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ABSTRACT 

The objective of the program was to utilize the nondestructive testing information, 
correlations, and techniques, developed during the previous year, for characterizing 
and evaluating zirconium and hafnium diboride systems and aerospace graphite 
materials. 

The program was divided into three distinct phases: 

A. Characterization and Evaluation of Diboride Materials 
B. Analysis of the Nondestructive Infrared Method for Measuring the 

Thermal Inertia (kp Cp) 
C. Application of KDT Techniques for Evaluating and Predicting Properties 

In Aerospace Graphite Billets 

During Phase A, over 800 billets of diboride systems were evaluated and charac- 
terized. Several important correlations are presented relating nondestructive 
test results to billet quality as well as mechanical and thermal behavior. Among 
the most effective NDT techniques for evaluating the diborides are ultrasonic 
velocity, ultrasonic pulse—echo, radiography, gamma radlometry, eddy current, 
thermoelectric and dye penetrant. 

Phase B was concerned with the determination of limitations and influencing vari- 
ables on the performance of the infrared radiometric techniques for determining 
thermal Inertia (»'p Cp). This technique offers several advantages, such as in- 
creased speed, non-contact with specimen and ability to evaluate actual structures. 

The geometrical limitations, such as curvature, thickness, edge effects, as well 
as, range of thermal conductivities, etc., are discussed. Suggestions are made 
for improvements in the apparatus and for adapting it for field use. 

Aerospace graphite (ATJ-S) used in a Philco-Ford nose cone program v&e  charac- 
terized in the billet form In Phase C of the contract. The use of ganma radiometry 
and ultrasonic velcc'ty data in a computer program allowed modulus to be monitored 
and density changes tu ^e noted. Some work was also done on detection and charac- 
terizatlor of flaws and anomalies, such as "calcium" deposits, parting lines, etc.; 
but their effects on material behavior were not studied. Recommendations are 
presented for Improving this type of effort. These Include the judicious use of 
such destructive test data as strain to failure, Poisson's ratio, ultimate tensile 
strength, nodulus and effects of flaws for obtaining the most meaningful non- 
destructive test correlations. 

. 
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PART A - APPLICATIONS OF NONDESTRUCTIVE TEST TECHNIQUES TO THE 
CHARACTERIZATION AND EVALUATION OF DIBORIDE MATERIALS 

R. C. Stinebring 
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I.  INTRODUCTION 

Nondestructive test techniques for evaluating and characterizing various types of 
graphites have been developed on previous programs.1»2 Of special significance 
was the development of correlations between mechanical properties measured de- 
structively and nondeatructlvely measured parameters of sonic velocity and dens' y. 
The relationship, VL

2d = ED , where: 

VL - longitudinal velocity 

d  ■ density 

Ej  » dynamic modulus 

3 
has correlated witn the tensile modulus of graphite and other brittle materials. 
Since the sonic velocity can be measured in an actual structure or material in 
bulk fon> and density can also be measured using a gamma radiometric technique, 
the variations in modulus and density can be monitored and predictions made on 
the behavior of the structure. This has obvious advantages over destructive 
sampling techniques that measure properties on specimens which may not be repre- 
sentative of the structure. 

The information gained on the referenced programs was utilized for evaluating 
zirconium diboride and hafnium diboride materials with additions of such things 
as silicon carbide and graphite. The objectives of the program were threefold: 

K- to determine the effectiveness of the NDT techniques for evaluating and 
characterizing the diborides 

• to give support and information to the Avco/SSD Metals and Ceramics 
Group for use in understanding and adjusting theii process parameters 

• to screen materials, make quality assessments, and supply information 
for the ManLabs programs being carried out under Air Force Contracts 
AF33(615)-3671 and AF33(615)-3859. 

The diboride systems, mentioned above, were originally studied by ManLabs under 
Contract AF33(657)-8635, "Investigation of Boride Compounds for Vety  High Tem- 
perature Applications", and are briefly described in Reference 4. The usefulness 
of these materials for leading edges, nose cones, etc., for high velocity flight 
and reentry and methods for fabrication and scale-up are the subjects for the 
present ManLab's programs. These materials display considerable strengths and 
oxidation resistance at temperatures in excess of 2000°C. A listing of the 
materials evaluated on this program is given in Table I. 

In addition to the ultrasonic velocity and gamma radiometry, other nondestructive 
techniques were applied to the evaluation and characterization of over 800 bil- 
lets and specimens. These techniques are listed in Table II and are discussed 
in detail in the following text. 

-3- 
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TABLE I 

REVISED DIBORiDE COMPOSITIONS FOR SCREENING PHASE EVALUATION 

Mater ial 
Mo. Designation Remarks and Original Rationale for Specific Additives 

I ZrB2 Zirconium diboride, co additive. 

II HfB2 Hafnium diboride, no additive. 

III H£B2 + SiC Hafnium diboride with twenty volume percent silicon 
carbide to enhance oxidation resistance. 

IV HfB2 + SiC Hafnium diboride with thirty volume percent silicon 
carbide to enhance oxidation resistance. 

V ZrB2 + SiC Zirconium diboride with twenty volume percent sili- 
con carbide to enhance oxidation resistance. 

VI H£B2 + Hf-Ta Hafnium diboride with four volume percent hafnium 
tantalum alloy additive, an oxidation resistant 
metallic binder phase, to enhance strength properties. 

VII HfB2 + SiC Discontinued. Boron rich HfB2 with silicon carbide 
additive. 

Will ZrB2 + SiC + C Zirconium diboride (56 volume percent) silicon 
carbide (14 volume percent) graphite (30 volume 
percent) composite with enhanced oxidation and 
thermal shock resistance. 

IX HfB2 + HfSi Hafnium diboride with twenty volume percent hafnium 
silicide additive to enhance oxidation resistance. 

X ZrB2 + SiB6 Zirconium diboride with twenty volume percent sili- 
con hexaboride additive to enhance oxidation 
resistance. 

XI ZrB2 + Cr Zirconium diboride with eight volume percent 
chromium additive to enhance mechanical strength 
properties. 

XII ZrB2 + C Zirconium diboride with graphite additive to en- 
hance thermal shock resistance. 

XIII ZrB2 + W Zirconium diboride with tungsten filament additive 
to enhance mechanical properties. 

-4- 



TABLE II 

NOT TECHNIQUES APPLIED ON THIS PROGRAM 

NDT Technique or Method Property or Variable of Interest 

1. Ultrasonic velocity Elastic Modulus, density, structure 

2. Gamut radionetry Density, homogeneity 

3. Eddy Current Electrical conductivity, structure, 
chemistry 

4. Ultrasonic Pulse Echo Flaws, i.e., cracks, inclusions, 
discontinuities, properties gradients, 
porosity 

5. Dye Penetrant Flaws, i.e., surface cracks, porosity 

6. Radiography Density, flaws, (i.e., inclusions, 
cracks, porosity) 

7. Thermoelectric Chemistry 

__}. 
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II.  PROGRAM RESULTS 

k,    FLAW DETECTION TECHNIQUES 

1. Dye Penetrant 

Asong the simplest and often most informative NDT techniques for detecting 
surface cracks and porosity is that which employs a dye dissolved or carried 
in a penetrating oil. In this technique, the surface of a specimen is flooded 
with a dye penetrant which is drawn into cracks and porous areas by capillary 
action. Subsequent to rinsing the surface and applying fine developing powder, 
the dye bleeds out from the flaw areas and can be readily detected by visual 
or optical means. 

Specimens which exhibited widespread cracking, such as seen in Figure 1, can 
be seen readily by normal visual observation and, of course, do not require 
dye penetrant techniques, however, more subtle cracking and porosity as 
shown in Figure 2 require the use of dye penetrant for effective detection. 

Each billet was examined using this technique for screening and the informa- 
tion was used to eliminate billets from further processing and to make ad- 
justments in processing parameters, such as pressure, temperature and time to 
minimize ov eliminate the occurrence of  iese flaws. 

It should be pointed out that the occurrence of cracked specimens was wide- 
spread In ZrB2 and HfB2 billets and the addition of other materials, such as 
SIC and graphite to the powders greatly reduced this propensity for cracking. 
Reference 4 indicates that the cracking condition may be due to impurity 
phases, such as metal oxides and carbides in the original powder. The addi- 
tion of silicon carbide appears to act as a "getter" for these impurities and 
thereby improves the hot pressing characteristics of the powder. 

The dye penetrant technique also proved useful in evaluating Zr&2 material 
which had been subjected to a plasma arc high teraperature test. Visual exam- 
ination of the specimens indicated that they had survived the arc test without 
damage and plans were being made to put them through another high temperature 
cycle, however, the dye penetrant technique revealed the presence of wide- 
spread cracking due 'o thermal shock as shown in Figure 3. As a result, these 
specimens were removed from further testing. Other specimens (Figure 4) of 
HfÜ2 were tested with dye penetrant and showed the presence of a porous band 
in the center of the tpecuuen after the plasma arc test. Since these speci- 
mens had bn?n fabricated by a facility other than Avco/SSD, and were supplied 
directly to ManLabs, no NOT tests were performed on the original billets and 
it was not known if this condition was present before the arc test, however, 
fragments of the original billets from which the arc test specimens were cut 
were dye penetrant tasted and showed the presence of the porous band in the 
parent materials. 

Billets of the diborides fabricated at Avco/SSD we._ tested with the dye pene- 
trant and the other NDT techniques in two conditions — the as-machined billet 
and su  diametrical slices. Surface cracks and other conditions, such as seams, 
folds, and porosity were detected in the billet form; and if their severity 

■6- 
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Figure 1 GROSSLY CRACKED DIBORIDE BILLET 
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Rgw* 2 CRACKS AND POROSITY DETECTED BY DYE PENETRANT TECHNIQUE 
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VISUAL APPEARANCE OF SPECIMEN AFTER 
10 Mtf PLASMA ARC TEST 

1-7 

APPEARANCE OF SAME SPECIMEN AFTER DYE 
PENETRANT TEST. NOTE THE EXTENSIVE 
CRACKING AROUND DIAMETER AND ON THE 
BOTTOM SURFACE. 

*4B P^^ 
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Figure 3 CRACKING IN ZrB? SPECIMEN AR.ER EXPOSURE TO 10 MW PLASMA 
ARC TEST 
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HfBg Specimen After 10 MW Arc Test 
(Dark Band Is Center Bias Bluish Appearance) 
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Sasse Specimen Showing Dye Penetrant Test Results. 
Strong Bleedout ID Center Zone Indicates Grows Porosity 

Figure 4 DETECTION OF BAND OF GROSS POROSITY IN ARC TESTED Hf32 
S PECIMEN USING A DYE PENETRANT TECHNIQUE 
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was judged to Ue minor, the billets were sectioned to obtain bend test and 
high temperature test specimen».  The sections were then evaluated visually 
and with dye penetrant tc detect any cracks or porous areas, which were pre- 
viously subsurface. The results were recorded and described on a test sum- 
mary sheet and were transmitted to the processing group for their Information 
and action. 

2. Ultrasonic Pulse Echo Technique 

Techniques which use ultrasonic pulses and observations of the reflected 
pulses for interrogating materials are in widespread use for sensitively 
detecting such conditions as cracks, delaminations, inclusion*, porosity, etc. 

Billets of the diboride materials were evaluated using the equipment shown 
in Figure 5 and a map of each billet was made showing the locations of defect 
indications (Figure 6). These maps were supplied to the Metals and Ceramics 
Process Group to asisist them In their sectioning plan and in making disposi- 
tion of the material. 

In addition, the effects of flaws on high temperature performance were con- 
sidered to be important for establishing ultrasonic test and acceptance 
standards. Flat«» detected by this technique generally fell Into one of 
several categories: 

• gross cracking (Figure 7) 

• laminar cracks and segregation (Figure 8) 

• voids and inclusions (Figure 9) 

• porosity 

Materials of the ZrB^ + SIC series which contain flaws have been subjected 
to thermal shock conditions in high temperature test facilities located at 
Battelle Memorial Institute,  Marquardt Corp.   and Johns-Hopkins Applied 
Physics Laboratory.    No deleterious effects have been traced to defects 
present in the material. 

A leading edge specimen,  subjected to the Marquardt hypersonic wind tunnel 
contained defects  (voids) as great as 0.030-inch diameter and performed 
successfully.    A ring specimen tested with a programmed increasing radial 
heat flux in the Battelle facility failed by cracking at a location approxi- 
mately   1/4 inch away from an ultrasonically detected defect estimated to be 
approximately 0^020 to 0.030 inch (Figure 10). 

Other flawed specimens  tested in  the plasma arc at /--lied Physics  Laboratory 
exhibited the same degree of success or catastrophic failure as materials 
without flaws.    The high temperature test  conditions and results will be 
discussed in forthcoming MäuLabs    reports and are preliminary at this time. 
This work is discussed only to illustrate the typeB of flaws being detected 
and the fact  that  their significance has not been established. 

-11- 
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Figure 5 ULTRASONIC PULSE ECHO TEST METHOD AND APPARATUS 
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EDGE VIEW 

78-3833 

Figure 6 ULTRASONIC PULSE ECHO INDICATIONS NOTED ON MAP OF 
DIBORiDE BILLET 
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ULTRASONIC PULSE-ECHO RESULTS 
ON DEFECTIVE REGION OF BILLET 

ULTRASONIC PULSE-ECHO RESULT 
ON EXTREME EDGE OF BILLET  (NO DEFECT) 

ULTRASONIC PULSE -ECHO RESPONSE ON GOOD BILLET 

Figure 7 RESULTS OF PULSE-ECHO ULTRASONIC TEST TECHNIQUE ON ZrB?/5 v/o 
GR., HITE SHOWING TYPICAL RESPONSE TO DEFECTIVE AND 

NON-DEFECTIVE BILLETS 
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Figure 8  LAMINAR CRACKS AND INCLUSIONS DETECTED BY ULTRASONIC PULSE 
ECHO TECHNIQUE 
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CRACKED RING SPECIMEN AFTER EXPOSURE TO BATTELLE 
HIGH TEMPERATURE THERMAL SHOCK TEST « MARKS THE 
LOCATION OF ULTRASONICALLY DETECTED DEFECT) 

Figure 1C  POST-TEST APPEARANCE OF DIBORlDE RING AFTER EXPOSURE TO 
BATTELLE THERMAL SHOCK TEST 

17. 



Porosity in the billets cen be detected by observing a loss of the back re- 
flected pulse.    While grossly porous material (greater than 10 percent) has 
iiot been tested for high temperature bend strength,  it is interesting to 
note that homogeneously distributed porosity resulting in density differ- 
ences of as much as 10 percent fron theoretical density do not have a demon- 
strable effect on the room temperature or high temperature bend strength, 
although a small gram size may be compensating for the increase of porosity. 
However, porosity (or low theoretical density) does influence the modulus 
and, therefore, is a helpful parameter to monitor.    The effect of density 
on modulus and sensitive techniques for measuring both density and modulus 
nondestructiyely will be discussed in a later section. 

3.    Radiography 

Film radiography was used to detect the presence of voids, inclusions and 
local gross changes in composition such as gross segregation.    The through 
transmission method is used with the x-ray source on one side of the speci- 
men and a film (detector) on tke other side.    The equation describing x-ray 
(and gamma-ray) absorption in travelling through the specimen material is: 

'.' 
-</t/tf at (2) 

It will be noted that absorption is a function of the chemistry (upon which 
the value of p depends),  the density and the thickness. When several ele- 
mental components are present, the value of I observed depends on the density 
and the percentage of each element present and the wavelength or "voltage" 
of the Incident radiation. Since monochromatic beams are not easily obtain- 
able, the value of \L  usually observed is an effective value for polychromatic 
beams. If chemistry, density, and thickness are constant, the amount of 
radiation passing through the specimen will be constant and the film will be 
uniformly exposed. However, if I changes locally, as in the case of foreign 
included material or of segregation of the elemental constituents, or if the 
thickness changed (as in the case of a void) then the amount of radiation 
impinging on the film is less than the surrounding image. Hence, voids, 
inclusions, and segregations can be detected by this procedure. Radiographic 
sensitivity depends on the source and the detector system used, but optimum 
combinations yield intensity differences on the order of 1 percent. 

An example of a high density Inclusion detected by this technique Is shown 
in Figure 11. This inclusion is probably an agglomeration of ZrB2 particles 
present in the starting powder. 

Among other flaws which have been detected are cracks, voids, and density 
variations from edge to center of many billets. 

B. PROPERTIES EVALUATION USING NDT TECHNIQUES 

1. Gamma Radiomet r, 

Radiometrie density gaging is basically similar to radiography, consequently 
an equation similar to (2) applies. In radiometric density gaging, a colli- 
mated source of radiation (gamma rays, for this application) is used, and a 
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Figure 11  HIGH DENSITY INCLUSION IN ZrB2 + SiC BILLET DETECTED 
BY RADIOGRAPHY 
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confined beam is directed through the specimen iap'.nging on a scintillation 
detector. The output of the detector is fed to a scintillation counter. By 
accurately counting scintillations over a fixed time interval, small differ- 
ent.«« in radiation Intensity from point-to-point or from specimen-to-specimen 
car fw detected. Through suitable calibration procedures, specimen or local 
density can be determined. In practice, most radiometric gaging applications 
are based an the assumption of constant chemistry and only concern themselves 
with the thickness and/or denjlty aapects of Equation 1. Since the value of 
transmitted Intensity I is a function of both of these, it is necessary that 
one be fixed or known if the other ia to be unambiguously determined. Hence, 
it can be quite Important to radiograph materials, prior to density gaging, 
If voids. Inclusions, etc., are likely to occur. Sensitivity of gaging de- 
vice« to transmitted intensity changes Is again about 1 percent and while 
normal operations usually have resolution on ehe order of 0.5 in2, resolution 
much greater than this is attainable, depending on materials, configurations, 
reasonable counting tinea, etc. 

The diborlde billets have been radiooetrlcally monitored at 20 locations and 
the results have been plotted graphically to illustrate the pattern of density 
variations. Figure 12 shows the results o£ monitoring a Zr3£ billet which 
varies from edge to -enter. In this particular case, the density varies 
from approximately 5.73 gme/cc at the edge to about 6.35 gsss/cc in the center 
with the average density (gravimetric) being 5.898 gms/cc or a total range of 
5 percent. Since bend test specimens are taken from the central portion of 
the billet, the destructive test results of modulus and strength are only 
representative of this high density area in the gage length. 

The radionetrically determined density is useful not only for monitoring the 
high temperature and pressure fabrication process but also can be used with 
the ultrasonic velocity results to nondestructively monitor modulus variations 
which will be discussed in detail in a later section. 

2. Thermoelectric Technique 

The use of a thermoelectric technique for detecting chemistry variations in 
diffusion-formed coatings is discussed in detail in Reference 5. It was re- 
ported that chemistry variability due to processing techniques and coating 
fhickness were highly important to the oxidation behavior of coated refractory 
alloys. Because of the high sensitivity of the techniques, as well as sim- 
plicity of operation, it was applied to the dlborides evaluation and charac- 
terisation program for monitoring or detecting chemistry variations. As stated 
previously, the starting powders contained impurities that affected the fab- 
rication parameters. 

The effect on the billet density of HfB£ specimens can be seen from Table III 
with the tfah Chang supplied material yielding a consistently lower density 
than the Shieldalioy powder. 

-20- 



- 

• 

RIGHT 
EDGE 

76-3859 

Figure 12 DENSITY VARIATIONS IN ZrB2 + SiC BILLET USING RADIOMETRIC 
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TABLE III 

MATERIAL H FABRICATION CONDITIONS AND RESULTS (HfBj) 

Material Temp. Pressure Time Density Powder 
Designation (°C) (psi) (min) (gm/cc) Supplier 

1106 »0373 2200 4000 55 11.10 
1106 D0374 2100 4000 42 11.17 
1106 D0375 2000 4000 68 11.15 
1106 D0376 19C0 4000 145 ri.14 Shieldalloy 
1106 D0379 1800 4000 130 10.84 
1106 1X1383 2000 4000 40 11.17 

IJ.05 D0399 1900 4000 100 9.10 
1105 D0409 2000 6000 180 9.80 
1105 D0413 2100 2500 124 9.54 Hah Chang 
1105 D0423 1900 6000 180 9.26 
1105 D0425 2000 4000 153 9.45 
1105 D0427 2100 4000 108 9.57 

These effects are further demonstrated by the incidence of  cracked specimens 
resulting from these powders   (see Table IV). 

TABLE IV 

CRACK INCIDENCE VERSUS POWDER SUPPLIER (Hf BJ 

Supplier Type of Cracks No.  CrEcked/No.  Tested Percent Cracks 

II                05 
Hah Chang        05 

05 

eevere cracks/total examined 
edge cracks/total examined 
total cracked/total examined 

3/24 
4/24 
7/24 

13 
17 
29 

06 
Shieldalloy    06 

06 

severe cracks/to'al examined 
edge cracks/total examined 
total cracks/total examined 

4/5 
0/5 
4/5 

80 
0 

80 
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The thermoelectric technique test instrument shown in Figure 13 was applied 
to specimens made from powder representing three HfB2 suppliers and the re- 
sultant thermoelectric emf was observed. These results are shown graphically 
in Figure 14, and it csn be seen that the materials separate into three 
distinct groups according to the powder supplier. Note, also, that additions 
of SiC to as much as 35 percent do not affect the thermoelectric readings and 
the suppliers can still be identified. The reason for the difference- in 
thermoelectric reading may be explained by comparing the starting powder 
chemistry assays.. The Wah Chang powder exhibited lowest impurities, while 
Shieldalloy powder showed highest. Figure 15 shows a graphical plot Hf02 
assay for each powder and appears to correlate with the thermoelectric test 
results. The presence of 5 percent HfC-2 in the Shieldalloy powder may also 
explain the higher density for this material when compacted. 

Chemical analysis of several powder batches of ZrB£ did not reveal significant 
differences in chemistry with each exhibiting about 5 percent impurity level 
(chiefly Zr02) (Reference 4). These materials also did not show differing 
thermoelectric response. 

3. Ultrasonic Velocity and Dynamic Modulus Results 

The measurement of velocity presents a means for determining properties of 
interest by direct calculation using well known equations t?Here applicable, 
and by establishing correlations between quantitative NDT measurements and 
material properties. In regard to elastic properties, for example, the rela- 
tionship between wave velocities and physical properties can be seen from 
several equations such as: 

VL = 
V 

T 
 (1 - a) ~j 
(1 + o)  (1 - 2o)\ 

1/2 
(3) 

■[* 
l 1/2 

2 (1 + a. >J m 1/2 (4) 

where: 

VL • longitudinal wave velocity 

vT •* transverse wave velocity 

Y ' Young's modulus 

a » Poisson's ratio 

d ■ Density 

K ■ Bulk modulus 

{* m Shear modulus 
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Figure 13 THERMOELECTRIC TEST INSTRUMENT 

-24- 



• 

i   I 

-e 

-7 

§"6 

K 

| < i- 
2 

1   "4 
u 

-3 

-2 

/ "t  nlftV, A Ml (05) ...... o 

J 
WAN CHANG 

IV(06) 

J, 11(03) 
o 

ne (03) 

U09)          c AR80KUNDUI 1 
III 10« » 

il(06) II 1(06) (35 

SHIELDALLO 1 

l 

78-3061 

5 K> IS 
% SiC WHfBj-SiC 

20 23 30 

Hgure 14 THERMOELECTRIC RESPONSE VERSUS POWDER SUPPLIER AND 
PERCENT ADDITIVE 

-25- 



Q 
< 
Id 
K 
W 

I 
a 
u 
X 

0 (os) WAH CHANG 

(os) a 0 
«BORUNDUM 

SH IELOALLOYN^ 

2 3 

% HfQ ASSAY 

78-3862 

Figure 15 CORRELATION BETWEEN THERMOELECTRIC READING AND CHEMISTRY 
(Hf02) IN HfB2 BILLETS 

-26- 



-     E 

While the above equations are written for extended Isotropie media and 
represent an over-simplification when "non-ideal" materials are considered, 
empirical correlations between the nondestructive!)? determined wave velocities 
and the destructively determined physical properties are to be expected. 
Equation 3 is of particular interest. 

Since VL is primarily responsive to the modulus-density ratio, process varia- 
tion leading to modulus changes, either total or in a given direction (such as 
preferred orientation in elastically anisotropic materials or small amounts 
of "stiffening" impurities), will show up as a change in sound velocity.    In 
some materials, depending on the stress-strain relationship, variation in 
internal stress levels will also be indicated.    While not of immediate in- 
terest in this program, velocity-tensile strength determinations are also 
common for brittle materials.    The present velocity measuring system is 
capable of making velocity determinations to a precision of about 1 percent 
(Figure 16). 

It can be seen from Equation 3 that the substitution of 0.2 or less for o will 
result in the approximate relationship of Equation 1.    The value of o can be 
determined by making longitudinal and transverse velocity measurements and 
solving the equation: 

r 
l - 

2  - 

(5) 

This was done for various specimens of ZrB2 plus SiC and graphite and the 
Poisson's ratio was found to be approximately 0.1.    Figure 17 shows  the 
sonically measured Poisson's ratio in the pressing direction as a function 
of ZrB2 plus SiC.    Using this value in Equation 3 for   o ,  the product of 
V-2d very closely approximate* the modulus.    Empirical relationships were 
also established and are presented in Table V.    Each specimen of ehe different 
material types was evaluated uuing sonic velocity and density and the results 
are given below. 

a.    Group I  (ZrB2) 

The billets of ZrB2 were evaluated over a density range of 5.3 gms/cc to 
6.0 gms/cc representing a spread from 83 percent to 99 percent theoretical 
density. The data presented in Figure 18 show the marked decrease in 
dynamic modulus as a function of density. These data agree very well 
with the mechanical test data given in Reference 6 where the modulus de- 
creases from 68.7 x 10° to 47 x 10° psi over a range of densities from 
100 to 80 percent theoretical. 

b. Group V (ZrB2 + SiC) 

It was mentioned previously that additions of SiC improved the fabrica- 
biiity of ZrB2 base billets without apparently degrading strength or 

-27- 



'«- 

■.    . - 

PUL5/ED 
ULTRASONIC 
GENERATOR 

OSCILLOSCOPE 

DELAY-TiME 
DELAY-TIME  MULTIPLIER 

o 
HORIZ.POS. 

CALIBRATED TO 
READ TO NEAREST 
msec 

TEST POINTS 

TRANSMITTER 
TRANSDUCER 

RECEIVER 

TRANSDUCER 

772«I70 

Figure 16 DIAGRAM OF ULTRASONIC VELOCITY MEASURING APPARATUS 

-28- 



----- 

0.2 

„    0.13 
u 
5 
z 
X 

o 

o 
§ 

"z o 
CO 
«? 003 
o 

D 

?       &—J i 6 D      °      *I 
V"         "~\j*       ■   I ? 

78-33«3 

10 20 30 

PERCENT SIC ADDED TO ZrB2 

40 30 

Figure 17  EFFECT OF SiC ADDITIONS TO ZrB2 ON POISSON'S RATIO 

-29- 



_.   :.f:     • 

  

4.6 

78-3864 

&4 

DENSITY, gma/cc 

5.8 6.2 

!      I 

Figure 18 EFFECT OF DECREASING DENSITY (DUE TO POROSITY) ON 
DYNAMIC MODULUS 

-30- 



oxidation resistance while reducing the density thereby gJ«lng a more 
favorable strength to weight ratio. Billets of this type were studied 
extensively and were thoroughly characterized using NDT techniques. 

In order to properly identify variability and the effects of &uch variables 
as porosity and additions of SiC the billet densities were plotted graphi- 
cally as a function of theoretical density.  Figure 19 shows this presenta- 
tion with an approximate 100 percent theoretical density line based on the 
rule of mixtures.  It should be noted from these data that numerous speci- 
mens are considerably less than 100 percent theoretical density and there- 
fore contain appreciable void volume in addition to the SiC. Another point 
of interest is that the billets made from 05 powder (Shieldalloy Corp.) 
yield a consistently high density while 07 (U. S. Borax Corp.) and 02 
(U.S. Borax Corp.) powders yield numerous lower density billets. Me- 
chanical testing of selected specimens showed that modulus decreases with 
density as a function of the void or porosity volume (Figure 20). A 
comparison of these data with the dynamic modulus determined in the NDT 
Laboratory shows the same trends (Figure 21). 

Those specimens of ZrB2 plus SiC which are close to 100 percent theoretical 
density yield a high and constant modulus as shown in Figure 22. The num- 
bers in parentheses on the graphs are the percentages of SiC that have 
been added to the ZrB2 powder. 

c. Group XII Material (ZrB2 + Graphite) 

The additions of graphite to the ZrB2 decreases the density and modulus 
while improving machinability and high temperature bend strength. Graphite 
also appears to be an aid in densification, since most specimens approach 
the 100 percent theoretical density figure regardless of the original 
powder lot (Figure 23). 

As mentioned above, the graphite addition to the ZrB2 behaves much differ- 
ently from SiC in its effect on modulus. Figure 24 shows this effect 
using two lots of ZrB2 powder in preparing the billets. 

d. Group VIII Material (ZrB2 + SiC + Graphite) 

This complex composition results in a high strength, lower density, oxida- 
tion resistant material with a lower modulus and improved machinability. 
As a result of this fortunate combination of properties, it may find con- 
siderable u6e in high temperature applications where thermal shock Is a 
prime consideration. 

f 
The dynamic modulus for this material has been plotted as a function of 
density and additives and is presented in Figure 25.  It p^^uld be noted 

f that the modulus decreases as a function of the graphite >ri±j . The volume 
ratio of ZrB2 to SiC was held constant at h  to 1 for all the compositions 
in Figure 25. 

When comparing the data for all threp. combinations discussed above (Fig- 
ure 26), it can be seen that additions of either or both SiC and graphite 
decrease the density while only graphite additions affect the modulus. 
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It should also be noted (Figure 27) that additions of air (porosity) to 
the ZrB2 powder also decreases the dynamic modulus in the sane manner as 
graphite additions. 

e. Groups III and IV (HfB2 + SiC) 

The high incidence of cracking la the UfB^ billets aas resulted in low 
numbers of usable specimens and a lack of data for this material. How- 
ever, en the basis of data obtained from HfB2 plus SiC and the similarities 
with ZrB£ plus SiC it can be assumed that HfB2 and ZrB2 behave similarly. 

The density resulting from additions of SiC to HfB2 follows approximately 
the rule of mixtures and most specimens were close to 100 percent theoret- 
ical density (Figure 28). As in the case of Group V material, the HfB2 
plus SiC billets show no significant changes in modulus as a function of 
percent addiuve (Figure 29). 

4. Eddy Current Electrical 

Variations in chemical composition, phases present, distribution of phases, 
hardness and internal stress result in changes in the electromagnetic prop- 
erties of electrically conductive materials. These same factors raay well 
have an influence on oxidation resistance; hence, the measurement of electro- 
magnetic properties especially in the near surface layers, could provide A 
measure of relative oxidation r distance. This measurement is made by a coil 
carrying an alternating electrical signal which is brought into proximity 
with the electrically conductive specimen. Eddy currents are induced in the 
specimen, and some of the energy contained in them is dissipated through the 
action of the resistivity of the material encountered. That energy remaining 
is reflected back to the exciting coil and is seen by it as a back impedance. 
Hence, by measuring the coil current (phase, amplitude, or both) information 
is obtained regarding the electromagnetic properties of the material in the 
field induced by the coil. The depth of penetration of this field is defined 
as the depth at which the induced field strength falls to i/s (37 percent) of 
its value at the surface and can be calculated from: 

S 7^ [i H 
1/2 

(6) 

where: 

8     =» depth of penetration 

I      ■ exciting frequency in cps 

pip  » ratio of resistivity of material to   that of copper 

frei " relative permeability of material 
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Each specimen was evaluated using a standard 60 KHz eddy current conductivity 
unit and data were analyzed to separate out effects due to material additives, 
porosity, and starting powder variations.  It was noted that the latter variable 
(starting powder) resulted in differing electrical properties for the materials. 
For example (Figure 30), it was determined that billets made from 02, 03, and 
07 material supplied by U. S. Borax all give a higher electrical conductivity 
than Che ('S material supplied by Shieldalloy Corporation indicating either a 
structural or chemical difference.  Data supplied in Reference 4 indicate 
that chemistry does vary according to supplier with U. S. Borax material having 
approximately 94.5 percent ZrB2 by assay while Shieldalloy material has approxi- 
mately 95 percent ZrB£. This difference could explain the conductivity varia- 
tions as well as the difficulty in achieving 100 percent dense billets from 
powders of 02, 03 and 07 material as mentioned previously while billets made 
from 05 powder were of consistently high density (Figure 31).  This difference 
is also noticeable and consist«- . when SIC or graphite are added to the ZrB2 
as shown in Figures 32 and 33.  It is not known how this effect is reflected 
in the Group VIII material (SiC and graphite), since only 07 powder has been 
used in preparing this mater:*-1 at this point (Figure 34). However, it is 
probable that differences in  e electrical conductivity would also be present 
in this material. 
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TABLE V 

COMPARISON OF NDT DYNAMIC MODULUS AND MECHANICAL TEST TENSILE MODULI'S 

Material  Type 

Dynamic Modulus 

do6 psi) 
Ten-,.' Le :to«.v!lj>. 

Reported by Mechanical 

 1 
I 

I (ZrB) 68.7 72,0,   75-7 
™ ™1 

i 

II (lifB2) 67.11 72S 

III (EfB, + 10% SiC) 
(afa2 + 20X SiC) 

76.4 70.; 
77.5 

IV (HfB2 + 30Z SiC) 76.2 73.b,   74,2 

V (ZrB2 + 5Z SiC) 
(ZrB2 + 10Z SiC) 
(ZrB2 + 20Z SIC) 
(ZrB2 + 50Z SIC) 

63.3 
71.25 
79.4 
76.8 

69.8 
76.0 
72.ü 

VIII (Zr32 + 14Z SIC + 3GZ Graphite) 
(ZrB2 + 19Z SIC + 5% Craphite) 

36.0 
71.5 

33.9 
76.9 

X (ZrB2 + 5Z SiB6) 
(ZrB, + 10% SiB6) 
(ZrB2 +  15% SiB6) 

73.2 
75.0 
74.3 

XII (ZrB2 + 5Z Graphite) 
(Zrä2 + 10% Craphite) 
(ZrB2 +  15Z Graphite) 

54.5 
45.4 
49.3 50.0 

TABLE VI 

EFFECTIVE NDT TECHNIQUES FOR DIPORIDE BILLETS 

Effective NuT Technique Variable Detected or Monitored 

, , 

Effect on Properties 

Radiography Cracks,  porosity,  inclusions lower ultimate strengt»., 
ehuiges in Qodul-ug 

Dye Penetrant Cracks, porosity,   (open  Co 
surface) 

degradation of mechanical 
properties and csodulus 

Ultrasonic Pulse-Echo Internal cracks,  Inclusions, 
voids 

not established yat 

Thermoelectric Chemistry  (impurities content 
In H£B2) 

decrease in fabricabillty 
with Increased impurity^ 
affects  crack incidence in 
bilists of HfB2 

Ultrasonic Velocity Changes  in velocity or density changes  in dynamic 
modulus ■- correlates 
with tensile modulus 

Radiometrie Gaging Changes in density  (radiation 
transmitted),  chemistry 

changes in modulus 

Eddy Current Chemistry,  structure, electrical 
conductivity,   density 

not established yet 
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III. CONCLUSIONS 

1.    Effective 8DT txethcds are available for; 

* djaracterisatioe of thr  iiborides-material systems 

* monitoring material variability 

* predictiag seessnicel properties 

det :«cting fl.si?s, issich as cracks, porosity, voids, inclusions, etc. 

Table VI lists the te«c* ue*ai sad the material property which was monitored. 

2. Additions of materials such, as SiG and/or graphite to the dihorides affect 
the mecfesnicaX properties in  different ways.  These effects can be conveniently 
and nondestructive!)- »onitnred usii'g techniques described in this report. 

3. K& substantial evidence has been presented by workers performing mechanical 
testing d&ta that rrwa teaperature or high temperature bend strength is affected 
by density/porosity where materials representing 85 to 100 percent theoretical 
density have been evaluated.  (Note - may be due to a small grain size micro- 
structure). In addition, the effects of discrete voids or other flaws on thermal 
shock properties have not been established and, indeed, materials containing 
flaws, easily discernible by standard KDT techniques, did not behave differently 
from flaw-free material when subjected to radial heat flux, high velocity wind 
tunnel, and plasma arc exposure. 

4. Characteristics o£  the «starting powder can b« seen by the nondestructive tests 
employed and their effects on billets can be monitored. Electrical conductivity 
measurements allow billets of equivalent nominal composition and density to be 
sorted according to powder supplier and impurity level. A thermoelectric device 
is especially sensitive to chemistry variations, in billets of HfB2 and additives, 
traceable to the starting powder and supplier.  These chemistry variations affect 
the mechanical properties and fabricabillty of the billets, as discussed In this 
report and in referenced literature. 

\ 
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IV.  RECOMMENDATIONS 

1. The high temperature materials being characterized and studied on ManLabs 
and other programs should continue to be characterized and evaluated by NDT 
techniques. Greater emphasis should be placed on the NDT properties vl  flaw 
detection data in selecting specimens for characterization by high ••«•«csrature 
exposure and mechanical testing. 

2. The effects of flaws on behavior under thermal shock conditions should be more 
thoroughly studied. Materials containing discrete flaws of known size, as deter- 
mined by NDT, should be included in the high temperature test program to determine 
the effects of cracks, voids, inclusions (high and low density), segregation, etc. 

3. When structures, such as nose cones, leading edge'-, etc., are designed and 
fabricated, NDT should be included as an integral part of the program to determine 
and monitor variations in modulus, density, and chemistry, as well as flaws. 

4. During the scale up portion of the program for fabricating large specimens of 
bulk dlborldes, the NDT techniques developed on this contract should be applied to 
detect possible changes in properties or introduction of flaws due to changes in 
processing techniques. 

5. The effects of impurities on mechanical and ultimate properties should be 
determined by using NDT characterization techniques and destructive test correla- 
tions.  Specifications should then be written to guide the supplier in amounts 
and types of impurities allowable. 
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INTRODUCTION 

The theory, several facets of the method, and initial experimental results have 
been detailed in the final report for last year's effort, which was performed 
under Contract AF33(615)-3942.1 The substance of that thermal measurement study 
was to demonstrate that a thermal parameter for a solid (with emphasis on graphite) 
could be nondestructively and uniquely determined near room temperature by moni- 
toring the temperature history generated by a surface while it was being subjected 
to a radiant flux. Analysis of this history and comparison of it with that for a 
"standard" material yielded the "semi-infinite" thermal parameter kpCp(k ■■ thermal 
conductivity, p  - density, and Cp « specific heat). This parameter is often 
termed "thermal inertia." The thermal conductivity and diffusivity (a » k/pCp), 
of the solid are then determined if other nondestructive techniques are used to 
obtain its density (such as gamma-ray radiometry), <?nd a characteristic specific 
heat value for its chemistry is selected. The overall results of that work in 
dicatea that the method is capable of accurately determining kpCp for good thermal 
conductors ranging from copper to lead (including graphite). The degree of accuracy 
of these measurements is comparable to that resulting from the individual accura- 
cies associated with typical destructive measurements used to obtain k and Cp , 
and from which the product kpCp can be calculated. 

Since much of last year's effort was primarily directed toward demonstrating the 
feasibility of the method, additional work has been performed this year to ex- 
plore its limitations, to improve upon the technique, to obtain measures of its 
usefulness and to attempt to coalesce the results into a technique that would 
prove useful for field testing hardware, again with special emphasis on graphite. 
The following presentation provides convincing evidence of the wide application 
and advantages that this method offers compared to other existing methods. 

The above-referenced report contains all background information necessary for an 
understanding of this method, and it will be assumed that the reader is sufficiently 
acquainted with it so that its duplication here is unnecessary.  Suffice it to 
say that the temperature rise of a solid's surface is monitored by an infrared 
radiometer and, in turn, by a recorder. The resultant recorder deflection as a 
function of time is directly proportional to the observed temperature history and 
is characteristically of parabolic shape. The magnitude of the latus rectum of 
one of these parabolas is directly proportional to the radiant energy absorbed 
by the solid's surface and is inversely proportional to the square root of kpCp. 
Consequently, the square of the measured recorder deflection (temperature dif- 
ference) within a certain time interval for a solid is inversely proportional to 
its inertia, where the proportionality in this case is "emissivity-normalized" 
to a "standard" reference material, such as Armco iron, within this same analysis 
time interval.  By "emissivity-normalized" is meant that solids' surfaces are 
coated with a black, mat coating to achieve nearly uniform emittance/reflectance 
properties, and resultant small differences are normalized to a mean emissivity 
value.  In the course of generating a history on the recorder, a simultaneous 
recording Is also made on a second channel of the surface reflectance of the test 
material. 

To be discussed first in this report are certain important characteristics of the 
measuring system leading to geometrical limitations to be Imposed on materials. 
These limitations are necessary in order to satisfy conditions of "seiiu-infiniter.ess," 
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which in turn must be adhered to in order that comparisons between inertia values 
may b« regarded as valid. The accuracy of the technique is discussed next, which 
in turn leads into the range of application of the method. Finally, implications 
of the experimental results are viewed from the standpoint of practical application. 
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II.  DISCUSSION 

\ photograph of the apparatus is shown in Figure 35; its schematic diagram i»? 
shown in Figure 36. The apparatus, as shown, is of laboratory design, is not 
portable, and represents about $10,000 in equipment costf  The design and quality 
of the apparatus is better, In many respects, than is necessary tc obtain satis- 
factory results. Consequently, a great reduction in cost and analysis time, and 
portability can each be achieved in a redesign for use in the field. This will be 
discussed later. Figure 35 will serve here tc describe the system used for the 
results to follow. 

A.  SYSTEM CHARACTERISTICS 

Shown in Figure 37 are relationships between reflection amplitude and Variac 
setting and between the corresponding radiance and Variac setting.  This reflec- 
tion is that observed by the radiometer from the solids' surfaces which have been 
coated with 3M Velvet Black, No. 101-C10.  Since the voltage applied to the two 
1000 watt focused lamps relates linearly to Variac setting between 20 and 126 
volts, it is significant to note the linearity that also obtains for the reflec- 
tion and the radiance as functions of Variac setting. It is seen that, for 
example, a twofold increase in applied voltage (Variac setting) gives rise to a 
twofold increase in radiance and approximately the same increase for the reflec- 
tion. This equivalence supports the original contention that the reflectance of 
the coating is reasonably constant over the 1 to 10 micron wavelength region of 
interest in this work.  This is not unexpected.  The principal constituents of 
the coating use-i are carbon black and silicon dioxide. Reflectance data reported 
for these substances in this wavelength region are essentially constant. Had 
reflectance varied over this wavelength region, a nonlinear relationship between 
reflection amplitude and lamp r'ilament voltage would have resulted. Furthermore, 
it should be remarked that the reflection relationship in the figure was con- 
structed from measurements performed on several different coated materials. The 
repeatability of these measurements over the indicated voltage range is extremely 
good (about 1 percent), indicating that coating application differences and 
effects of the substrate materials did not influence the analysis technique used 
for estimating reflectance values from the recorder charts. 

Also included in Figure 37 is a relationship between the self-emitted  ^corder 
deflection for 1020 steel and Variac setting. This self-emitted compo.^nt to 
the total radiation received by the radiometer arises from surface heating ant' is 
the history used to calculate the thermal inertia.  The analysis inter »al used 
to construct this relationship was 0.25 to 1.0 second.  The relationship is linear, 
thus providing the supporting evidence that the coating's emissivity is constant 
over the wavelength region of interest here. Moreover, it is observed that a 
twofold Increase in relfection amplitude gives rise to a similar increase in the 
self emission amplitude.  This indicates that a change in incident radiant inten- 
sity to a solid's surface results in a proportional change in the self-emitted 
radiation amplitude, thereby proving the previously proposed theoretical argument 
that the latus recta of the parabolic temperature histories are directly propor- 
tional to thi incident radiant intensity, and thus are also proportional to the 
energy absorbed at the surface. 
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Shown in Figure 38 is the relationship between the apparent surface temperature 
of a solid and the measured reflection amplitude, or reflected radiance.  This 
function is characterisitc of the radiometer when the emissivity of the coated 
surface is taken as 0.95. For the bulk of the measurements performed on the good 
conducting materials, the Variac setting used was 90 (126 volts), and the reflec- 
tion amplitude ranged from about 17 to 25 divisions on the recorder chart, which 
corresponds to a reflected radiance range of 57 to 82 milliwatts per sq. cm. per 
steradian. This range is a consequence of differences in radiant intensity, 
coating application and similar variables present from test to test. Within this 
operating range, it is sean that the surface temperature is very nearly linear 
and re1jted to reflection amplitude. This demonstrates the validity of the con- 
tention that recorder deflection (voltage output from the radiometer) is directly 
proportional to the temperature rise of the surface within the several degrees 
centigrade (about 10°C) above ambient temperature to which the surface is heated 
during the first second used for analysis of the history.  It is this propor- 
tionality that results in the parabolically-shaped functions which are charac- 
teristic of the self-emission histories. 

1. Emissivity Correction 

The self-emission recorder deflection must be corrected for emissivity dif- 
ferences between the coated standard and the coated specimen. This correc- 
tion has been concluded to be small regardless of application technique and 
after examining about 50 crated specimens. The only criterion required to 
achieve this nearly constant emissivity is that the coating be thoroughly dry 
before a measurement is made.  Drying takes about 1/2 hour in air  To deter- 
mine the correction factor by which a measured recorder deflection is to be 
multiplied to obtain a corrected deflection which can be compared with the 
standard, reference is made first to Figure 39. The reported value and our 
measured value of emissivity for 3M Velvet Black in the 1 to 10 micron 
region are in agreement at 0.95. This corresponds to a reflectivity of 0.05 
for a reflection amplitude of 20 divisions at a Variac setting of 90 (126 
volts). Consequently, each amplitude division change is equivalent to a 
change of 0.0025 reflectivity units.  The range in reflectance amplitude for 
all coated specimens is between 17 and 25 divisions, so that emissivity 
values range between about 0.94 to 0.96.  Even if the coating emissivity had 
been determined would have been 0.88 to 0.92. The point here is that it does 
not really matter what the actual emissivity value of the coating is, since 
it is the range of variability that is to be compared with the emissivity of 
the standard to establish a correction factor, if such correction is required. 

Translating the relationships in Figure 39 to a format for graphically deter- 
mining the emissivity correction factor, KR , reference is now made to 
Figure 40. 

Ry» 

The following expression has been used to construct these graphs: 

^Ry 
<V2-V1>20 

(V, - V,)y [ RA 
(y - 20) ] (1) 
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where (Vj- Vj) and (V2 - Vj) represent the self-emission recorder deflec- 
tion amplitudes of 20 divisions and y divisions, t   represents emissivity, 
r/RA is the reflectivity divided by the reflection amplitude (RA) at 20 
divisions, or 0.0025 r units per division reflection at *   ■ 0.95 and a 
Variac setting equal to 90 (126 volts).  It is y that ranges between 17 and 
25 divisions. Within this range, it is seen that KRJ, varies between about 
0.98 and 1.03, or about +3 to -2 percent, for * - 0-95. Had < - 0.90, then 
KRy would range between +6 to -3 percent of a normalized KR„ = 1 at 20 divi- 
sions reflection amplitude. The large majority of reflection amplitudes lie 
within about 2 divisions of 20, so that the largest correction normally 
needed would be about 2 percent even if our emissivity measurements for the 
coating had been in error by 0.05 units, or about 6 percent. 

2. Radiant Intensity Distribution 

Theory requires a uniform radiant intensity distribution to be absorbed by 
the surface of & solid.  In practice, a homogeneous flux is very difficult 
to obtain, and our present optical system is a tradeoff between optimizing 
Intensity and homogeneity. Measurements of the radiant intensity distribution 
reflected from a surface positioned at the exit aperture of the collector- 
homogenizer-intensifer unit Indicated that intensity varied by as much as 15 
percent over the aperture from its center. Peak radiance was located at the 
center and diminshed gradually out to the aperture diameter (7/8 inch). This 
degree of nonur.iformity did not have any significant effect on the inertia 
measurements for the materials tested, with perhaps graphite being the sole 
exception because of its anisotropic grain structure. This point will be 
discussed later. 

3. Measurement Accuracy 

The reading accuracy of the self-emission recorder charts is presented 
graphically in Figures 41 and 42.  Because of the wide range of materials 
studied (in terms of thermal conductivity) radiant intensities and recorder 
sensitivities had to be adjusted to obtain an optimum readout. Referring 
to the dashed-line construction in the Figure 41, as an example of the use 
of the graphs in Figure 42, it is required, for a particular material, to 
decrease the maximum radiance (Variac setting - 90) to half its value (Variac 
oetting » 42), and use a recorder sensitivity equal to 1 mv per chart division 
to obtain a 10 division measured deflection. Alternatively, maximum radiance 
and a sensitivity of 2 mv per division could be used.  This self emission 
deflection will correspond to a true recorder deflection of 20 divisions when 
compared with the reference standard (Araco iron).  The accuracy of the true 
deflection will be 4 percent, This is to say that the measured deflection 
of 10 divisions can be estimated to within 0.2 division at, say, 0.25 second 
and at 1.0 second, or within 0.4 divis^n over the analysis interval. As 
noted in the figure, pyroceram had a true deflection of 32.7 divisions in 
the 0.25 to 1.0 second interval.  Its measured deflection was 16.3 divisions 
for a sensitivity setting of 2 mv per division, and its reading accuracy is 
about 2.5 percent. 
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B.  EXPERIMENTAL RESULTS 

Listed in Table VII are the "handbook" thermal properties of the materials re- 
ported on here. These property values are considered to be the moct '•insistent 
for the material grades used, as reported in the literature, <*»■ actually deter- 
mined by facilities at Avco. 

The ATJ graphite conductivity value listed is only approximate, since this 
property has been reported by several authors somewhat above room temperature, 
and extrapolation of their data (which is in "oor agreement) results ir> values 
ranging from about 0.1 to 0.4 calories per cin.-sec.-deg. C. Of course, ATJ 
graphite today is not identical to that manufactured earlier, when much of the 
reported properties data were originally prepared. We selected the higher con- 
ductivity value for inclusion here, since recently produced material tends to 
have higher densities and other c^aracterisitcs compared with material produced 
earlier. 

The density values listed in the table were determined gravimetrically for the 
actual specimens studied. The thermal parameter (inertia) and the thermal dif- 
fusivity values were calculated from the individual values of p, Cp and k. It 
should be remarked that the conductivity values for the several materials studied 
span aj ^ost 4 orders of magnitude, as do the inertia values; this being an extra- 
ordinarily broad range of thermal values to be capable of studying using only a 
single measurement system. 

1. Effect of Surface Roughness 

Several specimen parameters were investigated to determine the effect they 
may have on recorder deflection. It is obvious that a geometrical parameter, 
for instance, that causes a greater deflection than normal, (i.e., for a 
semi-infinite section), will result in calculating a lower inertia value and 
a lower conductivity than the true values. The first effect investigated was 
surface roughness. 

Surfaces of steel and graphite were prepared having different finishes ranging 
from a polished surface to about an 80 grit abrasive finish, and were then 
coated with 3M Velvet Black. Results indicated that these surface conditions 
did not effect recorder deflection, so that essentially a surface need onl> 
be coated without regard to roughness, at least to an 80 grit finish. 

2. Effect of Thickness 

Thickness was investigated next. Results for ATJ graphite are shown in 
Figure 43 for the two analysis intervals 0.25 to 1.0 second and 1.0 to 4.5 
seconds. Since theory requires that a specimen appear semi-infinite in ex- 
tent during the simultaneous heating and observation period for a valid com- 
parison to be made against a standard without the need for correction, 
thinner sections can  be measured for the earlier time interval. Thus, one 
would expect to observe semi-infiniteness, cr a flattening of the curve for 
recorder deflection versus thickness, sooner for the 0.25 to 1.0 second in- 
terval than for the 1,0 to 4.5 seconds interval. This is borne out by tue 
results shown in Figure 43, where it is to be noted that the later interval 
is plotted on a s.eale one-fifth that used for the earlier interval.  Included 
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in '.he figure are calculated semi-infinite thicknesses, L„, using reported and 
measured values of k to obtain the diffusivity values, a.    Poi the 0.25 to 1.0 
second interval, the Ln-values for the reported and measured k-values are 0.8 
and 1.1 Inches, while for the 1.0 to 4.5 seconds interval, the reported and 
measured values for L^ are 1.6 and 2.4 inches. In each case, the tendency of 
the curves to flatten out nearer to the measured L„ -values supports the 
choice of the higher k-value. Moreover, somewhat greater flattening of the 
curves occurs nearer to the measured k-value than the reported k-value, in- 
ferring that the true conductivity of the ATJ graphite specimens used is more 
likely closer to that measured than reported. A feasible argument to explain 
the difference between the measured and reported k-values for this graphite 
will be presented later. 

3. Effect of Surface Curvature 

The effect of surface curvature on recorder deflection was also investigated. 
Results for ATJ graphite, 1020 steel and lead (96 Fb - 45b) in the 0.25 to 
1.0 second analysis interval are shown in Figure 44. As expected, recorder 
deflection decreases, i.e., the inertia appears to increase, as the radius 
of curvature increases toward infinity, or a flat surface. For ATJ graphite, 
a radius of curvature less than about 1.25 inches '•d.ll affect inertia measure- 
ments. That is, the self-emission recorder deflection is greater than the 
reading accuracy error. A similar result obtains for 1020 steel. A much 
greater radius of curvature is required for lead to suppress this effect on 
recorder deflection. Of course, components having small radii of curvatures 
can still be measured using graphs, as in the figure, to correct the deflec- 
tions to their semi-infinite values for comparison with the reference standard. 
A plot of recorder deflection as a function of curvature for a family of iner- 
tia values would suffice for correcting an unknown material to its semi- 
infinite geometry. 

4. Effect of Specimen Edges 

The proximity of the radiant beam (7/8-inch aperture diameter) to specimen 
edges was investigated. Results for ATJ graphite are shown in Figure 45 for 
a 2-inch-diameter x 1-1/2-ineh-thick cylinder in two analysis intervals and 
for a semi-infinite rectangular block was not oriented. These two specimens 
were from different ATJ graphite billets. One would expect that recorder de- 
flection will increase as an edge is approache-i, especially for good thermal 
conductors, and the experimental results confirm this. For the 0.25 to 1.0 
second interval, recorder deflection is significantly effected when the center 
of the beam is positioned within 3/4 inch from an edge (the outside beam diam- 
eter being within 5/16 inch from an edge) for ooth the finite cylinder and 
semi-infinite block cases. In other words, the 2-inch diameter x 1-1/2-inch- 
thick cylinder appears semi-infinite both in thickness and diameter as long 
as the beam is positioned at the axis of the cylinder, snd the analysis in- 
terval is 0.25 to 1.0 second.  This is not the case for the cylinder, however, 
when the analysis interval is 1.0 to 4.5 seconds. The figure shows that the 
7/8-inch beam diameter cannot be positioned even at the cylinder's axis with- 
out significantly affecting recorder deflection. In other words, the later 
analysis interval (1.0 to 4.5 seconds) cannot be used for measuring the 
inertia of this graphite cylinder without appropriate correction, since 
measurements will result in an apparently larger deflection than normal and 
the derived inertia and conductivity values will each appear leas than actual. 
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mm 

5. Material Test Result» 

Using the foregoing and similar results for the materials listed in Table VII 
specimens were fabricated having semi-infinite geometries. All specimens 
were coated with 3M Velvet Black. Measurements of their recorder deflections 
were then made within the 0.25 to 1.0 second analysis interval. The results 
of these recorder deflections are listed in Table VIII. Also included in 
this table are the ratios of these deflections to that for the Armco iron 
reference standard, since these are inversely proportional to the inertia 
ratios. Shown in Figure 46 is a plot of the data calculated from the reported 
values of (kpcp) listed in Table VII. The agreement is seen to be excellent 
over about 4 orders of magnitude, with the exceptions of the ratios for ATJ 
graphite and 316 stainless steel, where the differences are noted to be 50 
and 47 percent, respectively. Little in the way of explanation can be offered 
for the 316 iteel discrepancy. If it is assumed that our measured value for 
this steel specimen is correct in view of the results for the other materials, 
then either the reported value for its conductivity is too high or its true 
conductivity is less than reported for most 316 steel bars. The more likely 
situation is the latter, wherein cold rolling, or other unique fabrication 
processes, may have altered the grain structure sufficiently to decrease its 
normal conductivity. Its volumetric heat capacity is not regarded as signi- 
licantly alterable in any unique process as can be the conducitivity. 

The discrepancy noted for ATJ graphite can be explained in two plausible and 
complimentary ways. First, the production methods used for manufacturing ATJ 
graphite are continually undergoing improvement in the graphite industry. 
This is to say that ATJ graphite today is, in fact, not identical to that pro- 
duced, say, in 1962, although the two products are still called ATJ. This is 
because of certain characteristic physical and mechanical properties that 
generally remain within specified limits and because the basic process is 
essentially the same. Some reported values for STJ graphite in the literature 
were, in a sense, outdated even as they went to press. The graphite used in 
this study was manufactured recently. Since recently produced ATJ graphite 
generally has less porosity and smaller grain size than earlier stock, it is 
reasonable to expect that the thermal conductivity today is greater than values 
reported in the literature. The conducitvity measured in this study is about 
twice that reported, and discussions with knowledgeable persons lead this author 
to believe that our measured inertia value is not only consistent with the in- 
creasing trend in conductivity, but also with the approximate magnitude of dif- 
ference noted in Figure 46. 

As a second argument to explain the discrepancy noted for graphite, reference 
is made to the previous discussion of beam radiance nonuniformity. Since the 
beam's intensity vas maximum at its center, the resultant instantaneous surface 
temperature distribution on any of the materials tested also exhibited a maxi- 
mum at the center. This condition gives rise to lateral heat flow within the 
material outward from an axis concentric with that of the beam, or aperture. 
The heat loss tends to diminish the recorder deflection from the true deflec- 
tion, which results when the thermal wave front travelled plane and parallel 
into the material. When comparing two homogeneous and Isotropie solids to 
obtain a ratio, this effect due to thermal wave distortion is insignificant 
from the viewpoint of the overall results presented for the several materials. 
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However, ATJ graphite is anisotropic and our measurements were performed in a 
direction such that the wave front travelled against the grain orientation. 
This means that lateral heat transfer along the grain direction would be 
abnormally high relative to transfer against the grain direction. An even 
smaller recorder deflection would result for this geometry than would be ex- 
pected for an Isotropie material, so that a comparison of the resultant de- 
flection for the graphite with the deflection for Armco iron would be greater 
than a ratio calculated from reported values. The net effect would be to 
have calculated a conductivity greater than actual. 

i 

Also included in the table are percent differences between these values. Com- 
paring these differences to the reported values, only the graphite and the 
316 stainless steel differences cause concern. The above arguments obtain 
here in explanation of this. The other differences (8 percent and less) can 
be directly attributed to either inherent readout and system errors, or to 
poor judgement in selecting and reported k, and possibly Cp values, near room 
temperature, that were most representative of the actual materials used. These 
results are presented graphically in Figure 47. In general, the volumetric 
heat capacities, pCp,  for the reported and the measured inertias are identical, 
so that Figure 47 is essentially a plot of conductivity values. The thermal 
conductivities calculated from the measured inertia values are also included 
in Table IX. 

f 
Each of the above arguments for graphite, in themselves, can likely account 
for the 50 percent difference between the reported and measured inertia 
ratios. Moreover, the remarkable correspondence for the other materials (where 
Pyroceram 9606 and NBS silicone rubber are also standard materials used in 
thermal testing laboratories, and were measured by a thermal test group &t 
Avco) does lend great support to the method's capability. Consequently, the 
discrepancy for graphite is not regarded as a significant fault of either the 
method or of the measuring system, but rather one of inadequate informatior. 
upon which an accurate judgement can be made. 

Listed in Table IX are reported and measured values of (tp Cp ) for the 
several materials. The measured values were derived from the ratios using 
the inertia value for Armco iron as the reference. 

C.  IMPLICATIONS OF THE RESULTS 

The immediate and most general statement that can be inferred from the above work 
is that this method will permit both laboratory and field measurements of the 
thermal inertia property of solids to be performed in a nondestructive manner near 
room temperature with an accuracy suitable for engineering and most scientific 
purposes. Moreover, the capability for measuring such a thermal property for 
materials in fabricated form would appear to have wide application. Furthermore, 
the extension of this method to include materials other than  lids and for use 
at elevated temperatures appears to be feasible, after redest;  of the present 
apparatus. 
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»ESSSHKHÜSiiSaSKKE» 

The princir I limitations iisposttj by the present aysteu design are the ?«ssporse 
tine and ae available radiant intensity. Vet these limitations are cf importance 
only wV .n measuring the good tharmel conductors, which includes graphite. The 
presr »c response time and intensity aiafce it necessary to iis* about a 1 second 
- .d.L/sis interval to obtain a signal having an amplitude sufficiently great to 
achieve a reasonable accuracy for readout. As a consequence of this interval, 
geometries for the gos4 conductors aiust be rather large (about 2-inches diameter 
by 1-1/4 thick, and a surface radius of curvature greater than about 1-1/2 inches} 
to approximate sesd-infiniteness. Otherwise, »reliiuinary experimentation is neces- 
sary to arrange for appropriate corrections to normalise for semi-iufinitenesc* 
A faster response time and  higher intensity radiant scarce will permit smaller 
sections to be measured. These limitations are inconsequential, for the most 
part, for the poorer thermal conductors. 

Two additional limitations of concern in any redesign of the system are the beam 
intensity distribution and the coating. The present system optics are inadequate 
for obtaining a uniform intensity across the beam diameter, and although the 
effect is negligible in most cases, for grain oriented solids uniformity in 
intensity may be a serious requirement. The coating that has been used is essen- 
tially a poor thermal conductor. Application of the coating to a good conducting 
solid creates a mismatch which can become most important if analysis intervals 
are shorter and/or earlier after radiant pulse initiation than the Ö.25 to 1.0 
second interval used here. Ideally, coatings should not be used. This xay be a 
practical requirement for some applications, as well. 

Another limitation, or operating inconvenience, which may be Important in any 
redesign is the disproportionate time required for chart analysis when compared 
to the actual measurement time. At present, the measurement time takes just a 
few seconds. Using the recorder readout, which is a linear system, several 
minutes are required to determine a signal amplitude increment and to calculate 
an inertia value. A logarithmic display, or a direct digital readout, each pre- 
set to internally compare the reference standard with the material of interest 
would result in a more efficient operation when many measurements are to be per- 
formed. 

Moreover, the present system is costly, is not portable, and is capable of making 
only laboratory measurement?-. In this author's judgement, redesign would enable 
a relatively inexpensive and portable system to be constructed. The optics can 
be simplified and made more efficient. The existing electromechanical shutter is 
massive, complex, noisy, and can create significant vibration. A rotating 
sectored-disc type shutter, or a movable tape, or tapes, containing appropriate 
aperture geometries, or a movable mirror arrangement appear to be more desirable. 
The infrared radiometer now used is more sophisticated, in many respects, than is 
necessary for simply generating a comparative signal. It is believed that a 
ruggedized unit containing the source, Its optics, and the shutter can be con- 
structed together with an infrared radiometric detector and readout analyzer, of 
comparable response to that used here, for about $5000, following, of course, de- 
sign and development tosts for constructing a prototype system. The present 
system consists of laboratory type equipment whose value is about $10,000. The 
cost of standard equipment for measuring k , p, and Cp independently in most ther- 
mal properties laboratories is about the same as the present system and requires 
specially prepared rest jpaciraens. The time required to generate these values can 
run into days compared to a few minutes using the infrared method. Experience 
and facilities at Avco/SSD are suited for designing and manufacturing a portable, 
intrant, aeasurir.g systea for obtaining useful engineering data in the field. 
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IIT,  CONCLUSIONS AND RECOMMENDATIONS 

The method has been applied to the measurement of thermal inertia near room tem- 
perature for several materials ranging from copper, through aluminum, graphite, 
Iron, steel, lead, and Pyroceratn 9606 to NBS silicone rubber with excellent re- 
sults over a conductivity range spanning about 4 orders of magnitude. Thermal 
conductivities have been determined from the measured inertia values with accura- 
cies ranging from about 20 percent for copper,, to about 15 percent for ATJ graphite, 
to about 8 percent for NBS silicone rubber, better results can be expected if a 
more sensitive infrared radiation detector and & mr>xe  intense source than used here 
are amployed. These results, however, are sufficiently accuiate for most engi- 
neering applications. 

The time involved in making a measurement is only several seconds; analysis and 
calculation of inertia presently requires a few minutes. 

The present system is not protable and must be redesigned for practical applica- 
tion in the field. 

For the good thermal conductors, the present system imposes limitations on the?r 
geometrical configurations. To appear semi-infinite in the 0.25 to 1.0 second 
analysis interval, the good conductors, including ATJ graphite, mast be at least 
1-1/4 Inches thick, have a diameter of 2 inches or greater, and have a surface 
radius of curvature greater than 1-1/2 inches. Smaller configurations require 
considerable correction to obtain a normalized value of recorder deflection for 
comparison with the reference standard. A high emissivlty coating,,  auch as 3H 
Velvet Black, must be applied to the surface being measured; no other speclai 
surface preparation being necessary, as long as Its finish is at lerst equivalent 
to that produced by 80 grit energy paper or finer before coating. Geometrical 
limitations are considerably less severe for the poover conducting materials. 

It is recommended that a prototype system be designed and constructed for rugged" 
ized field testing. Such a design should incorporate only thoa« features neces- 
sary to achieve satisfactory accuracy for engineering applications, .&s well as -a 
rapid readout and analysis capaoility. 
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PART C -  APPLICATION OF NONDESTRUCTIVE TEST TECHNIQUES FOR EVALUATING 
AND PREDICTING PROPERTIES IN AEROSPACE GRAPHITE BILLETS 

John Orner 
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I. INTRODUCTION 

A.  NDT/MECHANICAL PROPERTIES CORRELATIONS AT ROOM TEMPERATURE IN GRAPHITE 

Density, elastic modulus, sod tensile strength have been identified as properties 
of general interest in graphite. In particular, density has been cited by «any 
investigators to be the predominant property or variable which influences other 
design properties. However, since density determinations in bulk shapes by 
radionetric techniques have been noted to be insensitive to the anisotropy of 
graphite with respect to elasticity and strength, ultrasonic longitudinal wave 
velocity measurements, with and against the grain, play an Important role in the 
nondestructive determinations of elastic modulus and tensile strength. 

The measurement of density or thickness of materials by radiation gaging is well 
established in industry, especially for sheet materials, such as metals, paper, 
plastics, and rubber. Whether for determination of density or thickness, the 
basic principle is the same. As the ratio of transmitted to incident radiation 
is a function of the thickness-density product in accordance with the well-known 
relationship: 

1-I.e1 fm d* 
(1) 

where 

I - intensity of transmitted radiation 

I0 - intensity of incident radiation 

Mm - the mass absorption coefficient 

d ■ density 

x - material thickness 

The mass absorption coefficient is a constant property of the material for a 
particular photon energy and, since the thickness, the incident intensity, and 
the transmitted intensity can all be measured, the density can be calculated 
from the expression: 

I L ± (2) 
fm: 

The bulk velocity of longitudinal waves in an extended Isotropie medium is given 
by: 

v . \1 -JLzA ] 
L  [_d  U+*)(l-2tf> J 

1/2 
(3) 
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where 

V'L * longitudinal wave velocity 

E - Young's modulus 

" « Poisson's ratio 

However, for all practical purposes, it has been determined that for values of 
Poisson's ratio of 0.2 or less, such as occur in graphite, this expression can 
be simplified and written as: 

2 
E D 

L   d       D    L (4) 

where 

EQ ■ dynamic modulus 

If a completely brittle material can be defined as a material for which the 
stress-strain curve is linear up to the point of rupture, then the ultimate ten- 
sile strength of such a material could be determined from the relationship: 

UTS = E(<) (5) 

where 

t   "    total strain to failure 

Thus, once the total strain to failure for such a brittle material has been de- 
termined experimentally, the ultimate tensile strength may be computed directly 
from nondestructive measurements of density and bulk velocity of longitudinal 
waves. 

Graphite, however, does not conform strictly to the definition of a perfectly 
brittle material, as the stress-strain curve is not linear, but exhibits a 
definite curvature. Therefore, in order to make any predictions with respect to 
ultimate tensile strength, it is necessary to compensate for this curvature. 
This has been done by introducing the concept of the secant modulus, which is 
defined as a straight line on the stress-strain diagram joining the origin and 
the point of rupture. The ultimate tensile strength is then given by the 
relationship: 

UTS « Eg(() (6) 

where 

Eg * secant modulus 

All that is now needed for the computation of ultimate tensile strength in graphite 
is a derivation relating dynamic modulus, and secant modulus, and a knowledge of 
strain-to-failure values for the grades of graphite under consideration. 
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B. DENSITY COMPUTATIONS 

The radiometric measurement of densities in graphite is subject to numerous ex- 
perimental errors which have to be compensated for in order to achieve the re- 
quired degree of accuracy. Predominant sources of error are associated with such 
factors as limitations of the instrumentation, superimposed background count, 
internal scattering of the radiometric beam by the material, edge effects. Edge 
effects, or errors due to a change in scattering coefficient as the radiometric 
beam traverses the material in close proximity to a surface of the billet can be 
avoided by choosing test points appropriately removed from the edges. Other 
sources of error can be either reduced to negligible proportions, or completely 
eliminated by making a determination of an adjusted, or effective coefficient of 
mass absorption applicable to the particular billet of graphite under test. 

In practice, there is no need for actually computing the effective mass absorption 
coefficient as the density determinations for each test point on the billet are 
computed from the relationship: 

(7) 

where 

d. - gravimetric density of the billet as determined by physical measure- 
ments of weight and dimensions 

t  ■ thickness of billet at the test point under consideration 

ta  » averaged thickness of the billet as obtained by averaging the thick- 
ness values for every test point in the dimension under consideration, 
e.g., diameter or length 

I0  » incident radiation 

I  - transmitted radiation at the test point under consideration 

Ia  - averaged value of all transmitted radiation for every test point in 
the dimension under consideration 

In effect, with this method, radiometry is not used to make an absolute density 
measurement; but rather, it is used to determine density variations from point 
to point, in the graphite billet, the absolute values of which are fixed such 
that their combined average is equal to the predetermined gravimetric density. 
In this way, a high degree of accuracy is maintained. 

C. OTHER NONDESTRUCTIVE TESTS 

Each graphite billet to be nondestructively characterized with respect to ma- 
terials properties must also be subjected to other nondestructive tests in order 
to pinpoint any possible defective conditions which could degrade the performance 
of the material in any load-bearing application. 
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Each graphite billet evaluated at Avco/SSD its radiographed in at least two dif- 
ferent directions in order to detect any material anomalies, such as voids, in- 
clusions, cracks, lines of demarcation or any other condition detectable by this 
method. 

Each graphite billet is subjected to an exhaustive ultrasonic defect detection 
procedure at both 1 MHz and 2.25 MHz frequencies in order to detect any material 
discontinuities or areas of abnormal attenuation, such as would be caused by 
areas of relatively high porosity. Material discontinuities detectable in this 
way include cracks, voids, inclusions, or any sudden change in material charac- 
teristics which would tend to reflect travelling stress waves. In order to de- 
tect any abnormal surface conditions, each graphite billet is also subjected to 
an alcohol penetrant test which effectively shows up surface cracking and areas 
of variability in porosity. 
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II. APPLICATION OF TECHNIQUES TO AEROSPACE MATERIALS 

A.  EVALUATION OF PHILCO-FORD BILLETS 

During this phase of the program, a total of 31 graphite billets were nondestruc- 
tively characterized at the request of the Air Force Materials Laboratory. These 
billets were evaluated for the Air Force by the Philco Ford Corp. 

All destructive test data obtained on the Philco-Ford graphite to date have been 
tabulated and an attempt will be made here to correlate this information with the 
nondestructive characterization carried out at Avco. 

In a discussion with Messrs. Bruce Thoeni, Bruce Linde, and Walter Olson, which 
took place at Philco-Ford, Newport Beach, California, on 28 and 29 February 1968, 
the following points were discussed: 

Characterization data as being supplied by Avco on the Fhilco-Ford graphite bil- 
lets have not been used for design purposes. As explained by Mr. Linde, the 
experimentally obtained values for strain-to-failure in the with-grain direction 
on ATJ-S graphite vary over a range of 0.0027 to 0.0053 inch per inch. Therefore, 
Philco-Ford feels that characterization data based on the lower limit of these 
boundaries would be more meaningful than the presently established value of 0.0034 
inch per inch used by Avco for the computation of ultimate tensile strengths. 

It was also stated by Philco-Ford that when graphite billets are cut, either for 
machining of components, or for destructive testing, no account is taken of the 
Avco nondestructive characterization except, of course, the flaw detection. The 
opinion was also expressed that the ultrasonic flaw detection technique was not 
giving sufficiently meaningful information with respect to either the eLze or 
the characteristics of the defects that were being reported. 

In the Philco-Ford design of graphite nose tips and nozzles, the characteristic 
of major Importance around which the design is based is the strain to failure 
value of the material rather than the ultimate tensile strength. The strain-to- 
failure used is the lower boundary of the experimental values observed on tensile 
specimens cut from the billet to be used. The values of modulus used to compute 
the strain are also determined experimentally rather than taken from the non- 
destructive test data. 

In answer tc questions on nose tip failures, the opinion was expressed that the 
failure mechanism involved was either thermal stress leading to cracking, or by 
break up initiated by localized gaging with subsequent burn through. It was also 
stated that none of the failures that had occurred could be correlated back to 
NDT data. One of the difficulties appears to be that the nose tip cannot be 
oriented back to the original billet positions and direction?. Philco-Ford has 
had a nose tip failure in the Malta spin test of one of their blunt nosed units, 
but they feel the failure could have been due more to the test facility than to 
any anomalies in the graphite itself. The feeling is that the failure, in this 
case, was initiated by severe unsymmetrical gaging at a point near the tip which 
lead to complete burn through. There have not yet been any flight tests on nose 
tips made from Avco characterized graphite. 
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Phllco-Ford agrees that the room temperature properties of graphite probably can 
be extrapolated to indicate high temperature properties, but they were quick to 
point out that they would not stake a design on it. 

On the relative merits of ATJ and ATJ-S graphite, Philco-Ford pointed out that 
the strain-to-failure value is the same for both grades, but as the ATJ-S has a 
higher modulus and tensile strength. The same margin of safety exists for both 
grades.  It was admitted, however, that the ATJ-S graphite would be the better 
material for applications involving purely mechanical loading. 

It must be pointed out here that this statement by Philco-Ford is not in accord- 
ance with Avco's observations on the two grades concerned. Lockyer, Lenoe, and 
Schultz* report strain-to-failure values for ATJ graphite averaging 0.00448 inch 
per inch in the against grain direction, with high and low values of 0.0055 and 
0.0036.  In the with grain direction these values are 0.00348 inch per inch, 
0.0043 and 0.0028, respectively.  Strain-to-failure values being established for 
ATJ-S graphite are apparently considerably higher, and more variable, than the 
values previously established for the ATJ grade.  It appears, in fact, that both 
the magnitude and the variability displayed by ATJ-S graphite are sufficient to 
seriously impair tensile strength correlations. 

The graphite billets which have been rejected by Philco-Ford, and presently being 
held in storage, have been rejected mainly on the basis of heavy calcium deposits- 
not on Avco MDT characterization data.  Slabs in thicknesses of 1/4 inch or less 
are cut from each billet and radiographed. In graphite sections of this thick- 
ness, the calcium deposites are easily seen. In addition, five billets have been 
returned to Union Carbide, one because of bad cracking, and four because of a 
line of demarcation visible on the Avco radiographs. It is interesting to note 
that chemical analysis, in some cases, shows a considerably higher calcium con- 
tent on billets that appear to be relatively clear of calcium deposits, than on 
billets that have been rejected for high radiographic indication of calcium. 

B.  CORRELATION BETWEEN PHYSICAL AND NONDESTRUCTIVE TESTS 

Destructive test data compiled by the Philco-Ford Corporation on graphite billets 
that have been subjected to the Avco NDT characterization has been made available 
by Philco-Ford and an attempt will be made to compare the results of the physical 
tests with the predicted values of the material characteristics. Most of the 
physical test data reported here have been extracted from the Philco-Ford Cor- 
poration, Space and Reentry Systems Division, Engineering Data Release No. 5108 
entitled Properties» of ATJ-S Graphite, prepared by Mr. H. B. Thoeni. 

To date, only one of the characteri.ed graphite billets (No. I.-l-ll) has been 
cut-up into test specimens that allow a fairly extensive correlation betveen 
actual and predicted properties on a one-to-one basis.  Even in this case, how- 
ever, many of the tensile coupons in the with the grain direction were cut on an 
angle which had not been characterized. Figures 48, 49, 50, and 51 indicate the 
cutting plans for the test coupons taken from billet L-l-11.  It should be noted 
that a direct correspondence between Avco and Philco-Ford specimen numbers exists 
only for the axial (against the grain) coupons. The radial test coupons were cut 
at points which did not directly correspond to the Avco test points.  For this 
reason, a direct correlation between predicted and measvred property values will 
not be entirely meaningful in the case of the "with grain" directions.  Predicted 

-92- 



V 
- 

270° 

78-389S 

90° 

-««»T^a»^^ ~u««. 4rjs >un 
TOP FACE OF BILLET 

-93- 



-J 

  

S ac 
CM CM CNJ 
rH m «*\ 
5 5 $ 

_l 5 a: 
o vO «0 
m t<\ iH 

$ 5 5 

7«-3894 

Figure 49 CUTTING PUN FOR WITH-GRAIN TENSILE COUPONS, ATJS BILLET L-l-U 

-94- 



Ho 

IAS 

0 

u 
I*! 

I 

o 
u 
< 

0 

0 
0 

so 

Sin 
*?~ XJS ». Sä 

* 

S3 
o 

caw 

Gin 
E X 

3E 
© 
u. 
a 
ui 
s 

"'t- 
will £3 

«it o o 

-»Q 

5 

3E 

u 
© uv 
g i 

_L_ 
1311(8 dC dOl 

M0U33VK! NiW*D-»UWt 

-95- 



I 
O a. 
<1 
I.I    " 

< t- 

UJ " 
in o. 
=>0 

> £ 
u 

CO z 
UJ 

<0 
0» 

-96- 



%' 

value« quoted in the table for the radial directions are the averaged values pre- 
dicted for the nearest appropriate position in the billet. Further, it must be 
remembered that all predicted values In the axial direction are the integrated 
values for the full length of the billet while the measured values were obtained 
from specimens cut through only about half of the billet length. 

The majority of the test coupons cut from billet No. L-l-11 were tested at ele- 
vated temperatures; therefore, the only valid correlations that can be carried 
out at this time are those for the specimens that were measured at room tempera- 
ture. 

C. PROPERTY CORRELATIONS, BILLET L-l-11 ATJ-S 

In the axial direction, only three test coupons were destructively tested at room 
temperature; however, all density values can be compared and this has been done 
in the following. All axial specimens were taken from the billet at points 
which correspond with NOT data points. 

Density Comparisons, Against the Grain, L-l-11, Southern Research Data 

Specimen No. 

Philco-Ford Avco 

A01-270 A9007 
A03-225 A4505 
A02-90 A9002 
A12-45 A45G2 
All-225 A4507 
A13-135 A3 503 
A21-135 A3502 
A23-90 A9003 
A22-3.S A3506 
A32-*25 A4506 
A33-45 A4503 
A32-270 A9006 
A52-135 A3502 
A31-180 AG007 

A31-45 A4501 
A3 -CTR A0004 
A41-00 A0001 
A43-315 A3505 
A42-180 A0006 
A5I-315 A3 507 
A31-90 A9001 
A53-270 A9005 

Density 

Predicted Measured 

1.795 1,814 
1.805 1.802 
1.795 1.799 
1.805 1.795 
1.818 1.819 
1.8G1 1.801 
1.801 1.810 
1.813 1.800 
1.804 1.802 
1.798 1.807 
1.794 1.801 
1.806 1.804 
1.801 1.800 
1.809 1.815 
1.805 1.805 
1.802 1.802 
1.803 1.809 
1.802 1.801 
1.809 1.801 
1.801 1.808 
1.816 1.806 
1.797 1.800 

Percent Variation 

1.06 
C.17 
0.22 
0.56 
0.06 

0.50 
0.72 
0.11 
0.50 
0.39 
0.11 
0.06 
0.33 

0.33 
0.06 
0.44 
0.39 
0.55 
0.17 
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Modulus Comparison - Against the Grain, L-l-11, Southern Research Data 

Specimen Ho . Modulus x 10 psi 

Philco-Ford Avco Dynamic VT Measured Initial Percent Variation 

A01-270 A9007 1.23 1.08 13.9 
A03-225 A4 505 1.22 1.13. 8.0 
A02-90 A9002 1.23 0.99 24.2 

Tensile Strength Comparison, Againc it the Grain L-l-11 ■ - SoRI Data 
(At STF of 0.0045 inch per inch) 

Specimen Mo. Tensile Strength, psi 

Philco-Ford Avco Predicted Measured Percent Variation 

AOl-270 A9007 3160 4120 30.4 
A03-225 A4505 3127 3480 11.3 
A02-90 A9002 3184 3700 16.2 

Note: The tensile strength values shown above were predicted on the basis of a 
strain to failure value of 0.0045 inch per inch. The same table is presented 
again below showing tensile strength values computed on the Philco-Ford measured 
values of strain to failure for each individual coupon. 

Tensile Strength Comparisons, Against the Grain L-l-11 - SoRI Data 

Specimen No. Tensile Strength, ps i 
STF 

Philco-Ford Avco Predicted Measured    Measured Percent Variation 

A01-270 A9007 4424 4120 0.0063 7.4 
A03-225 A4505 3196 3480 0.0046 8.9 
A02-90 A9002 3750 3700 0.0053 1.4 

Density Comparisons, With the Grain L- 1-11, Southern Research Data 

Specimen No. Density Predicted Density Measured Percent Variation 

W03-M 1.788 1.797 0.50 
W04-R 1.802 1.812 0.55 
W01-L 1.793 1.802 0.50 
W14-M 1.790 1.8C0 0.56 
W16-R 1.813 1.826 0.72 
W12-L 1.793 1.801 0.45 
W25-M 1.796 
W21-R 1.793 1.799 0.33 
W23-L 1.790 1.799 0.50 
W34-L 1.792 1.800 0.45 
W32-R 1.793 1.801 0.45 
W36-M 1.607 1.825 1.00 
W41-M 1.797 1.797 0.06 
W43-R 1.790 1.808 1.01 
W45-L 1.797 1.812 0.83 
W56-L 1.813 1,827 0.77 
W54-R 1.792 1.801 0.50 
W52-M 1.793 1.797 0.22 
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Modulus Comparisonj, With the Grain, L-l-11, SoRI Data 

Specimen No. 

W03-M 
W05-R 
H01-L 

Moduli« x 10° 
Predicted (Av) 

Dynamic Mod. (Vi.2) 

1.74 
1.75 
1.72 

Modulus x 106 

Measured (Initial) 

1.56 
1.46 
1.45 

Percent Variation 

11.5 
19.9 
18.5 

Tensile Strength Comparisons, With the Grain, L-l-11, SoRI Data 
(at strain-to-failure of 0.0034 inch per inch) 

Specimen No. 

W03-M 
W05-R 
W01-L 

Tensile Strength, psi 
Predicted (Av) 

3702 
3735 
3664 

Tensile Strength, psi 
 Measured  

4520 
4560 
4750 

Percent Variation 

22.1 
22.1 
29.6 

The ten-lie strength comparison table is repeated again to indicate what the 
predicted values would be using the individually measured strain-to-failure on 
each coupon. 

Tensile Strength Comparisons, With the Grain. L-l-11, SoRI Data 

Tensile Strength, psi Tensile Strength, psi    STF     Percent 
Specimen No.   Predicted (Av) Measured  inch per inch Variation 

W03-M 
W05-R 
W01-L 

4900 
5273 
4634 

4520 
4560 
4750 

0.0045 
0.0048 
0.0043 

8.4 
15.6 
2.5 

Graphite billet No. L-l-5 was cut into a nose tip and six test coupons as shown 
in the cutting plans Figures 52 and 53. In this case, the three axial specimens 
correspond very closely with NDT test data points except that once again they 
are limited to about one-half of the billet length. The coupons cut in the 
"with the grain" direction, however, are cut across a chord of the circle rather 
than a diameter so that the predicted values appearing in the following tables 
represent averaged values for the appropriate level in the billet. 

Density Comparisons L-l-5 - Philco-Ford Data 

Percent Variation 

1.1 

0.95 

Specimen No. Density 

Philco-Ford Avco Predicted Measured 

A001 (7-12) A0001 1.795 1.815 
A451 (7-12) A4501 1.816 
A457 (2-7) A4507 1.806 

RO-90-1 1.795 1.812 
RO-90-3 1.794 
RO-90-5 1.786 
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Density Comparisons, L-ll"7, Philco-Ford Data 

Specimen No. Density 

Philco-Ford Avco Predicted Measured Percent Variation 

A1S0-1 (2-7) A0007 1.823 1.826 0.16 
A135-1 (7-12) A3501 1.835 
A90-1 (7-12) A9001 1.818 

R45-135-1 1.824 1.83 0.33 
R45-135-3 1.813 
R45-135-5 1.818 

Modulus Comparisons, L-ll-7, Philco-Ford Data 

Modulus r.  10 6 psi 
Specimen No. 

Predicted      Measured 
Philco-Ford Avco (VT^)      Initial Tensile Percent Variation 

A180-1 (2-7) A0007 1.273 1.25 1.84 
A135-1 (7-12) A3501 1.284 1.27 1.10 
A90-1 (7-12) A9001 1.291 1.26 2.46 

R45-135-1 1.857 1.33 39.62 
R45»i35-3 1.841 1.30 41.62 
R45-135-5 1.909 1.28 49.14 

Tensile Strength Comparisons, L-ll-7, Phllco- ■Ford 

Specimen do.      Tensile Strength, psi 
STF 

Philco-Ford Avco   Predicted  Measured inch per inch Percent Variation 

A180-1 (2-7) A0Q07 33.7 3940 18.8 
A135-1 (7-12) A3501 3358 3700 0.0045 10.2 
A90-1 (7-12) A9001 3382 3780 11.8 

R45-135-1 4016 4550 13.3 
R45-135-3 3975 4070 0.0034 2.4 
R45-135-5 4152 4650 12.0 

In the table below, the tensile strength comparisons are repeated using the 
individual strain-to-failure values measured for each specimen. 

-102- 



Tensile Strength Comparisons, L-ll-7, r..ilco-Ford 

Specimen 

Phllco-Ford 

No. 

Avco 

Tensile 

Predicted 
Avco 

Strength, psi 

Measured 
Phllco-Ford 

STF 
inch per inch 

Percent 
Variation 

A180-1 (2-7) 
A135-1 (7-12) 
A90-1 (7-12) 

A0007 
A3501 
A9001 

3902 
3852 
4178 

3940 
3700 
3780 

0.0053 
0.0052 
0.0051 

0.97 
4.11 
10.53 

R45-135-1 
R45-135-3 
R45-135-5 

6260 
6079 
6228 

4550 
4070 
4650 

0.0040 
0.0039 
0.0042 

37.6 
49.4 
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Figure 55  MATEK^.    '-"N DIRECTION IN r     TJS GRAPHITE BILLET 
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III.    SUMMARY 

In an attempt  to answer the question Of hew well NDT predicted the properties of 
grtphite,  it oust be pointed out  that not onxy is the sampling quantity rather 
small, but also in none of the data reported can there be claimed to be a com- 
plete one—to-one relationship between the destructive and the nondestructive test 
data.    Even in the cases where the test coupon was cut from the billet at  the NDT 
data points, as was the case with all axial and some radial specimens,  the length 
of the coupon was considerably shorter than the billet dimension so it did not 
contain all the material that was included in the NDT characterization. 

In all cases where the test coupon was taken from a position between two HUT test 
points,  the indicated predicted values represent  the averaged values from these 
two data points.     In the case where the test coupon has been cut across a chord 
of the billet,  the predicted property values represent the average values of all 
the test points evaluated at the particular level in the billet from which the 
coupon was cut.    All instances in which averaged property values are indicated 
can be identified in the tables by the fact that no Avco test point number is 
identified. 

It is apparent from the destructive data that the strain-to-failure values of  the 
graphite do vary over wide limits,  and in view of the fact that  the Philco-Ford 
nose tip design is based on this property, it may prove that computer tabulations 
of strain-to-failure might be more important than the more conventional ultimate j 
tensile strength computations.     Such a computation would have to be based on ex- 
perimentally determined values of tensile strength.    Before such a procedure 
could be justified,  however,  it would have to be shown that variability in tensile 
strength is less than variability in strain-to-failure for the material in ques- 
tion.    Such a determination could not be made from the data available in this 
report as the applicable strain-to-failure values are based in many cases on 
2-inch extensiometers rather than strain gages.    Furthermore,  it should be noted 
that many of the experimentally determined values of s^rain-to-failure are re- 
ported as being greater than a specified value,   thus a further element of un- 
certainty is introduced. 

A.     PROPERTY CORRELATIONS 

1. Density 

In general,   the comparisons between predicted and measured densities agree 
to within ±1 percent.    The few minor exceptions noted can probably be attrib- 
uted to the lack of a complete one-to-one correspondence in the material 
tested by the two methods.    It is believed, however,  that  the radiometric 
density procedures now being followed are capable of c'°termining incremental 
densities quantitatively with an accuracy of  1 percent.    The results reported 
here appear to verify this  conclusion. 

2, Modulus 

The comparisons reported between the predicted and measured modulus values, 
at first sight, appear to indicate some fairly wide discrepancies. However, 
a combination of several factors is involved here which unless taken into 
consideration, could prove to be misleading. 
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The meet obvious of the«« factor» is the leck ot  a one-to-one relationship 
between the samples of material being evaluated, particularly aa the axperi- 
»ental determination is made over a relatively short gage length in the center 
of the tensile bar. 

It must be alep pointed out that moat of the tensile bars cut in the "with 
grain" direction are cut along a chord rather than a diameter of the billet, 
thus the nondestructive and the experimental moduli are being determined on 
different samples of the material, and in different direction. 

Another factor which must be taken into consideration is the nature of the 
property being me&aured. The nondestructive determination of modulus com- 
puted from the expression ED " VL is a meaaure of the dynamic modulus of 
the material t&ereaa the experimentally determined value is a measure of 
the initial tensile modulusc or the initial slope of the tensile atress- 
strain curve. These values are not the same as can be seen by reference 
to Figure 56. 

Note that in the figure, the slope of the line denoting ED or dv£ is „raster 
than the slope of the tensile modulus or Ef line which is the initial slope 
of the stress-strain curve. The dynamic modulus, by its very nature, will 
always be larger than the initial tensile modulus. 

The relationship between these two moduli, as determined nondestructively and 
experimentally, is not a constant value, but a variable function of specimen 
geometry, including gage length, and characteristics of the tensile test 
machine on which the determination is carried out. It is for these reasons 
then that the predicted value of dynamic modulus is always expected to be 
higher than the exrerimentally determined initial tensile modulus, and by 
ar> Indeterminate and variable factor. 

A further factor which contributes to uncertainty in the measurement of the 
initial tensile modulus is a human one. This modulus is defined as the slope 
of the initial part of the tensile stress strain curve. Individual interpre- 
tations of the exact value of this slope can vary considerably. 

An examination of the doca reported here indicates that the nondestructively 
determined value of dynamic modulus is considerably more consistent than the 
destructively measured values. Lockyer2 has shown a large spread in data in 
his comparison of dynamic modulus and tensile modulus, whereas his comparisons 
of sonic resonance modulus and ultrasonic wave velocity indicate a high degree 
of consistency. It must be noted that data scatter evident in correlations 
between dynamic and tensile moduli is considered to be associated with limita- 
tions involved in tensile modulus determinations. 

3. Ultimate Tensile Strength 

When comparing predicted and measured tensile strengths, It becomes immediately 
obvious that the predicted values are consistently low, or unduly pessimistic. 
When considering the reasons for this apparent discrepancy, it appears anomalous 
at first that these values should be low, in v.ew of the fact that the pre- 
dicted moduli all tended to be unduly high as compared to the measured values 
of initial tensile modulus. However, it must be pointed out that the factors 
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of proportionality used for the determination of the se-~. mt modulus are applied 
to the value of the dynamic rather than the initial tei etie modulus, and are 
not related to the difference between them. 

In connection with the relationship between the dynauic and the secant moduli, 
it must be pointed out  that  the factors of proportionality were originally 
determined for grades of graphite which characteristically exhibited strain- 
to-fallure values which were not only relatively constant, but were also con- 
siderably lower than has proved to be the case for the ATJ-S involved here. 
Experimental evidence now being accumulated appears to indicate that the 
extrapolation of these factors of proportionality into the less brittle 
grades of graphite, such as ATJ-S cannot be done without introducing a margin 
of error. 

Another factor which must be pointed out is that the reported values of strain- 
to-failure for the graphite involved here appear not only to be considerably 
higher than the values used for computation purposes, but  they also vary over 
a wide range.    Much of this variation can probably be attributed to the variable 
factors involved in making the measurements such as the manner in which the 
specimen is supported in the tensile machine, geometric considerations per- 
taining to the tensile specimen, and the manner in which the measurement of 
strein is  accomplished.    It appears, however,  that in this grade of graphite, 
the strain-to-failure values are not constant; but vary over a range consid- 
erably wider than that found in the grades exhibiting lower strain-to-failure 
values.    Wherever possible in the tables,  the predicted tensile strength has 
been recomputed on the basis of the measured straia-to-fallure.    It will be 
noted that in all these cases, the correlation between predicted and measured 
tensile strengths are closer. 

It must be remembered that  tensile strength is only predicted on the basis of 
flaw-free materials; therefore, complete correspondence can not be expected. 

B.    EFFECT OF POISSON'S RATIO 

It has been shown that the expression Ep > dVL
2 

can only be considered to be 
valid in the case of materials for which the effects of Foisson's ratio can be 
neglected as is the case with the more brittle grades of graphite.  However, 
for grades of graphite exhibiting relatively higher strain-to-failure values, 
this may no longer be the case, as these grades tend to depart further and further 
from the concept of a completely brittle material. Under these conditions, not 
only would the quantitative value of dynamic modulus be subjected to error, but 
also the relationship between dynamic modulus to both initial tensile and secant 
moduli will become more uncertain. 

When considering the influence of Poisson's ratio on the measured modulus of 
graphite, it is important to consider the effects of material aaisotropy. A 
tensile test bar cut with its axis parallel to the with grain direction will have 
normal to its axis conditions of "with the grain" in one direction, and "against 
the grain" perpendicular to this direction. 

ür r such conditions, an axial stress on a test specimen of round cross section 
wi  tend to alter the cross section to an elliptical configuration.  Such an 
efface could lea;' to considerable confusion, in the direct measurement of Poisson's 
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ratio which would vary depending upon the direction in which the measurements 
were taken. It seems quite possible that, in a material with sufficient aniso- 
tropy, and with the thickness measurement taken in the direction of the major 
axis of the eclipse, that an apparent negative value could be obtained for 
Poisson's ratio. The influence of such an effect on the relationship given by 
EJJ «■ Vj^ is unknown. 

£ny factor which Influences the validity of the relationship between dynamic 
modulus and the density-velocity squared product will not only effect the value 
of the predicted modulus, but will also influence the predicted tensile strength 
of the material which is derived from this value. 

C.  RELATIONSHIP BETWEEN DYNAMIC AND INITIAL TENSILE MODULI 

In an attempt to establish a relationship between the predicted dynamic modulus 
and the measured initial tensile modulus,* it must be pointed out that the data 
available are limited to only those measurements made at room temperature. The 
sampling size is thus extremely small. 

It Mill  be noted from the tables that from the data generated by Southern Research 
Institute, the factor of proportionality between t/>e two moduli ranges from 0.81 
to 0.93 with an average of about 0.86. No significant difference appears to 
exist with respect to grain direction. However, aly a total of six samples 
are involved. 

When examining the data from Philco-Ford, this factor varies from 0.67 to 0.77 
with an average of about 0.73 for the with grain directions whereas against the 
grain comparisons yield a factor of 0.98. 

It is perhaps very significant that the SoRI measurements of initial tensile 
modulus appear to be relatively independent of grain direction, whereas tue 
Philco-Ford data tends to indicate a strong dependence on grain orientation. 
A possible explanation of this fact could lie ia the fact that it is difficult 
if not impossible to support a specimen in a tensile testing machine in such a 
manner that no bending torque is introduced. The Southern Research Institute 
tensile machine supports the specimen by means of the "air bearing" which 
theoretically eliminates this problem. 

This relationship it defined by the expression, E^- ■ K Ep, where Ey sod Ep »re the two moduli, und K is the relation- 
ship factor. 
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IV.  CONCLUSIONS AND RECOHHEHDAXIOMS 

In retrospect, it can now b* said that this joint effort has not been particularly 
effective as an effort to correlate nondestructive!; determined properties with 
service performance of graphite hardware. In any future program conducted with 
this end in view, the following recommendations are made: 

1. All sampling for destructive tests should be accomplished in accordance 
with NDT test positions in oraer that the »sane volume of aaterial be eval- 
uated by both methods. 

2. Definitive data with respect to Pclsson's ratio and strain to failure 
values should be established for the NDT program. Lack of such data may 
seriously affect the NDT modulus determinations, in addition ^o invalidating 
the tensile strength determinations. 

3. Test bars should be cut from the billet with full regard to NDT findings. 
The material tested should cover a range of characteristics, including defects. 
Defects are important, and an effort to determine their influence on matsrial 
characteristics should be made. 

A. For the most meaningful correlations, the test bars and hardware, after 
being cut from the billet should be individually characterized by nondestruc- 
tive means prior to any destructive testing. 

It is realized that this particular test program was fully planned and initiated 
before the question of nondestructive characterisation was brought up. As a re- 
sult, it w&s a matter of considerable difficulty to reorient the planning with a 
view towards Injecting broader objectives within the allowable time frasae. 
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presented for Improving this t*pe of  effort.     Theee include the judicious use of 
such destructive test date an etreln to failur«,  Poleson's  ratio,  ultimate tensile 
strength, modulus and effects of  flsws  for obtaining tits most meaningful non- 
destructive test correlations. 
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Grapnite 
Ceramic« 
Zirconium Dlboride 
Hafnium Dlboride 
Nondestructive Testing 
Dynamic Modulus 
Ultrasonic Velocity 
Ultrasonic Flaw Detection 
Infrared Radioaetry 
Thermal Inertia 
Thermoelectric Test 
Radiography 
Eddy Current Test 
Dye Penetrant 
Gamma Radlometry 
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