
THE RELATIONSHIP BETWEEN ROLLING
TEXTURES AND ELASTIC MODULI OF

POLYCRYSTALLINE THORIATED NICKEL FOILS

Item Type text; Dissertation-Reproduction (electronic)

Authors Stokes, James Leroy, 1934-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:12:43

Link to Item http://hdl.handle.net/10150/287680

http://hdl.handle.net/10150/287680


This dissertation has been 
microfilmed exactly as received 

69-14,188 

STOKES, James Leroy, 1934-
THE RELATIONSHIP BETWEEN ROLLING TEXTURES 
AND ELASTIC MODULI OF POLYCRYSTALLINE 
THORIATED NICKEL FOILS. 

University of Arizona, Ph 1969 
Engineering, metallurgy 

University Microfilms, Inc., Ann Arbor, Michigan 



THE RELATIONSHIP BETWEEN ROLLING TEXTURES AND ELASTIC MODULI 

OF POLYCRYSTALLINE THORIATED NICKEL FOILS 

by 

James L* Stokes 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF METALLURGICAL ENGINEERING 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

WITH A MAJOR IN METALLURGY 

In the Graduate Col lege 

THE UNIVERSITY OF ARIZONA 

19 6 9 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by Jamas L. Stokes 

entitled The Relationship Between Rolling Textures and Elastic 

Moduli of PolycrystalIfne Thorlated Nickel Foils 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy 

/fr Aw 
Dissertation Director Date 

After inspection of the final copy of the dissertation, the 

following members of the Final Examination Committee concur in 

its approval and recommend its acceptance:* 

js /?6? 

This approval and acceptance is contingent on the candidate's 
adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination. 



STATEMENT BY AUTHOR 

This dissertation has been submitted In partial fulfillment of 
requirements for an advanced degree at The University of Arizona and Is 
deposited in the UnIversi ty LI brary to be made available to borrowers 
under rules of the Library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgment of source is 
made. Requests for permission for extended quotation from or reproduction 
of this manuscript In whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when in his judgment 
the proposed use of the material is in the interests of scholarship. In 
all other instances, however, permission must be obtained from the author. 

SIGNED: 



ACKNOWLEDGMENTS 

This work was Initiated in the Department of Metallurgical 

Engineering, University of Arizona, and carried out under the direction 

of Dr. L. J. Demer. The author Is deeply grateful for Dr. Demer's 

guidance and encouragement throughout the course of the program. 

The mechanical testing was performed in absentia in the Research 

Laboratories of Solar-A Division of International Harvester, San Diego, 

California. This was made possible through the cooperation of Mr. J. V. 

Long, Director of Research, and Dr. A. G. Metcalfe, Associate Director 

of Research, who also provided technical guidance in this phase of the 

Investigation. This help Is gratefully acknowledged. 

During the analysis of the data and writing of the text the author 

was employed by the Titanium Metals Corporation of America, Henderson, 

Nevada. The author is indebted to Mr. Harry Rosenberg, Supervisor of the 

Metallurgical Research Division, for encouragement during this final 

stage of the project. 

Hi  



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS vif 

LIST OF TABLES x! I 

ABSTRACT xlil 

CHAPTER I. INTRODUCTION I 

Genera I . I 

Objectives and Scope of Investigation 3 

CHAPTER 2. BACKGROUND DISCUSSION 5 

Properties of TD Nickel 5 

Elastic Properties of Solids 6 

' Generalized Hooke's Law 8 
Metallurgical Aspects of Young's Modulus II 
Methods of Measuring Elastic Moduli 18 
Experimental Values of the Elastic Constants of 
Nickel 20 

The Elastic Modulus of Thoria 21 
The Elastic Modulus of Thoriated Nickel 21 

Textures in Rolled Sheet 24 

Production of Pole Figures. ....... 24 
Methods for Relating Elastic Moduli to Textures ... 27 
Textures in FCC Metals 33 
Textures in Thoriated Nickel Sheet 35 

CHAPTER 3. EXPERIMENTAL PROCEDURES AND RESULTS. . . 39 

Materials 39 

Composition and Origin 39 
Metallography 40 

iv 



V 

TABLE OF CONTENTS—Continued 

Page 

Mechanical Property Tests. 40 

Room Temperature Tests 40 
Elevated Temperature Elastic Modulus Measurements . . 60 
Statistical Analysis of Mechanical Property Data. . . 66 

Pole Figure Determinations 72 

Equipment ..... 72 
Specimen Preparation 72 
Absorption Corrections 73 

Selection of Ideal Orientations 73 

Selection of Ideal Orientations by Comparing Pole 
Figures to Various Proposed Orientations 73 

Selection of Ideal Orientations by Measuring Direc
tion Cosines of High-Intensity Peaks on Pole 
Figures 79 

Calculation of Theoretical Moduli. ... 105 

CHAPTER 4. DISCUSSION OF RESULTS 127 

Microstructures 127 

Mechanical Properties 127 

Room Temperature Tensile Properties ... 127 
Elevated Temperature Elastic Moduli 128 

Pole Figures . 129 

Comparison of Experimental and Calculated Elastic Moduli . 131 

CHAPTER 5. SUMMARY AND CONCLUSIONS 133 

Summary 133 

Conclusions 134 

APPENDIX A. FORTRAN IV G PROGRAM FOR CALCULATING ABSORPTION COR
RECTION FACTORS FOR TRANSMISSION POLE FIGURES .... 136 



v i  

TABLE OF CONTENTS—Continued 

Page 

APPENDIX B. FORTRAN II PROGRAM FOR CALCULATING THEORETICAL 
ELASTIC MODULI FROM SINGLE-CRYSTAL ELASTIC 
CONSTANTS 139 

APPENDIX C. CHEMICAL ANALYSES OF MATERIALS USED IN INVESTIGATION. 147 

APPENDIX D. INDIVIDUAL VALUES OBTAINED FROM TENSILE TESTS .... 149 
I 

APPENDIX E. ANALYSES OF VARIANCE OF TEST DATA 155 

APPENDIX F. POSITIONS OF {100} POLES FOR VARIOUS IDEAL ORIENTA
TIONS IN CUBIC METALS 158 

REFERENCES 169 



LIST OF ILLUSTRATIONS 

Figure Page 

1. 1000-hour rupture strength of TD Nickel compared to 
competitive superalloys. (DMIC, 1965) . . . 7 

2. Condon-Morse curves showing qualitative variation of (a) 
energy and (b) force with distance of separation, r, of 
atoms. (Hayden, Moffatt and Wulff, Courtesy of John Wiley 
and Sons, Inc.) 13 

3. Periodic variation of the elastic modulus (Dorn and Tietz, 
1950) 15 

4. Dynamic Young's modulus of commercially-pure polycrystal-
line nickel vs. temperature. (After Armstrong and Brown, 
1964) 22 

5. Experimental arrangements for pole figure determinations, 
a. Transmission geometry, b. Reflection geometry. 
.(Cullity, 1956, Courtesy of Addison V/esley Publishing 
Co.) 25 

6. Orientation of reference axes for calculation of theoreti
cal elastic moduli of rolled sheet 29 

7. (a)-(e) {100} pole figures for nickel-2 1/2 volume percent 
thoria alloys after various amounts of cold reduction. . . 36 

8. (a)-(d) {100} pole figures for nickel-2 1/2 volume percent 
thoria a I toys 37 

9. Typical macrostructure of TD Nickel sheet. ... 41 

10. Photomicrograph of cross sections of TD Nickel sheet ... 42 

11. Electron photomicrographs of TD NiekeI sheet. Two-stage 
carbon-germanium replicas 43 

12. Photomicrographs of 0.013 in. TD Nickel sheet 44 

13. Electron photomicrographs of the surface of 0.013 in. TD 
Nickel sheet. Two-stage carbon-germanium replicas .... 45 

v i i  



v i i i  

LIST OF I LLUSTRATIONS—ContInued 

Figure Page 

14. Surface of 0.012 In. TD Nickel sheet 46 

15. Cross section of 0.012 in. TD Nickel sheet 47 

16. Electron photomicrograph of 0.012 in. TD Nickel sheet. 
Two-stage carbon-germanium replicas 48 

17. 0.003 in. tensile specimens after testing 50 

18. 0.006 in. tensile specimens after testing 51 

19. 0.012 in. tensile specimens after testing 52 

20. 0.013 In. tensile specimens after testing 53 

21. Room temperature tensile properties of 0.003 In. TD Nickel 
sheet vs. orientation. . 54 

22. Room temperature tensile properties of 0.006 in. TD Nickel 
vs. orientation in sheet 55 

23. Room temperature tensile properties of 0.012 in. TD Nickel 
vs. orientation in sheet 56 

24. Room temperature tensile properties of 0.013 In. TD Nickel 
vs. orientation in sheet 57 

25. High temperature tensile specimen with strain gages 
attached ...... 58 

26. High temperature, high vacuum tensile machine 61 

27. High temperature mechanical extensometer attached to 
specimen 62 

28. Closed loop temperature control system for the high 
vacuum, high temperature tensile machine shown in Fig. 25. 
(Rose and Metcalfe, 1967) 63 

29. High temperature tensile specimen with grips and extenso
meter clips attached 64 

30. Elastic modulus of 0.003 in. TD Nickel vs. temperature . . 67 



ix 

LIST OF ILLUSTRATIONS—Continued 

Figure Page 

31. Elastic modulus of 0.006 in. TD Nickel vs. temperature . . 68 

32. Elastic modulus of 0.012 in. TD Nickel vs. temperature . . 69 

33. Elastic modulus of 0.013 in. TD Nickel vs. temperature . . 70 

34. Absorption correction factors for transmission pole 
figures 74 

35. {200} pole figure for 0.003 in. TD Nickel 75 

36. {200} pole figure for 0.006 in. TD Nickel 76 

37. {200} pole figure for 0.012 in. TD Nickel 77 

38. {200} pole figure for 0.013 in. TD Nickel sheet 78 

39. Ideal orientations which most closely describe the tex
tures in Figs. 35, 36, and 37 80 

40. Sets of cube axes estimated from the pole figure in 
Fig. 35 81 

41. Sets of cube axes estimated from the pole figure in 
Fig. 36 82 

42. Sets of cube axes estimated from the pole figure in 
Fig. 37, ... . 83 

43. Rotation of the Number IA set of axes from Fig. 40 into 
the standard (001) orientation 85 

44. Rotation of the Number 2A set of axes from Fig. 40 into 
the standard (001) orientation 86 

45. Rotation of the Number 3A set of axes from Fig. 40 into 
the standard (001) orientation 87 

46. Rotation of the Number 4A set of axes from Fig. 40 into 
the standard (001) orientation 88 

47. Rotation of the Number IB set of axes from Fig. 40 into 
the standard (001) orientation 89 



X 

LIST OF ILLUSTRATIONS--ContInued 

Figure Page 

48. Rotation of the Number 2B set of axes from Fig. 40 Into 
the standard (001) orientation 90 

/ 

49. ~ Rotation of the Number 3B set of axes from Fig. 40 into 
the standard (001) orientation 91 

50. Rotation of the Number I set of axes from Fig. 41 into the 
standard (001) orientation 92 

51. Rotation of the Number 2 set of axes from Fig. 41 into the 
standard (001) orientation 93 

52. Rotation of the Number 3 set of axes from Fig. 41 into the 
standard (001) orientation 94 

53. Rotation of the Number I set of axes from Fig. 42 Into the 
standard (001) orientation 95 

54. Rotation of the Number 2 set of axes from Fig. 42 into the 
standard (001) orientation . 96 

55. Rotation of the Number 3 set of axes from Fig. 42 into the 
standard (001) orientation 97 

56. Rotation of the Number 4 set of axes from Fig. 42 into the 
standard (001) orientation 98 

57. Approximate locations of sheet normal and rolling 
direction predicted by the Number I set of axes in Fig. 
41. (0.006 in. sheet) 100 

58. Approximate locations of sheet normals and rolling 
directions predicted by the sets of cube axes In Fig. 40. 
(0.003 In. sheet) 101 

59. Approximate locations of sheet normal and rolling 
direction predicted by the sets of cube axes In Fig. 41. 
(0.006 in. sheet) 102 

60. Approximate locations of sheet normal and rolling 
direction predicted by the sets of cube axes in Fig. 42. 
(0.012 in. sheet) 103 



LIST OF ILLUSTRATIONS—ContInued 

Figure Page 

61. Calculated curve for {531><II2> texture vs. experimental 
points for three thicknesses of TO Nickel sheet. ..... 106 

62. Calculated curve for {110><112> texture vs. experimental 
points for three thicknesses of TD Nickel sheet 107 

63. Calculated curve for {312><24I> texture vs. experimental 
points for three thicknesses of TD Nickel sheet 108 

64. Calculated curve for {212}<22I> texture compared to 
experimental points for three thicknesses of TD Nickel 
sheet 109 

65. Experimental vs. calculated elastic moduli of 0.013 in. TD 
Nickel sheet. Solid curve Is calculated and points are 
experimental 110 

66. Experimental vs. calculated elastic moduli of 0.003 in. TD 
Nickel sheet Ill 

67. Experimental vs. calculated elastic moduli of 0.006 in. TD 
Nickel sheet 112 

68. Experimental vs. calculated elastic moduli of 0.012 in. TD 
Nickel sheet 113 

69. Calculated vs. experimental elastic moduli of 0.003 in. TD 
Nickel sheet 124 

70. Calculated vs_ experimental elastic moduli of 0.006 in. TD 
Nickel sheet 125 

71. Calculated vs. experimental elastic moduli of 0.012 In. TD 
Nickel sheet 126 



L I S T  O F  T A B L E S  

Table Page 

1. Thickness and Composition of TD Nickel Sheet 39 

2. Comparison of Elastic Moduli Obtained with Strain Gages 
and with Instron Extensome+er 59 

3. Results of Elastic Modulus Measurements on High Tempera
ture Tensile Machine 65 

4. Calculated Miller Indices Based on Direction Cosines 
Measured From Pole Figures 104 

5. Values Used to Calculate Percentages of Textures A, B, and 
C for 0.003 in. TD Nickel (Constant-Strain Average). ... 117 

6. Values Used to Calculate Percentages of Textures A, B, and 
C for 0.003 in. TD Nickel (Constant-Stress Averages) ... 118 

7. Values Used to Calculate Percentages of Textures A and C 
for 0.006 in. TD Nickel.(Constant-Strain Averages) .... 119 

8. Values Used to Calculate Percentages of Textures A and C 
for 0.006 in. TD Nickel (Constant-Stress Averages) .... 120 

9. Values Used to Calculate Percentages of Textures A and C 
for 0.012 in. TD Nickel (Constant-Strain Averages) .... 121 

10.- Values Used to Calculate Percentages of Textures A and C 
for 0.012 in. TD Nickel (Constant-Stress Averages) .... 122 

11. Percentages of Textures to Give Minimum Variance Between 
Calculated and Experimental Elastic Modulus-Orientation 
Curves 123 

xl I 



ABSTRACT 

Uniaxial tensile tests were used to measure the elastic moduli of 

anisotropic TD Nickel sheet at room temperature, 500 C, 800 C, and 1100 C 

as a function of orientation in the sheet. Four thicknesses of commercial 

sheet were investigated: 0.003 inch, 0.006 inch, 0.012 inch, and 0.013 

inch. Textures were determined by means of pole figures, and the ideal 

orientations associated with each pole figure were measured quantitatively. 

The single crystal elastic constants of pure nickel were used to calculate 

theoretical elastic moduli for each texture, and the calculated values 

were compared to experimental values. 

It was found that the pole figures contained various combinations 

of ideal orientations described approximately by the indices {I00}<00l>, 

{531}<lI2>, C2II><315>, and {873}<2I3>. 

The room temperature elastic modulus of TD Nickel sheet was found 

to vary from 18 million psl to 38 million psi depending on the texture and 

orientation. It was concluded that the contribution of thoria to the elas

tic modulus of thoriated nickel is Insignificant compared to the effect of 

texturing. 

The principal contributions made by this dissertation are: 

1. It presents a quantitative method for determining the per

centages of different textures in a given pole figure. 

2. It demonstrates that the analysis developed by Alers and Liu 

(1965) to calculate elastic moduli from texture data can be applied to 

thoriated nickel. 

x i i i  
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3. 1+ shows that the uniaxial tensile test can be used to 

measure the elastfc modulus of foll-gage materials at room temperature 

and at elevated temperatures up to 1100 C. 



CHAPTER I 

INTRODUCTION 

Genera I 

When a polycrystalIine metal Is plastically deformed, the In

dividual grains tend to rotate and align themselves in a particular 

crystal Iographic orientation. The material Is then said to have a de

formation texture, or more broadly speaking, a preferred orientation. 

Although deformation textures are most predominant In rolled sheet and 

drawn wire, preferred orientations can occur in castings, hot-dipped 

coatings, evaporated films, etc. In fact, preferred orientations In 

metals are generally the rule—not the exception. 

Annealing textures also must be considered in any discussion of 

deformation textures. Annealing textures occur when metals having de

formation textures are stress relieved or recrysta11ized by heating at 

elevated temperatures. The nucleation of new grains usually is accom-
s 

panied by a change in texture, and the resulting preferred orientation 

Is referred to as an annealing texture rather than a rolling texture. 

An understanding of textures in sheet metal is desirable because 

(I) the properties of textured sheet are not isotropic, and (2) the de

gree of anlsotropy depends on the nature of the texture. The conse

quences of using textured sheet In an application are variable. For 

example, textured sheet does not yield uniformly In all directions. This 

I  
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can cause problems In some design applications, and In forming operations 

such as deep drawing. On the other hand, textures can be advantageous 

as In the case of transformer sheet. Transformer sheet is purposely 

treated to produce a cube texture so that the direction of easy magneti

zation, <001>, is in the plane of the sheet. The net result is a more 

efficient transformer. 

Textures are most readily characterized by means of pole figures 

plotted from X-ray diffraction data. To obtain the required data, the 

diffTactometer Is first set at the proper diffraction angle for the de

sired {hkl} reflection. The specimen is then rotated about horizontal 

and vertical axes in order to produce reflections from all orientations 

of the chosen set of planes. The Intensity of the diffracted X-ray beam-

at any specimen orientation will be proportional to the density of (hkl) 

poles at that orientation. When the intensities are plotted on a 

stereographlc projection as a function of specimen orientation, the 

resulting pole figure shows the distribution of the {hkl} planes with 

respect to the plane of the sheet. 

A pole figure can be compared to various standard orientations, 

and an appropriate "ideal orientation" assigned to the experimental tex

ture. An Ideal orientation Is expressed by the Miller indices, {hkl} 

<uvw>, which best describe the crystal Iographic plane {hkl} which is 

parallel to the plane of the sheet, and the crystal Iographic direction 

<uvw> which is parallel to the rolling direction. 

In practice, most textures cannot be described by a single Ideal 

orientation. Usually the texture in a sheet will be a mixture of two or 
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or more ideal orientations. The problem then arises of determining the 

relative amounts of each. The subject of textures has received consider

able attention over the past few years because of the uncertainty In

volved In assigning the "correct" ideal orientatton(s) to a given pole 

figure. Recently It has been suggested that the most accurate way to do 

this Is to measure the elastic modulus of the material in several direc

tions In the sheet (Alers and Liu, 1966). If the single-crystal elastic 

constants are known, theoretical moduli can be calculated for each sus

pected ideal orientation and compared to the experimental values. In 

this way it should be possible to choose the Ideal orientation which best 

agrees with the experimental data. The elastic modulus Is especially 

suitable for a comparison such as this because it is perhaps the least 

structure sensitive of all the properties of a metal. In fact, a pre

ferred orientation is about the only condition which can cause an appreci

able variation in the elastic modulus of a metal. 

Objectives and Scope of this Investigation 

The specific objective of this Investigation was to determine the 

relationship betv/een variations in the elastic modulus of TD Nickel* 

sheet and crystal Iographlc textures resulting from rolling and/or anneal

ing. 

TD Nickel* Is a dispersion-hardened superalloy consisting of 

approximately 2 volume percent thorium oxide (ThC^) dispersed In a pure 

* Registered trademark of E. I. du Pont de Nemours and Co. 



nickel matrix. This alloy presently has great practical importance 

because it is being considered for many space-flight applications. 

In the course of this investigation the properties of four lots 

of commercial TD Nickel sheet were studied. Nominal thicknesses were 

0.003 inch, 0.006 inch, 0.012 inch, and 0.013 inch. Yield strengths, 

tensile strengths, and elastic moduli were determined for each material 

at ten degree intervals from the rolling direction to the transverse 

direction. Quantitative pole figures were obtained for each material 

and possible ideal orientations were postulated. Theoretical moduli 

were calculated for each proposed ideal orientation as a function of 

orientation in the sheet, and compared to experimental values. Finally 

to Investigate the elevated-temperature stability of the textures, 

elastic moduli were measured for each material at several temperatures 

up to 1100 C. 



CHAPTER 2 

BACKGROUND DISCUSSION 

In the following sections important considerations relevant to 

the investigation are discussed. Significant publications are reviewed 

where appropriate. 

Properties of TP Nickel 

TD Nickel was first introduced by the E. I. du Pont de Nemours 

Co. in 1962. Since then, other companies such as Sherritt Gordon have 

produced thorlated nickel. 

The material is produced by a co-precipitation process in which 

a nickel carbonate is precipitated onto a submlcron aquasol of thoria. 

The mixture is then reduced by a gaseous process to provide a composite 

powder which is consolidated into a billet for further working. The 

final product is a nickel matrix containing a uniform dispersion of sub

mlcron thoria. It has been found that optimum high temperature proper

ties are obtained with a thoria particle diameter of from 100 to 300 

angstroms (0.01 to 0.03 microns). 

Conventional nickel-base and cobalt-base superalloys for use at 

elevated temperatures rely on precipitation of carbides and intermetal-

lie compounds for strengthening. However, at temperatures above about 

1000 C these precipitates begin to redissolve or to agglomerate, and 

5 



their strengthening effect diminishes rapidly. Thorlated nickel, on the 

other hand, does not lose strength rapidly at elevated temperatures be

cause thorla is insoluble in nickel. 

Von Heimendahl and Thomas (1964) studied TD Nickel by means of 

transmission electron microscopy. The results of their study indicate 

that the thorla particles in thorlated nickel act as strong barriers to 

dislocation motion during both deformation and annealing. During deforma

tion the dislocations appear to tangle around particles and a cell struc

ture is developed after about ten percent strain. The cell size is about 

one-fifth that found in pure nickel for the same strain. TD Nickel has 

a higher work hardening rate than pure nickel, presumably caused by a 

more rapid rate of dislocation multiplication. The thorla particles 

effectively Inhibit recrystalIIzatlon and gross twinning. It was sug

gested that some strengthening could result from the high density of 

small annealing twins In the deformed and annealed TD Nickel. Recrystal-

Iizatlon was inhibited to such an extent that unrecrysta11Ized areas were 

observed after annealing at 1200 C. The superior elevated temperature 

behavior"of" TD Nickel is illustrated by Fig. I. 
» 

Elastic Properties of Solids 

In the following sections several aspects of the^elastic modulus 

will be discussed In order to give the reader an appreciation for this 

untque property of solids. The elastic modulus Is often thought of as a 

mechanical property. However, unlike mechanical properties such as yield 

strength and tensile strength, the elastic modulus Is a characteristic 
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competitive supera11oys. (DMIC, 1965) 
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property of a metal and is not greatly affected by cold working, anneal

ing, etc. In this respect It is a physical property, and the handbooks 

usually list it as such. 

Genera Ii zed Hooke1s Law __ _ 

In its most general form, Hooke's law indicates that stresses can 

be expressed as a linear function of strain, or conversely, that strain 

can be expressed as a linear function of stress. For a completely aniso

tropic material, stresses and strains can be written as follows: 

Stresses 

o = C,.e + C.„e + C.,e + C...Y + C1CY + C.^y 
x II x 12 y 13 z I4'xy I5'xz I6'yz 

0 y C2lcx 
+ 

C22ey + C23cz 
+ 

C24Yxy 
+ 

C25Yxz 
+ 

C26Yyz 

0 
z 

= 
C3lex 

+ 
C32Ey + C33€z 

+ 
C34Yxy 

+ 
C35Yxz 

+ 
C36Yyz 

T 
xy 

= 
C4tCx 

+ 
C42ey + C43ez 

+ 
^44Yxy 

+ 
^45Yxz 

+ 
^46Yyz 

N
 

x
 

s 
C5lcx 

+ 
C52cy + C53€2 

+ 
C54Yxy 

+ 
C55Yxz 

+ 
C56Yyz 

T yz 
= 

C6lex 
+ 

C62ey + C63cz 
+ 

C64Yxy 
+ 

C65Yxz 
+ 

C66Yyz 

Stra i ns 

( I )  

®x = Sll°x + Sl2°y + Sl3°z + S l 4 xxy + Sl5xyz + S I6tz x  

®y = S2l°x + S22°y + S23°z + S24Txy + S25Tyz + S26TZx 

ez = S3l°x + S32°y +'S33°z + S34Txy + S35Tyz + S36T2x 

Yxy ~ ̂ 4l°x + ̂ 42°y + ^43° z + ̂ 44Txy + ̂ 45Tyz + ̂ 46Tzx 

v  = Sc l o  + S e.o + SctO + SCil T + SccT + Sc~T 
yz 51 x 52 y 53 z 54 xy 55 yz 56 zx 

Y = S,. o + S + S£,c + S,.T  + Sc e T  + S,..T  C2) 
'zx 61 x 62 y 63 z 64 xy 65 yz 66 zx 



Actually, Hooke's law Is not a law but an approximation based on the 

premise that any mathematical function is linear over a sufficiently 

small range. Therefore, the above relationships are valid for small 

strains only. 

The C's are usually called coefficients of stiffness, and the 

S's elastic compliance constants, or just compliances. 

It will be shown in a following section that = ^13 = 

CJJ, . . . = CĴ J . Therefore, only 21 distinct constants are needed 

to describe the general anisotropic linearly elastic material. As the 

structure becomes more symmetrical, the number of independent elastic 

constants decreases. Thus, a triclinic crystal requires 21 constants, 

a monoclinic crystal 13, orthorhombic 9, tetragonal 6, hexagonal 5, and 

cubic 3 (Nye, 1957). If a material is isotropic it requires only two 

independent elastic constants to describe it. Accordingly, the elastic 

constants for an isotropic solid can be written: 

c.l CI2 CI2 
0 0 0 

Cl 2 Cl 1 Cl 2 
0 0 0 

CI2 CI2 Cl 1 
0 0 0 

0 0 0 C44 
0 0 

0 0 0 0 C. 
44 

0 

0 0 0 0 0 C44 

and the S.. can be expressed as a similar array. 
J 
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In terms of more familiar engineering notation: 

S11 = l/E C|| = 2ji+A E = Young's Modulus 

Sj2 = v/E C|2 = A v= Poissons Ratio 

=  p  =  G  y = G  =  S h e a r  M o d u l u s  

2<SII " SI2} = 1/6 

vE 
* = /.• %/. o x A = Lame's Constant 

Cl+v)(l-2v) 

It should be noted at this point that Young's modulus in a cubic 

single crystal is not isotropic, but varies with direction in the crystal. 

The Strain-Energy Density Function. In uniaxial tension, the 

elastic strain energy of a solid is equal to the area under the elastic 

portion of the stress-strain curve. That is, the strain energy, U, is 

equal to i o e . Since o = Ec this can be written (4) 
^ 2 x x xx 

u  •  ¥ <1 < 5 >  

d2u 
From this expression it is readily shown that —»• = E (6) 

de 

Boresi (1965) shows that in general the strain energy of a linear 

elastic solid can be expressed in terms of-a_ strain energy density func

tion, U: 
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U = ic..e2 + icioe e + ... + ic,,e y 
2 11 x 2 12 x y z 16 x'yz 

1 12 I 
+ 5jCloe e + -sC00e + ... + -sC0£c y 
2 12 x y 2 22 y 2 26 y'yz 

+ 5CI3ExEz + ^23Eycz + •" + iSfiVyz 

+ ... 

+ ̂ leVyz + l^eVy* + •" + ̂ 66Yyz (7) 

which for Isotropic materials simplifies to: 

U * 5 Cl I Ux+Cynz' + CI2< Vy + ey£z + Vz> <8) 

Again, It can be seen that the elastic constants are equal to second 

derivatives of energy: 

C . . . A  C | 2  = !£_. etc. (9. 
9Ex8Ey 

2 2 
Also, since — (10) 

3ex3ey 3ey3ex 

It Is seen that = Cgj# c C^j, etc., as Implied by equation 3. 

Metallurgical Aspects of Young's Modulus 

Up to this point the discussion has been based on engineering 

mechanics. However, metallurgists are more often concerned with properties 
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on the atomic scale. From an atomistic viewpoint, the elastic behavior 

of a metal can be discussed in terms of interatomic forces. 

The potential energy of a pair of atoms may be written as a 

function of their separation, r (Hayden, Moffatt, and Wulff, 1965): 

v = ^ + JL (in 
r r 

where A and B are constants of proportionality for attraction and repul

sion, respectively, and n and m are exponents giving the variation of V 

with r. The force can be written: 

F = 111 = ZHL. + _!!!§_ (|2) 
3r pn+l rm+l 11 

These expressions can be plotted as shown in Fig. 2. 

It can be seen that the energy is a minimum at the equilibrium 

atomic spacing, dQ, and that the corresponding force is zero. From this 

representation the elastic constant of the system is 

dF „ A 
dr ~T2 ll3) 

dr 

It will be noted that this expression is consistent with the expressions 

In the preceding section which were derived from the strain-energy den

sity function (i.e., the elastic constants are equal to second deriva

tives of energy). 
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Fig. 2. Condon-Morse curves showing qualitative variation of 
(a) energy and (b) force with distance of separation, r, 
of atoms. (Hayden, Moffatt and Wulff, 1965, Courtesy of 
John Wiley and Sons, Inc.) 
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Effects of Temperature and Atomic Structure on Young's Modulus. 

Dorn and Tletz (1950) have discussed the effect of temperature and atomic 

structure on the moduli of elasticity of metals. They show that when E 

Is plotted as a function of the ratio of absolute temperature to absolute 

melting temperature most metals show a linear decrease of modulus with 

temperature. They show also that E Is a periodic function of atomic 

number. This Is illustrated in Fig. 3. 

Dorn and Tletz draw the following conclusions from these data: 

1. For the first two short periods of the periodic table (as, 
for example the second period consisting of Na, Mg, Al, SI) the 
modulus increases with increasing atomic number. Undoubtedly two 
factors contribute to this trend, namely, the increase in the 
number of binding electrons and a decrease In the atomic radii 
with increasing atomic number. 

2. Proceeding vertically down any column of the periodic table 
(as, for example, Be, Mg, Ca, Sr, Ba), excluding the transition 
series of elements, the modulus decreases with Increasing atomic 
number. As the valences of the elements in a single column of 
the table are Identical, this trend Is probably due primarily to 
the Increasing atomic radius of the elements with increasing 
atomic number in the column. 

3. The transition elements (for example, the first transition 
series, Sc, Tl, V, Cr, Mn, Fe, Co, Ni) have exceptionally high 
moduli of elasticity. Inasmuch as the increase in E is attrib
utable to higher binding forces between the atoms of the solid 
element, it necessarily follows that the d-electrons of the 
transition series contribute appreciably to the binding energy 
of the solid. The fundamental mechanism whereby the d-electrons 
contribute to-the binding is at present largely speculative. 

4. The maximum modulus for the second and third transition 
series occurs at the elements ruthenium and osmium, each having 
about six d-electrons. In the first transition series iron 
also has six d-electrons and It would, therefore, be suspected 
that it also should exhibit the greatest modulus In its series. 
Actually, the modulus of Iron Is almost the same as that for 
cobalt, the element next higher in the periodic sequence. But 
the modulus for cobalt refers to the closely packed face-centered 
cubic lattice, whereas that for iron refers to the more loosely 
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Group Number 

Fig. 3. Periodic variation of the elastic modulus (Dorn and 
Tietz, 1950). 



packed body-centered cubic structure. If, then, the comparison 
of moduli were based on the same structure, Iron would exhibit 
the maximum modulus among the elements of its period. Conse
quently, the highest modulus and, therefore, the highest binding 
forces among the elements in a transition series Invariably is 
obtained at the element that has six d-electrons. 

5. When the transition elements having the same number of d-
electrons are compared (as, for example, Fe, Ru, Os) the modulus 
increases appreciably with increasing atomic number. This trend 
is contrary to that of the nontransition elements and it is also 
contrary to expectations based solely on the atomic radii. For 
as the atomic number increases in this sequence the radius also 
increases and the modulus would normally be expected to decrease. 
Obviously, the increase in the strong binding of the transition 
elements having the same number of d-electrons with increasing 
atomic number arises from some yet undetermined factor, which 
has such a pronounced effect that it far outweighs the'smaller 
effect of decreasing binding with increasing atomic radius. If 
this factor be uncovered substantial strides might be made In 
improving the moduli of alloys. 

6. Although plastic prpperties are highly structure-sensitive, 
whereas the elastic properties are structure-insensitive, there 
is nevertheless a relationship between the modulus and other 
mechanical properties. For example, when the hardness of the 
pure metals is plotted in periodic fashion analogous to the data 
in Fig. 3 for the modulus of elasticity, a similar periodic 
trend is obtained. This fact establishes the rather strong 
dependence of the flow stress for plastic deformation of metals 
on their binding energies. 

Effects of Alloying on Young's Modulus. Sherby (1967) has re

viewed the effects of alloying on Young's modulus. He points out that 

the influence of solid-solution alloying can be related to the phase 

diagram. Solid-solution alloying elements that Increase the melting 

point usually Increase the elastic modulus, and those elements that de 

crease the melting point generally decrease the elastic modulus. In 

systems where complete solid solubility exists a linear relationship 

between modulus and composition can be expected. In practice, however 
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most curves are not linear but exhibit a slight negative curvature over 

the composition range. 

In general, the modulus of two-phase systems follows an additive 

law of mixtures. Thus the modulus of a two-phase material can be pre

dicted from the following expression (Kingery, I960): 

EAB = VAEA + VBEB <"» 

where and Vg are the volume fractions of A and B, respectively, and 

and Eg are the elastic moduli of A and B, respectively. Since this 

expression assumes that the Poisson's ratios of A and B are equal, it is 

only an approximation in most cases. 

Effect of Cold Working and Annealing on Young's Modulus. Mack 

(1946) reviewed the metallurgical aspects of Young's modulus. He reported 

that Young's modulus had been observed to decrease about ten percent dur

ing cold working of iron, steel, copper, aluminum and brass. On anneal

ing cold worked iron and steel, the modulus was found to increase rapidly 

as the temperature rose to 450 C where recrystalIization became notice

able. Above 450 C the modulus continued to increase more slowly, and 

reached its original value at 900 C. During annealing of copper, aluminum, 

and nickel, the moduli reached their maximum values at 300 C, 200 C, and 

350 C, respectively (approximate recrystalIIzation temperatures), and 

then decreased until the original values were reached at about 650 C, 

500 C, and 900 C. Mack stated that, in general. Young's modulus decreases 
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wi+h cold working, increases somewhat with aging or a "strain-relieving" 

anneal, and Increases considerably with recrystalIization. 

Methods of Measuring Elastic Moduli 

The Uniaxial Tensile Test. The uniaxial tensile test is by far 

the most common method for determining the elastic moduli of engineering 

materials. To determine Young's modulus by this method it is necessary 
i 

only to plot stress vs. strain and measure the slope of the linear portion 

of the curve. This gives E directly, since in uniaxial tension the elas

tic modulus is equal to the stress divided by the strain. 

Armstrong and Brown (1964) have pointed out that this method is 

not extremely accurate at elevated temperatures because the first stage 

of creep tends to.decrease the linearity of the curve. However, by rapidly 

loading and unloading the specimen several times in the elastic range the 

effect of creep can be minimized. The unloading curves in particular 

usually will be very linear. 

Ultrasonics. Ultrasonic techniques are based on the fact that the 

velocity of sound in a solid is related to Its elastic properties in the 

following way: 

Q 
VL2 = • (NDT Handbook, 1999) (15) 

V. = Velocity of a longitudinal sound wave In 
the material 

C|| = An elastic constant equal to 2G+X 

p = Density of the material 
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To determine C|| it is necessary to generate a longitudinal sound wave 

in the material and measure its velocity. This is usually done with an 

ultrasonic generator and an electronic clock. Frequencies used are of 

the order of 5 x 10^ cps, and velocities in most metals are of the order 

5 
of 10 cm/sec. The clock, therefore, must be capable of measuring times 

in the microsecond range. 

The ultrasonic technique is excellent for measuring the elastic 

properties of bulk materials at room temperature. However, it has not 

proven satisfactory for foil-gage materials because the available ultra

sonic transducers are too large to focus the beam into the sheet edgewise. 

This problem can be avoided by passing the beam through the thickness of 

the sheet, but the elastic modulus in this direction usually is different 

from the modulus in the plane of the sheet. Another disadvantage of the 

ultrasonic method is that the transducer must be coupled to the specimen 

by means of water, oil, or some similar medium. This requirement makes 

elevated temperature measurements very difficult. 

Resonant Frequency Techniques. The resonant frequency of vibra

tion of a solid also is related to the elastic properties. However, the 

relationship is considerably more complicated than the one discussed 

above. In general, 

2 
E = Cmf where E is Young's modulus (16) 

m is the mass of the specimen 

f is the resonant frequency of 
vibration 4 
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and C Is a geometrical shape factor which depends on the shape of the 

specimen. 

A problem arises in attempting to apply the resonant frequency 

technique to thin gage specimens because of the shape factor. The com

monly used shape factors were derived for circular cross sections and 

become less accurate as the cross section of the specimen deviates from 

this geometry. For square specimens, and rectangular specimens whose 

widths and thicknesses are not too different this method gives acceptable 

results. For foil gage materials, however, the accuracy is not suffi

cient to provide useful values of elastic moduli. 

Experimental Values of the Elastic Constants of Nickel 

Single Crystals. Nye (1957) gives the fo11owing room temperature 

values for nickel single crystals: 

S|| = 0.799 x 10 cm^/dyne 

Sj2 = 0.312 x 10 cm^/dyne 

= 0.844 x 10 12 cm2/dyne 

These agree well with the values given by Kittel (1953): 

C|| = 2.50 x lo'2 dynes/cm2 

12 2  
C|2 = '*60 x 10 dynes/cm 

C44 = 1.185 x lo'2 dynes/cm2 

The constants are related as follows (Nye, 1957): 
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C 
11 

C 
12 

(19) 

C 
'44 

l/S 
44 

PolycrystaIs. Armstrong and Brown (1964) measured the dynamic 

moduli of various poIycrysta111ne metals by means of a resonant frequency 

technique. Their data for nickel are plotted in Fig. 4. 

The Elastic Modulus of Thoria 

Latva (1962) investigated the properties of A^O^, MgO, ThC^, 

BeO, and Zrt^. 

He lists the following properties for thoria: 

The Elastic Modulus of Thoriated Nickel 

Using 35 million psi for the elastic modulus of thoria and 30 

million psi for the elastic modulus of nickel, a composite modulus for 

nickel containing two volume percent thoria can be calculated from the 

rule of mixtures: 

Melting Point 3200 C 

9.7 g/cm"5 

35 x I06 psi 

Density 

Elastic Modulus 
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Fig. 4. Dynamic Young's modulus of commercial Iy-pure polycrystalIine nickel vs. 
temperature. (After Armstrong and Brown, 1964) 
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E, 
C 

E = 35 x 0.02 + 30 x 0.98 = 0.7 + 29.4 

30.1 x I06 psl (20) 

Several Investigations of the mechanical properties of thorlated 

nickel have been reported in the literature (Wilcox and Clauer, 1965; 

Doble and Qulgg, 1965; Wilcox and Clauer, 1966). However, none of these 

references contains values for the elastic modulus. 

The values of elastic modulus which have been reported elsewhere 

In the literature are somewhat inconsistent. Stuart (1963) reported a 

value of 22 million psl. The E. I. du Pont de Nemours and Co. sales 

literature does not list values for the elastic modulus, but a recent 

communication from their marketing division provided data which show room 

temperature modulus of approximately 19 million psl. A DMIC publication 

(DMIC, 1965) lists the following values for TD Nickel sheet. 

Direction 
Thickness 

Inches 
Elastic Modulus 

I0& psl 

Longitudinal 
Transverse 

0.006 27.8 
30.9 

Longitudinal 
Transverse 

0.010 29.4 
29.2 

Long ItudInaI 
Transverse 

0.020 30.6 
28.6 
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These values seem reasonable because the accepted elastic modulus of 

polycrystaiIine nickel is 30 mi 11 ion psi. It is not expected that the 

addition of two volume percent thoria would change the modulus of nickel 

a measurable amount. The unusually low values which have been reported 

are most certainly due to texturing. 

Textures in Rolled Sheet 

Product ton of Pole Figures 

When an X-ray diffraction pinhole pattern is obtained from a 

polycrystaiIine metal whose grains have a random orientation, the Debye 

rings are continuous and the intensity of the diffracted X-ray beam is 

the same at any point on the ring. On the other hand, If a metal has a 

preferred orientation the Debye rings will not be of uniform Intensity. 

A large number of grains in a particular orientation will cause the rings 

to be non-uniform or even discontinuous around their circumferences. 

To obtain a pole figure, it is necessary to measure the varia

tion in intensity of the diffracted beam around the Debye ring. This is 

done by setting the diffTactometer at the diffraction angle for the de

sired {hkl} reflection, and rotating the specimen about vertical and 

horizontal axes so as to bring all of the {hkl} planes into reflecting 

position. The intensity of the diffracted beam is recorded as a function 

of specimen orientation. To obtain the complete pole figure this must 

be done in transmission and in reflection. The essential features of 

the experimental arrangements for the transmission and reflection geo

metries are shown in Fig. 5. It is not possible to cover the entire pole 
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Fig. 5. Experimental arrangements for pole figure determinations. 

a. Transmission geometry 
b. Reflection geometry 

(Cullity, 1956, Courtesy of Addison Wesley Publishing Co.) 
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figure In the transmission geometry because the specimen holder obstructs 

the diffracted X-ray beam at alpha angles greater than about 60 degrees. 

Also, the correction factor discussed below becomes inaccurate at this 

point. 

When the data for intensity vs. orientation are plotted on a 

stereographic projection the result is a figure similar to a contour map 

showing the distribution of {hki} poles with respect to the plane of the 

sheet. This "map" is commonly called a pole figure. 

Before plotting the transmission data, the intensities must be 

corrected for absorption in the specimen. An absorption correction is 

necessary because variations in specimen orientation cause variations in 

both the volume of diffracting material and the path length of the X-rays 

in the specimen. Cullity (1956) gives the following expression for the 

angular dependence of the absorption correction factor: 

I..(0=0) r -yt/cos 40-a) -yt/cos (0+a)n 
rc _ D cos Le ^_e J ^ |) 

I p<ot=0) yte COS 0Ccos (6-a)/cos (0+a) - 13 

where lp = Intensity of the diffracted beam 

y = Linear absorption coefficient 

t = Thickness of specimen 

o « Angle of specimen rotation about a vertical axis 

0 = Bragg diffraction angle 

A computer program for calculating R over a range of yt and a values Is 

Included in Appendix A. 
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Cullity states that no correction factor is required in the re

flection geometry. Results of this investigation have shown this to be 

approximately true. 

For much more detailed descriptions of the procedures for produc

ing pole figures, the reader is referred to Stephens (1965) and Valenzuela 

(1965). 

Methods for Relating Elastic Moduli to Textures 

Nye (1957) has shown that the elastic modulus of a cubic crystal 

for any direction can be calculated from the following expression: 

^ = S,, - 2(S,, - Sj2 - i S44)(l2m2 + m2n2 + l2n2) (22) 

where I, mi, and n are the direction cosines of the direction in question 

with respect to the <I00> directions. 

Sherby (1967) presents the same expression in a slightly differ

ent form: 

,,.2 2 . 2 2, ,2 2. ,0,. 3(1 m + m n + I n ) (23) 

where EJ Q Q  and E|J J  are Young's moduli in the <I00> and <lll> directions, 

respectively. 

This expression has been used to calculate theoretical 

moduli for textured sheet but recently Alers and Liu (1966) have 

raised serious objections to the use of this single crystal 

J_ 
E 100 100 11 
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relationship to calculate the properties of poIycrysta11ine sheet. 

Alers and Liu point out that the elastic modulus of a poIycrysta11ine 

aggregate must be averaged over all the grains, and that different 

mathematical averages yield different results. They suggest the fol

lowing procedure for calculating the elastic modulus of polycrystalIine 

sheet: assume a sheet oriented as shown in Fig. 6 in which R is the 

rolling direction, T the transverse direction, and N is the normal to 

the rolling plane. For the texture (hkl) CuvwD* the direction cosines 

of the N axis wi11 be: 

Nl = • .2 .2 .2 
h + k + I 

N9 = J-* 5 9 (24) 

2 h + k + I 

I 

N3 = 4 h* • k2 • 

and the direction cosines of the R axis will be: 

u 
R| " ^77777 "2 = r777T7 

(25) 

R 
3 

* These indices refer to a specific orientation and proper attention 
must be paid to the signs associated with each index. 
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Fig. 6. Orientation of reference axes for calculation of theoretical 
elastic moduli of rolled sheet. 
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Since the T axis is perpendicular to both R and N, the direction cosines 

of the T axis will be: 

R2N3 " R3N2 
T2 = R3N, - R,N3 

(26) 

The expression for Young's modulus in a cubic crystal can be 

written 

c orc c I c \/12 2 . 2 2 , .2 2, 
S11 - 2 (S11 - S12 ~ 2" ̂ 44 ' (I m + m n + ln) 

This can be rewritten in terms of the rolled sheet coordinate system 

by substituting into this expression the transformation relations 

n = Nj sln0 cos<{> + T^ sine si+ R^ cos© 

where 0 is the angle between the rolling direction and the specimen 

axis and $ the angle between the sheet normal and the projection of 

the specimen axis on the N-T plane. If the specimen axis is in the 

rolling plane, as is usually the case, $ is 90° and the transformation 

equations are functions only of R|, R2, Ry T|, T2, T^, and 6. In this 

N. sin9 coscfi + T, sine sin<|> + R. cos6 

m N2 sin© cos<|> + T2 sine sin<}> + R2 cos© (28) 
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case: 

(l2m2 + m2n2 + l2n2) = f(T) sln^G + f(R) cos^e + A sin20 cos20 

- 2B sin30 cose - 2C cos36 sinO (29) 

where f(T> = Tj2^2 + T22T32 + T32T|2 

2 2 2 2 2 2 
f(R) = Rj R2 + R2 Rj + R3 R, 

A = I - 5T,2R,2 - 5T22R22 - T32T32 - ̂ jRjTgRg 

B = T,3R| + T23R2 + T33R3 

C = Tj R,3 + T2R23 + T3R33 

These equations would give the modulus of a single crystal. To describe 

a polycrystal all of the grains in the sheet must be averaged. By defini

tion the elastic modulus is the ratio of stress to strain. The average 

value over many grains would be the average of the ratio of stress to 

strain in each grain. Unfortunately, a knowledge of the external stress 

and strain does not provide information as to the microscopic stress and 

strain in each grain. Therefore, it Is necessary to make assumptions 

about the microscopic stress and strain in order to handle the problem 

mathematically. As might be expected, different assumptions provide 

different answers. 
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Two of the possible approaches discussed by Alers and Liu are 

presented below. 

Constant Strain Average. If it is assumed that each grain is 

deformed to the same tensile strain, an average Young's modulus is given 

by 

* ' 

- I .  

E 0 = 
e 

N(t)N(r) [ (D+F) ' + (D-F) 3 dtdr 

r t 

NCt)N(r) dtdr 

where r represents the direction cosines R|, and R^, and t represents 

the direction cosines Tj, Tand ly and 

D = SM - 2(S11 - S|2 - ̂ S44) [f(T> sin40 + f(R) cos40 

+ A sin^e cos^0]] 

F = 4(S||-S|2~ Jj- S^) [B sin^O cos0 + C cos^0 sin©] 

For practical applications the above integral can be simplified to 

E 0 = D 
c 

-I 
-I 



Constant Stress Average. If It Is assumed that every grain Is 

subjected to a uniform stress, an average Young's modulus Is given by 

E (6) = 
o 

r 

N(r) N(t) dtdr 

N(r) N(t) D(r,t,6> dtdr 

which simplifies to E (8) = D~' 
a 

A computer program for calculating both the constant strain and 

constant stress averages for any assumed Ideal orientation in nickel is 

presented in Appendix B. 

Textures in FCC Metals 

Rolling Textures. Early qua Iitatlve studies of rolling textures 

in FCC metals indicated that most textures could be described by a 

{110><112> ideal orientation. Hu, Sperry, and Beck (1952) were among 

the first to use a diffTactometer technique to obtain quantitative pole 

figures. They studied rolling textures in 2S aluminum and commercial 

70-30 brass rolled to 95 percent reduction In area, and tough pitch 

copper rolled to 96 percent reduction In area. They reported that the 

aluminum and copper could best be described by a {123><112> texture, and 

the brass by a {110}<112> texture. In a later publication Beck (1954) 

changed the description of the copper and aluminum textures from {123} 

<112>to {123}<412> and {I46}<2II>, respectively. 
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Jones and Fell CI957) used single crystal elastic constants of 

copper to calculate the variation In Young's modulus with direction, and 

found that the {I23}<4I2> orientation did not fit the experimental data 

as well as a mixture of {110><112> and {112}<111>. As mentioned in a 

previous section, their method of calculation has been questioned by 

Alers and Liu. 

Parthasarath! and Beck (1961) studied rolling textures in OFHC 

copper rolled to 96 percent reduction in area. They found that the major 

component was {135}<211> and the minor components were {112><111> and 

{110}<112>. 

Alers and Liu (1966) used the previously discussed averaging 

method to calculate the variation in Young's modulus for a cold rolled 

Cu-one percent Zn alloy and found that a {358}<523> texture was most 

consistent with the data. 

RecrystalIizatlon Textures. The most unique and well-defined 

recrystalIization texture for FCC metals Is the {100><00l> "cube" texture. 

Beck (1951) discussed the origin of the cube texture in annealed copper 

sheet. He stated that the following conditions are favorable to the 

formation of a cube texture: (I) high annealing temperature or long 

annealing time, (2) high reduction In area prior to annealing, (3) small 

penultimate grain size. 

Barrett and Massalskl (1966) also discuss annealing textures. 

They state that cube textures have been observed in Cu, Au, Al, Ni, Cu-Zn, 

and Th. 



Beck and Hu (1952) studied annealing textures in rolled 2S alumi

num, electrolytic tough pitch copper, and commercial 70-30 brass. The 

rolling reductions were 95 percent for the aluminum and brass, and 96 

percent for the copper. They found that the annealing texture of the 

aluminum consisted of four retained components of the rolling texture 

near {123}<112> and a cube texture component. The annealing texture of 

the copper was mainly the cube texture, and the annealing texture of the 

brass was of the {225}<734> type. 

Textures in Thoriated Nickel Sheet 

Mee and Sinclair (1966) studied textures in thoriated nickel 

sheet as a function of rolling and annealing history. The compositions 

of the alloys studied were: 

A. 2.92 percent ThO^ (volume percent) 

B. 2.90 percent Tf^ (volume percent) 

C. 2.77 percent Tf^ (volume percent) 

D. 2.84 percent Tl^ (volume percent) 

Their results for the various compositions and treatments are 

shown in Figs. 7 and 8. They found that the texture of heavily cold-

rolled nickel-thoria sheet was of the pure metal type, i.e. {I35}<II2>. 

A range of recrystalIization texture was observed which included 

{I00}<00l>, {I22}<I22>, {210}<112>, {359}<30l>, and {445><12 4 7>. All 

the recrysta11ized alloys contained an unusually high frequency of 

annealing twins for a metal of moderately high stacking fault energy. 

The authors attribute these twins to local stress concentrations caused 
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Fig. 7. (a)-(e) {100} pole figures for nickel-2 1/2 volume percent thoria alloys after 
various amounts of cold reduction. 
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Fig. 8. (a)-(d) {100} pole figures for nlckel-2 1/2 volume, percent thorla alloys. 
(a) Alloy A(a) cold rolled 93 percent and annealed for I h at I000°C. 
(b) Alloy B(a) cold rolled 93 percent and annealed for I h at I000°C. 
(c) Alloy D(a) cold rolled 91 percent and annealed for I h at I000°C. 
(d) Alloy D(a) cold rolled 98 percent and annealed for I h at I000°C. 



38 

by the presence of thorla particles, or to local regions of high disloca

tion density. 

Inman, Zwilsky, and Boone (1964) studied textures in TD Nickel 

(two volume percent Tht^) after cold rolling 93 percent, and after cold 

rolling 93 percent and annealing at 600 C and 1425 C for one hour. They 

reported that the rolling texture was {110}<001>. After annealing at 

600 C a strong {100}<001> cube texture and a secondary {110}<112> texture 

were present. After annealing at 1425 C the texture of the material was 

{110}< 112>. 



CHAPTER 3 

EXPERIMENTAL PROCEDURES AND RESULTS 

Materials 

Composition and Origin 

Four lots of rolled TD Nickel sheet were used in this investiga

tion. These materials are described in Table I. 

TABLE I 

Thickness and Composition of TD Nickel Sheet 

Heat Number 
Thickness, 

Inches Composition, Volume Percent Ti^ 

TDN C 707 

TDN 948 

TDN 706 

TDN C 698 

0.0122 

0.0128 

0.0062 

0.0030 

2.18 

2.10 

1.97 

2.30 

* For complete chemical analyses see Appendix C. 

For simplicity, nominal thicknesses will be used when referring 

to these materials in following sections (i.e., 0.012 inch, 0.013 inch, 

0.006 inch, 0.003 inch). 

All of the material was purchased from E. I. du Pont de Nemours 

and Co., Baltimore, Maryland. Unfortunately, no information concerning 
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rolling schedules could be obtained because du Pont considers this in

formation to be proprietary. This was not a serious drawback, however, 

because this investigation was concerned primarily with the relationship 

between the textures and the mechanical properties. The treatments 

which created the textures were only of incidental interest. 

Metallography 

The grain structure of the as-received material is illustrated 

In Figs. 9 through 16. Figure 9 is a photograph of the 0.003 in. sheet 

showing the typical elongated grains which are characteristic of TD 

Nickel. Figures 10 through 16 are optical and electron photomicrographs 

showing the microstructures of the four lots of material. 

Mechanical Property Tests 

Specimen preparation and testing procedures for the four thick

nesses of TD Nickel sheet are discussed below. 

Room Temperature Tests 

Tensile Properties vs. Orientation in Sheet. Tensile specimens 

were cut from each sheet at ten degree intervals from the rolling direc

tion (0°), to the transverse direction (90°). In addition, specimens 

were cut in the 45 degree direction. 

The specimens were tested to failure in uniaxial tension on a 

Model TT-D Instron testing machine. Strain was measured with an Instron 

clip-on extensometer over a 1/2-inch gage length. Strain rates were 
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Fig. 9. Typical macrostructure of TD Nickel sheet. IX 



a. 0.006 in. sheet 

b. 0.003 in. sheet 

Fig. 10. Photomicrographs of cross sections of TD Nickel sheet. 500X 



a. 0.006 in. sheet 
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bwSi'^ f  '  f ' t  

Fig. II. Electron photomicrographs of TD Nickel sheet. Two-stage 
carbon-germanium rep Iicas. 7500X 



a. Surface 

v>» 

b. Cross section 

Fig. 12. Photomicrographs of 0.013 in. TD Nickel sheet. 500X 
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Fig. 13. Electron photomicrographs of the surface of 0.013 in. TD 
Nickel sheet. Two-stage carbon-germanium replicas. 
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Fig. 14. Surface of 0.012 in. TD Nickel sheet. 500X 



15. Cross section of 0.012 in. TD Nickel sheet. 500X 



a. 7500X 

b. 5500X 

16. Electron photomicrograph of 0.012 In. TD Nickel sheet, 
stage carbon-germanium replicas. 
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0.005/min up to the 0.2 percent offset strain, and 0.05/min thereafter. 

Values of yield strength, tensile strength, and elastic modulus were 

determined for each specimen tested. At least two specimens were tested 

for each orientation in each sheet. 

Photographs of typical specimens after testing are shown in 

Figs. 17 through 20. Several of the initial tests were performed on 

specimens 5 in. long x 3/8 in. wide with reduced sections I in. long x 

0.3 in. wide. The specimen length was later reduced to 2-1/2 in. to 

economize on material. 

The results of these tests are plotted in Figs. 21 through 24. 

Average values are plotted in the figures. The Individual values are 

tabulated in Appendix D. 

Elastic Moduli From Strain Gage Data. To obtain accurate room 

temperature values of Young's modulus for use in calibrating the high 

temperature extensometer, specimens of each thickness were tested at 0°, 

45°, and 90° to the rolling direction, and strain was measured with foil-

type bonded strain gages. To eliminate the effect of specimen bending, 

gages were mounted on both sides of each specimen and wired into a 

bridge circuit so as to measure tensile strain only. 

Because the results of these tests were to be used as standards 

for subsequent elevated temperature tests, a high temperature specimen 

design was used. These specimens were 10 in. long and 3/8 In. wide and 

had no reduced section. The length of this specimen places the grips 

out of the hot zone during testing. A typical specimen with strain gages 

attached Is shown in Fig. 25. 



Fig. 17. 0.003 in. tensile specimens after testing. 



Fig. 18. 0.006 in. tensile specimens after testing. 
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Fig. 19. 0.012 in. tensile specimens after testing. 
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Fig. 20. 0.013 in. tensile specimens after testing. 
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Fig. 23. Room temperature tensile properties of 0.012 in. TD Nickel 
vs. orientation in sheet. 
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Fig. 25. High temperature tensile specimen with strain gages attached. 
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The specimens were loaded in uniaxial tension, and strain read 

on an SFM strain recorder at 10 or 20 pound increments of load — 10 

pound increments for the 0.003 in. material and 20 pound increments for 

the others. The corresponding stress increments were approximately 

8900 psi, 8900 psi, 4450 psi, and 4450 psi for the 0.003 in., 0.006 in., 

0.012 in., and 0.013 In. materials, respectively. In Table 2 the values 

obtained from these tests are compared with the average values obtained 

with the Instron extensometer. 

TABLE 2 

Comparison of Elastic Moduli Obtained with Strain Gages and with 
Instron Extensometer 

Elastic Modulus 

Sheet Thickness, Orientation, 10** psi 
1 nches Degrees from R.D. 

1nstron Stra i n 
Extensometer Gages 

0.003 0 31.7 31.1 
45 28.7 29.7 
90 27.4 26.7 

0.006 0 34.6 34.9 
45 27.4 28.5 
90 32.8 33.6 

0.012 0 35.0 34.0 
45 30.4 29.4 
90 36.8 36.1 

0.013 0 18.0 18.1 
45 30.6 30.5 
90 18.5 18.2 
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Elevated Temperature Elastic Modulus Measurements 

The static elastic modulus of each TD Nickel sheet was measured 

in uniaxial tension on the high temperature high vacuum tensile machine 

shown in Fig. 26. Strain was measured directly with the mechanical 

extensometer which Is shown attached to a specimen in Fig. 27. Tempera

ture was controlled to + 5 C with the closed loop system shown schematic

ally in Fig. 28. This testing system was designed and built by the 

Research Laboratories of Solar, a Division of International Harvester 

Company, San Diego, California (Rose and Metcalfe, 1967), and is the only 

one of its kind in existence. 

At least two specimens of each thickness were tested at 0°, 45°, 

and 90° to the rolling direction at 500 C, 800 C, and 1100 C. In addi

tion, several specimens were tested at the ferromagnetic Curie tempera

ture of nickel (358 C). A typical high temperature specimen with grips 

and extensometer clips attached is shown in Fig. 29. A two inch gage 

length was used for all tests. 

The test procedure for the elevated temperature tests was as 

follows: 

1. A specimen was placed in the tensile machine and the chamber 

-5 
was evacuated to a pressure of I x 10 torr. 

2. The same specimen was tested at each temperature without 

breaking the vacuum. The normal test sequence was: 

(1) Room temperature 

(2) 500 C 

(3) 800 C 



Fig. 26. High temperature, high vacuum tensile machine. 
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Fig. 27. High temperature mechanical extensometer attached to specimen. 



150 F 
HOT BOX 
REF. JUNCT. 

FURNACE 
ELEMENTS 

W/Re THERMOCOUPLE 

IRCON 
RADIATION 

THERMOMETER HONEYWELL 
PRECISION 
CONTROLLER 

/k 
RADIATION 
DETECTOR 

ini3 

ooo 

30 kva 

460 VOLTS 
SINGLE PHASE 

10 kva 
TRANSFORMER 
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Fig. 29. High temperature tensile specimen with grips and extensometer 
c11ps attached. 
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(4) 1100 C 

(5) Room temperature 

At each temperature, the specimen was loaded and unloaded rapidly several 

times In the elastic range, and load vs. elongation plotted autographic-

ally with an X-Y recorder. 

Although the strain mangifIcat ion of the system was approximately 

800 to I, It varied slightly from one specimen to the next. Therefore, 

after each test run the apparent room temperature modulus on the chart 

paper was compared to the true modulus for the same orientation and 

thickness as determined from strain-gage data. In this way the strain 

magnification for each test run was determined. 

Average values from these tests are shown in Table 3. The indi

vidual values are tabulated in Appendix D. 

TABLE 3 

Results of Elastic Modulus Measurements on 
High Temperature Tensile Machine 

' Elastic Modulus, 10^ psi 

Thickness, Orientation, Test Temperature, Degrees C 
k/WVj 1 WW 

R T 358 500 800 1100 R T (final) 

0.003 0 31 24 22 16 32 
45 30 23 22 20 15 30 
90 27 19 16 II 26 

0.006 0 35 25 20 13 35 
45 29 22 18 10 29 
90 34 24 18 12 34 

0.012 0 34 28 25 20 15 33 
45 29 23 18 13 30 
90 36 30 26 21 15 36 

0.013 0 18 14 II 8 19 
45 31 28 27 22 16 31 
90 18 15 13 II 8 18 



These data are plotted In Figs. 30 through 33. 

Statistical Analysis of Mechanical Property Data 

Analysis of Variance. Although there are several statistical 

methods which can be used to determine the variability of a set of observa

tions, the analysis of variance is greatly to be preferred as a measure of 

variability (Brownlee, 1953). 

In general, variance is defined as the sum of the squares of the 

deviations from the mean divided by one less than the total number of ob-
_ ? 

v(v-x) 
servations. Actually, the formal definition of variance is V , 

' n ' 

but in practical applications (n-l) is used in the denominator. This is 

due to the fact that the mean value of a given sample will in general not 

be identical with the true mean of the whole population. The sum of the 

squares of deviations from the mean will be smaller than the sum of the 

squares of the deviations from the true mean. The use of (n-l) in the de

nominator helps to compensate for this difference. In an analysis of vari

ance the number (n-l) is called the degrees of freedom of the variance. 

In the present investigation, the method described by Brown lee was 

used to calculate the variances associated with the elastic-modulus values 

reported in-Appendix D. 

Variance of Room Temperature Elastic Modulus Data. In the present 

Investigation each of four materials was tested in II directions, and at 

least two measurements were made In each direction. Therefore, the 

analysis of variance falls under the heading of "a two-factor analysis 
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with replication. Although more than two measurements were made on some 

specimens, only high and low values were used in the analysis. 

Analysis of the room temperature data gave the following results: 

Variance = 1.04 x 10^ psl 

Standard deviation = ^Variance = 1.02 x 10^ psi 

Variance of Elevated Temperature Elastic Modulus Data. Similar 

analyses were performed on the elevated temperature data for each test 

temperature. The results were: 

500 C: V = 1.51 x I06 psl a = 1.23 x I06 psi 

800 C: V = 3.65 a = 1.91 

1100 C: V = 2.62 a = 1.62 

The differences in tha three variances are not statistically significant 

at the 95 percent confidence level. That is, it is 95 percent probable 

that the accuracy of measurement was not influenced by the test tempera

ture. 

These analyses are summarized In Appendix E. 

Sources of Variance. The above variances can be attributed to 

factors such as: 

1. Actual differences between "duplicate" specimens. 

2. The inherent variability of load cells, extensometers, X-Y 

recorders, etc. 
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3. Errors in measuring the dimensions of specimens. In fact, 

the residual variance (test error) which one obtains from an 

analysis of variance represents all of the random errors intro

duced into an experiment by both the equipment and the operator. 

Pole Figure Determinations 

EquIpment 

Complete {002} pole figures (transmission and reflection) were 

obtained on a General Electric XRD-5 diffractometer with an integrating 

pole figure goniometer. 

Experimental conditions were: 

Transmission 

50 kvp, 6 ma 

1° mr beam slit, no detector slit 

Chart speed = 12 in/hr 

Beta range = 0° - 360° 

29 angle = 51.6° {200} 

Reflection 

Same as above, except 20 = 122°, {400} and alpha 

range « 90° - 50°. 

Specimen Preparation 

All specimens were etched to a thickness of approximately 0.003 

in. In concentrated HNO^ - ten percent HF. This resulted In absorption 

factors (pt) of the order of 3. 
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Absorption Corrections 

The correction factors discussed in a previous section were com

puted for values of pt from one to ten, and for a angles from two degrees 

to 90 degrees by means of the computer program in Appendix A. The actual 

correction curves were plotted as shown in Fig. 34. To correct the in

tensity at each value of a, the measured intensity was divided by a cor

rection obtained from this figure. 

Selection of Ideal Orientations by Comparing Pole Figures to Various 

Proposed Orientations 

After the pole figures were plotted, the various ideal orienta

tions which have been proposed for FCC metals were plotted on separate 

sheets of tracing paper. Each ideal orientation was then compared to 

each experimental texture in turn by laying the tracing paper over the 

pole figure and noting the relationship between the ideal orientation 

and the experimental texture. Based on a survey of the literature, the 

following ideal orientations were considered: 

The pole figures are presented in Figs. 35 through 38 

Selection of Ideal Orientations 

{100} <001> 
{135} <112> 
{110} <112> 
{312} <24I> 
{212} <221> 
< 111> < 110> 
{ I 11} <211> 
{522} <473> 

{311} <112> 
{201} <II2> 
{454} <12 4 7> 
{211} <11l> 
{935} <I30> 
{538} <532> 
{213} <21l> 



1.0 n, 
Cu Ka Radiation 

Xs 1.54 A 
Ni (200) 
0 = 25.8° 

0.9 

0.8 

Legend 0.7 

0.5 

0.4 

0.3 

0.2 

0.1 

30 40 50 60 70 0 10 20 

Rotation Angle, a (Degrees) 

Fig. 34. Absorption correction factors for transmission pole figures. 
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{200} pole figure for 0.003 In. TD Nickel. 
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Fig. 36. {200} pole figure for 0.006 in. TD Nickel. 
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{200} pole figure for 0.012 in. TD Nickel. 
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b{ioo]><ooi> 

Fig. 38. {200} pole figure for 0.013 In. TD Nickel sheet. 
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The Initial comparison of the pole figures and the ideal orienta

tions showed that only the first five ideal orientations listed above 

were close enough to any of the experimental textures to merit further 

consideration. These five orientations are plotted in Fig. 39. The re

mainder of the ideal orientations in the list are shown individually In 

Appendix F. 

Selection of Ideal Orientations by Measuring PTrection Cosines of High-

Intensity Peaks on Pole Figures 

Although the comparison described above provided a general idea 

of the ideal orientations needed to describe the pole figures, the 

orientations shown in Fig. 39 are so similar that it was difficult to 

make a clear distinction except in the case of Fig. 38 which is clearly 

a {I00}<00I> cube texture. Therefore, an attempt was made to obtain 

more representative orientations for the remaining three pole figures, 

Fig.s 35, 36, and 37, by measuring the locations of the high-intensity 

peaks directly from the pole figures. {002}pole figures are well suited 

to this type of analysis because the high-intensity peaks on the figures 

represent the cube axes, and these axes, of course, must be 90 degrees 

apart. The measurement procedure was as follows: 

I. By Inspection it was determined which of the high-intensity 

peaks went together to form sets of cube axes. This procedure 

is Illustrated by Figs. 40, 41, and 42, for the pole figures 

1 shown in Figs. 35, 36, and 37. In Figs. 41 and 42 it is seen 

that all of the peaks except the components of the cube texture 



R D 

Fig. 39. Ideal orientations which most closely describe the textures 
in Figs. 35, 36, and 37. 



Fig. 40. Sets of cube axes estimated from the pole figure in Fig. 35. 



Fig. 41. Se+s of cube axes estimated from the pole figure In Fig. 36. 



Ffg. 42. Sets of cube axes estimated from the pole figure in Fig. 37. 



can be accounted for by reflecting a single set of axes across 

vertical and horizontal diameters of the pole figures. The pole 

figures In Figs. 36 and 37 therefore, can each be described by 

two textures — the cube texture, and one other yet to be deter

mined. Figure 40, on the other hand, shows that the pole figure 

in Fig. 35 possesses two distinct textures in addition to the 

cube texture. 

2. Each set of axes was then rotated into a standard (001) 

orientation by rotating the outermost high-intensity peak of 

each set into the (001) position, and the other two peaks making 

up the set into the (100) and (010) positions. The sheet normals 

and rolling directions were then rotated into positions consistent 

with the new orientations. This procedure is illustrated in 

Figs. 43 through 56 for the axes shown in Figs. 40, 41, and 42. 

3. After the rotations, the angular relationships between the 

(100) and (010) poles were noted. In most cases the poles were 

not exactly 90 degrees apart. Therefore, a point was marked near 

each pole 90 degrees from the other pole. The angle between the 

points and the measured poles is an indication of the uncertainty 

in determining the exact location of the two poles. These 90 

degree marks also are shown in Figs. 43 through 56. 

4. The sheet normals and rolling directions were_then trans

ferred to a standard (001) stereographic projection so that their 

positions in each case were represented by the angular range of 
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Fig. 43. Rotation of the Number IA set of axes from Fig. 40 into the 
standard (001) orientation. 
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Fig. 44. Rotation of the Number 2A set of axes from Fig. 40 into the 
standard (001) orientation. 
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Fig. 45. Rotatton of the Number 3A set of axes from Fig. 40 into the 
standard (001) orientation. 
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Fig. 46. Rotation of-the Number 4A set of axes from Fig. 40 into the 
standard (001) orientation. 
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Fig. 47. Ro+a+ion of the Number IB set of axes from Fig. 40 Into the 
standard (001) orientation. 
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Fig. 48. Rotation of the Number 2B set of axes from Fig. 40 into the 
standard (001) orientation. 
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Fig. 49. Rotation of the Number 3B set of axes from Fig. 40 into the 
standard (001) orientation. 
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Fig. 50. Rotation of the Number I set of axes from Fig. 41 into the 
standard (001) orientation. 
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Fig. 51. Rotation of the Number 2 set of axes from Fig. 41 into the 
standard (001) orientation. 
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Fig. 52. Rotation of the Number 3 set of axes from Fig. 41 into the 
standard (001) orientation. 
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Fig.-53. Rotation of the Number I set of axes from Fig. 42 into the 
standard (001) orientation. 
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Fig. 54. Rotation of the Number 2 set of axes from Fig. 42 into the 
standard (001) orientation. 
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Fig. 55. Rotation of the Number 3 set of axes from Fig. 42 Into the 
standard (001) orientation. 
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Fig. 56. Rotation of the Number 4 set of axes from Fig. 42 Into the 
standard (001) orientation. 
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uncertainty determined in step 3. This procedure is illustrated 

in Fig. 57 for the Number I set of axes from Fig. 41. 

5. When the data from each pole figure had been transferred to 

separate standard projections, a boundary was drawn on each pro

jection to define the locations of the sheet normal and rolling 

direction. These boundaries are shown in Figs. 58, 59, and 60. 

6. The approximate center of each area was taken as the most 

probable location of the pole, and the direction cosines of these 

points were measured with the aid of a V/ulff net. 

7. The Miller indices of each point were calculated from the 

fo11ow i ng re I at i onsh i p: 

cos a = 

cos 3 = 

J 2 2 2 ' 
h + k + I 

J 5 2 2 ' 
h + k + I 

cos y ~ / o 2 2 
* fi + k^ + r 

h k I 
Therefore, = -z - . The Index associated with the 

' cos a cos 3 cos y 

smallest cosine value was taken as 1.00, and the remaining two indices 

were calculated from this expression. 

The results of the above analysis are summarized in Table 4. Only 

the calculated textures are listed in the table. In addition to those 
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TABLE 4 

Calculated Miller Indices Based on Direction Cosines 
Measured From Pole Figures 

Sheet Measured Cos i ne Calculated Nominal 
Thickness, Angle, of Indices of Indices of hu+kv+lw 

1nches Degrees Angle Texture Texture 

0.003 36 0.809 1.99 (h) {21I}<3I5> 0.15 
66 0.407 1.00 (k) 
65 0.423 1.04 (1) 

58 0.530 -3.40 (u) 
81 0.156 1.00 (v) 
34 0.829 5.30 (w) 

0.003 35 0.819 4.28 (h) {531}<112> 0.08 
58 0.530 2.78 (k) 
79 0.191 1.00 (1) 

62 0.470 -1.07 (u) 
64 0.438 1.00 (v) 
41 0.755 1.73 (w) 

0.006 80 0.174 1.00 (h) {153}<2I l> 0.35 
30 0.866 4.98 (k) 
62 0.469 2.70 (1) 

35 0.819 1.93 (u) 
65 0.423 -1.00 (v) 
65 0.423 1.00 (w) 

0.012 43 0.731 2.86 (h) {873}<2I3> 0.30 
51 0.629 2.45 (k) 
75 0.256 1.00 (1) 

57 0.545 -1.97 (u) 
74 0.276 1.00 (v) 
37 0.799 2.89 (w) 
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listed, each pole figure contains components of the cube texture. The 

cube texture was assumed to be a perfect {00I}<I00> In each case. 

It should be noted that the values of (hu + kv + Iw) do not equal 

zero as they would if the measured points were exactly 90 degrees apart. 

This discrepancy is just another indication of the uncertainty in deter

mining the correct ..locations of the poles represented by the indices 

{hkl> and <uvw>. 

Calculation of Theoretical Moduli 

The methods of Alers and Liu discussed in a previous section were 

used to calculate theoretical moduli at ten degree intervals from the 

rolling direction to the transverse direction for each of the orienta

tions listed in another section, and for the orientations listed in Table 

4. The calculations were accomplished by means of the computer program 

in Appendix B. 

The calculated moduli for the orientations in Fig. 39 and in 

Table 4 are compared to experimental values in Figs. 61 through 68. The 

solid curves represent calculated values, and the points are experimental 

values. The upper solid curves are based on constant-strain averages 

and the lower sol id curves are based on constant-stress averages. 

Alers and Liu state that the correct choice of ideal orientations 

should give a calculated curve having the same shape as the experimental 

curve, but not necessarily the same values. Before a comparison can be 

made the calculated curve must be adjusted up or down so that it coincides 
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Fig. 63. Calculated curve for {3I2}<24I> texture vs. experimental 
points for three thicknesses of TD Nickel sheet. 
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Fig. 64. Calculated curve for {212J<221> texture compared to experi
mental points for three thicknesses of TD Nickel sheet. 
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with the experimental curve. This Is equivalent to saying that a con

stant value must be added to each point on the calculated curve. 

The pole figures in Figs. 35, 36, and 37 require a combination 

of at least two textures to adequately describe them. Therefore, before 

a final comparison could be made in the present Investigation it was 

necessary to assign the proper proportions of the measured textures to 

each pole figure, and then to add a constant to each point on the com

posite curve to raise or lower the curve the appropriate amount. There

fore, a point on the curve representing three textures might be expressed 

as follows: 

* x A  +  * x B + * x c  +  k  =  x  

where X^ is the calculated value for texture A, Xg is the calculated 

value for texture B, X^ is the calculated value for texture C, k is a 

constant, and X is the experimental value. The method used to determine 

the required percentages and constants is described below. 

The best values for % A, % B, % C, and k are those which make 

the variance between the calculated curve and the experimental curve a 

minimum. This condition can be expressed as follows: 

SS = ZQAXX + BXg + <I-A-B)XC + k - X]2 = a minimum 

That is, the sum of the squares of the differences between calculated 

values and experimental values is a minimum. In this expression, A, B, 

and (l-A-B) represent the percentages of textures A, B, and C, respectively. 



1 1 5  

The values of A, B, and k which will make the above expression 

a minimum can be determined from the three equations 

3(SS) _ n 3(SS) _ n 3(SS) 
3 k ~ u' 3 A ~ 3 B 

The Indicated operations yield the following results: 

~~ = Ek + AZXa + BZXg + (l-A-B)ZXc - EX = 0 

(SS) 9 ? 
YJ- « AEXaz - (l-A-B)EXc + BEXAXB + (I-2A-B)EXAXC + kEXA 

- EXAX - BEXgXc - kEXc + EXCX = 0 

= BEX02 - <I-A-B)EXC2 + AEXaX0 - AEX^ + (I-A-2B)EX0XC 

+ kEXg - EXgX - kEXc + EXCX = 0 

From the above three equations in three unknowns, values of A, B, and k 

were calculated for the following combinations of textures: 

Sheet Thickness, Inches Texture A Texture B Texture C 

0.003 (1.99 1.00 1.04) 
C3.40 1.00 5.303 

(4 
Ll 
.28 2.78 
.07 1.00 

1.00) 
1.733 

"Cube" 
(100)110013 

0.006 (1.00 4.98 2.70) 
CI.93 I.UU 1.003 

none ii 

0.012 (2.86 2.45 1.00) 
Ll.97 1.00 2.983 

none ii 
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The data on which the calculations are based, and the values of 

the various summations used in the equations are tabulated In Tables 5 

through 10. The results of the calculations are summarized In Table II, 

and the calculated curves are compared to the experimental data points 

In Figs. 69, 70, and 71. 



TABLE 5 

I 
Values Used to Calculate Percentages of Textures A, B, and C for 0.003 in. TO Nickel 

(Constant-Strain Average) 

XA AXa Xb BXb Xc (l-A-B)Xc X CAXA+BXB 

°P'Degrees" ^ psi ,C)6 psl '°6 ps1 '°6 pS? ]°6 pS' psl '°6 pS' +<l"A~B)xc+k̂  

IP6 ps? 

0 29 0.87 36 21.6 18 6.7 32 30 
10 30 0.90 35 21.0 19 7.0 28 30 
20 33 0.99 32 19.2 22 8.1 29 29 
30 34 1.02 28 16.8 27 10.0 29 29 
40 33 0.99 25 15.0 31 11.5 28 29 
50 32 0.96 25 15.0 31 11.5 28 29 
60 30 0.90 26 15.6 27 10.0 28 28 
70 28 0.84 30 18.0 22 8. 1  30 28 
80 26 0.78 34 20.4 19 7.0 32 29 
90 25 0.75 36 21.6 18 6.7 27 30 

ZXA 
= 300 M

 

>
x
 

J
 

M
 

II
 

9084 
ZXAXB 

= 9131 Textures 

ZXB 
= 307 

" V  
9607 SXAXC 

ss  7121 A = (1.99 1.00 1.04) 

EXR = 234 ix/ = 5718 ZXRXR = 6979 L3.40 1.00 5.303 

EX = 291 J . 8495 D U 

SX X - 8718 
B = (4.28 2.78 1.00) 

A 
LI.07 1.00 1.733 

EXBX s 8960 C = (100) C0013 

zxcx = 6775 

Resu1ts: A = 3%, B = 60%, (I-A-B) = 37%, k = I.I 



TABLE 6 

Values Used to Calculate Percentages of Textures A, B, and C for 0.003 In. TD Nickel 
(Constant-Stress Averages) 

XA AX. A XB BXB XC 
(L-A-B)XC X CAXA+BXB 

Orientation 
Degrees 

I06 psi I06 psi I06 psi I06 psi I06 psi I06 psi I06 psi +(L-A-B)Xr+k3 
• 6 7 
10 psi 

0 29 3.8 36 19.8 18 5.8 32 31 
10 30 3.9 34 18.7 19 6.1 28 30 
20 31 4.0 30 16.5 22 7.0 29 29 
30 32 4.2 26 14.3 27 8.6 29 28 
40 33 4.3 24 13.2 31 9.9 28 29 
50 32 4.2 24 13.2 31 9.9 28 29 
60 30 3.9 26 14.3 27 8.6 28 28 
70 27 3.5 30 16.5 22 7.0 30 28 
80 26 3.4 34 18.7 19 6.1 32 30 
90 25 3.3 36 19.8 18 5.8 27 30 

IX. » 295 
A 

ZXG = 300 

ZXC = 234 
EX = 291 

EX 

IX, 

EX2 

, 2 _ 
8769 

,A2 _ 
'B 

9208 

:c2 = 
5718 

= 8495 

Results: A = 13$, B = 55%, (l-A-B) = 32*, k = 

ZXAXB 
EXAXC 

EXBXC 
EXAX 
exb

x 

EXpX 
1.3 

8760 
7001 

6800 
8572 
8760 
6775 

A = 

B = 

C = 

Textures 

(1.99 1.00 1.04) 
C3T40 1.00 5.303 

(4.28 2.78 I.00) 
COT 1.00 1.73] 
(100) CooQ 



TABLE 7 

Values Used to Calculate Percentages of Textures A and C for 0.006 in. TD Nickel 
(Constant-Strai n Averages) 

Orientation, XA AXA A XC 
(L-A)XC X CAXA+(1-A)XC+K3 

Degrees I06 psi I06 psi I06 psi 10® psi 10 psi I06 psi 

0 33 25.4 18 4.2 35 33 
10 33 25.4 19 4.4 33 34 
20 31 23.8 22 5.1 31 33 
30 28 21.5 27 6.3 32 32 
40 25 19.2 31 7.2 30 30 
50 25 19.2 31 7.2 30 30 
60 26 20.0 27 6.3 31 30 
70 29 22.3 22 5.1 30 31 
80 32 24.6 19 4.4 34 33 
90 34 26.1 18 4.2 33 34 

ZXA = 296 £XA2-
8870 ZXAXC 

= 6769 Textures 

XXC = 234 
"c2 -

5718 ZXAX 
= 9487 A = (1 .00 4.98 2.70) 

EX = 319 2 EX = 10,205 ZXRX = 7400 CL .93 TOO 1.003 
V B = none 

C = (100) COOG 

Results: A = 11%, (L-A) = 23%, K = 3.7 



TABLE 8 

Values Used to Calculate Percentages of Textures A and C for 0.006 In. TD Nickel 
(Constant-Stress Averages) 

Orientation, X* AX X„ (1-A)Xr X CAX.+( 1 -A)Xr,+kU 
Degrees 

10 psi 
f\ 

io° psi 10 psi 
V 

10 psi 10 psi 
A 

10° psi 

0 33 24.8 18 4.5 35 34 
10 31 23.3 19 4.8 33 33 
20 28 21.0 22 5.5 31 31 
30 26 19.5 27 6.8 32 31 
40 24 18.0 31 7.8 30 30 
50 24 18.0 31 7.8 30 30 
60 26 19.5 27 6.8 31 31 
70 29 21.8 22 5.5 30 32 
80 32 24.0 19 4.8 34 33 
90 34 25.5 18 4.5 33 35 

m
 

x
 

>
 ii
 

287 
jxA2 = 

8359 EXAXC = 6549 Textures 

zxc = 
234 D<_2 = 5718 EXAX = 9204 A = (1 .00 4.98 2.70) 

EX = 319 ii 

1 cm 
x
 

w
 10,205 sxrx = 7400 CI .93 1.00 I.00U 

B = none 

C = (100) [00G 

Results: A = 75$, (l-A) = 25%, k = 4.6 



TABLE 9 

Values Used to Calculate Percentages of Textures A and C for 0.012 in. TD Nickel 
(Constant-Strain Averages) 

Orientation, 6
XA AX. 

fi A 6
XG 

(l-A)Xr X 
£. 

CAXa+(1-A)Xc+kU 
Degrees IO° psi 10° psi 10° psi 10° psi in o. 3 o I06 psi 

0 32 26.6 18 3.1 35 34 
10 33 27.4 19 3.2 38 35 
20 32 26.6 22 3.7 35 35 
30 30 24.9 27 4.6 34 34 
40 28 23.2 31 5.3 34 34 
50 28 23.2 31 5.3 34 33 
60 29 24..I 27 4.6 29 33 
70 33 27.4 22 3.7 33 35 
80 36 29.9 19 3.2 38 37 
90 38 31.6 18 3.1 37 39 

EX. =319 
A -A2' 

10, 275 ZXAXC = 7330 Textures 

EXC = 234 a/ = 5, 718 EXAX = 11,122 A = (2.86 2.45 1.00) 

EX = 347 12, 105 EX«X = 8045 DT97 1.00 2.893 
B = none 

C = (100) COOlD 

Results: A = 83%, (l-A) = I7J&, k = 4.3 



TABLE 10 

Values Used to Calculate Percentages of Textures A and C for 0.012 In. TD Nickel 
(Constant-Stress Averages) 

+ + I X. AX. X. (I-A)X. X CAXA+( I -A)X_+k] 
Orientation, , A A fiC ^ C 

Degrees 10 psi 10 psi 10 psi 10 psi 10 psl 10 psi 

0 32 24.6 18 4.1 35 34 
10 31 23.9 19 4.4 38 34 
20 29 22.3 22 5.1 35 33 
30 27 20.8 27 6.2 34 33 
40 26 20.0 31 7.1 34 33 
50 27 20.8 31 7.1 34 33 
60 29 22.3 27 6.2 29 34 
70 33 25.4 22 5.1 33 36 
80 36 27.7 19 4.4 38 38 
90 38 29.2 18 4.1 37 39 

EXA = 308 M
 

>
x

 N
> 

II 9630 EXAXC 
= 7052 Textures 

EXC = 
234 

2 
EXc " 

5718 EXAX = 10,737 A = (2.86 2.45 1.00 

EX = 347 it 

i CM 
X

 12,105 EX.X = 8045 CTT97 1.00 2.89] 
V B = none 

C = ( 1 0 0 )  cooi] 

Results: A = 11%, (l-A) = 23*, k = 5.4 



TABLE II 

Percentages of Textures to Give Minimum Variance Between Calculated and 
Experimental Elastic Modulus-Orientation Curves 

Sheet Thickness, Inches Constant-Strain Averages Constant-Stress Averages 

% A % B % c k % A % B % c k 

0.003 3 60 37 I . I  13 55 32 1 . 3  

0.006 77 0 23 3.7 75 0 25 4.6 

0.012 83 0 17 4.3 75 0 25 5.4 

Textures 

0.003 in. Sheet 0.006 in. Sheet 0.012 in. Sheet 

A=( 1.99 1.00 1.04)1X40 1.00 1.043 A=(l.00 4.98 2.70)D .93 TOO 1.003 A=<2.86 2.45 l.00)[T797 1.00 2.893 

B=(4.28 2.78 I.00)CTT07 1.00 1.733 B=none B=none 
c=(ioo) [ooi3 c=(ioo> C0013 c=<ioo) C0013 
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CHAPTER 4 

DISCUSSION OF RESULTS 

Microstructures 

Except for the 0.012 in. sheet, the microstructures of the mate

rials used In this Investigation (Figs. 10 through 16) are not unusual. 

They all show the typical elongated grains with poorly defined grain 

boundaries which are characteristic of thorlated nickel sheet. Average 

grain sizes are approximately 30 mm long by 3 mm wide. The 0.012 in. 

material, however, also has annealing twins scattered throughout its 

structure. These are shown in Fig. 14a. Apparently, recrystalIJzatlon 

has occurred In these areas only. It Is Interesting that the 0.013 In. 

material which exhibits an almost perfect recrystalIization texture shows 

no such annealing twins. 

The electron micrographs, Figs. II, 13, and 16, show that the 

thoria particles are uniformly distributed in all four materials. 

Mecha nIcaI PropertIes 

Room Temperature Tensile Properties 

It Is seen from Figs. 18 through 21 that the degree of elastic 

anisotropy Is proportional to sheet thickness. The 0.003 In. sheet shows 

a maximum modulus of 32 million psi at 0° and 80° and a minimum of 27 

million at 90°, giving a spread of 5 million psi. The 0.006 in. material 
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shows a maximum of 35 million at 0° and a minimum of 27 million at 45° 

which gives a spread of 8 million psi. The 0.012 in. material shows a 

maximum of 38 million at 10° and 80° and a minimum of 29 million at 60° 

giving a spread of 9 million psi. The 0.013 in. material shows a maximum 

of 31 million at 45° and a minimum of 18 million at 0° giving a spread of 

13 ml 11 ion psi. It is interesting to note that the single crystal elas

tic constants for nickel are 18 million psi and 32 million psi in the 

<I00> and <110> directions, respectively. This In Itself would lead one 

to suspect that the 0.013 in. sheet possesses a cube texture. 

With regard to the apparent increase In elastic anisotropy with 

thickness, there is no apparent reason why this should occur and it is 

assumed that the trend is coincidental. 

In general, the yield strength and tensile strength curves have 

the same shape as the modulus curves. This is to be expected since 

these properties all depend to a great extent on crystal Iographic direc

tion. 

Elevated Temperature Elastic Moduli 

Figures 30 through 33 show that the moduli of all four materials 

decreased uniformly with temperature. From Table 3 It Is seen that the 

room temperature values after the high temperature tests were the same 

as before. This Indicates that there were no changes In the textures 

during the tests. It Is assumed that the textures were stabilized by the 

2000 F one hour anneal which du Pont applies to TD Nickel sheet after 

ro 111ng. 
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Several modulus measurements were made at the Curie temperature 

of nickel (358 C), and no unusual effects were noted. From the data of 

Armstrong and Brown, Fig. 4, It appears that the magnetic transformation 

causes a decrease In the elastic modulus at about 200 C Instead of at 

the Curie temperature. This subject was not pursued further because It 

was not considered germane to the objectives of the Investigation. 

Pole Figures 

From a qualitative viewpoint, the textures shown In Figs. 35, 

36, and 37 are similar In many respects. They appear to contain strong 

components of the {135}<112> rolling texture, and lesser components of 

the {I00}<00I> annealing texture. Figure 37 is the most complex of the 

pole figures and appears also to contain components of the {212}<221> 

annealing texture. Since the {212}<221> and {135><112> textures are 

similar, it is difficult to make a clear distinction in this case. 

However, by measuring the positions of the Intensity peaks on 

the pole figures, It becomes clear that none of the above descriptions 

is adequate. One of the more surprising combinations to come out of 

this analysis is the nominal {211}<315> - {531}<112> combination exhib

ited by the 0.003 In. material. The {531}<112> texture Is common, but 

the {211}<3I5> texture has not been observed previously in FCC metals. 

Similarly, the {531><112> texture exhibited by the 0.006 in. material 

was expected, but the {873}<2I3> texture found in the 0.012 in. material 

has not been reported previously. 
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Figure 38 is a striking example of a well-defined cube texture. 

This texture suggests that this material (0.013 in. sheet) was annealed 

at a higher temperature and/or for a longer time than the others. This 

view is supported by the tensile property data. The tensile strength 

of this material was approximately 60 ksi compared to about 80 ksi for 

the other three sheets. 

Compared to the work of Mee and Sinclair, Figs. 7 and 8, the 

textures in Figs. 35, 36, and 37 most closely resemble those in Figs. 

7e (cold rolled 98.6 percent), and 8d (cold rolled 98 percent and 

annealed one hour at 1000 C). From this comparison it can be inferred 

that these materials were cold rolled to approximately 98 percent before 

du Pont's final anneal at 2000 F for one hour. The texture in Fig. 36 

(0.006 in. sheet) is closer in appearance to the rolling texture in 

Fig. 7e than the others, and it may be that this material received a less 

severe heat treatment. 

Several points should be borne in mind when discussing textures 

in terms of ideal orientations. In spite of the many attempts to char

acterize textures in terms of Ideal orientations, the pole figure itself 

is stili a better description of the texture than any statement of ideal 

orientation. All textures exhibit some spread in orientation, and a 

statement of an ideal orientation provides no information about the 

scatter of the actual texture around the ideal orientation. 

It is apparent also that the pole figures in Figs. 35, 36, and 

37 are not perfectly symmetrical. As a result of this condition, one 

ideal orientation may provide the best description in one quadrant, while 
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a slightly different ideal orientation may provide the best description 

in another quadrant. This is another reason why the pole figure itself 

is a better description of a texture than a statement of ideal orienta

tion. 

Comparison of Experimental and Calculated Elastic Moduli 

The comparisons In Figs. 61 through 68 show that good agreement 

between experimental and calculated values was obtained only in the case 

of the 0.013 in. material. The experimental points for this material 

show excellent agreement with the curve calculated for the {I00}<00I> 

texture. This Is not surprising since the pole figure for this material 

shows a {I00}<00l> texture exclusively. 

It is clear from the initial comparisons, however, that none of 

the single-texture curves match the experimental data from the remaining 

three thicknesses of material. This is as expected, since the three pole 

figures In question each exhibit components of the cube texture in addi

tion to at least one other texture. 

The comparisons of the composite calculated curves vs. experi

mental curves in Figs. 69, 70, and 71, all show excellent agreement both 

on the basis of constant-strain averages and constant-stress averages. 

However, the percentages of the textures required to achieve this good 

agreement in one case are not the same as in the other case. Of course, 

netther the constant-strain condition nor the constant-stress condition 

are realistic assumptions. It seems likely that the actual condition will 

be closely approximated by the average of the constant-strain and 
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constant-stress conditions. This implies also that the actual percent

ages of each texture can be represented by the average of the two values 

calculated on the bases of constant strain and constant stress. 

The fact that the constant-strain curves and the constant-stress 

curves both can be made to fit the experimental data by changing the 

relative amounts of the component textures Illustrates one of the pit

falls of an investigation of this type — calculated data from several 

incorrectly assumed textures might still be made to fit the experimental 

curve by adjusting the amounts of each incorrect texture. 

It is imperative, therefore, in an investigation of anisotropy 

that the textures be measured as accurately as possible directly from 

the pole figures. Once this has been done, the amounts of each texture 

can be determined quantitatively by fitting the calculated curves for 

elastic modulus vs. orientation to the experimental curves by the method 

described in a previous section. 

One Interesting result of the modulus calculations Is the constant 

value obtained for the ideal orientations {III}<110> and {III}<211>. It 

can be seen from Appendix B that the calculated modulus for these orienta

tions is 31.9 million psl, and is independent of orientation in the sheet. 

This shows that Young's modulus in the {III} plane Is Isotropic and will 

be the same for any orientation of the {III}<uvw> type. 

!• 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 

Summary 

Uniaxial tensile tests were used to measure the elastic moduli 

of thin gage TD Nickel sheet at room temperature, 500 C, 800 C, and 

1100 C as a function of orientation In the sheet. Although dynamic meas

urement techniques such as ultrasonics or resonant frequencies are more 

accurate for bulk specimens, they have not been successfully applied to 

thin sheet because the small thickness/width ratios of these materials 

present experimental difficulties. It v/as found, however, that accept

able results could be obtained from uniaxial tensile tests if care was 

exerc1sed. 

Rolling and annealing textures were determined by means of pole 

figures. The ideal orientations associated with each pole figure were 

determined by measuring the angular relationships between the sheet nor

mals and rolling directions, and the intensity peaks on the pole figures. 

It was found that the 0.003 in. material could be described by a single 

well-defined cube texture. The other three thicknesses of material 

exhibited components of other textures in addition to the cube texture. 

The nominal indices of the other textures were: 

0.003 in. sheet — {211><315> and {53I}<II2> 

0.006 in. sheet — {531}<112> 

0.012 in. sheet — {873}<2I3> 

133 



134 

The single-crystal elastic constants of pure nickel were used to 

calculate theoretical elastic moduli at ten degree intervals from the 

rolling direction to the transverse direction for each of the above 

orientations, and the calculated values were compared to experimental 

values. In order to achieve good agreement between calculated and experi

mental data, it was necessary to determine the percentages of the dif

ferent textures which each material possessed, i to calculate the 

theoretical values on this basis. 

The room temperature elastic modulus of TD Nickel sheet was found 

to vary from 18 million psi to 38 million psi depending on the texture 

and orientation. 

Conclusions 

In general, this investigation has accomplished the following. 

It has suggested a quantitative method for determining the percentages 

of different textures in a given pole figure. The method consists 

briefly of measuring the positions of <I00> axes directly from a pole 

figure, and using the direction cosines of these axes to calculate the 

indices of the rolling direction and the sheet normal. These indices are 

then used to calculate theoretical values of elastic modulus for several 

directions In the sheet. Calculated modulus-orientation curves are 

fitted to experimental curves so as to make the squares of the differences 

between calculated and experimental points a minimum. Simultaneous equa

tions which satisfy the least-squares criterion are set up, and solution 

of these equations gives the fraction of each texture in the pole figure. 



It has demonstrated that the analysis developed by Alers and Liu 

to calculate elastic moduli from texture data can be applied to disper

sion-strengthened nickel, subject to the same limitations which apply to 

pure metals and solid-solution alloys. The fundamental limitation is 

that the textures must be known accurately if the analysis is to be 

meaningful. 

It has shown that the uniaxial tensile test can be used to meas

ure the elastic modulus of foil-gage materials both at room temperature 

and at elevated temperatures up to MOO C. It must be emphasized again 

that although dynamic measurement techniques are more accurate, no 

practical dynamic technique has yet been developed to measure the elas

tic modulus of foiIs. 

Specifically, the results of this investigation have led to the 

following conclusions: 

1. The rolling texture of thoriated nickel is predominantly of 

the {531}<112> type, but also may contain components described 

approximately by the indices {211}<3I5> and {873}<2I3>. 

2. The annealing texture of thoriated nickel is a sharply-

defined {I00}<00I> cube texture. 

3. Although thoria retards the formation of annealing textures 

by inhibiting recrystalIization, and thereby influences elastic 

properties indirectly, the direct effect of thoria on the elastic 

modulus of thoriated nickel is insignificant. The variations In 

modulus due to texturing greatly overshadow the small effect pre

dicted by the rule of mixtures. 



APPENDIX A 

FORTRAN IV G PROGRAM FOR CALCULATING ABSORPTION CORRECTION FACTORS 

FOR TRANSMISSION POLE FIGURES 
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FORTRAN IV G LEVEL 0, MOD 0 MAIN DATE = 67202 10/29/56 

C JIM STOKES ONE SHOT R(MU T,AL) 7-14-67 6011211 
0001 REAL MUT(I0),R(I0),DAT(6),X(I0) 
0002 TH=25.8 
0003 COTH=COS(TH/57.296) 
0004 MUT(I) = I. 
0005 DO I J=2,10 
0006 MUT(J)=MUT(J-I)+l. 
0007 I X(J)=EXP(MUT(J)/COTH > *COTH/MUT(J) 
0008 X(I)=EXP(I./COTH)*COTH 
0009 CALL TDAT(DAT) 
0010 WRITE(6,2)C0TH,DAT,MUT 
0011 2 FORMAT('IJIM STOKES PROB. R = F(MU T,ALPH) TH=22.45 C0S(TH)='F6.3 

I,I0X6A3/'OALPH I MU T'F8.I,9FI2.I/) 
0012 AL=0. 
0013 DO 4 K=l,45 
0014 AL=AL+2. 
0015 CA=COS((TH-AL)/57.296) 
0016 CB=COS( (TH+AD/57.296) 
0017 DO 3 J=l,10 
0018 IF(I./CB.LT.-I60./MUT(J))CB=-MUT(J)/l60. 
0019 3 R(J)=(CB*(EXP(-MUT(J)/CA)-EXP(-MUT(J)/CB)))/(CA-CB)*X(J) 
0020 4 WRITE(6,5)AL,R 
0021 5 FORMAT(IXF5.2,6XIPIOE12.4) 
0022 Al=.5 
0023 CA=COS((TH-AL)/57.296) 
0024 CB=COS( (TH+AD/57.296) 
0025 DO 6 J=l,IO 
0026 6 R(J)=(CR*(EXP(-MUT(J)/CA)-EXP(-MUT(J)/CB)))/(CA-CB)*X(J) 
0027 WRITE(6,5)AL,R 
0028 STOP 
0029 END 

•vj 



JIM STOKES PROB. R = F(MU T,ALPH) TH=25.80 COS(TH) = 0.900 07-21-67 10:31:0 

ALPH 1 MU T 1.0 2.0 3.0 4.0 5.0 6.0 

2.00 9.8307E-0I 9.8228E-0I 9.8159E-0I 9.8102E-0I 9.8055E-0I 9.8022E-0I 
4.00 9.6604E-0I 9.6287E-0I 9.60I8E-0I 9.5794E-0I 9.5616E-0I 9.5483E-0I 
6.00 9.4882E-0I 9.4I83E-0I 9.3590E-0I 9.3101E—0 i 9.2713E-0I 9.2425E-0I 
8.00 9.3I37E-0I 9.I9I7E-0I 9.0889E-0I 9.0047E-OI 8.9384E-0I 8.8893E-0I 
10.00 9.I364E-0I 8.9492E-0I 8.793GE-0I 8.6661E-OI 8.5670E-0I 8.4944E-0I 
12.00 8.9554E-0I 8.6908E-0I 8.4727E-0I 8.2975E-0I 8.1621E-OI 8.0637E-0I 
14.00 8.7699E-0I 8.4I67E-0I 8.1298E-01 7.9024E-01 7.7286E-0I 7.6037E-0I 
16.00 8.5790E-0I 8.1271E-OI 7.7661E-OI 7.4844E-0I 7.2721E-OI 7.I2I2E-0I 
18.00 8.38I8E-0I 7.8220E-01 7.3837E-OI 7.0476E-0I 6.7981E-OI 6.6231E-OI 
20.00 8.I770E-0I 7.50I8E-0I 6.9848E-0I 6.596IE-0I 6.3I25E-0I 6.1I63E-0I 
22.00 7.9636E-0I 7.1667E-0I 6.5719E-0I 6.1344E-0I 5.8212E-0I 5.6075E-0I 
24.00 7.7401E-OI 6.8171E-OI 6.I475E-0I 5.6671E-OI 5.3298E-0I 5.I030E-0I 
26.00 7.5051E-OI 6.4536E-0I 5.7I48E-0I 5.1987E-0I 4.8439E-0I 4.6086E-01 
28.00 7.2571E-OI 6.0770E-0I 5.2769E-0I 4.7339E-0I 4.3687E-0I 4.I295E-0I 
30.00 6.9942E-0I 5.6885E-0I 4.8374E-0I 4.2773E-0I 3.9088E-01 3.670IE-0I 
32.00 6.7I48E-0I 5.2894E-0I 4.3998E-0I 3.8333E-0I 3.4683E-0I 3.2340E-0I 
34.00 6.4I69E-0I 4.88I7E-0I 3.9682E-0I 3.4058E-0I 3.0508E-0I 2.8241E-OI 
36.00 6.0985E-0I 4.4677E-0I 3.5463E-0I 2.9985E-01 2.6588E-0I 2.4423E-0I 
38.00 5.7578E-0I 4.0502E-0I 3.1382E-0I 2.6I43E-0I 2.2943E-0I 2.0900E-0I 
40.00 5.3931E-OI 3.6329E-0I 2.7476E-0I 2.2556E-0I 1.9585E-0I 1.7677E-OI 
42.00 5.0028E-0I 3.2195E-0I 2.3778E-0I 1.9239E-0I I.65I9E-0I 1.4758E-0I 
44.00 4.5862E-01 2.8I48E-0I 2.03I7E-0I I.6203E-0I 1.3744E-0I 1.2139E-0I 
46.00 4.1436E-01 2.4236E-0I 1.71I5E-0I I.3449E-0I 1.1258E-01 9.8156E-02 
48.00 3.6766E-0I 2.0505E-0I 1.4I82E-0I 1.0973E-0I 9.0524E-02 7.7785E-02 
50.00 3.I895E-0I 1.7000E-0I 1.1526E-01 8.7703E-02 7.1I79E-02 6.0I74E-02 
52.00 2.6891E-OI 1.3755E-0I 9.14I4E-02 6.8303E-02 5.4435E-02 4.5I91E-02 
54.00 2.I862E-0I 1.0789E-0I 7.0233E-02 5.1427E-02 4.0168E-02 3.2680E-02 
56.00 1.6941E-OI 8.1102E-02 5.1621E—02 3.6963E-02 2.8232E-02 2.2462E-02 
58.00 1.2265E-0I 5.7I39E-02 3.5480E-02 2.4785E-02 1.8468E-02 1.4335E-02 
60.00 7.9283E-02 3.5928E-02 2.I708E-02 1.4756E-02 1.0699E-02 8.0808E-03 
62.00 3.9553E-02 1.7392E-02 1.0I96E-02 6.7250E-03 4.73I3E-03 3.4673E-03 
64.00 3.4236E-03 1.4561E-03 8.2574E-04 5.2680E-04 3.5849E-04 2.5412E-04 

\j4 
CO 



APPENDIX B 

FORTRAN II PROGRAM FOR CALCULATING THEORETICAL ELASTIC MODULI 

FROM SINGLE-CRYSTAL ELASTIC CONSTANTS 

The elastic modulus values are printed In two columns under the 

heading ELASTIC MOD. The values in the left column are based on a con

stant-stress average and those in the right column are based on a con

stant-strain average. The values are in units of million psi. 
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101. 
102. 
103. 
104. 
105. 
106. 
107. 
108. 
109. 
110. 
i i i .  
111. 
112.  
113. 
114. 
115. 
116. 
117. 
118. 
119. 
120. 
121. 
122. 
123. 
124. 
125. 
126. 
127. 
128. 
129. 
130. 
131. 
132. 
133. 
134. 
135. 
136. 
137. 
138. 
139. 
140. 
141. 
142. 
143. 
144. 
145. 
146. 

-ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+n0te 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 
+ready 

*** 

** 

width 
9 

program emod 
stokes 
determination of rolling textures 
yhy>0.0 
yky>0.0 
yly>0.0 
u>0.0 
v>0.0 
w>0.0 
read i, yhy, yky, yly, u, v, w 
format [6fi0.0] 
in field 6fi0.0 is zero 
i f  c y h y d  1 0 ,  i i ,  1 0  

10 continue 
bot > 0.0 
xa > 0.0 
xb > 0.0 
xc > 0.0 
tob > 0.0 
ra : 
rb : 
rc : 
ta : 
tb : 
tc : 
fat 
far 
a > 
b > 
c > 
th : 
D > 
f > 
ea 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

> 0.0 
> 0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 

> 0.0 
easy > 0.0 
bot > sqrt[yhy**2<yky**2<yly**23 
xa > yhy/bot 
xb > yky/bot 
xc > yly/bot 
tob > sqrtqu**2<v**2<w**23 
ra 
rb 
rc 
ta 
tb 
tc 
fat > 

u/tob 
v/tob 
w/tob 
[rb*xc]-[rc*xbj 
[rc*xa:-[ra*xc] 
Cra*xbD-Crb*xaD 
ccta**2:*ctb**2d3<[ctb**2]*ctc**2dd<[ctc**23*cta**2:d 
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MILLER INDICES ANGLE ELASTIC MOD 

1.9 1.0 1.0 -3.4 1.0 5.3 0.0 29.2845 29.2845 
10.0 29.7428 30.3434 
20.0 30.9163 32.7218 
30.0 32.1767 34.2064 
40.0 32.6141 33.4651 
50.0 31.6510 31.6785 
60.0 29.6165 29.7736 
70.0 27.4259 27.7271 
80.0 25.8584 25.9861 
90.0 25.3014 25.3014 

END SEQUENCE 

4.2 2.7 1.0 -1.0 1.0 1.7 0.0 35.8806 35.8806 
10.0 33.8346 35.0970 
20.0 29.5680 32.1482 
30.0 25.8654 28.1170 
40.0 23.9218 25.2818 
50.0 23.9466 24.5936 
60.0 25.9491 26.1702 
70.0 29.7371 29.7730 
80.0 34.1091 34.1097 
90.0 36.2125 36.2125 

END SEQUENCE 

4.9 2.7 1.0 -1.0 1.0 1.9 0.0 32.6775 32.6775 
10.0 31.3031 32.7393 
20.0 28.2997 31.3996 
30.0 25.5411 28.1505 
40.0 24.0634 25.3370 
50.0 24.1784 24.5094 
60.0 25.9180 25.9223 
70.0 29.0168 29.1039 
80.0 32.3908 32.4998 
90.0 33.9460 33.9460 

END SEQUENCE 

2.8 2.4 1.0 -1.9 1.0 2.8 0.0 32.3902 32.3902 
10.0 31.4137 32.5436 
20.0 29.2267 31.9822 
30.0 27.1989 30.0088 
40.0 26.2605 28.0477 
50.0 26.8234 27.5932 
60.0 29.0150 29.1912 
70.0 32.5854 32.5884 
80.0 36.3559 36.3648 
90.0 38.0709 38.0709 

END SEQUENCE 
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MILLER INDICES 

1.0 0. 0. 0. 0. 

ANGLE 

1.0 0.  
10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 
90.0 

END SEQUENCE 

ELASTIC MOD 

18.1477 
19.1115 
22.0808 
26.8197 
31.1895 
31.1913 
26.8231 
22.0835 
19.1128 
18.1477 

18.1477 
19.11 15 
22.0808 
26.8197 
31.1895 
31.1913 
26.8231 
22.0835 
19.1128 
18.1477 

3.0 1.0 2.0 -2.0 4.0 1.0 0. 
10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 
90.0 

END SEQUENCE 

2 .0  1 .0 -2 .0  -2 .0  2 .0  1 .0  0. 
10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 
90.0 

END SEQUENCE 

1.0 1.0 0. =1.0 1.0 2.0 0. 
10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 
90.0 

END SEQUENCE 

27.0258 
27.1266 
27.4297 
27.9332 
28.6213 
29.4492 
30.3292 
31.1296 
31.6970 
31.9032 

37.1125 
35.3569 
31.5747 
28.1501 
26.2888 
26.2881 
28.1483 
31.5721 
35.3547 
37.1125 

31.9032 
30.5558 
27.6670 
25.1517 
24.0883 
24.9129 
27.9314 
33.2437 
39.5454 
42.6889 

27.0258 
28.1819 
30.5911 
31.6772 
30.7228 
29.8568 
30.3463 
31.4353 
31.9112 
31.9032 

37.1125 
35.6149 
32.2325 
29.0043 
27.1919 
27.1913 
29.0025 
32.2302 
35.6131 
37.1125 

31.9032 
32.2161 
31.5734 
29.0405 
26.6832 
26.2677 
28.4539 
33.3484 
39.5487 
42.6889 
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MILLER INDICES ANGLE ELASTIC MOD 

5.0 2.0 2.0 -4.0 7.0 3.0 0. 31.9032 31.9032 
10.0 31.2780 32.4524 
20.0 29.7460 32.3803 
30.0 28.0210 29.9777 
40.0 26.6829 27.1794 
50.0 25.9908 25.9967 
60.0 25.9330 26.4083 
70.0 26.3020 27.1354 
80.0 26.7589 27.1575 
90.0 26.9612 26.9612 

END SEQUENCE 

2.0 1.0 1.0 -1.0 1.0 1.0 0. 42.6889 42.6889 
10.0 39.5491 39.5491 
20.0 33.2478 33.2478 
30.0 27.9342 27.9342 
40.0 24.9141 24.9141 
50.0 24.0882 24.0882 
60.0 25.1505 25.1505 
70.0 27.6650 27.6650 
80.0 30.5541 30.5541 
90.0 31.9032 31.9032 

END SEQUENCE 

2.0 0. 1.0 -1.0 1.0 2.0 0. 31.9032 31.9032 
10.0 31.3383 31.9559 
20.0 29.8984 30.9354 
30.0 28.1360 28.4411 
40.0 26.5370 26.6267 
50.0 25.3527 26.7354 
60.0 24.6243 27.6808 
70.0 24.2647 27.1381 
80.0 24.1339 25.1470 
90.0 24.1069 24.1069 

END SEQUENCE 

4.0 5.0 4.0 -12.0 4.0 7.0 0. 30.2721 30.2721 
10.0 30.3271 30.3577 
20.0 30.4969 30.5552 
30.0 30.7916 30.8115 
40.0 31.2132 31.2243 
50.0 31.7402 31.9019 
60.0 32.3155 32.6938 
70.0 32.8474 33.2359 
80.0 33.2277 33.3806 
90.0 33.3663 33.3663 

END SEQUENCE 



145 

MILLER INDICES ANGLE ELASTIC MOD 

9.0 3.0 5.0 -1.0 3.0 0. 0. 21.4821 21.4821 
10.0 22.4262 22.5655 
20.0 25.2881 25.8563 
30.0 29.8235 30.9536 
40.0 34.4916 35.6406 
50.0 36.2333 36.6642 
60.0 33.8774 33.9024 
70.0 29.9419 29.9490 
80.0 26.9885 26.9970 
90.0 25.9533 25.9533 

END SEQUENCE 

1.0 1.0 1.0 -1.0 1.0 0. 0. 31.9032 31.9032 
10.0 31.9032 31.9032 
20.0 31.9032 31.9032 
30.0 31.9032 31.9032 
40.0 31.9032 31.9032 
50.0 31.9032 31.9032 
60.0 31.9032 31.9032 
70.0 31.9032 31.9032 
80.0 31.9032 31.9032 
90.0 31.9032 31.9032 

END SEQUENCE 

1.0 1.0 1.0 -2.0 1.0 1.0 0. 31.9032 31.9032 
10.0 31.9032 31.9032 
20.0 31.9032 31.9032 
30.0 31.9032 31.9032 
40.0 31.9032 31.9032 
50.0 31.9032 31.9032 
60.0 31.9032 31.9032 
70.0 31.9032 31.9032 
80.0 31.9032 31.9032 
90.0 31.9032 31.9032 

END SEQUENCE 

3.0 1.0 1.0 -1.0 1.0 2.0 0. 31.9032 31.9032 
10.0 30.9023 32.0700 
20.0 28.5831 30.9459 
30.0 26.2116 27.7651 
40.0 24.6201 24.9516 
50.0 24.0808 24.1029 
60.0 24.5276 25.0732 
70.0 25.6422 26.6095 
80.0 26.8231 27.3124 
90.0 27.3367 27.3367 

END SEQUENCE 
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MILLER INDICES ANGLE ELASTIC MOD 

5.0 3.0 1.0 -1.0 1.0 2.0 0. 31.9032 31.9032 
10.0 30.6631 32.1651 
20.0 27.9391 31.3089 
30.0 25.4395 28.4145 
40.0 24.1641 25.7068 
50.0 24.4608 24.9174 
60.0 26.4109 26.4316 
70.0 29.7829 29.8437 
80.0 33.4530 33.5499 
90.0 35.1512 35.1512 

END SEQUENCE 

2.0 1.0 3.0 -2.0 1.0 1.0 0. 31.9032 31.9032 
10.0 31.6973 31.9113 
20.0 31.1300 31.4359 
30.0 30.3297 30.3470 
40.0 29.4498 29.8567 
50.0 28.6218 30.7220 
60.0 27.9336 31.6771 
70.0 27.4299 30.5926 
80.0 27.1267 28.1834 
90.0 27.0258 27.0258 

END SEQUENCE 

5.0 3.0 8.0 -5.0 3.0 2.0 0. 31.9032 31.9032 
10.0 31.2785 31.4426 
20.0 29.7935 30.0043 
30.0 28.2457 28.2548 
40.0 27.2741 27.5508 
50.0 27.1720 28.6489 
60.0 27.9328 30.9739 
70.0 29.2641 32.4247 
80.0 30.5670 31.8202 
90.0 31.1178 31.1178 

END SEQUENCE 
000000000000000000000000000000000000000000000000000000000000000000000000 

;EJECT 
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Lot C 

698 .0183 

706 .0058 

707 .0065 

948 .0017 

T1 Fe 

<.001 <.01 

<.001 <.01 

<.001 <.01 

<.001 <.01 

W+.Jg 
Cr Co 

<•01 <.01 

<.01 <.01 

<.01 <.01 

<.01 <.01 

Cu S 

<.01 .0018 

<.01 .0017 

<•01 .0024 

<.01 .0010 

Tkn Thickness, rno„ , . 
2 Inches 

2.3 0.003 

2.1 0.006 

2.3 0.012 

2 . 1  0 . 0 1 3  
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TABLE D-l 

Room Temperature Tensile Properties of 0.003 in. TD Nickel Sheet 

Orientation, Degrees from Rolling Direction 
rroperTy 

0 10 20 30 40 45 50 60 70 80 90 

0.2 Yield 47.3 43.7 42.7 41.9 42.4 40.0 41.6 45.4 46.6 45.2 
Strength, 51.8 44.0 42.1 41.6 42.8 42.6 42.0 43.7 48.7 46.5 

ksi 41.5 37.0 37.2 
56.6 44.8 45.4 

82.6 74.0 73.3 77.4 75.2 70.8 68.0 73.4 67.6 76.8 
T. . . 87.2 78.4 72.5 71.8 72.6 73.0 71.6 74.6 79.8 80.0 u . i . b . ,  k s i  6 9 z  6 q 6  6 a 5  

91.5 79.2 76.6 

31.9 28.9 28.3 29.1 27.5 27.1 27.4 30.3 31.5 26.5 
Elastic Modulus, 32.1 27.1 30.4 27.4 26.6 28.4 27.6 29.9 31.5 27.7 

m6 , 29.8 27.9 27.1 
IU pSI 33.0 29.5 28.3 



TABLE D-2 

Room Temperature Tensile Properties of 0.006 in. TD Nickel Sheet 

Orientation, Degrees from RolIing. Direction 
rroperry 

0 10 20 30 40 45 50 60 .70 80 90 

0.2 Yield 
Strength, 

ksi 

76.1 73.4 71.0 69.8 68.7 66.5 68.0 69.0 72.0 71.0 
0.2 Yield 
Strength, 

ksi 

72.5 
69.7 

75.0 75.5 76.0 72.0 
66.7 

74.2 76.0 79.0 82.6 85.2 
69.7 

0.2 Yield 
Strength, 

ksi 
73.2 69.2 73.0 

97.5 95.5 90.0 86.5 83.0 81.4 83.9 87.0 86.0 89.1 

U.T.S., ksi 
94.5 
92.4 
94.0 

98.0 94.6 91.4 87.2 
81.2 
83.3 

88.2 89.4 92.8 94.4 99.5 
85.5 
88.8 

33.5 31.5 29.8 31.0 30.1 27.0 30'. 1 29.5 28.9 33.8 33.5 
Elastic Modulus, 35.9 33.4 32.1 32.3 30.4 27.8 30.3 31.5 30.6 34.6 32.8 

I06 psi 
35.0 
34.0 

34.0 
32.2 



TABLE D-3 

Room Temperature Tensile Properties of 0.012 In. TD Nickel Sheet 

Orientation, Degrees from Rolling Direction 
Property 

10 20 30 40 45 50 60 70 80 90 

0.2 Yield 
Strength, 

ksi 

72.2 

71.2 
70.0 

70.0 
70.4 

72.2 
70.6 

71.3 
70.2 

68.1 
65.7 

68.2 
68.3 

64.5 
67.6 

68.4 
66.5 

71.8 
71.0 

75.9 
74.4 

72.1 

73.0 
74.2 

96.6 93.8 91.8 89.4 84.7 80.6 82.4 89.2 92.2 91.5 

U.T.S., ksi 
96.2 

93.2 93.0 89.2 83.0 
82.7 

81.1 80.6 89.2 91.1 
92.1 

93.4 82.5 90.5 

Elastic Modulus, 

10^ psi 

35.4 

35.4 
34.2 

38.3 
37.2 

36.0 
34.8 

33.4 
33.9 

32.8 
34.7 

30.8 
30.0 

34.9 
32.5 

29.1 
28.8 

32.7 
32.5 

38.5 
36.6 

36.9 

35.7 
37.8 

VJl 
f\> 



TABLE D-4 

Room Temperature Tensile Properties of 0.013 in. TD Nickel Sheet 

Orientation, Degrees from Rolling Direction 
Property 

0 10 20 30 40 45 50 60 70 80 90 

0.2 Yield 
Strength, 

ksi 

39.3 

42.3 
38.7 

39.0 
38.9 

38.1 
38.1 

38.5 
38.5 

41.6 
42.5 

43.0 
45.4 

42.5 
43.8 

39.2 
41.1 

41.0 
39.8 

41.8 
43.4 

40.7 

41.3 
44.7 

U.T.S., kst 

60.5 

61.0 
58.7 

57.2 
58.1 

52.8 
54.4 

53.0 
53.2 

57.8 
59.0 

59.2 
60.8 

58.4 
60.1 

53.2 
56.1 

56.2 
56.3 

59.5 
62.0 

59.3 

60.3 
61.8 

17.6 19.4 21.4 23.4 29.1 31.1 25.7 25.3 20.6 19.9 
Elastic Modulus, 18.4 20.8 21.5 29.0 31.1 27.6 24.4 19.1 

,n6 . 17.6 30.5 17.8 
IU psi 18.8 30.6 17.9 

\ 

u» 
W 



TABLE D-5 

Elevated Temperature Elastic Moduli of TD Nickel Sheet 

Thickness, 1nches 

0.003 0.006 0.012 0.013 
Orientation Orientation Orientation Orientation 

Temp. 

0 45 90 0 
451 

90 0 45 90 0 45 90 

25 31.1 29.7 26.7 34.9 28.5 33.6 34.0 29.4 36.1 18.1 30.5 18.2 

385 
23.4 28.1 

27.6 
30.2 28.8 

27.8 
14.7 

500 
25.6 
22.5 

23.1 
21.8 

19.6 
18.3 " 

25.5 
25.1 

21.4 
21.3 
23.7 

24.2 
24.0 

27.3 
25.7 
23.1 

23.2 
22.1 

27.9 
24.6 

13.8 
13.6 
13.5 

26.7 
26.3 
25.2 

13.7 
12.6 

800 
22.8 
20.7 

19.8 
19.5 

17.2 
14.8 

21.9 
17.6 

19.7 
16.0 

18.3 
18.3 

22.7 
18.9 
18.0 

18.6 
16.6 

22.6 
19.7 

1 1.6 
10.3 
io.o 

22.8 
21.8 
19.9 

1 1.1 
11.0 

1100 
18.0 
14.8 

15.2 
14.8 

12.1 
9.8 

13.1 
12.9 

12.3 
8.0 

12.2 15.2 
15.0 

14.7 
il .1 

15.9 
14.1 

7.9 
7.9 
6.9 

18.0 
13.8 

9.3 
7.4 

25 
(After) 

32.3 
31.1 

30.5 
29.7 

27.4 
25.3 

35.7 
34.9 

28.5 33.6 33.6 
33.3 

30.2 
29.8 

37.0 
34.4 

20.2 
18.5 
18.3 

30.8 
30.2 
32.9 

18.2 
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Room Temperature Elastic Modulus Measurements 

In this Investigation each of four materials was tested In II 

directions, and at least two measurements were made In each direction. 

Therefore, according to Brownlee (1953), the analysis falls under the 

heading of a two-factor analysis with replication. 

In the following table, A represents the number of different 

materials tested and C represents the number of directions In the sheet. 

TABLE E-l 

Results of Analysis of Variance of Room Temperature 
Elastic Modulus Data 

Source of 
Variance 

Number of 
Factors, n 

Degrees of 
Freedom, n-l 

Sum of 
Squares 

Mean Square 

A 4 3 1273.5682 424.5227 

C II 10 42.8582 4.2858 

AC — 30 724.3218 24.1440 

Test Error — 44 45.7700 1.04 

Based on this analysis the variance (test error) is 1.04 x 10^ 

psi. The standard deviation Is the square root of the variance: o = 

V /L04 = 1.02 x I06 psl. 

Elevated Temperature Elastic Modulus Measurements 

In this phase of the investigation each of four materials was 

tested in three directions, and at least two measurements were made In 

each direction. The analyses of the data are summarized in the following 
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table. As In the previous analysts, A represents the number of different 

materials tested and C represents the number of directions in the sheet. 

TABLE E-2 

Results of Analyses of Variance of Elevated Temperature 
Elastic Modulus Data 

Temperature, Source of. Degrees of Sum of 
Degrees C Variance Freedom Squares 

500 A 3 199.35 66.45 
C 2 31.8 15.9 
AC 6 463.15 77.2 

Test Error 12 18.18 1.51 

800 A 3 105.18 35.06 
C 2 25.21 12.61 
AC 6 301.87 50.31 

Test Error 12 43.92 3.65 

1100 A. 3 36.91 12.3 
C 2 29.98 14.99 
AC 6 261.78 43.63 

Test Error 12 31.45 2.62 

The variances and standard deviations are therefore: 

Temperature, Degrees C Variance, 10^ psi Standard Deviation, 10^ psi 

500 1.51 1.23 
800 3.65 1.91 
1100 2.62 1.62 
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R.D. 

(010) 

(001) 

(100) 

Fig. F-l. Positions of {100} poles for the (lll)CTl03 ideal orientation. 
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R.D.  

^p(OIO) (001) 

(100) 

Fig. F-2. Positions of {100} poles for the (111)C2113 ideal orientation. 
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R. D. 

(001) 

(010) 

(100) 

Fig. F-3. Positions of {100} poles for the (522>C473l] Ideal orientation. 
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R.D.  

(001) 

(J00) 

Fig. F-4. Positions of {100} poles for the <311)CT123 ideal orientation. 
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\y' 
(100) 

Fig, F-5. Positions of {100} poles for the (20l)[Tl2D ideal orientation. 



(001) 

(100) 

Fig. F-6. Positions of {100} poles for the (454)Cl2 4 7] ideal 
orientation. 
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R.D.  

(001) 

\ 
\ 

(100) 

Fig. F-7. Positions of {100} poles for the (211)[7lIJ ideal orientation. 



'3> v-
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(001) 

(100) 

Fig. F-8, Positions of {100} poles for the (935>CT30D ideal orientation. 
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R.D. 

(001) 

(100) 

Fig, F-9. Positions of {100} poles for the (538)C532U ideal orientation. 
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R.D.  

(010) 

(001) 

(100) 

Fig. F-IO. Positions of {100} poles for the <213)^211• Ideal orientation. 
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