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ABSTRACT 

The traditional approach to thermal shock testing in 

brittle materials has been to determine the temperature 

difference required to nucleate cracks in these materials. 

Recent work has indicated that the degree of damage after 

crack nucleation should be an additional consideration. 

The degree of damage resulting from cooling thermal shocks 

has been the primary consideration of the present work. 

Test specimens of two geometries: long, solid rods and 

short, solid cylinders were quenched from selected temper~ 

atures into ice water. The degree of damage was determined 

through strength measurements and sonic damping analysis. 

Initial damage occurred at a temperature difference above 

150°C; this was characterized by significant decreases in 

strength, increases in strength data dispersion, and changes 

in sonic behavior. A model has been employed to predict 

degree of damage using crack depths as a criteria. Good 

agreement is seen between the predicted crack depths and 

observed crack depths at low temperature differences. At 

higher temperature differences, crack densities increase, 

and crack interactions affect the agreement between the 

predicted crack depths and those observed. 



ACKNOWLEDGEMENTS 

The author wishes to express his sincere gratitude 

to his advisor, Dr. Robert E. Moore, for his support and 

encouragement. 

iii 

The helpful discussions with Dr. Thomas S. Montgomery 

are also acknowledged. 

The financial assis.tance of the National Science 

Foundation and Kaiser Aluminum and Chemical Corporation 

in the form of fellowships and research funds is acknow

ledged and greatly appreciated. 

I should also like to thank my wife, Alice, without 

whose aid and understanding, the work would not have been 

completed. 



iv 

TABLE OF CONTENTS 

Page 

ABSTRACT • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 11 
ACKNOWLEDGEMENTS • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • iii 
LIST OF FIGURES ....•.••.•.•...•...••..•..••.•••..•..• vi 
LIST OF TABLES ..•..•.•••..•.•.•.•...•.•..••.••••.•... viii 

I. INTRODUCTION................................... 1 

II. REVIEW OF LITERATURE ••••••••••••••••••••••••••• 3 

A. Deteraination of Maximum Temperature 
Dirference a Bod~ Can Withstand.......... 3 

1. Unsteady State: Infinite Heat Transfer 
Coefficient .•••••••.•••••••••••.•••.• 

2. Unsteady State: Finite Heat Transfer 
Coeffieient- .•••.•.•.•.•••••••••••.•.• 

3. Steady State •.•••••.•.•.••.••••••.••.•. 
4. Constant Heating or Cooling Rate ••••••• 
5. Radiation Heating and Cooling •••••••••• 

5 

5 
5 
6 
6 

B. Erfect of Material Properties on ATmax ••••• 7 

c. Degree of Damage After Crack Initiation •••• 10 
D. Methods 9f Thermal Shock Testing ••••••••••• 13 

III • TEST PROCEDURES • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 15 

A. Material and Test Specimens ••••••••••••.••• 15 
B. Thermal Shock Techniques •••••••••••••.••••• 15 

1. Heating and Cooling Shock·Treatment •••• 15 
2. Cooling Shock Treatment •••••••••••••••• 16 

c. Strength Determinations •••••••••••••••••••• 17 

1. Short Cylinders .••••••••••••••••••••••• 17 
2. Bend Tests ....•.....•..•.•.•••.••...... 18 

D. Determination or Young's Modulus of 
Elasticity ••..•.•.•.•••••....•...•....... 18 

E. Logarithmic Decrement Determinations ••••••• 20 
F. Surface Decoration Techniques •••••••••••••• 24 
G. Determination of Heat Transfer Coefficient • 25 

IV. ~SULTS . • • • . • • • • • • . . • • • . • • • . • . . . • • • • • • • • • • . • • . . 27 

A. Strengths of Short Cylinders ••••••••••••••• 21 
B. Strengths of Long Rods ••••••••••••••••••••• 31 



.c. Elastic and Anelastic Properties of Long 
Rods ••••••••••••••••••••••••••••••••••••• 

·D. Crack Characteristics of Long Rods ••••••••• 

v 

Page 

36 
36 

1. Crack Densities ••.•••••.••••••••••••••• 36 
2. Crack Depths ....•...•.•.......•........ 43 

IV. DISCUSSION • • • .. . . . • • • • • • • • . • . . . • . . • • . . . . . . • . . • . . 46 

A. General An~lysis of Measurements on Short 
Cy linfje rs . . • . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 6 

B. General Analysis of Measurements on Long 
Rods ~ •••••••••••••••••• , • • • • • • • • • • • • • • • • • 4 7 

c. Comparison of Strength Measurements of Rods 
and. Cylinders . . . . • . . . . . . . . • . . . . . . . . . . . . . . 50 

D. Predictions of Damage in Terms of Crack 
D·epths • • • • • • • • • • . • . • • • • • • • • • • • • • • • • • • . • . 51 

E. Agree~nt Between Theory and Experiment for 
Crack Initiation •.••••••••••••••••••••••• 58 

F. Discussion of Thermal Shock Techniques .•••• 60 

VI. SUMMARY AND CONCLUSIONS •••.••••.•.•••.•••••.••. 62 

~II. RECOMMESDATIO~S FOR FUTURE WORK .•...•.••••••.•• 64 

BIBLIQGR4flil •• • ..... • • .. · • • · • · • • · · • • · • · · · • · • • • · · · · · · · · · · APPENDIX .. !: .. J;,etter ,Symbols ••••••••••••••.••••••••••• 
APPENDIX B~ Stress Distribution in Long Solid 

APPEND I I 6 .: 

APPENDIX D: 

, CyliJ;J.d~rs ................ ~ •. ~ ..••.•.•..•• 
Cooling Curves for Determining the Heat 

Transfer Coefficient •••••••••••••••••• 
Material Properties and Sample 

Calculations ......................... . 
VITA •••••••••••••••••••••••••..••••••• , •.•.•••.•.•.••• 

65 
69 

73 

74 

78 
90 



vi 

LIST OF FIGURES 

Figure Page 

1. Schematic of sonic apparatus •••••••••••••••••••• 19 

2. Frequency-phase set-up ••••••••••••••••.••.•••••. 22 

3. Lissajous figure orientations.................... 23 

4. Strengths of short cylinders as a function of 
temperature difference ••.••••••••••••••••••••• 28 

5. Strength data dispersions of short cylinders 29 

6. Strength decreases in short cylinders as a 
function of thermal shock cycles ••••••••.••••• 32 

7. Strengths of long rods as a function of 
temperature difference .••••••••••••••••••••••• 34 

8. Strength data dispersions of long rods 37 

9. Elastic modulus as a function of shock temper-
ature di.fference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 

10. Internal friction as a function of shock 
temperature difference ••.••.••••••••••••••.••• 40 

11. Crack densities as a function of thermal shock 
level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 

12. Crack depths resulting from thermal shock •••.••. 44 

13. Relationship between f(d/b) and d/b . . . . . . . . . . . . . 53 

14. Stress distribution in tangential direction at 
175°C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 

15. Predicted and observed crack depths ••••••••••••• 56 

16. Cooling curves used to determine surface heat 
transfer coefficient . • . • . • • • . • • • • • • • • • • • • . • • . • 75 

17. Cooling curves plotted in terms of dimensionless 
temperature and dimensionless time •••••••••••• 76 

18. Thermal conductivity dependence on temperature 
of Al20s. . . . • . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 

19. Thermal expansion of Al203 .•••.••••••••.••..••.• 79 



20. Temperature dependence of strength of Al203 ••••• 

21. Temperature dependence of Young's modulus of 
Al2 0 s .••.••••••.•..•••••••..••.••.•...•.••••.• 

22. The effect of property evaluation temperature on 
the calculated AT •••••••••••••••••••••••••• max 

23. Graphical method for calculating crack depths ••• 

vii 

80 

80 

83 

89 



viii 

LIST OF.TABLES 

Table Page 

I. Strength Data on Short Cylinders •••••••••••••• 30 

II. Strengths of Short Cylinders after Cycling •••• 33 

III. Strength Data on Long Rods •••••••••••••••••••. 35 

IV. Modulus of Elasticity and Logarit~c 
Decrement • • • • • • . • • • • • • • • • • • • • • • • • • • • • • • • • • • • 3 8 

V. Crack Densities in Long Rods •••••••••••••••••• 41 

VI. Crack Depths in Long Rods ••••••••••••••••••••• 45 

VII. Normalized Stress Edge Intensity Factors ••.•.• 53 

VIII. Dimensionless Tangential Stresses at the Time 
of Maximum Stress as a Function of Dimension
less Radial Coordinates and Biot's Modulus •• 82 

IX. Effects of Property Evaluation Temperature on 
Calculated A~max ••••••••••••••••••••••••.••• 84 

X. Calculations for Tangential Crack Depths 
Resulting From 175°C AT Shock ••••••••••••••• 87 



1 

I. INTRODUCTION 

Thermal shock resistance is not an intrinsic property 

of brittle materials; it depends upon the thermal and 

physical characteristics of the system being considered. 

Definitions relating to the term thermal shock resistance 

are varied; however, a general definition is: the resistance 

of a part to damage resulting from intensive stresses 

arising through sudden temperature differences within a 

body. 

Within the last two decades, thermal shock has become 

a matter of increased concern, particularly in the aerospace 

field. The high temperatures encountered in high-perfor

mance, high-velocity military and space vehicles suggest 

the use of ceramic materials; however, brittle nature and 

poor thermal shock resistance have severely limited their 

use. This is ~rue particularly in components exposed to 

extremely rapid heating, such as nose cones, leading edges, 

and rocket nozzaes. 

The aerospace field is by no means the only area 

concerned with thermal shock. In the steel industry, 

refractory· linings in smelting furnaces are subject to 

spalling or the breaking away of small fragments of 

material; a direct result of thermal shock. 

In the past, the approach to thermal shock testing in 

the laboratory has involved determining the temperature 

difference, ~T, required to initiate fracture. Although 
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periodically discussed, little effort has been directed 

toward the determination or damage after fracture initiation. 

During the past five years, attempts 1 have been made to 

predict the degree or damage incurred during rapid heat-up 

shocks; yet little work has been done to characterize 

damage on cooling. 

This investigation is an effort to evaluate the damage 

to high purity, high density Al2 03 resulting from cooling 

shocks. The experimental approach to characterizing data 

in this work included: 

a) direct strength deterioration meastirements, 

b) . surface crack detection and characterization, 
1. ' 

c) 

d) 

changes in acoustic damping, and 
I' 

statistics or strength data. 

A model is presented to explain the damage on cooling, and 

deviations from this model are examined. 
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II • REVIEW OF LITERATURE 

Humme.l 2 has stated that it is very difficult to define 

a thermal shock resistant ceramic except to say that it is 

a composition which does not fail under the thermal stress 

which is developed during some stated temperature cycling 

process. One must at least specify the conditions of test

ing and sbe size and shape of the body being tested before 

any estimate can be made of the probable performance of 

any given ceramic body with respect to thermal shock 

resistance. 

In present thinking, an evaluation of the thermal 

shock resistance of a brittle material may be divided into 

two parts: 

1. The determination of the maximum temperature 

difference a body can withstand without crack 

initiation. 

2. The degree of damage incurred by a body after 

cracks have been initiated. 

A. Determination ·or Maximum Temperat·ure Difference !:. Body 

Can Wi.thstand 

The first equation relating material properties to the 

maximum temperature difference a body can tolerate is 

attributed to Winkelman and Schott 3 • These investigators 

used glass compositions, tested them over a very limited 

range, and proposed tbe following relationship between 

maximum temperature difference and certain physical 



properties: 

where a = tensile strength of material, 

k = thermal conductivity, 

E = Young's Modulus of Elasticity, and 

« = linear coefficient of thermal expansion. 

(1) 

A glossary of' terms and units assigned to these terms is 

given in Appendix A. 

4 

Many "thermal shock factors" are found in the 

literature~' 5 ' 6 ' 7 which relate directly or indirectly to 

ATmax· These f'aetors are expressed in terms of material 

properties, and are used to give relative indications of 

the thermal shock resistance of brittle materials. Examples 

are: 

R a(l - JJ) - Ea , (2) 

R' o(l - JJ)k - Ecx , (3) 

R'' o(l - p)a - Ea ' 
(4) 

Rrad 
= [o(l - }l)k} ll~t 
- cxEe: ' (5) 

where ~ = Poisson's ratio, 

a = thermal diffusivity, 

e: = emissivity, and 

R, R', R'', and Rrad are thermal shock resistance factors. 

~he applicability of the above factors are shown in the 



following five cases. The first four cases are discussed 

by Kingery~, while Hasselman 5 has reported in detail on 

the fifth case. 

5 

1 .. Un:st·e·ady' s·tate: . Tn::f"i'ni·te· Re·at 'l'I•an:s·rer Coefficient 

In this case, the heat transfer coefficient is so 

large that a body, originally at To, when quenched to T1 

will have its surface at T1 and its interior at Te. The 

maximum temperature difference under these conditions is: 

ATmax = R•S, (6) 

where S is a shape factor taking into account both size 

and shape. 

2. Unsteady State: Finite Heat Tra:ns·rer Coef'.fieient 

This ease, while relatively simple, is considered to 

approximate many actual problems. The maximum temperature 

difference is given by: 

AT R' •S• 1 max = h, (7) 

where h = heat transfer coefficient. 

3. Steady State 

The steady state temperature distribution depends on 

the thermal conductivity and on the rate of heat flow, q, 

per unit area. For any given sample, if S is a shape 

factor and AT is the overall temperature difference: 

q = -kSAT (8) 

and the conditions are uniquely defined by specifying 



either the heat flow or the temperature difference: 

!).T = R•S, (9) 

a = R'•S. "'max 

4. Constant Hea:t'i·ng or Cooli'ng Rate 

If a constant rate of temperature change, 8°/sec., is 

maintained on the surface of the body, the maximum rate of 

temperature change without fracture is given by: 

emax=R''•S. (10) 

5. Radiation Heating and Cooling 

The maximum temperature achieved through direct 

radiation to which a body with low initial temperature can 

be subjected is: 

Tmax -{~]1/,. •R 
p rad' (11) 

where p = density. 

Although only an approximation, equation 11 can be used 

to estimate the !).Tmax to which a body can be cooled by 

radiation. 

6 

Analytical solutions of thermal stress problems for 

simple shapes and known heat transfer conditions have been 

presented by various investigators 8 ' 9 ' 10 • ~hese give 

solutions to the various problems in terms of dimensionless 

parameters evaluated as a function of time, space coordin

ates, and heat transfer conditions. From such solutions, 



the shape factor S can be determined. Appendix B gives 

the equations dealing with a long ci:bcular cylinder as 

presented by Jaeger 8 • 

7 

Several approximate shape factors have also been 

suggested by various authors 11 ' 12 ' 13 • These shape factors 

are applicable to surface stresses; they are for relatively 

low heat transfer coefficients, such as found in gas 

convection and radiation cooling. Kingery~ has listed 

these approximations as: 

after Bradshaw11 , (12) 

s ~ 4/S + 1 after Buessem12 , and (13) 

S ~ 3.25/S after Manson13 • (14) 

Here, Sis Blot's modulus, ~x, 

where x = the half thickness or radius of the body. 

B. E.ffect of Material Properties on lllTmax 

The various relationships given previously show in 

what manner material properties affect the maximum LilT. 

Thus, for a given set of heat transfer conditions, one 

should look for a material with high strength, high thermal 

conductivity, low Poisson's ratio, low thermal expansion, 

and low elastic modulus. In almost every case, meeting the 

above criteria simultaneously is impossible because, for 

example, brittle materials with high strengths also exhibit 

high elastic moduli. These properties work against 

one another in thermal shock conditions. 



In addition to the material properties discussed 

above, aany other characteristics o~ the body must be 

considered. The effect of porosity on ATmax has been 

studied by Kingery and Coble 1 ~. Specimens with controlled 

porosity were prepared by incorporating napthalene flakes 

in an alumina casting slip. By preparing and firing 

specimens under controlled conditions so that the contin

uous solid phase was consistent in structure, the effect 

of porosity could be accurately observed. It was found 

that the maximum temperature di~ference decreases with 

increasing porosity. ATmax for a sample with 50% porosity 

was about 1/3 that for fully dense samples. 

Kingery and Coble 15 have reviewed the e~~ect of grain 

size on the strengths of brittle materials. Decreases in 

strength are noted with increasing grain size. Large 

grain size would thus have an adverse e~fect on thermal 

shock resistance. It is reported15 that above 95% 

theoretical density, the change in grain size is the most 

important strength variable. The strengths o~ alumina 

samples, having densities in this range, varied from 

70-80,000 psi at lp grain size down to 20,000 psi at about 

10011. 

8 

Hasselman 5 , in his analysis of radiation thermal 

shock, has discussed the role of emissivity. The lower the 

emissivity, the higher the shock resistance. Hasselman 

points out that sur~ace conditions play an important role, 

and smooth polished surfaces are desired for optimum shock 
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resistance. 

It has been suggested2 ' 16 ' 17 that anisotropy plays an 

important role in governing the thermal shock resistance 

of a brittle material. Consider two crystals lying side 

by side, each oriented in a different crystallographic 

direction. A large difference in thermal expansion would 

set up severe shear stresses across the grain boundaries, 

and these stresses could conceivably nucleate cracks. 

A situation analogous to anisotropy exists in poly-

phase ceramics wherein two or more phases are present and 

each phase has different properties. An attempt to 

estimate the order of stresses which may arise in a two

phase material in which the thermal expansion coefficients 

of the two phases differ has been made by Kingery 18 • 

Kingery considers one phase to be dispersed as discrete 

particles in a continuous matrix of the other. If no 

separation between the phases due to thermal expansion 

occurs, Turner 19 has shown that the average thermal expan-

sion coefficient should be given by: 

Cl1!;!1K1 + Cl2!;!2K2 (15) Cl = 21.& P2K2 ' + 
P1 P2 

where p 1, P2 = weight fractions of phases, 

K1, K2 = bulk moduli of phases, and 

P1, P2 = densities of phases. 

Assuming that the stresses set up due to a change in 

temperature from To to T1 are entirely elastic, the stresses 
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in phase one should be gj.ven by 18 : 

(16) 

Using this formula, Kingery estimated that stresses set 

up in a silica glass containing 10% eristobalite after 

cooling from 1200°C would be of the order of one million 

psi. Stresses of that order would readily cause cracking. 

The considerations given previously for ATmax indicate 

that crack initiation occurs when a definite critical stress 

is reached. Manson and Smith21 have proposed a theory of 

thermal shock resistance based on Weibull's 21 statistical 

theory of strength. Brittle materials do not obey a 

criterion where fracture occurs on the achievement of a 

definite critical stress. Weibull has developed a statisti

cal theory to account for this behavior. Manson and Smith, 

employing Weibull's theoryJ postulate that fracture most 

probably occurs not at the time when the surface stress is a 

maximum, but at a later time when the surface stress has 

fallen somewhat and a greater volume of material in the 

interior of the body has been brought up to a moderate 

stress level. 

c. Degree of Damage After Crack Initiation 

The discussion up to this point has dealt with the 

nucleation of fracture, and the material properties which 

influence this nucleation. Although mechanical failure 

criteria were recognized and discussed in connection with 

thermal shock .. ' 16 , no attempts were made to apply these 



11 

criteria to. damage after crack initiation until Hasselman's 1 

work was published. 

A criteria for crack propagation or crack nucleation 

is provided by Griffith22 who states that a crack will 

start propagating and continue propagating while the 

elastic energy released from the stress field surrounding 

the crack is equal to or greater than the energy necessary 

to supply the effective surface energy. Those mechanisms 

making up the effective surface energy are: 

a) the thermodynamic free energy, 

b) energy dissipation in anelastic deformation at 

the tip of the propagating crack, and 

c) energy dissipated in plastic deformation of a 

thin layer on the newly formed crack surfaces. 

Considering a spherical shape, and assuming that the 

sphere is shocked by heating from a lower temperature to a 

higher temperature, Hasselman developed an expression 

yielding the total elastic energy stored at fracture to be: 

(17) 

Hasselman then equated the total surface energy 

required for the propagation of cracks to the elastic 

energy stored at fracture. The mean area A over which 

N number of cracks will then propagate in a sphere is 

given by: 

211'a 2 (1 - l.l)x 3 
A = 7NEyeff , 

(18) 



where Yeff = effective surface energy. 

Hasselman then defined two additional thermal shock 

resistance parameters • 

R"' = 

R'''' = 

. E .. 

0' 2 (1 - ll) 

· Eyeff 

a 2 (1 - ll) 

' 
and 

12 

(19) 

(20) 

Since the relative degree of damage will be propor

tional to the area over which the cracks will propagate, 

minimizing the quantity A in equation 18 will result in 

maximum thermal shock damage resistance. This will require 

low values of strength and high values of Poisson's ratio, 

Young's modulus of elasticity, and effective surface 

energy. It will be noted that these values are diametri

cally opposed to those values required for a high fracture 

nucleation ~T. Thus, one is faced with the problem of de

ciding which is more critical for a given application: the 

high ~T or the low degree of damage. 

Hasselman's work in this area was fairly well received 

for it prompted several investigations 23 ' 2 .. into various 

facets of this problem. Nakayama and Ishizuka23 provided 

experimental evidence that Hasselman's relations were valid 

and useful. Taking five brands of commercial firebrick, 

these investigators found that the relative degrees of 

damage predicted by Hasselman's equations were in agreement 

with those found by experimentally shocking firebrick. 
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D. Methods of Thermal Shock Te·sting 

Various types of thermal shock tests are employed to 

get an indication of the th~rmal shock resistance of 

brittle materials. M·ohr 2 5 constructed a furnace for 

radiant thermal shock testing. The furnace consisted of 

a chamber five inches on a side through which six one-half 

inch diameter silicon carbide heating elements pass. The 

elements are in two horizontal rows of three elements each, 

at right abgles to each other on one and one-half inch 

centers. A three and one-half inch diameter hole leads 

from the heating chamber bo the furnace top. 

to be tested is in the form of a flat plate. 

The material 

This plate is 

placed directly on the furnace opening and is exposed to the 

radiation from the heating elements. The time to fracture 

is recorded and is used as an indication of the thermal 

shock resistance. 

Baroody, et. al. 26 constructed an apparatus designed 

to provide a controlled, measurable, heat flow through the 

wall of a hollow cylindrical specimen. It consisted of 

a graphite resistor rod in an evacuated chamber. The 

walls were water cooled and windows were provided for 

viewing the specimen during testing. The specimen is 

aligned concentrically around the heater rod between one 

or more upper and lower guard tubes. Upon applying power 

to the rod, heat flows rapidly through the specimen, 

inducing a radial temperature gradient and resultant 

thermal stresses. The temperature at which a crack is 



first observed was used as an indication of thermal shock 

resistance. 

1-4 

Quenching media are commonly used in thermal shock 

testing27 ' 28 ' 29 • Crandall and Ging27 used Hitec heat 

transfer salt as a media for heat shocking alumina spheres. 

By lowering the temperature of the heat transfer salt and 

raising the initial temperature of the specimens, cooling 

shocks were also achieved. These investigators also used 

air moving at a given velocity for cooling shocks. The 

magnitudes of temperature difference over the ranges in 

which fracture occurred were studied, and AT values were 

assigned where 50% of the specimens failed. 



III. TEST PROCEDURES 

A. Materfal and Test Specimens 

The material selected for this study was 99.5% pure 

Al203 supplied by Western Gold and Platinum Company. As 

determined from mass and dimensions, this material had a 

density of 3.83 ± 0.03 gm/cc. The material was received 

15 

as six-inch rods having a diameter of one-half inch. The 

rods were centerless ground to tolerances of± 0.003 inches 

in diameter. 

Test specimens were of two types: the as-rece~ved 

rods and short solid cylinders, one-half inch by one-half 

inch, which were cut from the long rods using a diamond saw. 

B. Thermal Shock Techniques 

Thermal shocking of both short cylinders and long 

rods was achieved in the following manner: 

1. Heating and Cooling Shock Treatment 

One group of short cylinders was subjected to both 

heating and cooling cycles. A container filled with 

Hitec* heat transfer salt was placed in a Harrop kanthal

heated box furnace. This furnace was heated to a pre

selected temperature between 150°C and 500°C. Upon 

reaching the holding temperature, the temperature of the 

heat transfer salt was checked with a calibrated chramel

alumel thermocouple. 

Specimens initially at room temperature were immersed 

*manufactured by E. I. duPont de Nemours and Co., Inc. 
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in the Hitec and allowed a ten minute soak. The test 

pieces were small in relation to the heat bath, and it is 

felt that the cold. specimens did not act to lower the 

temperature of the heat bath. After soaking, the specimens 

were removed from the Hitee and quickly immersed in ice 

water. The ice bath was stirred immediately before the 

specimens were immersed. Thus, static higher temperature 

water layers on the surfaces of the test specimens were 

minimized. When cold, the specimens were dried at 105°C 

and placed in a desiccator for a period of three days 

prior to strength testing. Generally, five spec~ens 

were shocked at each temperature. 

2. Cooling Shock Treatment 

This treatment was similar to the double shock 

described previously; however, in this case, the heat 

shoak was eliminated. Both short cylinders and long rods 

were subjected to this type of shock. Here the tkst 

samples, again consisting of five specimens, were placed 

in the cold Harrop furnace along with the container of 

Hitec. The furnace was then heated at a rate of 5°C/min. 

to the selected temperature between 150°C and 500°C. 

Upon reaching temperature, the heat transfer bath was 

cheeked with a calibrated chromel-alumel thermocouple 

and the specimens were placed in the bath to insure the 

same flux to all specimens. After a ten minute soak, 

the specimens were immersed in ice water, dried, and 

stored in a desiccator for three days. The temperature 



differences to which test specimens were sub.j.ected are 

believed accurate to + 5° c. 
c. s-t·rength Det·e·rmi'riations 

1. 'Short ·cyTi'J'lde·rs 

17 

Strength determinations on short cylinders were made 

by using the diametral epmpression technique. This 

technique has been described elsewhere in detail 30 • The 

test specimen is placed between two platens in such a 

manner that compression of the cylinder occurs along a 

diameter. This @enerates a fairly uniform tensile stress 

perpendicular to the diametral plane. The maximum tensile 

stress developed across a diametral plane in this test is 

given by: 

where 

·2p 
a = 1rDL' 

P = load, 

L • length, and 

D • diameter. 

{21) 

A Tinius-Olsen hydraulic-type testing machine with 

a low seale range of 30,000 pounds, seale divisions of 

50 pounds, was used for testing the short cylinders. If 

the load is not applied uniformly in this test, incorrect 

values for strength may be obtained. To insure that errors 

of this nature were minimized, heavy paper was placed be

tlfeen the specimen and the platens at the lines of contact. 

After testing, an impression remained on the paper showing 

w~re the force was applied. If the impression was uneven, 
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a non-uniform force was indicated and the strength value 

was thrown out. 

2. Bend Tests 

A four-point bend jig was used to determine the bend 

strengths of the long circular rods. This jig was specially 

designed so that the specimen contact points consisted 

of sleeves on ball bearings to reduce frictional effects. 

The span of maximum tension of this jig was four inches, 

while the overall span of the jig was six inches. Bend 

strengths for the circular bars were calculated by use of: 

16P a=--. (22) 
'JI'Da 

A Tinius-Olsen hydraulic-type universal testing 

machine with a lowest scale range of 1200 pounds and scale 

divisions of one pound was used in conjunction with this 

jig. 

D. Determination of Young's Modulus o:f Elasticity 

The dynamic modulus of elasticity was determined on 

the six-inch rods before and after shacking using sonic 

apparatus marketed by Electro Products Laboratories Inc. 

A schematic is shown in Figure 1. This equipment consisted 

of a Hewlett Paekard wide range oscillator used through 

a power amplifier to drive a Jensen speaker modified to 

serve as a drive unit to vibrate the rods. The response 

of the test piece was picked up by an Astatic phonograph 

cartridge; the relative intensity of the amplified output 

was then indicated on a D. C. microammeter. The input to 



I 11 I 1 j_o:c~llator Power Driver Amplifier 

Crystal Pick-Up Resonance 
Pick-Up Amplifier I Indicator 

·--- ----

Figure 1. Schematic of sonic apparatus. 
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the driver and the output of the pick-up were- f.ed into a 

Fairchild oscilloscope so that resonance fre.quencies could 

be· determined by use of Lissajous figures on the cathode 

ray tube. Resonance frequencies were read from a Beckman 

counter. 

The specimens were suspended from the driver and pick

up with nylon thread. The threads were secured close to 

the specimen nodes (0.224 L where L is the length) for 

flexural vibration. The frequency was varied until the 

microammeter and Lissajous figures indicated the specimen 

to be vibrating in resonance. Young's modulus was then cal

culated from the specimen dimensions, mass, and the 

resonance frequency with the aid of tables compiled by 

Hasselman 31 • The equation used for aalculating the 

E-modulus is: 

Here, C = a constant, 

w • specimen weight, and 

f = resonance frequency. 

E. Logarithmic Decrement Determinations 

(23) 

Concurrent with Young's modulus of elasticity, the 

logarithmic decrement was also determined on the long rods. 

The technique, called the frequency-phase method, is 

relatively new and was introduced by Smith and Berns 32 • 

The author has used this technique previously and has 

found it quite satisfactory. 



Figure 2 shows the general test set-up f'or the 

frequency-phase determinations of logarithmic decrement. 

The input voltages to the oscilloscope are: 

horizontal input (24) 

vertical input (25) 

where C1 and C2 are the amplitudes of the horizontal and 

vertical inputs, respectively. 

At resonance, the output of the crystal pick-up is 
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90 degrees (1f/2) out of phase with the output of' the 

driver, and the Lissajous pattern on the oscilloscope is 

vertical as shown in Figure 3a. If the exciting f'requency 

(f') of' the driver is changed slightly, the Lissajous 

figure is changed slightly as shown in Figure 3b. From 

Figure 3b and equations 24 and 25 it is apparent that when 

~t = o, or multiples of w, the distance Y1/2 is: 

Y1/2 = e = C2 sin(-+). v 

Likewise, when oot - + is w/2, or odd multiples, the 

distance Y2/2 is: 

(26) 

(27) 

From equations 26 and 27, the absolute value for sin+ 

is found to be: 

(28) 



Horizontal 
Input 

eh = C1 Sin(oot) 

Driver 

Test Bar 

0 
Scope 

= Cz Sin(oot - +)~ 

Vertical 
Input 

Figure 2. Frequency-phase set-up. 
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The tan + may be determined :rrom equation 28 and the 

logarithmic decrement may be computed by use of: 

(29) 

The natural frequency, fn, is first determined by 

adjusting the frequency of the oscillator until the 

Lissajous figure is vertical. The oscillator frequency 

is then changed to a frequency, f, so the ellipse is 

tilted; at this frequency, the distances Y 1 and Y2 are 

measured. It has been found convenient to keep one 

distance, Y1, constant for all measurements, thus only 
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Y2 must be measured. Because very accurate frequency 

determinations are necessary, the output of the oscillator 

is fed to an electronic counter. 

F. Surface Decoration Te·chniques 

A count was made of the number of cracks along the 

length of the long rods prior to strength testing. This 

was done by drawing a thin line the length of the bar and 

counting the cracks which intersected the line. Three 

counts were made for each rod. Viewing of the cracks was 

facilitated by immersing the bars in carfusin dye. After 

the dye was dry, the excess was removed from the surface 

with acetone. The dye penetrated the samples at crack 

interraees, thus leaving a distinct pattern on the surface. 

Inasmuch as the dye penetrated the depth of the 
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cracks, it was also possible to obtaia a measure of crack 

penetration as a functian of thermal shock .temperature 

difference. This was done by cutting sections out of 

shocked bars. Crack depths were then measured with 

dividers and a rule divided into 0.02 inch increments. 

G. . Det·erm.:it1a:t·i'on: or Heat· Tra:n·srer· Coe'ft:i·c·ie'nt 

It was necessary to know the surface heat transfer 

coefficient in order to fully specify .the conditions under 

which the thermal shock is incurred. The surface heat 

transfer coefficient is a function of surface geometry, 

fluid characteristics, and the temperature difference. 

A rod of Armco iron six inches long by one inch in diameter 

was chosen to determine this parameter. Armco iron was 

chosen since the properties of this material are well 

documented 33 ' 3 ... 

A chromel-alumel thermocouple was embedded in the iron 

along the axis to a depth of three inches. This thermo

couple was attached to a Houston Instrument Company x-y 

recorder having a range of time sweeps in the x direction 

from 0.05 inches per second to ~wo inches per second. The 

iron rod was heated to preselected temperatures between 

150°C and 500°C in the Hitec heat transfer salt. After a 

soak of one-half hour, to insure equilibrium temperature, 

the bar was plunged into a bath of ice water. The 

temperature decreases as a function of time were plotted 

automatically on the x-y recorder. These curves are 

presented in Appendix C. 



In order to calculate .the heat transfer coefficient, 

the curves obtained by this method were converted to 

dimensionless temperature, and were compared with 

theoretical curves by Heisler 35 • The coefficient (h) 
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was found to be fairly constant over the range of interest; 

the value determined was 0.171 Cal/°C/cm2 /sec. This 

value should apply to other materials of the present 

geometry which are subjected to the conditions imposed 

in the present work. 
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IV. RESULTS 

A.. Strengths· :or Short 'C'yTinders 

Strengths and strength data dispersions as a function 

of thermal shock temperature difference are plotted in 

Figures 4 and 5 respectively. This data is also given in 

Table I. The number of specimens tested at each temperature 

difference is also given in Table I. No detectable strength 

deterioration was observed after a 150°C shock; ~owever, a 

175°C shock temperature difference (AT) resulted in a 

significant strength loss. Larger shock ATs resulted in 

still greater strength decreases. Two sets of data are 

given here: the full circles represent those samples which 

have received both a heating and cooling shock. Prior 

to strength testing, all cylinders were visibly inspected 

for cracks. No decoration techniques were used as the 

cracks were readily visible. Specimens shocked at 150°C 6T 

showed no cracks while visible cracks were seen in 90% of 

all specimens shocked at 175°C. Individual cylinders having 

no visible cracks exhibited strengths equal to or greater 

than the mean strengths of the control groups. 

Strength dispersions of the control samples and 

those samples shocked at 150°C AT showed no differences. 

Samples shocked at 175°C, the temperature difference where 

strengths first decreased, showed an appreciable increase 

in dispersion. With increasing shock ATs, however, the 

standard deviations decreased as seen. This behavior was 
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TABLE I 

Strength Data ~ Short Cylinders 

Group A Group B 

Heating ~ Cooling Shock Treatment Cooling Shock Treatment Only 

TemEerature Number Strength S. D. TemEerature Number Strength 
Difference (°C) Tested (Psi) (Psi) Difference (°C) Tested (Psi) 

Control Group 5 20,248 2,220 Control Group 5 22,700 

150°0 10 23,340 2,680 150°C 5 23,700 

175°C (Damaged) 8 13,340 5,920 175°C (Damaged) 5 11,930 

175°C (Total) 10 14,366 5,320 175°C (Total} 5 11,930 

200°0 8 11,630 3,080 200°C 4 12,052 

250°C 5 10,370 1,340 250°C 5 11,158 

300°C 5 9,840 1,370 300°0 5 9,166 

350°0 5 7,538 1,530 4oooc 5 7,058 

500°C 4 4,670 833 500°C 5 5,980 

S. D. 
(Psi) 

2,160 

2,430 

5,940 

5,940 

3,400 

1,510 

2,010 

526 

529 

w 
0 
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characteristic of both sample sets. 

A study was conducted to determine the effects of 

repeated cycling on the strengths of the short cylinders. 

Figure 6 gives plots of this strength data after one, two, 

and three cycles at shock ATs of 250°C, 300°C, and 350°C. 

The first cycle appeared to be the most damaging in all 

cases. Table II gives the strengths and strength-data 

dispersions. No trends were discerned from plots of 

standard deviations. 

B. Strengths of Long Rods 

In addition to the studies on the short cylinders, 

strength tests were performed on six-inch rods of the 

same diameter. Figure 7 shows the strength data developed 

for each shock temperature difference. All shocks on the 

long rods are cooling shocks. No strength decrease was 

noted after shocking at a AT of 150°C; however, a 175°C 

shock produced a significant strength loss. A slight 

trend to higher strength is noted at 200°C and 250°C, 

with the maximum at 250°C. From 250°C to 500°C, the 

strengths .decrease in a linear fashion. This data is 

presented in Table III. 

All test specimens were decorated with carfusin dye 

to facilitate obtaining relative crack densities and crack 

depths. 'f'o determine whether this dye had an effect on 

the strengtb, a sample of undecorated bars, shocked at 

250°C, was tested. The mean strength of this sample is 

shown as a dark circle in Figure 7. No significant 
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Number ot: 
Cycles 

1 

2 

3 

1 

2 

3 

1 

2 
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TABLE II 

Strengths ·ot: Short 'Cylinders at:ter Cycling 

'rempe·rature 
Di·t:.re·rence ( o·c) 

Control Group 

250°C 

250°C 

250°C 

350°C 

350°C 

350°C 

Number 
Tested 

5 

5 

4 

5 

5 

5 

5 

5 

5 

5 

Stren,th 
·'(Psi 

20,250 

10,370 

10,230 

9,850 

9,840 

9,322 

7,840 

7,540 

7,460 

7,380 

33 

S.D. 
(Psi) 

2,220 

1,340 

1,470 

2,300 

1,370 

2,430 

1,060 

1,530 

1,570 

1,070 
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TABLE III 

· Strength Data: ·2n, Long Ro'ds 

Tempe·ra:ture Diff'erence ·Number . st·r·en.·rh s. D. 
· ·coc · 'Tes·t·ed (Psi) · ·(p·si 

Control Group 5 30,923 2,310 

150 5 31,200 1,065 

175 (Damaged) 4 7,815 3,400 

175 (Total) 5 12,770 5,100 

200 (Sample A) 5 8,910 523 

200 (Sample B) 5 8,386 800 

250 (Undecorated)* 5 9,898 1,684 

250 5 9,408 795 

300 5 8,947 614 

400 5 7,290 985 

500 4 6,460 1,070 

* With the exception of one sample (shocked at 250°C ~T) 

all samples were decorated with carfusin dye. 
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difference was detected .between the decorated and undecor

ated samples shocked at the 250°C level. Thus, this dye 

is not felt to affect bend strengths. 

Figure 8 and Table III show the strength data 

dispersions of the long rods as a function of temperature 

difference. The standard deviation of the control group 

is higher than that of the sample shocked at 150°C ~T. 

The sample shocked at 175°C ~T exhibits a much higher 

dispersion as seen from the figure. Samples shocked from 

200°C to 500°C are characterized by low dispersions. 

c. Elastic ·a.nd Anela.:stic Proper·t·fes of' Long Rods 

Modulus of elasticity data and logarithmic decrement 

data are given in Table IV. Figure 9 shows the behavior 

of Young's modulus with shock temperature difference, and 

Figure 10 g.ives the logarithmic decrement as a function 

of AT. It can be seen that with increasing shock severity, 

Young's modulus decreases and the internal friction 

increases. No change is seen in either of these properties 

after shocking at 150°C AT. Shocking at 175°C produces 

a decrease in Young's modulus and an increase in the 

logarithmic decrement. 

D. Crack Characteristics of Long Rods 

1. Cra.:ck ne·nsities 

The densities of cracks increase significantly from 

175°C ~T. to 500"C AT. This data is given in Table V and 

shown in Figure 11. It must be emphasized that this does 

not represent the actual number of cracks, but is simply 
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TABLE .IV 

Medulus of Elasticity ·and Logari'thmic Decrement 

· E-ModU:lus 

TemEera:ture ·Number . E x ·1o·-"' · -s ·x "10-6 % ·change 
Differe·n·ce · Te·s·t·ed tPs·i) · (Psi) 

cac> 
Control Group 80 53.9 0.455 

150°C 5 53.8 0.284 0 

175°C 5 53.5 0-.731 0.74 

200°C 6 53.0 1.132 1.34 

250°C 6 50.7 0.786 5.31 

300°C 6 49.3 0.638 8.13 

400°C 5 45.9 0.515 14.71 

500°C 5 41.5 0.661 22.69 

Logarithmic Decrement 

TemEerature Number 
Difference Tested 

a x 10-... s 

(de) 

Control Group 80 2.57 

150°C 5 2.94 1.24 

175°C 5 7.44 3.40 

200°C 6 11.90 0.96 

250°C 6 82.30 20.40 

300°0 6 119.00 40.00 

400°C 5 104.00 28.00 

500°0 5 183.00 19.00 
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Temperature 
Diff'eren:c·e °C 

15o•c 

175°0 

200°C 

200°C 

250°0 

250°C 

300°C 

400°C. 

500°C' 
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TABLE V 

Relati·ve Crack Densities 

·Number of 
Bars· Obsey;y:-ed 

3 

3 

3 

4 

3 

4 

3 

3 

Density 
· Number of' Cracks 

· Crossing a 1" Line 

1.0 

6.5 

7.0 

14.0 

11.0 

14.0 

17.5 

21.0 
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shock level. 



a relative measure of crack density increases. 

2 . c·rack Depths 

43 

Figure 12 shows plots of the tangential and axial 

crack depths as a function of shock temperature difference. 

These data are presented in Table VI. The depths are seen 

to decrease at 200°C and 250°C. An increasing trend is 

seen from 250°C ~T to 500°C 6T. 
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Temperat'ttre 
Difference 6 C 

150°C 

175°C 

200°C 

250°C 

300°0 

400°C 

500°C 

Number of 
Bars ·observed 

3 

3 

3 

3 

3 

3 

TABLE VI 

Crack oe·p·ths ·in Long Rods 

Ave·rage Cra:ek' Dep·ths 

Axial 
. C"ra:ek oe·pths 

.20 11 

.11 

.10 

.11 

.13 

.15 

S.D. 

.04" 

.01 

.01 

.01 

.01 

.01 

· Tangential 
Crack Depths 

.14" 

.09 

.08 

.11 

.13 

.15 

S.D. 

.04" 

.02 

.01 

.01 

.01 

.01 

.t::" 
IJI 
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V. DISCUSSION 

A. Gene·ral Analysis of Measurements on Short _Cylinders 

It is recalled that two complete sets of short cylin

ders were shocked. One set received both heating and 

cooling shocks; whereas, the second set received cooling 

shocks only. Agreement between the two sets is felt to be 

quite good, especially in view of the small sample sizes. 

Statistically, no significant differences were found 

between corresponding data points except at the 500°C shock 

level. Since one sample set received both beating and 

cooling shocks, while the other set received only cooling 

shocks, the differences at the 500°C level are attributed 

to variations in the shock programs. It is felt that 

damage on heat-up shocks does not occur until a temperature 

difference of ~00°C is attained. 

The curve in Figure ~ indicates that incipient damage 

occurs between 150°C and 175°C. Although no data was 

taken in this interval, this region would lend itself 

well to a distribution plot of damage frequency versus 6T. 

At 160°C 6T, for example, 20% of the cylinders might be 

damaged. This procedure is common in thermal shock 

testing27 • The present data indicates that, even at 

175°C AT, damage frequency is less than 100%. 

The strength decrease resulting from a 175°C shock 

is large in comparison to strength losses from more severe 

shocks. If a trend of this nature were to continue, zero 



strength or complete failure would be. observed at a 200°C 

shock level. A least squares determination f'or the data 

from 175°C to 500°C gave the following relation: 

a= -17.2 AT+ 14,700. (30) 

This relation predicts zero strength at a AT of 850°C. 
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The strength data dispersions proved to be quite 

interesting and somewhat unique. At low AT values where 

damage was first observed, the standard deviation increased 

appreciably. As more severe shock levels were imposed, 

dispersions decreased, until at 500°C AT, they were well 

below those of undB.Dlaged samples. Similar behavior has 

been observed by Daniels 36 and others 37 , and more will be 

said about this phenomenon later. 

The short cylinders were subjected to repeated shocks 

of one, two, and three cycles at three temperature 

differences. The strength data is shown in Figure 6. In 

each case, all damage is incurred on the first cycle. 

Possibly a test of this nature should be carried out over 

a larger number of cycles such as twenty-five or even 

fifty. Lack of' material made such an experiment unfeasible 

in the present ease. It is probable that damage resulting 

from the first shock acts to relieve stresses arising on 

succeeding shocks and further damage would be lessened. 

B. · ·General' Ari:a:l'ts'is· ·or Me·a:sure'nien·ts· ·on ·Long· Rods 

As in the case of the short cylinders, the long rods 

exhibit initial damage between 150°C and 175°C. Within 



this range~· the per .. cent. of damaged rods .for a gi.ven AT 

ea.n be plott·ed on a distribution curve. In the ease of 
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the long rods, 80% of the specimens showed damage after the 

1'5°C shock. 

It is seen from Figure 7 that the strength losses 

associated with the 1758 C shock are followed by slight 

strength increases at 200°C and 250°C. This behavior is 

not unexpected in view of the trends taken by the crack 

depths (Figure 12). That is~ these strength values reflect 

the trends of the crack depths. A least squares plot of 

the data shows behavior following the relation: 

a = -12.2 AT+ 14,900. (31) 

This equation predicts complete failure, i.e. zero 

strength at AT = 1215°C. Since data was only taken to 

shock ATs of 500°C~ this value of 1215°C represents better 

than a 700°C extrapolation, and must be considered 

questionable. 

The standard deviation of the long rods exhibits a 

behavior very similar to that shown by the short cylinders. 

With the first strength decreases, the standard deviation 

increases~ and with subsequent more severe shock levels, 

appreciable decreases are noted. 

It is seen from Table VI that crack depth dispersions 

are largest at the 175°C shock level. This greater 

variance in crack depths could contribute to the larger 

variance in strengths. 



49 

In b:Ls work on a tx-1ax1al porcelain, Daniels 3 6 i.nduced 

artificial flaws 'Along th.e lengths of the por-celain bars. 

'rhese flaws were oriented perpendicular to the direction or 

max11111ID. stress. He detected no increase in dispersion, 

but instead saw an immediate decrease when flaws were 

induced. It has been shown in the present work, that 

early damage is characterized by a dispersion increase. 

As stated above, variances in crack depths could be 

resp.onsible; however, a second possible explanation for 

the differences between Dan1el.s' observations and the 

present observations lies in flaw orientation. When a 

bar is stressed in the present investigation, failure 

ecc11rs at a point previously weakened by theraal shock 

damage. A flaw oriented perpendicular to the direction 

of applied stress is more damaging than a flaw oriented 

parallel to the applied stress. Deviations of flaws from 

these two extremes would affect the failure stress in 

accordance with orientation. At 175°C ~T, the crack 

densities are low, and the cracks are randomly oriented 

with respect to the applied stress. This is a major 

deviation from the conditions in Daniels' work. As the 

~T levels increase, a network of closely spaced cracks 

develops. When a stress sufficient to cause failure is 

applied to the bars, fracture oeeurs at a flaw, composed 

ef several ~Faeks within the craek network, which is 

effectively oriented perpendicular to the applied stress. 

"fhus, eond.ittons similar to those of Daniels' are 
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approached. 

The logarithmic decrement data and modulus of 

elasticity data serve as supplements to the strength data. 

It was hoped that the logarithmic decrement might be more 

sensitive than the strength determinati.ons in detecting 

early damage. However, the first changes in logarithmic 

decrement were obse.rved after a 175°C shock. Thus one 

more piece of data exists to verify the observation that 

no damage is initiated after a shock Gt: 150°C AT. 

A definite advantage in using non-destructive tests 

of this nature lies in the testing before shocking and 

after shocking. Any doubt concerning damage can be removed 

by viewing the "before" and nafter" data on each bar. 

It is seen that nei.ther the logari.thmic decrement nor 

the elastic modulus.gives an indication of the crack depth 

decrease at 200°C and 250°C as indicated by the strength 

measurements. These· measurements are taken using cyclic 

stresses near 4,000 cps, and they appear to give an indica

tion of the overall damage to the material. 

Inspection of the data suggests a possible inverse 

relation between the crack densities and Young's modulus. 

It would be expected that flaws oriented perpendicular or 

nearly perpendicular to the length would have the greatest 

effect on the modulus values. These are the flaws used 

to get an indication of densities; and relate to the 

apparent inverse relationship. 

C. Comp·a.:ri·son: of S't·re·ngth' Me·a:suremen·ts of Rods and CYTinders 



The strength data of both the long rods and short 

cylinders suggest that there is little difference in the 

initial fracture AT for the two geometries and tests. 

Apparently the ends of the short cylinders have little 

effect with respect to heat flow, and the radius is the 

governing dimension. Also, with both geometries, the 

initial strength decreases are quite severe and more 

intense shocking does not yield equivalent decreases. 

A proposed model of flaw orientation was given to 

explain the behavior of strength dispersions of the long 

bars. The trends in strength data dispersions of the 

short cylinders are quite similar, and it is probable 

that the same model would explain this behavior. 

The strength increases seen for the long rods at 

200°C and 250°C AT are not noted for the short cylinders. 

This probably reflects the method of testing. 

D. Predictions of Damage in Terms of Crack Depths 
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Cooling thermal shocks seldom lead to catastrophic 

fracture, at least for ATs sufficient only to initiate 

cracks; thus, it would be of benefit if one could predict 

the degree of damage caused by cooling shocks. A criteria 

for describing this degree of damage is the depth to which 

cracks penetrate from the surface. Data on crack depths 

were presented previously; however, no discussion has yet 

been Wlldertaken. 

Lachenbruch 38 ' 39 appears to have presented the only 

work available for predicting crack depths under conditions 
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approaching those imposed by cooling shocks. He proposed 

the following equation for calculating crack depths in a 

semi-infinite medium exposed to surface contraction cracks 

(see Appendix A for a list of symbols): 

(32) 

where Ai = stress acting on an increment of thickness di, 

r(di/b) = the normalized stress intensity factor, 

b = crack depth, and 

g = gravimetric constant. 

For the present purposes, the term: 

o.68pgb 3 /:t, 

representing the contribution of gravitational compression, 

can be neglected. Equation 32 may, therefore, be written 

as: 

(33) 

Values of r(di/b), a normalized crack-edge stress intensity 

factor, are given in Table VII. Figure 13 shows that for 

d/b ratios less than 0. 6, r (di/b) is equal to 0. 8 di/r'b 

Thus, equation 33 may be written as: 

(34) 

A crack will continue to propagate as long as the left hand 



d/b 

r(d/b) 

TABLE VII 

Normalized Stress Edge Intensity Factors 

0.05 0.1 0.2 0.3 0.5 0.75 1.0 

O.Oij 0.08 0.16 0.24 0.41 0.64 1.1 

--~-~--~-~------0 
~0 

d/b 

Ffgure 13. 'Relationshi~ between r ( d/b) and d/b. 
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side of equation 34 exceeds the right hand side. Close to 

the surface~ tensile stresses will contribute to crack 

propagation; however, as the crack passes from the region 

of tension into the compressive region, the compressive 

stresses will act to eventually arrest the crack. 

The use of equation 34 in predicting crack depths 

requires a knowledge of the thermal stresses set up in the 

test specimens. Jaeger's equations (Appendix B) were 

employed to determine these stresses. The material 

properties necessary for the calculations of' both thermal 

stresses and crack depths are given in Appendix D. The 

stress distribution in the tangential direction for a ~T 

of 175°C is shown in Figure 14. In order to apply equation 

34~ this distribution was approximated with discrete stress 

steps of thickness ndn as shown. The results of calcula

tions using the known material properties and equation 34 

are shown in Figure 15. The experimental crack depths are 

also shown in this figure. 

Good agreement exists between the observed and 

predicted crack depths at 175°C AT; however, with increasing 

ATs, the experimental data deviates from that predicted 

by equation 34. Lachenbruch has stated that the model is 

good as long as there are no crack interactions. It appears, 

however, that crack interactions do occur at higher shock 

ATs. These interactions occur with increases in crack 

densities. Figure 11 shows that the relative crack 

densities are low at 175°C AT, but increase appreciably at 
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higher ~T levels. As crack densities increase, the elastic 

strain energy .at fracture must be divided among a larger 

number of cracks. This explains the behavior seen at 200°C 

and 250°C ~T. In this interval, the crack density increases 

significantly, but the elastic strain energy is not enough 

greater to drive the cracks ~deeper ,tbat'L those at 175°C ~T. 

As the ~T levels increase, the elastic strain energy 

increases at a rate sufficient to drive the increasing num

ber of cracks deeper; thus, the increasing crack depth 

trend above the 250°C ~T level. 

It now becomes necessary to offer an explanation as 

to why crack densities increase with increasing ~T levels. 

There appear to be three mechanisms which could account 

for this behavior. The first is simply the distribution 

of flaws on the surface. At stress levels just sufficient 

to cause fracture, the weakest flaw is probably responsible. 

At higher ~Ts and thus higher stress levels, craaks can 

be ini.tiated from flaws stronger than the weakest flaw. 

A second mechanism responsible for large crack 

densities is crack branching. As the stress state at the 

surface rises, the velocity of the crack propagating on 

the surface increases, and as a critical velocity is 

reached, crack branching may be promoted. Glenny 29 

supports the above statement saying that cracks originating 

from the cooling shock are produced at the surface by 

axial tensi'le or circumf'erential tensi.l.e stresses or a 

combination of both. The crack lies in the region of 
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maximum. stress and as a result branches quite readily. 

A third mechanism leading to high cr,ack densities is 

related to tbe anisotropic nature of Al20a. If one 

considers two alumina crystals lying sj_de by side on the 

surface, and if one conaiders those crystals to be oriented 

in di.fferent crystallographic directions, then severe shear 

stresses may be set. up at the grain boundary as a result 

ef d!ffe~tng thermal expansion coefficients. Johnston 17 

has stated that such stresses would be difficult.to 

calculate accurately, but an estimate suggests that they 

are extremely high. Johnston also suggests that it is 

quite possible that shear stresses at grain boundaries 

are in fact the initial cause of crack nucleation. 

'!'he eonsiderations presented using Laehenbrueh's work 

are gross simplifications. It is seen, however, that 

agreemeat is good at the low shock level. At these levels, 

applieation of such an explanation is reasonable in view 

ef the small crack demsi ties. . It must be .e~~phasiz.ed that 

hezoe we ape dealing with a finite body; thus, the stress 

states are probably quite differ.ent from those or an 

infinite body. It is also noted that once a crack is 

initiated and travels to any depth, the stress distribution 

in the material is changed drastically. Another fact to 

be considered is that we are dealing with transient stress 

states. 

E. ·. ·Ap:e:eE;mt: 'ii!et:we·en 'fheort and: Exp:e:ri.me·nt: :frJr Crack 

' ·nu.~t'i:a.t'i'<m 
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Although the purpose of this work was not necessarily 

to determine the AT at which fracture ,occurs, all infor

ID:ation was available to compute this value. It was stated 

earlier that experimentally, the initial fracture AT 

occurred between 150°C AT and 175°C llT. Using the known 

properties of the material (Appendix D), a value of 184°C 

was determined with Jaeger's 8 equations. This agreement 

is considered quite good. 

Some discussion is in order regarding the temperature 

level at which material properties were selected. The 

thermal stress equations consider the thermal conductivity 

and the surface heat transfer coefficient to be constant 

over the entire temperature range. Figure 18 shows that 

this is not true for the thermal conductivity. If we 

were considering shocking on heating, considerable error 

could be introduced in the prediction of ATmax since 

thermal conductivity at temperatures near room temperature 

is so strongly temperature dependent. For the present 

case, that is, thermal shock on cooling, the selection of 

the correct value of thermal conductivity is less strongly 

dependent on temperature. The error in the selection of 

a thermal conductivity value is probably less than 10%. 

Strength of Alz03 is only slightly affected by 

temperature. Nevertheless, fracture is initiated at the 

surface, and thus the strength value should be selected at 

a lower temperature. The same consideration applies to 

the elastic modulus. 
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The thermal stress equations assume isotropic 

conditions. Aluminum oxide single crystals are anisotropic; 

however, a fine-grained, polycrystalline alumina such as 

that used in the present work is considered to be isotropic 

on a macroscopic scale. Therefore, use of the thermal 

stress equations is reasonable. 

F. Discussion of' Thermal Shock Techniques 

The testing techniques used in this work are well 

suited to obtaining a quantitative indication of the 

degree of damage. Using this approach of measuring 

strength as a function of ATs also shows that simply 

finding the determination of the initial AT to cause 

fracture does not always give all the necessary infor

mation. There is useful strength left in the bodies 

tested in this work even after a 500°C shock. The author 

has tested materials having less strength in their undam

aged state. It must be emphasized that the application 

of the material is of prime importance when considering 

permissible damage. Some applications will tolerate no 

damage whatsoever. In other applications, damage is 

acceptable, to a limited extent. It now becomes a matter 

of deciding which is important: no damage or low damage. 

By determining the strength over a range of ATs, one can 

bracket the AT at which damage is initiated. Thus, a test 

of this nature gives the experimenter two pieces of 

information: 

1) the AT necessary to initiate fracture and 
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2) the degree of damage as a function of 6T. 

If it is desired to find only the initial 6T to 

cause damage, the approach used in the present work proves 

to be redundant. There is little doubt that the material 

is undamaged after a 150°C shock. Thus, a number of the 

testing techniques can be eliminated. Bend testing or 

logarithmic decrement measurements could provide all the 

information needed. 
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VI. SUMMARY AND CONCLUSIONS 

Thermal shock damage to Western Gold and Platinum 

Company 995 Al203 has been studied in the shock temper

ature difference range of 150°C to 500°C. Thermal shock 

conditions were imposed on preheated test specimens by 

quenching these specimens in ice water. Strength measure

ments and sonic analysis were the main quantitative 

tools used in the study. Early damage is characterized by 

large strength decreases and appreciable increases in 

strength data dispersion. Crack depths were found to be 

an effective criteria for degree of damage. Theoretical 

predictions of crack depths based on fracture criteria 

have proved to be in good agreement at low shock levels; 

crack interactions with increasing crack densities are 

the prime reason for deviations of observed crack depths 

from predicted crack depths. Increased crack densities 

can be explained by three factors: anisotropy, surface 

flaw distributions, and crack branching. 

The following conclusions have been made from the 

work presented herein: 

1. Under the conditions imposed in this study, Al203 

exhibits no detectable damage after a 150°C shock. 

Useful strength is still present after shock 

treatments at 500°C. 

2. Strength testing of thermally shocked material 

provides a good quantitative indication of the 
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degree of damage, and it provides a sensitive tool 

for determining the initial damage temperature 

difference. 

3. Sonic analysis has shown itself to be of limited 

usefulness since it is less sensitive to crack 

depth behavior than the strength testing. Sonic 

analysis is sensitive to crack density increases, 

however. 

4. Crack densities do not provide a measure of the 

degree of damage. High crack densities act as 

a deterrent to damage on cooling shocks. 

5. Lachenbruch's equation is limited to low temper

ature shock treatments which result in low crack 

densities. 
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VII. RECOMMENDATIONS FOR FUTURE WORK 

The following recommendations are made for future 

work: 

1. A rigorous study of the effects of repeated thermal 

shocks is needed. Such a study would establish if damage 

increases after a large number of shock cycles. 

2. An experimental program, similar to the present 

program, involving a large number of brittle materials 

should be initiated. The materials studied should include 

both isotropic and anisotropic materials. Such an invest

igation would be most useful in determining the effects of 

anisotropy on damage resulting from cooling thermal shocks. 

3. In order to determine the degree of damage to a 

given material, it is necessary to know the effective 

surface energy. A program should be conducted to measure 

this property on a wide range of materials. 

4. In addition to studies on single phase systems, 

it is recommended that work be initiated to investigate 

polyphase systems. Many ceramic bodies currently used are 

polyphase bodies, and better characterization of the 

effects of phase combinations on thermal shock resistance 

and damage resistance would be helpful. 
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APPENDIX A 

Letter Symbols 

Definition 

thermal stress 

thermal a1ffusiv1ty 

crack depth 

shape constant for 
calculating the modulus 
or elasticity 

diameter 

layer or material 
stressed to Ai 

Young's modulus 

horizontal and vertical 
input voltages to 
oscilloscope 

flexural frequencies 
of vibrating rods 

gravitational constant 

English 

Psi 

i.n2 /see 

inches 

in-2 

in 

in 

Psi 

volts 

cycles/sec 

ft/sec 2 

Units 
C.G.S. 

dynes/cm2 

em2 /sec 

em 

cm-2 

em 

em 

dynes/om2 

volts 

cycles/sec 

cm/sec 2 
0\ 
\.0 



h 

k 

K 

L 

LD 

p 

pi 

q 

R 

r 

r* 

s 
T 

Tr 

Ti 

T* 

surface heat transfer 
coefficient 

thermal conductivity 

bulk modulus 

length 

logarithmic decrement 

load on bars 

phase percentage 

rate of heat flow 

thermal shock factor 

radial coordinate 

dimensionless radius 
= r/x 

shape factor 

temperature 

fluid temperature 

initial temperature 

dimensionless temperature 

Btu/hr/ft 2/°F Cal/sec/cm2/oc 

Btu/hr/ft/°F Cal/sec/cm/°C 

dynes/cm2 Psi 

in em 

dimensionless 

pounds force dynes 

dimensionless 

Btu/hr Cal/ sec 

OF oc 

ft em 

dimensionless 

dimensionless 

OF oc 
OF oc 

OF oc 

--1 
0 



'I'* (continued) 

t 

t* 

w 

w 

X 

Y1, Y2. 

a 

a 

r(d1/b) 

y 

b.T 

e 

T!' - T 
= Tf - Ti 

time 

dimensionless time 
at = 
R2. 

elastic strain energy 

weight 

radius 

vertical dimensions 
on oscilloscope 
coefficient of linear 
thermal expansion 

Biot's modulus 
hR 

=k 
normalized stress-edge 
intensity factor 

surface energy 

temperature difference 

emissivity 

dimensionless 

hr sec 

dimensionless 

ft-lbs ergs 

pounds force dynes 

in 

in 

;oF 

!'t-lbs/ft 2 

OF 

em 

em 

;oc 

dimensionless 

dimensionless 

ergs/cm2 

oc 

dimensionless 
-..1 ,...... 



e rate of temperature 
rise 

ll Poisson's ratio 

p density 

a tensile strength 

or*' at*, az* dimensionless stresses 

<P phase angle 

w circular frequency 

°F/hr °C/sec 

dimensionless 

lbs/ft 3 gm/cm 3 

Psi dynes/cm2 

dimensionless 

radians radians 

radians/sec radians/sec 

-a 
1\) 
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APPENDIX B 

st·ress Distribution 'in Lo·ng So'lid Cylinders 

ar * 

at * 

a * z 

co 

= 2tkL 
m=l 

co 

= 2aL:. 
m=l 

co 

= 2al: 
m=l 

-Y 2t* 
[J,.(:r*ym) . e. m .... 

r*y (ym 2 + a2)Jo(ym) m 

-y 2.t* 

[J• (r*ym) 
e . m 

(ym 2 13 2 )Jo(ym) + 

where: 

13 = Biot's modulus = ~, 

t* =dimensionless time= a;, 
X 

r* = dimensionless radius 

~ = Poisson's ratio, 

y = m'th root of: m 

yJx(y) = 6Jo(y), and 

a = thermal diffusivity. 

r = =, 
X 

J, (ym) J 
'Ym 

J x(r*ym) - J,(ym)] 
r*y 'Ym m 



APPENDIX C 

·cooli·ng Curves ·ror ne·te·rm:ni·ng ·the· Heat· 1frans:rer ·co:~·:rrie1ei.t 
,,.,r 

The cooling curves used to determine the surfaJie heat 

transfer coefficient are given in Figure 16. Armco: iron 1lJias 

used to obtain these cooling curves. These curves ean be 

plotted in terms of dimensionless parameter$ by us1&1 the 

fo1lowing relation: 

. Tf - T 
'I'* == T T r - i 

at 
t* = -. 

Figure 17 gives a plot of the cooling curves 

~$ 

! 

·~l5} 
I 
! 

f30Jc: 
' 1-) 

of' dimensionless temperature and dimensionless tille~ 

i 

this form, the curves can be compared with those ofJ. 

Heisler 35 • The dotted curves are taken from He1slets paper 
! , 

and correspond to reciprocal Biot 's modulus values 'f 0.6 '· 
. . 

and 0. 8. Extrapolation shows that the curve in the: present 
'l 

case corresponds to a reciprocal Biot's aodulus of •• 75. 
if 

The surface heat transfer coef:f"icient is fou.md by tf;,e 
'll 

' ! 

relation: 

· ek 
h = -. X 

{37) 

In the range· of interest, Armco iron has an 

conductii'ity of 0.163 eal/cm./°C/sec. Therefore, using a 

sample having a diameter :of 2. 54 em., the surface heat 
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Figure 16. Cooling curves used to determine surface heat transfer coefficient. -..J 
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• Test bar cooled from 455°C 
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Figure 17. Cooling curves plotted in terms of 
dimensionless temperature and 
dimensionless time. 



transfer coefficient is found to be: 

h = .. 0 •163. = 0.171 ca1/cm2 /°C/sec. 
0.75 X 1.27 
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APPENDIX D 

The purpose of this appendix is to document the 

properties used for all calculations in this thesis and 

to provide sample calculations of the data presented 

herein. Figures 18 through 2l give the temperature 

dependence of the thermal conductivity~•, thermal expan

sion-1, strength- 2 , and Young's modulus of elasticity. 

In addition, the following values were used for effective 

78 

surface energy, Poisson's ratio, and surface heat transfer 

coefficient. 

effective surface energy- 3 •••• 2.31 x 10- ergs/cm2 ·(o·.li~ lbs) 

Poisson's ratio-- ••••••••••••• 0.257 

measured surface heat transfer coefficient •••••••• 

•••••.•••• 0.171 cal/cm2 /sec/°C. 

A knowledge of the above properties allows the calculation 

of: 

1. Thermal stress distribution within long rods. 

2.. Initial fracture temperature difference (6Tmax) · 

3. Crack depths. 

1. Determination of Stress Distribution Within the Long 

Rods -
Inasmuch as Jaeger's equations are quite complex, 

values of the dimensionless stresses were obtained as a 

function of Blot's JD:odulus, dimensionless time, and 
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temperature of Alz03. 
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Figure 19. Thermal expansion of Alz03. 
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dimensionless radial coordinates with the aid of a computer. 

Table VIII gives these stresses for selected values of the 

dimensionless parame.ters above. 

2. Dete·rmi'nat·i'on of" 'AT 
------=-=-=-~ -- ~ax 

The properties which·affect the-calculated value of 

ATmax are temperature dependent. The problem is, thus, the 

te~pe#a,t"re at. which to evaluate these material properties. 

Kingery .. suggests .evaluating the material properties at 

a temperature defined by the relation: 

ATmax is calculated from the relation: 

A'f = a ( l. - ·p) 
max Eaa I • t 

(38) 

(39) 

Figure 22 shows how the calculated ATmax value varies with 

the temperature at which the material properties are 

evaluated. Also shown in Figure 22 is a plot of equation 38. 

The intersection of these two curves gives the required 

value for ATma.x. Table IX gives the material properties as 

a function of temperature as well as the calculated ~Tmax 

values evaluated at those temperatures. Figure 22 shows 

that the required value of ATmax is l84°C. 

3. Calculation of Crack Depth 

Figure 14 indicates that the modified Lachenbruch 

equation (equation 34) employs discrete stress increments 

to approximate the continuous stress distribution given 

by Jaeger • s equations. To. calculate the crack depths, the 
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TABLE VIII 

· 'Di:m:e·ns·i·onles s Ta:n:gen.t·ial ·stre·sses at· the 

·Time ·of Ma:x·aum: ·S'tre·ss· ·as· a: 'Furic·t·i·on: of Dimen·sionless 

·Ra.'di·ar C'oordina:t·es· a:nd Biot' s Modulus 

Dimensionless ·e = 1.5 e = 1.85 e = 2.o B = 2.8 B = 3.6 
Radial 

Coordinates 

j 00 ti, 0.216 0.234 0.247 0.298 0.337 

0.90 0.146 0.138 0.165 0.195 0.215 

0.80 0.084 0.087 0.093 0.107 0.112 

0.70 0.034 0.034 0.035 0.037 0.033 

0.60 -0.005 -0.009 -0.009 -0.015 -0.024 

0.50 -0.035 -0.038 -0.041 -0.051 -0.061 

0.40 -0 .. 056 -0.059 -0.063 -0.075 -0.083 

0.30 -0.069 :...0.072 -0.077 -0.089 -0.095 

Q.20 -0.078 -0.082 -0.085 -0.097 -0.101 

0.10 -0.083 -0.086 -0.089 -0.101 -0.104 
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TABLE IX 

Erre·ct s of Prop·erty Evaluation Temperature 

on CaTcuTated ~ax 

Propert:l Tensile Young's Thermal Thermal 
Evaluation Stren~th Modulus Con:ductivit:l Expansion 
Te!!!{era:ture · ·(Psi (Cal/Cm75 C7Sec) 

oc) (x 10-6 Psi) (x l0 6 °C- 1 ) 

100 21,800 53.4 0.073 7.2 

200 21,800 52.6 0.054 7.3 

300 21,700 52.0 0.040 7.5 

400 21,600 51.4 0.030 7.9 

Propert~ Poisson's Biot's Maximum Calculated 
Evaluation Ratio Modulus Dimensionless ~ax 
Tem!(erature Stress 

oc) at Surface (OC) 

100 0.26 1.5 0.216 195 

200 0.26 2.0 0.247 170 

300 0.26 2.8 0.297 139 

400 0.26 3.6 0.338 117 
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stress increments di have been chosen such that: 

dl = d2 = •••••• = d = o.osx 
n ' 

(40) 

where x = radius. 

Thus, equation 34 may be arranged and written as: 

(41) 

Inspection of equation 40 reveals that there are 

effectively two unknowns: the crack depth b and the number 

of discrete stress summations needed to correspond to the 

crack depth. If too many summations are employed, the 

calculated crack depth will be too small. If, on the 

other hand, too few summations are used, the calculated 

crack depth will be too large. In the present case, each 

successive stress summation is made at a point which 

corresponds to a greater depth within the specimen. It is 

necessary. to. match the final depth to which stresses are 

summed with the calculated crack depth value b which this 

summation yields. 

A graphical solution has been devised to obtain the 

correct values for the crack depths. This method involves 

plotting calculated crack depths for successive stress 

summations against the radial coordinate corresponding to 

the depths to which the summations are made. Also plotted 

are values of crack depths which correspond directly to 

the radial coordinates~ This plot is a straight line. 

These two plots intersect at a point wnich corresponds 



to the correct value for the calculated crack depth. 

Table X gives. the calculations necessary to plot these 

curves for the crack depths corresponding to a 175°C ~T. 

86 

The discrete stresses Ai are calculated using equation 

39, and the crack depths b are calculated using equation 41. 

The dimensionless tangential stresses were calculated as 

described in section 1 of this appendix. Figure 23 shows 

these plots and how the correct crack depth value is 

obtained. 



TABLE X 

Calculations for Tanprrt·ial Crack Depths Resulting ~ 175°0 ~ Shock 

Radial ~ept~ in Dimensionless Mean !i tAi Calculated 
Coordinate Eec men Stress (ol) Dimensionless Crack 

(Inches) S'tress (Psi) (P~i) Depth 
(Inches) 

1.00 0 0.234 
0.210 18,8eo 18,800 0.148 

0.95 0.013 0.186 
0.162 14,500 33,300 0.465 

0.90 0.025 0.138 
0.126 11,300 44,600 0.836 

0.85 0.038 0.113 
0.100 8,950 53,550 1.21 

o.8o 0.050 0.087 
0.074 6,620 60,170 1.52 

0.75 0.063 0.060 
0.047 4,210 64,380 1.74 

0.70 0.075 0.034 
66,440 1.84 0.023 2,060 

0.65 0.088 0.012 
0.001 90 66,530 1.86 

0.60 0.10 -0.009 
-0.016 -1,430 65,100 1.78 

0.55 0.113 -0.022 
-0.030 -2,680 62,420 1.63 

0.50 0.125 -0.038 
-0.043 -3,850 58,570 1.45 

0.45 0.138 -0.048 
-0.054 -4,240 53,730 1.22 co 

~ 



TABLE X (Continued) 

0.40 0.150 -0.059 
-0.063 

0.35 0.163 -0.066 
-0.069 

0.30 0.175 -0.072 
-0.074 

0.25 0.188 -0.076 
-0.078 

0.20 0.200 -0.080 
-0.081 

0.15 0.213 -0.082 
-0.083 

0.10 0.255 -0.084 
-0.085 

0.05 0.238 -0.05 

-5,650 48,080 

-6,190 41,890 

-6,620 35,270 

-6,980 28,380 

-7,250 21,130 

-7,420 13,710 

-7,610 6,100 

0.970 

0.738 

0.524 

0.337 

0.198 

0.079 

0.016 

co 
co 
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