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ABSTRACT
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nd MgO studied and preliminary work on the effect
e fracture strength of Lucalox (Al,O,) are presented.

Individuzal problem areas were attacked on separate fask programs.

Task 1

Task 2
Task 3
Task 4
Task 5
Task b
Task 7
Task 8
Task 9
Task 10
Task 11

Effect of Structural Size:
"The Zero Strength'

Effects of Strain Rate

Effect of Non-Uniform Stress Fields'
Effect of Microstructure

Internal Friction Meagurements
Surface Energy on Brittle Behavior
Fracture Mechanisms

Impurity Influences

Static Fatigue: Delayed Fracture
Effect of Thermal-Mechanical History

Surface Active Environments

PUBLICATION REVIEW

This report has been reviewed and is approved.

FOR THE COMMANDER:

W2 AL

W. G. Ramke

Chief, Ceramice and Graphite Branch
Metals and Ceramics Laboratory
Directorate of Materiala and Procesases

il



TABLE OF CONTENTS

Page
L. INTRODUGCTICON 1
H. MATERIALS 12
1. Introduction 12
2, Aluminum Oxide 12
A. Single Crystals 12
B. High-Density Commercial Multicrystals (A1995) 13
C. Ultra-High Density Crystals (Lucalox) 14
D. Preliminary Studies on Al;03 18
E, Influence of Porosity on Strength of Lucalox 21
3. Magnesium Oxide 28
A, Single Crystals 28
B. High Density Sintered MgO 29
C. Hot-Pressged {Ultra-High Density) Polycrystalline
MgO 31
4, References 35
111, FINAL REPORTS ON IN-HOUSE TASK PROGRAMS 36
Task 1 - EFFECT OF STRUCTURAL SIZE: THE ZERO
STRENGTH
ABSTRACT 36
1. Introduction 37
2. Specimen Design 38
A. Flexural Specimens 38
B. Tension Specimens 43
3. Equipment 47
4, Theoretical Considerations 54
A, Flaw Constants 54
B. Size Effects 57
5. Experimental Work and Discussion 60
A, Test Conditions and Data 60
B, Data Analysis and Discussion 66
6. Conclusions 89
7. Contributing Personnel 92
8. References 92
9. Bibliography 92
Task 2 - EFFECT OF STRAIN RATE
ABSTRACT 94
1. Introduction 95
2. Development of Equipment to Produced Desired
Strain Rates 95
A. Low Strain Rate Machine 95
B, Intermediate Strain Rate Loading Device 97
C. High Strain Rate Loading Device 97
3. Development of Transverse Bend Test Equipment 104

iv



7.

Design of the Measuring and Recording System
Design and Construction of a Suitable Furnace for
Tensgile and Bend Test Application

Lioading Systems for Uniaxial or Pure Bending
Strains

A, Uniaxial Loading

B. Bend Test Activity

Summary and Conclusions

Tagsk 3 - EFFECT OF NON-UNIFORM STRESS FIELDS

ABSTRACT

i,
2.

7.
8.
9.

Introduction

Statistical Theory of Brittle Fracture

A. Multiaxial Stresses

B. Non-Uniform Stress Fields (Uniaxial)

C. Graphical Determination of Distribution
Parameters

Stress Distribution Factors Affecting Failure

A, Weibull Theory

B. Stredgs Gradient

C. Effective Size

Specimen Types

The Theta Specimen

A, Need for a Special Design

B. Load-Stress Relationship

Experimental Results

A. Columbia Resin

B, Plexiglas

C. Graphite

D, Wesgo AL995

Conclusions

Contributing Personnel

References

Task 4 - EFFECT OF MICROSTRUCTURE

ABSTRACT

1.
2-

Introduction

Materials and Test Specimens
A. Polycrystalline MgO

B, Lucalox

Apparatus and Testing Procedure
Results and Discussion

A, Magnesium Oxide

B. Lucalox

Conclusions

Contributing Personnel
References

105
108

108
108
117
117

119

120
121
127
128

129
130
130
131
133
134
139
139
142
145
148
152
156
164
164
168
169

170

171
172
172
174
175
180
180
187
196
199
199



v,

Task 5 - INTERNAL FRICTION MEASUREMENTS

ABSTRACT
1. Introduction
2. Internal Friction Apparatus

5.
6.
7.

A, General Description

B. Furnace and Specimen Support: Unitl

C. Electronic Circuits

D. Operation of System

E. Grid Capacitance Change

Preparation of Specimens

Experimental Regults and Discussion

A. Amplitude Independent Dislocation Damping
B. Amplitude Dependent Dislocation Damping
C. Relaxation of Impurity-Vacancy Complexes
D. Higher Temperature Processes
Conclusions

Contributing Personnel

References

REPORTS ON SUBCONTRACT TASKS

Tagk 6 - EFFECT OF SURFACE ENERGY

ABSTRACT

1,
2.

4,
5.
6.
7.

Introduction

Crack Propagation Methods

A. Hertz Cracks

B, Quantitative Cleavage

C. Precracked Thin Plates

Surface Energy Change in Powders due to Adsorbed
Gasges

A. Experimental Technique

B. Discussion of Results

Surface Energy of Al1;03 by the Method of Zero Creep
Fractography

Conclusions

References

Task 7 - FRACTURE MECHANISMS

ABSTRACT

1, Introduction

2. The Microscope Stage Testing Machine

3. The High-Temperature Testing Machine

4, Experiments on the Fracture and Defermation of

Non-Metallic Single Crystals
A. Experiments with Alkali Halides
B. Experiments with Magnesium Oxide

vi

200

201
203
203
207
210
221
223
226
230
230
236
238
247
250
251
251

252

253
255
255
256
261

264
268
272
277
282
293
295

296

297
299
301

306
306
315



5. Discussion
A, Asterism
B. Kink Conversion and Other Strain Hardening
C. Bauschinger and Other Reversal Effects
D. Kink Stresses and Fracture
6. Conclusions
7. References

Task 8 - IMPURITY INFLUENCES
ABSTRACT

. Introduction

. Preparation of High-Purity A1203 Powders

. Preparation of High-Purity MgQ

. Specimen Preparation

A, Preasing, Sintering and Cutting Operations
B. Doping Procedures

Experimental Work

Discussion of Results

Conclusions

References

B BN

@ -

Tagk 9 - STATIC FATIGUE; DELAYED FRACTURE
ABSTRACT

1, Introduction
2. Experimental Approach
A. Dynamic and Static Testing
B. Atmospheres and Temperatures
3. Materials
A, Bapphire
B. Polycrystalline Al;03
4, Experimental Methods
A, Dynamic Bending
B. Static Bending
5. Fatigue Failure Theory
6. Experimental Results for Single Crystal Alumina
A, Base Level Strength of Sapphire
B. Constant Strain Rate Tests on Sapphire
C. Static Fatigue Tests on Sapphire
7. Experimental Results for Lucalox
A, Strength Versus Grain Size and Testing Rate
B, Constant Strain-Rate Tests on Lucalox
C. Room Temperature Static Fatigue of Lucalox
8. Conclusions
9. Contributing Personnel
10. References

Tasgk 10 - EFFECTS OF THERMAL-MECHANICAL HISTORY

ABSTRACT

1. Introduction
2. Experimental Procedure

vii

321
322
323
324
324
3256
325

326

327
329
335
337
337
338
341
367
368
369

370

37l
373
374
374
375
375
380
380
383
3856
385
386
386
388
391
391
391
394
394
400
403
404

405

406
408



5.

7-

The Strength of Crystala Containing "Grown-in"
Dislocations

A, Tension Teats

B. Bend Tests

C. Etch Pit Studies

Eifect of Heat Treatment on Pre-Strained Crystals
A, Bend Tests at Room Temperature

B. Bend Tests at High Temperatures

C. Etching Studies

Discussion and Conclusions

Contributing Personnel

References

Task 11 - SURFACE ACTIVE ENVIRONMENTS

ABSTRACT

1.
2.
3.

4.
5.

APPENDIX A - ANELASTIC PHENOMENA IN POLYCRYSTALLINE

Introduction

Experimental Procedure

Results and Discussion

A, Control Specimens

B. Eoom Temperature Gaseoua Exposure
C. Moisture

D. Elevated Temperature Gaseous Exposure
E., Extraneocus Effects

Conclusions

References

OXIDE CERAMICS

1.
2,
3.

Introduction
Apparatus
Experimental Results -1
A, Temperature Variation of Q

B. Variation of Q-1 with Vibration Amplitude
C. Variation of Q-1 with Load

D. Variation of Q-1 with Constant Load
Discussion

Contributing Personnel

References

viii

411
411
416
422 -
424
424
430
436
44]
445
435

447

448
448
450
450
450
453
459
464
470
476

477

478
479
483
484
487
488
490
490
494
494



3V

Fig, 3

Fig,

Fig. 5

Fig,

PART III
Fig.
Fig,
Fig.

1-1
1-2
1-3

. 1-4

. 1-5

1-9
1-10

. 1-11

1-12
1-13

. 1-14

. 1-15

LIST OF ILLUSTRA TIONS

Strength and Density of Lucalox as a Function of

Grain Size

Photomicrograph of Lucalox at 5

Grain Size

Modified Strength vs., Grain Size Relationships for

Lucalox at Constant Porosity

Petch-type Relationship for Dependence of Strength

on Grain Size in Liucalox

Dependence of Strength on Porosity in Lucalox

Microstructure of Hot Pressed and Decarbonized

MgO

Effect of Friction Forces on Pure Bending

4-Point Bending with Fixed Load Points and Supports

4-Point Bending Test, Load Points and Supports
Mounted on Rollers

Photoelastic Pattern Showing Uniform Bending in

the Dogbone Specimen

Details of Multicrystalline Doghone Specimens for
Tension and Bending

Photoelastic Pattern in Pinned Tension Specimens

Tension Grips and SR-4 Instrumented Sample

Axial Loading of Specimen using Snug Grip and Pin

Connection

Two Bay 30, 000 1b Universal Testing Machine

Schematic of Hi-T Furnace to

1750°C with Flexure

Test Fixture for Air or Inert Atmosphere

Flexure Test Fixture

Typical Bending Fractures

Distribution Curve of Fracture Strengths of As-Re-

ceived Wesgo AL995 at 20°C

Digtribution Curve of Fracture Strengths of Annealed
Wesgo AL995 at 20°C

Distribution of Fracture Strengths of Ground Wesgo

AL995 at 20°C

ix

16
17

24

26
26

34

39
40

40

44

45
46
48

49
50

51
52
53

67

68

69



Fig.
Fig.
Fig,
Fig.
Fig,
Fig,

Fig,

Fig.

Fig,

Fig.

Fig.
Fig.
Fig.

Fig.

1-22

1-23

1-24

Distribution Curve of Fracture Strengthas of
Ground Annealed Wesgo AL995 at 20°C

Distribution Curve of Fracture Strengths of Wesgo
Alumina at 1000°C

Distribution Curve of Fracture Strengths of As-
Received Lucalox at 20°C

Distribution Curve of Fracture Strength of ARF
As-Received MgO at 20°C

Graphical Determination of Weibull Constants for
As-Received Wesgo AL995 with Separate Treat-
ment for Surface and Volume Effects

Graphical Determination of Weibull Constants for
Ground Wesgo AL995 at 20*°C

Graphical Determination of Weibull Constant for
Annealed Wesgo AL995 at 20°C

Graphical Determination of Weibull Constants for
Annealed Ground Wesgo AL995 at 20°C

Graphical Determination of Weibull Constants for
As-Received Wesgo AL995 at 1000°C

Graphical Determination of Weibull Constants for
Lucalox Flexural Specimens at 20°C

Graphical Determination of Weibull Parameters
for ARF MpgO Specimens at 20°C

Graphical Determination of Composite Weibull
Parameters for 0,047 in. 3 Gage Volume Wesgo
AL995 at 20°C

Graphical Determination of Composite Weibull
Parameters for Ground Weago AL995 at 20°C

Graphical Determination of Composite Weibull
Parameters for As-Received Lucalox Flexural
Specimens at 20°C

Graphical Determination of Composite Weibull
Parameters for ARF MgO Flexural Specimens
at 20°C

Spring lL.oaded Device for Medium-High Strain
Rate Experiments

Strain Gage Instrumented Specimen Mounted in

End Connectors from Spring Loaded Impact Device

Installation of Spring Loaded Dévice in Testing
Machine

Schematic of High Strain Rate Loading Device

70

71

73

74

75

76

77

78

79

80

81

82

83

84

85

98

99

100
101



Fig,
Fig,

Fig.

Fig.
Fig.
Fig,

Fig.
Fig,
Fig.
Fig,
Fig,
Fig.

Fig,

2-5
2-6

2-7

2-8
2-9
2-10

3-2
3-3
3-4

. 3-5

3-6

3-7

3-10

3-11

3-12

3-13

3-14

3-15

3-16

Close-Up View of Specimen Bend Fixture

View of Specimen Bend Fixture Mounted in
Testing Machine

Schematic of Elevated Temperature Furnace
for Test Section of Dogbone Specimen

Ceramic Test Specimen

Precision Tensile Specimen and Gage

Precision Tenaile Specimen Cemented in Tensile
Grips

Ilustration of Proposed Factors to be Correlated
with Failure Stress

Dogbone Used in Tension Bending Tests

Theta Specimen Gecmetry

Disk with Two Holes

Isochromatic Fringe Patterns of Four Rings and
Two Hole Disk Under Diametral Compression

Uniaxial Tensile Specimen and Grips Showing
Eccentric Loading for the Case where the Speci-
men Axis is Parallel to the Axes of the Pins

Photoelastic Patterns of the Theta Specimen
Under Diametral Compressive Load

Moire Fringe Pattern on Theta Specimen Under
Diametral Compressive Load

Stress-Lioad Relation for Geometric Variations
in the Theta Specimen

Two Plexiglas Theta Specimens at Different Stages
of Failure due to Diametral Compressive Load

Failure Stress vs. Maximum Stress Gradient for
Various CR-39 Specimens

Failure Stress vs, Volume Subjected to More Than
95% of Maximum Tensile Stress for CR-39

Failure Stress vs. Maximum Stresa Gradient for
Various Plexiglas Specimens

Failure Stress vs. Volume Subjected to More Than
95% of Maximum Tenaile Stress for Plexiglas

Failure Stress vs. Maximum Stress Gradient for
Yarious Graphite Specimens

Failure Stress vs. Volume Subjected to More Than
95% of Maximum Tensgile Stress for Graphite

xi

103

109

110
112
113

113

132
136
137
138

140

141

143

144

146

147

150

151

154

155

159

160



Fig.
Fig.
Fig,
Fig,

Fig,

Fig.
Fig,
Fig.

Fig,

Fig.
Fig.
Fig.
Fig,
Fig.
Fig,
Fig,
Fig,
Fig.
Fig,
Fig,

Fig,

4-1
4-2
4-3

4-4

4-5

4-6

4-8

4-9

4-10

4-11

4-12

4-13

4-14

4-15

4-16

Distribution Curve of Failure Stresses in
Graphite Theta Specimens

Probability Density Curve of Failure Stresses
in Graphite Theta Specimens

Graphical Determination of Material Function
for Graphite

Determination of Combined Distribution Function
from Two Component Functions

Failure Stress vs, Volume Subjected to More Than
95% of Maximum Tensile Stress for Alumina
(Wesgo AL995)

High Temperature Compression Testing Apparatus
Full View of Compression Testing Unit

Rate of Heating Used in Bringing Compression
Specimeng Up to Test Temperature

Lucalox Ramsg, Discs and a Compression Test
Specimen Used in the High Temperature Compre-
ssion Testing Experiments

Variation of Fracture Stress with Temperature
for Polycrystalline MgO

Autographic Records of Polycrystalline MgO at
Various Test Temperatures

Polycrystalline MgO Compression Specimen
Fractured at 1200°C

Polycrystalline MgO Compression Specimen
Fractured at 1400°C

Polycrystalline MgO Compression Specimen
Fractured at 1600°C

Photomicrograph of MgO Specimen Fractured
at 1400°C

Photomicrograph of MgO Specimen Fractured
at 1600°C

Variation of Fracture Strength of Lucalox of
Various Grain Sizes with Temperature

Autographic Records of Lucalox at Various Test
Temperatures

Lucalox Specimens Before and After Testing
Under Compressaive Loading at 1600°C

Lucalox Specimens Before and After Testing
Under Compressive Loading at 1700°C

Lucalox Specimens Before and After Testing
Under Compressive Loading at 1900°C

xii

16l

162

163

165

166

176
177

179

181

183

184

185

185

186

189

189

191

192

193

193

194



Fig. 4-17
Fig., 4-18

Fig, 4-19

Fig. 4-20

Fig. 5-1
Fig. 5-2
Fig, 5-3
Fig, 5-4
Fig., 5-5
Fig, 5-6
Fig. 5-7
Fig, 5-8
Fig. 5-9
Fig, 5-10
Fig. 5-11
Fig. 5-12
Fig., 5-13
Fig. 5-14
Fig. 5-15

Fig, 5-1%
Fig., 5-17
Fig. 5-18
Fig. 5-19
Fig. 5-20
Fig. 5-21
Fig. 5-22
Fig. 5-23
Fig. 5-24
Fig. 5-25
Fig., 5-26
Fig, 5-27

Cross Section of Grain Size 0. 005mm Lucalox
Compressed at 1900°C

Photomicrograph of Lucalox Specimen Compres-
sion Tested at 1300°C

Photomicrograph of Zone Near Compression
Platens in Lucalox Specimen Compression Tested
at 1900°C

Petch-Type Analysis of the Fracture Streas-Grain
Size Data

Photograph of Detecting Grid

Block Diagram of Apparatus

General View of Apparatus

Section of Furnace Showing Specimen Mounting
Discriminator and Amplifier

Discriminator Curve

Drive Amplifier

High Stability Generator

Fregquency Divider

Ca rt Connections

Detector Circuit

Plug Interchange

Overall Detector Curve

Shapes of Specimens

Yield Moment vs. Beam Thickness for MgO
Single Crystals at Room Temperature

Amplitude Dependence of Log. Dec.

Dislocation Damping in a Deformed Specimen
Dislocation Damping in a Defnrmed Specimen
Annealing of Dislocation Damping for 4 Specimens
Temperature Dependence of Damping

Check on Granate-Lucke Relation

Geometry of Impurity-Vacancy Complex
Relaxation Peak of Complex at 45 kc/s

Relaxation Peak of Complex at 8. 3 kc/s

Annealing of Relaxation Peak of Complex

High Temperature Behavior of Specimen No, 1026
High Temperature Behavior of Specimen No, 1076

xiid

194

195

195

197

205
206
208
209
211
213
214
215
217
219
220
222
224
227

229
231
233
234
235
237
239
240
241
243
244
248
249




PART IV

Fig.
Fig,
Fig,
Fig,
Fig,

Fig,

Fig,
Fig,
Fig.

Fig.

Fig.

Fig,
Fig.

Fig,
Fig.
¥ig.

Fig,
Fig.

Fig.
Fig,

Fig.
Fig,

6-1
6-2

6-3

6-4

Quantitative Cleavage Apparatus

Minimum Tup Energy for Cleavage Versus Cross
Sectional Area of Crystal for MgQ and CaCO3
Crystals

U-Shaped Loading Jig for Pre-Cracked Plate
Specimens

Calculated Surface Energy of Glass from Breaking
Stress Data Versus Plate Thickness

6-5(a) Calculated Surface Energy of Al303 from Breaking

Stress Data Versus Plate Thickness

6-5{b) Fracture Stress of Pre-Cracked Al;03 Thin Flates

6-6
6-7
6-8

6-9

6-10

6-11
6-12

6-13

6-14

6-15

6-16
6-17

6-18

6-19

6-20
6-21

Versus the Reciprocal of the Product of the Square
Root of the Semi-Crack Length and the Plate
Thickness

Diagrammatic Sketch of Adsorption System
General View of Adsorption System

Curve for Adasorption of Carbon Dioxide on
Powdered Bauxilite at -77°C

Results of Three Separate Determinations of the
Adsorption of Carbon Dioxide on Powdered
Bauxility at 20°C

Langmuir Plot of the Results for the Adsorption
of Carbon Dioxide on Powdered Bauxilite at 20°C

General View of Al303 Rod Assembly Used

High-Temperature Furnace, Showing Graphite
Heater

High-Temperature Furnace with Molybdenum
Shields in Place

General View of Externals of High- Temperature
Furnace

Electron Micrograph of Al,03 Thin Plate Fracture
Surface, Carbon Replica, X-4800

Enlargement of Part of Fig, 6-15, X30, 000

Effect of Grain Orientation Upon Fracture Surface
X24, 000

Fracture Surface Pattern Across Grain Boundary
X12,000

High Magnification Picture of Serrated Paths in
Fracture Facet, X45, 000

Conchoidal Fracture Markings, X12, 000
Orientation of Cleavage Facets in Fracture Surface
of Polycrystalline A1203

xiv

257

259

262

263

265

265
270
271

273

274

276
280

281

283

284

286
287

288

289

290
291

292



Fig,
Fig,

Fig,
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.,

Fig,

Fig.
Fig,
Fig,

Fig.
Fig,

Fig,
Fig.

Fig,
Fig.

Fig.
Fig,

7-1
7-2

7-3

7-4

7-5
7-6

7-10

7-11

T-12

7-13

T-14
7-15

7-16
7-17

7-18
T-19a

7-19b
7-20

View of Microscope Stage Testing Machine

High- Temperature Vacuum Furnace for Use with
5000 1b Testing Machine

View of Central Part of High-Temperature Test
Facility

Overall View of High-Temperature Test Facility
for Use with 5000 1b Testing Machine

Fracture Surface of KCl Crystal Cleaved at 400°C

Part of Fracture Surface of KC1 Crystal Shown in
Fig., 7-5 (400°C)

Cleavage Tracks (River Marks) on Fracture Sur-
face of KC1 Crystal (Cleaved at 400°C)

Fracture Surface of KCl Crystal Bent by Impact
at 200°C

Cleavage Tracks on KCl Crystal Cleaved at 500°C
Showing Dislocation Etch-Pit Distribution

Origin of Cleavage Fracture Re-initiation After
Extensive Plastic Deformation at a Fracture-stop
Front

Fracture Surface Markings on a KC1 Crystal
Cleaved at 600°C

Tonternal Fracture Origin in a Water Polished KC1
Crystal Bent at 20°C

Surface Slip Steps on KC1 Crystal Deformed at
300°C in Bending

A Different Area of the Crystal Shown in Fig., 7-13

Change in Lattice Orientation at Intersecting Slip
Bands (Gilman Bands) in MgQ

Same as Fig. 7-15, Different MgO Crystal

Staggering of Dislocation Slip Bands Under Reac-
tivated Flow in MgO Single Crystals

Slip-Bands in MgQ Under Reactivated Flow

Area of MgO Crystal Shown in Fig. 7-16 Viewed
Under Transmitted Polarized Light

Berg-Barrett X-Ray Image of Same Area

Schematic Representation of Lattice Rotation and
Dislocation Movement During Growth of Intersect-
ing Gilman Bands

300

302

304

305
307

308

309

310

310

311

313

314

314
315

316
316

317
318

319
319

320




Fig. 8
Fig. 8

Fig.
Fig.
Fig,

Fig,
Fig,
Fig,
Fig,
Fig,
Fig.
Fig.

Fig,
Fig.
Fig,

Fig,

Fig,

Fig,

8-3
8-4
8-5

. 8-6

8-7
8-8
8-9
8-10
8-11
§-12
B-13

8-14

8-15

8-16

8-17

8~18

8-19

8-20

Preparation of Test Prisms

Firing Schedule for MgO Specimens Doped with
Impurity Prior to Sintering

Diagram of Furnace

Strength of Al,04 as a Function of TiO, Impurity
Strength of Al;03 as a Function of Cr03 Impurity
Strength of Al;04 as a Function of NaO Impurity
Strength of A1203 as a Function of MgO Impurity
Strength of MgO as a Function of Fey04

Strength of MgO as a Function of Al,0,

Strength of MgO as a Function of TiO2 Impurity
Strength of MgO as a Function of Cr;03 Impurity
Strength of MgO as a Function of 5i0O, Impurity

Modulus of Rupture vs, (Grain Size}-0.5 for
Pre-Sintered Doped Al;O5

Modulus of Rupture vs. (Grain Size)~0: 5 for Pre-
Sintered Doped MgO

Logarithm Porosity ve. Modulus of Rupture, Al,O;

Doped with Impurity Prior to Sintering

Logarithm Porosity va. Modulus of Rupture for MgO

Doped with Impurity Prior to Sintering

Photomicrograph Showing Flash-Etched Surfaces
of Pressed and Sintered High-Purity Al,03 Doped
Prior to Pressing with 0 ppm Sodium Oxide as
B-alumina, {0,60 in. on the photomicrograph
represents 100 microns on the actual surface.)

Photomicrograph Showing Flash-Etched Surfaces

of- Pressed and Sintered High-Purity Al,03 Doped
Prior to Pressing with 10 ppm Sodium Oxide as

£ -alumina, (0.060 in, on the photomicrograph

represents 100 microns on the actual surface.)

Photomicrograph Showing Flash-Etched Surfaces
of Pressed and Sintered High-Purity A1203 Doped
Prior to Pressing with 100 ppm Sodium Oxide ag
f-alumina, (0.060 in. on the photomicrograph
represents 100 microns on the actual surface.)

Photomicrograph Showing Flash-Etched Surfaces

of Pressed and Sintered High-Purity Al,0, Doped
Prior to Pressing with 1000 ppm Sodium Oxide as
B-alumina. (0,060 in, on the photomicrograph

repregents 100 microns on the actual surface,)

xvi

339

340
345
348
349
350
351
353
354
355
356
357

359

360

361 -

362

363

364

365

366



Fig, 9-1 Loading Method for Sapphire Specimens 378
Fig, 9-2 Variability of ¢ in As-Received Linde Sapphire 379
Fig, 9-3 Eifect of Grain Size on Strength and Porosity of

Lucalox 381
Fig, 9-4 Microstructure of Standard (30-40 Grain Size)

Lucalox Specimen. H3POy Etch for 10 Min. 382
Fig, 9-5 Multiple Specimen Molybdenum L.oading Fixture

for High Temperature Dynamic Tests 384
Fig. 9-6 Multiple Specimen Autoclave for Low Temperature

Static Tests 384
Fig, 9-7 Theoretical Preduction for Static Fatigue 387
Fig, 9-8 Environmental Effects on Sapphire at Various

Temperatures 390
Fig. 9-9 Static Fatigue of Sapphire at Various Tempera-

tures 393
Fig, 9-10 Effect of Grain Size and Strain Rate on Strength

of Lucalox 396

Fig, 9-11 Normalized Vacuum Strength and Modulus of
Elasticity of Al;03 as Function of Temperature 397

Fig, 9-12 Temperature-Environmental Effects on the Rup-
ture Strength of Standard Lucalox Specimens 398
Fig, 10-1 Tensile Properties of Polished Magnegium Oxide
Crystals 412

Fig, 10-2 Nucleation Slip on Intersecting Systems by a
Passing Slip Band for Specimens Subjected to

Tension 7 417
Fig, 10-3a Slip Distribution in a Polished MgO Crystal

Under Bending (X10) 419
Fig., 10-3b Slip Distribution in a Polished and Sprinkled

MgO Crystal Under Bending (X10) 420
Fig. 10-4 Bend Tests on Carefully Polished Magnesium

Oxide Crystals 421
Fig, 10-5 Appearance and Distribution of Etch Pits on

Magnesium Oxide (X250) 423
Fig, 10-6 Effect of a 1-Hr Anneal on the Flow Stress for

Sprinkled MgO Crystals 425

Fig. 10-7 Stress Deflection Curves for Sprinkled MgO
Crystals Before and After a 1-Hr Anneal,

Crystal B 426
Fig. 10-8 Effect of Heat Treatment on the Flow Stress Ratio
for Sprinkled MgO Crystals 429

xvil



Fig.
Fig,
Fig.
Fig,
Fig.
Fig.
Fig,
Fig.
Fig.
Fig,
Fig.
Fig.

Fig.

10-9

10-10

. 10-11

10-12
10-13

. 10-14

. 16-15

11-1

11-2

11-3

11-4

11-5

11-6

11-7

11-8

11-9

11-10

11-11

11-12

11-13

Typical Sequence of Bend Tests to Determine

High Temperature Mechanical Behavior 431
Effect of Temperature on Strength of Annealed

{2000°) Norton Crystals 433
Effect of Temperature on Strength of As-Received

and Annealed (2000°) Semi-Elements Crystals 434
Appearance of Dislocation Etch Pits 439

The Reactivation of Short Slip Band Segments
Following an Anneal at 600°C and 800°C (X250) 440

Effect of Annealing on Density and Distribution

of Diaslocations 442
Slip Bands Produced in As-Received MgO Crystal

at 600°C (X350) 442
Stress-Deflection Curves for Single Crystal MgO
Control Specimens 451
Equilibrium Conditions for Magnesium-Carbonate
Reaction 454
Equilibrium Conditions for Magnesium-Hydroxide
Reaction 455
Precipitate on MgQ Crystal After 14 Days Exposure

to Water-Saturated Air 457
Precipitate on MgO Crystal After 4.5 Hr Exposure

to Steam 457
Effect of Moisture on Ductility of MgO Single

Crystals 458
Etch Pit Pattern on MgO Crystal After 14 Days
Contact with Water-Soaked Filter Paper 460
Effect of Air Again at 600°C on Ductility of MgO

Single Crystals 466
Surface of MgO Crystal After Air Aging 160 Hr

at 600°C 468
Stress-Deflection Curves for MgO Crystals Under
Various Air Aging Conditions 469
Resgidue Formed on MgO Crystal Following Chemi-

cal Polish 471
Effect of Residue Formed on MgQ Crystal After
Chemical Polishing 472
Cracks on Edge of MgO Crystal After Contact

with Pyrex Tube 473

xviii



APPENDIX A

Fig. A-1 Section Through Internal Friction Apparatus
{(Furnace and Differential Transformer Supports

not Shown) 48]
Fig, A-2 Temperature Variation of Internal Friction 485
Fig, A-3 Arrheniug Plots of Curves A, B and C of Fig, A-2 484
Fig. A-4 Amplitude Variation of Q-1 489

xix



PART 1
Table I

PART 11
Table II

Table I1II
Table IV

Table V
Table VI

Table VII

Table VIII

PART NI

Table 1-1
Table 1-1I

Table 1-II1

Table 1-1IV

Table 1-V

Table 1-VI

Table 1-YII

Table 2-1

Table 3-1

LIST OF TABLES

Condensed Summary of Research Program

Semi-Quantitative Analysis of Wesgo AL995

Semi-Quantitative Analysis of Lucalox

Room Temperature Bending Strengths of
A1203 Specimens
Fit of Knudsen Equation to Data on Lucalox

Calculated Strength of Lucalox as Function
of Grain Size and Porosity, Based on Eq. 9

Quantitative Spectrochemical Analysis of
Single Crystal MgO Specimens

Semi-Quantitative Analysis of Cold Pressed
and Sintered MgO

Friction Forces in Bend Tests on Graphite

Flexure Strength of Wesgo AL995 Speci-
mens at Room Temperature

Flexure Strength of Wesgo AL995 Speci-
mens at 1000°C

20°C Flexure Strength of Wesgo AL995
Specimens Ground to 1/2 of Original
Thickness

20°C Flexure Strength of Lucalox (A1203)
and Magnesia (MgO) Specimens

Room Temperature Tension Data: Weago
AL995 Specimens

Summary of Weibull Material Constants for
Various Materials Using Graphical Solution

Pulley and Speed Reducer Combinations for
Given Speed Ranges

Significant Parameters of Specimens Used
in Study of Non-Uniform Stress Fields

13
15

19
25

27

29

31

42

62

64

65

65

66

87

96

135



Table 3-1I

Table 3-1II

Table 3-1V

Table 4-1

Table 4-11
Table 4-III

Table 4-IV

Table 5-1

Table 5-1I1

Table 6-I

Table 6-11

Table 7-1

Table 8-1I

Table 8-1I1

Table 8-1I1

Table 8-IV

Table 8-V

Table 8-VI

Table 8-VIl

Tesgt Results on Effect of Non-Uniform Stress

Fields for

CR-39

Test Results on Effect of Non-Uniform Stress

Fields for

Plexiglas

Test Results on Effect of Non-Uniform Stresas

Fields for

Chemical Composition of Hot Pressed Magnesium

Graphite

Semi-Quantitative Analysis of Lucalox

Compression Data for Polycrystalline MgO in
the Temperature Range 900° - 1600°C

Compresgsion Test Data for Lucalox in the
Temperature Range 1600° - 1900°C

Spectrochemical Analysis of Single Crystal MgO

Specimens

Analysis from ESR and Optical Spectra

Experimental Methods for the Determination of

Surface Energy

Change in Surface Energy for Al

from CO2

Adsorption at 20°C

2

o

3

Resulting

Possible Methods for Improving the Fracture
Strength of Brittle Materials

Comparative Spectrographic Analysis Made at

the University of Utah

Harbison-Walker Company's Spectrograph Anal-
ysis of the High-Purity Al,0, Developed and Used

on This Project

Jarrel-Ash Company's Spectrographic Analysis
of the High-Purity AlZO
Used on This Project

Green and Fired Densities of Aluminas Prepared
by Thermal Decomposition of Various Aluminum

Salts

Green Density of Alumina Prepared by Calcination
of Aluminum Chloride at 1250°C as a Function of

3

Calcining Time

Percentage of Theoretical Density as a Function

of Firing Temperature and Time

Results of Sintering MgO Derived from MgCl

6H 20

xXx1

and MgO Developed and

2

149

153

157

173
174

182

186

226
246

254

275

298

331

332

332

333

333

334

334



Table 8-VIII

Table 8-IX

Table 8-X

Table §-X1

Table 8-XII

Table 8-XIII

Table 8-XIV

Table 8-XV

Table 8-XVI

Table 9-1

Table 9-I1

Table 9-II1
Table 9-IV
Table 9.V

Table 9-VI

Table 106-I

Table 11-I
Table 11-1I
Table 11-III
Table 11-1V
Table 11-V

X-Ray Diffraction Analyses of the Products
from Various Calcines of MgClZ . 6H20

Effect of Mg(OH], Calcining Temperature on
the Sintering Characteristics of Magnesia

Average Fired Densities of Al;O3 Specimens
Doped with Impurities before Sintering

Average Fired Densities of MgO Specimens
Doped with Impurities before Sintering

Fired Densities of Test Prisms Cut from Typi-
cal Al;03 Discs

Average Fired Strengths of A1;03 Specimens
Doped with Impurities before Sintering

Average Fired Strengths of MgO Specimens Doped

with Impurities before Sintering

Grain Size of Fired A1203 as a Function of
Impurity Content

Grain Size of MgO as a Function of Impurity
Content

Manufacturer's Room Temperature Strength
Data for Sapphire

Effect of Basal Plane Orientation and Tempera-
ture on Observed Bend Strength of Sapphire

Constant Strain-Rate on Sapphire Single Crystals
Static Fatigue Data on Single Crystal Sapphire

Constant Strain-Rate Tests on Standard Lucalox
Specimens

Static Fatigue Data on Standard Lucalox Speci-
mens

Treatment and Mechanical Behavior of MgO
Single Crystals

Room Temperature Gaseous Exposure
Bend Tests at 350°C

CO, and Air Exposure at 250°C

Defect Surface Exposure to Air at 250°C

Effect of Surface Removal after Air Aging at
600°C

xxii

336

337

342

343

344

347

352

358

358

377

388
389
392

395

397

413

452
461
462
463

467



I, INTRODUCTION

Unlike metals, inorganic nonmetallic refractories can exist in
two fundamentally different forms: crystalline and amorphous. A
polycrystalline aggregate of a pure ceramic phase in planar section
appears very much like a metal, with a cellular network of interfaces
at the junctures of grains or subgrains of different crystallographic
orientation. Each grain is, in fact, a single crystal in terms of
uniqueness of orientation, the only absence of regular atomic lattice
development occurring at the interfaces by virtue of the orientation
disregistries. This zone is generally narrow, and seldom exceeds

five atomic apacings.

Many nonmetallic materials—pure materials as well as homo-
geneous ""alloys''—freeze on cooling to a solid state without crystal-
lization. The solid state remains amorphous and is regarded as a
subcooled liquid. Such structures are basically metastable; crystal-
lization can sometimes be induced by annealing at elevated tempera-
tures, although the kinetics of such transformations vary widely. In
selected systems it is possible to study not only the limiting states

{crystalline and amorphous} but also a phase mixture of these.

The crystalline and amorphous states operate under different
mechanisms for the initiation of fracture. Equal importance must
be attached to each, because at the present time there is no basis
for predicting which structural configuration offers the better expec-
tation of strength. Indeed, a material consisting of a phase mixture
of both structures may ultimately present the most promising solution,
but this can be appreciated only from a fundamental understanding of

the character of the individual types of composite structures.

In research aimed at developing such understanding of fundamen-
tals, it is customary to regard the mechanical behavior of solids as
being either brittle or ductile. Such sharp definitions are gradually

losing ground, owing to the discovery that most "brittle" materials,

Manuscript released by authors February 1961 for publication as an
A3D Technical Report,
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such as metals, metaloids, intermetallics and isometric closely-
packed ionic crystals, are capable of limited amounts of deformation
by the mechanism of dislocation mobility and the development of slip

planes.

Unfortunately, most nonmetallic solids behave in ways which
are quite unlike those of metals or 'ductile'' ceramicas. Because
their behavior is irregular, they are seldom investigated. Failure
to study less simple structures, such as multicrystalline or multi-
phase systems, is usually defended by pointing to the difficulties of
achieving adequate reproducibility or purity in them. Recent years,
however, have brought a gradual realization of the importance of
these problems, with the result that an increasing amount of research
is being devoted to the determination of the basic mechanisms govern-
ing the mechanical and electrical properties of structurally anisotropic,

multicrystalline, multiphase inorganic refractory materials.

This intensified attention focused on factors affecting the strength
of '"brittie' substances, fostered by the need for being able to live with
this brittleness in structural applications, has resulted in intensified
research effort yielding an increased store of knowledge regarding the
phenomenological properties and behavior of these substances. Some
phenomena are quite well understood today, others have been repeatedly
found to fit empirically postulated rules so well that the basis or ade-

quacy of these formulations is seldom questioned.

Space does not permit to review here the current state of under-
standing regarding the fundamentals of brittle fracture; a reasonable

(1)

review of this subject has been presented recently "', resulting from
work performed on this program. Since Reference 1, however, is
likely to be published as a classified document, an updated version of
this paper will be issued within four months, as an addendum to this
report. Suffice it to mention that the initiation of cracks is generally
accepted as being due to the mobilization of dislocations, which are

rather uniformly dispersed, even in pure substances, at something like



100 atomic distances apart. These defects may take many forms, the
most common disarrays being those of a complete row (edge disloca-
tion) or a cylindrically climbing mismatch (screw dislocation). These
dislocations, or vacancies, are held firm in their surrounding 'atmos-
pheres' by the excess energy attendent to the disturbance in the ordered
atomic lattice. However, if this energy is overcome, either by temper-
ature or by applied stress, the dislocations can be mobilized. The en-
ergy required to achieve this mobility is called the activation energy,
and the stress at which this energy level is attained, the friction stress

of dislocations.

Once the dislocations are activated, they continue to run until a
natural obstacle is encountered. This physical motion of atoms (or
ionsg) leaves steps behind in an initially smooth surface, giving rise
to dislocation glide bands. The bands are generally associated with
areas of residual stresses, enhancing stress corrosive attack. Et-
chants will attack these areas preferentially, generating etch-pits
which provide tell-tale tracks allowing for the detection of the passage

of dislocations.

The barrier to further motion of dislocations is most often provi-
ded by a grain boundary, or sometimes, by another dislocation glide
band already activated in the material. At these barriers the disloca-
tions pile up; if this occurs for sufficient numbers of dislocations a
microcrack will form. This mechanism, then, is the one that leads

to crack initiation in the material.

This description implies that the mobilizing of dislocations is in-
variably associated with irreversible displacement. Conditions that
enhance the mobility of dislocations promote ductility (but generally
lower the strength); factors retarding the mobility of dislocations will,
in turn, lead to poorer ductility. The more these influences manifest
themselves, the greater the degree of brittleness of the material; in
the extreme, when dislocationa are either completely absent (pure

atomic lattice) or locked rigidly in place, the material will exhibit



purely elastic behavior and fail without a trace of plastic deformation
at very high strength values. In fact, the failure stress correspond-
ing to this condition is called the theoretical strength of the material.

Foreign ions {doping elements) in the host lattice, precipitate at
the grain boundary, certain types of thermal or mechanical treatment,
high rates of straining, or the application of multiaxial stress fields,
all generally serve to increase the activation energy of dislocations.
The result of these factors, in short, will be an embrittling effect ac-
companied by increased strength. This is also the case when dislo-
cation mobility is hampered by an increased number of barriers in the
glide path, as is the case for a closer spacing of grain boundaries;

smaller grains also lead to higher strength, but reduced ductility.

The above discussion assumed tacitly that the material is dense
and contains no gross flaws. In many cases the material contains
numerous internal flaws which become operative at crack nucleation
mechanisms long before dislocation activation can be induced to act
as the crack initiation source. Such is the case with materials that
contain finely dispersed flaws, inclusions, or vacancies in the form
of pores. Under these circumstances the material may fail at stres-
ses far lower than those required to overcome the friction force of

individual dislocations.

Whatever the crack initiation mechanism, failure will not ensue
until the "worst flaw'" becomes capable of self-propagation under the
imposed state of stress. A good deal is understood about crack propa-
gation, there being two somewhat complementary theories dealing with
this subject. One theory is deterministic in nature, postulating that
a flaw can propagate provided its extension is accompanied by a net
liberation of strain energy in the material. This concept was first
formulated by Griffith, based upon the work of Inglis, and was proved
to hold for amorphous and completely brittle substances (such as glass)
in numerous investigations. The Griffith criterion entails only one

arbitrary constant, the crack depth, and basea the energy required



to create new surfaces upon the theoretical surface energy of the sub-
stance. Experiments soon showed that the surface energy required

to allow for crack propagation in crystalline materials was far higher
than that derivable from purely elastic considerations. Hence, the
theory was amended by Orowan to include in the surface energy term
the plastic deformation energy dissipated in a narrow band underlying
the fracture surfaces. However, this induces a second arbitrary fac-
tor into the Griffith-Orowan theory, since the 'effective surface energy"

term must be deduced from observed test results rather than being

known a priori.

Subsequent work extended the utility of the Griffith criterion to
the case of multiaxial stresses and non-uniform stress fields; in fact,
the theory haa been applied with some success to account for strain-
rate effects and to predict conditions under which a running crack may
be halted or decelerated. At the same time, the Griffith theory cannot
explain size effects, different strengths corresponding te various load-
ing conditions, or account for the effect of grain size and porosity in-
fluences {other than by an artificial variation of the surface energy

term).

The second failure theory is probabilistic in nature. Proposed by
Weibull, it is not concerned with the influence of a single crack on
fracture strength, but considers that a random distribution of flaws
exists in the material. Considering then the density and severity of
existing cracks, the theory assigns a certain probability of failure to
the body depending upon its size and the state of stress existing in it.
The Weibull theory also contains (in its simplest form) two arbitrary
constanta: the stress level below which cracks simply cannot be propa-
gated (the ''zero strength') and a constant descriptive of flaw distribu-
tion and severity in the material. This statistical approach to fracture
can directly account for the variation in strength with volume, state
of stress or manner of loading. Regarding, however, such parameters

as temperature, grain size, porosity, skin effects or stress gradients,



the theory is reduced to a condition of requiring arbitrary adjustments
in the empirical constants contained in it. When it comes, lastly, to
such considerations as strain rate effects or delayed fracture, the
Weibull theory is simply incapable to render a satisfactory account of

observed phenomena.

This oversimplified account of the current state of understanding
of fracture phenomena shows that, while a few items are understood,
many more require elucidation. Recognizing the need for a carefully
planned approach to this area of research, the Aeronautical Systems
Division decided to fund a broad study, allowing for a well-planned
and soundly organized approach to a fundamental investigation of the
parameters influencing the strength and failure characteristics of in-

organic non-metallic ceramics.

In selecting the research areas most worthwhile to explore on this
program, it was evident from the outset that, even as large a program
as this one could not resolve all of the challenging problems requiring
attention; the gaps in knowledge were too wide, the fundamentals some-
times questionable, and the specific results pertaining to structural
ceramics too few, Therefore, it appeared desirable to combine re-
search areas ranging from the very fundamental to the highly applied,
in order to achieve a maximum degree of utility for the overall pro-

gram.

It was decided early in the preparation for this effort that a single
contractor, even if broadly diversified, could not develop the maxi-
mum possible returns from thia program; an effort concentrated solely:
within one organization, no matter how gifted its personnel, would suf-
fer from the stultifying effects of drawing only upon ideas available
“in house'. Therefore, it was resolved to divide the program into
individual Task investigations, and to subcontract about half of the
Tasks to other leading industrial or academic research organizations
in order to obtain a large cross-fertilization of ideas and approaches

to the central problem.



The queation of selection of suitable research areas for indivi-
dual Tasks posed a congiderable problem. Some 14 major factors
having an effect upon the strength of brittle materials are discussed
in Reference ] and this list is, by no means, exhaustive. The deci-
sion for initial areas of investigation was largely based upon the im-
portance of information sought, coupled with the possible degree of
success for attaining the stated goals of the program. These consi-
derations resulted in selecting 11 areas of research to be explored

on separate Tasks, whose brief identification by title is given below.

Task Brief Title

Size Effects; '"Zero Strength"

Strain Rate Effects

Non-Uniform Stress Fields

Effect of Microstructure

Internal Friction and Lattice Defects
Surface Energy Determinations
Fracture Mechanisms

Impurity Influences

Static Fatigue; Delayed Fracture
Effect of Thermal-Mechanical History
Surface Active Environments

— D 00 U e B

(S

A more comprehensive breakdown of the nature of the Tasks,
giving an overall presentation of the complete program scope as well,
is presented in Table 1. Of the total of 11 Tasks undertaken on this
program, five are conducted at Armour Research Foundation, while
8ix are carried out under subcontract in keeping with the philosophy

of general principles for this program as explained.

At the risk of oversimplification, one may generalize the nature
of individual research areas by observing that Taska 1, 2, 4, 9 and 11
seek to inquire into factors whose effect on the strength of brittle sub-
stances has been already explored to some degree for metals or other
materials displaying brittle behavior (plastics, glass, plaster of paris,
natural rocks), but whose qualitative or quantitative influence on the
strength of carefully prepared ceramic oxides was never explored in

any detail. Conversely, the information sought from Tasks 3, 5, 6,
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7, 8 and 10 represents a novel departure, not previously investigated

in a searching manner.

Another aspect governing the planning for this program waas that,
insofar as possible, the same materials be selected for experiments
conducted on each Task, to afford ready comparisons and provide
background data for the individual research undertakings. Observing
this requirement, A1203 and MgO were selected as the principal ma-
terials to be studied on this program, because of their comparatively
ready availability both as single crystals and multicrystals in reason-
ably large sizes, the particularly simple crystallographic nature
(ionic lattice) of MgO, and an extensive amount of prior literature
assembled regarding their behavior. In this context, A1203 and MgQ
are regarded as '"'model materials''; if their phenomenologic behavior
is gatisfactorily explored, it will open the way to an understanding of
the anticipated performance of other brittle substances (nitrides, bor-
ides, carbides, intermetallics) intended for structural use in ultra-

high temperature environments.

For purponses of basic studies, these materials are utilized in
three forms: {a) single crystals, (b) polycrystalline material of the
best density and purity congistent with commercially practiced fabri-
cation methods, and (c) polycrystals of the highest purity and density
attainable with the most demanding fabrication methods known at pre-
sent, which eliminate the influence of as many extraneous factors
{porosity, impurities) as possible. The consideration underlying the
utilization of two polycrystalline forms of the materials selected is
to extend results obtained with pure forms commercially available
subatances which, if successfully accomplished, could yield design
data of direct applicability.

The proper organization and presentation of the results of a re-
search program as broad as the current one always poses some dif-
ficult problems. To maintain the continuity of presentation, and still
identify the specific problems attacked on each phase of the program,



it has been decided to assemble general information pertaining to the
materials used in this program into a separate section dealing speci-
fically with this subject; this topic comprises Chapter II of the text.
The results of research carried out on this program are then summa-
rized in Chapters III and IV, where each Task is described as an indi-
vidual self-contained item. Thus, each of the Task reports are iden-
tified in regard to principal investigator and research organization,
and carry their own abstracts and conclusions; their figures, tables
and references are identified by a prefix corresponding to the Task

number.

In addition to the final Task reporte given in Chapters III and IV,
Appendix A presents the final report on "Anelastic Phenomena in Poly-
crystalline Oxide Ceramics' by L., M. Atlas and J. M. Stuart., This
report was prepared as a result of an internally sponsored ARF pro-
gram, and is attached because of its close association with the current

work and planned continuation of Task 5 of the parent program.

As with all large research undertakings, the success of attaining
the stated goals of the overall program rests in large measure with
the guidance given it by the sponsoring agency. It is pleasing to acknow-
ledge in this regard the frequent exchange of helpful information, the
supply of reports dealing with related research programs, and the sug-
gestions advanced in the conduct of research by J. B, Blandford and
J. D. Latva, the Technical Monitors of this research program, as well
as by W. G. Ramke and J. J. Krochmal from the Ceramics and Gra-
phite Branch, Directorate of Materials and Processes of the Aeronau-
tical Systems Division, USAF,

It ia also pleasing to report that the research carried out to date on

this contract has already resulted in the oral presentation of two techni-

(1, 2)

for publication to Nature and a number of other papers are in prepara-

cal papers In addition, E. Orowan has submitted a technical note

tion presenting the results of research conducted on this program.
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II. MATERIALS
1. INTRODUCTION

As mentioned, the research carried out on this program is con-
cerned mainly with two oxides, A1203 and MgO, although other ionic
crystals such as KCl, NaCl, KI and Ca.Fz are also being used for ex-
ploratory purposes by some of the Tasks, In addition, exploratory
work for several Tasks also utilized photoelastic materials (CR-39

and Plexiglas), Graphite, plaster of paris and glass.

The magnesium oxide and aluminum oxide used as the principal
materials of research are explored as single crystals and in two forms
of polycrystalline material: a form whose purity and density is equal
to the highest levels attainable in normal commercial operations, and
an ultra-high density and purity polycrystalline material fabricated
specially for purposes of this investigation. The three varieties of
the two oxides, therefore, comprise six materials used throughout
the program for experimental purposes. Information regarding these
materials, concerning background data of general interest (such as
methods of fabrication, compositional analysis and general mechan-

ical properties) is given below.

2. ALUMINUM OXIDE

A. Single Grystals

This material is being supplied by the Crystal Products Section
of the Linde Company, a division of Union Carbide Corp. in East
Chicago, Indiana. Boules are available in sizes up to 500 carats;
centerless ground specimens in maximum sizes of 3 in. length for
1/2 in. diameter, 10 in. length for 1/4 in. diameter and 18 in. length
for 1/8 in. diameter. The material is available in four finishes
(chemically etched, flame polished, mechanically polished and cen-
terless ground). A representative composition is: Fe 1-10 ppm;

Mg and Li 1-10 ppm; Mn, Sn, B undetected {within sensitivity of
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measurement of 10 ppm); Ag, Ca, Cr, Cu undetected {within sensiti-

vity of measurement of 1 ppm}; balance A1203.

The material can be supplied with doping oxides up to the follow-
ing percentages: Cr 4.0; Ni3.0; Co, Moand V 2.0; Cul.0;
Fe 0.75.

B. High-Density Commercial Multicrystals {Wesgo AL995)

This material, and specimens fabricated from it, were supplied
by the Western Gold and Platinum Corporation (Wesgo), using a pro-
prietary composition labeled AL995. This material is listed as a
99.5% Al1,0, body, with a bulk specific gravity of 3. 89 (theoretical =
3.996); the estimated density, therefore, is 97.35% of theoretical, and
the porosity does not exceed 3%. Major impurities consist of MgQO,
SiOz, CaO and Fezos; total impurities do not exceed 0.75%. A spec-
troacopic analysis of this material is presented in Table II.

Table II

SEMI-QUANTITATIVE ANALYSIS OF WESGO AL995 *

Element Amount present (percent)
Al Principal Constituent
Mg 0.3
Si 0.3
Ca 0.04
Fe 0.02
Ga 0.01
Ti 0. 008
Cr 0. 006
Ni 0.002
Cu 0. 00005

By Chicago Spectro-Service Laboratory, Inc.

The Wesago material is prepared from a starting powder, doped
with additives probably used as sintering aids. It is cold-pressed

and sintered, the latter operation consiating of firing for three hours
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at 1700°C, which produces an A1203 ceramic with maximum electri-
cal properties, but represents a slight overfiring from viewpoint of
optimum mechanical strength. The annealing operation used for

some control specimens, consisting of a further three-hour soaking

at 1700°C, represents a considerable overfiring of this material.

To examine the grain size characteristics of "as-received' Wesgo
Al995, specimens were sectioned and polished, and examined under
a monochromatic light using a B & L Metallograph with a calibrated
eyepiece. The grain size distribution was found to vary between 16
and 128/44.. with an average of about 48,.‘.; the distribution curve is
slightly skewed toward the larger sizes. The grains show a large
variation in shape, ranging from low to intermediate sphericity.

The pores, in turn, show little variation in size or shape,

The same material, annealed at 1700°C for three hours, shows
a bimodal grain size distribution with maxima at 24 and 64/«_ » even
though the total size range remains within the limits of 16-128/.4 in
the annealed material, The grains continue to have low to interme-
diate sphericity, the smaller grains being more angular than the
large ones. The pores show large variations in size and shape after

annealing.

The "as-received'' Weago material indicated a small amount of
secondary grain growth, which became very pronounced in the an-
nealed material. This secondary growth did not affect the strength
of the material, except to cause zones of high residual stresses
around the holes drilled to admit the loading pins. This led to pre-

mature failure in some of the specimens.

C. Ultra-High Density Multicrystals (Lucalox}

This material is a development of the Lamp-Glass Division of
General Electric Company which has been trademarked Lucalox.
At grain sizes in excess of 20« , the material is a pure dense alum-

inum oxide (99.97% theoretical) with an essentially zero porosity and
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is largely translucent as compared to the opaque Wesgo AL995. The

results of a spectroscopic analysis of Lucalox are listed in Table III.

Table III

SEMI-QUANTITATIVE ANALYSIS OF LUCALOX*

Sample Crushed in Agate

""As Received, "' Not Mortared

Element | Mortar, Amount Present Amount Present
(Percent! {Percent)
Al Principal Element Principal Element
Fe 0. 07 0.002
Mg 0.15 0.15
Ti 0.01 Not Detected
Mn ¢. 001 Not Detected
v 0.004 Not Detected
Na 0.08 Not Detected
Cu 0.0003 Not Detected
Ni 0.0015 Not Detected
Ca 0.04 0.004
Cr 0.002 Not Detected
Ga 0.003 Not Detected
Si 0.03 0.03

*
By Chicago Spectro-Service Laboratory, Inc.

A grain size determination showed a distribution ranging from 32

to 64 s« with an average of approximately 48<c . The distribution was

symmetrical and the grains were of uniform shape, with a few small

pores of uniform size and shape distributed evenly in the material.
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At grain sizes above 30 the material approaches the theoreti-
g  f PP

cal density for Al,O, (3.996 g/cc); below this grain size the density

gradually decreases to about 97.2% theoretical at a grain size of S/u.,

as shown in Fig. 1.

Lucalox is composed of graine of very uniform

size; as anticipated, at a grain size of 5.« a small amount of inter-

granular porosity is observable, as illustrated in the photomicrograph
of Fig. 2.

duction of Lucalox are proprietary and therefore not available.

Details of the manufacturing procedures used in the pro-

100
80 -
2‘3:', 40 - . f\
W \
u
(8]
oy,
o
=
0 400 g.‘ I T W —~4
5 2 -
5 2.5}3.90 8 ~
o
p% 3,75-3.85 /.
] L1 | | | | | I T I I |
4 8 10 15 20 25 30 40 50 60 80 100 150
SURFACE GRAIN SIZE - .
Fig. 1 STRENGTH AND DENSITY OF LLUCALOX AS A FUNCTION OF

GRAIN SIZE

- 16 -




_; ks [ - . 13 ." -
- . G
.o 1 : B R i
» * ’, LR
s .‘ L v e i N Bl
I [ T .
- : ‘ ‘ - P
[J - v \C", Ly
. i LN .
o - » o . . .-
. SN . .
+ R . v .
[ * ’ - - >
1Y - ! L S
. . ,
. “‘?4_:_1. . . k e i
4 e L N a -y .
-’ . B b -
e . . . g T
Fo« Cits o4 L . \
LI 3 - LY Wt
- ‘.
e ’ - 5.
- - a
N * . . - B
. . Lo
- . - -
* g L]
A - - B
T . P . .
S “ -t b S o An
Ty A !
* 'Ul‘. ~ . ~ -
.;' . - n
. ., Lo . '
(w hd . ¥
» .
e » - -
.- . -
Py lit . L ; - -
- L , é r
] iim. . . . y . .
o . - o .

Note small amount of intergranular
porosity characteristic of material at
this grain size,.

Fig. 2 PHOTOMICROGRAPH OF LUCALOX AT
54 GRAIN SIZE X 250

-17 -




D. Preliminary Studies on A1293

Before proceeding with large scale testing of the two grades of
A1203 used in the program, a preliminary study was undertaken to
validate information obtained from the sources of supply of the ma-
terial, and to gain some insight into the anticipated properties of the

materials to be used.

Initial information released by the manufacturer of Lucalox in-
dicated a strength of 55, 000 psi. Inquiries made in this regard re-
vealed that the reported data were obtained on highly polished bars,
1/4 in. square in section and 1l in. long, loaded over a 5/8 in. span
in three-point bending. Therefore, as-~received Lucalox specimens
having an average grain size of 43/4. ., were cut into the shape de-
fined above, and subjected to a three-point loading over a span of
5/8 in. A total of nine bars were used to study the additional ef-
fects of surface finish, three bars were left in the as-received con-
dition, three were given a mild polish to remove the gross surface
defects, and the last three were given a high polish. A group of
three as-received Wesgo AL995 specimens were also teated at the
same time. The resulta of these experiments are given in
Table IV. The last line included in Table IV pertains to a set of
three "maximum strength'' Wesgo specimens tested in the as-
received condition. This material is specially processed by the
company for cutstanding strength properties and costs about 50%

more than the normal production materials.
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Table IV

ROOM TEMPERATURE BENDING STRENGTHS
OF A1,0, SPECIMENS*

Material and Extreme Fiber Strength, (10'3 psi)

Finish Spec. 1 | Spec. 2 Spec. 3 Average

Lucalox, 28. 4 26.2 27.6 27.4

As Received

Lucalox,

Semi- Polished 30.9 35.5 29.4 31.9
Lucalox, Polished 34.8 40.5 39.9 38.4
Wesgo AL995,

As Received 41,1 31.0 43.5 38.5
Wesgo '"Maximum

52.7 55.5 61.8 56.7

Strength" A1203
As Received

¥e
1/4~in. square cross section specimens, tested over 5/8 in. span
in 3~point bending.

The average fracture strength obtained for the polished Lucalex
is 38, 400 psi, corroborating the strength of 39, 000 psi shown in Fig.
I for an average grain size of 48/1. . The effects of surface finish
are seen in the 16, 6% increase in rupture strength for semi-polished
samples and the 40.2% increase for a highly polished surface. This
indicates the sensitivity of the fracture strength of a bending sample

to the presence of surface flaws,
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A rather unexpected result was the considerably higher strength
of the Wesgo material than the Lucalox at comparable grain sizes,
despite the higher porosity of the former. This is very likely to have
its origin in what can best be termed the ''textural properties' of the
material. According to the Petch relationship, cracking should
clearly initiate in the largest grain subject to a given stress. Since
the Wesgo AL995 has, because of its wider grain size distribution,
larger grains than those to be found in Lucalox of the same average
grain size, crack initiation should require a lower stress in the for-
mer. Therefore, one must rule out crack initiation considerations
as an explanation of the ocbserved strength relationship, and seek an
answer for this apparent anomaly in conditions governing the propa-

gation of already nucleated cracks.

In the case of Lucalox, a crack which has begun to propagate has
little in its way to stop it. While it is probable that grain boundaries
have some dispersing action on the stress concentration at the tip of
the crack, this is apparently not a very effective barrier to continued
crack propagation. In contrast, Wesgo AL995 has two textural pro-
perties which may be potentially effective crack barriers: pores and
very small grains. The crack retarding effect of a small pore is well
known and need not be further belabored. However, the possible bar-
rier effect of small grains acting as a matrix between large crystals
has not been given much consideration. As is well known, the Grif-
fith propagation theory postulates that the crack is running into a
uniform stress field, an assumption which is not particularly appli-
cable to a polycrystalline material. In this case, the stresa field is
more apt to be fluctuating (because of the influence of grain boundaries
and pores), akin to the more periodical fluctuation of the potential field
in a crystal lattice. When the fluctuations are far apart, compared to
the critical size of a crack needed for propagation, the cracks develop
their full velocity and easily jump the grain boundary barriers. How-

ever, if a crack initiates in a large grain, but then has to traverse a
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series of very small grains with only short distances between the
boundaries, its momentum may be much diminished. Consequently
it may be brought to a halt at small discontinuities which would not
effectively stop a more rapidly propagating crack. These consider-
ations lead to the interesting conclusions that polycrystalline cera-
mics might, in effect, be strengthened by the presence of a small
residual porosity and by a widening of the distribution around the

average value of grain size.

Additional evidence of the posaibility of this behavior is that
while the as-received Wesgo material with an average grain size
of 45,« has approximately the same strength as the polished Luca-
lox, a slightly lower density Wesgo material with an average grain
size of 10/4. has a strength considerably lower than polished Lu-

calox specimens having a comparable grain size of 10/.‘ .

E. Influence of Porosity on Strength of Lucalox

Because of the questions raised by the preliminary studies
described in the previous section, it was decided to review the
available evidence on the influence of porosity and grain size upon

the strength of brittle materials.

Without attempting to make a complete review of this problem,
it may be mentioned that two general formulations have been pro-
posed to relate the strength of brittle bodies to the porosity contained
(1)

in them. One is due to Balshin'~‘ which expresses the strength 0'p

of a porous body in the form
m
e i = o 1
o ;,. (1)

where o is the atrength of the dense body, 7 is the relative density
(r = l-p; p = porosity), and m is a numerical exponent varying
between 3 and 6. The second formulation is due to Ryshkewitch(z) who,

L g
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in a detailed investigation on polycrystalline A12.03 and ZrOz, noted
that they varied exponentially with a decrease in porosity. This ob-
servation was formalized by Duckworth(s) who in a discussion of

Ryahkewitch' paper proposed the form

bp
- a 2
o - e ( )

where b is a numerical constant generally varying between 4 and 9.

Actually, both of these formulations must be considered as partial
simplifications of more complex phenomena. The effect of porosity on
strength should be a composite of two independent influences: the
amount of material removed from the material by the pores, and the
stress concentration factors attributable to them. The first effect is
purely volumetric. The second effect, however, would consider
whether the material contains many small voids or a few large pores,
and assign different weakening factors to the corresponding textural
effects. Additional considerations may involve the uniformity of size
and distribution of pores, which must be attacked by statistical con-

siderations.

Ag long as pores are roughly proportional in gize to the void ratio
and grain size, these parameters will not manifest thermnselves separ-
ately, but will be submerged into expressions that take into account
only the influence of grain size and porosity on the strength of the ma-
terial. This, in fact, is frequently the case with polycrystalline mater-
ials. For these conditions, Eq. 1 and 2 will then be quite representative;
the choice between them must then be made on the basis of correlations
with experimental results after, of course, suitable allowance is made

for the inclusion of the grain size effect into the corresponding equations.

Tests appear to indicate that the Ryshkewitch relationship is a better
description of observed phenomena; this expression has, therefore,
found rather wide acceptance. A detailed study on this subject has been

(4)

recently carried out by Knudsen' ™" who, after careful examination of the
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available theoretical and experimental evidence, suggested the adop-

tion of Eq. 2, combined with a strength-grain size relationship of

6 = ka2 (3)

where d is the grain size, while a and k are constants. The com-

plete form of the relationship proposed by Knudsen, therefore, reads

o, = kK d~2 ¢ PP (4)

and its applicability was shown to hold for a wide variety of materials,
with values of a ranging between 0.2 and 0.9, Further confirmation
of this relationship has been given in a recent paper by Spriggs and
Vasilos(sl who, for A1203,found a = 1/3. They further proposed a re-
lationship similar to Eq. 2 for the modulus of elasticity of the material,

in the forin

E, = E ¢ BP (5)

where EP and E are the moduli of elasticity pertaining to the porous
and dense material, respectively. The value of the constant B in

Eq. 5 was found to be 4.5 for both Al,O, and MgO.

A possible objection to the relationship embodied in Eq. 3 is that
it predicts a vanishing strength with increasing grain size. If used
beyond the limits of its intended range, this could be construed to im-
ply that single crystals would have virtually no strength of their own.
Ome way of circumventing this is to replace Eq. 3 with the strength

relationship proposed by Petch(é), in the form

c = O;i-kd-l/z (6)

where g, is the Peierls-Nabarro friction stress causing dislocation

locking. The complete strength relationship would then become

o, = (6, + k a-1/2y ¢-bp ()
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To investigate the adequacy of these predictions, a careful review
was made of the strength versus grain size and density relationship for
the materials used on this program. At the time of this writing, such
information was available only for Lucalox, derived as part of the work
performed on Task 9 of this program, using rods 0.070 in., in diameter
with a carefully comntreolled grain size under 4-point bending. This is
presented in Fig. 1.

A careful analysis of these data wap made by Knudsen(?) who found
that the results presented in Fig. 1 could be well represented by Eq. 4,
with numerical values of k = 150,000, a =0.35 and b = 4 for the con~
stants appearing in that relationship. In developing these values, a ref -
erence line was established for the strength versus grain size relation-
ship of Eq. 2, by drawing a straight line through the least porous (high-
est grain size, -porosity about 0.1%) specimens shown in Fig. 1. This

construction’is presented in Fig. 3.

200

] i I I

Experimental pointa obtained by Charles, Task 9.

Line drawn through points corregponding to uniform
/ 0.l percent porosity,

100 /

\<M
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. '\”\

Strength (10™pai)

\\

20

4 7 10 20 Qo 10 100 200
Grain Size, &

Fig. 3 MODIFIED STRENGTH VS. GRAIN SIZE RELATIO;VSHIP
FOR LUCALOX AT CONSTANT PORQSITY(7
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The fit of the resulting equation of

-0.35 e-4p

o, = 150,000 d (8)

to the experimental data is shown in Table V. As can be seen,
the agreement is rather good, the average abasolute difference be-
tween predicted and observed results being 2. 6%

Table V
FIT OF KNUDSEN EQUATION TO DATA ON LUCALOXW)

Obser\rf;l Strength Calc. Stre_nSgth. Percent Devia.tion*
(10 ~ psi) Eq. 8, (10 “psi}
68.0 68.58 +0.9
70.0 69, 06 -1.3
65.0 69. 43 -0.9
63.0 64. 63 +2. 6
62.0 59. 62 -3.9
47.0 47.09 +0.2
46.0 41.94 -8.8
41.0 40. 05 -2.3
27.0 26.37 -2.3
Average of Absolute Deviations: 2. 6%
* %calc. ~ %obs
Percent Deviation = = 100
obs

A similar study was carried out to examine the adequacy of the
proposed Eq. 7. In order to do this, the data of Fig. 1 were first

replotted in a Petch-type form, shown in Fig. 4. Next, a graph was

prepared, with p on the abscissa and log (o*p/a) on the ordinate as

shown in Fig. 5, where values of 6 were derived from the previous
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figure. The resulting numerical values were 0‘; = 9, 000 psi, k=6, 820
and b = 9. 82 with relation to Eq. 7, which then becomes

&, = (9,000 + 6, 820 a"1/2) ¢-9-82p (9)

The fit of calculated and experimental data resulting from this re-
lationship is presented in Table VI; as can be seen, the agreement is
satisfactory, although the average of absolute deviations is somewhat
higher at 3.9%.

Table VI
CALCULATED STRENGTH OF LUCALOX AS FUNCTION OF GRAIN SIZE
AND POROSITY, BASED ON EQ. 9

g_= o'e:&
Observed Porosit Calculated| "p Deviation 100

Grain | Strength (absoslui?; ') Strength | calculated o - &
Size, d . at 0 strength e

e P___€xXp

{(mm) (kxl.)) P Porosity | for porous o,

81 o, {(ksi) material *P

{ksi) {percent)
. 0062 67.0 0.036 95.6 67.0 0.0
. 0064 69.0 0.032 94. 2 68.8 ~0.3
. 0077 65.0 0.034 79.8 57.3 -10.8
. 0094 62.0 0.014 79.3 69.2 +11.6
.012 61.0 0.009 71.1 65.1 +6. 8
. 022 51.0 0. 004* 54.9 52.8 +3.5
. 026 47.0 0.009 51,2 46.9 -0.2
. 037 47.0 0 44. 4 44. 4 -5.5
. 042 42. 0 0. 00} 42.2 41.8 -0.5
. 140 27.0 0.001 27.2 27.0 0.0

Average of absolute deviation: 3.9%
=|=Estima.ted value

One limitation in making eff ective comparisons at this time is that
Lucalox is an extremely dense material, whose porosity variation is too

narrow to permit a detailed investigation of this problem; all that can be
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said with data available at present is that both Eq. 4 and 7 apparently
are quite satisfactory in predicting the strength of ceramics having

different grain sizes and varying levels of porosity. A more detailed
investigation of this entire problem area is planned during the contin-
uation phase of this research, at which time ceramic substances with

a far wider variation of porosities will be drawn under scrutiny.

3. MAGNESIUM OXIDE

A. Single Crystals

Thia material is being procured from two sources. One source
is the Norton Company, Worcester, Massachusetts, whose single
crystal MgO is obtained as a by-product of their '"Magnorite' opera-
tions. Upon completion of the thermal fusion process for Magnorite,
the contents of the retort are dumped out and crushed with sledge-
hammers. The yield of crystals, as much as 1000 lb, is therefore

broken up into pieces ranging up to about 3 in. in size.

The resulting single crystals of MgO vary in shape, size and
color, and level of contaminants. Their color may range from totally
colorless to a faint brown, yellow or green tint indicating increased
levels of impurities. Also, the pieces may vary from completely trans-
parent to barely translucent. Some crystals contain white ''clouds',
thought to be the result of incipient fissuring induced by thermal

stresses accompanying cooling.

The maximum total impurities present in the Norton material
may range up to 1. 0%. Their composition varies widely. A spectro-
chemical analysis of three samples, excerpted from Task 5, is re-
produced in Table VII.

The second source of MgO single crystals is Semi-Elements, Inc.,
Saxonburg, Pennsylvania. Their manufacturing methods are aimed at

the direct production of crystals grown from a pure MgO starting
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Table VII
QUANTITATIVE SPECTROCHEMICAL ANALYSIS OF
SINGLE CRYSTAL MgO SPECIMENS*

. Max. total
Material Source Impurity (ppm) Impurity

Al | Ca |Crlcul[Fe | Mn | si | (Percent)

Range |200-|600-| 60-| 2 [ 600( 30-| s-
for 3 1000 | 1500 100 40 10
Norton Co. |-2BEEC- 0.6

Aver. |600 [ 900 7312 | 600 37 7

Semi-Elements,

In 200 | 200 | 802 |400]| 30 5 0.3
c.

*
by Chicago Spectro-Service Laboratory, Inc.

powder; the crystals are supplied with a cleaved, chemically-polished
or ground finish up to 1-1/2 in. sizes. The composition varies, but the
impurity levels are generally lower than those found in the Norton ma-
terial. This is also shown in Table VII, where the values shown are
based upon the analysis of a single specimen. The chemical analysis
supplied by Semi-Elements for their material is given as: 5i0, - 0. 05%;
Fe203 - 0.03%; PbO - 0.001%; AIZO3 - 0.015%; CuO - 0.0005%;

NiO - 0.001%; CaO - 0.15%; MnO - 0. 01%; Na.ZO - 0.005%; KZO -
0.001%; balance MgO; total impurities: less than 0.3%. These re-

sults compare reasonably well with those listed in Table VII.

B. High Density Sintered MgO

Whenever possible, the materials used were purchased from
commercial suppliers. These companies were required to produce
the specimens from one batch of material and with one kiln firing
after the specimens had been randomly spaced in the kiln. No com-

mercial source was found who could produce the MgO specimens
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required within the time and funding allotted to this task. The
Foundation personnel developed a process by which high-density
multicrystalline MgO was produced easily and rapidly. While
several systems have been tried and reported, the technique pre-
sented below was found to be best for mass producing the required

samples.

The process consists of preparing a solution by dissolving 1.5
wt. percent of Acryloid B-72 resin (100% solids, Rohm & Haas Co.,
Philadelphia Pa.) and 3 wt. percent stearic acid in carbon tetrachlo-
ride and mixing in an equal weight of Mallinckrodt AR Grade magne-
sium oxide powder to form a slurry. This slurry is then mixed and
kneaded while the carbon tetrachloride evaporates until little solvent
remains. The solid mass is then ground to pass a 30-mesh screen.
The resulting powder is pressed from both sides in a die at 9000 psi
for one minute to form the required specimen shape. The green body
is then removed and placed in a drying oven at 100°C to drive off the
last traces of carbon tetrachloride and to harden the specimen. After

drying the specimens are kept in a desiccator until firing.

The specimens are stacked six high on denase alumina bricks
covered with carefully leveled fine alumina grain. A light dusting
of MgO between each specimen provides a parting surface for easy
separation. The bricks and specimens are placed in an alumina sag-
ger and fired in a Remmey air/gas laboratory kiln, Depending on
size, 75 to 90 specimens are fired from room temperature to 1700°C
in 20 hours, held at temperature for 3 hours, and then slowly cooled

in the furnace. Two firings can be made in a 40-hour time period.

The Mallinckrodt MgO powder has a bulk density of 0.1-0. 2;
after mixing with the carbon tetrachloride solution, the resulting
powder has a bulk density of 0.8-1.0. Denasity of the green speci-
men is 1. 7-1. 9, or approximately a 2:1 compaction ratio which is the
result of addition of Acryloid resin to the MgO powder. The resin
greatly improves strength and hydration resistance of the green speci-

men.
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The fired MgO specimens have a bulk density ranging between
3.39 and 3. 42, or approximately 95 percent of theoretical (3. 58).
They are white and partially translucent, although not to the same
degree as Lucalox. A spectrographic analysis of this material is
given in Table YIII. A grain size determination using the Smith-

(9}

average size at about 25/4— . The grains are highly spherical with

Guttman technique indicated a range from 10 to 100 4« with the

a few small scattered pores being visible.
Table VI

SEMI-QUANTITATIVE ANALYSIS OF COLD-PRESSED
AND SINTERED MgO*

Element Amount Present,

{percent)

Mg Principal Constituent

Al 0.05

Si 0.03

Ca 0.04

Fe 0. 005

Cr 0.0003

Cu 0. 0002

¥
Chicago Spectro-Service Laboratory, Inc.

To date, this material was used exclusively for the experiments
conducted on Task 1 of this program. However, facilities have been
established at sufficient production rates to satisfy the needs of all
other Tasks, and the incorporation of this material into experiments

of other Task programs is planned in the future.

C. Hot-Pressed (Ultra-High Density) Polycrystalline MgO

High density polycrystalline MgO specimens for the program
have been manufactured at ARF using the hot pressing techniques.
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The MgO used was Fisher's USP light powder (Cat. No. M49)} to
which 0.5 percent LiF was added to aid the sintering process and
thereby produce material of high density. It was not thought that
the LiF addition would significantly influence the trend of the exper-

imental data; the presence of porosity would be far more undesirable.

Some 120 specimens have been produced with densities within the
range 3.56 - 3.57 g/cc, i.e., 99.4 - 99.7 percent of theoretical:
In the hot-pressed condition, the material was relatively fine grained.
The manufacturing procedure, based on the initial work of Tinkle-

paugh(a), is briefly outlined below.

(1) Magneisum oxide powder together with5 wt percent LiF was
ball milled in batches of 250 in one-gallon jars for 72 hours. Rub-
ber stoppers were used as balls. In addition to thoroughly mixing
the MgO and LiF, thia operation reduced the volume of the light,
fluffy as-received powder. It should be noted that the LiF was pre-
mixed with about 37 g MgO and panned through a NBS No. 35 sieve
several times to blend the powders before adding to the bulk of the
MgO. This stage helped considerably in producing a homogeneous

mixture of the two powders on subsequent milling.

(2) Hot-pressing was carried out in a 12 in, high x 4 in. diam.
graphite mold containing a 1/2 in. diam. center hole into which the
blended MgO powder was charged. A 1/4 in. hole drilled from the
top to a depth of 6 in. and parallel to the die cavity was used for

the optical temperature measurements.

(3) The mold was filled by pouring in 14 g of powder {enough
to make one cylinder about 1 in. tall x1/2 in. diam. ) lightly cold
pressed to allow the top punch to move into the mold, and trans-
posed to the hot pressing apparatus. Both top and bottom punches
were made of grade 580 graphitized carbon.
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(4) The mold was heated by a 30-kw Ajax induction unit, the
temperature being brought up to 1600-1700°F before any measur-
able load was applied. At this temperature the pressure was
gradually increased, reaching a maximum of about 3000 psi at
2000°F. The temperature was then raised to 23 50°F, and held
there for 20 min; subsequently the pressure was released and the

mold unit removed from the apparatus.

(5) The mold was then quickly immersed in vermiculite and
allowed to cool slowly to room temperature before ejecting the

MgO compact.

(6) On removal from the mold, the MgO specimens are en-
crusted with carbon picked up from the graphite die during hot-
pressing. Decarburization was effected by heating the specimens
to 1200°C for 168 hours in air, which removed the carbon by oxida~
tion. Thus, high density, single phase, polycrystalline MgO was
produced, a typical microstructure is shown in Fig., 6. In the
pressed condition, the grain size was about 2,7/.‘. . as determined
by the Smith-Guttma.n(g) technique. A microscopical examination
of a number of longitudinal sections showed the pressings to be
homogeneous in both grain size and distribution of microporosity.

Furthermore, there was no evidence of laminations in the structure,

Prior to testing the specimens were centerless ground and the
end faces ground square to the cylindrical axia, In all grinding

operations water coolant was used to aveoid thermal cracking.

Production of hot-pressed MgO specimens was limited to
cylindrical bodies, used to date exclusively for purposes of exper-

iments conducted on Task 4 of this research program.

- 133 -



=
P

£ i r

— =

A et s e e VRt e
3 S S j—‘?&.‘.'_)'\\--'"'l’.._-iv 7 1 — A ey

Fig. 6 PHOTOMICROGRAPH OF HOT
PRESSED AND DECARBURIZED

MgO X 100
Grain size: 27/.4. s No etchant

- 34 -

Approved for Public Release




REFERENCES

1. Balshin, M. Y., Doklady Akad. Sci., USSR, 67, 831
(1949).

2. Ryshkewitch, E., J. Am. Cer. Soc., 36, 65 (1953).

3. Duckworth, W., Discussion to Ref. 2, J. Am. Cer.
Soc., g_g, 68 (1953).

4. Knudsen, F.P., J. Am. Cer.S oc., 42, 376 (1959).

5. Spriggs, R.M. and Vasilos, T., "Effect of Grain Size
and Porosity on the Transverse Bend Strength and
Elastic Modulus of Hot Pressed Alumina and Magnesia',
presented at the 63rd Ann. Mtg., Am. Cer. Soc.,
Toronto {April 1961).

6. Petch, N. J., Phil. Mag., 1, 866 (1956). Also Br. J.,
Iron and Steel Inst., 174, 25 (1953).

7. Knudsen, F.P., Private Communication to N. A, Weil,
{August 196]).

8. Tinklepaugh, J.R., Contract AF 33(616)-3798, Rept.
No. 11, Wright Air Development Division (July 1960).

9. Smith. C.S. and Guttman, L., Trans. AIME, 197, 8l
{1953).

-~ 35 .



III, FINAL REPORTS ON IN-HOUSE TASK PROGRAMS

TASK 1 - EFFECT OF STRUCTURAL SIZE;
THE "ZERO STRENGTH"

Principal Investigator: S. A. Bortz
Armour Research Foundation

ABSTRACT

A detailed program was undertaken to determine the applicabil-
ity of statistical fracture theories to inorganic ceramic material, and
to define the major parameters affecting fracture strength. Specimen
shapes were developed, adaptable to a broad range of loading conditions
and volumetric variations.

A rather complete experimental problem was carried out on
Wesgo AL995, investigating the effect of five variables: prior thermal
history, specimen finish, test temperatures, environment, and speci-
men size. Of these parameters, specimen size, testing temperature,
surface treatment and thermal history were found to have a primary
influence on fracture strength. Environmental effects {moisture con-
tent) were found to be significant only for ground specimens tested at
20°C; at 10000 C all environmental influences became negligible.

Fracture in Wesgo AL995 at room temperature is governed
purely by surface induced failure mechanisms. Both Weibull constants,
the 'flaw density parameter', m, and the ''zero strength', & , are
highly sensitive to surface treatment and thermal history. Specifically,
grinding increases the value of m but leaves ¢ unaltered; annealing
increases m while also dropping the value of o> to zero. Both condi-
tions act to weaken the material, This weakening effect is particularly
pronounced in the case of annealed specimens; this is thought to be as-
cribable to the destruction of a beneficial residual stress distribution
originally existing in the material due to the subsequent annealing treat-
ment.

Similar trends are indicated for Lucalox and MgQO, but data in
hand at present are insufficient to permit firm conclusions to be drawn.
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TASK ] - EFFECT OF STRUCTURAL SIZE; THE "ZERO STRENGTH"

l. INTRODUCTION

The statistical nature of fracture in brittle materials is a compara-
tively well established fact; both theories and experimental studies have
shown that conventional concepts of elastic theories do not suffice to ex-
plain the behavior of brittle materials, unless the underlying aspects of
the random variability of their strength is fully taken into account.

Theories dealing with the statistical distribution of the strength of
brittle substances are generally based on the concept of the "weakest-
link'" as the source of fracture initiation, as reviewed in greater detail
in the report prepared for Task 3 of this program. These theories, in
their aimplest form, entail two material parameters, the stress level
that the material can withstand with an absolute asgsurance of freedom
from fajlure (0:1’ the ""zero strength'"), and a constant descriptive of
the flaw density and severity existing in the material (m, the "flaw
density constant"). Apart from requiring a knowledge of these two ma-
terial parameters, the theories are at a satisfactory state of develop-
ment to handle problems associated with the size of the structural object,

its geometrical shape and the stress distribution existing in the body.

The general aspects of such theoretical investigations have been
confirmed by experiment. Thus, it has been shown that brittle mater-
ials display a random statistical variation of strength, adequately
described in most cases by the comparatively simpler concepts of the-
oretical formulations. However, the brittle materials used in these
studies were generally those inexpensively procured and easily fabri-
cated; thus, plaster of paris, concrete, hydrostone, and glass were
the general objects of previous experimental work. Inorganic cera-
mics, because of their cost and fabrication problems, were seldom

employed.,
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Furthermore, little attention was paid to the true nature of the
material "constants" descriptive of statistical theories. While one
investigation on graphite did show that the value of m varies with
temperature, seldom was any attempt made to explore this subject
fully, or to investigate the effect of other parameters, such as en-
vironmental conditions, thermal history or surface treatment, upon
the resulting variations in material "constants' entering the formula-

tion of statistical strength theories.

In view of these considerations, the purpose of this research had
two main objectives. First, to investigate the applicability of sta-
tistical theoriea of fracture to the ceramic oxides selected as general
materials to be used throughout this program and td derive values of
the statistical material parameters, as well as to confirm the effect
of specimen size in these materials. The second objective consisted
of determining the constancy or variability of basic material descrip-
tors entering statistical formulations, and to examine the specific
effects that temperature, atmospheric environment, surface finish,
and heat treatment may have upon the values of , and m for these

substances.

2. SPECIMEN DESIGN

To investigate the fracture properties of the materials, studies
were conducted using both tension and bending test specimens. Initial
experiments were performed in cooperation with the personnel of
Task 3, utilizing photoelastic methods to observe whether contem-
plated configurations produced critical stress concentrations which
would canse fractures to occur in areas other than the desired gage
section. These experiments were performed using Columbia resin

CR-~39, a very brittle plastic excellently suited to photoelastic studies.

A, Flexural Specimens

To study asize effects the specimens would require a controlled

gage section to be loaded in pure bending. This requirement could
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best be met using a 4-point loading system. However, Frocht“'”

points out the difficulty of producing a stress pattern of pure bending
of known bending moment. One of the major problems is the loading

conditions themselves.

K the external loads are applied to the extreme fibers, friction
forces are developed which tend to reduce the applied bending mo-
ment and shift the position of the neutral axis. On the compression
side of a beam (Fig. 1-1) there are two factors which tend to shorten
the distance AB on the beam; the compressive strain and the deflec-
tion. Thus, loads applied at A and B tend to move toward the end of
the beam, generating friction forces Fl which act as shown in Fig.
1-1, Strains developed on the tension side tend to increase the
length of CD, while the deflection tends to shorten the horizontal dis-
tance between CD. Experiments, as indicated in Fig. 1-2 and 1-3,
show that the effect of these friction forces is .o reduce the applied
moment. Accordingly, the forces ]E‘2 act opposite to Fl . Each
friction force thereby generates an axial force and a couple opposite

in sign to that of the applied bending moment,

P P
—— Fl Fl

A B |

| a
-
C . D r
L S . PY

P P

Load Points: A B
Support Points: C, D

Fig. 1-1 EFFECT OF FRICTION FORCES ON PURE BENDING
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Fig. 1-2 4-POINT BENDING WITH FIXED
LOAD POINTS AND SUPPORTS

Fig. 1-3 4-POINT BENDING TEST, LOAD
POINTS AND SUPPORTS MOUNTED
ON ROLLERS
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K 4 is the coefficient of friction at all points of load contact,

the friction forces in Fig. 1-1 are
F = ~ P and F, < fy P (1-1)

The stresses in the gage section resulting from the forces acting as

shown in Fig, 1-1 are

M
A (1-2)
M = Pa - (F, h/2 + F) h/2) (1-3)

where M is the internal moment and S is the section modulus of
the cross section. The total stress over the central part of the beam,

therefore, becomes

5. = 2°H, 6 [Pa- (F, h/2 + F h/Z)] (1-4)
£ bd — b 2 1

For the same friction coefficients at all contact points, Eq. 1-4 re-

duces to
_ 6P
G'f = + -;52- (a -/uh) (1-5)

To determine the magnitude of error entailed in using load points
that allow for the development of frictional forces, the Eq. 1-5 must

be compared with the equation for stress neglecting friction.

6 Pa

g = + - (1-6)
T bd
sa that
ey .
f _ (a-_«h -
-2 a (-7
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Table 1-1 gives the results of a friction study made, using graphite

specimens.

Table 1-1

FRICTION FORCES IN BEND TESTS ON GRAPHITE

Loading Fracture Load (1b) _ Aver(:ig;a Load
1 2 3

Fixed load
points and 47.5 51 42.5 47
supports
Movable load
points and 53 62 47.5 54.2
supports

The coefficient of friction between the load jig and specimen was
determined as 0.4. The specimens were 1/8 in. thick, and the
length as shown in Fig. 1-1 was 0.4375 in. Since the fracture
load is proportional to fracture stress for specimens of the same
dimensions, there results

P
t % (a-xh)
= o = 2zsh) oo g8 (1-8)

The experimental results presented in Table 1-1 yield

g 4
. =] = m = 0,87 (1-9)

in good agreement with theory.

The results of these experiments led to the use of circular holes
on the neutral axis of the beam, with loads applied through pins pas-
sing through these holes. This procedure eliminated the possibility
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of errors being introduced when the fracture strengths of different

depth beams were compared for size effects.

Furnace requirements limited specimen lengths to 4 in. for the
bending tests. To keep down fabrication costs, the basic bending
specimen shape was also to be used for the tensile specimens; a
minimum transition radius of 2 in. was chosen for this purpose.
To ensure uniformity of denseness and reduce body flaws during
pressing and sintering a flat coupon type body was decided upon.
Several shapes were subjected to detailed experimentation; the
final shape selected was a '"dogbone'™ configuration which met the
requirements of this study. Figure 1-4 presents a view of a photo-
elastic pattern made during the dogbone investigation. The fringe
pattern indicates that pure bending occurs in the gage section, and
shows that stress concentrations around the pin holes are not large

enocugh to cause premature failure at these points.

The various dogbone shapes adapted for this program are
shown in Fig. 1-5. The volume ratios are 1:4: 8,35 from the smal-

lest to the largest gage section.

B. Tension Specimens

Studies were undertaken to determine an effective technique
for axial tension loading of the basic’ dogbone design used as a
flexure specimen. Experiments with a pin connection were unsuc-
cessful, although modifications were made in accordance with pho-
toelastic data obtained by Frocht(l-z), as shown in Fig. 1-6. These

failures were due to the limitation on the sample sizes.

Studies were made using end grips instead of pins through the
samples. Although swivel attachments were used in the pull-heads,
photoelastic experiments indicated that bending was occurring in the

gage section. Further investigation with end grips of various shapes
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Fig. 1-4 PHOTOELASTIC PATTERN SHOWING UNIFORM
BENDING IN THE DOGBONE SPECIMEN
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Fig. 1-5 DETAILS OF MULTICRYSTALLINE DOGBONE SPECIMENS
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Fig. 1-6 PHOTOELASTIC PATTERN
IN PINNED TENSION SPECIMENS
SHOWING SMALL ECCENTRICITY

OF LOADING
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led to the adoption of an open snug fitting grip with a double clevis
pin connection, shown in Fig. 1-7. Photoelastic patterns, presen-
ted in Fig. 1-8, exhibited uniform axial loading for this arrange-
ment. Subsequent experiments using SR-4 strain gages displayed
some bending component in the ceramic specimens. However, with
careful alignment of the specimen in the grips and the use of crush-
able shims, the bending strain shown by the gages could be kept
below 10% of the total strain at failure.

3. EQUIPMENT

A two-bay 30, 000-1b hydraulic universal testing machine,
equipped with a hydraulic ram, load cell with scales and small
proving rings which allow accurate reading from 0. 5-30, 000 1bs,
was used in the experiments. Recorders can be attached which
will plot stress-strain automatically, The ram and load cell are
mounted so that furnaces can be set up in both bays and the load-
ing mechanism can be easily moved from one side to the other.
This reduces the lag time for sample placement, time to reach
test temperature and actual loading. Load can be preset and held
indefinitely or cycled from tension to compression. Ram rate
varies from 0 to 3 in. /min at maximum. Figure 1-9 presents a
view of this equipment, showing the control panel with the load

recorder in operation.

An induction heating furnace has been designed and built for
operation in the range of 1750°C which is the upper limit of the con-
templated high temperature tests using this loading machine. Induc-
tion heating was chosen because of the rapidity of reaching operating
temperature and the wide range of temperatures which can be attained.
A schematic drawing of this furnace is shown in Fig. 1-10. The upper
temperature is limited by the formation of carbides between the carbon

susceptor and the oxide tube, which becomes very rapid above 1800°cC.

- 47 -



Fig. 1-7 TENSION GRIPS AND SR-4 INSTRUMENTED
SAMPLE
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Fig. 1-8 AXIAL LOADING OF SPECIMEN
USING SNUG GRIP AND PIN
CONNECTION
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1-9 TWO-BAY 30,000 1b UNIVERSAL TESTING MACHINE

Fig.
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The susceptor is isolated from the test chamber by an alumina tube.
This allows the susceptor to bhe protected by passing an inert gas
around it, while maintaining an oxidizing atmosphere in the test
chamber. A 10-kc power input, low-frequency generator was utilized
for this furnace. The use of low-frequency power makes for good
impedance matching and good coupling between coil and susceptor,
and also allows the use of the best thermal insulation while minimiz-

ing power loss from electrical radiation.

To expedite experimental work on this program, an intermediate
temperature {1000°C) furnace was also fabricated. The same fur-
nace design as shown in Fig., 1-10 was used. The susceptor was re-

placed by a resistance heating element of Kanthal wire.

Both furnaces are suitable for use in air, reducing atmospheres,
inert atmospheres, and vacuum, if diaphragms are used to seal the

loading ports.

The flexural testing jig is shown in Fig. 1-11, This fixture is
fabricated of Inconel for room temperature and 1000°C studies; for
higher temperatures, AIZC)3 is used. A set of typical bending frac-

tures obtained with different materials is shown in Fig. 1-12.

UPPER JAW,
INCONEL

SPECIMEN

PINS

LOWER JAW,
INCONEL

Fig. 1-11 FLEXURE TEST FIXTURE
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Wesgo
AL995

Sintered
ARF MgO

Lucalox

Fig. 1-12 TYPICAL BENDING FRACTURES
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4. THEORETICAL CONSIDERATIONS

A. Flaw Constants

The Weibull theoryll > 1-4)

materials contain a large number of flaws, which greatly lowers the

is based on the concept that brittle

fracture stress of a material from its theoretical rupture stress.

These flaws are assumed to be of random size and diatribution through-
out the body, and are assumed to be the cause of the scatter observed
in the failure of a ceramic material. It is further assumed that when
the stress at the worst flaw contained in the specimen becomes large
enough to propagate it into a running crack, the entire body fails
{(weakest-link theory of failure).

In developing his theory, Weibull assumed a normal distribution
function relating the probability of fracture, S, to the actual stress
observed at fracture, ¢, in the form

S = 1 - exp [:-V (G'IO‘O)m] {1-10)

In this function, d‘o and m are constants of the material, with
o, being the claasical strength of a 'flawless' specimen and m being
representative of the flaw density in the body; V is the volume of the
component subjected to tensile stresses. Weibull only considers ten-
sile stresses as contributing to the fracture of a brittle component.
As the number of flawa per unit volume increases, so does the pro-
bability that there will be a flaw of maximum severity which will
cause fracture at a given stress; at the same time, with an increased
number of flaws (m) the distribution curve becomes narrower and the

fracture scatter becornes smaller.

The relationship embodied in Eq. 1-10 requires a zero value of
fracture stress, ¢ ,for the probability of fracture, S, also to reach

zero, This, in turn, implies the extreme statement that absclute
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safety from fracture can be achieved only in the total absence of
applied (or internal) loads, which is in obvious contradiction with
observed behavior. To correct this overstatement of his theory,
Weibull proposed subsequently a semi-empirical distribution func-

tion of the form

- o\
S =1 - exp (-V ——3_——‘l (1-11)

4]

where the new aymbol, a is the lower limit stress (below which
fracture cannot occur), while all other symbols retain their previous
meaning. Since the probability of fracture corresponding to an ap-
plied stress of 6, is §=0, S, is frequently referred to as the

"zero fracture probability stress' or, briefly, the 'zero strength”,

If one rewrites Eq. 1-11 in the form, using Briggs' logarithms,

log log -i—-l—g =m log (0= &) - m log g, + log V + log log e (1-12)

the plot of the distribution function will be linear in a system where
log log ri-s is the ordinate and log (o - cru) is the abscissa. The
slope of the distribution function will determine m, and the inter-
cept on the abscissa will yield 6, - This method assume 8 that the

constant & is known, which is usually not the case.

The discussion to this point has been concerned with the functions
for the uniaxial state of stress. The equations change somewhat for a
bending specimen. Starting with the expression for probability of
fracture -
S = 1-¢B

the "risk of rupture', B, for a beam of rectangular cross section

(b x 2h) subjected to pure bending over a length, /,is
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h

m
B = f(a)dV:b—;% / [c—{--a{l dy
a,
v ° h,
v (6 - d.u)m+1 )
= {1-14
2(m+1) aom o

where V = volume of beam under pure bending, & = bending stress
at the extreme fiber, and h =6 h/6 .

The serﬁi—empirical distribution for bending specimens is of the
form

log log 1—-1‘-3 = log B + log log e
(1-15)

logB = {mtl) log (6- O'u) - log ¢+ log '—‘_X'_"ﬁ
2(m+l) 6'0

where N = total number of specimens, and logarithms are Briggs'.

The probability of fracture, S, corresponding to a particular
stress level, d‘n , can be calculated from the expression

n

S = W (1-16)

where N is the total number of samples tested in the series, and n
is the specimen serial number listing the fracture stresses in an in-

creasing order from 1 to N, with o, being the nth fracture stress.
By Eq. 1-16 therefore

log log T—_l—-—s = log log ﬁ"?‘}i_l—n“ {(1-17)

and Eq, 1-15 takes the form
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v

loglog-ﬂ%-]i-ﬁ- = (m+l) log (o - d'u) - log 07+ log;(——-g)--—n:1
m g
o

Several methods are now available for determining the con-
stants of the distribution function, the most common {and also most
practical) being an iterative graphical method based on Eq. 1-12.
By this approach, first a test plot is made assuming o, = 0. If the
plot follows a straight line o, is indeed equal to 0; if the test plot
is a curved line, a trial value is taken for n:r“1 = Q. I the curve re-
verses itself, the trial value of o, is too high and a new value is
chosen. This process may be iteratively continued until a reason-

ably straight line plot is obtained.

To cobtain the values of m, S, and S, graphically for bending,
a plot is prepared for

loglog _1\%'-:(11:5 + log & versus log (o - O'u)

The value of s, is determined by trial and error; the correct value
ias again the one that results in a straight line plot. For the correct

value of 6:1 , m+ 1 will define the slope of the straight line, and

, is determined from the intercept of this line on the vertical axis.

For the special case where o'u =0

v

——— (1-18)
2(m+1) O‘om

lc.vglcrgTq-l-q_':-{%n =m log 6+ log

and the constants are obtained by plotting log log ﬁlf—;f—n versusd

log ¢ as in the case for tensile specimens.

B. Size Effects

After determining the material constant, m, the theoretical
effect of volume on the flexural specimens can be calculated and

- 57 -



compared to the test data. For the special case where g, = 0,
Weibull's expression for the mean fracture strength, o,, is

Ll

o = odSs (1-19)

0
where o is the state of stress in a body and S is the probability of
fracture occurring at that stress. I the distribution of stresses in

the body is arbitrary, the risk of fracture is

B = n (¢) dY (1-20)

-
where the function n {¢) is the material function.

The probability of rupture is

s = 1-B (1-21)
The expression for fracture strength of a body under a non-uniform
stress is oo
6 = e P as (1-22)
0

The material function, n (¢} can also take the form

n{o) = Ko™

where K is a constant and m is the material flaw constant. Weibull
further shows that the risk of fracture of a point in a body subjected to

a polydimensional stress is of the form

M2 ¢
B! = 2K / / cog?™*! ¢ (o’x cos? ¢+ o’y gin® #Y™ dgd ¥
-6

0 {1-23)
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where p and ¢ are the angles the normal stress makes with the

principal stresses.

In a rectangular beam of width b and height 2h subjected to
a pure bending stress, the stress increases as a linear function of
the distance from the neutral axis according to the relation
¢ = o} y/h. The risk of rupture B for the length ¢ is

(1-24)

Combining these concepts with Eq. 1-2] the following fracture for-
mula is obtained for the bending strength of a rectangular cross sec-

tion

1

6 = m (1-25)
b Kvb I/m
Zm+2

where ‘b is the fracture strength in bending, K a constant, Yb
the volume of the gage section, m the material flaw constant, and
Im a constant depending on the value of m. From Eq. 1-24 it can
be seen that the strengths of the flexural samples are a function of

the volume of the samples.

This principal can be used to compare the ratio of fracture strength

of the different sized samples since, by Eq. 1-25

1/m
;_P}— = ;RZ_ {1-26)
b2 bl

where o1 and G, are the mean strengths of two groups of samples
having volumes of vbl and Vbz , and m is the material flaw con-

astant.
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If the value of the material function m is known, along with the
equations for the risk of rupture for a particular stress state, and
6, = 0, the Weibull theory can also be used for predicting the strength
in one stress state from the known strength value corresponding to an-
other streas system. Equation 1-24 provides the relation for the risk
of rupture in bending of a rectangular beam and solving Eq. 1-20 for
the case of pure tension, the equation for the risk of rupture pertaining

to the latter system becomes

U m
Bt = Vth; (1-27)

At identical fracture probabilities in bending and tension (BL = B_;),
the ratio of the ultimate strength in bending to that of tension, using
Eq. 1-20 and Eq. 1-27, is given by

o Zm+2) v, | V/m
- t (1-28)
I o

5. EXPERIMENTAL WORK AND DISCUSSION

A. Test Conditions and Data

The following factors have been investigated for possible effects
on the fracture strength of the ceramic materials:

(a) Prior Thermal History
{1} As received
{2) Annealed at 1700°C

{b) Specimen Finish
(1) As fired
(2) Fine ground surface
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(¢} Test Temperature
{1) 20°C (room temperature)
(2) 1000°C

(d} Atmosphere
{1} Room air
{2) Saturated air or steam
(3) Dry argon

(e} Specimen Size {(Dogbone shape)

(1) Small (1/8 x 3/16 x1/2-in. gage section)
gage volume = 0.0117 in3
(2) Medium (1/4 x1/4 x 3/4-in. gage section)
' gage volume = 0. 0469 in. 3
(3) Large (5/16 x 5/16 x 1-in. gage section)
gage volume = 0. 0977 in. 3

Initially, five specimens were to be tested for all combinations
of factors in each category. However, as data were collected this
number was found to be too small to define accurately the Weibull
material parameters. The room temperature data for the Wesgo
AL995 is listed in Table 1-1I. The intermediate volume specimens
were used for the analysis of the Weibull parameter to determine
flaw constants and size effects,

A statistical approach was used to analyze and group the data.
An analysis of variance was made for the effect of atmosphere for
the medium volume specimens at room temperature; this showed
that for the as-received material environmental atmosphere had no
significant effect at room temperature range investigated; however,
for specimens with a ground surface environment turned out to be a
significant factor. A test for size effects indicated that volume dif-
ferences had a significant effect on breaking strength at the 99 per-
cent level. It should be noted that statisticians usually take the
95 percent level of significance as the criterion for dividing the
same mean population. The data analyzed were either well above
or below this dividing line.
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A study of the effect of surface treatment on the fracture strength
of the intermediate size specimens revealed that annealing and surface
grinding influenced the observed results separately and in combination
The influence of surface treatment upon fracture strength, ranked in
the order of the most to the least significant effect, is as follows: (a)
unground annealed, (b) ground annealed, (c) unground unannealed,

and (d} ground unannealed.

A similar analysis was used to compare rupture data as functions
of atmosphere, specimen treatment, and size at 1000°C. Size was
significant at the 99 percent confidence level while the other factors
were not. The values for each size and temperature were combined
and analyzed; both were important, the former at the 99 percent level
and the latter at the 99.5 percent level,

A geries of tests (Table 1-1V) were made using Wesgo material
which was ground to one-half the thickness of the specimens listed
in Tables 1-II and 1-1II. Specimens identified "as-received" in
Table 1-IV were symmetrically ground onr both side faces to one-half
of their original thickness; however, their bottom surface {the locus
of fracture origination), was left in the original condition. Specimens
identified "ground" had a thin layer removed on the top and bottom
surfaces as well, to yleld the same reduced volume. The principal
purpose of this part of the work was to eliminate possible changes
ascribable from the study of size effects. Because of time limita-
tions no effort was made to carry out a complete analysis of the re-
sults obtained; however, the data are presented here and the analysis

will be performed as part of a future program.

The data for both Lucalox and MgO specimens are listed in
Table 1-V, Time limitations confined the effort to the determina-
tion of the Weibull parameters for the intermediate volume speci-

mens at room temperature under ambient conditions.
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The results of annealing Lucalox show an interesting increase
in strength but the sample size is not large enough to permit firm
conclusions to be drawn at this time. The results of room tempera-

ture as-received Wesgo AL995 tension tests are shown in TablelVI,

Table 1-VI
20°C TENSION DATA: WESGO AL995 SPECIMENS

(Air Environment)

Gage Volume No. of Average Standard Coefficient

(in 3) Tests Tensile Deviation, of Error,
’ Strenpgth, 10°3 pai (percent)
(10-3 psi) | (10 7 psi)

0.012 24.4 3.7 15,2
0.047 27.0 3.6 13.3
0.098 19.1 2.7 14,2

B. Data Analysis and Discussion

Figures 1-13 to 1-16 present distribution plots of the intermedi-
ate size flexure specimens tested at room temperature for as received,
as received and annealed, ground, and ground and annealed conditions.
The as-received plot is normal in appearance while the others are
skewed toward the lower strengths and, in general, indicate a narrower
distribution range. The distribution curve for specimens of the same
size tested at 1000°C is shown in Fig, 1-17. This curve was obtained
by combining the data of unground specimens for the different atmos-
pheres and annealed samples. This combining of high temperature
data was admissible because previous statistical analysis indicated

that these variables had no effect on the fracture stress of specimens
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Fig. 1-13
DISTRIBUTION CURVE OF FRACTURE
STRENGTHS OF AS-RECEIVED WESGO
AL995 AT 20°C
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DISTRIBUTION OF FRAC-
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Fig. 1-17 DISTRIBUTION CURVE OF FRACTURE STRENGTHS OF
WESGO ALUMINA AT 1000°C
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of the same size. This plot is displaced somewhat toward the

higher stresses.

The distribution curves for the intermediate size Lucalox
and MgO flexure specimens are shown in Fig. 1-18 and 1-19. While
a smooth regular curve has been fitted to the Lucalox data, the
points appear to show a more complicated distribution. The plot
as shown is skewed toward the higher strengths. The MgQO appears
to have a normal distribution curve. It may be mentioned that
skewed distribution curves are more typical of the materials under

investigation than the normal distribution.

The logarithmic distribution curves of fracture stresses are
shown in Fig. 1-20 to 1-23. These curves are plotted first on basis
of the assumption that o, = 0, as explained by the definition of the
methodology in Section IIIA. As can be seen, the plots for the un-
annealed Wesgo material (both as-received and ground) shown in
Fig. 1-20 and 1-21 are concave downward, indicating that o, £0
for these conditions. The annealed Wesgo AL995 specimens, both
unground and ground, on the other hand, result in straight lines,
as seen in Fig. 1-22 and 1-23, For these conditions, therefore,

o, is truly equal to zero.

For the "as-received' Wesgo AL995 tested at 1000°C, as well
as for the Lucalox and MgO tested at room temperature, once again
downward concave plots result (Fig. 1-24, 1-25 and 1-26). Hence,
for these materials, o:l again assumea a finite rather than a vanish-
ing value.

To determine the correct value of o for casesa where initial
plots based on the S, = 0 assumption yielded concave downward
curves, the iterative trial and error method described in Section ITIA
was employed. This was continued until a straight line resulted,
with the manner of plotting employing the coordinate values shown
before,

The replotted curves corresponding to Fig. 1-20, 1-21, 1-25
and 1-26 are preqented in Fig. 1-27, 1-28, 1-29 and 1-30, respectively,
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for "as-received' and ground Wesgo AL995, Lucalox and MgQO
tested at 1000°C (Fig. 1-24) which also showed a zero-strength

value different f{rom zero, have not yet been fully analyzed as yet.

The cumulative results excerpted from these graphs (Fig. 1-22
1-23, 1-27, 1-28, 1-29 and 1-30) are summarized in Table I-VII.
Examination of this table, and the curves upon which it is basged,
indicates that both of the Weibull constants are highly dependent
upon the surface condition and heat treatment of the material.
Specifically, it can be seen from values listed for the Wesgo mater-
ial in Table I-VII, that the Weibull '"constants'' are not constants at
all, but fluctuate highly with the thermal and mechanical history of

the specimen,

Both grinding and annealing change the values of the Weibull
constants. While annealing may affect both surface distributed
flaws or volumetrically dispersed sources of crack nucleation,
grinding can affect only the former. This proves that the fracture
of Wesgo specimens is, beyond any doubt, a surface induced phen-
omenon. This raises another complication, notably that the frac-
ture probabilities and Weibull constants were all evaluated here on
prermise of a volumetrically distributed flaw density, as indicated
by the derivation entailed in equations 1-1 te 1-9. Although this
mathematical treatment is far more rigorous than that commonly
employed in the literature, in the sense that no attempt was made
here to envoke the simplifying as sumption* of g, = 0, the fact is
that the entire analysis of data should have been based on a surface
distributed flaw density theory, rather than a volumetric one. Such
a derivation, unavailable in the literature, is now in progress, and
the data will be reexamined on basis of this theory, which will in all
likelihood entail changes in the values of the Weibull constants shown

here.

&

The literature, in fact, contains no treatment of the fracture data by the
Weibull theory when ¢, # 0. In this regard the derivations and method
of plotting presented here are original contributions.
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Beyond this remark, it is interesting to note that grinding
definitely weakens the material. This can be seen by the fact that
o, remains unchanged while m increases for the ground specimens,
which indicates that the strength of the as-received specimen is
somewhat larger for any failure probability value other than zero

{at S =0, the strengths are equal at o).

Annealing, however, induced significant reductions in strength,
as shown by the fact that m acquires even higher values while the
value of s, drops to zero. The former effect is anticipated in a
sense, since increasing m values indicate a greater uniformity of
flaw distribution. However, the 'flaw healing effect' frequently
associated with annealing treatments is totally absent; the annealed
gpecimens are weaker at all fracture probability levels than their
unannealed counterparts, While no firm proof can be cited at this
time, it is hypothesized that this effect is attributable to the destruc-
tion of a beneficial residual stress distribution (compressed skin
layer existing in the ''as-received'' specimens) during annealing.

Somewhat similar results were obtained previocusly by Anthony
and Mistrettau_S)who, working with ATJ graphite, found '"'m'' values
of 7.5, 7.3, 14.5 and 7.8 at temperatures of 70°; 2000°F, 2500°F
and 2750°F, respectively. While they did not attempt to evaluate
the influence of surface flaw density distributions and volumetric
effects separately, their findings of a nearly two-fold variation of
m over the comparatively narrow temperature range of 2000-2750°F
is remarkable, and parallels in a measure some of the results re-
ported here, This either rmeans that statistical flaw density para-
meters cannot be regarded as a true material constant or that some
new mechanism enters to affect the fracture probability at different
temperatures, rendering (in the referenced case) the distribution
of critical flaws far more uniform in graphite at the particular tem-

perature of 2500°F.
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It should be noted that the o, values for the Wesgo AL995
show the same zero strength, 10, 000 psi, regardless of surface
treatment. Future work in this area will be done to clarify the

significance of this finding.

Combhining the 20°C Wesgo data into individual size groups,
and using the average value of m = 1l (representative of the an-
nealed materials listed in Table 1- VII) along with g, = 0, predic-
tions were made for iracture strength. The average strength of
the intermediate volume specimen (27, 460 psi) was used as the
base and the strength of the small and large specimens were pre-
dicted. The predicted strength for the small volume specimens is
31, 000 psi, as compared with the actual average strength of 31, 400
psi. The predicted strength for the large specimens is 25, 700 psi
and the actual value is 25, 890 psi. As can be seen, predicted
values are in excellent agreement with experimental results.
Similarly satisfactory results were obtained in tests performed
at 1000°C for the large specimens; here, 18, 900 psi was predicted
and 18, 700 psi obtained in actual experiments; the correlation,
however, is less favorable for the small specimens, a predicted
value of 23, 000 psi corresponding to 20, 100 psi obtained in actual

experiments.

6. CONCLUSIONS

The purpose of this Task of the overall program dealing with

fundamental studies of the fracture of brittle inorganic materials
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to develop as much understanding as possible regarding the statistical
nature of failure strengths of A1203 and MgQ, the two ceramic mater-

ials selected for use throughout the program.

To make specimens adaptable to a variety of loading conditions,
a detailed study was undertaken on the stress concentration effects,
frictional disturbances and failure modes of a number of possible con-
figurations. As a result of these studies, various dogbone-shaped
specimens were evolved as standard specimens, which were also

utilized in investigations conducted on companion Tasks.

A review of the Weibull theory of statistical failure was under-
taken, and formulations were established applicable to the conditions

of the experimental work carried out on the program.

Detailed experimental studies were conducted on one material,
a commercial grade high-density A1203 supplied by Wesgo, with the
principal purpose of determining the material constants (m, the flaw
density parameter; and G the zero strength) and the volume effects
entailed in the Weibull statistical theory. These parameters were de-
termined as influenced by the variation of five factors, including (a)
prior thermal history, (b) specimen finish, (c) test temperature,
(d) environmental atmosphere, and {e) specimen size. Preliminary
work has also been carried on Lucalox and multicrystalline MgQO, and
initial results pertaining to these materials are also reported. Data
obtained were analyzed by statistical methods to determine the signi-
ficance of various effects investigated. The principal conclusions can

be summarized as follows:

{a) Environmental effects for Wesgo AL995 at room temper-
ature are significant only for specimens having a ground
surface; as-received specimens are not significant affec-
ted by environmental conditions. At 1000°C, all environ-
mental effects tend to vanish, in confirmation of results
obtained by Charles on Task 9.

- 90 -



{b)

(c)

(d)

(e)

(f)

Specimen volume has a significant effect on fracture
strength at the 99 percent confidence level; however, the
size effect observed is not explained adequately by the
simple Weibull distribution function.

Meaningful comparisons at this time can be made only for
the behavior of the Wesgo AL995 tested at room tempera-
ture. This shows that fracture in this ceramic is definitely
a surface induced phenomenon, indicating that all investiga-
tions based upon the velumetrically distributed Weibull flaw
criteria are in error. This probably covers virtually all
technical papers presented in the literature on this subject.

The previous comment is based upon results obtained with
"as-received" and ground specimens. Grinding lowers the
strength of Al Oy for all fracture probabilities other than
zero, through an increase of the flaw density constant m.
This implies a greater density and uniformity of flaws at
the surface, which is a natural consequence of the grinding
aoperation. Grinding, however, leaves the value of the zero
strength unaffected at 10, 000 psi for Wesgo AL995. This
finding is not fully understood, and is thought to be coinci-
dental at this time.

Annealing induces a drastic weakening of the Wesgo mater-
ial, accompanied by a drop in the value of cr to zera., Thus,
annealing cannot be said to have any beneficiil "flaw healing
effects for the case investigated. It is assumned that the
severe weakening effect of annealing is ascribable to the des-
truction of a beneficial residual stress distribution, whose
compressive skin-layer effect imparts added strength to the
unannealed specimens,

Preliminary results indicate that similar conditions will be
found to be operative in Wesgo alumina tested at 1000 C;
however, data in hand at this time are too few to permit
firm conclusions.
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As general observations, it may be noted that the primary

factors influencing the fracture of the Wesgo AL995 are the speci-

men size, testing temperature, surface treatment and prior thermal

history of the material; secondary factors are represented by the

moisture content of the environment and the duration of exposure,

Preliminary results obtained with Lucalox and MgO appear to show

similar trends for these materials, but data available at this time

are insufficient to permit firm conclusions to be established. Such

data including information on Wesgo AL995 tested at 1000°C, are ex-

pected to be gathered during the continuation phase of this Task of the

overall program.
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TASK 2 - EFFECT OF STRAIN RATE

Principal Investigator: H. R, Nelson
Armour Research Foundation

ABSTRACT

The goal of this task was to investigate the effect of strain
rate upon the fracture strength of ceramic materials. Since direct
methods of recording high strain rates on the specimen proper were be-
yvond the state of the art for the brittle materials used in this research,
extensive studies were undertaken to develop suitable fixtures, specimen
preparation technigues and recording methods,

Recording techniques were developed, suitable for strain
rates up to 102 sec~l and the problem of specimen loading for bending
has been resolved, The manner of gripping the specimens in tension is
still under review. Special equipment was developed for low strain rates
in the 10-5 sec™1 to 10~ gec- range and an intermediate rate device was
constructed for use up to 102 sec-1; equipment has also been designed to
conduct experiments at higher strain rates.
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TASK 2 - EFFECT OF STRAIN RATE

I. INTRODUCTION

The project effort on the effect of strain rate on the fracture
strength of brittle materials had four objectives:
(a) Design and development of tensile and transverse bend test

equipment which would develop strain rates of 10-5, 10-3,
10‘1, 101, and 103 sec-l,

(b) Development of a measuring and recording system for the
determination of nominal stress-nominal strain behavior of
brittle materials strained at the above rates.

(c) Development of elevated temperature facilities which would
neither interfere with strain measurement nor place any
hindrances on the use of special test equipment developed,

(d) Determination of the tensile and bend behavior of polycrys-

talline A1503 and MgQO, at the strain rates specified.

The problems encountered in achieving objectives {a), (b) and (¢}
could be solved by relatively straightforward, though complex, means,
The problems encountered in meeting objective (d) proved far more diffi-
cult of solution. Collection of reliable, reproducible test data from
specimens known to have an ultimate tensile strain of less than 0.1 per
cent demanded an accuraty of axial strain distribution that far exceeded
the present state-of-the-art, Therefore, activities in connection with
objective (d) became largely concerned with the prerequisite to its attain-
ment, - an improvement in the state-of-the-art of mechanical testing.

The following sections described the techniques used, and the progress

made, in attaining these objectives,

2. DEVELOPMENT OF EQUIPMENT TO PRCDUCE DESIRED STRAIN
RATES

A, Low Strain Rate Machine

A standard Riehle universal testing rnachine, equipped with a Thy-
ratron speed control, was used as the basic equipment for this part of the
program, This machine originally possessed two crosshead speed ranges,
0.2 - 2.0, and 1.0 - 10 in, /min respectively. Insertion of a transmission

train with interchangeable pulleys and a 400:1 gear reducer made it possible
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to achieve crosshead speeds in the desired 10-5 to 10-1 in, /sec range.
Care was taken to select gear and pulley ratios which would permit
attainment of a specific crosshead speed when the motor drive pulley
was rotating at no less than 10% of its rated rpm. This assured re-
producibility of Thyratron control action, The various pulley and gear

reducer combinations used for given speed ranges are shown in Table 2-1,

The ability of the machine crosshead screws to transmit a uniform
crosshead motion at the slowest speed, 4.18 x 10-6 in. /sec was checked
on a 4-in. wide steel tensile bar. This calibration specimen showed a
uniform strain rate over a period of four minutes, twice the time of the

longest planned test when using brittle specimens,

Table 2-1

PULLEY AND SPEED REDUCER COMBINATIONS
FOR GIVEN SPEED RANGES

Motor-Drive Pulley | 400:1 Speed| Low Speed Range,| High Speed Range|

Ratio Reducer {in. /sec (in, /sec)

2:1 no 3,33 x 10-3 1.67 x 10-2
3,33 x10-2 1.67 x 10-1

4:1 no 1.67 x 10-3 8.35 x 10-2
1,67 x 10-2 8.35 x 10-1

2:1 yes 8.58 x 10-4 4,18 x 10-5
8.58 x 10-3 4.18 x 10-4

4:1 yes 4,18 x 10-6 2.09 x 10-4
4,18 x 10-5 2.09 x 10-3

A 4-range electric tachometer for measuring and indicating the
tensile machine drive motor speeds was installed, and calibration curves
were prepared, enabling strain rates to be read directly f{rom the tacho-

meter meter,
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B. Intermediate Strain Rate Loading Device

The machine designed and constructed for this purpose is shown
in Fig. 2-1. The unit consists of a steel tube, a compression spring, an
end adapter, and a sear arrangement for triggering the unit to release the
compressed spring. Loading velocities could be varied as a function of
the amount of spring preload. Figure 2-2 shows the arrangement for
specimen and end grips and adapters used in the tube of the spring load-
ing fixture. Figure 2-3 shows the spring loaded fixture mounted in the

testing machine.

Determinations of average ram velocity by measurement of the
anvil traverse time over a fixed distance showed that values of up to
380 in. /sec could be achieved, Assuming constant acceleration of the
extended spring, a maximum striking velocity of approximately 760 in, /sec

could be obtained.

C. High Strain Rate Loading Device

A strain rate loading device capable of loading specimens at
1000 in. fsec was designed. A schematic diagram of the device is shown
in Fig. 5-4. Angular velocity of the steel flywheel is controlled by a d-c
variable speed motor. The specimen is mounted in the machine between
an upper and lower platen, both of which are rigidly affixed to the machine
base. For the tension loading shown, the specimen is suspended from the
upper platen through a water-cooled lpad cell link connected to a double
pin-and-clevis specimen grip. At the lower end of the specimen, the same
type double pin-and-clevis is used for connection to a water-cocled loading
bolt. The entire assembly is then freely suspended. The loading bolt and
load applicator cage move vertically in line-bored holes to prevent mis-

alignment,

Specimen loading is accomplished by rapid transfer of energy from
a high mass rotating flywheel to the specimen through a quick acting wrapped
wire spring brake. The diameter of the wrapped spring is smaller than the
flywheel diameter, and is held open in a cocked position by a sear. When

the desired speed is reached, the sear is released, and the wrapped spring

- 97 -



aaN.
F’T—HE%—"_TH" Spring Loading Accomplished
with Movable Head on Testing

Machine

]
pr— _S'T__-""*- Strain Monitor Link

|~ /" """ Universal Joint Link

O O-d—“_/ Spring
O & 2 - T — Dogbone Grips
v——l—M Impact Striker

|
r ! ]4»--_.__5""‘*- Impact Anvil

Fig. 2-1 SPRING LOADED DEVICE FOR MEDIUM-HIGH STRAIN RATE
EXPERIMENTS

- 98 -



ADIAFA LOVAWI AZAVOT DNIEdS WO¥ A
SYOLDANNOD ANF NI QELNNOW NAWIDHALS AALNIWAFTLSNI IDVO NIV LS




Ty

AR

- 100 -

.
MR LT TR 13

Fig. 2-3 INSTALLATION OF SPRING LOADED DEVICE IN TESTING MACHINE



Jm b i gﬁ— T
SN - ~
- ! | L | r
| % 0? | ﬂ ING WATER LIN !
57 Bt |
| f ,/— - *[ !.\ LGAD CE T
! i ;
7 | Hil S
1 %ﬁl_ o ) dl T
% e HE T FURNACE OUTLINE o | _ = T
] | _
[ Vi ¥ i [ [
\r b= < | |
% h 4 h 4 ﬂ
L,,, h. | A | | 4 |
FREE TRAVEL 5PA§LE , o TTTT——L0AD APPLICATOR | '
’ 1 P CAGE | |

COOLING WATER tINES ;

\wmp D BRAKE SPRIN
I

T DETENT

13
:

S 1;—]
[.

g S-——
-
-
o

| 1
| E’ . — P._1 : -
L—;)_" | Pre
| T il
|
\ | II
- FLYWHEEL i i
FHRENI
i
AT 1 DC. VARIABLE SPEED DRIVE
it
SCHEMATIC OF CUULE 4 |
A ~ ME] § - N {

Fig. 2-4 SCHEMATIC OF HIGH STRAIN RATE LOADING DEVICE

- 101 -



shErmtgia e

-
1
-
-
-
—
-
-
-

Fig. 2-5 CLOSE-UP VIEW OF SPECIMEN BEND FIXTURE

- 103 -



collapses on the periphery of the wheel, The collapsed spring then
starts to rotate with the flywheel, and transmits its motion through a
link to the load applicator cage, The load applicator cage is restrained
from movement when the brake is first energized by a detent, to assure
that no movement occurs until the spring brake has been fully engaged by
the flywheel, A 2-in, separation is maintained between the brake and
the loading bolt of the test assembly, to permit the loading cage velocity

to approach wheel velocity before impacting the specimen,

Construction of this equipment was deferred when it was established
both by experiments (with the medium strain rate machine} and calculation
that tensile loading rates in excess of 385 in, /sec would generate a stressg
wave which would fracture the specimen outside the gage length., None-
theless, such a device would be most useful on high-speed deformation

studies of more ductile materials,

3. DEVELOPMENT OF TRANSVERSE BEND TEST EQUIPMENT

Photoelastic studies had indicated that uniform specimen bending
could be produced by 4-point loading, The load connection was established
by drilling 4 holes through the specimen, and placing pins in the holes.
Outer holes were connected to the upper crosshead of a tensile machine,
inner holes to the lower crosshead. Gimbals were used between each
pin and the appropriate crosshead to compensate for the possible lack of

parallelism of loading holes in the specimen.

This system, although suitable for metals, did not develop uniform
bending in the ceramic specimens. Therefore, a high-precision bend test
unit had to be constructed; the severe difficulties encountered in this task
focussed particular attention, in turn, on the problems associated with

achieving uniaxial tensile loading.

The reasons for lack of uniform bending in test specimens were
found to lie in the limit of machining accuracy, and in the ability of gimbal
sets to compensate for machining deviations. The highest degree of
accuracy presently attainable for the hole centerline, is a tolerance of
40,0001 in, from true perpendicular to the specimen surface, at a speci-
men thickness of 0. 250 in, If the axis is horizontally inclined, the gimbal
will compensate for the misalignment; however, if the hole is vertically

inclined, the gimbal
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is useless, If the vertical deviation of two adjacent holes is in opposite
direction, a 0,0004-in, twisting strain will be superimposed on the bend-
ing strain, At a failure strain of lesgs than 0,001 in, in bending, the
twisting strain becomes at least 40 per cent of the bending strain, and
the test loses all validity. Unfortunately, photoelastic strain determi-

nations were not sufficiently sensitive to detect this difficulty.

When these difficulties became fully appreciated, a special fixture
was designed and constructed which placed the specimen in bending with-
out the need for any holes. Figures 2-5 and 2-6 show details of the
operating parts and its method of mounting on the tensile machine, The
posts supporting the roller pedestals are machined to +0.0001 in, for use
as load cell members. High-sengitivity semi-conductor strain gages
{(not shown) were mounted on the right hand post, This member has a
compressive load applied to its centerline at all times, due to anchoring
of the right hand roller assembly. The left hand roller assembly is left
free to move laterally, in order to prevent buildup of any axial stresses
in the specimen subjected to the bending load., Linear bearing races were
used to minimize friction between the upper head of bend tester and align-
ment posts, Loading posts, attached to the upper section of the fixture,

and all rollers, were machined to a tolerance of 40, 0001 in,

The rugged construction of this fixture {(250-1b approximate weight),

permits its use with fast loading devices,

4, DESIGN OF THE MEASURING AND RECORDING SYSTEM

Since experiment and calculation had shown that tensile strain rates
in excess of approximately 300 in, /sec would cause specimen fracture out-
side the gage length due to stress wave propagation, it was decided to hold
the maximum strain rate to approximately 200 sec™1, This, in turn, fixed
the minimum total test time at 10-5 sec for a strain of 0. 001 in. /in, The
recording system would then have to possess a full-scale deflection time,
or rise time, of 5 x 10~7 sec in order to assure its ability to follow varia-
tions in the stress-strain curve during loading, Strain resolution limit
was fixed at 5 x 10-6 in,, to provide a resolution of 0.5 per cent of estimated

strain, using specimens possessing a gage length of I in.

- 105 -



Selection of an appropriate load cell was relatively simple, A
5000-1b strain gage load cell of +0.25 per cent accuracy, with suitable
dynamic response characteristics, and adequate for use with the strong-

est material, was selected as a stress transducer.

A detailed review was made of the advisability of using either in-
direct or direct strain measurement, Indirect methods measure strain
induced in some portion of the tensile grip, using an extrapolation function
to determine the state of strain in the specimen proper. This process
has the advantage of utilizing non-expendable strain transducers which,
moreover, would not require attachment to the specimen, disturbing
thereby the local strain distribution, This disadvantage of this method
lies in the difficulty of an accurate determination for the correct extrapo-
lation function. Since the latter depends both upon temperature and strain
rate, direct and indirect strain measurements would have had to be obtained
over the entire temperature and strain rate range of the tests. Because of
the inherent uncertainties involved in this approach, indirect measurements
were eliminated from further review, and only direct strain measurements

were considered,

A search of the literature concerning the state-of-the-art of direct
measurement devices disclosed only two applicable techniques, notably

optical gages or strain gages,

Strain gages have a high degree of strain resolution; their disadvan-
tages lie in the economics of their use, and their lack of reliability at ele-
vated temperatures, Gages for operation at 1800°F cost between $15 and
$20 each, compared with room temperature gages at $2 to $3 each; at least
one gage must be mounted on every specimen tested., The cost of labor ex-
pended in mounting the gages is also considerable, Furthermore, problems
concerned with a drift in the value of gage factors and creep in cements have
been encountered at temperatures in excess of 1000°F, ruling out the use of
these devices for static tests, and posing some difficulties in strain gage

bridge calibration even for dynamic tests.

Although the disadvantages to the use of strain gages were not pro-
hibitive, they appeared sufficiently great to make evaluation of optical strain

measurement devices worthwhile,
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The ideal optical system would scan the distance between fiducial
marks on the specimen; associated instrumentation would then determine
distance between marks as a function of scanning rate, and appropriate
time markers., Such a system has the advantage of avoiding use of any
expendable sensors, The disadvantage of commercially available systems
is their relatively poor degree of strain resplution, Although manufacturers
of such equipment were initially optimistic about their ability to improve the
resolution of the devices to acceptable limits, such hopes turned out to be
unattainable. Therefore, it was decided to construct the strain recording
instrumentation based upon the utilization of strain gages, making provision
for drift and calibration adjustment immediately before running elevated

temperature dynamic tests,

For a maximum rate of response, strain gage bridge current must

be d-c, requiring d-c amplifiers to generate a usable output signal,

The maximum output of a strain gage bridge is approximately 20 mv;
therefore, a high gain amplifier is required to develop a sufficiently strong
signal to drive an oscilloscope. The frequency band pass of high gain am-
plifiers is small, 300 kc representing about the maximum frequency such
amplifiers can handle, This, in turn, limits the oscilloscope trace speed
to between 0.5 and 1,0 p sec/cm. Assuming a 10~-cm wide screen, the
fastest trace that can be obtained will be between 5 and 10 p sec, Hence,
the band-pass characteristics of the strain gage amplifier, or oscilloscope
amplifier, will limit the recordable strain rate to about 102 sec-! for a

total extension of 0,001 in,

The slowest strain rate used, 10-5 sec~!, strains the specimen to
destruction in 100 seconds, In this case, output signals from the load cell
and the strain gage bridge could be fed directly to the two arms of an X-Y

recorder, affording a direct plot of the stress-strain curve,

An X-Y oscilloscope was procured for all other higher strain rates,
The oscilloscope trace was photographed by a polaroid camera; superposition
of the illuminated oscilloscope graticule on the film enabled stress-strain

data to be read directly {rom the film,

Suitable correction for change in strain gage factor in elevated tem-
perature tests was accomplished by first placing a load known to cause a

given strain on the specimen, then adjusting the gage factor control knob

- 107 -



(or the gain on the oscilloscope amplifier) until a given beam deflection
was noted, Errors resulting firom creep of gage cement were minimized
by running the test as soon as possible after zero and calibration adjust-

ments were made,

5. DESIGN AND CONSTRUCTION OF A SUITABLE FURNACE FOR TEN-
SILE AND BEND TEST APPLICATION
The design of the transverse bend and tensile test fixture made it
mandatory that the furnace heat only the reduced section of the test speci-
men, Consequently, a small furnace was designed and constructed for
use in both tensile and bend test activity, A schematic diagram of this

furnace is shown in Fig., 2-7,

Total furnace length is 1 in.; the zone of uniform temperature is
substantially in excess of the 1/4-in, specimen gage length, Continuous
operating temperature of the furnace is 1850°F, Number 10 Nichrome
wire was used for the heating element to assure long element life, Oper-

ating current is approximately 45 amps, for a 6-8 volt input,

The furnace is designed to be slipped over the test specimen prior
to insertion in the grips and is then supported by an appropriate bracket

attached to the testing fixture.

To test the suitability of the furnace, the gage section of an Al;05
specimen, mounted in tensile grips with lead shims, was heated to 1800°F
and held at temperature for 5 hours. The lead shims did not soften or melt

during this time.

6. LOADING SYSTEMS FOR UNIJAXIAL OR PURE BENDING STRAINS IN
BRITTLE MATERIALS

A, Uniaxial Loading

Photoelastic studies of several tensile specimens and grip designs
of differing geometric configuration, undertaken during the first six months
of the project, indicated that a shoulder-type specimen and grip would
possess an adequate uniaxial loading characteristic when loaded in tension.
This design was also favored because the type of tensile specimen {(doghone)
could be easily and relatively economically produced by the ceramic manu-

facturers. A drawing of this specimen is shown in Fig. 2-8. Succeeding
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Fig. 2-6 VIEW OF SPECIMEN BEND FIXTURE MOUNTED IN

TESTING MACHINE
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tensile tests, utilizing this specimen shape for ceramic materials, showed
that the plastic birefringent materials used in the initial photoelastic test
had not been sufficiently sensitive to indicate the deficiencies of this design.
Occasional bending strains amounting to 50 to 60 per cent of the tensile
component were determined to be present in ceramic specimens subjected
to "pure tension', Use of self-aligning gimbals between specimen grips

and tensile machine crosshead did little to reduce this high bending strain,

First efforts to reduce bending were concerned with improvements
in the self-aligning test grip gimbals, and a reduction in grip and specimen
tolerances, Variations were explored on two basic types of gimbals; a
double clevis-double pin type, and a ball swivel type. The latter proved
to be superior after many trials. An additional improvement was effected
by attaching a low-frequency vibrator to the tensile machine while the test
was in progress, Test specimens were ground to the dimensions shown
in Fig. 2-8, in an effort to reduce possibilities of unsymmetrical loading.
Although these measures were helpful, the bending component occasionally
still approached 30 per cent, without any demonstrated test reproducibility.

Attention was next centered on grip design,

Further investigation revealed that the remaining eccentricity was
due to the inability to control the position of the shoulder contact surfaces
between grip and specimen. The radius of curvature of such surfaces
could neither be machined nor gaged to the accuracy demanded for uniform
reproducible area contact., As a result, the amount and position of the
contact surface between specimen and grip became a random function,
causing the loading axis to be transposed or angularly misaligned by vary-
ing amounts with respect to the specimen centerline, resulting in 2 random
bending component with a maximum value of about one-third of the tensile

strain,

The problem of accurate alignment of specimen and grip was approached
by use of oversize grips, a standard specimen, a ''potting'' material, and a jig
to maintain specimen-grip alignment while the potting material set, The
alignment jig and oversize grips were machined to a tolerance of +0,0005 in,
Photographs of the precision tensile specimen and gage, and the precision
tensile specimen cemented in tensile grips are shown in Fig, 2-9 and 2-10,

The grip cavities were milled from a solid block of steel in an effort to make

them as rigid as possible,
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Fig. 2-9 PRECISION TENSILE SPECIMEN
AND GAGE

Fig. 2-10 PRECISION TENSILE SPECIMEN
CEMENTED IN TENSILE GRIPS
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Potting materials were screened according to their ability to fulfill

the following requirements:

(a) High yield strength;

{b) Zero or positive linear expansion coefficient on cooling, to
assure filling of space between grip and specimen; and,

(c) Relatively low melting temperature to avoid thermal shock to
specimen, or softening of steel grip. To satisfy this require-
ment, an arbitrary limit of 1000°F was placed on the melting
point of the potting material,

Two materials appeared to satisfy these three requirements: an
epoxy resin and a low melting point alloy. Although little mechanical
property information was available on the epoxy resin, it was known that
its ultimate tensile strength was in the neighborhood of 8, 000 psi, and that
it possessed a posiltive expansion coefficient., The alloy, 'cerro-matrix",
possessed an ultimate tensile strength of 15,000, a total elongation of only
2 per cent (indicating the yield strength to be near the ultimate strength),
and a positive expansion coefficient on cooling, Melting range was 315 to
360°F.

In tests both materials showed considerable yielding at loads over
400 1b. The epoxy material cracked loudly, exhibited discontinucus yield-
ing, and did not reduce the amount of bending component, The metal alloy,
in two tests, reduced the bending component to 5 per cent and 3 per cent
respectively. However, the results were not reproducible. Bending ran

as high as 35 per cent in subsequent tests,

Examination of the potting metal surfaces from several specimens
after specimen testing disclosed that yielding of the metal had taken place
over a relatively small section of its contact surface, whose location shifted
from test to test, Therefore, a random contact process was still occurring,
due to the rigidity of the grip which afforded no possibility for any stress re-

lief of the potting material,

Consequently, another type of grip was machined from aluminum, in
the general shape of a horseshoe, For absence of a cross-tie, the horse-
shoe ends were free to open slightly as a tensile pull was exerted on the
specimen., The grip was machined oversize, and lead shims were used to
fill in the space between specimen and grip. After some experimenting, a

shim of approximately 3/32-in, thickness was found to be most effective,
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Tensile tests using this grip showed that a 35 to 50 per cent bend-
ing component existed when a 100-1b tensile load was placed on the speci-
men, However, the relative bending strain steadily decreased until, at
a 1000-1b load, the bending strain decreased to 15 per cent of the tensile
strain; the opening between the grip horseshoe ends increased by 0,015-in,
under this load. The test was not carried past this point to avoid a possi-

bility of premature specimen fracture,

As the next step, the thickness of the horseshoe was reduced in
steps to determine optimum thickness for reduction of bending component
at a minimum tensile load, while preserving adequate strength in the grips
for higher loads. Unfortunately, no significant improvement was obtained
by this effort. Moreover, test results were not reproducible. Turning
the same specimen upside down, or front-to-back, would change the bend

component reduction characteristic of the grip,

This effect suggested two remedial possibilities. The first was
an increase in the self-alignment properties of the tensile grip-specimen
combination; the second, an improvement in the dirr;ensional tolerance of
the specimens used in the test, An improvement was attempted in self-
aligning properties first, This was accomplished by using several layers
of lead shim stock between the specimen and the grip, Experimentation
showed that best improvement in uniaxial loading characteristic was se-
cured by the use of 3 lead shims 0, 008-in. thick,

Tensile test results showed marked improvement in uniaxial load-
ing characteristics in some cases, no improvement in others, Maximum
bending component in some tests, with loads of up to 1200 1b, was 10 per
cent, ranging from a 10-y in. bending strain at a 200-1b load to a 35-p in.
strain at 1200 1b. In other tests, maximum bending components ran as
high as 42 per cent. In addition, the deformation and slippage rate of the
lead shims did not vary linearly with load, resulting in a variable strain
rate even when crosshead velocity remained constant. However, the use
of lead shims was not immediately abandoned because of the demonstrated
potential of this system in reducing bending strain components to acceptable

levels,
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Instead, attention was turned to the possibility of uniaxial load
improvement through the use of test specimens machined to a closer
tolerance than those previously used. The maximurh tolerance was re-
duced by a factor of 5, from +0.0025 to 10,0005 in. The dimensions of
the low-tolerance specimens produced are shown in Fig., 2-8, This re-
duction in tolerance represented a 20-fold increase in accuracy in the
sections on which a tolerance could be measured, but did not necessarily
improve the accuracy of the shoulder radii; no gaging techniques are
known to exist which can accurately determine deviations of curvature

at all points on the arc.

Comparison of static and dynamic test results obtained from the
testing of high-precision specimens with those obtained from the testing
of the lower precision specimens showed that the bending component mini-
ma and maxima were reduced from 10 per cent to 3 per cent, and from
42 per cent to 19 per cent, respectively, when the higher precision speci-
mens were used, However, successive static tests run on the same high-
precision specimen did not yield the same bending component., Direction
of bending did not change if specimens were rotated 180° on successive
static or dynamic tests. High-precision specimens loaded to fracture
broke adjacent to the end of the gage length in an area in which shoulder
grinding marks running in one direction intersected gage section grinding
marks which ran in another direction. Ultimate tensile strength of these

pieces was low, approximately 12, 000 psi.

Although this activity did not produce the desired results, four

conclusions could be drawn from this data;

(a) An improvement in uniaxial loading characteristic is effected
if specimens are ground with a high degree of precision.

(b) Surface finish may have an important effect on tensile strength,

(c) The lead shim is not effective in reducing the bending component
with increasing load. This component, in terms of per cent of
tensile strain, remains constant,

{d} The amount of bending component appears to be determined by
the chance mating of the lead shim and the specimen, when the
specimen is inserted in the grip, This is shown by the varia-
tion in bending component from test to test on the same speci-
men,
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B. Bend Test Activity

The bend fixture described in Section 3 forestalls the development
of any axial loads in the specimen, but the prevention of twisting strains
is a more difficult problem. Although the rugged construction of the bend
test fixture frame prevents its twisting under the applied load, all four load
transmitting posts must contact the load rollers (cf, Fig. 2-5) at the same
time to avoid twisting the specimen, Load cell posts, load rollers, and
load transmitting posts are all ground to a tolerance of +0. 0001 in, Never-
theless, it is possible for a cumulative tolerance error to cause the load
transmitting posts to be in contact with some rollers before others., Fur-
thermore, the bearing-guide pin tolerance can also effect a roller contact

height change,

Tests, using both standard and high-precision test specimens, have
shown that the fixture was exerting a twisting strain of the specimen, while
bending it, The difficulty was found to be due to unequal roller contact
height. Three rollers were contacted by the load transmitting posts at
virtually the same height; the fourth was not. Distance between the fourth
load transmission post and its roller was between 0,0002 and 0. 0005 in,
Since the '"late' roller contact was on the right side, this deviation caused
a bending of the load cell post, with a resultant loss of load measurement
accuracy. (This post has a 1-1b sensitivity, and a repeatability of +1 lb,

However, load must be compressive if signal output is to be linear,)

Procedures are being investigated for adjustment of the height of the
load transmitting posts, using elimination of twist strain as the criterion of

proper adjustment,

7. CONCLUSIONS

The problems associated with the design and development of high
loading rate equipment for tensile and bend testing of brittle materials, high
and low speed data recording, and elevated temperature testing could be
solved by utilization of procedures which did not extend heyond the state of
the specific art employed. As examples, required machining tolerances,
response time and signal sensitivity of the electronic equipment used, and
furnace temperatures were all readily attainable, and did not require any
research to extend performance ranges, These project objectives were

attained during the program period,
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However, demands of tensile testing of brittle materials greatly
exceeded the present capability of the art, Since the manner of gather-
ing strain data was to use a strain gage on only one specimen face, pro-
curement of meaningful tensile test data demanded that the bending strain
be held to less than 5 per cent of the tensile strain, Since the ductility
of the specimens tests in no case exceeded 0,001 in, -1, this meant that
maximum bending strain could not exceed 50 pin. Conventional machin-
ing tolerances are about 2000 u in., 40 times the maximum bending strain

tolerated,

Although improvements in uniaxial lecading characteristics were
secured by holding machining and grinding tolerances toextremely tight
specifications, it became apparent that the techniques being used were

too coarse to develop the required loading accuracy.,

A similar situation existed with bend test data. HMHowever, there
were two alleviating conditions, which did not exist in the tensile test ac-
tivity, First, the specimen could be gripped in an area where its dimen-
sions were accurately knewn and, second, the bend test fixture was, in
reality, a separate machine specifically designed for the testing of brittle
materials. Care was taken to avoid development of unwanted specimen

stresses by design and precision machining practice.

The improvement in the existent state of the art of meaningful and
reproducible tensile testing on brittle materials appears to require more
than improved equipment design; it would be necessary to have built-in
means of sensitive adjustment, and optical gages of 50 p in, sensitivity so
pPlaced as to determine results secured by adjustment, The use of a gspeci-
men possessing extremely close tolerances and axial symmetry would

greatly assist in reducing adjustment complexity.

Bend test problems appear nearer of solution with the equipment
on hand. Use of optical gages and adjustable-height load transmission
posts in conjunction with an improved tensile machine supplying a down-
ward thrust free of horizontal components should develop the necessary

precision required for accurate bend testing of brittle materials,
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TASK 3 - EFFECT OF NON-UNIFORM STRESS FIELDS

Principal Investigators: I. M. Daniels and N, A. Weil
Armour Research Foundation

ABSTRACT

The purpose of this program is to investigate the effect of non-
uniform stress fields upon the fracture characteristics of brittle materials,
the principal aim being to determine whether the stress gradient existing
at the location of fracture initiation has an independent effect upon the frac-
ture strength.

To study this parameter, specimens were evolved whose effec-
tive size ranged over three decades with a stress gradient variation from
0tol2.5¢,/in. = peak stress). A special shape, the "theta'-speci-
men, was d%veloped which generates uniform tension at the locus of frac-
ture initiation, and is comparatively insensitive to the manner of load
alignment,

Formulations, based upon existing theories of failure were de-
rived for uniform tension and pure bending, and experiments were carried
out on three '"sample” brittle materials: Columbia resin (CR-39), plexi-
glas and graphite. In addition, work with multicrystalline Al;O3 has been
begun,

Correlations were developed for the effect of stress gradient
and the volume of high stress upon fracture strength, and good comparisons
. were obtained for CR-39 and graphite, Graphite, when analyzed according
to existing statistical theories, appears to exhibit a "Weibull-anisotropy',
which may indicate that its surface and interior fracture probabilities are
governed by different criteria.
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TASK 3 - EFFECT OF NON-UNIFORM STRESS FIELDS

1. INTRODUCTION

The principal characteristic of brittle materials which causes con-
ventional methods of working stresses to be inadequate is that their strength
is statistically distributed over a comparatively wide range. Because of
this, it is insufficient to deal with the mean strength of the objects, and it
becomes necessary to determine the variability of strength as a function of

material and environmental parameters.

Statistical theories dealing with this subject allow for an adequate
prediction of the failure probabilities of simple shapes of brittle materials,
and take full account of the volume effect as well as the nature of the stress
distribution to which the body is subjected. These predictions were reason-
ably well confirmed by experiments. However, in existing theories (statis-
tical or deterministic) the stress gradient in the vicinity of the governing
gtress is not assumed to have an independent eiffect upon fracture strength,
nor have any experiments been carried out to investigate this point, The
purpose of this Task, accordingly, is to determine the effect of non-uniform
stress fields upon the fracture characteristics of brittle materials, and to
examine whether the stress gradient existing at the point of crack initiation
has an independent influence upon the fracture strength of the material.

Such studies are to be carried out both experimentally and theoretically.

In the simplest case the non-uniformity of a stress field can be de-
scribed by a single parameter, the stress gradient. A major part of the
effort was devoted to selection and evaluation of specimen designs giving
known and controllable stress gradients. A wide range of stress gradients
was covered by tensile, pure bending, ring and theta-shaped specimens. A
large variation in effective size or volume under high stress accompanied
the variation in stress gradient. For this reason, the volume under high
stress was studied as an additional parameter influencing fracture, Corre-
lations of experimental data obtained with existing statistical theories of
failure were made for tensile and pure bending specimens only. The appli-

cation of such theories to the more complicated stress distributions of the
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ring specimens is very involved mathematically, and was not attempted in

view of the time limitations of the program.

Since most of the work reported herein is of an exploratory nature,
dealing with the selection and evaluation of specimen designs and establish-
ment of experimental procedures, initial experiments were conducted with
readily available and relatively inexpensive brittle materials, such as (a)
Columbia Resin {CR-39), an amorphous polymeric brittle material with very
good birefringent properties, {b) Plexiglas, an amorphous brittle polymer
with some birefringent properties and good machinability and {c} Graphite
with the properties of brittleness and fairly good machinability, Work on
ceramics, such as polycrystalline Al;03 and MgO was initiated but did not

progress to the point where significant results could be reported,

Correlations were made between failure stress and each of the two
parameters mentioned above, i.e,, stress gradient and volume at high
stress, treating each one in turn as the only significant parameter, This,
of course, is true only when all parameters except the one in question are
kept constant., In the present case no effort was made to segregate the
effects of stress gradient from that of effective size, A good correlation
{especially for CR-39 and graphite) between failure stress and effective size
was obtained by arbitrarily defining the effective size as the volume of the

specimen subjected to at least 95 per cent of its maximum tensile stress,

2. STATISTICAL THEORY OF BRITTLE FRACTURE

The fracture of completely brittle materials was first examined in
detail by Griffith(3-1) who, using the theoretical results of Inglis, predicted
.that the growth of a crack will become possible when
1/2

o = (ZfE/rC) /
where ,' is the surface energy, E is the modulus of elasticity of the mater-
ial, ¢ the depth of the existing surface crack, and o the intensity of the
applied (uniaxial) stress field. Griffith's theory is based on the balance be-
tween the energy liberated from the stress field and that absorbed in creating

new surfaces; it also assumes that the crack is infinitely sharp and that its
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propagation into the homogeneous material ahead of it is obtained by the

parting of atomic bonds at the tip of the penetrating crack. Many questions
arise in connectign with this representation of fracture stress; as an exam-
ple, the influence of the surface energy term upon fracture criteria is being

investigated in detail on Task 6 of this program.

Of interest here ig the fact that, according to Griffith, fracture will
be initiated in a material containing a pre-existing flaw ¢, provided that
the applied stress exceeds ¢ = Kc-1/2, where K is simply a proportion-
ality constant taking all other physical parameters into account, Moreover,
the crack will continue to propagate unless the stress intensity drops below

the value postulated above at the existing (increased} depth of the running flaw,

This simple picture of fracture in brittle materials would be adequate,
provided cne could determine the most significant "flaw' (dislocation pile-up,
microscopic or macroscopic cracks, ''metallurgical notches', lack of grain
boundary fusion, surface attack by corrosive media)} existing in the material.
This, of course, cannot be done. Instead, one must approach the problem
in an inverse sense. By a determination of the fracture strength, one can
obtain an indication of the magnitude of governing flaw that existed in the

structure.

Such an approach will disclose that the strength of apparently identi-
cal specimens is highly variable, because of the different magnitude of sig-
nificant flaws contained in them. Moreover, the strength will clearly be a
function of size: the larger the specimen, the greater the probability that

a severe flaw will be contained in it.

The problem must therefore be attacked on a statistical basis, assign-
ing a given probability of failure to a specified stress level, Theories based
on this concept postulate that each material contains a random distribution of
flaws, whose severity varies from specimen to specimen; fracture will be
occasioned by the most severe flaw the piece happens to contain, To allow
for analytical formulation, the specimen is visualized as being composed of
individual infinitesimal volumes {or 'links''}, each of which carries a certain
failure probability corresponding to the stress level to which it is subjected,
When the first such link is ruptured, the shole specimen fails; hence these

approaches are designated as the "weakest-link" theories of fracture.

- 122 -



Several formulations of the weakest-link theory of fracture have

been proposed(3‘2: 3-3), but the most widely accepted is that of Weibull{3-4)
who is credited with the suggestion of a special elementary distribution func-
tion of wide applicability(3'5). Epstein(3‘6) reviewed the technical literature
and formulated the problem of fracture in terms of fundamental mathematical
statistica. This paper emphasized that the problem of fracture is that of the
distribution of smallest values in samples of a given size {or a given number
of flaws). The application of the general theory to a specific problem is a

matter of selecting the most suitable distribution function,

In general, the occurrence of a phenomenon is characterized by an
underlying or "unit" probability density function f(x) of the variable =x.

The cumulative distribution function

X

F{x) = / f(x) dx {3-1)

expresses the probability that the event will occur at a value of the variable
less than or equal to x, Then, the probability density function in samples

of size n is

n-1
g (x) = ni(x) [1-F(x)] , (3-2)

and the associated cumulative distribution function is

x

n
Gn(x) = / gn(x)dx =1 - [l - F(x)] . (3-3)

-

The mode of g,(x) represents the most probable value of x in samples of
size n; this also corresponds to the value x¥ at which the function g,(x)

attains a maximum. By solving for gl (x) = 0 from Eq. 3-2,

fz(x;;) (n-1) = [}' (x;v;)] [1 -F(xg):] ) (3-4)

Knowledge of the "unit' probability density function, f(x), enables one to cal-

culate the mode and all other measures of the distribution.
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The form of the Weibull distribution function is based on the assump-
tion that the probability of fracture of an infinitesimal element subjected to a
known stress is proportional to the volume, so that

Si = @ (o) av {3-5)

where, S; is the probability of fracture in infinitesimal element dV for a
value of the variable less than or equal to &, @ (&), the function associated
with the material, and & is the function of stress components at a point used
as a criterion of failure. {For a specimen under uniform tensile stress &,
o =0 ).

The probability of no-fracture (survival) of a specimen composed of n

volume elements dV with respective probabilities of fracture Sl’ SZ’ Ce ey
5_ is
n
n
1-5 = | (1-5) (3-6)
i=1
then,
n n
log (1-5) = E log(l-Si) ¥ - E Si (3-7)
i=1 i=1

and, if the stress does not exceed & in any elemental volume

log (1-8) = - /a(a) av

v

from which

S = 1-exp —{/:ﬁ(ﬁ) dv:l - 1-¢B (3-8)
v

where B is termed the "risk of rupture',
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The requirements on § (&) are that it be a positive and monotoni-
cally nondecreasing function. The simplest form of such a function for
the case of a specimen under uniform tensile stress is the following one

suggested by Weibull:

a -~ O'u
for ¢« — O
0"0 u
¢lo) = : (3-9)
0 for o =< o
a

where O7;, ©p and m are constants associated with the material, In
statistical terminology, the Weibull function gives the cumulative distribu-

tion function for a unit volume

X - Xu m
Flx) = 1-¢" \"x_ (3-10)

and the '"unit" probability density function, by Eq. 3-1, will be given by

m
% - x m-1 :-:--:r:u
flx) = El__g‘;(_x_) = ? < v e X . (3-11)

o]

The probability of rupture of a tensile specimen of volume V, by sim-
ple integration of Eq. 3-8, is

m

o- o,

S = 1-exp [-V[—m2 (3-12)
[8]

which becomes zero when % &, no matter how large the volume V., How-
ever, as Kies{3-7) observed, the probability of fracture does not reach unity

until o becomes infinite. In Kies' modification,

X
T- o,
S = 1-exp |-V{w——onr , (3-13)
g -
o
where is an exponent different from Weibull’s m, and o, is an upper

limiting stress of the material.
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Weibull's elementary function has the advantage of yielding closed-
form solutions for the mean failure stress and standard deviation for cer-
tain simple cases of non-uniform stress distribution. It has found experi-
mental corroboration especially in materials where the failure stress is
much smaller than the theoretical strength, As far as can be determined,
Kies' function has not been applied to the solution of problems involving

non-uniferm stress fields,

For a simple Weibull distribution, the mean value is given by

e
Sm - S 1 e ® 4o (3-14)
“u
where
B = g (6-) dv ]
)’
and the variance by
P ]
2 -B 2 _2
a” = e d(5) -F, - {3-15)
Fu

For a specimen of volume V under uniform tensile stress O,

[
o~ O m 1 m
- o, + /e"v(_o- “) do=0_+0 V' 'm g2 42
Cu °

o

9
I

or
1
o= o t o Vom [+ . (3-16)
o
(’I‘he gamma function if defined as [7 (y) = /zy-l e ” dz)

0
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The variance is given by

2
a? = o v ljr(u%) -t (1+%ﬂ , (3-17)

and the mode determined by Eq. 3-4is

L 1 1/m
S ode = % t o Vm 1-=) . (3-18)

These formulas suggest an analytical method of determining the parameters
of the Weibull distribution from tensile tests of one size of specimen only,

If one determines experimentally the ratio

2
2 [ 1 1 1’“‘]
(‘Tm B ¢mode) . F(l T - -g) (3-19)
2 - 2 2 1 3 -
a [+ -0+
the corresponding value of m can be found, since the right-hand side of
Eq. 3-19 is a function of parameter m only, even for ¢, # o. Then, o,
can be calculated from Eq. 3-17, and finally <, is determined using either
Eq. 3-16 or 3-18. In the special case when o = o, one can determine m

by taking the coefficient of variation or relative variance

2
2 r"(l + =)
a_ = S T (3-20)
2 rtaedy
m m

A, Multiaxial Stresses

In the theory of brittle fracture, it is assumed that only tensile normal
stresses contribute to failure. A tensile normal stress, whether arising from
a uniaxial or a polyaxial stress field, is not only a point function, but is also
associated with a direction. Therefore, to determine the correct risk of
rupture, according to Weibull{3-4), the contributions of all normal tensile
stresses at a point must be taken into consideration. The risk of rupture

B can be determined as follows:

If o =¢(x, vy, 2, 9, ¢§) is the normal stress at a given point (%, y, z)

along a direction defined by the angles @ and §

- 127 -



¢ = K fﬂ(v) de {3-21)
e

where 0 1is the spatial angle of the tensile stress O, As before
B = _/0 (o) AV
v

The validity of this treatment for multiaxial stresses has been evaluated

only in a few isolated cases.

B, Non-Uniform Stress Fields (Uniaxial)

Liet the stress at any point be written as

o = o‘P flx, y, z) (3-22)

where % is a characteristic stress at an arbitrary point of the specimen, and

f({x, y, z) the function of position. The risk of rupture is given by

B = g{or) aV = /G [O'pf(x, Y, z)] dv . {3-23)
v v

The simplest case of a non-uniform stress field is that in a prismatic

beam under pure bending. In the case of a rectangular cross section (b x 2h),
o= o L av = vlay (3-24)

where O‘i) here is the extreme fiber stress, Then,

o- o m p h m
B = ____u = B Y
( s ) av —r { ot - ol W
_ A r
u
v Gp" O'u o'p' d.\.l m
= T O'P 7, (3-25)



o
where, { is gage length, h = ho_—u and V the volume of gage section of

specimen, P oo
The mean failure stress is G‘m = /e-B d o whichfor & = o
p u
becomes Tu
1/m
_ 2m + 2 1
- o [‘—r‘] ra+dy . (3-26)

The mean failure stress for a pure bending specimen and a tensile

specimen of the same gage volume for o, =0 have the ratio

(o}
i )l/m (3-27)

m

C. Graphical Determination of Distribution Parameters

Let the total number of specimens tested be N, and assume that upon
completion of the experiments are given a serial number n, where 1%n=N
is assigned according to an increasing level of fracture stress. ¥or this sys-

tem it is obvious that the probability of fracture will be given by

Combining this with Eq, 3-8 (1 - S = e'B}, and taking the double logarithm
of both sides,

log log T—%—g = log log N—iiil%ln— = log B +logloge (3-28)

where, the logarithms are Briggs'.

o- o,

m
Substituting B = V (T) into Eq. 3-28 for the case of tensile
o
specimen, there results

N+1

log log re1—5 = ™ log (o - o'u) + log V - m log o+ log log e. (3-29)
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To obtain the numerical values of the parameters, it is most convenient to

plot log log NI\L_I_iI—l_—n against log (o -o'u). For the correct value of T

this plot will be a straight line having a slope of m and an intercept of
log V-m log o + log log e, which permit the determination of @, once m
and V are known. The value of T, resulting in a linear plot must, of

course, be determined by trial and error.

For the case of pure bending, the expression for B from Eq. 3-25

is substituted into Eq. 3-28 yielding

N+1 a
log log NT1T-% ° (m+1)10g(a‘f',—0'u)-m10g05

v
- log O~P + 10g E_(m_—i-l)- + 10g log e (3-30)

It is suggested here for the case where o # o to plot

N+1
[Iog log 3T log 0‘{' versus log (oi_, - c'u)

The value of 07 is found by trial and error until a straight line plot is ob-
tained, Then, (m + 1) is determined as the slope of this line and o, is

found as in the case of the tensile specimen above.

3. STRESS DISTRIBUTION FACTORS AFFECTING FAILURE

A. Weibull Theory

The Weibull theory presented above is fully capable of predicting fail-
ure conditions for the case of non-uniform stress fields subject, of course, to
the validity of its underlying assumptions, Each infinitesimal element is still
considered to be under uniform stress, and the risk of rupture for a given
specimen is found by integrating the risk of rupture of each element over the
volume of the specimen, Esgsentially this is a description based on size ef-
fect only, and accounts for the effects of the non-uniformity of stress distri-

bution solely through the consideration of different risks of rupture associated
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with the varying stress levels existing in each component element, The
effect, if any, of sharp stress concentrations, however, cannot be ac-

counted for with this approach,

Weibull{3-4) hinted that such an effect might exist by suggesting that
the material function can be affected and altered in regions of high stress
gradients caused by sharp stress concentrations. One way to describe this
effect is to consider the material continuously or discontinuously anisotropic
(in the Weibull sense) with a variable material function applicable to the dif-
ferently stressed regions., This explanation, however, is conceptually hard
to accept since a material function is expected to depend on the material only.

It is hoped that this point will be clarified in future research.

A necessary requirement for the application of the Weibull (or any
other statistical) theory to non-uniform stress fields is that the stress-strain
relationship to failure be linear. If this is not true, a stress redistribution
occurs in the specimen, Then, even in the absence of size effects, one
would compute a higher fajlure stress in cases of non-uniform stress fields

than actually exists at failure,

B. Stress Gradient

In non-uniform stress fields, the peak stress generally occurs at a
free boundary; stresses decrease as one proceeds towards the interior (Fig.
3-1{a)). A good descriptor of the stress distribution in such a case would
be the value of the maximum tensile stress and the stress gradient existing
at the boundary. This is normally represented by the slope of the stress
vsg. position curve at the boundary, General experience shows that failure
in the form of a crack would initiate at the boundary, and it has been observed
in many materials that the sharper the stress gradient the higher the peak

stress at failure,

The Weibull theory, in fact, anticipates that such an effect will occur;
in the statistical treatment of fracture probabilities each infinitesimal volume
is assigned a given probability of failure depending upon the stress level im-
posed upon it. The probability of fracture of the entire body is then the inte-

grated value of the failure probabilities of all component volumes.
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{a) (b} {c)

Specimen before Specimen before Specimen after
cracking, showing cracking showing cracking
stress gradient volume subjected

to more than 95%

of maximum ten-

sile stress

Fig. 3-1 ILLUSTRATION OF PROPOSED FACTORS
TO BE CORRELATED WITH FAILURE STRESS
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Consgider the case of a simple beam subjected to a uniform moment,
and assume that the gage volume as well as the extreme fiber stress is
identical for each, but the stress gradient vary, For sharp stress gradi-
ents, the stress will fall off rapidly as one proceeds into the interior of the
specimen; these volumes will therefore make a smaller contribution to the
overall fracture probability of the body. The net result is that, under the
conditions quoted, the statistical failure theory will assign a higher survi-
val probability to specimens having a higher gradient or, alternately, speci-
mens subjected to a high gradient will be able to sustain a higher extreme
fiber stress at the same fracture probability. This also becomes evident
from Eq. 3-26, where the mean value of extreme fiber stress is seen to be

inversely proportional to vl/m {assuming o, = o).

It is not definitely known whether the stress gra.diént in itself is a
factor a:[fectiﬁg failure since it is usually closely connected with effective
size, and previous investigations have never attempted to segregate the in-
dependent effect of these two parameters upon the resulting fracture proba-
bilities, The simplest way of studying the pure effect of stress gradient is
to test pure bending specimens of rectangular cross section having the same

gage volume but varying depths, hence varying stress gradients,

C. Effective Size

Effective size in a specimen subjected to a non-uniform stress dis-
tribution is defined as the size corresponding to a pure tensile specimen

having the same probability of fracture under the same maximum stress,

If °p represents the maximum tensile stress anywhere in the speci~

men, the risk of rupture for a non-uniform stress field is given by Eq., 3-23,
If Vepr is the effective or equivalent volume of a tensile specimen with the
same risk of rupture,

Jo [ v d] v

v P
= R {3-31)

o
b (o)

eff

In general, the effective volume is a function of the failure stress and
the distribution parameters. The effective volume of a beam of rectangular

cross section under pure bending is
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V.. = v .o (3-32)
eff = IT(mF 1) s/

where V ig the gage volume of the beam. The dependence on Gi) is elim-

inated if g, = o.

The application of Weibull's theory becomes very involved in cases of
non-uniform stress distributions more complicated than those corresponding
to pure bending; numerical or graphical methods would have to be employed
for the solution of these problems, No attempt was made to carry our such

an analysis for the ring specimens used here,

Instead, rough approximation to the effective size was sought on an
empirical basis. This effective size was arbitrarily defined here as the
volume of the specimen subjected to at least 95 per cent of its peak tensile
stress, Figure 3-1(b) shows a shaded area around the point where failure
originates, The tensile stress at every point in this area is greater than
or equal to 95 per cent of the peak stress, Cps in the same area. For a
two-dimensional stress distribution, this area is multiplied by the thickness
of the specimen to give the effective volume of fracture as defined, This
area is easily found using two-dimensional photoelastic models. For the
case of a three-dimensional stress distribution, the through-thickness var-
jation of the stress field must also be known for the computation of effective

size,

4, SPECIMEN TYPES

The specimen types used in this Task consisted of dogbhone-~shaped
specimens used in tension and pure bending tests, rings of different OD to
ID ratios tested in diametral compression, a two-hole disk and a special
theta-shaped specimen. A wide range of effective sizes and stress gradi-
ents was covered by these specimens, The range of effective size covered
was about three decades; the stress gradient varied from 0 to 12.5 a'P/in. .

where O}, is the peak stress.

Significant parameters of the specimens used are tabulated in Table
3-1. Dimensions of the specimens are shown in Fig. 3-2, 3-3 and 3-4.

The photoelastic patterns used to determine the volume under more than
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3/16" D, 4 Holes, Bending
Specimens Only. Omit on
Tensile Specimens,
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|
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1 R 3/16" D, 4 Holes, Bending
3 21/2"R A Specimens only, Omit on
Tensile Specimens,
-
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Specimens only. Omit on
Tensile Specimens

Fig. 3-2 DOGBONE USED IN TENSION BENDING TESTS
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Minimum Thickness e 1. 047 ————
to Avoid Buckling

will depend on pe—0. 750 —
Modulus of Elasticity he— 0. 625 -
{About . 250)
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\\
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/ ( 6. 312R l\so\n 0.887
\ K 250

\ e
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\

1. 250

1. 500 ——r———

2. 095

3.000D

Fig. 3-3 THETA SPECIMEN GEOMETRY

{When a compressive load is applied perpendicularly
to the bar direction, the bar will be subjected to uni-
form tension. Dimensions can be scaled linearly. )
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thickness =0. 250

4. 7500
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-

e 3.000D —

Fig. 3-4 DISK WITH TWO HOLES

{Under vertical diametral
compression, failure will
occur in the narrow strip
bhetween the holes. )
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95 per cent of the maximum stress and the gradients in the rings and the

two-hole disgk are shown in Fig, 3-5,

5. THE THETA SPECIMEN

A, Need for a Special Design

The theta specimen design shown in Fig. 3-3 was developed with
considerable effort and was added to the group of specimens for reasons

that require explanation,

It is well known that one of the chief problems associated with the
tensile testing of completely brittle materials is the difficulty of applying
a truly axial load to obtain a uniform stress field in the test area. Many
of the difficulties associated with this problem were treated in detail in the

report presented for the work performed on Task 2 of this program,

Some of the reasons for this problem are illustrated and itemized in

Fig., 3-6. The itemized factors are present regardless of the type of grips
used an the specimen. From the simple column formula, it can be shown
that the percent of increase in stress resulting from eccentricity is six times
the ratio of the eccentricity to the diameter of a round rod and eight times the
ratio of eccentricity to width for a square rod., Thus, eccentricity of a few
thousands of an inch can produce an appreciable stress increase on one side
of a tensile specimen and failures at lower loads than those corresponding to
true axial loading, To circumvent all or most of these difficulties, various
investigators have used disks, rings, briquettes and beams, All of these

shapes have one thing in common: a non-uniform stress field,

While working with holes in disks to obtain non-uniform stress fields,
the present investigators felt that a solution to this problem would be to de-
velop a specimen shape that could be loaded vertically in simple compression
and apply a truly axial uniform tensile stress to the central horizontal bar.
Beside having a uniform tensile stress, the specimen would be simple to load,
an important feature in high temperature testing, The dimensions of a speci-
men satisfying these requirements are shown in Fig, 3-3; because of its shape,

it was called the theta specimen,
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Fig. 3-5 ISOCHROMATIC FRINGE PATTERNS OF
FOUR RINGS AND TWO-HOLE DISK UNDER
DIAMETRAL COMPRESSICN

_lho_



[— Pin

-
Gri
ram™ P
Pt
céén
\ [}
1 ]
) . .
"/—ix:s c:uff Sp.ecxmen N
L/——_ xes of Pins e ! L —— Specimen
Eccentricity @
AN . s
Eccentricit
X en Y @
| Total Eccentricity
"] _ 2 + EZ
cilinl " VO F@
(i
i
¢
Ll
o 1 /'T
- = .
- .
O//“ i n

The eccentricity can be attributed to the following factors:

Unsymmelrical displacements in contact zones A and B Least controllable and
Unsymmetrical displacements in contact zones € and D ] probably most important
Unsymmetrical grip dimensions

Unsymmetrical specimen dimensions

Friction in the pin joints,

Fig. 3-6 UNIAXIAL TENSILE SPECIMEN AND GRIPS SHOWING
ECCENTRIC LOADING FOR THE CASE WHERE THE
SPECIMEN AXIS IS PARALLEL TO THE AXES OF THE

PINS
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B, Load-Stress Relationship

A photoelastic analysis was conducted to correlate the stress devel-
oped in the horizontal bar with the applied diametral locad. Figure 3-7 shows
isochromatic fringe patterns in the theta specimen under diametral loading,
The patterns demonstrate clearly the desired features of the specimen, i.e.,
that the maximum tensile stress occurs in the bar, that the stress distribu-
tion in the bar is uniform and that the fillets at the ends of the bar do not
produce an undesirable stress concentration. The symmetry of the pattern
also shows that a simple alignment by eye is adequate. The gtress in the
bar determined from similar photoelastic patterns was found to bear the fol-
lowing relationship to load:

_ P _ P (3-33)
6"_ K DT -— 1604 m

where & is the stress in the bar, P the applied load, D the diameter and

t the thickness of the specimen,

Strains in the bar were measured and related to changes in vertical
and horizontal diameters., The strain in the bar was measured by the moire
method using grids of 1000 lines per inch. The moire pattern is shown in
Fig, 3-8. The changes in horizontal and vertical diameters were measured

by means of dial gages., The relationships
h
€ = -0.535‘%’ = 1293 92 (3-34)

were established; where € is the strain in the bar, év and Jh are the in-
crements in the vertical and horizontal diameter, and D is the diameter of

the model.

Thus, from load and deflection measurements one can determine stress
and strain and hence the modulus of elasticity of the material, If the modulus
of elasticity is known for the material and test conditions (e. g., loading rate,
temperature, atmosphere) a single measurement of load or deflection will

suffice for the determination of stress and strain in the bhar,
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Grid
Direction

o)

Fig. 3-8 MOIRE FRINGE PATTERN ON THETA SPECIMEN
UNDER DIAMETRAL COMPRESSIVE LOAD

(The fringes represent lines of constant horizontal displacement.
The incremental displacement between fringes is 0,001 in. The

Strain in the bar in tenths of 1 percent is given by the number in
1 in,
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Equations 3-33 and 3-34 will continue to hold for specimens of differ-
ent sizes, provided their dimensions remain proportional to those shown in
Fig., 3-3. (The thickness, t, can vary independently of all other dimensions.)
There is a possibility, however, that the dimensional relationships of Fig, 3-3
cannot be strictly maintained, It is believed that the most important parame-
ter affecting the load stress relationship is the ratio of bar width to specimen
diameter (w/D). To measure this effect, a theta specimen with a wider-than-
normal bar was made of CR-39, Load-fringe order relationships were deter-
mined in the original specimen and, also, after successive reductions, in bar
width., The results are presented in Fig. 3-9 as a variation in stress ratio
K= P%D't_ using the dimensionless value of 30w/D as the abscissa. As the
figure shows, the resulting relationship is almost linear, Geometric changes
resulting from excessive deformations can also affect the load-stress relation-

ship,

For the normal theta design of Fig. 3-3, the primary failure occurs in
the bar. The photoelastic pattern of Fig, 3-6 is sufficient evidence of this
fact and most CR-39 specimens tested failed with a single break in the bar,

In some cases, however, the specimen shatters into many fragments at frac-
ture, because of the sudden release of the elastic energy stored in the model,
To obtain conclusive evidence of the sequence of failures, microflash photo-
graphs of Plexiglas specimens during fracture were obtained. Figure 3-10(a)
shows completion of primary failure in the bar and incipient initiation of sec-
ondary fractures elsewhere in the specimen, Figure 3-10(b) shows another
specimen after all primary secondary and tertiary failures have occurred,
These photographs were taken with a microflash light source triggered by

the digruption of a strip of conductive paint seen on the model. It should be
remarked that the sequence of failures might change if the ratioc of w/D is

increased beyond a certain limit,

6. EXPERIMENTAL RESULTS

To study the effect of stress distribution alone on failure, all other
factors (temperature, humidity, loading rate, batch of material} were main-
tained consgtant in the experiments, All specimens were tested in hard screw-
type universal testing machines under constant deflection rate. As mentioned
at the outset the present investigation was conducted on three preliminary model

materials: CR-39 {Columbia Resin), Plexiglas and graphite.
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A, Columbia Resgin (CR-39)

Reduced test results for thirteen types of specimen are presented in
Table 3-1I., Two additional types of specimen were added here, They were
bars of square cross section (0, 24 in, x 0. 24 in.) loaded in pure bending with
a gage length of 2 in, In one case, the beams were loaded so that the neutral
axis was parallel to the top and bottomn sides of the cross section, in the sec-
ond case the beams were loaded so that the neutral axis would coincide with
one diagonal of the cross section., In this manner, two greatly different

volumes under high stress are obtained,

The mean failure stress was plotted against stress gradient in Fig,
3-11, and against the volume subjected to a tensile stress greater than
95 per cent of the peak stress in Fig., 3-12. It can be seen that stress gra-
dient alone is not sufficient to explain the difference in failure stress from
specimen to specimen. On the other hand, the effective size seems to be a
dominant factor affecting failure stress. The points tend to fall on a shallow
S-~curve approaching asymptotically an upper and a lower limit for the stress.
In the range of parameters considered, this curve could be approximated by
a straight line. An approximate empirical equation of the following form can

be derived for the limited range of sizes tested,

~1/X

o= AV, ,

(3-35)
where Vgg is the effective size as defined. From Fig. 3-12, it is found

that &K= 10.4 and A = 5,000 and thus the empirical equation becomes

-1/10.4

&
o = 5,000 V95 .

(3-36)

Experimental work with dogbone specimens subjected to pure bending

and tension gave the following ratios for the mean fracture stresses:

1.27 (5/16 in, dogbone specimens)

!

1.26 (1/4 in, dogbone specimens)

1,50 {3/16 in, dogbone specimens)
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The average of these values is 1. 34 and, from the predictions of the Weibull
theory for the ratio of mean fracture stresses in pure bending and tension,
as given by Eq. 3-27,

(2m+2)1/™ = 1.32 |

from which
m = 10.8 .

The agreement of this value with that of « is remarkable, although this may

be, in part, coincidental.

Statistical analysis of experimental results of the theta specimen and
the bars of square cross section indicated that surface flaws may influence
failure appreciably, The fact that the ""95 per cent volume' gives a good
correlation with fajilure stress may also indicate that failure starts at the
surface in most cases of non-uniform stress distribution and hence a sur-

face layer qualifies as effective size of the specimen.

B. Plexiglas

Reduced test results for ten types of specimens are compiled in Table
3-III. The mean failure stress was plotted against the stress gradient in
Fig. 3-13, and against the volurme subjected to a tensile stress greater than

95 per cent of the peak stress in Fig., 3-14.

In this case, the correlation with stress gradient seems more meaning-
ful than in the case of CR-39, As in the case of CR-39 the failure stress of
rings is higher than that of beams having the same stress gradient, Also, the
standard deviation tends to increase with increasing gradient (with the excep-
tion of the two-hole disk), It appears that the correlation would be more mean-

ingful if specimens of one type only (rings or beams) were compared,

The scatter in Fig, 3-14 is fairly large. Again it would seem that an
S-shape curve would best represent the results obtained, but a straight line
was used for ease of comparison. The following approximate empirical for-

mula for the limited range of sizes considered was derived from the figure.
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1/
o= AV, = 4600 Vo

-1/4.7 (3-37)

Tension and bending tests for the three dogbone specimens yielded the follow-
ing ratios of failure stresses.
(o-m)b

= 2.62(5/16 in, dogbone specimens}
Cny (/16 in. doghone =2

"

2.53 {1/4 in. dogbone specimens)
3.86 (3/16 in, dogbone specimens)

Ignoring the third value on account of its substantial deviation, the

average of the first two series provides

(2m + /™ o 58

where,

The large scatter obtained in the Plexiglas tests may be due in part

to effect of suspected anisotropy.

C. Graphite

Reduced test results for six types of specimen are assembled in Table
3-IV, The mean failure stress was plotted againat the stress gradient in
Fig, 3-15. The correlation between the two quantities (stress and stress
gradient) seems to be good mainly because most of the specimens used were
of one type (ring) where gradient varies monotonically with effective size,
A good correlation was also obtained between failure stress and volume sub-
jected to more than 95 per cent of the peak tensile stress as shown in Fig,

3-16. The straight line approximation yields the empirical formula

= AV -1/ex - 95-1/7.9 (3-38)

95 1300 v

for the limited range of sizes tested,
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The results of the theta specimen were analyzed statistically.

The distribution curve for this series is shown in Fig, 3-17., The fre-
quency or probability density curve shown in Fig, 3-18 was obtained by
differentiating the distribution curve graphically, Itis seen from this
curve that the mode of the distribution is o3,,de = 2100 psi. The skew-
negs of the distribution is typical of brittle materials. If the material is
described by a single Weibull-type function, the parameters m, o, and
o, can be found from Eq. 3-17, 318 and 3-19.

Following the graphical method of determination of the material
function, log log 1/1 - S was plotted versus logo in Fig. 3-19. The
curve is concave upwards, which means that no single value of o, exists
which would transform this curve into a straight line, This is also an
indication of anisotropy (as Weibull defines it}, i, e., that the probability
of fracture under the same conditions of stress varies in different parts

of the specimen.

A simple type of anisotropy is the so-called discontinuous aniso-
tropy, in which the solid is assumed to be composed of two parts, V; and
V,, with two distribution function, S; and S; respectively, whose cor-

responding material functions are given by

m
o - o~ o 2
<_—_1}.]L) and (—112.) R
Tol 0-02

Then, if S, is the combined distribution function

1-8,, = (1-5)) (1-5,) , (3-39)
yield,

Vi, - ¥, = log [1 410 Uy - Yz] {3-40)
where

Y| = log log N o

¥, = loglog y—g- (3-41)

Y12 = loglog _1 —_

12
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Fig. 3-19 GRAPHICAL DETERMINATION OF MATERIAL FUNCTION FOR
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Figure 3-20 shows a plot of y;, - Y] Vversus y,; -y, .

In the system of coordinates of Fig. 3-19, y, and y, would appear
as straight lines and y;, as a curve lying above these lines and approach-
ing them asymptotically. In practice, y;, is obtained as the curve through
the points and the asymptotes are found by trial and error from Eq. 3-40 as
the two straight lines yielding a curve affording the best fitto y;,. In the
present case, although the data do not appear satisfactory, two such lines
were drawn in Fig. 3-19. The slopes of these lines are mj) = 0.7 and
my = 5.3 which represent the exponents of the two material functions, pro-
vided that a7~ %uz= o The first function is believed to apply to the
surface layer of the specimen, the second to the interior. To determine
the slopes of the asymptotes with confidence two or three sizes of specimens
should be used,

D, Wesgo AL995

Figure 3-21 shows the variation of failure stress versus volume
subjected to at least 35 per cent of the peak tensile stress, Using the

straight line approximation,

-1/

_ -1/8
95 -

o AV 95

15,000 V (3-42)
for the range of sizes considered here, Results on the Weibull constants

are given in the Task 1 report,

7. CONCLUSIONS

Within the framework of the statistical theories of fracture proved
eminently applicable to dealing with the strength criterion of brittle mater-
ials, full recognition is given such factors as the geometrical shape and
volume of the body and the stress distribution existing in it. Further var-
iables, naturally, are those which depend upon the material itself, These
are, as commonly accepted, the flaw density constant and zero strength of
the material, both of which are subject to variations with environmental
conditions such as temperature. Recently an additional constant, the max-
imum fracture strength, has been suggested for inclusgion into atatistical

failure theories,
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Existing theories, however, do not assume that the stress gradient
at the point of fracture initiation has an independent effect upon failure, nor
have experiments been carried out to investigate this problem, The current
work, therefore, seeks to determine the parametric. influence of stress gra-
dient upon the fracture of brittle materials and, in a broader sense, to ex-
amine the effect of non-uniform stress field upon the statistical probability

of fracture in bodies posseasing no ductility.

A substantial part of the effort was devoted to the selection and in-
vestigation of specimen shapes giving the desired controllable variation of
the parameters to be explored in this study. Tensile, bending and ring
specimens were evolved, which allow for a variation of effective volumes
over three decades, and for stress gradients ranging from 0 te 12,5 oillin. ,

where CF'P represents the peak stress occurring in the specimen,

A special shape, designated the theta-specimen was also developed
when it became apparent that it would be extremely difficult to ensure the
application of uniform tension in the brittle materials used, Under diametral
loading, uniform stresses are generated in the central bar of this specimen,
which ig also the locus of maximum tensile stress and, therefore, the place
of fracture initiation in the sp2cimen, The theta shape is comparatively in-

sensitive to small deviations of misalignment of the loading direction.

Statistical failure probabilities, based upon existing formulations,
were derived for the shapes of tensgile and bending specimens used in this
work, Since large variations of effective size accompanied the variation of
stress gradient, an additional criterion was postulated, as represented by
the portion of the specimen volume subjected to more than 95 per cent of

the governing tensile stress existing in the body.

Experiments were conducted on readily available and comparatively
inexpensive brittle materials, such as Columbia Resin CR-39 (an amorphous
brittle material}, Plexiglas {an amorphous brittle polymer) and graphite.
Weibull flaw density constants were obtained for each material, showing
wide variations of properties. In addition, correlations were made re-

garding the individual influence of the stress gradient on the one hand, and
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volume at high stress on the other, upon the fracture strength of the
materials used. Good correlations were obtained for CR-39 and graphite
between failure stress and the empirical 95 per cent-of-maximum-stress
volume criterion, Graphite, when analyzed according to existing proba-
bilistic fracture theories, appeared to exhibit a Weibull anisotropy, mean-
ing that different parts of the specimen exhibit different failure probability
constants, The most likely explanation for this is to assume that fracture
initiation at the surface and the interior of graphite are governed by differ-

ent material constants,

Experimental work on polycrystalline Al,03 specimens was begun
and some initial results are reported., This work is expected to be con-

tinued during the extension phase of this program.

8, CONTRIBUTING PERSCONNEL
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TASK 4 - EFFECT OF MICROSTRUCTURE

Principal Investigator: P. R. V. Evans
Armour Research Foundation

ABSTRAC T

The fracture behavior of polycrystalline MgO and Lucalox has
been studied under conditions of uniaxial compression in the tem-
perature range 900° - 1900°C. In both oxides the fracture strength
showed a marked temperature dependence and fracture was, in all
cases, confined to intergranular cracking.

No truly ductile behavior was observed in either of these
polycrystalline materials although metallographic evidence suggested
that the possibility of obtaining ductility was greater in MgO than
Lucalox., The fracture stress (O ¥) - grain size {d) data for Lucalox
was subjected to a Petch-type analysis { O = o + kd -1/2y, The
applicability of the Petch equation to this material was not established
because of insufficient experimental data.
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TASK 4 - EFFECT OF MICROSTRUCTURE

l. INTRODUCTION

-2) -3)

Recent work by Stroh, (4-1) Cottrell (4 and Petch (4

and fracture behavior of metals has lead to significant advances in the

on yield

understanding of the mechanisms involved. These theories are based
on dislocation concepts and have been able to account for the effect of
such variables as grain size, impurity atoms and temperature. Indeed,
in the case of iron and other body-centered cubic metals, many effects
of alloying and metallurgical treatment of metals have been rationalized

on this basis,

The success of these current theories dealing with the atomic
mechanisms of cleavage fracture in metallic lattices has prompted an
extension of this thinking to a study of fracture behavior in ceramic
materials. This approach has been used in Task 4 to study fracture in
polycrystalline A1203 and MgO and centers around the Petch equation
relating fracture strength, O‘F and grain size, d,:

oy = o’o+kd1/2 (4-1)
where o represents the frictional stress on an unlocked dislocation

and k is a constant directly related to the surface energy associated

with the formation of the fracture surfaces. Equation 4-1 is particularly
useful in studying fracture behavior since it separates the factors con-
trolling O’F into three components. Furthermore, the equation is based
on a dislocation model for fracture and the parameters in the equation may

therefore be interpreted in terms of this model.

In addition to studying the influence of d on ¢F over a broad range
of temperatures, the experimental wcrk was aimed at investigating the
presence of a ductile-brittle transition temperature of the type observed
in bcc metals. Previous work (4-4) has shown that ceramic single crystals

do display a transition, but the manifestations of this transition are very
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gradual, not accompanied by a change in the mechanism of fracture
which remains cleavage throughout the entire range of temperature.
In these latter respects their behavior differs from that of the becc

metals,
2. MATERIALS AND TEST SPECIMENS

The work was confined to a study of polycrystalline MgO and AIZOS

specimens of high density.

A. Polycrystalline MgO

All the MgO specimens tested were manufactured at ARF by hot
pressing (see Chapter II for detailed description) and subsequently
ground* to cylindrical shapes 1 x 1/2 in. diam. such that the end faces
were square to within 0. 001 in. of the specimen axis. The surface
finish was smooth and reproducible, During both the centerless and
surface grinding operations, water was used as a coolant. The chemical
analysis of the hot-pressed MgO is given in Table 4-1. The relatively
high carbon content is attributed to pick up from the graphite hot-
pressing die and its incomplete removal during the subsequent decar-

burization treatment.

Dimensions of the MgQO specimen were chosen with three considerations
in mind: (1) The specimens should be stubby enough to avoid the possibility
of elastic buckling. This requirement is amply satisfied, since elastic
buckling is seldom of concern below ""slenderness ratios' of 60; (2) The
L /D ratio should be large enough to avoid any distortion of data by friction
effects exerted at the specimen-platen interface (these effects, resulting
in an apparent increase in compressive strength owing to the friction
constraint, become significant only below L /D ratios of 2.0); and, (3) To
satisfy the dimensional allowances of the available high-tempeaature testing
machine which could accept specimens only up to I-1/4 in. in height.

The specimen size selected satisfied all of these requirements.

During the current program, all testing of MgO was restricted to a

% Carried out by Accurate Grinding Company, Chicago, Illinois.

- 172 _



hot-pressed material with a grain size of 0. 027 mm. However, grain
growth studies of this material were performed in order to provide
specimens covering a range of grain diameters. The results of this
work indicated that limited degrees of grain growth could be obtained
by high temperature annealing in the vicinity of 1700°C while still
retaining a relatively uniform grain size structure. Time did not
permit tests to be carried out on these specimens. It is anticipated
that these other grain size levels will be examined in the proposed

extension of this program.

The specimen densities were within the range 99.4 - 99.7 percent
of theoretical, the small amount of porosity being generally confined

to the grain boundaries,
Table 4-1

CHEMICAL: ANALYSIS OF HOT PRESSED MgO *

Element Concentration * *

{w/o)

C 0.018

Mg Principal Constituent

Ca 0.5

Al 0.03

Fe 0.03

Si 0,02

Ti 0, 004

Cr 0. 0006

Cu 0,0003

* Carried out by Chicago Spectro Service
Laboratory, Inc.

¥ With the exception of the carbon determina-
tion, the analysis is semi-quantitative,
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B. Lucalox

The polycrystalline A1203 specimens were supplied by the General
Electric Company, Cleveland, Ohio under the trade name Lucalox at
three grain size levels, 0.005 mm, 0.03 mm and 0.1 mm. In the
as-received condition the specimens were 1 x 1/2 in. diam. with the
end faces square to the specimen axis to within 0.001 inch. During
some preliminary tests it was discovered that the loading capacity of
the compression testing unit was not adequate to produce fracture in
these specimens, They were, therefore, centerless ground * to 3/8 in,
diam, to reduce the cross sectional area and thus, the load at fracture,
Although the height/diameter ratio for these specimens was now 2.7
compared to 2.0 for the MgO specimens, this difference in geometry
was not thought to influence significantly, any comparison that mightbe
made between the respective test data. The quantitative compeosition

of the Lucalox is given in Table 4-TI.
Table 4-1I

SEMI-QUANTITATIVE ANALYSIS OF LUCALOX *%

Element Concentration

{w/o)

Al Principal Constituent

Fe 0. 07

Mg 0.15

Ti 0.01

Mn 0.001

v 0.004

Na 0.08

Cu 0.0003

Ni 0.0015

Ca 0.04

Cr 0,002

Ga 0.003

Si 0.03

*% Carried out by Chicago Spectro Service Laboratory, Inc,
* Carried out by Adolf Meller Company, Providence, Rhode Islard.
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The density of the Lucalox varied with grain size, approaching
theoretical density for the 0,03-mm and 0. l1-mm grain size and
falling to about 97. 22 percent of theoretical for the 0. 005-mum material,
Since porosity influences strength properties, its presence in the
fine-grained samples certainly needs to be considered in the final

analysis of the grain size - fracture strength test data.

All the grain size determinations carried out in this study were

based on the formula:

o

I

g3
w

\>l

™~
where
D is the average grain diameter (cm)
M is magnification
2
A, area cm

N is the number of grains in area A.

Grain size determinations were performed on a series of selected
samples, The values determined for the Lucalox specimens were in
close agreement with the quoted figures of 0, 005 mm, 0.03 mm and
0.1 mm, These latter figures have therefore been used in analyzing

the Lucalox data.

Each specimen was carefully calipered to determine its actual

diameter and cross sectional area prior to testing.
3. APPARATUS AND TESTING PROCEDURE

The high-temperature compression testing apparatus was built
around an existing high temperature resistance furnace. A sectional
view of the apparatus is given in Fig. 4-1 while the unit together with
all the auxiliary equipment is illustrated in Fig. 4-2, Testing was
carried out in a helium atmosphere and, with a tantalum heating element,
the furnace was capable of temperatures up to 2200°C. The rate of
heating and cooling of specimens was closely controlled by manual
adjustment, this being necessary in the case of MgO which is particularly

sensitive to thermal shock. [t was also thought that controlled heating
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Fig. 4-2 FULL VIEW OF COMPRESSION TESTING UNIT

(1) Framework of compression testing unit. (6)

(2) Load cell

(3) Furnace body (7)

(4) Transformer and electrical controls (8)
for heating furnace {(9)

(5) Motor drive (10)
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rates would tend to reduce the possibility of thermal cycling damage in
the Lucalox rams used in the testing of Lucalox specimens, After some
preliminary studies on MgQ, the heating rate shown in Fig. 4-3 was used
throughout the experimental work. While this heating rate was relatively
rapid, it was found to induce no thermal shock damage in the test speci-

mens,

The compression specimen was positioned in the uniform temper-
ature zone of the furnace and the load applied through the bottom ram by
a screw jack, The screw jack was driven by a 1/2-hp variable speed d-c
motor through a 50:1 reduction gear. The load was measured by a resis-
tance strain gage load cell which was directly recorded on a Speedomax
recorder. The screw jack speed was held constant at 6.8 x 10"z in, /min
resulting in a relatively constant strain rate of 6.8 x 1072 in, /in, /min
(1.13x 10-3 sec1),

Two major problems encountered in building the apparatus and in
carrying out the compression tests were (1) obtaining axial alignment of
the rams and {2} selection of a suitable ram material that would withstand

the extremely severe temperature-stress condition involved.

The alignment problem was overcome by improved engineering

degign,

After a series of preliminary experiments it was decided to try
both tungsten and Lucalox as ram materials since both materials were
commercially available in shapes suitable for this application, A set of
3/4-in, diam tungsten rams proved satisfactory for testing MgO up to
1600*C although the specimens did cause a small amount of localized de-
formation of the tungsten at the ram-specimen interface. The depth of
penetration observed was about 0. 0005 - 0,001 in, To avoid damaging
the ends of the rams in this way, flat tungsten discs were always placed
between the specimens and the rams. These discs were readily removed
after each test, surface ground to yield a flat surface and re-used for fur-

ther testing,
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Tungsten rams, even up to 1-in. diam, were found to be com-
pletely inadequate for the testing of Liucalox where even higher test
temperatures were to be studied, It was therefore decided to use
Lucalox rams for this phase of the work., Rods, l-in. diam, were
employed together with 1/4-in, thick discs which formed the working
surfaces of the compression unit and thus reduced the possibility of
damaging the rams., The rams were friction fitted into steel grips as
illustrated in Fig, 4-4. Although this material has proved satisfactory,
from a mechanical strength standpoint, it has suffered from the follow-

ing disadvantages:

(1) The Lucalox discs crack during testing and a new set is required

for each test run,

{2) The properties of Lucalox appear to deteriorate with use which
results in the premature failure of the rams. Failure of the
rams was generally associated with cracking in a direction
parallel with the ram axis., To date, five Liucalox rams have

had to be replaced.

Both these factors present problems since Lucalox is not an inexpensive

material,

4, RESULTS AND DISCUSSION

A. Magnesium Oxide

The compression testing of hot-pressed polycrystalline MgQO speci-
mens wasg carried out in the temperature range 900 - 1600*C and has been
confined to as pressed specimens having a grain size of 0.027 mm. The
results obtained are summarized in Table 4-III and Fig, 4-5, Some typi-
cal autographic load-compression curves are given in Fig. 4-6 while a
selected number of fractured specimens are shown in Fig. 4-7 through 4-9,
The specimens deformed at 1600°C (Fig. 4-9), buckled during testing, sug-
gesting that the loading was not entirely unjaxial., One possible explanation
is that the onset of ""plastic deformation' is accompanied by shearing along
a preferred direction in the specimen, Further strain develops this local-
ized shearing at the expense of other possible directions uniil fracture is
ultimately reached. A similar effect has been observed with Lucalox
{see Fig. 4-15).
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Fig. 4-4 LUCALOX RAMS, DISCS AND A COMPRESSION TEST
SPECIMEN USED IN THE HIGH TEMPERATURE COM-
PRESSION TESTING EXPERIMENTS
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Table 4-II1

COMPRESSION TEST DATA FOR POLYCRYSTALLINE MgO IN
THE TEMPERATURE RANGE 900 - 1600°C

Percent
Test Grain Yield Fracture Ductility*
Temperature, | Size, Strength, Strength, in

(°C) (mm) {psi) (psi) Compression

900 0.027 | = ~e--w- 33, 333 ———
1000 0.027 |  ------ 23,000 -——
1000 0,027 {  =----- 27,000 -
1000 0.027 | @ ------ 37,000 -—-
1000 0.027 |  -—----- 44, 556 -—-
1200 0.027 |  ------ 24, 666 -
1200 0.027 |  ~-=n-- 27, 390 -—--
1200 0.027 |  ---w-- 31, 840 ---
1400 0.027 17,222 20,111 8.6
1400 0.027 17,500 20,000 7.8
1500 0,027 16, 944 18, 511 6.6
1500 0.027 18, 680 20, 000 7.4
1600 0.027 14, 667 17,067 13.9
1600 0.027 | w----- 14,200 -——

. ho " hf
* Percent compression = --E-;——— where ho and hf are the original

and final specimen heights respectively. The h0 - hf values were
determined from the autographic recordings and not from a measure-

ment of the specimens themselves,
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Fig, 4-7 POLYCRYSTALLINE MgO COMPI%ESSION
SPECIMEN FRACTURED AT 1200°C

Fig. 4-8 POLYCRYSTALLINE MgO COMPF%ESSION
: SPECIMEN FRACTURED AT 1400°C

Grain Size = 0.027 mm
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Fig. 4-9 POLYCRYSTALLINE MgO COMPRESSION
SPECIMEN FRACTURED AT 1600°C

(Note Surface Blistering and Buckling of
Specimen). Grain Size = 0,027 mm

Although the fracture stress-temperature data fall within a scatter
band which becomes particularly wide at 1000°C (see Fig, 4-5), the strength
of hot-pressed polycrystalline MgO exhibits a pronounced temperature de-
pendence. The change in fracture strength with temperature was also ac-
companied by a marked change in fracture appearance as illustrated in Fig,
4-7 through 4-9.

The cause of the scatter in the fracture data is not known. The re-
sults do indicate a trend suggesting that the specimens produced during the
latter stages of manufacturing at ARF had a greater fracture strength than
those produced in the initial stages., The scatter may therefore be attri-
buted to a variation in specimen quality, However, it is still not known

why this effect should become particularly pronounced at 1200°C and below.

The autographic records in Fig. 4-6 indicate that, up to 1200°C,
MgO is completely brittle while at 1400°C there is apparently evidence of

plastic strain. The extent of this plastic strain shows a general increase
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with increasing temperature, The extent to which this apparent plaatic
range represents truly plastic behavior, of the kind observed in metals,
has not been determined as yet, The yield point measurements made in
this temperature range, rather than being associated with creep or plas-
tic flow, may represent the stress at which microcracks are formed,
Further strain then results in the propagation of these cracks followed

by ultimate failure.

Microscopic examination of specimens tested at 1400°C and 1600°*C
indicate that failure in this temperature range is entirely by intergranular
fracture, as shown by the photomicrographs presented in Fig, 4-10 and 4-11.
An examination of grain shape indicates that at 1400*C there is no evidence
of plastic deformation of the grains while at 1600*C there are indications

that individual grains are exhibiting some plasticity.

Surface blistering of specimens has been observed at 1400°C and
above, increasing in severity with temperature, This is thought to be
due to the presence of unstable impurities in the MgQ; however the extent
to which these blisters influence mechanical behavior is not known. Be-
cause of the severe surface blistering at 1600°C, tests were not carried

out above this temperature,

B. Lucalox

The compression testing of Lucalox at three grain size levels was
carried out in the temperature range 1600 - 1900°C, The fracture strength

- grain size - temperature data are summarized in Table 4-1IV and Fig. 4-12.

The results indicate that the strength of Lucalox is both temperature
and grain size dependent, At 1600°C, an increase in grain size leads to a
decrease in strength; this behavior is expected to occur from previous
studies of the strength of polycrystalline solids. This trend is maintained
by the 0, 1-mm and 0. 03-mm specimens up to 1200°C but not by the 0,005 mm
specimens whose strength at this temperature falls below that of coarser
grained material. Furthermore, the temperature dependence of strength
for the 0.1-mm and 0, 03-mm specimens is gradual while the loss of strength

of the 0,005-mm material in this temperature range is quite precipitous.
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Table 4-IV

COMPRESSION TEST DATA FOR LUCALOX IN THE
TEMPERATURE RANGE 1600 - 1900°C

Test Grain a1 /2 Yield Fracture Percent
Temperature,| Size, d “1/2 Stren.gth, Stren'gth, Strain ir_l
{*C) (mm) {mm ) {psi) {psi) Compression¥
1600 0.005 14.3 -——- 39,910 --
1600 0.005 14.3 ———— 41, 910 --
1600 0,03 5.78 -—— 39,270 --
1600 0.03 5.78 -——- 35, 270 --
1600 0.03 5.78 -———- 35, 630 -
1600 0.1 3.16 -———- 23, 000 -
1600 0.1 3.16 -———- 21,180 --
1700 0.005 14.3 17,636 -—— 8.9
1800 ¢, 005 14,3 12, 730 _———- 16.2
1900 0.005 14.3 6, 364 ———- 11.9
1900 0,005 14,3 5,818 -——- 20.4
1300 0.005 14,3 4, 000 ——— 35.6
1900 G.03 5.78 ———— 22, 636 --
1900 c.1 3.16 ---- 17, 364 -
1900 0.1 3.16 -—— 14, 545 --

* Does not represent ductility at fracture but the amount of compression the

specimen received before the test was stopped,

- 188 -



Fig. 4-10 PHOTOMICROGRAPH OF MgO SPECIMEN
FRACTURED AT 1400°C X250

(Note profuse intergranular cracking)

s
o Fat
. '. ~f'

(. e

Fig. 4-11 PHOTOMICROGRAPH oC)F MgO SPECIMEN
FRACTURED AT 1600°C X250

(Failure confined to intergranular cracking.
There are indications that grains have
undergone some plastic flow.)
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This evidence clearly suggests that the mechanical behavior of the 0, 005-mm
specimens is significantly different from the other grain size materials

tested. The reason for these differences is not clear, although the presence
of an appreciable amount of porosity in the finest grain size specimens might

partly account for the observed behavior,

At all test temnperatures, the 0.1-mm and 0, 3-mm specimens were
completely brittle, while the 0, 005-mm material did exhibit apparent duc-
tility at 1800°C and above. This si demonasatrated by the autographic records
in Fig. 4-13 and the photographs of deformed specimens in Fig. 4-14 through
4-16. The load-compression curves suggest that at 1800°C and above the
fine grained specimens first yielded and then plastically deformed in a man-
ner similar to a ductile metal. However, as in the case of polycrystalline
MgO, the true nature of this yield effect is not known. Two possibilities

exist:

(1) Yielding was associated with the onset of gross plastic deforma-
tion within the bulk of the specimen as in the case of a ductile

metal.

(2) Yielding represented the commencement of extensive grain bound-
ary sliding resulting from the fact that at these temperatures the
grain boundaries represent regions of weakness rather than
strength, As a result of the sliding process, microcracks formed
at the grain boundaries which, with increasing strain developed in-
to intergranular fissures, Thus the stress at which yielding oc-
curred probably represents the stress at which profuse intergranu-

lar cracking was initiated.

The experimental evidence tends to support the latter possibility.
Metallographic examination of specimens deformed at 1900°C indicated
that although the extent of deformation was not uniform (Fig. 4-17), ex-
tensive intergranular cavitation had developed in the heavily strained areas
as shown in Fig. 4-18., In those regions restrained from flowing, i.e, ad-
jacent to the compression rams, the microstructure showed little change

(Fig. 4-19). In addition, there was no evidence of any change in grain
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Fig. 4-12 VARIATION OF FRACTURE STRENGTH OF LUCALOX OF
VARIOUS GRAIN SIZES WITH TEMPERATURE
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Fig. 4-14 LUCALOX SPECIMENS BEFORE AND AFTOER TESTING
UNDER COMPRESSIVE LOADING AT 1600 °C

Grain Size = 0.005 mm

yE, 67 o

—————— L T T ee TS TTI TS TSR

Fig. 4-15 LUCALOX SPECIMENS BEFORE AND AF’I(‘)ER TESTING
UNDER COMPRESSIVE LOADING AT 1700°C

Grain Size = 0.005 mm
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Fig. 4-16 LUCALOX SPECIMENS BEFORE AND AFTER
TES%ING UNDER COMPRESSIVE LOADING AT
19007 C Grain Size = 0, 005

Fig. 4-17 CROSS SECTION OF GRAIN SIZE %. 005 mm
LUCALOX COMPRESSED AT 1900°C X4

Compression axis vertical. Note non-uniform
strain pattern.

- 194 -



Fig. 4-18 PHOTOMICROGRAPH OF LUCALOX SPECIMEN
(Grain s%ze 0.005 mm) COMPRESSION TESTED
AT 1900°C

(Note extensive intergranular fissuring accompany-
ing deformation.)

-

Fig. 4-19 PHOTOMICROGRAPH OF ZONE NEAR COM-
PRESSION PLATENS IN LUCALOX SPECIMEN
(Grain s%ze 0.005 mm) COMPRESSED TESTED
AT 1900°C X250

(Note absence of fissuring in this constrained zone.)
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shape as a result of compression, which suggests that the grains did not
undergo any appreciable plastic strain. It was concluded, therefore, that
the deformation process and the observed ductility were associated with
grain boundary sliding and intergranular fissuring similar to that observed
in creep processes, rather than any gross deformation of the individual

grains,

Examination of specimens exhibiting completely brittle behavior

indicated that failure was due entirely to intercrystalline cracking,

The fracture stress data obtained at 1600°C and 1900°C has been
subjected to a Petch-style analysis, and as indicated in Fig. 4-20, a linear
relationship between the three grain size levels is not obtained. Thia, in
some respects, is not surprising since the 0,005-mm material contains
porosity and, as discussed, seems to be behaving quite differently from
the other Lucalox specimens, At 1900*°C, the fracture stress values plotted
for the fine-grained material are probably not true values since deformation
may be taking place by an entirely different mechanism at this temperature
than that operative at 1600°C., The data is, therefore, inconclusive and
some further tests at other grain size levels are required before the appli-
cability of the Petch equation to Lucalox can be esgtablished,

It should be mentioned, in passing, that the Petch-type dependence
of strength on grain size presupposes that the failure mechanism remains
the same for the materials, which is patently not the case for the 5-/4.
grain Lucalox. Therefore, future work will also inquire into the grain
size at which the failure mechanism changes from rigid cracking to inter-
granular fissuring by grain boundary sliding, and the variation of this

critical grain size with testing temperature,

5. CONCLUSIONS
The present investigation has led to the following conclusions:

A, The fracture strengths in uniaxial compression of both poly-
crystalline MgO and Lucalox of high density show a marked
temperature dependence in the range 900 - 1600°C and 1600 -
1900* respectively. This variation in strength is also ac-

companied by a change in the mode of fracture which showed

a similar trend in both oxides.
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Fig. 4-20 PETCH-TYPE ANALYSIS OF THE FRACTURE
STRESS-GRAIN SIZE DATA
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The fracture strength of Lucalox, in general, increased
with decreasing grain size., However, the fine grain ma-
terial (0.005-mm grain size) did deviate from this behavior
above 1600°C. This was attributed, in part at least, to the

presence of porosity in this material,

A Petch-type analysis of the fracture stress { 0p) - grain
size, d, data obtained at 1600*C and 1900*C proved incon-
clusive because of the anomolous behavior of the fine-grained

specimens and the absence of further O - d data,

There was evidence of apparent ductility in both MgOQ at 1600°C
and Lucalox at 1900*C, However, in the cage of Lucalox, the
ductility was traceable to a grain boundary sliding mechanism
rather than gross plastic deformation of the bulk material,

In polycrystalline MgO this mechanism may also have been
operative although metallographic evidence did suggest that
some true plastic deformation of the grains may also have
occurred. It appears, therefore, that the possibility of ob-
taining true ductility is greater in polycrystalline MgO than
Lucalox. This conclusion might reflect basic differences in
the slip mechaniams and the crystallographic structures of

these oxides.

At 1600°C, the fracture strength of Lucalox is approximately
twice that of polycrystalline MgO of the same grain size.
Lucalox is also considerably more brittle than MgO at this

temperature,

Metallographic examination of fractured specimens of both
MgO and Lucalox indicated that failure always occurred by

intergranular fracture.

A hot-pressing technique was developed for producing ultra-
high density polycrystalline MgO.
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TASK 5 - INTERNAL FRACTION MEASUREMENTS OF CERAMIC
MATERIALS

Principal Investigator: P. D, Southgate
Armour Research Foundation

ABSTRACT

The purpose of this program is to study the internal friction of
ceramic materials, and to relate observed damping behavior to the
pinning stresses and mobility of dislocations characterizing the mater-
ials studied. A highly refined experimental equipment has been con-
structed, which allows for accurate determinations of the internal
friction in carefully supported specimens vibrating as free-free
beams.

Experimental work to date has been confined to MgO single
crystals. It was found that the amplitude independent component of
dislocation damping is largely independent of temperature up to 500°C,
in contrast to some theoretical predictions. Furthermore, the behavior
of the amplitude dependent component also contradicts the predictions
of the Granato-Lucke theory,

Annealing of dislocation damping occurs with increasing speed
above 400°C and is a function of specimen purity. Complexes consis-
ting of trivalent impurity-vacancy pairs exhibit a relaxation peak at
230°C {for 45 kc/8), at an activation energy of 0.63 + 0,02 eV. These
complexes are created by a short anneal at above 10800C; a lower
temperature anneal causes them to dissociate until an equilibrium
concentration is reached.

- 200 -



TASK 5 - INTERNAL FRICTION MEASUREMENTS OF
CERAMIC MATERIALS

1. INTRODUCTION

Internal friction and the hardness of a material are two clo-
sely related quantities, the softer materials nearly always having
the higher internal friction. The reason for this is straightforward:
the mechanism inhibiting crack propagation, that of damping out of
propagation energy by mobile dislocations, is exactly the same as
that producing dynamic internal friction. Thus, a detailed study of
internal friction mechanisms should give information on the way in
which crack energy is dissipated, which may not be readily obtained
from observations of crack propagation as such. In addition, the
dynamic properties of other crystal imperfections govern hardening
processes as well as participating in some dislocation damping
mechanisms, and hence will be likely to affect the fracture mechan-
ism of the material. Internal friction data may be analyzed to give
values of several parameters associated with the motion of such

imperfections, notably the activation energies.

Accordingly, the principal goal of research on this Task is to
determine the nature of internal friction of ceramic oxides as in-
fluenced by temperature, surface treatment and the density of pre-
existing dislocations in the material. These results are then to be
compared to existing theories or hypotheses, in order to relate the
observed damping hehavior with the mechanisms that can account for

the mobilization of dislocations in the host lattice.

The investigation described here was conducted on single cry-
stals of MgO of commercial origin, dislocations having been intro-
duced into the specimens by room-temperature deformation. As was
anticipated in the original proposal, the major portion of the period was

spent in consatructing the apparatus for internal friction measurements,

- 20] .



which is described in detail in Section 2 below. The results that

follow are, at this time, limited in extent; it has not yet been possi-
ble to give a complete interpretation of the observed phenomena al-
though some aspects of the experimental results obtained are fairly

well understood.

Discussion of the theory of brittle fracture by Petch(s_ 1 pos-

tulates that, at least in metals, the criterion for crack propagation

is that the damping force on an unlocked dislocation be less than the
surface energy of crack formation, multiplied by a certain propor-
tionality constant which depends on the length of the relevant slip
plane and the elastic constants of the material. It is further assumed
that the surface energy contains a term which depends on the stress
required to unlock a dislocation from the pinning points, usually vis-
uvalized as individual impurity atoms. I the type of fracture is to be
temperature dependent, one would anticipate that dislocation damping,

or unlocking, or both are likewise temperature-dependent quantities.

Internal friction measurements give data on both damping and
unlocking. It is interesting to note that results to be presented here
show very little temperature variation of either dislocation damping
or unlocking, at least between room temperature and the range in
which impurity precipitation occurs. For as-grown crystals, the ob-
servations are consistent with the concept that dislocations, as re-
vealed by etch-pits, are not mobile at all. Recent electron micro-

(5-2)

precipitation around such dislocationa. Dislocations introduced from

graphs confirm this by showing the strong ball-and-chain type
the surface during deformation, however, do remain mobile, and it

is these which have been studied.

Measurements have been made in the range from 8 to 50 ke /s
and from 30 to 1350°C. The maximum logarithmic decrement A
measurable was of the order 10“3, and the background damping from
the support wires a few times 10-6. Small changes of resonant fre-

quency, and internal friction alone was studied. The temperature

- 202 -



variation of A has been analyzed in terms of three processes:
amplitude independent dielocation damping, amplitude dependent
damping ascribed to dislocation break-away, and a damping resulting
from relaxation of associated vacancy-impurity pairs. In each case,

the data raise important questions which cannot as yet be answered.

2. INTERNAL FRICTION APPARATUS

A, General Description

The materials which are to be measured have, at least at low
temperatures, extremely low values of internal friction. This fact
limits considerably the number of possible methods of measuring
internal friction, since, in any system utilizing direct mechanical
coupling between a transducer and the specimen, the damping of the
transducer would probably mask that of the specimen. The electro-

(5-3)

difficulty. For conducting specimens, a plate is placed a small

statically coupled system first devised by Bordoni avoids this
distance from the specimen, and the drive potential (at the specimen
resonant frequency) is applied between the plate and the specimen.

If the mechanical drive is to be of the same frequency as the applied
electrical signal, it is necessary also to apply a biasing voltage some-
what greater than the applied voltage. In addition, motion of the
specimen will change the capacitance of the gap; hence, if this is
made part of a high-frequency tuned circuit connected to an oscillator
(36 mc/s in our case), a frequency modulated output proportional to

the specimen displacement will be obtained.

Electrostative drive forces, for conducting specimens, arise
directly from the uniform field between the specimen and the drive
plate. In the case of a dielectric specimen, a uniform field produced
by this arrangement would yield no attractive force, and an inhomo-

geneous field is required. This is produced by the grid shown in
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Fig. 5-1, Two sets of bars are connected alternatively to wires
across which the drive is applied. Near the surface of the grid, the
field is very inhomogeneous and a dielectric specimen will be at-
tracted toward it; the system works like a magnetic chuck as used on
milling machines. Similarly, motion of the dielectric towards or
away from the grid surface will change the capacitance between the
two sets of bars. An approximate theory of the magnitude of the ef-

fect is given in Section 2E.

There are several ways of obtaining values for internal friction.
The most desirable, giving an instantaneous meter-reading value, is
to compare drive power with the oscillation amplitude which is excited.
Unfortunately, this is not applicable to electrostatic drive systems
since the drive efficiency cannot be determined accurately. The
resonance width can be used to determine Q and this method has the
advantage that each measurement is carried out at a fixed amplitude;
however, it is susceptible to drift. The method chosen is that of
plotting the free decay curve of the specimen., The output from the
36 mc/s oscillator is amplified and fed into a discriminator. After
further amplification and mixing with a local oscillator the signal
emerges at 2 ke/s with the decay envelope of the specimen oscillation.
The signal is finally displayed on a logarithmic recorder, so that an
exponential decay envelope appears as a straight line. Deviations
from the exponential form, representing changes of internal friction

with amplitude, can thus be readily detected.

A block diagram of the whole system is shown in Fig. 5-2.
The drive generator is required to be of high stability so that the
frequency may be held on the narrow specimen resonance, and so
it consists of a main oscillator locked into a high-stability frequency
meter oscillator. An oscilloscope displays the Lissajous figure of
drive signal vs. specimen oscillation signal {before mixing) thus af-

fording a sensitive means of detecting resonance.
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Fig. 5-1 PHOTOGRAPH OF DETECTING GRID
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A general view of the apparatus is shown in Fig. 5-3. The
majority of the electronic circuits are contained in the rack at the
left. The X-Y oxcilloscope and the logarithmic recorder are on the
bench. Further to the right appears the part of the apparatus con-
taining the furnace, vacuum system, specimen and detecting oscilla-
tor { "the cart'), while the furnace supply rack is to the extreme
right, The furnace is suspended by anti-vibration mounts; connec-
tion to the all-metal vacuum system is made via a flexible bellows
tube,

B, Unit 1: Furnace and Specimen Support

The furnace is required te work in a vacuum, to reach tem-
peratures in excess of 1500°C, and to have a very short time constant
to facilitate quenching experiments. A molybdenum tube furnace will
satisfy such requirements. The construction is seen in section in
Fig. 5-4. The furnace body, which acts as the vacuum envelope, is
highly polished on the inside to reflect heat and is surrounded by a
water jacket. Further thermal insulation is provided by a thin cylin-
drical thermal shield within the body, which also helps keep the
polished surface free of evaporated impurities. The heating tube
consists of a 0, 002-in. molybdenum foil wrapped into a tube and
clamped by end-rings, being held in tension by the spring and bel-
lows arrangement in the furnace top cap. Potential is applied be-
tween the top cap and the body, an interposed O-ring acting both as
vacuumn seal and electrical insulation. With an input of 7.5 v, 240 A,

a temperature of 14000C ig attained.

The specimen is shown in Fig. 5-4 supported so that it is ex-
cited into flexural oscillation. The grid is held close to the center
section of the side, and the specimen supported by two fine tungsten
wires passing through holes drilled through the nodal points. Screw

adjustments on the base-plate hold the wires in tension across the
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top of a square-section tantalum tube. For conducting specimens,
the tantalum tube is replaced by an insulating one of silica or alu-
mina so that the specimen may be used as one drive electrode. The
ceramic support for the grid passes up the center of this tube, and
a micrometer screw and lateral adjustments beneath the base-plate
allow setting-up and calibration adjustment of the grid-specimen gap

to be made.

Fabrication of the grid is a matter requiring some care. Moly-
bdenum wires 0. 0l-in. in diameter are laid parallel, being separated
by 0. 005-in. diameter wire. Alternate wires are then spot-welded to
either of two pairs of tantalum cross-bars, and the ends of the grid
wires cut off, After bending so that the two sets of cross-bars are
not in contact with the wires, the grid is spot-welded to wires fixed
into the end of the ceramic support rod. The assembly is then set in
wax, leaving the face exposed so that it can be polished flat to remove

slight distortions. Finally, the wax is melted away.

C. Electronic Circuits

Unit 2: Discriminator Amplifier

The circuit is shown in Fig. 5-5. The 36-mc/s input enters at
a level of about 1 volt, is amplified by the 6 AK5 tube and is fed di-
rectly into the Foster-Seeley discriminator circuit in the tube anode
circuit. The discriminator out-put is filtered (560 /1. , 47/“/4. F)
and travels via SW 1/2, shorted, to the first amplifier tube. The
meter in the cathode measured the d-c component of discriminator out-
put, corresponding to the center frequency of the input signal. After
filtering of low frequency components, the signal passes to a mixer
6AUb tube, which has a large additional signal, 2 kc/s higher than the
amplified signal, applied to the cathode through SK 3/2. The anode
circuit has variable band-width centered on 2 kc/s. The subsequent

amplifier has more filtering to remove the local oscillator signal and
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36 mc/s leakage. Alternately, SW 4/2 allows the amplifier to be
used for a straight 1 to 10 kec/s amplification, since it would not be
possible to filter out local oscillator signal well enough below 10 kc/s.

The final output to the recorder is from a cathode follower.

The discriminator response curve as indicated by the meter for
an RF input of 1 volt is shown in Fig. 5-6. The linear portion extends
over 1. 2 mc/s showing that the maximum frequency of mechanical
oscillation that can be measured accurately using the d-c calibration
is 600 kc/s. Undistorted decay curves will be obtained for higher
irequencies, however, The overall gain of the lower frequency ampli-
fier-mixer circuit from the grid of the first 6CBé to the output is
1.3 x 104; the equivalent input voltage corresponding to noise and
local oscillator break-through is 3/u. V at 50 kc/s. The amplifier
gain can be checked by the calibrating networks on SW 1/2, SW 2/2
using a monitored signal of the drive frequency from Unit 3. Chang-
ing the switch to the calibrating positions puts a filter circuit in
which removes the a-c component of discriminator output while re-

taining the d-c bias sc that the amplifier gain does not change.

Unit 3: Drive Amplifier

The circuit is shown in Fig. 5-7. The input, varying from 5 to
200 kc/s at a level of approximately 1 volt passes through one stage of
untuned amplification before the final inductively loaded power stage.
The tuning is broad and various bands are selected by SW 1/3. A max-
imum output voltage of 180 v rms can be obtained from the circuit; a

voltage divider gives a small monitored output for Unit 2.

Unit 4: High Stability Generators

Two generators are required: one for the drive oscillator and
the other for the mixing oscillator. The circuit of each generator is

shown in Fig. 5-8. It is a modified frequency meter: government type
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BC221. The modification, in the anode of the VT 167 tube, allows
the primary oscillator frequency rather than the beat frequency to
be amplified, although the beat output is still retained for checking
the variable oscillator frequency against the standardizing crystal.
It is the short-term stability of this generator that is important.
Beating the output against a crystal oscillator showed that the short-
term stability at 120 kc/8 was of the order 0.03 c/s, and that the
drift over 10 minutes was less than 3 c/s. A 10-v change of the H. T.
moved the frequency by 3 ¢/s. These shifts are sufficiently low for
the purposes of these experiments. The generators are mounted on
flexible supports to reduce frequency shift due to vibration or frame

distortion.

Unit 5: Frequency Dividers

The frequency meters give a signal from 120 to 250 ke¢/s, and
the range to be covered is 5 to 200 kc/s. Hence, frequency division
is needed. The circuit is shown in Fig. 5-9; there is one such cir-
cuit for either generator. Two blocking oscillators are used. The
first is triggered by the incoming sine wave from the frequency
meters and oo nverts the signal to a pulse train of the same frequency.
The second is free running and locks into a submultiple of the input.
Note that the connection is such that the second blocking oscillator is
triggered not by the initial rise of the first but by the ringing return,
the first transformer being slightly underdamped. This arrangement
was found to be the most stable. Care has to be taken to set the free
nnning frequency fairly close to a submultiple of the master oscillator
frequency or irregular triggering will result. The triangular wave out-
put from the grid was found to be most convenient for triggering the fol-

lowing oscillators.

Units 6 and 7: Locked Oscillators
Hewlett-Packard oscillators Type 200 GR are employed here.

One is fed into the mixer circuit, SK 3/2 of unit 2, and the other to
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the final drive output SK 1/3 of unit 3. The oscillators use a Wein
bridge circuit which is not intrinsically very frequency-stable, but
which can he readily locked to the output from unit 5 by a 3-/4./‘4. F
capacitor connected to the grid of the first oscillator tube. Complete

locking was obtained for +2 percent of dial setting.

Unit 8: Recorder

Checks on several commercially available logarithmic recorders
showed the Bruel and Kjaer Type 2305 to be the fastest and rmo st reli-
able. The maximum writing speed is 1000 db/sec; if one then takes
300 db/sec as being measurable, this limits the maximum log. decre-
3 2t 10 kc/s and 5 x 107 % at 100

ke/s. However, at these relatively high damping values, resonance-

ment that can be measured to 5 x 10~

width measurements become sufficiently accurate to use, replacing

decay-time measurements.

Unit 9: Cart and Detector Circuits

The cart circuits, shown in Fig. 5-10, consist of a-c supplies
to the pumps and vacuum gauge, together with a water-pressure

actuated switch to protect the furnace and diffusion pump.

The detector circuit is shown in Fig, 5-11. The 36 mc/s oscil-
lator is loosely coupled to minimize fluctuations in frequency which
are due to the tube, and has a small extra tuning capacitor in addition
to that formed by the grid and leads. A cathode follower stage feeds
the twin shielded lead to the discriminator-amplifier with a signal of

about 1-v amplitude.

Unit 11: Furnace Control

This consists of a West Instrument ""Gardsman' furnace supply
unit, A saturable core reactor is contrclled by a thermocouple in
the furnace. The furnace is fed from these circuits through a step-

down transformer: Jefferson type 248-171.
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Unit 12: Vacuum Gauge and Power Unit

A relatively simple (Veeco type DG-2) Philips vacuum gauge
is being used to determine pressure levels in the test enclosure.

The power units are standard commercial units giving stabil-
ized supplies of the following values: 250 v, 160mA; 180 v, 45 mA,;
200 v to 800 v, 1 mA; and also 6. 3-v heater supplies.

Unit 16: Plug Interchange

Figures 5-11 and 5-12 show this unit. It contains a switch
which simultaneously cuts off the drive generator amplifier and
the bhias supplies, thus removing any interference which might
otherwise occur in the recording of the specimen decay-curve,.
Capacitors can also be switched to slow down the shut-off rate
of the bias voltage. This arrangement is needed since for some
types of specimen mounting a rapid shut-off was found to produce
bouncing of the specimen, with a consequent modulation of the
decay curve. A further switch allows monitoring of either the

specimen resonance or the frequency divider circuits.

D. Operation of System

To obtain reliable results, it is necessary to reduce the

noise to the lowest level and, for the higher values of damping,

to have a sufficient broad pass band. The narrowest band gives
the greatest noise reduction, although its use would cause con-
siderable error for logarithmic decrements greater than, say,
10°% at 100 ke/s. It is also convenient to use broader bands if the
specimen temperature drift is at all rapid, since otherwise the
consequent change of f{requency during decay can produce an ef-

fective change of amplifier gain.
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Fig. 5-13 shows the overall detector curve: Unit 2 meter
reading plotted against gap width as read on the micrometer. At
a gap width of 0.1 mm, the sensitivity is 5 microvolts per Ang-
strom. For a gap utilizing a plate and conducting specimen, the
sensitivity is about ten times as great. Determination of absolute
vibration amplitudes of a heated specimen is not easy, however,
gsince relative movement of the grid wires can change the capaci-
tance and hence produce an uncertainty in the gap width. It is pro-

posed in the future to install a calibrating system.

It has been found necessary to support the specimen by wires
passing through holes, to reduce the extraneous damping to a suf-
ficient low value. Four-wire suspension, with the wires gripping
either side, was found to be unsuitable. Even with the present
systermn, occasional high values of damping are attributable to wire
friction, probably occurring as the wire slips during heating. The
background friction, however, with a specimen 20 x 4 x 2 mm, is

only about 106,

E. Grid Capacitance Change

An analytic form for the capacitance between the sets of grid
wires for arbitrary spacing of the dielectric medium would be ex-
ceedingly complicated to compute. The argument that follows
gives a value for the sensitivity of the system at a spacing which
would represent a reasonable working point.

Smythe(5-4)

obtained an equation, derived by a conformal trans-
formation method, for the capacity in the fringing field between two

sets of bars of width a and spacing g ; this is given by

_ o a 4o + 3a 1l a a(dg + 3a)
AC= — (142 In (E535) - g S By

{(5-1)
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where Co is the capacitance of free space, w is the breadth of

the grid, and n is the number of gaps.

If we now assume that this fringing field is contined to the re-
gion above the grid plane, and that insertion of a medium of dielec-
tric constant, K, in the region does not change the flux distribution
below the plane, then the change in capacitance due to the medium
will be

gC = (K-1) C (5-2)

I the medium is moved away, it can safely be assumed that at
a distance equal to the gap, g, the extra capacity due to the medium
will be a fraction of ¢ C, less than, say, one half. Thus, at some
point between this spacing and contact, dC/dy will agssume the value

d C/g. This point will represent a useful working point.

Inserting values of

w = 5 x10-3 m
K = 10

a = 5g

n = 10

g = 10°%m

into Eq. 5-1, solving for & C, and setting SC = g dC/dy, one
obtains from Eq. 5-2,

(29_) = 1.3x107 Fm™!
dy
and
af _ 1 £ dC _ ;
&G " ZC & 25 cycles per Angstrom displacement.
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3. PREPARATION OF SPECIMENS

Single crystals of MgO used in this study were obtained either
from the Norton Company or from Semi-Elements, Inc., with max-
imum dimensions of the order of one inch. These crystals were
cleaved or cut into several parallel specimens. Each specimen is
identified by a number containing four digits; the first three digits
represent the parent crystal and the last, the specimen itself.
Table 5-1 gives a spectrochemical analysis for four pieces, 102,
105, and 107 from Norton, and 108 from Semi-FElements. Number
111, mentioned later, also was obtained from Semi-Elements. In
some cases, a very slight milkiness or yellow coloration of the

crystal was wvisible,

Table 5-1
SPECTROCHEMICAL ANALYSIS OF SINGLE CRYSTAL
MgQ SPECIMENS

Specimen Impurity, (ppm)
Al Ca |Cr | Cu Fe Mn Si
102 1000 | 600 | l00| 2 600 40 10
105 600 |1500 601 2 600 30
107 200 |1500 60| 2 600 40
108 200 | 200 80| 2 400 30

Two types of specimen shape were used: a beam and a tuning-
fork shape. These are shown in Fig. 5-14. The beam specimens
were about Z-c¢m long, 4-mm wide, and were cleaved into sections
1.5 to 3 mm thick. They were used in the fundamental flexural
mode of oscillation supported through 0. 0l-in. holes drilled ultra-
sonically through at the nodes (0. 224 £ from the end). The funda-
mental natural frequency of these varied between 20 and 50 kc/s, as

obtained from the Rayleigh formula (valid for shallow beams):
w
8/3 (P 4
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The tuning-fork specimen was also about 2-cm long, and was cut
to shape with a diamond wheel. Since it effectively consists of a
pair of bars in fixed-free vibration, a much lower frequency can be
obtained for a bar of given thickness. However, support difficulties
are much greater; not only is the support weak due to the one-sided
arrangement {allowing an exaggerated bouncing of the bar to occur),
but the stem of the fork is not a true node. Hence, losses along the
mounting wires are much greater than in the case of a straight bar.
Dislocations were introduced by bending at room temperature,
using the method of Stokes‘s—s). Bare were cleaved slightly over-
size, etched for 4 min in boiling orthophosphoric acid, being sus-
pended by light end-clamps, and then washed immediately in boiling
water. After sprinkling with 200-mesh silicon carbide, the bars
were bent through an angle of several degrees (judged by eye} in a
3-point device which applied a constant load {lever, bucket and lead
shot). Upon removal of the specimen the bend angle measured, and
the procedure repeated to bend the specimen straight again. Yield
stresses were quite consistent for all samples, Figure 5-15 shows
a plot of applied moment versus beam thickness; the variation is,

as expected, close to the square of the thickness.

Immediately prior to mounting in the apparatus, specimens
were etched for about 1 hour in HCI + NH4CI. This is a slow, non-
polishing etch, employed so that any small cracks, say around the
support holes, would be opened up until the sides did not touch dur-
ing specimen oscillation. Thus, excess damping due to the cracks
would be eliminated without removing too much material. In addi-
tion, etch-pits on the deformed crystals revealed the slip line pat-
tern, although the pits were usually too closely spaced to show the

individual dislocations.
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4. EXPERIMENTAL RESULTS AND DISCUSSION

A. Amplitude Independent Dislocation Damping

In general, the internal friction was found to be a function of
amplitude of oscillation, increasing at the higher amplitudes.
Figure 5-16 shows a typical curve. It is here tentatively assumed
that this curve is composed of two more or less independent com-

ponents; an amplitude independent part, A .; and an amplitude-

I;
dependent component, AH' which becomes effective above a cer-

tain amplitude. Thus,
A = AI + AH {5-3)

DeltaI is associated here with dislocation relaxation; & 0 which
will be discussed in the following section is identified with break-
away.

Amplitude independent dislocation damping in deformed metals
and semi-conductors usually shows a strong temperature dependence.
At low temperatures, the Bordoni peak(s-b’ 5_7), appears, due to
thermal excitation across the Peierls force barrier, while at higher

temperatures there is a rapid rise of damping (5-8, 5-9).

Reports
on dislocation damping are not very numerous in ionic materials.
Work in NaCl at room temperature(s‘lo’ 5-11) has shown that the

Grana.to-Lucke(S_lz)

theory successfully explains the annealing of
dislocation damping by condensation of vacancies produced by plas-
tic deformation or X-irradiation. At lJower temperatures, results

in other alkali halides!>"13+ 5-14)

have shown the importance of

electronic and ionization processes in pinning dislocations. Except
in the rather limited relaxation region, the temperature dependence
of damping below room temperature was found to be small. A de-
tailed investigation of the temperature dependence of damping in the

alkali halides above room temperature has, however, yet to be made.
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Results to date on MgO are interesting in that the temperature de-
pendence of dislocation damping appears to be rather small, Typ-~
ical curves are shown in Fig. 5-17 and 5-18, presenting sequential
dislocation damping measurements taken during warm-up, anneal,
and cooling for three specimens. The amplitude independent A 1

is shown., It is evident that the curve shape is repeatable, varying
only in a factor of proportionality for different anneals and original
deformations. Above 400°C, annealing occurs too rapidly to allow

accurate determination of the curve.

The Granato-Lucke theory of dislocation relaxation sets up the

equation of motion for the dislocation as

2 2
2° & 248 2°8 _
A ﬂtz + B--——-—at C ayz = b o, (5-4)

g being the dislocation displacement at y along its length, b the
Burgers vector and o the applied stress. B is a damping constant,
and its temperature independence determines the variation of inter-

(5-7)

nal friction with temperature. Either the Seeger or the Weert-

man(s-s) mechanisms of damping, however, give too rapid a temper-
ature variation to fit the experimental curves. Attempts have been
made to broaden the peaks produced by these mechanisms until a
better fit is produced; however, it appears that unreasonably large
variations of dislocation behavior within a given specimen are re-
quired to account for the curve in this manner. This situation points
gut the need to develop a new theoretical mechanism giving a temper-
ature-independent B in ionic crystals. This line will be pursued

in future work.

The kinetics of annealing also present an unsolved problem. It
was hoped to extract an activation energy for the process by compar-
ing anneal rates at different temperatures for similar crystals.

Figure 5-19 shows the decremental damping as a function of annealing
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time for four specimens. Examination of the curves reveals that,

if vacancy or impurity condensation is occurring, more than one
process must be involved in the anneal, since an increase of tem-(s_{”
perature for a single process would shift the curve only to the left H
the observed increase of slope (on this log-log plot) between specimens
1115 at 400° and 1113 at 500° would not be produced. On the other
hand, it is possible that dislocation recombination or interaction of
some kind is occurring. In this case, the somewhat higher disloca-
tion density of 1113 (deformed through twice the angle of 1115} might
account for the higher slope. However, the slope of 1074 is almost

as high as that of 1113 although it was annealed well below SOOOC,

and was bent through only 1. 2°. Obviocusly more data are required.

It should be noted that the curves can in no way be fitted to the for-

mula of Granato(s-lo)
A = 1 2/3, "* 5-5
Iﬂconst.(-ﬁt ) (5-5)
-1/4 2/3

since a plot of & 1 vs. t
for both 1113 and 1115.

deviates markedly from the linear

Further anneal at 750°C caused a drop in AI of the No rton
crystal down to much the same values seen in the undeformed cry-
stal. Figure 5-20 shows a comparison of the two crystals over the
range 100°C to 600°C. A similar anneal in one of the purer Semi-

Elements crystals, however, did not reduce A. to the same low

I
value. This indicated that impurity precipitation on dislocations isa
likely mechanism producing the locking. Because of insufficient

measurements, the kinetics of this precipitation cannot be evaluated

at present.

B. Amplitude Dependent Dislocation Damping

Nearly all measurements show some amplitude dependence of
A . Although it is present in undeformed specimens, its enhance-
ment by plastic deformation indicates that it is almost certainly pro-

duced by dislocations. According to the Granato-Lucke theory(s'u},
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log ( A H €) should be proportional to 1/€, where & is the
strain amplitude. Figure 5-21 shows a plot for the amplitude de-
pendence of damping, taken at different stages of anneal. Over
three decades of AHE are covered, and nowhere does a linear
portion of the plot appear. This is contrary to reports on NaCl
{5-11, 5-12), although a smaller range of amplitude was covered
in the latter, possibly concealing the nonlinearity. The lack of
fit of the MgQ data to the formula makes it difficult to interpret,
or even present, annealing data on dislocation break-away in a

systematic fashion.

In the Norton specimens, annealing above 600°C removed am-
plitude dependence. However, it was observed that after a 5-min
anneal at 1000°C, amplitude dependent damping reappeared in one
specimen. It is suggested that impurity precipitates may have be-~
come redispersed by the anneal, partially freeing the formerly

firmly locked dislocations,

C. Relaxation of Impurity-Vacancy Complexes

Lidiard(s-l?’) has discussed a form of dielectric relaxa.ﬁon in
alkali halides which involves reorientation of vacancy-impurity
pairs {"'complexes'). Anion vacancies in an ionic lattice carry an
effective negative change, and hence tend to become bound to posi-
tively ionized impurities. Figure 5-22 shows the situation when
the vacancy is a nearest neighbor, which can then diffuse to cne of
four sites. The mechanical relaxation in MgO is similar to the die-
lectric relaxation, based on the fact that a stress in [100] will
enhance the diffusional jumps shown in Fig. 5-22. The relaxation
peak produced as a function of temperature in a specimen vibrating
at 45 kc/s is shown in Fig. 5-23. The points are experimental,

while the theoretical curve has the form

D = AI n co'_?st. . wT; > (5-6)
1+ e 7T

- 238 -



NOILVTIEY IMONT-ZLVNVHED NO MDFHD  12z-§ ‘B1a

stages of anneal

Specimen: #1074, at three different

1 ]

™ - o

(3Hv )60

- 239 -



Fig. 5-22 GEOMETRY OF IMPURITY-VACANCY COMPLEX
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A j being a constant background damping and the relaxation time

7 being put equal to [‘2:_’ exp (H/kT)] . From this curve we ob-
tain H=0.62 ev and ‘Z’o = 5x10"12 gec. The peak has also been
measured at a lower frequency in the tuning-fork specimen (Fig.
5-24) which was cut parallel to the previous specimen. As expec-
ted, the peak is of identical height and shape, although the back-
ground damping is greater. From the shift of the peak temperature
the activation energy may also be derived using An (wll a-JZ) =

J (H/KkT). A value of 0.635 ev is obtained, in satisfactory agree-
ment with the value from the peak shape. No independent estimates
of vacancy migration energy are known, however, against which to

check the values.

The peak does not attain its full height, or appear at all in some
cases, until annealing at an elevated temperature is carried out.
Five minutes at 1000°C was found to be adequate: indeed, the lower
limit of annealing time requirement, although not explored during a
few somewhat limited tests, appears to be less than one minute,
This is quite consistent with diffusion, from the surface, of vacan-
cies with an activation energy of about 0. 62 ev. The reason for the
reduced peak in as-grown crystals lies in the lower temperature
anneal, during which the conp lexes dissociate. Several hours are
required for this at 400°C, and during the normal process of cry-
stal growth the cooling rate is indeed this slow. Some study has
been made of the anneal characteristics; Fig. 5-25 shows a tenta-
tive anneal curve at 600°C. The initial .A was 8.3 x 10-5 and the
final, 3.4 x 10'5; the linearity of the curve connecting the three in-
termediate points is not firmly established at this stage. A time
constant of about 100 min is derived, which is longer than would be
expected from the diffusion of vacancies to the surface with an acti-
vation energy of 0. 62 ev, suggesting that some delaying process

such as charge trapping may be occurring.
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A surprising and interesting feature of the relaxation is the
value of 7 _. Analysis of the geometry of the relaxation, following
Lidiard, ®13) ghows that this would be expected to be 1/6 of the
attempt peried for vacancy jumps, i.e., h/6kT multiplied by an
entropy factor exp (S/k), where S = (H/E) (dE/dT). Calculation
gives a value 10~ 13, significantly less than that derived from the
relaxation peak. No discrepancy appears in the value of 7 o for

14), and so one must search for

dielectric relaxation in NaC1‘>~
some difference between the two cases. Two such differences come
to mind. In the first place, charge compensation is not complete in
MgO as in NaCl, since the effective negative charge of a magnesium
vacancy is two while a trivalent impurity will carry only a single
excess charge. Neutralization of the complex could be achieved

by an extra trapped hole. For trivalent chromium, the epr spec-
trum of the complex has been studied by Wertz and Auzins{s-lsh
however, there was no evidence of hole trapping. In either case,
the nature of the complex will be affected by the charge disparity,
and the binding will be somewhat weakened. The second difference
is deduced from the shape of the relaxation curve, which fits a
single activation energy. This indicates that the proportion of com-
plexes would have a slightly different energy, and so distort the
shape of the relaxation peak. Further study is required to discover
the detailed nature of these differences and correlate them with the

To diacrepancy.

Electron spin resonance spectra of two specimens have been
taken in an endeavor to identify the impurities responsible for the
peak. However, although there was a large difference in the heights
of the relaxation peaks, hardly any significant differences between
the spectra were vigsible. The spectra are dominated by the tall

narrow lines of divalent manganese{5-16).

Table 5-11 shows the concentration of the various atomic

species deduced from the epr spectra (within a factor of 3} compared
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Table 5-1II

ANALYSIS F ROM ESR AND OPTICAL SPECTRA

Specimen 1026 Specimen 1072
BSR SEectra
MnZt 4 %1070 4x10°°
Fe3* (cubic field) 8 x10-5 3.2 x107°
Cr3* (cubic field) 2.5 x10°° 4x10"8
Cr3T (100 field) 6 x 10°7 5x10°7
Cr3t (110 field) 1.6x10°7 | o---
Optical Spectra
Mn 4x10°° 4x10°°
Fe 6 x 10" 2 6x10 4
Cr 1 xlO-4 6 xl(J-5

with the spectrographic analysis {+50%). Specimen 1026 showed a
200° relaxation peak forty times the magnitude of that of 1072. It

has been assumed that all the manganese was divalent, and the con-
centration of this has been equated in epr and spectrographic analysis.
Discrepancies exist in the concentrations of both iron and chromium.
In the case of chromium, the difference may be in the divalent
chromium, and in the case of iron either in the divalent iron or the
iron in a non-cubic field, the spectrum of which was not cbserved,

In any case, the low concentration of chromium in the [110] direc-
ted field {specimen 1026) would be extremely unlikely to account for
the mechanical relaxation peak chserved. Differences between the
concentrations of the species given in Table II for specimens 1026 and
1072 are, in fact, surprisingly small. A further anomaly was seen,

however, in the fine structure of the Mn2+ spectrum. The ratio of
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the strengths of the central line to the strongest satellite was 0.95
for specimen 1026 and 2.5 for 1072, whereas the theoretical ratio
is 1.13, It is likely that the difference indicates a large concentra-
tion of some paramagnetic impurity, not observed in the epr spec-
trum due to either very large line width or location outside the range
covered.

There is a possible relationship between the annealing of com-
plexes and dislocation damping. Both annealing processes occur at
a similar rate in a similar temperature range, and it is very likely
that dislocations become pinned by the capture of vacancies which
have been released irom complexes. The concentration of complexes
may be of the order of 10—5, which would give one vacancy for every
ten atom sites along a dislocation line (assuming a dislocation density
of 1010 cmnz), an adequate number to pin firmly the existing disloca-
tions. The faster dislocation pinning seen in the more impure sam-
ples may well reflect the greater rate of vacancy production. Thus,
reduction of the trivalent impurity concentration below a certain level
could starve the lattice of vacancies and thus raise the temperature at

which hardening of a deformed specimen occurred.

D. Higher Temperature Processes

Above 600°C, most of the damping due to dislocations introduced
by low temperature deformation has been annealed out. A further
peak is now seen near 860°C, as shown in Fig. 5-25 to 5-27. There
is no indication as to the origin of this peak, although it seems rather
broad to fit a simple relaxation mechanism. The previous deforma-
tion of specimen 1074 may account for the slightly greater peak height
in this specimen, although the difference is very small, Heating to
1050°C has reduced the general background damping of specimen 1026,
but the peak has been affected little, if at all.

Above this peak, a further rise of /A occurs, which reduces on

anneal. This is no larger in the deformed specimen than in the
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undeformed, and so cannot be due to unpinning of dislocations with
an accompanying Weertman-type damping. More accurate data is

required in this region.

5. CONCLUSIONS

Even though the work described here represents only the initial
phase of the investigation on internal friction of MgO crystals, the
following points have already been established as a result of research

conducted on this Task:

A, Dislocation damping, both amplitude independent and depen-
dent, can be created by deforming a specimen at room temperature.
Between room temperature and 500°C the damping depends only
slightly upon temperature. None of the existing theories of disloca-
tion damping can satisfactorily explain the lack of temperature de-

pendence,

B. Analysis of the amplitude dependent component shows that
the derailed predictions of the Granato-Lucke break-away theory are
not fulfilled,

C. Annealing of the dislocation damping occurs with increasing
speed above 400°C, and is a function of specimen purity or dislocation
damping. The law of anneal differs from that previously cbserved for

sodium chloride.

D. Complexes consisting of trivalent impurity (iron?) vacancy
pairs give a relaxation peak at 230°C (45 kc/s). The activation en-
ergy is 0.63 + 0,02 ev. The value of the attempt frequency of relax-

ation is somewhat anomalous.

E. Complexes are created by a short anneal at above 1000°C,
while anneals at lower temperatures cause them to dissociate until
an equilibrium concentration is reached. It is not clear whether

atoms or electronic processes govern the dissociation rate.
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F. A small peak appears at 860°C, of much the same height

in as-grown as in deformed samples. The origin is not yet known.

It is evident that more work, both experimental and theoretical,

is required before a satisfactory picture can be formed of dislocation

damping and its relation to vacancy equilibrium.
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IV. FINAL REPORTS ON SUBCONTRACT TASK PROGRAMS

TASK § - EFFECT OF SURFACE ENERGY ON BRITTLE BEHAVIOR

Principal Investigator: Dr. N. J. Petch
University of Durham
Newcastle upon Tyne
England

ABSTRACT

Exploratory studies were carried out to determine the surface
energy values associated with the fracture of brittle materials over a wide
temperature range, The method of using pre-cracked thin plates has been
selected as being the most reliable at moderate temperatures; the zero-
creep technique, whose application to ceramic subastances appears to be
novel, will be applied at temperatures near the melting point of the mater-
ial, In addition, studies were carried out on determining the lowering of
surface energy from measurements of adsorption isothermas,

All necessary equipment required for experimental work has
been constructed. Initial exploratory studies have been made with poly-
crystalline Al;O3 for all of the methods investigated, These studies were
augmented by fractographic examinations, using electron micrographs of
shadowed replicas taken from surfaces of fractured polycrystalline Al,03
specimens,

- 252 -



TASK 6 - EFFECT OF SURFACE ENERGY

1. INTRODUCTION

In Griffith's{6-1) classical treatment of a completely brittle solid,
the criterion for crack propagation was derived from the balance between
the surface energy created and the strain energy released by the growth
process. In this way, the stress Oy for the growth of a crack of length
2c, in a golid of Young's Modulus E and surface energy p, was obtained

as

1/2
2E
7o (6-1)
x

%" c

If the solid ia not completely brittle, plastic deformation occurs
around the growing crack, but it has been supposed that the criterion for
crack propagation can again be given by the energy balance, If this tenet
is accepted, the stress required is still obtained from Eq. 6-~1 except that
the surface energy term, J» now includes the plastic work associated with

a unit area of the newly formed fracture surface.

An energy balance criterion for crack growth involves the tacit
assumption that the crack is sufficiently sharp for the stress at the edge
to produce separation of the atoms when the energy criterion is fulfilled.

With cracks blunted by very easy plastic deformation this may not be so.

Thus, it seems that in the fracture of completely brittle solids the
significance of the absolute surface energy is quite clear; when some plas-
ticity is possible, the absolute surface energy in the crack growth criterion
is replaced by an effective surface energy that includes a plastic work factor.
If plastic deformation is very easy, the simple energy balance criterion for

crack growth may well break down.,

Because of the uncertainties involved, the principal aim of this re-
search is to investigate the nature of the surface energy term in fracture
mechanics, and to compare the results obtained with the predictions of
presently existing theoretical formulations. The effort, quite logically,
subdivided itself into three major phases: a review of the adaptability of
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existing or proposed experimental methods for the determination of sur-
face energy values, the determination of surface energy for various cera-
mic materials at different environmental conditions, and the comparison
of data obtained with theoretical predictions. At its present stage, the

work is concerned entirely with the absolute surface energy,

No completely reliable general method exists for the measurement
of the absolute surface energy of a solid, The methods that have been used

are summarized in Table 6-1.

Table 6-1

EXPERIMENTAL METHODS FOR
THE DETERMINATION OF SURFACE ENERGY

Methods giving absolute Methods giving relative|

values of . values of &

Quantitative cleavage Pendulum Sclerometer
experiments

Fracture of a precracked Energy balance of

thin plate grinding

Energy balance for heat Energy balance of wean

of solution

Variation of solubility with Mutual grinding

particle gize

Anator's method {90° con-
tact angle for liquid in tube)

Zero creep method

Stable cracks, e.g., Roe-
sler(6-4) Kies(6-7),
Svensaoni 6-8)

Limiting velocity of crack
propagation, e.g. Shand(6-9)
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In the present work, experimental approaches were confined to the
crack propagation and the zero creep method, described in Section 4, is
necessarily applied near the melting point, but again no plastic deforma-
tion term comes into the determination. In Section 3 the effect of adsorp-
tion on the absolute surface energy is determined from measurements of
adsorption isotherms and, finally, some fractography is described in Sec-

tion 5.

2, CRACK PROPAGATION METHODS

A, Hertz Cracks

Roesler{6-4} has shown that stable conical-shaped cracks can be pro-
duced in glass and quartz, These are formed by pressing the flat end of a
cylindrical indentor into a plane surface of the material. The crack grows
with increase in load and also with time, but for a fixed load the size of the

crack becomes approximately constant after about 15 minutes,

Roesler has calculated that the surface energy will be given by:

2

P” gin &

= k ——-3—-—-- (6'2)
4 47TR” G

where P is the applied load, R is the radius of the base of the indentor

(or crack), o is the half apex angle of the conical fracture surface, G is

the rigidity modulus and k is a constant.

The calculation of the constant k is difficult, It is a strain energy
minimization problem involving seventeen independent components of the
displacement field. Roesler has calculated k = 7.45 x 10-3 for conical
cracks of semi-included angle sin-l 0.9285, i.e. of = 68° 12,

To examine Roesler's method, we have repeated some of his meas-
urements on glags. The value of & was verified as being 68.5° + 1°.
Roesler measured a value of P = 1438 x 106 dynes for R = 1 c¢m. Equa-
tion 6-2 yields F - 4100 ergs per sq cm. In the present work P = 1392
x 106 dynes was obtained for R = 0,85 cm, giving S = 6200 ergs per sq cm,
This is reasonable agreement with Roesler, but both results appear to be a

factor of about ten too large.
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Experiments to produce conical cracks in polycrystalline A1;0; or
MgO have failed, Polycrystalline MgO blocks 1 in. x 1 in, x 3/4 in. were
loaded by an 1/8 in, diameter indentor. The fracture load was 102 ton per
sq in, at room temperature, the fracture occurring diagonally across the
cube on an approximately plane surface. In liquid nitrogen, the fracture
was again catastrophic although there was some semblance of an initial
conical fracture surface. With Al;O; specimens of a similar size, fracture
was also catastrophic, although there was some semblance of an initial coni-
cal fracture surface. The specimens broke into many pieces; the central
one of which was a rough triangular pyramid with its apex directly below

the point of application of the indentor,

Because of the unlikelihood of producing stable conical cracks in
polycrystalline MgO or Al;03, and the debatable correctness of the existing
mathematical interpretation, it was decided to abandon this line of investi-

gation,

B. Quantitative Cleavage

The reasonable results obtained by Kuznetsovi®-3) with relatively
crude apparatus suggested that 7 MgO could possibly be evaluated using
his technique. The apparatus used in the present investigation is shown
diagrammatically in Fig. 6-1.

The methed is as follows. A position of the tup is found, say x,
such that cleavage of the crystal will not occur for a single impact with the
wedge, but a repetition of the process of impacting from this same tup dis-

placement three or four times will fracture the specimen,

Let us now denote the potential energy of the tup at the predetermined
displacement x as U,; this will then also be the value of kinetic energy at -
impact, After impact with the cleavage wedge, the rebound distance can be
readily determined by means of photocell to within + 0. 05 mm; this, in turn,
allows for the calculation of the rebound energy U;. Thus, the energy U,
digsipated in the system during the impact is given by U, = U, - U;.

If one agsumes that the erergy U, dissipated on impact remains con-

stant for a seriea of single impacts, each with the tup initially at an identical
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position x, then the difference in the rebound energies of two successive
impacts, the second of which causes cleavage, will be due to the formation
of the new surfaces. Thus, if two such impacts rebound with energies U,
and Ui, respectively, then

f
ZJ-S = U}. -Ul

where S5 is the cross sectional area of the crystal,

1t was found difficult to get sufficient sensgitivity of the apparatus for
an accurate determination of /' Mgo- A certain minimum energy of impact
is needed to cause cleavage., The apparatus is most sensitive if the tup re-
bounds only a small distance, for in this part of the pendulum's arc a large
lateral displacement is equivalent to a small change in kinetic energy., How-
ever, it is difficult to regulate the energy of impact causing cleavage to con-
form with the requirement of suitably small displacements, The use of a
beavy tup does not help much in this regard, because it decreases the gensgi-
tivity of the apparatus on account of the change in kinetic energy with lateral
displacement which is directly proportional to the weight of the tup.

For MgQ and CaCOj;, (Fig, 6-2} we have found experimentally that the
energy U, necessary to cause cleavage varies approximately with the square
of the croes sectional area of the crystal, Assuming that U; is a constant

fraction of U,, one can derive an expression for the sensitivity of the appara-

tus.
Liet
R = length of pendulum
4 = lateral rebound distance
g = cross sectional area of crystal
h = vertical height moved through for a
lateral rebound distance of ,
then

(6-3)
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Now AL is a measure of the gensitivity of the apparatus. Since A £
= RAh/ and ZIS = mgah, it follows that

ZRS,\

Al = g

(6-4)

2
Now experimentally S2&¢ U_o Uj « iRn_'ig_ ; therefore by direct substitu-
tion in Eq. 6-4

1/2
Al (&) (6~5)
m

Thus, for maximum sensitivity, a long pendulum with a small mass
is needed, but there are practical difficulties with very long lengths and very
small masses., Also, at high impact velocities, the elastic waves set up can
cause cleavage cracks to run perpendicular to the plane of the cleavage wedge
and crushing of the crystal under the knife edge can occcur, There are thus,

limits to the values of R and m that can be used in practice.

Measurements of the surface energy of calcite with our apparatus
gave 440, 535 and 820 erg per sq cm., Probably the lowest value is nearest
to the true one, because imperfections in the cleavage will increase the
apparent surface energy, These results are somewhat higher than those

reported by Gilmanf{6-2) i e, s £20~-280 erg per sq cm.

The value of 440 erg per sq cm corresponded experimentally with
meaguring a difference in rebound distance of only 0,8 mm. For MgO a
single result indicated 7' MgO = 1250 erg per sq cm; the corresponding dif-
ference in rebound distance amounted to only 0.25 mm, Because of the un-
certain accuracy and the limitatione on the possibility of markedly increasing
the sensitivity of the apparatus, it was decided to alter the original experi-

mental procedure.

The technique is now being modified to allow the crystal to be par.
tially cleaved before assembly in the apparatus and thus it may be possible

to propagate the crack measurable amounts by only small impactive loads.
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C. Precracked Thin Plates

The most promising technique is that of measuring the fracture
stress of precracked thin plates. 5 x 2 x 0.1-cm plates of glass and
polycrystalline Al,0; have been pulled to fracture by attaching to the
U-shaped jig shown in Fig, 6-3,

The initial work on glass showed that the breaking stress was in-
dependent of whether the crack was formed by ultrasonic drilling or was
infinitely thin, This implies that the sgtress concentration at the tip of
ultrasonically drilled cracks is sufficient to satisfy the maximum tensile
strength criterion, so that the balance of net strain energy release with
surface energy is the governing fracture criterion, i,e., Griffith crack

propagation criterion,

ZEJ- 1/2
o = e , applies.

One can thus calculate a value of ¥ for glass from the fracture

stresa of the precracked thin plates, Tests were performed with a range
of crack lengths both in water and in paraffin oil. The results are shown
in Fig. 6-4., A correction was applied to the breaking stress for the effect

of a finite plate width where necessary, as suggested by Dixon{6-5),

The measured value of 1200 erg per aq cm in paraffin is near to the

true surface energy of glass in a vacuum,

As can be seen, the surface energy values obtained in water appear
dependent on the initial crack length., It seems probable that this is a static
fatigue effect, Suppose that in water a crack can start to propagate at a low
stress because of (say) adsorption, A short initial crack will then only have
to grow a small amount to reach the critical size for continued propagation
without adsorption, Thus, with a emall crack, the obaerved fracture stress
will tend towards the value characteristic of the surface energy for the ad-
sorbed state, but with longer initial cracks, a greater amount of crack growth
would be needed for this to happen and the observed fracture stress will tend

towards the value characteristic of the true surface energy.
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The surface energies obtained for polycrystalline Al,03 are shown
in Fig, 6-5(a). These values are generally of the right order of magnitude,
but it will be seen that there is an apparent dependence upon thickness of

the plate; the surface energy value decreasing as the thickness increases.

Figure 6-5(a) also shows that measurements in water at 20°C and
in silicone at 100 and 150°C give lower surface energy values, The influ-
ence of water ig probably a static fatigue effect and this is discussed fur-
ther in Section 3, Some reduction in the surface energy with increase in
temperature can be expected, but the decrease in the silicone oil measure-

ments seems much too large to arise simply in this way.

One possible explanation of the apparent dependence of the surface
energy on plate thickness is that there are some bending stresses present
during testing. Strain-gauge measurements have now shown that this is
in fact the case; and the U jig, which was fashioned after that used by Ber-
dennikov“"é), seems unsatisfactory. Probably in measurements on glasgs,
which is of much lower modulus than Al,0,, the effect of bending ia less,
but this has not yet been checked experimentally,

The precise effect of bending on the crack propagation is not quite
certain, It can hardly be so simple that the maximum fiber stress becomes
all-important, It will be seen from Fig, 6-5(b) that the observed fracture
stress ig approximately proportional to 1 per plate thickness x crack lengthll 2,

3. SURFACE ENERGY CHANGE IN POWDERS DUE TO ADSORBED GASES

Considerable investigation of the effect of water vapor and other at-
mospheric constituents on the fracture behavior of glass hag not yet eluci-
dated the true mechanism of the adsorption effect, Charles(6-10) hag sug-
gested that the delayed fracture of glass ia due to stress corrosion at the
tips of surface cracks in the specimens. Since any external medium which
reacts chemically with the solid can, by a proceas of stress corrosion,
deepen the crack and thereby weaken the solid, Charles, and Moorthy and
Tooley(6'11), attributed the observed weakening in their glass specimens

to geometrical changes brought about by stress corrosion of the surfaces,
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It was pointed out by Orowan{6-12) that the Griffith criterion, given
in Eq. 6-1, might not be a sufficient condition for brittle fracture. Never-
theless, in deriving the sufficient condition from evaluation of the stress
which has to be applied to break the bonds between atoms at the tip of the

crack, he obtained the expression

Eaﬂo 1/2
% =\gc (6-6)

which ig little different from the Griffith condition,

Earlier, Orowan(6-13) had suggested that the fracture stress can be
lowered, and delayed fracture effects introduced, by adsorption of atmos-
pheric constituents on surface Griffith cracks in glass, This was then dem-
onstrated(6-14) by cleavage experiments on mica, for which the surface
energy was reduced from 4500 erg per sq cm to 375 erg per sq ¢cm when
tested in moist air. Jura and Ha.rkins“"‘ls), meanwhile, demonstrated
how graphical integration of the isotherm for adsorption of vapor at various
pressures can be employed to calculate the lowering of surface energy by
adsorption, It was subsequently demonstrated by Petch(6-16) that the actual
decrease in fracture stress produced by adsorption was readily obtainable
from the Langmuir isotherm, or by suitable integration of some other iso-

therm relevant to the adsorption process.

The surface energy lowering is given by Gibbs' adsorption equation

dge = - [ du (6-7)

where dr is the change in surface energy produced by a change du in the
chemical potential of the adsorbed phase and [ is the number of molecules

adsorbed per unit area,

If the adsorption takes place at temperature, T, from a gas at pressure,

p, then
dJ' = -GRTd(log p) {6-8)

where G is the number of gram-molecules of gas adsorbed at pressure, p,

and temperature, T.
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From the Langmuir isotherm,

G = G, T7ap (6-9)

where Gg is the number of moles adsorbed per unit area at saturation and

A is a constant,

Substitution for G in Eq, 6-8 and integration gives

J = fo-Gglog(1+Ap) (6-10)

The lowered fracture stress can then be obtained from Eq. 6-1.

Schoening(6'17) has pointed out that, although the Griffith-Orowan
equations indicate that the reduction of surface energy by adsorption of for-
eign molecules weakens the solid, a distinction must be made between the
reduction of Fo for an open surface and the reduction at the tip of a crack

where adsorption takes place in a restricted space,

Delayed fracture phenomena have been observed in most non-metallic
materials, including Al303, when a suitable reactive agent is present in the
atmosphere, 1If, however, the contaminants are removed by baking and test-
ing in high vacuum, the delayed fracture ia almost entirely eliminated.
Gurney and Pearson{6-18) have clearly demonstrated that water vapor and
carbon dioxide are the main causes of delayed fracture in glags, Elimina-
tion of these consatituents, either individually or together, produces a marked
improvement in fracture behavior. Preston, Baker and Glathart{6-19) per-
formed extensive experiments on the delayed fracture of a number of glasses
and proposed that water vapor (perhaps modified by carbon dioxide) was pri-
marily responsible for the weakening. The effect of water vapor was further
examined by Schoening(5'17), who suggested that the strength of glass could
be reduced by a factor of 0.57 on account of the lowering of surface free ener-
gy alone. The influence of gaseous adsorption on the rupture stress of glass
fibers was also examined by Eischen(6'zo), who postulated that the degree of
reduction in breaking stress increased with the boiling point of the gas con-

cerned,
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Delayed fracture tests on sintered Al;0; under normal atmospheric
conditions, and also under high vacuum, after prior out-gassing at 350 + 10°C
for 48 hours in a vacuum of 105 torr in each instance have been carried out
by Pearson{6-21), His work clearly demonsgtrated that the delayed fracture
effect can be largely eliminated by heat-treating and testing under high
vacuum,., This dependence of delayed fracture on atmospheric constituents
suggests that the lowering of fracture stress due to adsorption on A1203 (and
MgO) might be calculated from a determination of adsorption isotherms for

carbon dioxide and water vapor.

Kipling and Peakalll6-22) have, in fact, examined the adsorption of
water vapor on aluminum oxide but they employed material of high surface
area (156 m2/g) and determined gravimetrically the amount remaining ad-
sorbed on the surface after 100 hours desorption at 25°C under a vacuum of

10"2 torr, When the loosely held physically adsorbed moisture had been
removed they found that 3,43 milli-moles per g were still chemisorbed to

give a surface equivalent to Gibbaite - rAl{OH)_?..

A, Experimental Technique

Most of the adsorption measurements have been carried out on Al,0,
in the form of 1200-mesh crushed bauxilite (white fused A1,03) obtained from
Universal Grinding Wheel Company Limited, This material had a specific
gravity of 3,94 and contained 99.00 per cent Al,0,, the major impurities
being 0.3 to 0.4 per cent Nay0, 0,05 per cent 5i0,, and 0,05 per cent Fez0,,
and was considered to give a closer approximation to the bulk material used
in delayed fracture examinations than the more porous materials. Unfortu-
nately, such a material has a comparatively low specific surface area and
this imposed severe limitations on the sensgitivity attainable in adsorption

measurements,

A preliminary examination of the adsorption of carbon dioxide by
alumina powder at -77°C wag made using a sample of -150 +200-mesh powder
supplied by Thermal Syndicate Limited and a helical silica spring McBain bal-
ance having a gensitivity of 16 cm/g. After out-gassing at 300°C under a
vacuum of 10~1 torr for 18 hours, carbon dioxide was gradually admitted to

the systemn, Even with a pressure of 700 torr carbon dioxide in the system,
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the extension of the helical spring was estimated to be only about double
the error of measurement, indicating a low surface area only of the order
of 4mZ/g,

It was realized that, even if the gpecific surface area was increased
by employing finer powder, the sensitivity of this method would be insuffi-
cient to determine a full adsorption isotherm even if it were sufficient to
measure the total adsorption at high pressures, The volumetric method
of measuring adsorption has the advantage that quite large quantities of ad-
sorbent may be used providing that variations in the ""dead space'' volume

due to the actual volume occupied by powder are allowed for.

An apparatus was therefore agssembled for the addition of measured
amounts of gas at known temperature and pressure to an adsorption system
containing the Al;0, sample. A sketch of this apparatus is shown in Fig.
6-6; a picture of the completed equipment is presented in Fig, 6-7. The
""dead space' volume of the adsorption portion was restricted by employing
Z-mm bore capillary tube as far as possible in its comstruction, By means
of a rotary pump and a single stage mercury diffusion pump the system could
be evacuated to a pressure of < 103 torr, as measured on an accurate

McLeod gauge.

The ""dead space' volume of the adsorption system without powder
in the adsorption tube was calibrated at -77 and 20°C, after out-gassing at
330°C, by additior of measured quantities of carbon dioxide from the gas
burette, and was found to be equivalent to about 20 cc of COp at normal tem-
perature and pressure (NTP, 20°C and 1 atm.) with the adsorption vessel at

20°C and containing one atmosphere of gas.

Adsorption isotherms were first carried out at -77°C using 1200-mesh
bauxilite which had been out-gassed for at least 24 hours at 330°C under a
vacuum of ¢ 10‘5 torr. The amount actually adsorbed was calculated from
the amount added by subtracting the calibrated volume of the "dead space' at
the respective equilibrium pressure, allowing for the volume occupied by the
powder of known density, The earlier determinations confirmed the fact that
the powder had an extremely low surface area and the amounts adsorbed closely

approached the lower limit of determination for the apparatus, the "dead space"
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Fig. 6-7 GENERAL VIEW OF ADSORPTION
SYSTEM
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correction forming a considerable portion of the total amount added in
each case. By increasing the weight of sample to 3.9 g, a reasonable
adsorption curve was obtained which allowed determination of monolayer

adsorption giving a specific surface area of 1,22 m2/g,

Such low surface area obviously entails great difficulty in measur-
ing the amount of adsorption prior to formation of a monolayer at ambient
temperatures. Determination of an adsorption isotherm at 20°C gerved
to confirm this, since the adsorption at 700 torr was only about 0,18 cc
CO; (at NTP) per gram Al,0,,

The low adsorption was confirmed on examining the adsorption of
carbon dioxide on a similar out-gassed sample of bauxilite by means of an
accurate vacuum microbalance. Introduction of CO; at 0°C and 700 torr
gave an apparent weight loss equivalent to 0.3 cc (CO;) per g, indicating
that the amount adsorbed is of the same order as the bouyancy correction
for the balance, Under these conditions the amount of CO, adsorbed is
leas than 0.25 cc per g, which confirms the measurements carried out by

the volumetric technique.

B. Discussion of Results

The curve for adsorption of CO, on the powdered bauxilite at ~77°C,
shown in Fig, 6-8, diaplays the normal characteristics of monolayer forma-
tion up to a pressure of 450 torr, followed by the build-up of multilayers at
higher pressures. The amount of gas adsorbed to form a monolayer at this
temperature allows calculation of the surface area of the sample from the
known area of 17 x 10-16 sq cm of the CO2 molecule. Despite the low sur-
face area involved, the accuracy of measurements determined in this way
was about + 5 per cent, even though the total amount required to form a mono-
layer was ounly 0.27 cc (at NTP) per gram of A1,04.

The amount of CO2 adsorbed at ambient temperature is presented in
Fig. 6-9, This is, of course, considerably less than that at -77°C; measure-
ments therefore show a high degree of scatter. Desorption and adsorption
curves were, however, found to be ingeparable, and the results obtained were
accurate enough to allow calculation of at least the order of the decrease in

asurface energy associated with the adsorption.
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A Langmuir plot of the results (Fig., 6-10) gives scattered points.
Nonetheless, a linear relationship can be ascribed by means of the least
squares method, The results shown in Fig. 6-9 for the adsorption of
COZ at 20°C were treated in this way, allowing for the determination of
the constants G, and A in the Langmuir isotherm. The lowering of
surface energy associated with adsorption of CO, at a partial pressure of

10 torr was then calculated from Eq. 6-10,

The results are shown in Table 6-II. It can be seen that although
there is considerable variation, all the values of the lowering of surface
energy are of the order of 1,0 erg per sq cm. Since the surface energy
of Al;03 in vacuo is normally considered to be in the region of 2000 erg
per sq cm, this represents a negligible decrease resulting from the ad-

sorption of CO,.

Table 6-11

CHANGE IN SURFACZ ENERGY FOR AIZ_C_)_3
RESULTING FROM COZ ADSORPTION AT 20°C

Gs . A y Fo - 7 at p= 10 torr,
pecimen (g mole cm ) (cm ) (erg cm-2)
-10
I 2.23x10 0.159 0.80
I 3.06 x 10710 0.154 1.07
as 2.82 x 10710 0.178 1.13

It could be suggested that the out-gassing treatment employed was
insufficient to expel any more firmly bound chemisorbed gas molecules
from the surface of the powder, Nevertheless, the treatment was without
doubt equivalent to that carried out by Pearson, who reported that it elimi-
nated the delayed fracture effect in A1203. It would seem, therefore, that
delayed fracture cannot be attributed to the lowering of surface energy caused

by adsorption of CO,.
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It may be that the other atmospheric contaminant, water vapor, is
in fact solely responsible for the delayed fracture effect. Schoening's re-
sults for the adsorption of water vapor on glass demonstrated that surface
energy changes due to adsorption were sufficient to account for at least a
considerable proportion of the reduction in fracture stress cbserved. For
the same to be true for the adsorption of water vapor on Al,03 there would
have to be greatly increased adsorption compared with CO, - the number
of moles of water adsorbed on glags at 10 torr is about 200 times the amount
of CO, adsorbed on Al;03 at this pressure, The Langmuir constant, A,

would therefore be much higher,

Another feature of interest ig the actual shape of the adsorption curves
for CO; at 20°C., All three curves exhibit a stepped contour, the adsorption
plateau occurring at much too low a pressure, and too small an amount ad-
sorbed, to correspond to monolayer formation. If, in fact, it is a real effect
it may be attributable to preferential adsorption on certain more favorable

sites in the initial stages.

A sample of Al;,03 of higher specific surface area has been obtained.
During continued phases of this work, we shall develop more accurate ad-
sorption curves for carbon dioxide with the additional sensitivity thus avail-
able; in addition, we shall also examine the adsorption of water vapor on

A1203 surfaces.

4, SURFACE ENERGY OF A1203 BY THE METHOD OF ZERO CREEP

The interface between two phases is characterized by an interfacial
tension due to the excess of energy which exists at the interface, A reduc-
tion in surface area will therefore permit a body to lower its free energy;
the corresponding work done will be equal to the reduction in surface free
energy. Itis to be expected then that a foil or thin wire, having a large
surface area to volume ratie, will contract under the influence of its sur-
face free energy when heated to temperatures approaching its melting point,
By a judicious selection of weights which put the foil or wire into tension
such that the contractive force of the surface free energy is exactly counter-

balanced, will cause the wire to maintain its original length, affording a
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method for the determination of the surface free energy(6-23) at very high
temperatures, Because of its feature of arresting axial strains in the wire,

the technique is designated as the zero creep method.

In obtaining the appropriate expression relating the balancing weight
to the surface free energy(6‘24), it is assumed that the resistance to exten-
sion under the influence of the weight comes from the surface and grain

boundary tensions. By a virtual work argument, for a thin wire

wdd = Fs 98+ Fp db (6-11)

where w is the balancing force, df the change in length, 4z the surface
energy, ds the change in surface area, j', the grain boundary tension and
db the reduction in grain boundary area, If the grain boundaries lie nor-
mal to the wire axis and completely traverse the diameter, i.e,, the wire
is made up of a series of grains joined end to end and having the same dia-

meter ag the wire, then Eq. 6-11 leads to
w= fr - n 7wt (6-12)
- rs rb

where r is the wire radius and n is the number of grains per unit length,
Neglecting the grain boundary term would probably lead to an error of about

10 per cent. One may also assume that /&, = 0.3 or 0.4 as is fre-
quently found to be the case. Alternately, the two energies may be separately
determined by making measurements on specimens of different relative dimen-

sions or different grain sizes,

The experimental approach involves determining the creep curves at
constant temperature for a number of specimens subjected to different stresses.
The creep strain is measured at various times until the strain rate at a given
stress does not vary with time, The stresses are chosen so that both creep
contraction and extenasion are observed. Then, by plotting the constant creep
strain rate against stress, the stress corresponding to zero creep may be in-
terpolated, The method has been used for surface energy determinations of
copper{6-24), gold and silver{6-25}  and nickell6-26), with results which agree
reasonably with those obtained by other methods,
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The application of the technique to Al,O 3 presents two problems,
encountered only in a minor degree with the metals previously studied.
These are that the temperatures involved are much higher (ca, 2000°C)
and the preparation of Al,03 in the form of thin wires is more difficult
than is the case with ductile metals, Making reasonable assumptions for
the quantities involved in Eq. 6~12 leads to the requirement that Al,0,
wires would need to be about 1 mm or leas in diameter for the method to
offer reliable results. Extruded wires of about 0.8-mm diameter, and of
sufficient uniformity over lengths of a few centimeters, have been obtained

and some preliminary experiments made in a borrowed furnace,

The preparation of the wires involves marking off a gauge length in
a jig by drawing a fine steel wire lubricated with diamond paste over the
surface to produce two small grooves 2 cm apart. The gauge length and
the length of wire below the mid-point of the gauge length, which corres-
ponds to the weight producing creep, are measured with a traveling micro-
scope reading to 0.002 mm. During creep the rods are suspended through
holes in the lid of an alumina crucible by attaching a small bead of alumina
to one end, such that the bead does not pass through the hole in the crucible
lid. The arrangement is shown in Fig. 6-11. The Al30; crucible and lid
have internal dimensions 5-cm long and 3, 5-cm diameter, allowing for up to
24 specimens to be contained in the crucible during any one run, with a maxi-
mum stress on any specimen of about 16, 000 dynes per sq cm, Preliminary
experiments at 2050°K have shown the feasibility of the method in that expan-

sions and contractions of the gauge length of specimens has been ocbserved,

In order that creep deformation may be detected in a reasonable per-
iod of time it is necessary that the temperature of testing be near to the melt-
ing point (2320°K). A graphite resistor furnace, similar in design to that
used in the preliminary experiments and described by Davidson and Burwood(6-27),
has been made for this purpose. The heating element is a graphite tube 8 in.
long and 2-5/8 in. diameter, with a central bore which contains the Al;0,
crucible standing on an ingulating refractory block. The tube is slotted, as
shown in Fig, 6-12, to obtain the requisite length of electrical path; provi-

sion is made for the current to enter and leave at the lower end, This is
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Fig. 6-11 GENERAL VIEW OF A1203

ROD ASSEMBLY USED
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Fig. 6-12 HIGH-TEMPERATURE FURNACE,
SHOWING GRAPHITE HEATER
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achieved through two heavy copper water-cooled busbars, electrically
insulated from the brass base by an aluminum silicate ceramic; the graph-
ite tube is connected to the busbars by an interference fit. The insulated
electrical and water connections through the brass base are made vacuum
tight by the incorporation of O-ring seals, Reflection and redistribution

of the heat from the graphite tube is by five radiation shields of sheets of

0. 5-mm thick molybdenum, located and insulated by aluminum silicate cera-
mic and shown in Fig. 6-13. The whole is covered by a heavy water-cooled
steel case with appropriate vacuum seals, The entire assembly installed in

position is shown in Fig., 6-14,

The furnace is evacuated through 2 in, pumping port in the base by
an appropriate size of diffusion pump and backing pump. The furnace has
been designed to operate at 10-4 mm Hg; preliminary vacuum tests have in-
dicated that this can be achieved with a leak rate which presents no problems.

Appropriate traps and vacuum gauges are incorporated,

The power supply to the furnace is from a 27:1 oil-cooled step down
transformer fed from a variable tranaformer rated at about 18 kVA at a maxi-
mum of 15 volis and a current of 1200 amps. The temperature control unit
incorporates a photoelectric cell as the active element and is focussed on the
graphite tube through slots in the radiation shields. The steel case is pro-
vided with water-cooled cells shown in Fig. 6-14, sealed with optical quality
heat resisting glass; the photoelectric cell is attached to the outside of the
cells. The temperature control unit, activated by a variable transformer,

has been designed and is in the process of being constructed.

5. FRACTOGRAPHY

The fracture surfaces of the precracked thin plates described in Section
2 have been studied both optically, using cellulose acetate impressions viewed
by transmitted light, and by means of electron microscopy. For the latter
method, carbon replicas have been made from cellulose acetate impregsions
pre-shadowed at 45° with AuPd. Some difficulty is still being experienced

because of the fragility of the replicas,
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Fig. 6-13 HIGH-TEMPERATURE FURNACE
WITH MOLYBDENUM SHIELDS
IN PLACE
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Fig. 6-14 GENERAL VIEW OF EXTERNALS
OF HIGH TEMPERATURE FURNACE
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The fracture surfaces of Al,0; broken in the temperature range
20 to 200°C appear identical, having a high proportion of grains showing

smooth, flat surfaces, and many showing detailed surface markings.

Figure 6-15 shows a typical area of the fracture surface of poly-
crystalline Al,04 broken at 20°C. Micropores can be seen, the step
pattern joining two of these being a typical feature of the fracture surface,
Figure 6-16 is a higher magnification of a part of the same area. Figure
6-17 shows the variation of fracture markings as influenced by the differ-
ent grain orientation that exists in the polycrystalline Al1,03. In the lower
left portion of this micrograph, as in others, one can readily see that a
fracture facet which is forced to follow a line not along one of the easy
parting planes does so in a stepwise manner, This indicates that, although
the total area of surface created is greater, the total surface energy is less
for this fracture path than for a straight path following the gross line of the

facet,

Figure 6-18 shows the fracture surface remaining crystallographic
across what is probably a grain boundary, It would appear that these two
grains bear some simple crystallographic relation to one another. Figure
6-19 shows the appearance of typical serrated paths in the fracture facet,
the single steps in the serrations being about 500 ;\ long in this instance.
Lastly, Fig., 6-20 shows an area of conchoidal fracture adjacent to a grain
more suitably oriented for cleavage. As can be readily seen by the pres-
ence of facets and river markings, the mode of fracture is a somewhat

imperfect cleavage.

Textbooks on mineralogy suggest that A103 can show perfect but
interrupted cleavage on the basal plane and pseudo-cleavage on the (101, 1)
twin plane, For Al,03 (1011} (1101) = 93* 56' and (1011)A (0001) =
57* 34,

A fractured single crystal of Al;O, showing similar fracture sur-
face markings to those aeen in Figs. 6-15 to 6-18 has been examined by
optical goniometry. Results are at pregent incomplete, but it appears that
two reflections found correspond to (10-1-0) and (112. 2) planes, as shown in

Fig. 6-21. Measurements on the electron micrographs show that, as near
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Fig. 6-15 ELECTRON MICROGRAPH OF 1-\1203
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Fig. 6-20 CONCHOIDAL FRACTURE MARKINGS
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ag can be estimated, the cleavage steps meet at exactly 90°, and it is
tentatively suggested that Al,0; may show interrupted cleavage on (000.1),
{1 ol. 0} and {1 12, 2} planes.

Fractographic studies of this nature are a valuable aid in conjunction
with the surface energy measurements, since they supply a2 means of study-

ing the nature of the surface on which the measurements have been made,

6. CONCLUSIONS

A review has been made of all methods available for the determina-
tion of the surface energy associated with the creation of new surface in the
fracture of polycrystalline ceramics, Of the various techniques reviewed,
the crack propagation and zero creep methods were selected as offering the
greatest reliability and reproducibility for the determination of surface ener-
gies. The former is useful at moderate temperatures, the latter at very
high temperatures near the melting point of the material. In addition, ad-
gorption techniques were developed for the determination of absolute surface
energy values from adsorption isotherms, and some fractographic studies

were carried out for the examination of the nature of fracture surfaces,

Work on crack propagation methods included an investigation of the
applicability of Hertzian crack techniques, quantitative cleavage and the
fracture of precracked thin plates for the determination of surface energies,
For absolute surface energies, the precracked plate method is thought to
hold out for the best good promise; however, grips that eliminate bending
are needed for accurate measurements. These grips have been made, but

have not yet been tested.

The Roesler and the impact cleavage methods have experimental and
theoretical difficulties that considerably lower their accuracy. However,
these methods may be useful at high temperatures, when difficulties in using

the precracked plates may appear.

The lowering of the surface energy of Al,O; by adsorption of CO,
bhas been calculated from measurements of the adsorption isotherm. Be-
cause of a low specific surface, these measurements have been difficult,

but there seems little doubt that the surface energy lowering in this case is
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quite negligible. Measurements on the energy lowering from the adsorp-
tion of water vapor remain to be done. If these also indicate small energy
changes, the explanation of delayed-fracture and of environment effects in
terms of the lowering of surface energy by adeorption will have to be aban-

doned in thia case.

The method of zero creep appears to be the only practical one for
the direct determination of surface energy at very high temperatures, Its
application to non-metallic bodies is believed tc be novel. There are diffi-
culties of specimen preparation, absent in the metal case. However,
rods == 1, 0-mimn diameter have been prepared and preliminary measure-
ments suggest that application of the method to Al;03 will be feasible.
Construction of the special high-temperature furnace required has taken
some considerable time, but, except for a few minor items, is now complete

and it is expected that proper measurements will begin in a very short time.

All exploratory experimental studies to date have been confined to
work with Al;03. Satisfactory absolute surface energy measurements have
not yet been achieved. Neverthelesgs, the method using precracked thin
plates seems to have good promise at moderate temperatures. Removal of
bending stresses from the testing jig used at present will be necessary; this
is expected to be achieved with new grips that have been fabricated, but nat
yet tested. The method of zero-creep that yields absolute surface energy
values at near the melting point has involved rather a large amount of equip-
ment manufacture. This is all now practically ready, Some test of the
method in a borrowed high-temperature furnace suggests that this technique

should work satisfactorily.

The lowering of the surface energy of Al;O3 by the adsorption of CO)
has been shown to be negligible, Measuremenis for water vapor have still
to be carried out. If they should yield a similar result, surface energy low-
ering would seem to be eliminated as an explanation of delayed fracture and

of environment effects in the case of A1203.

Fractography appears to be useful because of the information it gives

about the surfaces used for measurement,
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TASK 7 - FRACTURE MECHANISMS

Principal Investigator: E. Orowan
Massachusetts Institute of Technology

ABSTRACT

The purpose of this research is to study the fracture mechanism
of non-metallic materials, in order to obtain basic knowledge regarding the
nature of crack initiation and propagation in brittle substances. During the
current phase of the program a microscope stage and a high temperature

testing machine have been built, the latter having a load range of 5000 1b at
temperatures up to 4000°F, '

The fracture mechanisms and cleavage surfaces of KCl crystals
have been studied extensively at temperatures up to 600°C. Use of X-ray
imaging methods disclosed the presence of kinking at the intersection of Gil-
man bands in MgO deformed at room temperature, The conversion of slip
to kinking may be responsible for strain-hardening and crack initiation phen-

omena which has been heretofore attributed to the interaction of individual
diglocations,
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TASK 7 - FRACTURE MECHANISMS

1, INTRODUCTION

Much of the work concerned with the strength of brittle substances
seeks to determine the parameters affecting two basic phenomena: crack
initiation, and the propagation of fractures already nucleated. A good deal
is understood about the factors affecting each phenomenon separately; while
much remaing to be done, the effects of grain size, porosity, surface ener-
gy, multiaxial stresses and speed of loading have been reasonably well de-
termined. On the other hand, comparatively litile attention has been paid
to tying the information relating to crack initiation and its propagation to-
gether, to consgider the overall mechanisms governing the fracture of brittle

materials.

Although some high temperature refractories have limited ductility
at the service temperature, they are almost completely brittle in a wide
temperature range between room temperature and the service temperature.
Brittleness in these materials is an inherent property which, in general,
cannot be influenced effectively without modifying the composition or crystal-
lographic structure of the material. All that can be done is to choose fabri-
cation methods which prevent the formation of effective microcracks, suppress
the formation of microcracks by plastic deformation under streas, or counter-
act the propagation of crack nuclei, The main possibilities of this nature are

summarized in Table 7-1,

The purpose of the present work is to study the fracture mechanisms
of non-metallic materials to obtain the basic knowledge required for the utili-
zation of the possibilities deacribed in Table 7-1 for the production of high
temperature refractories of reliably stable high mechanical strength and ther-
mal shock resistance. In particular, this Task seeks to resolve the gap that
exists currently between crack nucleation hypotheses on the one hand, and

gross crack propagation and proliferation leading to fracture, on the other.

The materials studied fall into two categories; materials of practical
importance as model refractories, and materials like alkali halides which

have considerable ductility at relatively low temperatures and from which
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knowledge of plastic fracture mechaniams can be obtained more easily than

from the majority of high temperature refractories.

The work proceeded in three directiongs. The first was the construc-
tion of a small testing machine which could be placed on the stage of a micro-
scope for observing the specimen in ordinary or polarized light during defor-
mation. This machine was constructed comparatively early, and various
improvements have been added to it during the course of the program, among
themn an electric strain-gage dynamometer for measuring the load, and strain-
gage extensometer for measuring or recording the deformation. The second
line of work was the construction of a high temperature testing machine for
tension, compression and (with an adapter) bending, for loads up to 5000 1b,
and temperatures approaching 4000°F. The third linre of work was the study
of deformation and fracture of various single crystals, mainly MgO and KCl1.
Most of the work of the constructing of the high temperature testing machine

was done by H, Keith; most of the crystal experiments by A. S. Argon,

2. THE MICROSCOPE STAGE TESTING MACHINE

Figure 7-1 is a photograph of the machine placed on the rotating stage
of a polarizing microscope to which it is attached by clamps. The frame (1)
is provided with dovetail-grooves in which plates carrying the stationary grip-
holder (2) and the mobile grip-holder {(3) can alide, The plate carrying the
mobile grip-holder (3) is moved in the dovetail-guide by means of a threaded
rod propelled by a toothed nut which is driven by the pinion (4). The gear
ratio is high in order to be able to apply very srnall strains to specimens of
low ductility; a revolution counter connected with the pinion shaft by bevel
gears can be used as a rough meagure of the strain applied. The strain can
be measured accurately by an electric strain gage extensometer (not shown),
The specimen is seen between the grip blocks, with the braass tubes into which
it is cemented, The mobile grip holder (3) is connected with the dovetail plate
by a strain gage dynamometer (5) which is a ring with a cylindrical inside and
an octahedral outside surface, provided with 4 resistance gages. The thrust
is transmitted from the pinion-driven toothed nut to the frame of the machine

by a thrust ball-bearing,
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Fig. 7-1 VIEW OF MICROSCOPE STAGE TESTING
MACHINE
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In addition to the fixture shown in Fig. 7-1, adapters were made for
the compression of specimens not provided with brass holders, and also for
bending tests under four-point loading, The supports for the bending test
are cylindrical surfaces covered with neoprene membranes of about 0. 007 in,
thickness; thus, concentrated pressure on the specimen is avoided without

introducing too much elasticity in the machine,

3. THE HIGH TEMPERATURE TESTING MACHINE

The machine is designed for a maximum load of 5000 1b; the load is
measured by dynamometers provided with sets of electric resistance g'a.ges.
Frictional forces are held to less than 1 oz by the use of ball bearings, so
that the machine can be used with sufficient accuracy for a load range of about
5 1b with suitable dynamometers, Like the microscope-stage testing machine,
it has a threaded rod drive,

Heating of the specimen is accomplished with a tubular electric resis-
tance heating element provided with two diametrally opposite lengthwise slots.
This makes it possible to observe the apecimen during the test; it also doubles
the length of the current path and reduces by half the cross section, so that the
heating current is halved. The heating element is made of tantalum sheet; for
higher temperatures (up to nearly 4000*F) a tungsten heating element can be
used. The heating element is surrounded by three sets of radiation shields
(concentric cylinders around the tube, circular plates above and below). Heat-
ing element, radiation shields, specimen, and grips are in an evacuated steel
vessel with water-cooled walls; the pulling rod is also water cooled. The power
supply is a saturated core transformer of 25-KVA capacity.

Figure 7-2 gshows a vertical and a horizontal section of the machine, and
a vertical view. Figure 7-3 is a photograph of the machine showing the central
part of the machine with the lower part of the vacuum vessel lowered, so that
the radiation shield is visible; the lower grip is not inserted, This picture dif-
fers from the drawings in Fig. 7-2 in that the two balance weights for the re-
movable lower part of the vacuum vessel have been joined together and the
sprocket chaing attached to the joined weight are led over two sprocket wheels,
one with a hand-wheel, to oppoasite gides of the vessel,
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With reference to the numbering used in Fig, 7-2, the machine is
built up on a frame congisting of a base (7), two vertical steel columns of
2-in, diameter, and a head-piece (5); its height is approximately 6 feet,
Two steel columngs (4) are suspended from the head-piece; their lower ends
carry a heavy steel disc (3) with a central threaded hole (2) into which the
lower (fixed) specimen grip is screwed. The upper grip is screwed into a
threaded plug {1) closing the lower end of the lower part of the pulling {(or
compressing) rod (8). This hollow rod is water-cooled in a way seen in
the drawing, It slides in the thick-walled tube (9) which is the upper part
of the pulling rod and has an internal thread into which the threaded rod (13)
engages. The tube is prevented from rotating by the key (16), so that it is
lifted or lowered when the threaded rod is rotated by the pinion wheel (14}
and the pinion (15). The pinion is supported on a swiveling block so that it
can be disengaged if the pulling rod is to be moved rapidly.

The two parts (8) and (9) of the pulling rod are connected by a thin-
walled tube or thin strips, the ends of which are screwed to (8) and {9} at
the points (10) and (11), the connecting tube or strips (not shown in the draw-
ing) carry the resistance gages and act as a dynamometer. The lower part
{8) of the pulling rod is guided in the upper part by three vertical rows of
steel balls in a single cage; similarly, the lower part of the rod is guided
in the bushing (12) of the vacuum vessel by three rows of steel ballse., In
this way the friction is reduced, and the rod is guided with no perceptible
play. GConsequently, it can be used for compressing specimens as well as
for pulling them, without danger of buckling at the gliding joint of the two
parta (8) and (9).

The original plan was to seal the vacuum vessel at the bushing {(12)
by neoprene bellows (22) stiffened by wire ring, However, under vacuum
all bellows made (by dipping from neoprene latex, with textile or steel wire
reinforcements) had a tendency to instability by shear between neighboring
corrugations; for this reason, the bellows were replaced by "Bellofram'

rolling rubber diaphragms.

The vacuum vessel consists of a short upper and a long lower part
bolted together by flanges with a sealing rubber O-ring between the flanges;
its lower part can be lowered as shown in Fig, 7-3, by unbolting the connec-
tion and turning the hand-wheel shown in Fig. 7-4.
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Fig. 7-4 OVERALL VIEW OF HIGH-TEMPERATURE TEST
FACILITY FOR USE WITH 5000-1b TESTING
MACHINE
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The heating element {28), of tantalum sheet 60 mils thick and the

upper horizontal and the cylindrical radiation shields {(26) and (25) are sup-
ported by two heavy molybdenum plates (23) carried by water-cooled copper
rods {24} which are introduced through the top of the vacuum vessel electri-
cally insulated and vacuum sealed; above the vessel the two busbars {24) are
bracketed together by an insulating bar. The vertical section and the verti-
cal view in Fig. 7-2 show the position of the vacuum connection; the horizon-
tal section (lower right) shows the two observation windows in the lower part

of the vessel. The vacuum diffusion pump, of course, is permanently attached

to the upper part of the vessel, as seen in Fig, 7-3 and 7-4.

4, EXPERIMENTS ON THE FRACTURE AND DEFORMATION OF NON-
METALLIC SINGLE CRYSTALS

The single crystal work falls into two groups, the first with alkali
halides {principally KC1), the second with MgO which, aiter the pioneering
work of Gilman{7-1) and Stokes{7-2) has become a particularly attractive
object of study independently of its practical use as a high temperature re-
fractory. The main part of these experiments was made at room temper-
ature, by microscopic x-ray methods; but they also included observations

of cleavage surfaces after cleavage in a wide range of temperatures.

A. Experiments with Alkali Halides

a. Cleavage Experiments

Most of these experiments were carried out with KC1 crystals made
by the Harshaw Chemical Company; we are indebted to Professor A, Smakula
of MIT, who kindly gave us several crystals, and also to our colleague Pro-
fessor F'. A, McClintock who gave us a large KC1l crystal produced by Harshaw.

The crystals were cleaved with hammer and chisel at temperatures
ranging from liquid nitrogen to about 600°C, The cleavage surfaces show
three kinds of markings: tracks, stop-lines and worms. These will be dis-

cussed separately,

Tracks {trajectories, rivers, hackles}. These are fine steps running

approximately parallel to the direction of crack propagation. Figure 7-5 shows,

as a composite micrograph, the entire cleavage face of a KCl crystal, cleaved
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at 400°C. The horizontal black strip at the top is the indentation of the
chisel, The entire area is covered with more or less finely spaced tracks;
at the upper left corner where the crack initiated they run at about 45° down-
wards and to the right., Near the middle of the photograph they become ap-

proximately horizontal, and then they swing upwards.

Figure 7-6 shows, at a higher magnification, a part of Fig. 7-5 (up-
gside down). There are glittering shite segments along some of the tracks.
They are due to the overlapping of neighboring cleavage planes, and the con-
sequent undercutting of the step by the lower plane, The resulting crack

under the step produces the bright reflection.

Fig. 7-6 PART OF FRACTURE SURFACE OF KCl CRYSTAL
SHOWN IN Fig. 7-5 (400°C)

Tracks, i.e., new cleavage levels, appear and disappear during the
propagation of the crack, The part near the center of the left vertical edge
of Fig. 7-5 illustrates this point. As the crack propagated vertically down-
wards, it stopped at the dark broad horizontal front, interrupting the active
cleavage planes. Cleavage is then re-started in a large number of neighbor-
ing planes, giving rise to very closely spaced tracks., Soon, however, groups

of neighboring shallow steps join to a small number of large steps.
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Figure 7-7 (cleavage at 400°C) shows details of how tracks merge.
If both are of the ''same sign' they join to form a single step the height of
which is the sum of the heights of the two constituent steps. This occurs
several times alone the largest step near the middle of the figure which in-
creases in height as the crack propagated from right to the left. If the
merging steps are equal in height but of opposite sign, they annihilate each
other, This occurs in Fig. 7-7 at the nearly horizontal V-shaped junctions.

Tl | o i
Fig. 7-7 CLEAVAGE TRACKS (RIVER MARKS) ON

FRACTURE SURFACE OF KC1 CRYSTAL
(Cleaved at 400°C)

Figure 7-8 shows a cleavage surface produced in impact bending with

a blunt instrument. The number of tracks is very small at the beginning but
it increases so rapidly that finally the surface presents a fur-like appearance,
The cause of this is not clear; the forking apart of cleavage planes at screw
dislocations produced by plastic deformation may be a factor. Figure 7-9
shows details of steps with dislocation etch-pits in a crystal cleaved at 500°C.
There is a clear tendency for rows of dislocation pits to accompany steps,
giving evidence of plastic deformation where a lamella between neighboring

cleavage planes is torn apart in the formation of a step.
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Fig. 7-8 FRACTURE SURFACE OF KC1 CRYSTAL
BENT BY IMPACT AT 200°C

Fig., 7-9 CLEAVAGE TRACKS ON KC1
CRYSTAL CLEAVED AT 500°C
Showing dislocation etch-pit
distribution.
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Stop Lines. The most conspicuous feature of Fig. 7-5 is the three
concentric lines near the upper left corner of the picture. These are crack
fronts where the crack propagation has temporarily stopped, due to either a
drop of the load (the cleaving chisel may not follow the cleavage fast enough,
or a drop of local stress due to bulging of the crack front), or due to reflected
stress waves, Once the crack velocity has dropped, the yield stress may de-
crease below the cleavage strength and plastic deformation may be large enough
to result in ductile fracture, as seen more clearly at higher magnification in
Fig. 7-10. The direction of crack propagation, and that of the tracks, changes
behind the stop line

Fig, 7-10 ORIGIN OF CLEAVAGE FRACTURE RE-INITIATION
AFTER EXTENSIVE PLASTIC DEFORMATION AT A
FRACTURE-STOP FRONT

An interesting question is why ductile fracture changes again to cleav-
age fracture, Plastic deformation raises the yield stress; in general, it also
raises the cleavage strength (''strain strengthening'), If the rise of the yield
stress is greater, strain hardening may lead to cleavage fracture. However,
this did not occur in the wide belt of ductile fracture in Fig. 7-10. The most
plausgible explanation is that plastic deformation produced a tri-axiality of ten-

sion which finally started cleavage fracture,
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This explanation for the mechanism of stop lines and re-nucleation
of cleavage was first advanced by Felbeck and Orowan (Weld, Journ, Res.
Suppl. Nov, 1955) based upon observations in low carbon steel. This view
finds support by the fact that stop lines in KC1 do not occur at very low tem-
peratures and become more and more marked as the temperature rises.
The observation of the phenomenon in KC1 is of interest because it has been
suggested that the yield phenomenon in iron plays a decisive role in produc-
ing brittle fracture; according to the view mentioned, the yield delay (which
is connected to the yield phenomenon) would give a chance for cleavage to
occur before plastic deformation would take the upper hand. Since KCI1,
which shows no yield phenomenon, displays the stop line behavior as iron,
the yield delay hypothesis is not plausible in the latter case. Both cases
conform with the picture based on the development of triaxial tension at the

crack tip after local plastic deformation,

Worms. Figure 7-5 shows a third feature of cleavage faces most
clearly visible as light curved lines at the bottom of the bottom right quan-
drant, They are also present around the center of the upper edge of the
figure in the form of light lines sloping at about 45° downwards and to the

right, These lines have been termed '"worms''.

Worms are clearly observable above about 200°C and they are
strongly marked above 400°C, Their most striking characteristic is that
they do not match on opposite cleavage faces., Figure 7-11 shows this fact,
The two cleavage faces are shown side by side; the illumination was chosen
so that the wormsa appear mostly as sharp lines. Since they do not match,
worms must have been formed after the crack has passed through, but be-
fore fracture was complete. This is in accord with the fact that worms
become conspicuous only at higher temperatures when the yield stress be-
comes sufficiently low and pencil glide appears,

b. Plastic Crack Origination in KC1

In unpelished crystala fracture starts almost invariably at the sur-
face, evidently at a surface crack of the Griffith type. In water-polished

cryatals, on the other hand, most surface cracks have been removed and
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fracture starts, more often than not, in the interior. Figure 7-12 shows
a cleavage surface with the crack origin which makes an angle of about 20°
with the cleavage plane. Particularly in this case, the initiating crack
does not seem to be an inherent flaw; it seems to have been produced by

the preceding plastic deformation

Fig. 7-11 FRACTURE SURFACE MARKINGS
ON A KC1 CRYSTAL CLEAVED AT
600°C
Note especially the wavy (worm)
lines,

c. Pencil Glide in KC1

Figures 7-13 and 7-14 show slip bands in KC1 deformed at 300°C, the
latter being a case of extreme pencil glide, It has been known for a long
time(7-16) that KC1 shows a higher temperature slip both on the (110) and (111)
planes, in the [ilO] direction,

Figure 7-13 is interesting in that it shows two wide bands practically
without slip markings. Examination of the crystal revealed that in these
bands slip has taken place with a glip direction parallel to the plane of the
figure. This has inhibited slip band formation with slip direction at an angle

to the surface of the crystal, i,e., the formation of visible slip bands.
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Fig. 7-12 INTERNAL FRACTURE ORIGIN IN
A WATER POLISHED KC1 CRYSTAL
BENT AT 20°C. Plane of fracture
origin makes an angle of 22° with the
(100) cleavage plane.

TRV

Fig, 7-13 SURFACE SLIP STEPS ON KC1
CRYSTAL DEFORMED AT 300°C
IN BENDING. The horizontal
bands are (110) slip bands with
the slip direction in the surface
of the crystal.
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Fig, 7-14 A DIFFERENT AREA OF THE CRYSTAL
SHOWN IN FIG, 7-13

B. Experiments with Magnesium Oxide

Magnesium oxide belongs to a group of crystals which can be obtained
with a very low dislocation density. It was observed in LiF by Gilman(7-1),
in MgO by Stokes and Johnston(7‘z), in silicon iron by Low{7-3) that slip in
such crystals occurs by the formation and gradual widening of bands very uni-
formly filled by dislocations; Gilman could show that the dislocations are pro-
duced by double cross slip multiplication. To avoid confusion, these bands
will be called Gilman bands. They are certainly quite different from slip
bands in the usual sense of the word which arise from slip lines at a later

stage of the deformation.

Stokes and Johnston have observed that Gilman bands in MgO may suf-
fer a parallel displacement where they are intersected by another band. Fig-
ures 7-15 and 7-16 are examples of this., The narrow vertical band in Fig.
7-15 has evidently suffered a counterclockwise shear by the operation of the
wide horizontal band; this, however, might have been the result of a pure trans-
lation. In some cases, however, details of the intersection do not seem com-
patible with a simple translation (e.g., Fig. 7-16). In Fig., 7-17 the surface

of an MgO crystal is seen that has been compressed in two stages and etched
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Fig. 7-17 STAGGERING OF DISL.LOCATION
SLIP BANDS UNDER REACTIVATED
FLOW IN MgO SINGLE CRYSTALS

after each compression. The strongly etched dark parts of the bands were
the results of the first compression; the lighter part, those of second. The
narrow dark band has been sheared by the three intersecting wide bands.
The remarkable point is that the light lower edges of the three wide bands
are sharply staggered at the intersection, while the dark cores of the wide
bands must have progressed by different amounts above and below the inter-
sections, This means that the deformation could not have been a simple
translation which would not have permitted any staggering of the band edges.

A similar picture of this same phenomenon is shown in Fig, 7-18.

To decide whether a non-translational deformation (lattice rotation)
has taken place at the band intersections, x-ray images of the crystal faces
have been prepared with the Berg(7'4) - Barrett{7-5) method. In this meth-
od a sufficiently divergent bundle of monochromatic x-rays falls on the face
of the crystal to produce Bragg reflection at a suitable atomic plane, If the
crystal ig perfect and it is fully bathed in the x-ray beam, an image of uni-
form density of the crystal outlines is reflected. If, however, there is a
volume of slightly different orientation in the crystal, the Bragg reflection

is displaced, and the area corresponding to the disoriented volume on the
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Fig. 7-18 SLIP-BANDS IN MgO UNDER REACTIVATED
FLOW (As in Fig, 7-17)

film is lighter or completely white, The intersection already shown in the
optical photograph of Fig. 7-16 is presented under transmitted polarized
light in Fig. 7-19(a), and by the Berg-Barrett x-ray image in Fig. 7-19(b);
an arrow in the latter points at the intersection shown in Fig. 7-19(a). These
figures show that the intersection is broken up into three areas; in the x-ray
image Fig. 7-19(b), the reflection from the central area can be found just be-
yond the lower left hand corner of the intersection, while the reflections from
the top and bottom areas have been displaced by the same amount upward and
to the right, The intersection itself is white on the x-ray image which shows
the appearance of the x-ray film itself (not a print of the film), The Gilman
bands are dark because the dislocations have reduced primary extinction and

produced a mosaic effect.

Figure 7-20 shows a simple way in which the lattice can suffer a rota-
tion at the intersection of slip bands. If the horizontal band operates first
and then the vertical band becomes active, the shear produced by slip in the
vertical band outside the intersection may arise partly or mainly by the opera-

tion of the slip planes of the horizontal band in the volume of intersection. In
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Fig. 7-19(a) AREA OF MgO CRYSTAL SHOWN
IN Fig. 7-16 VIEWED UNDER TRANS-
MITTED POLARIZED LIGHT

Fig. 7-19(b) BERG-BARRETT X- RAY IMAGE

OF SAME AREA
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Fig. 7-20 SCHEMATIC REPRESENTATION OF LATTICE
ROTATION AND DISLI.OCATION MOVEMENT
DURING GROWTH OF INTERSECTING
GILMAN BANDS
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other words, the deformation in the vertical band may be due to slip outside
the intersection, and to kinking”'fh 7-17) plus slip in the intersection. Fig-
ure 7-20 shows, for simplicity, the case in which the deformation at the inter-
section is pure kinking. If the arrows indicate the direction of movement of
the material adjacent to the slip bands, the termination of slip in the vertical
band at the boundary of the intersection gives rise to the edge dislocations
indicated in the drawing; at the boundaries of the kink (the vertical boundaries
of the parallelogram surrounding the intersection) edge dislocations shown in
the figure arise. The edge dislocations surround the parallelogram in the
same senge of rotation, This is a consequence of the fact that the dislocations
have arrived at the horizontal sides of the parallelogram coming from the out-
gide, whilie the kink dislocations at the vertical sides have come from inside
the volume of intersection, This is closely connected with the theorem of
conjugate shear stresses and the corresponding theorem about the directions
of shear on two perpendicular faces: in the irrotational case the edge dislo-
cations on adjacent sides of the parallelogram would have opposite senses of

rotation.

Evidently, the case shown in Fig, 7-20 can easily arise. When slip
starts in the vertical band, the volume of the intersection is already filled
with dislocations of the horizontal band; the shear in the vertical band can
be as easily produced by slip on the horizontal planes as on the vertical planes,

or perhaps more easily.

It seems to be the rule that a Gilman band behaves in a manner similar
to Luders bands: deformation increases by the widening of the band, and no
significant additional slip occurs inside the band, Experiments for investi-
gating possible changes of orientation at glip band intersections in other crys-

tals {first, in XCl} are in progress,

5. DISCUSSION

Conversion of slip into kinking takes place, according to x-ray evi-
dence, probably in all intersections of Gilman bands in MgO, at least in those
which are large enough to be explored by the Berg~-Barrett method, The ques-

tion is whether this phenomenon is to be expected more generally.
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A, Asterism

Magnesium Oxide, like other crystals of the NaCl type, presents
particularly favorable conditions for the process; every slip plane is inter-
sected by a perpendicular slip plane with the slip direction normal to the
line of intersection, However, there is a weighty reason for expecting the
kink conversion process to occur very generally, fairly independently of the
structure of the crystal, Thig is the general occurrence of asterism. Be-
tween 1925 and 1930 the phenomenon of x-ray asterism was in the center of
attention in work on the plasticity of crystalline materials. Yamaguchi”'s),
Burgers(7'9), and Taylor('?"lo) suggested that asterism would be due to the
curvature of the lattice at the boundaries of slipped areas, i.e., at what is
today called dislocations. This possibility disappeared when, on Taylor's
suggestion, Stare{7-11) calculated the distortions at the tips of sheared
cracks and found that the lattice curvature could not account for the observed
asterism. Subsequently, Orowan and Pascoe(7-12) found that the asterism
of an extended cadmium crystal was entirely the consequence of a slight
macroscopic bending, However, this was not possible in the case of cubic

single crystals such as those of aluminum.

Evidently, the kink conversion observed in MgO crystals gives rise
to asterism, and a glance at Fig. 7-20 shows that the direction of lattice ro-
tation produced by kinking is the same as that associated with x-ray asterism
of the "microscopic” type (i.e., that which is not due to macroscopic bending},
The only other way of explaining microscopic asterism of which one is aware
at present is the small-scale local bending of slip lamellae into which the crys-
tal breaks up ("flexural slip" of Polanyi{7-13)), This process is closely re-
lated to kinking; it may be regarded as a continuously distributed kinking.

Small but sharp kink bands embedded in a crystal grain filled with slip
lines have been observed in aluminum by Cahnf7-14) According to Barrett
and Levenson{7-15}, glip and kinking contribute almost equally to the defor-
mation of iron. In a polycrystalline material kinking could be understood as
a consequence of constraints imposed upon slip by grain boundaries; in single
crystals, however, the conversion of slip into kinking at band intersections
seems to be the first possibility of understanding the occurrence of kinking as

a sporadic local phenomenon,
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B. Kink Conversion and Strain Hardenir‘xg

A kinked band intersection is a prism enclosed by 2 low angle bound-
ary; it is, therefore, an obstacle to further slip. Its resistance to disloca-
tions approaching in the slip bands can be calculated by the summation of the
stresses produced by the dislocations surrounding the prism, The interest
of this point lies in the fact that, according to the discovery of E. Sc.hmid(?'lé),
cubic metal crystals strain harden far more rapidly than crystals of hexagonal
or tetragonal metals. The simplest interpretation of this is the assumption
that the main factor in the strain hardening of cubic (in particular, of cubic
face centered} metals is the intersection of slip bands with non~parallel slip
directions, Accordingly, moat theories of strain hardening in the 1950's
were based on the assumption that dislocations on intersecting octahedral slip
planes in cubic face centered crystals would fuse to give Lomer-Cottrell geg-
sile dislocations which would be effective obstacles to slip. Sessile disloca-
tions would lie along the line of intersection of the two slip planes; they could
be identified in electron micrographs as straight dislocations in (110) direc-
tions, Such straight dislocation segments have not been observed frequently
in electron micrographs; their conspicuous rarity raises doubts about the role
of Lomer-Cottrell dislocations in strain hardening. It is of interest, there-
fore, that kink conversion at slip band intersections presents an alternative
possibility of obtaining strain hardening by the operation of intersecting slip
bands,

Schmid's observation that strain hardening is much more rapid in

cubic crystals would be described today by saying that such crystals have a
very short easy glide region (a few per cent shear strain), whereas hexagonal
crystals may show easy glide over a range of shear strain exceeding 100 per
cent, The abasence of microasterism in cadmium crystals over a large strain
range is a strong indication of an intimate connection between the cessation of
eagy glide and the beginning of lattice rotations, Since Lomer-Cottrell dislo-
cations could hardly produce the observed asterism, the possibility that kink
conversions rather than sessile dislocations are responsible for the strain

hardening results from intersecting slip planes receives additional emphasis,
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C, Ba.uchinger and Qther Reversal Effects

It has been found recently that a strain reversal produces not only
the classical Bauschinger effect but, in addition, a permanent lowering of
the stress-strain curve. This could be due to the destruction of disloca-
tion pile~ups and the building up of opposite pile-ups; however, it seems that
this cannot account for the whole effect, Evidently, strain reversal in the
vertical Gilman band in Fig. 7-20 could gradually remove the kinked volume
at the intersection; insofar as such a reverse slip is possible in a band, a
part of the strain hardening could be destroyed by reverse straining, In
this connection the remarkable experiments of Polanyi(7'13) should be re-
membered, who found that the ability to undergo recrystallization can be

destroyed by additional reverse deformation,

D. Kink Stresseg and Fracture

Kinking gives rise to several types of internal stress, Mugge”'é)
already observed that disthene (kyanite) has a tendency to fracture along the
kink plane and attributed this to the bending stresses in the sharply bent kink
lamellae, Other types of internal stress may also arise. If § is the angle
between the active slip plane and the normal to the kink plane, t the thickness
of the slip lamellae in the kink band, b the length of the Burgers vector, and
n an integral number, the relationship 2t tan § = nb must be satisfied to
avoid tensile and compressive stresseg parallel to the kink plane(7'7). This
demands a progressive change of the orientation of the kink plane with increas-
ing kink strain {i.e., with increasing n), Such change of orientation can only
be produced by high internal stresses because of non-fulfillment of this equa-
tion., The corresponding elastic strain may reach a magnitude between 1 and
2 per cent as measured from the birefringence observed; such stresses could
easily induce crack formation. In the past, crack formation by plastic defor-
mation has been attributed to dislocation reactions. As is seen in Fig, 7-19(a),
the stresses due to kinking seem to offer a much more likely explanation for
the initiation of cracks of the types obeerved.
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6. CONCLUSIONS

{a) A microscope-stage testing machine was built for tension, com-

pressing and hending.

{b}) A high temperature testing machine for loads up to 5000 1b and

temperatures up to about 4000°F was built.

{c) The cleavage mechanism of alkali halide crystals was studied,

(d) Kinking was observed by x-ray imaging methods at the intersec-

tions of Gilman bands in MgO. The conversion of slip to kinking at band

intersections produces stresses which may be responsible for that part of

strain hardening which so far has been attributed to individual diglocation

reactions; they could also produce cracking of the types which were ob-

served but could not be satisfactorily explained by individual dislocation

reactions,
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TASK 8 - THE INFLUENCE OF IMPURITIES ON THE BRITTLE
FRACTURE OF INORGANIC, NON-METALLIC CERAMICS

Principal Investigator: 1. B. Cutler
University of Utah

ABSTRACT

The research work on this program is concerned with the ef-
fect of impurities upon the mechanical and physical properties of
multicrystalline ceramic oxides. To segregate the effect of indi-
vidual doping elements, methods were developed for the production
of high purity Al,O3; and MgO bodies substantially superior to com-
mercially available materials.

High purity powders prepared in this fashion were pre-sintered
with impurities ranging from 0 to 104ppm. The optimum cold-pres-
sing and sintering conditions for the attainment of maximum densi-
ties were determined, and methods were developed for the fabrica-
tion of test specimens of the desired shape. These were then used
for the determination of grain sizes, density and modulus of rupture
values.

Satisfactory post-sintered doping methods were also developed
but time did not allow for detailed studies of specimens prepared by
this technique.
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TASK 8 - IMPURITY INFLUENCES

1. INTRODUCTION

The principal sim of this Task is to investigate the effect that
carefully controlled quantities of impurities have upon the mechan-
ical and physical behavior of high purity multicrystalline ceramics,
represented in this program by Al;O; and MgO. The effect of
small quantities of impurities upon the properties of resulting cera-
mic bodies have been seldom explored before; investigations to date
were oriented principally toward the exploration of the effect of dop-
ing constituents upon the transmissibility of electromagnetic radia-
tion mainly in the infared region and the visible region in single

crystals, or for the control of electrical properties(a-l}.

The reasons for this lack of information are readily traceable
to a single source: the difficulty of producing truly pure MgO or
A1203. The most careful methods in current commercial use gen-
erally leave an impurity content of about 400-600 ppm even for
single crystals; in the best polycrystals the impurity concentration
is far higher (except for special laboratory applications where im-

)

crystalline A1203. } Impurities at these levels would tend to mask

purity levels as low as 100 ppm have been a.chieved(s'1 in multi-
out any effect that doping constituents admixed in small quantities

may otherwise have on the behavior of these oxides.

Excessive amounts of impurities generally segregate out at the
grain boundaries and, by restricting the motion of dislocation glide
bands across grain boundaries, would restrict the tendency for
plastic flow in the material. Doping elements diffused uniformly
through the crystal lattice are likely to act as a strong pinning
mechanism, substantially raising the friction stress required to
mobilize dislocations or vacancies. The general result of both of
these mechanisms would be to restrain plastic flow while raising

the strength of the host material: in one word, embrittlement.
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This was confirmed by the recent work of Rosenberg and Cadoff(s-z)

who found that the diffusion of a surface coating of Mg into pure
LiF crystals caused a complete embrittlement of this inherently
ductile material. Fracture occurred without noticeable macro-
scopic yielding (as compared to 3-10 percent over-all plastic strain
in undoped LiF'}; at the same time the stress at fracture was in-
creased from 1, 500 to 11, 000 psi. While this order-of-magnitude
increase cannot be expected to occur with each doping element
(since in this example a bivalent material was diffused into a mon-
ovalent host substance, raising the valence bonds of the lattice con-
figuration), the general results are indicative of the strengthening/
embrittling effect likely to accompany the addition of doping sub-

stances to otherwise pure ionic materials.

It is conceivable, however, that in inherently brittle materials
some doping elements could exert a beneficial influence; this could
be brought about if impurities restrict the dislocation glide paths to
distances short enough so as to prevent the pile-up of sufficient num-
ber of dislocations to form incipient cracks. The result would then
be analogous to the strength of enhancement attainable through a reduc-
tion in grain size., Also, if impurities can be made to act as a dislo-
cation initiation source, the increased dislocation density nucleated
from sites of impurity ions may impart a measure of ductility to

otherwise wholly brittle materials.

In pursuing these research objectives, the primary need lay in
the preparation of high-purity bodies of multicrystalline MgO and
A1203 of suitable sizes to allow for the preparation of test speci-
mens. The techniques developed for this purpose are described in
Sections 2 and 3. A detailed investigation was then undertaken for
methods that would allow for the successful doping of the resulting
bodies in the pre-sintered and post-gintered state, as well as for

the optimum pressing and sintering techniques required to yield
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specimens of maximum attainable density. Research associated

with this phase of the program is described in Section 4.

Rather complete results were obtained for the density, grain
sizes and flexural strengths of pre-sintered specimens. Time,
however, did not permit a statistical analysis of the data collected,
nor could similar experimental results be developed for the speci-

mens obtained by post-sintered doping techniques.

2. PREPARATION OF HIGH-PURITY A1203 POWDERS

Attempts were made to prepare a substantially pure A1203
starting from a number of reagent grade, thermally unstable salts.
Aluminum chloride, alurmninum sulfate, aluminum hydroxide, and
aluminum nitrate are the salts that were used; the green and fired
densities of bodies prepared by the various methods are shown in
Table 8-1V. Aluminum oxide specimens that resulted from the
decomposition of either the hydroxide or nitrate were observed to
have unsatisfactory green and fired densities; approaches involving
these compounds were therefore abandoned. The A1203 specimens
prepared by the decomposition of the chloride or sulfate of alumi-
num were found to be satisfactory and very similar to each other,
The sulfate proved more difficult to work with than the chloride.
For this reason, AlCl3 was selected as intermediate in the prepar-
ation of high-purity Ale3 from metallic aluminum. The green den-
sities of Al‘?.O3 prepared by calcining AlCl3 at 1250°C, determined
as a function of calcining time, are presented in Table 8-V, It was
found that three hours calcination at 1250°C gave essentially the
same results as one hour calcination at 1300°C. It was decided to

calcine the chloride at 1250° - 1275°C for four hours.

The feasibility of decompoging an alum rather than A1C13 to
prepare a high-purity A1203 was also investigated. An excellent
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high-density A1203 was prepared. The alum was obtained as the
residue from the evaportion (to dryness) of a mixture made by ad-
ding reagent grade ammonium sulfate te the aqueous A.'lCl3 solution,
Calcination of the alum was accomplished under the same conditions
as those used to decompose A1C13. A temperature of 1750°C for ca.
two hours in a vacuum furnace resulted in the highest densities. It
is believed that the use of a vacuum furnace for the introduction of
impurities will be impractical since a number of the additives are
volatile. The results given in Table 8- VI show that the 1‘\.1203 pre-
pared from the alum is slightly more dense than that prepared from
AICI3. However, the product from the alum calcination was not con-
sidered sufficiently superior to that from the A1C13 to warrant the

risk of contamination from the ammonium sulfate.

In the final procedure established for the preparation of high-
purity alumina for use in this program, aluminum ingots 99. 999 per-
cent pure were cut into small pieces with a motor-driven saw. Iron
deposited from the saw and other surface contaminants were removed
from the pieces by means of an overnight wash in room-temperature
hydrochloric acid.

The clean pieces of aluminum were then dissolved at ca. 100°C
in reagent grade hydrochloric acid. This was done in Teflon beakers,
The Teflon beakers were suspended in aluminum cooking pans which
were then filled with oil. The acid solution was brought to a boil.
Distilled water was sometimes added to the acid to speed the dissolu-
tion of the aluminum.

The resulting solution was dried at ca. 200°C to yield a residue
of clean, white A1C13 : 6HZO crystals. These crystals were calcined
for four hours at 1250 to 1275°C. Particle sizes were found to be one
micron or smaller in the calcined powder.

Table 8-1 compares the purity of the A1203 prepared by this pro-
cedure with that of other available A1203 specimens. Tables 8-1I and
8-1I1 give results of spectrographic analyses by Harbison-Walker Com-
pany and Jarrell- Ash Company, respectively.

- 330 -



¥ UBY} I0W = ¢
. UBY} SS3] = 2DBI} ¢ UBY] 3xowx = 7
L ueyj alow = g9 7 Ueyj IOUL = |
G UBY} SIOW = § 1 Uyl aIouwr = X A3y

‘satduwres xayjo 03 sjqeaedwos A1fRax  "ON

‘+9 1 ‘uonyeziiodea urejqo o3 paimnbos a1om sa8ejjoa 19yBy pur dI' 03 INOTIIP g€ sI[dwes IsAYT,
&

o o © o o

0 wddg wddy ¢ wddy ¢ wddg ¢ wddz wuddy g W MUN?N ‘W °f Jo stsdreuy ‘W [

o0 wddz wddy wddz W 0 0 0 wddyp wddy ¢ O8I -\ ‘T Jo sisdreuy ‘W ‘T

<

OSW prepuelg ‘W '
03w o

LTIV 6L -V

*h&ﬂ LL =V

OW U03TnD

98I0 JPUlT

surg epury

opezd juadesy

L= B == N = Y = ]

20eI}

rejrowr utr punold ng sureg
o%n9 - f1o1v woz

oty v
€09 v prepueig "W T

C O D -0 QO O
o © o X oo oo o o o
O O A N ¥~ O D
o © o Mo o oo o o o
o © C O - NN D o oo
o © O -~ N O O O N O ©
o O KMo 0 oCc o 0o 0
I < = T A - R~ T T = S = T = S =
o O O ~ M N O O NN N

c o o o

5 o © © O

%‘Tocomm.—aoooﬁz
o
4 52555 sS323335+8-H

I:':::

BN IS IN

0
2B
o
Iy

R L)

M

HYLI 40 ALISHAAINMN AHL 1V AAVIN SISATVNY DIHAVIDOULOHAAS TJAILVIAVAWOD
I-8 219eL

- 331 -




HARBISON-WALKER SPECTROGRAPHIC ANALYSIS OF THE HIGHPURITY

Table §-1II

Al,O

273
Impurity Content, ppm
Impurity
Sample 1 Sample 1 Sample 2
{unfired) { fired ) {unfired)
Si 1.3 2.1 1
Fe 0.1 to 1 1 0.5
Mg 0.1 to 1 1.6 0.3
Table 8-II1

JARREL-ASH SPECTROGRAPHIC ANALYSIS OF THE HIGH-PURITY

AIZO

3 and MgO

Impurity Content, percent

Impurity

A1203 MgO
Na 0.003 0. 003
Mg 0.005 |  —=ea-
Al =eeee 0.006
Si 0. 001 0.006
Ca nil < 0,001
Ti < 0,002 nil
Cr < 0.005 nil
Fe 0.003 0.003
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Table 8-1V

GREEN AND FIRED DENSITIES OF Al, O, PREPARED BY THERMAL
DECOMPOSITION OF VARIOUS ALUMINUM SALTS

Condition Al,O; Density (g/cc)*
Calcine Temp. Fired 1 hr.
oG Green (1725°C) AlCl, A]2504)3 Al(OH)3 AI(NO_,.)3
1.53 1.31 1.79 1,47
1150 v
v 3.48 3.59 2.43 2.56
F_
v 1.68 1,84 1,72 1.50
1200
Ve 3.67 3.78 2.33 2.58
1.75 1.84 ---- -
1300 v/
v 3.72 3.77 ---- ----
\/ 1, 87 1.68 1.99 1.61
1400
v 3.59 3.37 2.24 2.94

* Theoretical density of A1203 is ca. 4.00 g/cc.

Table 8-V
GREEN DENSITY OF Al 2_91 PREPARED BY CALCINATION OF ALUM.
INUM CHLORIDE AT 1250°C AS A FUNCTION OF CALCINING TIME

Calcination Time, hr Green Density, (gfcc)
3 1.68
18 1.54
24t 1. 84*
24* 1.77%*

e
Reagent grade aluminum chloride.

** - - -
Aluminum chloride prepared from metallic aluminum at this laboratory.
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Table 8§-.V1

PERCENTAGE OF THEORETICAL DENSITY AS A FUNCTION OF FIRING

TEMPERATURE AND TIME

urnace Temperature, °c Percentage of Theoretical Density
Gas Furnace Vacuum Firing | AlCl, - 6H,0O Al(NH SO ,)
Furnace Time, | Calcined 3 hr alcmed 3 gr
hr at 1250°C at 1250°C
1700 - 1 g1.5 95.0
1750 - 1 94,0 94,2
1850 — 1 92.5 91.8
- 1750 2 95,2 96,2
Table 8-VII
RESULTS OF SINTERING MgOQO DERIVED FROM MgClz' 6HZO
Calcination Sintefin Sintered Bulk Percent of Theoretical
Sample | Temp.({°C)}| Temp.{“C) | Density (g/cc Density
AI 500 0.80 22.4
Bl 700 1.35 37.8
c, 900 1500 2.48 69. 4
D1 1100 2.40 67.2
A2 500 0.50 14,0
B2 700 1600 1.34 37.5
C2 900 2.52 70.6
D2 1100 2.28 63.8
A3 500 0.94 26.3
133 700 1700 1,15 32.2
C3 900 2.57 72.0
D3 1100 2.50 70.0
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3. PREPARATION OF HIGH-PURITY MgO

Considerable difficulty was encountered in the development of
a suitable procedure for the preparation of sinterable, high-purity
MgO powder. It was expected that high-purity MgCl could be ob-
tained readily from the reaction of reagent grade hydrochloric acid
with a commercially sublimed magnesium metal (estimated purity
99.99 percent). Therefore, preliminary sintering studies were con-
ducted of reagent grade magnesium chloride. It was hoped that
MgCI2 . 6H20 could be decomposed directly to a sinterable MgO.
This possible procedure was investigated with different calcines
of the chloride, but the results were disappointing, as shown in T
Table 8-VII. On the other hand, MgO derived from Mg(OI-I)2 ex-~
hibited excellent sinterability. Magnesium oxide derived from the

hydroxide was found to have the following properties:

Pressed Bulk Density.......... 2.3 g/cc
Fired Bulk Density............ 3.47 g/cc
Fired Linear Shrinkage........ 14 percent
Fired Volume Shrinkage....... 35.5 percent

Early resuits of hydrating MgO obtained from a low tempera-
ture (500°C) calcine of MgCl, - 6H20 were encouraging. However,
further work in that direction indicated that at calcining temperatures
less than ca. 900° to 950°C, the hydrated chloride is not easily de-
composed, Compounds such as MgClZ and Mg(OH)CI1 are found mixed
with the MgO product (Table 8-VIII).

The final procedure established for preparation of high-purity
MgO circumvents these problems. Reagent-grade ammonium hy-
droxide is added to the chloride solution that results from the disso-
lution of the sublimed magnesium metal in reagent grade hydrochlo-
ric acid. This precipitates the hydroxide and leaves ammonium
chloride in solution. The magnesium hydroxide is separated from

the solution by filtration, washed with a dilute sclution of arnmonium
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hydroxide in distilled water, and then dried in an oven. The dry
powder is then calcined in an electric kiln at ca. 1050°C for 5hours.
Sintered A1203 crucibles were used to contain the powder. Table
8-1 gives a comparative spectroscopic analysis of the MgO thus pro-
duced. In Table 8-IX, the effect of magnesium hydroxide calcine
temperature on the sintering characteristics of the resulting MgOQO

is given.

Table 8-IX
EFFYECT OF Mg(OH)., CALCINING TEMPE RATURE

ON THE SINTERING CHARACTERISTICS OF Mg_q
(Sintering time, 1 hr)

Mg(OH), Time at Percent Theo- | Sintering | Percent
Calcining Calcining retical of Temp., |Theoretical
Temperature | Temperature| Pressed (°C) Density of

{°C) {(hr) Discs Sintered
Discs
500 3 65.1 1600 95.3
800 3 65.9 1600 93.3
700 3 65.9 1600 85.5
1000 3 60. 4 1700 95.3
900 3 67.9 1700 96.4
900 1.5 66.5 1700 95.0
850 3 63.7 1700 95.3
800 3 67.9 1700 95.0

4. SPECIMEN PREPARATION

A. Pressing, Sintering and Cutting Operations

In the preparation of test priems for modulus of rupture measure-
ments, the high-purity powders are first cold-preased into discs at a
pressure of 20 tons/s8q in. These discs are 2-9/16-in. diameter, and
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ca. 3/16-in. thick. Distilled water is used as binder, 2 percent for
A1203 and 5 percent for MgO. Disc-shaped filter paper is used
against the die faces to avoid contamination of the material. Imme-
diately after pressing, the discs are placed under vacuum in a desic-
cator and left for anywhere from 3 to 5 hours. This step was found

necessary to prevent radial cracking of the discs during drying.

The dried discs are next fired in a gas-air kiln. Aluminum
Oxide discs are fired at 1735°C (+20°C) for 8 hours. For MgO discs
a 2-hour firing at temperatures from 1650° to 1740°C is used. Fig-
ure 8-2 gives temperature-time curves for the sintering of the MgO

discs.

Once the discs are sintered, they are cut into test prisms with

a diamond saw, fcllowing the layout presented in Fig. 8-1.

B. Doping Procedures

a. Pre-sintered doping of A1203

Generally, the impurity is added as the nitrate. A weighed
quantity of the nitrate is dissolved in distilled water. This solution
is mixed with the high-purity A1203 powder to produce a weight
ratio of moisture to dry powder of 0.25, The mixture is then
heated at 700 to 800°C for 1 hour to decompose the nitrate.

The procedure for addition of the titanium impurity is different

in that the titanium oxide is added directly as a powder.

All powder mixtures are ball-milled overnight in plastic bottles
using Lucite balls. The well-mixed powders may then be pressed

into discs as previously described.

b. Pre-sintered doping of MgO
The procedure for doping MgO with impurities prior to sintering

is essentially the same as that used for A1203. One important
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exception is that the nitrates are dissolved in ethyl alchohol rather
than distilled water. Also, SiOz as well as TiOZ is added directly

as the powdered oxide.

c. Post-sintered doping procedures

To diffuse impurities into a sintered test prism, the prism to
be doped is rolled firmly in a moist {ca. 10 percent HZOI powdered
mixture of the impurity and the base oxide (A1203 for A1203 speci-
mens, MgO for MgO specimens). The mixture contains 5-10 percent
by weight of the impurity. The doping mixture forms a jacket around
the specimen about 1/4-in. thick. Specimens thus encased are fired
in a gas-air furnace at 1650°C. Firing times from 3 to 12 hours have
been used. The sintered jacket is removed from the doped specimen
by grinding. Great care must be exercised in the grinding operation

to avoid breakage of the test piece.

5. EXPERIMENTAL WORK

Measurements made of pure sintered A1203 and MgO pieces
and specimens doped with impurities hefore sintering include (1)
density, (2} modulus of rupture at room temperature and 500°C,
(3) microhardness, and (4) grain size. Time did not allow these

measurements to be made on specimens doped after sintering.

Density measurements were made by means of a densitometer
that weighs the sample in mercury to determine the volume. Re-
sults are tahulated in Table 8-X for the specimens of A1203 and in
Table 8-XI for those of MgO. Table 8-XII shows the uniformity in
density of prisms cut from typical high-purity Ale3 discs. Note
the uniformity of the ten prisms cut from one disc {mean deviation,
0.32 percent). Note alsc the specimens cut from a second and
third disc have essentially the same densities as those cut from

the first.
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Table 8-X

AVERAGE FIRED DENSITIES CF Al,O, SPECIMENS DOPED

23
WITH IMPURITIES BEFORE SINTERING
Added Impurity Amount Added Density, % Theoretical
Irr;)%gnv, g /cm3 Density
None. 0 3.74 93.4
10 3.74 93, 4
2
Fe203 10 3.73 93.0
103 3.77 94.2
104 3. 80 95.0
10 3.68 92.0
102 3.67 91.7
TiO, 103 3,72 92.9
104 3.78 94,5
10 3,68 92.0
7)
cr,0, 103 3.68 92.0
10 3.70 92.5
104 3,68 92.0
10 3.76 94,0
2
Na,O 10 3.76 94, 0
103 3.80 95.0
104 3,78 94, 5
10 3, 81 95, 2
2
MgO 103 3, 83 95. 6
10 3. 82 95, 5
10% 3. 81 95. 2
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Table 8-X1

AVERAGE FIRED DENSITIES OF MgO SPECIMENS DOPED

WITH IMPURITIES BEFORE SINTERING

Amount Added ﬂ 3 % Theoretical

Added Impurity Impurity, ppm Density g /cm Density
None 0 3.53 98. 6
Group A to_ 3,53 98. 6
10 3,52 98. 3
10 3. 51 98.0
102 3.50 97. 8
Fe,04 Group B 103 3.49 97. 4
10% 3. 50 97.8
Group G 102 3. 52 98. 3
10 3. 44 95.8
10 3, 51 98. 0
a1L,0, 102 3, 53 98. 6
10 3.47 96.9
104 3. 46 96. 6
10 3. 50 97.8
102 3.53 98. 6
TiO, 10° 3,52 98. 3
10% 3. 49 97.6
10 3,54 98.9
c,0, 10: 3. 53 98. 5
10 3,48 97.1
10% 3,33 93.0
10 3, 51 98.0
S0, 10: 3, 50 97.8
10 3,51 98.0
104 3,47 96.9

- 343 -

ARF 8203-16
Final Report




Table 8-XII
FIRED DENSITIES OF TEST PRISMS CUT FROM TYPICAL

4%223 DISCS

Specimen, (disc-prism) Fired Denasity, (g/cm3}

3.75
3.76
3.76
3.78
3.77
3.7
3,78
3.74
3.78
0 3.79
3.76
3.76
3.77
3.78
3.78
3.79
3.80
3.80
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Modulus of rupture was determined by bending specimens in
four point loading. A model TTC Instron tensile testing machine
was used., For tests at elevated temperatures, a furnace was de-
signed and constructed to be mounted in the Instron machine. Fig-
ure 8-3 is a schematic diagram of the furnace. Kanthal A-1 resis-
tance elements are spaced over the length of the heating zone to give
uniform heating. The bottom load bearing support pivots in hoth
directions. The arrangement compensates for any warpage of the
test bars. Sapphire rods are used ai the contact points. The fur-
nace construction is such that a series of specimens can be loaded
in the furnace and tested at a given temperature. Test bars are
pushed into the hot zone, loaded in the breaking device, broken, and
the pieces removed to the opposite end of the furnace. The breaking
load and the deflection are automatically recorded with the testing

machine.
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[V,

Side View Cross Section

End View Cross Section

Fig. 8-3 DIAGRAM OF FURNACE
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Measurements of modulus of rupture were made at 25 and
500°C. The test prisms were lapped smoath before they were
tested. Results for Ale3 specimens are summarized in Table
XIII and Fig. 8-4 to 8-7. The data for MgO specimens are given
in Table 8-X1V and Fig. 8-8 to 8-12.

Hardness measurements with diamond indenter showed no
variation in the case of several series of doped A1203 specimens.
As a result, hardness measurements were discontinued. It is
planned to make similar measurements on the MgO samples at

the first opportunity.

A microscope was used to measure grain size as a function
of impurity content. These data are presented in Tables 8-XV
for A1203 and 8-XVI for MgQO. On another related project,
some of the high-purity A1203 made in connection with this re-
search was doped with various amounts of Nazo impurity {added
as f3 -Al,O,) ranging from 0 to 1000 ppm. Figures 8-17 to
8-20 are photomicrographs of the fired specimens. Figure 8-17
shows the specimen with no added NaZO impurity, Fig. 8-18 that
with 10 ppm, Fig. 8-19 that with 100 ppm, and Fig. 8-20 that with
1000 ppm. The surfaces of the specimens were flash etched at
1850°C.
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Table 8-XIV

AVERAGE FIRED STRENGTHS OF MgO SPECIMENS DOPED WITH IMPURITIES

BEFORE SINTE RING
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Table 8-XV

GRAIN SIZE OF FIRED AlZC_)_, AS A FUNCTION OF IMPURITY CONTENT

Amount Added

Average Grain Size (4 )

Impurity, (ppm) .

None TiO, Cr,0, Na,O MgO

0 16. 6 - -——- - I

10 ———- 17.5 15. 7 15.9 14,2

102 ———- 18.0 15.5 12.7 16,3

103 - 20.8 16.3 15.1 11. 8

104 S 49,0 16, 6 16.7 13.0

Table 8-XVI

GRAIN SIZE OF MgO AS A FUNCTION OF IMPURITY CONTENT

Amount Added Average Grain Size (4« )

Impurity, {ppm} |y, Fe,0, |ALO, | TiO, | cr,0, si0,
0 52.3| ____ ——— e ——e
10 ---- %2%:* 21.9 16.1 59,7 36.9
10 311 Six | 26.0 17. 4 59.7 46.1
10° - g?:gi* 25.6 20.0 30.1 38.2
10% ———— 5:13Z§§* 23.2 44,5 1. 63