— B

AD-760 017

RELATION BETWEEN PARTICULATE CHEMISTRY
AND CERAMIC PROPERTIES

Avco Corporation

J
Y

Prepared for:

Office of Naval Research

March 1973

DISTRIBUTED BY:

National Technical Information Service

U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151

| Best Available Co
% py s




AD 76600 17

TES

RELATTON BETWEEN PARTICULATE CHEMISTRY AND CERAMIC PROPERT

FINAL TECHNICAL REPORT
1 January 1970 - 351 Tecember 1972
contract NOOO01k-70-C-0138

Prepared by

W.H. Rhodes
P.J. Wuensch
T. Vasllos

Prepared for B

: - gmat :j ‘, \
office of Navael Research e TN
washington, D.C. 20360 = e N
. ' ,. ‘ { {
, oRonh
-~ ,I \ !

Submitted by FEREAUESI

~——”

AVCO CORFORATICN
gsystems Division
Lowell, Massschusette 01851

Reproduction in whole or in part is permitted for any
purpose of the U.S. Government. Distribution of this

document is unlimited.

CATIC N TETHNICAL
¢t ATiDR SERVICE

T | DOST Available Gopy
App;;:‘,:in‘x\Mt\l)ﬁEch-d



UNCLASSIFIED

Secunty Classification

DOCUMENT COHTROL DATA-R& D

(Secutity classtlication of tille, body of ahetract and indextng an. (A2icn must S Sriteerr! sbo v cve ol 71 g oated

1 ONIGINATING ACTIVITY \Comporale suthor) CImLRERL EY 4 0 g "“_- -;.' ° ;_Y.:.N-.W”—
Avco Corporation L Unolassifind
Systems Division ' < e e e
Iowell, Massachusetts 01851 R J

3 MFPORY TITLE

Relation Between Particulate Chemistry and Ceramic Properties

e e e e cmm Al . e e - s mesm s s e e

4. DESCUPYIVE NOTES (Type of report and inclusive daten)

Final Technical Report, 1 January 1970 - 31 Dﬂoﬂmbnr 1972

S AUTHOMSY (Firet naove, middie initial, last name) T -—T
Rhodes, William H.
Wuensch. Bernhardt J.
Vasilos, Thomas

. ALPGONY DATGL . D Toran 0 v._;A —5-" "'w:v-.l' ST T
March 31, 1973 ko SO @y 2k
%8, CONMTAACT OR GRAMT MO, As . CaZaay v VWU(VU.WVFQ e T s e T
0001k -70-C-0138
b, BROJECT WO, : i
e MR T R PN i e et i

S e e e o
10 OSTRIDYTION ST ATEMENT

Reproduction in whole or in part is permitted for any purpose of the
U.0. Government. Bistribution of this document is unlimited.

1. SUPHLAMENTANY NOTRS [17 s+ ONSORING "L Ton  as To vy - rrmmrym
Tepartocant of the Navy

i Office of Naval Resgearch i
l washinston., D.0. 20360

13 Aa@sTRmALCY
In a program designed to inter-relate the chemisiry and worphology of initisel
rArticulates with microstructure development and mechaniral properiies ot the final
product, it was found that the powder precurszor may have an important influenece
on ziecrostructure. Vacuum hot pressed high purity Mgo derived lrem ug(CH)2
displayed a marked duplex microstructure and a mean grain cize thirty tizmes larger
than that in bhodies fabricated from rarbonate-derived material of the same purity
and initial particle size, The duplex struciure evolved early in the course of
~onsolidation (less than TOt density) and i1s atirituted %o the Ligh degree of
mutual orientation of MgO crystallites within relies ot the parent brucite plate.
Fquiaxes, dense miecrostructures of Mgy, ggqcao 050 were p.ennred by rale~ination
of coprecipiteted carbonates and displey grain size smaller than the high purity
material under comparable processing cycles., Svidence of s partially-penctrating
erair boundary phase was fonnd. Grain srowth ra:es a% 192+, and 1.109C derrease
rapidly with Sime due totransition from boundary-controllei Lo pore-controlled
to esbnormul exraln srowth. Room temperature measuremaents o' delayed fracture in
three Ji{¢rerant environments were determined for hich purily vecuum hol pressed
Men derived from the cartonate, and compared wvith results for less rure msterials.

Te Livh purity magnesia digplayed higher resistance %o stress corrosion and a
“i::”r statin Tatigue limit than any other crade of raterial examined.

REPLACES DO FPORM 1473, 1 JAN 86, WHMiCH 1S - pae o~
D . .’_ "1 47 OBIOLETE FOR ARMMY UPR. UNCLASIIFYED

Secunty Classification

| Best Available Corv




TFOREWORD

This report was prepared by the Systems Division of Aveo Corporation
under Contract NOOQ1lL4-70-C-0138 with the U.S. Office of Naval Recearch. The
work was administered under the direction of Dr. Arthur Diness, Office of
Naval Research.

The report summarizes work conducted from 1 January 1970 to 31 December
1972, Two publications will result from the investigation: "A Relation
Between Precursor and Microstructure in Mg0" (which will be submitted to the
Journal of the American Ceramic Society) and "Stress-Corrosion Cracking in
Polycrystalline Mg0" (which will be presented at the symposium, "Fracture
Mechanics of Ceramics,” University Park, Pa., July 1973, and published in the
Proceedings of that conference). Manuscripts to be submitted for these two
publications are attached as Appendices A and B, respectively. The results
contained therein are only briefly summarized in the body of this report.

The authors are pleased to acknowledge the contributions of a number
of workers at Aveco Systems Division to the program: J. Centorino and
J. Zgrebnak for materials preparation, R. Gardner and P. Fuce for rceramo-
graphic preparation, C.L. Houck for electron microscopy and P. Berneburg
for x-ray studies.
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I. INTRODUCTION

Polycrystalline bodies are involved in nearly all applirations of
ceramics, The technologically-important properties of these muterials are.
in large part, determined by their microstructure. The relation between
mechanical properties and grain size. for example. has long been known.
The final microstructure obtained in a body, however, is in turn. dependent
upon & number of kinetin processes which ocecur during fabrication: Grain
frowth and changes in pore size. distribution and morphology. Grain boundaries
are involved in all of these processes. Despite the importance of boundary
properties, much remains to be learned about the kineties of grain boundary
nifration in ceramics, end the interaction of boundaries with pores and
lmpurities. It has bheen only recently appreciated. for exa=ple, that the
impurities normally present in ceramics are comuonly segrecated at grein
boundaries even when present in bulk concentrations as low as 320 ppm.1 Impurity
segregation may give rise to enhanced mass transport at grain boundaries®
and thus completely modify the kinetics of processes such as creecp. oxidation.
sintering and ~lentrical conduction. Segregation is similarly known to directly
afleet properties suech as stirengik and mechanical behavior,3

Impurity sesregation may thus influence the properties of ceramics at
two levels. Certain properties are directly influenced vy “he chemical and
prrsical state of zrain boundaries. On 2 second level. impurity segregation
intluences microstructure development, and thus. through its effect during
processing. may control those properties which are dependent upon micro-
cstructure. (An example is the intentiounal addition of small smounts of
impurity to retard grain growth during sintering. This prevents entraprent
of pores within grains and has permitted the sintering of oxides to full

“heoretical density.) Tew studies of boundary-sensitive properties in
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ceramics have adequately characterized the physical and chemical shtate of

grain boundaries. ILittle is known of the relation between the chemistry of

the initial particulates from which a ceramic body is formed. and the impurity
distribution in the final microstructure. This situation further indicates

a need tor the evaluation of microstructure development and properties of

an ultrapure material which is free. is so far e possible. from the influences
of impurity segregation and porosity.

II. OBJECTIVES OF THE PRESENT STUDY

The present report summarizes “he results cf a ‘liree-;-.ur prorram
designed Lo examine the intér—relntiou of mechanical proper-.icg, microstructure
evolution and impurity precipitate distribution. on the one huani, with the
chemistry &nd characteristics of the initial particulates from whieh the
ceramic body 1s formed. lMagnesium oxide was gelected tor ctudy for a number
of reasons. The material is of consicerable irportance (e.r .. as a refractor;.
use as transparent armor., and irn high temperature infrared coplications).

The material has the rocksalt structure of the simpler monovzlent alkali
halides, and thus might be a mod~21l oxide to which understanding of simpler
ionic materials might be extended. Several measurements of grein growth
kinetics have been made for this ma’ceriall"'3 which are not in coumplete
accord. Studies of delayed fracture have been conducted with MgO (see
Appendix B) and recent resultsT indicate that this important property is
highly sensitive to purity and the chemical state of grain boundaries.
Selection of Mgd for study was also attractive since extencsive data are
available8 for the rates of diffusion of several of the impurity (e.g.. Ca.
Al. Fe) cations commonly present in commercial grade magmesia. Suech data
were considered Lo be of potential value in the interpretation of the rates

o

of impurity cegregation and redistribution.
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The specific aims of the program were

1. The preparation and characterization of ultrapure Mg0
particulates and also particulates which had been
homogeneously doped with controlled amounts of
impurity.

2. (Consolidation of the particulates into fully dense
bodies which were pore-free and which had both a
fine and uniform grain size.

3. Examination of microstructure evolution and iso-
thermal grain growth kinetics for the materials
which were produred.

L. gorrelation of mechanical properties (namely. delayed
tracture) with specimen purity and microstructure.

The results obtained in the program are discussed in Section IIT.

The most significant findings are that, in the absence of notable impurity.

the devnlopment of micrestructure in MgO depends markedly on the physical

a

2]

rangement of the particulates from which the body is formed, and hence
on *he precursor material. The rate of stress-corrosion cracking in

voliserystalline MgC depends markecly on purity.

<]

he high purity naterial

synthesized in this prosram exhibit

D

d a much higher resistance to delayed
fracture in 50 and a higher static fatigue limit <han any other grade of
materisl which has been 2xamined. Delayed Tracture in the latter mesterials
Vis 25%ributed Yo control by interaction of OH with crack tips 1lyving in a2
raleiun aluminosilicate greain boundary phase. These results are discussed
in Aetail in manuseriets attusched as Appendices A and I

TIT. ARCUITE

5.1 Dowder DPreparaticn and Characteriza*tion




3.1.1 sStarting Materials

Consolidation of particulates into a fully dense microstructure
requires a highly reactive powder with submicron particle size. Examination
of products available from commercial sources failed to reveal a high
purity ( 99.99% MgO) submicron magnesia. High purity brucite, Mg(OH)g.
and MgCO3 were, however, aveilable. Production of Mg0O particles with the
desired characteristics was, therefore, attempted through the development of
controlled calcination procedures.

Mg(OH)2 and MgC03 powders* and consolidated products were
analyzed by spark source mass spectrometry (Table I). The spark source
concentrations were higher than the vendors' emission analysis and
indicated the presence of significant anion impurity, notably S. The Mg(OH)g
was further characterized by x-ray diffraction and found to be entirely
brucite. Electron microscopy revealed a plate-like morphology for the
brucite, Figure 1.

3.1.2 Calcination

The decqmposition of Mg(OH)2 and MgCOB to magnesia was studied
ir an electron microsccpe under the influence of héating caused by the electron
beam, and also as a function of time and temperature for powders heated in
vacuum while both statlic and while rotated.

Examinaijon of the decomposition of brucite. Mg(OH), plates
under heating induced by the beam of an electron microscope showed the
reaction to be topotactic. Tigure 2a presents an initiel c-axis electron
diffraction pettern »f a parent hrucite crystal. The strong reflections are 100

and 110 brucite maxime. A few weak MgO maxima are present. but the 220 reflection

¥ Purchased from Johnson-Mattney through United Minerel cor. (U.S. Distribution).
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is notably absent upon further decomposition, Figure 2b, 220 Mg0

reflections appear on the same radius vectors as 110 brueite. The 220
magnesia reflections became more resolved from 110 brucite as denomposition
progressed, and the brucite pattern pradually diminis hed iu overall intensity.
Eventually, Figure 3c, a LJJJ:] axis single crystal MgO pattera resulted.
These observations confirm the results of Gordon and Kingery9 who reported
that periclase formed {rom brucite through a coherent nucleation and

growth process, with [:lli] and[?]@] of perieclase parallel to ¢ und a

of brucite, respectively.

Production of powéers for ewventual consolidation was aceomplisned
through calcination in partial varuwn. The characteristies of the particulates
produced was established as a function of time and temperature over o range
of 350 te 1200°¢.

Static calcinations were performed with the precvrsor powders
loosely packed in a 2 mm bed. The periclase crystallites were fcund % . be
orientezd within a relic of She parent brueite plnte., [uch plates., in turn,
were afulomerated in groups over an order of magnitude larger. Figure 3.
for example., presents electron micrographs of products produced at 37500.
Calcination for 55 minuteg produced 10 micron agglomerates composed of
multi-cristal relics of 0.8 microns. The particle size within the relics

o
was estimabted to be of the order of 100 A through x-ray line-broadening
measurements. This general size was confirmed through direct examination of
the veliecs in high magnification micrographs. Hxtensiocn of the calcination
to 130 minutes produced rod-like crystallites, Ticure 3h. A few small MgO
particles have {ractured apart rom the relie, possitly as a result of
ctrain caused by the decraase in molar veolure accompanying: the coherent
nuelaation and Wrowth process. Cconsolidaticn of the particulates produced

in “Lis ‘ashion reculted in duplex wmicrostructures. as discussed below.
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This was attributed in part to the agglomeration, and high orientation of
crystallites within the brucite relic. Retention of OH was also suspected
of having a possible influence. Subsequent efforts were, therefore, devoted
to dynamic, rotary calcinations in an attempt to break up agglomerates.
Further, in an attempt to eliminate the possibility of traces of OH™ in
subsequent microstructure development, the range nf calcination temperatures
was extended to those much higher (to 1200°C) than required to decompose
Mg(OH)s.

Rotary calcinations were initially performed within a new
platinum cylinder positionad at an incline of 20°, The cylinder, in turn,
was held within a closed-end high purity alumina tube which was evacuated
and rotated at 4 rpm during calcinations at tempersatures up to 1200°¢.
Eventually. to facilitate production of powders in the volume necessary to
prepare large-dlameter pressings, a larger capacity continuous apparatus
was specially constructed.

Figure 4 illustrates the change in crystallite size and
agglomeratior produced through rotary calcination of Mg(OH), for constant
time (1 hour) at gradually increased temperature. At 800°¢ (Figure La)
calcination produced a mean crystallite size of 260 X. Some agglomerates
(arrow, in Figure l4a), while polycrystalline, appear to have sintered into
a tight aggregate which is suspected (as a result of subsequent observations
of microstructure after consolidation) of serving as a seed for secondary
grain growth. Calecination at 10000C, Figure 4b did not produce disc-like
agrregates; some fracturing appears to have taken place. The high degree of
erystallite orientation, however, still persists and is noteworthy. At
the highest temperature employed, TFlguve he, the mean crystallite size
inereased to 300 R. and evolution of the particles to a cuble morphclogy has
progrecsed tarhher.  Apuin, the highly oriented relation of erystallites

wid), #noagerepate persils,
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The distribution of crystallite sizes for the calcination at
120300 is presented in Figure 5. A plot of the percentage of grains smaller
than a given size plotted as a function of particle size yields a linear
relation when plotted on log-normal probability paper. The log-normal
distribution is to be expected for normal nucleation and growth.

Rotary caelcinations were also conducted with reagent grade MgC03. %
Resulting particulates are illustrated in Figure 6 for representative runs
conducted at 800°C and 1100°c. The agglomerates produced at 800°C are much
larger than those produced with Mg(OH)2 under comparable conditions. The
crystallites displayed a cubie morphology, as with Mg(OH)p-derived material.
at higher temperatures, but the aggregates are much more open. That is,
greater space occurs between particles, and the high degree of mutual
orientation which is characteristic of the brucite-derived material is not
present (see also Figure lc in Appendix A). Figure 6c contrasts the
products of the present study with a MgO powder purchased from Honeywell.
This material had been produced by calcination of another reagent-grade
MgCO3.** The Honeywell material displaced a larger crystallite size than
any product prepared in the present study. Other characteristics, namely
the cubic morphology and the random mutual arrangement of crystallites, are
similar to those of the present work. The agglomerates in the Honeywell
material, however, appear tc be somewhat smaller.

Table 2 summarlzes the mean crystallite size for several of the
ralcination treatments which were explored in this program. Examination

of the rate of mean particle size increase with reciprocal temperature of

¥ .Johnson-Matthey,

¥¥inllinkrodt,
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TABIE 2

Mg0 CRYSTALLITE SIZES PRODUCED UNDER VARIOUS CALCINATION CONDITIONS

Starting Iot Temp. Time Mean

Compound No. condition oc Min. Crystallite Size. R
Mg(0H)» SH19k#*  static 350 55 ca 100
SH19k4 Static 375 55 ca 100
SH182 Static 375 180 ca 100
SH19k Static 375 180 ca 100
| SH182 Static 800 60 450
SH1f2 Dynamic 800 60 260
SH182 Dynamic 900 60 263
SH182 Dynamic 1000 60 278
SH182 Dynamic 1100 30 288
| SH182 Dynamic 1100 60 293
' SH182 Dynamic 1100 120 299
SH182 Dynamic 1200 10 333
SH182 Dynamic 1200 30 358
S8 Dynamic 1200 €0 363
MgC03 TOOTS2%%* Dynamic 800 60 152
700752 Dynamic 1100 30 318
¥ Trom x-ray line broadenins analysis

** .Johnson-Matthey

+rj

risher
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calcination indicates an activation energy of only 0.8 ev. This value

is much smaller than the activation energies for cation self-diffusion or
oxygen self-diffusion (2.76° and 2.71°° ev. respectively). Iattice self-
diffusion £hﬁé‘appears not to be the process controlling particulate growth.

3.1.3 conversion of Starting Materials

Subsequent experience with consolidation of the particulates.
described in Section 3.2, revealed a marked difference between the micro-
structures produced from Mg(OH)o-derived magnesia and those produced from
the MgCO3 precursor. To determine whether the differing behaviors arose
from minor differences in purity. and thereby clarify ths conditions necessary
to obtain high purity, fully dense, fine grained structures. it was decided
to convert one precursor materiel intc the other to permit distribution
between chemical and physical effects.

The ultra-high purity Mg(OH)p, used throughout the calcination
studies was converted to Mgco3 while taking all precautions to maintain
chemical purity. This wuc accomplished by dissolving Mg(OH)p in HNO3
followed by precipitetion of the carbonate through addition of NHhCO3.

The Mgco3; af{er rinsiﬁg and drying, waé caleined at 1100°¢c for 1 hour.
These conditions, as in other runs with the carbonate. provided magnesia
particulates with a mean grain size of aboue 300 R. This powder was then
consolidated, as discussed below, under conditions identical to those used

in processing a number of those samples which had been produced directly

from the hydroxide.

3.1.4 Doped Materials

To examine the effects of impurity content upon microstructure
evolution, a set ot materials containing controlled additicns of Uipical
impurity were prepared. The traditional ceramic processing techniques of

bhlending and calcining, or of tumobling, ball milling and pressing were
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rejected since this does not produce a dispersion of impurity whtich i1s
uniform on an atomic scale. Further, these procedures do not usually provide
the submicron particle_size necessary for consolidation into 2 uniform,

high density structure. The physical requirements for the doped particuleates
are similar to those demanded of the ultra-high purity materials.

Freeze-dryingll'IQ

and coprecipitation were selected as principle
processes for investigation. An apparatus for the production of freeze-
dried precursors was constructed. This process involves spraying of an
aqueous solution of soluble salts of the component cations through an aexosol
nozzle under the influence of an over-pressure of gas. Argon was employed
for the latter purpose. The liquid droplets, homogeneous on an atomic
scale, are directed into & chilled bath of an organic liquid with which
water 1s immiscible. The present apparatus employed stirred hexane, in a
vacuum flask, maintained at -T6°C by dry ice-acetone coolant. The liquid
droplets freeze rapidly. The solidification process, because of the small
size of the drops, occurs rapidly. This prevents exsolution and the solid
droplets retain the atomic-scale homogeneity of the initial liquid. After
decanting the hexane, the vacuum flask, bearing the still frozen droplets,
was connected to a vacuum system equipped with a large liquid N, trap for
collection of the remaining hexane plus the water of the initial solution.
After several hours, the droplets revert to particles of the component salts.
and are ready for calcination. Throughout these studies a0, at a level

of 0.5 mole %, was employed as a dopant. Calcium is a common impurity in
technical grade MgO. Also, because of its limited colubility in Mg0, it

is expected to exsolve or segregate et grain boundaries and thus influence

microstructure evolution and boundary properties.
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The chemistry of several magnesium salt solutions was explored.
ttempts initially were directed towards production or a carbonaic since.
as discussed above, this precursor yielded a desirable product. (A11

"magnesium” salts had, of course, been combined wi‘h the amount of calcium

salt necessery to produce the final intended ccmposition Mg0'9950a OOSO')
The reactions considered for carbonate formation were
Mg(OH)2 + 2NHOg —> Mg(NO3)2 + 2Hy0 (1)
Mg(NO3)2 + (NHy)2CO3 + 3Hp0 —> MgCO5*3H,0(s) + 2NNH),NO3 (2)

Precipitation occurs when the addition of (NHh)QCO3 brings to solution

to the basic side. The initial freeze-drying experiments were conducted
with sprayed solutions of & composition close to precipitation under the
hope that the carbonate complex would form during reduction of temperature
to freezing. Experiments with the nitrate reactions (1) and (2) produced

a nomogzeneously doped freeze-dried magnesium nitrate., This product proved
unsatis Tactory for the intended purpose since a molten phase resuited during
subsequent calcination. The final magnesia produced was large-grained and
Judged unsuitable for consolidation.

A number of additional starting salts were examined. The
chemistries studied are summarized in Table 3. Substitution -of chloride
salts again resulted in fusion during calcination with an analogous production
of large-grained magnesia as a final product. The powder was again Jjudged
unsuitable for consolidation and additional experiments were not conducted.
Use of sulfates provided more encouraging results, in that a fluffy ammonium
magnesium sulfate powder was produced through freeze-drying. Calcination

of this product was examined under a range of conditions, Table 4. The
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TABLE &

PRODUCTS PRODUCED BY CAICINATION OF Ca-DOPED FREEZE-DRIED

(v, ) Me (80, )o6Ho0 UNDER VARIOUS CONDITIONS

Calcination Phase Analysis

Temperature, C Major Minor
1000 Mgs0), - 6Hp0, Mg30, Mg0
1100 MgS0), * 6Hp0, MeS0), MgO
1300 Mg0 casoy, »

5Mg0- 14650y, - 8HR0
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sulfate radical appears to be so strongly bonded that calcination above
1300°C seems to be necessary to complete the decomposition. The appearance
of a disc;ete CaSOy phase at higher temperatures was also disturbing;
the higher temperatures apparently permit segregation of the dopant, and thus
destroy the initial homogeneity. Furthermore, the magnesia produced by
calcination at 1300°C had a mean particle size in excess of 1 micron. This
was Judged unsuitable for subsequent consolidation. Sulfate reactions were,
thererore, dropped from further consideration.

Examination of the literature provides no example of acetates
having been used in freeze-drying processes. Such salts were considered %o
be of interest in that even if the desired MgCo3 product were not preduced,
magnesium acetate, Mg(C3H302)2, itself decomposes to MgO at 320°C. The
carbonate complex was found not wo form during freeze-drying. The caleium-
doped Mg(C3H30p)2 xHpO produced did, however, calcine nicely to provide a
80 to 90 R Mgo particulate after calcination for only 15 minutes st 500°C.
The acetate precursor seems highly satisfactory, and might well be exemined
in future work directed towards production of doped MgO. Since the carbonate
was not formed, future work obwviously need nct employ the addition of (NHh)2C03.
While this approach seems promising, parallel experiments directed towards
production of doped MgCO3 through CO-precipitation were conducted as a
result of the frustrations encountered in the course of the freeze-dry
experiments. Calecfum-doped Mgco3'xHéo was successfully prepared through
reaction of the nitrates with (NHA)2003- The product was calcined at 1100°%
for 1 hour to yield & doped magnesia with 300 R crystallite size. This
product was eventually produced in volumes sufficient for consolidation
through hot pressing. The mlcrostructures produced, and the redistribution

of Ca impurity are described in Section 3.2.
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3.2 Consolidation and Microstructure Evolution

3.2.1 Hot Pressing of Brucite-Derived g0

Vacuum hot pressing techniques were employed in nearly all
consolidation studies of the variety of particulates which were produced.
High strength graphite dies* were employed which allowed pressing up to
15,000 psi. The powders were loaded into a 1" diameter die under static-
air glove btox conditicns, placed into the assembly and lightly cold presund.
After evacuation, the sample was heated to 800°% without pressure to allow
outgassing. Pressure and temperature were then simultaneously increased
until both parameters reache& the desired levels. Typical vacuums &’ peak
temperature were of the order of 10'“ mm Hg.

Consollidatiorn of the brucite-derived powders were studied under
a range of processing conditions which, in extensive prior experience at
Aveo had succeeded in producing Mg0 microstructures of near theoretical
density, log-normal grain size distributions and mean grain sizes of the
order of 9 microns. Pressing temperatures in the range 1150-1450°C, and
applied loads up to 15 kpsi were employed. Typical processing cycles
ranged in duration from 30 to 120 minutes.

Anomalies were immediately encountered in the densifiration of
the brucite-derived material. Initial specimens employed a lot of high

purity powder produced by static calcination at 375% for 180 minutes.

Three microstructures, which are representative of results for the range
of temperatures which vere employed are compared in Figure 7. A marked

duplex microstructure is apparent in Figure Ta. t increased processing
temperature, Figure b, the concentration of smaller grains decreases; at

1hso°c, the highect temperature employed, the fine grains have vanished.

# poco Craphite Co.
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The main variable in producing these distinectly different microstructures
was temperature. It 1s noteworthy that the decrease in the concentrations
of fine grains was not accompanied by increase matrix grain-intercept size
(21 microns in Figure Ta, 15 microns in Figure 7b). Further, these grain
sizes were much larger than those encountered after typical hot pressing
cycles using less-pure starting materials. A typical grain size after a
12509C - 240 minute cycle with 99.4% pure Mg0 is of the order of 9 microns.
The much larger grain sizes of Figure 7 are, at least in part, a consequence
of the higher purity.

It was initially félt that the duplex mlcrostructures could be
due to patches of incompletely decomposed Mg(OH)g, or, alternatively, related
to the state of agglomeration of the magnesia particles within the parent
brucite plate. The calcination procedures, as described in Section 3.1.2,
were therefore modified to a dynamic process, to break down agglomerates
and were extended to temperatures much higher than those required to
decompose brucite in an attempt to further reduce concentrations of possible
volatiles.

An extensive series of hot pressings were performed with
powders produced under the range of dynamié caleining conditions summarized
in Table 2. Representative microstructures are compared in Figure 8.

The duplex microstructures again invariably vesulted. None of the calcining
conditions produced a starting powder which gave the desired fine-grained
normal microstriuctures.

I% is noteworthy that the chemical integrity of the high purity
particulates wus maintained drnring calcination and consolidation. Table
1 compares spark source mass spectrometric analysis of the initial brucite

powder and the final consolldatlon magnesia specimen. Tt appears that slight
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amounts of Zn and Fe are picked up during processing, but that volatiles,
notably Cl, S and Na are driven off during consolidation. The total
impurity concentration is actually lower in the fabricated sample.

3.2.2 Evolution of Duplex Microstructure

The evolution of the duplex microstructure in the brucite-
derived magnesia was studied by deliberately terminating several densification
cycles at intermediate levels of density. The microstructures were studied
by 8 combination of light and electron microscopy technigues. Representative
micrographs are shown in Figure 9. The sample in Figure 9a was 69% dense.
The pores appear to be 10ca£éd primar 1y at triple-point grain intersections.
The grain size. in general, appears to be about 0.3 micron. However, even
at this stage there are many grains (e.g., 0.5 micron) which fall outside
of the expecved normal distribution of grain sizes.

Figure Sb illustrates the microstructure at 92.5% theoretical
density. The density is non-uniform. Iens-shaped regions (arrow A) up
to 1 mm in size heve smaller grain size than the matrix. Other patches
(arrow B) have grain sizes about equal to that of the matrix, but a higher
porosity which has morphology similar to that at earlier stages of
densiflcation. ¥igure 9c¢c exhibits the microstructure at 99.5% density. The
d uplex final structure characteristic of all brucite-derived material has
strongly developed. The fine grains have grown to 1 micron, while the
large grains are of the order of 30 microns. Some porosity (arrow C)
remains assoclated with the fine grained patches,

The duplex microstructure which appears in brucilte-derived
material thus evolved during the initial stages of consolidation, at densities
1ese than at most 69% of the theoretical value. It is clear tha* regions
of different density develop during processing. These may contribute to
a non-uniform miecrostructure, but are not belleved to be the main cause

nf this affert,
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3.2.3 Hot Pressing of MgCO,-Derived Mg0

Because of the difficulties encountered in achieving & normal
grain structure in Mg(OH)e-derived Mg0, studies were conducted on
densificaticn of material obtained from MgCO3- The lettar compound represented
an alternative precursor of ultra-high purity. (Consolidation experiments
were begun with powders derived from reagent-grade MgCO3. Bot pressing
produced fine-grained microstructures with & normal grain size distritution.
Since grain growth in these microstructures mey have been stabilized by the
higher impurity levels, subsequent experiments were conducted with a commercially
obtained Mg0 derived from Mg¢03.* Typical analyses of this material, as
determined by emission spectroscopyl3 provide approximately 400 ppm impurity.
primarily ca (200), Si (1503, Al (S0) and cu (3). The total impurity
content is thus similar to that indicated by the mass spectrometrlic analyses
of the hot pressed brucite-derived magnesia. Consolidation studies were
eventually performed with powder derived from ultra-high (99.999%) MgCO3%*.

All microstructures consolidated from carbonate-derived material
vere nat only similar to one another but differed markedly from the structures
obtained from the brucite precursor. Figure 1C compares two microstructures
obtained with the Honeywell M-10 powder under different processing conditions.
(The sample in Figure 10a displayed a 0.5 micron grain intercept and thus
required electron microscopy of an etched microstructure.

The attack of grain boundaries by the etchant unfortunately makes

it impossible to examine residual porosity. t is of interest to note that

* Honeywell, M-10.

**Tohnson-Matthey
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the grain intercept of Figure 10a is smaller, by a factor of more than 30.

than the microstructure of Tigure Ta, even though both microstructures wvere
consolidated under identical processing cycles. In order to eliminate from
consideration the influence of possible absorbed impurities such as OH or CO3-
on microstructure development, the M-10 powder was subjected to a recaleination
inasmuch as 1t had been stored in the calelned condition for over a year.
Fifteen grams of the powder were dynamically calcined for 30 minutes at

1600°C in vacuum. The product was extracted from the hot furnace, loaded

into a die and ranidly placed intc the vacuum hot pressing chamber to

minimize the possibility.of resorption of impurities. Normal grain distributions
and grain sizes were obtained upon consolidation of the two powders under
similar conditions. The variety of mierostructures ocbtained is thus not
dominated by adsorption of impurity bvv the calcined product. Such adsorption
may influence propertieslh. but in the present study it does not appear to
exert pronounced effects on microstructure developrent.

3.2.4 Effect of Precursor on Microstructure

The preceding experiments have shown that neither adsorbed
impurities., grossly different particle sizes nor differences in purity can
account for the difference in final microstructure between saxples
consolidat.d from particles derived from MgCO3 and Mg(OH)2. The differences
were instead felt to be due to physical rather than chemical differences
between the particles derived from the two precursors. As final demonsiration
of tlds explenation, and to elimineste the effect of subtle differences in
the two precursors, it was decided to convert one precursor into the other,
as described in Section 3.1.3. The microstructure produced from the
converted carbonate, is compared with & microstructure produced directly
from the hydroxide under similar processing conditions in Figure 11. The

material produced from the hydroxide again displays the duplex microstructure
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while that produced from the carbonate, as was the case with starting

materials 6f a range of purity for this precursor, is completely normal.

It is of interest to note that the fine grained patch of Figure 1lla has
approximately the same grain size as the normal microstructure of the carbonate-
derived material.

The difference between the hydroxide-and carbonate-derived micro-
structures is attributed to the physical state of the initial particulates
produced by the two precursors. The high degree of mutual orientation
of partlicles produced from brucite, combined with the high purity of the
material is believed to form a highly-mobile boundary which can rapidly sweep
through an entire agglomerate and thereby form & nucleus for secondary grain
growth. This interpretation is discussed more fully in Appendix A.

3.2.5 Consolidation of Doped Material

As dlscussed in Section 3.1.L, MgCO3 uniformly doped with O..

mole % CaC03 was successfully prepared by a coprecipitation technigque.

(A freeze-drying procedure based upon acetates eventually seemed promising

and might be a frultful area for further investigation.) The doped carbonate
was calcined for 1100°C for 1 hour to provide an average particle size of

300 R. These powders were consolidated under the same conditions as previously
employed for the high purity undoped materials.

A typicel micreostructure for a Ca-doped sample is compared with
that for a high purity CaCO3 in Figure 12. The sample contsining Cae0Q has
smaller grain size than the undoped sample (Figure 12b) and also the
moderate-purity samples consolidated from the Honeywell M-10 materisl. All
microstructures are otherwise similar. This suggests that the Ca acted
as impurity drag on grain boundaries during the final stages of consolidation.

No evidence for a second phase could be obtained in the Ca-doped
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microstructures with light microscopy. The speclmens were therefore ;
fractured, and examined with replica electron microscopy. Figure 13a
indicates that the microstructure is uniform, and that the grains are equiaxed.
This is taken as evidence that the dopant was indeed uniformly dispersed
as intended. Some indication of the presence of a second phase is provided
by Figure 13a and a micrograph of one of these areas is presented at higher
magnification in Figure 13b. Discreet islands of second phase (arrow A)
appear on what is apparently a grain face. This would suggest that the
second phase is non-wetting. However, grain boundaries which are approximately
normal to this grain face (arrow B) appear to show a wide, continuous grain
boundary phase. A dihedral angle of 65° was estimated from & triple-point
intersection (arrow C). This is indicative of a partially-penetrating second
phase, which is consistent with the observation of second-phase islands on
grain faces.

Undoped MgO specimens were examined by identical techniques.
These provided no evidence of a second phase, and it 1s clear that the second
phase arises from the Ca dopant. (alcium oxide has limited solid solubility
in MgO, and limits of 3.5%, 1.1% and 0.9% have been established at 2015,
1820 and 1620°C, respectively.’ Extrapolation to 1250°C, the processing
temperature of the microstructures of Figures 12 and 13 provides a
solubility limit of approximately 0.6% Ca0. The concentration of dopant
should thus be within the range of solid solubility. Similerly, on the
basis of the diffusion coefficient for ce®* in MgO®. disbribution of a thin
film of Ca0 on the surface of a 3 micron sphere should be 95% complete
under the processing conditions. Since the initial rarticle size wes 0.03
micron and the final grain size 1s 4.5 micron, it ig clear that diffusion is
not rate limiting and the cause of the grain boundary phase, Only a few

spemilative explanations seem possible: 1. A non-uniform distribution
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of Ca in the initial particles causing local precipitation of CaO. The
reason which these precipitates should not be resorbed during processing is
not clear. 2. Reaction of Ca0 with ancther impurity, say SiOp to give a
different precipitate than Ca0 or, 3. A high segregnation coefficient
resulting in precipitation of the « ~ant at the boundary even though it is
within the solubility limit. The last explanation seems likely inasmuch

2+ L+

as Leipoldl has demonstrated boundary segregation - and for Ca®' and Si’ .

in particular - in MgO for impurities in bulk concentrations as low as 30

Ppm.

3.2.6 Scale-up of Pressing Procedures

The 1" diameter pressings used for the studies of consolidation
and microstructure evolution provided sufficient material for examination
of further properties such as grain growth. The study of mechanical properties
to be conducted with the high purity material, however, required a large
number (ca 59) of 0.075 x 0.125 x 1.25 inch test bars which had to have
identical microstructures if sample-to-sample comparison of results were to
be possible. For this reason it was decided to scale up the pressing
conditions to produce a four-inch diameter billet from which the entire set
of identical test bars might be produced. The automatic rotary calciner
was used to produce a large volume of powder. The high purity carbonate
precursor was used exclusively for this purpose.

Difficulties were encountered in the scale-up procedure. Micro-
shructures were encountered which were not comparable to those obtained
in one-inch diameter pressings primarily because of a lower presswre limit
(9 versus 15 kpsil) dictated by the use of a lower-strength large-diameter
graphite die. The regulting microstructuers displayed pateches of large

grnins which grew rapldly beecause of the high purity of the specimens.
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Figure 1lla presents a microstructure with 99.9% theoretical density which
displayed this effect to a serious degree.

A considerable effort was directed toward re-establishing
optimum pressing conditions for the scaled-up billets. In order to conserve
the ultra-high purity carbonate, as well as to avoid the preferable, but time
consuming rotary calcination, test runs were conducted with statically-
calcined carbonate, and also with & lower purity Fisher Mg(co3). Alternative
processing techniques such as cold pressing and press forging were also
briefly examined.

One alternative would have been to procure a high-strength, large
diameter graphite die which would have permitted replication of the conditions
of 15 kpsi and 1250°C at which fabrication of “he one-inch diameter pressings
had been optimized. We instead modified the time-temperature cycle at 5 kpsi
to crease a slightly lower density. The small amount of retained porosity
served to retard grain growth, and lead to an acceptable grain size distribution
with a density of 99.6% theoretical. A typical microstructure in a four-inch
diameter billet prepared under this approach is presented in Figure 15.
Samples with this microstructure were subsequently machined into test bars
for measurements of delayed fracture.

3.2.7 Isothermal Grain Growth

For normal graln growth in a pure, fully dense system, a theory

due to Turnbull16 predicts

D° -D§= (K& V) +
where D i1s average grain diameter, Dy 1s initial grain diasmeter, X is a
rate nonstaent, § i1s interfacial energy, V is molar volume, and t is tLime.
Tr. non-1deal systems either the migration rate of poreslT’lB, the diffusion

of 1mpuritie819 ("impurity drag") or precipitation of a second ph&seeo
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may control grain growth kilnetics. Brook21 has considered the microstructural
conditions for which each effect might be expected to be dominant. His
results show that control by boundary mobility is to be expected when pores
are small. Separation of boundaries from pores (pore entrapment) is to be
expected when the pore veloclity becomes less than the boundary velocity and
will occur at large grain sizes and when the pores are large and widely
dispersed. Porosity-controlled grain growth occurs at small grain sizes

and when the pores are large and close together. The effect of impurity

is to decrease the mobility of pores relative to that of the boundary and
thus, for a given grain size, increase the boundary controlled region of
behavior at the expense of the pore-entrapment region.

Several studles of grain growth in magnesia have been reported,
but the influence of porosity and impurity on the process is not clear.
Measurements by Daniels et alh were among the first to be conducted on a
ceramic oxide. The data indicated normal grain growth, but the measurements
were complicated by the presence of considerable porosity and attendant
densification during grain growth. Spriggs et ald performed the first
measurements with a fully dense material, but not of especially high purity.
The kinetics of normal grain growth were again observed but, in the absence
of porosity, growth rates were b to & times more rapid. Additions of 1%

6

Fe or Ti impurity to magnesia-” reduced growth rates to levels much smaller
than those observed in either the porousll or fully dense microstructures,5
and caused a change in the time dependence of grain diameter to 1/k and
1/3 4n the case of Te and Ti additions, respectively.

Grain growth measurements in the present study were conducted
with microstructures produced from Mg(OH)p-derived powders which had been

~onsolidated under processing conditoss (Section 3.2.1) which produced a

norral grain size distribution. The initial grain intercept for materials
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hot pressed under these conditions was large (34.2 micron) which thus
limited experiments to relatively high temperatures (above 1SOOOC) where
measurable grain growth could be achieved in reasonable times.

Specimens were cut from a single pressing, polished and etched.

A particular location in the sample was mapped, and grain intercepts were
measured. The specimens were then placed in a clos=d high purity A1203
crucible, and in contact with a setter plate of the same high purity magnesia
used in the study. Samples were inserted into a furnace in an air atmosrphere
and withdrawn after a preseribed time. After grinding to remove any surface
effects, the samples were repolished and etched. TFinal grein sizes. repcrted
as average grain Intercepts, were measured in the same location in which the
initial grain diameter had been measured.

The microstructures were carefully examined after annealing to
determine the location and size of pores. Fisure 1% illustrates the micro-
structures which resulted from 1000 minute annealings at 130C, 1525 and 161000.
These are to be compared with the starting microstructure typified by Figure T-.
It is clear that the pore level increases with Increasing annesling ‘empere-
ture. The pores are, in general. located at grain boundaries. However, a
number of pores have separated from the boundaries and are located within
grains.

Midway through the first year of this program an extensive
study of grain growth kinetics in Mg0 was reported by Gordon et al.22 This
study had objectives similar to those planned for the present work. and
included study of both pure and Fe203-doped Mg0. The results of this
work may be summarized as follows: (a) Very small amounts of porosity
(0.1 to 0.%%) have a profound effect on grain growth in “he temperature

o) . .
ranfe 1300-15007C., and pore aontrol roverned microstructure developrient in
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all undoped samples. (b) Fes02 dopant stabilized squared kinetics af
1300°C, and decreased the growth rates at all temperestures.

The grain growth rates at alli temperatures are ~ompared with those

e g vy, R

of Gordon et al1?2 and earlier work of Spriggs et 21’ in Tigure 17. The
present results exhibit a marked decay in growth rate with increasing tine.
(Plotting the data for other time-exponents n, in the relation D* - Dg = kt

for values of n up to 4 could not fit all of the results, although the it

was moderately good at n = 4). The results sre quite similar to those

obtained by Cordon et al. The decay in growth kineties occurred at

different grain sizes at tﬁe different temperstures. The change in growth
kinetics are likely to change from square to cube dependence as the controlling
process changes from boundary to pore control.2l Further decay berond n = 3

22 2nd the microstructures of Figure 15

will occur when pore entrapment occurs.
indeed provide evidence for such entrapment. Pore separation apparently
leads to abnormal grain growth as wiinessed by the disproportionate number
of grains in Figure 16 which have greater or fewer sides than the ideal
number (6). This may occur because the pores become disassociated from
individual boundaries non-uniformly - breaking away first from one boundary
and then another. As pores break away from a boundary, that boundary
becomes free to migrate at a faster rate than boundaries that are still
bound to pores. This could lead to the development of 7 or more sides on

& grain and the onset of abnormal grain growth.

The development of 0.1 to 0.5% porosity is quite common in hot
pressed material supon annealing, and is thought to arise from either
expansion of micropores contsined under the load during hot pressing or
roalescence of gas molecules adsorbed at grain boundafies. The present
work as well as that of Gordon et al, shows that porosity of this lewvel is

suffiecient %o control grain gsrowth kinetics. Tt is of interest to note
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that the initial growrh rate observed in the present study 1s somevwhat

higher than that observed in previous work.5 This mey represent a decrease
of impurity drag in an initial boundary-controlled regime for thic higher-
purity material. Since the data obtained in %his study appeared to confirm
the recent findings of Gordon et a122 study of grain growth kinetics received
less emphasis in this program than originally intended.

3.3 Delayed Fracture in High Purity MgO

3.3.1 Introduction

Magnesium oxide is one of the few materials investigated to date
in which it has been shown thaﬁ grain boundary impurities play & role in
stress corrosion.23 Stress corrosion cracking is a well known phenomena
that may be controlled by either mechanical or chemical processes occurring
at the Interface between a solid and an enviromment. In mest cases the
surface interaction degrades the usable strength and, consequently, under-
standing of such reactions is important for structural materials.

There are two major classes of models governing the advancement
of .the stress ccrrosion crack: (1) Those which postulate crack advancement
by stress-enhanced chemical dissolution at the crack tip. and (2) These
which involve only mechanical effects such as mobile dislocations or the
reduction of the curface energy term in the (Griffith relstionship. Previous
studies which have been conducted with Mg0O. and the evidence for chemical
ac opposed to mechanical mechanisms are summarized in detail in Appendix B.

3.3.2 Results

Dead-load delayed fracture tests were performed in three different
enviromuents in an attempt to distinguish between mechanisms involving
ctress-enhanced chemical dissolution at crack tips and process2s involving
enhaneced dislocation mobility. Wabter was selected as one environment. The

other involved two compiexes ot high charge: DMP (I.M. dimethyl formomide
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(053)2 NCHO) and a mixture of DMSO-DMF ((cn3)2so - 10 vol. % (CH3)2NCHO).
Dislocation velocities in Mg0O have been shown to be & minimum in the DMSO-
DMF system for the latter composition. The time-to-failure was measured at
room temperature as a function of relative stress, ¢ /o, where 7
the dry stréngth, was found to be 21.6 + 1.5 kpsi, and compared with
corresponding data which had been obtained for three very different grades
of magnesia: Ambient hot pressed 99.6% Mg0, vacuum hot pressed 99.6 MgO

+ 1.6% 1iF and sintered MzO of high purity.

The results show that the ultra-pure MgO produced in the present
study displays notably incfeased resistance to delayed failure compared to
other grades of material of lesser purity. The time-to-failure at any
stress level 1s increased as the purity of the material increases. Unlike
the less-pure materials, the time-to-failure of ultrapure Mg0 is identical
in both HoO and DMF, even though dislocation mobilities are seven times
higher in the latter medium.

A detailed discussion of experimental procedures and results is
attached as Appendix B.

IV. CONCLUSIONS

1. Brucite decomposes by the coherent nucleation of Mg0O leaving
crystallographically oriented MgO crystallites within an agglomerate which
is a relie of the parent Mg(OH)» crystal. Preferred growth directions
resulted in a rod-structure when caleination was conducted at 375°C. and
cubie particles when calcined at 900°C and above.

2. Magnesium oxide derived from MgCO3 also possesses cubic
particles, but they are unoriented with respect to one another within
agglomerates,

3. Marked duplex microstructures developed in hot pressed MgzO

whirn 16 derived from brucite. This microstiucture persists in toth
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statically or dynamically calcined material, and evolves early (at less
than 70% density) in the densification cycle.

L, Vacuﬁm hot pressed bodies derived from MgCC3 have normal grain
size distributions and average grain sizes which are 30 times smaller
than those obtained with microstructures derived from a hydroxide. The
difference in microstructures does not lie in subtle differences in purity

as demonstrated by the development of equivalent results upon the conversion

of one precursor to anocther.
i 5. The marked differences in microstruciure which may be obtained
from different precursors of similar high purity is attributed to the
physical state of the agglomerated particles in the hydroxide-derived
powders. In the absence of significant impurity, the high degree of
mutual orientation is believed to create & highly-mobile boundary which can
rapidly sweep through an agglomerate and provide a nucleus tur secondary
grain growth.

6. Adsorbed volatiles such as OH™ or 0032' were found to have
little influence on microstructure development in a 99.96% pure MgO
derived from MgCO3.

T. Freeze-dried MgCO3 cannot be easily obtained, but use of
acetates appears promising. Calcia-doped MgCO3 was readily prepared

through coprecipitation.

8. calcia-doped Mg0 (Mg0.9950ao.005) was consolidated to dense,
equiaxed microstructures. Grain sizes were smallexr than those obtained
from high-purity material under similar conditions. ZEvidence was found

for a parclally-penetrating second phase at grain boundaries. The amount

of second phase seems excessive based upon known solubility limits for

a0 in Mg0, and on the diffusion rates operative during processing.
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9. Grain growth rates at 1526°C and 1610°C decrease rapidly with
time due to a transition from boundary control to pore control to abnormal
grain growth.

10. High purity microstructures produced from carbonate-derived

powders displayed higher resistance to stress-corrosion cracking and a higher

static fatigue limit than any other grade of less pure material which
was examined.
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A RELATION BETWEEN PRECURSOR AND MICROSTRUCTURE TN MgO

W.H. Rhodes and B.J. Wuenuch

The final consolidated microstructure of a ceramic wedy is dependent
not only upon its thermal history, but also upon the initial state of
particle agglomeration and the influence of impurity drag on grain growth.
In the course of an effort to develop a fine-grained, high-purity MgO
through pressure sintering, it was discovered that the precursor from which
a powder is derived may also have a profound effect on microstructure
evoiution during consolidation.

The decomposition of brucite, Mg(OH)», which was nominally 79.9995%
pure*, was followed with tranrmicnion electren microscopy. Under the
influence of heating by the electron beam, the intensity of the k.o
brucite diffraction pattern gradually diminished with time. The (220)
reflection of Mg0O appeared along the 11.0 reciprocal lattice vector of
brucite initially at a positicn corresponding to a larger-than-normal
lattice constant, but gradually -nifted to its expected pesition. The
cublc Mg0 crycstallites thus develop with {ljﬁf§ and i_lli} parallel to the
rrism and basal planes, respectively, of the parent hexagenal Mg(OH), plate.
This iz in acceord with the observationz of Gordon and Kingeryl who describe
the proces: an a nucleation and growth mechanicm in which MgO nuclei form
soherently with the brucite matrix. Large strains are introduced which
re-ult in eventual fracture of the brucite plate. Guilliatt and Brettg
found the Mg0 crystallitec tc be better deccribed as octahedra whooe cize
was related to the initial thicknew: of the Mg(CH), rlute.

Povder: in volume cufficient for consolidation were produced in the

*John=cn-Mathey Cn. spark-source macs copectrometry chowed a higher ifmpurity
Teyels 257 oma total, concisting mainly of 150 ppm O1, 109 ppm Ca, HO ppm

-

La, 0 ppm Y, 0 prm Fe, and 10 ppm 5.
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present work through calcination of brucite in 1 torr vacuum. Initial
caleinations were conducted at low temperatures (350° to 800°C) with the
precursor loosely packed to a depth of 2 mm. Cubic Mg0d crystallites of
sizes ranging from 100 to 360 R were produced which were highly oriented
within a relic of the parent brucite plate. Prolonged heat treatment

(ca. 3 hrs.) produced an oriented rod-like MgO product. Rotary calcination
was employed in subsequent production in an attempt to break down the relic:.
Further, to eliminate the possible effect of small amounts of retained
hydroxyl on microstructure develiopment (discussed below) calcination temper-
atures were employed (800° fo 1200°C) which were far in excezs of thoue
necessary to decompose brucite. This procedure destroyed the plate-like
relics, and any indication of a preferred growth direction in the magnrecia
crvetallites. The product, Figure la, consisted of smaller agglomerates

of particles with cube-like morphology, but which retained a high degree

of mutual orientation.

The particles produced through rotary vacuum decomposition of high-
purity brucite were consolidated to between 99.4% and 100% theoretical
aensity through vacuum hot pressing at temperaturec between 1150° and 1250°%
and time:s between 30 and 180 minutes under an applied pressure of 15 kpci.
Invariably, a marked duplex grain structure resulted, as illustrated in
Figure 1b. This structure was found to evolve early in the course of
concolidation, at as little ac 70% thecretical density.

Treccure sirtering experiments which employed MgO derived from reagent-
qréde MgCO7 vere also conducted. It was noted that a normal grain size
Aistrivution was obtained in tihe final miecrostructure. Moreover, the average
wrain o clse v oup to a Cnctor of 0 maller than the lareo prains of Piloure

n after equivalent thermal cycles. Tt was initially felt that impuritiec in
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this less pure powder might have stabilized grain growth. llowever,

identical microstructures were obtained when 99.999% MpeC0O.¥¥% wacr calcined

and pressurc sintered. Finally, to completely eliminate differing impurity
coentents as the source of the exaggerated grain growth in the brucite-
derived magnecia, the brucite was carefully converted in MgCO- by diccolublion
in HNO3, and precipitation of the carbonate through addition of NH),CO4.

This high purity carbonate was statically calcined at llQSOC for 1 hour,

and pressure sintered at the same temperature a: the Mg(OH)Q-derived micro-
structure. The resulting microstructure, depicted in Figure 14, had a

normal grain size distribﬁtion. The 3.4 pm grain intercept (compared with

16 pm for Figure 1b) is noteworthy. Three grade: of MeCO ., ranging from
moderate to very high purity, thus gave identical normal grain size distribu-
tione in the final microstructure. Thic strongly zuggested that the differ-
ent behavior of the brucite-derived material arone from the phyzical, rather
than the chemical nature of the initial Mg0® particulates,

MgC03 undergoes a 60% reduction in molal volume upon conversion to
Mg0, as opposed to 55% for Mg(OH),. Although the decomposition mechanism
and kinetics have not been thoroughly investigated for the carbonate, the
larger molal reduction may result in more displacement between crystallite:.
The cube-chaped particles, while agglomerated (Figure lc), were indeed
found to be more fandomly oricnted tc one another, which suggests that
~oherent nucleation of the Mg0O is unlikely.

L plaunible explanation for therse microstructure-precur.or relation-
snips lies in the high degree of crystallographic orientatiorn within
apglomerates of the Mg cryctalliter produced from Mg(OH)ﬁ. The primary
surfazen in the Iatter moterial are {100} and each cryotallite in alipned

paralliel to a neiribor in didenti-nl orientation. A interings and Frain

YrIohncon=-Mathey Oo,
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growth commence during the densification eycle, these oricnted facc: are
believed to become coherent grain boundaries which migrate at a much facter

rate than interfaces between randomly oriented crystallites which broke

away from their parent agglomerate during some stage of procecsing. (Rapid
migration of boundaries in high-purity materials is well known in the

metallurgical literature, and growth ratec of the order of mm/min. have
),

4

been reportedE’h. Such rates are especially high for coincidence boundariec,
Once the coherent boundaries have swept through them, the agglomerates become
nuclei for exaggerated prain growth near the end of the intermediate ztage
of sintering and, having'formed, dominate development of the final micro-

structure. Although agglomerates exist within the MgfO.-derived powder, the

random orientation of crycstallite: would suppress rapld intra-apgglomerate
grain growth. The high purity of the Mg(Ol),-derived magnecin may alco be
a regulsite for the development of large grains since impurity drag could
limit the enhanced mobility of the bourdaries. It ic of interest to note
that the fine grained patch in Figure 1b has about the same grain size as
the microstructure of Figure 1d, which lends support to the proposed model.
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Figure Caption

Precursor Product-Microstructure Relationshipco

(a)

(b)

(a)

MgO derived from Mg(OH), by rotary vacuum calcination,
1200°C, 1 hr. Note high degree of mutual orientation

of crystallitec within agglomeratec.

Microstructure produced from powder shown in (ag
through vacuum hot pressing for 30 min. at 12507C

under 15 kpsi, 15 pm grain intercept, 99.9% theoretical
density.

MgO derived from MgCO, converted from the Mg(OH).
employed in (a). Stafic vacuum calecination, 1L00°C,

1 hr.

Microstructure produced from powder shown in (c
through vacuum hot pressing for 90 min. at 1250°C
under 15 kpsi, 3.% pm grain intercept, 99.4%
theoretical dencity. .
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APPENDIX B
CTRESS CORROSION CRACIING IN POLYCRYSTALLINE MgO

(To appear in Proceedings of the Symposium, "Fracture Mechanics of
Ceramics," University Park. Pa., July 11-13, 1973)
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STRESS-CORROSTON CRACKING IN POLYCRYNTALLINE MgO

by
W.H. Rhodes and T. Vasilos
AVCO SYOSTEMS DIVISION
Lowell, Mastachusetts 01851

ABSTRACT

Stress-corrosion cracking (SCC) was studied in four grades of QOHA
dense MgO with the major variables grain size and purity. Tecting consicted
of h-point bend and .tatic fatigue tests in 1~0, DMK, and DMOO~DMIT rolution:.
In a Ho0 environment the highest purity material gave the zlowect corrocion
rates. OCC in low purity grades wac Jjudged to be controllicd by a chemical
interaction of OH- with a (CaNaSiAl)O, grain boundary phace. The highert
purity grade tested (99.98% MgO) may not have a discrete gralin boundary
phase, o the low corrosion rate and high static fatipgue limit of & 0,630
may be characteristic of an intrinsic procesc. The posoibility cxicte that
thic was due to a shift in mechanism, but a passive £ilm model con:ictent
with the data is propoced. When HoO is present, chemical corrosion ir
he'ieved to have facter S5CC kinetics than poscible competing procecce:r.
This was demonntrated for the cecond purest (00.92%5 Mg0O) opecimen:. Teot-
ing in DMSO + 10% DMF and DMF gave a sufficient ceparation of the data to
conclude that the Rebinder effect wa: operative. Thus, under certain condi-
tions, OCC car recult from 2 disloention model of crack nucleation. Strer:
Intencity facters, K, were calculated bared on the concluslon that the
Griffith model wars operative. The calculated K-V (velocity) diagram was
thought to be qualitatively correct in showinpg that the second pure:t cintered
arade cof MgO hada the best overall behavior in terms of dry strength and ctatic
tfatigue in a HPO environment. However, the static fatigue performance and
rcarly identical Xprpe for the higheot purity material sugpecsted that the
niFh purlity hot npresced grade rhowed tne most promice from a materiale develop-
ment viewpolint.

I. ILTRODUCTION

crack propagation by ctres: corrosion ic a frequently encountercd
pheronena in the structural application of materials. Alleowable long time
Tevels in aeyanize are dictated then not only by the dynamie ctrength, otoand-
ard oderintion, ard arplication of the Welbull paramcters to She volume under
Coeer, but wnewledee o bhe ctatbic fatipne Timit (ctrecs below whicn failure
dec et onene al L nite timen) Cor the material and perhaye prade of

oteriar upder question. fmone coramices materials oililcate glaceoes hnve

. =h . .
R S R S A TE BB B 4 WtHdlUdl with the general conclucion that o obomienl



corroaion model applies although some question remains5 az to whether the
Charles and Hillig6 stress dependent chemical reaction between water und a
pre~-existing flaw theory, the Cox7 atomistic weakening theory, or the ion
exchange theory8 applics, Alumina is the crystalline ceramic mert extencive-
-11

Q
1y studied- with investigators initially proposing fatigue being due to

chemical processeslz, as alumina was tnought to behave in a completely

i 9,13 : . -
brittle manner, and more recently”? suggestions based on static and cyclic
fatigue rezults indicate that dislocation motion and crack tip lattice

defect creation are likely causes of failure.

Few statlc fatigue tests have been performed on Mgd, which iu curpricing

*

cince it hac served as ¢ model system for the examination of mechnnica
phenomena in ceramics. Charleslu performed dymamic 2h0°C comprerzive tents
cn single crystal MgO in saturated HoQ vapor and dry Mo with resulting
failure =stresses of & Kpsi and 26.6 Kpsi, recpectively. Considering the
known hydration behavior of Mg0O, he speculated that 2 chemical stress corre-
cion model similar to glass applied. Janowski and Rozii~? noted lous of
strength in polycrystalliine Mgl by water vapor attack with a cimilar intcr-
pretation. TIn contract, che16 interpreted a lo:zs of dynamic ctrengti. for
voth ringle and polyeryotalline MgO tected in 1.0 Lo be a result of enhanced
diclorsation mobility by the Ribinder effecet. A number of moduls have .een

T . e . . ~ . 5 - .
nronosd Lo explain the Rebinder ef18ctl‘, whiech bavcienlly applic, to

abonryhion-iuduced reductions in hardnec. or enhanced di lToeation vobilitic:.

iy L - . . . - . o -

aecteoort ot ol mea ared Slight dincreacen In dicloentlion wmobility for the

o errironment compared Lo ambient, and turthoer onbancem o nte by a factor of
Doodimetnyl formamide (DMP), a high dipeore moment oreanie moleeuioc. Thoy

propored Lhet the obrervyed Rebinder offect v due o chemi: ovvtion-nduced

crcb et shioh o nl hered the o electronie core sbtrucbhre of e cuelaoe
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dislocations and point defects and consequently the resistance of the lattice
to dislocation flow. Shockey and Groves18 concluded that the increca:ced
tracture surface energy in H,0 as measured by the double cantilever method
was due to increased surface roughness due to a change in the fracture plane
perhaps imposed by a chemically altered surface layer. Measurementz in DMI
failed to show any enhanced toughening due to higher dislocation mobilities.
Clear evidence has been generated for a diclocation mechanism of crack
nucleation in single cryctal Mg019’20. Debates continue, however, between

investigatorsl6,21-2u

on the echanism of dyram!. fracture under ambient
conditions in polycrystalline MgO. On one hand, fracture can be cauczed by
the fulfillment of the Griffith criteria on the elastic propagation of
existing flaws, or alternatively mobile dislocations can interact with other

defectsle or ~tructural featuresZO’gh

to nucleate a critical crzck. The
answer probably lies in between with the mechanism dependent on the zurface
condition and lattice hardness, e.g., elastic extension of cracks for
machined surfaces and Stroh model25 dislocation initiated fracture on chemi-
cally polished surf‘aces.gl‘L Further, Ricel6 hae shown that increaced ctrengths
are obcerved for cpecimens which experienced slow annealing which apparently
diztilled off impuritiecs The mechanical behavior of polycrystalline MgO iz
obviouzly very complex and not subject to zimple analyczic, but the vast
background available offers an opportunity to study phenomena that may occur
in many oycstemn.,

A omejor poal of this study was to define the level of strecs-corrosion
cracving, TCC, for densce polycrycstalline MgO not only to iIndicate the
ceynrity of the problem from a design viewpoint, but to determine it cueh
mencurenents could further elucidate the mechaniom of erack nuclention and/or

rropaeation in polyerycstalline MeO. A coecond major objective war to determine
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if come material property such as microstructure or chemictry controlled

the level of SCC.

II. EXPERIMENTAL

A. Materials

Testing was conducted on four grades of MgQ opanning the range of
commercially available electronic qualiiy materialc vluc 2 high purity grade
developed specifically Tor the purposes of the;e experiments. Preliminary
testing suggested that a high purity material might be escential toward
interpreting rezultsz. The latter material w- -~ vacuum hot preoced using MgO
powder that was rotary calcined from 99.9998% Mgcog. Table I deceribes the
general character of the four materials teszsted. Grade ITI material wac the
highect quality sintered MgQ available commercially and alco the cecona
purezt grade. Gradc TIT was ambient atmodphere hot prezced and Grade IV
warz optical grade Mg0 produe~ .. L = ..3% LiF densificaticn aid. A port
preccing anneal of 60 hrc. at 1000°C reduced the LiF content to 0.1%. 1In
general, one large billet of each grade wa:z employed Tor the program to
eliminate the problem of sample to zample inhomogeneity. The problem of
witnin-billet nomogeneity wacz approacned by dividing the billets into zones,

and spreading cpecimens from each zone anong the testing environments and

~ordition:.

i
-
o
I
o
-
3
o)

13 were tested with machined ~urface: vhere the {final opera-
tien o war prinding with a 100 grit diamond whoeel parallel to the long axic of
i tar, The wee of machined curface: havinge an abundance ol curface law:s
Lo bbb desirable to incure nocurfaee Crocbore oripin. . The gquestion of
woebieer mnediin i goese oo owork hardened Layer preveabing curtthiee naeleatod

rr ! '

Cpnctape s concidered o She Croctboranhio ooy les AT el Tneh mud e

cpee g s N e e e e e s - Cov i conbeabione,
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The chemistry of Grade I was examined in detail by spark source masco
spectroscopy and emiscion spectroscopy. The values reported in Table I are
spark source numbers on the specimen employed in the testing program. The

ctarting powder was analyzed by both techniques and the revorted coari:

cource numbers were 2-10 times higher than the emicsion cpectrogruph value:o,
e.g.. 30 ppm Ca by spark source spectroscopy ard 3 ppm Ca by emiucion spectro-
"scopy. This discrepancy in analytical techniques underestimater the differ-
ence in Grade I and Grade II. Grade I is probably 10 to 20 timez purer than
Grade II instead of the factor 4 indicated in Table I. The analytical

compariscn of the fabricated piece and powder for Grade I revealed that Fe

N

was the only element introduced bringing the concentration from 32 ppmw to
10C pomw. The snalyses for the remaining grades cre typical emiccion
spectroscopy results not specifically of the specimens tested.

The microstructures for the four materials are illuctrated in Figure 1.
All of the structures are equiaxed. The grain sizez reported arc the linear
intercepts corrected for geometry by the factor 1.5. The strengths for each
grade vere normalized relative to that tillet's dynamic dry strength, making
it possible to test materials of different grain size, etc. 1In general, che
porosity wa: located al a grain surface site. Grade IV had 82% total tranc-
micsion confirming itz low porosity while Grade III was transparent but to

1 lenoer degree The rtructure of the grain houndarie: were exaimined by

clectron miecrorcopy technigues on fracture nurfaces (Figure ?). The fracto-
graphs for Grades IT, TII, and IV chow an apparent 0.1 to 0.2 um width which
inverpreted ac reing evidence for a grain boundary phnce.  Bleetron

ALt ion wan performed on numerous 'pull-ofy!

prabinles on Lthe Grade TIT
replions,. Many of there were MeO ue cxpectod, but one panttern indexed

Tl 0 s Wi T haken an ffarther evideroo Por o diceorelbe srain Loennaney
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phacecs. Grade I, the highest purity material was examined by both rerlicn
and scanning electron microscopy and, although the voundnriers appearcd clean,
it wac unclear if they were completely free of a :econd phace. Secondary
X-ray emission mapping was not productive, but integrated counting on 2
cracture curface demonstrated a high Ca concentration relative to that
expected baced on the bulk analysic. Thic wac taxen as evidence for Cn
cegregation at grain boundarie: in Grade I materi=zl.

B. Tect Technique

Base line dynamic strength: were established for the four grade: by
testing in corrocion-iree éﬁvironments. Tt is generally =greed that testing
in liquid N, providec one cuch environment.llflh Since u mechanlenl model
of fracture initiation was also being considered, it was important to
concider the fact that the { 110} £ 110 yield ctresc increaces by 2 factor
of twor! from 2°°C to -196°C. Thus, on alternate baze line strength, teot-
ing technigque conzisted of heating the =ample to QOOOC in argon, holding for
1 ar., cooling to 230C, and loading the specimen without altering the environ-
ment. Bace line tects on Grade IV gave 209 MN/m2 in liquid NQ and 210 Mﬁ/m?
in argon. The c~hrersths yere judged equivalent; however, base line ctrengthe
ror ithe other prades were establiched by the bake-out arpon test at a strain

P
L

)

te of A z 1077 cec™t and are designated, Ty

Long term tect: were cenducted in a lever arm tect frome equipped with
0 mierarsiteh to record time to failure at a given sbrecoe. A brasce Lh-point
Lerd tzot Pizbure was equipped for holding liquids. Tunpoten (outer) and
alusing (inner) znifc edpe: employed a thin mylar cheet to give coparation
Serpn Epe Lol bar.  Thin preecaution prevented ehemienl trteraction: cven
Coobbe 0t o oweek booto, Dictilled .0 wanoempl oved neonobest enviroument

’

ooty s el it Lyocorrocive by the renetion
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Mg0 + HpO ey Mg(OH ), (1)

Testing on the effect of increasing dislocation mobility stress corrosion
wasg performed in the environments employed by Vestwood ctl u]lT in their
classic dislocaticn mobility experiments on MgO. Dimethyl formamide (DMF),
eicher pure or as 1 M DMF should enhance dislocation mobility by o factor of
£-7 over H;0. A taird ftesting environment wac dimethyl zulphoxide (DMSO)
pluzs 10% DMF which was shown to depress dislccation mobility over pure DMF
to about the same level as H,0; thus, in combination with the other environ-
ments, provided a separation of chemical and mechanical effects. FEach sample
wa: immersed for 1 hr. prior to loading to incure complete ahcorption and
equilibration of curface and near surface charge effects. The loading and

timing devices were constructed such that data was judged accurate for 2 2 cec.

<

IIT. RESULTS

A

A. Dynamic Tests

Dynamic bend strength measurements first raised the question of
the importance and mechanism of stress-corrosion in MgO. A billet of Grade ITI

material having a 6.5 pm grain size was tested in alr and argon after g 200°C -

-

1 hr. outgas.gg An average of four 8 x 1072 sec strain rate tests gave
strengths of 298 MN/m® and 296 MN/m2 for the two enviromments, respectively.
This waz in marked contract to similar tests on A120228 wvhere strength
reductions of 207 were experienced for ambient tests.

Limited dynamic te:ting was performed on the billets for thic
ctudy. Dot only was it important to entablich the "correccion-free" ctrength,
nut the effest of the vnarioun fiquid test environments on dynamic strength
anc determined, The averape of 3=6 strengbh measuromente for each condition

roeperbed Ty Tanle TT.
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TABLE IT

Dynamic Strength of MgO Specimens in Various knvironments

Ia}
Four-Point Bend Stren th, MN/m'

Argon-
After Anneal, Liquid DHG0-
G p N 5 Ambient HAD W 10% DM

Grade I
L6 pun G.S. 149

Grade II 192 e 1k 1ey
L3 pm G.S.

'_J
R

Grade IIT
26 pm G.S.

i

N

Crade IV 109 157

20 Jpm G.35.
The ambient tects on Gradec IIT and IV are bounr lower than tie argon

tect:

., but the difference is within the as+ 20.7 Mi/m" ~tandard deviation
for each test. Testing on Grade II wac performed in liguid HQO ard again
only clightly lower strengths were measured compared with the dry -trength.
Clearly, then, on the bacis of dynamic tests, there waco very weak cvidence
Tor the ztrecc corrocion action of HQO on MgO. Gimilar testz on other
ceramics, notavly AlpO. and glass, would have clearly demonstrated the loce
of strength due to strecc-corrocion.

The terts of Grade IT in DMF and DMB0-10% DMF gave resulbs within the

4

Dngodirennie cracy initiation and propapation. This 1o in contraat Lo the

1
1

e e wectueod and latanision”? where driliing rote wor affected by n-alec
coocironments, ang bhe reslts interpreted to be the reoult of the Rebinder
Uobhe Bevinder offect required an incubntlon period or other time
e dent, preeesres drillinge wonld be cxpected to cubproco the ofteel Lo

eyt degrpec Shan o dmrenie cbrenedl tosts The ctroneth o rosulte e

he dry ctrengths. Thus, no firm conelusion: can be drawn concern-
> J
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consistent with a portion of the Westwood et a1l study on dislocation
mobility in single crystal MgO. They found that dislocution mobility after
2 sec of load application was insensitive to environment and only aflter a

longer 10 sec application were the Rebinder effects apparent. The dynamic

strength results appear to follow this type of tehavior and it i: quite
puzzling why drilling should be any different.
The Op) values appear consistent with previous literature viluc: on

Mg0O produced by similar processes and with cimilar microstructure:s. ZLeipold

30 16

and Nielsen”~ and Rice noted lower strength: for the highest purity camplec
after normalizing for microstructure effects. This was attributed to higher
dislocation mobility resulting from reduced Pierl: stress which promoted
early dislocation nucleated fractures. The Grade IT uintered cpecimens

might be expected to have slightly higher strengths than hot presced =peci-
mens of equivalent microstructure due to the expected reduction in anion
impurity concentration from the sintering cycle. This also explains the
higher strength of Grade IV compared with Grade III and Grade IV was annealed
in a slow heating rate cycle that has been shown by Ricel6 to reduce anion

concentration and increase strength.

B. Static Tests

Dead load testc in dictilled HoO are plotted in Figure 3 for
Grades T and II. Due to the large ceatter which is typical of otress-
~orrosion recults, the data for Grade: ITI and IV are plotted in Fipure 4.
Hloo shown in Figure 4 are the ctraight lineo for the best it to the data
ST Plpuee o, Polnts nighliphted with nin arrow indicabe 1 Lest diccontinued
et Tetbure, Juch points were uced in drawing the indieated Tines with
by rgr weiehhing factor 1 the point war ubove the qmoneral Ob of Lhe

et oy Tec e geiehd I Lhie point wan helow Lhe Line. Greades T1T and IIT
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exhibit different slopes, but the clocencuss and ccatter o' the data requirc
a qualificetion of the dirtinction between these sets of data. It i clear,
however, that the delayed failure curves ot Grade I, Grade(s) (II and IIT),
and Grade IV arc markedly ditferent toth in nlope and relative effect. The
difference in clope implies that ditferent kinetlcs are involved which could
mean one type of proces:, say for example, chemical corrocsion wie procecdiyg
at different rnte: throug: different phrces or pocudo phaces of different
chenistry. The term pscudo phace is meant to include grain vounduarieo with
different concentration: and/or .peciec of cegregated impuritics. A cecond
cxplanation for the difterent clope. centerc on different fundamental phenomens
controlling delayed failure of one group compared to the next, e.g., chemical
~tresr entiineced corrocion in one ard diclocation glicde induced crack growth
in another. Further discucscion of this and the apparent differences in the
fatigue limit (the appllied strecc below which no failure of trne specimen can
ceeur) .o deferred.

Rotl, MG and 1 molar DMF were employed for the data reported in Figure 5.
reported both medin to have approximately cgual effect on
the ertanced dicloeation mobility provided a LC0OO sec soak was employed.

e

Do tent: reported were held under the liquid enviromment for 1 hr. prior to

_eadine.  One advartage to pure DMP environment was it. frecedom from oi-,
ctmr eould provide competitive chemical corrocion.  The dilferent grade:
Of W ae e exiaibited distinetly different behavior in terme ot G- / c )

srterocpho, but urlike the btehavior In 1,0 the clopes appear about equal.

Dmpiies toat oo similar mechaniom e recponcible for the onecet of fall-

-

" 4. . P . 1 - - L N
Crpessi s T DIEO=100 DM environment on Grade Tomaterial oare compared

b Por Sie obior enyiromments in Pleoure . Agdmuin, oo bohre expooure
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to the enviromment prior to loading was employed. The data for thi: environ-
ment exhibited little scatter. However, due to the scatter of data in the
other enviromments, it does not appear possible to draw conclusions regarding
distinguishable behavior from one environment to the next for Crade I.

The data for Grade II, plotted in Figure 7, exhibits greater separation.
The DMSC-10% DMF data falls midway between failure data in H5) and DMF.

Three orders of magnitude in time separate the expected failure time: in 1,0
and DM30-10% DMF, and approximately one order of magnitude ceparate the DMF
and the DMSO-10% DMF data. The significance of the ceapratiocn for the latter
two environments may be argued, but the authors attach moderate significance
to all three sets of data.

Grade IV was tested in more than one environment, and a compuzricon for
the delayed failure in Ho0 and 1M DMF is shown in Figure &. This short time
data in 1M DMF is ‘quite interesting. Attempis to load above GW/QTB = 0.06°7
in thic environment resulted in immediate failure, thuc the cffect of IM DVF
iz the reverse of that found for Grade II.

C. TFractography

Replica and scanning electron micrographic techniques were employed
to examine the fracture surface near the tensile edgc. Figure 9a illustrates
n ceries of linear etch pits found in a Group II HoO tested cpecimen which
‘roetured alter 1.2 x« 1O6 sec. Another grain face of thi: cpecimen (closer
to the tercile surface) also showed etch pite, but with an apparent random
critallopraphic orientation und Clat bottoms, Figure 9b. The linear pit
Lites nre interpreted to correspond to arrest points of the crack Cront.

The T nft b rattern on Fieure b oand bhe npparent tlat bobtome
arene i b Laede bedng wesocinbed with dicloentions. Thur, the inter-

crotation Lo bial cnemien) corrosion poencralos the pitc o with Tnorencoed
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activity at regions of stress concentration. A Group IV specimen al:o
fractured ir H,0 after 5.8 x 103 sec t fullure exhibited a corroded grain
face and a semicircular pattern, Figure 10. Thiu semiclrcular pattern war
also interpreted as belng caused by Intermittunt erack movement accociated
with chemical corrosion.

A zone near the tensile suriace on a fracture face of a Group I npeci-
men tested in 1M DMF was examined by ccanning microscopy techniquez. The
fracture origin was not located nor were any features located that could.
differentiate the mechanism of crack nuclention or growth. Figure 11 illu-
ztrates one region about 20 um from the tencile surface where the cleavage
fracture tracingz reveal that the crack front wac meving away (in dircction
of arrow) rrom the tensile surface. 3ince this distance in essentially one
grein in from the surface, 1t was concluded that a surface crack cauced
failure. Furthermore, the crack had probably reached critical dimenc~ion and
was truveling at high velocity by the time the cleavage fracture tracing:
were created.

Ar. extencive curvey by scanning microscopy was also performed on
Group I specimens tested in HsD and also in DMSO . 10% DMF. No positive
{dentifications of fracture originz were found in either cace. This in part
spoke for the uniformity of the material and freedom from {law: much larger
tiar, the grain ~ize found ar fracture origins in many materials. FPlgure 17
“iluctrate a zone on a DMSO - 10% DMF frazcture surface adjacent to the
tervo e curface,  The saw=toothed cleavage [racture io unucunl in poly-

nryotalline materinls and may have a cimllar origln to that otrerved by

.1. M I’

cnees oan frove: in cingle cryctal MeO.  They attributed this to

EHARA

norrocion 2t the crack tip Corcing the cracle Cront 4o devinte from

o U e alegyngee plane, T othe ence of o polyeryelad tine materinl, the
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crack front is‘influenced by the energy for propagation through adjazent
grains as well so it is not clear that the same reasoning can be applied.
In fact, several grains near the saw-toothed grain have undergone trans-
granular fracture which reguire shear, a process that probably requires more
energy than the saw-toothed higher surface area cleavage fracture. Alczo
note the one intergranular fracture which undoubtedly requires the leact
energy of the three types illustrated in this one micrograph. The fracture
tracings indicate that the direction of crack growth (in direction of arrow)

was awvay from the tensile surface as expected for growth of a surface crack.

IV, DISCUSSION

One concern with the use of wmachined bend specimen surfacec was the
possibility that the curface would be work hardened as diczcusced by Rice16
to the point where cub-surface fracture origins would control failure. 1In
thiz caze, fatigue response to the environment would probably not be obrerved
since the enviromment wouid not have access to the crack tip. Since
pronounced negative slopes were observed particularly on the fatigie curve:
for Grades II, III, and IV Mg0, it was concluded that surface fracture
origins were obcerved. The extremely flat curves for Grade I required more
extenzive consideration of this guestion. A sample from each testing environ-
ment was examined extensively by scanning eleétron nicroscopy. TFiligures 1l
and 172 demonztrate for the caszes illustrated that, although the origin of
fracture could not he found, the crack front was traveling away from the
curface within one grain depth from the surface. Cimilar observations were
noted for the HyO environment and dynamic test. 'This, combined with the
repotbive clopes on the fatigue curve, wac taken no evidenee Tor surince
Practure oricins, Reblinder effecets of over 20 um would bo required to

cyptain bhe nepative clopes of dhe {ntipue curves and cub-surfnce ddiclocation
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nucleation events resulting indirectly from a work hardened surface layer.

Rebinder effects in the order of 10 um have bheen discussele, and more
extensive effects seem unlikely.

Figure L illustrates marked differences in SCC resistance in H,GC for
the four grades of MgO. It would appear that the origin for the:ze differ-
ences lie in either microstructural or chemical differences. The cpecimen.
were all impermeable since they were >99.3% density, and the observed
phenomena should not be a consequence of density differences. Thir view
is substantiated by the results of Janowski and Ro:—;sil5 who found evidence
for internal attack by HA0 with a corresponding lozs of ctrength for hot
precsed MgO having ©1.5% porosity, but not for specimens £ 0.58% porosity.
Further, Grades I and II were the most resistant grades and had the higheszt
porosity. The program did not cover a wide range of grain cizes. Grades I
and II were essentially the same grain cize and were a factor of 1.6 larger
than Grades IIT and IV. This resulted in their being A30% less grain bound-
ary area in Grades I and II than IIT and IV. If corrosion followed grain
boundariec, the finer grain size material would pocsess the greatect slopes.
In a qualitative cence, this behavior is followed. However, several factor:
lead to the conclusion that grain size differences alone do not explain the
obcerved behavior. Firstly, a considerable difference in fatigue behavior
var measured between Grades I and IT having the came grain cize and similarly
Grades IIT and IV exhilit marked fatigue differences with similar grain sizes.
£ cecond point 15 that Grades II and III show somewhat cimilar fatigue

behavior but possesc the maximum difference in grain cize. Thue, it wvaco

n concequence of grain soize differencen.  The third material property concid-

rred b crzplain the 1120 fatipue curves was cheniecal composition.  Particulariy
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noteworthy was the very low fatigue slope for Grade [, the purest material

‘followed by‘éréde 11, fhe nekt'purest grade. The faﬁigue behavior of Gradec
ITIT and TV 1ls reversed from the expected behavior based otrictly on purity.
The electron microscopy of Figure 2 and findings of otherci®,3l demonstrate
that some impurities segregate at grain boundariec and in fact form diccrete
second phases. One would expect ‘that the compozition of the grain boundary
phase would depend on the specific species involved depending on its solid
colubility and concentration. Ca*2, Na+l, and Si*¥, for example, have
extremely low solubilities. Tt is postulated that stress-corrosion resist-
ance in HQO is controlled 5y stress enhanced chemical attack along a grain
boundary crack, the material free of a grain boundary phase, or showing very
little phase would exhibit the greatest stress-corrocion resistance. If
several grades had about the same level of impurity, but basically had a
grain boundary phase, slightly different stress-corrosion rates could be
observed depending on the rate of stress enhanced chemical attack on the
particular grain boundary phase in question. This would explain the apparent
reversal in corrosion resistance for Grades III and IV. Weiderhorn and
Bolz3? have shown that different glass compositiéns have different values of
Kic. A dislocation model for crack nucleation would predict that the purest
material would exhibit the least lattice resistance to diclocation flow.
This effect would predict that Grade I would show the least strecs-corrozion
recistance rather than the greatest resistance as observed. This, combined
«w1th the correlation of behavior with purity and the fractographic evidence
for corrozien accociated with crack arrest lines, lead to the conclusion that
YO0 in a Ha0 environment is due to a chemical corrocion mechanism with
impurity phases in the grain boundacsies being the principal point of attack.

Moot nlale'z'G and crystalline oxide?13 materials exhibit ctatic
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fatigue limits of > 0.2 Gfb < 0.6 0 .; thus, the apparent fatigue linmit:
_shown in Figure L warrant discussion. Mg0 Grades III and IV appear to
approach fatigue limits in the expected range. The establichment of a
fatigue 1lirit cannot be exact because of the scatter and difficulty in
collecting data 2 100 sec (11.6 days). However, Grade IT and especially
Grade I are clearly outside the expected range. One possible explanation
is that in high purity MgO, free of grain boundary phases, strecs enhanced
corrosion builds a layer of coherent corrosion product. This product
achieved a semi-stable gecmetry which extended very slowly under the condi-
tions of these tests. The formation of Mg(OH),, which ic knewn®  to have
come matching coherent planes with Mg0O, would seem a likely corrosion product
in an H,0 enviromment. Crack extension may become limited by the rate of
OH™ diffusion through this layer. This model would be termed the "pascive
film" model by terminology common to explaining stress-corrosion in metale. 3%
In thic model, crack growth rates increase each time the film breaks by any
one of several mechanisms, e.g., thermal cycling, mechanical cycling, or
lattize strains due to misfit between the reactant and product. The very
flat fatigue curve for Group I cpecimenz might be a result of very little
breakage of the film. The explanation offered for the less pure grades is
that ztrecc corrocion was controlled by corrosion of the grain boundary
phace. From the available evidence, this phase may be a silicate giaz:z
phare, thus fatigue behavior more in line with that found for glacc could
ne oorerved. A recond model to explain the low slope for Group I speciaens
12 that the mechanism shifted for this group of specimen: to an internal
Al.-location nucleated fracture, for example. It can only be stated that
oridense for the i1atter mechanism was cought by scanning electron micro-
rovyy but vot found, and the pancive £ilm model ceemsz celf-connictent and

e hest erplanation at this time.
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Testing in DMF and the DMF-10% DMS0 was aimed toward further elucidation
of the crack growth'mechanism, but the question of whether or not the environ-
ment could penetrate to the crack tip in the time of the experiment was firr-t
addressed. An estimate of the time required for these molecules to diffuce
to the crack tip was made by assuming cemi-infinite plate diffucion {no radial
loss of diffusing species), aD=3x lO‘6 cmg/sec which iz about the lower

2
linit of self-diffusion of large mclecules in 1iquid335, a diffusion dic-
tance of one grain length (45 pm maximum), and 50% saturation to be effective.
Thece conservative conditions_are satisfied in approximately 5 zec, which
iz a short time compared with the precoak and total time to fracture for all
experiments. From a molecular size viewpolnt, the longest chain length was
calculated to be 5.1 ﬁ and 5.6 R for DMF and DME0Q, respectively. Thuz, it
appears reasonable from both a size and time consideration that thece
special environments were present at the tips of zurfuace crack:s for the:se
experiments. The negative slopes shown in Figures 5.7, 5: well az the
fructure studies, were taken as evidence Tor curface initiated crack growth.

The data for Grade I (Figure 6) chews sufficiert scatter that 1t would
be d4ifficult to draw firm concluzionz. The hign Gf/CTE)i? one of the causec
of thic secatter, which is related to the diztribution of strengbtho around JD.
Greater separatior in the data for tne ithree enviromment: existz for Grade
I material (Figure 7). The approximately three orders of magnitude in time
waximirn ceparaticn in linec appears cignificant. There 1o o2 ordcr of
oy leude difference In time between the lines Jor DMF and LMTO + 105 DMF;
Lo, witn the ceatter in strength,the cignifi-ance of thi: -ceparation ray
ceoauesSioned, The relative ordér seem: reaconzble from 2 dicrlocation

ity viewpoirt, bowever. Tre DMF environment, which chould give the

o Toenyion movility, pave tnie chortest times co fallure. Thic would
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follow the predicted behavior for the Stroh model where dislocation: pilc

up at a grain boundary. Under these conditions, greater diclocation mobility
leads to more rapid crack nucleation. Actually any crack nucleation model
requiring the movement of mobile dislocationsz as an integral part of fracturc
would be similarly affected. Examination of the 1,0 and 1 M DMF environment
data for Group IV zpecimens is instructive (Figure 8). The chort time high
lo2d behavior indicated that 1 M DMF greatly enhanced the time to failurec.

At longer times ( ?10L sec), the curves converged and perhaps should be

drawn as one curve with a static fatigue limit of 57T & 0.46. It may

be noteworthy that the 1M DMF environment also omntain~ OHT leading to the
possibility of competitive kinetic processes. 1Is it pozzible that at high
Inad. . lislocation enhanced crack nucleation proneed, tut at lower load:s
cheriical corrosicn by OH™ proceeds at a rate that surpasses dislocation
nucleated fracture? This indeed seems unlikely as Figure 5 chow: the varlious
grades to behave quite differently, and there was no apparent reacon for
disloecation vrocesze: to behave o differently in comparing Gr:des II and

IV, for example. The higher purity of Crade II chould rezult in greater

not less diclocation mobility than Grade IV. The finer grain zize of Grade

IV doe not explain the operation of an inherent Mg0O diclocation mechan

k]

IS

] 2
at lower relative ctressec. VWectwood and Latanizion Tound that high

N

Alpele moment complexes alcso affest the hardnecc and aerilling rafte n codn-

Time glans by oan abrorption indevced enange in near curface Tlow behevior.

Tt was arzued in 3 previous paragraph that the H-D environment vehavior of

Grade TV material wao controlled wy ntre:so enhanced chemical corrc.ion of
N7 at the glacc grain boundary phace. Thuc it appear: renconable to cuepccot

tre behavior in M DM i- a recult of the influence of thiz enviromment

s the slacs prain boundary phace in oa owmanner analogour Lo that cugcecstod



Tt was concluded that interpretation of the HEO environment testo

based on an extension of a pre-existing crack was valid. The conditions for

fracture stress., @, which must be satisfied as derived by Griffith are

\
o o [2EY )
e

(2)

vhere E ic Young's modulus,?f iz the surface energy, and C iz the {law cize.
It i5 recogrized that\‘ should include a geometrical factor to account for
the inclination of the crack path to the ctrecs:z direction, 2 term for the
energy absorbed by di:log_ation motion azsociated with the moving crack (thin
does not necessarily imply diclocation nucleated fracture), a term for
subsidiary cracking, and a term for cleavage step formation. Evan:37
concluded that the dizleccation motion term was dominant, accounting For
ahout ¥ of the meacured 1k I/m° in 200 pr= grain cize MgO.

Uring notched bars and slit crackc in 20 pm and 50 pm graln cize MgO,

J

ale]
P4

o

o . ; 2 - . .
“vano and Davidge meacured Y2 L 3/m° for 50 pm cracks and increaring to
a2 plateau of W1k J/m° LON Lo W £ yiaaraceoDl
a plateau of - 1% J/m= for 407 Jn eracks. In the adbeence of macroccopic
flaws, O ic thought to be bebween G/2 and 2G wnere G it the grain cize.
Uring °G, the O data of Tadle II, ¥ was evaluated by eguation (1) with

tre following results:

1T
11T
iv 1.
g
Theose /a ue. acree reaconavly «~e11 witn thore of Zvans and Dzavidee " alithough

\6 Sor o ivevie T 1o oa 1ittle large Tor a oo Jmocrack and \6 for Grade IV iz

. c e . P A . -~ Te Tt L. v T T . 4,  ery on 3 s b . 3
SwhLe large for oan cpocracs. This muy imply cnat O wzn undercectinnted
rohoe e e erader ol material.
s R D I ] - . [Ad S R T R H - ey
o by ivter ity {acuors, I, for relreoryotaliine MeD have not

cene ety ioed diractly ) b may be of come smlue Lo report oaiculnted volueo
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based on a Griffith orack where

X =~ ¥Wc (¢

(S
~—

The fast fracture value Kpo was calculated from GE)in Table II. Tor
consistency and lacking direct measurement of the flaw cize, C was acscumed
to 2G. The stress controiled cracking (SCC) limit Kygep war obtained from
a bect estimate baced on the data of Figures 3 and L. GStress intensity
versus crazk velocity relations were calculated baced on thece data and are
plotted in Figure 13.

Weiderhorn and Bolz32'have used directly measured K-V curves to predict
ctatic fatigue curves for several silicate glas: compozitionz. These calculn-
tionrs agreed qualitatively but not quantitatively with the directly measured
fatigue curves of Mculd and Southwickl. Thuz, it iz probably unreazconable
to expect Figure 13 to be more than a qualitative reprezentation of u X-V
curve for the four gradez of polycrystalline Mgl in 2 Hp0 enviroament. It
is interesting to note that higher Kyc values were calculated for Grades II
and IV than the high purity material, Grade I. However, only Grade II
excceded Grade I and by a very small margin when it comez to a quectlon of
KICCC’ Thiz, of cource, 1z becaure of the very low slope to the ¥-V curve
(or o/ g - b curve) thougnht tc be a result of the nigh purity and frecdom
from a grain boundary phase in Grade I. From a decign application viewroint,
Grade IT material ic to be preferred over Grade I becauze of the conciztently

+n

nigrer Y. However, from a materialc development viewpoint, it wculd be

{

zdvantageous to produce a material with higher G using powder of Grade I
mality. Onc otvious avenue of appronch would te to reduce the grailn slve

o +ie product made with this powder.

Voo OOLDTUNIONT

e ~e

Do Tate ~f stres -corronsicn cracring of polyeryotalline Med



-22-

is

purity material giving the slowest corrosion rates. 1BCC in lower purity

grades 1s probably controlled by chemical interaction of OHT at the crack

tip which ic thought to lie in a (CQSiNaAl)OX grain boundary phace, expla

ing the different corrosion rates for the various gradec

fatigue limitcz of 0.35 O p to 0.5 O3 are consictent with this conclurion

The highest purity grade tested (9%.98%% Mg0) may not have a discrete

boundary phase so the low stress-corrosion rate: and high ctatic fatigue
limit of f30.83CY})may be characteristic of intrinzic CC in polyeryctal
MeO.

When Hs0 is present, chemical corrocion it believed to have faster IC
winetizz than possible comveting processesz. Thic war demonutrated moct

clearly for Group II c=pecimenz. Testing in DMF and DM

gave evidence for the operation of the Rebinder e¢ffernt whicen 1o

of materinl. Hir

strongly influenced by the chemiecal purity of the body with the highest

in-

grain

line

C

20 pluc DMF mixture:s

interpreted

az resulting from ennanced SCC by a Jtroh dislocation mudei. This condition
applies only in the ab:ence of H.) in the environment znd on moderately
clgh purity material (292.07% Mg0) where the fuflucnce of # dizcrete graln
voundary phase docs not dominate. In leower purity mntorial, 14 OF may
177e2y the grain toundary phace in 2 manner analocous to the effect of nigh
al~cho on nardne ar/d drilling rates in .
nleulated ctre. ntencity factors sun r.ow that Gro II, &

nheren larre sraln clue material, ouninlt tne veot overnll behavior irn
Torme of dry ctrenstn and ctatic fatigue In oz o0 Jlrenment.  ilowever, the

tatle Tatlirue periormocce and neariy ldentlocal KIICT Jove Drades I oard IT

s ne Lot Le Grade I, Llgn purity maserial, o vould swve oan adrants

Yo Ientys L lrer dynamie ctrengin orerslon wmr prodacod,
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Ftched Microstructure of a) Grade I, (b) Grade IT,

(c) Grade IIT, and (&) Grade IV MgQC.

Electron Micrograph of Fracture Surfaces; (a) Grade I,
(b) Grade II, (c) Grade ITI, and (d) Grade IV MgO.

Delayed Failure {or Grades T and II MgO in H,O.

Delayed Failure for Gradec IIT and IV Along with
Line Representing Grades I and II Mg0 in H,0.

Delayed Failure in 1M DMF.

Delayed Failure of Grade I in Ho0), 1M DMF and DMIO . 10% DMF.

Delayed Failure of Grade II in H,0, DMF and DMSO . 10% DMF.
Delayed Failure of Grade IV in H»oO and 1M DMF.

Frastograph if Group II, 1.2 x 10° see. H,0 Environment
. Nyt & . . . . -

Specimens Exnibiting a) pits associated with crack

arrect lines, and b) random {lat bottom pits.

2 . .
Fractograph of Greup II, 6.8 x 102 zec., HoD Environment
specimen Corroded Grain Face and Accociated Crack Arrect
Pattern.

Fractograph of Zone Adjacent to Tencile Bdie of Group I,
1 x 107 =ec., IM DMF Enviromment Specimern Showing
Direction of Crack Propagaticn (arrow).

Fractograph of a Zone Adjacent tc Tensile Edge of Group I,
2 - s ~ . Ly 3

1.2 % 107 sec., DME0-10% DMF Environment Specimen Showing

Tiuree Typer of Fracture and Direction ¢f Crack Propagation.

Strecc Intencity Factor:s Caleculated from Foilure Data.
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Fractbopraph of Group II, 1.2 X
Cpecimens Bxhibiting o) pite accoctated with
Vines, and L) random Clal botbom pite.
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Figure 10. Fractograph of Group II, 6.8 x 103 ccc, H,0
Environment Specimen Corroded Grain Face and
scociated Crack Arrest Puttern.
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