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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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.- electron microscopy. Following the initial work of Washburn et al.,

THE EXAMINATION OF POLYCRYSTALLINE MgO BY
TRANSMISSION ELECTRON MICROSCOPY T

%' ‘?‘;_?ﬁf"‘ Terence G. Langdon and Joseph A. Pask

'Inorganic Materials Research Division, Lawrence Radlatlon Laboratory,

and Department of Mineral Technology, College of Englneerlng,
“University of Callfornla Berkeley, Callfornla

- I.  INTRODUCTION

" The possibility of substantial ductility in iomnic solids was first

.'fdemonstrated in 1958 for 51ngle crystals of a number - of dlfferent

s

materlals hav;ng the sodium chlorlde structure.l Slnce that prellmlnary

investigation, considerable work has been devoted to the development of

'duetile.polycrystallinegceraMic materials, and many papers'have been
- published on the mechanlcal properties of ionic ‘solids in both single

: and polycrystalllne form,

However the non- conductlng propertles of many of these materials,

:which glve rise to thelr decompos1tlon under prolonged electron bombard--

. ment, have resulted in only limited use belng made of transm1s51on

2,3

a number of papers have been published dealing wlth the electron
microscopy of deformed MgO, but, almost without exception,'these studies
have been limited to single crystals. Fecent work in this laboratory

"has demonstrated.the.feasibility'ofaﬁsing transmission electron microscopy'

with polycrystalline MgO, provided the material approximates to theo-

retical density; the preliminary results of this research are outlined

in this ieport.

~ UCRL-16887 -
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| xitii,; MATERIALS AND PROCWDURE
Two typesvof material were used 1n this: work. and these are shown
in Flg 1. The materlal on the left in this figure as produced 1n
~“this laboratory by hot—pre351ng MgO powder w1th a 37 LiF additive,i_’,
using the technique first developed by Rice.h_ Recent work by Benecke '

et al'svhas indicated the conditions of temperaturef pressure and time fir'

'J:.necessary durlng the hot—pre331ng to produce tranSparent spec1mens,'

approaching theoretical dens1ty, durlng the subsequent heat treatment
Specimens for the present-1nvest1gation,were prepared by hot-press1ng
h for 3 hours at lOOO°C under a constant pressure of 1200 psi, and then'
firing for 3 hours ot l300°C. This resulted in spec1mens hav1ng a o
cmeasured Li content of approximately TS_ppm, thereby showing that.mostf o
; 1of.the'LiF‘wes in'SOme manner‘remoued‘during.the densification process.
There wesnno'apparent‘porosity in thisymateriel; as shown by.the micro-b
strudture in Fig 2(5);‘and the measured'density;idetermined by dis—. .
’lplacement in water was better than.99 5% theoretical on the basis of
-.pure crystalline MgO *ff The average graln-s1ze was of the order of lSu.

A typical polished specimen measuring NO 25 x 0.25 x l 0", is shown at

" the bottom of Fig. 1,

_'* Analysis made by the American SpectroscopichLahoratories,'San Frencisco;fff
California. _
‘*flAssuming a theoretical density for pure.Mg0 of 3.5833 g/cc (Based on. -

work by Skinner6).
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' The.gatégié; on the right in this figure,was‘obtained commercially
(Honeyw311 Inc., Minnearolis, Miﬁn.),-and was producad by the isostatic
pressing aud sintering nf high-purity Mg0 powder for 42 hours at a
teﬁperature of‘133C“Cq This resulted in an opaque material, having an
.average grain size of about 20u, énd a density of the order of 98.5%
theoretical. Many pores were visible in this material, as shown in
Fig. 2(b), the mﬁjority of pores being located slong the grain boundaries
and a%t the triple poinis, It should be noted that the pqrosity is over-
erphasized in the figure, owing to the tendency for the pores to open up
during the polishing procedure.

To prepare‘thin foils for the electron microscope, spacimens were
_ . , v N 2

cut on the diamond saw:%o pieces of a0, 012" thickness, and then thinned

‘chemically in ortho—phdsphqric acid at 150°C. Since MgO is transparent

to light, thin'portions'suitabie for use in the electron microscope

. o
(“1000 A thickness) were selected by examining the specimens in the

optical microscope after holes had first appeared. The very thin portioné
were. then visible at the edges of the holes by the occurrence of inter-

-ference fringes. A major problem encountered with this process was that

the commercial material,‘having the high porosity, wes extreﬁely difficult
to thin;satisfactorily,‘since preferential attack occurred to open up |
the pores. As a gesult,-whole graiﬁs were often remo§ed from the edge

of the foil; and it was'nof»e&sy to use this maierialvfor examination

of the boﬁndary regioné} The major portiﬁn of the electron'microsc0py

has therefore been concentrated on examining foils of the high-density

hot-pressed material. All specimens were examined in either a Hitachi

- HU-10 or a Siemens Elmiskop I electron microscope, operating at 100 kv.

-
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' Purther details concerning the preparation of thin foils of polycrystalline
'MgO are given:elsewhere.7.:l J‘ | ‘L"tp R o .
R IIl;’ RESULTS
A prlmary objectlve of this work was to lhvestlgate thevaSSlblllty o
- of the LlF addltlve formlng a(thln layer of some second phase along the
.graln boundarles of the hot—pressed material; No such phase was‘detectable'
us1ng optlcal mlcroscopy, and a close examlnatlon of the grain boundaries ”
.1n the unstralned materlal u51ng electron mlcroscopy falled to reveal
' the presencevof anf such phase under this hlgher magnlflcatlon.sbA h
' }_typical grain boundary in fhe hot—pressed material is'shoﬁn in Fig. 3,‘
“in whlch the boundary is at an angle with the plane of the foil, |
In general the gralns were relatlvely dislocatlon—free, as shown
71n Fig. h, although there were g few 1solated grown-in dlslocatlons in
some grains. ‘Care was taken not to confuse the grown-in dlslocatlons -
with'any fresh dlslocatlons put'lnto the f01ls.dur1ng thelr preparatlon;
'In Fig. h for example dlslocatlons have been generated from the graln
‘boundary at point A but this is almost certainly due to the acc1dental
cutting of the foil along line_AB whilst sepsrating it from the parent
;material. - | N | L |
-The presence of pores 1n the 51ntered maferlal made the thlnnlng
" process dlfflcult but ‘some sultable thlh f01ls were obtalned A typicel. ’
- example is shown ‘in Flg 5, in which small pores are v1sible in the .
| boundary at A. As with the hot-pressed materlal,‘thereiwas no evldence'p_
of a second phase along.the houndaries in the smalllhuﬁbeh'of foils

examined.
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. Atvtemperatures about &1200°C, however, slip can also occur on the

K"’féé-’fv ;‘_‘-j : - UCRL~-16887

‘Td'study the def@fmatibn méchanismS'in'polycrystalline'MgO, specimens

" . were tested under compression in air at.temperatures in.the range from

room temperature to 1400°C. ’Specimehs were loaded under cdnditions'of

~constant force rate, with an initial rate of 20 psi/sec., and the strain

was éontinuously'recorded by measurements takén-directly_on the specimen.

'Full details of the equipment, and method of testing, are given else-
wher-e.8 All specimens were tested after careful chemical polishing,

since it is known that submicroécopic damage can‘markedly affect the
deformation characteristics of this material.9
The résultant,stress—strain curves'showed that at temperatures;less

i

than about 12OQ°C, for. both the hot-pressed and Sintérgd'material, the

~ductility was limited,?and specimehs‘fractured at tbtal strains of less

than “0.5%. At temperatures of 1200°C and above, a sharp yield point

was observed at total stresses in the range 10,000-25,000 psi, followed

by a'very rapid rate of strain. At ﬁhe highest temperatures, specimens

ultimately fractured at total strains in excess of 10%. In compression

at temperatures less than “1200°C, slip is confined to the {110} <1I0>

slip systems, giving rise to stfaight slip traces on the specimen surface.

7

"{001} slib> systems, and -90° intersectidns of theA{llO} <110> slip

Systems become easy, so that wavy slip traces are observed.

A similar transition to multiple slip has also been reported for

polyerystalline MgO tested in tension, but the temperature at which this

occurs is then 1700°C for recrystallized MgO and 2200°C for hot-pressed

.- 10 ; . ‘ '
material.”” In both tension and compression, the situation is further

1

*
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" complicated by‘thefexistence-of grain_boundery sliding at the higher
temperatures, which may lead ultimately to intergranular failure. Direct
'Zevidence of sliding, and intergranular cavitation, has already been

1,12 Furthermore,

presented for polycrystalline MgQ testedyin<compression.
vrecent work by Mountvala ‘and Murray13 has shoﬁn'tnat a sharp drop in grain
boundary fracture stress exlsts at about 1200°C for twist boundarles of
MgO bicrystals tested in compre551on In this work ~grain boundary
sliding was 1nferred from the lack of transparency in the hot-pressed
specimens afper testing at the-higherltemperatures.

At temperenuree leee_than 1200°C, specimens.were strained to &O.l%,
and then examined in the electron microscope prior to\frecture.‘
Relatively few dislocations were observed in these.specimens after
ddeformation, thereby confirming that only a limited amount of slip
preceded fracture. Thisdbehavior 15 a direct result of the limited
' slip systems then operative; nhich provide for only two independent‘
j,Systems. At temperatures of 1200°C and above, five independent slip -
systems exist potentlally, and by the von Misés criterion, 1h the
specimens should then be able to deform homogeneously. However, the
problem of intersection of nhe‘elip systems etill exists. A iarge
number of dislocatione werevvisibleVin specimens deformed at these
itemperaturee, and, since bulk diffusion is then possible, the dislocations
were able to climb out of tneir slip'planesvto annihilate or polygonize,
The typical dislocation structure for a specimen deformed ~1.5% at 1400°C
~is shown in Eig. 6; A small angle boundary is visible,in this figure

at A.



[N

IV. CONCLUSIONS - . e

- The préliminarj'resulté_of.this investigation show clearly that

PP,

transmission.eiectron‘michSCOPy is a uéeful tool for studying the deforma-

Y S .~ tion mechanisms in polycrystalline MgQ. .However, it is imperative'that
the specimens usedAapproximate to theoretical.density, 6wing to the

difficulty of:prepafing thin foils of .even slightly'porous ﬁaterial,
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: FIGURE CAPTIONS

‘Polyerystalline Mgo produced in this laboratory by hot-pressing

(left) and produced commercially by sintering (right).

+Microstructure of (a) hot-pressed material and (b) sintered
~material.
: Typiéal grain bodndary in unstrained hot-pressed material; the

boundary is at an angle with the plane of the foil.

”

Relativeiy‘dislocation—free grains in unstrained hot-pressed

‘material. Dislocations may be generated by cutting of the foil,

as ath.'.‘

t

ATfiple point in unstrained sintered material}\ Poreé_are visible

in the boundary'at A.

Dislocation structure in hot-pressed material deformed ~1.5%

~ at 1400°C, A small éngle boundary is visible at A.




-~

11 -

UCRL-16887

ZN-6010



UCRL-16887

12~

3

ZN-6011



UCRL-16887

ZN-6012

;.
oL,

'l B
Fig. 3




-14-

UCRL-16887




UCRL-16887

A5~

ZN-6014

Fig. 5

b



-16- UCRL-16887

ZN-6015




x‘i

This report was prepared as an account of Government
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