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I. INTRODUCTION 

Advanced composites are gaining wide acceptance due to their 

high structural performance. They offer engineers the unique con­

venience to design totally new materials with the precise combination 

of properties needed for a specific purpose. A primary concern in 

the utilization of a composite system having a polymeric binder is the 

effect of the time dependent properties of the binder material. This 

behavior must be known to achieve an efficiently designed structure. 

Their potential role in high performance aircraft requires characteri­

zation of their time dependent mechanical response in a service 

environment. 

It is desirable to develop reliable characterization procedures 

for these materials in order to utilize the properties established over 

shorter time periods to design structures with longer useful lives. 

An accelerated testing technique could be established for polymeric 

composites to predict intermediate and long-term behavior from short­

term tests, using viscoelastic theory. Although, some effort in this 

direction has been made for filled elastomers and for unidirectional 

composites, structurally significant fiber controlled angle ply lami­

nated composites have not been studied extensively. 

The behavior below the glass transition temperature, or at 

short times is also of considerable interest because this is a useful 

range for many structural applications of polymers and their composites. 

It is, therefore, one of the objectives of this study to investigate 

1 
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the behavior of advanced filamentary composites in their glassy state. 

Because of the large number of possible combinations of 

variables, as well as the high statistical variability of test re­

sults, multiple regression techniques were used to condition the 

experimental data. This method allows efficient utilization of 

specimens. By generating response surfaces for significant 

variables time-temperature superposition has been established for 

various tests. This in turn makes it possible to minimize the amount 

of data required for reliable engineering design. 

Dynamic tests and constant strain rate tests were used as a 

means of accelerated testing to predict long term creep test results 

based on viscoelastic characterization of the materials. Several 

different approaches were tried to achieve this aim. Mechanical 

model representation, integral equation formulation and numerical 

integration methods based on linear viscoelasticity were used to 

predict constant strain rate and long time creep behavior of composites 

from nondestructive short-time dynamic tests. 

From a theoretical point of view, none of the predictions 

appear to be completely satisfactory. However, by studying various 

limitations and qualitative predictions, they do afford approximations 

useful to the designer. 



II. LITERATURE REVIEW 

That linear viscoelasticity was advanced mainly by the advent 

of polymers is extensively documented and experimentally varified 

for polymeric materials [l-lOJ*. Rigorous treatment of the represen­

tation of time dependent materials by mechanical models, time 

temperature superposition techniques and their dynamic mechanical 

testing is treated in the above references. 'McClintock [8J has given 

an elegant treatment on the subject from the micro and dislocation 

point of view. Exact and approximate interrelations among the linear 

viscoelastic functions and comparisons of viscoelastic behavior in 

seven typical polymer systems are discussed by Ferry [9J. A unified 

theoretical formulation from a continuum mechanics approach has been 

presented by Christensen [10J. 

Vincent [11J, Halpin [12], and Leaderman [13] provide brief 

reviews of the subject and its limitations. An interesting concept, 

that absorption of relatively small amounts of a swelling agent af­

fects the time-scale in the same way as an increase in temperature 

is also discussed by Halpin [12] and Leaderman [13J. 

Even though experiments may cover a wide range of times, 

no single experimental method can be used to cover the entire range. 

For a complete viscoelastic characterization of materials over a 

wide range of time, a large number of different experimental 

*Numbers in brackets refer to References. 
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techniques have to be used. These are reviewed and discussed by 

Schmitz [14] and Kolsky [15J. 

Bland [16J has suggested empirical rules for fitting models 

to experimentally determined complex moduli or compliances for a 

particular frequency interval. A numerical method of calculating the 

spring and dashpot constants for generalized Maxwell or Kelvin models 

by fitting their response to experimental stress-strain data is given 

by Schapery [17]. Measurement of the complex modulus is the most 

convenient way of experimentally characterizing some mechanical pro­

perties. By direct conversion, the relaxation function may be ob­

tained for times several orders of magnitude shorter than is possible 

by a relaxation experiment. Gottenberg and Christensen [18J carried 

out this conversion by numerical integration. Ninomiya and Ferry [19] 

have developed a very useful method of calculating the relaxation or 

retardation spectrum without differentiation, using two or more 

measured values equally spaced on the logarithmic frequency scale. 

They have also extended Catsiff'sand Tobolsky's work [20] to develop 

an approximation for obtaining the relaxation modulus from the 

storage modulus. Schwarzl [21J has presented a system of numerical 

formulae for interconverting measurable functions for linear visco­

elastic materials with bounds for the errors. He has also discussed 

the behavior of viscoelastic material functions in the transition 

region. 

Schapery [22-23] showed that for quasi-static viscoelastic, 

stress analysis could be simplified by using approximate methods of 
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Laplace transform inversion and by using elastic solutions wherein 

elastic constants are replaced by the transforms of time-dependent 

creep or relaxation functions. Physical conditions which require a 

non-negative real part of the complex modulus are discussed by 

Christensen [24J. 

Brinson [25J used photoviscoelasticity to characterize an 

epoxy polymer by applying time-temperature superposition. Moehlenpah 

[26] applied the time-temperature superposition principle to yield 

stress, initial tangent modulus, and relaxation modulus data for 

tension, compression and flexural loading. He came up with an 

interesting conclusion that shift factors may be stress dependent. 

Empirical constitutive equations to predict stress-strain 

. behavior at various strain rates and temperatures for aluminum alloys 

and nonmetallic materials are suggested by McLellan [27]. 

The preceeding discussion is a review of only a few of the 

works out of a vast literature according to which the theory of 

viscoelasticity has been extensively varified for polymers in their 

rubbery and leathery states. 

There also has been considerable activity in the area of 

applying the time-temperature superposition principle in the glassy 

region of materials [28-34J. Lohr [28-29J has shown that a yield 

stress master curve similar in principle to the stress relaxation 

master curve could apply to essentially amorphous polymers tested in 

their glassy temperature range. Smith [30-31] has detailed properties 

of polymers and has attempted time temperature superposition. The 



6 

relative merits of time-temperature superposition normalization proce­

dures (those of Leaderman, Tobolsky, Ferry, Ke, McCrum, and Morris) 

have been assessed for relaxation of an epoxy resin by McCrum [33J. 

Lazan [35J is an excellent reference on the study of damping 

micromechanisms for linear and nonlinear materials. He has proposed 

several mechanical models for different damping behaviors in materials. 

Experimental verification of the applicability of visco­

elastic theory to highly damped materials such as filled elastomers 

was shown by Heller [36-37J. He has also discussed the relative merits 

of forced and freely damped oscillations in measuring complex moduli 

[37J. Meinecke [38J has shown how polymeric foams could be treated as 

viscoelastic materials in a manner similar to that for solid polymers. 

He has described stress relaxation behavior of foams and mathematical 

tools to predict the response to other load or deformation histories 

such as constant rate of strain (stress-strain curve), creep, or 

sinusoidal strains. 

Theoretical formulation of heterogeneous and anisotropic 

viscoelastic materials has been proposed by several authors [39-42J. 

Christensen [39J has established bounds upon the effective visco­

elastic properties using viscoelastic minimum theorems. Hashin [40J 

has also used variational principles to obtain bounds for elastic 

moduli of multi-phase nonhomogeneous materials. 

A symposium has been held and several papers have been 

written [43-48J to characterize solid rocket propellants as visco­

elastic materials. Baltrukonis [44] has presented a survey of solid 
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propellant rocket motors considering infinitesimal deformations of 

propellant grains and thus restricting himself to linear elastic 

and viscoelastic development. Schapery [45-46] has done considerable 

work in this area. Schapery [45-46J, Koh [47J and Lockett [48J have 

emphasized the nonlinear stress-strain behavior of propellants in 

their development of viscoelastic theories. Krokosky [49J has written 

a state-of-the-art review on time dependent behavior of composite 

materials which are mostly solid propellants. He has provided a com­

prehensive study by considering ways to determine linearity, inter­

convertibility of linear viscoelastic data, and time temperature 

superposition of filled systems. Terrel [50J studied the dynamic 

viscoelastic properties of asphalt treated materials. He has ~ompared 

shift factors for various asphalt contents and grain sizes. 

Viscoelastic properties of continuous filament glass re­

inforced plastics have been adequately studied [51-59J. Gauchel [51J 

has performed similar studies as proposed in this investigation for 

polymeric matrix materials, glass bead systems, glass fiber reinforced 

materials and glass reinforced quasi-isotropic laminates. Even though 

the systems he studied are basically different from advanced composites 

used in this investigation, consideration of applying viscoelastic 

theory to anisotropic materials in the glassy region makes his work 

very relevant. He has shown that given isothermal relaxation data for 

temperatures from below the secondary transition to the rubbery region, 

the master curves for the dynamic and creep properties at small 

strains can be constructed using linear viscoelastic relationships. 



8 

Cessna [52J demonstrated the validity of using a time-stress super­

position procedure to generalize the creep behavior of a glass fiber­

reinforced polypropylene material. The evidence of the existence of 

different controlling mechanisms (fiber and matrix) is shown by 

Pink [53-54J in his study of strain rate and temperature effects on 

the deformations of glass reinforced polymers. Schapery [56J studied 

the nonlinear viscoelastic behavior of a unidirectional glass fiber 

epoxy composite material. He performed isothermal uniaxial creep and 

recovery tests and proposed a constitutive equation based on thermo­

dynamic theory. Zakhariev [57J proposed a rheological model to 

represent the viscoelastic behavior of glass-reinforced plastics. 

Kokoshvili [58J has attempted to develop a procedure for calculating 

relaxation spectra from tensile tests conducted at constant strain 

rates for a fabric-reinforced glass laminate. Bodner [59] has re­

viewed various methods of dynamic viscoelastic characterization and 

strength determination. He performed experiments on samples of an 

unfilled and quartz particle filled epoxy resin. 

Quite a number of articles have been published describing the 

mechanical properties of advanced composites. Until recently research 

effort has been directed towards the improvement of the constituents, 

or the geometric stacking sequence of plys and towards the study of 

the mechanics of different configurations. 

A close examination reveals the lack of literature on visco­

elastic studies of advanced composite systems. However, a beginning 

in this area has been made by several workers [60-75]. The main 
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effort has been directed towards either studying unidirectional 

composites using the micromechanics approach or studying viscoelastic 

properties as functions of orientation of fibers. 

Hashin [60J has investigated time dependent properties of 

uniaxially fiber reinforced materials composed of a linear visco­

elastic matrix and elastic fibers. He has also given simple calcula~ 

tions for the static and dynamic properties of this material and has 

put forth the concept of effective viscoelastic properties of 

composites [61J. Hashin has used the principle of minimum potential 

energy to predict the response of an elastic~elastic composite. He 

then applied the correspondence principle of linear viscoelasticity 

to obtain the solution for elastic-viscoelastic composites. 

Calvit [62] has also developed an "effective modulus ll theory 

for quasi-static analysis of fiber-reinforced materials. He uses 

the continuum theory of mixtures to predict the effective modulus. 

He has shown good agreement with Hashin's theory. Sutherland and 

Calvit [62] further proposed that by assuming geometric dispersion to 

be smaller than viscoelastic dispersion, the constitutive equation can 

be extended from a quasi-static regime to a dynamic regime for uni­

directional composites. 

Schultz and Tsai [64-65J measured storage and loss moduli 

for laminated glass fiber reinforced composites with different ply 

orientations. They proposed a micromechanics solution to predict 

laminate properties from ply properties. Tsai [66J also considered 

an analytical approach for predicting environmental effects based on 
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rate theory. 

Schapery [67-68J has made a major contribution in the field 

by studying dynamic and creep behavior of advanced composites. He 

has proposed analyses of predicting effective viscoelastic properties 

and has used time-temperature superposition to generate master curves 

for relaxation moduli and creep compliances. 

Sims and Halpin [69J have suggested an analysis by which 

creep behavior of any laminate can be predicted from laminated plate 

theory once the unidirectional material is characterized. They also 

derived viscoelastic interconversion formulae which relate the creep 

test, constant loading rate test, and dynamic test when the creep 

compliance can be approximated by a power law and if linear visco­

elastic behavior is assumed. 

Ericksen [70] has shown that at low stresses Borsic­

Aluminum composites follow a logarithmic-time law in creep. Stinch­

comb [71] has reported frequency dependent damage in angle ply Baroni 

Epoxy and Boron/Aluminum composites, suggesting time dependent 

behavior. Laird [72] and Jones [73] have performed experiments to 

measure complex moduli and damping coefficients. Meyn [74] and 

Chiao [75] reported large scatter in the data gathered from tensile 

tests, indicating the importance of statistical analysis in data 

reduction. 

Introduction of an inert filler in certain linearly visco­

elastic polymers results in nonlinear viscoelastic behavior, which is 

manifested in several ways. Numerous publications exist on the 
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treatment of nonlinear viscoelasticity [76-89J. Smart [76J has made 

comparisons of several single-integral non-linear viscoelastic theories. 

Brinson [77J studied polycarbonate and reported it to be a ductile 

material with elastic, viscoelastic and plastic behavior regimes. He 

also proposed a Bingham type model and discussed it with respect to 

the constitutive equation characterization of polycarbonate [78J. 

A constitutive equation for a particular form of the iso­

thermal nonlinear stress for materials with fading memory was obtained 

by Christensen [79J. Davis [80J improved the single integral Voigt 

and the single Maxwell model to incorporate quadratic and cubic non­

linearity. Distefano [81J has considered nonlinear integral equations 

to characterize a class of nonlinear viscoelastic materials subject 

to uniaxial effects. Gottenberg [82J formulated the multiple integral 

form of the constitutive relation for nonlinear viscoelasticity and 

correlated this with experimental results on a polymeric material in 

uniaxial tension. Mathematical treatment of nonlinear viscoelasticity 

is given by Lockett [89J. 

In order to remain within the scope of the present investi­

gation nonlinear viscoelasticity is not discussed in detail, because 

the present goal is to examine available linear viscoelastic theories 

and employ them to predict the gross properties of the advanced 

composite systems under study. 

Several reports [91 -94J have been written during the progress 

of this investigation and they have been referred to for details. 
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It was not intended that this survey be a complete biblio­

graphical study but rather a presentation of progress in the field 

jnvestigated. 



III. EXPERIMENTAL INVESTIGATION AND DATA REDUCTION 

Because polymers have in the past been successfully charac­

terized with the aid of the theory of viscoelasticity, polymeric based 

composite materials were tested to-characterize them using analogous 

techniques. The significant variables for these advanced composite 

materials are load and load history, time (frequency, load rate), 

temperature, and chemical environment in addition to geometric and 

lamina/laminate properties. 

While the theoretical analysis of a composite material can be 

based on all relevant variables, the influence of these variables on 

the experimental results will by no means be equally significant. 

To determine the individual contributions of time, temperature, 

humidity, load rate, load sequence, specimen geometry, physical proper­

ties, and fiber-matrix composition to the long term behavior of 

composite materials would require an inordinately large number of 

specimens and tests. In order to isolate the variables with signifi­

cant contributions and their ranges, experiments have been designed 

for maximum utilization of specimens. 

First nondestructive, axial and transverse vibration tests 

were performed from which frequency dependent damping and relaxation 

moduli can be determined. 

Based on these results, destructive experiments such as con­

stant strain rate and creep tests involving various test temperatures, 

have been performed. 

13 
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A statistical evaluation utilizing multiple regression tech­

niques was performed to establish the relative significance of the. 

variables. 

MATERIALS AND SPECIMENS 

Because the aim of the program was to establish accelerated 

testing techniques rather than to determine the mechanical properties 

of specific composite materials, the specimens chosen for the experi­

ments were fiber controlled laminates with epoxy matrices. One 

metallic and one nonmetallic fiber was used. Specimens were fabri­

cated by the Brunswick Corporation of Marion, Va. 

The materials investigated were Graphite/Epoxy and Bo~on/ 

Epoxy composites with a basic ply arrangement of 50% zero and 50% 

± 45° fiber orientation. 

For Boron/Epoxy specimens, Avco 55-05· tape was used in a layup 

(0/-45/+45/0)s. The specimens were 8 plies thick (0.045") with 55 to 

60% fiber volume and 5% maximum void content. Hercules X3501A-S 

graphite tape was used for Graphite/Epoxy specimens with a layup 

similar to that described above. More detail regarding specimen 

preparation and procurement is given in Appendix A. 

Specimen geometries and types are shown in Figure 1. Type I 

specimens were affixed with fiberglass end tabs. They were used for 

creep and constant-strain rate tests; Type III specimens were of 

various lengths and were used for complex modulus tests. 
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Specimens were stored in sealed polythelene bags ;n desicca­

tors to protect them from the environment.' Their end tabs were marked 

with identification numbers. 

VIBRATION TESTS 

Forced vibration tests were performed using axial and trans­

verse excitation on Type III specimens of different lengths as shown 

in Figure 1. At least five specimens of each length were used for 

each axial as well as transverse excitation to determine the Elastic 

(storage) Modulus and the Damping Ratio for both Graphite/Epoxy and 

Boron/Epoxy composites as functions of frequency. The tests were 

carried out ;n a temperature controlled cabinet at six different 

temperature levels ranging from -50°F to +300°F, in the frequency 

range of 20 to 17,000 Hz. 

For Bending Vibration tests double cantilever beams were 

clamped across their width at midspan. The clamps were attached to 

an accelerometer which in turn was secured to the moving element of an 

electrodynamic shaker (Figure 2). For Axial Vibration tests one end 

of the specimen was clamped to an adapter which was secured to the 

accelerometer by a screw. 

The beams were vibrated vertically by sinusoidal excitation 

with constant amplitude acceleration, while the frequency was swept 

over the range of interest. 

A test setup view and a schematic line diagram of various 

units employed in the system are shown in Figures 3 and 4. Frequency 

was monitored by an electronic counter. 
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A frequency versus acceleration/force, diagram was auto­

matically recorded on an x-y plotter. Such curves reach a minimum 

value at a resonant frequency (when the amplitude of motion is the 

largest) and a maximum at the anti-resonant frequency (when the ampli­

tude of motion is a minimum). Typical acceleration/force vs. fre­

quency curves from the x-y plotter at different temperatures are 

shown in Figure 5. 

The dynamic mass contribution of the accelerometer and adapter 

can be e"'iminated from the measurement by the technique of mass can­

cellation. While this is often a useful method, it needs more instru­

mentation. This problem can be easily dealt with by computing storage 

modulus and damping ratio from the anti-resonance peak instead of the 

resonance peak. Figure 6 shows that the resonance peak is shifted 

due to the apparent mass of the accelerometer and adapter while the 

anti-resonance peak is unaffected. The lowest three anti-resonant 

peaks were generated for each specimen in bending as well as in axial 

excitation. Initially specimens were attached to the accelerometer 

using an adhesive, but analysis of new and old data raised doubts about 

the validity of these axial test results. Control tests on 2024-T3 

aluminum in both bending and axial excitation indicated that adhesive 

attachment of axially loaded specimens introduced additional damping 

(Figure 7). The fixture was therefore redesigned to a mechanical 

clamping arrangement, and tests on Graphite/Epoxy specimens were 

repeated. Results compare favorably with those reported in Reference 

[65]. 
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The equations for computing storage modulus and damping ratio 

are given in Appendix B. Reference [94] provides more detail for 

these tests. 

A typical plot of storage modulus and damping ratio vs. fre­

quency is shown in Figures 8 and 9. Plots at different temperatures 

are reported in References [91] and [92]. 

Tests were also conducted on specimens in a humid environment. 

Specimens were conditioned in steam, their moisture content was 

measured by careful weighing, and storage modulus and damping ratios 

were determined as indicated in Figure 10. 

Tests under various humidity and temperature combinations were 

also performed. Controlled conditions of relative humidity w~re 

achieved by continuous recirculation of the air from a Webber tempera­

ture humidity chamber across an insulated test cabinet. The operating 

range for the temperature-humidity chamber was from -lOQoF to +350°F 

for dry conditions. Zero to 100% relative humidity can be regulated 

for temperatures between the freezing and boiling points of water. 

The chamber is equipped with a two-pen, two cam programming and 

recording controller for controlling and recording both wet and dry 

bulb conditions. At the time of the writing of this report, the data 

obtained has not been analyzed. 

CONSTANT RATE TESTS 

Tensile tests to determine the effects of strain rate and 

temperature on the mechanical properties of Boron/Epoxy and Graphite/ 

Epoxy specimens were conducted over a wide range of strain rates and 
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temperatures. Several tests were performed at each temperature level 

of -50°F, O°F, 80°F, 200°F and 300°F and at four strain rates ranging 

from 1.5~ in/in/sec to 5 x 10s~ in/in/sec for Boron/Epoxy and from 

2.1~ in/in/sec to 2.5 x l04~ in/in/sec for Graphite/Epoxy. 

The lower strain rate on tests for each material were carried 

out on an Instron universal testing machine. Specimens were mounted 

in standard wedge grips with a universal joint positioned between the 

upper grip and the load cell to maintain alignment. The output of the 

load cell was continuously recorded in the form of load-time plots on 

a strip chart recorder. Strains were measured with strain gages 

attached to the specimens. Strains were also recorded as continuous 

functions of time on a strip chart recorder. 

High temperatures were achieved by positioning a resistance 

coil heater around the specimen. 

chamber was added to the set up. 

For low temperatures a dry-ice 

This together with the coil heater 

was used to stabilize temperatures at the desired levels. Temperatures 

were measured using thermocouples attached to the specimen. The test 

specimen and compensating specimen were allowed to soak at the test 

temperature for 30 minutes before testing. The upper grip was not 

tightened until after the soak period to prevent any thermal stresses. 

As a part of some peripherial studies, Acoustic Emission was 

also monitored during tensile strain rate tests. The constant-rate 

test setup showing details of equipment and accessories used is 

presented in Figure 11. 

Tensile tests for the higher strain rates were performed on 

an MTS closed loop hydraulic testing machine operated in a manual 



Figure 11. Constant-Rate Test Setup. 
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control mode. The specimens were mounted in Instron wedge grips 

similar to those used in the lower rate tests. Again, a universal 

joint was positioned between the upper grip and the load cell; how­

ever, because of the high strain rates imposed during these particular 

tests, it was necessary to bind the universal joint to prevent large 

rotations. Periodic alignment of the grip-universal system was checked 

with a steel specimen by monitoring load, torque, and angle of twist 

outputs of the MTS system and necessary adjustments were made. 

The load and strain data were recorded as functions of time on 

a dual trace storage oscilloscope. The stored traces were then photo­

graphed for analysis. The trigger for the trace sweep was taken from 

the 0-10 volt square wave output of the MTS function generator. 

High and low temperature tests were conducted in a manner 

similar to those described for the Instron tests. Since these tests 

(MTS) were load controlled, it was possible to tighten both grips be­

fore the specimen reached test temperature. Periodic checks made 

during the temperature stabilization time confirmed that the testing 

machine corrected for thernlal expansion effects. 

The data for both the lower and higher strain rate tests were 

recorded in load-time and strain-time form. Time was taken as a 

common parameter in reducing the data and plotting the stress-strain 

curves for each test. To reduce the error in this step, the time 

scales of the recorders were calibrated and appropriate time correction 

factors were determined. The calibration of all instrumentation was 

checked periodically. 
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Sample load-time and strain-time data from an Instron test 

are shown in Figures 12 and 13. The stress-strain cruve for this 

test is shown in Figure 14 where stress is computed as the applied 

load divided by the original cross-sectional area of the specimen. 

Figure 15 represents typical oscilloscope traces for load-time and 

strain-time data. The resulting stress-strain curve is shown in 

Figure 16. 

The linearity of the strain time traces (Figures 14 and 16) 

through most of the experiments shows that the strain rate is essen­

tially constant. 

The fracture strength of the specimens (ultimate load divided 

by the original cross-sectional area) was measured but strain measure­

ments could not be made at fracture because in most experiments the 

bonding material of the strain gages failed before the specimens 

fractured. An estimate of the strain at failure may be made by 

dividing fracture stress with the modulus of elasticity. Because the 

material behavior is nearly linear almost to fracture, such an estimate 

is conservative. 

An average strain rate was also computed based on the esti­

mated strain at failure and the time to failure. Typical results for 

Fracture Strength and Elastic Modulus at different strain rates are 

shown in Figures 17 through 22. Plots of Fracture Strength, Elastic 

Modulus and Fracture Strain at various strain rates and temperatures 

are reported in Reference [91]. The strain rate data is listed in 

Appendix C of this report. 
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Typical tensile failures of Boron/Epoxy and Graphite/Epoxy 

specimens are shown in Figure 23. While Graphite/Epoxy shows a 

brittle fracture at 200°F, a weakened matrix ;s evidenced by Boron/ 

Epoxy at 300°F. 

TENSILE CREEP TESTS 

High temperature creep tests were performed at different load 

levels. A Riehle creep machine was fitted with an environmental 

chamber. Constant temperature was maintained with the help of a 

thermocouple-temperature controller-and heating coil circuit. Two 

thermocouples at different locations were hooked up to a potentiometer 

to monitor temperature. They differed at the most by ± 3°F. A fan 

was mounted at the bottom of an oven to maintain uniform temperature. 

The machine was equipped with grips to test specimens in 

chains of three or one at a time. Creep was measured by an optical 

extensometer which was aimed through a transparent window at a metal 

strip attached to the specimens. Strip gages were made of two 

platinum strips which could slide independently with respect to each 

other. Very fine markings were inscribed on it. The platinum strip 

assembly was attached to the test specimen with mounting clamps. The 

optical extensometer was calibrated for 20 microinches/divis;on with 

a magnification of 50 times and an 8 inch relay lens to permit creep 

measurement without contacting specimen. 

The creep test assembly and details of the loading system are 

shown in Figures 24 and 25. 



Boron-Epoxy Failure 
at 300"F and 

6,966 Microstrain/Sec. 
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Graphite-Epoxy Failure 
at 200"F and 

1,077 Microstrain/Sec. 

Figure 23. Typical Tension Failures of Boron/Epoxy 
and Graphite/Epoxy Specimens. 
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Figure 24. Tensile Creep Test Setup. 
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The system was initially checked by measuring creep strain 

with high elongation strain gages. Polycarbonate specimens were also 

used to check the optical results with those given in Reference [78]. 

obtained by using strain gages. They were in good agreement. 

At th7 time of writing of this report not all tests were com­

pleted. Available creep curves at 3000 and 200°F for Boron/Epoxy at 

various load levels are shown in Figures 26 and 27. 

DATA REDUCTION AND STATISTICAL CONDITIONING 

While measured mechanical properties are statistically 

variable, composites exhibit a comparatively higher scatter in such 

measurements than those found in other materials. To obtain a 

functional relationship between independent variables such as 'time, 

temperature, and humidity and dependent variables of modulus, damping, 

strength, fatigue life and reliability a multi-dimensional response 

surface can be generated. This IIResponse Surface Methodology" [97] 

utilizes a multi-variate least square technique to find the best 

fitting relationship for all data points. The surface can then be 

utilized for extrapolation or interpolation purposes. 

It is possible to consider the modulus to be a function of 

strain rate and temperature and to fit a three dimensional response 

surface to the individual modulus values. The technique utilizes a 

set of multiple regression equations of the form [97]. 

where the coefficients Bo' B1 , ... , are estimated from values of the 
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measured response, y, which is a polynomial function of the independent 

variables xl' x2 ' ••• , and e is a random error which is normally dis­

tributed. The above response surface, equation (3.1) can be written 

in matrix form as 

Y.. = [x].@. + ~ (3.2) 

In the problem at hand y is the modulus of elasticity, E; 

xl is the logarithm of the strain rate, ~; and x2 is temperature, lIT. 

A computer program [96] is used to estimate the co-

efficients of the response. The program minimizes the squared error 

between observation and estimate. Consequently an equation for a mean 

response surface is obtained. Figure 28 shows a three dimensional 

plot of modulus as a function of strain-rate and temperature in the 

form of contour bands for Boron/Epoxy. A similar response surface is 

presented for Graphite/Epoxy in Figure 29. 

The equation of the surfaces may be written in the form: 

. .. 
E(e,T) = A + 81ne + CIT + D(lne)2 + E/T2 + F(lne)/T (3.3) 

where the coefficients are listed in Table 1. 

Both surfaces have dished shapes. The elliptic contours have 

axes rotated with respect to the coordinate system. This rotation is 

signified by the coefficient of the interaction term, lneT. 

The significance of this interaction term and its relation to 

the time-temperature shift parameter will be explained later. 
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Table 1 

R2, 0 AND THE COEFFICIENTS OF EQ. (3.3) FOR lIT IN DEGREES KELVIN 
AND ~ IN INCHES/IN/SEC. 

BORON/EPOXY GRAPHITE/EPOXY 

0.5618 0.5430 

1.97xl07 2.184 X 107 

5.98 X 105 8.00 X 105 

-2.44 X 109 -6.37 X 109 

2.75 X 104 1.736 x 104 

4.36 X lOll 8.90 X lOll 

-3.53 X 107 -1.269 x 108 
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Confidence and tolerance bands may also be estimated for the 

modulus. Because it has been assumed that the error, ~ is normally 

distributed, the probability that a new observation will fall within 

the limits prescribed by y' is a/2% where 

o 
y' = y ± Za/2 0 (3.4) 

Here y is the mean response given by equation (3.1) or (3.3), 

Za/2 is the normal statistic corresponding to the al2 probabi1ity of 

exceedence and 0 is the standard deviation of the response listed in 

Table 2. Equation (3.4) is an approximation; the exact relations have 

bl~en detailed in Reference [93]. For a 95% probability, Za/2 = 1.96 

and hence there is a 95% chance that a new observation will fall within 

the bands prescribed by 

y' g y ± 1.960 (3.5) 

If the response surfaces of Figures 28 and 29 are cut with 

constant temperature planes, curves of modulus versus strain rate 

result. The 95% probability bands together with the experimental ob-

servations superimposed on the mean line are shown for the two 

materials in Figures 30-33. Plots for the mean moduli versus strain 

rate at various temperatures are shown in Figures 34 and 35. 

The detailed discussion regarding differences between stress­

strain curves obtained from individual regression lines and through 

the response surface is reported in Reference [99]. 
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, 

The strain rate experiments discussed earlier were carried to 

fracture and the temperature and strain-rate dependent strength has in 

each case been recorded. 

In order to determine the influence of these variables on the 

ultimate strength of Boron/Epoxy and Graphite/Epoxy composites, re­

sponse surface were fitted to these results also. The computer was 

programmed to choose the lowest order polynomial relation of the type 

given by Equation (3.1) with the maximum multiple correlation co­

efficient. 

For both materials strain-rate independent relations were ob-

t~ined. The fracture strength, Su, of Boron/Epoxy is a linearly de­

creasing function of temperature, T, in degrees Fahrenheit 

Su = 1.13 X 105 - 34T (3.6) 

For Graphite/Epoxy the ultimate strength, while also strain-

rate independent, is a quadratic function of the temperature 

Su = 7.16 X 104 - 1.19 x 102T + 5.63 x 10-1T2 (3.7) 

Figures 36 and 37 show these relations in graphical form. 

The Response Surface Methodology and Statistical conditioning 

of data were also used for Vibration Test results. Reference [99] 

provides a thorough discussion of the analysis. Plots of Response 

Surfaces for Storage and Loss Moduli as well as constant temperature 

plots are also included in that reference. 

Due to insufficient data, no statistical conditioning was 

performed on creep test data. 
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IV. VISCOELASTIC CHARACTERIZATION 

The purpose of carrying out viscoelastic characterization of 

advanced composites is two fold. The first aim is to use visco­

elastic interconversion functions in order to utilize dynamic and 

constant strain rate tests "in the prediction of long term behavior. 

The second one is to understand time-dependent effects on these 

materials. 

The difficulty of understanding the elastic behavior of these 

anisotropic materials is further complicated by considering time 

dependence. 

In order to understand this behavior, the first logica"' step 

would be to use well developed linear viscoelastic relations. The 

well founded viscoelastic approaches like time-temperature super­

position, mechanical model representation, integral equation formu­

lations have been tried to accomplish the stated objectives. 

Valuable simplifications afforded by approximate interrelations be­

tween viscoelastic functions have also been used. 

Time-Temperature Superposition. 

The time-temperature superposition principle is an extremely 

powerful tool in the study of viscoelastic properties of polymers. 

It affords a valuable simplification by separating the effect of the 

two variables of time and temperature on which the viscoelastic 

properties depend. 

64 
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Although the time-temperature superposition principle was 

originally developed on an emperical basis, it can be developed as 

a logical sequence of the kinetic theory of polymers. Kinetic 

theory shows that the ratio of the relaxation times at two different 

temperatures can be expressed as [9J 

(4.1) 

~Jhere aT is defined as a shift function and r;; is the viscosity of 

the polymer. 

If written in terms of the stress-relaxation moduli, time-
" 

temperature superposition can be stated as, 

p T 
E ( t' ,. T ) = ~ E (t = aTt', T) o pT (4.2) 

which implies that the relaxation modulus at temperature To and time 

t' can be obtained from the relaxation modulus measured at tempera-

ture T and time t. On a plot of modulus vs. logarithmic time, this 

amounts to a vertical shift of magnitude poTo/pT and a horizontal 

shift of log aT' Equation (4.2) is for the relaxation modulus, but 

it is equally applicable to other viscoelastic functions. 
~ 

The use of shift functions results in a method of extrapola-

tion in which suitable results obtained at various temperatures can be 

superimposed by horizontal and vertical translation to form a master 

curve at a given reference temperature. Such a curve covers a wider 

time range than could be achieved by using data from a single 
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temperature. Thus, the effect of temperature is to divide or multi-

ply the time scale by a constant~ aT" 

A simplified procedure to determine aT is discussed later. 

There is no theoretical justification to extend time­

temperature superposition into the glassy range. However, Smith [31J~ 

Lohr [28-29J, Gauchel [51] and several others have shown its appli­

cability. According to Ferry [9], 

Below Tg, although long range configurational changes take 
place exceedingly slowly, more rapid viscoelastic responses 
exist which are attributed to a variety of local backbone 
and side chain motions and cover a very wide spectrum of 
relaxation times. Such motions can certainly not be described 
in terms of a monomeric friction coefficient. However, if 
it is assumed that all the relaxation times concerned with a 
particular type of motion have the same temperature dependence, 
reduced variables can be applied to the glassy zone in the 
region where the response is dominated by this motion as a 
separate calculation. 

Time-temperature superposition has also been used for the 

extrapolation of other data such as maximum tensile strength, 

strain at max'imum stress, and maximum strain for different polymer 

systems by many investigators. In commenting on the subject, Krokosky 

[49] states that 

The fact that time-temperature superposition can be 
carried out on apparently unrelated data emphasizes the 
fundamental nature of the process. Time-temperature super­
position has been verified experimentally for certain types 
of materials, but there is as yet no complete theory to 
explain why it works. 
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Determination of Softening Temperature. 

Since the cure temperature for both composite systems was 

350°F, it was used as an upper temperature limit. However, trans­

verse forced vibration tests were performed to determine the soften­

ing temperature. A similar concept was used by Schapery [68J and 

Schwarzl [98J to ensure that their operating range was below the 

glass transition temperature. Schwarzl [98J refers to softening 

temperature as the logarithmic midpoint of the modulus decrease 

which is close to the glass transition temperature. Impedence vs. 

frequency curves at different temperatures were obtained as shown 

in Figure 38 for Boron/Epoxy Specimens. A minimum time of 30 

minutes was allowed to stabilize the temperature of the specimen. 

A sharp drop in anti-resonance frequency and hence the modulus was 

observed between temperatures of 3500 and 375°F. A similar trend 

was observed for Graphite/Epoxy. As a result, all tests were con­

ducted below 350°F to avoid any softening effects and to be within 

the glassy region. 

Temperature Shift Parameters. 

The response surfaces developed in Chapter III can be utilized 

to determine temperature shift parameters within the context of 

viscoelastic theory. This in turn will indicate the possible amount 

of test acceleration that may be obtained by variations of tempera­

ture for fiber reinforced epoxy based composites. To establish shift 

parameters for the complex modulus, the method is outlined 
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TRANSVERSE FORCED VIBRATION 

-> 

-N 

70 75 80 85 90 95 
FREQUENCY, (f) (Hz) 

, Fi gure 38. Determination of Softening Temperature for Boron/Epoxy 
Composite. . 
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here. For a complete discussion see reference [94J. 

For a constant reference temperature denoted by Tr , the 

elastic modulus, Er , is a quadratic function of strain-rate only 

(Fig. 39), Eq. (3.3) can be written in the form 

. .. 
Er (£) = Ar + Brln£ + Dln2 £ (4.3) 

C E F where A = A + - + - and B = B + ~ r T T 2 r T r r r 

The coordinates of the minimum point on the curve described 

by Eq. (4.3) may be obtained by differentiation 

The stationary point may be found in a similar form for an arbitrary 

temperature. The difference 

In£ . mln 
= 

is the horizontal temperature shift parameter 

1 F (' - 1 J naT = - 2C T Tr 

while the difference in moduli 

(4.5) 

lnEmin - lnErmin = (c - ~~Hi -U + (E - ~H~ -r>J (4.7) 



LLJ 

Emin 

VERTICAL 
SHIFT 

HORIZONTAL 
SHIFT 

InE
min 

lIT 

min 

o 

1n£r min 

Figure 39. Horizontal 'and Vertical Shift. 

lIT = l/Tr 

1n£o 

"'-J 
o 



71 

is a vertical shift. Both parameters are functions of temperature 

and of the coefficients listed in Table 1. Eq. (4.6) shows that 

lnaT exists only if the coefficient F of the interaction terms, 

(ln8)T, exists. As mentioned in Chapter III, this term accounts for 

the skewness of the elliptic contours of Figures 28 and 29. A large 

angle between the coordinate axes and the axes of the ellipses indi­

cate significant horizontal shift (Fig. 29). While a small angle 

shows that little if any temperature shifting is possible (Fig. 28). 

The above procedure allows the construction of master curves 

of the Elastic Modulus and damping ratio as a function of frequency 

at one reference temperature. Horizontal and vertical shift 

parameters computed from Eqs. (4.6) and (4.7) are used for shifting 

and joining of successive curves obtained at various temperatures 

and thereby eliminating errors in judgement. Master curves obtained 

in the above manner for Elastic Modului and damping ratios for Boron/ 

Epoxy and Graphite/Epoxy at 80°F (300 0 K) reference temperatures are 

shown in Figures 40 to 43. As discussed before, the Elastic 

Modulus of Graphite/Epoxy shows significant horizontal shift as 

compared to that of Boron/Epoxy. A similar trend is observed for 

the damping ratio but to a lesser extent. 

The master curves for storage and loss moduli of Boron/Epoxy 

and Graphite/Epoxy are reported in Reference [94]. 

Temperature Dependence of Shift Factor. 

Once master curves are constructed, it would be appropriate 

to -j nvest i gate the temperature dependence of ernperi ca lly deri ved 



....... 
r-

\0 
r--~ 

V') 
c.. 
z 
o 
~ 

, -.l 
-J 
~Lt) 

::E.---
V') 

::> 
-.l 
=> 
C 

~ 
¢ 
.--

M 
r-

10- 7 10-6 

Figure 40. 

10-5 1~4 1~3 1~2 10- 1 10° 
STRAIN RATE (IN/IN/SEC) 

Master Curve for the Initial nodulus of Boron/Epoxy for a Reference Temperature 
of 80°F (30QoK). 

....... 
N 



-...... 

o ,.... --. 
t-t 
(J') 
Q.. 

Z 
o 
t-t 

.-.J 
-.J 
t-t 0"1 
::E -... 
(/) 
=:l 
...J 
=:l 
o 
o 
::E: 

co 

....... I • I I I 

1 0- 7 1 0-6 1 0- 5 1 0- 4 1 0- 3' 1 0- 2 10-1 100 

Figure 41. 

STRAIN RATE (IN/IN/SEC) 

Master Curve for the Initial Modulus of Graphite/Epoxy for a Reference Temperature 
of BO°F (300 0 K). 

......, 
w 



-..-o 
x -
o ...... 

o;:;t 

M 

I­
CCN 
0::: 

c.!) 
Z ...... 
0... 
::: 
C§ 

,..... 

O-I~-----------------------r------------------------~-----------------------r-----------------------, 

.00001 .0001 .001 
PERIOD (SECONDS) 

.01 • 1 

Figure 42. t1aster Curve for the Damping Ratio of Boron/Epoxy for a Reference Temperature 
of BO°F (300 0 K). 

........ 
~ 



IIId" 

-r--o . 
x 

........... 

o 

("') 

....... 
J-N 

~ 
C,,!) 
Z 
....... 
0-

~ 
o 

r--

o 

.00001 

Figure 43. 

I • - --. 

.0001 .001 .01 . 1 
PERIOD (SECONDS) 

r,1aster Curve for the Damping Ratio of Gra 
of BO°F (30QoK). 

ite/Epoxy for a Reference Temperature 

....... 
(J'1 



76 

shift factors. As discussed before, the relationship between 

temperature and time could be represented by a shift-factor aT' which 

is the ratio of the time-scale at an arbitrary temperature relative 

to the time scale at a reference temperature Tr . It is a measure of 

the internal viscosity of a material. 

In amorphous solids two types of time and temperature 

dependence are observed. At higher temperatures relaxation processes 

are stronger and it has been shown that aT for amorphous polymers 

above their glass temperature can be represented by the WLF equation 

[12]. 

-8.86 (T - Tr> 
log aT = 101.6 + T - Tr (4.8) 

where Tr is a reference temperature emperically chosen so that 

equation (4.8) fits experimentally determined values of aT' For 

polymeric bodies Eq. (4.8) is an approximate universal relation when 

Tr is taken as 50°C + Tg. The constants have been shown to vary 

rather slightly from polymer to polymer. A more general relation­

ship is given by 

(4.9) 

where C1 and C2 are determined from the experiment. The Kinetic 

theory should be applicable if the measured shift function satisfies 

Eq. (4.9). 
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For viscoelastic response in the glassy region an Arrhenius 

type of dependence is usually observed. The shift factor aT for 

this type of response is given by 

~H is the activation energy in Kcal/mole. 

R is the universal gas constant. 

T ;s the absolute temperature in oK. 

To characterize this kind of behavior when log aT is plotted 

against liT, it should give a straight line whose slope is equal to 

~H/2.303R, and an intercept of l/TR. 

There is no unique definition of activation energy for WLF 

temperature dependence [12]. An apparent activation energy ~Ha is 

often defined as 

~Ha 
d log aT 

= 2.303R d (liT) (4.11) 

This apparent activation energy increases with decrease in T up to 

about the glass temperature and thereafter decreases, where the WLF 

equation is no longer valid. This shows that the intermolecular 

forces and energy barriers which control the response to deformation 

are not the same over the whole temperature range studied. 

Comparison of Eq. (4.10) with (4.6) gives, 

8H = -RF 
2C 
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Thus Activation Energy can be directly obtained from the regression 

coefficients listed in Table 1 if an Arrhenius type of temperature 

dependence is established. 

The temperature shift factor, aT' for Boron/Epoxy and 

Graphite/Epoxy systems determined from various tests methods are 

plotted in Figures 44 through 49. The plots of log aT vs. l/T 

yield straight lines as expected in the glassy region. The values of 

~H for different tests along with regression coefficients are listed 

in Table 2. 

The values obtained for activation energy are of the right 

order of magnitude. Sutherland [32J has reported 6-12 Kcal/mole 

for 3 different Epon 828 formulations in glassy range. For uni­

directional phenolic glass laminates, Tsai [66J obtained 

~H = 7.85 Kcal/mole. The opposite sign for loss modulus is not 

understood at the present. 

The regression analysis was performed with a reference 

temperature in degrees Rankine to compare Graphite/Epoxy results with 

that of Shapery [45J and Sims [69J. Shapery obtained shift parameters, 

aT' for strain response from creep tests. The Graphite/Epoxy system 

he used was HT-S/ERLA 2256 with 60% volume percent fiber content with 

orientation of ± 45° to that of loading. He reported the activation 

energy of this system to be 35 Kcal/g-mole/oR. The flat slope of 

the log aT vs. liT plot for the material-investigated here seems to 

be physically reasonable because it contains fibers in the loading 

direction also; this makes the_composite more elastic. The two 
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Table 2 

DETERMINATION OF ACTIVATION ENERGY FROM REGRESSION COEFFICIENTS 

Materi al Function F C ~H(Kcal/mole)/oK 

Boron/Epoxy Storage ~1odu1 us -8.927 2.313 x 10- 3 3.834 

Loss Modulus 4.413 x 101 1. 139 x 10- 1 -0.385 

Elastic Modulus -3.538 x 107 2.751 X 104 1.278 

Graphite/Epoxy Storage r~odu 1 us -7.657 1.743 x 10- 3 4.364 

Loss Modulus 9.022 x 10 1 1.495 X 10- 1 -0.600 00 
U"I 

Elastic t'1odulus -1.269 x 108 1.736 X 104 7.262 
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plots are compared in Figure 50. 

The thermal coefficients of expansion for fiber and epoxy 

were used together with the law of mixtures to compute an approximate 

variation of the relative density with temperature change. The 

order of magnitude of the change in density for Boron/Epoxy at 300°F 

was computed to be 1.3987 x 10-13 times density at 80°F. This was 

negligible compared to the vertical shift as shown in reference [94]. 

It is believed that the composite materials studied here have a 

vertical shift which results from some other mechanism than that 

which is normally valid for polymers. 

Predicting Strain Rate and Creep Properties. 

Mechanical Model Representation: One of the objectiv~s of 

this investigation was to develop reliable characterization procedures 

for the particular composites under study in order to predict inter­

mediate and long time behavior from short time accelerated test 

techniques. 

One way to achieve the stated objective would be to charac­

terize the damping behavior obtained from vibration tests and then to 

use this characterization to predict constant strain rate or creep 

response. It is, therefore, necessary to employ an appropriate 

analytical technique for interconverting dynamic and static or quasi­

static data. As stated earlier, one such analytical tool is based on 

the theory of viscoelasticity. Such a theory could be either linear 

or nonlinear and could be approached either through the use of 

mechanical models or integral equations. In this chapter the 
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mechanical model approach of linear viscoelasticity is reported. 

One reason for this approach is that quasi-static and dynamic proper­

ties for simple models are well known and makes conversion from one 

property to another relatively simple. Another, and perhaps more 

important reason, is that mechanical models have been used by 

metallurgists, polymer physicists, and materials scientists alike to 

expla"in damping behavior "in both metals and nonmetals. Thus mechanical 

models can be a means to bring the many divergent points of view to­

gether with a common understanding. Indeed, the composite discussed 

here is a complex one consisting of eight plies with multiple fiber 

directions (i.e., 0°, ±45°, O)s and a fiber content of about 60%. 

As a result, it is expected that damping behavior will be quite 

complex involving damping of the polymer matrix (below the Tg), the 

fibers, and interfacial effects. Because of these factors it is 

likely that the overall damping response will be a continuation of 

rate independent, quadratic and nonquadratic damping behavior of the 

fibers (Coulomb type) and rate dependent quadratic and nonquadratic 

damping of the matrix (viscous type) as discussed by Lazan and 

Shapery "i n references [35] and [67J. 

Figure 51 shows the vibration test results for Boron/Epoxy 

at room temperature. The data below a frequency of 1000 Hz is 

similar to that of aluminum presented by Schultz and Tsai [64J 

and Lazan [35]. The data above 1000 Hz is similar to that of a 

pure epoxy (below the Tg) presented by Schultz and Tsai [64]. 

The data in Figure 51 is typical of all the results from vibration 
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tests on both Boron/Epoxy and Graphite/Epoxy in all temperature 

regions and tends to support the view that damping behavior will be 

a complex combination of metal and polymer type response. 

The complex modulus is defined as, 

E* ( i w) = E' (w) + i Ell ( w) (4.13) 

or 

E*(iw) = E'(w)(l + io) (4.14) 

where 

is the damping ratio. From Figure 51 it may be seen that the 

storage modulus is relatively insensitive to a variation in frequency; 

in comparison, the damping ratio (or loss modulus) is quite sensitive 

to frequency variations. 

Using the relation, 

m (iw)k 
L q 

k=O k 
E*(iw) = -----

m (iw)k 
L: Pk 

k=O 

(4.16) 

which defines the complex modulus in terms of spring moduli and damper 

viscosities (or in terms of the coefficients of the differential 

equation connecting stress to strain for linear viscoelastic 

materials), the storage modulus, loss modulus or damping ratio can 

easily be determined for various mechanical models. For example, a 
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Maxwellian material has the following storage and loss properties: 

E'(w) k [ 1 J 
= II + (~TJ 2 

1 & 0 =-WT 

where k and T are the spring moduli and the relaxation time respec­

tively. A Kelvin material has the storage and loss properties: 

E'{W) = E ,0 = TW (4.18) 

Below 1000 Hz, the damping ratio data of Figure 51 is like 

that of a Maxwell material and above 1000 Hz it is similar to that of 

a Kelvin material. 

Figure 52 shows constant strain rate (constant head rate) 

information for Boron/Epoxy at room temperature. For rates between 

2.5 x 10-6in/in/sec to 5.14 x 10- 1 in/in/sec a relatively small amount 

of rate sensitivity is shown which is again typical of all the 

results for both Boron/Epoxy and Graphite/Epoxy at various temperature 

levels. 

It is desirable to see if the rate data of Figure 52 can 

be predicted from the damping behavior of Figure 51. A Maxwellian 

representation shown in Figure 53(a) was used because the Kelvin 

type response above 1000 Hz is unlikely to effect the rate results 

appreciably. 

Since this study was conducted earlier in the investigation, 

statistically conditioned data was not used. 
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Using the damping ratio for 80 Hz and the fact that the 

storage modulus varies little with frequency, (4.17) yields a 

relaxation time and a storage modulus of T = 4.91 sec and 

k = 15.2 X 106 psi respectively. These values have been used to 

calculate the stress-strain curves shown superimposed on the data 

of Figure 52. As indicated previously, the response below 1000 Hz 

is nearly Maxwellian. 

The strain rate behavior of a Maxwell material can easily be 

developed as follows 

. 
O(E) = Tk; (1 e- E/

TE
) 

(4.19) 

do I -+ k 
dE 0 

E -+ 

Since, T and k are known from vibration data then~ for a given E~ 

stress can now be computed for different strain levels. The stress 

strain curves obtained from Eq. (4.19) for different strain rates are 

plotted in Figure 52. They are superimposed on experimental curves. 

At the higher two rates they follow the experimental curves reasonably 

well, but at low rates the predictions are poor. 

Triparameter Viscoelastic Model: Damping behavior as shown 

in Figure 51 agreed with Maxwell behavior only up to 1000 Hz. Above 

1000 Hz damping increases again. A triparameter model whose damping 
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behavior is qualitative similarity to experimental observations 

was tried next. Lazan [35] has presented damping properties for 

different linear mechanical models. A triparameter viscoelastic 

model with two dissipators (Figure 53(b)) showed the required damping 

properties. It has an equivalent configuration to that of a three 

parameter fluid model. 

Its constitutive equation is given by 

.. 
poG + PIG = qIE: + q2E: (Plql> q2) 

where Po = 1 

]111 
ql = 11 + 11 and q = 

1 2 

]1,11 and k are viscosity coefficients for dashpots and 
1 

spring as shown in Figure 

(4.20) 

The Complex Modulus for this model could be shown to have the form: 

therefore the damping ratio is expressed as 
(ql + Plq2w2 ) 

o = (Plql - q2)w 

ql Plq1w 
= (Plql - q2)w + (PlqI - q2) 

Cl 
= - + C w w 2 

(4.21) 

(4.22 ) 
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When these two lines are superposed, the resulting curve is fairly 

representative of damping data shown in Figure 51. 

Substituting values of ql' q2 and PI in Eq. (4.22) the 

damping ratio can be expressed in terms of model constants as 

<5 = 
{k2 (lJ + lJl) + lJ 2lJI oo2 }oo 

klJ 2002 
(4. 23 ) 

and the Storage Modulus, which is the real part of Eq. (4.21) becomes 

Various methods were tried to determine the model constants k, lJ and 

lJ 1 in order to approximate actual material properties. 

The constants were obtained by simultaneous solutions of 

equations (4.23) and (4.24) by choosing ten values of EI and one of 

<5 and vice versa for different frequencies. When substituted back 

into damping expression, it failed to represent the measured values. 

Limiting values of EI were also used with the same result. 

The least square fit method, which was also tried by several 

investigators including Schapery [17] as a model fitting technique 

to measured values of material properties, was employed next. 

Expressions for a least square curve fit were derived for Eq. (4.23) 

using Cramer's rule, 

N 1 
B l: - + NC = w.:2 i=l --, 

N 0i 
l: 

i=l 00; 
(4.25 ) 
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and 

N N 
C i: CO; 2 + NB = i: o· W· (4.26 ) 

; =1 ;=1 1 1 

where B = 
1.1 + 1.11 

and C 
1.11 

k2 =k 

Measured values of damping at eleven different points on the 

statistically conditioned damping curve shown in Figure 54 were 

used to determine constants Band C and hence 1.1,1.11 and k. When 

these values were substituted into equation (4.23) values obtained 

for different frequencies gave a fair quantitative representation of 

measured damping ratios, Figure 54. A similar procedure was· also 

tried for the storage modulus but because its analytic expression did 

not resemble experimental values, constants obtained from damping 

ratios were used. 

Values for k, 1.1 and 1.11 computed from Eqs. (4.25) and (4.26) 

were determined as, 

k = 15.56 X 106 psi 

1.1 = 37.99 X 106 psi-sec. 

1.11 = 17.76 psi-sec. 

For constant strain rate, the constitutive equation (4.20) ;s reduced 

to 

using the initial condition 0 = a when t = O. With the relation 
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II k = ,and solving the above differential equation, 

is obtained. Since,; = r substituting t in equation (4.28) yields 

a stress-strain relation for the above model. 

Using the values of k and ll, T becomes equal to 2.4415 sees. as 

compared to 4.91 sees. reported earlier for a Maxwell model. 

(4.29 ) 

Constant strain rate curves have been drawn using the values 

for ll, lll' k and T given above and are superimposed on the experimen-

tal curves shown in Figure 55. Again, it can be seen that the 

procedure works reasonably well for high rates but not at all for the 

very low rates. Since the material behavior is complex, simple 

mechanical models may not be able to represent the material response. 

Interconversion by Integral Equation. 

Many investigators [22,68,70] have reported that the creep 

compliance obeys a power law for the advanced composite systems. If 

this assumption is valid for composites investigated here, the results 

of creep tests, constant loading tests, and dynamic tests can be 

interconverted using linear viscoelastic theory_ 

Sims and Hal pin [69] deri ved i nterconvers ion formul ae for 

constant load rate tests. Their results were modified here for 

constant strain rate tests. A brief derivation is presented, more 
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detail can be obtained from the above reference. 

For isothermal, uniaxial loading under plane state of stress, 

the creep compliance function, OCt), is related to strain by, 

(4.30 ) 

If the dynamic loading is of the form 

a(t) 

Eq. (4.30) becomes, 

. (4.31) 

Substituting t - T = u and dividing by the stress o(t) 

E (t) = ; w fco D (u) e -i wU du 
artT 0 

(4.32 ) 

The exponential term "in Eq. (4.32) could be expressed in trigonometric 

form 

~~~l = iw J:D(U) [cos wU - i sin wU]du (4. 33 ) 

The real part of Eq. (4.33) is a storage compliance, 

rCO 

Ol(oo} = ooJ
o 

D{u) sin wU du (4.34 ) 
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and the imaginary part of Eq. (4.33) is a loss compliance 

O"{oo) = 00 I: O{ u) cos oou du (4.35 ) 

If creep compliance can be assumed to obey a power law for a 

step function input, 

OCt) = atb 

where a > 0 and 0 < b < 1, and an initial load at t = a is assumed, 

substituting Eq. (4.36) into Eq. (4.34) and Eq. (4.35) 

O'{oo} = 00 f: at
b 

sin oot dt . (4.37) 

and 

J
OO b 

DII(W} = W oat cos wtdt (4.38 ) 

are obtained. 

OI(W) and D"{W) can be explicitly evaluated by using the 

relationship, 

foo -au b d - reb + 'l e u u - (b + 1 o a 
(4.39) 

where reb + 1) is the Gamma function. 

I f a = ; w, then, 
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-au -iwu e = e = cos wU - i sin wu 

and (4.40 ) 
- (b + 1) _ . ( ) - (b + 1) ( b1T . _ b1T) a - -1 w cos 2 - 1 S 1 n 2 

Also can be expressed as, 

- iD' + D" = aw f: e-
iwt 

t
b 

dt (4.41) 

Performing the integration indicated in (4.41) by using relationships 

(4.39) and (4.40) and equating real and imag-inary parts gives, 

1011 -b b1T = (aw cos~) r(l + b) (4.42 ) 

and 

ID"I = (aw-b sin ~1T) r(l + b) (4.43 ) 

The complex compliance 0*(00) is obtained by using known relationship 

0* ( w ) = I D I I - i I 0" I (4.44 ) 

Substituting (4.42) and (4.43) in Eq. (4.44) and simplifying gives, 

D*(w) = a(iw)-b r(l + b) (4.45 ) 

The above derivation could be checked by taking Laplace transform 

of creep compliance. 

Again, assuming a power law for the creep compliance and 

using relations between creep compliance and relaxation modulus in 

Laplace Transform Space. 
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1 
D(t) · E(t) = 52 

Assuming a power law form for compliance, 

IT( t) = ar (b + 1) 
pCb + 1) 

_ _ p(b - 1) 
E{t) - ar(b + 1) 

inverting back to t space, and using the relation, 

1 = sin brr (t)-b 
r(b + 1) r(b - 1, abrr 

It can be shown [69] that 

E(t) = sin brr (t)-b 
abrr 

(4.46 ) 

(4.47) 

If a stress free loading history is assumed before t = 0, 

stresses are expressed by the integral relation 

It dE: 
a{t) = 0 E(t - T) aT dT 

for a constant strain rate, 

E: (t) = Kt (4.49) 

where K is a constant and 

dE: - K ar- (4.50) 
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Substituting in Eq. (4.48) 

a{t) = K J: E{t - T) dT (4.51 ) 

by letting u = t - T yields 

t 
a{t) = K fo E{u)du (4.52 ) 

by substituting E(u) from Equation (4.47) in (4.52)~ 

a(t) = K sin bTI Jt u-b du 
abTI 0 (4.53 ) 

is obtained. 

Solution of the above definite integral yields a stress-strain 

relationship for constant strain rate. 

sin bTI r t (1 - b) 1 
a(t) = K abTI LCl - b) J (4.54 ) 

Thus, if the constants of the power law form of the creep 

compliance are known, the viscoelastic response of a composite 

material could be determined or alternatively dynamic tests can be 

used to determine constants a and b to predict constant strain rate 
" 

and creep test results. Interconversion formulae are summarized in 

Fi gure 56. 

To predict constant strain rate and creep behavior, a and b 

were determined from dynamic tests. Storage moduli values computed 

earlier can be converted to storage compliance as 
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l/IE'I ~ l/IEII 
1 + tan 20 

if 0 < < 1 

If equation (4.43) ;s divided by (4.42), 

o = tan (~1TJ 

is obtained. 

(4.55 ) 

(4.56 ) 

Since damping ratios are experimentally determined, constant 

b could be found from equation (4.56). For a given band ID' I, a can 

be computed using equation (4.42). 

For a given temperature, a and b values can be obtained as a 

function of frequency using regression coefficients from equation 

(3.3). 

Since damping ratio shows a frequency dependence, constant b 

also varies substantially at different frequencies while a is 

relatively constant. The plot of variation of a and b with t = l/w 

is shown in Figure 57. Values of a and b were computed at different 

times to obtain stresses at constant strain rates using equation 

(4.54): 

sin brr r-t ( 1 - b) 1 
cr(t = l/w) = K abrr _(1 - b) 1 

The stress-time curve (or stress-strain curve at constant 

strain rate) predicted from the above equation is compared with 

experimental curve for Boron/Epoxy at 300°F for a strain rate of 
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0.257 in/in/sec in Figure 58. The experimental curves are averaged 

for at least two individual tests. The figure shows that the pre­

dicted values compare very well. Since the equation obtained by 

regression analysis becomes physically incensitent with observed 

phenomena beyond the experimental range, damping and storage modulus 

values were extrapolated. 

Stress-time curves were obtained from the extrapolation for 

the three low rates are in good agreement with experiments. The 

discussion about this behavior is explained in the next chapter. 

Predicted curves for Graphite/Epoxy at 80°F at two different strain 

rates are shown in Fi gures 60 and 61. 

Extrapolated values of a and b from Storage Modulus an'd 

damping ratio of Boron/Epoxy at 300°F were used to compute the creep 

compliance at 105 and 106 secs. using the power law, equation (4.36). 

They are plotted together with experimental points in Figure 69. 

Here again, experimental and predicted values were within 10%. The 

discrepancy might be due to the fact that while statistically 

conditioned dynamic data was used to compute a and b, the comparison 

is made with single creep test results. In closure, this approach 

seems to be working well for predicting strain rate and creep 

behavior. 

Numerical Integration Method 

In an effort to calculate one experimentally observable 

viscoelastic function from another, numerical solutions of various 
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integral interrelations could also be tried. The components of the 

complex dynamic modulus are related to the relaxation modulus by the 

Fourier transform relationships, 

E ( t) = E + f.. f'" pEl (w) - Ee 11 sin w t dw 
e TI 0 W 

or where Ee is Equilibrium Modulus 

E(t) = Ee + f.. foo EII{W) cos wt dw 
1T 0 W 

(4.57 ) 

(4.58 ) 

Equation (4.57) can be rewritten by carry-jng out the integra­

tion of the second term in the integrand, using Ee = EI (0) = E.<t) I 
t-+<x> 

E(t) = ~ foo E'(w) sin wt dw 
1T 0 W 

(4.59 ) 

If complex modulus components were known over the full fre­

quency range, the relaxation modulus could be numerically determined. 

Even though equation (4.59) involves E'(w} over the entire frequency 

range, it is possible to obtain the relaxation function over a 

limited time range from complex modulus data over a limited frequency 

range [10J. This;s possible because the relaxation function at a 

particular value of time is not equally dependent upon the complex 

modulus at all values of frequency, but rather has a weighted 

dependence through equati on (4.59). Gottenberg and Christensen [82] 

used this method to obtain the relaxation modulus from the storage 
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modulus. In performing this calculation, it was required to demon­

strate convergence of the Fourier integral over a finite frequency 

range. They had to extrapolate the high and low frequency ends of 

the experimental storage modulus curves. The problem of establishing 

convergence criteria and numerical stability of the storage modulus 

expression given by equation (3.3) was encountered in the present 

investigation also. In order to avoid this difficulty, approximate 

methods developed by Ninomiya and Ferry [19] were used to perform 

these calculations. 

This approximate method has an analytical foundation based 

on the properties of the integrands of the corresponding exact equa­

tions. The imaginary parts of the complex moduli and compliances are 

related to relaxation and retardation spectra as follows: 

( 4.60) 

where H is the relaxation spectrum and 

L is the retardation spectrum, ~ is the steady flow viscosity, 

T is relaxation time in Eq. (4.60) and retardation time in 

Eq. (4.61). 

The kernel function or intensity function KI(wT) is the same 

for both equations and it gives a curve symmetrical about its maximum 

of 0.500 at WT = 1 and tends to zerQ on both sides when plotted against 
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log WT. Its area above the log WT axis is equal to n/2. 

The difference between the relaxation modulus, E(t), and the 

real part of the complex modulus, E'(W), is related to the relaxation 

spectrum, H, by 

E I (w) - E ( t) I = foo r 
t=l/w _00 Ll 

and for the compliance by 

D' () () I -- Joo [W2T2 - e-(l/WT)]L d ln T - W + D t 
t=l/w _00 1 + W2T2 

+ _1 
wZ; 

(4.62 ) 

(4.63 ) 

Again the intensity functions are the same for both equations 

and are denoted by KD(WT). KD has a maximum of 0.196 at WT = 2.24 

and its area is equal to Euler's constant, 0.5772. 

When both KD and KI are plotted against log WT, it is possible 

to obtain a curve which superposes exactly on KD by shifting KI 

vertically and horizontally on a log-log plot. Thus, 

where a1 and bl are constants which correspond to vertical and 

horizontal shift factors. 
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Then the approximate formulas of relaxation modulus and creep 

compliance obtained from dynamic functions can be shown to be of 

form [19] 

E I (w) - E(t) I ~ al E" (alw) (4.65) 
t=l/w 

and 

-0 1 (w) + OCt) I ~ al D"(alw) (4.66 ) 
t=l/w 

where, a, assumes values 

0.367 < a l < 0.446. 

The difference can be further minimized by the condition: 

(4.67 ) 

from which al = 0.384 ~ 0.40. By adding higher order terms, the 

approximate formulas can be improved as follows: 

and 

E ( t) = E I (w) - 0.40 Ell ( 0 • 40 w) + O. 014 E" ( 1 0 w) I 
w=l/t 

O(t) = DI{w) + 0.40 0"(0.40 w) - 0.014 D"(10 w)1 
w=l/t 

(4.68 ) 

(4.69 ) 

(4.70 ) 
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Eqs. (4.69) and (4.70) require values of dynamic functions at three 

different frequency levels. 

Equation (3.1) of the response surface for the storage 

and loss modulus as functions of time and temperature could be written 

as 

C E 1n t 
1n E'{w) = A + B ln t + T + 0 (In t)2 + TT +- F ---T-

or (4.71 ) 

1n EII{w} = A + B 1n t + f + D (In t)2 + ~ + F lnTt 

The coefficients of Eq. (4.71) are given in Table 3. For a 

constant temperature, Eq. (4.71) can be written in the form, 

1n E'{w) = AI + BI 1n t + C' (In t)2 
t=l/w 

and (4. 72) 

ln E"(w} = D' + E' 1n t + F' (In t)2 
t=l/w 

where A', B', C', 0', E' and F' are constants. They can be further 

reduced to the form, 

E'(w=l/t) = e(A' + B' 1n t + C' (In t)2) 

and (4.73) 

E " ( w= 1 / t) = e ( D' + E'l n t + F (1 n t) 2 } 

Substituting equations (4.73) into Eq. (4.69), E(t) can be 

expressed directly in terms of ~egression coefficients and can be 
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Table 3 
. 

THE COEFFICIENT OF EQ. (4.71) FOR l/T IN DEGREES KELVIN AND £ 

IN INCHES/IN/SEC. 

Boron/Epoxy Graphite/Epoxy 
EI E" E' Ell 

A 16.030 16.575 16.090 15.942 

B 3.709xlO- 2 1.334 4.323x10- 2 1.673 

C 2.313xlO- 3 1.139xl01 1.742xlO-3 1.495xlO-1 

D 1.285xl02 -5.00xl02 0 0 

E -2. l09xl 03 1.210xlO5 -4.7131xl03 1.019xl05 

F -8.926 4.413xlO' -7.657 9.0xl0 1 
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determined at different times and temperatures. This computation can 

be performed with ease compared to tedious integrations involved in 

the ~olution of Equation (4.59). 

The plots for comparison of storage and relaxation moduli for 

both materials at 80°F and 300°F are shown in Figures 62 and 63. 

E(t) and E'(w) are both measures of stored elastic energy, and a 

dynamic measurement at a frequency w is qualitatively equivalent to 

a transient one at t = l/w [9J. As seen from the figures, they are 

approximately mirror images if plotted on the same axis with t = l/w. 

Physically, it can be argued that the shape of these curves is little 

different and E'(l/t) > E(t) at all times. This again can be ob-

served in Figures 62 and 63. Physical bounds on the equation for 

Et(w) required that E(t) be computed only up to 10-2 seconds which 

fell within the experimental observations. 

The heredity integral form of the stress-strain relation is 

expressed as 

(4.74 ) 

If a stress free state is assumed prior to t = 0, the lower 

limit of integration can be replaced by zero. 

•• E · It d cr(t) = 0 E(t - T) OT dT (4. 75 ) 

Now, if t - T = U, for constant strain rate, 
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a = . It £ a E(u) du (4.76) 

Equation (4.76) can be solved by numerical integration, using 

expressions for the integrand, E(t), from equations (4.69) and (4.72). 

In performing this integration the lower limit was taken as 0.00005, 

the point where extrapolation of E'(w} was fairly valid. The stress-

time curves at different strain rates were obtained for Boron/Epoxy 

and Graphite/Epoxy at different temperatures. Figures 64 through 

67 show the comparison of experimental and predicted curves at two 

different temperatures and strain rates for both materials. They bear 

out the validity of this method of interconversion. Figure 66 did 

show the deviation of predicted behavior from experimental curves. 

This difference is tracable to the fact that the strain rate was not 

constant throughout the test because of some inertia effect in the 

testing system. 
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V. DISCUSSION AND CONCLUSIONS 

Viscoelastic characterization of the advanced composites 

studied reveals some important facts. It has been shown in the 

previous chapter that the time and temperature effects can be related 

by the "method of reduced variables" for each loading condition. 

A different shifting procedure is however required for each test. 

For the time-temperature superposition principle to be valid the 

same shift factor should apply independently of the type of test 

used, and if the material is thermorheologically simple its tempera-

ture dependence should be completely described by the shift factor. 

Krokosky [49] has reported that the aT value for pure asphalt 

obtained experimentally was a function of the type of test. Similar 

findings are also reported in this study. The stress dependence in 

the shift factor was also noted by Moehlenpah [26]. 

The difference observed in shift factors and activation 

energy computed~ from their storage and loss modulus is u.nexplain­

able at the moment. However, Leaderman's [13] comments might give 

some insight. 

There are several cases reported in the literature of 
dynamic data for amorphous polymers where the same set of 
values of aT did not give smooth master curves of the storage 
and loss components of the reduced dynamic response function. 
These discrepancies may be due in part to the inadequacy of 
the absolute temperature as the reduction factor, since the 
elasticity of real polymer chains is not due entirely to 
entropy change. 

128 
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Another possible reasoning may be that, while storage 

modulus reflects the gross properties of the material, loss modulus 

reflects microlevel properties through the damping ratio. Shapery 

[67J has shown that damping of dynamic response is quite sensitive 

to even small nonlinearities at the local level. However, to make 

a rational judgement detailed study is indicated. 

It is interesting to note that Boron/Epoxy has been found 

to be temperature dependent but experiments conducted over a range of 

five decades of strain-rate indicate very little strain-rate 

dependence. The ultimate strength of the material shows no strain 

rate sensitivity at all, while it shows a linear relationship with 

temperature as seen in Figure 36. 

Graphite/Epoxy exhibits a temperature and strain rate 

dependent stiffness but its ultimate strength (Figure 37) similarly 

to Boron/Epoxy does not show any strain rate effects. The stiffness 

of Graphite/Epoxy exhibits more temperature (time) dependence than 

Boron/Epoxy. 

Though the use of the time-temperature superposition princi­

ple is restricted to each test method, a significant amount of 

acceleration can be achieved by varying the temperature for each 

type of test, as seen by master curves plotted in Figures 40 through 

43. 

Damping behavior of a material is dependent on test conditions 

as well as on micro- and macromechanisms. As seen earlier, simple 

mechanical models may not be able to simulate the complex damping 
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phenomenon observed in these materials. While these models may be 

operative in certain frequency and strain rate domains, they are not 

useful in the range of practical interest. The Maxwell model showed 

a good fit for damping behavior at frequencies below 1000 Hz and pre­

dicted higher strain rates. The three parameter viscoelastic models 

did cover damping behavior over a wide range of frequencies in a 

qualitative way but its storage modulus relationship did not resemble 

actual material behavior. 

Due to the presence of elastic fibers in the direction of 

loading there may be different controlling mechanisms operative at 

the micro-level which may be exhibited in the damping mechanism. 

Some damping may be rate dependent (matrix effect) and some may be 

rate independent (fiber effect) depending on the range of stress 

amplitude, strain rate, frequency, temperature and other test and 

environmental conditions. In order to represent such a behavior, 

models which incorporate both rate-dependent (viscous damping) and 

rate-independent (Coulomb damping) features need to be tried. 

Lazan [35J has reported that such a modified t1axwell model 

has proved very effective in using vibration data to predict the 

long term creep response of concrete. Such a model may explain the 

complex damping behavior of the composites being investigated. 

The applicability of integral equations and the numerical 

integral method to interconvert dynamic data to high strain rate and 

creep tests have been demonstrated in the previous chapter. The 

convenience with which the regression equation obtained from curve 
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fitting of experimental data can be used in above methods shows its 

importance in the present analysis. However~ it should be used with 

care because beyond certain bounds the regression equation deviates 

from the known physical behavior of the material. VIhen the equation 

(3.1) for the damping ratio was used beyond the experimentally ob­

servable range~ physically inconsistant high values of damping were 

obtained. The validity of this equation below 10 Hz became question­

able. The same observation \vas made at higher frequencies (i.e. ~ 

20,000). But here the behavior was reasonable up to 100,000 Hz. 

Thus, it was found necessary to restrict the use of the 

regression equations within these bounds. The effect of these 

equations on the values of a's and b's shown in Figure 57 beyond 

experimental range can be easily seen. Since the lower two rates 

and part of the third highest rate fell beyond the range of dynamic 

experiments it was necessary to assume constant als and bls to pre­

dict the stress-strain curves. The good agreement between predicted 

and experimental values did establish the basis for such extrapola­

tion. 

To use numerical integral techniques, relaxation moduli were 

also assumed to be constant beyond 10-2 secs. When integrated between 

t = 0 and t = l/w~ they did predict experimental stress-strain 

curves reasonably well. The corresponding extrnpo1ated values of 

storage modulus were also used to compute a's for the integral 

equation method. This gave a check on the extrapolated values. 
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To put this concept in proper perspective relaxation moduli 

obtained from all three tests are plotted on the same Figure 68. 

The overlapping region between dynamic tests and the high strain 

rate test is also shown. These points were used directly to predict 

the stress-strain curve at the highest rate. This establishes the 

validity of the regression equation within the experimental range. 

A single creep test was used to obtain a relaxation modulus as direct 

inversion from creep compliance. Figure 68 does give a complete 

picture of behavior of stress-relaxation at 300°F for Boron/Epoxy 

over eleven decades. Since creep data was not available at room 

temperature, they were not plotted. The dotted lines on the figure 68 

show the trend of the curves if the regression equation is useB 

beyond 10-2 secs. 

Figure 69 shows the creep compliance for Boron/Epoxy as 

obtained from dynamic, strain rate and creep tests. The creep 

compliance within the range 10- 1 to 103 sees. was obtained from the 

relaxation modulus by simple inversion which were, in turn, obtained 

by extrapolation. Creep compliance was also computed from assumed 

constant values of a and b. The values are plotted in Figure 69. 

The calculated values agree with experimental values within 10%. 

This again enhances the validity of the extrapolated values. 

The same reasoning is applied in dealing with Graphite/Epoxy 

to obtain Figure 70. Since no creep data was available, it is not 

shown on the plot. 
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Thus, if used with physical reasoning, the regression equation 

could be of considerable value. 

In conclusion, the following inferences could be drawn from 

this investigation: 

1. Due to large scatter in experimental data, typical in advanced 

composites, statistical conditioning is required to analyze the 

test results. The equation for the regression analysis and the 

constants can be conveniently used to perform viscoelastic 

analysis. It has been shown that horizontal and vertical shift 

parameters can be obtained from these equations. 

2. Time-temperature shifting procedure can be applied to individual 

tests. However, further study is needed to understand the 

discrepancies observed in shift factors and activation energy 

under different loading conditions for the composites under study. 

3. It is seen from the shift factors that for a particular type 

of test significant test, acceleration may be obtained for 

Graphite/Epoxy while little if any acceleration can be achieved 

for Boron/Epoxy by variation of the test temperatures. 

4. Both Boron/Epoxy and Graphite/Epoxy show strain rate independent 

ultimate strengths. While Boron/Epoxy displays a linear de­

pendence on temperature, quadratic dependence is observed for 

Graphite/Epoxy. 
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Simple mechanical models fail to represent actual material 

behavior in the range of practical interest. Models which incorpo­

rate rate dependent and rate independent behavior could be used to 

simulate such phenomena. 

In closure, it would be appropriate to quote Lockett [89J on 

the subject. 

The validity of a particular theory should be judged 
as much by its ability to model real behavior as by its 
mathematical rigour. It is as much the duty of the theoretician 
to assist in simplifying and applying these theories as it is 
the duty of the experimentalist or designer who wishes to use 
them. 
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APPENDIX A 

SPECIMEN PREPARATION AND PROCUREMENT 

Layup Procedure for Boron/Epoxy and Graphite/Epoxy Specimens 

Avco 55-05 boron and Hercules X3501A-S graphite tape were used 

as follows: 0°, -45°, +45°,0°, +45°, -45°,0° each angle measured 

from the longitudinal axis of the specimen. The specimens are 8 plies 

thick {.0434"}. 

The layup procedure was generally as outlined in Paragraph 

8.2.2.2.1 of "Structural Design Guide for Advanced Composite Applica­

tions" published by the Advanced Composites Division, Air Force 

Materials Laboratory, Wright-Patterson Air Force Base, Ohio. The dif­

ferences between the procedure used and that outlined in Paragraph 

8.2.2.2.1 are as follows: 

1. The tool used was a flat metal plate with longitudinal boundary 

supports of metal .050 inches thick. Coroprene boundary supports 

were not used. 

2. The surface of the tool was covered with a film of Tedlar rather 

than TX-1040. 

3. The plies of boron and graphite were laid up directly on the tool 

rather than on a template. The glass fabric scrim cloth faced 

downward on all plies below the center line and upward above the 

outer line. 
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Curing Procedure and Quality Control Data 
for Boron/Epoxy Specimen 

The cure cycle recommended by Avco Corporation was used. (This 

is given on page 26 of Specification No. GM3004A from Grumman Aero­

space Corporation) as follows: 

Cure pressure: 50 ± 5 psi; vacuum level: during curing 
cycle 2 in. mercury max.; rate of temperature rise: 4-6°F per 
minute; cure temperature: 350 ± 10°F; cure time: 90 ± 5 minutes; 
cool down cycle: cool to below 125°F in no less than 40 minutes 
under full pressure; post cure cycle: 375° to 385° for 3 hours 
± 10 minutes. 

The panels were approximately 12 to 15 inches wide and 15 to 

21 inches long. Quality control testing of the panels included a resin 

content and specific gravity determination on 25% of the panels and a 

flexural strength and modulus determination on another 25%. 

Design objectives were as follows: 

Fiber Volume 

Void Content 

Flexural Strength 

Flexural Modulus 

55-60% 

5% max. 

110,000 p.s.i. min. 

14 x 106 p.s.i. min. 

Flexure quality control tests were conducted on 1/2 in. wide 

specimens with a 1-1/2 in. span and a mid span load by Brunswick 

Corporation. 

The data is given in Table A-l. The flexural modulus was com­

puted using the simple linear beam deflection equation 

(A-l) 
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Table A-l 

QUALITY CONTROL DATA ON THE BORON/EPOXY PANELS 

Panel Specific Fiber Percent Flexural Flexural 
Iden. Gravit~ Volume Voids Strength ~~odul us 

B 2.028 57.6 1 .2 182,300 14.5 x 106 

C 2.030 58.4 2.0 169,900 14.2 x 106 

D 2.035 58.8 2.0 168,200 13.6 x 106 

F 2.040 61 . 1 4.2 Not Run Not Run 

G 1.979 55.8 3.0 174,800 17.2 x 106 

I 2.001 56.2 1 .9 179,500 16.7 x 106 

Test specimens were routed from the panels using a slotted 

router coated with 60/80 diamond grit. This ensured minimum fiber 

breakout at the ends. The edges were kept parallel and the ends per-

pendicular to the fiber direction. The various specimens are shown in 

Figure 1. 

Specimens Type I were affixed with end tabs of fiberglass cloth 

measuring 2.0 in. long by about 0.05 in. thick. The end tabs were 

attached with EPON 934 resin. A bevel of 30° was provided and end tabs 

were machined together with the specimens. 

Curing Procedure and Quality Control Data 
for Graphite/Epoxy Specimen 

The cure cycle recommended by Hercules Corporation (Hercules 

Bulletin on X3501, dated 7/20/72) was used: 

1. Insert the layup into room temperature autoclave and pull full 

vacuum. 
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2. Raise the laminate temperature at a rate of 5°F/minute. 

3. When the part temperature reaches 280°F ± 5°F (approximately 45 ± 3 

minutes), apply total of 100 psi (venting vacuum bag when full 

pressure is obtained). 

4. Continue raising the laminate temperature at a rate of 5°F/minute 

until 350°F ± 5°F (approximately 10 ± 2 minutes) is reached. 

5. When the laminate temperature reaches 350°F ± 5°F, cure 100 ± 5 

minutes with 100 ± 5 psi. 

6. Cool the laminate to 150°F or below under full pressure in 30 

minutes or slower before removing it from the autoclave. 

NOTE: Step 3 was based on 3" x 10" x 15 ply laminate. For dif­

ferent layups, the full pressure may be applied at different tempera­

ture in order to obtain desired fiber/resin volume ratio in the cured 

laminates. 

Post Cure: Four hours at 400°F in an oven. (Recommend re­

straining the laminate between two rigid metal plates with clamps or 

weights.) 

The panels were approximately 12 inches wide and 16 to 21 

inches long. Quality control testing of the panels included a resin 

content and specific gravity determination on 25% of the panels and a 

flexural strength and modulus determination on another 25%. 

Design objectives were as follows: 

Fiber Volume 55-60% 

Void Content 5% max. 
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Flexural Strength 

Flexural Modulus 

50,000 psi min. 

8 x 106 psi min. 

Quality control test procedures were the same as those used 

for Boron/Epoxy. The data is presented in Table A-2. 

Panel 
Iden. 

A-l0 

A 

B 

C 

D 

Table A-2 

QUALITY CONTROL DATA ON THE GRAPHITE/EPOXY PANELS 

Specific 
Gravity 

Not Run 

Not Run 

1.53 

Not Run 

1 .54 

Fiber 
Volume 

Not Run 

Not Run 

53.5 

Not Run 

53.5 

Percent 
Voids 

Not Run 

Not Run 

2.2 

Not Run 

1 .6 

Flexural 
Strength 

112,500 

Not Run 

134,100 

132,600 

Not Run 

Fl exura 1 
Modulus 

8.33 X 106 

Not Run 

9.52 X 106 

10.45 X 106 

Not Run 

Specimens were prepared in a manner described for Boron/Epoxy 

and are shown in Figure 1. It has been observed that a great deal of 

warping was present in the early specimens. 

After considerable discussion with Hercules, Grumman and Bruns-

wick, it has been established that the suggested cure cycles require 

the use of only one metal plate under the layup and no plate above it. 

This arrangement produces an unsymmetrical heat sink which in spite of 

the careful cooling cycle in the autoclave is responsible for thermal 

gradients in the layup and causes warping of the panels. 

When a second, identical, heat sink was placed on top of the 

layup, the warping was eliminated. Specimens were subsequently 
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manufactured in this manner. 



APPENDIX B 

DETERMINATION OF STORAGE MODULUS AND LOSS RATIO 

The complex modulus, E*(oo) , is given by the relation 

E*(oo} = EI(oo} (1 + j tan o) (B. 1 ) 

where, 0 is the loss ratio and Ef(W) is the real part, or storage 

modulus. 

The imaginary part of the complex modulus (loss modulus), 

EII{oo) for small 0, is given by 

E"(oo} = E' tan 0 ~ E'o . (B.2) 

Due to large thickness to length ratios, the effects of shear 

were neglected and isotropic beam and bar theories were used to 

compute storage modulus. 

For longitudinal vibrations, the relation between storage 

modulus and the frequency is 

where C is the wave speed. 

c2 = E'(oo} 
p 

For fixed-free boundary conditions, E'(oo) at first anti-

resonance is computed from 

153 

(B.3) 

(B.4) 
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where ~ is the length, p is the mass density and fl ;s the first 

anti-resonance frequency in Hertz. 

The storage modulus for transverse vibration of a double 

cantilever beam driven by a sinusoidal force at the midpoint can be 

expressed as 

(8.5) 

where h is the thickness of the beam. 

References [94-95] give detailed discussions on the deriva­

tion of the above equations and values of parameter "na ll (na1 = 1.8751, 

na2 = 4.6941, na3 = 7.8548). 

For small 8, the damping ratio at an anti-resonance can be 

determi ned from 

8 = 
f' f' 2 - 1 

=---
fn 

(8.6) 

where fn is the nth anti-resonance frequency and f~ and f~ are the 

half power frequencies as shown in Figure 5. At the half power 

points the impedence is equal to 0.707 times its peak value at anti­

resonance which on logarithmic scale is equivalent to 3d8. 



APPENDIX C 

TABULATION OF STRAIN RATE DATA 

The experimental observations are listed in a computer print­

out for each temperature (OF) in order of increasing strain rate (de­

creasing Fracture Time). Fracture Stress (FSTRES) and Stress are in 

psi while Fracture T-ime (FTI~1E) is in seconds. The procedure for ob­

taining these parameters is described under "rate tests. 1I 

Average strain rate is listed at the end of observations for 

each test. 

155 
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fJORGN EPOXY STRAIN RATE DATA 

SPEC.NO TEMP FSTRES FTIME STRAIN STRESS 

BI110 80. 115325.00 O.488E 04 0.00 0.00 
Bll10 80. 115325.00 O.488E 04 713.17 10526 • .32 
BIIIJ 8e. 115325.00 O.488E 04 911.52 16253.81 
BIIIO 80. 115325.00 O.488E 04 1130.30 21362.23 
BIIIJ BO. 115325.00 O.488E 04 1507.07 26315.79 
BIIlO 80. 115325.00 O.488E 04 1803.10 32501.74 
B1110 80. 115325.00 O.488E 04 2018.40 .37925.10 
51110 80. 115325.00 O.488E 04 2368.26 44117.65 
B111J 80. 115325.00 O.488E 04 2852.67 51083.59 
81110 80. 115325.00 O.488E 04 3229.44 58049.54 
BII13 80. 115325.00 O.488E 04 3794.59 65015.48 
BIIlO 80. 115325.00 O.488E 04 4117.54 12155.44 
Bl11J 8C. 115325.00 O.488E 04 4171.36 80495.38 
BIlla BO. 115325.00 O.488E 04 4507.76 38235.31 
81110 80. 115325.00 O.48SE 04 5153.65 96749.25 
BIIIO 80. 115325.00 0.48 BE 04 5118.80 103715.10 

STRAIt\ RATE = 1.270E-06 

B1I50 8~ v. 112951.80 O.480E 04 0.00 0.00 
81150 8C. 112951.80 O.480E 04 886.50 15060.24 
61150 80. 112951.80 O.480E 04 1561.93 25602.41 
BII50 80. 112951.80 O.4S0E 04 2364.00 36891.59 
B1150 80. 112951.80 O.480E 04 3236.43 50451.81 
B1150 80. 112951.80 C.480E 04 4271.11 65512.05 
BII50 80. 112951.80 O.480E Olt 5206.43 81325.31 
81150 80. 112951.80 O.480E 04 6402.50 97891.56 

STRAIN RATE = 1.520E-06 

BII55 80. 110248.30 O.489E 04 0.00 0.00 
BII55 80. 110248.3D O.489E 04 547.22 7763.98 
81155 80. 110248.30 O.489E 04 848.19 10869.57 
1:31 155 BO. 110248.30 O.489E 04 1135.49 17080. 1.5 
131155 80. 110248.30 O.489E 04 1450.14 21139.13 
B1I55 80. 110248.30 O.489E 04 1805.83 27950.31 
81155 80. 110248.30 O.489E 04 2188.89 33385.09 
Bl155 80. 110248.30 O.489E 04 2626.61 39596.21 
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BOReN EPOXY STRAIN RATE DATA 

SPEC.NO TEMP FSTRES FTIME STRAIN STRESS 

BL 155 80. 110248.30 O.489E 04 3064.44 46273.29 
Bl I 55 80. 110248.30 0.489E 04 3529.58 52195.03 
01155 80. 110248.30 O.489E 04 4022.08 60559.01 
B1155 80. 110248.30 O.489E 04 4541.94 68323.00 
BIIS5 80. 110248.30 0.489E 04 5089.16 15931.69 
B1155 80. 110248.30 O.489E 04 5650.01 83850.94 
BII5S 80. 110248.30 O.489E 04 6183.61 91614.94 
BII55 80. 110248.30 0.489E 04 6111.87 99378.88 
BII55 80. 110248.30 O.489E 04 7373.82 101164.00 

STRAIN RATE = 1.540E-06 

B1152 80. 99099.13 O.150E 01 0.00 0.00 
131152 80. 99099.13 O.150E 01 1164.33 15'015.02 
81 152 80. 99099.13 O.750E 01 1921.17 28528.53 
81152 80. Q9099.13 O.150E 01 2703.39 39039.04 
81152 80. 99099.13 O.75uE 01 3640.20 52552.55 

STRAIN RATE = 1.313E-04 

B1149 80. 111882.60 O.900E 01 0.00 0.00 
8114~ 80. 111882.60 O.900E 01 1245.62 18209.88 
81149 80. 111882.60 O.900E 01 1916.34 27006.17 
81I49 80. 111882.60 O.900E 01 2491.24 37037.04 
81149 80. 111882.60 O.900E 01 3161.96 47067.90 

STRAIN RATE .- 7.910E-04 

B1153 80. 113650.80 O.902E 01 0.00 0.00 
61153 80. ll3650.80 O.902E 01 1040.49 14285.11 
BIIS} 80. 113650.80 O.902E 01 1775.77 25555.56 
61153 80. 113650.80 O.902E 01 2427.81 34920.64 
B1153 80. 113650.80 O.902E 01 3190.84 46031.75 
81153 80. 113650.80 O.902E 01 4050.97 58730.16 
81153 80. 113650.80 O.902E 01 4994.35 71428.56 
B1153 80. 113650.80 O.902E 01 5965.48 84920.63 
B1153 80. 113650.80 O.90lE 01 1075.33 99206.38 
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BORON EPOXY STRAIN RATE DATA 

SPEC.NO TEMP FSTRES FT IME STRAIN STRESS 

STRAIN RATE = 8.840E-04 

Bll78 80. 106250.00 O.425E 00 0.00 0.00 
Bl113 80. 106250.00 O.425E 00 193.42 6562.50 
81118 80. 106250.00 O.425E 00 1586.84 18750.00 
81118 80. 106250.00 O.425E 00 2380.25 29687.50 
H1I'lB 80. 106250.00 O.425E 00 3173.67 42187.50 
81178 80. 106250.00 O.425E 00 4165.44 56562.50 
BII18 80. 106250.00 O.425E 00 6148.99 85931.50 
BI178 80. 1:;)6250.00 O.425E 00 5157.21 11875.00 

STRAIN RATE -= 1.660E-02 

31119 80. 110937.50 O.450E 00 0.00 0.00 
BII79 80. 110931.50 O.450E 00 971.49 9375.00 
61179 80. 110931.50 O.450E 00 1954.91 21815.00 
81 179 80. 110931.50 O.450E 00 2541.47 33593.75 
81179 80. 110937.50 O.450E 00 3421.20 46875.00 
81179 80. 110931.50 O.450E 00 4300.94 58593. 15 
81179 BC. 110937.50 O.450E 00 5239.33 75000.00 
81 I 79 80. 110937.50 O.450E 00 6255.92 89062.56 
B1179 80. 110931.50 O.450E 00 6940.16 103125.00 

STRAIN RATE -= l.630E-02 

61156 80. 124783.00 0.155f-01 C.OO 0.00 
81156 80. 12.4183.00 O.155E-Ol 196.54 10487.00 
51156 80. 124783.00 O.155E-Ol 2041.13 28935.19 

STRAIN RATE .- 8.160E-Ol 

81158 80. 122974.50 O.168E-01 0.00 0.00 
B1158 80. 122914.50 D.168E-01 1493.51 23509.84 
B1158 80. 122974.50 O.168E-Ol 1991.34 32552.08 
B1158 80. 122974.50 O.168E-Ol 2138.10 43402.78 
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BORON EPOXY STRAIN RATE DATA 

SPEC.NO TEMP FSTRES FTIME STRAIN STRESS 

STRAIN RATE -= 6.850E-Ol 

blI~9 80. 126591.30 O.114E-01 0.00 0.00 
B1159 80. 126591 • .30 O.114E-Ol 133.93 IG489.JO 
B1159 80. 126.591.30 O.174E-Ol 1223.22 18084.49 

STRAIN RATE = 6.120E-Ol 

81138 200. 110937.50 O.415E 04 0.00 0.00 
81138 200. 110931.50 O.475E 04 1054.05 12500.00 
81138 20e. 110937.50 G.475E 04 1528 • .38 18750.00 
81138 200. 110931.50 O.475E 04 1791.89 23150.00 
811 38 200. 110937.50 O.475E 04 2108.11 28906.25 
81138 20C. 110937.50 O.415E 04 2311.62 34687.50 
81133 200. 110931.50 O.475E 04 2635.14 40625.00 
81138 200. 110937.50 O.415E 04 2951.35 46562.50 
81138 200. 110931.50 O.415E 04 3162.16 53125.00 

STRAIN RATE = 1.320E-06 

81139 200. 112640.80 O.514E 04 0.00 0.00 
B1139 200. 112640.80 O.514E 04 191.0.3 11133.42 
B1139 200. 112640.80 O.514E 04 1318.38 17209.01 
B1139 200. 112640.80 O.514E 04 1582.05 21902.38 
131139 200. 112640.80 O.514E 04 1845.73 26595.14 
81139 200. 112640.80 O.Sl4E 04 2241.24 31289.11 
81139 200. 112640.80 O.514E 04 2636. 76 37234.04 
61139 200. 112640.80 O.514E 04 2919.54 43022.53 
B1139 200. 112640.80 O.514E 04 .3421.18 48498.12 

STRAIN RATE :: 1.430E-06 

01142 lOG. 98431.50 O.840E 01 0.00 0.00 
B1142 20C. 98437.50 O.840E 01 1328.64 17986.75 
Bl I 42 200. 98437.50 O.840E 01 2097.86 29687.50 
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BOReN EPOXY STR A IN RATE DATA 

SPEC.NO TEMP FSTRES fTIME STRAIN STRESS 

01142 200. 98437.50 O.S40E 01 2'727.21 39062.50 
81142 200. 98431.50 O.840E 01 3426.50 48437.50 
B1142 200. 98431.50 O.840E 01 4265.64 59375.00 
81142 200. 98437.50 O.840E 01 5244.64 71815.00 
B1142 2 JC. 98431,.50 O.840E 01 6265.59 85156.25 

STRAIN RATE = 7.460E-04 

B 1 141 20C. 107031.10 O.900E 01 0.00 0.00 
S1I41 200. 101031.10 O.900E 01 1413.53 125QO.00 
B1141 20G. 107031.10 O.900E 01 2182.66 21815.00 
81141 200. 107031.10 O.900E 01 3076.51 34375.00 
B1141 200. V:J7031.10 O.900E 01 3533.83 45312.50 
81141 200. 101031.10 O.900E 01 4365.31 56250.00 

STRAIN RATE = 8.730E-04 

81193 20C. lOO7Sl.Ie O.425E 00 0.00 0.00 
81.193 200. 100781.10 O.42SE 00 808.60 7812.50 
H1193 20C. 100181.10 O.425E 00 1617.20 20312.50 
B 1 19:3 200. 100781.10 O.425E 00 2425.80 32812.50 
B1193 20C. 100781.10 O.425E 00 3234.40 45.312.50 
BII93 20G. 100'181.10 0.425E 00 4043.00 56562.50 
81193 20C. 100181.10 O.425E 00 5053.75 70312.50 
81193 200. 100181.10 O.425E 00 6064.50 85931.50 

STRAIN RATE = 1.620E-02 

81196 200. 89531.25 O.360E 00 0.00 0.00 
81196 200. 89531.25 O.360E 00 539.41 6250.00 
81196 200. 89531.25 0.360E 00 1294.59 15625.00 
81196 200. 89531.25 O.360E 00 1941.88 31250.00 
81196 200. 89531.25 O.360E 00 2589.18 42181.50 
elI96 20t. 89531.25 v.360E 00 3236.47 54687.50 
B1196 20C. 89531.25 C.360E 00 4099.53 68750.00 
81196 200. 89531.25 O.360E 00 5070.47 82812.50 

STRAIN RATE = 1.450£:-02 
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BOReN EPOXY STRAIN RATE DATA 

SPEC.NO TEMP fSTRES FTIME STRAlN STRESS 

81I1J4 200. 86805.56 O.lBOE-Ol 0.00 0.00 
B11104 200. 86805.56 O.180E-OI 1528.94 18084.49 
B11104 200. 86805.56 O.laCE-Ol 2293.40 32552.08 
811104 200. 86805.56 O.laOE-Ol 3051.87 45211.23 
811104 200. 86805.56 O.laOE-Ol 4204.57 57870.37 
811104 200. 86805.56 0.180E-01 4969.04 12331.94-
811104 200. 86805.56 O.180E-OI 5133.51 83188.69 
611104 200. 86805.56 O.180E-Ol 6345.08 86805.56 

STRAIN RATE = 2.280l:-01 

811144 200. 113208.80 O.245E-Ol 0.00 0.00 
811144 200. 113208.80 O.245E-Ol 495.87 9042.25 
B1I144 200. 113208.80 O.245E-Ol 1062.51 21701.39 
B11144 200. 113208.80 O.245E-Ol 1671.18 32552.08 
B11144 200. 113208.80 O.245E-Ol 2266.82 43402.18 
cllI144 20C. 113208.80 O.245E-01 2833.53 54253.47 
811144 200. 113208.80 O.245E-Ol 3357.73 65104.11 
811144 200. 113208.80 O.245E-Ol 3966.94 71763.31 
tilI144 lOC. 113208.80 O.245E-Ol 4533.64 87890.63 
B11144 200. 113208.80 0.245E-01 5151.02 101213.10 
811144 200. 1132C8.80 O.245E-Ol 5596.22 113208.80 

STRAIJ\ RATE = 3.S30E-Ol 

81175 300. 106250.00 O.459E 04 0.00 0.00 
81 I 7.5 30e. 106250.00 O.459E 04 131.25 10931.50 
81115 30e. 106250.00 O.459E 04 1112.71 11187.50 
81 175 300. 106250.00 O.459E 04 1398.91 21875.00 
B1115 30C. 106250.00 O.459E 04 1180.43 29687.50 
B1175 300. 106250.00 O.459E 04 2161.96 35937.50 
81.115 300. 106250.00 O.459E 04 2543.48 42187.50 
BIllS 300. 106250.00 O.459E 04 3020.38 48431 •. 50 
B1 I 15 300. 106250.00 O.459E 04 3465.49 54687.50 
81175 300. 106250.00 O.459E 04 3942.39 61328.13 

STRAIN RATE ,:: 1.460E-06 
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BOReN EPOXY STRAIN RATE DATA. 

SPEC.NO TEt'P FSTRES FTIME STRAIN STRESS 

Bil74 300. 102343.60 O.416E 04 0.00 0.00 
81174 30(;. 102343.6C O.416E 04 882.04 11562.50 
81174 300. 102343.60 O.416f 04 1356.99 18437.50 
81174 .300. 102343.60 O.416E 04 1831.94 24687.50 
B1174 3CO. 102.343.60 O.416E 04 2239.03 31250.00 
81174 300. 102343.60 O.416E 04 2713.98 37500.00 
81174 .300. 102343.60 O.416E 04 3229.64 43750.00 
el174 30G. 102343.60 O.416E 04 3172.43 50781.25 
81174 300. 102343.60 O.416E 04 4315.23 ~7812.50 

STRAIN RATE = I.BODE-06 

B1176 300. 110937.50 O.430E 01 0.00 c.oo 
81 I 76 300. 110937.50 O.430E 01 1244.05 20312.50 
81176 300. 110937.50 O.430E 01 1836.46 28125.00 
B1176 300. 110937.50 C.430E 01 2488.10 39062.50 
81176 300. 110937.50 O.430E 01 3258.23 49218.75 
81176 300. 110937.50 O.430E 01 4087.59 62500.00 
61 I 76 300. 110937.50 0.430E 01 5035.44 75000.00 
81116 300. 110937.50 O.430E 01 6042.53 90625.00 
81176 300. 110937.50 O.430E 01 7168.10 103125.00 

STRAIN RATE = 1.790E-03 

bll77 300. 109375.00 O.430E 01 c.oo 0.00 
BII17 300. 109375.00 O.430E 01 1307.65 18750.00 
B1177 300. 109375.00 O.430E 01 1954.59 29687.50 
811'7"1 30C. 109375.00 0.430E 01 2642.82 37187 •. 50 
Bl111 300. 109315.00 O.430E 01 3441.18 48431.50 
B1I17 300. 109375.00 O.430E 01 4261.06 60937.50 
BI177 300. 109375.00 0.430£ 01 5230.56 73437.50 
B1 11'1 300. 109315.00 O.430E 01 6056.47 85931.50 
B1I17 300. 109375.00 0.430E 01 7151.64 100000.00 

STRAIN RATE = 1.190E-03 

81194 300. 96875.00 O.400E 00 0.00 0.00 
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BORON EPOXY STRAIN RATE OATA 

SPEC.NO TEMP fSTRES FTIME STRAIN STRESS 

81194 300. 96875.00 O.4OOE 00 1017.75 10156.25 
13119-4- 300. 96815.00 O.400E 00 1984.61 23437.50 
81194 300. 96875.00 O.4OOE 00 2671.59 34375.00 
81194 300. 96875.00 Q.400E 00 3502.12 46875.00 
01194 300. 96875.00 O.400E 00 4452.65 59375.00 
Hll94 300. 96875.00 O.400E 00 _5591.62 13431.50 
BII94 300. 968-75.00 O.400E 00 6615.37 88281.25 

STRAIN RATE = 1.140E-02 

blI95 300. 109375.00 O.460E 00 0.00 0.00 
511 9.5 300. 109375.00 O.460E 00 513.06 50GO.00 
HII95 300. 109375.00 O.460E 00 1282.65 11500.00 
81195 30e. 109315.00 O.460E 00 2052.23 26815.00 
B1195 300. 109375.00 O.460E 00 2821.82 37500.00 
81195 300. 109375.00 O.460E 00 3847.94 50781.25 
81195 300. 109315.00 0.460E 00 4874.05 67181.50 
B1Ic)S 300. 109315.00 O.460E 00 5900.1'7 81250.00 
81195 300. 109375.00 O.460E 00 7182.81 96875.00 

STRAIN RATE = 1.150E-02 

Bl1110 300. 94039.38 0.205E-01 0.00 0.00 
811110 300. 94039.38 O.205E-Ol 659.00 10850.69 
811110 300. 94039.38 O.20SE-01 1318.00 21701.39 
B1l110 30e. 94039.38 O.20SE-01 1647.50 34360.53 
1311110 30G. 94039.38 O.205E-O! 2471.2.5 43402.18 
Bl1110 300. 94039.38 O.20SE-Ol 3295.00 51810.31 
811110 30(;. 94039.38 O.205E-01 3954.00 70529.50 
BIIll0 300. 94039.38 O.20SE-Ol 4613.00 81380.19 
811110 30e. 94039.38 O.205E-Ol 5272.00 94039.38 

STRAIN RATE .: 2.510E-01 

81197 300. 104890.00 O.233E-01 0.00 0.00 
81191 300. 104890.00 O.233E-01 570.16 10127.31 
B1197 300. 104890.00 O.233E-Ol 1140.32 21701.39 
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BORON EPOXY STRAIN RATE DATA 

SPEC.NO TEMP FSTRES FTIME STRAIN STRESS 

81197 300. 104890.00 O.233E-Ol 1781.75 32552.08 
81197 300. 104890.00 O.233E-Ol 2351.91 43402.78 
Bl1 7 300. 104890.00 O.233E-Ol 3064.61 54253.47 
Bl197 300. 104890.00 O.233E-Ol 3634.17 66912.63 
81197 300. lC4890.00 0.233£-01 4204.93 77763.31 
81197 300. 104890.00 O.233E-01 4703.82 90422.44 
131197 300. 104890.00 O.233E-01 5416.:'2 99464.69 
81197 300. 104890.00 O.233E-Ol 5701.60 104890.00 

STRAIN RATE -= 2.450E-01 

Bl1l05 -50. 106250.00 O.44lE 04 0.00 0.00 
811105 -50. 106250.00 O.441E 04 525.25 6250.00 
BII105 -50. 106250.00 O.441E 04 931.13 12500.00 
811105 -se. 106250.00 O.441E 04 1337.00 20312.50 
BIII05 -50. 106250.00 O.44lE 04 1719.00 26562.50 
1311105 -50. 106250.00 O.441E 04 2148.15 32812.50 
B11105 -50. 106250.00 C.441E 04 2578.50 39843.75 
811105 -50. 106250.00 O.441E 04 3056.00 4 "1265.63 

STRAIN RATE = 1.21GE-06 

811109 -50. 119531.10 C.467E 04 O.OJ 0.00 
B1IIJ9 -50. 119531.1() O.467E 04 668.50 9315.00 
B11109 -50. 119531.10 0.467E 04 1.337.00 21875.00 
8111J9 -50. 119531.10 O.467E 04 1766. 75 28906.25 
B11109 -50. 119531.10 O.461E 04 2148.75 35937.50 
BIII09 -50. 119531.10 O.467E 04 2518.50 42968.75 
811109 -50. 119531.10 O.467E 04 3056.00 50181.25 

STRAIN RATE = 1.270E-06 

BIIlO7 -50. 118281.10 O.100E 02 0.00 0.00 
BIIlO7 -50. IlB281.1() O.lOOE 02 48.12 0.00 
Bll107 -50. 118281.10 O.100E 02 97.45 390.03 
Bll107 -50. 118281.10 O.IOOE 02 438.52 4681.50 
RII107 -50. 118281.10 O.lOCE 02 1802.81 26562.50 
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BORGN EPOXY STRAIN RATE DAT A 

SPEC.NO TEMP FSTRES fTIME STRAIN STRESS 

B11107 -50. 118281.10 O.IOOE 02 2606.76 39843.15 
B11107 -50. 118281.10 O.lOOE 02 3410.72 53125.00 
B 1 11'.)1 -50. 118281.10 C.100E 02 4336.48 68150.00 

STRAIN RATE = 6.190E-04 

01167 -50. 121093.60 O.840E 01 0.00 0.00 
131167 -se. 121093.60 O.840E 01 1266.84 14062.50 

STRAIN RATE ,: 8.900E-04 

B1II1L -50. 1179c8.60 O.380E 00 0.00 0.00 
B11112 -50. 111968.60 O.380E 00 889.85 3125.00 
81 I 112 -50. 111968.60 O.380E 00 2016.32 15625.00 
811112 -50. 117968.60 O.3aOE 00 2966.18 32812.50 
B11112 -50. 117968.60 O.380E 00 3856.03 46815.00 
B11112 -50. 117968.60 O.3aOE 00 5042.50 64062.50 
B11112 -50. 117968.60 O.380E 00 6228.97 82812.50 
811112 -50. 117968.60 O.3aOE 00 7563.75 101562.50 

STRAIN RATE = 2.160E-02 

311120 -50. 110937.50 O.360E 00 0.00 0.00 
811120 -50. 110931.50 O.360E 00 238.78 2343.75 
811120 -~O. 110937.50 O.360E 00 1193.89 14062.50 
811120 -50. L10937.50 O.360E 00 208<1.30 31250.00 
611120 -50. 110931.50 O.360E 00 298 Lt.72 46875.00 
B11120 -50. 110937.50 O.360E 00 4178.60 64062.50 
811120 -50. 110937.50 O.360E 00 5372.49 82812.50 
B11120 -50. 110937.50 O.360E 00 65b6.37 101562.50 

STRAIN RATE - 1.930E-02 

811 113 -50. 104890.00 O.205E-01 v.oo 0.00 
811113 -50. 104890.00 O.205E-Ol 698.10 14467.59 
BIIll] -50. 104890.00 O.205E-Ol 1116.96 23509.84 
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BORON EPOXY STRAIN RATE DATA 

S PEe. ;>JC TEMP FSTRES FTIME STRAIN STRESS 

B11113 -5C. 104890.00 O.205E-01 2024.49 39785.88 
Bl1113 -50. 104890.00 O.205E-Ol 2513.16 50636.57 
B1Ill.3 -50. 104890.00 O.205E-Ol 3011.64 65104.11 
511111 -50. 104890.00 O.20SE-Ol 3769.14 15954.88 
B1Il13 -se. 1048'30.00 O.20SE-Ol 4188.60 86805.56 
Bl1113 -5e. 104890.00 O.20SE-01 5026.32 95847.81 
Bll113 -50. 104890.00 O.20SE-Ol 5l65.~4 104890.00 

STRAIN RATE = 2.520[-01 

BII111 -50. 112123.80 O.228E-Ol 0.00 0.00 
1311111 -50. 112123.80 O.228E-Ol 1100.99 19892.94 
Bl1111 -50. 112123.80 O.l28E-Ol 1857.92 32552.08 
Bl1111 -50. 112123.80 O.228E-Ol 2339.61 39185.87 
B1 I 111 -50. 112123.80 O.228E-01 3021.73 57870.37 
B11111 -50. 112123.80 O.22aE-Ol 3715.85 68721.06 
B11l11 -50. 112123.80 O.228E-Ol 4403.g1 84991.13 
811111 -50. 11212.3.80 O.228E-Ol 4954.46 94039.38 
BIIll1 -50. 112123.80 O.228E-Ol 5504.96 104890.00 

STRAIN RATE := 2.570E-Ol 
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GRAPHITE EPCXY STRAIN RATE DAT~, 

SPEC.NO TEMP fSTRES FTIME STRAIN STRESS 

G311 80. 62162.16 O.357E 04 0.00 C.OO 
G3Il 80. 62162.16 O.351E 04 949.93 7432.43 
G311 80. 62162.16 O.351E 04 1461.42 11891.89 
G3Il 80. &2162.16 O.357E 04 1943.69 15540.54 
G3 11 80. 62162.16 O.357E 04 2425.97 20270.27 
G3Il 80. 62162.16 O.357E 04 3013.54 24324.32 
G311 80. 62162.16 C.351E 04 3653.56 29594.59 
G3 11 8C. 62162.16 O.357E 0'+ 4238.13 34459.46 
G3Il 80. 62162.16 O.357E 04 4968.84 39864.86 
G3I1 • 62162.16 .357E 04 5451.11 45270.27 
G311 80. 62162.16 O.3.57E 04 6181.83 50675.68 
G31l 80. 62162.16 .357E 04 6941.77 56156.76 

STRAIN RATE = 2.100[-06 

G312 80. 67945.19 O.386E 04 0.00 0.00 
G312 80. 67945.1q O.386E 04 1200.21 8219.18 
G312 8G. 67945.19 O.386E 04 1821.01 12328.17 
G3I2 80. 67945.19 .386f 04 2441.81 17123.29 
G312 80. 67'145.19 C.386E 04 2993.63 21232.88 
G3I2 80. 67945.19 O.386E 04 3545.45 26021.40 
G312 8C. 67945.19 O.386E 04 41 .04 30821.92 
G312 80. 61945.19 .386E 04 4856.02 35616.44 
G312 80. 67945.19 G.386E 04 5476.82 40410.96 
G312 80. 67945.19 G.386E 04 6125.21 45890.41 
G312 80. 67945.19 O • .386E 04 6856.37 50684.'13 
G312 80. 67945.19 O.386E 04 7546.15 56849.32 

STRAIN RATE -= 2.2GOE-06 

G313 80. 71428.56 .384E 04 0.00 0.00 
G313 80. 11428.56 .384E 04 1132.91 8051.95 
G313 80. 11428.56 .384E 04 1683.63 13636.36 
G313 80. 71428.56 0.384E 04 2234.34 18441.56 
G3I3 8'" v. 71428.56 C.384E 04 2106.39 23376.62 
G3I3 80. 1142B.56 O.384E 04 3257.11 27922.08 
G313 80. 71428.56 O.384E 04 3801.83 32857.14 
G313 80. 71428.56 C.384E 04 4437.22 38051.95 
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GR.APHITE EPOXY S TR A If\! RATE DATA 

SPEC.NO T EtvlP f SIRE S Fllr-1E STRAIN STRESS 

G313 80. 71428.56 O .• 384E 04 5066.61 42857.14 
G313 80. 11428.56 O.384E 04 5696.00 48701.30 
G313 80. 71428.56 G.384E 04 640 L •• 01 54545.45 

STRAIN R.ATE = 2.130E-06 

G314 80. 48455.06 C.530E 01 0.00 0.00 
G3I4 80. 48455.06 O • .530E 01 941.08 7022.47 
G314 80. 48455.06 O.530E 01 1188.06 14044.94 
G3I4 80. 48455.06 O.530E 01 2258.60 17556.18 
G314 80. 48455.06 O.S30E 01 2666.40 21067.42 
G314 80. 484.5.5.06 C.530E 01 3011.46 24518.65 
G314 80. 48455.06 O.530E 01 3482.01 28792.13 
G314 80. 4B455.06 C.S30E 01 3952.55 32303.37 
G314 80. 48455.06 O.530E 01 4501.51 37219.10 
G314 80. 't8455.06 O.5.30E 01 4893.63 40"130.34 
G314 8 • 48455.06 O.530E 1 5521.02 45646.07 

STR,AIN RATE -= 1.lOOE-03 

G315 80. 57162.53 O.670E 01 0.00 0.00 
G3I.5 80. S 7162.53 C. 670E 01 718.23 7575.75 
G315 80. 57162.53 O.670E 01 1265.45 1 30.58 
G315 80. 57162.53 O.670E 01 1710.07 15840.22 
G315 80. 51162.53 C.67DE 01 2000.78 18595.04 
G315 80. 57162.53 C.670E 01 2428.30 22727.27 
G3I5 80. 57162.53 O.670E 01 2770.31 26033.06 
G315 8C. 51162.53 (i.670E 01 3197.83 28512.40 
G3I5 80. 51162.53 C.670E 01 3"710.85 33608.82 
G315 80. 51162.53 O.670E 01 4138.31 31465.56 

STRAIN PATE -= q .200E-04 

G311 BO. 68614.13 C.730F 01 0.00 0.00 
G311 80. 68614.13 O.730E 01 901.76 7144.57 
G3I1 80. 6B614.13 O.730E 01 1595.42 14673.91 
G3I7 80. 68614.13 0.130£ 01 2115.67 11663.04 
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GRAPHITE EP Xy STRAlf'., R.AT£ DATA 

SPEC.NC' TEt-1P FSTRFS FTIME STRAIN STRESS 

G311 80. 68614.13 O.730E 01 2549.21 21359.78 
G317 130. 68614.13 O.730E 01 2896.04 25815.22 
G3I '7 8 i ' .", . 68614.13 O.7.30E 01 3329.58 29211.96 
G317 8 f', v. 68614.13 C.730E 01 3763.12 33967.39 
G317 80. 6B614.13 O.730E 01 4283.36 38043.48 
G3I1 8G. &8614.13 O.730E 01 4716.90 42119.57 
G317 80. 68614.13 0.730£ 01 5237. 15 46195.65 
G317 8C. 68614.13 C.730E 01 5157.39 50951.09 

STRAIN RATE = l.OSOE-03 

G3I22 RO. 62500.00 O.300E 00 0.00 0.00 
G3122 80. 62500.00 O.300E 00 1073.03 7638.89 
G3122 80. 62500.00 O.300E 00 2341.16 18750.()O 
G3122 80. 62500.0() O.300E 00 3511.74 30555.56 
G3I22 8G. 62500.00 O.300E 00 4779.86 42361.11 
G3122 8G. 62500.J(, .300E 00 6145.54 541c6.67 

STRAIN RATE ;: 2.230F-02 

G3I19 80. 433.33.33 0.210f 00 0.00 0.00 
G3119 8t. 43333.33 G.2l0E 00 391.80 2711.78 
G3I19 80. 43333.33 O.2ICE 00 1567.20 11111.11 
G3119 80. 43333.33 O.210E 00 2938.,50 23611.11 
G3I19 80. 43333.33 O.210f 00 4309.80 35416.61 

STRAIN f<AT E :- 2.330E-02 

G3125 80. 61515.44 O.140E-Ol 0.00 0.00 
G3I25 80. 67515.44 C.140E-Ol 649.09 8037.55 
G3125 80. 67515.44 O.1'40E-01 11.35.91 12860.08 
G3125 BO. 67515.44 O.140E-01 1866.14 20891.63 
G3125 80. 67515.44 G.140E-Ol 2434.09 27327.67 
G3125 80. 67515.44 .140E-Ol 2920.91 32150.21 
G3125 80. 67515.44 O.140E-Ol 3245.46 36972.74 
G3I25 80. 61515.44 O.140E-Ol 3651.14 40181.16 
G3125 80. 67515.44 O.140E-Ol 3894.55 45010.29 
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GRA PHI TF EPCXY STRA Ihi RATE DATA 

SPEC.NO TEf-'IP FSTRES F T I f~E STRAIN STR ESS 

G3125 80. 6 '1515.44 O.140E-01 4219.10 48225.31 
G3125 80. 61515.44 O.i40E-01 ';.543.64 51440.33 
G3125 80. 67515.4',. O.140E-Ol 4868.19 56262.86 
G3I25 80. 67515.44 O.140E-Ol 5273.87 57810.37 

STRAIN RATE = 4.390E-01 

G3I24 80. 53047.81 D.1I2E-Ot 0.00 C.OO 
G3124 80. 53047.81 O.112E-01 571.01 6430.04 
(;3124 80. S3041.81 G.112E-01 1356.15 12860.08 
G3124 80. 53041.81 C.1l2E-01 1855.7<1 19290.11 
G3I24 80. 53047.81 0.112E-01 2498.18 25120.15 
G3124 80. 53047.81 .lllE-Ot :,069.19 30542.68 
G3124 8D. 53047.81 G.lI2E-01 3568.82 35365.21 
G3124 80. 53:l41.81 G.l12E-01 3854.33 38580.23 
G3124 80. 53047.81 i).1l2E-Ol 4282.59 41795.25 
G.3I24 80. 53047.81 O.lI2E-Ol 4568.10 46617.78 
G3124 ac. 53041.81 .l12E-01 4924.98 5144,0.30 

STRAIN R,ATF - 4.920E-01 

G3I21 80. 57870.37 0.112E-01 0.00 0.00 
G.3127 80. 51870.37 O.1l2E-Ol 876.54 12860.08 
G3127 8C. 57810.37 O.ll2E-Ol 1773.95 19611.62 
G3127 80. 57870.37 G.lI2E-Ol 2295.70 25120.16 
G3121 80. 51870.37 0.112E-01 2921.80 32150.20 
G3I27 80. 57810.37 0.112E-01 3547.90 38580.24 
G3I27 80. 5787J.37 G.lI2E-Ol 3965.30 41195.21 
G3127 80. 57870.37 0.112E-01 4382.70 45010.29 
G3127 AD. 57870.37 O.lI2E-Ol '+800.10 49832.82 
G3121 80. 57870.37 G.ll2E-OI 5008.80 54655.35 
G3127 80. 57810.37 0.112E-Ol 5426.20 57870.37 

STRAIN RATE = 4.840E-Ol 

G3IlO 200. 10833.31 O.417E 04 C.()O 0.00 
G3 r 10 200. 70833.31 O.417f 04 1151.92 6944.44 
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G,(APHITE EP;JXY STRAlf\l RATE DATA 

SPEC.NO TEMP FSTRES FTIME STRAIN STR ESS 

G3110 200. 7083.3.31 O.417E 04 2218.52 14166.67 
G.3 I 10 200. 70833.31 O.417E 04 2198.74 18055.56 
G3II0 lOC. 10833.31 O.417E 04 3327.77 22222.22 

STRAIN RATE .- 2.770E-06 

G3Ill 200. 62500.00 O.387E 04 0.00 0.00 
G3111 200. 62500.00 O.387f 04 1119.03 6944.44 
G3Ill 200. 62500.00 O. JB7E 04 2065.90 13888.89 
G3111 20C. 62500.00 .387E 04 2668.46 17171.78 
G3111 200. 62530.)0 0 .. 381E 04 3184.93 21527.78 
G3Ill 200. 62500.00 O.381E 04 3787.49 25000.00 
G3I11 200. 62500.JO O.387E 04 4390.04 29166.67 
G3Ill 200. 62.500.00 O.387E 04 4QQ2.60 33750.00 
G3I11 200. 62500.00 O.387E 04 5681.23 38194.44 
G3Ill 2aO. 62500.00 O.381E 04 6]69.81 43055.56 
G3 111 200. 62500.00 .381E 04 7058.50 41222.22 
G3111 200. 62500.00 O.381E 04 7747.14 521'71.18 
G3Ill 2·"'''-' ..... 'J. 62500.00 0.387E 04 8435.71 57638.89 

STRAIN RATE :: 2.340E-06 

G3I8 200. 84615.38 O.900E 01 0.00 0.00 
G3IB 200. 84615.38 O.900E 01 1194.05 13076.92 
G3IB 200. 84615.38 O.900E 01 2918.03 23846.15 
G318 200. 84615.38 0.900£ 01 3139.40 30769.23 

STRAIN RATE :: 1.250E-03 

G319 200. 8888.88 l.'.940£ 01 0.00 0.00 
G319 200. 8:3888.88 O.940E \)1 1933.86 13333.33 
G319 200. .98888.8B O.940E 01 3114.45 2.3611.11 
G3r9 200. 88888.88 O.940E 01 :3946.40 30277.78 

STRAIN RATE :: 1.3.20E-03 
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GRAPHITE EPOXY STRAIN RATE DATA 

SPEC.NO TEMP F STRES fTIME STRAIN STRESS 

G3I21 200. 57638.88 0.290E 00 0.00 0.00 
G3I21 200. 57638.88 C.290E OD 131.14 5555.56 
G3121 200. 57638.88 C.290E 00 2193.42 13888.89 
G3121 200. 51638.88 O.290E 00 3411.98 25000.00 
G3121 200. 57638.88 C.290E 00 4630.55 34122.22 
G3I21 2eO. 57638.88 O.290f 00 6092.83 47222.22 

STRAIN RATF = 2.340E-02 

G3120 2JO. 42361.11 .225E GO 0.00 0.00 
G3I20 200. 42361.11 O.22.5E 00 928.51 4861.11 
G3120 200. 42361.11 O.225E 00 2247.98 13888.89 
G3120 21)0. 42361.11 0.22 Sf 0" 'J 3665.19 25000.00 
G3I20 200. 42361.11 O.225E 00 5131.27 36111.11 

STRAIN RATE = 2.570£-02 

G31103 200. 70130.44 O.211E-01 0.00 0.00 
G3I103 200. 70130.44 C.2I1E-01 1071.00 6430.04 
G3II03 200. 70130.44 O.217E-Ol 1185.00 19290.11 
G3II03 20C. 10730.44 0.211E-01 2617.50 27327.66 
G3II03 200. 10730.44 O.217E-Ol 3510.00 35365.21 
G3 1103 200. 10730.44 O.211E-Ol 4105.50 40187.14 
G3II03 20D. 7'0730.44 C:.217E-Ol 4819.50 48225.28 

STRAIN RATE = 3.390E-Ol 

G3I80 200. 81983.00 C.233E-Ol 0.00 0.00 
G3180 200. 81983. O.233E-Ol 904.50 6430.04 
G3180 200. 81983.00 C. 2 33E- 0 1 1809.00 16075.10 
G3I80 200. 31983.00 O.233E-Ol 2894.40 28935.18 
G3180 200. 81983.00 C.233E-OI 3346.65 36972.73 
G3I80 200. 81983.00 C.233E-Ol 4160.10 45010.29 

STRAIN RATE = 3.620£-01 
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GRA.PHITE EPOXY STRAIN A.TE DATA 

SPEC.NO TfMP F S TRES FTT ME STR AI N STRESS 

G3I12 300. 81944.44 C.492E 04 0.00 0.00 
G3Il2 300. 81944.44 O.492E 04 936.32 6944.44 
G3I12 300. 81'944.44 O.492E 04 1605.12 12500.00 
G3112 300. 81944.44 C.492E 04 2173.60 16319.44 
G3112 30G. 81944.44 C.492E 04 2615.20 20138.89 
G3112 300. 81944.44 G.492E 04 3210.24 23958.33 
G3I12 300. 81944.44 O.492E 04 3145.28 28472.22 
G3 I 12 300. 81944.44 O.492E 04 4341.20 32986.11 
G3112 300. 81944.44 O.492E 04 4915.68 37500.00 
G3112 300. 81944.44 O.492E 04 5511.60 42361.11 
G3112 300. 81944.44 O.492E 04 6119.52 47222.22 
G3IlZ 300. 81944.44 C. ·492E 04 6688.00 52083.33 
G3I12 300. 81944.44 O.492E: 04 7356.80 56944.44 
G3112 300. 81944.44 O.492E 04 1958.12 62500.00 
G3112 300. 81944.44 O.492E 04 8560.64 68055.56 
G3I12 300. 81944.44 O.492f 04 9095.68 73888.88 

STRAIN RATE = 2.020E-06 

G3114 300. 11815.00 O.432E 04 0.00 0.00 
G3114 300. 11875.00 (1. 432E 04 895.21 6250.00 
G3114 300. 71815.00 O.432E 04 1724.11 13194.44 
G3I14 300. 11875.00 O.432E 04 2320.92 17361.11 
G3I14 30·0. 11375.00 o .'.32E 04 2785.10 20833.33 
G3 114 300. 71875.00 O.432E 04 3315.60 25000.00 
G3I14 300. 71875.00 O.432E 04 3912.41 29861.11 
G3I14 300. 71875.00 O.432E 04 4509.22 34375.00 
G3114 300. 71875.00 0.432£ ()4 5106.02 38888.89 
G3I14 .300. 71815.00 O.432E 04 5702.83 43750.00 
G3114 300. 71875.00 O.43.2E 04 6332.80 48611.11 
G3114 3JO. 71875.00 O.432E 04 6929.60 53819.44 
G3I14 3:)0. 11875.00 O.432E 04 '1559.51 59027.78 
G3114 300. 11815.DO C.432E 04 8222.69 64305.56 
G3114 300. 71875.00 O.432E 04 d832.76 69122.25 

STRAIN HATE .- 2.100E-06 

G3I16 300. 72919.69 O.B52E 01 0.00 0.00 
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GRAPHITE f::POXY STRAIN RATE DATA 

SPEC.NO TEMP FSTRES FTIME STRAIN STRESS 

G3I16 300. 72<119.6<1 O.852E 01 1784.19 9722.22 
G3I16 300. 12919.69 O.852E 01 2608.54 18055.56 
G3I16 300. 12919.69 O.852E 01 3569.58 25000.00 
G3116 300. 12919.69 O.852E 01 .(+530.63 32638.89 
G3116 300. 72919.69 O.852E 01 5491.61 40972.22 
G3I16 300. 72919.6<;) O.852E 01 6452.71 49105.56 
G3116 300. 12919.69 O.B52E 01 1688.34 58333.33 
G3116 300. 12919.69 O.852E 01 8786.67 68402.75 

STRAIN RATE = i.lOOE-03 

G3111 300. 65833.31 O.730E 01 0.00 0.00 
G3 111 300. 65833.31 O.730E 01 1385.01 10416.67 
G3I17 300. 65833.31 G.730E 01 2150.47 17361.11 
G3111 300. ,':>5833.31 O.730E 01 3025.24 24652. 18 
G3111 30C. 6583.3.31 0.130[= 01 4009.35 32291.61 
G3I17 300. 65833.31 O.130E 01 4951.02 41666.61 
G3117 300. 65833.31 O.130E 01 6014.03 50347.22 
G3111 300. 65833.31 O.130E 01 7101.49 60069.44 

STRAIN RATE -- 1.020E-03 

G3123 300. 69722.25 0.340E 00 0.00 0.00 
G3123 ]00. 69722.25 O.340E 00 941.70 4166.67 
G3123 300. 69122.25 C.340f 00 2421.51 11805.56 
G3123 300. 69722.25 O.340E 00 .3166.80 23611.11 
G3123 300. 69722.25 O.340E 00 5246.61 34122.22 
G3123 300. 69722.25 O • .340E 00 6126.43 45833.33 
G3123 -300. 69122.25 O.340E 00 8340.11 58333.33 

STRAIN PATE :: 2.780E-02 

G3126 300. 81944.44 .400E 00 0.00 0.00 
G3126 300. 81944.44 O.4JOE 00 387.98 3412.22 
G3126 300. 81944.44 O.400E 00 1551.91 1.1111.11 
G3I26 30C. 81944.44 f).400E 00 2586.51 22222.22 
G3126 300. 81944.44 O.400f 00 3819.77 33333.33 
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GRAPHITE EPCXY STRAIN RATf DATA 

SPEC.NO TE"'~P FSTRES FTIME STRAIN STRESS 

G3126 300. 81944.44 C.400E 00 5173.02 43055.56 
G3126 300. 81944.44 C.400E 00 6466.28 55555.56 
G3126 300. 81944.44 0.400E 00 7759.53 69'.-44.44 

SlRAIN PATE .- 2.220F-02 

G.3143 300. 86805.56 C.255E-01 0.00 0.00 
G3143 300. 86805.56 0.255E-01 1439.29 12860.08 
G3143 300. 86805.56 0.255E-01 2201.27 22505.14 
G3143 300 .. 86805.56 0.255E-01 3132.58 28935.18 
G3143 300. 86805.56 O. 255E- 01 .3125.25 35365.22 

STRAIN FATE -:: 2.980E-01 

G3198 300. 80315.50 O.239E-Ol 0.00 0.00 
G3198 300. 80375.50 0.239E-01 833.62 9645.06 
G3198 300. 80375.50 D.239E-Ol 1917.33 20891.63 
G3198 300. 80315.50 O.239E-01 2834.31 25120.16 
G3198 300. 80375.50 O.239E-Ol 3334.49 32150.20 
G3198 300. 80315.50 O.239E-Ol 4251.41 41195.21 
G3I98 300. 80315.5e O.239E-G1 4835.01 49832.82 
G3I98 300. 8C315.50 C.239E-Ol 5418.54 54655.35 
G3I98 3CG. 80315 .. 50 O.239E-01 6002.08 61085.39 
G3198 300. 80375.50 O.239E-Ol 6502.25 70130.44 
G3198 300. 80375.50 O.239E-Ol 7169.15 80375.50 

STRAIN RATE = 3.000E-Ol 

G3133 -50. 11527.75 O.374E 04 0.00 0.00 
G3133 -50. ·71521.15 O • .374E 04 417.50 2083.33 
G3I33 -50. 71527.15 O.374E 04 1575.75 10416.67 
G3133 -50. 71521.75 O.374F 04 2244.25 15972.22 
G3133 -50. 71527.75 O.374E 04 2912.15 21527.18 
G3I33 -50. 11521.75 O.314E 04 3533.50 26388.89 
G3I33 -50. 71527.75 O.314F 04 4106.50 31944.44 
G3I33 -50. 11521.75 .374f 04 '+727 .. 25 37500.00 
G3133 -50. 11527.75 O.374E 04 53(t8.00 43150.00 
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GRAPHITE EPOXY STRAIN RATE DATA 

SPEC.NC rEf-"p FSTRES FTIME STRAIN S TQ ESS 

G3133 -50. 71527.75 O.314E 04 6016.50 49305.55 
G3I33 -50. 71521.15 O.374E 04 6631.25 55555.56 

STRAIN PATE = 2.210F-06 

G3131 -50. 63474.22 O.334E 04 0.00 0.00 
G3131 -50. 63414.22 O.334E 04 286.50 1388.89 
G3131 -50. 63474.22 O.334E 04 1432.50 10416.67 
G3I31 -50. 63474.22 O.334E 04 2196.50 18055.56 
G3I31 -50. 63474.22 O.334E {)4 2817.25 22222.22 
G3137 -50. 63474.22 O.334E 04 3390.25 2771'7.7t5 
G3137 -50. 63474.22 O.334E 04 4011.00 32638.89 
G3137 -50. 63474.22 O.334E 04 4631.15 38888.89 
G3I37 -50. 63474.22 O.334E 04 5204. '75 44444.44 
G3137 -50. 63474.22 O.334E 04 5968.75 50000.00 
G3137 -50. 63414.22 O.334E 04 6589.50 .56250.00 

STRAIN RATE = 2.200E-Ob 

G3136 -50. 81805.56 O.120E 01 0.00 0.00 
G3I36 -50. 81805.56 C.120E 01 1699.90 13888.89 
G3136 -50. 81805.56 O.120E 01 2559.40 23611.11 

STRAI N RATE = 1.420E-03 

G3138 -50. 84861.13 0.690£ 01 0.00 0.00 
G3138 -50. 84861.13 0.690E 01 1539.81 13888.89 
G3I38 -50. 84861.13 O.690E 01 2699.64 29166.61 
G3138 -50. 84861.13 O.690E 01 3800.Q4 38194.44 
G3I38 -50. 84861.13 O.690E 01 4785.29 41916.67 
G3.138 -50. 84861.13 O.690E 01 5750.14 62500.00 

STRAIN R.ATE = 1.150E-03 

G3135 -50. 73611.13 O.290F 00 0.00 0.00 
G3135 -50. 13611.13 .290E 00 1229.00 2771.78 
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GRAPHITE EPDXY STRAIN RATE DATA 

SPEC.NO TE~i~P FSTRES FT{Mf:: STRAIN STRfSS 

G3135 -50. 73611.13 Q.290E 00 2458.00 12500.00 
G3135 -50. 73611.13 O.290E 00 4038.14 27777.78 
G3135 -50. 73611.13 .290E 00 5618.29 41666.67 
G3135 -50. 13611.13 C.290E 00 1022.86 56250.00 

STRAIN RATE .:::: 3.'JSOE-02 

G3I16 -50. 53055.56 .230E 00 0.00 0.00 
G3I16 -50. 53055.56 O.230E 00 591.40 3055.56 
G3 116 -50. 53()554156 O.230E 00 2129.04 15833.33 
G3I16 -50. 53055.56 .230E 00 3755.39 30555.56 
G3I16 -50. 53055.56 O.230E 00 5440.88 44444.44 

STRAIN RATE ,- 2.120[=-02 

G3153 -5e. 61085.39 .1 7 2E-O 1 0.00 0.00 
G3153 -50. 61085.39 O.112E-Ol 1089.88 9645.06 
G3I53 -50. 61085.39 0.172f-01 2024.06 16075.10 
G3153 -50. 6108~.39 C.112E-01 3113.93 32150.20 
G3153 -50. 61085.39 O.172E-Ol 3736.72 35365.22 
G3153 -50. 61085.39 O.172f-01 4281.66 41795.27 
G3153 -50. 61085.39 0.172£-01 4826.59 48225.31 
G3153 -50. 61085.39 O.172E-Ol 5293.68 51440.33 
G3153 -50. 61085.39 .172E-01 6072.17 61085.39 

STRAIN HATE = 3.530f-01 

G3185 -50. 70'130.'.4 O.222E-Ol 0.00 0.00 
G3185 -50. 7()130.44 O.222E-Ol 798.74 6430.04 
G3185 -50. 70730.44 O.222E-Ol 1437. 13 12860.08 
G3185 -50. lC730.44 ().222£-O1 2016.72 1'12«?O .12 
G3 I 8.5 -50. 70730.44 C.222F-Ol 2115.11 28935.18 
G3185 -50. 70730.44 O.222E-Ol 3594.32 33757.71 
G3IB5 -50. 70730.'1'4 0.222E-01 4233.31 41795.27 
G3185 -50. 70730.44 O.222E-Ol 4952.18 48225 .. 31 
G3IB5 -50. 70730.44 O.222F-Ol 5591.17 57870.31 
G3185 -50. 70730.44 C.222E-Ol 6230.16 62692.90 
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GRAPHITE EPCXY STRAIN RATE DATA 

SPEC.NO TEMP FSTRES FTIME STRAIN STRESS 

G3185 -50. 70130.44 O.222f-Ol 7028.89 70130.44 

STRAIN RATE = 1.170E-Ol 
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VISCOELASTIC CHARACTERIZATION 

OF ANGLE PLY ADVANCED COMPOSITES 

by 

Ashok B. Thakker 

(ABSTRACT) 

Time dependent properties of angle ply laminated Boron/Epoxy 

and Graphite/Epoxy fiber controlled composites were investigated. 

The main objective of this study was to develop a technique to 

establish interconversion of different test results using appropriate 

viscoelastic theory to formulate an accelerated testing procedure. 

To achieve this aim, forced vibration, constant strain rate 

and creep tests were performed at different temperature levels. Due 

to its practical importance, behavior below the glass transition 

temperature was studied. Multiple regression techniques were used to 

generate response surfaces for significant variables. Master curves 

using the time-temperature superposition principle were established 

for individual tests. Mechanical model representation, integral 

equation formulation and numerical integration methods based on linear 

viscoelasticity were used to predict constant strain rate and long tin1e 

creep behavior of composites from nondestructive short time dynamic 

tests. 

It has been shown that a regression equation and its constants 

can be conveniently used to obtain horizontal and vertical shift and 

also to perform viscoelastic analysis. While time-tenlperature 



superposition can be applied to each test its validity in general 

needs further study. Simple mechanical models fail to predict constant 

strain rate tests. Constant strain rate and creep tests were pre­

dicted using measured damping ratios and storage moduli from dynamic 

tests. Also, relaxation moduli were obtained over eleven decades of 

time scale from different tests. Thus, applicability of linear 

viscoelastic theory to predict the gross behavior of these composites 

is established. 




