SN2-1 250 
SN2-2 380 
SN2-4 300 
SN2-5 830 
SN2-6 490 
SN2-7 320 
SN2-8 610 
SN2-9 1,730 

SN2-10 1,187 
SN2-11 936 
SN2-12 931 
SN2-13 2,049 
SN2-14 715 
SN2-15 1,440 
SN2-16 1,520 
SN2-17 3,289 
SN2-18 2,715 
SN2-19 4,500 
SN2-20 1,259 
SN2-21 742 
SN2-22 564 
SN2-23 1,227 
SN2-24 414 
SN2-25 692 
SN2-26 240 
SN2-27 643 
SN2-28 954 
SN2-29 1,017 
SN2-30 622 
SN2-31 299 
SN2-32 1,038 
SN2-33 282 
SN2-35 453 
SN2-36 892 
SN2-37 452 
SN2-38 1,069 
SN2-39 504 
SN2-40 779 
SN2-41 637 
SN2-42 258 
SN2-43 632 884 
SN2-44 266 (703) 1.52 990   
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Table 8. Residual strength data at 65% ultimate strength relative to % phase and % gain damage 

DAMAGE 

SPECIMEN # N % GAIN % PHASE Gres. (PSI) 

RS-65-M6 1,794 4.47 5.9 384,000 

RS-65-E12 909 6.13 5.48 361,650 

RS-65-E10 854 4.40 16.48 338,850 

RS-65-E11 1,260 20.76 11.64 343,350 

RS-65-E7 3,573 18.96 11.86 337,000 

RS-65-M8 42,382 20.98 20.09 353,000 

RS-65-E9 71,623 19.42 43.43 362,250 

RS-65-E5 18,245 62.13 51.10 276,000 

RS-65-M9 23,926 23.16 51.59 324,850 

RS-65-E8 33,087 80.22 62.27 304,905 

RS-65-M10 250,784 36.64 63.19 368,500 

RS-65-M7 775,342 42.29 69.94 333,000 

RS-65-L3 120,764 50.18 82.16 325,250 

RS-65-E6 885,848 83.16 83.88 307,000             
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Table 9. Residual strength data at 70% ultimate strength relative to % phase and % gain damage 

DAMAGE 

SPECIMEN # N % GAIN % PHASE Gres. (PSI) 

RS-70-E3 786 29.94 79.47 360,500 

RS-70-E5 6,001 16.45 94.82 350,000 

RS-70-M2 1,174 33.19 97.21 306,190 

RS-70-M3 2,438 27.75 72.62 345,500 

RS-70-M5 4,999 11.93 79.80 367,500 

RS-70-L1 3,522 51.40 112.88 294,286 

RS-70-L2 37,002 14.58 77.10 345,000               
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Table 13. S—N data for specimens fatigued at 65% UTS after being loaded quasi-statically to 
higher load levels. 

  

  

  

  

  

  

  

  

  

  

  

            

Static load DAMAGE 

Specimen |.D. % UTS % Phase % Gain Nraiture 

FF94651 94 133.23 103.58 2970 

L95651 95 138.78 71.08 2745 

L94651 94 79.04 82.09 302424 

L93653 93 77.17 81.77 405122 

L93651 93 feet nee 788301 

L92651 92 60.34 107.95 460510 

L90651 90 69.06 89.99 3051022 

FF80654 80 85.68 116.87 186315 

RS_65_L1 65 wee nee 696196 

RS 65 M2 65 wee o---- 680767   
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    Figure 2. Example of gripped affected zone: (A) gripped and (B) gage section. 
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Figure 3. Example of a singlet fiber fracture.   
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Figure 4. Example of a doublet fiber fracture.     
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Example of a triplet fiber fracture. 
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  Figure 7. SDOF impulse response/free decay. 
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Figure 20.     Influence of matrix split on fiber fracture In AS6/F584 laminate: (A) matrix split and 
(B) neighboring fibers to the matrix split. 
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Figure 46. Triplet fiber fracture formation due to the initial high level quasi—static loading. 
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Figure 47. Total number of fractured fibers due to the Initial high level quasi—static loading.     
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Figure 48. Hexagonal array fiber fracture model. 
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The dependence of fatigue life on fiber fracture spacing. The data points corre- 
spond to the actual life data used in fiber fracture spacing calculations.   
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Figure 52. Fiber fracture spacing sensitivity on the S—N diagram’s least square fit.: A) Expo- 
nential fit, B) Linear fit, C) Assumed general behavior. The data points correspond to 
the actual life data used in fiber fracture spacing calculations.     
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