Yo
o
or

2

> !

m L

< =2

==

S 2

L

SPARTH ‘ | & 0 3 g 2 5

STUDIES OF THE BRITTLE BEHAVIOR OF
" CERAMIC MATERIALS

TECHNICAL DOCUMENTARY REPORT No. ASD-TR-61-628, I

APRIL 1663

DIRECYORATE OF MATERIALS AND PROCESSES
AERONAUTICAL SYSTEMS DIVISION
AlIR YORCE SYSTEMS COMMAND -
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

Project No. 7350, Task No. 735001

(I8!

(Preparec under Contrort No. AF 33(616)-7465
by Armour Research Foundation of lIiliveis Institute of Technclol
Chicayro, 1llinois; Nicholas A, Weil, Author)

BEST
AVAILABLE COPY



ERRATUM TOC REPORT NO. ASD-T%-f;l-l:ZB, Part 2
"STUDILS OF BRITTLE BEHAVIOR OF CERAMIC MATERIALS"

There are fcur statements thet should be deleted frc m the text of the
juct report because they resulted from a misunderst: nding on the part of
s¢ reaponsible for the conduct of the program at the t . me, These state-
nts are:

Page 9: ""Neither the precise composition, nor tre density or specific
" grain size distribution for this material has been supplied by

A. 1., despite recurrent statements tha' such will be done.

if such information is not received fromr A. I. in the near

future, analysis of the material will be .ecured locally, "

[

Page 37: '"For this series only the as-received Wesgo AL-99, . -,

(second explored and the BeO was not tested at ..11, since only the
par.) medium volume size of specimen was s:.pplied by A, 1. "
Page. 41: ""To reduce the details of presentation, igain only the final
. (second Weibull plots are presented for this ser.es; also, .8 stated,
par,) data for BeQO could not be r ecured, since this material was

suppl'ed in only one volume, '

Page 62: ""F'irat the specimens werec not supplied according to specif.-

(first cations; neither the volumetric variation nor different grain

par.) sizes; were rendered available to us for experimental work on
ReO, "

it should also be atated that Atomics International {#ith autho~ization from
C) made the BeO samples available to the program 1. 1962 witliout charge
this assistance is gratefully acknowledged.

With regard to the statement on page 9, the burden of material characteri-
'on was with the program manager and the Atomics !aternatior.al personnel
er miade any commitments or promiscs to provide d-nsity, griin size
‘Tibdtion, or any other material property. This was clearly uade stond in
correspondence with A, I. The statement on page €2 should also he deleted
the sgme reason.

Theé statements on pages 37 and 41 should also be c:leted sirce the BeO
ferials esiz=s and shapes were agreed upon, and it wirs understood that no
‘mpt would. be made to fabricate other sizes or shap s at A, T

In summary, the statements on page 9, page 37, p.ue 41, aad page 62 are
vy .57, sid due to an unfcitunate choice 3t words, leave an erranecus
'wession about the role of A. I in this program. The BeO materials were
vided to this pv ~guram "graiis' by A. I., who, we bulieve. bad no reapcnai-
'y for characterizarion of the materials. We are scr1y for this unfortuna‘'e
or,

BEST
AVAILABLE COPY



"‘/,M

J—
"

NOTICES
ASTIA release to OTS not authorized.

The information furnished herewith is made
available for study upon the understanding
that the Gover~,ment's proprietary interests

ir and relating inereto shall not be impaired.
It is aesived that .he Staff judge Advocate (RDJ),
Aeronaut'cal Systems Command, Post Office
Box 1395, Baltimore 3, Maryland, be promptly
notified «f any apparent conflict between the
Governm nt's proprietary interests and those
of other:.

This document may not be reproduced or
publishe | in any form in whole or in part with-
out prio * approval of the Government. Since
this is & progress report, the information here-
in is teirtative and subject to changes, correc-
tions ani modifications.

Copies > ASD Technical Reports and Technical
Notes s10uld not be returned to the Aeronautical
System Division unless return is required by
security considerations, contractual obligations,
or nbtice on a specific document.

= s A



FOREWORD

This report represents the Final Report on the continuation
phase of Armour Research Foundation (ARF) Project No. 8203, funded
under Contract No. AF33(616)-7465, and covering the work performed
during the period December 1, 1961 to November 30, 1962. In view of
the fact that this work represents a direct continuation of the first
phase of thie effort, reporied on ASD-TR 61-628%, it has been decided
to identify this report with the number ASD-TR 61-6281I, even though
the first numeral was not designated with the postfix I.

’ This contract is supported by the Ceramics and Graphite Branch
(ASRCMC), Metals and Ceramics Laboratory, Materials Central of the
Aeronautical Systems Division, Air Force Systems Command (ASD of
AFSC). With all sponscred research, but particularly with a program
as large and diverse as this one, the success of the effort is strongly
influenced by the guidance given it by the sponsoring agency. It is
pleasing to acknowledge in this regard the frequent exchange of -helpful
information and suggestions advanced during the pursuit of this research
program by J. B. Blandford, the technical monitor for this project, as
well as by W. B. Ramke , Head, and the entire staff of the Ceramics
and Graphite Branch of Materials Central, ASD, all of who took an
abiding interest in the progress of this work.

* N. A. Weil, Ed., Studiés of the Brittle Fracture of Ceramic Materials

ASD-TR 61-628 (April 1962).
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ABSTRACT

Factors influencing the fundamental behavior of brittle, non-metallic
ceramics were investigated, Poly and single crystals of magnesium oxide
beryllium oxide, and two grades of aluminum oxide were the principal
materials used. Fifteen problem areas were probed in individual studies
termed tasks:

Task 1 -
Task 2 -
Task 3 -
Task 4 -
Task 5 -
Task 6 -

Effect of Structural Size: the '"Zero Strength'' studied the
statistical Iracture characteristics of the four oxides. The
Weibull theory was found to descriptively characterize the
cumulative distribution function of the fracture strengths
and to adequately predict the variation of mean strength
with specimen size. '

Test temperature, prior thermal history, surface finish,
test atmosphere, and specimen finish were found to influ-
ence the Weibull zero strength, flow density exponent and
scale parameters,

The Effect nf Strain Rate from 10-7 to 101 sec ! at tempera-
tures from 757 to 1800 'F on the fracture stress in bending
for the four oxides was experimentally determined. A tech-
nique for achieving uniaxial tension in a state of dynamic
loading was developed. ' -

The Effect of Non-Uniform Stress Fields on the fracture
characteristics of the brittle materials was studied. With

the assumptions of the Weibull theory as a basis, extensive
theoretical derivations for the risk the rupture of bend speci-
mens were carried out to interpret experimental observations.

The Effect of Microsiructure on the fracture mechanisms of
the polycrystalline oxidea was studied under uniaxial com-
pression in the temperature range 1000-1900°C. The frac-
ture strength showed a marked dependence on temperature
and grain size. A brittle-ductile fracture transition tem-
perature was not observed.

Internal Friction Measurements were made tc determine
the effect of anneal time and temperature, stress amplitude
and dislocation density on dislocation damping. Attempts
were made to explain experimental resulia in terms of the
analytical models of Koehler, Granato-Lucke and Brailford.
Damping studies made on polycrystalline aluminum oxide
showed that at temperatures below 800 °C, the relaxation
process resembles that in alkali-free glass.

Effect of Surface Energy on Brittle Fracture was studied
using three techniques (1) crack propagation in plates con-
taining pre-drilled cracks, (2) adsorption isotherm deter-
minations and (3) zero-creep determinations at elevated
temperatures.
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Task 7

Task 8

Task 9

Task 10

Task 11

Task 12

Task 13

Task 14

Fracture Mechanisms were investigated along two distinct
lines: various-temperature studies on polycrystals and
microscopic and X-ray studies on single crystals. The
importance of kinking induced high stresses in c.ack nu-
cleation was established. Crack initiation was also traced
to the arrest of dislocation bonds by an obstacle band, and
to the simultaneous widening of two conjugate dislocation
bands where cracks arec nucleated by stresses in finite tilt
boundaries.

The Effect of Impurities on Strength was investigated by
examining the influence of carefully controlled additions
of selected doping elements, Fe;03, Zr0O,, SiO, TiO,
and CrzO;,. :

Static Fatigue: Delayed Fracture studied the corrosion

processes which atfect long-term strength. Fatigue theory
was applied to low-temperature experimental data on mono
and polycrystalline aluminum oxide. The observed bend
strength of monocrystalline aluminum oxide was found quite
sensitive to the prior thermal history.

Effect of Thermal-Mechanical History on the Mechanical
Properties of Magnesium Oxide included three investiga-
tions: (1) the etfect of heat treatment on the aging of fresh
dislocations; (2) the effect of heat treatment on microstruc-
ture and the resistance of the lattice to the movement of
fresh dislocations and (3) the mobilization of grown-in dis-
locations by such means as heat treatment, fluctuating
thermal stresses, and stressing at high temperatures.

Surface Active Environments, as an embrittling effect on
the mechanical properties of the mono and polycrysialline
oxide were studied. Gaseous environments included hydro-
gen, nitrogen, air and water vapor.

Dislocation Studies of the existence of plastic flow in the
oxides followed two approaches: thin fiber electron trans-
mission microscopic and plastic flow studies in bulk speci-~
mens,

Crack Proga.gation studies were initiated to determine con-
dition required for the catastropic propagation of such
cracks and available methods of arrest. An experimental
technique for determining the stress fields about cracks
was developed. A search and comprehensive review of
existing steady-state and dynamic solutions for stress
fields surrounding cracks in semi-infinite.plates was made.

Rheotropic Behavior was explored to determine the possi-
bility of introducing room-temperature ductility into poly-
crystalline oxides by effects ascribable to elevated tem-
perature deformation. The sintering characteristics of
submicron magnesium oxide powders wer< studied.
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Task 15 - Effect on Porosity and Grain Size on Strength and Elastic
Modulus was -tui&ea analytically and experimentally. e
I{terature is reviewed and the Hashin's analysis of the ef-
fect of elastic inclusion is extended to yield closed-form
solutions for Young's modulus. These results are then
simplified to yleld definitive and simple expressions of uni-
form format for the eftect of porosity on all the elastic con-
stants.
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This report has been reviéwed and is approved,
FOR THE COMMANDIER:

W. G. Ramke

Chief, Ceramics and Graphite Branch
Metair and Ceramics Laborstory
Directorate of Materials and Processes
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I. INTRODUCTION

The program is aimed at diverse and fundamental studies of
the causes and mechanisms of fracture in inorganic, non-metallic
ceramics, and the parameters influencing their strength and failure
characteristics. The initial investigations were reported in ASD-
TR-61-628,

Because of the wide-ranging research interests and large
over-all effort involved, it was decidad at the very outset of this
program to divide the investigation into individual Tasks, each
concerned with the investigation of a single well-defined effect
bearing upon the brittle fracture of ceramic substances. Each
Task was to be heaaded by a Principal Investigator responsible for
its technical planning and the execution of work, with over-all pro-
gram direction supplied by N. A. Weil, acting as Project Coordina-
tor. About one-haif of the original Tasks was subcontracted to
leading academic and industrial research organizations, on topics
where the Principal Investigator for the Task has established in
outstanding reputation or achieved unique progress in the scientific

—ee— —

fisld concerned. 7 I

The initial areas of investigation included 11 Tasks. A com-
prehensive breakdown of the original Tasks, is presented as
Table 1. As can be seen, five of the originsl Tasks were conducted
at the Foundation, while six were subcontracted, in keeping the
general philosophy of this program.

All of the original Tasks were continued during the extension
phase of this work, However, because the technical effort was
largely completed in Tasks 1, 4 and 9; only a modest additional
effort, aimed primarily at filling in missing pieces of information.
or completing some partially finished experimental series, was
spent on these tasks. Likewise, a lessened rate of activity was
exerted on Tasks 2 and 3, as these tasks were gradually approsch-
ing their stated objectives. On the other hand, intensified effort

was exerted on Task 5, whose objectives were now expanded to

Manuscript released by authors March 1563 for publication as an
ASD Technical Report
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include a two-phasea research, Part One dealing with single
crystals and Part Two with polycrystals.

Four new tasks were initiated during this extension phase,
two of which were dual tasks. The over-all organization of the
tasks under active pursuit during the extension of the project, is
given as Table II. As Table 1I shows, the even distribution of
"in-house'' and subcontract effort has been continued during the
extension phase of this contract. )

The same materials were used for experiments conducted on
each Task to afford ready comparisons and provide background
data for the individual research undertakings. Aluminum oxide
and MgO were selected as the principal materials because of their
comparatively ready availability both as single crystals and multi-
crystals in reasonably large sizes, the particularly simple crys-
tallographic nature (ionic lattice) of MgO, and an extensive amount
of literature available regarding their behavior., In this context,
Al;O3 and MgO are regarded as "'model materials'’; if their phe-
nomenological behavior is satisfactorily explored, it will open the
way to an understanding of the anticipated performance of other
brittle substances (nitrides, borides, carbides, silicides, inter-
metallics) intended for structural use in ultra-high temperature
environments. During the current year, BeO has also been studied
to some extent,

The proper organization and presentation of the results of a
research program as broad as the current one always poses some
difficult problems. To maintain the continuity of presentation,
and still identify the specific problems attacked on each phase of
the program, general information pertaining to the materials is
described in Chapter II. Research carried out on this program
is summarized in Chapter III. Each Task is described as an in-
dividual self-contained item, Thus, each of the task reports is
identified in regard to principal investigator and research organiza-
tion, contains an abstract and conclusions; figures, tables and ref-

erences are identified by a prefix corresponding to the task number.
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A complete description of all results obtained on those tasks
which, having attained their objectives, will be completed and
closed out at the conclusion of this research period. While this
may involve a duplication of information already partially con-
taineéd in ASD-TR 61-628, this course is pursued to give a rounded
story of completed tasks, Tasks 1, 4, 9, 1] and 14 are in this
category. On all other tasks, only the current year achievements
are reported, and the work of the previous year is referenced
where necessary.

It bears mentioning that Part Two of Task 15, the theoretical
work on the effect of porosity on the mechanical properties of
ceramics, was not scheduled to be performed as part of this con-
tract. Rather, this work resulted from an internally sponsored
ARF program, carried out in support of the research funded by
ASD; because of its obvious close association with the current
work, and the planned continuation of the effort on Task 15, the
results of this study are included in this report.



II MATERIALS

Two oxides, Al,O; and MgO, were originally studied; during
the continuation of the program a third oxide, EeO, was added. Inad-
dition, ionic compounds such as Kcl, NaCl and CaF,; and such
photoelastic materials as CR-39 and Plexiglas were used for ex-
ploratory purposes on several tasks. The Al,0, investigated was
of three forms: single crystals (sapphire) and two types of poly-
crystals. Magnesium oxide used was monocrystalline and high-
density, high-purity polycrystalline. Only polycrystalline BeO was

used.
Beacause the preparation, compaction and physical properties
of the Al; Oy and MgO were discussed in such detail in ASD-TR

61-628, Pt 1, they are noted only briefly here.
1. ALUMINUM OXIDE

Single-Crystal (sapphire) AL; Oy was supplied by the Crystal Prod-
ucts Section, the Linde Company Division of the Union Carbide Cor-
poration. A representative composition is; Fe 1-10 ppm; Mg and
Li 1-10 ppm; Mn, Sn, B undetected within measurement sensiti-
vity of 10 ppm; Ag, Ca, Cr, Cu undetected within measurement
sensitivity of 1 ppm; balance A],04.

High Density Commercial Multicrystals, a proprietary composition
labeled Wesgo AL-995, were supplied by the Wzstern Gold and
Platinum Corporation. The bulk specific gravity of the material is

listed as 3.89 (theoretical: 3.996). Spectroscopic analysis of the
material is as follows.
Semi-Quantitative Analysis, Wesgo Al-995*

—————

Element Amount Present (percent)
Al Principal Constituent
Mg " 0.3 e
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,
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Wesgo Al-995 is prepared from a starting powder using ad-
ditions of approximately one percent plasticizer to strengthen the
green compact and 0, 25% MgO to inhibit grain growth during fir-
ing. The compact is cold-pressed and sintered by firing for 3 hr
at 1700°C. ’

Ultra-High Density Multicrystals, trademarked Lucalox, were
supplied by the Lamp-Glass Division of the General Electric

Company. The semi-quantitative composition of the material is

as follows.

Semi-Quantitative Analysis, Lucalox™

Sample Crushed in Agate |''As Received'', Not
Element Mortar, Amount Present| Mortared Amount
(percent) Present ( percent)
Al Principal Constituent | Principal Constituent
Fe 0.07 0.002
Mg 0.15 0.15
Ti 0.01 Not Detected
Mn 0.001 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.

2. MAGNESIUM OXIDE

Monocrystalline and polycrystalline magnesium oxides were
used. Single crystals were procured from the Norton Company
and from Semi-Elements, Inc. Because of the larger size, higher
purity and greater supply reliability, Semi-Elements was the
principal supplier. The Armour Research Foundation fabricated

-7 -



the high-density sintered MgO and supplied investigators with
specimens. Spectroscopic analyses of MgO follow.
Quantitative Analysis, Single Crystal Magnesium Oxide

Material Source P y (ppm) Impurity,
Al Ca | Cr |Cu| Fe {Mn |Si | (percent)
| Range
200-| 600-] 60- 30-|5-
for 3 | Vo00| 1500 100| 2 1690 {40 |10
Norton Co. |-2P&C: 0.6
Aver. ! 600 [ 900 |73 | 2 {600 | 37 7
semil;flemem" 200 {200 |80 |2 J400 |30 |5 0.3

%*
By Chicago Spectro-Service Laboratory, Inc.

Semi-Quantitative Analysis, Cold-Pressed
and Sintered Magnesium Oxide*

mv — et
Element Amount Present,
: (percent)
Mg Principal Constituent
Al 0.05
Si 0.03
Ca 0.04
Fe 0.005
Cr 0.0003
Cu €.0002

%
Chicago Spectro-Service Laboratory, Inc.

3. BERYLLIUM OXIDE

The polycrystalline BeO was supplied by the Atomics Inter-
national Division of North American Aviation, Inc. This mate-
rial, developed by Al as part of a research program funded by
the US Atomic Energy Commission, is hot-pressed, and con-
tains somewhat less than 1 percent MgO used as sintering aid,
Part of the MgO added, however, escapes as MgF, gas during
hot-pressing, leaving an estimated 0.5-0, 6% MgO in the final
material. The average grain size of the material is about



50 microns and, since the MgO remaining in the sintered product
is assumed to be fully soluble in BeO, the final structure of the
polycrystalline material is single-phased. Neither the precise
composition, nor the density or specific grain-size distribution
-for this material has been supplied by Al, despite of recurrent
statements that such will be done. If such information is not re-
ceived from Al in the near future, analysis of the material at

hand will be secured locally.



III DISCUSSION

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

Principal Investigators: S. A, Bortz and N. A, Weil
Armour Research Foundation

ABSTRACT

A detailed study of the statistical fracture characteristics
of four ceram.c oxides, Wesgo and Lucalox, ARF MgO and AI BeO
was undertaken. It was found that the Weibull theory provided a
descriptive characterization of the cumulative distribution function
of the fracture strengths of all materials studied, and predicted
very adequately the variation of mean strength with specimen size.

The Weibull parameters ¢, m, and o were found to be
greatly influenced by the test varia%les; test tegmperature, prior
thermal history, surface finish, test atmosphere and specimen
size. Specifically, grinding increases the value of m and lowers
the mean strength. Annealing at 1700°C for 3 hr. increases the
values of both m and ¢ _, resulting in an average increase of
about 15 percent in the mean strength; the latter effect is ascribed
to a diminution of deleterious residual stresses during the anneal-
ing process. Increased testing temperatured lowered the strength
of materials tested; at 1000°C the loss of mean strength amounted
to 12-25 percent as compared to room temperature values.

Rather uniform values of the flaw density constant were
derived for all materials, when arranged into groupings of as-
received, ground and annealed categories at both test temperatures
(20°C and 1000°C)explored. The zero strength was found to be
generally less than one-half of the average strength. Lastly, a
purposeful truncation of the extensive test series carried out on
BeO showed that suppression of a comparatively small (less than
10 percent) of a large population consisting of 150 samples resulted
in a complete change of the cumulative distribution function of the
Weibull function from an apparent composite distribution to one of
nearly gaussian character.

- 10 -



TASK 1 - EFFECT OF STRUCTURAL SIZE: THE "2ZERO STRENGTH"

1. INTRODUCTION
The objective of this task is to investigate the applicability of

the statistical theorias of fracture to several ceramic oxides. These
materials all exhibit what is commmonly called ''brittle fracture'’.

They demonstrate essentially elastic behavior until fracture and give
no warning of failure. Once the condition of fracture is initiated,
failure is catastrophic. None of the materials exhibit a unique value
of fracture stress. The value of the fracture stress has been observed
to vary with size, stress state, temperature loading rate, and surface
condition. Many experimenters have attempted to examine the random
nature of the fracture stress to determine if this behavior is an
inherent property of the material, If the behavior of the strength of

a brittle material can be considered to be truly random then,
éheoretiqa}ly. a description of its probadble behavior can be obtained
from an accurate plot of its frequency distribution curve. This
information, in turn, can be used to construct a cumulative distri-
bution curve which gives the probability of fracture for any stress.
Thus the distribution curve gives a complete description of the
strength of a material under the test conditions and allows for the
choice of a stress determination from a probability of failure from

zero through 100 percent,

The most frequently mentioned theory is the one developed by
Weibunt 1), 1t 44 based on the weakest-link concept, i.e., failure
in the material occurs when the forces of a critical flaw become
large enough to cause crack broptgation. In developing his theory
Weibull assumed a normal distribution function relating the
proability of fracture to actual stress observed at fracture. He
found that this assumption did notxtruly fit the physical facts and
attempted to correct the theory by prépoulng a semi-empirical
distribution based on experimental data, From this distribution

-11-



function two basic material parameters can be determined, a
constant m descriptive of the flaw density, and the stress
level that the material can withstand with absolute assurance oi
freedom from failure, which is termed the zero strength, o .

This task has attempted to investigate the applicability of
Weibull's semi-empirical distribution function to the ceramic
oxides selected and to derive values of the material parameters,
under various conditions of test tamperature, heat treatment,
and surface conditions, as well as to confirm the effect of speci-
ment size in these materials.

(1-2) on this task demonstrated that surface

treatment, test temperature, and heat treatment have considerable

Previous work

effect on the material parameters. The present work attempts
to complete this work and fill in the area not previously covered.

2. EXPERIMENTAL TECHNIQUES
A, Materials

The large number of specimens required for this investigation
made the use of commercially obtainable oxides necessary. To
assure material consistency companies supplying these specimens
were required, where possible, to fabricate them from one batch

and one firing.

Materials studied included two types of A1203, Western Gold
and Platinum Company (Wesgo) AL-995 and General Electric
Lucalox; one grade of MgO manufactured at ARF because a
commercial source which could producé the MgO specimens within
the time and funding allotted was not found, and one type of BeO
supplied by Atomics International.

-12-



B. Sgecimens

Because of the difficulty in making adequate tension studies
bending tests were used to cbtain test data, The study of size
effects required that a controlled gage section be loaded in pure
bending. This requirement is best met using a four-point loading

(1-3) under load, the speci-

system. To avoid any friction effects
mens were loaded through their neutral axis. To ensure uniformity
of denseness and to make the job of fabrication easier a flat coupon-
type body was decided upon. After Bome investigation a final shape
resembling a dogbone was selected. Figure 1-1 shows the shapes

and dimensions adopted for the bulk of this program. Time and
fabrication limitations reduced the study of BeO to the fixed volume
type specimens under a ‘study in Task 3. These consist of rectangular
bars 1/3x 3/16 in, and 1/4 x 1/4 in. in cross section. The rectan-
gular section was tested on both faces and all specimens were loaded

over a 2~-in, gage section in pure bending.

C. Testing Conditions

The majority of experiments were performed at room temper-
ature and at 1000°C. Attempts made to obtain data at 1750°C were
abandoned because the test fixtures failed because of thermal shock.
The time required to reduce this hazard for each test could not be
realized because of the large number of specimen data required.
Specimens were studied as combinations of the as-received, ground,

and annealed conditions at 1750'C:

For this work a 30, 000-1b Universal testing machine was used.
The high temperature experiments were performed in a resistance
type furnace. The test jig for the dogbone specimens is shown in
Fig. 1-2, that for the rectangular bars in Fig, 1-3, The rollers
shown in Fig, 1-3 were used to eliminate the friction effects. Data
vbtained using either test jig were compatible with each other.
The main problem with the jig shown in Fig, 1-3 was that of keeping
the rollers operational at high temperatures.

-13-
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3. THEORETICAL CONSIDERATIONS

(1-1, 1-4) i) pased on the concept that brittle

The Weibull theory
materials contain a large number of flaws, which lower the fracture
stress in a material below the theoretical rupture stress. These
fliv: cre assumed to be of randorn size and distributior throughout the
body and to be the cause of scatter observed in the failure of a
ceramic material. Starting with the expression for probability of

fracture,
S = 1-e (1-1)
the fundamental assumption of the Weibull theory is that the risk

of rupture for uniaxial tension is given by

Bz V (—e—2) (1-2)

where V is a dimensionless number expressing the quantity of unit

volumes subjected to uniform tension.

While for a beam of rectangular cruss section, b x 2h, subjected to
pure bending cver a length, L, the risk of rupture becomes

S m
B =f (o) dV = 2 [« & -0 " ay (1-3)
v N h .
2] u
N v (v - cu) m+l
2(m+1) G;n v

where m (the flaw density exponent) and ¢, are mate rial constants,
V = 2 bhL is the volume of beam under pure bending expressed in
dimensionless numbers, o is the bending stress at the extreme

fiber, and hu = cruh/o' is the fiber distance from the neutral axis

at which the stress equals the zero strength, o .

+
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b

Equations 1-1 and 1-2 can be rewritten in the form applicable

to beuding specimens

loglog 11_1.’- = log B '+ loglog e
(1-4)

logB= (mil)log (o -o )-logo +log
‘ " 2 (m+1) v':

where the logarithms are Briggs'. The expression for the probability
of fracture, S, for a particular stress level, o+ can be calculated

from

n <
S = N;r (1-5)

where N is the total number of specimens, and n is the specimen
serial number listing the fracture is in an increasing or“er from 1 to
N, (crn being the nth fracture siress). The relation can therefore
be written,

loglog rés- = loglog Nr;iﬁ_n

Equation 1-4 can now be restated as

loglog ﬁ‘ﬁ‘__n = (m+1) log (c-cu) - log o + log v —— +loglog e
2(m+l)o o
(1-6)
If L 0, the equation simplifies to
loglogﬂlf-}i—t-l = m log o + log v —— + log log e (1-7)
. 2(m+l)o’°
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For the case of pure tension a test plot is made first assuming
o, = 0. and presenting results on a graph with loglog [(I-S}-l] or
loglog (n+1!/(N+l-n} as the ordinate and log o as the abscissa.
If the plot follows a straight line, 7, is indeed equal to zero; if the
resulting curve has a downward concave curvature, a trial value
is taken for v, £ 0 and the data are replotted using this time
log (o - o'u) as the abscissa. If the curve reverses itself, the
trial value of o, is too high and a new value, lower than the
previous one, is chosen. The process is iteratively continued
until a reasonably straight line plot is obtained, which corresponds
to the correct value of LR The slope of this straight line will
yield m. while the intercept will have a value of log V-mlogos
tloglog e, which allows for the determination of o, once m and V

are known.

For the case of pure bending, the prozedure is quite similar,
except that all graphs subsequent to the first one are presented

in the coordinate system of
N+ 1
loglog Nt log o versus log (¢ - o'u) .

The value of . is again determined by trial-and-error; the correct
value is again the one that results in a straight line plot. For the
cortect value of L the slope of the straight line will be m+1; with
m thus determined and V known, ¢, can then be determined from
the value of the intercept given by log V - log 2 (m+1}) - m log o

+ loglog e.

For the special case where T is equal to zero the constants
are obtained by plotting loglog [(N+1)/(N+1-n)] versus log o as

in the case for tensile specimens,
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The method of plotting developed here for the case of bending
is believed to be a novel contribution, reference available in the
literature“'“' 1-12,1-13)

that o, = 0. It should alsc be mentioned that if the first plot

universally adopting the assumption

yields an upward concave curve, the results will not be reducible

to a straight line under any assumption of . 0. Rather, this
condition implies thai the material is governed by different fracture
mechanisms operative at various levels of fracture probabilities,
and its statistical fracture behavior must then be represented by

a set of '"'mixed" Weibull distribution paramete retl-13),

Attempts were made to develop a computer program for
determining the material constants., The method described in full de-
tail in Task 3, was based on a least-squares technique of curve
fitting and would have provided firmer numerical material constants
than graphical plots which are subject to subjective analysis, How-
ever, these techniques p'roved unsuitable with data available and,

because of time considerations, the effort was abandoned.

After determining the materials constants, the theoretical
effect of volume on the flexural specimens can be calculated and
compared to the test data. The mean stress L. and variance aZ

of a group of specimens with a zero strength L is given by

> .8
 m = Ty +J e do, (1-8)
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When Eq. 1-1 and 1-2 are substituted into these equations, the
expressions for the mean strength and variance in uniaxial tension

btecome
C_ = o _+0 V'”mr (l+—1-) | (1-9) |
m a’ o m ‘
a? e ol v'”m[l"' (1+ *)’ -2 (1+-;T)] (-10)

where the [ function is defined as

00 x-1
[M (x) :L X" 7% dsz.

The equation which relates the size effect can then be written

Y= )
S Tt vy ) (1-11)
o' ——TT= T :
2 LR (14 =)

For the case where o = 0, the expression simplifies to

) ‘VZ 1/m
;; = —vr (l.lz)

The significant features of the Weibull probability density function,
assumed here to characterize the statistical strength of ‘the ceramics
drawn under study, were treated in detail in the previous year's re-
port of this prdjnm“.z)
thelon, in interpreting the results obtained, the following features
of the Weibul function must be borne in mind:

, and need not be reiterated here. None-

(1) The value of the flaw density exponent m characterizes
the nature and dispersion of flaws contained in the material. This -
flaw distribution is not measured, but rather inferred through the
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observed dispersion of fracture strengths of the samples; a physical
description of actual flaw sizes, if of interest, could be readily
developed by means of the Griffith fracture criterion (with full
awareness of the simplifying assumptions involved in the latter
theory).

(2) The zero strength o, represents the limit stress below
which the material is absolutely free from any risk of failure,
regardless of the size of the specimen or structure.. To a degree
as covered in point ( 5), L is also a measure of the inherent

strength of the material,

(3) The only free parameters of the Weibull distribution of
Eq. 1-1 and 1-2 are Ty and m. The volume and applied stress,
V and o , represent actual conditions of test, and thus are
variables rather than parameters., Also, LI is merely a normal-
izing factor, and is neither an independent parameter, nor can

it be related to any identifiable physical property of the material.

(4) A low valile of m indicates a material which either
contains flaws of highly variable severity, or in which the flaws
are very nonuniformly dispersed. Conversely, a high m value
characterizes & material with a uniform distribution of highly
homogeneous flaws., If two materials have identical values of
Vv, qu and o-o, the one with a lower m value will possess a
higher mean stress. This can be readily confirmed by an
inspection of Eq. 1-9, where the effect of m is far greater on
the term V'l/m than on r (1+ Elf) , the latter being close

to 1 for all save very low values of m.

(5) For two materials with identical values of V, oy and
m, the material having the higher value of L will also have the
higher-mean stress as can be ascertained by an inspection
of Eq. 1-9,
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(6) Again, by Eq. 1-9, the mein stress will be the larger,

the higher the numerical value of LR

{(7) By Eq. 1-10, the variance (or standard deviation) will

increase with higher values of o and decreasing values m;

this quantity is unaffected by the ?ralue of g, as must be the case.
(8) From viewpoint of structural utilization or design,
materials characterized by high values of oo m and % should
be preferred. These conditions ensure a high mean stress T’
A high value of m, indicative of a homogeneous distribution of
flaws, will also serve to narrow the range of fracture stresses
corresponding to any desired level of risk of rupture, as Eq . 1-1
and 1-3 readily confirm, in fact, for m = o0, there obtains B = oo
and S = 1 for all values of ¢, so that T = Ty and the f. 1cture
probability abruptly changes from S = 0 for ¢ o, to S = 1 for
cLo . High values'of m also reduce the variance thereby
contributing to the application of a lawer safety factor in design

for a stated value of the risk of rupture.

(9) The expressions contained in Eq. 1-9 and 1-10 are

valid only for the case of uniaxial tension, and are not descriptive
of fracture under pure bending. As it happens, for the latter case,
Eq. 1-8 turns out to be nonintegrable; an approximate form of the
mean fracture strength for pure bending was given in Ref, 1-9.

In view of the approximate nature of the latter expression, and
bacause it yields results very close tc the case of pure tension,
Eq. 1-9 has been utilized throughout this work for the calculation

of meéan fracture strengths from known values of T M, T and V.,
4. EXPERIMENTAL RESULTS

A, Selection of Population Samples

(1-2) cells of five

During the initial phases of the program,
specimens were tested for each selected variable and

combination of variables, The plan was to establish the material
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parameters by statistically separating the variables and combining
all the data into one distribution function. This presupposes that
the variance for each cell comes from the same sample population,
However, as the data were being tabulated, celis which should
show similar strengths were discovered to indicate significant
strength differences. This led to the conclusion that the population
sampling was too small to provide accurate variable differences.
The method of experimental approach was changed. The 0, 047 -
cu in. gage volume specimen population for each material was
enlarged so that estimates of the material parameter could be

- made from a single group. The number of specimens required
was estimated from the population sampling already obtained.

The allowabie error can be expressed in terms of confidence
limits(l's). If L is the allowable error in the samples and the
results are not to exceed the 95 percent confidence limit, then

L = 25 (1-13)

Yy

where S is the standard deviation and n is the population size.
From Eq. 1-9

, ,
n = ({2 (1-14)

For a coefficient of error limited to 5 percent, a required
population size of thirty to forty specimen results. A population
- size of sixty was established as more advisable, since it allows
the rejection of invalid tests. In some cases specimens were
lacking to meet this requirement and also fractures occurred out
of the gage section so that certain specimen populations are less

than this amount.
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B. Data Acquisition and Presentation .

P

With specimens and testing methods described in Section 2 experi-

ments were conducted on the four materials entailed in this program,

Wesgo (AL-995) Al
Lucalox AIZO3
ARF MgO

LY BeO

203

Variables explored included’

"1} Test Temperature

(2, Specimen Size

(3) Prior Thermal History
(4} Specimen Finish

(5} Test Atmosphere

Variable '5; entailed experiments at room and elevated temperature
conducted in testing environments represented by air. saturated steam
and dry argon. As has been already noted, an analysis of variance
conducted on the mediuin size specimens tested »* room temperature
showed that for the as-received material the environmental atmos-
phere had no significant effect on the fracture strength. Therefore,
this variable was eliminated from all further teats, other than a modest
exploration of its effect at 1000°C on Wesgo AL-995 samples repre-

sented by the very limited population of five samples each

Specimen finish and prior thermal history were given a complete
exploration foxl' the Wesgo AL-995 tested at room temperature. Speci-
men finish consisted of the as-received condition and a "fine ground"
finish; prior thermal history consisted again of the as-received
‘condition, and an annealing treatment represented by soaking at 1700°C
for 3 hr, followed by slow furnace cooling. Hence, the complete
permutations for Wesgo AL-995 tested at room temperature cover the
four cases of as-received, ground, annealed, and g. . oun’

and snnecaled conditions A modest amount of a comparable study was
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also carried out on Wesgo AL-995 at 1000°C, but specimen limitations
confined the experiments to population samples of groups of five, as
reported later. No comparable studies were carried out on Lucalox,
MgO or BeO, either becau: e a sufficient number of specimens was

not available, or because the specimens were shipped with an already

ground finish (Lucalox, Be®).

The temperature levels investigated included room temperature and

1000°C., which were explored for all materials, save for BeO.

The primary test program, then, dealt with the effects of material
composition, temperature, surface treatment, heat treatment and
environmental atmosphere upon the Weibull parameters and statistical
values descriptive of material properties. To obtain reasonably
meaningful data, a minimum of 20 specimens was tested; actual
population samples varied between 20 and 140 samples for the medium
size specimens (V = 0. 047 cu in). For sake of compactness of
reporting, the results are presented in the form of cumulative distri-
bution functions in Fig. 1-4 to 1-7 inclusive. With these data as the
basis, Weibull plots were prepared for each test condition, using the
graphical method described in Section 3. The resulting graphs are
shown in Fig. 1-8 to 1-13, inclusive. Lastly, to summarize the
results obtained, a condensed form of the resulting material parameters
is presented in Table 1-I, which also contains other salient

information of interest.

A second experimental program dealt with the effect of specimen
size upon fracture strength. The volumetric variation of specimens
chosen comprised an eight-fold range, from a test volume of 0. 012
to 0.098 cu in. ; most of the experiments were conducted on the
medium'' specimen size having a gage volume of 0.047 cu in.

The principal purpose of this work was to obtain an evaluation of the
adequacy of the predictions of the Weibull theory for the effect of
volume on resulting failure strength; this consideration entails no
arbitrary assumptions, but constitutes a factual prediction of the theory

as now formulated.

-25-



D402 LV ¥IV NI §66-1V ODSTM ‘
J0 SHLONTHYIS DONIANTE JO IAUND NOILNGIHLISIA ¥-1

g
paresuuy
pereduuy pue punoad {p) pu® paaladax-sy (2) punoan (q) paaAladax-sy ()
(rod n.oz - tvot o0 s
o« o ‘-n '.

ﬁ \ |

\\ REE R .ﬂﬂ.\ S R

. . u#.
: * .
u" A "

1y
3
2fe
2py
3

.
- 3 ¢TI i90°0 A \ [N}
sLe vod oon ‘0¢ =3
o« =p
L d .
n.’h'...l> .
wiomez e s .




10

°c’ P

0.0 N=20
X = 19,560 psi
V= 0.047 in.3

R

0.8 -

N+l

0.9 =

0.4 |-

(.Y SR W N DN U N W U (NSO N I N N S
i3 14 IS 18 7 8 19 20 21 22 23 24 235 26 27 28

¢, (1073 pei)

Fig. 1-5 DISTRIBUTION CURVE OF BENDING STRENGTHS, AS-RECEIVED
WESGO AL-995 IN AIR AT 1000°C
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Two experimental series were conducted to examine this condition,

One series, already reported upon but not evaluated in the previous

(1-2)

and 1000°C using, for the most part, population groups of five for

annual report , consisted of experiments on Wesgo AL-995 at 20°
each of the small (0. 012 cu in) and large (0. 098 cu in. ) specimen sizes;
results for the medium specimen size (0.047 cu in.) were taken from
the main test series which constituted the bulk of the work on this

‘program,

Because the population samples consisting of only five individuals
proved highly inadequate for the construction of Weibull distributions,
a new test series was conducted on the small and large specimen shapes
at room temperature. For this series only the as-received Wesgo
AL-995 was explored, and the BeO was not tested at all, since only
the medium volume size of specimen was supplied by Al. To curtail
the amount of presentation, only the final Weibull plots for this
experimental series at roc.. temperatire are shown; these are pre-
sented in Fig, 1-14, 1-15 and 1-16.

A second set of experiments, conducted at 1000°C, consisted of two
separate series. The first series considered Wesgo AL- 95 only; as
has been presented in Table 1-II of the previcus year's final report“-z),
experiments were conducted on all three specimen sizes under the three
different environmental atmospheres at 1000°C, Acting on the results
of room temperature tests, which showed that environmental atmosphere
had little influence on the resulting fracture strength, data for the
group of 5 contained in this test series were combined to consider
solely the effect of specimen size. This was done in hope that the
resulting groupings of 15 specimens would yield a sufficiently large
population to allow a tentative evaluation of the Weibull parameters,
even though it ‘was known that 40-60 specimens are necessary for a

reliable assessment of these constants,
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This was not the case. The data points were still insufficient to
determine the Weibull parameters; the information was too sparsé and
the dispersion too large. Therefore, only cumulative distribution plots
(Fig. 1-17, 1-18 and 1-19) were prepared for this test series and no
attempt was made to reduce these data into the graphical presentation
required for Weibull plots. While in this regard the results were
disappointing, data are significant enough to allow for a credible deter-
mination of mean fracture strengths, used subsequently for the study
of volumetric effects as predicted by the Weibull theory. Here it
should be noted that the curve for the medium-sized, as-received
Wesgo specimens is not included, since such information was already
presented in Fig. 1-5 and 1-9. Also, no tests at 1000°C were conducted
on ground and annealed Wesgo AL-995 for lack of available specimens;
hence this information is lacking from the test series shown in
Fig. 1-17 to ¥-19,

As contrasted to Wesgo AL-995, rather complete experimental
work was carried ouf in the second 1000°C series on the other
materials, allowing for the determination of detailed Weibull
type plots. The exception was Lucalox, for which the small specimens
could not be supplied by the vendor (G. E.), and for which only twelve
large specimens were available for this experimental work. These,
nonetheless, gave adequate distribution curves and are included in the
graphs, The cotresponding curves for this series are presented in
Fig. 1-20 and 1-21. To reduce the details of presentation, again only
the final Weibull plots are presented for this series; also, as stated,
data for BeO could not be secutred, since this material was aupplied
ih only one volumie.

To summarize the extensive data compiled in Fig. 1-14 to
1-21 the signficant information derived from the test series on
volumetric effects has been compiled ini Table 1-1I. As can be
seen from this table, the Weibull parameters were left off for the
cases where the number of experimentél points proved in-
sufficient to allow a detailed assessment of material properties
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(i.e., for the results presented in Fig. 1-17 to 1-19.)

The curves and tables secured from these experiments form
the basis of the evaluation of test results. To keep the main
) purposes of work on this task clearly defined, the treatment
of the ensuing section is separated into sub-sections dealing with
(1) parametric influences on the strength of ceramic substances,
(2) a critical appraisal of the size effect predictions involved in *
the Weibull theory, and (3) an evaluation of the data derived from
tests on BeO which led to interesting conclusions beyond those

obtained from the other tests.

5. EVALUATION .AND DISCU ,510N iF EXPERIMENTAL RZSULTS

A. Effect of Parametric Variables on Strength

Table 1-I and Fig., 1-8 to 1-13,upon which it is based, indicate
clearly the primary finding of importance, notably that both of the
independent Weibull parameters L and m are highly variable’
with surface condition, heat treatment or testing temperature.
Thus, these parameters cannot be considered to be constants at
all, as has been often implied in the literature, but must be
recognized as fluctuacing with the thermal and mechanical history,

testing temperature or surface finish applied to the specimen.

The room-temperature Wesgo AL-995 series shows that both
grinding and annealing change the values of the Weibull parameters.
Specifically, grinding serves to increase the m values, leaving
the values of L and L relatively unaffected. Thus, from the
theoretical considerations discussed in Section 3, the increased
m value should result in lower strengths for the ground material,
This is confirmed by the mean strength values displayed in
Table 1-1, where the as-received specimens are seen to have

somewhat higher LI, values than their ground counterparts.
¥ .
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Annealing, on the other hand, induces a significant rise in the
value of m, accompanied by an equally signficant drop in L
which, in fact, invariably becomes zero in the annealed condition.
The former effect is clearly indicative of a type of 'flaw-healing"
effect, since a higher m value is characteristic of a greater
uniformity of flaw severity and distribution. In this regard,
annealing might be assumed to act in the direction of eliminating
the ''worst'' flaws interspersed comparatively infrequently in the
as-received material, either through the mechanism of blunting
the tips of atomically sharp cracks, or by means of removing
a residual stress pattern from the material which is conducive
to crack initiation in a narrow (probably surface) layer of the

material,

At the annealing temperature of 1700°C employed in the
present treatment, the latter mechanism appears to have more
validity. As has been shown by the work conducted on Task 4“'2),
at 1600°C there is ample-evidence of a pseudo-plastic flow in
A1203, as measured by the gross manifestations of a stress-
strain curve. However, this apparent plasticity is the result
of boundary iayer viscosity while the grains themselves undergo
only a rigid translation and rotation. Therefore, creep and the
accompanying self-diffusion, which must lie at the base of any
crack blunting mechanism,are unlikely to occur at these temper-
atures, unless the few worst cracks accounting for the low
values of m in the as-received material and the resulting high
variability of flaw dispersion, are all situated in an intergranular
fashion. In the latter case, the cracks must all take the form
of porosity between grains and self-diffusion, accompanied by
crack blunting tendencies, becomes a valid mechanism, since
grain boundary viscosity is detectable in this material at temper-
atures as low as 1400°C{1"2), Nonetheless pending proof that all
the worst cracks are associated with interstitial porosity, this
mechanism must be regarded with some reservation in attempting to

account for the 'flaw healing' effect accompanying annealing.
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The removal of residual stresses is a more plausible hypothesis
for this case. Such a stress sytem, if it exists, must consist of a
high order of stress in the surface layer, accompanied by low stress
levels of the opposite sign throughout the inner bulk of the material.
Stress redistribution and relaxation is manifest at the earliest sign
of gross plasticity existing in the material; in A1203, the correspond-
ing temperature at which this phenomenon begins to exhibit itself,
might be put at about 1100°C on the basis the precipitous rise in the
internal friction value of polyc ryitalline AIZO3 of this temperature,
as obtained from studies conducted on Task 5. Once stress
relaxation occurs, it will equally benefit all existing cracks,
regardless of whether these take the form of surface scratches
or intergranular porosity. Thus the flaw at the surface, whose
efiectiveness is enhanced by a high stress opefating in a thin
layer, lose their criticality upon removal of the residual stress
pattern due to annealing. The consequence is that the flaw dis-
persion becomes more uniform, and the m value increases.

There is some evidence to support the latter argument by
noting that grinding dropped the mean strength of the Wesgo
AL-995 at 20°C for both the as-received and annealed condition.
Sincs grinding can affect only the flaw density and severity
existing at the _surface, the lowering of strength incurred by
grinding is strictly a surface-layer induced phenomenon. If this
observation is generalized to the statement that the fracture of
ceramic substances is always a surface-controlled phenomenon,
the stress-relief mechanism acting to remove high residual
stresses in a thin-surface layer by means of annealing takes on
added validity,

It is interesting to note that, other things being equal, the
increase in m and decrease in L agcompanying annealing
should be expected to lower the mean strength. However, anneal-
ing is also accompanied by a pronounced increase in the value

of T This factor, in turn, contributes to a sharp increase in

-50-



m to an extent, in féct, that is sufficient to outbalance the combined
contributions of m and L The net result is that the annealed
material shows a substantially higher (by 13 to 17 percent) mean

fracture strength than the comparable as-received material,

The effect of the test temperature was studied using three
materials, Wesgo AL-995, Lucalox and MgO using (Table 1-II)
and two temperatures, room 20°C and 1000°C. The examination

of these results permits the following comparisons.

The flaw density exponent m increascs in each case as the
temperature is raised, specifically from 3,23 to 3, 60 for Wesgo
AL-995,5,05 to 7. 75 for Lucalox A1203 and 3,25 to 5, 25 for MgO.
This increase, while signficant, however, is far not as proncunced
as that associated with annealing. The trend for both on the other
hand, is similar, and could be ascribed to identical mechanisms,

i. e, a diminution of the effectiveness of '"worst' flaws extant in

a shallow surface layer, by dint of a reduction of high level residual
stresses locked up near the surface due to fabrication. The result
is a leveling-out effect of the volumetric effectiveness of flaws,

~ leading tc a more uniform flaw dispersion and, hence, to a higher
value. The testing temperature of 1000°C is far less effective

in accompiishing this than the anneal treatment of 1700°C for 3 hr;
it is likely that a test temperature of 1000°C induces only a modest
redistribution of residual stresses, whereas the 1700°C anneal

is effective in a nearly complete elimination of locked-up stresses.

Hence, the changes in m values are correspondingly different.

In regard to the zero strength, ¢, remains virtually unaffected
in Wesgo AL-995 by an increase in testing temperature from 20
to 1000°C. In Lucalox and MgO, however, the result is a sharp

drop in o, at the higher test temperature.



As might be expected, these results taken together imply a
significant decrease of mean strength at the higher temperature,
based purely upon the theoretical considerations. This condition,
in fact, is observed. The mean strength drops as the testing
temperature is increased from 20 to 1000°C in all instances:
by 25.5 percent for Wesgo AL-995 is, in fact, so pronounced
that at 1000°C it becomes distinctively weaker than Lucalox,
even though at room tempe rature the two materials have nearly
identical average strengths.

In examining the parametric Weibull values characterizing
these materials, it is found that the flaw-density exponents
descriptive of the different ceramic oxides are grouped quite
closely together, if care is taken to compare strictly identical
conditions. Thus, for as-received unannealed materials, the
m values range over the extremely narrow range of 3.23 for
Wesgo AL.-995 and 3.25 for MgO at room temperature. For
ground material at 20°C, the results are 6. 10 for Wesgo AL-995
5.05 for Lucalox and 7. 35 for BeO. Likewise, at 1000°C, the
results are: 3,60 and 5. 25 for as-received materials, and
7.75 for the only ground material (Lucalox). As :zlready seen,
annealed Wesgo AL-995 at 20°C has m values ranging between
10.C to 12.5.

One is almost tempted to generalize from these observations
that for ceramic oxides fabricated in conformity with practices
applicable to the materials studied here, the flaw density expon-
ents can be characterized by:

m % 3,25 for as-received material at room temperature
m T 6.0 for ground material at room temperature

m T 11,0 for annealed material at room temperature

m T 4.5 for as-received material at 1000°C

m T 8.0 for ground material at 1000°C )
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Naturally, any broad generalizations of this nature must be heavily
tempered by an appreciation for the enormous variability of fabri-
cation practices (and resulting material properties) possible with
these materials, the comparative scarcity of data accumulated to
date, and the relative freedom of choice with which Weibull
parameters of a rather broad range can be fitted to a given set of
data.

In the latter aspect, it is well to recall that Anthony and
Mistrettall=13) working with ATJ graphite derived m values of
7.5, 7.3, 14,5 and 7.8 at temperatures of 70, 2000, 2500 and
2750°F, respectively, While their work is subject to criticism
because the broad generalization that o, = 0 for all cases is used,
their finding of a nearly two-fold variation of m over the com-
paratively narrow temperature range of 2000 to 2750°F is remark-
able. Unless ascribable to the sweeping simplifications or to an
unknown mechanism operative in ATJ graphite at 2500°F, the
results can only show the extreme variability that might be exper-
ienced in determing Weibull parameters even under controlled

test conditions.

Beyond these clearcut con:lusions, there is no apparent way
in which either the temperature or the nature of the material
affects the parameters T, OF 9. Perhaps the only ccmment
of interest that can be made is that the zero strength, if it exists,
is nearly always less than 50 percent of the average strength.
Any design, therefore, that is based on an allowable stress
exceeding one-half of the average strength of ceramic materials,
as determined from appropriately sized test specimens, is likely
to incur at least some risk of failure of the completed structure

under actual service conditions.
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B. The Effect of Size on Strength

Experiments conducted to evaluate the effect of specimen size
upon the specimen strength are summarized in Table 1-II, which
is tabulated from Fig. 1-5, 1-9 and 1-14to 1-21. As stated, no
attempt was made to evaluate Weibull parameters wheres less than
20 specimens were tested®. In this connection it is well to recall
that in excess of 50 specimens are generally required for a reliable
determination of Weibull parameters; only three sets of experiments
(as-received Wesgo AL-995 tested at 20°C and MgO tested both
at 20°C and 1000°C, all for the medium specimen size) out of the
totai of 32 sets completed in this series satisfies this stipulation
Hence, the apparent values of the Weibull parameters derived
from these experiments must be regarded with serious reservations

and treated as approxirnate values only

The test series itself had two primary purposes: (1) an examin-
ation of whether the Weibull parameters themselves were subject
to variations with changes in specimen size, and (2) to examine the
correctness of the Weibull theory regarding the effect of size upon

the mean fracture strength of the structural piece

In regard to the first consideration, the Weibull theory plainly
predicts that, all other considerations remaining 1dentical, the
basic Weibull parameters (’u" m, a'o) characterizing the material
should not vary with the specimen size adopted for the experiments.
This becomes obvious from the second of Eq. 1-4, where log V
occurs merely as a numerical constant defining the value of log B;
it is further also evident from the description of the method of
plotting the test results, as described in Section 3.

* Exceptions to this statement are large specimens (V = 0 098 cu 1a.)
of Yiucalox at both test temperatures. Despite of a mere 10 and
12 specimens tested, the data points seemed consistent enough
to allow for the determination of the apparent values of Weibull
parameters,
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A quick glance at Table 1-II readily shows that this postulate
of the Weibull theory is contradicted by the results of the current
task. Where complete test results exist, (e.g. for as-received
W/esgo Al-995 at 20°C, Lucalox and MgO both at 20°C and 1000°C),
all three Weibull parameters are seen to fluctuate over a bread
range of values; moreover there is no consistent trend in the
variation of either ¢ M or 'vo with specimen size, This, in
fact, points to the observation that a completely different set of
Weibull parameters could have been adopted to characterize
material behavior, depending on whether one chooses to accept
the results obtained from the test series conducted on the small
(0. 012 cu in.) medium (0, 047 cu in.) or large (0.098 cu in.)

gage vclume specimens,

These deductions, nonetheless, should not be taken as a
negation of the validity of the Weibull theory, for two reasons.
First, as has been already pointed out, the number of experimental
data points are far too few in the overwhelming majority of
conditions tested to allow for a credible determination o. Weibull
parameters. Secondly, the different specimen sizes used in
these experiments were prepared in separate batches using, by
force of neceasity, different dies. Even though care was taken
that the superficial characterizations (grain size and apparent
density) coincided for the different gage volume specimens, it
is an extremely strong probability that the different starting batches,
dies, and possibly even the details of fabrication methods
employed, resulted in different material characteristics for the
various gage volume specimens utilized in this series. This
argument is supported by Task 3 findings where identical gape
volume (0. 047 cu in) Wesgo AL-995 specimens, differing only
in the shape of the cross section (and thus in the dies employed
for their fabrication), yielded widely varying results for their
Weibull parameters, despite of a sufficiently large number of
specimens employed in each test series.



The second aspect of this test series, namely the validity of the
Weibull theory's prediction of the effect of size upon the mean fracture
strength, received much more adequate evaluation. This is for
reasons that a set of eight to ten tests is generally regarded to be a
statistically sufficiently large sample of population to allow for a
credible evaluation of the mean value, regardless of the dispersion
involved in the test results. As can be seen from Table 1-II, only
in 4 cases out of 32 were less test specimens than this available
for the calculation of the mean strength. For this purpose, therefore,
the experiments reported in Table 1-II are regarded as having
yielded fully significant results.

The theoretical predictions of volume upon mean strength were
evaluated by using Eq. 1-11 for cases where Ty 4 0, and
Eq. 1-12 for ou = 0%. It should be recalled that in these equations
V is dimensionless; hence, the equations will serve to predict
the mean fracture strength c, for any arbitrarily chosen value of
specimen volume VZ, provided the strength Ty corresponding
to a basic specimen volume Vl is known. In order to be consistent,
the mean fracture strength determined for the median sized speci -
mens (\"l = 0.047 cu in. ) was used to define the value of Ty with
c, then calculated by substituting alternately Vz = 0.012 cu in.
or VZ = 0 098 cu in, for the srnall or large specimen shapes,
respectively. This choise was further recommended by the fact
that the largest number of test points, leading to the most reliable
determination of mean strength, existed invariably for the medium -

size specimens.

* It should be noted that Eq. 1-1] and 1-12 are rigorously valid only
only for pure tension; no closed-form solution can be obtained for
bending with the theory used. However, numerical calculations
confirmed that these eqnations give very satisfactory predictions
when used as approximats expressions for the case of pure
bending, as well,
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Similarly for greatest credibility, the Weibull parameters
oy ™ T entering Eq. 1-11 or 1-12 were chosen to correspond
to the median gage volume specimens. In addition, for the one
case of the as-received Wesgo AL-995 tested at room temper-
ature, calculations were also carried out using the Weibull
parameters corresponding to the large specimens (V = 0. 098
cu in. ), since these were substantially different from those

obtained for the other two gage volumes.

The results are presented in Fig, 1-22 to 1-24, inclusive.
In these figures the results of theoretical calculations are shown
in full lines, while the experimental data corresponding to the
discreet values of V = 0,012, 0. 047 and 0. 098 cu in. are
presented by the overall range of variations as well as the
calculated mean value. It should be noted that the theoretical
curves approach . asymptotically as V->oo. Also, as
mentioned, two theoretical curves are presented in Fig. 1-22(a)
corresponding to the Weibull parameters of the medium and

large specimen volumes, respectively.

In general, the agreement between theory and experi-
ments is very satisfactory. An almost perfect predicfion
is recorded in Fig. 1-22(b) and (c), 1-23(b) and 1-24(a).
In most other instances the theoretical curve falls within the
r'amge of variation of the experimental results, the exceptions tec
this statement being presented by the small-sized specimens
of Fig. 1-22(d) (4 tests only) and the large volume specimens
of Fig. 1-23{a) (10 tests only). As a matter of general obser-
vations, therefore, it can be stated that these tests confirm the
validity of the Weibull theory's predictions, insofar as the effect
of specimen (or structural) volume upon mean fracture strength

is concerned.
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C. The Beryllium Oxide Test Series

The experimental work conducted on the BeO specimens deserves
special consideration for two reasons. First the specimens were not
supplied according to specifications; neither volumetric variation,
nor different grain sizes were rendered available to us for experi-
mental work on BeO. This, however, enabled us to concentrate
all of the effort on a searching study of the variability of predictions
of material parameters, as derived from the Weibull theory, by
testing all of the specimens under a single environmental condition:
20°C in air.

As mentioned, the BeO specimens were of two configurations:
3/16 by 1/3-in.and 1/4 by 1/4-in.in cross section, the latter coinciding
with the medium specimen shape used in the main test series. The
volume subjected to maximum stresses was the same for both
specimen shapes. Fifty specimens each of the 1/4 by 1/4-in.and
3/16 by 1/3-in.specimens were tested for rupture strength, the
latter utilized both in the edge-wise and flat-wise condition. Thus,
a total of 150 tests were performed, in which the only variable
was the stress gradient existing in the specimer; the test results,
analyzed from a different viewpoint, are also reported in Task 3.
As far as can be asertained, the 100 specimens of 3/16 by 1/3-in.
cross section came from a singli.-."batch; the 1/4 by 1/4-in.specimens

were fabricated in a different batch.

The cumulative distribution functions (c. d. f.) for the three
groups are shown in Fig. 1-25. The average fracture strengths
for the 3/16 by 1/3-in.groups were 15, 650 and 15, 392 psi,
respectively; that for the 1/4 by 1/4-in specimen was found to be
14, 455 psi. As can be seen from Fig. 1-25, the distributions curves
for the 3/16 by 1/3-in.specimens coincide very-closely; however,
the specimens having the square cross section produce a different
distribution curve, particularly at the lower end of the strength

values.
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The customary log-log plot of Ehese distribution curves, based
initially on the assumption that ¢, = O is presented in Fig. 1-26.
It can be seen that the rectangular specimen shapes produce straight
linee of slightly varying shapes. However, the square cross
section specimens yield a curve which is concave upward which,
as has been mentiuned before, cannot yield a physically meaningful
(non-negative) value of ¢ o’ regardless of the mathematical or

4)

as being that of a discontinuous anisotropic material; if the test

graphical manipulations attempted Wetbull( terms this behavior
points can be connected by two (or more) intersecting straight
lines, a composite Weibull distribution would result, each straight

segment characterizing the operation of a different failure mechanism.

An interesting change in the character of the data points
results, however, when all 150 data points are lumped together
to give a single distribution curve. This is shown in Fig. 1-27,
and results in a smooth curve only slightly skewed toward the lower
values. The log-log glot of this probability density curve, presented
in Fig. 1-28, is still concave upward, signifying a discontinuous
anisotropic material, for which no single physically meaningful
value of T exists. However, if the 10 lowest data points,
contributing in the principal degree to the observed skewness, are
dropped, and the remaining 140 data points are lumped in groups
of about 7 to produce 19 unit probabilities (done merely for sake
of convenience of plotting and presentation), the resulting c. d. {.,
shown in Fig, 1-29,is almost gauu-ian. Its log-log plot exhibited
in Fig. 1-30, now produces a straight line for the assumption of
L 0, and can be solved for the Weibull parameters characterizing
this material. The m value of 7. 35 so determined coincides the
rectangular cross section groups determined in the log-log of
Fig. 1-26. This is not altogether surprising, since 8 of the 10
data points dropped off at the skewed low-strength tail of the curve
corresponded to the square specimen shapes, so that 98 of the
remaining 140 data points originated from the rectangular specimen

shapes.

-64-



N=50
3/16"x 173" CROSS SECTION
&——-—a 1/4" x1/4" CROSS SECTION
Qemmeme- a 173" x3/16" CROSS SECTION
+1
0
d
L] D
+ -
+
z|z y
-]
2
- .
S .
A 7
- o 7 .Pﬂ
yotd
AP,/ {/8
—A/ 4
/.
AT Sy
s & 9 .
’ & .
7 a /
" /
vd )
-2 e/ IA o
4 / /r o]
'R
2
-3
35 36 3.7 3.8 3.9 4.0 4, 4.2 4.3 44

log o
Fig. 1-26 GRAPHICAL DETERMINATION OF WEIBULL PARAMETERS,
THREE BERYLLIUM OXIDE SPECIMEN GROUPS OF THE
SAME VOLUME IN AIR AT ROO!* TEMPERATURE

- 65 .



.20

.00

0.90

0.0 - /

0.70

/

0.50

0.40

0.30

0.20

N80

r‘g/ 1 1 ! ) \ 1 1
5 6 7 8 9 10 1 12 13 14 l5 16 17 18 9 20 2t 22 23

Strength, ¢, (107 pll)

Fig 1-27 COMBINED CUMULATIVE DISTRIBUTION CURVE, ALL
BERYLLIUM OXIDE IN AIR AT 20°C

- 66 -



+2

*. /

N+l
N+l-n

LOG LOG

-2 /
N=180
oy 0

37 3.8 39 4.0 4.1 4.2 4.3 4.4 4.3 4.6
LOG O

Fig. 1-28 GRAPHICAL DETERMINATION OF WEIBULL PARAMETERS,
ALL BERYLLIUM OXIDE SPECIMENS IN AIR AT 20°C

- 67 -



1.2 e
[} -
{.0
/
1
0.9 -~ - V.l
0.8
: e
fl z
.d
w
N 140
o . — S T . S——
1} 12 13 4 5 16 7 18 (1] 20

Strength, v, uo" pet)

Fig. 1-29 COMBINED CUMULATIVE DISTRIBUTION CURVE. TRUN -
CATED SERIES OF ALL BERYLLIUM OXIDE SPECIMENS
IN AIR AT 20°C

- 68 -



+04

+0.2

e 0.6
7| /
2Zl 4+
k4
© -0.8
[=]
-
o
< -0

/ N+ 140
-1.6 Oy= 0

'V m = 7,353
0,+8,820

4.00 4.04 4.10 4.20 4.30 436
LOG O

Fig. 1-30 GRAPHICAL DETERMINATION OF WEIBULL PARAMETERS, TRUNCATED
SERIES OF ALL BERYLLIUM OXIDE SPECIMENS IN AIR AT 20°C

- 69 -



The manner of data manipulation and presentation previously
discussed is very instructive, since it shows that large specimen
populaiions of the same material, consisting of 50 units each
with very similar average rupture strengths, can produce substantially
differing material parameters. Moreover, when lumpe& together
into a single population as large as 150 units, the character of the
resulting c. d. f. can be radically changed by suppressing less than
10 percent of the population, even though, in this case, the

population suppression was not of a random character.

6. CONCLUSION

The work described here was aimed at a thorough study of the
probabilistic aspects of the fracture strengths of inorganic ceramic
oxides, with particular reference to the applicability of the modified
Weibull probability density function for describing the fracture
characteristics of these brittle materials, and to derive values
of the appropriate material parameters as influenced by test
temperature, heat treatment, surface preparation and test
atmosphere. An added part of the investigation was aimed at
evaluating the predictions of the Weibull theory regarding the
effect of structural size upon the average fracture strength of the

cbject tested.

Dogbo.e-shaped specimens of three effective volumes were
developed solely for purposes of these experiments. They were
tested under conditions of four-point loading to develop pure
bending in the critical gage section of the specimens. Experi-
ments were conducted on four ceramic oxides, represented by
Wesgo and Lucalox A1203, ARF MgO and Al BeC. Variables
explored during the studies included (1) the test temperature,

(2) prior thermal history, (3) specimen surface finish, (4) test
atmosphere, and (5) specimen size. The following conditions of

these variables were investigated:



Test Temperature: 20 and 1000°C.

Prior Thermal History: As-received or annealed at 1700°C

for 3 hr.
Surface Finish: As-received and ground.
Test Atmosphere: Air, saturated steam and dry argon
Specimen Size: 0.012. 0. 047 and 0. 098 cu in.

As analysis of variance conducted on the medium size Wesgo
AL-995 specimens tested at room temperature showed that for the
as-received material the environmental atmosphere had no significant
effect on fracture strength. Therefore, to limit the large number
of specimen requirements already incorporated in the program, this
variable was eliminated from most further tests. A thorough study
of the test results obtained permit the following conclusions to be

drawn.

(1) All Weibull parameters, as represented by cp m and
T, vary substantially with surface condition, heat treatment and
testing temperature for each of the materials included in this
study. Therefore, these parameters cannot be considered true
material constants, but must be taken as correct descriptors of
material behavior for only a single (rigidly described) set of test

or service conditions.

(2) Grinding serves to increase the value of the flaw density
exponent, m. leaving the values of T and s relatively unaffected.
This results in a lowered mean strength for the ground material.
Since grinding can affect only the flaw density and severity existing
at the specimen surface, these results appear to imply that
fracture in ceramic substances is generally a surface-controlled

phenomenon.
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(3) The effect of an increased testing temperature (from 20
to 1000°C) is to induce a rise in the value of the flaw density
exponent, which is again indicative of a flaw-hezling effect ascribable

to a reduction of adverse residual stresses. However, the effect

~of a 1000°C testing temperature in this regard is far more modest

than that associated with a 1700°C annealing treatment, as stays
constant or drops at the higher test temperature. These factors,
taken together, result in a significant reduction of mean strength
at 1000°C, which ranges from 12 to 25 percent, as compared to

the room temperature values, for the material tested.

(4) Characterizations of the statistical dispersion of strength
values of the brittle oxides by means of the Weibull theory were
found to be quite applicable and descriptive. Even though the theory
has shortcomings (i. e., a full fracture probability is not attained
until the applied stress rises to infinity) and a reliable determin-
ation of its parameters requires a comparatively large number of
tests, it defines the cumulative distribution function of the strength
values of brittle oxides very well, and is perhaps the easiest yet
most flexible three-parameter theory that can be used for this

purpose.

(5) For the materials tested, the following m-values were

found to characterize the materials: 3. 25 for as-received material

at room temperature, 6.0 for ground material at room temperature,

11. 0 for annealed material at room temperature, 4.5 for as-received
~material at 1000°C and 8. 0 for ground material at 1000°C. These

findings, however, apply only to the test series conducted here,

and their uncritical generalization to other cases does not appear

warranted at the present state of knowledge.

(6) The zero strength, if it exists, is generally less than
half of the average strength; design with ceramic materials should
not be based on an allowable strese exceeding this value, unless
-one is prepared to accept a reasonable risk of rupture of the

structural piece.
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(7) The predictions of the Weibull theory, insofar as the effect
of size on the average strength is concerned, were well supported
by experimental results. At the same time, the slightly different
batching and preparation techniques used in fabricating the specimen
shapes for the volumetric effect studies resulted in wide variations
of Weibull parameters for the same materials tested uxder identical

conditions,

(8) A special test series conducted on BeO showed that a
purposeful suppression of a comparatively small portion (less than
10 percent) of a large population, represented by 150 individuals,
can completely change the character of the c, d. f. from an apparent
composite Weibull distribution to one having a well-behaved and

nearly gaussian character.
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TASK 2 - EFFECT OF STRAIN RATE

Principal Investiéator: J. W. Dally
Armour Research Foundation

ABSTRACT

The effect of strain rate on the fracture stress in bending
has been studied for Lucalox Al; Oy, Wesgo AL-995, ARF MgO
and Atomics International BeO. Strain rates in the range 10-7
sec-1to 101 sec-! at temperatures from75°to 1800 °Fhave been
included in this investigation. At room temperature all of the
materials show higher strength atincreasing strain rates, except
for Wesgo AL-995 which shows a small decrease. The rates of
strength enhancement, as derived from a least squares linear data
fit, were -328 psi per decade of strain rate for Wesgc, +997 psi
for Lucalox, +415 psi for intermediate ARF MgO, +1130 psi for
small size ARF MgO and +1030 psi per decade for Atomics
International BeO.

The rate of strength increase with strain rate was more
pronounced at elevated temperatures. At 1000 °F Wesgo AL-995 and
Lucalox showed a rate of strength increase of 4060 and 3960 psi
per decade of strain rate, respectively. At 1800 F the comparable
results were: Wesgo AL-995 8330 psi per decade, Lucalox 1510
psi, ARF MgO 20 psi and Al BeO at 1020 psi per decade.

A technique for achieving uniaxial tension in a state of dy-

namic loading has been evolved and is being extended to higher
temperatures.

s



TASK 2 - EFFECT OF STRAIN RATE

1. INTRODUCTION

The purpose of this task is to study the effect of strain rateé
on the failure strength of polycrystalline Al;O;, MgO and BeO in
tension. The scop= of the task includes strain rates from l0'7
per second to 10‘2 per second, at temperatures from 75°F (nomi-
nal room temperature) to 1800°F.

During the initial contract period (June 1960 through Octo-
ber 1961} the principal effort was directed toward the development
of uniaxial tension loading and measurement téechniques. A great
deal of effort was expended in the design of a tensile apparatus
and measuring system which could reflect the true iensile strengih
of a brittle material. A state of pure tension through a direct, but
highly refined ''pull'’ technique was never achieved with the dog-
bone type apecimens. The difficulty of constructing such an ap-
paratus arose from physical and mechanical constraints which
could not be relaxed sufficiently to allow the development of a
feasible test procedure.

While direct terision techniques have been very successful
in studying the teusile properties of ductile or even semi-ductile
materials, the use of such techniques for brittle materials has
never been successful, Several procediures for indirect genera-
tion of a tensile state of stress in a brittle specimen have evoived.
Develcpment work on the attainment of a pure tensile stress state
is riow i progress by severdl laboratories. One of these tech-
niques, applicable to the highest strain rates considered in this
project, is currently undetr development at ARF with a portion of
the results included in this report. The classical approach to the
study of brittle materials in tension is the bend test in which the
lower face of a bend specimen is in a state of pure tensicn.
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In the first contract extension period (November 15, 1961
to November 15, 1962, emphasis was placed on the well estab-
lished bend or rupture modulus technology. This development
produced a bend fixture for four-point bending of dogbone speci-

mens over a wide range of strain rates and temperatures,.
2. STRAIN RATE EFFECTS IN BENDING

A. Bending Fixtures

A four-point bending apparatus was designed, built and modi-
fied to provide the most favorable condition of pure bending with
a miniinum of frictional constraint. Figures 2-1 and 2-2 show a
typical bendiug fixture. The fixture consists of a pair of grips
which attach to each end of the dogbone producing a variable sec-
tion beam, Each grip contains two pins, one of which_provides a

- “Tloading point and the other a support point. In the resulting four-
point loading system, the entire active portion of the specimen is
in a region of constant bending moment. This puts the uniform
reduced section of the dogbone in a state of pure bending. Care
was taken to locate the pins so that the active contacting surfaces
were all on the nominal neutral axis oi the specimen. In addition
to this, the pins were free to roli, thereby eliminating any fric-
tion contribution to the bending moment or induction of a net fric-
ticnal tensile stress across the specimen cross section. One end
of the load bar and one of the support pads contain pins perpendi-
cular to grip pins. This assures point contacts at one end of both
the loading bar and the support, This feature prevents the devel-
opment of torsional stresses about the longitudinal axis of the dog-
bone since the fixture cannot ideally apply a torsional moment
dround this axis. —

The type apparatus(several of which were built) was
used over the entire spectrum of strain rates and temperatures.

7

For strain rates from 5x 10" ' to 1 x 10'Z per sec, the apparatus

-T7-



SNANIDALS IATXO WAISANOVIN TIVINS YO SNIVYVAdV ISIL ANIE -2 ‘hy

- 78 -



Fig. 2-2

TYFICAL BEND TEST APPARATUS POSITIONED IN UNIVERSAL
MACHINE FOR INTERMEDIATE SIZE DOGBONE.  SPECIMENS
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was loaded in Riehle and Instron universal testing machines.
Loading rates were varied from 0. 0005 in. per min of cross head
motion to 20 in. per min. For strain rates above lO-Z, a falling
weight was used with the same bend fixture. Essentially, this
apparatus consisted of a guide tube in which a weight was dropped
from a prescribed height onto a loading ball at the center of the
load bar. This impact can be controlled well enough to apply a

reproducible lead pulse giving a state of dynamic bending.

B. Elevated Temperature Furnace

Initial pilot tests were performed in t?& :i»’ichrome V wire-
wound furnace described in reference 2'-]1. While the furnace
was functional in the design temperature range, the temperature
gradient along the spzcimen gage section {length of uniform cross
section) was unacceptably large. In addition toc this, after many
cycles of temperature, a hot spot developed in the wire coil leav-
ing serious doubts as to its reliability.

To circumvent some of the problems associated with the
wire-wound furnace, a new furnace was designed around four sili-
con carbide Glo-bar * heating elements. The four heating ele-
ments are mounted in a firebrick furnace. This furnace was found
to be far superior with regard to temperature gradient alohg the
gage section, and also had improved over-all ruggedness and re-
liability. Photographs of the furnace in the assembled and opened
conditions are shown in Fig. 2-3 and 2-4, respectively. The fur-
nace is built in two notched halves to permit rapid specimen in-
sertion and to cut down on over-all testing time. In the machine
tests it was possible to attach the upper section of the furnace to
the moving cross head, so that after a specimen is broken and the

cross head raised to insert a new specimen, the furnace is opened

Trade Name, The Carboruidum Corporation.
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Fig. 2-3 -
TYPICAL BEND TEST APPARATUS IN CLOSED FURNACE
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Fig. 2-4
TYPICAL BEND APPARATUS IN OPEN FURNACE
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automatically. A plot of the temperature over the specimen gage

length at a nominal temperature of 1800 °F is given in Fig, 2-5,

C. Measurement of Failure Loads and Strain Rates

As discussed, the mounted specimen is in 2 region of con-
stant bending moment as long as the symmetry ol the loading sys~-
tem is maintained. The symmetry condition was verified early
in the bend test program; thereafter, a section of constant bending
moment was assumed to exist for all tests since care was taken
to maintain the symmetry of loading in each experiment.

The total failure load and time to failure are the only quan-
tities needed to compute the failure stress and strain rate. The
bending moment over the gage section can be computed directly
from the total load, and the failure stress determined from the
bending moment and the section modulus at the failure section,

To compute the strain rate it was necessary to determine the time
to failure and to assume a value for the modulus of elasticity of
the material at the temperature in question. —

Early in the bend test program modulus of elasticity deter-
minations at room temperature were made for Wesgo AL-995,
Lucalox, and ARF MgO, and found to agree well with the results
of other investigations (reference 2-2, page 104, Fig. 24). At
room temperature these modulus values were used to compute the
failure stress for the drop tests as well as the strain rate for the
other tests.

Values of the elastic modulus at elevated temperatures were
obtained from the data given in Fig. 24 in reference 2-2. It shoyld
be pointed out that this procedure is sufficiently accurate at high
temperatures because the log scale of strain rates on the final
plots of failure stress versus log strain rate is quite insensitive
to comparatively large percentage errors in the modulus of elas-
ticity. The effect of a percentage error in the modulus is to shift
the entire spectrum of points horizontally only a slight amount,

hence it is of only minor importance.
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" to 10.4 sec"l, the measurement

For strain rates from 10~
of failure load and time to failure by conventional means (chart
records or load dial plus stop-watch) is acceptable over the whole

3 to 102 per sec the

temperature range. For strain rates of 10~
system response requirements preclude the use of static record-
ing and dynamic recording 1s .required. All the recording in this
regime was accomplished using a cathode ray oscilloscope with
the load on the y axis and time following a trigger signal (on pulse
rise) on the x axis in conjuanction with a Pola ->id back-scope
camera. Load was transduced b;r a load cell and strain indicator,
demodulated and low pass filtered for oscilloscope presentation.

Because of the difficulties gncountered in attempting to mea-
sure load with transducers at the highest strain rate (drop test),
sp=cimens were individually instrumented with etched foil resist-
ance strain gages mounted on the tensile face. Each strain gage
was used as an active element in a four-arm d-c bridge. Strain
pulses were recorded by oscilloscope photogyaphy, sweep being
triggered by a microawith contacted by the falling weight This
procedure requires that failure strength be computed from the
known moduli at each temperature as discussed earlier. Exten-
sion of this technique to higher temperatures (1000°F and 1800°F)
was not successful. The sensitivity of available high temperature
atrain gages in the region of 100¢ microstrain full scale was not
sufficient to meet the requirements. In addition, the program
could not bear the high cost of procuring and mounting the

requisite number of high temperature strain gages.

D. Sgecimens

The experiments on Lucalox and Wesgo AL-995 were per-
formed using the intermediate sized dogbone depicted in
Fig. 1-1. Part of the room temperature and all of the

1800°F work on ARF MgO was done using the same specimen
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geometry., A series of room temperature tests was also run on
small-size ARF MgO dogbones shown in Fig. 1-5 of reference 2-1).
All of the experiments on Al BeO were carried out using 1/4 in. x
1/} in. x 4 in, bars,

All specimens were used in the as-received* condition; they
were stored from date of delivery until actual usage at atmospheric
conditions in an air conditioned laboratory. Specimens for use at
the higher temperatures, 1000 °F and 1800°F, were equipped with
thermocouples mounted in the center of the gage sectionat the

neutral axis.
3. RESULTS

Summaries of the data for temperature of 75°F, 1000 °F and
1800 °F are given in Tables 2-1, 2-1I and 2-1II, respectively. In
these tables, the strain rate, isothermal failure stress, standard
deviation in failure stress, coefficient of variation and number of
specimens are presented for each material, These data have been
subjected to a linear least squares analysis to arrive at the failure
stress versus log of strain rate plots shown in Fig. 2-6 through
2-16, and represented by the equation,

op= A +A In (é) (2-1)

T is the failure stress

where

H is the strain rate

A is the value of failure stress at a strain rate
of éo' and

A, is the derived slope.

Since the lowest experimental strain rate was on the order
of 107 sec”! t  was taken to be 10"7. This normalization is
arbitrary and does not change the line but only the form of the

equation.

* .
The microstructure, physical dimensions, and surface finish of these
specimens are discribed in reference 2-1.
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Table 2-1

SUMMARY, RESULTS OF STRAIN RATE EXPERIMENTS
AT ROOM TEMPERATURE

Strain Fl;',fi?lz?e Standard | Coefficient | Nun;lf:er
hAaterial Rate_ . Stress Deviation| of Variation| Specimens
(sec” ) {psi) (psi) (%)
4x120° 7| 37,800 4700 12.4 8
Wesgo |2x107°| 40,000 [ 8400 21,0 8
AL-995 1 5 1074 | 36, 300 4000 11.0 9
1x10°%| 37,300 5200 13.9 10
2x 10! 37, 600 5000 13.3 8
4x10 '] 28,500 2400 8.4 8
Lucalox | 2 - 1072 26, 000 3600 13.8 8
1x10°| 28,300 3600 12.7 10
1x10°%] 31,100 6700 21.5 8
2x10° 30, 300 3900 12.9 10
5x 1077 | 16,900 2300 13.6 8
ARF 2x10°°| 14,300 2800 19. 6 8
MgO 2x10°%| 16,700 2200 13.2 10
9x1073| 14,800 2100 14. 2
2x 10! 17, 800 1500 8.4
ARF 7x10°7| 17,000 1900 11.2 20
MgO -4
oo | 1= 10_Z 18, 000 1400 7.8 20
Section)| 1 x 10 17, 700 1900 10.7 20
3x10° | 20,500 500 2.4 20
7x10°7| 15,200 3800 25.0 20
Al BeO | 1x10°3] 16,500 800 10.9 20
5x10° | 16, 600 3600 21.7 20
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Table 2-11
SUMMARY, RESULTS OF STRAIN RATE EXPERIMENTS AT 1000 °F

Strain F?iii:e Standard Coefficient Number
Material] Rate Stress Deviation |[of Variation of
( sec” 1) (psi) (psi) (%) Specimens
6x10 ' | 27,000 3300 12.2 | 20
Wesgo -4 !
N Beos| 2 10_3 29,100 | 4900 16.8 20
6 x 10 34,500 | 5700 16.5 20
8x10°7| 21,600 3100 14. 4 20
Lucalox | , . 10%| 25,600 | 1700 6.6 20
7x10°3] 28,400 5000 17.9 20
Table 2-1I1
SUMMARY, RESULTS OF STRAIN RATE EXPERIMENTS AT 1800 °F
Strain FIY{»eWa‘n Standard Coefficient Number
Material Rate S‘Z;'j;: Deviation | of Variation of
- g ’ S i
(sec™h) | (psi) | (psi) (%) pecimen
7x10° 7| 19,200| 2000 10.4 - 20
Wesgo -4
o8| 2% 10-3 29,700 | 2300 7.7 20
7% 10 33,400 | 2700 8.2 16
7x10°7} 19,900 | 2600 13.1 20
Lucalox | 1 x10°%| 22,500 4000 17.8 18
8x10°3| 22,500] 5400 24.0 19
1x10°8[ 13,600 1800 13.2 15
ARF 3x 10" 14,900] 1700 11.4 19
MgO 9x10°3| 13,400 1500 11.2 13
8x10"'| 10,800 4200 38.9 20
Al BeO | 1x107°| 14,100 2400 17.0 20
3x 107 12,100 4000 33.1 20
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On the basis of available Data this linear releitionship appears
to represent the most realistic fit to the experimental data points
obtained. As more points are added either by expansion of the
strain rate range or by filling in of the existing strain rate
spectrum, a refinement for curves of a higher complexity than the
simple semilogarithmic linearity may become appropriate.

The parameters from the least square fitting of the data are
shown in Table 2-1IV,

It is interesting to note that all of the materials except Wesgo
AL-995 show an increase in failure strength with strain rate at
room temperature. The value of this decrease is sufficiently small
to leave some question as to its validity; this fact will be discussed
in some more detail later in this task report.

At 1000°F the Wesgo AL-995 and Lucalox show a remarkably
gimilar strain rate sensitivity, at 1800°F they show an equaliy re-
markable difference with Lucalox which returns to near its room
temperature in sensitivity. The ARF MgO and Al BeO show small
strain rate dependence at 1800°F, quite similar to the behavior
of Lucalox.

4, DISCUSSION

The basic strain rate effects are summarized in Table 2-1V.
There are as yet, not enough different temperatures explored to
allow for the derivation of a representative value of activation
energy corresponding to a strengthing mechanism or mechanisms.
The strain rate effects, or lack of them, will be discussed at each

of the three test temperatures.

A, Room Temperature Behavior

At room temperature all of the materials, with the exception
of Wesgo AL-995, show an increase of strength with strain rate.
The decrease of strength in the case of Wesgo AL-995 is suffi-
ciently small that it may not be of significance.
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Table 2-1V

SUMMARY OF LINEAR FIT STRAIN RATE PARAMETERS

‘
UF-A°+A1 IR(F)
Tem A, Number Strain Rate |
P 30 3 of Strain Range !
Material (°F) | (107 psi)] (10~ psi)] Rates (sec'l) |
$ {
Wesgo 75 | 38.45| -0. 33 | 4x10-7 to2x 10!
AL-995 | 1000 | 24.99| 4.06 L 6x10" tobx 1073
1800 | 16.60| 8.33 7%x10°7 to 7x 10"
75 | 27.18| 1.00 5 |4x10” to 2x 10}
Lucalox | 1000 | 19.98| 3.96 3 |8x1077 to7x10”3
1800 | 19.73 1.s1 3 |7x1077 to 810”3
ARF Mgo| 75 | 15.40| o0.42 5x1077 to 2 x 10
(Int.size) | 1800 | 13.94 ! 0.02 1x10°3 to 9x 10>
ARF Mgo! 75 | 16.34 ! 1.13 4 |7x1077 to3x10°}
(Small size)
AL BeO 75 | 15.12 | 1.03 7x10°7 to 3x 1074
1860 | 11.09 | 1.02 8x10°7 to 3 x10"%

Any explanation for an increase of strength with strain rate

for brittle materials at room temperature must be based, to a

fair extent, on conjecture.

At room temperature almost no data

exist with the exception of this work and that of Kingery and

Pappis

(2-3)

minate strain rate (pendulum impact).

-101-
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A tenable explanation for the room temperature behavior
can be evolved using the known effects of dislocation mobility and
dislocation pile-ups leading to crack nucleation. (2-4) pn a basi-
cally brittle material there is strong evidence that failure is due
to inherent cracks and their propagation under stress. The ener-
gotic requirements for crack growth in any material exceed the
simple Griffith criterion based upon elastic energy only, by an
amount corresponding to the energy dissipated by plastic work
about the highly stressed tip of the propagating crack. If any
amount of dislocation mobility, however small, exists, plastic
flow at the tip of the crack is possible and will contribute to the
observed fracture energy. Increasing strain rates increase the
yield stress, and thus contribute to an increase of observed frac-
ture strengths. The small size of the effect over the broad range
the eight orders of strain, rate and the anomolous behavior oi
Wesgo Al;O; make an exact interpretation very difficult. Exten-
sion of the strain rate by two more orders of magnitude and reduc-
tion of the scatter bands might provide sufficient information to

permit firm conclusions to be drawn.

B. Behavior at 1000 °F

The two materials tested at 1000 °F, namely Lucalox and
Wesgo AL-995, display a significant increase of strength
with increasing strain rate. This is as expected, since disloca-
tion mobility is enhanced by increased temperature and increased
strain rate will accordingly decrease the time available for nucle-
ation of plastic flow in regions of high shear si.ess. Once again,
not enough points are available to tie down a dependence other than
that displayed by the straight line approximations employed in
Fig. 2-10 and 2-11.
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C. Behavior at 1800° F

At 1800°F. Wesgo AL-995 shows a pronounced increase of
strain rate. On the other hand, Lucalox A2203. ARF MgO and
Al Beo all show a very small strain rate effect, with A equalling
1510 psi, 20 psi, and 1020 psi, respectively. The only possible
explanation must be based on the relative purity of Wesgo AL-995
as compared with the other mate,l.'iala. It is possible that impuri-
ties precipitated at the grain boundaries in the other materials
have caused a mechanism change. The Kingery and Pappin“o-s)
data reproduced in Fig. 2-17 show a drop of impact energy for
A{,0, at less than 1800°F which would tend to confirm the data
for Lucalox, but leaves the question of the behavior of Wesgo
AL-995 unanswered. The greater purity of Wesgo AL-995 as
compared to Lucalox which used up to almost 1 percent MgO
addition as a grain growth inhibitor, may be offered as a hypo=
thetical explanation for the observed effect. 7

It is of interest to consider the work of Folweiler‘z"‘) in
light of the rescarch performed on this program. Folweiler in-
vestigated creep effects at various cross head speeds for three
point bending at temperatures ranging from 2600°F to 3270°F
for AIZO3 having average grain sizes of 7, 13 and 34 mlcrona(;
The corresponding strain rates were approximately 1.7 x 10~
to 1.7 x 10™3 gec™ L.

Folweiler's results show that the stress at which the
A1203 will flow is linearly related to the strain rate over a
very narrow range of stress (only at low stress levels). That
is, the higher the strain rate, the higher is the stress required
to cause plastic flow. In addition, Folweiler found that for
Afzo:’ with a grain size of 34 microns at 2600°F the stress
required to cause plastic flow exceeded the fracture stress.
These results indicate that essentially brittle behavior should
be observed at temperatures below 2600°F and that strain rate

effects on yield should be small,
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In addition, if the stress required to cause flow increases with
an increasing strain rate, then a tendency toward brittle be-
havior should be exhibited at higher rates of strain. This be-
havior, however, may only become important at teniperatures
above 2600 °F.

In the work of Kingery and Pappis, the effect ¢f temperature
uponimpact strength wau studied. The work wae per-
formed on Al; 03 and MgO loaded as a three-point bend test, the
impact load being applied by a pendulum striker. These investi-
gators found the impact strength of Alz' O3 to be essentially con-
stant to about 1650 °F and then it decreasedrapidlytoabout 30 per-
cent of the room temperature value and thereafter remained con-
stant to about 3000°F. Magnesium Oxide was found to decrease
slowly to about 50 percent of the room temperature value over the
same temperature range. In no case did the authors notice any.
increase in ‘mpact strength at elevaied temperatures where plas-
tic deformation is known to occur for low strain rates. The au-
thors suggest that the yield stress or flow stress ma always be
above the fracture stress for impactloadings at the temperatures
considered.

In this investigation the failure strength seems to increase
for Al;O, at the temperatures and strain rates studied. However,
additional studies are needed to reveal more information regard-
ing the effect of strain rate on brittle mnaterials at elevated tem-
peratures; further work regarding completion of the experiment
carried out to date, and an extension of the investigation to higher
strain rates and temperatures is planned as part of the continua-

tion work on this task.
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5. PRELIMINARY INVESTIGATION OF A STRESS WAVE
TECHNIQUE FOR DETERMINING THE TENSILE
STRENGTH OF CERAMIC MATERIALS

A preliminary investigation of the stress wave technique
was carried out during the course of the program. The purpose
of this investigation was to establish the feasibility of the method
for studying the effects of a uniform uniaxial state of tensile stress
at very high strain rates in ceramic materials. It has been sug-
gested that such a method of loading would provide a means for
determining the ultimate tensile strength of ceramic materials if
effects of strain rate on failure strength were small or negligible
under these conditions. If, on the other hand, there is a strain
rate effect in ceramics and if the nature of strain rate sensitivity
can be established, the stress wave technique can still be used
as the basic standard tension test for these materials, Such a
technique also offers the opportunity to study the effects of strain
rate on tensile strength in a region of strain rates substantially
above that provided by ordinary testing machines and conventional
impact tests.

Perhaps the most favorable aspect of the stress wave tech-
nique is the simplicity of the method coupled with the thorough
background. (2-5) A compression pulse is generated (by the explosion
of a contacting pellet for example) at one end of a freely sup-
ported bar. This compression stress wave travels down the bar
and is reflected as a tensile stress wave which, in turn, travels
back toward the end at which the original compression pulse was
generated. The phenomena of stress wave reflection at a free
boundary is shown diagramatically in Fig. 2-18.

As the tension wave is being formed at the free end during
the reflection process, the tensile stress developed in the bar
may exceed the tensile strength of the material; the bar will then

fracture a short distance from the free end. Data collected during

-106 -



°| Compression Pulse .
e
y 4 yAa Free Boundary’

Freely Supported Bar

Impulsively
Loaded Surface

(I—Z

D
d * Reflected Tension Pulse
:
lo 2
&
: I~ 9
O
Stress-Free N
M Boundary &1 N
hY
Net Compression (+
Pulse
z 3 E | ]
8
3.; o 4
=] ~
Iy Pla
~ \\
-) \
(+)
3
5
|
Reflected
Net Tension
Pulse
N

v

Fig. 2-18 STRESS WAVE REFLECTION AT A FREE BOUNDARY

-107 -



such an experiment would indicate the strain rate, as well as the
stresses and strains at the peint of fracture.

Success using this technique deperds upon minimizing the
effects of geometrical dispersion, and pulse attenuation. Ideally,
the incident and refiected waves aré ‘plane waves; this would en-
sure a uniform stress distribution over the entire cross section.
Apparently this condition will be the case for stress wave pulse
of a length of about ten times the nominal cross sectional dimen-
sions; i.e. for pulses which are long as compared to the cross
sectional dimensions of the specimen.

For cases where the dimensions of the cross section are
large as compared to the length of the pulse, the phenomena of
geometrical dispersion will occur. That is, a spherical wavefront
will be generated and, as it travels down the bar, multiple reflec-
tion will occur from the longitudinal boundaries; these effects are
then superimposed upon the principal wave thereby causing it to
disperse. Needless to say, a state of pure tension cannot be ob-
tained when the dispersion factor becomes important.

The degree of attenuation which will occur in a stress wave
depends upon the material through which the pulse is being trans-
mitted. If one considers aviscoelastic materialitis bos sible tovisu-
alize what will happen to the pulse as it travels through the mate-
rial. The atrains and displacements are large upon impact stres-
sing because the material has a low modulus of elasticity., As a
result of the inherently large strains and viscoelastic behavior
(loss of energy through internal friction) the pulse amplitude will
be sharply reduced and the length of the pulse will be substantially
increased continuously as the wave travels down the bar,

If continuous attenuation of the pulse occurs as it travels,
.one would have no simple means of knowing what its shape is at
the failure section, However, the principle of attenuation is use-
ful as it can be used to lengthen an incident pulse, thereby mini-

mizing the effects of dispersion,’
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The pilot experiments carried out at ARF indicate quite
clearly that the effects of dispersion and attenuation are minimal
for Al;O4. For these studies an Al,0,4 (1/4 in, x 1/4 in. x 4 in,)
bar was provided with strain gages at two stations, one near the
point of pulse generation and the other near the free end, With
the use of an explosive (lead azide) a pulse was generated and
monitored through the first reflection with a cathode ray oscillo-
scope. The results are shown in the form of inset photographs of
oscilloscope traces in Fig. 2-19.

Both insets A and B show the incident and reflected pulses.
Notice that both photos show a ''clean' pulse for both incident and
reflected conditions and these pulses are of the same length and
amplitude., The pulses in A and B are not of the same size because
the vertical scale calibration factors are different for the two strain
gages.

The effects of dispersion are quite obviously absent, be-
cause:

(1) both incident and reflected pulses are '‘clean',

(2) both incident and reflected pulees are of the same

amplitude arid duration.

(3) a crude calculation shows the pulse length to be

about eight times the cross: sectional dimension.

Also the effects of attenuation are not important because both
A and B show incident and reflected pulses to be of the same amp-
litude and duration. This would not have been the case if attenua-
tion had occurred.

The ceramic materials therefore seem to be ideally suited
for this technique and additional research is planned to perfect
the technique and render it applicable as a useful tool of studying

tensile fracture conditions at very high strain rates.
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6. SUMMARY

This task was organized to study the effect of strain rates
upon the fracture strength of brittle ceramic oxides. Candidate
materials included A1203 and MgO, to which Beo has
been added at a later stage.

Work during the initial contract period concerned the de-
velopment of experimental procedures for achieving uniaxial ten-
sile loéding in the brittle materials in question. Special equip-
ment and recording techniques were developed for the range of
strain rates from 10'7 to 101 sec'l, but even the most refined
techniques could not achieve pure uniaxiality of loading throughout
the entire run of the experiment. The reason for this resides in
the extreme brittleness of these materials, coupled with generally
high values of Young's modulus. The maintenance of uniform ten-
sion in the specimen required a degree of concentricity of loading
and straightness of the specimen which could not be achieved with
current developments of the state of the art.

It was, therefore, decided to concentrate on the use of bend-
ing specimens for evaluating strain rate effects at various tem-
peratures. The dogbone specimens in general used throughout
this program were adapted for this purpose, and special end fix-
tures were designed which put the entire beam in a state of pure
bending. The fixture, moreover, was provided with support con-
ditions which allowed for the precise and unambiguous determina-
tion of loads (thereby stresses) and strain rates in the specimen.
Furnaces which could be fitted about the existing loading equip-
ment were constructed, capable of developing temperatures of
1000° and 1800 °F with a good uniformity of thermal profiles about
the gage section of the specimen. Extensive shake-down tests
were carried out which proved the suitability and adequacy of the
experimental apparatus and recording system over the entire

range of strainrates and temperatures,
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Experiments were carried out on Wesgo AL-995 and
Lucalox, two specimen sizes of ARF MgO and AIBeO at room
temperature for strain rates ranging from 10‘7 to 10 sec'l,
eight decades of loading rates. Except for Wesgo AL-995,
the results indicate a small jncrease of strength with strain
rate at room temperature. It is hypothesized that a very
small amount of dislocation xhobility may support slip bond
formation and plastic flow at the highly stressed areas around
at the tips of propagating cracks, leading measurable plastic
contribution to the surface energy and hence fracture stress.
Higher loading rates normally ha' e the effect of retarding
dislocation mobility increasing the stress required to unlock
dislocations from their impurity atmospheres se rving as
pinning points, and thereby raising the yield stress and the
cerresponding fracture stress. Higher temperature strain
rate effects, namely at 1000°C are more significant. A
similar explanation is8 more applicable as the increased
temperature enhances dislocation mobility and thus plastic
flow. The increased strength is a clear reflection of a
greater resistance to slip bond formation and the develop-
ment of plastic flow at increasing strain rates.

Unexplained anomalies exist at 1800°F for Lucalox,
ARF MgCO, and AIBeO. At this time it is not possible to
advance a reasonable theory for these effects. Work on a
dynamic loading technique for the attainment of a pure state
of tension by use of reflective compression waves has indi-
cated that both uniaxiality tensile loading and higher strain

rates can be obtained in the extension phase of this task.
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TASK 3 - EFFECT OF NON-UNIFORM STRESS FIELDS

Principal Investigators: N. A. Weil and 1. M. Daniel
Armour Research Foundation

ABSTRACT

The purpose of this program is to investigate the effect of
non-uniform stress fields on the fracture characteristics of brittle
materials, the principal aimbeing to determine whether the stress
gradient existing at the location of fracture initiation has an inde-
pendent effect upon the fracture strength. ‘

To interpret experimental observations, extensive theoreti-
cal derivations were carried out for the risk of rupture of bend
specimens based upon assumptions of the Weibull theory. This
resulted in complete formulations for the probability of fracture
of a prismatic beam subjectedto a symmetrical four-point loading
of arbitrary spacing, based upon either volumetrically dispersed
or surface distributed flaw conditions. An analytical iteration
procedure, aimed at determining the unique ''best' set of material
parameters by a computer solution was worked out; this method,
however, failed to work in practice, possibly because of the many
potential '"best' set of answers that the solution may converge to.

Experiments were completed on Wesgo AL-995 at 20°C and
1000°C, and BeO at 20 °C, on prismatic beams having a nearly two-
fold variation of extreme stress gradients. For this range, no ef-
fect of the stress gradient upon mean fracture strength or standard
deviation could be discerned. Furthermore, fracture for these
materials, using specimens with ground surfaces only, was found
to be goilerned solely by a volumetric flaw distribution condition;
the fortuitous and accidental mutual cancellation of euperposed
stress gradient and surface flaw effects must be ruled out on the
basis of extensive experimental evidence already obtained.
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TASK 3 - EFFECT OF NON-UNIFORM STRESS FIELDS

L. INTRODUCTION

The objective of this task was to determine the influence of
non-uniform stress fields upcn the fracture characteristice of
brittle materials. The materials investigated during this phase of
the program were Columbia Resin, polycrystalline Al, O3, MgO,
and BeO.

The simplest descriptor of stress distribution non-uniformity
is the stress gradient, or the rate cf change of the peak boundary
stress along a line normal to the boundary. A specific objective,
therefore, was to determine whether the stress gradient has an
independent effect on the fracture stress.

The past research period(3-l) was primarily devoted to the
development of experimental procedures and to the design, selec-
tion, and evaluation of specimens giving known stress gradients.
A wide range of stress gradients was covered by using tensile,
pure bending, ring- and theta-shaped specimens. It was known
that in cases of complicated stress distributions, such as that in
the ring specimens tested, a stress gradient along one line was
not sufficient to describe the effective stress distribution. For
this reason, a second parameter connectedwith stress distribution
was introduced, notably the effective size or volume under high
tengile stress. It was not possible, however, to segregate the ef-
fects of stress gradient from those corresponding to the effective
size of the highly loaded region of the specimen.

The underlying theory used in this work is the statistical
theory of failure based on the weakest link concept and using the
Weibull distribution function.(3-2) This theory uses two basic
failure criteria, size and normaltensile stress; within the validity
of these éostulates it is capable of describing failure for any type of

stress distribution, uniform or non-uniform, uniaxial or polyaxial.
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Failure characteristics are described in terms of three material
parameters, the zero (probability) strength, a flaw density expo-
nent and a scale parameter. In practice, these parameters would
be determined first from a simple test and the results would be
applied to predict the probability of fracture of a given structural
component of the same material,

The specific objective of this task is also equivalent to the
investigation of the adequacy of the Weibull theory for predicting
failure under conditions of non-uniform stress distribution. This
is accomplished by comparing experimental results for specimens
having various stress gradients but the same risk of rupture ac-
cording to the theory. Another aspect of the investigation was to
establish whether failure in the materials tested is governed by a
volumetric or surface flaw distribution, and to establish proce-
dures for determination of the corresponding material parameters.

These objectives were pursued by testing the simplest type
of specimen, a prismatic beam under pure bending, since for this
specimen the predictions of the Weibull theory are mathematically
derivable and the stress distribution can be fully described by a
stress gradient.

To understand the predictions of the theory and select suit-
able prismatic specimens, theoretical expressions were derived
for the risk of rupture of prismatic beams under three- and four-
point loading. This was done for materials whose failure is gov-
erned by volumetric and surface flaw distributions, Methods for
the determination of material parameters were investigated. An
analytical method, requiring the solution of a system of three
equations, was presented. However, this system proved to be
unwieldy, even for the computer. As a result recourse was made
to the trial-and-error graphical method originally introduced by

Weibu11(3-3) for the evaluation of materiai constants.,
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Prismatic specimens of diffcrent stress gradients but with
identical riske of rupture {(or effective size) were selected and
tested under four-point loading, Materials used were Columbia
Resin (CR-39), Wesgo Al, Oy (AL-995), MgO, and BeO. Results
indicate that no stress gradient effect upon the mean failure stress
and standard deviation exists. They also tend to show a volumet-
ric flaw distribution rather than a surface one.

2. APPLICATION OF WEIBULL'S THEORY
TO BENDING SPECIMENS

A, Risk of Rupture

The statistical theory of failure based on the Weg

bution function uses two basic criteria of failure; si ull distri-

tensile stress. Within the validity of these postulgt nd normal

is capable of describing failure for any type of ~ 8, the theory

. . e . 6 di . .
uniform or non-uniform, uniaxial ,or polyaxia istribution,

strees field the probability of fracture ina m or a uniaxial

volumetric flaw distribution is given by rial governed by

o fioen [ [

g
o]

0

where

= rizk of rupture (3-2)
and

L is the zero probalf
ity strength (location parameter),

exponent (sh
.. Is the scale ponent (shape parameter), and

‘arameter,
The last three p ‘

m is the flaw ders;j

ametera are associated with the material,

The me .
,‘; failure stress is given by
® B
‘ﬂ O'm =9, + e do, (3-3)
) Fu
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and the variance by
fo s}

2 -2 =B 2y _ .2 -
a -o‘u+ e  d(c?) ol . (3-4)

o,l

u

From Eq. 3-1, it is seen that the theory does not make any
special allowance for the non-uniformity of stress distribution.
Ea.ci} infinitesimal element of a specimen is considered to be under
uniform tensile stress and the risk of rupture for the whole speci-
men is obtained by integrating the risk of rupture of each infini-
tesimal element over the volume of the specimen. The stress gra-
dient does not enter as an independent parameter and all the non-
uniformity effects seem to be accounted for by the risk of rupture.
The question of whether the stress gradient has an independent ef-
fect on fracture stress is equivalent to the question of whether the
Weibull theory is sufficient to predict failure for non-uniform
stress fields.

In a material governed by surface flaw distribution, the risk

F -0 m
B = — u d A. (3'5)
AN\ o

To establish the dependence of the risk of rupture on the di-

of rupture is

mensions of a specimen, and to reach some conclusions regarding
the vaiidity of preaictions of the Weibull theory, the risk of rup-
ture was calculated for a general case of a prismatic beam under
four-ppint loading. Derivations were made for both cases of volu-
metric and surface flaw distribution.
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Material Governed by Volumetric Flaw Distribution

Case 1: T #£0
The distribution of tensile stresses in the beam shown in
Fig. 3-1 is
2k o L 1
R yxforOSxS-E and@-;)LSxSL’
20 L 1 (3-6)
\)‘:-ry fOl'-ESxS(l-E)L.
The risk of rupture is
B, = B, +B", (3-7)

b b
where B'b corresponds to the central portion of the specimen

subjected to uniform bending and B! <vefers to the outer portions.

b
It can be shown that
20 m
h/2 b
- 2 B RAR. -
Bb—bLQ-E> ——&:———— dy-
Yu
2 m
Vl-i-) 4 o'u u'b-o'u 3.8
= 2(m+ To )\ e ’ (3-8)
b o
where
b o
Yo © 2 L
and
2ko, yx m
R —5— -o'\
B" = 2b ) dydx
b u.o / yax
X Yao
h/z (20, m+l
B! = 2bhl = % T Y% dy (3-9)

2(rmn+l) k o %
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where

x=whL_YuL
T o, 2ky Ty ¥k

For the case where m has an arbitrary (non-integer) value,
let m = [mJ + a, where [ml is the largest integer less than or equal
to m; then after some mathematical manipulation, the integral of

Eq. 3-9 can be shown to have the value

h/2 r
20 m+l -0
1 b _ g u} m+l-r
y (-n— y-ou) dy= mrl-r (b %

r=

(oo [l 1 I (3-10)
. .

h/z1 20y \)u
[a: ;(h y-o ] dy. (3-11)
Yu

By substitution of Eq. 3-10 and 3-11 into Eq. 3-9,

where

U’b-U'

\'2 qu)( u) m \' [m] +1
B = 1- -9 - E + o)
b~ 2[m+T) ( MY o / Kk lé(m+1)¢bc°m -7y Ia

(3-12)

m| -r

'—I- l ) -0'—b

. m+1-r T,

rzo
Finally, by Eq. 3-7, we obtain
m
B, = m¥ (1. ufe T} |
b~ 2(m+1) o v

N R a1

m
k(im+1) LN a

where

+

)
e
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If m is an integer, i.e, if m = E‘n] and a= 0, Eq. 3-13 re-

duces to

m
v a7 2 .2
N e I R 3

+ v (e )™t B,

m u 2y
k(m+1)0'bo'° u

Special forms of this formula can be obtained by assigning values
to the paramster k. The following special cases are of interest.
Pure Bending (k = o)

v U'u U’b-ﬂu m
P zmrn \! "5 ) e, (3-13)

Quadrant - Point Loading (k = 4)

v U'u O'b-O'um
Bfme‘rr;) v, [‘* ] (3-16)

v m+ 1

h
+ (-0 ) log XS
4(m+1) o’bcom ¢ Yu

Third «Point Loading (k = 3)

\ AYASAS
B. = . L +2 E 3-17
b~ &m+1) (1 Ub)( o'o [+ ] ( )

\4
t!.3(m+1)4s'o' : 2y,
b o 4

Three-Point Loadin> (Center-Point Loading; k = 2)

\'4 o-u 0b-cu m
By Zmrm || o) (5 Z (3-18)
h
Yy

+ —'V—n—x ('cu)
2(m+ l)o'bo'o

m+1ln
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Case 2: c =0
u

When T, = 0, both Eq. 3-13 and 3-14 reduce to

(3-19)

o \™
B. = v _b) k(m+l)-2m

b~ 2(m+1) L m+ )
Again, we list below some typical cases of interest for specific
values of k.

Pure Bending (k = oo)

\' W\
By =t 3.;> (3-20)

Quadrant-Point Loading (k = 4)

a LV ("b)m

b~ 2{m+1) Vo
Third-Point Loading (k = 3)
v DN m+3
- — _m____ -
By = TmrD) (ao> m 1 (3-22)

Three-Point Loading (Center-Point Loading; k = 2)

(3-21)

\4 O\
By = Zm+D) (Tr—o) m AT (3-23)
Material Governed by Surface Flaw Distribution
Case !: L =f 0 ,
For the same stress distribution described by Eq. 3-6 we
have
- t 1"
Bb = Bb + Bb
h/2 m
] - _Z_ u
Bb = 2(1 X ) L " )
Yu

(3-24)

(]
-

]
wlv
o
T
al%,
© 1] 9

=
\—/
3
—
3
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and
Lk [n/z (&% . \m
B! = 4 AL T 8] gyax
o
X yu
ko

L/k [*b m
T X
+ 2b - dx
x
JT
hfz 4
4hL 1 (% m+1
= m y\h Y-% dy
2k(m + 1) o
o Yy
u
m+ 1
e S (3-25)
k(m +1) LN
where ’
x =ou L
u oy k °*
Then,

a o, -oc \M
L al/ ‘b % 2 2h 2b
Bp = —n(;;)( c°> [('i)“?é +r]

m| + 1
+ —2ab (—cru)[ J I (3-26)
k{m + 1) LA a
If m is an integer, Eq. 3-26 reduces to
m
B oL (1.2} (% 2\, 4,20y L2
b~ m+1 y o k k B3
o
T, - \™
2\ (v % 2h L m+1 h
+<1-K)<o_o > Lb + m (--.G'u) lnfy—

k(m + l)trbcro
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Here again, it is of interest to list the same special cases men-
tioned previously.

Pure Bending (k = oo)

5%\ ™ | n “a
B, = L|— =¥l U7, +b (3-28)

o

Quadrant-Point Loading (k = 4)

- m
= L (1. o)) [m,n\" b
b m+1l Y o'o 2 2 2

{3-29)
1 [T57%\" 2h L m+l, h
+3{-—] Lb+ = (-0.) In >—
o 4m+l)o0 Yo
o
Third-Point Loading (k = 3)
. C\m
B - L 1_& 5% h , 2h 4 2b
b m+l o c_ 3773 3
(3-30)
¢. -0 \m
R - Sd™ 2hL __,ym+l, h
I\ ¢ m u 2y
o 3(m+1)<rbu' u
o
Three-Point Loading (Center-Pc;i}xt Loading; k = 2)
o o, -0 \m
L a) (b u\) ( S >
B, = —— (1.--2}({-=224 h)> +b
b m+l < cb> ( c, / |
—thb (-cru)’”“+l In 52— (3-31)
" 2(m+1) LR Yu
Case 2: g =0
u

When o = 0, both Eq. 3-26 and 3-27 reduce to

_ DN/ n k(m+1) - 2m ‘
Bb = L(o_—o mrT +b —Lm)—-— (3-32)
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For the specific values of k considered above, Eq. 3-32
yields:
Pure Bending (k = o)

= \IM
b h

Quadrant Point'Loading (k = 4)

B, = (j (m+1 ) m+f1 (3-34)

Third-Point Loading (k = 3)

W\ / h m +3
Bb= L(E;) (_r;ﬂ +b> e (3-35)
Three-Point LoadingLCenter-Point Loading; k = 2)
0. \m
By, = L<€> (mh+l “’) =T (3-36)

B, Relationship between Bending and Tensile Strengths

For a material governed by a volumetric flaw distribution,

the risk of rupture in a tensile specimen is

Ut-cu ™
Bt= Vt —"o , (3-37)

where Vt is the volume of the specimen. For a prismatic speci-

men under pure bending the risk of rupture is

Vb o o, -0 \/™
B, = u)(2_a) (3-15bis)
b 2im+1 \ Ty \ c,

To compare mean failure stresses the risks of rupture
given above must be substituted intoc Eq. 3-3 in order to compute
L for the two cases. However, this is quite involved for the

case of pure bending, since for this loading case Eq. 3-3 does
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not yield a closed form expression. A comparison of median
failure stresses or, for that matter, any stresses of a given prob-
ability of fracture, is easily carried out by equating instead the

risks of rupture corresponding to the different loading conditions.

(A m - m
v Ut cru ) Vb ] f_‘i a'b (Tu
t LR T 2m+ 1) oy c

or

L 14+ 2
[ ] V,im o m o
_t. 1 b S + 8 (3-38)
4 2(m+1) Vt g o,

For .= 0, this expression reduces to

o v l/m
IR . (3-39)
A 2{m+1) Vt' . -

In this case the relationship between median stresses is the same
as that between mean stresses as can be shown easily. In the

case of a classical material (m = o) Eq. 3-38 yields

For a rmaterial governed by surface flaw distribution, the
risk of rupture in a tensile specimen of rectangular cross sec-
tion (b x h) is

c -0 \M
B, = 2 L(b+h) t v (3-40)

g
(o]

For a prismatic specimen of the same dimensions under pure

bending the risk of rupture is

o, -0 \IN o
By= L (t; u) [mh+T ( - ?2‘) “’] ' (3-28)
() b
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not yield a closed form expression, A comparison of median
failure stresses or, for that matter, any stresses of a given prob-
ability of fracture, is easily carried out by squating instead the

risks of rupture corresponding to the different loading conditions.

/ - m - m
v %t % _ vb - iu_ b~ %a
t\ o = 2m+1) Y o

[o]

- 1
(rt -Uu = 1 E 1 - _i.u_ ;ﬁ-
T Ty 2{m +1) Vt T
or
1 1
o - - V. |m s \!tHm o
L= 1 P 1.t + -2, (3-38)
2% 2(m+1 Vt \ oy T
For ¢, = 0, this expression reduces to
o v l/m
= | - P (3-39)
A 2{m+1) Vt’ :

-

In this case the relationship between median stresses is the same
as that between mean stresses as can be shown easily. In the

case of a classical material (m = o) Eq. 3-38 yields

For a material governed by surface flaw distribution, the

risk of rupture in a tensile specimen of rectangular cross sec-

tion (b x h) is
c.- ¢ m
B,= 2L (b +h) \—— (3-40)

o
For a prismatic specimen of the same dimensions under pure

bending the risk of rupture is

T, ~o \m [ .
B, = L (‘; “) [th ( -;i) +b] . (3-28)
(o} b
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Equating risks of rupture we obtain the relation:

1
s \1=
o, (m+1)%+<'—c§->m o v
t - ( _B_>+_i (3-41)

o b [ 3
b 2(m + 1)(1 23 b b
which, for c:l"‘1 = 0, reduces to
b 1/m
. (m+1) Y +1
—= 5 . (3-42)
b 2m+1) (1 + K)
C. Conclusion

From Eq. 3-13 it is seen that for materials whose fracture
is governed by a volumetric flaw-density distribution, the only
form in which the dimensions of the specimen enter the expres-
sion for the risk of rupture is their product giving rise to the
total volume, V. An independent variation of length, width, and
depth of specimen without a change in volume does not affect the
risk of rupture and, therefore, the latter is independent of stress
gradient.

The dependence of the risk of rupture on specimen dimen-
sions is more complicated for the case of a material governed by
a surface flaw distribution. For a given material T Ty and
m are constants. If one is,thereiore,interested solely in the ef-
fect of depth and width upon the risk of rupture, h and b should
be regarded as the only variables, while the length, L, and ex-
treme fiber stress, T should be kept constant. Then, the
risk of rupture for a pure bending specimen (Eq. 3-28) remains

constant provided b and h satisfy the relationship

h cu
=il - _o-; + b = constant.
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Substituting now h = rak where g is the stress gradient, there
results
20y o a ’
-2l +p= constant,

glm +1 T
or

K

Kb K (3-43)

g
where

_ 2
K, = m+1(°-b_a.u)
K = constant.

From Eq. 3-43 it follows that it ie possible to vary the stress
gradient witnout affecting the risk of rupture, provided the width
b varies in such a manner that Eq. 3-43 is satisfied. This cor-
relation involves the stress level T Given a stress Ty it is
possible to design specimens with different gradients but with the
same risk of rupture or probahility of failure at that stress.

The above derivation and resulting expressions make it
clear that in this investigation strong preference should be given
materials whose fracture initiation is governed solely by a volu-
metric flaw distribution. Materials with fracture governed ex-
clusively by surface flaw distribution would complicate the inves-
tigation of stress gradient effects and should be avoided if pos-
sible. Materials governed partly by volumetric flaw distribu-
tion and partly by surface flaw distribution are unsuitable for the
current investigation.

Further simplification would result if a material governed
by volumetric flaw distribution is also characterized by o, 0.
Then, any type of bending test would be suitable for the deter-

mination of material parameters,
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If T, f: 0, material parameters can he uniquely deter-
mined only from a tensile or a pure bending test. This means
that for four-point loading the loads should be as close to the sup-
ports as practicable, yet without incurring the risk of causing
shear failures to develop next to the support points. In any case,
only fractures occurring in the portion of the beam under constant
bending moment should be regarded as being valid, and all tests
resulting in fracture in the outer portions of the span (between
supports and loading points) should be discarded from the statis -

tical appraisal and evaluation of test results,

3. ANALYTICAL DETERMINATION
OF MATERIAL PARAMETERS

For a specimen of a given material and geometry subjected
to a given loading the probability of fracture at a given stress is
expressed theoretically as a function of specimen geometry and
material parameters. In practice, a number of specimens is
tested and a value of the probability of fracture determined for
the failure stress of each specimen. The problem, then, is to
find those values of the material parameters which make the
theoretical Cu¥ve of probability of fracture fit the experimental
points best. As before, we distinguish two types of materials,
one for which the mode of failure is governed by volumetric and

the other by surface flaw distribution.

A, Material Governed by Volumetric Flaw Distribution

The risk of rupture at a given stress, L of a prismatic

specimen under pure bending is

v u)\{n"%u o
Bn = m 1l - -OT I (3'44)
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V is gage volume of specimen,
o is zero probability strength (location parameter),
m is flaw density exponent (shape parameter), and

o is scale parameter.

The probability of fracture at the stress T is

S =1-eBn, (3-45)
n

from which one can obtain

Y= !n’nl—i—gx; = fn B = £n \—2,- -fn (m+1)+(m+1) In C -o'u)
- ﬂn o m[n co. {3-46)

The corresponding {estimated) value of this function of probability

of fracture obtained experimentally is

- N+1 )
Yn = ln [n _N_+1_-;1- (3 47)

where
N is total number of specimens tested, and
n is the serial number of specimen (when specimens
are ordered according to increasing failure

stress o ).
n

According to the method of least squares, the curve of

Eq. 3-46 will fit best the experimental points of Eq. 3-47 when

N
E (Yn - yn)" =z minimum. (3-48)
n=1
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The necessary conditions

for the existence of this minimum are

N ay
(Y, 'Y)'g—=0
ns=
N ayn
E:(Yn'yn)&r =0
n=1 °
N 2
E (Y_-y)5m=0
n n’ Bm
n=1
or,
N
:§ : N+l 1 m+1 _
lnlnN+1 -n lan T e -0
3L ] 'n u
N_r
N+1 m _
£ntn 13 'f“Bn]-a:-o
n=1L
N -
C_ -0
N+1 1 n u
£nlnN+l -lan] m+ 1 -An v ]
=]k L
which reduce to
N - -
N+1 1 _
fokn o1 - AnB | 5o = 0
n=1L . n
3 T
? N+1 )
Iofn gyres -AnBy| =0
n=1L -
N
c -0
1
lnln W?-;Tr—i‘ -Ian}ln(n L):0-
n=1 °

-131-

(3-49)

(3-50)



B. Material Governed by Surface Flaw Distribution

The risk of rupture at a given stress, L of a prismatic

specimen under pure bending is
fn-au\m h Ty
Bn=L\0' m+1(1-3_-— +bl, (3-51)
o ] n

L is gage length of specimen,
b is width, and
h is depth,

A theoretical relation between the probability of fracture,

where,

Sn. and the corresponding failure stress, L is

Y, = Infn 1_15 = ln Bn= lnL+m[n (o-n-vu) - mlnao

h v
+ fn [—mH (- G—“->+b . (3-52)
n

The corresponding experimental value is

_ N+1 ~
Yn— ln ln m. (3-53)

Application of the least squares method yields Eq. 3-49,

which in the present case can be written as

N -
N+1 m h
E [[n[n N+1-n”lan:| cn-vu+l‘ h o ]
n= 1 —é-—u>+b (m+l)e
m+1 a n
L L n
N F .
Infn Nﬁﬁ‘% -faB_|=0 (3-54)
n= 1L - (i
N T hl-=2
N+l n
> fobn iy Ln Br;| —
T [—+' 1'%)*‘;](“1“)‘
n
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Equations 3-50 or 3-54, depending on the type of material,
are solved for the three material parameters e %o and m.
These are too involved for a conventional solution to be attempted
and a computer solution is required.

The system of Eq. 3-50 was programmed for the computer
but no convergence was obtained, probably because of the highly
non-linear nature of the equations. To overcome these difficul-
ties, a new equivalent systermn of equations was introduced. The
developrﬁent of this system for the case of a material governed
by volumetric flaw distribution is described below.

Consider the ordered set of N failure.stresses, o;, 0,

veens Ty where o, <o, <o, S...gcrN. We seek to deter-
mine the Weibull constants o‘u, 0'0 and m such that the function
£ = 1- e Bn ' (3-55)
where
m+1l
v Eay)
Bn = Tm T G {(3-56)

best approximates the experimental data. In Eq.3-55and 3-56,n is
theindexand V is the volume of a prismatic specimen subjected to
pure bending.

In the following, let

- n
L Y (3-57)
fn= £n(x; a,b,c)+1 - e- n
where,
X=0
n
a=o
(3-58)
b= o
o
c=m
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As a measure of the '"best' choice of a, b, and ¢, we seek to min-

imize in some fashion the residuals- vn' where
Vn=£n-yn;n= 1, 2,...., N. i (3-59) =

A method of weighted averages, such as that of least squares is
indicated., However, because Eq. 3-39 is highly-nonlinear in a,
b, ¢, a solution of the resulting normal equations is difficult.
The approach adopted consists of a least squares fit based on
linearization of Eq. 3-59 in terms of correction factors to an
initial estimate of a, b, c(3-4).

Let a bo’ <, denote an initial estimate of a, b, c. The

correction factors are

a= Aa = a-a

o o
B = Ab°= b - bo (3-60)
= Ac¢c =c-c¢

o o

If the correction factors are sufficiently small, it is meaningful
to expand fn(x; a, b, c) in a Taylor series about a bo’ <, and

retain only linear terms in o, B, Y. Thus, we may write

- —-— o . -
fn (x; a,b,c) = fn + ufn + Bfn + an (3-61)
a b c
where

© = f {(x;a , b, c)
n n o' "o Yo

afn (x; ags bol CO)
f = ; etc,
Ny da

Substitution of the statement of Eq, 3-61 into 3-59 leads to
o

V=2 -y +taf +pf

n +an;n=1,2,...N (3-62)

a b c
Equation 3-62,being linear in the correction factors, admits of
the usual application of a least-squares fit, Thus, we seek to
determine a, B, Y such that
N

V; = minimum,

n=
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As necessary conditions, we require

N N N
3§ z-az 2_32 2 - -
o vn_w Vn"ﬁ Vn-o (3-63)
n=1] n=] n=1

Upon differentiation, as indicated in Eq. 3-63, there results
N

N N N
aE £2 +pE. f £ +y:: £ f =-Ef (£ - y)
— na v na nb na nc na n n

n n=1 n=1
N N N N
Z , E 2 E =z - E ° .
a fna fnb +p “ fnb +Y fnb fnc f“b (fn yn)
n=1 n="1 n=1] n=1
N N N N
2 - (s}
e fn fn +P E fn fn tY 2 fn - z fn (fn - yn)'
n= a ¢ n= 1 b e n=1 ¢ n=1 ¢ .
(3-64)

F;quations 3-64 are solved for the correction terms a, B,
Y. The resulting a, b, c may be thought of as improved values
of a . bo’ <, and the above process can be repeated until some
criterion of convergence is satisfied.

Despite the linearization effected by this new system of
equations the computer program did not prove successful, except
in the case of CR-39 tests. The reasons for this lack of conver-
gence are not fully understood. However, it is assumed that the ‘
lack of success with a suitable machine solution is ascribable to
the nature of the Weibull theory, which appears to admit with al-
most equal facility a variety of widely divergent solutions. This,
in fact, was noted in several computer trial runs, when the ans-
wer for a given set of test data could be made to converge with

almost equal ease to different sets of Weibull constants,
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4, EXPERIMENTAL RESULTS

Failure experiments were conducted on Columbia Resin
(CR-39), a photoelastically sensitive amorphous polymer, Wesgo
Alzo,(AL 995 BeO doped with about 1 percent MgO, supphed by
Atomics International and ARF MgO.

Of these, Wesgo Al-995 was tested both at room tempera-
ture and elevated temperature (1000°C). Elevated temperature
tests on BeO were in progress at the time of this writing. All
room temperature tests, except those on BeO, were conducted
in an Instron Model TT testing machine, Elevated temperature
tests on Wesgo AL-995 and all tests on BeO were conducted in
a hydraulic testing machine. Loading rate and environmental
conditions were maintained constant during each of these tests.

All specimens were 4-in. long prismatic bars and were
subjected to four-point loading with a gage length of 2 in, under
pure bending and a distance of 3/4 in, between lecads and supports
(Fig. 3-2). The presence of pure bending is demonstrated by the
isochromatic fringe pattern in a CR-39 specimen shown in Fig. 3-3.
For each of the ceramic materials three types of specimens were
tested. These were prismatic bars of dimensions in the order of
width, depth and length of 3/16 in. x 1/3 in. x 4in., 1/4in. x
1/4 in. x 4 in, and 1/3 in. x 3/16 in. x4 in, These three speci-
mens have different stress gradients (for the same extreme fiber
stress) but the same gage volume and, therefore, according to

the Weibull theory, the same probability of fracture.

A, Columbia Resin CR-39

This material was selected for preliminary work in estab-
lishing procedures and techniques. The first task was to obtaiu
a stress-strain curve to failure and evaluate the degree of brittle-
ness of the material. For this purpose, long (about 8-in, gage

length) dogbone specimens were made and tested in an Instron
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testing machine., It was found that there is some deviation from
linearity in the stress-strain relation near failure. The plastic
flow that precedes failure would alter the stress distribution in
the case of non-uniform stress fields. However, a statistical
analysis such as Weibull's is applicable, provided the stress dis-
tribution at failure is known.

Thirty-six specimens 0.4 in, x 0.4 in. x 4 in. were cut
from a 1/2 in, thick sheet of CR-39 with all surfaces of each
specimen having a uniformly machined finish. These were test-
ed in four-point bending at a crosshead speed of 1/2 in. per min-
ute. A load versus crosshead deflection record was obtained
and no deviation from linearity was noticed. Although this fact
does not preclude iocalized non-linear deformation, the data
were analyzed on the basis of linear elastic behavior to failure.

The following results were obtained:

Mean failure stress: L 6,460 psi
Standard deviation: a = 1,060 psi
Variance: a? = 1,123,600 (psi)?
Coefficient of variation: v = 16.41] percent
Highest failure stress: Uhigh = 8780 psi
Lowest failure stress: Tlow ° 3670 psi.

The cumulative .distribution curve of the failure stresses
is shown in Fig. 3-4. A tendency of the points to follow a bimodal
distribution may be explained by the fact that one group of failures
occurs in the elastic linear region of the material while the group
of high stress failures includes non-linear elastic and plastic
deformation. The transition zone between these two groups is
around 6,000 psi which is the zone of yielding of the material.
The frequency curve could be obtained by graphically differentiat-
ing the cumulative distribution function of Fig. 3-4 since fre-
quency of fracture at a given stress is proportional to the slope

of the distribution curve at that stress. It can be seen from
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Fig. 3-4 that this would result in a distribution skewed slightly
toward the lower values. For typical brittle materials, in con-
trast, the plot would tend to be skewed toward the higher values.
Applying the analytical error minimization process de-
scribed previously, the computer programming resulted in the

following values for the material constants of CR-39:

T, 940 psi
o, F 3030 psi
m = 5,79

Figure 3-4 illustrates the closeness of fit between the theoretical
curve for the cumulative distribution function and the experimental
points. As can be seen, the agreement is very satisfactory. It
should be remarked, however, that the nature of the fitting cri-
terion used (minimization of least squares) does not necessarily
guarantee a best fit in other respects; e. g. the derivative of the
cumulative distribution function which provides the probability

density function may not show an equally satisfactory correlation.

B. Wesgo Aluminum Oxide AL-995

Sixty specimsens of each of the three types described were
tested at room temperature in the Instron machine at a crosshead
rate of 0.02 in. per min. The experimental results are assembled
in Table 3-1. It should be n.otejd that specimens A and C are iden-
tical in shape, except for one being tested ""edge-on'', the other
"flatwise''. These specimens were fabricated using the same
dies, and assumed to have been made from the same batch. In
contrast, specimen B has a different cross section and must be
pressed in a different die, therefore, these specimens were made
ia a different batch, The significance of these observations will
become evident.

Figure 3-5 shows the cumulative distribution curves for the
failure stresses of these specimens. The specimen shapes and

dimensions were selected such that the volume subjected to pure

-142-



Table 3-1

EXPERIMENTAL RESULTS
OF WESGO AL-995 AT ROOM TEMPERATURE

Specimen Type A B C
Dimensions (in.) T36x-;—x4' —}Ix%x‘! -:l?x—llgxti
Cross Section (in. ) % % % % %—13-6-

‘ /
1 1

16 1 3
Gage Volume, V, (cu in/} 0.125 0.125 0.125
Number of Specimens ,
Tested, N 60 60 60
Mean Fa}11ure Stress, 29,770 31,850 29, 750
o, (psi)

m
Standard Deviationa, (psi)[ 2,250 2,210 1, 800
Coefficient of Variation, 7.57 6.94 6.05
L) (‘%)

Mean Stress Gradient | 75 459 254, 800 317, 340
at Failure (pst/m. )

Lowest F?.ilure Stress, 23, 540 24,910 25, 540
" ow’ {psi)

ow
ihghest( F;ai.;lure Stress, 33, 800 36, 430 33, 980

high’ ‘P

—
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bending is identical for each configuration. The only parameter
varied was the stress gradient, The most significant result
seems to be the fact that specimens A and C with the largest
variation in stress gradient seem to have almost identical cumu-
lative distribution functions. The significance of this result is
two-fold: first it suggests that there is no gradient effect on fail-
ure stress, at least for the range of gradients studied; and sec-
ond, that the material is governed by a volumetric flaw distribu-
tion., The latter can be explained by the fact that in specimens

A and C the effective volumes are the same while the effective
surface areas are different. The contingency that a fortuitous
combination of mutually opposing surface flaw distribution and
stress gradient effects weould tend to cancel each other is highly
improbable. The fact that specimen B with an intermediate value
of stress gradient shows a higher mean failure stress than either
A or C must be attributed to a diiference in the batch of ceramic
powders used for pressing these specimens or manufacturing
procedure employed. Later experiments on a new order of Wesgo
AL-995(not reported here) indicate that differences in strength
and elastic properties from batch to batch may be appreciable.

A combined probability density curve was obtained for
specimens A and C by graphically differentiating the cumulative
distribution curve (Fig. 3-6). The mode was found to be almost
identical with the mean of o = 29,760 psi. It can be seen also
from the shape of the curve that the skewness is imperceptible
and that a normal (Gaussian) distribution function might be a
good approximation. A Gaussian distribution has actually been

(3-5) to describe the fracture

applied by Frenkel and Kontorova
strengths of brittle materials.

The trial and error graphical method suggested by Weibull
was used in this case for the determination of material parameters.
For a volumetric flaw distribution these parameters satisfy the

equation
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~ loglog W_IE;-_—I; =z {(m + 1) log (0 - o‘u) -mlog ¢ - log o
+ log _Z(_Y_—Y + loglog e (3-65)
m+ 1
(The logarithms here are referred to base 10.)

The recommended procedure is to plot Eoglog N‘gl‘% + logo]
versus log (o‘-vu). The value of L has to be obtained by trial and
error until a straight line results for the correct value of this
parameter. Values of ., lower than the correct one would re-
sult in curves concave downward, values higher than the correct
one would give curves concave upward. Once a straight line plot
is obtained, (m+1) is determined as the slope of this line and
LN is found by substituting all, by now known, quantities into
Eq. 3-65.

To improve the accuracy of this graphical determination,

a smooth curve was drawn through the Fig. 3-5 data points cor-

responding to specimens A and C, Then, loglog

Nt was

1 N'O.‘l-n

replaced by loglog 15 where the S values are ordinates of the
curve drawn. The above mentioned plot was obtained for values
of T equal to 0, 5,000 psi, 10,000 psi, 15,000 psi, 20,000 psi
and 25,000 psi. In all cases except the last, the resulting curve
was concave downward, indicating an assumed value of T lower
than the correct one. For T, = 25,000 psi, a reasonably straight
line was obtained. As a further refinement for an estimate of the
value of T, the following procedure was adopted;

For each of the assumed values of T, the highest and the
lowest values of m were obtained from the end slopes of the
curves loglog —l—_i—-g + log ¢ versus log (cr-o‘u). These enveloping
values of m, called respectively m, and m;,, were plotted
versus the assumed Ty values (Fig. 3-7). The correct value of
U is obtained from the point of intersection of the m; and m,
curves. This gave the values of “. and m. This final value of

v, Was used in the loglog _i_+1-§ +log ¢ versus log (tr-o'u) plot
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(Fig. 3-8) and the following values of the parameters were ob-

tained:
o, 24, 400 psi
m= 2.4
o, = 560 psi.

This value of L howeve;-, appears high, especially in
view of the fact that two of the 1% in. x 3 in. specimens failed at
stresses below 24,000 psi. There is no doubt, however, that
the above values of the parameters represent the best over-all
fit to the set of experimental data obtained for this material.

A similar series of tests on Wesgo AL-995 was conducted
at 1000°C, Experimental results for specimens A and C are
assembled in Table 3-II. Data on specimen B were also obtained;
although they were consistent in themselves they gave a mean
value much lower than that for specimens A and C. As in the
case of room-temperature tests there is no significant difference
between the mean failure stresses from the two gradients studied.
Besides, the effect of the elevated temperature used seems to be
nil as the mean failure stresses are yremarkably close to those
obtained at room temperature.

Figure 3-9, shows the cumulative distribution curve for
these tests. A procedure similar to that described for the room
temperature tests was adopted for the graphical determination of
the material parameters. Figure 3-10 depicts the variation of
values of the parameter m obtained for assumed values of T,
Three different values m;, m; and m were obtained for each
T, These were obtained from the end slopes and a mean slope of
the curves loglog % + log o versus log (o'-tru). Final values
of c and m were obtained from the coordinates of the common
intersection point of the three o, versus m lines. This value
of v, Was used in the plot of Fig. 3-11 from which the following
values of the parameters were obtained:

T, 18, 200 psi; m= 5,4; T, = 4, 500 psi.
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Table 3-II

EXPERIMENTAL RESULTS OF WESGO AL-995 AT 1000°C

Thigh’ (Psl)

Specimen Type A C
; Di . . 1 1 3
‘ mensions (in. ) TE*3 X 4 3 X 7g* x 4
Cross S:ction {in.) % % 7// —36
1
18 3
Gage Volume (cu in,) 0.125 0.125
Number of Specimens 52 60
- Tested, N =
Mean Fa'llure Stress, 29,780 29,710
o (psi)
Standard Deviation, a, (psi) 2,120 2,000
Coefficient of Variation, 7.12 6.73
Vv, (%) * ‘
Mean Stress Gradient , '
at Failure (psi/in. ) 178, 680 316,910
(l;owes(t :'“iaiﬂure Stress, 25, 060 24, 960
low ‘P
Highest Failure Stress, 33,700 33, 790
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C. Beryllium Oxide

A geries of——61n. x-%1n. x 4 in, i in, xim. x 4 in,, ; in,
x T in. x 4 in. BeO specimens were tested at room temperature.
Experimental results are assembled in Table 3-III. As in the
case of the Al O3, there is no stress gradient effect evident. The
mean failure stresses of all three specimens are close. The vari-
ability, however,is higher than that of Al, Os. Here, the coeffi-
cient of variation ranges from 14, 74 percent to 16. 34 percent.
This increased variability of failure stresses shows in the cumu-
lative distribution curves plotted in Fig. 3-12. The data points lie
on a wide S-shaped band. The points corresponding to the -5 in.
x —6- in, x 4 in, specimens lie near the middle of this band. By
drawing a curve through these points a reasonable cumulative dis-
tribation function was obtained and the graphical method ¢f param-
eter determination was applied. To average out the results for
all three types of specimens, a cumulative distribution curve
(Fig. 3-13) was obtained by combining the results of all tests.
This seems justified in view of the fact that the mean and standard
deviation were about the same for all three specimens. The con-
ventional loglog %versus log ¢ plot for the two alternative cumu-
lative distribution curves is shown in Fig. 3-14. The resulting
curve is clearly a straight line (especially in the case of the -é in.
x 136- in. x 4 in. specimen) which indicates a value of T, equal to

zero., The values of the material parameters obtained are:

g =0

u

m = 7.25

v, = 7,800 psi.
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Table 3-III

EXPERIMENTAL RESULTS OF BERYLLIUM OXIDE
AT ROOM TEMPERATURE

Specimen Type A B C
Dimensions (in.) '126"%"-4 -‘ll-xi—x4 %x -T:%x‘t
Cross Section (in.) % % % /% T33

1 1

T6 7 3
Gage Volume (cu in.) 0.125 0.125 0.125
Number of Specimens ,
Tested, N 48 42 50
Mean Failure Stress, 15, 740 15, 540 15, 650
0'__, (pﬂl) ] ’ »

[ees
Standard Déviation, 2. 320 2. 540 2. 530
a, (psi) : ’ '
Coefficient of Variation, 14,74 16. 34 16. 17
v' (70) . . .
Mean Stress Gradient
at Failure (psi in.) 94, 440 124, 320 166, 930
Lowest Failure Stress,
- (psi) 11,830 8,870 10, 210
ow

Highest Failure Stress, 19, 900 19, 320° 21, 000

’ ’ *

“high’ (P81)
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D. Magnesium Oxiuc {ARF)

A similar series of tests was conducted using MgO speci-
mens. While the data have not been completely analyzed some
preliminary results are given in Table 3-1V,

: Table 3-1V

PRELIMINARY RESULTS OF BEND TESTS
ON ARF MAGNESIUM OXIDE AT ROOM TEMPERATURE

Specimen Type A B C
\ . . . 1 3 1 1 3 1
Specimen Dimensions (in.) JIXTg X 4| zxgx4 T6X3X 4
Number of Specimens, N; 50 50 50
Mean Failure Stress, 14, 430 16, 520 15. 060
o, (pSi) ’ ’ ’
m g
Standard Deviation, a (psi) | 2, 380 - 1,660 2,250
Coefficient of Variation - N s s ma
~ 16.5 10, 04 14.93
v, (%) v v K ‘

Although the mean failure stresses here are somewhat dif-
ferent, it is not clear whether this is an indication of a stress
gradient effect, especially in view of the higher variability of the
results, The differences may not be significant at all or they
may indicate a surface effect. The latter may be due to the fact

that not all surfaces in the specimens were ground.

5. CONCLUSICON

The results of the experimental work described are sum-
marized in Table 3-V. Even though this work is not yet complete,
it is sufficiently extensive to lead to reasonably well founded con-
clusions. The prismatic pure-bending specimens used here proved
a simple and effective means of studying the stress gradient effect.
The specimens used gave almost a 2 to 1 ratio of extreme stress

gradients, The gage volume was the same in all three types of
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specimens and, as a result, the effective size (arrived at either
by Weibull's theory or by an arbitrary definition based on a given

percentage of the extreme fiber stress) was the same.
Table 3-V

SUMMARY OF BASIC WEIBULL MATERIAL PARAMETERS
FOR COMPLETED TEST SERIES

Source Test ‘ Weibull Parameters
and Temperature, o T
Material (*C) (13, psi) m (m? psi)
Wesgo AL-995 20 24.4 2.4 0.56
Wesgo AL-995] 1000 18.2 5.4 4,50
BeO 20 0 7.25 7,80

The results on Wesgo AL-995 and BeO prove that the stress
gradient does not have an independent influence on the mean failure
stress and standard deviation, at least for the range of stress gra-
dients investigated. This proved to be the case both at room tem-
perature and at elevated temperature (1000 °C) for the Al, O,.

This result is in full accordance with the Weibull theory. The
latter does not make any special allowance for the stress gradient,
but it accounts for the non-uniformity of stress distribution by
assigning a risk of ruputre to each infinitesimal element. The
risk of rupture for the entire specimen is then obtained by a vol-

-6)

ume integration. According to Weibull(3 » the stress gradient
should not have an independent effect when it is moderate but it is
conceivable that it might, when the effective size (linked to the
stress gradient) is of the order of the grain size or of the order
of volume element s between ''weak points'',

Another conclusion reached from the Al, O3 and BeO speci-
mens tested is that failure in these materials is governed by a

volumetric flaw distribution. This was evidenced by the fact that

-
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specimens having the same effective volume but different effec-
tive surfaces gave the same average failure stress. This, as
discussed previously, can only be attributed to a volumetric flaw
distribution rather than to an improbable combination of mutually
cancelling stress gradient and surface effects. This is not sur-
priging, however, since these specimens had been ground in order
to obtain the dimensional tolerances requested. It is believed that
specimens with Mag-fired' surfaces would show appreciable sur-
face effects.

The determination of unique and fundamental material prop-
erties is still a difficult problem. The analytical procedure speci-
fically developed in an attempt to evolve unique numerical answers
did not lend itself to a computer solution. The graphical trial and
error method originally suggested by Weibull is still the most con-
venient method.. Some suggestions for improving the accuracy of
this method were offered in the text, but the method is still not
entirely free of misinterpretations, the result of l'u'bj'een
tive judgment. The only way to increase the reliability of the
graphical determination of material parameters is to obtain per-
fectly homogeneous and isotropic materials and o> nduct a large
number of failure tests under well controlled experimental con-
ditions,

Work on the stress gradient effect and the type of flaw dis-
tribution governing failure is expected to continue in the extension
phase of the program. The range of stress gradients investigated
will be extended by testing specimens of cross sections %i‘n. x
1. 1. 1. : :

5 in. and 3 in. x gin. A more systematic procedure for the in-
vestigation of the type of flaw distribution is contemplated, by
simultaneously varying eifective size and surface of specimen.
Work on MgO and Beo at high temperature will be continued and
completed. Lucalox will be another grade of Al, Oy, tc; be investi-
gated. In addition to the influence of temperature, the influence

of annealing on the stress gradient effect will be studied.
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— "~ TASK 4 - EFFECT OF MICROSTRUCTURE
Principal Investigator: P. R, V. Evans

ABSTRACT

The fracture behavior of polycrystalhne MgO and
Lucalox Al O over a limited grain size range was studied
under uma.xmlscompreulon in between 1000 and 1500°C
The fracture strength of both oxides showed a marked depen-‘
dence on temperature and grain size. Microscopical exam-
ination showed that the fracture path was essentially inter-
crystalline in Lucalox and MgO at high temperatures. How-
ever, there was evidence of mixed transgranular and inter-
crystalline fracture in some of MgO specimens at the lower
test temperatures.

While the grain size (d) fracture strength (o) data
involved scatter which was considerable at low temperatures,
average rellv.’lis were found to fit the Petch equation

F- o +kd at all temperatures tested. The parameter k
was féund to decrease with increasing temperature as might
be expected and at any given temperature, was greater for
Lucalox than MgO. Contrary to expectations, ¢ _,which is
considered to represent a measure of the fractional stress
imposed by the host lattice on mobile dislocations, most
frequently increased with increasing temperature.

No brittle-ductile fracture transition temperature
was obgerved in either oxide. However, at high temperatures,
stressing was accompanied by extensive grain rotation and
grain boundary sliding imparting an apparent ductility to both
materials,
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" TASK 4 - EFFECT OF MICROSTRUCTURE

1, © INTRODUCTION

The metal oxides offer considerable promise as structural
materials for advanced applications particularly where strength
at high temperatures is required. In this latter respect their
general superiority over metals is well known. However, one
of the major problems associated with the use of these oxides is
their extreme brittleness especially at temperatures below about
1/2 Tm (Tm = melting point, °K). In recent years some effort
has been devoted to developing a better understanding of the na-
ture of this brittleness and the relationship between stress, tem-
perature, grain size and porosity. though such knowledge is
still incomplete, significant advances have been made.

In a detailed review of the dependence of mechanical strength
of brittle polycrystalline materials on porosity and grain size,
Knudsen{4-1) derived a relationship of the form:

-a_ -bP
S= KG ° (4-1)

where
S is the strength of porous brittle material,
G is themean grain diameter,
P is the specimen porosity,
e is the base,of Naperian logarithm, and
k, a and b are constants.
Crandall, et a1!%-2)

verse bending as a function of grain size in Al,0,4, Since all speci-

studied the fracture strength in trans-

mens were of near theoretical density, porosity was eliminated as
a variable. Although only three grain-size levels were examined,
the relationship
_ -1/3 .
S = 86000G (4-2)
was found to hold between fracture strength, S (psi) and grain

size, G, (microns).

-165-



" " In more recent work, Spriggs and Vasiles =3 ‘investigated
the influence of porosity and grain size on the transverse bend
strength for polycrystalline Al,O; and MgO. The testing was con-
fined to room temperature. These investigators showed that the
effect of porosity on strength was of the type previously suggested

(4-1)
by Knudsen'

and Duckworth(‘}:4 . On extrapolating to zero
poroegity, the variation of strength with grain size for the two
oxides was found to be: .
Al,; O, S = 86000 G (4-3)
MgO S = 75000 G~ (4-4)

for fabricated and machined specimens over a limited grain size

-13
12

range, while an expression of

s = 50000 G-1 © (4-5)

was obtained for specimens heat treated to yield much broader
grain size range. »

Comparison of equations (3) and (2) indicates that the data
for Al;0, is identical with the previous findings of Crandall,it_ii_‘_.i-z)
Of course, these equations represent empirical relationships be-
tween the different variables that influence strength at a given tem-
perature and do not provide information regarding the nature or
mechanism of fracture in these polycrystalline materials.
—5), Cottre11(4-6), Petch

on cleavage fracture in so-called semi-brittle

In recent years work by Stroh(4 (4-7)

and others(®~8 4-9)
materials* such as many of the b ¢ ¢ metals at cryogenic tempera-
tures has lead to significant advances in understanding of the
mechanisms involved,

The success of these current theories dealing with the atomic
mechanisms of cleavage fracture in metallic lattices prompted an
extension of this thinking to a study of fracture behavior in ceramic

materials. This approach, used in this task to study fracture in

i.e., those crystalline materials which undergo some plastic
deformation, although this may be extreme'v small, before fracture.
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- prftycfystaﬁine‘ﬁi*zﬁ;‘znﬂ—lvtg&“ centers arourid the Petch equa~
tion relating fracture strength;; T and grain size, d,

vp= o +iall/? (4-6)
where o, Trepresents the frictional stress on an unlocked dis-
location and k is a constant directly related to the surface ener-
gy associated with the formation of the fracture surfaces. This
equation is particularly useful in studying fracture behavior since
it separates the factors controlling T 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 o overa

F
broad range of temperatures, the experimental work was aimed
at investigating the existence of a ductile-to-brittle transition
temperature of the type observed in b c c metals. Previous

(4-10,

work 4-11) demonstrated that non-metallic single crystals

do exhibit a ductile-to-brittle transition behavior which, in gen-
eral, is very gradual compared with metals, Kronberg(4'12),
however, showed that in the case of Al,QOj; the transition tem-
perature was relatively sharp and sensitively related to strain
rate.

The influence of porosity on strength was not investigated
in this study. Porosity, except for two grain-size levels in the
Al,0O4 specimens was held as low as possible and constant through-
out. This permitted a direct determination of the influence of
grain size without having to compensate for variations in porosity
in different specimens.

Some of the experimental detail and results presented here

(4-13)

have been reported before but are included so as to render

this report complete in its present form.
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2., MATERIALS  -— - — -

A, Polycrystalline Magnesium Oxide

All the MgO specimens tested were produced by hot pres-
sing and subsequently grinding to a cylindrical shape 1 in. long
by 1/2 in, diameter, such that the end faces were square to with-
in 0.001 in. of the specimen axis, Details of the hot-pressing
procedure were reported previously:(4-l3) The surface finish
resulting from grinding was smooth and reproducible. The re-
quired variation in grain size was achieved by high~temperature
annealing of hot pressed material at either 1700° and 1900 °C for
three hours. The grain size results, given in Table 4-1, were

determined by iqua.ntitative metallographic methods using the

equation
1,075 ’\ ’A ‘
D= “r— \IR (4-7)
where
M is the magnification,
A is the area (sq c¢m),
N is the number of grains in area, A, and
D is the average grain diameter (cm).
Table 4-1
GRAIN SIZE OF MAGNESIUM OXIDE SPECIMENS
"
Average Grain Average Grain
Condition Diam., d, (mm) Diam ,d-l z(mmq/z’
As-Hot Pressed 0.022 6.9
Annealedat 1700 °Cfor 3 hr 0.043 4,8
Annealed at1900 °Cfor 3 hr 0.070 3.8
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the rate of grain growth in these specimens was considerably
lower than is normally encountered in polycfystalline MgO (see,
for example, Daniels, Lowrie, Gibby and Curler -14 ). The
reason for the marked reluctance for grain growth to occur in
this material is not clearly understood; grain boundary impuri-
ties, such as carbon picked up during hot pressing in graphite
dies, probably play an important role in this phenomenon.

The chemical analysis of as hot-pressed and annealed
materials is given in Table 4-11. These data indicate that, within
the limits of accuracy of the analytical method, high-temperature
annealing produced small changes in the impurity content of the
oxide. The possible extent to which these changes influenced
subsequent mechanical behavior is not known.

The relatively high carbon content of the hot-pressed mate-
rial is attributed to contamination from the hot pressing dies re-
ferred to above, and its incomplete removal during the subsequent
decarburization treatment.!4™1%)

Typical microstructures of the as hot-pressed and the
1900 °C annealed materials are given in Fig. 4-1and 4-2, re-
spectively. In both cases the grains are equiaxed and of uniform
size, The densities of test specimens ranged from 99.4 to 99.7
percent of theoretical; the small amount of porosity being con-
fined in general to the grain boundaries and particularly grain

corners.

B. Polycrystalliﬁe Aluminum Oxide

The polycrystalliine Al, O, specimens were supplied by the
General Electric Company, Cleveland, Ohio under the trade
name Lucalox at five grain-size levels (see Table 4-III), The
chemical analysis of Lucalox is given in Table 4-1IV, In the as-
received condition the specimens were 1 in. long by l/l in. diam-

eter, with the end faces square to the specimen axis to within
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X 250

Fig. 4-1
AS HOT-PRESSED POLYCRYSTALLINE MAGNESIUM OXIDE
Etched in 5% Sol. HCf in Alcohol Grain Size = 0,02-0.025 mm

X 500

Fig., 4-2
POLYCRYSTALLINE MAGNESIUM OXIDE HOT-PRESSED AND
ANNEALED AT 1900°C
Etched in 50% HZSO4+ 50% Sol. NH4CI held at 50°C

-y
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. 0,001 in. During preliminary tests it was discovered that the

loading capacity of the compression testing unit was not adequate
to produce fracture in these specimens at temperatures below
1900°C. They were, therefore, centerless ground to 3/8-in.
diameter to reduce the cross sectional area and thus the load at
fracture. Subsequent testing at 1000 °C necessitated a further
reduction in specimen diameter to 1/4 in. Although the height

to diameter ratio for these specimens varied from 2 to 4 it was-
not thought to influence significantly any comparison made be-
tween the tests data collected at a 1000 °C and the higher tempera-
tures.

Table 4-111
GRAIN SIZE AND DENSITY DATA, LUCALOX SPECIMENS
No;nfna..l Avg, Me.asur.ed Avg. Mea',surfad Avg, |Density,
Crain Diameter, | Grain Diameter,| Grain Diameter,
(mm) 4, (mm) a2, (112 (g/ecc)
0.005 0.004 15,7 3.85
0.01 0.018 7.3 3.94
0.03 0.040 5.1 3.98
0.05 0.047 4,5 3.98
0.10 0.10 3.2 3.98

The microstructure of Lucalox is illustrated in Fig, 4-3

and 4-4. The grain size in these structures, as in all specimens,

was uniform and the presence of porosity is clearly evident in

the fine grain material (Fig. 4-3).

As for the MgO material,

grain size determinations were made on a series of selected

samples using Eq. 4-7.

The density of the Lucalox varied with grain size as the

data in Table 4-III indicated. Theoretical density was approached
at the coarser grain-size levels while falling to about 97. 22 per

cent of theoretical for the 0,004-mm material. Since porosity
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X 250

Fig., 4-3
PHOTOMICROGRAPH OF LUCALOX AT 0.005 mm Grain Size,
{Note small amount of intergranular porosity characteristic
of the finer grain specimens, unetched)

X 150

Fig. 4-4
PHOTOMICROGRAPH OF LUCALOX, LITTLE EVIDENCE OF
POROSITY; MATERIAL APPROXIMATELY OF THEORETICAL
DENSITY., Unetched. Grain Size = 0.05 mm
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Table 4-1V
SEMI-QUANTITATIVE SPECTROCHEMICAL
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

Cu 0,002

Ga 0.003

Si 0.03

has a pronounced influence on strength properties, its presence
in the fine grain samples must be considered in the final analysis
of the mechanical property data. ez
The dimensions of the compression test specimens were
chosen with three considerations in mind:
(1) the specimens should be stubby enough to avoid
the possibility of elastic buckling. This require-
ment is amply satisfied, since elastic buckling is
seldom of concern below ''slenderness ratios'
of 60;

~174-



(2) The LJD ratio shouldbe large enough to avoid any
distortion of data resulting from friction effects
exerted at the specimen-platen interface (these
effects, resulting in an apparent increase in com-
pressive strength owing to the frictional constraint,
become significant only below L/D ratios of 2:0); and

(3) to satisfy the dimensional allowances of the avail=
able high~temperature testing machine which could
accept specimens only up to 1-1/4 in, in height.

The specimen size selected satisfied all of these
requirements,

Each specimen was carefully calipered to determine its

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

The high-temperature-compression testing apparatus was
built around an existing hightemperature resist.nce furnace. (£-15)
A sectional view of the apparatus is given in Fig. 4-5. Testing

was carried out in a helium atmosphere and, with a tantalum
heating element, the furnace was capable of temperaturee up to
2200°C. The rate of heating and cooling of specimens was close-
ly controlled by manual adjustment, this being necessary in the
case of MgO. which is particularly sensitive to thermal shock.

It was also thought that controlled heating rates would tend to re-
duce the possibility of thermal cycling damage to the Lucalox___
rams used in the testing of Lucalox specimens.

The compression specimen was positioned in the uniform
temperature zone of the furnace and the load applied through the
bottom ram by a screw jack. The screw jack was driven by a
l/Z-hp variable speed d-c motor through a 50:1 reduction gear.

The load was measured by a resistance strain gage load cell
which was directly recorded on a Speedomax recorder. The
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- ‘gerew jack speed was held constant at 6.8 x_ 10" %3, per min re-

sulting in a relatively constant strain rate of 6.8 x 10-2in. per in,
-1
)‘o

Two major problems were encountered in building the ap-

per min (1.13 xlO-3 sec

paratus and in carrying out the compression tests; (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 engineer-
ing design.

After a series of preliminary experiments it was decided to
try both tungsten and Lucalox as ram materials, since both mate-
rials were commercially available in shapes suitable for this ap-
plication. A set of 3/4-in. diam.. tungsten rams have proved
satisfactory for testing MgO up to 1600 °C, although the specimens
did cause a small amount of localized deformation of the tungsten
at the ram-specimen interface. The depth of penetration observed
was atout 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, ground to yield a flat surface, and re-used for
further testing.

Tungsten rams even up to l-in. diam. were found complete-
ly inadequate for the testing of Lucalox where higher test tempera-
tures were to be studied, It was, therefore, decided to use Lu-
calox rams for this phase of the work., Rods, l-in. diam. were
employed together with 1/4-in. thick discs which formed the work-
ing surfaces of the compression unit and thus reduced the possi-
bility of damaging the rams, The rams were friction fitted into
steel grips as illustrated in Fig, 4-6, Although this material has
proved satisfactory from a mechanical standpoint, these desirable

strength properties appear to deteriorate at high temperatures.
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Fig. 4-6
LUCALOX RAMS, DISCS AND A COMPRESSION TEST
SPECIMEN USED IN THE HIGH TEMPERATURE COM-
PRESSION TESTING EXPERIMENTS
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Between two and five specimens of a given grain size were
tested at each temperature, the larger numbers being used at the
low tamperatures where the scatter in fracture stress data was
greatest.

4, RESULTS

A, Ma‘nelium Oxide

The compression testing of hot-pressed MgO was carried
out at three grain-size levels (see Table 4-1) in the temperature
range 1000°-1600°C. The fracture strength data are summarized
in Fig. 4-7, and illuetrate the dependence of strength on tempera-
ture and grain size. As the results indicate, the scatter in ex-
perimental data increase with decreasing te‘a‘t‘ temperature, lead-
ing to ;averlapping of the strength values for the different grain-
size levels at 1000°C. However, the average results do indicate
a decrease in strength with increasing grain size,

The relationship between ¢ . and a-1/2 4, given in Fig. 4-8.
Using the mean values of ¢ F 2t the different grain-size levels,
the data yield essentially linear plots, in agreement with the
Petch equation. The constants A and ky for these tempera-
tures are given in Table 4-V, However, as this table shows, no
regular dependence of ¢, on temperature can be noied,

Table 4-V

VALUES Of THE PARAMETERS T, AND k
FOR MAGNESIUM OXIDE DETERMINED
USING' THE PETCH EQUATION

Temperature, To k
(°c) . (psi) (pli/mm'”z)
1000 3,500 4,700
1300 8, 500 2,150
1600 2,200 1,960
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(10-3 psi)

FRACTURE STRESS,

50
40 I
o}
20}
1000° C
1300°C
10}
1600°C o
[0} | 1 | | ] | |
(o] | 2 3 L} 5 [ T

GRAIN SIZE- /2 mm~-1/2)

Fig. 4-8 PETCH-TYPE ANALYSIS FOR MAGNESIUM
OXIDE IN THE TEMPERATURE RANGE
1000° - 1600°C
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Some typical autographic load-compression curves for the
fine grain specimens are given in Fig. 4-9. The fracture stress
in these tests was taken as the point where the elastic portion of
the curve deviated from linearity (F,, F; etc. in Fig. 4-9)
since this represented the initiation of microscopically visible
cracks. At low temperatures complete fracture occurred at this
point (curve 1, Fig. 4-9) while at higher temperatures (1400°C
and above)fracture in the fine grain specimens resulted after
varying amounts of apparent plastic deformation. The extent of
this apparent plastic strain showed a general increase with in-
creasing temperature. Microscopic evidence indicated that this
deformation was associated with extensive grain boundary sliding
accompanied by the rigid rotation of grains and the formation of
intergranular cavities, i.e., microcracks. At these tempera-
tures microscopical evidence indicated that the crack nuclei did
not grow catastrophically but joined together as the compression
test progressed, ultimately resulting in the collapse of the speci-
men. This apparent plastic deformation, thus, did not represent

true ductility as is observed in metals and, as will be seen, was

-

found to occur in the finer grain Al,O; specimens. The 0.043-mm

and 0.07-mm MgO specimens were completely brittle at all test
temperatures, exhibiting load-compressive strain curves similar
to curve 1 in Fig. 4-9, .

Microscopic examination of polished and etched* specimens
after testing indicated that the fracture path in the 0.022-mm
grain size material was intergranular at all temperatures (see
Fig. 4-10 and 4-13). Intergranular fracture also predominated
in the 0.043-mm and 0.07-mm specimens but there was evidence
of some transgranular cracks in the fracture pattern. These

transgranular cracks were most frequently observed at the lower

%
Etching was performed using a mixture of equal parts of sat.
NH,C1 solution and conc. H;50, maintained at 50°C.
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Fig. 4-10

INTERGRANULAR FRACTURE IN POLYCRYSTALLINE

MAGNESIUM OXIDE, COMPRESSION TESTED AT 1000°C,
Grain Size = 0.022 mm ’

Fig. 4-11
INTERGRANULAR AND TRANSGRANULAR FRACTURES IN
MAGNESIUM OXIDE, COMFRESSION TESTED AT 1000 °C.
Grain Size = 0.043 mm
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X 500

Fig. 4-12
INTERGRANULAR AND TRANSGRANULAR FRACTURE IN
MAGNESIUM OXIDE, COMPRESSION TESTED AT 1000°C,
Grain Size = 0.007 mm.

X 250

Fig. 4-13
INTERGRANULAR FRACTURE AND SOME EVIDENCE OF
GRAIN CHANGE IN SHAPE IN MAGNESIUM OXIDE AFTER
COMPRESSION TESTING AT 1600°C. Grain Size = 0.004 mm
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"'test temperature in the 0.07-mm material. Typical éxample &f

mixed intergranular and transgranular cracking are illustrated
in Fig. 4-11 and 4-1Z; the large black areas in these photomicro-
graphs are due to grains pulled out during mounting and polishing.

Examination of grain shape in fractured specimens suggested
that the MgO grains with the exception of the 0.022-mm specimens
did not undergo any gross plastic deformation at any temperature.
There was evidence in this material tested at 1600 °C that indivi-
dual grains were :xhibiting some plasticity (see Fig. 4-13).

The type of fractures obtained in the compression tests,
shown in Fig. 4-14 through 4-16, illustrate the marked change in
fracture geometry with test temmperature. The specimens'deformed
at 1600°C (Fig. 4-16) often buckled during testing which might sug-
gest that the loading was not uniaxial, An alternative explanation
is that the onset of ''plastic deformation' is accompanied by grain-
boundary shearing along a preferred direction in the specimen.
Further strain develops this localized shearing at the expense of
other possible directions until fracture is ultimately reached. A
similar effect has been observed in the Lucalox specimens (see
Fig. 4-21).

Surface blistering of specimens has been observed at 1400 °C
and above, increasing in severity with temperature. The extent
of blistering varied from specimen to specimen and in some cases
did not occur. The blistering was thought to be due to the presence

of unstable impurities in the MgO.

B. Aluminum Oxide (Lucalox)

The compression testing of Lucalox was carried out in the
range 1000°C-1900°C at five grain size levels (see Table 4-1III).
The variation in fracture strength with temperature, given in
Fig. 4-17 and 4-18, clearly shows the superior strength of Lucalox
compared with MgO at least between 1000° and 1600°C. The data
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Fig. 4-14
POLYCRYSTALLINE MAGNESIUM OXIDE COMPRESSION
SPECIMEN FRACTURED AT 1200°C. Grain Size = 0.022 mm

Fig. 4-15
POLYCRYSTALLINE MAGNESIUM OXIDE COMPRESSION
SPECTMEN FRACTURED AT 1400°C. Grain Size = 0.022 mm

Fig. 4-16
POLYCRYSTALLINE MAGNESIUM OXIDE COMPRESSION
SPECIMEN FRACTURED AT 1600°C. Grain Size = 0.022 mm
(Note Surface Blistering and Buckling of Specimen)
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1000°C
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o 0oéi-‘
0
w 1700°C=<..
- 40 r—
» 1600°C
w
[ 4
=1
-
2 1800°C
& 30 r—
1900°C
20}
10
o] | i lJ H l LL i
0 ] 2 3 4 3 6

GRAIN SIZE~H/2(mm=1/2)

Fig. 4-19 PETCH-TYPE ANALYSIS FOR LUCALOX IN THE
TEMPERATURE RANGE 1000°* - 1900°C
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for the 0.004-mm and 0. 018~mm specimens ire plottéd separate-
ly (Fiyg. 4-18) since they contained significant amounts of porosity
and thus cannot be compared directly, from the standpoint of
grain-size effects, with the fully dense material.

The data indicate that, like MgQO, the strength of Lucalox is
both temperature and grain-size dependent. Up to 1600 °C this
dependency is what would be anticipated with increasing grain
size and temperature leading to corresponding reductive in T e
Above 1600 °C the strength of the fine grained materials contain-
ing porosity falls off very rapidly, with the result that, at 1900°C,
they have the lowest strength of all specimens tested. Also, the
fully dense specimens exhibited a slight increase in T at 1700°C
compared with 1600 °C and thus is thought to be a real effect al-
though the cause is not known.

The relationship between ¢p. and d-l/2 for the fully dense
specimens at the various test temperatures is given in Fig. 4-19,
Again, the data for the porous specimens have been omitted. As
in the case of MgO, the data are limited and considerable scatter
in T exists at the lower test temperatures. It cannot be con-

1/2

cluded decisively, therefore, that the Tp - d7 results agree

with the linear relationship implied by Eq. 4-6. However, straight

lines have been drawn through the data points and the correspond-
ing values for the constants c, and k are given in Table 4-VI.
The significance of these results will be discussed in the next
section. “

At all test temperatures the 0, l-mm, 0.047-mm and 0. 04-
mm specimens were completely brittle and fractured into many
small pieces. The 0.018-mm and 0.004-mm specimens did ex-
hibit apparent ductility at 1800°C and 1900°C in a similar way to
that observed in five grain MgO (curve 3, Fig. 4-9).

Figures 4-20 through 4-22 show the marked change in frac-

ture characteristics with temperature at the 0.004-mm grain-size
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Fig. 4-20
LUCALOX SPECIMENS BEFORE AND AFTER TESTING IN
COMPRESSION AT 1600°C. Grain Size = 0.004 mm

Fig. 4-21
LUCALOX SPECIMENS BEFORE AND AFTER TESTING
IN COMPRESSION AT 1700°C. Grain Size = 0.004 mm
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Fig. 4-22

LUCALOX SPECIMEN BEFORE AND AFTER TESTING IN

COMPRESSION AT 1900°C., Grain Size = 0.004 mm

X4

Fig. 4-23
CROSS SECTION OF LUCALOX SPECIMEN COMPRESSION
TESTED AT 1900 °C ILLUSTRATING THE NON- UNIF ORM
STRAIN PATTERN AND THE ZONES OF MAXIMUM SHEAR

STRAIN. Grain Size = 0,004 mm
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Fig. 4-22
LUCALOX SPECIMEN BEFORE AND AFTER TESTING IN
COMPRESSION AT 1900°C. Grain Size = 0.004 mm

X4

Fig. 4-23
CROSS SECTION OF LUCALOX SPECIMEN COMPRESSION
TESTED AT 1900°C ILLUSTRATING THE NON-UNIFORM
STRAIN PATTERN AND THE ZONES OF MAXIMUM SHEAR

STRAIN. Grain Size = 0.004 mm
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TTTTThems e e eoeo L Tapie 4-VI

VALUES OF THE PARAMETERS T AND k
FOR LUCALOX DETERMINED USING THE PETCH EQUATION

Temperature ‘ U k i
(*C) (psi) (psi/mm'*/ %)
1000 66, 000 12,500
1600 3,000 6,740
1700 6, 000 6,500
1800 8,750 4,150
1900 9, 200 2,760

l2vel. The apparent ductile behavior of this material is illustrated
in Fig. 4-22. Metallographic evidence of specimen deformed at
1900 °C showed that deformation within the specimen was marked-
ly heterogeneous with extensive intergranular cavities and fissures
concentrated in regions of maximum shear (see Fig. 4-23 and 4-24).
In those regions restrained from flowing, adjacent to the compres-~
sion rams, the microstructure showed little change (Fig. 4-25).

In addition, there wzs no evidence of any change in grain shape as

a result of compression which suggests that the Lucalox grains

did not undergo any gross plastic deformatiocn.
5. DISCUSSION

The experimental data clearly show that the brittle fracture
strength of polycrystalline MgO and Lucalox (Al,O,) increases
with decreasing grain size and decreasing temperature in the
range 1000°-1600°C, Above 1600°C, some of these grain size-
strength trends for Lucalex are reversed. The behavior of these
ceramic oxides between 1000°-1600°C is identical in nature to
that of brittle metals. As a result one is tempted, in the light of
this and previous work (see, for example, references 4-16, 4-17,

and 4-18), to account for the fracture characteristics of
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X 250

Fig. 4-24 \
PHOTOMICROGRAPH SHOWING THE EXTENSIVE POROSITY
THAT DEVELOPS IN REGIONS OF MAXIMUM SHEAR IN
LUCALOX, COMPRESSION TESTED AT 1900°C.
Grain Size = 0,004 mm

X 250

Fig. 4-25

PHOTOMICROGRAPH OF AN AREA ADJACENT TO THE
PLATEN-SPECIMEN, Interface Shbwing has Pictorial
Constraint, Prevents Formation of Intergranular Cavitation
Taken from Specimen Shown in Fig., 4-23
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polycrystalline oxides in texms of current fracture theory: that
some prior plastic deformation occurs to produce dis-loca;tioﬁs
which,in turn,can generate crack nuclei, Since this slip need only
be very limited, it is often difficult to detect it experimentally,
Although the generation of glide dislocations in these oxides is
more difficult than in metals, it has been demonstrated on single
crystals of both MgO and Lucalox, that this is feasible at the tem-
peratures and stresses under consideration,

When the crack nucleus has formed it may propagate inter-
granularly or transgranularly. In this study, fracture generally
propagated by the intergranular mode indicating that, assuming
some prior slip, the intergranular cohesive strength of hot pressed
polycrystalline MgO and Lucalox controls mechanical strength in
the range 1000°-1600°C. Stokes and Li‘?"1?) reached a similar
conclusion in room-temperature tensile tests on bi- and tri-
crystals of MgO produced by hot-pressing technigues. The low
intergranular cohesion in these materials is probably due to the
presence of small amounts of residual porosity in the grain bound-
aries remaining after fabrication. Furthermore, grain boundaries
often serve as sinks for impurities which can also lead to a lower-
ing of intergranular cohesive strength.

It is clearly evident that the method of fabricating polycrys-
talline ceramic bodies must have an extremely important and often
predominating influence on their mechanical behavior. All powder
methods of fabricating have the inherent disadvantage of residual
porosity, sometimes immeasurably small and, also, possible
pick-up of impurities. Thug the true intergranular cohesi;\re
strength is never reached in such materials, Further work in-
vestigating the properties and determining the nature of grain
boundaries in ceramic materials to include the influence of con-
ventional and new fabrication techniques is much needed at this

time.
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No transition from brittle to ductile behavior with increasing
test temperature was observed in either MgO or Lucalox. In this
respect these polycrystalline oxides were unlike many metals which
exhibit this transition in fracture mode with temperature. It is
interesting to note, however, that ductile-brittle transitions have
4-10) and Ale,(4' 12)
suggesting that a temperature dependent transition in fracture

i )
been observed in single crystals of MgO‘

mode is an inherent characteristic of these oxides. The fact that

a transition was not noted in this investigation is attributed to the
t interplay between intergranular cohesive strength, its tempera-
ture dependence and the difficulty of producing g.rain-to-grain slip,

The brittiencss characteristic of MgO and Lucalox at the
lower test temperatures gave way to apparent ductile behavior with
increasing temperature and decreasing grain size. This was con-
sidered to be due tc 2 decrease in intergranular cokhesion with in-
creasing temperature so that a stage was reached when the applied
stress led to extensive grain boundary sliding and the formation of
intergranular cavities, i.e., cracks. Crack growth then occurred
by the linking up of small intergranular cracks as the .applied
stress increased and under such conditions catastrophic brittle
fracture propagation was completely suppressed.

The Petch-type analysis of the grain-size data for MgO and
Lucalox must be examined with caution because of the limited
number of grain sizes studied and the scatter in fracture stress
results observed at the lower temperatures.

Averaging the fracture stress values at all test tem-
peratures yielded linear relationships between e and d~ I/Z.
indicating the following points of interest:

(1) The values of k for both oxides show a decrease

with increasing temperature, i.e., T becomes

less grain-size dependent, According to Stroh:(4'5)

k:]/iﬂ.c_ (4-8)
l-v
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Where <. e e B S e i b

Y is the effective surface energy associated
with fracture, :

G is the shear modulus, and

v is Poisson's ratio.
Y includes a contribution resulting from plastic work
in the vicinity of the crack (v ), in addition to the true
surface energy (YT). Since vy_ should increase with
temperature, it is difficult to explain the behavior of k
in terms of a decrease in Y. Assuming that v varies
only slightly with temperature, possible changes in G
must be considered. The data in Table 4-VII skows
that G falls rapidly for both oxides in this tempera-
ture range and can account, in part at least, for the
temperature dependence of k.

Table 4-VII

VARIATION IN SHEAR MODULUS WITH TEMPERATURE
FOR MAGNESIUM OXIDE AND ALUMINUM OXIDE

— — % —_—
= H —~

0 B . 3 ©
~— - oo >~ o] ~ O
g g 5% ool s~ Ha
i =0 0 "g a Q q)'g %
o 3 Bo °2°% ’ -
o o 'g - ,O.‘§°> g -~ 0o 3‘
7 = fy A (Y o s <

4-20| MgO |Hot pressed - 2 30 16.7

1 2500 psi, 1100 10. 3

Fired 1830°C 1200 8.4

for 5 hr 1400 5.2

4-21| Al,0,| Fired at 1885 3 RT 18. 1

1050 15.4

1350 9.8

1550 5.5
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(2) The grain-size dependence of o for Lucalox
is more pronounced than for MgO at any given
temperature in agreement with the work of
Spriggs and Vasilos.(4'3) This effect may be
related to the significant difference in G for
these oxides if the other parameters in Eq. 4-8
are assumed to be relatively similar.for the two
materials.

(3) The yalues derived for LN for both oxides
show, with two exceptions, a surprising and
unexpected increase with temperature. Since
v, represents the frictional resistance imposed
by the lattice on a mobile dislocation it is to be
expected that this parameter would decrease
with temperature, The exceptions to this pattern
were found in Lucalox where between 1000 °C and
1600°C o drops rapidly and from 1300° to 1600 °C
in MgO, However, the value of 66,000 psi at
1000 *C for Lucalox appears abnormally large.

6. CONCLUSION

The fracture strengths in uniaxial compression of both
polycrystalline MgO and Lucalox of high density showed a marked
temperature dependence in the range 1000°-1600°C and 1000°-
1900 °C, respectively, This variation in strength was also ac-
companied by a change in the mode of fraciure which showed a
similar trend in both oxides.

The fracture strengths of MgO and Lucalox were shown,
in general, to increase with decreasing grain size at any given
temperature. This dependence was more pronounced in Lucalox
than MgO. The fine grain Lucalox specimens were exceptions
to this behavior in the range 1600°-1900°C. This was attributed,
in part at least, to the presence of porosity and a concomitant

change in fracture mechanism.
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Microscopic examination of fractured specimens of both
Lucalox and fine-grain MgO indicated that failure always oc-
curred by intergranular fracture. The medium and coarse
grain MgO exhibited mixed intergranular and transgranular
fracture paths although the former mode did predominate.

The fracture stress data indicated that Lucaiox is con-
siderably stronger than MgO. At 1000°C, Lucalox has about
three times and at 1600°C, twice the fracture strength of
MgO.

The fracture stress-grain size data were subjected to a
Petch-type analysis. Because of the limited amount of data and
scatter in the fracture stress results obtained at low-test tem-
peratures, it cannot be concladed with certainty that the Petch
equation holds. However, averaging of test data did yield
linear plots between ¢ F and d-llz. The constant k de-
creases with increasing temperature for both MgO and Lucalox
while at any given temperature, it is always higher for Lucalox.
The behavior of ¢ o Was unexpected since it generally increased
with increasing temperature.

There was evidence of apparent ductility in both MgO at
1600°C and Lucalox at 1900°C. However, in the case 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 opera-
tive although metallographic evidence did suggest that some true
plastic deformation of the grains may also have occurred. It
appears, therefore, that the possibility of obtaining true ductility
is greater in polycrystalline MgO than Lucalox. This conclusion
might reflect basic differences in the slip mechanisms and the

crystallographic structures of these oxides.
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TASK 5 - INTERNAL FRICTION MEASUREMENTS

Principal Investigator .: P D Southgate and L. M Atlas
Armour Research Foundation

ABSTRACT

On Part One of this Task the internal friction of single
crystal MgO was studied to determine, in particular, the effect
of anneal time and temperature, stress amplitude and dislocation
density upon dislocation damping in the material.

The activation energy of dislocation pinning during anneal
was found to be 2. 3 or over a temperature range of 400° to 700°C.
A construction involving curve translation is suggested which
permits collapsing the whole temperature range onto a single
anneal curve, valid for the entire range Ewvidence strongly
indicates that the dislocation pinning process is ascribable to
the diffusion of vacancies to the dislocations.

Attempts to explain the experimental results in terms of
existing theories were not successful Analytical models examined
included the stretched string model of Koehler and Granato-Lucke
and the abrupt kink model of Brailsford Comparisons were
developed for three mecasurements (1) temperature dependence,
(2) amplitude dependence, and (3) the annealing kinetics of
internal friction.

Information was also gathered on the room temperature
creep behavior of MgO crystals, and work on dislocation damping
behavior below room temperature has begun.

Damping studies on polycrystalline commercial Wesgo
Al,0,, constituting the work on Part Two of this program,
sh%wgd that at temperatures below 800°C the relaxation process
resembles that in alkali-free glass. Between 800°C and 1350°C,
damping appears to be controlled by the motion of impurity
cations, which gradually gives way to the diffusion of O, vacancies
as the temperature is increased. The formation of a siﬂgle
relaxation peak in this material appears to be prevented instead
Q-! exhibits a continued rise with increasing T In creep studies
carried out to 1300°C, the deformation rate appears to be
controlled by the diffusion of Al ions.
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TASK 5 - INTERNAL FRICTION MEASUREMENTS

eeee—.. .Part One: Studies on Single Crystals

Principal Investigator. P. D. Southgate
Armour Research Foundation

L INTRODUCTION

The dynamic properties of dislocations in ceramic mater-
ials are being investigated along three major lines. First, the
fundamental origin of the damping force on a dislocation in an
otherwise perfect lattice is being sought. Secondly, the mech-
anism of diffusion of point defects in the crystal to dislocation
sites, and the consequent pinning of dislocations during an anneal
at elevated temperatures is being investigated. Thirdly, a study
is being made of the nature of non-linearity of forces acting on a
dislocatio; line, which apparently allow increased ease of motion
once the dislocation has moved away from its equilibrium position
under the action of an applied stress. All these features of dis-
location motion are related to the degree of brittieness of the
material: their relevance has been discussed in the introduction

to the previous report(s'l).

Internal friction measurements form a valuable tool for
determining both the damping forces and the forces required to
break a dislocation away from its equilibrium position. In this
task we are measuring internal friction between 10 and 50 kc /s
from -195°C to 1000°C in material which has been plastically
deformed at room temperature to introduce dislocations. Studies
have been confined entirely to single crystal MgO of commercial
purity. The results are analyzed in terms of three phenomena:
(l)_g}xe"t_emggrature dependence of the logarithmic decrement
measured at low amplitudes of oscillation, which is independent
of amplitude (2) the reduction of this amplitude-dependent
damiping during anneal at temperatures in the range 400° -
700°C (3) the‘natufe of‘the amplitude dependence of
damping. In cach case, experimental results are com-

pared with existing theories; the agreement is often
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found unsatisfactory. Further theoretical developments, given in -
sections 5-8 and 5-9 are based on similar models of dislocation

motion to those used in the past.

T!es damping and break-away forces measured by internal
friction may be taken to be very similar to those operating to
dissipate the energy of a moving crack, since in both cases the
motion of the dislocation is fairly small. On the othe r hand, it
should be pointed out that both the damping and the break-away
forces operating during gross slip of the material will be of a
different nature, since in this case we are dealing with a general
rearrangement of the dislocation network. Each dislocation will
be constantly intersecting other dislocations and lattice defects
as it moves through the lattice, and consequently the energy dissi-
pated during these intersections will be added to that dissipated
by dislocatian motion through an ideal lattice.

2. SPECIMEN DEFORMATION

Dislocations were introduced into the specimens by bending

at room temperature. The bend technique is essentially as des-

(5-1)

allowed to occur under constant load. A displacement gage was

cribed in the previous report on this program , creep being
added to the apparatus (shown in Fig. 5-1) so that creep curves
could be plotted. . The strain gages mounted on the ring are con-
nected in a bridge, the output of which is fed through a d-c ampli-
fier to a recorder. Relative displacement of tubes connected to
opposite sides of the ring will unbalance the bridge, producing

recorder displacement.

There is a considerable advantage in using specimens of dumb-
bell form, since then, during flexural oscillation, the bending
moment is almost constan% along the center section. Furthermore,
dislocations may conveniently be introduced by plastic bending in

a more uniform manner than in a straight bar. The technique uaed
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is shown in Fig, 5-2. The bar is initially cléaveéd to shape and

the further cutting and drilling carried out with an ultrasonic tool.
Initially a portion is cut from one side of the center section. Three-
point\bending at high temperature follows, the resulting slip line
pattern being approximately indicated in the figure. Finally the
other side of the center section is removed, the material thus cut .
away just including the neutral axis. Since the dislocation density
increases now nearly linearly across the center section, the average
dislocation density across the specimen should remain constant,

if the section is thinned from both sides by a chemical etch to
reduce the resonant frequency. Thus a study of internal friction

as a function of frequency for a given dislocation density may be
readily carried out using only one specimen. Care has to be taken
to etch away sufficient surface material, so that none of the layer
that has suffered additional working after deformation resulting

from the ultrasonic machining process remains.

The data for this series of experiments are assembled in
Table 5-1. Spccimens prefixed 109 and 111 were obtained from
Semi-Elements, Inc. and have a somewhat lower impurity content
than the remainder which originated from the Norton Company..
All were in the form of bars with the axis in the {__100] direction.
The stress, 9;, quoted in column 7 of the table, an approximation,
is derived on the assumption of a constant stress across the speci-
men during slip. Derivation of the outer fiber strain also is
approximate, since it depends on the extent of the deformation along
the bar. Studies of the dislocation pattern as revealed by etch-pits
show that usually the slipped region extends along about 1.5 times
the specimen thickness. In the arbitrary assumption that the
strain in this region is constant, the outer fiber strain, ¢ 1’
becomes equal to one-third of the angle of bend, independent of
the specimen thickness. However, the ratio of strained to unstrained

material will be proportional to the thickness.
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Table 5-1
BENDING DATA ON SINGLE CRYSTAL SPECIMENS

Specimen |Total Bend | Thickness | Width |Weight | Total Outer | Approx-
Angle Fiber Strain| imate
Average
(deg) (mm) (mm) | (mm) Stress
1074 1.2 2.97 4.9 12.9 0.7 1.1
1092 4.0 2.25 3.7 6 2.3 1.8
1093 Q. 44 2.1 3.7 4.5 0. 26 1.5
1094 0.55 2.5 3.7 6 0. 32 1. 4
6.5 1. 6
7 LT
1095 6 2.4 3.8 6 3.5 1.6
1112 Small 1.8 3.2 4.2 | Small 1.5
1113 4, 3% 1.5 3.4 3,06 2.5 1.5
1114 2. 8% 1.2 3.3 2.0 1.6 1.6
1115 2, 7% 1. 05 3.3 1. 38 1.6 1.5
1225 c.8 2.08 3.0 10 0. 47 1. 6
1233 2.1 3.0 4.75 6.5 1.2 0.7
1234 2.4 3.2 4.75 8 1.5 0.75

* Bend reversed.
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(a) First Cut

R

(b) Bending, Showing Approximate Distribution
of Slip Planes

c) Second Cut, Further Thinning of Bridge Section
’ g g
Maintains Average Dislocation Density

Fig. 5-2 FABRICATION SEQUENCE FOR PLASTICALLY
DEFORMED DUMBELL SPECIMENS
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Three creep curves taken over about an hour on different MgO
crystals are shown in Fig. 5-3, All show two stages of creep,
both of which are approximately linear on a atrain versus log time
plot, There seems to be no direct correlation between creep
rate and stress, since the specimen showing the slowest creep
rate in the later stages in fact had the greatest applicd stress,
Analysis of these specimens for purity has not yet been carried
out, so it is not clear whether the different behavior is due to purity
difference. However, it is interesting that the logarithmic creep
law is obeyed over these extended times. Figure 5-4 shows curves
for specimens deformed over shorter times, If a specimen was
loaded in stages, each stage is plotted separately, a fresh zero
of time being taken as each extra load is applied. Here, considerable
variation of behavior is observed; however, there is again a ten-
dency for logarithmic creep behavior. The most highly strained
specimen shows clear signs of strain hardening after 1.6 percent

deformation.
3. DISLOCATION DAMPING ABOVE ROOM TEMPERATURE

Previous work has shown a broad peak in internal friction which
is due to dislocation damping above room temperature. Further
_ measurements have been made now which confirm the existence of
this peak in more specimens, and show that its shape is unchanged
as the total damping is reduced by anneal. Figure 5-5 demonstrates
this in a specimen subjected to three stages of anneal. The lowest
curve is flatter than the rest since a constant background damping
has been added to the internal friction, reducing the total variation.
The plotted points represent the internal friction at low amplitudes;
at higher amplitudes, the internal friction always increased. The
nature of the amplitude dependence, as well as possible interpre-
tations of the temperature variation of damping, will be discussed

later.
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Fig. 5-5 TEMPERATURE DEPENDENCE OF LOGARITHMIC
DECREMENT FOR A SPECIMEN, TAKEN AT SEVERAL
STAGES OF ANNEAL
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4, ANNEALING OF DISLOCATION DAMPING
A. Pinning by Vacancies

Work in other ionic crystals has shown that dislocation
damping usually decreases as annealing occurs. This effect has
beer interpreted as being due to pinning of the dislocation at
points along its length by cation vacancies. Bauer and Gordon!3-2: 5-3)
have investigated the pinning in N2Cl, KCl, KBr, KI as vacancies
are created by x-ray irradiation, and find that the results fit the
Granato-Lucke theory for internal friction as a function of free
dislocation segment length, The vacancies were created adjacent
to the dislocation, and their effectiveness in pinning depended upon
whether or not they had captured-electrons and become F-centers.

)

of internal friction in NaCl were analyzed by Granato, Hikata and
(5-5)
Lucke
limited precipitation of vacancies generated in the bulk, obeying a

Cottrell- Bilby t2/3

The earlier measurements of Gordon and Nowick (5-4 on annealing

, who showed that they fitted the concept of diffusion-

law.

In MgO, the vacancies which play the major role are anion
vacancies. Hence, they cannot form F-centers, as do the vacancies
in alkali halides, and their state of ionization cannot be so readily
observed by optical means. In addition, since they are created
by the deformation they will always lie within the slip bands,
although not necessarily immediately adjacent to a dislocation.
Depending upon the mechanism one favors in alkali halides, one
would expecf x-ray irradiation to form vacancies either adjacent
to dislocations or \uniformly throughout the bulk material. Thus
some differences are to be expected between annealing of irradiated
NaCl and deformed MgO.
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B. Analysis of Results

An extensive series of measurements were carried out on
two crystals which were bent through about 5 deg. Figures 5-6
and 5-7 show the results of a series of anneals at differing tem-
peratures, a new zero of the time scale being taken for each
change of temperature. A background damping has been assumed
equal to the logarithmic decrement measured after a prolonged
anneal at the highest temperature, and this has been subtracted
from the total logarithmic decrement before plotting Fig. 5-6
and 5-7. It is reasonable to suppose that the background is due
mainly to acoustic radiation along the specimen support wires. It
will thus remain constant during the anneal, and depend only
slightly upon temperature.

It will now be shown that the anneal curves may be synthe-
sized into a single composite curve by a suitable scaling procedure.
We start by assuming that the effect of temperature on the anneal
process is ¢0 alter its rate, without changing its form. Then, any
anneal curve may be assigned a time zero, the effective time of
all previous anneals. Additionally, in this analysis we assume
that the temperature dependence is governed by a single activation
energy. Thus, to obtain the zero time of an anneal at temperature

Tl following anneals of periods t,, t... at temperatvres TZ’ 3eees
we add effective times:
= exp H g1 1 exp H 1 1
t,=t e T(TT 2)“3'3 'R'(TI'T;')+"‘

where H is (he activation energy. If a composite curve corres-
ponding to an anneal at To is being produced, the time scale of
the curve must then be shiited by a factor

epo(l_ﬁl)
X 'T, T,
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Finally, an adjustment must be made ifi' the magnitide of the logarith-
mic decrement to allow for the temperature variation which is inde-
pend of annealing. This adjustment may be made either by fitting
the beginning of one anneal curve to the end of the previous one, or
by reference to the temperature dependence curves of Fig, .-~ The
whole procedure is illustrated in Fig, 5-8. Two imaginary anneal
curves at temperatures T, and Tz are shown. Stage 1 is then the
initial subtraction of background damping; 2, compensation for tem-
perature dependence; 3, the addition of the zero time due to previous
anneals; and 4, the shift which is due to temperature dependence of
anneal rate. The activation energy H is chosen so that after the
shift a continuous curve is formed. Figures 5-9 and 5-10 now show
the result of the procedure applied to the previous anneal curves,
using an activation energy of 2.3 cv. In both cases, a composite
curve which is straight, except in the final stages, and has a slope
of 1/2, is obtained. The fit is good over the whole of the tempera-

ture range.

Treatment along similar lines of the less complete and accurate
annealing curves cbtained previously is shown in Fig. 5-11. Again,
a line of slope 1/2 is obtained along the majority of the anneal. For
specimens 1114 and 1115, however, an initial flat protion of the curve
is seen. The magnitude of the damping at any time is very roughtly
proportional to the outer fiber strain produced during plastic defor-
mation, with the exception of specimen 1074, which shows an
anomalously low damping for \ .- .. uxplanation can be offered at
the present time. During the annealing of specimen 1094, it was
held at 400°C for a period of 2 hr, and later tor 46 hr; no reduction
in log decrement was observed during these periods, and indeed

they turn out to represent only very short equivalent times at 500°C.

The activation energy of 2.3 ev which has been used in producing
the composite anneal curves is probably reliable to £ 0. 2 ev.

-218-



SISTHINAS JTAYND TVINNV JO COHLINW 8-S 28

Swry :

FANND TVINNV JO SISTH

99
Sory

-219-



2601 NIWIDEJS 04 TAUND TVIANNY TLISOIWNOD 66 RIX S

. .00 IV W] [esuuy [ejo] juareamby
01

G vo,— 01

£ o1

o1

.009 O
.05 &

-3* [o]
o, . ot
0

23
Boq

#-01
A® € 'Z ¥OJd gIALLIZ
FA¥ND TVINNV TLISOIWOD

Z601 ‘0 3N

-220-



5601 NIWIDIIS YOI TAYND TVINNV ILISOIWOD 01-§ '31d

D, 006 38 oI Tesuuy [e3o], jusreamnby’

0T 01 01 ‘ 201 01 ‘ t
9-01
.5L9 ®
.565 ¥
A ,
. 655 -0t
.66 DO
.09% o
22q
o8 o1
5-0T
A€ "7 904 AALLII
FAUAD TVINNY TLISOINOD
$601 o N
-0t

-221-



(NIN) 2,006 LV 3NIL LN3TVAINO3

..NO_

FAYND D. 005 INITVAINDI
FHL OL AZLYTANOD SNIWIDIAIS TVIIATS YOI STAMUND TVANNV 11-S ..um.w

ol

Yy

«+00d
«l19
Ol
«L06
«80S
«00S
Obd

Stit
L ARE
il
€l
2
v60i
201

- 400 0@ + q

¢-Ol

y-Ot

-0l

0,006 LV "03Q 907 LN3TVAINDI

. =222-



Considerable weight is, therefore, lent to the hypothesis of pinning
by vacancy migration, since 2.1 ev is the energy of vacancy motion
derived from vacancy-impurity pair relaxation, discussed in sub-
section 5-5. Some idea of the distance traveled by the vacancies

may be gained by considering that the log decrement is reduced to
about one-tenth after 100 min at 500°C, In this time, the vacancies
will have made 1.5 x 10'% x exp(-2. 1/kT) x 60 x 100 = 2.3 x 10%
jumps, which, as a random walk, would take them about IOOOX.

This is of the order of magnitude of the spacing of dislocations; in
other words, it is quite possible for all the vacancies in the deformed

material to precipitate on dislocations during the time of anneal.

C. Anomalous Precipitation Kinetics

It soon becomes clear on investigation that the analysis of
Granato Hikata and Lucke, which used the tZ/3 precipitation law,
and which appeared to fit the NaCl results, cannot fit the MgO
resuits. It is not clear whether this indicates any fundamental
difference in the modes of pinning in NaCl and in MgO. The NaCl
results are taken over only one decade of time, and indeed, if they
are plotted in the same way as the data of Fig. 5-9, they give an
approximately straight line of about the same slope. Thus, it is
possible that the agreement obtained by Granato et 31(5'5) is

fortuitous.

Subsequent work on diffusion-limited precipitation on disloca-

(5-6)

period, the defect density will be linearly dependent on time, rather

tions by Bullough and Newman shows that after a short initial
than on the two-thirds power given by Cottrell and Bilty.. Now,

the internal friction is proportional to the fourth power of the length
of free dislocation segments between pinning points, according to
the Koehler-Granato-Lucke théory(5-7’ 5-8). Therefore, if the
precipitating defects remain isolated, the internal friction would be
expected to be proportiofidl to the inverse iourth power of the time

over most of the range. The initial stage in which existing pinning
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points are important can be shown to be of brief duration. This

prediction is strongly at variance with the observed t'l’lz

law,

and so it is evident that the model used for NaCl cannot be appli-
cable. There are several possible reasons for this. First, pre-
cipitation may be limited by causes other than diffusion along a
concentration gradient, such as electrostatic interactions, which
may vary as the proportion of ionized vacancies changes. Secondly,
the pinning points may not be isolated vacancies but clusters, which
increase in size more rapidly than fresh clusters are nucleated.

If this is the explanation, it would imply that the cluster density
varies as the 1/8 power of the cluster size. For impurities the

(5-9) show how clus-

electron microscope observations of Venables
tering can occur along the dislocation line; bLut whether vacancies
behave in a similar manner has yet to be confirmed. Thirdly,
the simple application of the Koehler-Granato-Lucke theory to
give a £ 4 variation of internal friction may be incorrect. The
expression of this theory for log decrement, at least in the fre-
quency region where inertial effects of the dislocation may be

ignored, is

2 wT
8G 2 1
A=z .Al 5.2
;C 1 +_Az'rtz (5-2)

where the relaxation time is
2B
=L

T°C
Here G is the shear modulus; a, the atomic spacing; A , the
dislocation density; £, the free dislocation segment length; B,
the damping constant per unit length of dislocation; and C, the
line tension. Thus, for small damping constants , wT ) <X and
Aa/f 4; but for large damping constants, & is independent of £.
It is possible that we are working in the latter range, and that the
relatively slow variation of log decrement with vacancy precipita-
tion reflects a change of damping constant due to buildup of a
cloud around the dislocation, rather than an effect ascribable to a
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reduction of {. Further analysis of the frequency dependence of
logarithmic decrement is réquired to elucidate this point, so that
the location of the wry = 1 condition may be sought. The intgr-
pretation is very much clouded by lack of knowledge of the tem-
perature dependence of the damping constant. Discussion of the
point will be given in subsection 5-8 where consideration is given
a model in which the damping constant originates in thermally

generated dislocation kinka.

5. POINT DEFECT RELAXATION AND VACANCY DIFFUSION

It was previously reported(s'l)

that some MgO specimens
showed a pronounced internal friction peak in the region of 200°C,
which exhibited all the features of a relaxation peak. Further
investigation of this peak has been carried out on a project separately
funded by ARF. It now is evident that the interpretation originally
suggested, that the peak is due torelaxation of impurity-
vacancy pairs is in error, and that the mechanism is, in fact,
operative at a higher temperature. Figure 5-12 shows the peak
near 200°C (" D-peak'') on a corrected temperature scale, From
an analysis of its shape and of the shift with varying frequency for
twelve specimens, it appears that the activation energy of the pro-
cess giving rise to the peak is0.64 ev and, hence, the relaxation
1 exp (-0.64/kT). The pre-

exponential factor is an order of magnitude lower than that usually

frequency is of the form 1.8 x 10

found for point defect relaxation processes, which indicates that
some other type of mechanism may be operating, possibly one
which involves the cooperative motion of several atoms. A search
was made for a correlation between the height of the peak and the
proportion of a number of impurities in the specimens, including

Cr and Fe, but no correlation was found. Discussion of the mechan-
ism is not pursued here, as this would lead us too far from the

general purpose of the study,
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A sacond, which s now believed to be due to relaxation of
Cr-vacancy pairs,is shown in Fig. 5-13. The specimen used in
these measurements was doped with about 0. 05 percent Cr, and
only this specirrien shows a peak of this gize. Comparison with
Figures 5-26 and 5-27 of reference 5-1 shows that the same peak,
of reduced height, is indeed visible in specimens 1026 and 1074
which contained about 0.0} percent Cr. Specimens dof;ed with
Fe show no analogous peak. This is not surprising, since if the
specimen is heated to the range in which a peak may be expected,
all the Fe is converted to the divalent state, and any nearby

vacancies would no longer be electrically bound to the iron.

(5-'10)

The theory of Lidiard predicts that a vacancy-impurity
peak would not be a simple relaxation peak, since there are a
number of different kinds of vacancy motion between nearest
neighbor and next-nearest neighbor positions having slightly
different activation energies. To a first approximation, the
total logarithmic decrement may be regarded as compounded
of three peaks as indicated in Fig. 5-13. The slope of the low-
temperature shoulder gives an activation energy of about 2,1 ev,
which agrees with that derived from the shift with frequency. It
is this activation energy, then, which is that of cation vacancy
motion close to trivalent Cr, and the activation energy of motion
for free cation vacancies may be expected to be close to this..
No other direct estimate of the energy of motion of vacancies
in MgO is known. The pre-exponential frequency factor is

1.5 x 1014,

It is interesting to consider the results for the activation

energy of diffusion of transition metal irnpurities in MgO obtained

by Wuensch and Vasilos!®-11)

using radioactive tracer methods.
All these energies were close to 2 ev; while the exponential factor
in the diffusion constant, normally near 0.1, was of the order

10'5. The value of pre-exponential factor was taken to indicate
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a very low value of enfropy of diffusion. However, since we now
have the value 2.1 ev for the energy of vacancy motion alone, it
seems very possible that in the temperature range in which the
diffusion measurements were made, the vacancy concentration was
being held cconstant by some requirement of charge neutrality.

The impurity diffusion energy would then approximately equal

that of vacancy motion. At higher temperatures, the vacancy con-
centration would increase due to thermal activation, so that the
diffusion energy would equal that of vacancy motion plus that of
vacancy formation. If this is the case, the low value of pre-
exponential factor in the former temperature range loses the special
significance assigned to it, We may examine the validity of the
hypothesis by observing that the energy of self-diffusion of Mg
measured by Lindner and Pal‘fift(s_lz)is 3.4 ev, and hence the
formation energy of vacancies will be 3.4-2.1 = 1,3 ev. The ex-
pected vacancy concentration at 1000°C will then be about exp
(-1.3/kT), or 10'3. With such a concentration of trivalent im-
purities, the vacancy concentration would be held at a similar value
below 1900°C; however, there is some doubt whether the specimens
‘used in the diffusion studies did contain such a high impurity con-

centration,
6. DAMPING BELOW ROOM TEMPERATURE

An apparatus which will allow measurement of internal fric-
tion below room temperaturé was constructed. A semi-diagram-
matic. section is given inFig. 5-14, and a photograph in Fig. 5-15,
The method of operation is the same as for the high temperature
apparatus, and the same electronic drive and detection equipment
is used in conjunction with the apparatus. The high temperature
furnace has been replaced by a double-vessel cryostat, with the

inner vessel or the space between the inner and the outer being
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-230-



(ODNILNNOW NINWIDALS ASVE ¥OJ AT LUFAANI) SNILVIVAAV TAALVIIINIL MO
G1-§ ‘figy

- 231 -



capable separately of being evacuated or filled with helium ex-
change gas. The outer vessel is surrounded by liquid N,. The
temperature cf the inner space may then be controlled by filling
the intermediate space with helium to cool it, or by evacuating
the space to isolate the inner container and using the heater to
warm it. Calibration of the frequency-temperature curve of the
specimen is achieved by filling the inner vessel with a helium
pressure of approximately 0.1 torr. This is sufficient to give
reasonable thermal contact between the specimen and the dummy
which contains the thermoccuple, without damping the specimen
acoustically to a degree that would induce an appreciable fre-
quency shift to occur.

The drive grid is fabricated using a standard photographic
transfer and etch technique to produce a copper film of the cor-
rect form on an epoxy resin sheet base. This allows a grid of
very high sensitivity to be produced since small uniform spacings

can be readily achieved.

A series of measurements were made on three specimens
using this apparatus. The curves obtained are not presented
here, as their significance is not clear. Two dumbbell specimens
were measured in flexural vibration, but it seems likely that the
"' nodal suspension was not sufficiently accurately placed. As a con-
sequence, a rather large damping was observed which showed
very little variation between 20°C and -195°C, in both a bent and
an as-grown specimen. An undeformed specimen of simple bar
form showed a series of peaks at -90, -110, and -140 deg, but
the repeatability of these is in doubt, and their amplitude was
small, Hence, comparison with the peaks observed at -30 deg by

(5-13)

Chang is not yet possible.
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7. THEORY OF DISLOCATION DAMPING

Calculations were performed with three different objectives
"in view, The first was to consider the effects of some modifications,

(5-14) to a theory of dislocation motion originally

made by Southgate
worked out by Brailsford(s'ls). The zecond objective concerned
an exploration of the temperature dependence of the amplitude inde-
pendent dislocation damping in MgO in terms of the Brailsford
theory. Finally, an investig(astig;x of the dislocation breakaway

theory of Granato and Lucke was made,
8. THEORY OF AMPLITUDE INDEPENDENT DAMPING

A. The Brailsford Model

Brailsford's model is based on the assumption that the dis-
location tends to lie in potential valleys which follow close-packed
crystal directions. Displacement of the dislocation between adja-
cent valieys is made by abrupt kinks. The form of such a disloca-
tion is shown in Fig. 5-16. In this figure, x denotes a close-
| packed cryetal direction and a is the separation of adjacent potential
valleys. 'fh;re are two types of kinks, Those in Fig. 5-16 will
be called 'left' kinks. Kinks of the opposite sense (which would
carry the dislocation from the upper-left to the lower-right of
the figure) will be called "right" kinks.

y

.

——
—

S5

Fig. 5-16 SCHEMATIC DRAWING OF A DISLOC4TION
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Kinks may be produceéd by thermal activation. If the end
points of the dislocation are pinned, they must be produced in pairs
of a right and left kink, If the end points of the dislocation are
pinned in different potential valleys, there will be kinks present
at 0°K; this is the case shown in Fig. 5-16. The kinks are assumed
mobile. Under the influence of an external force or of a ncnuniform
distribution, there will be a current of kinks diffusing along the
dislocation. When this motion leads to the collision of a right and
left kink, the kinks annihilate each other. In equilibrium, the
right and left kink currents must separately vanish and the genera-

tion and recombination rates must be equal.

Consider a dislocation with end points pinned at x = 0 and x = L.
In general, we will suppose the 2nd points to be pinned in different
potential valleys. Let the number of left and right kinks in the
element of length between x and x + + dx be n(x)dx and p(x)dx
respectively. The kink generation rate per unit length in the x-
direction is taken to be independent of x and will be denoted by g.
_ The recombination rate is taken to be rnp, where r is also inde-
‘pendent of x. The kink densities satisfy the continuity equations

(5-3)

n
o

9
%Rt+-a-l$~g+rnp
8l

t+T;-g+rnp

@|w

where I P and I  are the right and left kink currents respectively,
If F is the force per kink on the right kinks (-F on the left kinks),
the kink currents are

= .p e

(5-4)
1_ =-Fun-D8n
n - bx
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where p is the mobility and D the diffusion coefficient of the

kinks. These areassumed to satisfy the Einstein equation

D

=~ = kT - 5-5

B (5-5)
In equilibrium

Ip = In =0 (5-6)
and

g = rop (5-7)

In addition to setting up the equations in this manner, Brailsford
makes the reasonable assumption that an external shear stress o

produces a force on the kinks of
F =cab (5-8)
where b is the magnitude of the Burgers vector.

B. Modification of Brailsford's Theory
(5-15)

Southgate modified Eq. (5-§ by considering the force
resulting from the stress field surrounding the dislocation. He
assumed that the stress field energy is that of a tube which follows
the average dislocation direction and that this energy is computed
{from elastic continuum theory. If the dislocation line i} curved,
and the stress field energy per unit length of dislocation, or line
tension, is Eo there must be added to Eq. (5-8) the term

an.

p

where p is the radius of curvature of the dislocation.
In terms of the kink densities

X
y{x) = aj{ (n-p)dx (5-9)
(o]
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Thus, assuming %,Z‘ <<1,

2 .
= 8y . 29 (. -1
F =cab + ana—’} = gab +E°a ax(m p) (5-10)

The effect of this modification was considered for the case in
which only one type of kink is érnent, in particul«r for the case
n(x) = 0. Here we wish to consider the possibility that both n(x)
and p(x) are non-vanishing, The situation which is of interest is
that of a small, uniform spplied stress, which varies so slowly
with time that the system is approximately in equilibrium at all
times. To clarify the meaning of this last requirement we write

n = n°+An' P = popr,

when, since ¢ is small, Ang< n, and ARLp,,.

Then, neglecting second-order terms,
np = n_p, + noép + pOA n.

Now, for a system in equilibrium, we have, from Eq. (5-7),
np =n_p

Thus, by the requirement that the system lie approximately in
equilibrium, we mean that

" n Ap + p an
is at most of the second order of smallness so that
np * n_p. (5-11)

(Note .that separately noAp and poAn are of the first order of
smallness). .

Now, substituting Eq. (5-10) in Eq. (5-4), one obtains
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2
Ip = o abup + an Bp &(n-p) -D E,
i 2 [ fn
In =-0ibun - EO; kn ﬁ(n-p) -Dﬁ .
With the aid of Eq. {5-11), one can eliminate n(p) from the

expression for Ip (1 n). Neglecting second-order terms and using
Eq. (5-5)1leads to the results

, B
1 cabpp - D' TE (5-12)

' on
In =0 abmn - Dl_a__;‘_

where an'z (no + po) -l
[ - -
D'= D |1+ T J {(5-13)

-
L]

Thus, we see that, to firstorder, the effect which the additional
term in Eq. (5-10) involving the line tension has on the currents is
a modification of the effective value of kink diffusion coefficient.
For a reasonable rate of kink generation, a (no + po) may be about
0. 1; and the diffusion coefficient will be enhanced by a factor of
about 50.

Now let us consider the case of a constant applied stress. If
the system is in equilibrium under the applied stress, Eq. (5-6)
will be satisfied and Eq. (5~11) will be satisfied to all orders. The
effect of the stress is to change the kink densities n and p and
this, in turn, causes an increase in the average length and energy
of the dislocation. From Eqs. (5-6), (5-11) and (5-12), we have

n =n,e - hx,

N x (5-14)
P = pP)e » D\ P\ 1P,

)\:v_agrh

The values of n) and p) can be obtained from Eq. (5-14) and the

where

boundary condition
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L
Ay(L) - a& {({An.- Ap)dx = 0
A
The equation will be satisfied if the end points of the dislocation are

pinned.

The average length of the dislocation is given by

L QX 2 1/2
L= ; (3Z) +1 dx (5-15)
where
Yy = ¥, tAy.

The first-order terms in A { vanish because of the boundary condi-
tions Ay(L) = Ay(o) = 0 and the fact thatd y°/8x is constant. Thus

the leading term in A/ is
(Y oa 2+ 2 rE )
Al = I/Z_J () ax = 35 j (An - Ap)© dx (5-16)
o]

[o]

Using the values of n and p from Eq. (5-14), one obtains, for smail

applied stress (i.e., small )),

asz

24 (T

- aL = 2, poz) 22, (5-17)
The change in energy depends on the change in kink densities in
two ways, First, if each kink has an energy «,, there will be a

change in energy

L
ck/o (Aan + Ap) dx.

Secondly, under the action of the stress, the kinks will pile up at
either end of the dislocation. To calculate the change in energy
which is due to this piling up, consider the kinks which were orig-
inally in the element of length dx at the point x - 1/2Ax and which
moved to the point x + 1/2Ax when the stress was applied. The

change in energy of these kinks is
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1/2 F (n-p) Ax dx,

where we have taken tﬁe average force on the kinks to be F/2 and
have assumed that the change in the kink densities is small, This

leads to a change in the energy of the dislocation line of

L ‘
1/2] F(n-p) Ax dx,

L
(n-pla x = -Afaz '-'j (An - Ap) dt.
o

Thus, the total change in the energy of the dislocation is

Now

L L x
AE =¢kf (An + Ap)dx + I/ZJ[ F f (An + Ap) dt dx. (5-18)
‘Jo (o] <]

Again taking the values of n and p from Eq. (5-14) and using
Eq. (5-17), one obtains for small stress.

4:

Al kT

AE = + (n +p)+4E n p (5-19)
n2+p7 Y(n +p) az o o 000

This disagrees with the result obtained by Brailsford [Eq. (19) of
reference (5-153 which is
€
k
o - a’{n_+p.) al
\Bg TP,
Brailsford's results contains neither the term in E o' whxch appears
because of the modification made in Eq. (5-10), nor the term in kT
which should appear even in the case E° = 0. In addition, his term
in €, does not agree with that in Eq. (5-19). In the limit, as €= @
Brailsford's results predicte that. AE -w»c0. This does not appear, to

be correct, since in this limit no kinks can be excited and hence
there is no change in energy. In the limit of infinite ¢ K’ there will be

-239-



only built-in kinks, so that *either n, or p  must vanish. In
fact, Brailsford indicates that the product n.pP, vanishes expo-
nentially as ¢ k® . Hence, the term in “x in Eq. (5-19)
vanishes in this limit, as expected,

C. Application of Brailsford's Theory to Magnesium Oxide

An attempt was made to see if Brailsford's theory would
explain the broad peak in the temperature dependence of the log-
arithmic decrement in MgO. If one assumes that all of the dis-
locatias have the same length and neglects the modification. made
in Eq. (5-10), Brailsford's theory gives for the decrement at small
stress amplitude the expression

QTL
A=a(LT)—g—y (5-20)
1 +w®r
L
where
2.2.3
8Ga"b"L
A{L,T) = —  a tp) {5-21)
VKT o o
and
2
1 =iy (5-22)
Dx»

Here w is the angular frequency, V is the volume and G the
shear modulus of the sample. Brailsford considers the diffusion

to be thermally activated so that

D = D_ exp ({z".{,_) (5-23)

If one supposes that only built-in kinks are present, n, + P, is
independent of temperature and the decrement will have a maximum
at a temperature to given by
wyl
exp (- E¥_) = _é‘__
o " Do

A

-240-



g s

In a plot of A versus 103/T, the half-width of the peak is given
approximately by

103%

_w_ln(zw's

2 -N2

).

There are three quantities appearing in the preceding equa-
tions whose magnitudes are not known in.;,dva‘nce. These are the
loop length, L, the diffusion activation energy, W, and the equi-
librium kink density, P, (assuming only right kinks are present),
To compare theory and experiment, these quantities were chosen
so that the theoretical and experimental curves agreed in the posi-
tion and magnitude of the maximum and in the half-width. For
example MgO 1115, discussed in reference (5-9), the following

_values were obtained;

W = 0.1llev
L = 1.3 x10%A

-1 -14 o-1 - -6 -1
P, = .8x10 A =1,8x10 "em .

The values of W and L are quite reasonable, but the value of P,
is much too small. It would imply that a negligible numbex of kinks
make the entire contribution to the decrement.

‘ Attempts were made to obtain better agreement with experi-
ment by considering the thermal generation of kinks, the effect
of the stress field energy Eo’ and the possibility of a distribution
of dislocation lengths. None of these factors, however, give a

significant imprcvement in the agreement,

D. Effect of a Localized Cham Cloud

One mechanism which might produce additional damping is the
formation of a charge cloud around a dislocation which is also .
charged. The cloud could be produced by trapped charge carriers
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or, since MgO is an ionic crystal, by an excess of vacancies of
one sign (cf, reference 5-16). Analysis of the effect of such a
cloud is rendered difficult by the fact that the parameters, such
as vacancy formation and diffusion energies, which determine
the configuration of the could are not well known. The effect of
the charge cloud, however, can be expected to depend strongly on
its configuration. In particular, if the radius of the cloud is
small compared to the amplitude of vibration of the dislocation,
so that the dislocation can break away from the cloud, one would
expect an amplitude dependence in the damping. On the other
hand, if the radius is large, the cloud might exert only a small
force on the dislocation.

Bécause of these difficulties, these investigations were dropped
pending further experimental results which might help to clarify

the situation.
9. AMPLITUDE DEPENDENT DAMPING
A. Outline of the Granato-Lucke Theory of Dislocation Break-Away

Granato and Lucké(s'e)

assume that the crystal contains a
network of dislocations and that each dislocation is strongly pinned

at its points of intersection with other dislocations. . Between these
network pinning points, the dislocations are further pinned by
impurities. The length LN between network pinning points is

taken to be the same for all dislocations, but a distribution of lengths,
with average length Lc' is assumed between impurity pinning points.
At larger amplitudes the dislocation will break away from the im-
purities and vibrate between network pinning pd nts. This breakaway
produces an amplitude dependent damping.

To determine the strain produced by the vibrating dislocation,
Granato and Lucke postulate that dislocations behave like a stretched
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string with a line tension C. Consider a single dislocation loop
which breaks away at a shear stress, ) Neglecting the small
strain produced by bowing of laops Lc before breakaway, we have,

for increasing |o|, the dislocation strain
0. o > o
| 2. 3 _
€= 8b LN {5-24)
—g—— 0, 0 D0,, -
r C

Once one point has broken away, the remaindeér must also do so,

and the loop length will be Ln for decreasing ¢

8b2LN3
‘d - —;13— c- (5'25)

The energy loss per cycle is given by

€, do
cycle

2, 3 _2

8b LN o'l

T C

aW

The decrement which is due to a single dislocation loop, which breaks
away at stress 0'1, is thus

2, 32
AW GaA 8Gb™L

ooy = g o —;—:—Ncl (5-26)
cO r Cwo i

where %o is the amplitude of the stress and W is the energy per
unit volume of the sample, It is assumed that the whole material
has an applied periodic shear stress in the glide plane of the dislo-
cation, Now let n{(e)de be the number of loops per unit volume
that break away at stresses between ¢ and o + do. Then the total
decrement is

A % BGbZLr? % 2
= 6(0’1)!1(0'1) dﬂ'l = ';Tc:-z— 0’1 n(o’l)dcrl.
o
° ° (5-27)
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To detérmine the function n(o¢), we observe that a dislocation
breaks away from an impurity when the force exerted on the impurity
by the line tension of the dislocation is greater than the binding
force. Consider two ndja.cent‘ loops of length ll and £ 2 The
force on the impurity at the intersection of the two loops is

4bo

Thus, breakaway occurs if ll + 12 is greater than the breakaway

length

2.t
where fm is the binding force.

Let the probability that before breakaway a lgoop has. length
between L and £ +dL be P{L)d 2 . For a given? {(and hence ),
the probability that two adjacent loops, of length £ ) and Ié have
not broken away is

1= "P(L)) P(Z,) dlzdll.
o} o

The probability that a network length has not broken.away is 1Y ,
where Vv = LN/ Lc = 1= LN/ Lc is the number of loops in the whole
dislocation line and hence the probability that the whole line has
broken away is M=1-1Y, In terms of this quantity

= A dM  _ A dM
A ik Cabhie - AR
: N
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where A is the total dislocation length per unit volume and Y= rfm/4b.
For small ¢, I'= 1 go it is convenient to write

I=1-7
where J<XIl. Then

M=1-(1-5" % vJ

Thus
YA daJ YA dl
n{c)= - = . (5-29)
Lo T2
To evaluate the derivative, we make the change of variables
£ =
1 254

In terms of these variablas

q
1 =/ / P(q-:) P(/) d& 49 (5-30)
[o] o

which is just the probability thata'(s ,l’l + i-,”z SJ(+ do(.

Combining Eqe. (5-27), (5-29) and (5-30), we have
8Gb%y A L3

A= N /o /x P-2) P(L) altdo.
T CLo’ /

Finally, making the change of variable

cgé

and letting A= Y/ o 1’ %° that A is the breakaway length corres-
ponding to the maximum stress occurring during the cycle, we have

as—p— scu? AL” / _(Z/P(x’ ) ) afaX, (5-31)
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B. Analysis of Experimental Results on Amplitude Dependent
Damping

The preceding discussion has been in terms of the shear strees

. In an actual experiment the sample is subjected to a longitudinal
stress, Z; and one measures : the total longitudinal strain,
¢ = Z/E, whereE is Young's modulus, The shear and longitudinal
stresses are related by
o = RZ,

when R is a geometrical factor which takes into account the orien-
tation relations between the longitudinal axis of the crystal, the slip
direction and the direction of the normal to the slip plane. In our
case R = 1/2. For a sample in longitudinal stress, the energy W
is the denominator of qu (5-26) should be

] o 2

We o= —— .
2R™E

The rest of the discussion remains unchanged so that Eq. (5-31)

now becomes

8RZEbZA LN , 12, L
A= } / PO P({-£) PL) af ok,
A °

4
mCL, (5-32)

Granato and Lucke use the exponential distribution of loop length

derived by Koehler!(®=7)

P) = r— exp (- 4/L) (5-33)
[ .

Application of this form to Eq. (5-32) gives an .ression for A
such that a plot of log Atov' l/toshould be a straight line. Figure
5-17 shows that this is clearly not so. A similar example was given
inlreference 5-1. In Fig. 5-17, the amplitude dependent decrement
AH was obtained by subtracting the amplitude independent decrement
measured at low amplitudes, from the total decrement.
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Fig. 5-17 PLOT OF AMPLITUDE DEPENDENT COMPONENT OF
DAMPING. (Onr'the Granato-Lucke Theory this Should be
« .- a+Straight Line)
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One possible difficulty with the theory is that the actual distri-
bution of loop lengths differs from the exponential distribution used
by Granato and Lucke. An attempt was, therefore, made to obtain
information about the distribution from the measured decrement.
Since only a small range of the curve of A versus A is krown, it is
not possible to determine the distribution function P(#). However,'
it is possible to obtain information about the distribution of the sum
of lengths of pairs of loops. Let Q(A) dx be the probability that

AZ1 + 1,7 A+ d); we recall that
X
Q(r) = _( p(x-£) () daf.
(o]
From Eq. (5-32) we see that .
4 .
Q) = - L SL a4 ( A). (5-34)
TR P

To use Eq. (5-34), it is necessary to estimate the magnitudes
of the parameters which appear in it. The binding force between

the dislocation and an impurity atom was assumed to be due to an

elastic interaction between the dislocation and impurities lying directly

above the dislocation. Then from gottl ell's theory(s 17)

_ 4Gbe'r

m ’
where r is the radius of the solvent atom, ¢' is the difference in
solute and solvent radius,divided by the solvent radius,and P is the

distance of the impurity from the dislocation. For the line tension,

a good estimate jgl5-14)
c = Gb?
We thus find the relation
FELE < . (5-35)

and
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‘ 52
We now take the values: E = 2.45x 1012 dyne/iter sq ¢m,
G=1.5 xololz dyne.per sqcm, b = 2.8 4, #=2& r =18 L
L =10> A, Ly = 5x10%A, A= 10° cm % The low value of dis-
location density reflects the fact that the specimen under considera-
tion had never been deliberately deformed, such mobile dislocations
asare present having been introduced incidentally during cleaving

and machining,

Using Eqs. (5-35) and (5-36), we obtained (X)) from a measured
curve of & versus €, The result is shown in Fig. 5-18. All the
factors involved in calculating the abscissa are known fairly accu-
rately with the exception of the misfit parameter &'; hence, it is
plotted in terms of /€' . Because measurements were i.ade ouly
at relatively small stresses, which correspond to large breakaway
lengths, only the tail of the distribution has been obtained. Never-
theless, the result indicates a very sharp cut-off, much sharper
than that given by the exponential distribution. Assumption of the
reasonable value 0.1 for ' gives a cut-off near 0. 144, which is
of the magnitude to be expected. The cut-off value suggests that
L, should perhaps be smaller than the 0, 1f which we used. The
magnitudes of Q(A) do not have much significafice since they depend
strongly on the value of Ly, which can only be estimated crudely.

As this point, the resilts suggest that the Granato-Lucke theory
may be valid provided an appropriate distribution of loop lengths is
used. However, further investigation will be neceasar;r to deter-
mine whether the required distribution is meaningful. Extension
of the amplitude of measurement may show whether we are dealing
with a sharply peaked function or whether the portion derived is the
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tail of a continuously decreasing distribution. In either case, a
strong ordering force is required during precipitation cf the pin-
ning points along the dislocation, since a sharp cut-off on the length
distribution implies an abnormal regularity of pinning pdnts. At
this time, it is difficult to see how the ordering force arises, and
the possibility must be borne in mind that the mechanism of ampli-
tude dependence may be totally difierent irom that developed in the
Granato- Lucke model,

10. CONCLUSION

The data presented in this report augment considerably the
previously available information on dislocation damping in MgO.
Probably the most significant conclusion reached is the determina-
tion of an activation energy of approximately 2.3 ev for the process
of dislocation pinning during anneal between 400° and 700°C. From
the way in which this activation energy can be used to convert,to a
common curve, anneal curves taken over the whole temperature
‘range, it may be deduced that a single anneal process is taking
place over the whole range. Comparison of the activation energy
with that of vacancy motion arcund Cr impurities suggests strongly
that the dislocation pinning process is ascribable to the diffusion of

vacancies to the dislocations

Interpretation of the data in terms of a detailed model raises
difficulties, The models which have been examined are the stretched-
string model proposed by Koehler and developed by Granato and
Lucke, and the abrupt-kink model of Brailsford, These models are
closely related in the case where no dislocation kink pairs are
thermally generated. Attempts have been made to use them to

explain three types of observation: the temperature dependence of
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the internal friction measured at low vibration amplitudes; the

dependence of internal friction upon amplitude of vibration; and

the annealing kinetics of the low-amplitude internal friction. In

each case, the theories are found to fit, only if certain assump-

tions which are sufficiently unusual to cast doubt on the validity

of the theories are made. The assumptions are as follows:

(1)

(2)

(3)

The broad peak centered around 200°C found in deformed
specimens can be fitted on the abrupt-kink theory, in
which case it is analogous to the Bordoni peak okbserved
in many metals. However, to affect the fit, a ridicu-
lously low value of the average angle between the dis-
location line and the lattice plane, about 10- 13, must

be assumed.

On the Granato-Lucke theory of amplitude-dependent
damping caused oy break-away of the dislocation from
pinning points along the length, the exact form of
amplitude dependence depends on the statistical dis-
tribution one assumes for the pinning point spacing.
The theory has been extended so that it is possible
to deduce the distribution curve for the spacing of
next nearest neighbor pinning points. Application

to a typical curve of damping versus amplitude
showed that a distribution having a very rapid cut-off
was required for the theory to be valid. It is diffi-
cult to see how such a distributimm might arise, if
pinning is indeed caused by point defects or clusters
of defects which have condensed on the line.

The stretched-string theory assumes a damping force
per unit length on the dislocation line which is indepen-
dent of the free dislocation length. The internal iriction
derived from the model is either independent of free
.dislocation length, or proportional to the fourth power,
depending upon whether the damping force is high or
low. Now the theory of diffusion limited precipitation

of point defects onto a dislocation gives a defect density
which is approximately propérticnal to the time of pre-
cipitation over most of the period. Hence, free dislo-
cation lengths should vary inversely as the time, and the
internal friction independent of time or inversely as the
fourth power. The observations reported here have shown
that, in fact, the variation is as the inverse root of the
time. One could effect a fit by assuming 2 variable
clustering of impurities, but the assumption is some-
what artificial,
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The failure of these theories to give an immediately satis-
factory account of the dislocation behavior leads one to examine
alternative models of a different nature. One such model depends
on the fact that dislocations in ionic materials are charged and
hence tend to accumulate a charge cloud of opposite sign, which
may consist of vacancies or of trapped charge carriers, This
charge cloud will greatly modify the restoring force on a dislo-
cation from that given by the elastic line tension, increasing its
value and rendering it non-linear. Extra damping forces will
be introduced by oscillation of the charge cloud. However, the

consequences of this model have yet to be worked out,

Information has also been gathered on creep of MgO at room
temperature under constant load. There is considerable scatter
in the data, which is felt to reflect intrinsic differences in the
material, However, specimens whose creep was allowed to occur
for more than a few minutes showed a steady increase of strain,
varying as the logarithm of the time. After about 10 min, a change
of creep rate occurred so that a new logarithmic law having a

higher preportionality factor was followed.

Some measurements of internal friction were made below
room temperature, but so far no peak analogous to that reported
by Chang at 15 mc/s has been seen.

It is evident that there are still expe rimental data which
should be gathered to extend the present findings. The following
are suggested as the most significant:

(1) Extension of the anneal studies to discover the maximum
range over which the 2.3 ev energy is the dominant one.

(2) Measurements of similar specimens over a wider fre-
quency range, so that the frequency dependence of
amplitude independent damping may be determined and
compared with the predictions of the stretched-strirg
theory.
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(3) Comparison of a relatively pure specimen with one
doped with an impurity such as Fe which may be
modified to exist either in the divalent or trivalent
state. This should indicate the relative importance
of elastic as compared to electrostatic interactions
between impurities and dislocations,

(4) Investigation of other cubic ionic materials such
as NaCl to show how closely analogous their
behavior is to that of MgO, and indicate whether
the double-charged nature of the ions in MgO is
causing any fundamental difference of behavior.

(5) Continuation of measurements below room temper-
ature.

Part Two: Studies on Polycrystalline Crystals
Principal Investigators: L. M. Atlas
Armour Research Foundation

11, INTRODUCTION

Ceramic bodies used in structural applications in the past
frequently contained two or more phases -- commonly a crystalline
compound embedded in a vitreous matrix. Many of the electrical
and mechanical properties of such aggregates were clearly dom-
inated by the characteristics of the cementing matrix, and by those
of the interface between it and the crystalline grains. With the
advent of relatively pure single phase ceramics, however, the
properties of polycrystalline aggregates become increasingly
more dominated by those of their constituent single crystals.

This has prompted an increasing tendency to explain the mechanical
behavior of apparently single phase ceramics in terms of single

crystal slip processes.

Nevertheless, even the purest of present-day oxide cer-
amics really contains two types of material: (1) relatively ordered
material within the individual grains, and (2) highly disorganized
layers, in which many impurities may be concentrat(ed, at the
grain surfaces and contacts. As a result, an elastic movement

in commercial single phase polycrystalline oxides still appears
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to occur at or near the grain contacts. This is probably true not
only at high temperatures, but for unheated ceramics as well.
Thus, Hanna and Crandall(s'ls) found a clear relationship between
the internal friction (Q'l) and the mean grain surface area of
MgO ceramics measured at room temperature. Moreover, the
magnitude of Q'l in these ceramics, and in A1203 also, is ten
or more times higher than that observed for single crystals

(see Task 5, Part ). Since diffusion rates are extremely low

in Ale3 and MgO at room temperature, dislocation movements
are likely to be the agents of slip; however, these processes are
controlled by the stress inhomogeneities at the grain boundaries,

and they may actually be concentrated in the grain contact zones.

At high temperatures, diffusion (either directly or through
its control of dislocation climb) appears to be the rate limiting
factor for slip in fine gramed ceramics (Beauchamp, Baker and

(5-12) and Warahaw and Nort:on(5 13)

The dependence of creep rate on grain size indicates that
it too is governed by the grain boundaries, although it may
actually take place in the surface layers and/or through the grain
bulk. For the steady state creep of polycrystalline AIZOS , the
diffusion of oxygen vacancies appears to occur mainly in the
grain surface layers. Thus, Warshaw and Norton found that
diffusion constants calculated by applying the Nabarro-

Iric.-,rring(s'Z 1,5-22)

relation to creep in A1203 ceramics were
several orders of magnitude higher than those obtained by Oishi
and Kingery(s'zs) from measurements of oxygen diffusion in
single crystals. Diffusion of oxygen at the grain surfaces ia so
rapid that creep rates in A1203 and BeO appear to be limited by
the migration of aluminum and beryllium cations (cf. Paladino

and Coble!®~24 g1 A1 ,05)-

For coarse-grained AIZO3 ceramics, Warshaw and Norton
found that the strain rate dependence on stress is not lmoar. and
they suggested that intragranular dislocation movements may

contribute significantly to the creep deformation.
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High temperature damping in fine-grained oxide ceramics
is also considered to be produced, or at least limited by diffusion
(Chang(s'zs)). Stress differences at the grain boundaries provide
the driving force for this diffusion as it does for dislocation
movements at lower tempera;tures, Unlike creep, hbwever,
damping need not be limited by the diffusion of a particular
species, Therefore, movements of cations and anions both at
the surface and through the grains, may contribute separately or
additively to the dissipation of energy. Another point of differ-
ence from steady state creep arises from the fact that in damping
the mechanical stress varies periodically with a certain maximum
amplitude. The diffusion takes the form therefore, of a flip-flop
or oscillatory niotion similar to dipole rotation in a ceramic die-
lectric. Since the diffusion path length is limited in the oscillatory
process, Q'1 reaches a2 maximum with rising T and then falls

off to form a relaxation peak (see discussion in Part I of Task 5,
(5-26)

and also the work of Kirby on glass Commonly, the peaks
representing the separate relaxation times tend to overlap, or else
diffusion of a single species may, with rising temperature, pro-
gressively penetrate into deeper regions of the grain. The result
of the first effect would be to diffuse a sharp peak into broad zones
of high damping, while_ the second might, at high temperatures,
produce a steadily rising internal friction over a relatively long

temperature interval.

From the above discussion, creep and internal friction
might be expected to have the following response to tne influence
of impurities and oxygen and hydrogen environments: (1) If the
diffusion of aluminum ionsa is the controlling factor in creep,
hydrogen and divalent cation impurities such as Mg++ (both of which
tend to increase the concentration of oxygen vacancies or reduce the
number of cation vacancies) should tend to lower the creep rate.
This agrees with the experience of Beauchamp, Baker and Gibbs,
who noted that additions of ionic Mg and Mn did retard the creep

of AIZO 3" in apparent violation of the commonly accepted model

<
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that creep is controlled by the diffusion of oxygen vacancies; (2)
If the'.u.u:face diffusion of oxygen vacancies is faster than the
bulk diffusion of aluminum ions, the former make the dominant
contribution to Q"l over some interval of T. In this region,
hydrogen and divalent cations should serve to augment the energy

digsipation processes.

To study these effects further, and to examine the relation-
ships between damping and creep processes in a commercial high
!\1203 ceramic, the temperiure dependence of Q'l and creep
in annealed and unannealed Wesgo AL-995 were measured in

oxygen and hydrogen atmospheres.
12. EXPERIMENTAL METHODS

Damping and creep measurements were carried out on

Wesgo AL-995 and Morganite Triangle RR A1203 rods 6 in. long

by 1/4 in. diameter, having a curved gage section (3-in. radius)
1/4 in. wide and 1/10 in. thick at its thinnest point. Three types
of Wesgo AL-995 specimens were examined: (1) as received from
2 at 1800°C for 2 hr, and (3) annealed

in O2 at 1800°C for 2 hr. The untreated specimen was subsequently

the supplier, (2) annealed in H

measured in air, while the others were exposed to the same gases

as were used during annealing.

~ Internal friction measurements were performed near
20 ¢ /s by measuring the decay of flexural vibration presumably
caused by damping in the gage section. A specimen was fastened
at the bottom end, either by being cemented with a water-cooled
steel fixture with an epoxy compound or, later, with a combin- _
ation of cement and a Swagelok fitting*. Only the central section
of the rod was heated by a small platinum-wound furnace fitted
with both thermocouples and a direct sight port for pyrometer
measurements. The top of the rod was fastened into a rigid

plastic tuhbe which served as a pendulum extension arm for

L 2
Crawford Fitting Company, Cleveland, Ohio.
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magnifying the deflection. The entire apparatus could be enclosed
in an outer steel case fitted with a flexible plastic bag at the top.
This permitted control of the internal atmosphere, while at the
same time allowing the pendulum arm and transformer core to

be moved from the outside. Specimens were set into vibration
through the plastic bag by the action of an external solenoid
pusher on an extension of the pendulum arm. When the solenocid
current was on, its core displaced the pendulum arm a controlled
distance; after the current was shut off, the spring loaded core
retracted and allowed the specimen to oscillate freely, For
creep experiments, the A1203 bars were subjected to a constant
flexural load of 50 g by meanrs of a weight suspended through a

simple puiley system from the pendulum arm.

Bending movements of the specimen were maintained
by a linear variable differential transformer whose core was
fastened near the top of the pendulum arm. The primary of the
transformer was supplied with a 2000 c/s voltage, and the output
of the secondary was demodulated by a Daytronic Model 300BF
Differential Transformer Indicator. For damping measurements,
the fluctuating demodulated output was introduced to a Bruel and
Kjaer High Speed Level Recorder, which plotted logarithmically
the decay of the output envelope. For creep measurements, the

output was traced directly by a recording millivoltmeter.

To calculate the internal friction from a level recorder
trace (which was genexally linear), the slope was first converted
to a reverberation time (RT) by means of a special protractor,

Reverberation time was then transformed into Q-1 by

Q-l _ 4. 40 (5-37)
~ RT x Frequency
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Bending displacements of the Wesgo AL.-995 specimens were
converted to units of tensile strain in the outermost fibers
of the gage section by means of a calibration curve obtained
by strain gage measurements at room temperature. The
stress in this area (3400 psi) was calculated from the beam

formula:
$ = .ﬂ”z.]: e (5-38)
bd

where S is the stress
W ie the load applied at the free end of the beam
L is the distance from the loading rHint to the gage section
b is the width of the gage section
d is the thickness of the gage section.

Use of Eq. 15-38 implies that there is no significant
stress concentration in the gage seciion because of iis

(5-19}

curvature. According to Peterson's curves this assumption
is warranted for the 3-in. radius of curvature of gage sections

used in this program.

The system described had a sensitivity of 0.1 in. on the
recording chart = 0.001 in. of pendulum deflection (at a point
14 in. from the gage section) = 3. 4 microinches /inch maximum
strain in the gage section. Its main limitation was a relatively
high level of background damping (probably localized in the
lower specimen grip) which corresponded to a Q"l of about
1.5 x 10'3. Although this marks the damping values obtainable
with polycrystalline specimens at room temperature, the
specimen damping rose above this background level at just a
few hundred degrees Centigrade.
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13, EXPERIMENTAL RESULTS

Curves of Q'1 versus T for the Wesgc AL-995 specimens
are shown in Fig., 5-19 (as-received), Fig. 5-20 (annealed and
measured in Oz) and Fig. 5-21 (annealed and measured in dry
HZ)' A partial damping curve for the Morganite Ale3 is included
for comparison in Fig. 5-19. Creep results are presented in
Fig. 5-22 in the forn. of a semilog plot of steady state creep rate
versus 1000/T°K. A compariscr of the creep and damping
curves, and an examination of the effects produced by annealing
and by changing the surrounding gas reveals the following

interesting features:

(1) A specimen annealed and measured in OZ has
about twice the creep rate of one exposed to Hz; yet there is no
significant change of activation energy. Since O2 tends to create
cation vacancies and to eliminate oxygen vacancies, this behavior
is consistent with creep being limited in both specimens by the

diffusion’ of aluminum ions rather than oxygen vacancies.

{(2) Annealing the Wesgo AL-995 at a temperature
about 100°C higher than was used for firing causes the activation
energy of steady state creep to drop to about one-half of its
original value (76-82 kcal/mole as compared to 165 kal_/mole),
and raises the creep rate at lower temperatures. Since the
decrease of U is independent of the surrounding gas, it appears
to arise from effects produced by the heating itself. These effects
might include: (a) the thickening of a semi-vitreous impurity-rich
surface layer as it absorbs more A1203, {b) grain growth, (c)
increased solution and homogenization of impurity cations which
are soluble in A1203, {d) evaporation of volatile impurities,
(e) the thermal creation of anion and cation vacancies and cation
interstitials, and (f) the additional pinning of dislocations.
Of these, (b), (c), and (d) would tend to raise U by reducing both

the area of grain surface and the concentration of impurities in

-
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that ration. Proccesses (a), (e}, and (f) might all lower U, but in
the case of (e}, any defects frozen in after the annealing treatment
should tend to disappear by equilibration at the lower temperatures
of the creep experiments. Additional dislocation pinning would
make diffusion relativelx more dominant, but would only serve to
subtract from the total pool of deformation processes; this does

not explain the higher creep rate of the annealed specimens. On
the other hand, increased development of an impurity-rich layer
would not be reversible (although some devitrification might
occur during the creep runs) and it would tend to increase creep
rates, Since Wesgo AL-995 contains about 0. 5 percent of
impurities (mainly SiO2 and MgO), this layer may well be thick
enough after annealing at 1800°C for it to serve as the site of
most of the creep diffusion occurring at the temperatures

studied.

In the unannealed specimens -- which had been heated to
only 1700°C -- the high value of U sur <sts that the impurity
layer is so thin or poorly developed that it does not control creep.
Although the surface diffusion of oxygen vacancies may still
occur primarily in this layer. the movement of aluminum ions
appears to be through the alumina itself. Furthermore, the
bulk AIZO3 may contribute to the deformation through slip
processes other than diffusion. The presently measured U
of 165 kcal/mole for the unannealed Wesgo specimen (average
grain size about 40 microns) lies between Warshaw and Norton's
extremes of 130 kcal/mole for fine-grained A1203 (3-13 microns)
and 185 kcal/mole for coarser materials (50-100 microns).
Although additional corroboration is needed from the dependence
of creep rate on stress, the above results suggest that dis-
location movements do contribute to the creep of unannealed
Wesgo AL-995,
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(3) In an oxidizing atmosphere, the internal friction of
an annealed bar is generally higher up to about 1250°C than for an
as-received specimen. Below 800°C, this increased Q-l takes
the form of a broad maximum peaking near 600°C. The gentle
rise on the low temperature side of this peak has a superficial
resemblance in shape and magnitude of Q"]‘l t o the damping
(5-28)\‘ A

second peak occurs between 950 and 1000°C for both annealed and

curves of alkali-free glasses (Ryder and Rindone

as-received specimens but is somewhat more highly developed

in the former. Above 1050°C, Q°1 rises exponentially, except

for a change of slope near 1350°-1400°C, Below the irregularity,

the temperature dependence of Q'l corresponds to U = 60 kcal /mole
for the annealed bar, and U = 71 kcal/mole for the as-received
specimen. Above the inflection, U rises to 122 kcal/mole and

111 kcal/mole for the two bars -- closer to the activation

energy determined from the creep of an unannealed specimen.

These results are consistent with the model that below
about 1250° to 1350‘C, energy is dissipated mainly in a thin,
impurity-rich, and possibly vitrecus surface zone, and that at
higher temperatui-ea it penetrates progressively into the A1203
itgelfn This transition is not seen in the creep data -- probably
because the creep experiments were conducted at temperatures
at and below 1300°C,

The Q! versus T curve of Morganite Al,O, does not
show a= inflection, and has a slope corresponding to the upper
portions of the other damping curves. Since Tr‘;angle AIZO3
is purer than Wesgo A1203, this provides some additional
support for the important role played by a surface impurity

layer.
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{4} Inan Hz atmosphere, the damping curve of an
annealed specimen differs from the curve measured in OZ

in the following respects: (a) The low temperature zone below
800°C is characterized by an overlapping double maximum
(peaking at about 200° and 430°C) which haa an even closer
resemblance to the glass curves of Ryder and Rindone

(b) The exponential rise of Q"l in H, is apparently displaced to

somewhat lower temperatures (c) ’%he change of slope near
1350°C is not as great in HZ as in 0z -- corresponding to a
rise of U from 69 kcal/mole to only 85 l'.ai/mole. Further-
more, on the evidence of only one point, it appears possible that

there may be another change of slope between 1400 and 1450°C.

‘The displacement of the exponential portion of the damp-

ing curve to lower temperatures by H, suggests that damping

in this region is caused or limited by zthe surface diffusion of
Oz vacancies rather than by the movement of Al ions, as in
creep. This agrees with the concept that the diffusion of the
slower species -- in this case the cations .-- limits the large
scale transfer of material in creep (because of space charge
effects), but does not retard the small displacements involved

in damping.

The relative insensitivity to different atmospheres of the
small peak near 950°C suggests that it may be of impurity origin
-- possibly the osciliation of impurity cations (e.g., Mgz*') or the
rotation of pairs such as Mgz"' - O, vacancy. or Mgz* st
Changes in the ''glass'' peak at low temperatures may reflect
atmosphere control of the cation/OZ ratio in the vitrecus sur-"
face layer.

(5) Despite a similarity of vibration frequencies to

those used by Chang, none of the specimens of this program show

the well developed relaxation peak that Chang found at about 1100°C.

However, Chang observed this peak only for very pure A1203;
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upon adding ("Jrzo3 or Lalo3 impurities, his internal friction
curves takes on the appearance of those shown in Fig. 5-19
to 5-21.

14, CONC LUSION

Summarizing the above observations, it appears that up
to about 1300°C, creep in an unannealed commercial 99. 5 percent
A1203 ceramic is controlled largely by the diffusion of Al ions
with possibly some contribution from dislocation processes.
In specimens annealed at higher than the firing temperature,
Al ion diffusion continues to control creep but it appears to

take place largely in a surface zone rich in impurities.

At low and moderate temperatures, damping in Wesgo
AL995 is characterized by rela.x;tion processes which resemble
those occurring in an alkali-free glass. Above 800°C, however,
damping may be controlled first by the oscillatory movement
of impurity cations, possibly paired with OZ vacancies, and later
by the diffusion of Oz vacancies. Up toc about 1350°C, this
seems to occur in an impurity-rich surface zone, but above
that temperature, the process apparently penetrates deeper into
the AIZO3 itself. This prevents the formation of a simple
relaxation peak characterized by a single relaxation time, and
produces instead, a continued rise of Q'l with T, and an increase
of U.
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L X

TASK 6 - EFFECT OF SURFACE ENERGY

Principal Investigator: N. J. Petch
ABSTRACT

This work is concerned with the determination of the
effect of surface energy in the fracture strength of brittle mater-
ials, particularly as concerns the differences between true(elas-
tic) values and the effective surface energy accompanying crack
propagation. The problem was approached by the utilization of
three techniques (1) crack propagation studies in plates contain-
ing pre-drilled cracks, (2) absorption isotherm determinations,
and (3) zero-creep determinations at elevated temperatures,

Crack propagation studies carried out on Al,0;, MgO and
glass plates containing pre-drilled cracks showed that the appar-
ent surface energy increases pronouncedly in all three materials
as the temperature is lowered from 20°C to -196°C. Subject to
the subastantial plastic deformation required to initiate a running
crack; because of the greater resistance to dislacation mobility
at lower temperatures, such plastic deformation calls for higher
siresses, and ieads to higher values of the apparent effective sur-
face eoergy.

Studien of the lowering of surface energy which is due to
the absorption of CO, H, and H,0 on Al,0, powders showed that
the effects ascribable to the first two substances are completely -
negligible. Water vapor lowers the surface energy by abcut
7 percent and fracture stresses by about 4 percent. This, how-
ever, is insufficient to account for ohserved effects; the possi-
bility of the added existence of a chemical reactiom is currently
under investigation.

Preliminary results for the determination of '"zero ¢creep'
rates on Al, O, at 1900°C show surface energy values of 890
ergs per sq cm in excelient confirmation of previously published
results. An extension of the technique to a broader range of
temiperatures is currently in progress.
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TASK 6 - EFFECT OF SURFACE ENERGY

1. INTRODUCTION

In the theory of fracture, the term ''surface energy'' ac-
quires a wider than normal usage. Most commonly the term re-
fers to the reversible or true surface energy; however, often it
is also assumed to include the "'effective'' surface energy asso-
ciated with fracture. This concept, introduced by Orowan, is
intended to describe Griffith's encrgy balance criterion for the
growth of a crack when that growth induces plastic deformation
at the crack.

In metals, where the formation of a crack nucleus seems
to be caused by dislocation processes, the true surface energy
is probably the significant term at the absolute beginning of the
crack formation., However, this stage is probably never detected
in fracture observations commencing at a critical crack size such
that there is an extensive stress field around the crack in which
plastic deformation takes piace.

In a very brittle material, such as glass, it has for long
been supposed that fracture involves the purely elastic spread-
ing of a pre-existing crack, involving only the true surface ener-
gy term. However, even this view may require revision in view
of the recent experimental findings of Marsh which appear to show
that the fracture of glass fibers is associated with a catastrophic
flow process, rather than the attainment of the theoretical bond
strength.

It is with this interplay between true and effective sur-
face energies as significant terms’'in the fracture of inorganic
oxide ceramics that the present work is coucerned,

From the work reported in 1961'(6-1), three main lines of

investigation emerged.
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{1) Direct estimation of the effective surface energy in
crack propagation from the stress required to extend pre-
formed cracks in thin plates.

(2) Measurements of the lowering in surface energy re-
sulting from absorption of CO,. H, and H,O on A}, 0O,

and the possible relation of this to static fatigue

(3) Measurement of the true surface energy at high
temperature from the stress required to preveni surface

contraction
THE FRACTURE OF PRE-CRACKED PLATES

Central Cracks

Most of the work on this phase of the program concerned

fracture studies on thin plate specimens 5x 3 x 0 1 cmr in size

that contained a centrally-placed elliptical crack with the major

axis perpendicular to the applied tension The cracks, in gener-

al, were ultrasonically drilled and had a tip radius of the order

of 10-3 c¢m, which was the sharpest that could be manufactured

by this technique.

Initially these plates were loaded by fixing them across

the arms of a U-jig as was described 1n the previous phase report

on this program

(6-1)

However, the axiality of stressing was

found to be unsatisfactory with this device and a new system was

developed In this approach, the tension was applied to the plates

by means of two straps, 2 x 11x0 005 in in size The iwo ends

of each strap were connected to opposite faces of the long edge of

the plate, forming a loop. This loop passed over a 1-in diam

roller; in addition, two smaller rollers pressed against the strap

so that the separation of the two arms of the loop was reduced to

1 mm equaling the specimen plate thickness (Fig 6-1). This

system automatically equalizes the load applied to each face,

leading tov a very satisfactory axiality of stressing, as shown in

Fig 6-2, which presents the stresses on the two faces of the plate
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Fig. 6-1

LOADING SYSTEM USED TO OBTAIN UNIAXIAL
TENSION OF THIN PLATES
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obtained by strain gauges.

A standard cross-head velocity of 4.8 x 1074 in,per min
was used in all measurements; because of the elasticity of the
loading jig, this value was found to correspond to a strain rate
of about 5 x 10°° min”?,

The plates were fractured at a variety of temperatures.
This required that the strap material have a similar coefficient
of thermal expansion to the specimen, otherwise thermal stresses
set up at the joint could lead to premature fracture. Mild steel
was a satisfactory strap material for MgO, but for glas- and
- Al, O3 an iron-nickel alloy '"Nilo 42" was used. Low tempera-
ture measurements were made in liquid nitrogen and in acetone-
solid CO,. Silicone oil baths were used above room temperature.

The results of these fracture stress measurements are
shown in Fig.6-3, 6-4, and 6-5, and are expressed in terms of
o'fzc, where o is the fracture stress in dynes per 8q cm and c¢
is the half-length of the original crack.

Before these measurements were carried out, it was
thought possible that, although the macroscopic radius of curva-
ture of the drilled crack was obviously too great to satisfy condi-
tions for a true Griffith crack, the actual surface might be so
irregular that effectively Griffith crack propagation might occur
in these very brittle materials. However, assuming reasonable
values for the reversible surface energy, it is apparent that the
observed fracture stresses are too high for this to be true. The
surface energies calculated on the assumption of ideal Griffith
crack behavior are shown in Table 6-1.
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Table 6-1

SURFACE ENERGIES CALCULATED ASSUMING IDEAL
GRIFFITH CRACK BEHAVIOR

Material Range of o-izc Surface energy, Y,
(ergs/cm?)
A0, | 3.4x10%0_ 10?7 2-6 x 10*

5 6

MgO 7x10°%- 2.5 x10%% 4.2-17x10°

15 1016 3

Glass 1.5x 10" -

t

4-26 x 10

The explanation of the high fracture stress could lie simply in
the bluntness of the cracks, the actual propagation being purely
elastic. If this were 80, the effective curvature of the crack tip
can be estimated on the assumption that the theoretical strength
has to be reached at the crack tip. Then, the criterion for frac-

tures is given by _
1 1
E\Z c\z
P

where Teh i3 theoretical strength, y ig true surface energy, E is
Youngs' Modulus, ais the interatomic spacing and p is the tip
curvature., Table 6-II gives p values calculated in this way from
typical fracture stresses at room temperature.

It is evident that although the cracks do not behave as
Griffith cracks, they do behave as if they had effectively much
sharper radii than their nominal values (10-3 cm). Even for a
circular hold in Al,04, the calculated was only 2 x 10-6 cm.

As Fig.6-3, 6-4 and 6-5 show, there is a pronounced increase
in the value of o-fzc for all three materials, as the tempera;ure is
lowered from 20°C te -196°C., This marked increase in op ¢ be-

tween room temperature and -196°C indicates that the observed
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Table 6-11I

CAHALCULATIONS FOR EFFECTIVE CRRACK LADII

Material} Theoretical| Half-iength Young's Sarface |Tip Cur-}
Strength c, Moduulus Lieir vy, | vature, |

of (Cﬂl) ﬂ,‘, W V1 (

(dynes/cin ) (dynes/crn ) furgs/sm)f {crn)

. !

Aof [6.2x10% | 016 | 3.75x10M% |2 e 0% 2 k107
% ]

MgO | 2.3 x 108 0.165 | 2.6 x10%|1.2210%2x1077]
i

Glass | 1.7 x10° 0.162 | 6 x 10'! 107 |5 x107"!

fracture stresses cannot be explained simply by chanpgee in the

bluntness of the crack tip,. since the only teraperatir: dependent

terms available in Eq.(6~1) are the elastic surface 2u.rgy, Young's

modulus and a, and none of these are sufficiently te..perature

sensitive to explain the observed variation in fracture stress.

There seem to be two possible explanations cf the tenipera-

ture dependence of the fracture stress.

(1)

of static fatigue. At low temperatures, there might be less lower-

That the observed fracture is affecte: by the existence

ing of the fracture steess by fatigue during the duration of the load-
ing to fracture.
(2)

quire an initial temperature sensitive step, in which either the

The process of extending these drilled cracks may re-

macroscopic crack vs sharpened «.r a cleavape c¢rack nucleus 1s
114 o
dependence ! tte frac'ure stress could then arise through a temp-

formec ai 1ts rome d:s'r ahon pr. ¢0ci. The temperature-

erature-dependence of the stress required for dislocation move-

ment.
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At present we prefer alternative (2), although the critical
test of whether the temperature dependence persists under strin-
gent vacuum conditions has not yet been made. Equipment for this

purpose is being assembled currently,

B. Crack Branching

The fracture experiments described were inv‘ariably charac-
terized by a branching of the propagating crack., In glass speci-
mens the detaile d the propagation are clearly identifiable by the
following stages: at firsi the fracture surface has a mirror appear-
ance; then a hackle develobs which becomes gradually coarser un-
til crack branching occurs. The branches then go through a mirror-
hackle-re-branch cycle. The lower the temperature, the higher
the fracture stress and the sooner crack branching occurs.

The mathematics of crack propagation has been well devel-
oped by Yoffe(6-2), Craggs(6-3) (6-4),

.ments, the ratio of the area, A, of the plate to the circu).ar area

and Berry In our experi-
-with the crack length as diameter is ~ 150. Treatment of the frac-
ture as occurring under constant stress is then justified.

From Berry, the velocity, v, ofacrackwhen it has grownto

a semi-length, c, from an initial <o under a stress oy is given

> 2_2r E (%) (] 1) <o
vexr s lloe) -t

where k is a constant, E is Young's modulus, d is the den-

sity and n is given by

2
o
n= 2 ?r'g' .
f
Here, o¢_ is the Griffith critical stress for <, and o is the

actual fracture stress.

-

If branching occurs at a critical velocity, which is some

fraction of the maximum theoretical velocity i_?r . %» then,
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i

o - c v
( -—c9)<1 - (n-l)-cﬁ) = K,

where K is a constant.

Thus, if K were known, it would be possible to find n and
o _, the fracture stress for a Griffith crack of semi-length o
This, then could be another method of analyzing the fracture
stresscs to obtain the surface energy corresponding to Griffith

crack propazga.tion, since the surface energy, y, is then given by
o . This method should give a value of the

suriace energy independent of tip geometry so long as the crack is
approximately elliptical with a reasonably small minor axis. This
latter condition is necessary since Wundt and Wynne(6—6) showed
that if a good part of the material at a circle inscribed on the
crack as diameter were removed, Griffith propagation condition
is altered.

To carry through this analysis a value for K is required.
Wells and Roberts(b' 3) ave estimated the maximum terminal
velocity as 0. 38 y 1.:!d, which for a Poisson's ratio of
1/3i8 ~~0.6 c , where c is the shear wave velocity. Yoffe
showed that crack branching should occur at velocities approach-
ing 0.6 c, . On this basis, ﬁ should be slightly“less than unity.

Figures 6-3, 6-4, and 6-5 give o'gzco values derived using
assumed values of K within the range of 0. 85-0.95. The experi-
mental data is in Table 6-III along with the y values, The prin-
cipal interest in this method of analyzing the fracture measurements
lies not so much in the absolute values of y deduced, which depend
rather sensitively on the value of K chosen, but rather in the fact
that reasonable values of K indicate little temperature dependence
of y. Thus, when Y is deduced from crack branching, little
temperature dependence is indicated, but, when deduced from the

stress required to initiate crack propagation, there is considerable
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tem . rature dependence. Thie is further evidence suggesting that
the iniciation of crack propagaticn at the drilled cracks involves
some .-mperature-dependent process whereas, once the crack be-
gins to travel, only a temperature-independent surface energy is

involved,

C. Cantilever Loading of an Egg_e Crack

Some additional measurements have been made on 3 x 1 x
0.1 cm polycrystallinc specimens containing an ultrasonically
drilled edge crack 1-cm long parallel to the long edge of the speci-
men. This was loaded by pins put through the two arms of the
crack, which censequently bend approximately as cantilevers.
This follows the method used originally by Obreimov and applied
by Gilman to the propagation of cleavage cracks in single crystals.
In the present case, the shape of the specimen, governed by di-
mensions developed for other purposes, did not justify the neglect
of the shear strain energy; hence calculated results for surface
energy values, shown in Table 6-IV for polycrystalline MgO and
A1203, are apt to be on the high side. The interesting point is not
so much the actual values, as the fact that these are independent

(6-12)

of temperature. Gilman and Guernsey have investigated
photoelastically the stress system in this form of loading and
whown that it is much more localised than that corresponding to a
plate containing an internal crack. Thus, the effect of dislocation

movement on the apparent surface energy may not be so marked.

D. Discussion and Conclusion

From results derived to date it appears that a stopped cleav-
age crack can be re-started with the consumption of about work
equaling roughly the true surface energy at the temperature range
in question in these experiments. Measurements on crack branch-
ing suggest that a running crack also consumes only the true, near-

ly temperature independent, surface energy. However, initiation
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Table 6-1V

SURFACE ENERGY VALUES FROM EDGE CRACKS
IN POLYCRYSTALLINE SPECIMENS

- Apparent Surface Energy, vy,
Temgerature (ergs/cm )
¢o Al 3 MgO
90 23,100 -
20 - 6,175
20 19, 650 5, 400
20° 19,200 4, 361
. -196 23,840 5, 470
-196 - 5, 240
-196 - 7, 360

of propagation with blunter cracks within a plate requires a higher
temperaiure-dependent, ‘'effective’’ surface. As has been suggest-
ed here, this appears to réquire some dislocaticn process to initi-
ate the propagation, This process might involve direct sharpening
of the crack tip, or the production of a cleavage nucleus in the
vicinity of the tip.

There already exists clear evidence of the generation of

(6-7)

dislocations at the tip of slowly moving cleavage cracks (Gilman

(6-8)

occurs when a crack in MgO is stopped by running into a com-

Tetelman ). Figure 6-6 shows the dislocation movement that
pression region. It is clear that the fast running crack does not
induce any discernable dislocation movement, while the slowly
moving crack iniates substantial dislocation coalescence and asso-
ciated plastic flow at the crack tip.

. If the higher effective surface energy for starting the
propagation of the blunter cracks mercly reflected some plastic

work associated with propagation of the crack, then this plastic
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x 40

{a) Fast running pcrtion of crack showing no associated
plastic deformation

x 100

(b) Slow running portion of crack showing associated
plastic deformation

Fig. 6-6

CLEAVAGE CRACK IN MAGNESIUM OXIDE SINGLE CRYSTAL STOPPED
BY RUNNING INTO ZONE OF COMPRESSIVE STRESSES
Etchant = 50% Sat. NH Cl 50% HNO3
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work should decrease as the temperature is lowered. However,

the experimental evidence is that the effective surface energy in-
creases as the temperature is lowered. Thus, the important as-
pect of plastic deformation in the present case seems to be not so
much that a plastic work factor will be added to the effective sur-
face energy, but that plastic deformation is necessary before prop-
agation is possible and this will require a higher stress at lower
temperatures and so appear in the calculations as a higher effective
surface eneigy at lower temperatures.

This possible importance of dislocation movement in the
propagation of the blunter cracks clearly suggests the need for
micrographic evidence of the events surrounding crack propagation.
Preliminary work of this nature has been carried out. The normal
plates used for the ultrasonically drilled cracks proved too fine
grained for satisfactory microscopical examination. However, two
large grained MgO plates have now been examined. These show
a 3.k fold change in fracture stress between room temperature
a.d -196°C.

An electron micrograph of the fracture surfaces, pre-
pared with an etchant of 50:50 concentrated HNO, and saturated
NH,Cf at 70°C, is shown in Fig 6-7. So far, only the general
etching features of the fracture surfaces have been examined.
Prominent features are the hillocks that appear to be associated
with precipitate particles. Similar observations have been made
by Ghosh and Clark!®"19) and in thin films by Bowen(®" 1), sup-
grain boundaries and dislocation arrays are also observed. Of
more immediate interest is, of course, the structure in the immed-
iate locality of the drilled crack tip. However, even at these grain
sizes, it has so far pi'oved difficult to get satisfactory replicas
specifically of these areas. Work aimed at the resolution of these

questions is currently in progress.
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x 16,000

(a) Etch hillocks associated with precipitate particles

x 8,000

{b) Dislocation arrays

. Fig. 6-7

ELECTRON MICROGRAPHS OF POLYCRYSTALLINE MAGNESIUM OXIDE
FRACTURE SURFACES ILLUSTRATING NORMAL ETCHING FEATURES
Etchant = 50% Sat. NH4CI.. 50% conc I-{NO3
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3. LOWERING OF SURFACE ENERGY
(6-1)

The final report of the previous of this program pre-
sented results cbtained for the lowering of surface energy on a
sample of fused bauxilite by adsorption of CO,, but this powder
had a rather low specific surface area; hence the adsorption de-
terminations were rather inaccurate and not well reproducible.

An Al,0, powder of much higher specific surface area has
since been obtained and used in adsorption determinazions. X-ray
examination has revealed that this ultra-microid polishing A1, O;
has a Y crystal structure, the a-Al; O3 as opposed to structure
of the bauxilite used previously. This material also contained
some impurities, and was characterized by a hexagonal crystal
structure of unit cell dimensions a = 4.756 A and c = 12.960 A
Despite this difference, however, it was decided to examine ad-
sorption isotherms for this material and if possible obtain a more

accurate value for the lowering of surface energy

A. Experimental Techniques

Adsorption of Carbon dioxide and Hydrogen

For determinations of the adsorption of CO, and H; on the
ultra-microid Al, Oy , the volumetric apparatus previously em-
ployed on the bauxilite material was used. The extremely floccu-
lent nature of the powder, however, resulted in pronounced diffi-
culty in outgassing, because of the eruption of the powder and its
rapid transfer from the adsorption chamber into the capillary
tubes and manometer. This difficulty was overcome by employing
an adsorption cell subdivided by means of five thin glass platforms
on which the powder could be distributed in reasonably thin layers
(Fig 6-8). As a result, vacuum outgassing at 300°C could be
carried out without difficulty, After an outgassing period of 12 hr

adsorption measurements were carried out by adding small
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Fig. 6-8
PARTITIONED ADSORPTION CELL
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measured volumes of CO, (or H, ) from the gas burette and deter-
mining the pressure in the adsorption syrtem when equilibrium nad
been attained.

The specific surface area of the powder was first determined
by adsorption of CO, with the reaction tube immersed in a cardice-
acetone mixture (-78°C}. A BET plot of the recults gave a value
of 46.5 sq meters per gram for the specific surface area.

Adsorption of CO, and H,; at ambient temperature were then

measuled in a similar manner.

Adsorption of Water Vapo.

Because of the low saturation vapor pressure of water at
ambient and lower temperatures, the measurement of adsorption
isotherms for water vapour presents difficulties. The volumetzric
method wae abandoned in favor of the less sensitive but more
practicable gravimetric method In adopting this change it was
considered that the sensitivity of the gravimetric method would be
sufficient if adequate adsorption occuried to give an annrecizble
reduction in surface energy.

A helical silica spring balance having a sensitivity of about
20 cm per gram was used to detect the change in weight on adsorp-
tion. The powder sample (weighing 0.6-0.8 gram) was held in an
aluminum foil bucket suspended from the spring by a glass fike>,
Movement of the lower end of the spring under load was measured
by a cathetometer reading to 0. 05 mm.

The problem of equilibrium pressure measurement was over-
come by utilizing the variation in saturation vapor pressure of wa-
ter at various temperatures. A steel tube containing ice was placed
in the lower end of the glass tube enclosing the silica spring and
was immersed in a cardice-acetone bath untii the powder sample
had been outgassed at about 300°C. The pressure of water vapor
aeex jcs at -78°C is 0.00056 torr  After the sample had been out-

gassed foxr 2 or 3 hr, the water vapo: pressure in the system was
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increased by simply replacing the cardice-acetone bath by one
containing CCl, and cardice. By using a selection of constant
temperature baths up to ambient temperature the vapor pressure
could be varied and the increase in weight of the powder sample
determined when equilibrium was reached at each pressure, A
description curve could be obtained by reversing the procedure.
The use of a steel container for the ice in the system obviated the
cracking of the giass tube which otherwise occurred on re-freezing
after heating almost to ambient temperature,

To assess whether any irreversible chemical reaction with
the powder occurred, an adsorption isotherm was determined in
one case increasing the vapor pressure to 3.88 torr, followed by
a reducing to 0.00056 torr, and then a repeated increase. Results
in the second run were identical with the first, within the range of
experimental error, so that the occurrence of any such chemical
reaction can be ignored, at least within 3 hr duration of the

present experiments at ambient temperature,

B. Discussion of Results

Adsorption cf carbon dioxide

The results obtained for the adsorption of CO; on ultra-
microid Al; Oy at -78°C and 19°C are shown in Fig 6-9. Since the
curve for -78°C did not show a distinct plateau corresponding to
monolayer formation as was previously obtzined for the bausilite
sample, a BET plot was employed for calculation of specific sur-
face area, Even with the increased specific surface area compared

with the bauxilite powder, the adsorption only amounted to 4.3 ¢u cm

" (at NTP) per gram at 700 torr pressure.

-Various methods of plotting the adsorption results were ex-
amined to obtain a suitable isotherm for integration to give the
surface energy lowering. With these more accurate results the
Langmuir plot no longer gave a linear variation of p/v with p,
where V is the volume of gas (at NTP) adsorbed at an equilibrium
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pressure p. Plotting of results as log p vs log V, as presented in
Fig. 6-10, however, showed close adherence to a Freundlich iso-

therm with the adsorption at 19°C obeying the equation

v = 0.145 p0* 32 (6-2)

when the volume adsorbed is in cubic centimeters at NTP and p is
in torr, I G is the number of gram molecules of gas adsorbed per
unit area, then

G = 0.139x10710,0:%% . (6-3)

where ¢ and n are constants for a particular temperature.
If adsorption takes place at temperature T (°K) from a gas at pres-

sure p, the change in surface energy produced is given by

dy = -GRTdlogp (6-4)
and, therefore,
Y _-¥ = RT[Gdlogp
b n (6-5)
= Rchp dlogp
- € D =10 0.52
= RT.m.p = 0.267 x 10 RTp

The lowering in surface energy associated with adsorption
of CO, at a partial pressure of 10 torr is thus 2.15 ergs per sq cm
and the variation in lowering of surface energy with pressure is
represented in Fig. 6-11. The value at 10 torr is in reasonable
agreement with that of 0.80-1.13 erg cm per s(% czn; obtained for a

fused bauxilite sample at this partial pressure

Adsorption of Hydrogen

The amount of H, adsorbed on the ultra-microid Al,Oy at
ambient temperature was even considerably less than that of CO,.
At a pressure of 670 torr 6hly about 0.20 cu cm Hz (at NTP) were
adsorbed per gram of powder. No appreciable lowering of surface
energy could be ascribed to this condition.
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pressure p. Plotting of results as log p vs log V, as presented in
Fig. 6-10, however, showed close adherence to a Freundlich iso-

therm with the adsoxption at 19°C obeying the equation

v = 0.145 p0-32 (6-2)

when the volume adsorbed is in cubic centimeters at NTP and p is
in torr. If G is the number of gram molecules of gas adsorbed per
unit area, then

G = 0.139x10710p 932 _ P (6-3)

where ¢ and n are constants for a particular temperature.
If adsorption takes place at temperature T-(°K) from a gas at pres-

sure p, the change in surface energy produced is given by

dy = -GRTdlogp (6-4)
and, therefore,
Y -y = RT/ Gdlogp _
° - wT n (6-5)
= RT [cp dlogp
n 10 0.52

= RT.%.p = 0.267x10  "RTp

The lowering in surface energy associated with adsorption
of CO, ata partial pressure of 10 torr is thus 2.15 ergs per sq cm
and the variation in lowering of surface energy with pressure is
represented in Fig. 6-11. The value at 10 torr is in reasonable
agreement with that of 0.80-1.13 erg cm per sq cm obtained for a

fused bauxilite sample at this partial pressure(e”z).

Adsorption of Hydrogen

The amount of H, adsorbed on the ultra-microid Al,O0, at
ambient temperature was even considerably less than that of CO, .
At a pressure of 670 torr only about 0.20 cu cm H, (at NTP) were
adsorbed per gram of powder. No appreciable lowering of surface
energy could be ascribed to this condition.
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Adsorption of Water Vapor

The method employed here seriously limits the number of
experimental points on any adsorption curve which can be obtained.
However adsorption results are reasonably reproducible at least
up to pressures approaching saturation, as can be seen from
Fig. 6-12. |

As well as can be ascertained from resulis at such a limited
number of pressures the adsorption obeys a Langmuir plot up to
0.6 of saturation pressure. Results for adsorption at 14°C and
19°C are in good agreement up to this point and a common line has
been drawn through the combined results by the least squares meth-
od (Fig. 6-13). The slope of this line and its intercept on the pres-
sure/adsorption per unit area axis are respectively é‘u and A& o
where G' and A are the constants in the Langmuir expression

relating the number of moles per unit sorbed at a pressire, p,
A
R s (6-6)

For adsorption from a gas at pressure, p, and temperature, T,
dy = ~GRTdlogp (6-4 bis)

and substitution for G from (6-6) and integration gives
Y= Yy -Cvs log (1 +Ap)

The reduction in surface energy resulting from adsorption of
water vapor at 5 torr calculated from this is 134 ergs per sg cm.
Taking the lowering of surface energy by adsorption of
water vapor at 5 torr as 140 ergs per 8q cm and the true surface
energy of Alz O3 as «~2000 ergs per sq cm, the ratio of lowered
to original surface energy is 0,93,

The lowering of surface energy produced by adsorption of
CO,; or H, on Al;0, is negligible and would have no detectable
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effect on the fracture stress. This suggests that delayed fracture
effects are induced by the presence of moisture alone in the environ-
ment, The delayed fracture effects observed by Charles“ul) in a
dry hydrogen atmdsphere could then only be attributed to residual
moisture,
. (6-13) . .
If the Orowan criterion for brittle fracture:

1
Ey 2

o
£ 2c

is considered to apply to the fracture of Al,0; , then oe is propor-

tional to Y, so that

o] Yy

o Y
o o

where Yo and Y, are the original and lowered surface energies
and 7, and T, are the original and lowered fracture strﬁsses.
From the measurements of adsorption of water vapor 7Y, (at 5-
torr pressure) is 0.93, therefore g—-;— = 0.96. Thus, the lower-
ing of fracture stress attributable to the lowering of surface energy
by the adsorption of water vapor is only about 4 percent, whereas
the lowering in fracture stress in moist air, as compared with

(6-1)

vacuum, observed by Charles was about 30 percent.

Some further factor must therefore be involved; the cbviocus
suggestion is chemical reaction. However, the reversibility of the
adsorpnon after a period of 3 hr rules out any reasonably rapid re-
action and Pea.rson(6 14) did observe delayed fracture after shorter
periods at certain stresses, although period of several days were
required at lower stresses. It will, nevertheless, be necessary
to carry out a similar determination leaving the water vapor in con-
tact with the alumina powder for a similar period to that involved

in Charles' fracture stress deterininations.
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4, SURFACE ENERGY OF ALUMINUM OXIDE FROM THE
STRESS REQUIRED TO PREVENT SURFACE CONTRACTION
The surface energy of Al,0, at 1900°C has been estimated
from measurements of the change in length of thin rod specimens
after various times at various stresses, the latter being chosen go
that both contraction and extension were observed. By plotting the
strain rate against stress, the stress corresponding to equilibrium
{zero rate) has been interpolated. The load which just balances de-
formation arising from the stress which is due to surface energy

can then be used for determining the surface energy, since

w = Ary_ - mrrzyb

where w is the balancing load, r the radius of the rod, vy the
surface energy, n the number of grains per unit length of rod and
Y, the grain boundary tension.

An evacuated graphite resistor furnace has been used for heat-
ing the specimens, which were suspended from the lid of an Al, O,
crucible located in the bore of the resistor element, as was de-
scribed in more detail in the final report of the previous phase(6_1)
Strain measurements were made between gauge marks 2 cm apart .
with the aid of a measuring microscope having 0.001 cm. gradua-
tions. The stress on the specimen arises from the weight of ma-
terial below the mid-point of the gauge length and it may be varied
by using different lengths of rod below the lower gauge mark.

The only modification made in the apparatus since the prev-
ious description has been the incorporation of an iridium-40 per-
cent iridium/rhodium thermocouple for temperature measurement,
replacing the optically temperature recorder used previously. The
thermocouple is introduced through a vacuum seal in the base of the
furnace and extends up the bore of the resistor being sleeved with
a thoria sheath and an outer molybdenum tube. Through a hole
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drilled in its bottom, the hot junction protrudes into the AIZO3

crucible,
A. Results

The strain curves so far available are shown in Fig. 6-14
and the plot of strain rate against stress in Fig,6-15. In calcula-
ting the surface energy, it is necessary to know not only the stress
for zero creep, but a.l‘so the number of grains per unit length of rod
and the grain boundary tension. The grain size of the rods has not
yet be.en accurately determined since the rods are required for
further measurements, nor has the grain boundary energy been
measured. However, visual inspection suggests that the grain size
is about the same as the rod diameter and for the grain boundary
energy been measured. However, visual inspection suggests that
the grain size is abcout the same as the rod diameter and for the
grain boundary energy we can assume, as has frequently been

found to be the case, that

Yy/Y, &5 0.4

The interpolation of the stress for zero creep from Fig. 6-15 can-
not be made with high accuracy because of the paucity and scatter
of available data. However, the minimum value of this stress is
15 x 10 dynes per sq cm and the maximum value 24.5 x 104 dynes
per 3aq cm., These correspond to surface energies of 690 and 1090

ergs per sq cm respectively, with a mean of 890 ergs per sq cm.
B. Discussion

The mean result of 890 ergs per sq cm at 1900°C compares
favorably with that of 900 ergs per sq cm at 1850 C quoted by Norton

{6-15)

and Kingrey , although this correspondence may well prove to

be fortuitous in the light of the further measurements contemplated.

-303-



) 3
STRAIN X 10
Ly

10

o

-8

Applied
Stress
408 aynes
/sq.cm,

364

*—r—“" 26‘7

4%

2 A 'y

10 20 30
IME (HR)

Fig. 6-14 CONSTANT STRESS CREEP CURVES FOR ALUMINUM

OXIDE AT 1900°C

-304-



30¢

2:0

1-C

-4

JHR X10

o

. STRAIN RATE
S

0 10 20 30 40 %0
STRESS {( DYNES/SQ CM )

Fig. 6-15 CREEP RATE AS FUNCTION OF STRESS FOR
ALUMINUM OXIDE AT 1900°C

-305-



-

There are a number of possible sources of error in this work,
apart from those already mentioned or those inherent in measuring
small strains at 1900°C. The two most important sources of such
errors are concerned with the purity of the Al,0, used and with the
time at temperature. The purity cf the Al,0, (quoted as 99.5%) is
doubtful because of the observation; that, although white when re-

ceived, the specimens became grey after heating; furthermore, the

degree of vacuum in the furnace chamber is impaired by the presence

of A1;0y . The time involved in heating specimens to temperature is

important at the present stage sim[;iy because it is, cumulatively, of

the same order as the time that specimens have been held at temper-

ature and the times shown'in Fig. 6-15 refer only to time at temper-

ature. Because of outgassing problems and the cracking of crucibles

by thermal stress it is necessary to employ times of 2-3 hy in heat-
ing specimens to the operating temperature. This problem will be
avoided in future runs by employing longer holding times and so re-
ducing the heating time to insignifiéance.

It is apparent that, the technique having been finally estab-
lished, measurements should now be made in which the stress range
is extended so that the interpolation of the stress for zero strain
rate can be made with greater confidence. .The temperature sensi-
tivity of the surface energy should be studied; this will also serve
as an additional check on overall accuracy. These measurements
should be made on samples of Al, O, of controlled purity, and in-
deed arrangements have been made for the supply of such material

by Professor B. Cutler, University of Utah.
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TASK 7 - FRACTURE MECHANISM S

Principal Investigator: E. Orowan
Massachusetts Institute of Technology

ABSTRACT

The purpose of the present work is to study the processes
which lead to fracture in high temperature refractory oxides, partic-
ularly A1,0, and MgO. The work progressed along two distinct lines:
studies off xgulticrystalline bodies of Al,0, and MgO at various
temperatures, and microscopic and x-rdy %tudies of fracture mechanisms
in MgO single crystals.

Studies on polycrystalline MgO bodies in torsion at room
temperature yielded stresses 20 percent lower than those obtained
at ARF previously in bending. This anomaly was iraced to the
existence of impurities and pores in this material, whose stress
concentrating effect in torsion far more pronounced than in bending
or tension. At temperatures running to 1500°C, the MgO specimens
showed considerable weakening, the mode of fracture gradually
changing from a brittle toward a ductile type; this behavior was
principally traced to grain boundary sliding.

Work on MgO crystals clearly established the importance
of the high stresses produced by kinking, which are instrumental in
crack nucleation under certain circumstances. Crack initiation was
also traced to the arrest of dislocation bands by an obstacle bang,
and to the simultaneous widening of two conjugate dislocation bands
where cracks are nucleated by stresses in finite tilt boundaries. It
was found that dislocations gliding along a blocked band actually
penetrate some distance into the conjugate obstacle band, rather
than piling up at its boundary. This explains why the Zener
crack forming mechanism seldom governs crack nucleation. The
formation of conjugate slip bands can also lead to crack formation
by the creation of high tensile stresses in the turn band inter-
section zone.: This mechanism is counteracted by an accommodation
mechanism which effectively dissipdtes the high shear strain
concentration of impinging turns.

1
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TASK 7 - FRACTURE MECHANISMS

1. INTRODUCTION

The purpose of the present work is to contribute to the
understanding of the processes which lead to the fracture of high

temperature refractory materials particularly A1203 and MgO.

The characteristic difference betwesen metallic and
non-metallic materials 1s the narrow range of transition between
almost complete brittleness and ductility in the latter. In the high
temperature range, the material may be too soft to be practically
useful; this is the case with MgC. In this case, the range of useful-
ness can be extended upwards by the incorporaticn of a hard phase.
In the low temperature range of nearly complete brittleness, the
material can still become useful if its strength (fracture stress)
can be sufficiently increased - e. g., by the incorporation of
crack arresters; an example for this possibility is Pyroceram:.
What appears most attra‘ctive at first sight is the extension of
ductility to lower temperatures, in order to relieve stress concen-
trations. This 18 occasionally pcssible: 1f the lack of ductility is
due to the absence of mobile dislocations, it may be increased by
the introduction of such dislocations. The crucial point, however,
18 whether the intrcduction of mwinle dislnocations can increase
the ductility without giving rise to crack formation or propagation.

(7-1) that the observed low

In 1934 it became clear
strength of NaCl crystals could not be explained if they were
assumed as essentially brittle and behaving according to the

Griffith theory of crack propagation. It was suggested therefore,
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that crack propagation occurred by a mechanism based on plastic
deformation, that is, on the movement of dislocations. Since

1949 additional mechanisms have been suggelted”_z) through
which cracks might arise as a consequence cf plastic deformation,
Thus plastic deformation is no longer regarded as an unqualified
bleesing; it can make stress concentrations harmless, but it may
also produce or propagate cracks. It is necessary, therefore, for
practical engineering purposes, to understand the mechanism cf
fracture in order to know whether, for improving the mechanical
properties of the material, plastic deformation should be promoted

or counteracted.

Table 7-1 gives a survey of the main possibilities of
increasing the resistance to fracture. In substantially brittle
materials, there are only two ways of increasing the strength:

{1) cracks can be avoided by careful manufacture and fabrication;

or they can be removed, if surface cracks, by dissolution of the
surface layer; or they can be neutralized by a tangential compressive
stress at the surface; (2) the resistance to crack propagation can

be increased by the introduction of obstacles such as grain bound-

aries, inclusions, or by the use of a composite material.

In more or less ductile materials, fracture can be
counteracted either by increaeing ductility to the point at which
it is sufficient for removing stress concentrations, or by reducing
ductility if it is more important to inhibit a plastic crack formation
or propagation mechanism. The choice between these opposite
measures requires the knowledge of the fracture mechanisms that

may act in the material and at the temperature in question.

Naturally, the practical use of a material at high
temperatures may be limited by its low yield stress (softness)

rather than its low fracture stress {(weakness). In this case as
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mentioned, the yield stress has to be increased by alloying or
by the incorporation of hard particles by precipitation or by

mechanical mixing.

The work described here progressed along two
lines. The first line of attack was a study of the strength of
polycrystalline MgO and AIZO3 specimens as a function of
temperature, up to the highest temperatures of practical
interest. The main part of this work was the design and
construction of an elevated temperature testing machine capable
of loads up to 5,000 1b. So far, the heating element used is made
of tantalum, and the highest temperature at which experiments
were carried out was 1, 500°C; the use of tungsten elements may
permit an extension of the temperature range to the neighborhood
of 2, 200°C.

The second part of the study was a microscopic and
x-ray study of the mechanism of fracture, mainly in single crystal
MgO, but also including alkali halide crystals. The crystals were
compressed, extended or bent in devices that could be placed on
the microscope stage, so that the development of photoelastic
patterns and slip lines during deformation could be observed;
after deformation, or between two stages of deformation, the
crystal could be etched to reveal dislocations or studied by imaging

x-ray photography,

2. WORK WITH POLYCRYSTALLINE SPECIMENS
A. Design of the High Temperature Testing Machine

The machine was originally designed for use in tension
and compression, with the possibility of carrying out bending tests
by means of an auxiliary attachment to the grips. The tensile
specimens were to be dogbones used for bending tests at the
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Armour Research Foundation. However, most of the specimens
were more or less warped, requiring a change-over to torsion
tests, and a corresponding modification of the testing machine.
The original tension-compression machine will be described first
followed by a presentation of the machine as modified for torsion

tests.

In the tension-compression machine, the specimen
was strained by a mechanical gear and the load measured by
electric resistance gage load cells. Heating of the specimen is
accomplished by an electric resistance furnace with a vertical
tubular heating element split vertically in two halves from the
top nearly to the bottom. This makes i. possible to observe the
specimen 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 for the same heater power. The heating element
is made of tantalum sheet; if higher temperatures, up to nearly
4,000°F, are required, a heating element of tungsten can be
used. The heating element is surrounded by three sets of moly-
bdenum radiation shields (concentric cylinders around the tube,
circular plates above and below). Heating element, radiation
shields, specimen, and grips are in an evacuated steel vessel
with chromium plated and buffed interior walls. Both the walls
of the steel vessel and the pulling rod are water cooled. The

power supply is a saturated core transformer of 25-kva capacity.

Figure 7-1 shows a vertical and a horizontal section
of the machine, and a vertical view. The machine 18 built up on
a frame consisting of a base (7), two vertical steel columns of
2-in, diam, and a head-piece (5), giving a total height of
approximately 6 ft. Two steel columns (4) are suspended from

the head-piece; their lower ends carry a heavy steel disc (3)
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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 in-
ternal thread engaging the threaded rod (13). 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 (415). The pinion is supported on a swiveling
block so that it can be disengaged if the pulling rod is to be maved
rapidly.

The two parts {8) and (9) of the pulling rod are
connected by a thin-walled tube or thin étrips, 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 drawing) carry the resistance gages
and act as a dynamometer. Thin (and, if required, bent) strips
are used for very low loads; thick strips or a relatively thick-
walled tube for high load ranges. As is indicated in the drawing,
the lower part of the rod is guided in the upper part by three
vertical rows of steel balls in a esingle cage; similarly, the lower
part of the rod is guided in the bush (12) of the vacuum vessel by
three rows of steel balls. In this way, the friction is reduced
to a value between 1/2 oz. and 1l oz., and the rod is guided with
no perceptible play. Consequently, it can be used for compressing
specimens as well as for pulling them, without much danger of

buckling at the sliding joint of the two parts (8) and (9).

A "Bellofram'' rolling rubber diaphragm was used
to establish a vacuum seal between the pull rod and the tank.

[

Ao
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In Fig. 7-1, it can be seen that the vacuum vessel
consists of a short upper and a long lower part ":olted together
by flanges with a sealing rubber O-ring between the flanges. To
obtain access to the spe'cimen and the heating element, the lower
part can be lowered as shown in Fig. 7-2. It is balanced by a
weight sliding on one of the main columns (in' Fig. 7-1] two
counterweights, each on one of the columns, were planned}; the
vessel can be lowered by unbolting the connection and turning the

nand-wheel seen in Fig.. -Z.

The hea-ting element (18) of tantdlum sheet is 60 mils
thick, and the upper horizontal and the cylindrical radiation
shields (26) and (25) are supported by two héavy molybdenum plates
(23) carried by water-cooled copper rods (24), which are intro-
duced through the top of the vacuum vessel electrically insulated
and vacuum-sealed. Above the vessel the two busbars (24; are
bracketed together by an insulating bar. The vertical section and
the vertical view in Fig. 7-1 show the position of the vacuum
connection; the horizontal section (lower right) shows the two
observation windows in the lower part of the vessel. The vacaium
diffusion pump, of course, is permanently attached to the upper

part of the vessel, as seen in Fig. 7-2.

For reasons already mentioned, it was decided to carry
out the experiments on dogbones in torsion. Therefore, the initial
design of the machine was modifi ;-1 in the manner shown in
Fig. 7-2 and 7-3

In torsion, the torque is produced by rotating a fork
(29) made up of a pair of short levers, so that the latter pressed
against a onir of radial rods of a capstan (30). The fork is rotated
by a worm and worm wheel (31} driven by a motor with a two-

speed drive (32). The torque is measured by meana of resistance
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Fig. 7-2
HIGH TEMPERATURE TESTING FACILITY
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Fig. 7-3

UPPER PART OF TESTING MACHINE
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strain gages mounted on the two levers of the fork. The torque
assembly is eketched out in Fig.7-4. The capstan is the upper
termination of the twist rod (33). It is radially supported by two
ball bearings. A collar (34) is connected with the capstan by
means of a thin rubber tube (Gooch tubing) covering the gap (35).
The bushing is guided by a thrust bearing and is free to rotate

in an O-ring seal (36). This arrangement involving the floating
collar permits a certain amount of twist without significant
friction, primarily through the elastic deformation of the rubber
collar. Rotaticn of the collar in the O-ring seal allows for large
adjustments to t. ..e care of initial differences ir specimen thick-

ness.

The specimens were twisted b‘ymmolybdenum grips
(37), as shown in Fig. 7-5, with broached rectangular holes
slightly larger than the cross section of the heads of the specimen.
The torque was applied to the specimens through the rounded ends
of two tungsten pins inserted into each grip and protruding into
the broached hole. This assured contact in a horizontal plane in

bowed specimens and eliminated superimposed bending.

—

Sinc‘:e it is very difficult to measure the twist of the
specimen directly, the rotation of the capstan relative to the
frame of the machine has been measured by means of a flexible
phosphor-bronze leaf spring fixed at one end to the frame of the
machine with the other end bearing against an arm on the capstan.
The displacement of the end of the cantilever is meaegured as the
change in curvature of the cantilever by means of resistance strain
gages mounted or the latter. Both the torque and the twist were
recorded with a Honeywell recorder (38) seen in Fig. 7-2.

Figure 7-2 also shows the power transformer (39), the Honeywell
temperature indicator-controller (40), the vacuum gage (41)
and indicator (42).
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Fig. 7-5

CENTRAL PART OF INSIDE OF TESTING MACHINE
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The temperature is measured by means of a tungsten
-- tungsten-rhenium thermocouple bearing against the specimen at
the lower grip. The temperature is controlled by switching between
two levels of heating current. This gives a very uniform control
of temperature in the specimen with a practically insignificant

ripple.

B. Dogbone Specimens

As noted, the dogbone specimens have an approximately
square cross section over the gage section. The stress distribution

in a purely elastic twisted square rod is given by:

(- l)1'1 sinh kny

3 cos knx
.48 -rr3M oo (2ntl) cosh k_ a2 ’

Tox 23 = ) S8 fanhk_a/2
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The variation of the principal tensile etress on the surface of the
specimen, along a line perpendicular to its axis is plotted in

Fig. 7-6; the abscissa is the distance from one edge, the width

of the face being a. The dotted curve has been calculated from
the elastic solution of the torsion probiem; for the sake ‘of
interest, the stress at the surface of a twisted rod with square
cross section has actually been measured and the result compared
with the calculatioh. For this purpose, a square rod of an
aluminum allcy of the 7075 - T6 type, heat treated to maximum
hardness, of a cross section 2-in. square, has been loaded in a
torsion testing machine, and the tensile stresses at the surface
measured by slectric resistance gages of 1/8-in. length, cemented
to the face of the rod at 45 deg to its axis. Seven gages were
|pac$d at 1/4-in. on one face of the specimen; another gage, also
oriented at 45 deg to the axis, was cemented in the center of

a face at 90 deg to the first face. The stresses read from the gages
are represented by the dots ir. the figure; the full curve fits the
measured points nccz;rding to visual judgment.

if tha cron‘ section deviates from a square, and be«
comes a rectangle, the stresses on the long side rise to higher
levels than on the narrow side. Figure 7-7 shows the ratio of the
maximum tensile stresses on the long side (UB) to those on the
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narrow side (o'A) as a function of the ratio, R, of the lengths of
the two sides. Figure 7-8 gives the highest tensile stress in

the specimen (in the center of the long side acting across a plane
at 45 deg to the axis); the ordinate C is the factor to be multiplied
by the torque M and divided by the cube of the width A of the
narrower face in order to give the maximum stress in the wider
face. .The cross sections of the specimens used were, in general,
not quite square; the maximum stress was calculated, therefore,

on the basis of the curve in Fig.. 7-8. -

Two batches of dogbones were received. The first
gpipment consisted of ten MgO and ten A1203 specimens. ¥ The
ten MgO :pecimens, referred io #& Group I, had a rough and
scaly surface and were considerably bowed and twisted, Their
average cross sactional area was somewhat less than 1/16 sq. in.
These specimens are referred to hereafter aa small specimens.
The apecimens had what appeared to be a parting line (a very
flat re-entrant wedge) on the side surface following roughly the
median plane as shown in Fig. 7-9. The ten A1203 specimens.
referred to as Group II, had a somewhat larger cross sectional
area, and a smoother satiny surface; these specimens were
considerably less distorted. No trace of a "parting line' could

be detected on the Group II specimens.

In zddivion to the curvature and the parting line, the

majoricy of the specimens contzined one or more of a variety of

* No explanation accompanied the shipment. Since the test
results to be discussed in Subsection 4 indicated two distinct
kinds of behavior, scraich hardness tests were made; they
indicated that one half of the twenty specimens was AIZO 3
the other half MgO.
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Fig. 7-9

MAGNESIUM OXIDE DOGBONE SHOWING "PARTING LINE"
AND STEPED FRACTURE SURFACE

Fig. 7-10

TYPES OF CRACKS PRESENT IN
ARF MAGNESIUM OXIDE DOGBONES
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defects. A common type of defect was a crack either in the
plane across the direction of pressing, such as the ones seen

in Fig. 7-10, or more frequently along the edge, the crack
penetrdting into the interior of the specimen. Other defects
were: colored spots (brown, orange-yellow, green), which were
frequently observable on the surface or slightly under the sur-
face of the specimens. As will be discussed, fracture originated
often from these sites of impurities. All specimens contained
varying numbers of surface pits and scales. The cross section
of the specimens often deviated markedly from that of a square.

A second batch of one-hundred and fifty MgO dogbones
was received later. Although the size of the specimens in this
batch was larger (0.1 8q. in. ), their quality was similar to those
in the first batch. These specimens of larger cross sectional

area will be referred to hereafier as large specimens.

C. Experimental Results

Torsion Experiments at Room Tamperature

The results of the torsion experiments at room
teraperature of the first batch are given in Table 7-II. The first
half of the tablie shows the results on the smail MgO specimens.
The first three specimens were tested in grips without the two
pins mentioned in Subsection 2B; there was therefore a certain
amount of superimposed bending stress, which is reflected in
the scatter of the measured stresses and also in appreciable
deviations from 45 deg of the angle between the fracture surface
origin and the specimen axis. The remaining six specimens
were loaded by means of the rounded pins described above,
eliminating the bending stress. The angle between the fracture
surface and the specimen axis was rema.xl'kably close to 45 deg.
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These specimens had a somewhat rectangular cross section; tha
thickness in the plane of the dogbone was larger by as much as-

10 percent than the thickness at a right angle to it. It is to be notad
that fracture in these six specimens did not originate on the wider
face where the tensile stress must have been somewhat larger, but
‘on the narrow side containfng the longitudinal parting line..

In Group I specimens nearly all traces of the fracture
surface had a small kink at the parting line as shown in Fig. 7-9.
The mean fracture stress for this group was 13, 000 psi, which is
about 25 percent lower than the value of 16, 000 obtained in the
Armour Research Foundation. These lower values are of consid-
erable interest, especially in view of the fact that the most highly
stressed part of the surface in the torsion specimens is less than
in the bending specimens of Armour; for this reason, a higher
strength might be expected in ter 1on. Consequently, these lower
values may be the result, either of a plane of weakness associated
with the '"parting line, ' or of certain defects having a higher stress
concentration in torsion than in tension or compression (see below).

No information about the way in which the manufacturing
process gives rise to the parting line has so far been available. It
is of interest that the strength impairing property of this ‘defect
could not have been detected by tension or bending experiments, but
only with torsion experiments.

The second half of Table 7-II gives the results for the
AIZO3 specimens. The mean fracture stress of this group was
32,100 psi, which is about 20 percent higher than the average value
of 26, 200 psi obtained in bending experiments at Armour,
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These specimens had a very nearly square cross
section; the origins of fracture were more uniformly distributed
between face and side, and no kinks were observed at the fracture
origin. A

Of the second batch of (large)} MgO dogbones, forty-nine
wére tested in torsion at room temperature. The results of tensile
fracture strengths are presented as a '"cumulative' probability
distribution in Fig. 7-11 by the solid curve. The results of the
earlier torsion experiments of the first batch {small specimens)
are given as the six points marked by ''x'" in Fig. 7-11. The sixty
tensile fraciure stresses of small specimens obtained in bending
at room temperature by the Armour Research Foundation are
entered in Fig. 7-11 as the dotted cumulative probability curve.
The fracture strengths in torsion are similar to those of the small
specimens. Their average strength is 13, 600 psi, and the distri-
bution has a standard deviation of 1, 830 psi. The average bending
strength of small specimens measured.by the Armour Research
Foundation was 16, 600 psi with a distriﬁption having a standard
deviation of 1,940 psi. Figure 7-11 shows that the MgO specimens
are considerably weaker in torsion than they are in bending. To
make certain that no differences in material or manufacturing
techniques were responsible for this difference in strength, five
large dogbone specimens were broken in four-point bending. The
fracture stresses are given in Table 7-III; they do not differ
significantly from the values measured at the Armour Research

Foundation.
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It seems certain, then, that differences between the
batch used in these experiments and the batches used at Armour
could not be made responsible for the higher strength observed
in bending. On the other hand, the difference cannot be attributed
to the testing machine, because the tensile strengths derived from
the torsion tests for Al O3 specimens were ccnsiderably higher
than those obtained from the bending tests at ARF. One circum-
stance that may be relevant is that i1n the majority of the MgO
specimens, fracture originated at a more or less spherical
cavity at or near the surface. Such cavities are visible in the
photographs shown in Fig. 7-12. The peculiarity of a spherical
cavity is that its stress concentration factor under a tensile aireas
is lower than that under shear stress; more explicitly, if + ¢ and
- o are the principal stresses in a biaxial state of ntreu. the highest
tensile stress at the wall of a spherical cavity is 'T—S'T times higher
than the highest tensile stress at the cavity wall if a uniaxial tensile
stress o is acting. This has the simple reason that, in uniaxial
tension, the stresses tangential to the wall of the cavity will vary
as shown in Fig. 7-13a; around the diameter parallel to the applied
tension, the tangential stress is compressive, while it is tensile
along the equator. Evidently, if a tensile stress and a perpendicular
compressive stress are applied, the tensile stresses generated -
around the poles of the compression axis are superposed on the
(higher) tensile stress at the equator around the tension axis, and
the maximum tensile stress at the wall of the cavity is higher than
if the tensile stress were acting alone. Calculation leads to the
ratio just mentioned; if Poisson's ratio is assumed as 0. 2, its
numerical value is 1,25. This happens to be close to the ratio
16, 600/13,600 = 1. 22 of the tensile strengths derived from bending

tests to those derived from torsion tests.
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Fig. 7-13

DISTRIBUTION OF NORMAL STRESS AT THE CIRCUMFERENCE
OF A SPHERICAL CAVITY
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On the other hand, no spherical cavities were
observed in A1203 specimens; since A.1203 is less plastic at
the sintering temperature, it may be assumed that any cavities
that may be present are likely to be crack-like in shape. With
a crack-shaped cavity, the stress concentration factors would
not differ significantly in tension and torsion; but there are two
circumstances.that may introduce a difference. First, if the
orientation of the cracks is not random, they may lie so a8 to
weaken the material more if the tensile ltress'is at 90 deg to

the specimen axis than when it is at 45 deg.

Secondly, it is not unreasonable to expect that the
crack surfaces will be rough so that there may be friction between
the walls of the crack, arising from mechanical interlocking.

If then the cracks are almost normal to the axis of the specimen,
the propagation of the crack by an axial tension is not hindered by
friction effects. In torsion, however, such a crack has to
propa'gate against the wall friction.

‘Torsion Experiments on Polycrystalline Magnesium Oxide at

Elevated Temperatures

A number of torsion experiments were performed in an
Ar atmosphere at 400°C, 1200°C, and 1500°C at the atandard
twist rate, which was 0.057* per min. Two experiments at
1200° and 1500°C were also performed at a twist rate of 1.4°
per min. The results are given in Table 7-1V,

-337-



‘uc1$I03 Ur 9aInydna Jo IMNpPow se PAIIPIBUOD

2q pPINOYS $INJeA $§5I38 [LUWIIOU I8} JeY) OF ‘saxnjexaduia) pIjeasld

je UOTIPWIOJIP DIISE[IUOU I[RIIPISUCD MOYs suIWIdads Iy3 pPIssndIsIpP SI 8V %

001 ‘¥ ¥l
00T ‘2 LS00 00§1
009 ‘8 ¥l
00¥% ‘o1 LS0 "0
00L ‘6 LS9 0
00L ‘T 00 ‘8 000 ‘8 L§06 0
006 ‘9 LSO ‘0 0021
002 ‘¥ 1 LS0 "0
00L ‘€1 LS00
00£ ‘1 00L ‘¥1 006 ‘€1 LS50 "0
008 ‘91 LS00
_ 002 ‘st L50 0 00%
(18d) (18d) (vsd) (uruz/3ap) - (D,)
uoijelaaq 889319 @ANOVR T *889X38 )
paepuelg [ewWIION 9BeIdAY sanjoexy [PWION ajey ISIM ] @anjexaduwiag
— = = —

STANLVIIANWIL AILVATTH LV SNIWIDIAJS
ANOEODOA TTIXO WAISINDOVIN NO SININWIYIAIXIT 0 SLI1aSTH

AI-L ?qel

-338-



It is important to realize that fracture stresses in
Table 7-1V have been calculated on the basis of the stress distri-
bution in a twisted elastic bar. Since, as will be seen, the speci-
mens show strong relaxation effects at elevated temperatures, the
elastic calculation is unrealistic and the values given in Table
7-1V, particularly at the temperatures 1200 and 1500°*C, can not be
regarded as representing the true fracture stress. Moreover, if
the material showed ideally plastic behavior (no strain hardening)
at a high temperature, and the stresses could be calculated from
the stress distribution in an ideally plastic twisted square rod,
the maximum stress obtained could not be a fracture stress,
because this stress would have acted from the beginning, through
the entire stage of plastic torsion, without causing fracture.
Consequently, the fracture could not have been of the brittle type,

governed by a critical tensile stress condition

Figure 7-14 shows that, in fact, the type of fracture
changes with the temperature, The first of the three fractured
specimens shown broke at room temperature; the surface of
fracture ie almost exactly at 45 deg to the axis. The second
specimen was tested at 1200°C; the surface of fracture is
irregular, and, on the whole, its angle to the axis is smaller.

The third specimen was broken at 1500°C, and the fracture surface
is close to being at right angles to the axis than at 45 deg to it.

In other words, at 1500°C, the orientation of the surface of fracture
is much closer to that observed in shear fracture than that in a
brittle fracture.

The numerical evaluation of the tests at the elevated
temperatures, therefore, is made impossible by the circumstance
that the stress distribution is not that in an elastically twisted rod,

nor, in general, that in a twisted rod of ideally plastic material.
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. Fig. 7-14 .
CHANGE OF POSITION OF FRACTURE SURFACE WITH TEMPERATURE
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Of greater fundamental importance is that the character of the
fracture changes from the brittle to a ductile type as the temper -
ature rises. This means that the maximum tensile stress

fracture condition ceases to be valid. It was pointed out(7'3)]hat
ductile fractures domot obey any critical stress fracture condition;
in other words, there is no single value of a ductile strength (or,
there is no ductile strength as a quantity that can be regarded as

characteristic of the material).

Naturally, the strain rate influences the fracture
mechanism in the same way as the temperature. Increased strain
rate is approximately equivalent to a reduced temperature. Only
a few experiments could be carried out in this direction. At 1200°C,
increase of the strain rate by a factor of 25 did not seem to influ-
ence the nominal fracture stress, while in two teats at 1500°C, the
nominal strength rose from 2, 100 psi to 4, 100 psi as the strain

rate was increased by a factor of 25.

In summing up, it can be said that the toxrsion test
{(or, for that matter, the b'ending test) can not be evaluated, and
the true maximum stress can not be obtained when the material
is8 noticeably plastic. The true stress at fracture could be found
in the plastic range from a tensile test. However, this would not
represent a fracture stress (strength) characteristic of the material
from which its behavior under other types of loading could be
calculated, because the maximum tensile stress fracture condition
is not valid in the plastic range where the fracture changes from
the brittle to a ductile type. At very high temperatures, the
problem becomes one of creep fracture (''strass rupture''); under
a general state of stress practically nothing is known about its - - -
solution. In simple tension at very high temperatures, the
fracture strain is usually approximately constant in creep
fracture tests; in the intermediate temperature range (between
room temperature and very high temperatures) not even this simple
approximate rule holds.
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For polycrystalline MgO a temperature of 800°C
appears to be the approximate limit of substantially elastic be-
havior; however, this is not meant to imply that plastic defor-
mation can safely be neglected at lower temperatures. Figure
7-15 shows torque versus twist curves of MgO dogbone speci-
ménts; it shows that the curve for 400°C deviates considerably
from the sulistantially elastic curve at 20°C. The deviation is
not merely a consequence of the temperature dependence of the
elastic modulus; the torque twist plot is distinctly curved.
Whether the entire deviation from the initial tangent was due to
permanent deformation could not be ascertained, since the

experiment ended with fracture.

Table 7-1V shows .a point of interest in connection
with the slight plastic deformation observed at 400°C. The mean
nominal fracture stress {normal siress) irom five specimens at
400°C is 14, 700 psi with a standard deviation of 1, 300 psi; at
room temperature, the mean value is 13, 600 with a standard
deviation of 1,800 pei. There is a possibility that the difference
may be significant; if so, the simplest explanation would be to
attribute it to the reduction of stress concentrations by the plastic
deformation indicated by Fig. 7-15,

Figure 7-l6a shows the surface of fracture of a speci-
men broken at 1200°C. It is quite different from the fracture
surface at room temperature, although this is not clearly visible
on the photograph. The microscopic observation shows very
suggestively that the fracture was not a simple crack propégation
process, but that the grains have been pulled apart, apparently
by the weakness of the grain boundaries at the high temperature.
This is illustrated also in Fig. 7-16b, which shows a partly
broken specimen with a branching surface of fracture obtained
at 1200°C.
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Fig. 7-16
Fig. 7-16 MAGNESIUM OXIDE FRACTURE SURFACES AT 1200°C
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If the weakness of golycryatalline MgO at higher
temperatures is due to tlie grain boundaries, as Fig. 7-16
strongly indicate, a puint of great practical importance arises,

In an unpublished investigation, one of the participants in the
present work, .. Orowan, found many years ago that commercial
lead comes apart cleanly along the grain boundaries if it is
carefully ‘.eated over a gas flame and pulled by hand, The

questi :n was whether this was due to the inherent weakness of the
grain boundaries as sites of atomic disorder, or to small amounts
of impurity lodged in the grain boundaries and depressing the
melting point. The experiment was repeated with spectro-
scopically pure lead, and the effect could not be reproduced.
Although commercial lead is an exceptionally pure met' ’

o

ce a
vior. Another
olycrystalline ice

impurities accumulated in the grain boundaries did pr:

s —aa

radical change in its high temperature fracture b
similar instance is the plastic deformation o
in glaciers. It seems that the creep of

perate-zone glaciers

(in which the ice is apprcximately a e pressure melting point)

is largely due to grain ary sliding caused by a slight reduction

of the melting point the boundary, resulting from accumulated

impurities, of h NH,NO,, formed from air by atmospheric

rges, seems to be the most important. The high

:‘ e grain boundaries.

\\“ From what has been said about colored specks present
‘ﬂ in the MgO specimens, it is clear that impurities are present in
\ visually observable quantities; the question is whether the use of a

purified material would lead to a radical improvement in creep
fracture strength. To answer this question would require experi-
ments with very pure MgO; the important point ehown by the present
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work is that .he w.akness of polycrystalline MgO may possibly be
due largely to smec 1l amounts of impurities. Naturally, even if this
weakness would be remedied, MgO would still retain the disad-
vantage of conaidrrable intracrystalline softening at higher temper-

atures.

Relaxatior Experiments

As menticned, the MgO specimens showed consider-
able plastic deformation at temperatures approaching 1000°C.
A number of relaxation tests have been carried out to obtain
some orientation about the phenomenon. These tests consisted
in applying a tozque at the higher rate given by the drive of the
testing machine (1. 4 deg twist per minute), stopping the drive,
and recording the decrease of the torque, One of the relaxation
curves obtained at 1500°C is shown in Fig. 7-17. It ie useful
to compare such a relaxation curve with that of purely Newtonian

viscous relaxation characterized by

M = M/ exp (- t/6)

where M is the initial magnitude of the moment and 0 the time
constant of the relaxation. If the logarithm of the moment M/M
is plotted against the time, t, a straight line is obtained. Figure
7-18 shows the logarithm of M/Mo plotted against t. The curve
ig not a straight line, but seems to consist of three straight por-
tions, the slopes of which diminish with the time. This is to be
expeéted. Being a crystalline material, MgO ought to show
non-Newtonian viscosity of the type encountered with metals in
the hot creep range. Up to the ''creep limit, ' the creep rate

is very small, and then it begins to rise very rapidly. #n other
words, the effective coefficient of viscosity in creases rapidly
with decreasing load, and time constant which determines the
slope of the logarithmic plot ought to increase in the course of

the relaxation process. This is just what has been observed.
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It is conventional to compute the activation energy
from the temperature dependence of a creep process. Figure
7-19 shows the relaxation rate plotted over the reciprocal of the
absolute temperature for seven temperatures between 900 and
1500°C; the experimental points are grouped around a straight
line with considerable acatter. ‘The slope of the line corresponds
to an activation energy of about 0.7 ev. In view of the uncer-
tainties of the experiments, not too much weight is attached
to this value. In experiments with another specimen, at three
different initial torques, the scatter was too strong and no
plausible curve could be fitted. It is intended to clarify the
matter by means of further creep tests in tension at constant
load.

Because the polycrystailine MgO specimens were
warped, they were not suitable for tensile tests; for this reason,
torsion tests were carried out. At room temperature, the
maximum tensile stress at fracture was almost 20 percent lower
in torsion tests than in four-point bending tests; with A1203
specimens, on the other hand, the tensile strength derived from
tersion-tests was higher than that from bending tests. The
majority of the MgO specimens contained roughly spherical
cavities at which many fractures originated. This may account
for the lower strength in torsion, since the atress concentra-
tion at such a cavity is higher under an applied shear stress than

under a tensile or compressive stress.

At temperatures approaching 1000°C, the MgO speci-
mens showed coneiderable plastic deformation, and the mechan-
ism of fracture gradually changed from the brittle type towards
a ductile type. This meant that the maximum tensile stress
eould no longer be evaluated by means of calculations referring

to elastic materials. Moreover, even if the stress at fracture
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could bs calculated, ductile fractures are not governed by a
critical tens:le stress (or shear stress) condition.

The high temperature fractures seem to indicate
that muck, if not most, of the deformation, as well as the
fracture itself, is likely to be due to grain boundary sliding.
Since boundary sliding may be accelerated by impurities
accurnulated at the boundaries, the possibility is presented that
the inferior miechanical behavior of MgO at high temperatures

could be partly or mainly due to small amounts of impurities,

3. EXPERIMENTS ON SINGLE CRYSTALS OF
MAGNESIUM OXIDE

It was recognized early that the tensile cleavage
strength of NaCl crystals was much too low to be explained on
the basis of the Griffith theory, and that plastic deformation
mus.f: play a fundamental role in the fracture mechanism; the
proposition that cracks of subcritical size could propagate with
the help of the tensile stresses of edge dislocations approaching
the tip of the crack was advanced nearly 30 years ago. (7-1)
Recently, it was proposed(7'4' 7-5) that such a mechanism would
be responsible for the formation of cracks in MgO observed by
Parker and his collahorators in 1957.

Between 1948 and the present time, attention was
concentrated on the nucleation of cracks by the interaction of
individual dislocations, or a few dislocations, with obstacles
such as grain boundaries, or with other dislocations. The forma-
tion of cracks by the piling up of edge dislocations at a grain
boundary was suggested by Ze'n'ér””'z). mathematically investi-
gated by Stron!7-® 7'7), and observed in MgO crystals by West-

wood! 78 ang by Stokes, Johnston, and Li”"g)& The formation
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‘

of cracks by the fusion of edge dislocations was suggested by
(7-10), '

_Cottrell ; although similar mechanisme were used to

explain crack formation in single crystals, (7-9, 7-11, 7-12)

there is nc conclusive evidence available in this respect. Slip

across a low-angle boundary was suggested as a mechanism of

(7-13)

crack formation hy Orowan , and quantitatively investi-

gated by StrOhn_M); its operation was observed by Gilman”'ls)

h(7'16). That the intersection

and by Deruyttere and Greenoug
of twin bands can lead to crack formation has bee.. known since
1868(7'17); the importance of twinning in the brittle fracture

~18) -
of iron has been recentiy demonstrated by I..ow(7 18’, Hull('7 19),

(7-20)

Edmondson and others.

The following investigation was undertaken for
clarifying thelproceues which lead to the formation and propa-
gation of cracks in single crystals of MgO. It has shown the
importance of crack formation due to stresses produced by kink-

ing at the intersection of slip bands.

A, Preparation of Specimens

Large chunks of MgO crystals were purchased from
the Norton Company. The color of the raw crystals varied consid-
erably; however, this does not seem to have a significant effect

on fracture and therefore, chemical analyses were not made.

The raw crystals were cleaved to the desired sizes
and shapes; if chemical polishing was required, this was done
by continuous agitation in boiling orthophosphoric acid followed
by a succession of rinses in boiling water (to prevent thermal
shock), methanol and ether. The etch reported by Stokes, Johnston,
and Li(7'9), consisting of five parts of a saturated solution of

NH 4C1 in water, one part H SO 4 and one part of water, was used

2
to reveal dislocations. This etch differentiates between ''grown-

in" and fresh dislocations.
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Slender compression and tension specimens of
square cross sections (3 mm x 3 mm) were initially mounted with
epoxy cement in brass collars. In the case of compression, this
eliminated undesirable spalling fractures at the compression faces.
A simpler technique used in later experiments consisted of pro-
ducing a slight convexity on the ends of the crystals by acid polish-
!ng, This not only eliminated = palling fracture, but also made
subsequent etching and x-ray investigations more convenient.
The crystals equipped with brass collars were compressed or
extended in a specially constructed microscope stage testing
machine. The crystals with bulged ends were compressed in a
small, stiff machinist's vise. All loading experiments were
carried out on the atage of 2 polarizing microscope, 50 that
continuous observation of the development of deformation was
dpobsible, - * - - " !

The majority of the experiments was carried out
in compression to arrest the growth of cracks. Some tension
and bending experiments were also performed. These did not
show any feature that could not be studied more conveniently

in compression.

B. Features of Plastic Deformation in Magnesium

Oxide Crystals

If carefully cleaved MgO crystals are intensively
acid-polished, all surface irregularities in the form of cleavage
steps, cracks, and of fresh dislocations introduced by super-
ficial plastic deformation can be removed. Such acid-polished
crystals may fracture when bent at a high stress without any

(7-21)

sign of plastic deformation If polishing is not carried

out to such an extent, or if mobile dislocations have been
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produced at the suriace by mechanical surface damage, it is
possible to limit deforrnation to a few dislocation’.‘l In this
manner, the development of a few band intersections can be

studied in detail.

Figure 7-20 shows the surface of a moderately
polished crystal after two stages of compression, each followed
by a step of etching. The dark central portions of the inter-
secting dislocation bands show the width after the first stage
of compression; the somewhat lighter portions represent the
lateral growth of the bands during the second stage of compression.
The part of the thin diagonal band within the broad band is
uniformly sheared over; no discontinuity of the shear is apparent

-at the boundary between the primary and secondary portions of
t'he broad.band. This shows that, as in the case of Luders bands
in mild steel, additional deformation occurs only at the boundary
of a widening band, but not inside the band. The band widens by
"infecting' neighboring slip planea with dislocations, injected into

T =

* Dislocation-filled bands in MgO crystals are usually called
"slip bands'. However, their nature differs fundamentally
from slip bands in the traditional sense of the word, which
arise in an already dislocation-filled crystal by the gradual
concentration of slip in bands (or "zones') (in cubic face-
centered crystals, in the third stage of plastic deformation).

To avoid confusion, the deformation bands of the type occurring
in LiF and MgO, may be called dislocation bands, or after
their discoverers, Gilman-Johnston bands.



Fig. 7-20 -
LATERAL GROWTH OF DISLOCATION BANDS DURING TWO STAGES OF
COMPRESSION, EACH FOLLOWED BY A STAGE OF ETCHING
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them apparently by double cross slip'.."'t

Within the band, the dislocation density is such that
the resulting stiain hardening makes further deformation in the
band impossible until the stress is raised above the magnitude
required for widenihg the band. The shear strain in the band is
conveniently determined by measuring the angle introduced into

Rk
an intersecting conjugate slip line (single row of etch pits)

*% The current term for this prccess is '"dislocation multi-
plication. '" However, it occurs usually by double cross
slip, in which case the number of ron~connected dislo~
cation loops does not necessarily increase; what is "mul-
tiplied’ is:

(1) the length of the loops;
(2) the number of dislocation etch-pits observed;
(3) the number of active slip planes.

Now, (1) the length increases also when a simple loop expands;

{2) the number of observed etch-pits may increase if a

- simple loop becomes wavy and gives multiple inter-
sections with the plane of sectioning;

(3) *he number of active slip planes does not increase
when a Frank-Read ''source'' operates in one plane,
a process also called dislocation multiplication.

¢ .

To avoid ambiguities, therefore, it is convenient tc refer to
the process here considered as the infection of neighboring
slip planes with dislocations, a term first used for this pur-
pose in Ref, (7-22).

It may be remarked here that the term ''dislocation source"
involves similar ambiguities. A Frank-Read double ''source"
may increase the number of non-connected loops in a slip

plane, but this is not an essential point; a single "source, "

and in many cases the double ''source, ' merely increases the
length of a dislocation loop, without increasing the number of
loops or infecting other slip planes. It was for this reason

that the term Frank-Read '"dislocation mill'" was suggested(7'l3)
to replace "'dislocation source. "

***A pair of slip systems in which the slip direction of one is
normal to the plane of the other will be called conjugate.
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as it crosses a wide band (Qee Fig. 7-27). It can also be deter-
mined, somewhat less accurately, irom the tilt produced in a
cube face (cleavage face) where it is intersected by a dislocation
band with a slip direction at 45 deg to the cube face. Such
measurements show that the shear angle is, on the average 5

deg, and may vary between 4.8 deg and 5. 3 deg.

In the early stages of deformation, the dislocation
bands are narrow, and they can easily cut through each other.
As they widen, however, they become increasingly effective
obstacles to intersecting slip. The reason why the width of a
dislocation band determines its effectiveness as an obstacle is a
question of fundarnental importance; a possible answer will be
discussed below. When a2 band be >mes wide enough to make
penetration by intersecting bands practically impossible, the
segments of the intersecting bands begin to widen more or less
independently from each other. If the segments of a band «.cquire
different widths in this manner, high internal stresses are bound
to arise. It will be seen that the internal stresses arising from
the independent broadening of band segments are the cause of

crack formation in many cases.

When the dislocation bands have widened sufficiently
to give rise to independent widening of the conjugate band seg-
ments, the crystal becomes subdivided into regions 1n which
further deformation takes place prepcnderantly by-the widening
of one parallel set of dislocation hands {out of the four possible
sets). It seems that this subdivision into regions is a consequence
of the constraint exerted upon the crystal by the grips of the
testing machine, in connection with the tendency of the crystal
to operate only one set of bands in one region. The operation

of only one set in the whole crystal would result in a relative
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transverse movement of the grips; since the testing machine used
does not permit this, different slip planes become active in
different cegirns, &0 .hat the resulting transverse movement

of the ends of the crystal is cancelled, and only the longitudinal

movement remains.

At a given moment, therefore, each region contains
an active set of dislocation bands and a conjugate substantially
inactive set. Since slip in the segments of the active set (each
segment lying between two neighboring inactive bands) can not
fully penetrate the inactive bands, the shear in the areas of
intersection has to take place largely, if not entirely, by slip on
the slip planes of the inactive system, by the movement of edge
dislocations already present in the inactive band. In other words,
the deformation takes place by slip in the active segments and by
kinking in the prisms of intersection of the active with the inactive
bandsg7-23) Figure 7-21 shows this schematically; A is the active
band, I the inactive one; full lines indicate active slip planes, and
dotted lines the quiescent slip planes of the inactive band. The
lattice rotation .t the intersections can be recognized from
Berg-Barrett imaging x-ray photographs of deformed MgO crystals.
Figure 7-22a shows a low-magnification optical photograph of a
vertically compressad and then etched crystal, while Fig. 7-22b
is the imaging x-ray photograph of the same crystal face  On the
optical photograph made with incident light, the dislocation bands
appear dark because they are saturated with dislocation etch-pits;

on the x-ray photograph, they are dark because of decreased

* The top [01(1 edge of the crystal (in the coordinate system of
Fig. 7-25 was parallel to the x-ray plate and normal to the
x-ray beam. The Bragg reflection is from the r;-(l)l- planes,
and the radiation is copper K . .
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Fig. 7-21

FORMATION OF A KINK AT AN INTERSECTION OF
TWO CONJUGATE DISLOCATION BANDS

Fig. 7-22

LATTICE ROTATION AT INTERSECTIONS OF CONJUGATE
DISLOCATION BANDS; (a) Dislocation bands cn cube face in
visible light, (b) Berg-Barrett X-ray back reflection from
(120) planes showing detail of same surface
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primary ex’ .nction However ‘'he interscciy-us ar whi'e wn the
x-ray pho-ograph. showing that the laitice orientations 1r *heso
areas F.ve changed, as a rule. the reflections from the ater
sections can be found as dark patches close by, and, "s muptiondd
above, the amount of displacement indicates Yathice rotationk of the

"rder of 4 or 5 deg

In Fig 7-21. the dash-dotted lines represent the :

cbser d houndaries of the intersect) of the achive dlslocanon‘
\
band with the tnactive band Th l ‘ '

o Uind e v vao vleo 0 W) A
and (.« dotted “

e agiepde the interscetion . The aabd hines 1emide
hnes of the 1y

A o the other hand  represent the lanice planes
the intersect,

» i 3 "
Jdersection. corresponding to doticd lines of the
of the kinkec P g

‘.nd of the inactive ban

external po-{
R kich would correspg nd to the solid lines of the

[« N
-
o
o
-
1Y
g

tice planes ¢f the

imntersectior
active banc l

would have

have not been drawn in, to avoid confusion, these tinex
tppeared at right angles to the solid linex of the
Evidently, one of the four dasly ‘otted boundaric

intersectic

w1v1,on bisects the angle between corresponding ¢ | !
of the inte: ' ang P g« .-

Jographic wlines of 1he intersection 4nd the rest of the crysta’  All
3

four of rh.“‘se boundaries are of a s1mple tilt nature -- boing 1 ade

up of e'dgn; dislocations of only one type. Therefore fhey gro sly

. b fundamental condition of accomodation of 4 H1lt bou dary.
violate t {

d give rise ‘o large microscomec stresses 1L W as 1bn

and sho'/
thickne | of the ghide lumellac of the inacitive dislocation band
the cor /».'Spondmg lamellae of the kinked intc rsecrion wonld be
compr et d to the width Wk W cos o . 1f the dush-dotted
bound §7'C° BC and DE .re 2t rrght angles to the dotted l.sm«'ll o€
a spnom Fig 7-21  Similar re isoning with regard to thu
bound/a ries BE and CD would establish that the atomic plancs of 1t
nte l;,'a -ttonm..  he ¢xtended to a strain of 1icos & an the BE
/
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direction, i: tl;e boundaries BE and CD are parallel to the solid
lines of i.lie intersection. If elastic adjustments outside the kink
were Jiregarded and Hooke's Law assumed valid, a high compres-"
sive stress would be present ir the intersection parallel to the
active band, and an equal tensile stress parallel to the con}ugate
inactive band.

Trese non-2 ~commodation stva<ses could be cancelled
in principle by additional kinking in the sirea of lue var ¢ inter-
section, The boundaries BC and DE can be easily dis«~'aced into
a position of full accommodation by additional growth ~f the active
band, as shown in Fig. 7-23a. This would resuit in a : offset of the
boundarios of the active dislocation band across the irictive one,
Such offsets are indeed observed in many intersectiors, Accommo-
dations of the boundaries BE and CD would appear to te possible
by the diaplacement of thess boundaries into positions BE and CD,
accompanied by additional gro-th ~f 'he inactive bani, as shown
in 7'+ 7-220 The re:alting dash-dc  :d boundaries of the inter-
section would now be fully accommod ed, and the literior of the
intersection would have undergone a r: ;id body rota:.on. Evidently
the required displacement of the bound. ries BE ard CD into
positions BE and CD, as well as the ad iitional growih of the
inactive dislocation band for producing he accomrm dated config-
uration can be acccmplished only by a .hear stress opposite in sign
to that applied. That is, the slip requir: d for eliininating the non
accomodation stresses of the boundaries BE and CD) is opposed by
the applied stress. Consequently, the ki ik stressss can not be

eliminated so long as a given shear stres: is mai:iained; with
increasing deformation, they oppose furtl ar deformation '
increasingly, and sc ¥ , are a contribut ry factor to strain
hardening, The kink stresses are directly observable between
‘crossed polarizers; and the rotation in the kinked intersection gives
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rise to microasterism. As is seen from Fig. 7-23b, the kink
stresses can be relieved only by reversing the stress and
producing opposite slip in one of the conjugate sets of slip bands,
Opposite slip is promoted by the kink stresses, and its result

is a reduction of the component of strain hardening due to the
non-accommodation of intersection kinks. The first circumstance
gives rise to a Bauschinger effect; the second to a permanent
softening (lowering of the stress-strain curve) on strain reversal.
Thus, the non-accommodation stresses play at least a contributory

role in the reversal (Bauschinger, etc.) effects.

The internal stresses arising in the course of defor-
mation may finally arrest slip in the active bands and re-start
slip in the formerly inactive onces; in this case, kinking continues
in the expanding area of intersection of the two bands by slip on
the planes of the formerly active band. An example of this is seen
in Fig. 7-24a to c, Figures 7-24a and 7-24b show the optical
micrograph and the Berg-Barrett x-ray photograph* respectively,
of an acid-polilhed crystal, which was provided with two opposite
knife -edge indentations at A and A' to nucleate dislocation bands.
The large intersection of the dislocation bands is shown at a
higher magnification in Fig. 7-24c (optical micrograph). The
intersection congists of three regions marke‘;"l by arabic numerals.
The center region 1 was formed by kinking of band II, while I was
the active band widening by slip. Later, II became the active band,
and the kinked regions 2 and 3 were added to the intersection. In

* The long [100] edge {in the coordinate system of Fig. 7-25) was
parallel to the x-ray plate and normal to the x-ray beam. The
Bragg reflection is from the (021)planes.
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(a) Cube face
in visible light;
Note crack at
point A

(b) Berg-Barrett
X-ray back re-
flection from {02T)
planes showing
twofold lattice
rotation at the
large intersection

(c) Enlarged view of
same intersection as
pointed out in B; Note
boundaries between
areas 1, 2, and 3

Fig. 7-24
TWOFOLD LATTICE ROTATION AT AN INTERSECTION OF TWO

CONJUGATE DISLOCATION BANDS, AND CRACK NUCLEATION
BY SIMULTANEOQOUS ACTION OF TWO DISLOCATION BANDS
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these regions, the lattice rotation is opposite to that in region 1.
it is evident from Fig., 7-21a and 7-23 that the lattice rotation
in the intersection kink is opposite if the other conjugate dislo-
cation band operates under the same shear stress. This is
confirmed by the imaging x~ray photograph Fig. 7-24b, where
the reflection from the band intersection is split up into three
spots. The spots representing regions 2 and 3 are displaced
relatively to that from 1, and the corresponding rotations of

the lattice are opposite. The kinking of regions 2 and 3
occurred suddenly, accompanied by a drastic change of the photo-
elastic pattern. In spite of the very high stresses indicated by

the birefringence, no crack was formed.

C. Tension and Compression in the Kinks

Figure 7-21 shows that in a non-accommodated kinked
{one in which the kink boundaries do not bisect the tilt angle of the
neighboring lattices) intersection between an active and inactive
dislocation band, there is a tensile stress in the direction of the
operative slip planes of the kin, and a compressive stress normal
to these planes. It was mentioned in the preceding section that
the two stresses would be equal in miagnitude if Hooke's Law
remained valid and if the surroundings of the kink were indeformable.
Under realistic conditions, the two stresses must be approximateiy
equal if the intersecting bands are of equal widfh, so that their
intersecticn is a square; in this case, a nearly plane state of stress
exists, and the stress perpendicular to the plane of Fig. 7-21 is

approximately zero.

The situation is very different, however, if the inter-
secting bands differ considerably in width. If the kinked (inactive)
dislocation band (I in Fig. 7-21) is very narrow, the tensile stress

in its direction (normal to the active band) is of the same order as if
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the surrounding material were rigid. The compressive stress
normal to the band (parallel to the active dislocation band A),
however, is very small because the transverse expansion of the
band is not hindered much by the elastic r-action of the embedding
matrix. The stress at right angles to the plane of the figure
(parallel to the line of intersection of the two bands} is then
considerable, and it is tensile, because it arises by the hindering
of the Poisson contraction corresponding to the tensile stress

in the direction of the narrow kink band.

If the number of independently deforming regions in
the crystal is large enough, widening can continue in oly one
set of dislocation bands without necessitating any widening of the
conjugate set. In this case, the widening dislocation bands will
eventually fuse into a homogeneously sheared domain 1n which
the shear ang': is about 5 deg the typical shear strain in a
dizlocatio: hand. As this takes place, the kinked intersections
of the widening bands with the inactive conjugate bands will join
up and form long, straight, and highly birefringent kinked bands
This is illustrated in the sequence of Fig. 7-25. Several such
birefringent kinked bands can be seen in Fi¢. 7-26, showing .
clearly the sharp bend in the segments of the narrow bands

captured by the broad, active band. Although their mode of for-
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®ig., T7-26

BIREFRINGENT KINK BANDS (Direction of polarizer and
analyzer axes were parallel to the cube edges, i.e., edges
of the figure

Fig. 7-27

CRACK FORMATION DUE TO SHARP VARIATION IN SHEAR ANGLE
IN DISLOCATION BANDS (Note the variation of widths in the wide bands)
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. . * .
mation differs from the familiar kink joints in aluminum and

zinc, they produce very similar effects,

The nature of the residual stress in the long kinked
bands was investigated by the polarizing microscope and a
Berek compensator. ILet the system of coordinates be chocen
so that the x-axis is perpendicular to the birefringent lamella L
(Fig. 7-25), the y axis lies in the lamella and in the plane of the
figure, and the =z axis is perpendicular to the plane of the figure.
It may be expected, then, that all stress components except
O 2Te different from zero. In the median plane of the band,
however, only Uyy’ L and o z 2re likely to be considerable.
Thus, a sighting along the cube direction (z direction) permits

the measurement of Uyy’ while another sighting at right angles,

* If a crystal with potential slip lamellae, as shown in Fig. 7-28a,
is extended, as in Fig. 7-28b, by slip only in region B without
any deformation in regions A the crystal is said t? hazv4e *iggfd,
and the interior of the band B is called a kink band'’-4% 7-43)
The result of kinking then is a lattice rotation of the slipped region
inside a kink band relative to the unslipped part of the lattice.

. Starting with a crystal with slip lamellae oriented as shown in
Fig. 7-29a, the same relative lattice rotation of Fig. 7-28b can
be achieved by compression, so that slip occurs only in regions B
(Fig. 7-29b). In this case, region B undergo the lattice rotation,
and therefore, are the kink bands, while region A, which does not
deform, retains its original lattice orientation. In spite of this
difference all long and narrow bands of both types have been
commonly called kink bands. As this distinction between the
two types of bands is not trivial, it is proposed that the name
kink band apply only to the first type of band, while the second
type of band in which the interior undergoes no deformation be

called a kink joint.
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along the face diagonal (y direction) would .; ve L.

Although the first measurement is easily carried out
in air, the second necessitates immersion of the crystal in

methylene-iodide (n = 1. 738} to overcorne refraction effects.

Investigation of the sign of the residual normal
stress in a large number of long kinked bands, in this manner,
established that both o v and o, Were tensile in all bands,
regardless of the magnitude or sign of the average plastic
strain in the crystal, that 1s, whether the crystal was extended
or comp;essed. Assuming that the stress gyy in the platelet
results principally from the uniform shear of the surrounding
regions by slip on the (110) dodecahedral planes, which are
initially perpendicular to the kinked band (refer to Fig. 7-25)

and that the stress ¢ is the plane strain stress preventing

retardation, An, and the stres , o, can be readily derived from

the phenomenological theory of crystal photoelasticity This gives,.

2 An
o = - _ (7-1}
Yy n3° Y44 44
[ AN
_ 2 12 ‘
T22 = 3 T (7-2)

D4
M. 44 44 11
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where n, = 1.736 is the refractive index of the unstrained
crystal, p,, = -0. 096 is the strain optical constant for shear,
and 5, = 4.01:1:10'13 13

sq cm per dyne, 844 6.46 x 10-13 gq cm per dyne zre the
ol7-26}

sqcmp rdyne, s,,= -0,93x 107

three elastic compliances of Mg

Measurements of A7 in five different bands of a
deformed MgO cryntal"l gave for o'yy a value of 1. 75 x 109
dyne per sq cm with negligible scatter (that is, An was equal

for all bands).

Reliable determinations of o were not possible

because of the warping or bending of the ;lzatelets, which made

it impossible to get a clear view thrcugh the band in the direction
of the face diagonal. The sign of the stress was recognized only
after cleaving the crystal in half along the axial { 010) (Fig. 7-25)
plane. This permitted a clear sight as well as a measurement
of 0., Since the cleavage resulted in considerable relaxation
of the ¢ stress component, however, no significance could

be attached to the measurements of the magnitude of -

D, Crack Formation in Magnesium Oxide Crystals

All compression experiments were terminated after

the detection of the first crack. The method of detection relied

* As described in the early stages of deformation of MgO cry-
stals, when dislocation bands broaden, there is no relation
between the macroscopic average plastic strain and the strain
inside dislocation bands, which is nearly constant. Thus,
the kinked segments of the narrow dislocation bands will be
subjected to a constant lattice rotation independent of the
macroscopic plastic strain.
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on visual observation of the specimen in polarized light. Cracks
normal to the surface of observation would reveal themselves

as a short dark line or spot in the highly colorful photoelastic
pattern, while cracks parallel to the surface of observation could
be de=tected by the formation of longitudinal crack channels

appearing suddenly as bright streaks in the field of view

Although, as will become clear later, there is only
one basic mechanism of crack formation, it 1s possible to classify
the various types of observed cracks into three groups, examples
of which will now be discussed in order of decreasing frequency

of occurrence.

Cracks Resultinﬂrom Differences of Shear Strain in Sggments

of a Dislocation Band

It was commonly observed that widths of slip bands
could change abruptly across an intersecting conjugate band,
as shown in Fig. 7-27. As can be seen from this figure, this
has lead to crack formation practically in every case. It is
evident from the sketch of Fig. 7-28a that if the shear strain were
the same on both sides of the band, cracks would have arisen
in the corner B; in reality, however, they occurred at A. Examin-
ation of the density of etch pits in the bands in Fig. 7-29a and b,
which are enlarged views of bands similar to those in Fig. 7-27
(observed in another crystal), show that the shear strain must
be considerably smaller in the wider segm:-nt of the band. This
was directly confirmed by measurement of the angle introduced
into a conjugate row of dislocations intersecting the wide band.
These measurements showed that the product of the width and the
shear strain in esach segment of the band was approximately
constant. That is, the displacement between the two sides of the

band is the same in all segrﬁents, wide or narrow; this is
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(&) Crack formation accom-
panied by the formation of

& kink boundary to delineate
the rotation in the quadrangle

(b) Lattice rotation bounded by
by the extension of the crack

Fig. 7-29

CRACK FORMATION RESULTING FROM VARIATION
: IN SHEAR STRAIN

-374-




(a) Crack formation accom-
panied by the formation of

_ a kink boundary to delineate
the rotation in the quadrangle

(b} Lattice rotation bounded by
by the extension of the crack

Figo 7‘29

CRACK FORMATION RESULTING FROM VARIATION
IN SHEAR STRAIN
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indicated in Fig. 7-28b. The highest tensile stress must

then occur at A where the crack is actually observed. After

the formation of a crack at A, parallel to the edge of the
intersecting band, it has a tendency to change its direction on
further propagation by swining into the cleavage plane (100). This
ie seen in Fig. 7-29b.

Cracksa Re lultinlfrom the Arrest of a Dislocation Band

by an Obstacle Band

If an intersecting dislocation band is very wide, it
does not suffer kinking in the entire area of intersection, but
only in the neighborhood of the boundary that is "hit" by the
intersected band. The dislocations of the intersected band
penetrate into the intersecting band to a limited extent, and,
in addition, kinking is also observed, the intensity of which
decreases towards the interior of the intersecting band. This
is seen in Fig. 7-30 where a very wide band (only a part of its
width is visible in the photograph) intersects a number of narrower
" (vertical) bands. It is s en how the intensity of kinking in the
wide band decreases with the distance from its boundary; light
streaks where its boundary is hit by the intersected bands
ind.icate higher dislocation densities, that is, a piling of
dislocations of the intersected band. This is shown schematically
in Fig. 7-31, in which the horizontal row indicates piled-up
dislocations, and the two vertical rows kink dislocations; the size
of the lymbols.!_ and T indicates the density of dislocations at
a given point of the row.

The Lorizontal row of piled-up dislocations in Fig. 7-31
represents a low angle boundary. If the vertical band could stand
at the angle demanded by this boundary, no macroscopic stress
would arise. However, the band is exnbedded between bands of

undeformed material which, by opposing its low-angle tilt, exert
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a bending moment on it. From the direction of the shear
recognized in Fig, 7-30 (indicated by framing arrows), it
follows that the tensile side of the bent vertical bands is where

cracks are actually visible.

The crack across the third band from the right, which
formed first, has been embedded into the horizontal band, which
continued to widen before cracks formed across the remaining
five bands. In the case of this band, the presence of the crack
made the formation of a vertical kink boundary possible inside
the growing horizontal band. Propagation of the primary cracks
across cleavage planes at 45 deg, giving them the shape of a

letter S, occurred later, before the crystal could be unloaded.

The third crack from the left and the one on the
extreme right, after having propagated along the cleavage plane
for some distance, have gone back again into the dodecahedral
plane. This suggests that the presence of the many dislocations
in the dodecahedral slip planes of the dislocation bands reduces
the cohesion across that plane almost to the.level of the cleavage
plane. In addition, there is a decrease-of cohesion in the kink
planes, as has been observed by Mugge in 1898(7°24). In Fig.
7-30, the original cracks have arisen along (horizontal)kink planes;
the photograph, however, does not indicate whether, in addition
to the macroscopic bending stresses, a weakening of the kink
planes (attributed by Mugge to microscopic bending stresses
in the kink lamellae) was also present. "

(7-9,7-11, 7-27) were the

Stokes, Johnston, and Li
first to observe cracks of the type seen in Fig. 7-11 in MgO;
they attributed them to the cooperative action of a number of
parallel dislocation pile-ups in the intersected dislocation band.

Why this interpretation is unsatisfactory will be discussed below.
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Cracks Reaulting from the Simultanecus Widening of

Two Conjugate Bands

In highly polished crystals with very few slip sources
a conjugate pair of dislocation bands can emanate from the same
surface defect, and the widening of these bands may then
represent the entire slip activity. An example of such simultan-
eously widening conjugate dislocation bands can be seen in
Fig. 7-24a, as the two orthogonal bands II and III. This has
led to the formation of a crack at point A, at the corner of the
rigid-elastic wedge between the bands; the plane of the crack
is parallel to the direction of compression. An elarged view of
this crack is seen in Fig. 7-32a. A low angle boundary is visible
on the convex side of the crack, as indicated by an arrow, and
sketched in Fig. 7-32b. This is also confirmed by the overlapped
reflections in the Berg-Barrett photograph of Fig. 7-24a.

The mechanisam of formation of this crack is shown
in the sequence of Fig. 7-33. If the crystal is sectioned along a
plane bisecting the angle between the two dislocation bands and
is then allowed to deform freely inside the dislocation bands, the
two parts will distort as shown in Fig. 7-33a. As the penetration
of the dis'l'o‘cations of one band into the conjugate band i.s physically
not permitted, the slanted surfaces of the cut faces will be bent
outward when the two halves are joined together. This would
lead to the observed crack, as shown in Fig. 7-33b. Cracks
of this type have apparenily been observed first by Reusch in

(7-28) in compressed rock salt crystals.

If compression is continued after the crack has formed,
'spalling fracture invariably results. An example is shown in
Fig. 7-34,
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(b) Sketch of terminated
tilt boundary arising
from the homogeneous
shear of the wide bands;
Note overlap on the Berg-
Barrett reflection of

Fig, 7-24 v

(a) Enlarged region
of point A in crystal

of Fig. 7-24a
{c) Same mechanism
"leading to crack for-
mation normal to
stress direction in
tension
Fig. 7-32

CRACK FORMATION BY THE SIMULTANEOUS BROADENING OF
TWO CONJUGATE DISLOCATION BANDS
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Fig. 7-33
MODEL OF CRACK FORMATION FOR '

CASE OF FIG, 7-32 a

Fig. 7-34

SPALLING FRACTURE IN A COMPRESSED CRYSTAL RESULTING
FROM A CRACK OF THE KIND SHOWN IN FIG. 7-32 a and b
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' If the crystal has been pulled in tension instead,
evidently the distortions of the sectioned crystal wculd be as
shown in Fig. 7-35a. If these halves are put together, large
tensile stresses are required to bring the oppositely slanted
surfaces together. This would then lead to the formation of a
crack starting from the surface. The low angle boundary which
would form in this case is shown in Fig. 7-32c. A crack of

this type has been reported by Parker!?"29),

The crack shown in Fig. 7-36 is a rare hybrid.
Here the shear strain is the same in regions A and B of the
growing wide band on opposite sides of the obstacle band,
indicated with an arrow, and the additional shear displacement
of the wider portion A of the growing band is compensated by

‘a kind of "stitching" shear in region C on the slip planes

conjugate to those of the wide band. The overhand of part A

of the wide band has been accommodated by formation of a

kink boundary in the narrow obstacle band. This has transferred
the highly stressed region to the other side of the narrow obstacle
band. This crack shows a striking similarity to a type of crack

observed in kinked zinc crystals by Gilman 7-

E. Discussion of Results

a. Deformation

Magnesium Oxide,in common with other ionic crystals
of the rock salt structure, deforms by glide primarily on dodeca-
hedral leanes in the direction of the face diagonal. In the
commercially obtainable MgO crystals, the grown-in dislocations
are firmly anchored to the lattice by, most likely, impurities.
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(a)

Fig, 7-35
MODEL OF CRACK FORMATION FOR THE TENSION CASE OF FIG, 7-32¢

Fig. 7-36
CRACK FORMATION BY INHOMOGENOUS DISTRIBUTION OF SHEAR
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This necessitates the generation of fresh slip dislocations at
the edges of dislocation bands by a process of dislocation
sprouting (multiplication), qualitatively described by Johnston

(7-30)

and Gilman for LiF crystals*.

The dislocation density, p , inside unobstructed
portions of dislocation bands was determined by direct count
and found to be 108 lines per sq cm on the average. As the
distribution of pits inside a band is quite isotropic, it was

assumed that the spacing of slip lines in a band is

-1/2 _ 10-4

w =P cm = lp

* Although the conditions for dislocation sprouting (multiplication)
are still not fully understood, a minimum requirement for it is
that there exist highly stressed and normally less favored cross
slip planes connecting the preferred slip planes connecting the
preferred slip planes. In the rock salt structure, both the cube
planes and octahedral planes fulfill the requirement. In most of
the commonly performed experiments of extension and compres-
sion along a cube direction, however, all cube planes are
unstressed and can, therefore, not serve as cross slip planes.
Evidently, thermal activation can not alter this conclusion.

It is possible that the chief requirement for dislocation sprouting
by the double cross 2lip mechanism is a critical resolved shear
shear stress on the octahedral plane. The fact that this
necessary stress may only be achieved at stress levels where
the dislocations move with an appreciable velocity on the
dodecahedral planes would also explain the a_.,ppairent velocity
threshold observed by Gilman and Johnston(7-31),
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To produce the observed shecar strain y of about
0.1 radians in a slip band, it would be necessary that, on the
average, n =Wy /b "=’ 350 dislocations move through the
crystal in every active slip plane inside a dislocation band.
Once this occurs, the active slip plane hardens, and no further
slip takes place in it by the applied stress alone, as long as
undeformed regions exist in the crystal into which slip can
expand. As was discussed above, further slip can be enforced
locally inside an already hardened band by the shear stress
concentration of a widening conjugate dislocation band, which

leads to kinking at the intersection.

The mean free path A of a glide dislocation was
calculated from the relation M = V /bp , where vy is the shear
strain inside a dislocation band, and b is the magnitude of the

Burgers vector. This was found to be 1.2 x 102 cm.

From the above results, it must be concluded that
a freshly released dislocation glides, on the average, a distance
of 10.2 cm, where it finds an obstacle which it can not overcome,
and its useful life is thus terminated. This simple life history
leads to a number of important conclusions (1) the inactivation
rate of dislocations is equal to the multiplication rate, (2) the
number of dislocations in motion at any one time is constant
and may differ only if the rate of straining or the temperature
of straining is varied, (3) the obstacles stopping the motion
of dislocations do not preexist, but are manufactured by the
dislocation itself, possibly in the process of cross slipping into
an octahedral plane. Although the initial net spacing
(7 o-1/2 = 10-2

dislocation, this can not serve as an obstacle, as it had to be

cm) .. +vout equal to the mean free path of a

overcome in the first place. This sequence of events in

MgO is very similar to that in the easy glide deformation of
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(7-32)

copper reperted by Young and appears to be representa-

tive of all ductile crystals in which single slip is possible.

stowell7733) hag studied "kink bands' in extended
crystals of AgCl and concluded that the thin and straight bire-
fringent bands were platelets of crystal composed of dodecahedral
planes that were stressed only in their own plane. For small
average plastic strains, he found these platelets in residual
compression in the direction of the face diagonal, and in
residual tension along the cube edge. For large plastic strains,
the sign of both of these stresses was reversed. To account for
these observations, he suggested second order effects due

largely to the core of the dislocations.

In MgO, the widening of active dislocation bands
of a deforming region, gradually extended all kinked intersections
with inactive orthogonal dislocation bands into birefringent kinked
bands. The two residual principal normal strains & vy and €z
were found to be tensile, regardless of the sign or magnitude

of the average plastic strain.

A simple explanation can be given for the observed
residual strains in both MgO as well as in AgCl, without straining
the argument. With reference to the coordinate axes of Fig. 7-25,
consider a plastically undeformable platelet embedded at 45 deg to
the direction of extension in a matrix which is to undergo a
homogeneous plastic strain ¢ . Specifically, we consider a (110)
platelet which has hardened by having undergone slip on (110)
planes and that the resulting dislocation density on these planes
strongly inhibits plastic deformation on any other intersecting
slip plane. This platelet is inserted in a cubic crystal with (010)
and (001) side faces, pulled in the [100] direction.
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If the plastic deformation in the matrix is achieved
by slip on (110) planes in the [110] direction, the {110)
platelet will be subjected to a tensile strain e y = ¢ inits
plane. Such plastic deformation of the matri» will create piane
strain conditions, so that the elastic contraction of the platelet
will be prevented by the matrix and, disregarding end effects,
€.z in the platelet would be zero. Thus, a relative retardation
measurement will give positive residual strain values for both

z2
is inhomogeneous; it occurs only in widening dislocation bands where

€ and € - (relative to ¢ xx)' In MgO, the strain in the matrix

it is constant and of magnitude of y = 0. 1 radians. Hence the
strains ¢ = yzl.?. and ¢ zz = 0 in the portion of the platelet
captured inside a widening dislocation band, and zero outside.
As the slip planes and slip directions are initially normal to
the platelet, the same state of residual elastic strains would be
produced in the platelet, regardless of whether the crystal is

'extended or compressed.

If the plastic deformation in the matrix is achieved
by slip on at least two systems, suchas (110) 110 and (101)
[101] , plastic contractions in the direction (Fig. 7-25) will be
possible, For the most ideal case, if the matrix deforms plastically
as a structurelss material with uniform lateral plastic contractiéhs,

the embedded platelet will be subjected to strains

1
ny:Tt RS !zzz-—z-i

by the deforming matrix. This latter case is that of AgCl, at

large average plastic strains.
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If the plastic deformation in the matrix is achieved
by slip on (110) planes in the [110] direction, the (110)
platelet will be subjected to a tensile strain ¢ =4 2 in its
plane. Such plastic deformation of the matrix will create plane
strain conditions, so that the elastic contraction of the platelet
will be prevented by the matrix and, disregarding end effects,
€,z In the platelet would be zero. Thus, a relative retardation
measurement will give positive residual strain values for both

¢ and ¢ vy (relative to ¢ xx)' In MgO, the strain in the ‘.matrix

is inhomogeneous; it occurs only in widening dislocation bands where
it is constant and of magnitude of y = 0.1 radians. Hence the
strains « _— YZ/Z and¢ = 0 in the portion of the platelet
captured inside a widening dislocation band, and zero outside.
As the siip planes and slip directions are initially normal to
the platelet, the same state of residual elastic strains would b.
produced in the platelet, regardless of whether the crystal is

extended or compressed.

If the plastic deformation in the matrix is achieved
by slip on at least two systems, suchas (110) 110 and (101)
[101] , plastic contractions in the direction (Fig. 7-25) will be
possible. For the most ideal case, if the matrix deforms plastically
as a structurelss material with uniform lateral plastic contractions,

the embedded platelet will be subjected tov strains

1 1
‘yy=T‘ T Sl o

by the deforming matrix. This latter case is that of AgCl, at

large average plastic strains.
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A comparison of these estimated magnitudes with the
previously given measured values for MgO and those of Stowell
on AgCl shows that in rcality, the (110) platelet permits the
passage of a limited number of dislocations through it on planes

other than the (110) slip planes.

Stowell's initial compressive ¢ and tensile
v,g Btresses and their reversal can not be explained as satis-
factorily. In any event, the core effects, which he proposes to
account for the compressive residual stresses (his Read effect)
would not appear to bear any relation to the stresses inside the
birefringent bands. If it was to be otherwise, all low angle tilt
boundaries should produce strong birefringent effects in rock

salt crystals, which is certainly not the case.

As was mentioned, Stowell's thin, straight, and
birefringent bands should more properly be called kink joints,
as they differ fundamentally from the conventional kink bands

(7-33)

-observed in NaCl by Brilliantow and Obreimow and in

Kcl by Schutze!7"34),

kinked intersections of two dislocation bands in MgO are a

The kinked bands resulting from elongated

limiting case of conventional kink bands. In them slip takes
place on slip planes parallel to the long boundaries, When the
widening dislocation bands sweep through the whole width of

the crystal, and the kinked intersection with the captured
inactive orthogonal band goes completely through the crystal,

the short kink boundaries would leave the crystal, and the kinked
bands would be indistinguishable from the kink joints. It is

for this reason that the narrow birefringent bands in MgO have

been named kinked bands in preference to kink bands.
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The lattice rotation at dislocation band intersections,
resulting from the conversion of slip in the active dislocation
band into kinking in the inactive one, has the direction shown by
x-ray asterism of the microscopic type. The resulting config~
uration is in principle identical to the one suggested by

(7-35).

Burgers Asterism of this type differs fundamentally from

the macroscopic asterism which results from the bending of the

slip lamellael736),

b, Crack Initiation at Dislocation Band Intersections

The uniform shear strain inside the dislocation bands
in MgO and their lateral growth makes their behavior strikingly
similar to that of twin bands in b c ¢ or h ¢ p metals. Thus,
these observations reported here do not only clarify the belabored
subject of crack formation in MgO single crystals, but also
contribute to the understanding of crack formation by intersection
of deforma.tior; twins in b ¢ ¢ metal single crystals, and the
origin of the often very puzzling spalling fractures occurring in

compression.

1

Previous attempts to explain crack nucleation have

largely relied on the cooperative effect of a long train of edge

dislocations, such as the Eshelby, Frank, Nabarro(7'37)

(7-6,7-17)

dislocation pile up. Stroh's analysis of the conditions for

*
crack nucleation by this mechanism established that about 1, 000

* The number of necessary dislocations in the pile up for the
nucleation of a crack at its tip by the Zener mechanism is
roughly equal to the ratio of the Young's modulus to the
yield stress in tension.
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edge dislocations on either one or several closely spaced active
slip planes have to be arrested by an impenetrable obstacle to
form a stable cleavage crack. These predictions have been
confirmed in experiments by 'Westwood”'s) and Stokes, Johnston
and Li{738)
made to pile up at the grain boundary. In single crystals, no

on MgO bicrystais, where the edge dislocations are

such strong obstacles exist. A number of intricate dislocation
reactions have, therefore, been proposed to furnish sessile
obstacle dislocations strong enough to block the motion of the
large number of required cooperating slip dislocations.
Stroh(7'39) has argued that such efforts can not be fruitful, as
no single sessile dislocation can support more than a small
fraction of these required slip dislocations.

In MgO gingle crystals, similar conditions hold, that is,
obstacles such as conjugate dislocation bands are not completely
impenetrable. A considerable number of the cbstructed dislocations
of a blocked band actually penetrate partially into the conjugate
obstacle band. This makes it impossible for very long dislocation
pile-ups to form. The stress amplification is, therefore,
insuificient, and no crack forms. This result follows from the
earlier statement that, on the average, 350 dislocations move
through any active slip plane inside a band. Thus, if the cause
of the fracture was to be a Zener crack, dislocation bands of
only three rows of pits would have been sufficient to nucleate

a crack.

The evidence presented above indicates that cracks
in MgO are nucleated by the stresses of a finite tilt boundary,
formed in the process of 'vf'idening of the dislocation bands. We
now discuss the cases presented in Subsection D in somewhat

greater detail.
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Consider first the formation of cracks resulting from
an inhcmogeneous shear strain inside a dislocation band, as in
Fig. 7-29a. This intersection, which is also sketched out in
Fig. 7-28a and 7-28b, is made up of a dislocation arrangement
of the type shown in.Fig. 7-37a.

The total number of dislocations is the same for the
two segments AC and BD. Thus, no long range stress field
will result from the arrangement. There will, however, be
local stress fields of range 12 or 1,, resulting from the
inhomogeneous arrangement of dislocations, which leaves regions
such as AE and CF free of dislocations. We note that the
arrangement of Fig. 7-37a is equivalent to the sum of two

e

dislocation arre The homo-
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geneous arrangement of Fig. 7-37b represents an included grain,
free of stresses of range longer than W,‘ the spacing of slip lines
(dislocation rows) inside a band”. The arrangement of Figure 18c,
however, will have stresses of a range of order 12. The tensile
stress acting across the boundary at a distance c¢ from point A,
can be obtained by summing the stress fields of the individual

edge dislocations. It is to first order quantities,

1

- )2 2 ;
¢ = —leb— In 2= (7-3)

where p is the average shear modulus and 12 the width of the

narrow portion of the band These stresses can ba relived by
a crack of the type shown in Fig. 10a.

* We consider here, for simplicity, the boundaries fully accommo-
dated, that is, they are symmetrically situated with respect to
the lattice on both sides. This will not be the case in MgO, where
kink non-accommodation stresses are always present. As will
be shown in the Appendix, such kink non-accommodation stresses
can not lead to the formation of cracks on the boundaries of the
intersection.
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ANALYSIS OF STRESSES PRESENT IN THE CASE OF CRACK
FORMATION BY THE MECHANISM ILLUSTRATED IN FIG, 7-29 a
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The case of Fig. 1l is far simpler. Here, a horizontal
tilt boundary has formed, as shown in Fig. 12. Such a boundary
will produce a high tensile stress acting across the plane of the
boundary at A, This tensile strezs, at a distance ¢ from point A,
can be obtained agin by the summation of the stresses of individual
dislocations in the boundary. It is,

o = In — . (7-4)

This stress can be relieved by the type of crack shown in Fig. 7-30.

The case of Fig. 7-32 is no different from the two
discussed above. Depending upon whether the superimposed stress
is tensile or compressive, there appear to be two posasibilities for
relieving the local stresses of such a boundary. The tensile stress
acting across the boundary at a distance c¢ from the surface in
Fig. 7-32¢ is identical to that given in Eq. (7-4)".

The tensile stress acting at a distance ¢ from the end
of the boundary and across a plane normal to the boundary, as in

the compression case of Fig. 7-32b, would be,

o = T%Tr ln —Y.—g—}:— (7'5)

If these tensile stresses are to lead to the formation
of a stable crack, they would have to equal or exceed, for all
distances c, the nominal tensile stress necessary to hold the
elliptical crack of half length ¢ in unstable equilibrinm, that is,
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ve g, Lo, Teofa T (7-6)
T(l-V c 7 "z 2 C

where o is the ideal tensile coheison and a/2 is the interionic

distance between Mg tand 07"

Since the curvature of the stress field (as a function
of c) on the left hand side of the inequality (7-6) is always smaller
than that on the right hand side, it is sufficient to equat the stress
fields at the point ¢ = a/2. This gives for the critical width of
the dislocation band

2w 2. 0
- v) e ) (7-7)

1 = 2 ex

Z °*P ( EY .
where E is Young's modulus. Accurate values for the ideal
entsile cohesion for crystalline materials are not available. They
are usually estimated from crude models, which can not claim any
accuracy. As the band width is very sensitively dependent upon
the ratio LR /E, an accurate evaluation of Eq. (7-7) is not possible.
For instance, if T /E is taken in the range TIU - —1lr- the critical
band width would vary between 6. 10-6 cm and 10 cm. This very
strong dependence of the width of the band on the ratio L /1E
explains why experimentally a large variation is observed in the
width of the bands, which in one mode or other have resulted in the
formation of cracks. This is presumable due to small local

variations in the effective ideal strength, trc.

Ae was mentioned earlier, Fig. 7-29 and 7-30 shcw

* We have neglected here the effect of the free surface, which
would reduce the siresses by a factor of order unity.
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that in nearly every case there is some dissipation of the stress
field of the finite tilt boundary by incomplete kinking in the
obstructing band. The two diffuse kink boundaries inside the
intersection of Fig. 7-29a and the streaks in the heavily slipped
region at the extensions of the arrested bands are very clear
cases. As soon in Fig. 7-31, the incomplete kink accommodation
attempts to taper off the tilt boundary by gradually decreasing
kinking in the obstructing region. When full kink accommodation
is possible in the obstructing band, such as the case of Fig. 7-24,
no significant long range tensile stresses will remain, and a crack
will not be nucleated. In the case of (Fig. 7-22) kink accommodation
is crystallographically not possible, and fracture will invariably
result.

There are thus two effects competing against each
other: formation of a finite tilt boundary with high accompanying
tensile stresses, and kink accommodation tending to eliminate the
high stresses of the tilt boundary.

An immediate extension of these observations would
be to the case of crack nucleation by twin band intersections.
Crack nucleation resulting from the obstruction of one twin by
the boundary or another is especially common in body-centered
cubic crystals, and has been observed by many investigators.

The twinning shear strain = 1/ 2 in a b c c lattice is very large
in'compariaon with the shear strain in a dislocation band in MgO.

It would, therefore, lead to the formation of a crack almost as

soon as the path of the impinging twin is obstructed by the

primary twin. Examination of twin intersections in b ¢ ¢ crystals
has shown that, although cracks are commonly observed, uncracked
intersections are equally, if not more, common. This is due to

the possibility of dissipating the shear strain concentration of the

impinging twin by an accommodation mechanism. The untwinning
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of a portion of the obstructing twin by the impining twin can
lead to full accommodation in some cases where the twin
direction of the two twins are parallel. This case which has
been observed first by Smith, Dee, and Young(_"lw') in

mcteoric iren, is 3 trivial case, as the shear displacement of
the impinging twin has no component normal to the boundary

of the obstructing twin and would, therefore, not tend to

prodiuce a tension crack. A second, more ¢>mmon, and more
effec.ive mechanism of accommodation would appear to be the
kinking of the portion of the obstructing twin band subjected to
the concentrated shear strain of the impinging twin. The forma-
‘tion of another twin or a slip band on the opposite side of the
kinked obstructing twin, would then eliminate nearly all the
strain concentration. As the (112) composition plane of the
twins in b ¢ ¢ crystals is also a good slip plane, kinking of

the interior of a twin should be a distinct possibility. Hu11(7-19)
has observed unambiguously some kinked twin intersections of

this type in silicon iron.

It is attractive to offer the mechanism of crack
formation in MgO also for the formation of an internal crack in
the tension experimént. Consider the necked portion of a plane
strain specimen shown in Fig. 7-38a. Further deformation might
be expected to concentrate in the two slip bands approximately at
45 deg to the tensile axis. As the shear stress on the sides of
the bands facing thz constriction of the neck will be shigher than
on the sides which face the shoulders, the bands will preferentially
widen by consuming the approximately right triangular blocks
at the constriction. If the deformation of one band can not fully
go through its conjugate, diffuse tilt boundaries are bound to form
as shown in Fig. 7-38b. The stresses resulting from such
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Fig. 7-38

PHROF“DSEH)LLEC}tAhHSh((DF CRACK FORMATION IN THE PLANE
STRAIN TENSION EXPERIMENT
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diffuse boundaries may then reach very high values at the
center of the neck and lead to the nucleation of a transverse
crack. Naturally, if the rmaterial is impure, and highly
inhomogeneous, holes may open up at the neck before any
genuine crack nucleation mechanism can become active. On
the other hand, if the deformation bands remain essentially
transparent to each other, no diffuse tilt boundaries will form,
and the specimen will continue to thin to a knife edge and

rupture.

4, APPENDIX

The kink non-accommodation stresses at an inter-
section of two dislocation bands, such as those in Fig. 7-21 and
7-23, lead to stresses, which are not of a nature to cause crack
formation at the boundarie s of the intersection. We show this
by a method consisting of sectioning, freely deforming, and
sticking together blocks of the crystal in a fashion used by

Eshelby(7'37) in the treatment of inhomogeneities.

Considering the case of Fig. 7-21, we first let the
crystal plastically shear homogeneously inside the narrow band
of width 6§ until the maximum shear strain y is attained, as in
Fig. 7-39a. Then, as shown in Fig. 7-39b, we cut out and
remove from the narrow band, a parallelepiped segment with
corner angles, y/2, and length, 1, equal to the width of the
wide band to be introduced in the vertical direction. Then, as
shown in Fig. 7-39c, we let the crystal with the hole plastically
shear homogeneously inside the wide band until again the maxi-
mum shear angle is attained. To reintroduce the cut out
parallelepiped block back into the hole, which has now bees
distorted into a mirror image shape, it is necessary: a) that
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NORMAL STRESSES ARISING IN THE QUADRANGLE OF AN INTER-
SECTION,WHICH IS DUE TO LATTICE ROTATION
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2

" ‘ 2. Y
we apply normal surface stresses Y 51;‘ ) and 'T?Z_v'

on the short and long faces respectively, and b) plastically shear
the strip homogeneously along planes parallel to the long edge by
an angle of , so that the parallelepiped is transformed into its
mirror image. Note that this is the shear, which is permitted

physically inside the narrow band. To complete the process, we

2 2
ey T(1-v) Y
add volume forces of - v and - —-172-%— to the

crystal along the short and long faces of the parallelogram. The
calculation of the stresses at any point inside the crystal can now
be performed by straight forward superposition of distributed
volume forces. Such integration is, however, not necessary,
since it is obvious from equilibrium considerations that the
normal stresses across the edges of both the narrow band and the
wide band will be compressive, and thus, cannot lead to formation
¢ “ cracks along these planes. The above argument is based on

« 2 consideration that the two short boundaries inside the narrow
band are in their position of symmetry, that is, the plane of the
tilt wall bisects the angle y in the narrow band. This configuration
minimizes the elastic energy inside the quadrangle before it is

inserted back into the crystal.
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TASK 8 - IMPURITY INFLUENCES

Principal Investigator: 1. B. Cutler
University of Utah

ABSTRACT

—  The objective of this task is to study the effect of carefully
controlled additions of selected impurities on the mechanical
properties of high purity polycrystalline MgO and A1,0,. Success-
ful refinements were carried out to improve specimén Surity of
oxides prepared with predetermined amounts of doping elementas.
The removal of a surface layer by chemical etching, or testing
in a liquid N, environment, was found to increase the strength
of undoped palyc rystalline MgO bodies.

Ferric oxide and Cr_ O, additions (up to 2 x 104 ppmj had
a consistently delesterious efredt on MgO; Al1,0, and TiO CL
decreased the strength only at concentration i;l excess 8f 103 ppm,
while ZrO, and SrO left the room-temperature strength of MgO
largely uniffected. At elevated temperatures, a significant
we*kening was noted only for TiO, concentrations exceeding
10- ppm; other additions, had no %incernible influence on the
elevated temperature strength of MgO which, however, was
greater in all instances than room temperature values at
identi¢al concentration levels,

" Aluminum oxide tested at 1050°C, was shcwn to have
been weakened by increasing concentrations of MgO; TiO
served tc reduce the strength only at concentrations in estcess
of 100 ppm. Doping with Cr,0,, Fe 03 and Na,O had no per-
ceivable effect on the 9treng€h gf Al {)3 at elevated temperatures.
The weakening effect of TiO, was alzso confirmed in room temper-
ature experiments., In contgast to MgO, the room-temperature
strength of Al O3 was consistently higher than its elevated
temperature a%rength. .

Microhardness studies carried out on single-crystal
MgO showed that the hardness was largest in the < 110 >direction
and least in the <100 >direction. Post-sintering diffusion of
Fe,O, increased the hardness of MgO; polishing, if continued
be;é ﬂ32 min, effected an unusually large drop in the hardness
measurements. The microhardness values of polycrystalline
MgO were found to increase with rising concentrations of
Cr 03. Fe O.iand Al 0:3;.addition| of ZrO,, TiO, and SrQO
lowered the.? n'ixcroharéneu values. Preunﬁnary &'crk wae
performed on sintering and recrystallization studies, and on
the preparation of translucent high-density MgO,
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TASK 8 - IMPURITY INFLUENGES ~

1. INTRODUCTION

The basic objective of this task is to investigate the effects

that carefully controlled additions of selected impurities have on

the mechanical properties of high-purity polycrystalline MgO and

A1203. Studies reported here represent a continuation phase of

work done from September 1960 to October 1961, as has been

reported previously

(8-1) The researches made during the

continuation phase of this program are discussed in the present

report in the following order:

(1)

@)

(3)

(4)

(5)

(6)

(7)
(8)
(9

Improvements in the methods used for the prepar-
ation of high-purity MgO and A1203 powders and
polycrystalline test specimens,

Effects of annealing and /or etching on the modulus
of rupture of pressed and fired specimens of MgO,

Modulus of rupture of pressed and fired MgO as
a function of temperature from liquid N‘2 temper-
atures (ca. -196°C) to 1000°C,

Influence of Fezo . AIZO , Zr0O,, TiO,, SrO,
and Cr_ O impuri%ies on t%ne modzulus of ‘rupture
of pres%ea and air-fired MgO,

Influence of Fe O,, TiO,, Cr,O,, Na,O, and
MgO ).mpu.ritieé2 bg the n?odulu% o3i rup@ure of
pressed and air-fired AIZO3 at room temper-
ature.

Statistical treatment of data on the modulus
of rupture,

Microhardness measurements,
Sintering and recrystallization studies, and

Preparation of translucent, high-density MgO.
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In addition studies were originally also planned in connection
with

{1) The effect of Fe O, ZrO O MgO and
MnO on the mod&lus of rugture f pressed and
air-fired Al O , at high temperatures

(2) The preparation of high-purity translucent
Al O,
273
(3) The preparation of ultrahigh-purity Al O3
from zone-refined aluminum ingots, and

(4) The effect of post-sintered doping with
selected impurities on the modulus of
rupture of polycrystalline MgO and Al,O
However, the pursuit of these researc s%udxes
was frustrated by equipment failures and lack
of time.

2. METHODS OF SAMPLE PREPARATION

Methods used for the preparation of high-purity MgO and
AIZO_ powders were egsentially the same as thcse previously
-1)

reportedw In the past, difficulty was encountered quite
frequently at the stage of the MgO preparation where Mg(OH)Z
is precipitated from an aqueous MgCl2 solution by the addition
of NH4OH, which is subsequeritly separated from the chloride-
containing solution by filtration and washing. The Mg(OH)Z
would sometimes form a gelatinous cake of very small particle
size that sev;erly retarded the filtration and washing operation.
As a result, the operation required too much time. There was
often sufficient MgCl 2 left the cake to give a product that
contained intolerable amounts of Mg(OH)Cl after calcination,
and loss of Mg(OH)Z through the filter was sometimes excessive.
An innovation was introduced into the previous preparation
procedure that largely circumvented these problems. It was
found that when the precipitation of the Mg(OH,‘-Z was carried
on at ca. 8°C and a pH of ca. 9 7, a more suitable precipitate

was obtained. With the filtration and washing operation also
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conducted at 8°C  a satisfactory cake was consistently obtained.
It is suspected that loss of Mg(OH;2 through the filter, though
reduced from that suffered previously, is still large Efforts
to improve further this aspect of the MgO preparation pro-

cedure may be worthwhile.

In an effort to eliminate any variation in the control sample,
a large single baich of the MgO and one of the A1203 was prepared
All the specimens fired i air in the high-temperature electric
kiln were made of material drawn from these two large batches
Spectrographic analyses of the small lots of MgO that were
blended to make up the single large batch are given in Table 8-
Those of the small lots of A1203 were not considered meaningful
owing to the fact that a comparatively impure AIZO3 was mistakenly
used as standard. However, the same careful technique was used
as previously reportedw'“ and it * : believed that the resulting
materials are equally as pure Lot 3 of the MgO was discarded
because of the abnormally high Ag content The AIZO3 specimerns
broken at 1050°C, and the powders used to prepare the trans-
lucent, high density. high purity MgO were takern from the lots

made earlier.

The porosities of pressed and fired specimens prepared
firom the as-calcined A1203 powders were found to be higher than
was considered desirable This was attributed to clustering
of A1203 particles in the powder. These clusters were not alto-
gether broken down in the pressing process, leading to a result-
ing porosity in the fired pieces. It wans fouhd that the pressed
and fired densities of the A1203 specimens (1n this case, firing
was in a gas-fired kiln) could be increased from 3. 71-3. 74 to
3.8]1 gram per cc by either of two modified pressing processes

The modified pressing processes were as follows:
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Table 8-1

COMPARATIVE SPECTROGRAPHICAL ANALYSIS

Al Ca Cu Fe Ni Si  Ag Na v
Our MgO (1961) tr 2 0 0 0 ¢ 5 0
J. M, Standard MgO (1961) tr 2 0 0 0 0 6 0 tr
J. M. Analysis of J. M. Mgo ippm lppm 0 2ppm 0 lppm 2ppm 0
J. M. Standard MgO (1962) 2 1 2 3 0 2 2 0 0
ARF MgO (1962)
1 1 1 1 1 1 1 2 0 0
2 2 1 3 2 ] 13 0. ]
3 2 1 2 5 4] 1 1x o' 0
4 2 1 3 3 0 1 3 0 0
5 2 1 3 4 0 1 3 0 ¢
6 2 1 3 4 0 1 3 0 0
7 2 1 3 3 0 1 4 0 ]
Batch No, 8 2 1 3 4 0 1 3 0 0
9 2 1 3 4 0 1 3 0 0
io 2 1 3 4 [o] 1 4 0 0
11 2 2 3 3 0 1 3 0 ]
12 2 1 1 3 [+] 1 2 0 1]
13 2 2 1 4 0 1 2 0 0
14 2 1 1 3 (1] 1 1 0 0
15 2 1 2 3 0 1 2 0 0
16 2 1 2 2 0 1 2 0 0
17 2 1 2 2 0 1 2 0 0

Key: Relative impurity levels identified by:

X®IW2WIP> 45> 62tr»0

with x largest, and tr (trace) smallest
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Process 1
(1) Cold-press calcined A1203 powder into discs using
a pressure of 20 t/in%,

(2) Grind the pressed discs back tc powder in a poly-
ethylene container and mix,

(5) Repress the powders into discs using a pressure
of 20 t/inZ,

(4) Fire the resulting discs at 1735°C (+ 20°C) for
8 hr.

Process 2
T ——— ]

(1) Cold prees calcined .%1203 powder into discs using

a pressure of 20 t/in4, © ~
(2) Fire the discs to ca. 1500°C,

(3) Tumble the fired discs in a polyethylene bottle
until they are broken into a fine powder,

(4) Repress the powders so obtained into discs at
20 t/mz,

(5) Fire the resulting discs at 1735°C (+ 20°C) for 8 hr.

Another approach used to overcome the high porosity
which is due to clustering involved dry tumbling of the calcined
A1203 powders in polyethylene bottles with clean chunks of high-
purity aluminum metal. This procedure left metallic 2luminum
in the powder which was later converted io the chloride by the
addition to reagent grade HC1l, The AfC13 was subsequently
washed from the A1203 powder with distilled and deionized water.
This procedure lead to specimens with fired densities comparable
to those obtained with the powders produced by Processes 1 and 2.
However, it is important that care be taken during the leaching
operation to avoid an intolerable degree of rehydration of the
AIZO3 powders. Aluminum oxide that has been excessively

rehydrated does not tend to sinter satisfactorily,
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Another important improvement in the sample preparation
procedure was in the final firing of the pressed discs. Previously,
firing was in gas-fired kilns, and the nature of the firing atmos-
phere was not reproducible from one firing to another, This year,
the majority of the firings used to prepare test specimens were
in a high-temperature (1750°C) air atmosphere electric resistance
furnace. It was also found that specimen damage during the sawing
operation was reduced subatantially by pre-firing the pressed
discs to ca. 1450°C in a Globar kiln, sawing the test prisms from
the prefired discs, and finally firing the cut prisms in the high-

temperature electric furnace at ca. 1740°C.

3. STUDIES ON POLYCRYSTALLINE MAGNESIUM OXIDE

A, Effect of Annealing, Polishing and Temperature on Strength

Studies conducted during this phase of the program concerned
first the effect of annealing on the strength of high-purity poly-
crystalline MgO. The annealing cycle consisted of soaking for 30
min at 1500°C, followed by various cooling schedules in different
environments. In addition, some specimens were broken in
liquid NZ (~77°K) to eliminate the effect of adsorbed water on the
strength and, further, preliminary studies were conducted to
evaluate the effects of chemical polish on the fracture strength

of Ehe resulting pieces,

It was hypothesized(a'l) that the increase observed in the
strength of the MgO specimens at temperatures up to 1000°C is
due to adsorbed water vapor that reduced the strength near room
temperature. It was assumed that as the temperature is increased,
water is desorbed from the surface, thereby increasing the strength
Accordingly, it was decided to anneal some MgO specimens at
1500°C, then cocl these to room temperature.
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The specimens were annealed in an impervious tube with
the closed end inside a gas-fired kiln. A dry atmosphere was
achieved by applying a vacuum of about 1 torr to the specimens
when they had cooled to ca. 1000°C by means of a mechanical
backing pump connected to the encapsulating tube through a
rubber stopper and vacuum hose. Some of the specimens were
cooled in a vacuum to room temperature where they were put
into mineral oil without being exposed to the air. Other speci-
ments were quénched in mineral oil after they had cooled to
508°C; none of the specimens were exposed to air during the
quenching process. The specimens were subsequently broken

. *
under oil at room temperature .

The results, given in Table 8-II, show that the annealed
specimens have lower average strengths than the untreated
specimens. In fact, the manner of annealing and the suppression
of air (moisture) contact with the specimen during quenching
appears to have little influence on the resulting strength of the
MgO specimens, with the exception that specimens quenched
in oil from 500°C showed a decidedly lower strength than those
used in the other series. If the re-adsorption of water vapor
upon the surfaces of the annealed specimens were the only
cause of the decreasing strength with decreasing temperature
below 500°C, one would expect the strengths of the annealed
and quenched specimens to be slightly higher than those of the
control samples. It is evident that some factor (or factors)
in addition to the re-adsorption of water vapor is operative,
For example, it appears that thermal stresses set up during
cooling may have introduced cracks to weaken the specimens.
This would be particularly true in the case of the specimens

quenched in mineral oil from 500°C.

* Specimens studied in these particular tests were cut from
discs fired 2 hr at 1700°C in a gas-fired kiln.
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Annealing and Quenching
Treatment

Table 8..1I

THE EFFECT OF ANNEALING, POLISHING AND TEMPERATURE
ON STRENGTH OF HIGH-PURITY POLYCRYSTALLINE
MAGNESIUM OXIDE *

No. of
Specimens

Average Modulus
of Rupture
(10-3 psi)

Range
(10-3psi)

Standard
Deviation
(10-3 pai)

No treatment, broken fresh

No trecatment, broken after 8 days
in unfiltered air

Annealed at 1500°C for 30 min.
Cooiing rate, 2.7°C/min to
1000°C. Below 1000°C, air
blown on specimens to cool
faster. Broken in air at 25°C,

Annealed at 1500°C for 30 min.
Cooling rate, 2.7°C/min to
500°C, then quenched in room
temp. mineral oil until;
broken under oil.

Annealed at 1500°C for 60 min.
Cooling rate, 0.9°C min to room
temp. in air. Broken in air.

Anncaled at 1500°C for 60 min.

Cooled at 0. 9°C /min to room

temp. Vacuum was used below 1000°C
Specimens removed from vacuum

into oil at room temp. Broken

under oil.

Etched in boiling H3
hot and warm water,

PO, washed by
al%ohol. cther.

Btroken in air atmosphere of
liyuid NZ (~195°C)

15

15
15

15

15

15

12

22.6

22.8
20. 4

16. 12

20.6

20.9

24, 4

25,17

18.4-26.5

14.4-26.0
16.8-23.3

8.1-23.2

16.7-23.7

16.8-25.1

12.3-31.9

20, 3-29.7

2.25

3.20
2.175

2. 44

* Fired 2 hr at 1700°C in gas-fircd furnace.
Avcrage density, 3.51 g/cc (98.00% of thcoretical range: 97. 42-98. 59% of theoretical dersity)

Calcined 2 hr at 1106°C in gas-fired furnace.

Average grain size: 27.9 .
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These investigations were augmented by further studies,
in which the effect of annealing was examined on . undoped high-
purity MgO prepared by a different method, as well as on
specimens doped with Fe203 additions For the undoped speci-
e s an electric furnace was used with the firing schedule noted
on Table 8 - III. The doped specimens were fired in a gas-
furnace, according to the schedule noted on Table & - II. All
specimens were annealed at 1500°C, the undoped specimens
being scaked for 10 min, the Fe203-doped ones for 30 min.
Cooling was carried out inside the gas-fired furnace with the

gas and air lines closed.

The data resulting from these experiments are presented
in Table 8-III; note, in particular, that grain size and density did
not change greatly as a result of annealing. The results shown
in Tables 8-1I and 8-III, excluding the iron-doped MgO series,
but including some elevated temperature test results obtained
during the previous phase of the program (8-1), are summarized
in Fig. 8-1.

The hypothesis that adsorption of water vapor on the
specimen surface has a deleterious effect on the strength of poly-
crystalline MgO received some additional support from tests
carried out in liquid Nz; in this environment the strength is
substantially larger than those obtained at room temperature in
ordinary air, as shown in Table 8-II and Fig. 8-i, This might
be attributed to the elimination of adsorbed water at the low
temperature of liquid Nz which could enhance the strength of the
specimen. However, it is8 much more likely that this strengthen-
ing effect is a reflection of the N2 environment on the one hand,
and that of the testing temperature on the other. In support of
this observation, one may note that in Task 11 G. T. Murray
reports a similar strength enhancement fcr MgO tested at
elevated temp’eratm\.xrea in a gaseous Nz environment, while the
work of N, J. Petch (Task 6) shows that the strength of both
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AIZO3 and MgO was significantly raised when tested at liquid

N, temperatures.

2
It will be noted from Fig. 8-1 that there are two different
average strengths given for the room temperature values. This
is because the specimens used for the room tempe rature and
liquid N,

than those used for the test series involving temperatures from

test series were prepared by different firing methods

room temperature to 1000°C, with the result that the grain size
of the specimens used in the liquid N2 tests was about 28, as
compared to an average grain size of 52 p for the high temper-
ature tests. As would be expected and in agreement with the
findings of Task 4, and the specimen with the larger grain size

proved to have a lower strength.

o

B. Effect of Impurities on Strength of Room Temperature

Iron oxide, A1203, ZrOZ, Sr0, TiO2 and Cr203 were
added to high;purity MgO powders in controlled quantities of 0,
100, 1000, 190,000 and 20, 000 ppm. Procedures for adding these
impurities and obtaining the test prisms for break{ng were
essentially the same as those used in the previous phase of this

(8-1y

investigation the pressed discs were fired in air in an electric

project An i} portant difference is that in the present
kiln, Furthermore, all the discs to which a given kind of
impurity had been added were fired together. A few undoped
discs, used as control samples, were included with each firing
The firing schedule is used in preparing these specimens is
plotted in Fig. 8-2.

Experiments in this series were confined to room
temperature tests. Results of these tests are given in Fig. 8-3,
8-4, 8-5, 8-6, 8-7 and 8-8. Table 8-1V presents the average
grain sizes and densities for the specimens corresponding to each

level of impurity.
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Table 8-1IV

AVERAGE FIRED DENSITY AND GRAIN SIZE OF MAGNESIUM
OXIDE SPECIMENS DOPED WITH IMPURITIES BEFORE SINTERING

Nature of Amount Density Percent of Average Grain
Inmapurity Added . Theoretical Size
{(ppm) (g/cc) Density (n)
02 3.500 97.8 21
10 3.516 98.2 23
Fe,0, 10, 3.519 98.3 24
leo4 3.525 98.5 31
2x10 3.530 98.6 28
0Z 3. 498 97.7 29
10 3.521 98. 4 29
Al,0, 104 3.508 98.0 22
1x10, 3.500 97.8 31
2x10 3.481 97.3 25
0z 3. 488 97.5 23
103 3. 486 97.7 24
Zx'OZ 104 3, 489 97.5 37
1x10, 3.530 97.6 20
2x10 3. 490 97.5 30
0z 3. 496 97.7 23
103 3. 495 97.6 28
srO 10, 3. 490 97.5 17
1x10, 3,498 97.7 10
2x10 3.514 98.2 9
0, 3. 497 97.7 22
103 3. 497 97.7 25
TiO2 10, 3.477 97.2 30
1x104 3.488 96.0 57
2x10 3. 484 7. 4 48
0, 3. 496 97.7 24
10% 3.524 98.5 25
10, 3.515 98.2 32
Cr203 lx104 3.516 98.2 i6
2x10 3, 446 96.3 10
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Linear regression analyses were made of the strength
data obtained by breaking the doped and undoped MgO prisms.
A Burroughs 1620 digital computer was used for these calcula-
tions. Modulus of rupture was considered the dependent variable.
Added impurity concentration, grain size and density were taken
as the independent variables, The results of statistical tests
aimed at determining whether the undoped MgO control speci-
mens that were fired with different doped lots came from the
same or a different population than the average of all control
specimens as given in Table 3-V, while the results of the

regression analysis are summarized in Table 3-VI.

{ Studies made to determine the effects of chemical polish-
ing on the strength of MgO were aimed at determining the effect
of surface cracks and a number of cther factors that give rise to
spurious results. Phosphoric acid at rocm temperature give
a very rough surface and resulted in an insignificant change in the
strength over that of unetched specimens. Sulfuric acid was also
found .nsatisfactory; it attacked the grain goundaries too
exten:.ively., Hot H3PO4, an etchant used by numerous investi-
gators in studying MgO, was found-e-peweide’ visually smooth
surfaces. Specimens were dye-checked for cracks, prior to
the chemical polishing; and those with detectable cracks were
discarded. The remaining specimens were boiled in H3PO4,
washed vigorously in boiling water, then in warm water (40°C),
followed by alcchol and ether rinses. Modulus of rupture tests
run an hour following the etching treatment gave an average room
temperature strength of 24, 400 psi with a standard deviation of
5, 690 psi.

It was syhsequently noted that the etched specimens
had a thin coating, presumably redeposited MgO(S'Z). Attempts
were made to eliminate this coating by changing the etching

procedure, by using clean acid with a low MgO content and
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Table 8-V

STATISTICAL ANALYSES FOR PUPUL.' TION IDENTIFICATION
OF UNDOPED MAGNESIUM OXIDE SAMPLES FIRED
WITH DIFFERENT DOPED LOTS

Ry o
Impurity With Wnich Pure Z = 2V 1 - Sample From Same Or
MgO Discs Were Fired ¢ 2 Different Population *
8 4 vy
av
TJ_ + N

total i
Fe zO 3 5.03 Different
Ale3 0. 151 Same
ZrOz 3. 409 Different
SrO 0, 200 Same
'I'iOz 0. 476 *  Same
Cr203 1, 252 Same

* Zc > 1. 96 for samples from population different from the average, and

Zc «<1,96 for those from the same population.
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moving the specimen :apidly from the hot acid into the hot wash
water'" “’, In the present investigation, however, it was found
that rapid introduction of specimens into the boiling wash water
from the hot H:‘}PO4 resulted in excessive thermal shock,
Specimens were cracked and broken. The only successful method
for removing the coating, once it was deposited turned out to be
mechanical polishing; this, however, defeated the purpose of
etching. Even though the chemically polished specimens dis-
played a superior strength, as can be seen from the data

listed in Table 8-1I, the remanent coating was believed to have
almost as great an effect on the strength as normally existing
surface cracks or impurities might have had. Further studies
with chemical polishing techniques, therefore, were abandoned.

A brief statement regarding certain aspects of these
results for polycrystalline MgO now seems to be in order. Note
from Table 8-VI that the regression analyses indicate that in the

lots doped with Fe O, Z‘rOz, SrO, Ti.OZ, and Cr

203 variables

2Cy
the most significant effect upon the modulus of rupi:ure. Only

in the case where the doping element was AIZO3 was the added
impurity concentration indicated as being the most important
independent variable. Yet the plots of modulus.of rupture versus
added impurity concentration show obvious dependencies for
Fe203, Crzos. and TiO2 impurities. Consider, for example,
the lot in which FeZO3 was added as the impurity. Regression
analysis indicated density as the prime independent variable
affecting strength., Inspection of Table 8-1V reveals that density
increases in a regular fashion with the impurity added, but that
this increases in a regular fashion with the impurity added, but
that this increase is only 0.8 percent. The change in strength
seems too large to arise exclusively from such a small density
change. Furthermore, one sees that while density increases
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with added Fe203, the modulus of rupture decreases. Modulus
of rupture should increase with increasing density(8-3’ 8-4,8-5)
So while the regression analysis specifies density as the most
important independent variable, the accuracy of this conclusion
is doubted. The regression analysis does not take into account
the fact that density (and grain size as well) is not independent
of the impurity content. Furthermore, the concentration range
of the added impurities is large (0 to 20, 000 ppm) and one

might expect cefisiderable non-linearity. This could also

contribute to spurious answers from the regression analyses.

C. Effect of Impurities on Strength at Elevated Temperatures

Measurements of the modulus of rupture of MgO specimens
containing controlled levels of impurities were made at 660°C +
10°C and at 1000°C. The MgO used as a basis for these tests was
some of the high-purity material produced during the previous
year's work(a—l).- Iron oxide A1203, TiOz, and SiOZ were the
impurities added, sintering was accomplished in a gas-fired kiln.
The results are summarized in Table 8-VII. Notice that with the
exception of the two series with Si()2 and Fe203 as the added
impurity, the general trend of increased strength at increased .
temperature reported previously for MgO continues(s'l). The
1000°C strength values {or MgO doped with Fe203 are less than
the 660°C + 10°C values.

4. STUDIES ON POLYCRYSTALLINE ALUMINUM OXIDE

A, Effect of Impurities on Strength at Elevated Temperatures

The Instron testing machine, fitted with the high temper-
ature furnace described previously(s‘l)
modulus of rupture of A1203 at 1050°C as a function of added

impurity concentration. The high-purity Al?_O3 at 1050°C used

, was used to determine
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' Table 8-VII

SUMMARY OF MODULUS OF RUPTURE EXPERIMENTS ON DOPED
MAGNESIUM OXIDE SPECIMENS TESTED AT 660°C X 10°C
AND AT 1000°C IN AIR

Impurity | Amount | Number Modulus_of Rupture
Added Broken (10-3 psi)
(ppm) Arithmetic Range Std. Dev.
Average .
Fezcs* 10. 9 28.5 23.2 - 35. 46 3.50
1, 000, 10 26.1 18.0 - 32.5 4. 60
None* 4 23.0 21.3 - 23.9 1.28
Fe,0, 10, 8 25.2 22.0 - 28.2 2.75
1, 000. 8 25. l 21.1 - 2908 z. 65
AIZO3 10, 4 27.8 25.1 - 32.0 2.09
100. 5 26.9 23,5 - 30.9 2.81 °
1, 000, 3 22.0 19.0 - 25.1 3,00
10, 000, 5 l 30.2 23.5 - 39.4 6. 39
TiOz 10, 5 27.17 22.9 - 30.2 3.33
100, 5 30. 4 21,3 -35.3 - 5,82
1, 000. 5 23.9 19.3 - 27.2 3.25
10, 000. 6 19.2 19.1 - 19.8 0.14
SiOz 10, 6 22.0 18.3 -22.8 , | 3,00
100. 1 22.0 ‘ -- --
l' 000. 5 25. 0 24. 3 - 25. 4 0- 24
10. 000 Z 33- 9 29. l - 380 7 6- 78

* For the first added impurity of ~F‘eZO3 a temperature of 660°C + 10°C

was used; for the remainder a temperature of 1000°C was used.

S
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as a base material was same as that prepared last year, and
sintering wae done in a gas-fired kiln. The added impurities
were Cr203. MgO, FezO3. 'I’iOz and NazO; the test results
are summarized in Table 8-VIII, When comparing these
results with data obtained on the same materials at lower

(8-1)

case where 'I'iOz was added as the impurity, the strength at

temperatures , it is noted that with the exception of the
1050°C is consistently less than that measured at the lower
temperatures. This behavior is in contrast with that observed
for MgO. The density and grain size data for the specimens ‘
used in the current test series are also compiled in Table 8-VIIIL.

In addition to the impurities mentioned above, a special
series of Fe203-doped A1203 specimens was prepared, doped
with an added amount of NazO sufficient to alter the grain

growth strikingly, as shown in Table 8-VIII. The Fe 203‘

was added to the high-purity .‘.zO 3 in controlled amounts by
the procedure previously described'®" ). The Na O, on the

2
other hand, was introduced adventitiously during firing by

placing the specimen on a bed of NaZO contaminated AIZO3
setting sand. The ratio of Na to Fe in these specimens was
not determined. The excessive grain growth that was

characteristic of this series was not observed when setting
sand essentially free of NazO was used. Table 8-VIIl summarizes .

the results for this series.

B, Statistical Analysis of Data

In order to evaluate the significance of data obtained,
statistical tests were made to determine the influence of two
primary parametric groups. The first was an analysis to
determine if specimens with the various impurity additions

(i.e., TiOz, Fe203, Crzos, MgO and Nazo) came from

-431-



-pues Bunjes woxj ONQZ qIIM PAIRUTWRIUCD A[SNONINJUIAPE Sem uomuonnONv d STl

L9t 6L sy 2 6°€2 - 8°91 L 0°12 *000 ‘01
2°st 6L wy 9°62 -~ ¥£1 8 € 81 000 ‘1
L2t 8L '€ e L°§2 - 8°91 9 0°12 ‘001 2
6°ST 8Lt o1y L°92 = Z2°€1 ot 8°02 ‘ot o‘eN
1°6¥ e 09°1 0ET-%6 € 601 000 ‘01
<81 e ¥ 1 2761 - 1°91 ¥ 0 °81 000 ‘1
8€l 19°€ §€ 2 9°§2 - 0°02 S 122 ‘001 2
£ 91 89 ¢ 08°s T -§¥ 6 L¥2 ‘o1 o
*000 ‘02 08¢ ve°0 ¢'s -0°¢ 4 6°¢ 000 ‘01
21 8L £€8°2 7701 - 6°1 9 1°9 000 ‘1
02 ¥LE %y LU 12 - 6707 9 8 ¥l 001
02 89°€¢ 15°s L0Z2-9% S 8°€T ot € 7
€21 28 . 902 1°21-1°8 € ¥°01 0 = 0?3
14 41 e ¥S € <82 - 661 ¥ ¥ ¥ 000 ‘01
1°st 1€ 22°2 6°SZ - 8761 L 6°22 000 ‘1
€ ST e -2 6°L2-9°12 ] L'¥%2 ‘001 €.2
6°€1 e §6°1 SH2 - 8°L1 6 9-12 ‘01 [ 3E X |
0°El 8¢ $8°1 6°LY - 8721 ] Z°s1 ‘000 ‘01
8°11 28°¢ €80 €°91 - € ¥1 8 ¥ °st 000 ‘1
Z°91 ¥8 ¢ ¥S°1 L°ST - §°01 6 0¥l 001
%1 8¢ s€ "9 1°0E - 9°%1 6 ¥€2 ‘01 o
91 69 ¢ SE°¥ ¥°$2-9°€t 8 ra £ 000 ‘01
991 L9¢ €€ ¢ L'€Z - €761 6 6 °81 ‘000 ‘1
€ 91 89 € 2z y°lZ -9°91 8 9 €2 ‘001 £ 2
R ¥ ST 89°€. -z £°'¥2 - 8°LT L ¥°02 01 01D
19°¢ §°§2 - L 01 8t 1°22 suon
 § N
]
(4) (o3/8) womorg | epefall) | fmddy
o315 wwap Fay Ansueq -Bay Aed “PIS . aSuwy 1dqEIMN WYY unowy  |S£3tandun
(1sd . _o1) “sxnxdmy jo snmpoy
-t

D.0601T LV ¥IV-NI QIISTL FATXO WANINNTV )
a3adoda JO FAZIS NIVYED ANV ‘ALISNAA ‘THN1dNY, IO SNTNAOW ‘AdVININAS

THA-

8 a1qel

-432-



different populations according to the particular kind of impurity
added or if they were merely random samples from the same
population. The second kind of test was a linear regression
analysis to ascertain the extent to which the strength measure- .
ments correlated with impurity content, density and grain size.
Regression analyses were run for each kind of impurity except
CrzO3 at three temperatures: viz., 25°, 500°, and 1050°C,

For specimens doped with Cr203. data for only two temper-
atures (25° and 500°C) were available for analysis. Many of
the data used for these statistical tests were obtained previ-

The first test involved the same statistical formula
used to obtain the data on the high-purity MgO (Table 8-V):

l’rgu ' , ure -'X; ,
z, = L P (8-1)
x;ure Tl \/ + o’f
'N'R—_ N
pure i

where Zc is the index number, xpure is the arithmetic mean

value of the modulus of rupture for all undoped specimens, 3§

is the arithmetic mean value of the modulus of rupture for

specimens in the it—‘-‘-— group of doped specimens, 5o -Y is
pure
the standard deviation of the difference of the means Ypure and

X' pure is the number of pure specimens broken, and N, is
the number of specimens of the i—— group broken. Results of

these analyses are summarirzed in Table 8-IX,

A program employued in these statistical evaluations was
devised by the Hercules Powder Co., Bacchus, Utah, using an
IBM 7074 digital computer. The results are presented in
Tables 8-X agd 8-XI, which are based on a Cartesian and
logarithmic treatment of the impurity content, respectively.
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Table 8-1X
STATISTICAL ANALYSES FOR POPULATION IDENTIFICATION

COMPARING DOPED POLYCRYSTALLINE ALUMINUM
OXIDE SAMPLES WITH UNDOPED LOTS

= ———————————y

Impurity Amount 25°C T 5¢0°C 1050°C
'l‘iOz 10 same same same
100 different’ different same

1, 000 different different different

10, 000 different different different
'; !‘ezo3 10 same same same
: 100 different same same
1, 000 different. same same
10,000 different same same
CrZO3 10 same same same
160 diffe rent same same
1, 000 different same same
10, 000 different same same
MgO 10 same same same

100 same different diffe rent

1, 000 ‘same same different

10, 000 same saine different
Na,O 10 same same same
100 same same same
1, 000 different same same
10, 000 same same same

Note: All specimens were sintered in a gas-fired kiln.
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From these tests, it appears at first glance that, with the
exception of the series with the 'f'iOZ additive, impurity content
has little influence on the atrength. However, one should exer-
cise the same r=servations regarding the conclusions indicated
by the regression analyses as those already mentioned in the
discussion of the air-fired MgO data. Neither density nor
grain \qize are independent of the impurity content, and the
concent\r‘a.tion rauge is comparatively large. These factors
could lead to spurious results from the regression analyses.

Titanium oxide was the only additive for which strength
was found to be consistently correlated with impurity content
(correlation coefficient > 0. 7). For specimens doped with
FezOy Cr203, or MgO, the regression analyses would lead
one to conclude that grain size and density have the most
influence on the strength. Even for grain size and density,
however, the correlation coefficients are very low. For this
reason, no attempts were made to use the Knudnen(s's) or
Petch(8'6) equations to subtract the effects of grain size and
density from the overall results.

These results should be regarded as preliminary in
nature. Effects of additive content, grain size and density
on the strength could easily have been masked by some
uncontrolled and undetermined factor or factors. For example,
the surface condition may strongly influence the strength. Also,

tests made by Harbison-Walker Co.‘(a-")

show that the impurity
contents of some samples of high-purity A1203 used in this
research were increased by factors of from two to ten by sintering
in the gag-fired kiins at this laborato ry. This was one reason

for firing subsequent specimens in an electric resistance furnace
rather than in gas-fired kiins. The specimens broken to obtain

the data used for these regression analyses were not systematically
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checked for any increase in the impurity content as a result of firing.

C. Effect of Titanium Oxide Additions on StrenLth of

Aluminum Oxide at Room Temperature

To eliminate the potentially deleterious influences intro-
duced into the previous series by firing the specimerns in the gas
furnace, a new series of experiments was planned using multi-
crystalline A1203 specimens sintered in an air atmoesphere in an
electric resistance heated kiln. The test specimens were cut

from discs made from high-purity Al O, powders that had been

treated to eliminate clustering of the i)owder particles. The
procedure involved in this treatment was discussed earlier in
this report. Disc¢s were cold-pressed at 20 tons per sq in,
then fired at ca. 1740°C for 8 hr in an air atmosphere electric
resistance furnace. The heating and cooling portions of the
firing schedule were essentially the same as for the MgO discs

fired earlier in the same furnace (Fig. 8-3).

The results of bend tests made at room temperature
on specimens of high-purity A1203 doped prior to sintering
with 0, 100, 1000, 10, 000 and 20, 000 ppm TiO2 are summarized
in Fig. 8-9. As can be seen, the extremely strong dependence

of strength upon TiO, impurity concentration, noted in the

previously discussedzexperiments, has been reconfirmed in
this series using the expectedly much less contaminated,
electric-kiln sintered, specimens. Additional modulus of
rupture measurements were also planned for air-fired A1203‘
doped with Fe203, ZrOZ, Cr203, MgO and MnO. However,
an untimely burn-out of the electric kiln, prevented

the execution of these plans.
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D. Recrystallization Studies

The excessive grain growth experienced with certain
A1203 specimens that had been doped with Fe203 was investi-
gated. Oxides of Cs, V, Mo, Td, Ti, Mn, Mg, Ce, B cnd Fe
were added to high-purity A1203. It was found that of these
additives only the FeZO3 gave the excessive grain growth, and
that only in the presence of Na. When discs that had been doped
with Fe203 were placed on A1203 setting sand that was contam-
inated with Na, excesesive grain growth was found to occur. When

these Fe203—doped discs were packed in Na_O, fluxing of the

2
A1203 occurred, but the excess grain growth was observed only
in regions of the A1203 disc that were not in direct contact

with the Na,O and were, therefore, not fluxed.

2
5. MICROHARDNESS STUDIES

All microhardness measurements reported here were
made with a diamond indenter on a Tukon microhardness
instrument. A magnification of 20 X was used for measure-
ment of the indentation., The scale is Knoop hardness. Small
fractures were observed to occur around the indentation marks
in the majority of the early tests. As long as the measurement
technique was not improved to the point where the formation of
these fractures could be avoided, results were considered to be
of questionable value, Some of these earlier results are interest-
ing, however, and will be discussed here. Many variations in
the measurement technique were tried before a satisfactory
method was finally evolved. It was found that fracture-free
indentations could be made consistently when the time involved
in makirg the indentation was of the order of a minute. Fractures
were almost always observed when indentation times of thirty
seconds or less were used. When the shorter indentation times
were used and fractures were prone to appear, the size of the

-weight used to drive the indentor into the material seemed

inconsequential as far as eliminating the fractures was concerned,
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Previous microhardness measurements on polished but
unetched specimens of our pressed and sintered A1203 showed
negligible variation of microhardness with the amount of

impurity (8- 1).

Current results on polycrystalline A1203 and
MgO, and on single crystal MgO indicate that the surface condition
of the specimen has a profound influence on microhardness values.
Thus, polished specimens that had been etched gave different
results than specimens that had only been polished. Also,
microhardness values obtained on the sirgle crystal MgO were
found to be dependent on the orientation of the diamond indenter
with respect to the crystallographic directions of the MgO speci-

men, and on how well the crystal had been cleaved.

Several procedures that seemed attractive for the
preparation of specimens for microhardness determination
were investigated. One of the early procedures used for poly-

crystalline MgO consisted of the following steps.

(1) Specimen was mounted in plastic.

(2) Polishing was done sequentially with 600 mesh
SiC, 1000 mesh SiC and 0. 3 Ale3 powder

(Linde A5175) until specimen surface was
uniformly flat.

(3) Surface dust from the polishing operation was
removed from the specimen with a mild
soap and water solution. The specimen was
then wiped gently with soft paper.

(4) The polished specimen was etched for four
minutes in dilute HZSO4 solution (one part

acid to nine parts water).

Later procedures for polycrystalline MgO were similar to those
listed, except that ethanol was substituted for the soap and water
solution in Step (3), the gentle wiping with soft paper in Step (3)
was eliminated, and other etchants such as boiling 1-1315’04 and .
dilute HC1 solution (one part acid to nine parts water) were

used. The etchants H3PO4, HCIl, and HZSO4 all left undesirable
surface precipitates on the MgO specimens that affected the
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values of micrchardness obtained. It was later decided, therefore,
to omit the etching step in the procedure, and measure micro-
hardness on the surfaces of the specimens that had been mounted
in plastic, polished as in Step (2), and washed with ethanol. An
early procedure for preparation of polycrystalline A1203 speci-
mens for measurement of microhardness included Steps (1), (2),
and (3), but Step (4) wae replaced with a ten-minute etch in hot
H3P04.

MGO specimens for measurerment of micrchardness will be

Treatments that were used to prepare single crystal

discussed later along with the descriptions of the tests.

The microhardness and modulus of rupture values for
doped and undoped polycrystalline AIZO3 sintered in a gas-fired
kiln are summarized in Table 8-XII. Table 8-XIII presents
similar data for both etched and unetched polished specimens
of polycrystalline MgO taken from discs sintered in a gas-fired
kiln, Note the differences in the values obtained for the etched
and unetched specimens; the microhardness values in these
particular tests do change considerably less with the amount of
added impurity in the case of the polished but unetched specimens
as they do for the etched specimens. The data reported in
Tables 8-XII and 8-XIII were obtained prior to the time when
the problem of the fractures around the indentation marks was
solved and are, therefore, to be regarded wi