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ABSTRACT 

\Material variations and discrete discontinuities can be encountered in carbon­
carbon composites, The object of this program was to identity and evaluate 
those· factors that aftect the quality and performance of carbon-carbon com­
posites by nondestructive and destructive test methods. In addition, it was 
to be determined what correlations existed between the nondestructive test 
response data and the physical and mechanical property measurements. The 
general approach was to characterize the precursor materials, apply the non­
destructive test techniques to the composites on an in-process basis, deter­
mine mechanical and physical properties and determine what relationships may 
exist between the NDT end property measurements. A number of different types 
of detects were intentionally introduced during the processing steps to aid 
in this evaluation. 

The characterization of the VYB 70 1/2 yarn has indicated that considerable 
weight losses and shrinkages occur upon heating. The Thornel 50 and 
Modmor II graphite fibers did not mdergo any significant weight loss under 
similar conditions. By selected binder pretreatments, coke values of some 
coal tar pitch components were increased. 

The combination of the X-r!\Y' radiography and attenuation and velocity tech­
niques detected the intentional detects introduced into the unidirectional 
and multidirectional composites. The use of an X-r!\Y' absorbing doping agent 
provided additional detect information on Thornel 50 - pitch unidirectional 
composites. The pulse echo technique was only useful in evaluating fine 
weave-high density composites, The ultrasonic attenuation increased while 
the longitudinal velocity decreased with increasing porosity of the 
composites. 

Different mechanical properties were obtained depending on the type of yam 
and binder used, the material condition and the type of intentional defect 
present. The porosity present in the composites had a significant and dif­
ferent effect on each of-the mechanical properties. An optimum porosity 
level appears to exist tor the tensile properties of the composites, implying 
that the highest density does not always result in the highest tensile 
strength. The nondestructive test measurements were correlated to the poro­
sity and mechanical properties of the carbon-carbon composites. The test 
data suggested that in-process prediction of final composite properties is 
possible. 

It was concluded that monitoring material nonuniformities, detecting discrete 
discontinuities and predicting material properties in unidirectional and 
multidirectional carbon-carbon composites on an in-process basis can be suc-
cessfully accomplished. J '"'· 
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I. INTRODUCTION 

The current aerospace industry interest in carbon-carbon composites as a high 
temperature structural material is based on their ablation resistance and 
strength in hyperthermal environments. These properties have made this mate­
rial a candidate for nose tips, leading edges, and heat shields for reentry 
vehicles, high-speed, aerodynamically-controlled vehicles, and nozzle inserts 
for rocket engines. Progress with new high-modulus, high-strength carbonaceous 
reinforcement materials, new techniques for making multidimensionally-rein­
forced structures, and oxidation protection by inhibitors and coatings have 
added significant potential to the future use of carbon composites as a high­
temperature structural material. 

The methods of fabricating carbon-carbon composites are very complex and the 
mechanisms that control critical properties are not well understood. It is 
extremely difficult at present to-repeatably or uniformly produce composites 
which are free of inhomogenieties or variations. Those variations that affect 
the quality and performance of the carbon-carbon composites must be identified 
and characterized. 

Due to the significant differences that can exist in precursor materials and 
the methods used to process the composites, many types of defects, material 
variations, and discrete discontinuities can be encountered. These types of 
defects will also vary with the type of reinforcement and matrix employed. It 
becomes desirable to obtain information on the material uniformity and prop­
erties during the processing sequences which will allow the evaluation of 
specific processing steps. This information can then be used for the rapid 
development of new and improved carbon-carbon composites. The next question 
that arises is whether the material defects or anomalies that affect composite 
properties can be identified and characterized early in the process cycle to 
allow for corrective action to insure composite integrity. Therefore, it is 
necessary both to know the effect of specific defects on the composite prop­
erties and to possess the means of identifYing or detecting them within the 
carbon-carbon composite. 

The obJect of this program was to identify and evaluate the factors that affect 
the quality and performance of carbon-carbon composites by nondestructive and 
destructive test methods. In addition, it was to be determined what correla­
tions existed between the nondestructive test response data and the physical 
and mechanical property measurements. The general approach was to character­
ize the precursor materials, apply the nondestructive test techniques to the 
composites on an in-process basis, determine mechanical and physical proper­
ties and determine what relationship may exist between the NDT and property 
measurements. A general program flow chart is shown in Figure 1. 

A number of different types of defects were introduced during the processing 
steps. This material provided a means for evaluating the effect of a specific 
defect on the composite properties and of the detectability of this defect 
within the composite. It was also the intent of this study to determine 
whether the application of nondestructive test techniques after various pro­
cessing steps could aid in establishing when defects arise in the processing 
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cycle and how they were altered during subsequent processing. Critical and 
specific fabrication steps may be related to the following quality problems: 

o Inadequate reproducibility and uniformity 

o Lack of fiber-to-matrix bond and fiper bundle penetration 

o Voids, cracks (micro- and macrocracks), broken yarns or 
irregular weaving, and other process flaws 

o Scale-up from laboratory to production hardware 

The possible advantages of an in-process investigation are: (1) to eliminate 
the time and expense caused by processing faulty material, (2) to provide in­
formation that may lead to improved production methods, and (3) to help assure 
that the material in the final form will contain no significant defects. 

Both unidirectional and multidirectional specimens were fabricated for this 
study. The unidirectional composites provided an easy geometry for introduc­
ing defects into the composite and interpreting their effect on the physical 
properties. The introduction of defects into the multidirectional composite 
was considered to be more difficult as was the interpretation of the effect 
of specific defects on properties. Due to a rapidly growing composite tech­
nology, a variety of precursor materials (yarns and impregnates) existed from 
which the composite materials could be fabricated. In order to utilize state­
of-the-art materials and as broad a material geometry spectrum a~ possible, 
three unidirectional and one multidirectional composites were studied for 
this program. 

Since slight differences in the precursor materials and processing steps can 
cause significant changes in the properties of the composite, the precursor 
materials were characterized by physical measurements and visual observations 
to: (1) determine initial properties, and (2) determine if any pretreatment 
or conditioning is necessary prior to impregnation. 

Various nondestructive test techniques were evaluated as to their ability to 
detect the intentionally-introduced processing defects and holes and cracks in 
artificial standards. The results of this investigation aided in establishing 
the limits ot detectability, repeatability and sensitivity, the requirements 
for possible refinement of existing NDT methods, and the need to develop new 
techniques. The application of the nondestructive analysis techniques to 
these carbon-carbon composites will provide information that will be valuable 
in the evaluation of other composite materials. 

Control specimens and those containing intentionally-introduced defects were 
evaluated to determine what relationships existed between nondestructive test 
response data and room temperature mechanical properties. The effect of these 
defects on the mechanical properties ot th6 composite system were evaluated. 
The program was designed to evaluate the interrelationship between the yarns 
and binders in the unidirectional composites by e:nploying uniaxial tension 
and shear tests. Uniaxial tension and compression tests were performed on the 
multidirectional composite. 
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II. Sill.fl.f.ARY 

The application of nondestructive testing techniques to unidirectional and 
multidirectional carbon-carbon composites for the detection and characteri­
zation of material discontinuities and variability has provided insights into 
the relationships among these materials, processing procedures, and material 
properties. Mechanical testing of the composites containing intentional 
defects has significantly contributed to the understanding of the factors 
affecting the mechanical properties. The characterization of percursor mate­
rials and the processed composites has aided in understanding the effect of 
processing conditions on composite properties. 

Characterization of the precursor materials, yams, woven fabric, and binders, 
included Differential Thermogravimetric Analysis, determination of thermal 
expansion and breaking load, and chemical analyses. A preheat treatment of 
the VYB 70 1/2 yarn was necessary to minimize the weight loss and shrinkage 
of the yarn during pyrolysis. The weight loss was typically 20 to 25 percent. 
Irreversible shrinkages of the VYB 70 1/2 yam were observed to increase with 
increasing oxygen concentration in a helium atmosphere at 975°C. The charac­
terization of the Thomel 50 and Modmor II yams indicated that these yams 
did not undergo any significant weight losses (approximately 1 percent at 
1000°C). The sizing material added during the weaving of the multidirectional 
fabric was removed, a required step prior to processing. This was accomplished 
by washing with a polar solvent. The breaking load of the carbon yam was not 
appreciably reduced by preheat treatment or handling of the yam during the 
weaving process. 

The thermal degradation behavior of the coal tar pitch was determined as a 
function of composition by a Differential Thermogravimetric Analysis technique. 
Groups of related species or components have been isolated by both progressive 
heat treatment (vacuum fractionation) and solvent extraction procedures. By 
selected treatments, coke values of some components were increased greatly. 
The viscosity for the pitch fraction heated to 4(5°C had a pronounced increase 
af'ter a given time which was attributed to a loss of volatiles and/or thermal 
decomposition of the pitch. 

The processed composite panels were characterized by porosimetry and micro­
structural analyses af'ter the pyrolysis and graphitization steps to provide 
information on composite uniformity. Upon graphitization, the apparent den­
sity and porosity increased from the pyrolyzed values. Both closed and open 
pores were found to increase. The intentional-defect specimens consistently 
had a higher porosity than the no-intentional-defect specimens. 
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The nondestructive analysis techniques were applied to the carbon-carbon 
composites after each major processing step (weave, cure, pyrolysis, and 
graphitization). The techniques employed for the evaluation included X-ray 
and neutron radiography, ultrasonic attenuation and pulse-echo C-scan mapping, 
and ultrasonic longitudinal and transverse velocity measurements. The combi­
nation of the X-ray radiography and attenuation and velocity techniques 
detected the intentional defects introduced into the unidirectional and multi­
directional composites. Monitoring of material uniformity and detecting dis­
crete discontinuities was successful. The techniques were sensitive to the 
concentration and magnitude of defects present. The techniques were also 
sensitive to the composite processing conditions. 

X-ray radiography, applied on an in-process basis, was useful in aiding the 
composite material development. The X-ray technique was capable of detecting 
areas of nonuniformities in the 0.10-inch thick unidirectional composites and 
in the 0.5- to 4.0-inch thick multidirectional composites. The sensitivity 
of the X-ray radiographic technique was affected by material thickness and 
weave geometry. The selected X-ray parameters provided a sensitivity of 
0.5 percent for the unidirectional, o.a percent for the 0.5-inch thick 
DACLOCK 120 multidirectional, and 2.0 percent for the 1.0-inch thick ortho­
gonal multidirectional composites. The use of an X-ray absorbing doping agent, 
tetrabromoethane, and an image enhancement technique provided additional defect 
information on Thorne! 50 - pitch unidirectional composites. The largest in­
creases in sensitivity were obtained with samples impregnated with the doping 
agent. The application of neutron radiography to the unidirectional compo­
sites was not as successful as X-ray radiography and it did not supply any 
additional information. 

The ultrasonic through-transmission attenuation technique was sensitive to 
material nonunifonnity, discrete discontinuities, and processing conditions. 
The measured attenuation of the intentional defect specimens was higher than 
the attenuation of the no-intentional-defect specimens. The attenuation also 
increased upon graphitization. The sensitivity and resolution of the technique 
was determined with the use of a standard containing artificial defects. The 
material thickness and weave geometry were found to have a pronounced effect 
on defect sensitivity. For the 0.10-inch thick unidirectional composites, 
the sensitivity (size of defect) waS approximately a .060-inch diameter flat­
bottom hole penetrating 50 percent of the thickness with a resolution (dis­
tance between adjacent defects) of 0.20 inches. For the mult.idirectional 
composites, the sensitivities were a 0.20-inch diameter hole for the 0.50-inch 
thick DACLOCK 120 and a 0.39-inch diameter hole for the 1.0 inch thick ortho­
gonal composite. Evaluation of the attenuation technique showed that a col­
limated receiver increased the sensitivity and resolution of the technique. 
It was fo\.Dld that a narrow so\.Dld beam profile was best for defect detection. 
The attenuation technique was successfully employed in evaluating th'e 4.0-inch 
thick multidirectional composites. 
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The measured ultrasonic attenuation was related to the porosity of the 
composites. The trends indicated that higher attenuation corresponded to 
higher porosity. In addition, trends were found to exist between attenuation 
measurements made on the pyrolyzed composites and porosity measurements made 
on the graphitized composites. This suggests the value of using the attenu­
ation technique on an in-process basis. 

The attenuation technique provided better results than the pulse-echo technique 
for in-process and final inspection of the unidirectional and coarse weave 
(DACLOCK 120) multidirectional composites. The degree of scattering and atten­
uation present within the composites greatly limited the pulse-echo technique. 
However, the pulse-echo technique was useful in evaluating the fine weave, 
high density, AVCO MOD II 4-inch thick multidirectional composite. 

The ultrasonic longitudinal and transverse velocity measurements made on the 
composites indicated a lower velocity for the defect specimens as compared to 
the no-intentional-defect specimens. The transverse velocity measurements did 
not appear to offer any advantage over the longitudinal velocity measurements 
for defect detection. The longitudinal velocity of the pyrolyzed composites 
was greater than the velocity of the gra-phitized composites. The velocity 
was related to the density of the pyrolyzed and graphitized composites with 
the trends indicating higher velocity corresponding to higher density. These 
trends in velocity were attributed to the increase in porosity. This sug­
gested that the screening of low density composites could be accomplished by 
the velocity measurements. 

The longitudinal velocity of the unidirectional and multidirectional carbon­
carbon composites was frequency dependent. This dependence was different for 
each of the composite systems evaluated. ~~e velocity-frequency results have 
shown that defect detection can be enhanced by selection Qf the proper 
frequency. 

t-iechanical tests were perfonned at room temperature on the unidirectional and 
multidirectional composites to determine the effect of the intentional defects, 
to establish correlations with porosity and the NDT data and to determine the 
effect of different yarn-binder combinations. 'fhe mechanical testing included 
uniaxial tension and shear tests for the unidirectional composites and uni­
axial tension and compression tests for the multidirectional composites. 
Different mechanical properties were obtained depending on the type of yarn 
and binder used and their compatibility. The material condition, pyrolyzed 
or graphitized, played an important role in the mechanical properties. 

In general, the tension and shear properties of the unidirectional composites 
and the compressive properties of the multidirectional composites were reduced 
by the presence of intentional defects. However, the tensile strength of the 
VYB 70 1/2 - pitch unidirectional and DACLOCK 120 multidirectional composites 
were actually increased by the presence of small voids and lack of wetting. 
After graphitization, the shear strengths of the unidirectional and compres­
sive strengths of the multidirectional composites decreased while the tensile 
properties of both composite systems increased. For the graphitized multi­
directional composites, the compressive strengths were one-half the pyrolyzed 
composite strengths and the compressive strains were twice the pyrolyzed com­
posite strains. 
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A bilinear stress-strain curve was observed for the unidirectional VYB 70 1/2 
composites with the final tangent modulus being higher than the initial 
Young's modulus. This was particular~y true for the pitch compo~ites which 
had an initial modulus of 6.0 x 106 psi and a final of 12.0 x 10 psi. The 
final modulus of the graphitized VYB 70 1/2 - SC1008 and VYB 70 1/2 - pitch 
composites was greater than the modulus of the VYB 70 1/2 yarn itself. The 
less graphitic matrix (SC1008) appeared to be more sensitive to defects. The 
VYB 70 1/2 - and Modmor II - pitch composites gave similar composite tensile 
strengths while the Thorne! 50 - pitch composite had at least double the 
Modmor II - pitch composite strengths. This suggested that sufficient dif­
ferences in yarn surface conditions provided better wetting and bonding of 
the matrix to the yarn and therefore, better utilization of the Thorne! 50 
yarn strength than of the Modmor II yarn strength. 

The porosity present in the composites had a significant and different effect 
on each of the mechanical properties. The VYB 70 1/2 - SC1008 unidirectional 
composites had a porosity range of 16 to 30 percent. Over this range, ten­
sile and shear strengths decreased with increasing porosity. The VYB 70 1/2 -
pitch unidh>ectional and multidirectional composites had a porosity ranp:e of 
5 to 15 percent. At low porosities in this range, the tensile strength 
appeared to increase with increasing porosity to a maximum value and then to 
decrease with further increase in porosity. The compressive strength (multi­
directional VYB 70 1/2 - pitch) decreased monotonically with increasing 
porosity. The Modmor II - pitch unidirectional composites had a similar 
range of porosity as the VYB 70 1/2 - pitch. The tensile strength showed a 
similar trend to that of the VYB 70 1/2 - pitch data and the shear strenp,ths 
decreased mor.otonically with increasing porosity. The apparent existence of 
an optimum porosity level for maximizing tensile strength shows that maxi­
mizing composite density does not always result in optimum composite 
properties. 

The porosity of the pyroQ'zed unidirectional composites was correlated to the 
strengths of the graphitized unidirectional composites. This suggests that 
in-process measurements can provide information on final composite properties. 

The nondestructive test data which was obtained on the mechanical test speci­
men was correlated to their mechanical properties. The trends indicated lower 
attenuation and higher velocity corresponded to higher shear and compressive 
strengths. The attenuation of the pyrolyzed composites was indicative of the 
strength of the graphitized composites. No trends were found to exist between 
the velocity in the thickness direction and the strengths in the fiber direc­
tion of the unidirectional composites. 

The dynamic modulus, p~l (velocity in thickness direction), was related to 
the measured modulus in the yarn direction of the unidirectional composites. 
The dynamic modulus on the pyrolyzed composite correlated to the modulus of 
the graphitized composite, suggesting the use of an in-process nondestructive 
analysis for evaluating composite properties. 
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III. RESULTS AND DISCUSSION 

1.0 Material Selection 

The primary criterion used for the selection of precursor materials was that 
the carbon-carbon composites be fabricated from current state-of-the-art 
materials. A combination of unidirectional and multidirectional-woven com­
posites were chosen for evaluation. Both carbon and graphite yarns together 
with a pitch binder and a synthetic resin binder were evaluated. The compos­
ite systems evaluated are listed in Table I. The rationale for selection of 
these materials is presented in Reference 1. 

Another unidirectional composite, Thorne! 50 - coal tar pitch, had a limited 
evaluation involving characterization and mechanical testing. Two multidi­
rectional composites, a 1.0-inch thick orthogonally woven ex 70 1/2 - coal 
tar pitch composite and AVCO MOD III carbon-carbon billets, were evaluated 
to determine what limitations existed in the nondestructive test techniques 
developed for the angle-interlocked composite due to thickness and reinforce­
ment construction. 

2.0 Characterization of Precursor Materials 

The characterization of the precursor materials (binders and fibers) is im­
portant in a materials development program since slight differences in the 
precursor materials or processing steps may cause significant changes in the 
physical and mechanical properties of the final product. In addition, this 
characterization study was a starting point from which to investigate altera­
tions of these materials during processing. A brief summary of the charac­
terization test results for the VYB 70 1/2, Thorne! 60, and Modmor II yarns, 
SC1008 and pitch binders, and DACLOCK 120 multidirectional fabric, which were 
presented in detail in Reference 1, is made in the following subsections. 
The main emphasis of the discussion is placed on the characterization of the 
ex 70 1/2 yarn, pitch binder, and orthogonal multidirectional fabric. 

Table I 

COMPOSITE MATERIALS 

Composite Geometry 

Unidirectional 

Multidirectional 
Angle-Interlocked (DACLOCK 120) 

9 

Yarn - Binder System 

VYB 70 l/2 - SCl008 phenolic 
VYB 70 1/2 - Coal tar pitch 
Modmor II - Coal tar ptich 

VYB 70 1/2 - Coal tar pitch 



2.1 ~ 

The VYB 70 1/2, Thornel 50, and Modmor II yarns were characterized as to 
carbon assay, ash analysis, emission spectral analysis, and weight loss as 
a tunction of temperature. Analysis and tests showed that a preheat tre.at­
ment of VYB 70 1/2 yarn was necessary to minimize the weight loss and shrink­
age of the yarn during pyrolysis (Reference 1). In characterizing the VYB 
carbon yarn, the volatiles obtained from the yarn upon heating were resolved 
into its component parts, moisture, coating, sorbed oxygen, and other elements 
such as phosphorus, by Differential Thermogravimetric Analysis (DTA). The 
weight loss was typically 20 to 25 percent. The oxygen is lost in the form 
of carbon dioxide or monoxide. The thermal expansion of the VYB 70 1/2 carbon 
yarn was evaluated as a tunction of temperature and oxygen concentration in 
a helium atmosphere. Irreversible shrinkages were observed to increase with 
increasing oxygen concentration at 975°C. The characterization of the Thornel 
50 and Modmor II graphite fibers indicated that these fibers do not undergo 
any significant weight losses (approximately 1 percent at 1000°C). · 

The carbon yarn used in the weaving of the one-inch thick orthogonally woven 
multidirectional composite was Fiber Technology CX 70 1/2 yarn sized with 
polyvinyl alcohol. A single ply of this yarn consists of 720 filaments. 
Typical filament properties as supplied by the manufacturer are summarized 
in Table II. 

2.2 Woven Goods 

The 0.5-inch thick DACLOCK 120 multidirectional fabric construction (Figure 2) 
consisted of fibers in the X-(length) and Y-(width) directions being layed up 
at 90° to each other in layers with the fiber for the third direction being 
angled at approximately 38° through the thickness. 

Table II 

TYPICAL CX 70 1/2 YARN PROPERTIES 

Tensile Strength 
Modulus of Elasticity 
Density 
Carbon Assay 
Specitic Heat 
Total Ash 
Chemical Analysis 

Sodium 
Potassium 
Lithium 
Calcium 
Magnesium 

10 

150 - 180 ksi 
3 - 8 x 106 psi 

1.45 g/cc 
90 - 99% 

0.16 Btu/lb°F 
0.5% 

1500 ppm 
150 ppm 

1 ppm 
100 ppm 
10 ppm 



Figure 2. DACLOCK 120 Weave Pattern 
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It was found the sizing material added during the weavine process of the yarn 
for the multidirectional fabric can be removed by washing with polar solvents, 
including water, which was required before processing. The breakine strength 
of· the carbon yarn was not appreciably reduced by preheat treatment or han­
dling of yarn during the weaving process (Reference 1). 

The characterization of the as-woven 1.0-inch thick orthogonal multidrectional 
composite consisted of measuring fabric thickness, density and yarn count, 
photographing the top and bottom surfaces, and X-ray radiographing the fabric 
panel. This fabric is constructed such that the fibers in the three directions 
are at 90° to each other. The longitudinal fibers are on 0.125-inch centers 
while the radial and circumferential fibers are on 0.050-inch centers. The 
fabric thickness ranged from 1.000- to 1.120-inches thick with the average 
being 1.101 inches. The fabric density was determined to be 0.776 g/cc by 
bulk measurements. The volume fraction of yarn was approximately 52 percent 
based on a yarn density of 1.5 g/cc. Approximately 50 square inches of this 
fabric were obtained from Fiber Materials, Inc. 

The X-ray radiographic analysis was conducted on the fabric to determine the 
weave uniformity. The X-ray radiographic parameters were selected by conducting 
a series of radiographic film exposures and then qualitatively comparing the 
image definition obtained for the weave pattern. The exposure parameters se­
lected were voltage - 28 kv, current - 10 ma, film to focal point distance -
29 in •• film-KOdak Type M1 and screen- .oo4-inch pv~Jethylene. 

~~e photograph of the top surface and the positive print of the X-ray radio­
graph are shown in Figure 3. The positive prints of the X-ray radiograph, 
which were taken with the top surface facing the X-ray source, revealed weav­
ing irregularities that were present within the woven fabric. B,y comparing 
the photograph of the surface of the fabric, some weave irregularities are 
visible on the surface of the fabric. However, surface inspection can be mis­
leading as to the extent~f an irregularity because of a relatively subtle 
surface manifestation (or none at all) can mask large-scale yarn turbulence 
beneath the surface. The application of the X-ray radiographic technique to 
the as-woven multidirectional fabric has shoWn that· the X-ray indications can 
be directly related to weaving irregularities present within the fabric 
(Reference 1). 

2.3 Impregnants 

Analysis of the thermal degradation behavior of the coal tar pitch as a func­
tion of composition was determined by a Differential Thermogravimetric Analysis 
technique (Reference 1). Groups of related species of components were isolated 
by both progressive heat treatment (vacuum fractionation) and solvent extrac­
tion procedures. B,y selected treatments, coke values of some components were 
increased greatly, The viscosity for the pitch fraction heated to 475°C had 
a pronounced increase after a given time which was attributed to a loss of 
volatiles and/or thermal decomposition of the pitch. 
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Photograph of Top Surface 

Positive Print of X-Ray Negative 

Figure 3. Photograph of Top Surface and Positive Print of X-Ray Radiographic 
Negative of One-Inch Thick Orthogonally Woven Panel 



3.0 Processing 

A number of processing methods were evaluated for the fabrication of the uni­
directional and multidirectional carbon-carbon composites. Microstructural 
analyses, porosimetry, measurements, and mechanical tests were conducted to 
evaluate each processing procedure. Based upon the results of these tests 
(Reference 1), the optimum processing methods for each unidirectional and 
multidirectional composite system were selected and are described herein. 

A laboratory evaluation was conducted to develop the methods for producing 
the specific intentional defects in the composites. The intentional defects 
which were examined include (1) matrix porosity or low density, (2) lack of 
wetting and bonding at the reinforcement-binder interface, (3) broken yarns 
and misaligned or irregular weaving, and ( 4) de laminations and cracks ( uni­
directional system only). The fabrication of intentional defects in the 
unidirectional composites was accomplished by changing or disrupting the 
fabrication procedure so that a particular type of defect was produced. 
This aided the determination of the effect of the particular defect on the 
composite properties. 

3.1 Unidirectional Fabrication 

Conventional unidirectional winding techniques were employed in an argon atmo­
sphere to prepare the composite test specimens. The unidirectional winding 
apparatus (Figure 4) included a yarn heating assembly to permit the heating, 
impregnation, and winding of the yarn under argon without intermittent 
transfers. This minimized contamination of the yarn due to excessive handling 
and exposure to the atmosphere. The VYB 70 1/2, Thorne! 50 and Modmor II yarns 
were heat treated by internal resistance to between 1100°C and l300°C for 
approximately two seconds prior to the yarn passing through the pan containing 
the impregnant. In the case of the VYB 70 1/2 yarn, which was found to absorb 
moisture and air (Reference 1), an outgassing at approximately ll0°C under 
vacuum for 24 hours was performed prior to the winding procedure. 

The unidirectional VYB 70 1/2 composite fabricated with the SC1008 resin 
underwent three processing procedures; cure, pyrolysis, and graphitization. 
The cure procedure consisted of vacuum bagging and heating to 150°F for 8 
hours, pressing to 160 psi for 4 hours at 180°F and pressing to 160 psi for 
4 hours at 325°F. A 30-hour p,yrolysis cycle to 1000°C was selected for all 
the SCl008 composites so that a minimum number of pores would be produced in 
the composite. The specimens were then graphitized to 2800°C with a one-hour 
hold at temperature. The methods of fabricating the controlled defects in 
this material system (Reference l) are summarized in Table III. Composite 
specimens with all of these defects were fabricated for the VYB 70 1/2 - SC1008 
system. The number of types of defects was reduced for the VYB 70 l/2 - pitch 
and Modmor II - pitch composites due to a change of scope during the program. 
The term weave defect here describes broken, misaligned, or misplaced yarns 
produced manually. 

The pitch composi tea , VYB 70 1/2, Thornel 50, and Modmor II, underwent the 
same winding operation as in the SCl008 system. The pitch extraction (Ref­
erence 1) used for impregnation was heated under an argon atmosphere at 
approximately 300°C for 4 hours to re100ve excess benzene. During the winding 
operation the pitch was maintained at approximately l50°C. 
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Table III 

METHODS OF FABRIC~ING SPECIFIC DEFECTS IN SC1008 
UNIDIRECTIONAL COMPOSITES 

Detect Type 

Small voids 

Weave 

Cracks in binder 

Delamination 

Lack ot wetting 

Large voids 

Poor tiber bundle 

Non carbonaceous 
i~~purities 

Method ot Fabrication Amount 

Sugar - 0.00696 to 0.00586-in. dia. 12-1/2% by volume 
(added during winding operations) 

Disrupting winding operation 

Proper selection ot specimens tor 
the SC1008 system 

~lar - 0.0005 or 0.00015-in. thick one layer 
(added during winding operations) 

Colloidal graphite spray prior to all yarn 
yarn entering pan 

Sugar - 0.0232 to 0.0197-in. dia. 12-1/2% by volume 
(added during winding operations) 

Prepreg yarn with camphor - ethyl all yarn 
alcohol mixture prior to impreg-
natiniwith binder 

Addition ot silica spheres 12-1/2% by volume 
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The processing procedure for the majority of the VYB 70 1/2 and all the 
Thorne! 50 and Modmor II specimens consisted of a low temperature press to 
obtain the desired fiber packing and thickness (approximately 0.150 inches) 
and contained a pyrolysis cycle to 500°C. The specimens were then pyrolyzed 
to 1000°C followed by a contained (autoclave) pyrolysis reimpregnation 
sequence. The specimens then underwent another pyrolysis sequence to 1000°C 
and a graphitization to 2800°C with a one-hour hold at temperature. 

Eignt of the VYB 70 1/2 - pitch no-intentional-defect specimens underwent a 
slightly different processing procedure. The specimens were pressed at 170°F 
to a thickness of 0.25 inches. The specimen then underwent a pressure pyro­
lysis cycle at a predetermined schedule to l000°C followed by the graphiti­
zation procedure described above. This pressure pyrolysis was conducted to 
investigate the effect of pressure on.the pore structure and mechanical prop­
erties of these composites. 

Intentional defects were introduced into the YYB 70 1/2 - and Modmor II -
pitch composite systems by utilizing similar methods as used in the SCl008 
system. One exception to this was the fabrication of small voids and lack of 
wetting defects. In this case, the second impregnation and contained pyro­
lysis sequence were eliminated. The intentional defects introduced into the 
VYB 70 1/2 - and Modmor II - pitch were of less severity than those introduced 
into the VYB 70 1/2 - SC1008 composites. This provided the opportunity to 
evaluate the NDT technique's sensitivity to small defects. In addition, the 
effect of smaller defects on the mechanical properties could be assessed. 

3.2 Multidirectional Fabrication 

The general objective in the fabrication of the multidirectional composites, 
DACLOCK 120 - angle interlocked, and orthogonally woven fabrics, was to im­
pregnate and fill the voids between and within yarns with a matrix which has 
a hign density and a minimum number of flaws. Experience with the specially 
processed coal tar pitch has shown that after impregnation the yarns are 
readily filled as are the voids between yarns. The major problem was to re­
tain the impregnant during the early stages of the pyrolysis cycle. 

The as-received DACLOCK 120 fabric was coated with a water-glycerin mixture 
to minimize yarn breakage during weaving. The yarn was also sized with poly­
vinyl alcohol (PYA). To remove these contaminants which jeopardize good 
wetting and bonding and produce an excessively large amount of volatiles 
during pyrolysis, the fabric vas washed in boiling water for 60 minutes to 
remove the glycerin and then heat treated to 1000°C in an inert atmosphere 
(argon) to remove the PYA and any absorbed gases. The orthogonally woven 
fabric underwent only the heat cleaning cycle since the yarns were coated 
only with a PYA sizing. 

After impregnation, there was excellent retention of the impregnant within the 
yarns because of the surface tension effects between the filaments and the 
iropregnant, provided the yarns are properly cleaned. The small spaces between 
the filaments greatly assist this process. However, the spacing between the 
yarns, which are hundreds of times greater than those between the filaments, 
is of such an extent that surface tension forces are insufficient. Gases 
evolved from volatile components of the pitch tend to build up pressure in 
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these spaces and thj,s pressure is relieved by forcing the impregnant out of the 
fabric which leaves voids. ~~us, processing becomes a question of extracting 
sufficient gaseous components prior to impregnatton to minimize explusion of 
the imprec:nant between yarns during pyrolysis while having sufficient viscosity 
of the imprec;nant to be able t.o force it into and between J'arns. The approach 
was to adjust the pyrolysis time to be of sufficient length so that the amount 
of gas produced wae a minimum and the gas can have Ume to diffuse out of the 
matrix ~.rithout forming exi~essi vely large voids. A number of pyrolysis rates 
'\orere investir,a.ted between room temperature and 1000°C. The rate selected was 
between 4 and l2°C per hour. 

The lJit;eh fraction used in this multidirectional processing consisted of a 
thermally-treated coal tar pitch with the higher volatiles removed and with a 
min:tm\un of qui.nol ine insolubles present. This was different from that used in 
the unidirectional cas~ where a benzene extract was first made prior to thermal 
treatment and the quinolene insolubles were removed. Thermally-treated pitch 
was used because it had a reduced amount of volatiles and an increased carbon 
yield. 

Heimpregna.tion of the composite lll!:l.terial was required because of the loss of 
weight of the impregnant during pyrolysis which led to the creation of voids. 
Another means of creating voids was contraction of the impregnant in the tem­
perature range of 600 to 1000°C. This effect led to defects such as cracking 
or delamination between yarn and matrix. The number of cycles for reimpreg­
nation depended on the carbon yield during pyrolysis and the stability of the 
woven material during its processing. Five impregnation cycles were utilized 
for the DACLOCK 120 and orthogonal fabrics. A graphitization step to 2800°C 
was conducted after the second impregnation. This step caused further con­
tractions of the matrix permitting additional binder to be impregnated into 
the composite. The graphitization cycle was not considered critical from a 
rate point of view. The normal rate employed was about 1000°C per hour after 
the sample had be~n heated to 1000°C. This graphitization step was conducted 
in an inert atmosphere at slightly below one atmosphere pressure in order to 
minimize sublimation effects. 

'l'he effect. of the different processing sequences on the composite was 
evaluated. The tests employed to evaluate these processing conditions were 
room temperature compression tests for ultimate strength, strain to failure, 
and modulus, mercury porosimetry for density and porosity, thermal stress 
disc tests~ and microstructural analysis. A detailed discussion of these 
results has been presented in Reference 1. Briefly, these results showed 
that the maximum density was obtained for composites graphitized after the 
second impregnation and pyrolysis followed by one additional impregnation. 
Graphitization during the multiple impregnation process increased both com­
pressive strength and strain-to-failure as compared to graphitization after 
the multiple impregnations. The microstructural analysis showed that the 
voids created by graphitization were filled by the subsequent impregnations. 

The small void or low density defect was fabricated by simply eliminating the 
final impregnation sequence. The lack of yarn wetting by the binder defect 
was accomplished by leaving the PVA and water glycerin sizing mixture on the 
yarn bundles to inhibit yarn-binder bonding. In addition, the panels were 
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not pz'Ocessed through the last impregnation sequence. Two of the initially 
woven panels had sufficient occurrence of weave defects such that a number 
of ~efect specimens were excised. 

4.0 Composite Characterization 

The characterization tests of the three unidirectional systems (VYB '(0 1/2 -
SCl008, VYB 70 1/2 - pitch and Modmor II - pitch) and the one multidirectional 
system (DACLOCK 120 - pitch) were conducted after pyrolysi.s and graphitizatj on. 
These tests included bulk density o.nd Il):!rcury porosimetry measurements and 
microstructural analyses. Chemical analyses (discussed in Reference 1) and 
electrical resistivity measurements (Section 6.0) were also made on the 
VYB 70 1/2 - SC1008 system. X-ray diffraction was used to examine the degree 
of graphitic structure of the graphitized composites with both the pitch and 
SC1008 binders. The characterization tests were conductE:d to provide inforrr.a­
tion on composite uniformity. This information was used to aid in the inter­
pretation and analysis of the NDT and mechanical test data. 

4.1 Unidirectional Co~osites 

Density and Porosity 

The bulk density measurements were made by water immersion with the composite 
panels coated with a thin film of polyvinyl chloride (PVC). The effect of 
the PVC coating, which was used to prevent water absorption by the specimen, 
on the measured densities was found to be very small (1/2 percent) and was 
neglected. The densities are summarized in Appendix I and Figures 5 to 1. 
The bulk densities of the specimens containing the intentional defects were 
generally slightly lower. 

Mercury porosimetry measurements w~re used to measure the amount of apparent 
porosity present in the samples and to determine the apparent and bulk den­
sities (Reference 2). The bulk density includes both open and closed porosity, 
whereas the apparent density includes only closed porosity. A summary of the 
data for the three unidirectional composite systems is shown in Table IV. The 
porosimetry values for the defect-containing specimens were larger than the 
no-intentional-defect specimens for the three unidirectional systems. The 
concentration of void and lack of wetting defects was considerably less in the 
VYB 70 1/2 - pitch and Modmor II - pitch composites. Generally the apparent 
density of the composites increases upon graphitization. However, the porosity 
of the samples also increased upon graphitization. The composites fabricated 
with the pitch binder (VYB 70 1/2 and Modmor II) had between 2 and 5 times 
lower porosity in the pyrolyzed condition and 1 to 3 tirr~s lower in the graphi­
tized condition than the SC1008 composite system. The density of the VYB 70 1/2 
- pitch and Modmcr II composites was also significantly larger than the VYB 
70 1/2 - SCl008 system. The Modmor II composites had the highest apparent 
density of the three systems, l.86 and 2.06 g/cc in the pyrolyzed and graphi­
tized condition. 

The no-intentional-defect specimens of the VYB 70 1/2 - pitch system, which 
had lower porosity values, were processed under a pressure pyrolysis cycle 
while the remaining specimens, including the small void specimens which had 
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Table IV 

POROSIMETRY MEASUREMENTS F'OR UNIDIRECTIONAL COMPOSITES 

Bulk Apparent Apparent 
Material Density, Density, Porosity, 

S;Eecimen Composite sxstem Condition Defect <slcc) <slcc) ~%~ 

14D VYB 70 1/2 - SC1008 p(l) .No-Intentional 1.21 1.43 15.2 
14A VYB 70 1/2 - SC1008 G No-Intentional 1.23 1.51 19.1 
26D VYB 70 1/2 - SC1008 p Small Voids 1.15 1.48 22.1 
26C VYB 70 1/2 - SCl008 G Small Voids 1.22 1.61 24.8 
22A VYB 70 1/2 - SC1008 p Lack Wetting 1.13 1.45 22.0 
22C VY.B 70 1/2 - SC1008 G Lack Wetting 1.19 1.63 30.3 
27A VYB 70 1/2 - SCl008 p Large Voids 1.15 1.42 19.1 
28C VYB 70 1/2 - SC1008 G Large Voids 1.12 1.52 26.3 
30C VYB 70 1/2 - SC1008 p Poor Bundle Penetration 1.14 1.42 19.8 

to.) 30D VYB 70 1/2 - SC1008 G Poor Bundle Penetration 1.11 1.59 26.9 
w 20C VYB 70 1/2 - SC1008 G Non carbonaceous 1.07 1.57 31.4 

Impurities 

13B VllB 70 1/2 - Pitch p No-Intentional 1.57 1.62 2.9 
13A VYB 70 1/2 - Pitch G No-Intentional 1.50 1.60 6.0 
21B VYB 70 1/2 - PitCh p Small Voids 1.48 1.63 9.2 
22D VY.B 70 1/2 - Pitch G Small Voids 1.46 1.66 12.3 

6B VYB 70 1/2 - Pitch p Lack Wetting 1.43 1.64 12.7 
5A VYB 70 1/2 - Pitch G Lack Wetting 1.39 1.62 14.1 

3-8 Modmor II - Pitch p No-Intentional 1.73 1.86 6.9 
2-5 Modmor II - Pitch G No-Intentional 1.79 2.06 13.4 
14A Modmor II - Pitch p Small Void 1.61 1.17 9.5 
14B Modmor II - Pitch G Small Void 1.62 1.93 16.0 
13C ~r II - Pitch p Lack Wetting 1.62 1.74 6.8 
13B Modmor II - Pitch G Lack Wetting 1.66 1.91 13.3 

(1) P - Pyrolyzed G - Graphitized 



the higher porosity values 1 underwent a hydrostatic processing procedure. 
This dU"terence in processing procedure became important in the analysis ot 
the NDT and mechanical properties. 

The analysis ot the porosimetry data included relating the pore volume occu­
pied by mercury to the pore diameter. To determine the pore volume occupied 
by mercury 1 the following equation vas used: 

where 

M•~ w 

M • pore volume occupied by mercury 
V • volume ot mercury intruding the pores as a tunction ot pressure 
C • correction constant tor compressibility ot mercury 
W • weight ot sample. 

This pore volume vas plotted as a tunction ot pressure 1 and therefore 1 pore 
size. From previous work with graphitic materials, the porosity data were 
evaluated only up to 2000 psi. This vas based on the tact that crushing ot 
the graphi tes appears to occur at higher pressures. This is based on compar­
ing mercury porosimetry data to nitroB!n permeability studies (Reference 3). 

Graphs ot pore volume versus pore size trom the porisimeter data tor the var­
ious unidirectional material systems are shown in Figures 8 to 10. Figure 8 
graphically shows the higher porosity (total pore volume occupied by mercury 
at 2000 psi ) ot the detect specimens u compared to the porosity ot the no­
intentional-detect specimens. The pore size distributions (shape of the 
curves) ot the VYB TO l/2 - BCl008 composite samples changed atter the graph­
itization step trom that which vas proaent in the p,yrolyzed condition, indi­
cating that a larger number ot smaller pore sizes were present. 

The pore size variations tor the two pitch binder systems (Figures 9 and 10) 
were not as pronounced u in the SCl008 system. The amount ot smaller pores 
vas appreciably reduced in the pitch systems which led to the lover total 
pore volume occupied by mercury. The VYB TO l/2 - pitch no-intentional­
detect-specimens, which were processed under the pressure p,yrolysis cycle, 
had a uniform distribution ot pore sizes. The remaining VYB TO l/2 - pitch 
composites 1 which were processed under the autoclave cycle 1 bad an increase 
in the number ot pore sizes less than 4 microns. The Modmor II - pitch com­
posite specimens also had a uniform distribution ot pore sizes. 

The pitch systems 1 as in the SCl008 system, had an increase in the apparent 
porosity atter sraphitization. However, this increase was mcb less than that 
observed in the SCl008 systems (Figures 9 and 10). The apparent porosity 
ditterences which existed between the detect specimens and the no-intentional­
detect specimens in the pitch systems were less than in the SCl008 system. 
This is particularly true tor the MOdmor II - pitch system where some defect 
specimens were not significantly different trom the no-intentional-detect­
specimens (~able IV). 
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An estimate of the theoretical density of the pitch composites can be made by 
using the estimated densities tor the yarn and pitch matrix (Table 5) and the 
following relationship: 

where 

Pc • composite density 

p • yarn density 
y 

p • matrix density 
m 

xm • matrix volume percent 

xy • yarn volume percent. 

PC • X P + X P y y m m 

• X P + (1 - X ) Pm y y y 

The volume percent ot yarn tor the VYB 70 1/2 and Modmor II composites was 
estimated to·be 60 percent and 50 percent, respectively. The estimated 
theoretical composite density tor the p,yrolyzed ana graphitized pitch com­
posites chansed by only 5 percent over the limits of the yarn volume percent. 
The estimated theoretical d~nsities for the VYB 70 1/2 - pitch composites are 

PC • 1.68 g/cc 

p • 1.72 s/cc c 

p,yrolyzed 

graphitized 

Table V 

ESTI~ED YARN AND PITCH MATRIX DENSITIES 

Material Condition Density, 

Pitch Matrix Pyrolyzed 1.90 
Graphitized 2.20 

VYB 70 1/2 Pyrolyzed 1.54* 
Graphitized 1.40 

Modmor II Pyrolyzed 1.74• 
Graphitized 1.90 

*Manufacturer's data 
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and for the Modmor II - pitch composites 

pc = 1.82 g/cc 

pc = 2.05 g/cc 

pyrolyzed 

graphitized. 

An estimate of the closed-pore porosity present in the composites can be made 
using 

p = p x + p (xm - c1 ) 
a y y m 

where Pa is the measured apparent density and c1 is the volume percent closed 
pores, with the assumption that the volume percent of porosity in the yarn is 
small. The closed porosity estimates for the two pitch composite systems 
are given in Table VI. The total porosity, closed plus open pores, of the 
no-intentional-defect-specimens for each of the three unidirectional systems 
was lower than the total porosity of the defect specimens for both the pyro­
lyzed and graphitized condition. 

The tabulation of the closed porosity estimates for the pitch composites indi­
cates an increase in the amount of closed-pore porosity upon graphitization. 
Also, the pitch systems had a larger increase in the open pore porosity 
(Table VI). An increase in vpen pore porosity was also evident in the SC1008 
system (Table IV). The opening of porosity during the graphitization sequence 
suggests its possible use during the reimpregnation sequences. Reimpregnation 
after a graphitization sequence will permit an additional and a more thorough 
flow of impregnate into the composite. This fact will be demonstrated in the 
following section on multidirectional composite characterization. 

The graph of total porosity versus bulk density of the unidirectional composites 
is shown in Figure 11. The three composite systems had similar trends (lower 
total porosity- higher density) approximating the general relationship, 
P = 1 - PIPe· The VYB 70 1/2 - pitch system had the same relationship for 
both the pyrolyzed and graphitized conditions while the Modmor II - pitch and 
VYB 70 1/2 - SC1008 systems had different ranges of values for each condition. 
Total porosity was used in this graph in lieu of the apparent (open) porosity 
since the closed porosity does significantly effect the results (particularly 
the graphitized Modmor II - pitch system). 

Microstructural Analysis 

The microstructural analysis was conducted on the pyrolyzed and graphitized 
VYB 70 1/2 - pitch and Modmor II - pitch unidirectional composites. The 
approximate pore sizes of the various composite defect groups are summarized 
in Table VII. The photomicrographs of typical VYB 70 1/2 - pitch and Modmor II­
pitch composite specimens in the transverse direction are shown in Figure 12 
through 14. The difference in the geometric shape of the Modmor II, round, 
and VYB 70 1/2, crenulated irregular, yarns is apparent on comparison of 
Figures 13 and 15. It is apparent that tighter packing of filaments is 
achieved with regular cross sections. 
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Table VI 

CLOSED PORE POROSITY ESTIMATES 

Approximate Measfl~d Apparent( 2 ) C1oaed Open 1 Total. Bulk 
Porosity. Porosity. Porosity. Density. Density. 

COIIIDO&i te Syste. Ccm.ditiOD Defect ~%1 ~%l ~%l ~%~ ~slccl 

VIB 70 1/2-PitCh P7ro17zed I~IntentiOD&l. 3.2 2.9 6.1 1.57 1.62 
Graphitized 5.5 6.0 11.5 1.50 1.60 

P;yrolyzed s.au Void 2.6 9.2 11.8 1.48 1.63 
Graphitized 2.8 12.3 15.1 1.46 1.66 

Pyrol.ped Lack Vetting 2.1 12.7 14.8 1.43 1.64 
Graphitized 4.5 14.1 18.6 1.39 1.62 

(o) 
0 Modlllor II-Pitch Pyrolyzed I~IntentiOD&l. 0+ 6.9 6.9 1.73 1.86 

Graphitized 0+ 13.4 13.4 1.79 2.06 

Pyroqzed S..:U. Void 2.6 9-5 12.1 1.61 1.71 
Graphitized 5.5 16.0 21.5 1.62 1.93 

Pyrol.ped Lack Vetting 4.2 6.8 11.0 1.62 1.74 
Graphitized 6.4 13.3 19u 7 1.66 1.91 

(1) Measured apparent poroaity by mercury porosimetry 
(2) Measured density by mercur,r porosimetry 
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Table VII 

OPTICALLY MEASURED PORE DIAMETERS 

Approximate 
Pore Diameter, 

S;f:stem Defect Condition ~lo-3 in.l ~Microns l 
VYB 70 1/2 - Pitch No-Intentional Pyrolyzed 0.2 - 0.5 (5-15) 

Graphitized .05 - 0.3 (1-8) 

Small Void Pyrolyzed o.6 - 2.3 (15 - 58) 
Graphitized 0.3 - 3.0 ( 8 - 76) 

Lack Wetting Pyrolyzed 0.5 - 2.0 (15 - 51) 

Modmor II - Pitch No-Intentional Pyrolyzed 0.2 - 1.5 (5 - 38) 
Graphitized 0.3 - 1.0 (8 - 25) 

Small Void Pyrolyzed 0.5 - 3.5 (15 - 89) 

Lack Wetting Pyrolyzed 0.3 - 3.0 ( 8 - 76) 
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Specimen l2C No-Intentional-Defects 
lOOX 

Specimen 22C Small Voids lOOX 

Figure 12. Photomicrograph of Graphitized VYB 70 1/2 - Pitch 
Composite in Transverse Direction Under Polarized 
Light (76°) 
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Figure 13. Photomicrograph of Pyrolyzed Modmor II - Pitch 
No-Intentional-Defect Composite Specimen in 
Transverse Direction Under Polarized Light (80°) 
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Figure 14. Photomicrograph of Graphitized Modmor II - Pitch 
No-Intentional-Defect Composite Specimen in 
Transverse Direction Under Bright Field 
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Figure 15. Photomicrograph of Pyrolyzed VYB 70 1/2-Pitch Unidirectional 
Composite, 475X with Polarized Light (90°) 
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Degree of Graphitization 

The degree of graphitization of the pyrolyzed and graphitized composites was 
note~ qualitatively based on X-r~ diffraction analysis techniques. 

0
The X-r~ 

analysis was conducted using copper Ka radiation, wavelength of 1.54A, at 
30 kva and 20 ma. A nickel filter was used with 1° angle slits. For graphite 
ad-spacing of 3.37X for the 0002 plane corresponds to a Bragg angle of 26.4°. 
In order to provide a basis for assessing the degree of graphitization, a 
sample of ATJ graphite was also examined. Figure 16 shows the relative in­
tensity traces of the graphitized VYB 70 1/2 - pitch and VYB 70 1/2 - SC1008 
unidirectional composites and the ATJ sample. The graphitized SC1008 and 
pitch composites did graphitize to some degree as indicated by the peak at 
26.4°. However, the amount of graphitized material was much less for the com­
posites, with the pitch composites having a larger amount than the SC1008, as 
indicated by the differences in the relative intensity. 

4.2 Multidirectional Composites 

Density and Porosity 

The bulk density measurements of the pyrolyzed and graphitized composites were 
made by water immersion (Figure 17). ·A complete tabulation of characterization 
data is made in Appendix I. The pyrolyzed and graphitized DACLOCK 120 compos­
ites had a bulk density of 1.66 and 1.60 g/cc, respectively. The pyrolyzed 
defect containing specimens, small void, weave and lack of wetting, were 
approximately 10, 5, and 9 percent lower in density, respectively. 

The mercury porosimetry measurements were made to determine apparent porosity 
and density and they are summarized in Table VIII. As in the unidirectional 
composites, the apparent porosity increased upon graphitization. The small 
void and lack of wetting defects were approximately 60 percent higher in por­
osity than the no-intentional-defect specimens. The graph of pore volume 
versus pore size for the v(rious specimens is shown in Figure 18. The pore 
distributions, which were fairly uniform, were very similar to those obtained 
previously on DACLOCK 120 multidirectional composites,(Reference 1). There 
is very little change of the pore spectrums between pyrolyzed and graphitized 
condition. This is because the composite has been multiply reimpregnated and 
pyrolyzed. 

An estimate of the theoretical density of the multidirectional composite was 
obtained by using the same approximate densities for the yarn and matrix as 
in the unidirectional case. Using a volume percent of yarn for the fabric of 
34 percent, and estimated theoretical density for the p,yrolyzed composite was 
1.78 g/cc and 1.93 g/cc for the graphitized composite. 

An estimate of the closed pore porosity was made for the composite panels 
using the same approach as in the unidirectional case (Table IX). The amount 
of closed pore porosity increased with decreasing apparent density. A graph 
of total porosity versus bulk density is shown in Figure 19. The closed-pore 
porosity estimates suggested an increase in the amount of closed pores upon 
graphitization as in the unidirectional composites. 
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Figure 17. Bulk Density of Multidirectional Composite 
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Table VIII 

POROSIMETRY DATA ON DACLOCK 120 
MULTIDIRECTIONAL COMPOSITE 

Bulk Apparent Apparent 
Density, Density, Porosity, 

Specimen Defect Condition (g/cc) (s/cc) (!) 

3D71 No-Intentional Pyrol.yzed 1.69 1.78 5.5 

3D65 Small Void Pyrolyzed 1.57 1.71 8.6 

3D61 Lack Wetting Pyrol.yzed 1.60 1.17 9.6 

3D75 No-Intentional Graphitized 1.65 1.79 7.7 
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Table IX 

CLOSED PORE POROSITY ESTIMATES 

Approximate Measmd 
Closed Openl Total 

Porosity, Porosity, Porosity, 
(%) {%) (%) 

0+ 5.5 5.5 
6.0 7.7 13.7 

4.0 8.6 12.6 

1.0 9.6 10.6 

Bulk( 2 ) 

Density, 
(g/cc) 

1.69 
1.65 

1.57 

1.60 

Apparent(!) 
Density, 

(g/cc) 

1.78 
1.79 

1.71 

1.77 
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Figure 19. Total Porosity Versus Bulk Density of 
DACLOCK 120 Multidirectional Composite 
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Microstructural Evaluation 

Microstructural analysis vere conducted on the pyrolyzed and graphitized 
DACLOCK 120 multidirectional composites containing small voids, lack of vet­
ting, and no-intentional defects. The microstructural analysis vas partic­
ularly use :f'ul in demonstrating the success of the reimpregnation procedure. 
Figure 20 shows an area of matrix composed of graphitized pitch vhich vas 
from the initial tvo impregnations and of pyrolyzed pitch from the last three 
impregnation cycles which vere performed after the graphitization step. The 
ability of the pitch binder to impregnate into the open porosity of the matrix 
(which vas enhanced by the graphitization sequence) is quite apparent. It can 
be seen from this micrograph that pores of less than one micron in diameter 
are being filled. 

5.0 Nondestructive Analysis 

Nondestructive analysis techniques were applied to the tmidirectional and 
multidirectional composites after specific processing steps to obtain in­
process data which vas correlated to changes in the composite properties. The 
nondestructive analysis techniques included penetrating radiation (X-ray and 
neutron radiography), ultrasonic techniques (velocity measurements and attenua­
tion and pulse-echo C-scan mapping), and visual inspection. In addition to the 
tmidirectional and DACLOCK 120 and orthogonal multidirectional composites, a 
carbon-carbon orthogonally woven cylinder and an AVCO MOD III composite vere 
evaluated. A number of nondestructive test methods and parameters vere evalu­
ated for each technique to determine their effect on defect sensitivity. 

5.1 Unidirectional Composites 

The tmidirectional composites vere evaluated after the cure (SC1008 only), 
pyrolysis, and graph! tization steps. The analysis of the nondestructive test 
techniques included an evaluation of a helium chamber to reduce air scatter 
in X-ray radiography, half-tone recording methods for the through-transmission 
attenuation technique-and the selection or an operating frequency for the 
ultrasonic techniques. In addition to the longitudinal velocity, ultrasonic 
transverse vave measurements were made on selected control samples from the 
three tmidirectional systems. The combination of nondestructive analysis tech­
niques vere generally able to detect the discontinuities which vere intention­
ally introduced into the composites. The relationship and applicability of the 
various NDT techniques to the intentional defects of the tmidirectional com­
posites in the pyrolyzed and graphitized condition are discussed below. 

5.1.1 VYB 70 1/2 - SC1008 

X-Ray Radiography 

The X-ray radiographic parameters, voltage, time and distance, vere examined 
to obtain high sensitivity using a Penetrex 50 kV unit. The beam voltage 
vas varied over the range of 14 to 26 kilovolts, and the film-to-focal spot 
distance from 18 to 34 inches. All exposures vere made using Eastman Type M 
film in ready pack and the beam current vas 10 ma throughout. To determine 
the optimum X-ray radiographic parameters, a machined, tapered slot standard 
(Figure 21) was examined. A sensitivity of 0.5 percent for the pyrolyzed and 
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Figure 20. Photomicrograph of Multidirectional Composite 
After Two Impregnations and Pyrolysis -
Graphitization - Three Impregnations 
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Figure 21. X-ray Radiographic Standard for Pyrolyzed 
VYB 70 1/2 - Pitch Composites 
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graphitized VYB 70 1/2 - SClOOB composites was obtained with an exposure of 
18 kV at 190 sec with a 29-inch fil~to-focal spot distance for the pyrolyzed 
cOJilposite and 16 kV at 18o sec with a 29-inch film-to-focal spot distance for 
the graphitized composite. The optimized parameters included the use of a 
0.004-inch screen of polyethylene between the part and the X-r~ source to 
absorb the low-energy, air-scattered X-r~s. The use of other radiographic 
films (Type R or AA) either produced marginal improvement (Type R) or resulted 
in inferior quality image definition (Type AA) (Reference 1). This evaluation 
was performed by conducting a series of radiographic film exposures on the 
DACLOCK 120 multidirectional fabric and then qualitatively comparing the image 
definition obtained for a number of identifiable weave irregularities in the 
woven goods test panel. 

The use of a helium chamber for the X-r~ radiography of the unidirectional 
VYB 70 1/2 - SClOOB composites to reduce the effect of low-energy, air-scat­
tered X-r~s was evaluated. The analysis was conducted using four pyrolyzed 
and four graphitized composite standards containing known intentional defects 
(Table X). The sensitivity of this radiographic technique using a helium 
chamber was 0.5 percent for both the pyrolyzed and graphitized conditions. 
Therefore, the helium chamber offered very little additional information on 
the material. 

To analyze the specific defects by X-ray radiography standards containing 
particular defects were machined (surfaces parallel to within 0.0005 inches) 
from the pyrolyzed and graphitized VYB 70 1/2 - SClOOB composites. Using the 
optimized radiographic conditions for the examination, the X-r~ radiographic 
technique detected the maJority of the intentional defects which were intro­
duced into the composites (Table XI). This was accomplished atter the three 
major processing steps of cure, pyrolysis, and graphitization. An X-ray 
radiograph of a apecimen free of intentional defects ia shown in Figure 22. 

A typical X-r~ radiograph of a pyrolyzed specimen containing large voids is 
shown in Figure 23. The radiograph also shows a number of line defects which 
are oriented in the thickness direction. These line'defects were identified 
as cracks having an irregular path through the compoaite (Reference 1). The 
weave-detect was detected by X-r~ radiography in all processed conditions. 
Figure 24 shows the clarity with which X-r~ radiography was capable of show­
ing this defect. As expected, X-ray radiography was not capable of detecting 
the delamination aince the X-r~ technique is least sensitive to laminar or 
flat which lie perpendicular to the incident beam. 

The poor tiber bundle penetration and lack of 7&rn wetting defects went 
undetected by X-r~ radiography. This was due to a uniform distribution of 
the defect throughout the composite. The detection of a material anomaly or 
defect by X-r~ radiography uaually requires that it possess a different ab­
sorptance than the surrounding bulk material. 

Ultrasonic Velocity 

The ultrasonic longitudinal velocity of the unidirectional composite panels 
was measured through the thickness direction by a through-transmission 
technique. Thia technique, shown schematically in J'igure 25, employs two 
transducers in direct contact with the specimen using glycerin as the couplant 
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Table X 

NDr STANDARre FOR HELIUM CHAMBER X-RAY RADIOGRAPHY 

Specimen Condition Defect Group 

14D Pyrolyzed No-intentional-defects 
(machined taper slot) 

26A Small Voids 

27C Large Voids 

17C Delamination 

14A Graphitized No-intentional-defects 
(machined taper slot) 

19B2 Delamination 

26C Small Voids 

27B Large Voids 
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Table XI 

APPLICABILITY OF NONDESTRUCTIVE TEST TECHNIQUES 
TO VYB 70 1/2 - SC1008 COMPOSITES 

Pulse -
Defect Condition X-R~ Echo Attenuation Velocitz 

Small voids c Yea No (2) Yea No 
p Yea No ( 3) ( 4) Yea ( 3) Yea 
G Yea • Yea (6) 

Large voids c Yea No (2) Yea No 
p Yea No ( 3) Yea Yea 
G Yea No Yea No 

Poor bundle c No No Yea (5) No 
penetration p No No ( 3) Yea (5) Yea 

G No • Yea (5) (6) 

Lack of' wetting c No No ( 3) lfo lfo 
p No No ( 3) Yea (5) Yea 
G No • Yea (5) (6) 

Noncarbonaceoua c Yea No 11lo lfo 
Impurities p Yea No ( 3) Yea 11lo 

G Yea (1) • Yea (1) (1)(6) 

Delamination c lfo No 11lo lfo 
p No Yea Yea lfo 
G No No (3) Yea No 

Weave c Yea No (3) Yea 11lo 
p Yea 11lo ( 3) Yea Yea 
G Yea No ( 3) Yea Yea 

Cracks c Yea lfo ( 3) Yea (4) 11lo 
p Yea No (3) Yea (4) No 
G Yea No ( 3) Yea (4) lfo 

(1) However poro1ity was tormed upon graphitization. 
(2·) In two cues it was detected. 
( 3) Distinct d11continuity indications were obtained tor the composite 

specimens but not definitely related to the introduced detect. 
(4) Crack• oriented at 111 111s1e to ultrasonic beam provided renecting 

aurtace. 

(5) Detect detected throushout panel as an increase in attenuation 
over a good specimen. 

(6) Material attenuation prohibited meaaurementa. 
-rechnique not applied. 
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Figure 22. Nondestructive Test Maps for Pyrolyzed VYB 70 l/2-SClOOB Composite 
Specimen 14D Containing No Intentional Defects (Good) 
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Figure 23· Nondestructive Test Maps for Pyrolyzed VYB 70 1/2-SClOOS 
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Figure 24. Positive Print of X-ray Radiograph and Through Transmission 
Map of P,yrolyzed VYB 70 1/2-SC!OOB Specimen 15D Containing 
Weave Irregularities 
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(Reference 1). A strippable vinyl coating was applied to all specimens to 
prevent absorption of the couplant. In measuring the time delay, correspond­
ing cycles of the initial and delayed ultrasonic pulses were selected. The 
first cycle of the pulse was used to eliminate any error resulting from a 
frequency shift in the frequency content of the pulse. 1be shift to lower 
frequencies was due to preferential attenuation of the higher frequency com­
ponents (Reference 4). The accuracy of the technique was within one percent 
as detennined by comparing the experimental value of the ultrasonic longitudi­
nal velocity of a fused quartz standard to literature values (Reference 5). 

The ultrasonic longitudinal velocity measurements for VYB 70 1/2 - SCl008 
unidirectional composite is swnmarized in Figure 26. A detailed tabulation 
of the measurements is contained in Appendix I. 'rhe velocity measurements on 
the pyrolyzed and graphitized composites generally enabled a differentiation 
of defective from nondefective material. However, some fluctuation in the 
measurements from panel to panel within a particular group did exist. The 
velocity measurements did show a significant difference for each composite 
processine condition (cured, pyrolyzed, or graphitized). 

For the cured VYB 70 1/2 - SC1008 composite, it was difficult to differentiate 
the defect material. In the pyrolyzed composite, most of the defective mate­
rial had a velocity less than the no-intentional-defect material. In the 
graphitized condition, the defect specimens were difficult to differentiate. 
This was attributed to the selected operating frequency for the measurements 
and the high attenuation of the specimens. The velocity measurements were 
made at 2.5 MHz for the pyrolyzed and graphitized composite. It will be shown 
below that at other frequencies, the difference in velocity between the no­
intentional-defect and defective specimens is more pronounced due to the fre­
quency dependence of velocity. 

The VYB 70 1/2 - SC1008 composite panels were processed in groups of specimens 
which allowed the monitoring of batch-to-batch uniformities. Several specimens 
which were pyrolyzed in one batch were very resin lean after pyrolysis and some 
oxidation had taken place. The ultrasonic velocity showed a difference between 
these batches and within each defect group (Reference 1). The velocity at a 
point on one specimen which had signs of oxidation had a 20 percent lower ve­
locity thnn that on an area which had no signs of oxidation. These anomalous 
specimens compared very well with the other batches in the cured condition 
prior to pyrolysis. After graphitization, the longitudinal velocity could 
not be measured on the anomalous batch specimens due to the high attenuation 
present. 

The ultrasonic longitudinal velocity measurements on the no-intentional-defect 
SCl008 composites were typically 1.20, 1.03, and 0.10 x 105 in/sec for the 
cured, pyrolyzed, and graphitized conditions, respectively. The decrease in 
velocity after pyrolysis ranged from 4 to 15 percent of the cured condition 
value and after graphitization from 28 to 38 percent of the pyrolyzed condi­
tion value. From these data it was apparent that the velocity measurements 
can be used to monitor the processing condition. 

The evaluation of the intentionally-introduced defects indicated that this 
velocity technique was sensitive to the concentration or degree of the defects 
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present. A number of SC1008 defect specimens contained a particular defect to 
a much lesser or greater degree (concentration) than the other specimens in 
the group as determined from microscopic evaluation and X-ray radiography 
(Reference 1). The specimens with a smaller concentration of a defect had a 
much higher velocity in both the pyrolyzed and graphitized condition. 

The bulk density, as measured by water immersion, was related to the measured 
ultrasonic longitudinal velocity for the three unidirectional systems 
(Figure 27). The trends indicate a higher velocity corresponding to higher 
density. The decrease in velocity with decreasing density can be attributed 
to an increase in the porosity of the composites. Analytically, the square 
of the velocity (perpendicular to the fiber direction) is directly propor­
tional to an elastic constant in tha~ direction and inversely proportional to 
density. The elastic constant, or modulus, of a heterogeneous material is 
directly related to the material porosity (Reference 6). For a given change 
in composite porosity (density), the change in modulus is more pronounced 
than the change in density, verifying the experimental velocity - density 
relationship. The composite density varied over a range of approximately 
9 percent which corresponded to a 20 percent range in velocity. This depen­
dence of velocity on density suggests its use in the screening of low density 
carbon-carbon composites. 

The ultrasonic longitudinal velocity was measured as a function of frequency 
for the pyrolyzed and graphitized SC1008 composites. Five specimens were 
selected for this evaluation: a good specimen (14C) which did not contain 
any intentional defects, a small void specimen (26C), a large void specimen 
( 27C), a fused quartz standard, and the same fused quartz standard coated 
with a 0.005-inch film of polyvinyl chloride (PVC). This test standard was 
used to determine the effect of PVC on the velocity measurements. The fre­
quency was varied from 1 MHz to approximately 10 MHz. The lowest frequency 
used was that which had a wavelength no longer than the thickness of the 
specimen being examined. 

The time delays for the five specimens were measured for three successive 
cycles starting with the initial cycle. The time delay was found to increase 
for each successive cycle of the pulse for the pyrolyzed SCl008 composite 
specimens. This was believed to be partly due to the preferential attenuation 
of the higher frequency components of the pulse which causes a gradual shift­
ing of the pulse frequency and therefore a shift in the time delay (Reference 4). 

The graph of velocity as a function of frequency for the quartz standard with 
and without PVC coating (Figure 28) shows that there was a dependence of ve­
locity on frequency below approximately 3 MHz. The time delay measurements 
for the three cycles of the pulse did not show the same increasing shift as 
the composite specimens. The PVC-coated quartz had a 3 to 8 percent lower 
velocity at the particular frequencies, but the same trend of velocity to 
frequency existed. Since the velocity values were only being used for com­
parison, no further corrections for the vinyl coating were made. 

The frequency dependence of the velocities for the no-intentional-defect, 
small void, and large void specimens of the pyrolyzed and graphitized com­
posites are significantly different as shown in Figure 29. Due to the high 
attenuation of the defective SC1008 specimens, the maximum frequency used 
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for the measurements was 5 MHz for the pyrolyzed composites and 3.0 MHz 
for the graphitized composites. It was found that a frequency dependence 
of velocity existed for both process conditions although the absolute values 
were different. This frequency dependence is probably due to geometric dis­
persion, interference of the ultrasonic wave cause by the heterogeneous 
material. The difference in the frequency dependence between the specimens 
thus may be related to the differences in the pore size and fiber bundle size 
present. As was discussed previously, the large voids are approximately 
0.021 inch, small voids 0.003 inch, and the no-intentional-defect-specimen 
pores 0.001 inch in diameter. The other fact which must be taken into account 
is the size of the fiber bundle which, after pyrolysis, is between 0.020 and 
0.030 inches. Therefore, a combination of dispersion effects due to the yarn 
bundles and the size and amount of pores present may account for the differ­
ences in the frequency-velocity curves. 

Ultrasonic Attenuation 

The ultrasonic attenuation, absorption of acoustic energy by a material, was 
measured by an immersed, through-transmission technique (Reference 1). The 
measurement of the ultrasonic attenuation was used to detect defects and 
monitor material variability. These anomalies in the composite cause the 
material to be a discontinuous medium which inhibits the transmittance of 
ultrasonic waves. The through-transmission technique is an immersed two­
transducer method which measures attenuation by comparing the attenuation of 
a specimen to a specimen-free water path. The apparatus used to measure and 
record ultrasonic attenuation is shown in Figure 30. Since the coupling med­
ium is water, a strippable vinyl coating was used to protect the specimens. 
An increase or decrease in the attenuation of the energy passing through the 
specimen was indicated by a change in the amplitude of the received signal. 
By use of the variable decibel attenuation, specific levels of attenuation 
were recorded, with the writing current of the recorded being switched on or 
off by a change in the signal amplitude. C-scan maps were made with the use 
of an X-Y scanning bridge. The attenuation of the water path was very small 
(0.002 db/em) and may be neglected. It should be noted that this technique 
measures relative attenuation, not an absolute value. Reflections at the 
specimen-water interface and scattering of the ultrasonic wave by the speci­
men surface prohibited the measurement of the absolute attenuation by this 
technique. Many factors must be taken into account if more absolute values 
are wanted. Some of these factors include impedance mismatches between the 
different mediums, interface losses, lack of parallelism of surfaces, surface 
roughness effects, and ultrasonic beam characteristics. Since the measure­
ments used in this study were for comparison, only relative values are ade­
quate as long as the general surface conditions are similar. The vinyl coat 
can increase the attenuation of the composite specimens. This effect was 
measured on the quartz standard where the attenuation increased by 15 percent 
with the application of a 0.005-inch vinyl coat. 

A number of transducer combinations and operating conditions for the through­
transmission technique were evaluated to select the parameters for maximum 
senai ti vty. The different transmitter-receiver transducer combinations eval­
uated included flat-flat, focused-flat, focused-focused, end focused-collimated 
flat. The detection limit was determined by using a 0.10-inch thick ultra­
sonic test standard containing various size holes of various orientations 
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fabricated from a pyrolyz~d VYB 70 1/2 - SC1008 composite. The most accurate 
and sensitive through-transmission C-scan maps were obtained with the focused 
transmitter-collimated flat receiver combination (Reference 1). The minimum 
detectable defect was a 0.032-inch round bottom hole. 

The transducer combinations which were used.in the through-transmission study 
were characterized by the sound beam profiling technique (Reference 1). Since 
these transducers were used in conjunction with one another, the analysis was 
conducted in the through-transmission mode by scanning the transmitting trans­
ducer with the receiver. A comparison of the sound beam profiles for two 
transducer - receiver combinations is shown in Figures 31 and 32. The beam 
width, measured at one-half amplitude, is much less for the focused trans­
mitter-collimated receiver combination, providing a narrower beam for better 
defect detection. This transducer combination also had a more symmetric sound 
beam profile. These figures shown that the sound beam profiling technique was 
an important factor in evaluating and applying ultrasonic transducers for 
defect detection (Reference 1). 

The ultrasonic attenuation of the pyrolyzed and graphitized VYB 70 1/2 - SC1008 
composites were considerably greater for the defective material as compared 
to no-intentional-defect material (Table XII and Figure 33). The difference 
in attenuation for the cured composites was not as great as in the pyrolyzed 
and graphitized conditions. The estimates of the attenuation of the composites 
were made by examining a number of maps made at several different attenuation 
levels and selecting the level at which the C-scan maps did not indicate areas 
of higher attenuation. Generally, the defects which were easily detectable in 
the cured condition were large and small voids and weave irregularities. Al­
though the attenuation maps were not always taken to the characteristic atten­
uation (value at which ultrasonic energy will get through specimen) of the 
specimens, the attenuation maps were taken to a high enough decibel level to 
ascertain that the defect specimens had a significant attenuation above that 
of the no-intentional-defect specimens. 

As mentioned in a previous section, certain specimens contained defects which 
were either significantly greater or less than the other specimens within a 
particular defect group. The very high attenuation of one delamination speci­
men, compared with other specimens in that group, was due to the thickness of 
the delamination. It was found that even in the cured condition the attenua­
tion of the delamination area was extremely high. 

The attenuation technique was successful in detecting most of the intentional 
discontinuities of interest (Table XI). In cases where the X-ray technique 
did not detect the existence of a particular defect, as with the lack of wet­
ting and poor fiber bundle penetration, the attenuation technique did. This 
indicates the usefulness of employing both these NDT techniques for the eval­
uation of these composite materials. 

Typical attenuation C-scan maps which were obtained for two of the intentional 
defects specimens were shown in Figures 23 and 24. The weave defect was de­
tected as a higher attenuating area. This weave defect also caused an area 
of porosity or delamination to exist around the defect which allowed the 
ultrasonic attenuation method to detect its presence. This was verified by 
sectioning and visually examining the defect area. 

59 



Figure 31. 

Transmitter: Nortec, Flat 2.25 MHZ 
3/4 inch diameter J-Z-12-0 
Receiver: Nortec, Flat 2.25 MHZ 
3/8 inch diameter A-Z-6-0 

Measured Frequency: 2.28 MHZ 
Damping Factor: 3.0 
Pulse Duration: High 9.75 
Sensitivity: 1.0 
Scope Sensitivity: lv/div 
Sveep: lOu sec/div 
Water Path: 5.5 inches 

A 

Sound Beam Profile 
l div = 1.90 inches 
Beam Width at 6 db: .531 inches 

B 

Sound Beam Profile 
l div = .185 inches 
Beam Width at 6 db: .691 inches 

Sound Beam Profile of Flat Transmitterp 
Flat Receiver Combination 
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A 

B 

·Transmitter: Nortec, Focused Dish 
Crystal (no lens), 2.25 MHZ 
PZT 5, Air Backed, 1 inch diameter 

Receiver: Nortec, Collimated Flat 2.25 MHZ 
PZT 3/4 inch diameter J-Z-12-0 

Measured Frequency: 2.22 MHZ 
Damping Factor: 14 
Pulse Duration: High 7.0 
Sensitivity: 3.0 
Scope Sensitivity: lv/div 
Sw~ep: 10~ sec/div 
Water Path: 3.0 inches 

Sound Beam Profile 
1 div = .037 inches 
Beam Width at 6 db: .052 inch 

Sound Beam Profile 
1 div = .037 inch 
Beam Width at 6 db: .070 inch 

Figure 32. Sound Beam Profile of Focus Transmitter 
Collimated Flat Receiver Combination at 3-Inch Water Path 
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Table XII 

ULTRASONIC ATTENUATION OF VYB 70 l/2 - SCl008 COMPOSITES 

Average Percentage 
above 

Material No-Intentional-Defect 
Defect Condition Specimen Attenuation Value 

Small voids Cured >86% 
Pyrolyzed 162% 
Graphitized >218% 

Large voids Cured >l3l% 
Pyrolyzed >73% 
Graphitized 231% 

Delamination Cured 12.5%' 382% 
Pyrolyzed 34%, >212% 
Graphitized 64% 

Noncarbonaceous Cured 12% 
Pyrolyzed 213% 
Graphitized >332% 

Lack ot wetting Cured l% 
Pyrolyzed 202% 
Graphitized 360% 

Poor tiber b\Dldle Cured 12.5% 
Pyrolyzed 176% 
Graphitized 265% 

Weave Cured 146% 
Pyrolyzed 147% 
Graphitized 208%, 296% 
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The craek defects ·whi':'h 'iP.re detected by X-re,y radtography were also detected 
by the A.ttenusti-.::n technique ( Figu"re 34). The irregular path c.f the cracks 
through the +.hicknElSS of the specimen provide the :reflective a.rea to inter­
fere with the ult:ra.aonit! wave transmission. The in-process analysis of the 
composites ha-s also srwwn that the atten11ation and X-ray techniques generally 
yielded t.he same type or map for the next process condition (cure t.o pyrolyzed 
o:e pyroly:>..ed to graphitized). 

~.'he ultr!W:mic attenuation measm-ed from the C-ecan maps was correlated to 
the mev.sm·ed !.?parent po,-osity of th'~ ~~orcposite aystem (Jt'igure 35). In four 
L~pe•.:imena, thO!': actu.a.l attenu.!'l.tion was not determined duP- to a lack of attenu­
ation maps at th~ higher l<"<rels (indic'J.ted by e.rrows on the gre.ph). Apparent 
in the graph is the t.rend of higher a:ctenuati on corresponding to higher 
porosity. T'h~ nttt'!nua.Uon techniq,ue can p.rovtde e. means of inspecting for 
diac:.-e',·.e dit'icontinuHies and dete:rminlng material variability (porostty). 
P. posBib~_e ~:.rend in the data of the measured apparent porosity of the graph­
t:i.zed ·~omposH<!r versus the mea.sul"ed attenue.tlon on the pyrolyzed composite is 
suggested (Figure 36}. Thin indicates the usefulness of in-process quality 
control progr-am that would noudestructi'Vl!ly mea.aure properties on a pyrolyzed 
compoei te ~J.1o. rc~ lP..te them to the final p:rocessed product. 

The u.J.t:ra.:~on.:i.c attenuation vas found to increase with freql.l~ncy. However, 
the relative differences between no-intentirJtHl.l and defective material were 
essentially constant ,.,,Tel" the frequency rmge of o. T to 5.0 MHz. This makes 
th~~ selcctJ.on or a.'l operating fre'luency for material uniformity monitoring 
less cri ti r~al for the attenuation technique. The operating frequency will b~ 
shewn to be veey critical tn the velocit.y technique. 

'!.'1:1e tutraso~j.c ;pulee-echo .J.echnique V!!.R also evaluated as a method for defect 
~~tection in the carbc~-carbon composit~~. The equipment used in the pulse­
ed'.io tel~hnique (Figure 37) utili.zed an Atrtom"'l.tion Industries 725 Immerscope to 
:pulse t.he tx·ar"&sduce:rt whi.ch acts as both the transmitter and receiver. The 
BigneiJ.s wre1"' monitored or gsted 82 sn increase in defect signal indications 
bet'W·een tl'~e :.":rcn.t e.nd b~,ck sur:t'a.ce re flectit:>ne. The writing current for the 
Alden l:H:·t w:t J~ .r~co:rder wB.S ewi tc:hed on or off by the signal height of the 
de !~ct in a~, oa'ti on. 

An i!'lfalue.tion V.f\fl conducted to select the transducer for the pulse echo study. 
Th:!.B tJva.lu.a·.-ion was baaed on the defect sensitivity response from a test stan­
dard of C\l't'ed VYB 70 1/2 - SCl008 composite. From the results of this study 
(Referenc-e 1), a 3/8-:inch diameter, focused transducer was selected over a 
t'lnt. 3/0-inch dhmet~tr tre.nao.uce:x• because of its narrower front face blind 
zcne (a.p:pro:"ima.tely 0.025 inch as cornpared to 0.033 inch) and the slightly 
better oofect uenaithity (Figu.l."e 38). It was found that the general level 
of nd.s~ !l'Ol'r. th~ composites vas leaR vith the focuaed transducer. 

'l'he select.e~ f'ocused t:ransduc~r VM characterized by the sound beam profiling 
techniq~ (Rn~e:t'f.mce 1). In orc1er to pl'operly employ a focused transducer for 
eva.luaUng matoeda.ls, the focal point e.."l.d focal zone in water of the transducer 
must be knmm tn dete:rmin':!l co:!'r.cct wate...- d:l.staru:es to be 1.1aed. The focal point 
vas :ietennined to b!' 1 .. 3 in.cl::.ea with a frequency ot 2.86 MH~ ~d a damping 
!Mtor •Jt 3.0. 
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Front and Back Surface 
Indications for No­
Intentional-Defect 
Area using 3/8-Inch 
Focused Transducer 

3/16-Inch Flat-Bottom 
Hole Defect Response 
Using 3/8-Inch Focused 
Transducer 

3/16-Inch Flat:Bottom 
Hole Defect Response 
Using 3/8-Inch Flat 
Transducer 

Figure 38. Comparison of Pulse-Echo Responses for Focused and Flat Transducers 
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The optinr...tm location of the transducers focal point vi th respect to the speci­
men for the highest defect sensitivity was deter'l!';i.ned asing the same ultra­
sonic standards employed for the attenuation study. A comparison of the 
pulse-echo results to the through-transmission data shot•red that the through­
transmission technique was more sensitive as t.o minimum size detectable defect 
than the pulse-echo technique (Reference 1). 'l'he accuracy of reproducticn of 
defect size for the pulse-echo techni.q_ue was fairly good for an ideal case of 
a flat bottom hole with normal orientation. When a defect was at an angle to 
the normal 8lld/or round bottomed, the pulse-e•.:ho technique was elther not 
capable of detecting the defect or it grossly a."1derestimated the defect size 
(0.188-inch, angled~ round bottom hole by 79 percent}. In composite materials, 
the defects encountered are expected to possess e. radius of curva1:ure. conse­
quently the round bottom hole mey mor·e closely Bir:!'J~a.te the defecta of interest.. 

The application of the pulse-echo techniqu.e to the pyrolyzed and graphitJ.zed 
VYB 70 1/2 - SCl008 composites was not successful in detecting the il2tentional 
defects (Table XI). The pulse-echo technique did. not det,~d the d~la..."'l.1.nation 

defect during the in-proeess analysis; however, it did detect it in a machined 
standard. Using the machined ultrasonic test ::;tano.ard of the graph:i.ti zed 
VBY 70 1/2 - SC1008 ~omposite containing the delamJnation dc,f<:e:t, the effect of 
frequency on the pulse-echo and through-transm:i.ssLm techLi ques was evaluated. 
The pulse-echo technique detected the delamination def'~('t at an operating 
frequency of 2.25 MHz, but not at 5.0 MHz (Figur-:! y;). H11.ny extraneous defect 
indications on the pulse-echo map made interpretation of the 5.0 MHz pulse-echo 
map very difficult. However, the through-transmission technique detected the 
delamination defect at both frequencies. 'l'he increase tn Oj)erating frequency 
for the pulse-echo technique P.etua.lly reduced the limits of detection for this 
defect. 

The lack of defect sensitivity of the pulse-echo technique and the sensitivity 
of this technique to specimen surface roughness as compared to the attenuation 
technique suggested that the application of this technique to the other Lrrli­
directional composites be discontinued. However, the pulse-edt() technique 
mey be applicable to higher density composites. 'l'his fact ~.vill be discussed 
in the multidirectional composite section. 

5.1.2 VYB 70 1/2 - Pitch 

The VYB 70 1/2 - coal tar pitch composites were evaluated or: an :l.n-process 
basis using the radiographic and ultrasonic techniques. 'l'he in-process anal­
ysis was conducted after impregnati.on, pyrolysis 9 and graphitization. The 
ultrasonic techniques included through--transmission attenua.ti.on and veloci t.y 
measurements. Pulse-echo C-scan mappjng vas not employed due to the marginal 
results obtained from the SC1008 composite system. RacUograpllic tecnniques 
included both X-ray and neutron radiography. 

The as-impregnated coa.r tar pitch composites were examined by the X-ray radio­
graphy and ultrasonic velocity measurement techniques, 'l~he X-ray radiographic 
parameters for the as-impregnated VYB 70 l/2 ·• pitch CO!ilposites were optimized 
to 20 Kv, 10 ma, 360 sec, 24-inches fil:m-to-for.al spot distance. The X-ray 
radiographs of two specimens, one containing a crack a.n.ci the othe:t having a 
complete separation into two hal vee, are shmm in Figure ~() be .for<:~ 11.n~t after 
pyrolysis. The examination of the composite after pyrolysL; s!1c-w-::::!. that even 
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Figure 39. Ultrasonic Pulse-Echo and Through-Transmission Attenuation C-Scan 
Maps of Graphitized VYB 70 1/2-SClOOS Composite Containing a 
Delamination Defect 
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the grossest defect, complete separation of the specimen into two halves, could 
be healed upon pyrolysis due to the fluid nature of the pitch during the ini­
tial stages of the cycle. Due to this chan~ in defect structure which occurs 
with the as-impregnated unidirectional pitch composites, further analysis of 
the as-impregnated unidirectional composite was not considered necessary. 

An attempt was made to measure the ultrasonic longitudinal velocity in the 
as-impregnated composite by the through-transmission technique previously 
described. Due to significant amounts of pitch on the surface of the compos­
ite, measurements were extremely difficult to make with any degree of accuracy. 
The only wa:y reliable measurements could be made was if the pitch, which was 
required for proper processing, was removed. However, this resulted in damage 
to the specimen. Therefore, further evaluation of the ultrasonic longitudinal 
velocity techniques for the as-impregnated composite was discontinued. 

X-ray Radiography 

X-ra¥ radiographs were taken of all pyrolyzed and graphitized specimens through 
the thickness direction. The parameters used for the pyrolyzed condition were 
(using Type M Film): 

Voltage - 20 kv 
Amperage - 10 ma 
Film Focal Distance - 29 in 
Time - 180 sec 
Screen - .oo4-in polyethylene 
Resulting Film Density - Approximately 3.0 

and for the graphitized condition 

Voltage - 18 kv 
Amperage - 10 ma 
Film Focal Distance - 29 in 
Time - 180 sec 
Screen - .oo4-in polyethylene 
Resulting Film Density - Approximately 3.0. 

Using a slotted X-r~ standard (previously described) of VYB 70 1/2 - pitch 
composite the sensitivity was determined to be 0.5 percent based on a speci­
men thickness ot 0.100 inqhes. 

The X-~ radiographs of these pyrolyzed samples detected the line defects, 
cracks, which occurred in all the specimens. It was not possible to dif­
ferentiate the lack of wetting and small void specimens trom the no inten­
tional detect specimens. The weave detect was easily detected by the X-ra:y 
radiography. The delamination detect was detected in one ot the tour com­
posite panels which contained this detect. Upon graphitization the X-ray 
radiographs contained similar information as on the pyrolyzed composites. 
A summary of detect detectability tor the pyrolyzed and graphitized 
VYB 70 1/2 - pitch composites is contained in Table XIII. 

Selected pyrolyzed and graphitized VYB 70 1/2 - pitch and VYB 70 1/2 - SCl008 
composites were used to evaluate the usetulness ot neutron radiography as an 
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Table XIII 

SUMMARY OF APPLICABLE NONDESTRUCI'IVE TEST TECHNIQUES 
FOR THE VYB 70 1/2 - PITCH COMPOSITE SYSTEM 

Defect Condition 

Small Void Pyrolyzed 
Graphitized 

Lack of Wetting Pyrolyzed 
Graphitized 

Delamination Pyrolyzed 
Graphitized 

Weave Pyrolyzed 
Graphitized 

(1) Detected in two of four panels 

(2) Detected in one of four panels 

X-Ra.y 

No 
No 

No 
No 

No( 2) 
Yes 

Yes 
Yes 

Ultrasonic 
Attenuation Velocity 

No Yes 
No No 

No (l) Yes 
Yes Yes 

Yes Yes 
Yes Yes 

Yes( 3) Yes 
Yes Yes 

( 3) Detected as gross nonuniformity in center of panel although 
attenuation value less than no-intentional-defect panel. 
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evaluation method (Reference 1). This technique was similar to X-ray radio­
graphy in that a test specimen was exposed to radiation to achieve an image 
of the object on film. The fUndamentals of neutron radiography are well 
documented (Reference 7) and will not be discussed in detail. The evaluation 
of the neutron radiographs included a direct comparison to the results obtain­
able with X-r~ radiography and also included an evaluation of neutron­
absorbing doping agents. The neutron radiography was conducted at the General 
Electric Vallecitos Nuclear Center at Pleasanton, California, and monitored 
by MDAC personnel. 

A direct exposure technique was used to record the image of the object by 
using a 0.0005-inch gadolinium screen which is a prompt emission material 
(little tendency to become radioactive). This screen was placed behind the 
film such that there was a source-object-film-screen arrangement. This ar­
rangement was used so that the film was in direct contact with that side of 
the screen which emits the low energy gamma rays. The emulsion side of the 
film was in direct contact with the gadolinium screen. The film used was 
Eastman single emulsion Type R which has a very fine grain size. The expo­
sure time was 25 minutes. 

The possibility of obtaining greater contrast and definition by temporarily 
impregnating or diffusing into the composite a strong neutron absorber was 
evaluated. The two doping agents selected for evaluation were paraffin 
(high hydrogen content) and gadolinium nitrate, Gd2(No

3
)
3

• 

Prior to conducting the neutron radiography all test samples were X-ray 
radiographed using the optimized conditions. Reviewing the X-r~ and neu­
tron radiographs indicated that the undoped samples were of inferior quality 
to that of the X-r~ radiographs of the VYB 70 1/2 - pitch and VYB 70 l/2 -
SCl008 composites. The sensitivity of the neutron radiographic technique for 
the pyrolyzed SCl008 composite was found to be approximately 4.2 percent using 
the same slotted standard as used in the X-r~ study. Recalling that the sen­
sitivity for the optimized X-r~ technique was 0.5 percent, it is apparent that 
the X-r~ technique was considerably more sensitive. It is important to note 
that the neutron radiographs were not optimized for best exposure parameters 
(time) and consequently the density of the resulting negative was relatively 
low. 

The other pyrolyzed SClOOB standards containing specific defects which were 
used in the X-r~ study were also evaluated in this neutron radiographic 
analysis. Generally the results indicated that the neutron radiographs of the 
undoped standards were of inferior quality to the X-ray radiographs. Two de­
fects which were detected in the X-ray study and not in this study were weave 
irregularities and noncarbonaceous impurities. The latter was as expected 
since the silica used for impurity has a much loyer absorption coefficient than 
carbon. 

The paraffin-doped pitch composites compared favorably to the X-ray radiographs 
in the amount of detail present. The neutron radiograph of the Gd2(N03)3-doped 
specimen had extremely high density which necessitated making an extraction. 
This was done by exposing the negative to ordinary light and obtaining a re­
verse image negative. The examination of this negative was disappointing in 
that the dopant actually reduced the detail obtainable. This was due to the 
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fact that the Gd2(N03)3 which was present in the large crack essentially washed 
out the image of the small cracks adjacent to the larger one. However, when a 
positive print was made of this negative, a significant amount of detail was 
obtained which was better than that contained in the X-ray radiographs (Refer­
ence 1). 

The results of the neutron radiography indicated that there was not a major 
improvement over X-ray radiography for evaluation of the unidirectional 
composites. The evaluation of weave pattern irregularities was best accom­
plished by X-ray radiographic methods. Neutron radiography did provide some 
additional information on the composite uniformity when the Gd2(N03)3 dopant 
was used. However, this slight improvement was obtained only with the best 
dopant (based on absorption coefficient available). From this standpoint, 
the technique would be limited in use on production hardware since it is not 
known at this time how well the doping material can be removed from the com­
posite or what effects residual doping material might have on composite 
performance. Further, the most efficient sources of thermal neutrons are 
reactors, and large structures would be difficult to handle if they were to 
be evaluated by neutron radiography. 

Ultrasonic Velocity 

The longitudinal velocity measurements (at 1.6 MHz) on the pyrolyzed VYB 70 1/2 
- pitch composites which contained the intentional defects had slightly lower 
velocities than those specimens without intentional defects (Figure 41). In 
the graphitized condition the velocity measurements (at 0.8 MHz) were sensitive 
to the presence of all defects except the small voids. The no-intentional­
defect-specimens, were processed under a different processing procedure from 
the other composite specimens as described in Section 3.1. It is possible 
that the grapitized pitch bincer properties were of such a significant differ­
ence that they out-weighed the 6 percent increase in porosity for the small 
vold specimens. The mechanical test results (Section 6.0) on these specimens 
indicated a higher strength associated with the graphitized small void speci­
ments which corresponded to the high velocity. However, the mechanical test 
results indicated that a similar increase in velocity should have been observed 
for the pyrolyzed specimens. These results indicate that the processing condi­
tions have an important effect on the velocity results. If processiP-G cvndi­
tions are changed, absolute values of velocity can be misleading when compared 
to material processed under different conditions. 

The loneitudinal velocity of the pyrolyzed and graphitized composites increased 
with increasing density (Figure 27). This trend was attributed to an increase 
in the porosity of the composite (Subsection 5.1.1). The densities varied over 
a range of approximately 9 percent which corresponded to a 20 percent range in 
velocity. Again, the dependence of velocity or density suggests its use in 
screening low density carbon-carbon composites. 

The ultrasonic longitudinal velocity was measured as a function of frequency 
for the no intentional, small void and lack of wetting defects. The through­
transmission technique as previously described was used. As with VYB 70 l/2-
SCl008 unidirectional composite system, a frequency dependence of velocity 
existed (Figure 42). The figure indicates a difference between the velocity 
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of the no-intentional and defect specimens at all frequencies over the range 
0.7 to 5 MHz. Measurements could not be made at higher frequencies due to 
the attenuation present. 

The frequen~ dependence of velocity for the VYB 70 1/2 - pitch system was 
significantly different from the VYB 70 1/2 - SC1008 system. At 2.5 MHz the 
measured velocities were significantly different for each defect group as 
opposed to being equal in the VYB 70 1/2 - SC1008 system. The difference in 
the frequency-velocity relationships and the magnitudes of the velocity for 
these two systems (same yam but different matrices) may be attributed to 
the significant difference in pore structure which existed between these two 
systems. In Section 4.0, the pitch system was shown to have a lower porosity 
level and a significantly different pore distribution from the SC1008 system 
as shown by the porosimeter data. The voll.DDe fraction of VYB 70 1/2 yarns 
was approximately the same for both systems. These facts suggest that the 
binder system in a composite (and the processing procedures) plays a signifi­
cant role in determining the measured ultrasonic velocities. These differ­
ences will also be shown to affect the mechanical properties in Section 6.0. 

The selection of the operating frequency depended upon which defect groups 
were to be screened. Pyrolyzed and graphitized no-intentional defect speci­
mens can be separated from the other defect groups most confidently at approx­
imately 2 MHz. As can be seen from Figures 29 and 42, this selection was not 
as critical as with the VYB 70 1/2 - SC1008 composites. 

The 2 MHz frequency could also be used to select the small void specimens. 
However, this selection can not be arbitrary for, at 5 MHz, one could not 
confidently screen the lack of wetting defect from the small void. The 
importance of having the capability of screening these defect groups will 
become important when the strengths associated with each group are examined. 
The point of having the capability of screening the small void specimens was 
emphasized due to the higher strengths achieved with these autoclave-processed 
specimens (Section 6.o). 

Figure 42 also shows the decrease in velocity upon graphitization as in the 
SC1008 system. As previously explained, this was attributed to the change in 
porosity and modulus of the composite materials. The possible introduction of 
material discontinuities into the composite system was not considered to be 
the cause of the change in velocity because the wavelength of the ultrasound 
at these frequencies (0.8 mm at 2.5 MHz and 0.4 mm at 5.0 MHz) is an order of 
magnitude greater than the maximum size discontinuity present (0.02 mm). Thus, 
the ultrasonic wave "saw" the composite as a macroscopically homogeneous mat­
erial rather than an inhomogeneous material containing many discontinuities. 

Ultrasonic Attenuation 

Ultrasonic attenuation measurements were made by the immersed through-trans­
mission technique. Ultrasonic test standards, 0.100-inches thick, containing 
a o.o64 and 0.032 inch diameter flat bottom hole 0.050 inches from the top 
surface were fabricated from the pyrolyzed and graphitized composites. The 
o.o64-inch diameter hole was detected in both the pyrolyzed and graphitized 
composites; however, it was not possible to detect the 0.032-inch diameter hole 
in either condition. These test standards also contained three 0.064-inch 
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diameter holes 0.200 and 0.150 inches apart (center to center). At the 
0.150-inch distance, the individual holes could not be identified, that is 
they were detected as one large defect. A 0.064-inch diameter hole placed 
0.150 inch from the test standard edge was not discretely identified. 
Although the defect was detected, it could not be separated from the edge. 
The resolution between two artificial defects in this composite system was 
0.200 inch. 

The analysis of the attenuation C-scan maps of the VYB 70 1/2 - pitch compos­
ites indicated that it was difficult to differentiate between the intentional 
defect and the no-intentional-defect specimens. The attenuation values for 
each composite panel are summarized in Figure 43 and Appendix I. The main 
reason for this lack of differentiation is the high attenuation of the no­
intentional-defect specimens. These specimens were processed differently 
from the defect specimens (Section 3.1). Differences in porosity and fiber­
matrix bonding are probably the cause of this higher attenuation. The C-scan 
maps of the pyrolyzed panels indicated the weave and delamination defects as 
a higher attenuating area in the center of the panel. Porosity present in 
the weave defect specimen accounts for the high attenuation, rather than the 
weave defect itself. 

Upon graphitization, the attenuation of the specimens increased although the 
results and interpretation of the maps were the same for all specimens. The 
smaller increase in attenuation after graphitization as compared to the 
SC1008 system was attributed to the significantly different porosity levels 
and pore distribution which existed between these two systems. The atten­
uation of a material may not only affected by the porosity level but also by 
the pore size distribution. 

In only one case did a defect, small void defect in graphitized condition, go 
undetected by the three nondestructive testing techniques (X-ray radiography, 
ultrasonic attenuation and velocity) initially employed on the composite 
panels (Table XIII). However, as will be discussed, the ultrasonic longitudi­
nal velocity measured on the graphitized mechanical test coupons showed a dif­
ference between no-intentional-defects and the small voids. 

A comparison of the measured total porosity and the ultrasonic attenuation of 
the VYB 70 1/2 - pitch composite specimens processed under different conditions 
is made in Table XIV. In the VYB 70 1/2 - SC1008 system, a trend between po­
rosity and attenuation indicated higher attenuation corresponding to higher 
porosity. A similar trend exists between the porosity and attenuation data 
on composite specimens processed under the same procedures (Figure 44). The 
no-intentional defect specimens do not follow the same trend as the other 
specimens. Again, this points out the significant di~erence that can exist 
in the NDT data between specimens processed under different conditions. 

Specimens were selected from the pyrolyzed VYB 70 1/2 - pitch composite system 
to evaluate a multi-level or half tone recording system. This system provides 
an indication of several attenuation levels on one map by having shading grad­
ation between the normal "on - off" condition. In order to assess the poten­
tial for such apparatus, contact was made with Automation Industries in 
Chatsworth, California, and arrangements made to use the Automation "half 
tone" recording system to evaluate its applicability to through-transmission 
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Table XIV 

ULTRASONIC ATTENUATION~AND POROSITY OF 
VYB 70 1/2 - PITCH COMPOSITE SPECIMENS 

Condition 

Pyrolyzed 
Graphitized 

Pyrolyzed 
Graphitized 

Pyrolyzed 
Graphitized 

Total 
Porosity, 

6.1 
11.5 

11.8 
15.1 

14.8 
19.6 

(1) Pressure pyrolysis cycle 

(2) Autoclave pyrolysis cycle 
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attenuation measurements. The equipment employed was a Model UM721 ref'lecto­
scope with a lON Pulser Receiver, and Fast Transigate and Transigraph Modules. 
The tank, bridge, recorder, and transducers were all MDAC equipment which have 
been used for all previous attenuation mapping work. 

Specimens lOB was C-scan mapped by both the halt-tone and normal on-of'f' record­
ing methods. The maps of' this specimen are compared in Figure 45. The halt­
tone recording maps provided usef'ul information on panel uniformity. However, 
discrete discontinuity detection may be more difficult with this method than 
with the on-of'f' method. Small discrete detects ma;y be minterpretable or lost 
in the di f'terent shadings. Possibly, a combination of' these two methods may 
prove use f'ul. 

The attenuation maps of' three groups of pyrolyzed specimens indicated that the 
uniformity of' the composites were drastically different depending on the loca­
tion of' the specimen in the processing fixture. It was f'otmd that the atten­
uation values of' the specimens more than doubled f'or the two locations. Sinc.e 
the attenuation of' a material ma;y be related to the amount of' porosity present, 
it was possible that one location caused an excessive amount of porosity to 
occur. This lead to an investigation of' this processing condition and subse­
quent changes in procedures. This case in particular indicated the usefulness 
of' applying NDT techniques during a process development program to aid in 
evaluating the composites. 

Ultrasonic attenuation maps and X-ra;y radiographs of' flexure-tested composites 
were correlated to the microscopic evaluation of' the material. In order to 
evaluate the flexure test specimens under the condition of' first load-carrying 
failure, the flexure tests were stopped shortly after the first peak in the 
load-deflection curve. The X-ra;y and through-transmission data complemented 
one another in that the X-ra;y technique was most sensitive to defects parallel 
to the X-ra;y beam while the through-transmission technique was most sensitive 
to those detects perpendicular to the ultrasonic beam. A positive print of' 
the X-ra;y radiograph of' specimen 1A3 is shown in Figure 46. The portion of' 
the X-ra;y print which corresponded to the area of' the specimen to be sectioned 
and microscopically evaluated was photographically enlarged by 4X. Due to 
this enlargement process, the darker areas are of' low density. At locations 
1, 2, and 3, the negative reveals lines of' lower density. These lines should 
appear as vertical lines on the micrograph of the edge view. These lines have 
been correlated to cracks present in the composite edge view as seen in 
Figure 47. The through-transmission C-scan map (Figure 47) indicates that 
areas 1 and 2 had a much greater attenuation than area 3. It was expected 
that areas 1 and 2 will have a larger size and number of' horizontal cracks 
through the specimens than area 3. Upon examination of Figure 47, this was 
seen to be the case. Unlike the X-ra;y radiograph where single irregularities 
are detectable, the through-transmission attenuation method will at times 
rely on the integration of' a number of' detects to yield a speci fie attenuation 
level or map. 
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5.1.3 Modmor II- Pitch 

X-ray RadiographY 

X-ray radiographs were taken of all pyrolyzed and graphitized Modmor II - pitch 
unidirectional specimens through the thickness direction. The parameters used 
were voltage - 17 kv. current - 10 ma. film-to-source distance - 29 inches. 
screen - .004-inch polyethylene. and time - 178 seconds (pyrolyzed condition) 
and 150 seconds (graphitized condition). The sensitivity of the X-ray radio­
graphic technique was determined to be 0.5 percent using a slotted standard. 
The X-ray technique was only capable of detecting the weave and crack defects 
within the pyrolyzed and graphitized composites. A summary of defect detect­
ability for the pyrolyzed and graphitized Modmor II - pitch composites is con­
tained in Table Y::Y. 

Ultrasonic Velocity 

The ultrasonic velocity of the pyrolyzed Modmor II composite panels (at 
1.6 Wiz) showed a decrease for the small void and lack of wetting defects 
(Figure 48). It was not possible to distinguish the weave defect from these 
measurements. In the graphitized condition. the velocity measurements (at 
o.B MHz) for the no-intentional-defect-specimens were actually less than that 
of the defect specimens. The no-intensional-defect specimens had a higher 
total porosity. approximately 8 percent. than the lack of wetting or small 
void detect specimens. Increases in total porosity of a material are usually 
associated with a decrease in ultrasonic longitudinal velocity. Therefore. 
it can only be sug~sted that another material property is affecting these 
results of the graphitized Modmor II - pitch composites. 

Defect 

Small Void 

Table ~ 

SUMMARY OF APPLICABLE NONDESTRUCTIVE TEST TECHNIQUES 
FOR THE MODMOR II - PITCH COMPOSITE SYSTEM 

Condition X-Re,y Attenuation 

Pyrolyzed No No 
Graphitized No No 

Lack of Wetting Pyrolyzed No No 
Graphitized No No 

Weave Pyrolyzed Yes 
(1) 

Yes(l) 
Graphitized Yes Yes 

Cracks Pyrolyzed Yes Yes 
Graphitized Yes Yes 

Ultrasonic 
Velocity 

Yes 
Yes 

Yes 
Yes 

No 
No 

No 
No 

(1) Detected in two of five panels as a higher attenuating area. 
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As with the other unidirectional systems, bulk density (water immersion) of 
the composite was related to the longitudinal velocity (Figure 27). The trend 
for the pyrolyzed system was similar to that obtained for the VYB 70 1/2 -
SC1008 and VYB 10 1/2 - pitch systems, that is higher velocity corresponding to 
higher density. However, an exception to this trend was found for the graphi­
tized Modmor II - pitch system. This anomalous result was directly opposite to 
that observed for the other systems and is not completely understood. 

The ultrasonic longitudinal velocity was measured as a function of frequency 
on selected Modmor II - pitch samples representing no-intentional and small 
void defect groups. The measurements were made by the through-transmission, 
technique from 0.8 MHz using the time delEcy to the peak of the initial cycle. 
The data s~sted that the velocity was frequency dependent (Figure 49). 
The frequency dependence of velocity was different from that obtained for the 
VYB 10 1/2 - SC1008 composite. In the VYB 70 1/2 - SC1008 composite system 
no significant difference existed in the velocity values for the various 
specimens at 2.5 MHz and a large difference existed at 0.8 MHz. In the 
1-bdmor II - pitch system, the velocity values for the small void and no­
intentional de feet specimens were very close at 0. 8 MHz while at 2. 5 MHz a 
large difference existed. Therefore, the selected operating frequency for 
screening of .Modmor II - pitch composites was different from the VYB 10 1/2 -
SCl008 system. 

On comparing the floequ.ency dependence graphs of the two pitch systems, it is 
seen that the trends are similar. A difference does exist in the magnitude of 
the velocity and in the precise shape of the curve in the 0.5-1.5 MHz region. 
This difference was believed due to the difference between the VYB 10 1/2 and 
Modmor II yarn properties and the slight difference in pore structure between 
the two systems. 

Ultrasonic Attenuation 

Attenuation measurements were made by the immersed through-transmission 
(focused transmiter - collimated receiver) method an the pyrolyzed and graphi­
tized composites (Figure 50). The ultrasonic attenuation values of the weave 
defect containing specimens were higher than the no-intentional-defect speci­
mens in the pyrolyzed and graphitized conditions. This was due to a local 
increase in porosity due to the weave irregularity. 'l'he small increase in 
attenuation after graphitization • as compared to the SCl008 systems, was again 
attributed to the differences in the porosity level and pore distributions 
(Section 4.0). Direct comparisons for the attenuation values tor the small 
void and lack-of-wetting-defect specimens to the no intentional-defect speci­
mens .were not possible because the attenuation maps of the defect specimens 
were made with a ver,y rough specimen surface as compared to the no-intentional­
defect specimens. The attenuation maps showed narrow strips of high attenua­
tion areas which corresponded to irregular cracks through the thickness of the 
specimens. These differences in surface condition therefore prohibited the 
correlations ot attenuation with porosity for this composite system. 
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5.1.4 Ultrasonic Transverse Velocity 

The characterization of the unidirectional composites also included transverse 
(shear) wave velocity measurements on selected control specimens. The shear 
wave velocity measurements were made at 0.5 MHz using a 0.5 MHz one-inch dia­
meter transmitter with a 2.0 MHz one-half-inch diameter crystal bonded to a 
three-inch long, one-inch diameter aluminum buffer rod for the receiver. 
Both transducers used a polarized lead-zirconate-titanate element. The buffer 
rod was used to separate the longitudinal and shear wave components of the 
received signal. This eliminated the difficulty in measuring the shear wave 
component delay (arrival) time which was caused by a longitudinal wave mode 
arriving at approximately the same time as the shear wave component. A water­
soluble, high-viscosity couplant was used to couple the transducers to the 
vinyl-coated specimens. The shear velocity measurements were made in the 
transverse (thickness) direction with the polarization directions parallel 
end perpendicular to the fiber direction. A shear velocity measurement was 
made on the quartz standard to establish a level of confidence. The measured 
shear velocity of 1.49 x 105 in/sec compares to the value of 1.48 x 105 in/sec 
given in Reference 3. 

The shear wave velocities were generally higher for the no-intentional-defect­
composite-specimens (Table XVI and Figures 51-52). One exception is the shear 
velocity polarized perpendicular to the fiber direction for the pyrolyzed 
composites containing small voids which was higher than the velocity for the 
no-intentional-defect-specimP.ns. The shear wave velocities polarized perpen­
dicular to the fiber direction (V66*) were consistently less than those par­
allel to the fiber direction (V44*). For an ideal unidirectional composite 
with good transverse properties, V66 should be greater than V44• The shear 
velocity V66 is proportional, in part, to the transverse extensional modulus, 
whereas the shear velocity V44 is proportional to the in-plane shear modulus. 
The lower shear velocity in the transverse plane (V66) suggests that the 
transverse modulus for these composites is low. One possible explanation for 
the low transverse properties is that the basal planes of both the matrix and 
fibers are oriented parallel to the fiber direction such that their weakest 
direction is in the transverse direction of the composite. 

A comparison of the transverse velocity versus the longitudinal velocity mea­
surements for defect detection is summarized in Table XVII. The results do not 
indicate any advantage of using shear wave velocity measurements over the 
longitudinal velocity measurements for defect detection. 

5.2 Multidirectional Composites 

The multidirectional composites evaluated by the nondestructive techniques 
included the 0.500-inch thick DACLOCK 120 (Dl20) and 1.0-inch thick orthogonal 
flat goods, the 1.0-inch thick (wall) woven cylinder, end a 4.0-inch thick AVCO 

* The notation here corresponds to that used for the elastic stiffness 
1/2 constants for a material with hexagonal symmetry [v66 = (c66/p) , 

v44 = (c44/p)l/2]. 
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Table XVI 

SHEAR WAVE VELOCI'l'I MEASUREMENTS 

Shear Velocity, 105 in/sec 
Parallel to Perpendicular to 

Material. Szatea Spec bien De:tect Cc:mdition Fibers Fibers 

VIB 70 1/2 - SC1008 31C llo-Intentional. 17rol7zed 0.678 0.467 
lliA Graphitized 0.736 0.420 

26A Small Void P)rrolyzed 0.665 0.482 
26C Graphitized 0.629 0.328 

27C Large Void 17rol7zed 0.594 0.438 
27D Graphitized 0.613 0.317 

cD 
N 

VYB 70 1/2 - Pitch 12B llo-Intention&l P)rrolyzed 0.920 0.613 
13 Graphitized 0.178 0.448 

21D Small Void 17ro1Yzed 0.852 0.659 
22B Graphitized 0.691 0.466 

6c Lack o:t Wetting Pyr<lyzed 0.767 0.570 
5B Graphitized 0.669 0.393 

Moclllor II - Pitch 2-3 llo-Intentional. Pyrolyzed 0.750 0.474 
2-5 Graphitized 0.705 0.325 

14D2 Small Void P)rrolyzed 0.643 0.498 
14C Graphitized 0.609 0.375 
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Table XVII 

PERCENTAGE CHANGE IN VELOCITY MEASUREMENTS* 

System 

!2ro!zzed Graphitized 

Defect Orientation %vT %vL %vT %vL 

Small Void Parallel -2 -8 -15 0 Perpendicular +3 -20 
VYB 70 1/2 - SC1008 

Large Void Parallel -12 -10 -17 -7 Perpendicular -6 -25 

Small Void Parallel -7 -4 -11 +2 Perpendicular +7 +3 
VYB 70 1/2 - Pitch 

Lack of Wetting Parallel -17 -18 -14 +15 Perpendicular -7 -12 

Small Void Parallel -14 -10 -14 +15 Perpendicular +5 +15 
Modmor II - Pitch 

*Percentage change with respect to no-intentional-defect specimen velocity. 



MOD III billet. The DACLOCK 120 and orthogonal composite materials were 
evaluated in the as-woven, impregnated and pyrolyzed, and graphitized condi­
tions. The combination or nondestructive analysis techniques, ultrasonic 
attenuation and velocity and X-~ radiography, were able to detect the in­
tentional discontinuities of interest (Table XVIII). 

5.2.1 DACLOCK 120 X-Ray RadiographY 

Low voltage X-rar radiographic techniques were applied to the as-woven Dl20 
multidirectional fabric. The study included the selection or radiographic 
parameters to obtain satisfactory sensitivity and definition or weave detail. 
The voltage or the X-rar beam was varied to measure the lowest voltage (beam 
energy) consistent with practical operating times. The source-to-film dis­
tance was varied in an air atmosphere. In general, the greatest distance 
practical would be the best tor maximum image sharpness but would be offset 
by increasing air scatter or the low energy end or the X-ray beam spectrum. 
It was found that image sharpnesa increased as distance increased from 24 to 
29 inches (due to improving geometric shaTPness), but with turther increase 
in the distance, image sharpness was slightly reduced (due to increased air 
scatter). 

Three types or film, Kodak R, M, and AA, were examined. The improvement in 
image definition using bare type R film was marginal. The type AA film re­
sulted in interior quality image definition. The selected parameters were 
30kv, 29-inch film-to-focal spot distance, 10 ma, and 180 sec giving a film 
density or approximately 3.4 using Kodak Type M tilm. 

Table XVIII 

APPLICABILITY OF NONDESTRUCTIVE TEST TECHNIQUES 
FOR DACLOCK 120 PYROLYZED MULTIDIRECTIONAL COMPOSITE 

Ultrasonic 
Defect Condition X-rq Attenuation Velocity 

Small Void Pyrolyzed Yes Yes Yes 

Lack of Wetting Pyrolyzed No Yes Yes 

Weave Pyrolyzed Yes Yes '1) Yes\ 

AI Woven Yes 

(1) Detected due to hi8her porosity associated at weave detect. 
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A helium chamber was evaluated as a means of reducing the effects of radiation 
scatter (mainly film fogging and loss of contrast). The chamber was filled 
with helium gas to one atmosphere to replace the air between the X-ray source 
and the film. The scatter from helium is only 1.5 percent of that experienced 
with air. The results of these studies showed that improvement in image def­
inition was negligible (Reference 1). The use of screens for the removal of 
low energy, air-scattered X-rays was evaluated. At the condition of 29 inches 
of air path for the beam, it was found that a sheet of polyethylene (0.008-inch 
thick), when placed directly over the sample, did effectively improve image 
sharpness and radiographic sensitivity (Reference 1). 

The application of X-ray radiography to the as-woven multidirectional flat 
goods has shown that X-ray negative indications can be directly related to 
weaving irregularities present within the fabric. It has been demonstrated 
that this technique, when employed by a weaver, can greatly reduce the number 
and frequency of defects occurring (Reference 8). Specific X-ray radiographic 
indications were correlated to the actual irregularities by sectioning the 
woven fabric which had been cast in a clear resin, and visually observing the 
irregularities. These results are discussed in detail in Reference 1. Figure 
53 shows the most pronounced weave irregularity found, broken yarns which pro­
truded straight up through the fabric. These broken yarns appeared on the 
X-ray radiograph as large dark spots. Other broken yarns, which were shorter 
(and possible slanted), were not detected on the radiograph. 

The X-ray radiographic analysis of the Dl20 fabric after the various process­
ing steps (after the initial impregnation and pyrolysis steps, first graphi­
tization, final impregnation and pyrolysis steps and again after the final 
graphitization) detected the weave defects which were initially observed in 
the as-woven condition and those areas which did not receive a thorough impreg­
nation. It was not possible to detect the lack of wetting defect. The ability 
of the X-ray radiographic technique to detect areas of matrix nonuniformities 
provides a rapid in-process technique for monitoring the impregnation steps. 

~be X-ray radiographs after each processing step were very similar (Figure 54); 
however, as the density of the composite panels increased the ability to 
identify the weave defects became more difficult. This was particularly true 
of the no-intentional-defect specimens which received the full processing se­
quence and had the highest density. 

To determine the sensitivity of the X-ray technique, a slotted standard 
(previo~sly described) was machined from the no-intentional-defect multidirec­
tional composites after the final pyrolysis. The sensitivity was 0.8 percent 
(ability to detect a .oo4-inch defect in .50-inch thick material) with the 
following exposure parameters: 

Voltage: 27kv 
Film to Focal Spot Distance: 29 in. 
Current: 10 ma 
Time: 180 sees 
Screen: .008 in polyethylene 
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Figure 53. Photanicrograph and X-ray Radi~raph of DACLOCK 120 As-woven Fabric 
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PY:rolyzed 

Positive Prints of X-Ray Radiographs of Specimen 98-7 
Multidirectional DACLOCK 120 Before and After Three 
Impregnations and Pyrolysis (Dark areas represent 
higher density) 
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Ultrasonic Velocity 

The ultrasonic longitudinal velocities measured by the through-trans~ssion 
technique on the pyrolyzed and sraphitized DACOOCK 120 are summarized in 
Figure 55. The velocity measurements were made at 0.8 MHz tor the pyrolyzed 
and 0.5 MHz tor the sraphitized composite. The velocity measurements on the 
p,yrolyzed composites containing intentional detects were less than the no­
intentional-detect specimens. The velocity measurements were reduced by 
19 percent, 19 percent, and 17 percent tor the small void, lack ot wetting 
and weave detects. Upon graphitization, the velocity ot the no-intentional­
detect specimens decreased b,y 28 percent. As in the unidirectional composites, 
this decrease in velocity was attributed to the higher porosity ot the graphi­
tized composite. 

The bulk density as measured by water immersion was related to the measured 
ultrasonic longi~udinal velocity (Figure 56). The data indicated a trend ot 
higher velocity corresponding to higher density. A plot ot porosity as measure 
b,y mercury porosimetry versus velocity yielded similar results, higher velocity 
corresponding to lower porosity. These results strongly suggest the use ot 
ultrasonic longitudinal velocity measurements tor the selection or screening 
ot material having density variability. 

The ultrasonic longitudinal velocity through the thickness direction was also 
measured as a tunction ot frequency tor the pyrolyzed DACOOCK 120 composite. 
As in the unidirectional composites, a trequency dependence existed (Figure 57). 
The figure shows an increase in velocity ot approximately 7 percent tor all 
specimens over the 0.2 to 0.5 MHz range. Measurements could not be made at 
higher frequencies due to the attenuation present. The selection ot an oper­
ating frequency over this frequency range was not as critical as in the unidi­
rectional composites. 

Ultrasonic Attenuation 

Ultrasonic attenuation measurements were made on the multidirectional compos­
ites after the initial and tinal impregnation and p,yrolysis cycles and after 
the final graphitization. After the initial sraphitization step, the compos­
ites possessed an extremely high attenuation which prohibited C-scan mapping. 
The attenuation ot the pyrolyzed multidirectional composites were greater tor 
the detect containing specimens as compared to the n~intentional detect speci­
mens (Table XIX). As with the unidirectional composites the attenuation ot the 
pyrolyzed composites increased with increasing total porosity (Figure 58). 

A typical through-transmission attenuation C-scan map is shown in Figure 59. 
The map displays areas ot higher attenuation (dark areas) which are distributed 
throughout the panels. 

The limit ot detectability or detect sensitivity ot the through-transmission 
attenuation technique was deterndned tor the pyrolyzed multidirectional Dl20 
composite. Several holes, ranging in diameter trom 0.1 to 0.2 inches and depth 
trom 0.1 to 0.3 inches, were drilled in a 0.4-inch thick standard. Various 
transducer combinations and operating trequencies were used in C-scan mapping 
this standard (Table XX). The resulting maps indicated that a o. 5 .MHz tocused 
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Figure 55. Ultrasonic Longitudinal Velocity of Pyrolyzed 
and Graphitized DACLOCK 120 Multidirectional 
Composite 
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Figure 56. Ultrasonic Longitudinal Velocity Versus Bulk Density 
of DACLOCK 120 Multidirectional Composite 
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Table XIX 

~ENU~ION OF DACLOCK 120 MULTIDIRECTIONAL COMPOSITES 

Attenuation 
S;2ecimen Condition Defect ( dbLinl 

71 Pyro.cyzed No-Intentional 92 
72 96 
73 96 
7- 87 
75 96(93) (l) 

67 Pyrolyzed Small Void 110 
68 124 
69 115 
70 111(115) 

60 Pyrolyzed Lack of' Wetting 118 
61 124 
62 114 
63 116(118) 

64 Pyrolyzed Weave 108 
65 102 
66 115(118) 

72 Graphitized No-Intentional 92 
75 74(83) 

(1) Average value 
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Figure 58. Through Transmission C-Scan Map at 0.5 MHz of Multidirectional 
DACLOCK 120 Specimen 98-7 After Three Impregnations and Pyrolysis 
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Table XX 

TRANSDUCER COMBIHAfiON FOR THROUGH-TRANSMISSION 
ATTENUMION EVALUAfiON 

Combination Number Transmitter Receiver 

1 Focused (3-inch) Flat 
PZT-5 Collimated 
1.0 MHZ 1.0 MHz 
l-inch Diameter 3/4-inch Diameter 
Focal Point .4" 
below Top Surface 

2 Focused ( 3-inch) Plat 
PZT-5 Collima.ted 
1.0 Niz 1.0 MHZ 
l-inch Diameter 3/4-inch Diameter 
Focal Point • 3" 
below Top Surface 

3 Focused ( 3-inch) Plat 
PZT-5 Collimated 
0.5 Mil& 0.5 MHz 
l-inch Diameter 3/4-inch Diameter 
Focal Point .25" 
below Top Surface 

4 Focused ( 3-inch) Flat 
PZT-5 0.5 MHz 
0.5 Mill 3/4-inch Diameter 
l-inch Diueter 
Focal Point .2511 

belcnr Top Surface 

5 Focused ( 3-inch) Flat 
PZT-5 1.0 MHz 
0.5 1111 3/4-inch Diameter 
l-inch Diueter 
Focal Point .25" 
below Top Surface 
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transmitter - 0.5 MHz collimated receiver combination provided the best defect 
detection. The smallest defect (hole) detected was a 0.2-inch diameter, 0.2-
inch deep hole. This sensitivity was significantly lower than the unidirec­
tional composites (sensitivity was 0.032-inch diameter hole for the VYB 70 1/2 -
SC1008 and 0.064-inch diameter hole for the VYB 70 1/2 - pitch). This indicates 
the drastic effect of material thickness and weave geometry on defect 
sensitivity, 

The pulse-echo technique operating at 0.5 or 1.0 MHz was not capable of pro­
viding any useful information on these coarse weave composite samples. In 
a subsequent section the pulse-echo technique will be shown to be useful for 
evaluating fine weave-high density carbon-carbon composites, the AVCO Mod III 
material. 

5.2.2 Orthogonal Composite 

The one-inch thick orthogonally woven flat fabric was evaluated by the X-ray 
radiographic and attenuation and pulse-echo C-scan techniques after the ini­
tial impregnation and pyrolysis cycles, graphitization, and the final impreg­
nation and pyrolysis cycles. This material was fabricated without intentional 
defects to determine the applicability of the NDT techniques to thicker multi­
directional composites. The X-ray radiographs were similar after each pro­
cessing step, detecting a low density area between the yarns over a portion of 
the specimen. The radiographs were also similar to the as-woven condition in 
that the same weave defects were detected. 

The sensitivity of the X-ray technique was determined to be approximately 2.0 
percent for the 1.0 inch thick (.020 inch defect in a 1,0 inch thick material) 
composite using a slotted X-ray standard. The increase in material caused a 
substantial decrease in sensitivity. 

Ultrasonic attenuation C-scan maps were made at 0.5 MHz on the one-inch thick 
orthogonal flat goods. The attenuation maps were similar after the three pro­
cessing cycles. The maps indicated higher attenuating areas in the center of 
the specimen. After the final impregnation and pyrolysis cycles the center 
area had an attenuation greater than 33 db/in while the outer portions of the 
specimen had an attenuation of approximately 29 db/in (Figure 6o). 

An orthogonal one-inch thick standard containing artificial defects ~as evalu­
ated by the attenuation and pulse-echo techniques, Two different size flat 
bottom holes, 0.388 and 0,250-inch diameter at 0,450 inches from the surface, 
were evaluated. Using a 0.5 MHz focus (3 inch focal length) transmitter with 
0.2 ~Iz flat receiver, the 0,388 inch diameter hole was detected. A number of 
areas within the composite were highly attenuating and some equally as high as 
the 0.388 inch hole (Figure 61). The pulse-echo technique applied to this 
course weave composite was not capable of detecting either defect. Actually 
it was not possible to receive any interpretable reflected signal from the 
material. 

5.2.3 AVCO MOD III Composites 

The Air Force Materials Laboratory submitted two samples of AVCO Mod III carbon­
carbon composite for nondestructive evaluation. These billets, 4 x 4 x 7 inches, 
provided the opportunity to apply the nondestructive techniques used in this 
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0.388-Inch Hole 

Figure 61. Ultrasonic Through Transmission Attenuation C-Scan Hap 
of 1.00 inch Thick Orthogonally Woven Multidirectional 
Composite with Intentional Defects Present (Dark areas 
more attenuating). 
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program to a fine weave, thick (4-inch) composite. The results of this 
evaluation demonstrated the usefulness and applicability of the nondestruc­
tive techniques for providing detailed information on material uniformity 
and discrete discontinuities. 

X-ray radiographs were taken of all three views using the following parameters: 

Thickness view 

80 kv-voltage 
5 ma-current 

36 inches-source to film distance 
30 sec-time 
~L'ype M film 

Length view 

100 kv-voltage 
10 ma-current 
36 inches-source to film distance 
60 sec-time 
Type M film 

~~e X-ray radiographs revealed a film density variability across the thickness 
direction of approximately 20 to 29 percent for billets 715 and 709 respectively. 
The bulk density (weight-scalar) of these billets were 1.62 g/cc and 1.59 g/cc 
for 715 and 709. It was not permitted to extract samples from the billets to 
determine the actual values of density (or porosity) fluctuations which would 
be related to the film density differences. The fluctuations indicated that 
higher material density existed at the edges which decreased on approaching 
the center. The radiographs also revealed a number of line irre~1larities 
across the thickness direction of both billets (Figure 62). 

The ultrasonic through-transmission attenuation maps were made using a 3.125-
inch diameter, 1.0 MHz focused transmitter having a 10.5 inch focal length with 
a .375 inch diameter, 1.0 MHz flat receiver. The transducer was positioned so 
that the focal point was located at a depth of 1.6 inches below the top surface. 
'!'he typical through-transmission map of a billet showing rw.terial nonuniform­
ities is shown in Figure 63. The dark areas in the C-scan map refer to higher 
attenuating areas, larger amount of scattering from anomalous areas within the 
material. The C-scan maps of opposite sides of the sRme specimens were similar. 
~~e wide strip of higher attenuation in the figure corresponded to the area of 
line irregularities in the X-ray radiograph of the billet. The higher attenuat­
ing areas along the edges of the billet are due to sound beam scattering from 
the irregular corners of the billet. 

The ultrasonic attenuation values measured by this immersed through-transmis­
sion technique were between 12 and 18 db/in. This low value for attenuation 
made it feasible to apply the pulse-echo technique. The finer weave higher 
density composites as the AVCO Mod III composite may be evaluated with the 
ptuse-echo technique even though the coarser weave, lower density composites 
could not. Using a 1.0 MHz flat 1 .750-inch diameter transducer, pulse-echo 
maps were made of each side. A typical map is shown in Figure 64. Since a 
flat bottom hole could not be drilled into the billets, a standard was sought 
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Line Irregularities 

Figure 62. Positive Print of X-Ray Radiograph of AVCO Mod III 
Billet 715 
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Figure 63. Ultrasonic Through-Transmission Attenuation Map of 
Billet 709 Through View B (Recording level 65 db or 
16 db/in). 
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Figure 64. Positive Print of Pulse-Echo C-Scan Map of Billet 715 
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Front Surface 
Defect Indication 

Figure 65. Pulse-Echo Test Standard ATJ-S Graphite C-Scan Hap and 
A-Scan of 1/16" flat Bottom Hole 
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data was also taken on the mechanical test specimens to characterize the uni­
formity of the specimen with respect to the defect of interest. This data was 
then compared to the mechanical test results to determine what relationships 
existed. 

6.1 Undirectional Composites 

6.1.1 Uniaxial Tension Test Techniques 

Efforts have been devoted to establishing appropriate tension test techniques. 
The techniques being evaluated reflected a departure from standard mechanical 
test practice for unidirectional composites because of constraints imposed by 
the dimensions of the available material samples. The resulting tension mea­
surements were expected to be adequate to judge the severity of flaws and for 
comparison of the different material systems. The material samples from which 
the tension specimens were excised permitted a maximum specimen length of 3.0 
inches. The thickness of the panels was approximately 0.10 inch and the width 
of the tension specimens was limited to approximately 3/8 inch. 

The principal problem associated with tension testing of unidirectional com­
posites was that of introducing the load to the gage section in a manner that 
resulted in uniform stress without the presence of stress concentrations, 
which may cause premature failure outside the gage section. The problem of 
load introduction was made more difficult by the limitation on the length of 
the specimen. 

Load ~ be introduced by shear tractions at the surfaces of the specimen ends 
either by fraction-gripping or via bonded doublers. The doublers might be 
loaded by friction, pins, or other means. Friction loading was eliminated 
from further consideration because measurements on typical composite samples 
showed the transverse crushing strength to be too low (Reference 1). 

The use of pin-loaded bonded doublers was first investigated by applying the 
technique tc tension tests of Poco AXF 5Q grade bulk graphite specimens which 
were sized to conform to the carbon-carbon samples. The specimen configuration 
is shown in Figure 68. ~he pin-loaded doublers, which were aligned using the 
special bonding fixture (Figure 69), provided adequate load alignment. The 
results were encouraging in that the measured strengths (Table XXI) were in 
the range of data obtained with larger standard specimens of the same material 
tested with a rigid fixturing system. A 1/2-inch extensometer was used, and 
the test run at a crosshead rate of 0.02 in/min. The average tensile strength, 
7240 psi, for the bonded doubler graphite specimens was within 6 percent of 
the average tensile strength of 7700 psi, tor a standard tension specimen. 

The same specimen/doubler configuration was then used to test specimens of 
unidirectional VYB 70 1/2 - coal tar pitch composite. The tension test re­
sults are given in Table XXII. The stress-strain curves for all the specimens 
were linear to tailure. Examination of the fractured specimens (Figure 70) 
shows that failure appears to be associated with the tangent point region 
where the fillet radius meets the gage section. 

Next, some strip-style specimens (with no reduced section) excised from the 
same batch of VYB 70 1/2 composite panels were tested using the same doubler 
installation. Figure 71 shows the failed specimens; failure now seemed to 
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~gure 69. Specially Designed Assembly Fixture for the Bonding of Test 
Specimens and Doublers 



Table XXI 

TEBSIOll TEST RESULTS OF POCO AXF-59 GRAPHITE BONDED-OOUBLER SPECIMENS 

MaxiJilUIIl Stress Total Strain 
Area MaxiJIIUIIl Load at Failure at Failure Modulus 

Specimen (in2) (lb) (psi) (in/in) (106 psi) Remarks 

1 0.01755 121 6900 .0061 2.25 Large pore on 
tracture surface 

2 0.01745 130 7450 .0063 2.15 

t-J 3 0.01761 130 738o .0065 1.87 Failed at doubler-..., 
lack of adhesive t-J 



Specimen 
Type 

Dogbone Tensile 

Strip Tensile 

4-pt Flexure 

Specimen 
Type 

Strip 

Table XXII 

MECHANICAL TEST RESULTS OF UNIDIRECTIONAL 
VYB TO l/2 - PITCH COMPOSITE, BATCH No. 8 

Ultimate Strain 
Tensile to 

Specimen Strength, Failure, 
Number Ksi ;2ercent 

6B2 1095 0.14 
8A2 12.7 0.29 
8Al 16.3 0.28 

8A3 19.0 no data 
8A4 18.3 0.42 
8Cl 17.2 0.40 

8Cl 25.6 no data 
802 27.1 no data 
8C3 27.6 no data 

Table XXIII 

MECHANICAL TEST RESULTS li'OR PYROLnED 
VYB 70 l/2 • SCl008 COMPOSITE 

Ultimate Strain 
Tensile to 

Specimen Strength, Failure, 
Number Kai percent 

l4D3 u.o .15 
l4Dl ll.6 .25 

Dogbone Thickne11 l4C4 13.5 .27 
l4C5 13.7 .17 
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Young's 
Mogul us 
10 ;l!Si 

7.14 
4.25 
5.44 

no data 
4.60 
4.63 

no data 
no data 
no data 

Young's 
Mo~ulua 
10 psi 

7.3 
4.6 

5.0 
5.9 



Figure 70. Photomacrographs of Pyro1yzed VYB 70 1/2-Coa1 Tar Pitch 
Composite Specimens after Tensile Testing (2X) 
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Figure 11. 

Specimen 8A4 

Specimen 8A3 

Specimen 8Cl 
2X 

Posttest Photographs of Strip Tension Specimens of Unidirectional 
Composite 
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be associated with the stress concentrations occurring in the vicinity of the 
doublers. However, as Table XXII shCNs, the measured strengths were signifi­
cantly higher for the strip specimens than for the reduced-section dogbone­
style specimens. This implies that "dogboning" by reducing the gage section 
width imposes a more severe stress concentration than was caused by the 
doublers. 

To give a rough measure of the "true" tensile strength of the composite, addi­
tional specimens excised from the same batch of VYB 70 1/2 composite were 
tested in flexure. Since the load introduction problems with the flexure test 
minor, the measured flexural strength for brittle materials, and for most com­
posites, is usually higher than the tensile strength measured by the best 
available tension techniques. 

The flexure results are also given in Table XXII. It is seen that the flexural 
strength is approximately 40 percent higher than the strength measured for the 
strip specimens. In addition to the aforementioned problems with load introduc­
tion in the tension test, which gave rise to stress concentrations of unknown 
magnitude, there are a number of other factors which may account for the in­
crease in flexural strength over tensile strength: 

1. Volume Effects 

Statistical strength theory (e.g., the Weibull approach) predicts 
lower strength for large volumes of stressed material. The highly 
stressed volume in the flexure test is smaller than in a uniaxial 
tension test; therefore, one might expect higher strength results 
from the flexure test. 

2. Frictional Restraint 

In the flexure test, friction between the specimen and the loading 
points introduces a bending moment which opposes the applied load­
ing. Thus, the actual net moment applied to the specimen may be 
less than that calculated from the vertical loads and point spacing 
by an amount which may range from one to ten percent (depending on 
the effective coefficient of friction) for the configuration tested. 

3. Nonlinear Stress-Strain Response 

The flexural strength is calculated on the assumption that the 
stress-strain curve is linear. A typical stress-strain curve 
measured for a strip specimen showed a slight departure from 
linearity observed near failure which would result in the cal­
culated flexural strength being a few percent higher than the 
true stress at failure. 

In view of these considerations it was believed that the tensile strength 
measured using the strip specimen was probably close to the maximum obtain­
able with specimens that conform to the dimensional limitations imposed by 
the available material samples. However, further modifications to the 
specimen design were studied since failure under the grip is an indication 
of premature fracture from specimen design. 
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Initial tension testing of the Pfrolyzed VYB 70 l/2 - SCl008 composites in­
volved the strip tensile specimen design. This design was unsatisfactory 
since failure occurred at the doublers. At this point, the specimen configu­
ration was changed to a dogbone specimen reduced in the thickness direction 
as shown in Figure 72. This design combines the features of strip specimen 
with the advantage of a reduced gage section. D.y reducing the thickness rather 
than the width, it was possible to use a large tillet radius that reduced the 
stress concentration at the fillet. Failed tensile specimens using this cur­
rent design are shown in Figure 73. Failure occurred in the center of the gage 
section in all cases. This specimen design also resulted in higher strength 
values as shown in Table XXIII. The doubler material selected was &.l.UJninum, 
rather than steel as previously used, so that a closer matching of transverse 
modulii between the specimen and the doubler could be provided. 

6.1.2 Shear Test Technique 

Shear tests were conducted in a "double shear" fixture similar to the Johnson­
type shear test of Method 1041, Feder&.l. Test Method Standard No. 4o6o. The 
fixture is schematically indicated in Figure 74. The specimens were approxi­
mately 1.5 inches long, 0.375-inches wide, and o.oB to 0,13-inches thick. 
Loads were applied by an Instron machine operating at 0,05 in/min crosshead 
speed. Load was recorded as a function of time during each test. The shear 
strength was calculated according to the relation: 

Where 

P • maxinru.m recorded load 
w • specimen width 
t • specimen thickness 

6.1.3 Mechanical Test Results 

p 
T . -2wt 

The mechanical test results for the unidirectional composites, VYB 70 l/2 -
SC1008, VYB 70 l/2 - pitch, Modmor II - pitch and Thornel 50 - pitch, are sum­
marized in Tables XXIV and XYN. A complete tabulation of the mechanical test 
results is presented in Appendix II, The Tbornel 50 - pitch composites were 
used to evaluate the effect of a tetrabromoethane (TBE) impregnate which was 
used to enhance the detail of the X-r~ radiographic technique. Five Thornel 
50 - pitch specimens were tensile tested without the TBE impregnate and five 
after the TBE had been applied and removed, The usetulness of this X-r~ 
dopant method will be diacuased in a following section. 

The effect ot the particular detects on the tensile and ahear strengths of the 
VYB 70 l/2 - SCl008 compoaites are shown in Figures 75 and 76. The tensile 
strength, modulus, and strain to failure ot the sraphi tized VYB 70 l/2 - SCl006 
composites were significantly reduced with the presence of all intentional de­
fects except for two specimens containing cracks (Figure 77). For the compos­
ite specimens containing cracks, the cracks ran parallel to the stress direction 
(parallel to the fibers) and the tensile properties could be expected to be 
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Table XXIV 

SUMMARY OF AVERAGE MECHAIIICAL PROPERTIES 

Modulus 1 10 J28i 
Strain- Ultimate Ultimate 

to- Tensile Shear 
Compoai te Sy'atem Detect Group Condition Initial Final Secant Failure Strength Strength 

(%~ ~ksi2 (J2Bi~ 

VYB TO 1/2 - SC1008 Bo-Intentional Pyrolyzed 5.2 6.5 5.4 .22 13.6 1105 
Saall Void Pyrolyzed 4.8 3.8 3.8 .19 7.3 934 
Lack or Wetting Pyro.lyzed 4.0 4.4 4.4 .28 11.3 663 
Wea-ve Pyrolyzed 6.5 7.0 7.0 .10 6.9 698 
Crack Pyroqzed 1385 
De181d.nation P,yroqzed 1630 
Large Voids Pyrolyzed 746 ... Poor Bundle Pyro.lyzed 481 

w Bon carbonaceous Pyrolyzed 663 0 

Bo-Intentional Graphitized 6.0 6.8 7.0 .33 17.0 462 
Saall Void Graphitized 2.8 2.9 2.8 .18 4.2 294 
Lack or Wetting Graphitized 2.3 2.4 2.3 .24 5.8 210 
Wea-ve Graphitized 2.1 4.5 2.9 .36 9.8 339 
Large Void Graphitized 115 
Cracks Graphitized 5.3 8.8 6.4 .32 21.0 

VYB TO 1/2 - Pitch llo-Intentional Pyroqzed 12.6 12.6 12.6 .07 8.6 770 
Saall Void Pyroqzed 8.3 16.7 15.4 1770 
Lack or Wetting Pyro.lyzed 11.1 12.2 11.7 .13 15.2 1780 
Wea-ve Pyroqzed 6.0 8.o 8.0 .09 7.4 850 

Bo-Intentional. Graphitized 8.1 14.5 9.6 .23 20.2 690 
Small Void Graphitized 5.1 12.5 7.3 .40 29.2 880 
Lack or Wetting Graphitized 24.0 940 
Weave Graphitized 5.6 10.7 5.7 .31 19.4 740 



Table XXIV (Continued) 

6 Modu1us 1 10 ;esi 
Strain- Ultimate Ultimate 

to- Tensile Shear 
Composite System Defect Group Condition Initial Final Secant Failure Strength Strength 

(%l (ksq ~E8il 

Modmor II - Pitch No-Intentional Pyrolyzed 24.3 24.3 24.3 .07 16.2 238o 
Small Void Pyrol.y'zed 1260 
Lack of 'Wetting Pyrolyzed 20.3 20.3 20.3 .06 12.0 1210 
Weave Pyrolyzed 4.5 1110 

No-Intentional Graphitized 38.9 51.6 .04 19.9 970 
Small Void Graphitized 18.4 25.3 .04 10.0 1410 

...... Lack of Wetting Graphitized 24.5 24.5 24.5 .11 26.3 1270 
(o) Weave Graphitized 29.0 29.0 29.0 4.4 1070 ...... 



... 
Col) 
~ 

Description 

Untreated 

Treated with 

Table XXV 

MECBAJIICAL 'lBS'.r IWrA 0. THOBIEL 50 - Pl'fCB OOMPOSI'rE IIQ-Ilf'lml'l'IOBAL-DEFEC'l' 
SPECIMEIS APlER GRAPHI'l'IZATIOII 

Modul.ua 1 106 ;eei 
Strain- UUim&te 

tc>- TeDIIile 
Initial Final Secant Failure Strength Remarka 

(%) (ksi) 

21 5 9.5 .31 35.0 Failed in Gage Section 
20 20 20 .13 25.T Failed in Gage Section 
58 58 58 .10 58.0(1) Pulled out ot Doublers 
18 l.6 .18 30.0(1) Pulled out ot Doublers 
29 29 29 .14 40.5(1) Pulled out ot Doublers 

25 O.T 1.04 28.4 Failed in Gage Section 
Tetrabl'OIIIOethane 2T 2.5 1.01 32.2 Failed in Gage Section 

35 35 35 .01 31.8 Failed in Gage Section 
28 28 28 .16 45.8(1) Pulled out ot Doublers 
33 lT .20 51.2(1) Pulled out ot Doublers 

( 1) llo tailure 
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approximately the same as the no-intentional-defect samples. The low strength 
cracked specimen (UTS • 7.7 ksi, E • 2.7 x 106 psi, strain to failure • .29 per­
cent) had an extremely large crack along the center of the specimen. The other 
two higher strength specimens (UTS • 18.2 and 23.1 ksi, E • 5.9 and 6.8 x 106 
psi, strain to failure • .31 and .34 percent) had smaller cracks present along 
the fibers. The smell void and lack of vetting defects had larger effect on 
the tensile strength of the graphitized than the pyrolyzed composite. The weave 
defect caused approximately the same reduction in strength for both material 
con eli tiona. 

The tensile teut results for the VYB 70 1/2 - pitch composites are shown in 
Figure 78. The amall void and lack of vetting defects actually had about a 
50 percent higher tenaile strength and strain to failure than the no-intentional 
defect specimen (Table XXIV). The secant moduli were less for the defects. The 
weave defect reduced both the tensile strength and modulus or the composites. 
The change in processing procedure from the pressure pyrolysis for the no­
intentional defect specimens to the autoclave pyrolysis for the defect specimens 
may be the cause of the increase in mechanical properties. The higher strength 
of small void and lack of vetting defects may be partially associated with a 
stronger matrix to tiber bond than that for the no-intentional defect samples. 

Upon gr!!r.phi.tization, the tensile strtmgth and strains for the VYB 70 1/2 -
pi.tch and SCl.008 compos! tea greatly increased. This increase in strain was due 
both to the increaae in strength and also a decrease in the initial modulus. 

The influence of binder type with and without defects is shown in the tensile 
stress-strain curves in Figure 79 for both the pyrolyzed and graphitized condi­
tions. In both cases, the volume percent of yarn was 65 percent. In the 
pyrolyZ!d condition, it appears that the no-intentional-defect specimens were 
atronger and had gr&ater strain capacity with the SCl008 than the pitch binder 
(ll~,ooo pei vs 9,000 psi and 0.3 percent va 0.1 percent). However, on graphi­
tizati-on, the relative effects were nearly equalized; strength and strain in­
creased for both binder systems (20,000 psi end 0.3 percent). 

For the graphiti2ed composites an increase in stiffness with increasing load 
waa me~ured fot· beth bindere (Figu1·e 79). The initial modulus was about 
6 x 10° psi up to 0.2 percent str&.ine and the tangent roodulus at higher strains 
was 12 x 106 psi. It should be noted that the initial modulus is equivalent to 
the published value for the as-received yarn. Apparently there was a stiffening 
of the yarns on being stressed. 

The introduction of defects also had a profound defect. The pyrolyzed pitch 
defect strengths were comparable to the SC1008 composites, but the strains 
were only one-half that for the SC1008. On graphitization, this influence 
of defects wa~ mor~ notable for the SC1008 binder for the strengths were re­
duced to less than 5,000 psi and strain to about 0.2 percent. Thus, the less 
graphitic binder &ppears to be more sensitive to defects. 

The highest strength and strain valueD were obtained for the pitch-graphitized 
system vi th small voids. The double modulus was again evident. The initial 
modulus was slightly less (4 va 6 x 106 psi) although the "knee" occurred at 
about the same stresB level (10,000 psi). The final modulus values are com­
parable for both the r.o-intentiona.l-defect and s:mall void specimens. The 
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small void s~cl~nens had strength vaJ\.'.!:!5 of e.bm.1t 30,000 psi and strains of 
0.4 percent. It is jnterer;t:Lztg that upon grephitJzation, the strain increased 
by a factor o.f 4 and the strength increased b:y a factor of 3. 'l'he utilization 
of the yarn strength within the cornpcsi te is !i.n indication of the influence 
of the matrix. Tt is estimated that. 65 percent of each sample is composed of 
yarns. Hetallographic exa.mi.na.tion has shown the.t each VYB TO 1/2 :~tarn is 
fluted with a iuaxi.rnum dianeter of 6p. BecauBe of the flutJnc, ·che ef1'ecti ve 
cross section of a yarn is onJ.y Bo percer..t of its circular cross section. 
Therefore, the effecti ·re volume percent of yarns is 1.;he p:r·od.u.(~t of the esti­
mated yarn volume and the effective cross 8eet.i.on, "t;hat i·2. :. ')0 percent. After 
graphi tize.ti0n, the yarn strength is reported. to be 90 ,GO(i p;:;L Th~ts, the 
maximum tensile strengt.h of a S3.1ll.f'le r•'nouJ.r1 be abc.~".tt. h~,,ocn 1~sL The measu:red 
strengths were 30,000 psi or '3/h of the theoret.i.cal fJtrength) !i. re.lt~tiv·=-ly good 
value. 

A conceptual model is shown in .!i'igures Ho an.i 81 for p.:msi'o.le ch<~ngef> in the 
microstructure for these different systems. The pi tch"·pyrolyze<l diagram shous 
the pitch between two yarns. Generally, it is a.morphcun in structure except 
near the interface between the ma'~rix e..n<i tbe ya.rn. Some crlenta'tion is shown 
by the dnshed lines. Evidence for this effect is a:va.ila.'bJ.e s:J.nce the micro­
scope examination of py-rolyzed (at 600''C) specimens under pola.rized Hght 
showed a highly reflective thin region next to the fibers. It is to 'te noted 
that the fibers are crooked e.s pyrolysis occurs E1.nd are apparently st.raiehtened 
out dw-lne; the graphitization ste1) foX' the pitch bi n<ier. 'I'he conb·action of' 
the pitch during pyrolys5.s may eause the yarns to contract. Measurements of 
the the compo~:ti t.es before and after gra.phi tiza.t.ion have sho•,m tha.t t.hey 
lengthen 1 percent in t.he <ii.rection :parallel to the fibers and contract 
5 percent in directions perpendicular t~) the a·.ds of t.he fibers. Thus, the 
proposed model suggests a straightening of t.he yarns ns the pitch structure 
becomes 1nore oriented espec:i.a.lly in the region next to the f:i.bers. As the 
graphite pla,tes enlarge, densifica.tion 1orill oecm· so the fibers are pulled 
together in the transverse direction. 

In contra~t, the 3Cl008 binder is not oriem,ed during p.'{rolysis and l'ld.:\' not 
cause the YELrns to become Cl'ooked as the pyrolysis occurs. 'I'here if:> no 
observable structurine.; at the yaJ:"n-me.trJ.x interface. Hcwever. on graphiti­
zation ther~~ is some evidence that a slight dee;ree of ordering occurs; for 
exaraple Fit:~er et al (Reference 10) have observed ordering at the yarn-matrix 
interface. Also, it is con,~ectu.t'ed that the yarns are made slightly crooked 
although not as much as fo!" pitch~ since there was e. double morlulus measured 
for the graphitized SC1008 no-.intentional--def~ct BpecimenB. 

If small voids are introdu.:ed into the binder, it ia propo~>ed that the struc­
tures are altered according to Fir,ure 81. The effect of the small voids ir. 
particularly evident for the pitch Mnder both i:n the pyrolyzed and graphi­
tized states. A double modulus was me8.sured. for t.he pyrolyzed Cftse and it is 
conjectured the.t the voids permit the contoU!'ed yarns to move latera.lly and 
straighten durine; the .latter portions of the tens He test. 'lThJs effect is 
noted particularly for the gra.phi ti.zed state where both the strain a.nd stress 
values were increased to tbe high~st values. The voids may also provide a 
means for stopping cracks tha"t; might be initiated. :i.n the matrix while under 
tension~ thus allowing a hie;her utilization of the yarn strengths. 
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In contrast, the voids in the less graphitic binder SC1008 appeared to enhance 
cracking for the strengths and strains were reduced in both the pyrolyzed and 
graphitized cases, This was particularly evident for the graphitized case 
where the strength was only one-eighth and strain one-half that for the no­
intentional-defect specimens. No double modulus wa& observed for either 
material condition nor for the lack of wetting defect. The lack of wetting 
defect appears to have extended the strength and strain values for the pitch­
pyrolyzed composites beyond the no-intentional-defect specimens. The lack of 
wetting defect for the graphitized pitch composite also extended the strength, 
however, not as far as the small void specimen (Table XXIV). The lack of 
wetting specimen strengths were almost as high as the no-intentional-defect 
samples for the SCl008, pyrolyzed, but the va.lues were greatly reduced for the 
graphitized condition, indicating the brittle nature of the SC1008 compared to 
the pitch system. 

The tensile results for the Modmor II - pitch composites are shown in Figure 82. 
An indication of the yam-strength effect was made by comparing the tensile prop­
erties of the Modmor II (untreated) and VYB 70 1/2 - pitch unidirectional com­
posites (Figure 83). In the pyrolyzed condition~ this figure shows that the 
strengths for the VYB 70 1/2 and Modmor yarns composites were similar, This 
suggests that the composite strengths were not solely a fUnction of the strengths 
of the yarns. The strain values of the lower modulus yarn composites were larger 
than for the high modulus yarns for the no-intentional-defect, small void, and 
lack of wetting specimens. 

In the graphitized state, again, there was very little difference in the 
strength values for the no-intentional-defect specimens, but a large differ­
ence between the small void samples. The low modulus yarn composite was 
almost 30 ksi versus 12 ksi for the high modulus, small void composite. 
The strain values at failure were 2 to 3 times larger than for the Modmor 
yarn. 

Another high modulus fiber, Thornel 50, was used to study the effect of types 
of high modulus yarns and to determine the effect of a TBE ( x-r~ dopant) 
impregnation. Half the samples were sent to AFML for TBE impregnation treat­
ment to enhance any defects and half were not treated. After the x-rey eval­
uation was completed, the TBE was removed from the specimen by heating. All 
samples were then mechanically tested at MDAC. 

The uniaxial tensile tests on the treated and untreated Thornel 50 - pitch 
composites was inconclusive as to the effect of the TBE on composite tensile 
properties (Table XXV). The data for treated specimens ranged from 23,000 to 
51,200 psi and 25,700 to 58,000 psi for the untreated specimens. 'l'he moduli 
and strains were also similar. The higher strength specimens for both groups 
actually did not fail but were pulled out of the doublers due to a failure in 
the adhesive bond. Uniaxial tensile tests performed on Poco graphite specimens 
which had been impregnated end then treated to remove the TBE showed no reduc­
tion in tensile properties (Reference 11). 
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The graphitized Thornel samples showed at least double the strength values of 
the Modmor samples and several samples had almost triple the strengths. In all 
cases, the moduli remained constant throughout the test. The maximum strength 
and strain values were inconclusive because of the influence of the failure in 
the doublers. 

The Modmor yarn with ita untreated surface resulted in composites with lower 
streneth than for composites containing Thornel 50. Thus, consideration should 
be given to the wetting of the binders and the type of surfaces of the different 
yarns. Apparently, there was sufficient difference bet~reen the surfaces of these 
yarns to obtain a higher utilization from the Thornel yarn. The lack of a double 
modulus may indicate that the Thornel and Modmor yarns have sufficient stiffness 
to prevent the yarns from becoming crooked as was the case for the VYB 70 1/2 
yarns. 

~~e effect of yarn and binder type, material condition, and defects on the 
shear strengths of the unidirectional samples was investigated. The shear 
test results are shown in Figure 84. In general, the values were between 
Boo psi and 1200 psi. 

~~e shear strength of the pyrolyzed and graphitized VYB 70 1/2 - SCl008 were 
reduced from the intentional defect specimens. In the pyrolyzed condition, 
the specimens containing cracks and delamination defects had a higher shear 
strength than the no-intentional-defect specimens. In the case of the specimens 
containing cracks, the cracks were not located directly on the shear plane and 
therefore, the results should be similar to the no-intentional-defect specimens. 
The delaMination defect was perpendicular to the loading direction and therefore 
may have very little effect on the shear strength. The microscopic evaluation 
of these specimens showed that the fibers were not parallel to the shear plane 
at one end of the specimen. This nonparallelism at one of the two shear planes 
can reslut in high shear strength values. The graphitization· sequence greatly 
reduced the shear strength of the SCl008 composites. 

The two high values of 1800 psi were obtained for the pyrolyzed VYB - pitch 
with small voids and lack of wetting defects. These values were higher than 
the no-intentional defect specimens. This supports the su~gestion that the 
autoclave process increased the yarn-binder bond (compared to pressure cycle) 
as discussed in the tensile test results. As in the SCl008 binder system, 
the shear strengths were reduced upon graphitization. 

For the high modulus Modmor yarn, the highest values.of 2200 psi was obtained 
with the no-intentional-defect specimens. The presence of defects again re7 
duced the shear strengths of the composite. The unusually high shear strength 
values for the graphitized small void defect specimens were attributed to the 
orientation of the fibers at the shear plane. The X-ray radiographs of the 
shear specimens showed that the fibers were at approximately a 5 degree ·angle 
to the shear plane. The high shear strengths, thus, were associated with 
shear of both the fibers and matrix, whereas the other strength values were 
more associated with shear of the matrix. 
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Analysis of the mechanical test data involved correlation of the mechanical 
properties to physical property measurements. The porosity and bulk density 
data obtained from mercury porosimetry mea.surements (Section 4.0) was corre­
lated to the tensile strength and modulii of the pyrolyzed and graphitized 
composites (Figures 85 and 86). The graphs for the VYB 70 1/2- SC1008 compos­
ite system indicated bieber strength and modulii were associated with lower 
porosity values over the 16 to 30 percent range. SiP1ilar trends existed for 
the bulk density measurements. higher strengths and modulii corresponded to 
higher densities. For the VYB 70 1/2 - pitch and Modmor II - pitch systems 
(Figure 86) the tensile strength -porosity data sugeested that the streneths 
increased as the total porosity decreased up to a point and then decreased with 
a further decrease in porosity. Inconclusive de.ta was obtained for the pyro­
lyzed samples. The proposed trends are indicated as dotted lines since addi­
tional data would. be required to confirm the sueeested porosity effect. 
Sufficient ~odulii data was not available to evaluate the effect of porosity 
on the VYB 70 1/2 - pitch and !vlodmor II - pitch systems. This was due to 
the lack of data points for the small void defect specimens in the pyrolyzed 
condition. 

For the VYB 70 1/2 yarn systems. it was noted that for the SCl008 binder with 
a porosity level of 16 to 30 percent, a continual increase in strength was 
noted with a decrease in porosity while for the pitch binder with a porosity 
range of 6 to 16 percent the strength reached a maximum and then decreased. 
This sug~ested that the highest density composites may not imply highest ten­
sile strensths. 'l'he small pores present may provide a means of dissipating 
the ener{SY associated with a. fiber failure which leads to a rapid crack pro­
ga~lon causing a catastrophe failure. 'fhis can be interpreted as implying 
that the small pores provided a means of 11blunting" an a.dva.ncine crack. 

'Ihe shear strengths of the pyrolyzed and graphitized SClOOB composite showed 
a trend indicating lower porosity or higher density corresponding to higher 
strengths (Figure 87). The shear strengths of the pitch binder composites did 
not show the sa.me trend as the SC1008 system (Figure 88). The values for the 
VYB 70 1/2 - pitch system showed an increase in strength with porosity. This 
fact we.s d:i.fficul t to interpret for it was contradictory to the expected effect 
of porosity and cracks which existed upon eraphitizat:!on. However. it must be 
recalled that some of the specimens were processed by the die process while 
others were processed by the autoclave. This suggested that the change in pro­
cessing increased the yarn-binder bond streneth. The increase in shear streneth 
with porosity for the graphitized Modmor II - pitch composites was due to the 
misorientation of yarns in the sntall void defects. In the pyrolyzed composites 
where proper orientation of fibers existed. a decrease in shear strength with 
porosity was observed. 

The porosity and density values measured on the pyrolyzed composite were col'l­
pared to the tensile strength and modulii values measured on the graphitized 
composite. 'l~e VYB ?0 1/2 - SC1008 composite strengths and moduli again in­
creased with decreasing porosity (Fieure 89). Although only three points 
(each au average of five specimens) were available, a trend was suggested. 
The tensile strengths of the graphitized VYB 70 1/2 - pitch composite were 
related to the porosity of the pyrolyzed composite (Figure 90). 
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The in-process prediction of shear strengths from the porosity of the pyro­
lyzed composites is suggested in Figure 91. The VYB 70 1/2 - SC1008 shear 
strengths of the graphitized composite increased with decreasing porosity of 
the pyrolyzed composite. The VYB 70 1/2 - pitch showed an increase in shear 
strength with porosity and, as explained previously, this may be attributed 
to an increase in the yarn-binder bond strength. 

The examination of the tensile test results for the graphitized, no-intentional 
defect specimens showed a large amount of scatter. Two tensile tested speci­
mens were selected from this group (10A5 and 14A3) for electron fractography 
and scanning electron microscopy to determine the cause of the scatter. The 
fracture surface was examined by plastic/carbon replicas with a chromium 
shadow at 45°. The surfaces of the fractured unidirectional samples were 
exmnined to evaluate the mode of failure and interrelationship between the 
binder and the VYB 70 1/2 filaments. The scanning electron microscope, with 
its great depth of focus, was particularly useful for examination of the ends 
of the fractured unidirectional samples. 'file electron fractorgraphy was most 
useful in studying the yarn-binder interface. 

~~e results indicated that the higher strength specimen (14A3) had a larger 
amount of yarn-matrix bonding takine place than the lower strength specimen 
(10A5). 'fhis was indicated by the large ~ount of matrix remaining on the 
filament surface of specimen 14A3 as shown in the electron fractographs of 
Figures 92 and 93, The black areas or spots in the micrographs are folds in 
the plastic replica or dust particles from the fracture surface, The VYB 70 1/2 
filament diameter is approximately 6.0 microns, The scanning electron mirco­
graphs of specimens 10A5 and 10A3 are shown in Figures 9l~ and 95, These results 
indicated the importance of the yarn-matrix bond or specifically the wetting of 
the yarn by the matrix, F~ectron fractographs of the VYB 70 1/2 filament showed 
the brittle filament fracture present in both these composite specimens 
(Figure 96), 

The nondestructive test data on the two gra~hiti~ed no-intentional-defect 
tensile specimens (10A5 and 14A3) were ex&nined to determine if a difference 
existed. The ultrasonic velocity and attenuation measurements were not suc­
cessful in differentiating between these two specimens. However, examination 
of the X-ray radiographs did reveal significant differences between specimens 
10A5 and 14A3. Figure 97 shows the large difference in uniformity between the 
two specimens. Specimen 10A5 had a significantly large number of discontinui­
ties running parallel to the fiber direction, Although it was not possible to 
quantitatively determine the difference between these two specimens, it was 
possible to nondestructively detect the lower strength composite specimen by 
one of the techniques employed, 

In order to evaluate the quality of the VYB 70 l/2 • pitch yarn, interface, 
and the mode of failure, electron fracto6raphic and scanning electron micro­
scopy were also conducted on the fractured surfaces of the VYB 70 l/2 • pitch 
tensile specimens. The two specimens selected for discussion were a graphi­
tized no-intentional-defect with an ultimate streng~h of 20,8 ksi, strain to 
failure of 0,18 percent, and a modulus of 11.6 x 10 psi, and a amall void 
specimen with an ultimate strength of 32,6 ksi, strain to failure of 0,4 percent 
and a modulus of 6.9 x 106 psi, 
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Figure 92. Electron Fractographs of Graphitized VYB 70 l/2-SC1008 Tensile Specimen l4A3 
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From the SEM pictures, there was evidence of multiple fracture within a single 
filament (along its length) for the no-intentional defect specimen (Figure 98). 
'rhere were numerous short lengths of filaments that were in different orienta­
tions. In contrast, the micrographs of the amall void specimen showed no mia­
oriented broken filaments (Figure 99). 

A more detailed view of the binder-filament distribution is shown in Figure 100 
for the small void specimen. Similar effects were observed in other specimens 
both of the no-intentional and small void defect types. A l~ering of matrix 
is evident between filaments. 'rhe apparent voids between l~ers may either be 
those present before testing or may have been created where the matrix had been 
sheared e.nd removed with the other section of the tensile specimen. Since the 
matrix has penetrated into the crevices that exist for each filament, excellent 
penetration seems to have occurred. These SEM photomicrographs, and the light 
microscopy studies, indicate that an orientation of the binder matrix with the 
a-b planes parallel to the filament axis is present. 

Replicas were made of the surfaces of filaments to determine the continuity of 
the matrix that appears to be attached to the filament surface. The filaments 
were well covered by the pitch binder since bare filament surfaces were not 
visible (Figure 101). This figure did not show the bare filament surfaces 
(slishtly striated) as seen in Figure 92. The different binder appearances or 
textures in Figure 101 are due to the lQ¥ering and different orientation of the 
pitch. This suggests that wetting and bonding to the filament surface as 
occurred with the pitch. 

On comparing the electron tractographs of the pitch and SCl008 binders, it was 
aDparent that the pitch binder did indeed wet the filaments to a greater degree 
than the BCl008 binder. This is shown most clearly in Figure 101, 92, and 93. 

Local cracking of the pitch binder is shown on Figure 102 where the orientation 
of the cracking was normal to the axis of the filaments. It appears that the 
two cracks across the matrix segment do not propagate into the adjacent filaments. 
In the top portion of the figure, this ~ be due to a separation between the 
matrix and yarn prohibiting any penetration. 

There was no major significant difference in microstruct\~e as observed in the 
electron fractographs between the no-intentional-defects and the small void 
samples. 1~1a suggests that small voids were relatively large compared to the 
scale of these pictures. If crack initiation begins at the ends of the bonded 
regions, then the increase in voids might be a lack of complete coverage by 
the matrix. These local regions may then permit local redistribution of the 
loads between yarns. The no-intentional-defects may mean better coverage and 
a loss of the ability to locally relieve itself. These observations are con­
sistent with the previously proposed model. 
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6.1.4 Relationship of Mechanical Properties to NDT Measurements 

The nondestructive analysis of the mechanical test specimens included ultra­
sonic longitudinal velocity, bulk density, and electrical resistivity measure­
ments and X-ray radiography. Along with the ultrasonic velocity measurements, 
attenuation measurements were made by the through-transmission method using a 
dry coupling method. A 0.0156-inch thick neoprene rubber film was used between 
the specimen and the transducers. A modified press arrangement was used to 
provide a constant pressure between the specimen and transducer (Figure 103). 
The bulk density was a weight-scalar measurement. 

The attempts at measuring the ultrasonic attenuation by dry coupling methods 
were not completely successful due to specimen surface conditions. The amount 
of pressure applied to the transducer-specimen combination was also found to 
significantly effect the measured value. In a previous study, a comparison of 
dry and liquid couplant methods for carbon-carbon composites demonstrated that 
dry methods were inadequate {Reference 9). The attenuation values used for the 
material property correlations were those obtained by the immersed through­
transmission method on the composite panels from which the test coupons were 
excised, 

The frequency selected for the velocity measurements on the pyrolyzed and 
graphitized composites was 1.6 MHz and 0,8 MHz, respectively. These frequen­
cies were selected for the ultrasonic measurements because they gave a strong 
transmitted signal through the specimens while still giving a difference in 
velocity between gpod and defective material as determined from the frequency 
dependence study. The nondestructive test data from the shear and tensile test 
specimens are shown graphically in Figures 104 to 115 and listed in Appendix 
III. The nondestructive test data on the mechanical test coupons ~nerally had 
the same relationships between no-intentional and intentional defect specimens 
as previously discussed in Section 5.0. 

The electrical resistivity measurements were made on the pyrolyzed and graphi­
tized VYB 70 1/2 - SC1008 composites to determine if any correlations existed 
between resistivity and the defects introduced, bulk density, and process 
condition {either pyrolyzed or graphitized). Eddy current studies of graphites 
have sug~ested that increases in resistivity were associated with increases in 
density (Reference 12). The resistivity values obtained on the composites 
{Figures 116 and 117) were found to fluctuate among the defects. However, the 
resistivity measurements were very sensitive to material condition, pyrolyzed 
or graphitized, for all composite specimens. The pyrolyzed values were 6 to 
11 times larger than the graphitized material value {Table XXVI). The elec­
trical resistivity varied with the measured bulk density of each specimen such 
that no trend in the data was apparent, 

The average ultrasonic attenuation, {as measured on the composite panels) was 
related to the ultimate tensile and shear strengths of the composites {Figure 
118), The correlation between attenuation of the pyrolyzed composites and the 
tensile and shear strengths of the graphitized composites {Figure 119), suggests 
that in-process screening of these composites with the use of attenuation mea­
surements is possible. The trend of higher attenuation with lower strength 
corresponded to the increase in attenuation which was observed with porosity 
(Section 5.0). The sensitivity of the attenuation technique is 1 db 
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Figurel03. Photograph of Ultrasonic Longitudinal Veloctiy and Attenuation 
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TABLE XXVI 

PERCENTAGE CHANGE IN AVERAGE ELECTRICAL RESISTIVITY VALUES 
FOR PYROLYZED AND GRAPHITIZED VYB 70 l/2 - SCl008 COl-iPOSITE 

Average Electrical Resistivity, 10•3 n-cm 

Percentage 
Defect PyroJ.yzed Graphitized Change, % 

No-Intentional 7.86 1.23 640 

Small Void 7.34 .67 llOO 

Lack of Wetting 7.46 .75 990 

Weave 8.80 1.26 700 

Cracks 7.87 1.02 770 

(approximately 10 db/in tor these specimens); thus, tor Figures ll8 and ll9, 
a difference in the attenuation values ot 30 db/in is significant. 

Relationships between the ultrasonic longitudinal velocity measured through 
the thickness direction (perpendicular to fibers) and the tensile properties 
in the tiber direction were not apparent. The scatter in the data obscured 
any trends. The properties which maf be controlling the tensile properties 
ot the composites, such as the amount and strength ot the bond between matrix 
and filament, are ditticult to detect by velocity measurements. The con.trol­
ling ettect ot the tiber-matrix bond was suggested in the scanning and electron 
fractography results obtained on the SCl008 and pitch composites. (A subtle 
difference exists between monitoring lack ot tiber bundle wetting by velocity 
measurements which was successful and monitoring the amount and strength ot 

.1e bond between each individual filament of the bundle. In the former case 
the lack or wetting ot the tiber bundle reters to voids imm&diately adjacent 
to the f'i ber bundles ) • 

The velocity measurements were related to the shear strength ot the VYB 70 l/2 -
SCl008 and Modmor II - pitch unidirectional composi tea (Figure 120). The scat­
ter in the VYB 70 l/2 - pitch composite data did not suggest any trends. This 
was partly due the change in processing procedures tor these composites. The 
trends that existed suggested hisner velocity corresponding to higher strengths. 

The ultrasonic longitudinal velocity (V11 ) measured throu8h the thickness ot 
the composite was correlated to Young's modului in the tiber direction. It is 
important to realize that theory states that the elastic stittness constant in 
the tiber direction is calculated trom the longitudinal velocity measured in 
the tiber direction (Reference 13). 
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The equation for this calculation is 

were 

v 
33 

v33 = longitudinal velocity in fiber direction 

= elastic stiffness constant in fiber direction 

p = density 

To calculate Young's modulus, the inverse of the elastic compliance constant, 
1/E = 833, it is necessary to obtain all the elastic stiffness constants, e11 , 
el2• e13 , e44 and e33• for the unidirectional fiber composite. Five constants 
are necessary since the unidirectional composite possesses hexagonal symmetry. 
The elastic compliance matrix is the inverse of the elastic stiffness matrix. 
It is expected that the ratio of e33/c11 , where e11 • Pvfl is the stiffness 
constant normal to the fibers, should remain constant for a given composite of 
constant fiber volume fraction and fiber and matrix Poisson's ratio. Therefore, 
velocity values, Vll• m8¥ be related to the modulus in the fiber direction by a 
proportionality constant. With the introduction of defects the ratio e33/e11 is 
not expected to remain the same (since changes in Poisson's ratio of the matrix 
occur), however, the magnitude of the changes m~ be small enough to allow cor­
relations between velocity (Vll) and modulus (l/833) to be made. 

The graph of dynamic modulus (p~1 ) normal to the fiber direction versus Young's 
modulus as determined by mechanical testing for the pyrolyzed and graphitized 
composites is shown in Figure 121. No trends were evident for the Modmor II -
pitch composites. The in-process prediction of Young's modulus 9f the graphi­
tized composite from measurements of the dynamic modulus (pV~1 ) on the pyro­
lyzed composites was very successful (Figure 122). It is suggested that the 
in-process prediction of material properties using velocity measurements is 
possible. 

A limited evaluation of the Thornel 50 - pitch composites was conducted to 
determine the merit and effect of using an X-r~ absorbing doping agent or 
electronic processing for improving X-r~ sensitivity. The use of a tetra­
bromoethane (TBE) dopant was very successful in providing increased detect 
sensitivity in Poco graphites (Reference 11). Therefore, the TBE dopant was 
selected for evaluation in the carbon-carbon composites. The method of elec­
tronic processing of the X-r~ negatives was by a commercial unit (LogEtronic). 
The experimental work in performinR the electronic enhancement and X-r~ dopant 
impregnation and X-r~ radiography was accomplished at the Air Force Materials 
Laboratory. 
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Figure 123 shows a comparison of a normal X-ray radiograph (prior to TBE treat­
ment), LogEtronic enhancement of the normal X-ray and TBE doped X-ray radio­
graphs. The specimens included in this figure were a low-strength (17) and 
a higher strength (32) specimen. The interpretation of the radiographs sug­
gested that the LogEtronic processing offered some additional defect informa­
tion and the TBE more. The use of the TBE dopant was limited when gross de­
fects existed. These defects absorbed a large amount of dopant and washed out 
detail vhich would otherwise be present. However, when a more uniform speci­
men was examined, the TBE provided significantly more defect information than 
normal X-ray radiography techniques. 

6.2 Multidirectional Composites 

The mechanical testing of the DACLOCK 120 multidirectional composite consisted 
of tension tests in the warp direction and compression tests in the fill direc­
tion. The warp and fill composite directions have been described in Figure 2. 
The tests were conducted on the no-intentional-defect specimens after final 
pyrolysis and after final graphitization while the defect specimens were tested 
only after the final pyrolysis. 

6.2.1 Test Techniques 

The uniaxial tension tests were performed by friction gripping of dog bone 
tensile specimens in an Instron Universal Testing machine. The test specimen 
was designed to provide a cross-sectional area which would include a minimum 
of three unit cells of the composite (Figure 124) in the thickness. 

The friction gripping technique was possible due to the increased strength in 
the third direction provided by the multidirectional reinforcement. Strains 
were monitored by averaging the response of two strain gages located on oppo­
site sides of the specimen at the midpoint of the gage section. The tests 
were conducted at a crosshead rate of 0.02 inches per minute. 

Compression tests were conducted in an Instron machine using an ASTM D695-63T 
compression test fixture to insure proper alignment. A rectangular test 
specimen 1.00 x 0.40 x 0.40 inches was used. The tests were conducted at a 
crosshead rate of 0.02 inches per minute. As in the tension tests, two strain 
gages on opposite sides of the specimen were used to monitor strain. 

6.2.2 Mechanical Test Results 

The tension and compression test results are presented (Table XXVII) and dis­
cussed with respect to correlations which existed with the porosity and non­
destructive test data. A complete tabulation of mechanical test results is 
presented in Appendix II. 
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Figure 123. X-Ray Radiographic Enhancement Evaluation 
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Table XXVII 

AVERAGE MECHANICAL PK>PERTIES OF MULTIDIRECTIONAL 
DACLOCK 120 OOMPOSITE 

Tension 

Secant(!) 
Strain 

to 
Defect Group Cc:lndi tion Strength. ~ulus. Failure. Strength, 

(E!i2 {10 ;2Si~ (%~ (Esi) 

Bo-Intentional (2) Py-rolyzed 3200 2.6 .13 16,300 

Graphitized 396o 2.6 .15 9,400 

SlllalJ. Void( 3) P7rolyzed ~60 3.6 .12 6.200 

Lack o:f' Wetting( 3) Pyrolyzed 5100 2.3 .20 9,100 

Weave( 3) Py"rolyzed 4440 2.9 .15 10.200 

(1) Calculated f'ram Strain-to-Fa:Uure. 

(2) Average o:f' five tests. 

( 3) Average o:f' three tensile and tour compression tests. 

Compression 
Strain 

Secant to 
Modulus, Failure 

(Io6 ;2Si) (l) (%~ 

1.2 1.4 

o.a 1.2 

1.0 0.7 

1.0 0.9 

1.2 0.9 



The tensile stress-strain curves were all essentially linear to failure. The 
compression curves, however, deviated slightly from linearity. Typical com­
pression stress-strain curves for each defect group are shown in Figure 125. 

The compressive strengths and strains-to-failure were reduced b,y the presence 
of all defects, small void, lack of wetting and weave. The modulus decreased 
slightly for the small void and lack of wetting specimens. The weave defect 
examined in these tests was the irregular (wider) spacing of the fill yarns 
(Reference 1). This irregular spacing was parallel to the compressive load 
axis. Upon final graphitization, the compressive strengths of the no-intentional­
defect specimens decreased 42 percent, the modulus decreased 35 percent, and the 
strain to failure 14 percent. 

In addition to the mechanical tests on the defect study specimens, compressive 
tests were conducted on specimens which had ~~dergone other pyrolysis­
graphitization sequences. This study consisted of evaluating the effect of 
the number of impregnation and pyrolysis sequences, the graphitization step 
and the location of graphitization steps in the sequence (midpoint in cycle, 
final or both). A detailed discussion of this effort is contained in Refer­
ence 1; however, the main conclusions will be presented below. A summary of 
the data and processing sequences evaluated is contained in Table XXVIII. 

The compression tests were conducted in the thre~ principal composite direc­
tions from selected process systems. The results indicated that the compres­
sive properties in the warp, fill and radial directions were very similar. 
This suggests that the pores present within the composite were not oriented 
along any one direction. 

The influence of the graphitization step is clearly shown by Figure 126 where 
failure stress is plotted as a function of' failure strain. The process evaluation 
test specimens are indicated by the squares while the specimens devoted to the 
intentional defect study are indicated by circles in the figure. The trade-off 
is clearly shown between doubling the stren~th with half the strain capability 
for the pyrolyzed composites or doubling the strain and halving the strength for 
the pyrolyzed and graphitized composites. The lower values of strain and stress 
were usually for samples that received fewer impregnations. The compressive 
strengths of the highest strength pyrolyzed composites ranged froM 23,000 to 
29,000 psi with strains of 0.8 to 0.9 percent. The highest strength graphitized 
composites had compressive strengths ranging from 15,000 to 18,000 psi with 
strains of 1.1 to 1.6 percent. These speciMens were processed by the two pyro­
lysis (2P) - graphitization (G) - three pyrolysis (3P) sequence described in 
Section 3.0. 

The graphitization step, whether at the midpoint of the processing cycle or at 
the end, reduced the compressive strengths below the pyrolyzed values. A final 
graphitization step reduced the strengths more than a midpoint graphitization. 

The tensile properties, strength and modulus, actually increased with the pre­
sence of the intentional defects (Table XXIX). The highest strengths were 
achieved with the lack of wetting defect, 5100 psi average tensile strength. 
The strain to failures values were approximately the same for the defect groups 
except for the small void, The weave defect, irregular spacing, was oriented 
perpendicular to the loading axis. 
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Table XXVIII 

SUMMARY OF PROCESS CHARAm'ERIZATION DATA FOR MULTIDIREC'riONAL COMPOSITE 

Ultimate 
Compression Compressive 

Mercury Porosimetry Strength Modulus Strain to Failure 
Processing(!) Bulk Apparent 
Conditions Density Density Porosity Average Range Average Range Average Range 

(e;m/cc) {gm/cc) (%) (psi) (psi) (106 psi) (106 psi) (in/in) (in/in) 

2P 17,100 :.5,900 
to 

18,800 

2P 4,300 3,300 1.20 0.41 0.0069 0.0018 
to to to 

...... 6,200 2.8 0.0120 

"' -..J 
12,600 lP 10,300 3.3 2.0 0.0025 0.0015 

to to to 
15,000 4.5 0.0035 

4P 1.57 1.70 7.4 11,900 10,300 2.9 1.7 0.0069 0.0052 
to to to 

13,700 2.3 0.0108 

3P 1.50 1.56 3.9 21,900 19,000 2.5 2.3 0.0038 0.0012, 
to to to 

25,400 2.7 0.0055 

4P 1.62 1.68 3.7 24,000 22,600 3.1 2.8 0.0071 o.oo68 
to to to 

25,800 3.2 0.0076 

(1) P - Impregnation and Pyrolysis 

G - Graphitization 



Table XXVIII (Continued) 

U1timate 
Calpression Coapressive 

Merc11r7 Porosilletr.r Strength Modulus Strain to Failure 
Processf.Dg (l) Bulk Apparent 
CODdi tiaas DeDsit;y Dellait;y Poroait;y A-verage Range A~rage 

~l~::i) 
Average Range 

l..Jccl lP!ccl l!l b!!il lJ!!i~ ~10 :esil (in£ in) (in£ in~ 

1.56 1.611 .\.1 26,000 23,.300 3.2 3.1 0.0087 0.0076 
to to to 

28,8oo 3.4 0.0094 

2P-G-2P 1.55 1.65 6.1 9,100 8,700 1.3 1.3 0.0077 o.oo48 
to to 

~ 10,200 o.o1o6 
CD 
CD 

3P-G-P 1.61 1.82 8.0 13,000 12,300 0.87 0.85 0.0154 0.0136 
to to to 

13,500 0.89 0.0172 

2P-G 9,500 7.4oo 
to 

11,600 

2P-G 3,100 3,000 2.0 1.7 0.0043 0.0020 
to to 

3,200 2.3 o.oo66 

lP-G 3,200 o.ao 0.0041 

IIP-G 1.62 1.87 13.5 .\,000 3,200 0.87 o.6o 0.0061 o.oo36 
to to to 

4,300 1.1 0.0104 
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Table XXIX 

B<IIII!:STRUCHVE TEST DATA 011 MULTIDIRECTIONAL 'fEST SPECIMEIIS 

Longi tudi.nal Bulk 
Velocity, Density, 

Specben Ccmdition Description Def'ect (105 in/sec) (g/cc) 

3D7~ Tl l7ro!Tzed Tension •~Intentional 0.88 1.6o(l) 
T2 0.85 1.6o 

3D71 '1'3 0.81 1.6o 
T4 0.82 1.6o 
'1'5 o.ao 1.6o 

3D69 Tl Pyro4zed &lall Void 0.49 1.~(1) 

..., T2 0.58 1.30 
0 T3 0.48 1.30 0 

3D61 Tl. ~d Lack of' Wetting o.48 1.42(1) 
'1'2 0.49 1.42 
T3 0.50 1.42 

3I)6JJ '1'1 ~d Weave 0.58 1.47(1) 
'.l'2 o.67 1.47 
T3 0.69 1.47 

3D75 Tl. Graphitized •~Intentional 0.70 1.6o(l) 
T2 0.71 1.6o 
'1'3 0.73 1.60 

3D12 T4 (2) 1.6o 
'1'5 (2) 1.60 

(l.) Average of' f'our or f'i "Ve compression specimens. 

(2) Material attenuation prohibited measurement. 



--------

Table XXIX (Continued) 

Longitudinal Bulk 
Velocity Density, 

Specimen Condition Description Defect (105 in/sec} (g/cc} 

3D74 Cl Pyrolyzed Compression No-Intentional 0.85 1.56 
C2 0.86 1.60 

3D71 C3 0.87 1.60 
c4 0.88 1.61 
C5 0.92 1.60 

3D68 Cl Pyrolyzed Small Void (2) 1.31 
C2 (2} 1.33 
C3 (2) 1.27 

..., c4 (2) 1.28 
0 
~ 

31>61 Cl Pyrolyzed Lack of Wetting (2) 1.42 
C2 (2} 1.43 
C3 (2} 1.42 
c4 (2) 1.42 

3D64 Cl Pyrolyzed Weave o.69 1.46 
C2 0.71 1.47 
C3 0.71 1.48 

3D75 Cl Graphitized No-Intentional 0.78 1.60 
C2 0.74 1.60 
C3 o.ao 1.60 

3D72 c4 (2} 1.60 
C5 (2} 1.60 



As in the unidirectional samples, ability to strain pl~s an important role 
in determining the utilization of the composites physical characteristics. 
The defects appear to permit some homogenization of the local stresses and 
more utilization of the yarn 'a strength. 

Upon graphitization, the tensile properties increase·d by approximately 20 
percent (Figure 127). These samples received two impregnations and pyrolysis 
(2P), a graphitization (G), impregnations and pyrolysis (3P), and a final 
graphitization step (G). As in the unidirectional composites this increase 
was attributed to the yarn-binder interactions. 

The total porosity data obtained from the mercury porosimetry measurements 
and theoretical density estimates (Section 4.0) were correlated to the com­
pressive end tensile properties of the composites. The trends suggested higher 
compressive strengths associated with lower porosity (Figure 128). Those com­
posite specimens from the process study which were processed under similar pro­
cedures as the defect study specimens are also shown in the figure as square 
points. However, the moduli did net change significantly over the porosity 
range and no trend was observed. 

In the case of the tensile strengths, the data suggested that an optimum 
porosity level ~ exist (Figure 129). Admittedly, a larger effort in this 
area is required to substantiate or determine the effect of porosity on 
strength. This trend was similar to that obtained for the unidirectional 
VYH 70 1/2 - pitch composites. 

In general, it was found that different physical strength characteristics 
could be obtained depending on the type of binders and yarns and their 
compatibility. Furthermore, the material condition, pyrolysis or graphi ti­
zation, plays an important role. The more graphitic binder was less sensitive 
to defects. In fact, there appears to be an optimum density tor the best 
tensile results. It compressive loads are more important, the highest density 
should be obtained in the matrix. 

These results showed that detailed consideration must be given to the total 
processing system. Furthermore, more detailed investigations are required 
to better understand the role of binder and yarn in the failure modes in­
volved both for compressive, shear and tensile loading conditions. 

6.2.3 Relationship of Mechanical Properties to NDT Measurements 

The nondestructive analysis of the mechanical test specimens included ultra­
sonic longitudinal velocity and bulk density measurements and X-r~ radiography. 
The velocity measurements were made through the thickness or radial direction 
by the dry coupling method described in Section 6.1.4. The longitudinal velo­
city was measured at 0.5 MHz tor the pyrolyzed and graphitized composites. 
The nondestructive teat data .is listed in Table XXIX tor the tension and com­
pression specimens. The data obtained on these specimens had the same rela­
tionships between no-intentional and intentional defect specimens as discussed 
in Section 5.2. 
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The velocity data indicated higher tensile strengths were associated with 
lower velocity measurements (Figure 130). This can be expected since the 
strengths were higher for the higher porosity samples. The velocity-strength 
data did not have the peak as in the porosity-strength curve (Figure 129). 
Similar results were obtained for the strain to failure values since the 
porosity sample had the higher strength to failure. 

The average ultrasonic attenuation (as measured on the composite panels) is 
plotted versus tensile strength in Figure 131. Again this trend was attri­
buted to the higher porosity of the stronger composite. Similar results were 
obtained for the strain to failures. 

Higher compressive strengths (and strain to failure) were associated with 
higher velocity and lower attenuation (Figure 132 and 133). 1~is was expected 
since the strengths were found to increase with decreasing porosity. 

The dhyn~1ic modulus values, pvi1 (Section 6.1.4), in the thickness direction 
were significantly different for each composite defect group (no-intentional -
1.08 x 106 psi, smalJ. void - 0.33 x 106 psi, lack of wetting, - 0.32 x 106 psi 
and weave - 0.60 x 106 psi). Since the tensile moduli fluctuated with the 
porosity and the compression modulii were essentially unchanged, no relation­
ship between these two parameters could be established for the multidirectional 
composite. 

The test results, nondestructive and mechanical, on the multidirectional com­
posite emphasized the importance of determining the effect of physical prop­
erties such as porosity, on both NDT and mechanical properties prior to at­
tempting a material screening program. For the compression strengths, the 
lower attenuation or high velocities were indicative of higher strengths 
while for the tensile strengths the opposite was observed due to the effects 
of porosity. These conflicting trends show that a thorough understanding of 
NDT - property correlations is necessary before NDT can be rationally applied 
to material screening. 
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rl. CONCLUSIONS AND RECOMMENDATIONS 

Monitoring material uniformities and detecting discrete discontinuities in 
unidirectional and multidirectional carbon-carbon composites on an in-process 
basis can be successfully accomplished using nonqestructive analyses. 'fhe 
precursor materials, processing variables, and defects can each have a sig­
nificant effect on the mechanical properties of these carbon-carbon composites. 
Nondestructive test measurements can be correlated to porosity and mechanical 
properties of the composite. The application of nondestructive test methods 
during a materials development or characterization prograM is helpful to the 
understanding of material property relationships, and can aid in the develop­
ment of optimum material processing. 

'fhe following recommendations are made based on the results and analyses 
performed on the carbon-~arbon composites: 

1. This program dealt only with small samples of materials. Non­
destructive testing of actual components may pose problems 
relating to thickness and geometrical configurations. A study 
of NOT applicability to hardware configurations appears Justified. 

2. Further mechanical testing should be conducted to obtain statis­
tical confidence in the NOT-mechanical property correlations 
reported here. Such a program should make use of larger blocks 
of material so that better mechanical test specimen designs 
could be employed. 

3. Detailed studies on the mechanical properties of carbon-carbon 
composites should be conducted to evaluate the effect of porosity 
and to determine optimum processing procedures. 

4. Scanning electron microscopy and electron fractography shotud be 
applied to study the yarn-binder interface characteristics in 
carbon-carbon composites. 
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NONDESTRUCTIVE CHARACTERIZATION MEASUREMENTS 
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211 



ND'l' CHARAC'l'ERIZ.ATION DATA ON CURED, PYROLYZED, AND GRAPHITIZED 
VYB 70 l/2 - SCl008 UNIDIRECTIONAL COMPOSITES 

Cured{ll Pyrolyzed{ll 

Average( 2 ) Average Average Average 
Specimen Velocity Denaity(3) Velocity(2) Density(3) 
Gro~ De :re ct Type (105 inlaec) <slcc) ~105 inLaec) <slcc) 

9 Delamination 1.10 1.42 (4) 1.25 

10 No Intentional 1.20 1.37 1.06 1.27 

ll Weave 1.16 1.37 1.08 1.28 

12 Non carbon aceoua 1.13 1.35 1.01 1.26 

13 Lack ot wetting l. 31 1.13 1. 31 

14 No Intentional 1.17 1.36 1.02 1.23 

15 Weave 1.20 1. 35 0.86 1.22 

16 Weave 1.09 1.30 o.8T 1.17 

17 Delamination 1. 32 1.23 1.26 

18 No Intentional 1.12 1. 36 1.07 1.26 

19 Delamination 1.10 1.40 0.95 1.31 

20 Noncarbooaceoua 1.08 1.29 0.58 (5) 1.15 

21 Noncarbooaceoua 1.09 1.30 o.4T 1.15 

22 Lack ot vetting 1.09 1.30 0.52 1.16 

23 Lack ot vetting 1.10 1. 31 0.58 1.17 

24 Small voids 1.13 1. 30 0.52 1.16 

25 Small voi da 1.15 1.26 0.52 1.13 

26 Small voids 1.09 1.32 0.96 1.22 

27 Large voids 1.10 1.29 0.94 1.17 

28 Large voids 1.09 1.28 0.94 1.18 

29 Poor bundle 1.03 1.29 0.50 1.10 

30 Poor bundle 1.08 1.32 0.48 1.12 

31 No Intentional 1.28 1.40 1.00 (5) 1.30 

(1) Average ot tour specimens 
( 2 ) Longitudinal velocity at 2. 5 MHz 
( 3) Bulk density by water immersion 
(4) Material attenuation too high tor accurate measurement of velocity 
( 5 ) Measurement made at 5. 0 MHz 
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NM CHARACTERIZATION DATA ON CURED, PIROLYZED, AND GRAPHITIZED 
VYB 70 1/2 - SC1008 UNIDIRECTIONAL COMPOSITES (Continued) 

Graphitized ( 6) 

Average
5
Ve1ocity(2 ) Average Density(j) 

Specimen Defect (10 in/sec) (g/cc) 

10 No-Intentional 0.76 1.24 

11 Weave 0.71 1.25 

l2 Non carbonaceous 0.71 1.23 

14 No-Intentional 0.67 1.24 

15 Weave 0.58 1.20 

16 Weave 0.59 1.14 

18 No-Intentiooal 0.66 1.25 

19 De1aminat ion o.61 1.22 

20 Noncarbone,.~ous (4) 1.09 

21 Noocarbonaceous (4) 1.13 

22 Lack. of wetting (4) 1.15 

23 Lack of wetting (4) 1.17 

24 Small void (4) 

25 Small void (4) 1,12 

26 Small void 0.71 1.26 

27 Large void 0.63 1.13 

28 Large void 0.66 1.15 

29 Poor b'lmdle (4) 1.10 

30 Poor bundle {4) 1.09 

Quartz 2.30 X 105 

( 6) Average of Two Specimens 
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SpeciDeD 

WPC l2A(4) 
B 
c 
D 

WPC 13A(4) 
B 
c 
D 

MDPC21A 
B 
c 
D 

MDPC 22A 
B 
c 
D 

MDPC 5A 
B 
c 
D 

IIDl' CHARACTERIZATION DATA ON PYROLIZED AND GRAPHITIZED 
VYB 70 1/2 - PITCH UNIDIRECTIONAL COt-!POSI'l'ES 

Bulk.(1) 
Ultrescmic 

Longitudinal. 
Density, Ve1ocityC2), 
( g/cc)- ( 105 in/sec) Ccmditicm 

Pyrolyzed .llo-Intenticmal. 1.51 1.19 
1.52 1.11 
1.52 1.15 
1.52 1.13 

.llo-Intenticmal. 1.52 1.16 
1.52 1.16 
1.52 1.14 
1.51 (1.52)(5) 1.18 (1.15) 

Small Voids 1.48 1.10 
1.48 1.08 
1.48 1.28 
1.48 1.o6 

Small Voids 1.51 1.02 
1.51 1.00 
1.51 1.14 
1.51 (1.50) ' 1.o6 (1.10) 

Lack of Wetting 1.44 0.91 
1.44 0.97 
1.43 0.95 
1.43 0.94 

(1) By" water immersicm. 

Ultrascmif 
Attenuaticm 3) • 

(db/in) 

122 
158 
148 
150 

143 
142 
147 
152 

63 
64 
60 
77 

57 
53 
54 
56 

llO 
105 
108 
115 

(2) Measurements made at 1.6 MHz for pyrolyzed composites and 0.8 MHz for graphitized composites. 

( 3) Measurements made at 2.25 MHz. 

(4) This group vas processed Ulder different pyrolysis conditicms from other specimens 

(5) Awr&ge. 



NDT CHARACTERIZATION DATA ON PYROLYZED AND GRAPHITIZED 
VYB 70 1/2 - PITCH UNIDIRECTIONAL COHPOSITES (Continued) 

Ultrasonic 
Bulk Longitudtnal Ultrasontc 
Density, Velocity 2), Attenuation 3), 

SEecimen Condition Defect (~/cc} (105 inLccl LabLinl 

HDPC 6A Pyrolyzed Lack of Wetting 1.43 0.96 100 
B 1.47 0.90 115 
c 1.46 0.95 99 
D 1.45 (1.44) 1.01 (0.94) 116 

MDPC 24A Weave 1.47 0.97 >108 
B 1.49 0.92 106 
c 1.50 0.93 99 
D 1.49 (1. 49) 0.96 (0.95) >100 

MDPC 2A Delamination 1.49 0.91 > 98 
B 1.48 0.98 >107 
c 1.48 0.96 ,>103 
D 1.47 (1.48) 0.99 (0.96) >104 

WPC 12C Graphitized No-Intentional 1.52 0.80 145 
D2 1.53 0.82 152 

WPC 13A No-Intentional 1.52 0.75 138 
Cl 1.52 142 
C2 1.51 (1.52) 0.78 (0.80) 150 

MDPC 21A Small Voids 1.46 0.85 100 

MDPC 22Al Small Voids 1.47 0.79 131 
A2 1.48 125 
c 1.48 0.84 122 
D 1.47 (1.47) 0.81 (0.82) 142 



Specimen 

MDPC 5A 
B 
c 
D 

MDPC 24:82 
C2 

MDPC 2C1 
C2 
D 

NDT CHARAcr'ERIZATION DATA ON PYROLYZED AND GRAPHITIZED 
VYB 70 1/2 - PITCH UNIDIRECTIONAL COMPOSITES (Continued) 

Conditic:m Defect 

Graphitized Lack ot Wetting 

Weave 

De1aminati en 

Bulk 
Density, 
(g/cc) 

1.47 
1.48 (1.48) 

1.46 
1.45 
1.45 (1.45) 

Ultrascnic 
r.ongitudinr 
Ve1ocity(2 , 

(105 in/cc) 

0.61 
0.64 
0.65 
0.60 (0.62) 

0.70 
0.75 (0.73) 

0.72 

0.59 (0.65) 

Ultrasonif 
Attenuation 3) t 

(db/in) 

147 
160 
171 
151 

141 
129 

145 
145 
186 



NDT CHARACTERIZATION DATA ON PYROLYZED AND GRAPHITIZED 
MODMOR II - PITCH UNIDIRECTIONAL COMPOSITES 

Specimens 

Ml.-1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

M2-l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Condition Defect 

Pyrolyzed No-Intentional 

Pyrolyzed No-Intentional 

Ultrasonic Lon~itudinal{l} 
Ultrasonic 
Attenuation { 2} 

(Velocity, 10 in/sec) {db/in) 

.863 135 

.848 135 

.870 135 

.848 135 

.847 140 

.839 135 

.849 135 

.889 135 

.845 18o 
• 829 { 4} 135 
.818 {.850} 135 (140} 

.846 135 

.862 135 

.836 135 

.827 135 

.839 135 

.837 135 

.828 135 

.Boo 135 

.812 135 

.796 135 

.778 140 

.828 {. 829} 160 (140} 

(1) Ultrasonic longitudinal velocity measured at 1.6 MHz for pyrolyzed material 
and 0.8 MHz for graphitized material. 

(2) Measurements made at 2.25 MHz 

{ 3) By water immersion. 

(4) Average 

Bulk Density{3}, 
( s/cc) 

1.74 
1.76 
1.76 
1.76 
1.78 
1.73 
1.73 
1.74 
1. 75 
1.74 
1.75 {1. 75) 

1.75 
1.73 
1.76 
1. 74 
1.78 
1.75 
1.75 
1. 78 
1.75 
1.77 
1.76 
1.73 {1.75} 



NDT CHARACTERIZATION DATA ON PYROLYZED AND GRAPHITIZED 
r.fODMOR II - PITCH UNIDIRECTIONAL COMPOSITES (Continued) 

Ultrasonic Longitudinal (l) 
Ultrasonic 

Bulk Density( 3), Attenuation(2) 
S~cilllens Condition Defect Velocitz:a( 105 --1nlsec} { db£1n} 's£cc} 
MJ-1 Pyrolyzed No-Intentional .843 140 1.76 

2 .818 145 1.75 
3 .803 140 1.75 
]f .814 135 1.75 
5 .835 135 1.76 
6 .836 135 1. 75 
7 .787 185 1. 76 
8 .827 (.820) 200 (150) (1. 75) 

M-561 Pyrolyzed Weave .804 250 1.74 
2 .850 260 1.75 
3 .884 250 1.75 ..., 
4 .877 260 ~ 1.73 

I!D 
5 .818 1.76 170 
6 .837 350 1.73 
T .753 370 1.75 
8 .856 170 1.76 
9 .833 180 1.64 
10 .828 370 1.75 (1.75) 
ll .Sol (.831) 250 (260) 

Ml3A Pyrolyzed Lack of Wetting .733 1.68 
B .786 1.68 
c .780 1.69 
D .790 (. 776) 1.67 (1.68) 

M14A Pyrolyzed Small Void .779 1.66 
B .719 1.66 
c .744 1.66 
D • 756 (. 750) 1.65 (1.66) 



NDT CHARACTERIZATION DATA ON PYROLYZED AND GRAPHITIZED 
MODMOR II - PITCH W~IDIRECTIONAL COMPOSITES (Continued) 

Ultrasonic Longitudinal( 2 ) 
Ultrasonic (2 ) 

Bulk Density( 3), Attenuation 
SJ2ecimens Condition Def'ect Velocitla 105 inlsec { dbLin) ~ !!ilcc) 

M2-l Graphitized No-Intentional .607 140 1.92 
2 .619 140 1.87 
3 135 1.83 
4 .597 140 1.91 
5 .630 140 1.99 
1 .6o9 145 1.91 
9 .607 145 1.89 
10 .586 140 1.96 
11 .600 145 1.89 
12 .583 (. 606) 145 (140) 1.88 (1.91) 

I'<J M56-2 Graphitized Weave .630 280 1.94 ...... 
10 4 .658 290 1.82 

5 .688 285 1.76 
9 .579 (.639) 230 (270) 1197 (1.88) 

Ml3-A Graphitized Lack of' Wetting .661 1.70 
B .693 ( .672) 1.73 (1.72) 

M1.4-B Graphitized Small Void .101 1.65 
c .119 ( .113) 1.66 (1.66) 



NDT CHARACTERIZATION DATA ON PYROL1ZED AND GRAPHITIZED 
DACLOCK 120 MULTIDIRECTIONAL COMPOSITES 

Longitudinal(!) Ultras ani( Bulk(2 ) 
Velocity Attenuation 3) Density , 

fhlecimen Defect Type Condition (105 in/sec) (db/in) ( g/cc) 

71 No-Intentional 2P-G-2P 1.61 
72 1.60 
73 1.62 
74 1.57 
75 1.64 (1.61) 

n No-Intentiooal. 2P-G-3P 0.96 92 1.65 
72 0.98 96 1.67 
73 0.98 96 1.66 
74 0.93 87 1.64 
75 0.90 (0.95)(4) 96 (93) 1.67 (1.66) 

72 No-Intentional 2P-G-3P-G 0.69 92 1.61 
N 75 0.69 (0.69) 94 (83) 1.59 (1.60) 
N 
0 67 Small Void 2P-G-2P 0.75 llO 1.46 

68 0.76 124 1.48 
69 0.73 115 1.46 
70 o.83 (o. 77) 111 (115) 1.51 (1.48) 
6o Lack of Wetting 2P-G-2P 0.75 118 1.52 
61 0.75 124 1.53 
62 o.78 ll4 1.50 
63 0.79 (0.77) 116 (ll8) 1.49 (1.51) 
64 Wea-ve 2P-G-2P 1.48 
65 1.47 
66 1.50 (1.48) 
64 Wea-ve 2P-G-3P 0.74 108 1.55 
65 0.86 102 1.57 
66 o. 85 (0. 79) 115 (108) 1.58 (1.57) 

(1) .Measured at 0.5 MHz 
(2) By water immersion 
( 3) Measured at 0. 5 f.fiiz 
(4) Average 
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UNIAXIAL TENSILE TEST RESU:. FOR PYROLyzED AND GRAPHITIZED 
VYB TO 1/2 - SC1008 UNIDIRECTIONAL COMPOSITES 

tntimate Strain 
Secant{ 4) Tensile to Initial Final 

Strength. Failure. Mo~us, Mogtus, Mo~us, 
S~cimen Defect Conditioo (Esi) (%) (1 ;esi) (1 ;esi) (1 ;esi) 
14Dl(l) Ifo-Intenticmal Pyrolyzed 11.6 .25 4.6 4.6 4.6 
~(1) 4.6 .01 6.5 6.5 6.5 
»3(1) 11.0 .15 7.3 5.9 9.1 

14c4(2 ) 13.5 .21 5.0 5.0 5.0 
C5{2 ) 13.7 (13.6) (5 ) .lT (.21) 5.9 (5.4) 5. 3 (5.2) 8.0 (6.5) 

25Bl{2 ) Slll811 Void Pyroly'Zed 7.2 .22 3.3 3.3 3.3 
B2(2) 8.4 .20 4.2 4.2 4.2 
B3(2 ) 6.4 (7.3) .16 (.19) 4.2 (3.9) - (3.8) 4.0 (3.8) 

..., 22A1(2) Lack of Wetting Pyrolyzed 10.9 .24 4.5 4.5 4.5 ..., A2(2) ..., 11.0 .31 3.5 3.5 3.5 
A3{ 2) 11.9 (11.2) .29 ( .28) 4.1 (4.0) 4.1 (4.0) 4.1 (4.0) 

15m <3> We a~ Pyrolyzed 7.0 .10 T.O 1.0 1.0 
»3(3) 6.8 (T.O) .ll (.ll) 6.3 (6.T) 

18Dl{l) Cracks Pyrolyzed 5.2 

lTAl(l) Delam.:f..natiCil Pyrolyzed 4.9 .ll 4.4 4.4 4.4 

29»(1) Poor B1mdle Pyrolyzed 8.3 .14 5.9 5.9 5.9 

(1) Strip specimen failed at doublers. 
(2) Dogbcoe thickness specimen. 
( 3) Strip specimen failed in gage secticm. 
( 4) Calculated using strain-to-failure. 
(5) Average values of dogbcme thickness specimens or strip failure 

in gage secticm only. 



UNIAXIAL TENSILE TEST RESULTS FOR PYROLyzED AND GRAPHITIZED 
VYB 70 1/2 - SC1008 rn~IDIRECTIONAL COMPOSITES 

Ultimate Strain 
Secant (4 ) Tensile to Initial Final 

s;eecimen( 2 ) 
Strength. Failure. Modgtus. Modgius, Modgtus, 

Defect Condition (;2si) (%) (10 :esi) (10 :esi) (10 ;2Bi) 

18Al No-Intentional Graphitized 13.0 .40 3.3 4.5 
A2 18.0 .40 4.5 7.7 

14A3 21.3 • 34 6.4 5.5 7.7 
A4 22.0 .32 6.9 5.6 9.1 

10A5 13.1 .23 6.0 6.0 6.0 

A6 14.4 (17.0) • 30 (. 33) 4.8 (5.3) 4.5 (5.4) 5.5 (6.8) 

24A3 Small Voids Graphitized 4.8 .25 1.9 1.7 2.3 
1\) 
1\) 

25Cl 3.7 .11 3.4 3.4 (2.5) 3.4 (2.8) 
w C2 4.2 (4.2) ( .19) (2.7) 

22B2 Lack of Wetting Graphitized 4.8 0.22 2.2 2.2 2.2 

C3 6.3 0.24 2.6 2.4 2.9 

23B4 6.1 (5.8) 0.28 (. 24) 2.2 (2.6) 2.2 (2. 3) 2.2 (2.4) 

16Dl Weave Graphitized 9.4 .47 2.0 2.5 5.0 

D2 10.~ (9.8) .28 (. 37) 3.7 (2 .9) 2.1 (2.3) 3.9 (4.4) 

18Bl Cracks Graphitized 18.1 0.31 5.9 4.8 8.3 

B2 23.0 (20.7) 0.34 (. 33) 6.8 (6.4) 5.9 9.1 
B3(6 ) 7.7 0.29 2.7 2.2 (4.3) 3.6 (7 .o) 

(2) Dogbane thickness specimen. 
(4) Calculated using strain-to-failure. 
(6) Large crack in center (.024 inches wide). 



SHEAR TEST RESULTS FOR PYROLYZED AND GRAPHITIZED 
VYB 70 1/2 - SC1008 UNIDIRECTIONAL COMPOSITES 

Specimen De teet Condition Shear Strength, psi 

14B1 Ho Intentional P;yrol.yzed 666 
B2 1420 
B3 848 
B4 1236 

3105 1355 (1105)(1) 

26D1 Small Voids P:Yrol.yzed 1190 
D2 9i5 

26A3 610 
A4 960 (934) 

22Dl Laek or Wetting Pyrol.yzed 688 
D2 715 
D3 720 
D4 530 (663) 

16Cl Weave P;rrol.yzed 622 
C2 718 
C3 708 
C4 745 (698) 

1801 Crack. P;yrol.yze d 1027 
C2 1405 
C3 1626 
c4 1483 (1385) 

19B1 De1am1n at ion Pyrol.yzed 958 
B2 1770 
B3 1718 
B4 2073 (1630)(l) 

2701 Larse Voidl Prrol.yzed 710 
C2 720 
C3 925 
c4 630 (746) (l) 

29Bl Poor Bundle P;yrol.yzed 545 
B2 505 
B3 405 
B4 470 (481) 

21A2 Honaarbonaoeoua Pyrol.yzed 725 
A3 863 
A4 400 (663) 

(l)Average Value. 
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SHEAR TEST RESULTS FOR PYROLYZED AND GRAPHITIZED 
VYB 70 1/2 - SC1008 UNIDIRECTIONAL COMPOSITES (Continued) 

S~ecimen Defect Condition Shear Strensth 1 ;ESi 

18Al No-Intentional Graphitized 299 
A2 456 
A3 516 
A4 326 
A5 391 
A6 238 
A7 lOll (462) 

26Bl Small Voids Graphitized 325 
B2 270 
B3 240 

26C4 340 (294) 

23Dl Lack of Wetting Graphitized 140 
D2 255 
D3 270 
D4 175 (210) 

16Bl Weave Graphitized 279 
B2 501 
B3 361 
B4 214 ( 339) 

15Bl Large Void Graphitized 234 
B2 73 
B3 135 
B4 ll9 (115) 

225 



UIIAXIAL TENSILE TEST RESULTS FOR PYROLYZED AND GRAPHITIZED 
VYB TO 1/2 - PITCH UNIDIRECTIONAL COMPOSITES 

Ultimate Strain 
Secant(l) Tensile to Initial Final 

Strength• Fa,ilure, Modulus, ~ulua. Mogulua. 
Speci.DMm Defect CooditiCG {;eai) (%) (106 EBi) (10 ;esi) (10 J:!Si) 

13Dl Bo-Intentiooal P,rrol.7zed 9.5 .08 11.9 11.9 11.9 
D2 8.5 .08 10.6 10.6 10.6 
D3 1.1 (8.6)<2> .05 (.OT) 15.4 (12.6) 15.4 (12.6) 15.4 (12.6) 

21Bl s.an Voids PrroJ.yzed 2.4 .03 8.0 5.5 10.0 
B3 15.4 8.3 16.1 

6Bl Lack o-r Vetting Pyrolyzed 16.4 .13 12.6 11.0 14.3 
B2 15.5 .14 11.1 11.1 11.1 
B3 13.6 (15.2) .12 (.13) 11.3 (11.7) 11.3 (11.1) 11.3 (12.2) 

N 26Al Wea-ve Pyrolyzed 6.2 .08 1.1 1.1 1.1 N 
CJI A2 8.5 .10 8.5 4.2 8.4 

A3 3.0 (T.4) .12 (.09) 2.5 (8.1) o.6 (5.9) 10.0 (8.0) 

12Cl llo-Intentional Graphitized 20.8 .18 11.6 10.0 16.5 
C2 18.9 
C3 21.0 (20.2) .28 ( .23) 7.5 (9.6) 6.2 (8.1) 12.5 (16.5) 

22Cl Small Void Graphitized 26.5 .31 1.9 6.2 12.5 
C2 32.6 .47 6.9 4.3 12.5 
C3 ~.4 (29.1) .42 (.40) 1.2 (T.3) 4.8 (5.1) 12.5 (12.5) 

5Al Lack. o-r Wetting Graphitized 22.8 
A3 24.9 (23.8) 

24Bl Weave Graphitized 22.5 T.l 16.1 
B2 16.1 .28 6.o 5.3 8.3 
B3 19.1 (19.6) • 35 (. 31) 5.5 (5.8) 4.2 (5.6) T.l (lO.T) 

(1) Calculated using strain to "failure. 
(2) Average value. 
(3) Does not include low value. 
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SHEAR STRENGTHS OF PYROLYZED AND GRAPHITIZED 
VYB 70 1/2 - PITCH UNIDIRECTIONAL COMPOSITES 

Specimen Defect Conditi-m Shear Strength, psi 

13BS1 No-Intentional Pyrolyzed 790 
(770) (1) 4 750 

21CS1 Small Void Pyro1yzed 770 
2 1410 
3 1200 
4 2270 
5 2180 (1770) 

24DS1 Weave Pyrolyzed 780 
2 490 
3 1280 (850) 

6AS1 Lack of Wetting Pyrolyzed 1990 
2 1910 
3 1330 
4 1900 (1780) 

13AS1 No-Intention &1. Graphitized 730 
2 460 
3 750 
4 770 
5 750 (690) 

22001 Small Void Graphitized 1000 
2 840 
3 710 
4 910 (880) 

24C51 Weave Graphitized 690 
2 780 
3 530 
4 940 (740) 

5BS1 Lack of Wetting Graph! tized 1020 
3 1010 
4 790 (940) 

(1 ) Average value 
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UIIAXI.AL TENSILE TES'l' RESULTS FOR PYROLIZED AND GRAPHITIZED 
tlliK)R II - PITCH lJUDIRECTIOBAL COMPOOITES 

tn.timate Strain 
Secant (l) Tensile to Initial Final 

St:Mngth, Failure. Mo~ulus• Modulus • Modulus, 
Specimen Defect Ccmditim <;esi) (%) ~10 EBi} ~1o6 ;esi} {106 ;ESi} 

3-T I~Intentimal. ~d 12.5 .OT 1T.8 1T.8 17.8 
2-6 10.6 .05 21.2 21.2 21.2 
1-6 17.5 .o6 29.2 29.2 29.2 
1-7 25.2 ( ) .ll. 22.8 22.8 22.8 
1-10 15.3 (16.2) 2 .05 (.07) 30.6 (24.3) 30.6 (24.3) 30.6 (24.3) 

13-2 Lack 0~ Vetting ~d 9.3 .04 23.1 23.1 23.1 
13-3 14.7 (12.0) .08 (.o6) 17.5 (20.8) 17.5 (20.8) 17.5 (20.8) 

56-3 Vea• P)-rolyzed 4.5 
N 
N 2-ll ·~Intentic:mal. Graputized 19.3 .03 64 33.3 CD 

2-9 20.2 .04 50 50.0 
2-4 20.2 (19.9) .05 (.04) 40 (51.6) 33.3 (38.9) 

14-1 Sllall. Void Graphitized 8.0 .03 26.6 16.7 
-2 12.0 (10.0) .05 (.04) 24.0 (25.3) 20.0 (18.4) 

13-2 Lack Of' Vetting Graphitized 33.0 .13 25.2 25.2 25.2 
-3 27.4 .ll. 25.0 25.0 25.0 
-1 18.5 (26.3) .08 (.11) 23.2 (24.5) 23.2 (24.5) 23.2 (24.5) 

56-5 Vea'fe Graphitized 3.5 .12 29.0 29.0 29.0 
56-4 5.2 (4.4) 

(1) Calculated using strain to failure. 
(2) A"Verage 'ftl.ue. 



SHEAR STRENGTHS OF PYROLYZED AND GRAPHITIZED 
MODMOR II - PITCH UNIDIRECTIONAL COMPOSITES 

Specimen Defect Condition Shear Strength, psi 

3-lSl No-Intentional Pyrolyzed 2750 
2 1980 
3 3550 
4 1790 
5 1835 (2380)(1) 

14DS1 Small Void Pyrolyzed 1325 
2 1405 
3 970 
4 1355 (1260) 

13D2S1 Lack of Wetting Pyro1yzed 1050 
2 1475 
3 1090 (1205) 

56-lSl Weave Pyrolyzed 1210 
2 1225 
3 885 
4 1070 
5 1135 ( 1105) 

2-281 No-Intentional Graphitized 835 
2 1270 
3 855 
4 605 
5 980 
6 1270 (970) 

14Sl Small Void Graphitized 2190 
2 1150 
3 890 (1410) 

13BS1 Lack of Wetting Graphitized 830 
2 1420 
3 1250 
4 1670 (1270) 

56-981 Weave Graphitized 770 
2 1360 (1070) 

(1) Average value 
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UNIAXIAL TENSILE TEST RESULTS FOR PYROLYZED AND GRAPHITIZED 
DACLOCK 120 MULTIDIRECTIONAL COMPOSITES 

Ultimate 
Secant(1) Tensile 

Strength, Strain To Mo~ulus 
SEecimen Detect Condition (;2Bi) Failure (10 EBi~ 

3D74-1 No-Intentional Pyroly'zed 2600 .11 2.4 
2 3505 .13 2.7 
3 3085 .11 2.8 
4 3500 .14 2.5 
5 3300 ( 3200) (2) .14 ( .13) 2.4 (2.6) 

3D69-1 Small Void Pyroly'zed 4635 .12 3.9 
2 4320 .12 3.6 
3 3815 (4260) .11 ( .12) 3.5 ( 3.6) 

3D61-l La.ck of Wetting Pyroly'zed 5035 .22 2.3 
2 5455 .22 2.5 
3 4810 ( 5100) .16 ( .20) 3.0 (2. 3) 

3D64-l Wea.ve Pyrolyzed 4825 .16 3.0 
2 3815 .13 2.9 
3 4670 (4440) .16 (.15) 2.9 (2.9) 

3D75-l No-Intentional Graphitized 5720 .19 3.0 
2 4360 .14 3.1 
3 3920 .13 3.0 
4 3120 .15 2.1 
5 268o ( 3960) .14 (.15) 1.9 (2.6) 
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UNIAXIAL COMPRESSION TEST RESULTS FOR PYROLYZED AND GRAPHITIZED 
DACLOCK 120 MULTIDIRECTIONAL COHPOSITES 

Ultimate Strain 
Secant(l) Compress! ve to Initial Middle Final 

Strength. Failure. Mogulus. Mogulus. Mogul us • Modulus. 
Specimen Defect Condition (psi) (%) (10 psi) (10 psi) ( 10 psi) (106 psi) 

3D74 1 No-Intentional Pyrolyzed 14.6 1.27 1.2 2.3 1.3 .67 
2 15.0 1.14 1.3 2.2 1.2 1.05 

3D71 3 17.5 1.60 1.1 2.1 1.1 0.90 
4 16.7 1.43 1.2 1.9 1.2 o.7o 
5 17.6 ( 16. 3) ( 2) 1. 46 (1.40) 1.2 (1.2) 2.0 (2.1) 1.3 (1.2) 0.95 ( .86) 

3D68 1 Small Void Pyrolyzed 5.7 • 55 1.0 1.6 1.0 0.8 
2 6.2 .59 1.1 1.8 1.0 0.7 
3 6.5 .82 0.8 1.3 0.8 0.6 
6 6.4 (6.2) .74 (.68) 0.9 (1.0) 1. 7 (1.6) 0.9 (0.9) 0.7 (0.7) 

3D61 1 Lack of Wetting Pyrolyzed 8.7 .96 0.9 1.4 0.8 0.7 
2 10.0 .89 1.1 1.5 1.2 1.3 

~ 3 8.4 .86 1.0 1.4 1.0 0.7 
c.> 4 9.3 (9.1) .87 ( .90) 1.1 (l.O) 1.5 (1.5) 1.0 (1.0) 1.1 (1.0) ..... 

3D64 1 Weave Pyrolyzed 10.7 .91 1.2 1.8 1.2 0.9 
2 10.7 .93 1.2 2.0 1.2 1.0 
3 10.1 .86 1,2 2.2 1.2 1.1 

31)66 4 9.4 (10.2) • 84 (. 90) 1,2 (1.2) 1.8 (2.0) 1.2 ( 1. 2) 0.9 (1.0) 

3D75 1 No-Intentional Graphitized 8.8 1.45 0.6 1.2 o.6 0.5 
2 9.3 1.07 0.9 1.1 0.8 0.7 
3 7.9 .92 0.9 1.1 0.8 0.6 

3D72 4 10.7 1.44 0.7 1.2 o.a 0.5 
5 10.2 (9.4) 1.18 (1.21) 0.9 (o.B) 1.3 (1.2) 0.8 (0.8) 0.7 (0.6) 

(1) Calculated from strain to failure. 
(2) Average value. 



APPENDIX III 

NONDESTRUCTIVE TEST DATA ON UNIDIRECTIONAL 
MECHANICAL TEST SPECIMENS 
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NONDESTRUCTIVE TEST MEASUREMENTS ON PYROLIZED VYB 70 1/2 - SC1008 
TENSILE SPECIMENS AT 1.6 MHZ 

Ultrasonic 
Bulk(l) Longitudinal 

Specimen De teet Group 
v51ocity, 

(10 in/sec) 
Densit)• 

(g/cc 

14D 1 No-Intentional- .97 
2 Defects 
3 1.32 

14D 4 .97 1.31 
5 .96( .96) 1.32(1.32) 

18D 1 Crack .96 1.32 
31A 2 .91 1.34 

3 .89( .92) 1.32(1.34) 

17A 1 Delamination 1.19 1.28 
2 1.18 1.29 
3 1.15(1.17) 1.28(1.29) 

15D 1 Weave Irregularity .70 1.27 
2 .65 1.26 
3 .63( .66) 1.27(1.27) 

20B 1 Non carbonaceous .54 1.14 
2 Im:puri ties .52 1.18 
3 .44(.50) 1.17(1.16) 

22A 1 Lack of Wetting .45 1.19 
2 .49 1.20 
3 .52(.49) 1.19(1.19) 

25B 1 Small Voids .44 1.19 
2 .51 1.20 
3 .46( .47) 1.18(1.19) 

27A 1 Large Voids .82 1.23 
2 .91 1.26 
3 .94( .89) 1.27(1.25) 

29C Poor Fiber Bundle .45 1.13 
Penetration 

29D .45 1.12 

30C .43(.44) 1.16(1.14) 

(1) Weight-scalar measurements. 
(2) Average value in parentheses. 
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NONDESTRUCTIVE TEST MEASUREMENTS ON PYROLIZED VYB 70 1/2 - SCl008 
SHEAR TEST SPECIMENS Kr 1.6 MHz 

Ultrasonic 
Bulk(l) Longitudinal 

V~locit;r. Densit;y • 
Specimen Defect Group (10 in/sec} (g/cc) 

14B 1 No-Intentional- .89 1.29 
2 Defects .86 1.31 
3 .87 1.28 
4 

:~~( .87) (2) 
1.31 

3lC5 1. 32(1. 30) 
18C 1 Crack 1.08 1.32 

2 1.14 1.32 
3 1.14 1.32 
4 1.05(1.10) 1.30(1.32) 

19B 1 Delamination .92 1.35 
2 .85 1.34 
3 .93 1.35 
4 .97(.92) 1.37(1.35) 

16C 1 Weave Irregularity .68 1.19 
2 .65 1.20 
3 .87 1.17 
4 .78(.74) 1.16(1.18) 

21A 2 Noncarbonaceoua .45 
3 Impurities .81 
4 .41(.56) 1.20 

22D 1 Lack of Wetting .49 1.20 
2 .48 1.22 
3 .51 1.21 
4 .58(.51) 1.18(1.20) 

26D 1 Small Voida .87 1.21 
2 

26A 3 .90 1.22 
4 .93( .90) 1.24(1.22) 

27C 1 Larp Voids .65 1.09 
2 ·19 1.13 
3 .81 1.13 
4 .79(.81) 1.14(1.12) 

29B 1 Poor Fiber Bundle .49 
Penetration 

2 --
3 
4 

(1) Weight-scalar measurements 
(2) Average value in parentheses 
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NONDESTRUCTIVE TEST MEASUREMENTS ON GRAPHITIZED VYB 70 1/2 - SC1008 
TENSILE TEST SPECIMENS AT 0. 8 MHz 

Ultrasonic 
Bulk(l} Longitudinal 

V51ocity, Density, 
Specimen De feet Group (10 in/sec) (g/cc) 

18A 1 No-Intentional • 75 1.23 
2 .64 1.23 

14A 3 .72 1.20 
4 .69 1.21 

14A 5 • 70 ( ) 1.17 
6 .73{.71) 2 1.23(1.21) 

24A 3 Small Voids .42 1.13 
25C 1 • 38 1.06 

2 .41(.40) 1.12(1.10) 

22B 1 Lack of Wetting .34 1.13 
2 • 37 1.16 

c 3 .40 1.26 
23B 4 .36(.37) 1.13(1.17) 

16D 1 Weave .65 1.25 
2 .56 1.16 
3 • 76( .66) 1.05(1.15) 

18B 1 Cracks .71 1.23 
2 .69 1.22 
3 .68(.69) 1.23(1.23) 

(1) Weight-scalar measurements 
(2) Average value 
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NQN~RUCTIVE TEST MEASUREMENTS ON GRAPHITIZED VYB 70 1/2 - SC1008 
, - SHEAR TEST SPECIMENS AT 0.8 MHz 

Ultrasonic 
Bulk(l) Longitudinal 

V~locity, Density, 
Specimen Defect Group (10 in/sec) ( g/cc) 

18A 1 No-Intentional .65 1.23 
2 .65 1.23 
3 .69 1.23 
4 .70 1.22 
5 .68 1.23 
6 

:~~(.68)( 2 ) 
1.21 

7 1.24(1.23) 

26C 4 Small Void .52 1.21 
B 1 .55 1.22 

2 .52 1.19 
3 .57(.54) 1.21(1.21) 

23D 1 Lack of' Wetting .45 1.21 
2 .46 1.21 
3 .47 1.19 
4 .49(.47) 1.17(1.20) 

16B 1 Weave .55 
2 .54 1.10 
3 .61 1.08 
4 .60( .57) 1.07(1.08) 

15B 1 Large Void .33 1.03 
2 .41 1.05 
3 .32 1.05 
4 • 35( .35) 1.05(1.05) 

(1) Weight-scalar measurements 
(2) Average value 
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NONDESTRUCTIVE TEST HEASUREMENTS ON PYROLYZED 
VYB 70 1/2 - PITCH COMPOSITE TENSILE AND SHEAR SPECIMENS 

Ultrasonic 
Longitudinal 
Velocity at 

Bulk{ 2 ) 
{1) 1.6 MHz, 

~ecimen Defect (105 in[sec Densit;r 2 (s/cc) 

13D Tl No-Intentional 1.11 1. 55 
T2 1.13 

(1.12)(3) 
1.54 

T3 1.13 1.52 ( 1. 54) 

21A T4 Small Void 1.06 1.-34 
T5 0.97 1.43 

21B Tl 1.01 1.44 
T2 0.98 1.45 
T3 0.93 (0.99) 1.45 ( 1. 42) 

24A Tl Weave 0.90 1.43 
T2 0.90 1.43 
T3 0.92 1.43 (1.43) 

6B Tl Lack of Wetting 0.96 1. 38 
2 0.91 1.39 
3 0.93 (0.93) 1.41 (1.39) 

13B Sl No-Intentional 1.20 1.52 
82 1.20 1.51 
s4 1.02 ( 1.14) 1.44 ( 1. 49) 

21C Sl Small Void 1.02 1.44 
S2 1.09 1.43 
S3 1.00 1.43 
s4 0.95 1.44 
S5 1.01 (1.01) 1.45 (1.44) 

24D Sl Weave 0.96 1.38 
S2 0.88 1.39 
S3 0.96 (0.93) 1.42 ( 1.40) 

6A Sl Lack of Wetting 0.98 1.38 
2 0.99 1. 36 
3 1.00 1.38 
4 1.03 ( 1. 00) 1.38 (1. 38) 

(1) T - Tension 
S - Shear 

(2) Weight-scalar measurements 
( 3) Average value 
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NONDESTRUCTIVE TEST MEASUREMENTS ON GRAPHITIZED 
\~B 70 1/2 - PITCH COMPOSITE TENSILE AND SHEAR SPECIMENS 

Ultrasonic 
Longi t ud.inal 
Velocity at 

Bulk( 2 ) 
Specimen(!) 

0 8 t.ffiz, 
Defect (10~ inlsec) Densit;'! 1 (sLcc) 

12C Tl No-Intentional 0.87 1.47 
T2 0.85 1.45 
T3 0.83 1.44 

13C Tl 0.84 ( o. 85) ( 3) 1.44 (1.45) 

22C Tl Small Void o. 81 1.43 
T2 0.81 1.42 
T3 0.80 (0.81) 1.43 (1.43) 

24B Tl Weave 0.78 1.41 
T2 0.81 1.41 
T3 0.73 (0.77) 1.42 (1.41) 

5A Tl Lack of Wetting 0.70 1.38 
T2 0.72 1.38 
T3 0.69 (0.70) 1. 39 (1.38) 

13A Sl No-Intentional 0.91 1.46 
S2 0.94 1.46 
S3 0.94 1.47 
s4 0.94 1.47 
S5 0.92 (0.93) 1.51 (147) 

22D Sl Small Void 0.89 1.43 
S2 0.85 1.44 
S3 0.87 1.43 
s4 o. 83 ( o. 88) 1.42 (1.43) 

24C Sl Weave 0.80 1.42 
82 0.77 1.42 
S3 0.74 1. 43 
s4 0.74 (0.78) 1.42 (1.42) 

5B 81 Lack of Wetting 0.70 1.38 
S2 0.69 1.35 
83 0.69 1.38 
S4 0.69 (0.69) 1.38 (1.38) 

(1) T - Tension 
S - Shear 

(2) Weight-scalar measurements 
( 3) Average value 
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NONDESTRUCTIVE TEST MEASUREMENTS ON PYROLYZED 
MODMOR II - PITCH COMPOSITE TENSILE AND SHEAR SPECIMENS 

Ultrasonic 
Longitudinal 
Velocity at 

Bulk( 2) 
S~cimen (l) 

1.6 MHz, 
Defect (105 inlsec) Densitla <slcc) 

Ml.-6T No-Intentional .89 1.73 
-7T .89 1.73 
-lOT .90 1.74 

M2-6T .87 ( ) 1.75 
M3-7T .65 (.84) 3 1.75 (1.74) 

M3-l Sl No-Intentional .67 1.76 
S2 .67 1.76 
S3 .67 1.76 
s4 .67 1.76 
S5 .67 1.76 

M3-6 S6 .61 1.75 
S7 .62 1.75 
S8 .62 ( .65) 1.75 (1.76) 

M56-3T Weave .65 1.75 
M56-7Tl .59 1.75 

9T2 .61 ( .61) 1.75 (1.75) 

M56-1Sl Weave .62 1.74 
S2 .58 1.74 
S3 .60 1.74 
s4 .58 1.74 
S5 .61 (.60) 1.74 (1.74) 

Ml3D Tl Lack of Wetting .99 1.58 
C T2 .99 1.55 

T3 .98 ( .98) 1.51 (1.55) 

Ml3D Sl Lack of Wetting 1.08 1.51 
S2 1.06 1.54 
S3 1.03 (1.04) 1.53 (1.53) 

M14A Tl Small Void 1.10 1.53 
T2 0.98 1.50 
T3 1.01 (1.03) 1.52 (1.51) 

l.U4D Sl Small Void 1.07 1.52 
S2 1.00 1.51 
S3 0.98 1.49 
s4 1.03 (1.02) 1.52 (1. 51) 

(1) T - Tension 
S - Shear 

(2) Weight-scalar measurements 
( 3) Average value 
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NONDESTRUCTIVE TEST MEASUREMENTS ON GRAPHITIZED 
MODMOR II - PITCH COMPOSITE TENSILE AND SHEAR SPECIMEN 

Ultrasonic 
Longitudinal 
'lelocity at 

Bulk(2) 
S~ecimen(l) 

o.8 MHz, 
Detect (105 inlsec) Densitl 1 <slcc) 

2-1 T No-Intentional .61 1.92 
2-4 T .62 1.91 
2-9 T .61 1.89 
2-11 T • 60 ( • 61) ( 3) 1.89 (1.90) 

2-2 Sl No-Intention a1 .60 1.73 
S2 .61 1.73 
S3 .62 1.73 
S4 .62 1.73 
85 .61 1.73 
s6 .61 (.61) 1.73 (1.73) 

M56-4Tl Weave .66 1.82 
T2 .64 1.82 

M56-5T3 .73 (.68) 1.76 (1.80) 

M56-9Sl Weave .65 1.97 
82 .64 (.65) 1.97 
S3 (4) 1.97 
s4 (4) 1.97 (1.97) 

13 Tl Small Void .70 1.63 
T2 .64 1.63 
T3 .67 (.67) 1.63 (1.63) 

13 Sl Small Void .73 1.60 
S2 .72 1.60 
S3 .72 1.61 
s4 .74 (.73) 1.62 (1.61) 

14 Tl Lack ot Wetting .71 1.58 
T2 .61 (.66) 1.55 (1.57) 

14 Sl Lack ot Wetting .77 1.55 
62 .77 1.55 
S3 .79 (.78) 1.57 (1.56) 

(1) T - Tension 
6 - Shear 

(2) Weight-scalar measurements 
( 3) Average value 
(4) Material attenuation prohibited measurement 
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The combination of the X-ray radiography and attenuation and velocity techniques 
detected the intentional defects introduced into the unidirectional and multidirectiona 
composites. The use of an X-ray absorbing doping agent provided additional defect 
information on Thorne! SO-pitch unidirectional composites. The pulse echo technique 
was only useful in evaluating fine weave-high density composites. The ultrasonic 
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attenuation increased while the longitudinal velocity decreased with 
increasing porosity of the composites. 

Different mechanical properties were obtained depending on the type 
of yarn and binder used, the material condition and the type of inten­
tional defect present. The porosity present in the composites had a 
significant and different effect on each of the mechanical properties. 
An optimum porosity level appears to exist for the tensile properties 
of the composites, implying that the highest density does not always 
result in the highest tensile strength. The nondestructive test 
measurements were correlated to the porosity and mechanical properties 
of the carbon-carbon composites. The test data suggested that in-process 
prediction of final composite properties is possible. 

It was concluded that monitoring material nonuniformities, detecting 
discrete discontinuities and predicting material properties in unidirec­
tional and multidirectional carbon-carbon composites on an in-process 
basis can be successfully accomplished. 
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