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ABSTRACT

'An investigation was conducted on the interaction betwgen nickel
metal and single éfystals of magnesium oxide, The nickel was cleaned with
purified ‘hydrogen gas at 800°C and melted under vacuum (5 x 1072 mm. Hg) in
contact with the magnesium oxidé; The interface was examined metallographic-
ally. The formation of compounds at the interface was examined by X-ray

diffraction techniques,

The magnesium oxide was plastically deformed by thermal stresses
which occurred on cooling. Slip occurred on four slip<planes only. The slip
sources were present in the surface at a depth not exceeding ten microns.,
They were in the form of dislecation half-loops introduced in the surface
during cleavage. The introduction of these half-loops was due to the forma-
tion of cleavage steps., Rows of dislocation half-loops were due to the
multiplication of a half-loop on a slip plane oriented in the direction of

propagation of the cleavage crack,

Bond formation consisted of the formation of a magnesium-nickel
compound (MgzNi). The bond strength exceeded the stress for brittle fracture
of magnesium oxide., Attack of the magnesium oxide occurred preferentially at
the perimeter of the interface, This led to groove-formation, which resulted

in a large hysteresis of wetting.

The diffusion of nickel into magnesium oxide seemed to take place

mainly by diffusion along dislocations,
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SUMMARY OF STAFF COMMENTS AT THESIS FRESENTATION

December ‘9,.1959.

The staff was in general agreement that this was a very
acceptable -thesis. Considerable ingenuity in both experimental- terhnique
and in interpretation of reésults has been demonstrated by the andidate,_
Furthermore, he has proven his ability to design and eXecute good experi-
ments and zssess the results with 2 minimum of supervision. His oral
presentaticn and defence .of his thesis were both of good quality.

Some ‘dissatisfaction was expressed concerning the valildity of
the X-ray evidence offered to substantiate the presence of MgoNi compound
at the interface between Mg0.and Ni drop. .The candidate did not appear
to understand the complete basis for the identification, based on both
d spacings and relative line intensities. Accordingly, it is very doubt-
-ful that his interpretation of the Xeray films is correct. Similar
objections apply. to the identification of the NiO. It should be noted
that this does not affect the major ipart of the thesis in any way.

It was also suggested that some of the conclusions concerning
the dislocation mechanisms operative during the cleavage and deformation
processes were only barely warranted by the experimental evidence put
.forward.

Additional minor corrections were as follows:

page 63, paragraph 2:

"During evaporation of.the drop the term wy cos 8 contihuously
decreases.’

This should read:

tDuring evaporation of the drop the component of the YN
term parallel to .plane surface in the direction of‘yMgé decreQSes.”

In addition, it is felt that the interprefation in terms of the
~groove formation and the ensuing modification through the angle B is not
as significant as the cardidate suggests.
page 93, last line: . . . which contained little or no nickel."

should be: *%..... which contained little or no metallic nickel.”

We. M. Armstrong,
,Professor of Metallurgy.
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DUCTILITY AND CHEMICAL REACTIONS AT THE INTERFACE

BETWEEN NICKEL AND MAGNESIUM OXIDE SINGLE CRYSTAIS.

I. INTRODUCTION

A, General Purpose and Scope

Recently attempts have been made to combine the properties of metals
and ceramics to produce a material suitable for use at high temperatures., At
these temperatures, metals often fail as materials of construction through low
strength, low creep resistance or poor resistance to oxidation or other attack,
In contrast, ceramics at these temperatures have in general good strength,
creep resistance and oxidation resistance but as compared with metals they are
brittle., If we could combine these properties of metals and ceramics, the
material produced would have very desirable properties for high temperature

application,

In the development of these materials the major emphasis thus far
has been on the development of useful materials on a mainly empirical basis,
The art of preparing the materials,; commonly referred to as ?cermets?, is far
in advance of a scientific understanding of the fundamental factors involved;
These factorsl°8 include metal-ceramic reactions, surface and ipterfacial
energies and constituent properties’such'as strength, ductility, oxidation
resistance and thermal conductivity., In this paper the author reports én

further investigations of the reactions between metal and ceramics,

Physical wetting of the ceramic by the metal is a major factor in

producing an effective bond° This can be studied by considering the
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interfacial energy involved. A low interfacial energy is equivélent to strong
bonding, although other factors, such as interfacial stresses arising as cooling,
affect the bond resulting at room temperature., For metals and ceramics-of
interest, little is known of the individual surface energies, much less of the
interfacial energies and factors affecting them., At high temperatures the
sessile-drop rn.ethod%:\'o’ll can be employed very effectively for measurements of this
type. The angle of contact or wetting angle ié then an indication of wetta=

" bility of the ceramic by the metal,

The important reactions between the metal and ceramic are the forma-
'tion of chemical compounds at or near ﬂhe interface, Modifications of the
materials present at the interface change the bonding forces., The chemical
reactions which modify the interface depend on the thermodynamics of the system.
The amount of these reactions depend on the atmosphere as well as on the
composition, Unfortunately thermodynamic data is usually incomplete and a
study of interfacial compounds-mﬁst often be accomplished by experimental

methods only,

Strong bonding between metal and ceramic can also be affected by the
ability of the metal to diffuse into the ceramic.8512 This way a strong bond

develops between the metal and the metal~enriched ceramic,

The properties of interest in cermet bodies include strength and
creep resistance at elevated temperatures, corrosion and:oxidation résistance,
thermal expansion and thermal -shock resistance. The individual components and
composition employed have a considerable effect on these properties. Many-
properties, however, cannot be evaluated on the basis of the properties of the

constituents,

Strength and creep at elevated temperatures are affected by the



refractoriness of the metal component employed. It is therefore expected that
such composition as thoria--tungsten13 are expected to maintain their strengths
at elevated temperatures, even though their room temperature strength may be
less than other compositions., The fact that the strengths of cermet bodies

may be higher2 than the component strengths has not been completely explained.

Corrosion and oxidation resistance of cermets depends on the
resistance of the components and on the nature of the products formed, Oxida-
tion resistance generally is due to the formation of an oxidation layer which

prevents further oxidation,

One of the major limitations of ceramic materials for many applica-
tions is their poor thermal«shock.resistance as compared with metals, Thermal-
shock resistance increases with high thermal cohductivity, high tensile strength,
low coefficient of expansion and low modulus of elasticity. If, however, the
ceramic concerned possessed a certain degree of ductility so that it would
deform plastically,the cermet produced would be fairly resistant to thermal
shock., In addition, if the metal and ceramic would have coefficients of thermal
expansion which are reasonably well matched, the stresses caused by differencés
in expansion of the components would be low enough such that brittle fracture
can not occur. A survey of the available metals and ceramics show that a
combination of magnesium oxide and hiékel'may ~have some of the desirable
properties as discussed above. Magnesium oxide has a high melting point,lh is
chemically stable and it has been shéwn that single crystals exhibit consider-
able ductil:'Lty,.]j"19 Nickel has a reasonably high melting point (1455°C);
it has good resistance to chemical attack and its coefficient of expansion
almost identical with the coefficient of expansion of magnesium oxideazo’21

Consequently, these materials were chosen for a study of the interactions



between metals and ceramics,

B. Previous Work,

Nickel-magnesia interactions were intensively investigated by
McFarlane, Jr,}22 also by Kingery.h It was found by melting a nickel pellet on
a polycrystalline magnesia block that the adherence of nickel to magnesia was
excellent, The wetting angle was approximately 110°, while between the nickel
and magnesia a sharp interface was found to exist. McFarlane?? noticed a black
discoloration around the magnesia, which confirms the result obtained by

Economos and Kingery3 who obtained ‘a black coloration with nickel and magnesia

although in their case it concentrated itself around the grain boundary,

The high bond strength between magnesia and nickel could not be
explained satisfactorily. The possibility of the formation of a compound such
as nickel oxide or the formation of a solid solution such as nickel oxide-
magnesium oxide were investigated by X-ray analysis but no evidence for the
existence of a compound or solid solution could be detected, It was felt that
the presence of nickel oxiae could be responsible for the bond between magnesium
oxide and nickel, Magnesium oxide and nickel oxide form a continuous range of

23

80lid solutions™~ as shown in Fig. 1, The bond would then exist of a layer of
nickel oxide adhering to the magnesium oxide and the nickel adhering to the
nickel oxide, However, the amount of nickel oxide preéent may be too small to

be detected by X-ray analysis.

Investigationszh’25 of the interaction between metal vapours and
single crystals of magnesium oxide have shown that the magnesium oxide is not
attacked by lithium, sodium, potaséium and calcium, Copper, however, etched
the surface of the crystals of magnesium oxide., The reactions between poly-

crystalline magnesium oxide and refractory metals such as molybdenum, silicon,
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Fig, 1, MgO=NiO binary system,

titanium and zirconium showed that the metal penetrated the magnesium oxide
along the grain boundaries and in all cases but molybdenum, reacted with the
magnesium oxide by either forming an interfacial layer or by corroding the

surface of the magnesium oxide,

The diffusion of metals into single crystals of magnesium oxide was
investigated by Turnbullo26 It was found that ruthenium, copper and barium do
not diffuse interstitially. Iron, nickel and cobalt, however, do diffuse and

the diffusion coefficients were determined.

The mechanical properties of magnesium oxide are currently being
investigated,rchl9 It was observed that single crystals of magnesium oxide
exhibit considerable ductility and it-was felt that this could lead to the
development of a ductile-ceramicol5 To determine the plastic properties, the
single crystals of magnesium oxidé were ggbjeqted to tension, bending and
compression, It was observed?’ that magnesium oxide is:most'ductile é

when under compression and least when under tension. This is attributed to
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the fact that under tension i£ is easier for crack formation to oécur which

then leads to brittle fracture. Johnston, Stokes and 1319 investigated the
fracture mechanism and found the ductility to be a function of the plastic™
deformation already present explained by the fact that regions of plastic flow
act as barriers to the propagation of cracks. Investigations of the temperature‘
dependence of the ductility showed that the magnesium oxide can be deformed to

a much greater extent27 before brittle fracture occurs at high temperatures

(1500°C) than at low temperatures,

The effect of surface condition on the ductile properties was
imvestigated by Stokes, Johnston and Li,l8 who introduced slip sources in the
magnesium oxide by sprinkling the surface with 46-mesh carborundum particles.,

It was observed that slip occurred at a lower stress level in sprinkled crystals
than in unsprinkled crystals. Atmospheric conditions did not seem to affect

d28 in materials of the same crystal

the plastic properties as had been observe
structure such as potassium chloride. Other observations, however, seem to

contradict this,

The mechanical properties of nickel-magnesia cermets were investi-
gated by MeFarlane, Jré22 He found that partly oxidized specimens were
generally stronger than unoxidized ones, Most significant was that thermal
shock did not lead to fracture., It was also found that the transverse strength'
of specimens subjected to series of thermal shock had increased rather than

decreased,

C. Specific Aims of the Present Investigation.

The initial purpose of this investigation was to study the inter-
action between nickel metal and single crystalsAof magnesium'oxide in order to

be able to draw conclusions about the bonding mechanisms between metals and
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ceramics in general, From the work done on the nickel-magnesium oxide system

it could be concluded that little was known of the interactions between nickel
and magnesium oxide., The specific aim of the present investigation was to study
the inﬁeractions by all possible techniqﬁes such és X-ray analysis of reaction
products at the interface, meﬁallographic examination of perpendicular and
tapered sections through the interface and X-ray fluorescence to study the
diffusion of the nickel into the magnesium oxide. In addition, measurements of

the wettability of the magnesium oxide by the liquid nickel were planned.,



IT, EXPERIMENTAL

A, Materials,

1, Magnesium oxide,

The single crystals of magnesium oxide used throughout the investiga-
tion were transparent.High Purity Optical Grade Magnesium Oxide supplied by
Norton Company. This material is available in large irregular pieces with
dimensions approximately 3x2x2 cms, such as shown in Fig., 6, Table I shows
a typical chemical analysis, Qualitative analysis by means of X-ray fluorescence.

showed a trace of iron only.

TABLE I
Material rPercentage
% Si0, less than .20
% Fe,03 less than: .15
% Cal | less than .20
% Al,03 less than .35
% MgO balance

Examination with polarized light revealed17 the occasional occurr-
ence of internal stresses, The seemed to be localized and were thought to be

due to the existence of inclusions,

The crystal structure ofhmagnesiumVOXide is the rocksaltnstructure
and is based on two interpenetrating face-centered cubic lattices, the lattice
sites of the one lattice occupied by magngsium'ions and the lattice sites of
“the other lattice occupied by oxygen ions, Because of its crystal structu;e

it possesses perfect cleavage usually along {;OO} plénes and occasionally along
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{lll} planes, In this investigation use was made of this property in the
preparation of thin platelets on top of which the nickel could then be melted
in order to study its interaction with the magnesium oxide (see Fig. 6), A
typical (100) cleavage face is shown in Fig, 2, The lines running diagonally
across the picture: are so-called 'cleavage steps'29 and are produced when
cleavagé is started on more than one cleavage plane and by the intersection of
screw dislocations and suitable subgrain boundaries by the cleavage crack,

Their height ranges from a few Angstroms to approximately 0,1 micron,

Fig, 2, Typical (100) cleavage face of magnesium
oxide (x100),

Nickel

[ The nickel used in this investigation was supplied by Sherritt

T

Gordon Mines Ltd, and Mond Nickel Co. Ltd., and was in the form of powder,
and in the case of Sherritt Ni No., C525 also in the form of rolled strip,

approximately ,05 cm. thick. The chemical analyses of the various nickels are
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given in Table II,

TABIE IT

Analyses of Nickel Materials

Analysis (maximum percent)
Material Ni Co Cu Fe S C
Sherritt Ni No, €525 Bal, .08 0,029 | 0,022 0,016 | 0.01
Sherritt - high purity Ni Bal, .008 | 0.009 .00L .006 .08
Sherritt high Sulphur Ni Bal, 0611 ,013 011 2020 °Oli
Mond carbonyl Ni Bal, . 005 .,008 | 0.007 002 | 0,091

B, Apparatus

The apparatus was designed with the following objectives:

1. to produce temperatures as high as 1800°C by induction heating and

vacuums as high as 5 x 10 mm. of Hg,

2. to permit the introduction of reducing atmospheres at pressures less

than atmospheric pressure and

3. to allow measurements of drops at temperatures greater than the

melting points of the alloys used,

The equipment is shown in Figs, 3 and 4.



Fig, 3. The aoparatus assembly of the induction
furnace vacuum system and optical system
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OPTICAL SYSTEM

Qdround glass or photographic plate.
Vertical adjustment screw.

Horizontal adjustment track.

Pocussing screw. .

Adjustable bellows.

Ocular lens.

- ObJective lens, shutter and iris diaphram.
Vertical adjustment screw.

Water-cooled optieal flat,

Water—cooled brass fitting.

Magnetic shutter.

(12

%)

(1)
(15)
(16}
(17)
(18
(19)
(20)
(21)

FURNACE ASSEMBLY

Vycor tube.

Inﬂpcuon cofl,

Heating element, radiation shield and specimen.
Thermocouple gauge.

Jonization gauge.

Gas inlet control.

Viewing window.

Brass fittings.

Optical 'pyraneter.

Light source interchangeable with pyrometer.

Assembly drawing of the apparatus.
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l, Furnace

The heating elements of the furnace were constructed from 0,005 inch

molybdenum sheet (see Fig, 5), The susceptor consisted of a closed loop in the

Fig, 5, Molybdenum heating elements (dismantled)
of the induction furnace,

form of a cylinder 0,75 inches in diameter and 3,5 inches long, open at both
ends, A radiation shield surrounded the susceptor to prevent excessive heat
loss, This shield consisted of an ?open loop! cylinder 1,5 inches in diameter
and 5 inches long, also open at both ends, The susceptor and radiation shield
assembly was supported inside the induction coil by a molybdenum-rod framework.
This rod was separated from the vycor tubing containing the heating elements by

sintered alumina insulators,

The furnace-tube assembly consisted of a vycor (fused silica)tube,
2 1/2 inches in diameter and 18 inches in length, Rubber O-ring seals and
silicone high vacuum grease were used in the vycor-to-brass joints at the end

of the tube., At the camera end of the furnace, a water-cooled optical flat was
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used to protect the camera lenses from heat radiation., Because of the high
vapour pressures of metals at operating temperatures, a magnetic shutter was
placed inside the furnace to protect the optical flat from metal vapours. At
the other end of the furnace, a viewing window was built into the elbow leading
to the vacuum system, Outside this window, a light source and an optical pyro-
meter were placed such that either could be positioned on the centre line of

the furnace,

Through a water-cooled, copper induction coil (1/4 inch O.D.tubing,
21 turns) around the outside of the vfcor tube, power was supplied to the heating
element by a high-frequency induction generator. This unit, Lepel model TﬂlO-B;
produces power from O to 23,5 K.V.A. at 400,000 cycles per second, The power
could be adjusted by varying either the plate current or the grid current in the
tubes of the generator., Because of the low thermal capacity the furnace could
be heated from room temperature to 1500°C in approximately three miﬁutes and
could be cooled from 1500°C to approximately 600°C in less than one minute,
when the power input was lowered instantaneously., Both the rate of heating and
cooling would follow logarithmic laws and at 1500°C the rate of heating would
be much lower than the rate of cooling. The temperature in the furnace was
measured to ¥5°C, by a Hartmann and Braun optical pyrometer, model TO-10-e,
Emissivity corrections were not necessary because of the design of the susceptor,
Power input to the furnace was limited by the loss of strength of the vycor tube
at elevated temperatures. The tube was, thefefore,’air-cooled by meané of a

10 inch diameter fan. .

2, Vacuum system,

The pumping system was designed to produce a high vacuum or a

controlled low vacuum, A mechanical fore pump and a two stage oil diffusion

pump produced vacuums in the range of 1074 to 10”7 mm. of Hg. With only the



fore pump operating, a reducing atmosphere could be continuously flushed
through the system to maintain a vacuum of 0,5 mm. of Hg, The high vacuums
were measured with a N,R.C. ionization gauge, type 507, and the low vacuums

were measured by a N,R,C. thermocouple gauge, type 501,

Purified reducing atmospheres were obtained by continuously flushing
dry hydrogen through the system, The hydrogen was supplied by Canada Liguid
Air Co,, Ltd. in 2,000 psi tanks. The purification and drying train consisted
of a hydrogen *deoxo® cartridge in series with columns of anhydrous calcium
sulphate, silica gel, and phosphorous pentoxide., The °®deoxo® cartridge converted
the oxygen impurity to water. The siliéa gel and anhydrous calcium sulphate
reduced the water concentration in the hydrogen to 0,005 milligrams per liter.
of gas and the phosphorous pentoxide reduced the concentration further to less

than 0,0002 milligrams per liter,

3. Optical system.

At temperatures above 1100°C, objects emit sufficient radiation to
produce an outline image on a photographic film or ground glass plate., Sharp
images of the incandescent drops in this investigation could be readily

obtained at 1500°C if a camera were correctly designed for this purpose,

A camera was constructed to give a tenfold magnification, This was
accomplished by the combination of a two~-component objective lens (focal length
of 27.5 centimeters) and a single component, ocular lens (focal length of 4.2
centimeters), The fixed objective lens was equipped with an adjustable shutter
and iris diaphragm. The ocular lens was separated f;om‘the objective lens by
a 10 to 15 inch adjustable bellows, and from the ground glass plate by a A2
to 48 inch adjustable bellows, The camera was positioned so that the optical

axis was in the plane of the ceramic surface and parallel to the axis of the:
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furnace by means of vertical adjustment screws and horizontal adjustment
tracks, Because of the length of the camera, sensitivity to vibrations was high

and a very sturdy framework was necessary,

Focussing adjustments were made by means of a screw-thread adjust-
ment on the ocular lens holder which moved parallel to the optical axis of the
camera, Before the specimen was heated, preliminary focussing was accomplished
with the aid of a light source at the far end of the furnace., The light source

produced a silhouette of the specimen on the ground glass,

Ce Preparation of Materials,

The single-crystal magnesium oxide was obtained as large irregular
pieces such as shown in Fig, 6, These were cut into rectangular pieces roughly
along ilOC} planes with a Felker 'Di-Met! diamond saw, These rectangular pieces
were annealed at 1000°C in order to facilitate>© cleavage, After amnealing,
the crystals were cleaved by means of a small chisel and hammer into platelets
approximately one centimeter square and one millimeter thick or into approximate-

1y square rods two to three centimeters long and 0.2 centimeter thick as

Fig, 6, Magnesium oxide 'as received®
and cleaved crystals with and
without nickel drops.
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illustrated in Fig. 6., Whenever necessary, as discussed under experimental
results, the cleaved platelets or rods were polished by immersion into hot
phosphoric acid. A polishing time of one minute was sufficient to produce a
microscopically smooth surface., Care was taken in handling the cleaved plate-
lets and rods to avoid contamination of the surface ahd the introduction of
plastic deformation., Metal tweezers were used whenever possible , To detect -
evidence of plastic deformation, as discussed under éxperimental results, a
solution composed of 30 percent hydrochloric acid and 10 percent ammonium

chloride was used,

The nickel in all experiments, but where mentioned, consisted of
the Sherritt Gordon No. C525 rolled strip., This was cut into a small strip
a few centimeters long and couple of millimeters wide. This was rolled up
loosely to permit deoxidation on all surfaces, Where nickel powder wds used:it was
compacted in a cylindricai die, 1/4 inch in diameter, under a pressure of fofty
tons per square inch, The compacting die was machined to-form a compact of a

shape required to insure an advancing contact angle.ll

D, Experimental Procedure,

In all experiments but where mentioned, the following'procedufe wés
used: the metal was placed on the magnesium oxide platelet or rod inside the
susceptor, With the aid of the light source, the specimen was levelled. The
furnace was assembled and - pumped to a fore pump vacuum of 5 x 103 milli-
meters of mercury. Purified hydrogen waS'then flushed through the furnace at
a rate sufficient to maintain a vacuum of 0.5 millimeters of mercury. The
temperature was slowly raised to approximatelyd800°0. Near this temperature,
the hydrogen gas ionized and hydrogen-ion cleansing of the specimen took
place. After a heating period of ten minutes, the power was turned off and

the system was pumped down to a vacuum of 107> millimeters of mercury, The
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power was again slowly increased until the temperature reached 1500°C as
measured by the optical pyrometer. The specimen was maintained at this témpera-
ture for ten mihutes. In the experiments to determine the wettability of the
magnesium oxide by licuid nickel the imaée of the nickel drop was carefully
focussed on the ground glass. The necessary dimensions to determine the

wetting angle were made by means of a pair of calipers.

For the X-ray diffraction investigation to determine the formation
of any compound or solid solution the nickel drops were sheared from the
magnesium oxide. The layer of material adhering to the drop was scraped off
by means of a small sapphire rod and prepared for identification by the X-ray
powder method, The powder patterns were obtained by exposures to copper
radiation (40 K.V., 15 m.a.) for two to five hours. These patterns were indexed
and compared with patterns of standard materials recorded in the A.S.T.M. card

index for powder patterns,

The preparation of specimens to investigate the diffusion of nickel
into the magnesium oxide by means of X-ray fluorescence is described under

experimental observations,
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ITII, EXPERIMENTAL RESULTS

A, Observations on Interface,

Perpendicular and tapered sections of the magnesium oxide-nickel
metal interface showed that the interface consists of a very sharp line., No
evidence of any reaction product or intermediate phase could be found. Fig. 7
shows a tapered section of the interface at an apparent magnification of 4500x,
The step in the interface is one of the higher cleavage steps, its height being

approximately one micron,

Fig. 7. Tapered section (1:6) of magnesium oxide-
nickel metal interface (x750, apparent
magnification is 4500x).,

Fig, 8 shows a view obtained by looking through the magnesium oxide

perpendicular onto the interface,

In addition to the cleavage steps, two perpendicular gets of parallel
straight lines, also faintly visible in Fig, 7, can be seen, Their orienta-

tion corresponds to the <100> crystallographic directions of the magnesium oxide.
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All the lines of both sets were observed to be continuous from one side of the

interface to the other,

Fig, 8, Magnesium oxide-nickel interface as seen
through the magnesium oxide (x250).

A dark field photomicrogravh (see Fig, 9) shows in addition to the

lines, a multitude of etch pits, some of them coincident with the lines,

Fig, 9, Same as Fig, 8 but dark-field illumination
(x250)
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Fig. 10 shows the magnesium oxide-nickel interface at a magnification
of 2500x, This magnification was achieved by mechanically polishing the
platelet of magnesium oxide until a thin layer of magnesium oxide remained,
such that at high magnifications the magnesium oxide platelet would not
interfere with the focussing of the microscope. Most of the etch pits seem to
be near cleavage steps indicated by the faint traces running diagonally across

the figure.

.

F 10 Same as Fig. 8 (x2500)

To determine whether these lines were produced during cleavage
or during the heating process, after cleavage a platelet of the magnesium
oxide was polished by boiling in hot phosphoric acid until all surface
irregularities, such as cleavage steps, were removed. A polishing time of

approximately two minutes was sufficient,

Fig., 11 is a view of the interface between the polished platelet
and a nickel metal drop located near the center of the platelet, It is clear
that the lines can still be seen., A view near the edge of the platelet where
the polishing was more severe, shows the lines to be curved, some even

crossing others,
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Fig, 11, Interface of nickel metal and magnesium
oxide platelet polished before heating,
Near center of platelet (x250),

Fig, 12, Same as Fig. 11, but near edge of platelet
where polishing was more severe (x250).
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Examination of the interface between a nickel drop and a platelet,
which was polished in hot phosphoric acid for approximately five minutes,
showed that less lines seemed to appear on the interface than on the interface
between a nickel drop and an unpolished platelet. No lines could be detected
on the interface between a nickel drop and a platelet wHich was polished in

hot phosphoric acid for approximately ten minutes,

Numerous specimens of platelets and rods with nickel metal drops
were made to see if these lines could be made to appear on faces other than
the interface between the magnesium oxide and nickel drop. The lines could be
detected only on one specimen, On the side faces they were found to be parallel
to the length of the rod., On the bottom face they were perpendicular to the
length of the rod, Occasionally lines could be seen near the drop on the same

cleavage face which supported the metal drop as shown in Fig. 16,

An attempt was made to see if the lines could be detected more easily
by silvering the cleavage faces of the magnesium oxide, but this proved to be
relatively unsuccessful as the silver did not adhere too well to the magnesium
oxide in contrast to the beaker which contained the éilﬁérihg solution, It was
found that the silver did bring out the lines, but did not-bring out any

additional lines which could not be detected before silvering,

To see wﬁether other metals would produce the lines, specimens were
prepared with silver, copper, cobalt, aluminum and tin. The tempefatufe was.
raised to anproximately'50f0 above.the melting poiﬁt of the respgctive“métal.
All metals, but the cobalt, which sheared off during the cooling,-adhered to
the magnesium oxide. In all caées no lines could be detected. Howeﬁer, heating
the silver drop to 1400°C resulted in the formation of the lines., In contrast

to the nickel-magnesium oxide interface the interfaces of silver, copper,

aluminum and tin contained many gas occlusions,
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A magnesium oxide platelet was heated and cooled without any metal
drop. A drop of mercury was then placed upon the platelet and the interface
examined for lines. The same was done using indium and gallium. In all three

cases no lines could be found.

A nickel drop was melted on a rod of magnesium oxide and kept at
1500°C till the drop was evaporated away completely. On cooling no lines

could be observed on the previous location of the drop.

A nickel drop was melted on a platelet of magnesium oxide and heated
to 1800°C, Examination of the interface on cooling revealed no difference in
the lines such as width or density compared with the line structure formed on

cooling from 1500°C,

An attempt was made to see if any relationship might exist between
lines on the interfaces between platelets on opposite sides of a cleavage
crack and nickel drops. One example could be found where a one-to-one

correspondence seemed to exist between approximately six neighboring lines,

To check if any one~to-one correspondence might exist between lines
on the interfaces between different drops and the same crystal, a specimen was
made which consisted of a cleaved rod supporting four drops of nickel metal,

However, no evidence of a one-to-one correspondence could be detected,

To see whether the size of platelet has any effect on the nature
of the lines, such as density, a nickel drop was melted on a platelet of
magnesium oxide cleaved -to a thickness of “approximately 1/4 inch, Examina-
tion of the interface showed that'the‘number of lines seems to be approxima-

tely the same as for thinner platelets.,



In order to determine the effect of the cleavage steps on the
nature of the lines a rod was selected which on one face had only two cleavage
gteps, When the interface was examined after a nickel drop was melted on it
no lines, such as shown in Fig. 8, could be detected. However, as shown in

Fig, 13, faint <100) traces can be seen,

Fig, 13, Interface betw;én nickel drop and
platelet of magnesium oxide without
cleavage steps (x300),
In only two of the many specimens made, evidence of cracking in the
magnesium oxide could be detected, This took the form of 100> and 110>
cracksextending from the top surface approximately half way into the platelet,

In one case the drop was surrounded by an octagon of cracks composed of four

<:190:>cracks and four<f110:>cracks.

B, Heating Rate,

To study the effect of the rate of heating and cooling, a platelet
of magnesium oxide with a nickel drop was subjected to a number of heating
cycles, in each cycle heating and cooling faster than in the previous one.

Figs., 14 and 15 show the same area of the interface after the first and second




Fig, 1b Magnesium oxide-nickel interface after
first slow heating eyecle (x250).

Fig. 15, Same area of interface as in Fig. 1.
after second faster heating cycle,
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heating cycle, In the.first cycle the temperature was raised to 1500°C in
approximately ten minutes, while cooling took approximétely fifteen minutes,

In the second cycle both these times were halved, By comparing both figures
it can be noticed that during the second heating cycle additional lines
appeared, In a third cycle, in which the temperature was raised in approxima-
tely three minutes and lowered by instantaneously switching off the power, no
additional linesvcould be detected, Repetition of these experiments showed

that these results were reproducible,

To study the effect of thermal cycling on the lines, a platelet with
drop was subjected to fifteen heating cycles each time raising and lowering
the powef instantaneously, The interface was observed after the first, fifth,
tenth and fifteenth cycle. No change in the lines such as width or intensity

could be detected,

To subject the magnesium oxide to high thermal shock a rod without .
metal drop was ﬁeated to 1850°C and cooled quickly by lowering the.power input
instantaneously., Another rod was heated'(in air) to a cherry red'and immediatg—
1y plunged into liguid nitrogen. On both rods a few lines appeared all running

along the length of the rods. No evidence of fracture could be detected,

Co Etching by Liguid Nickel,

Figs. 16 and 26 show evidence of attack of magnesium oxide by liquid
nickel as indicated by the concentric curves along the perimeter_of the drop,
In an experiment where a nickei drop was evaporated completely from a platelet
the former location of the drop showed many concentric rings. Other evidence

for attack is the occur;encé of etch pits as shown in Figs. 9 and 12,

It was found that liquid nickel also attacks magnesium oxide at

subgrain boundaries but this cannot be detected visually unless the magnesium
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oxide and the nickel are held at 1500°C for at least thirty minutes,

D, Polarized Light,

The use of polarized light revealed the existence of internal
strain, Fig. 16 shows the interface between a drop and a rod of the magnesium
oxide, A similar pattern is obtained viewing the interface between a drop and

a platelet, No such pattern could be detected with a platelet 1/4 inch thick,

Fig, 16, Interface between nickel drop and rod of
magnesium oxide under polarized light (x25)

As shown in Fig. 17 the side face of a rod in the vicinity of the
drop revealed in addition to an overall pattern, as indicated by the two
curved bands, an array of individual narrow bands oriented in.<?lo:>, some
extending nearly to the opposite face, No evidence of strain could be
detected in the vicinity of the drop on the magnesium oxide rod which did not

possess any cleavage steps.,
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Fig, 17. Side face of magnesium oxide rod with nickel
drop on top surface under,polarized light (x25)

E, Chemical Etching,

Maénesium oxide platelets were chemically etched to bring out

dislocations, subgrain boundaries and any plastic deformation, Fig. 18 shows

ﬁg‘ Sl ‘f_ 7 .~3 .'.
r A WM:}". :
Fig, 18, Chemically etched cleavage face of
magnesium oxide (x100)

an etched platelet with an array of two perpendicular sets of parallel rows
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of etch pits oriented 1n<:§oq:>. The diagonal line from the lower left to
middle right is a subgrain boundary, The other lines running approximately

in a <110 direction are the remains of cleavage steps, i

Fig. 19 shows a high density of etch pits near one of the higher

cleavage steps, It may be noticed that the etch pits seem to be in a broad

band parallel to the cleavage step.

o B

Fig, 19, Chemically etched cleava face,
near high cleavage step (x100

In examining many etched crystals it was found that the occurrence
of arrays of etch pits such as shown in Fig. 19 are relatively rare, many
crystals not having any, Platelets cleaved from crystals, which were not
annealed, have more of these <<100:> rows of etch pits than platelets cleaved
from annealed crystals, A rod which did not have any cleavage steps on one

face did not show any arrays of <100> etch pits,

To examine the nature of these arrays of etch pits the crystal
of Fig. 18 was continuously etched and observed at intervals, It was found
that the etch pits making up the arrays became deeper and larger, then became

flat bottomed and finally disappeared altogether. Most of the etch pits
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became flat bottomed when a few microns deep, the deepest being approximately
from five to ten microns deep, The shortest distance between two neighboring

etch pits was approximately one and a half to two microns,

Tt was also observed that these <:100:> arrays of etch pits seemed
to be etched faster than grown-in dislocations or subgrain boundaries, Etching
the crystal which was opposite the crystal of Fig., 18 at cleavage showed that

the same etch pits do not occur (see Fig, 20). This has also been observed in

Fig, 20, Opposite cleavage face from Fig, 18
d (x100).

many other crystals, Similar arrays of etch pits are visible in Fig. 9.

To see whether the existence of these arrays of etch pits is a
condition for the formation of lines, a nickel drop was melted on a platelet
of magnesium oxide which after a light etch showed subgrain boundaries but
no evidence of etch pits, Observing the interface showed the existence of

these lines with a line density comparable with that of Fig. &,

To see whether a relationship exists between the etchpits produced
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by chemical etching and the lines produced when a nickel drop is melted on a
platelet, a platelet was given a light etch until etch pits appeared., A nickel
drop was then melted on the platelet and the lines under the drop were then
compared with the eteh pits in the same area, Fig. 21 shows the platelet after

chemical etching., Fig. 22 shows the same area, as seen through the platelet,

Fig, 21, Etched cleavage face of magnesium
i oxide. (x100)

Fig, 22, OSame area- as in Fig. 21 but with
nickel drop, as seen through the
platelet, and therefore its mirror
image (x100).
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after a nickel drop was melted on it, Two examples can be found where a line
continues at the end of a row of etch pits, In addition, a line can be seen
to go through two single etch pits, as indicated by the lower arrow, It can
be seen that the presence of a subgrain boundary does not seem to interfere

with the formation of the lines,

Chemical etching of a rod with a nickel drop covering the complete
width of the top cleavage face revealed evidence of plastic deformation on all
the other faces, but in the vieinity of the drop only. On the side faces two

<llO>traces of slip lines could be seen and traces of <100>slip lines

1

parallel to the top surface could be seen., On the bottom face only <100>

traces, oriented perpendicularly to the length of the rod, could be detected,
F. Nature of Deformation.

In order to compare the lines seen on the interface between the
magnesium oxide and the nickel drop with the deformation of a plastically
deformed magnesium oxide crystal, a rod was slowly bent by hand till fracture
occurred, Fig, 23 illustrates the four faces of the rod at the fractured end.

On the tension and compression sides of the rod the lines, which lie in (100),

¥ B3 e Mot
Fig, 23, Faces of broken rod of magnesium oxide
near fracture end, Unetched (x15).
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are more or less continuous across the face, whereas on the side faces the lines
extend inward from the tension and compression faces gradually fading out

towards the neutral axis,

Fig. 24 shows the same rod after etching, On the four faces
additional <110> lines can be seen, As in,the case of the <100>
lines they are continuous across the tension and compression faces and on the

side faces extending inward towards the neutral axis,

Fig, 24, Faces of broken rod near fracture
end. Etched. (x15).

Examining a side face of the rod near the point of fracture with
polarised light reveals arrays of bands oriented in.<:110;>, as shown in

Fig: 25,

In order to etch the interface between a nickel drop and a rod
of magnesium oxide the drop was removed by melting it and allowing it to roll
off the rod. The rod was then chemically etched, To check the effectiveness
of the etchant, some plastic deformation was introduced deliberately in one
end of the rod, Fig, 26 shows that no <:110‘:7traces can be seen on the
former location of the drop. In the plastically deformed region of the rod
<110>s]ip lines could be found, some of them extending into the former

location of the drop showing that <:110:> slip lines could be etched,
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Fig, 25, End of broken rod under polarized
light (x30).

Fig, 26, Area on rod from which nickel drop was

removed by melting, Unetched (x125).

It was observed that the usual fifteen minute etching time was
not sufficient to bring out the <:100:> rows of etch pits, whereas after
fifteen minutes the plastic deformation which was deliberately introduced

showed up very clearly,
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Fig. 27 also shows that little or no etching occurred near the
perimeter of the former location of the nickel drop. Before etching, the lines

were observed to be continuous tc the perimeteras shown in Fig, 26,

Fig, 27. OSame as Fig, 26, Etched thirty
minutes (x750).
In bending the rods it was observed that those rod which possessed
a face which was cut by the diamond saw were more ductile than those rods
which possessed four cleavage faces, All of the rods which possessed a cut

face could be bent tc the degree as shown in Fig.28. Only a few of the
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Fig, 28, Bent rods of magnesium oxide, illustrating ductility.,
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cleaved rods which possessed four cleavage faces were as ductile as this, most

of them fracturing after a small amount of bending.

To examine the nature of fracture of a polished rod, a rod was
polished in hot phosphoric acid for ten minutes after which it was fractured

by bending., The rod was then chemically etched. The result is shown in Fig,29.

Fig, 29, Slip lines on pdlished and broken rod
of magnesium oxide, Etched 15 mins, (x100),

1

Fig. 30 shows an area of the rod of Fig, 24, It can be seen that the traces
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Fig, 30, Slip lines on unpolished magnesium oxide rod., (x100)
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in the polished rod are of a different nature than the traces in the unpolished

rod,

Ge Strength of Bond

To test the strength of the bond formed between the nickel metal
and the magnesium oxide cleavage face, a drop was sheared from a platelet to
see where fracture would occur, Fig. 31 shows the fracture surface of the
drop., By the two sets of cleavage steps it can be seen that fracture occurred

through the magnesium oxide,

Fig, 31. Fracture surface between nickelIAroD

and magnesium oxide platelet. (x250).

A perpendicular section through the drop showed that the layer of
’magnesium oxide sheared off with the drop was apprbximately twenty microns
thick.

A drop of nickel composed of Sherritt Grade C 525 and 2’percent
nickel oxide was sheared from the magnesium oxide., Fracture occurred at the

interface rather than through the magnesium oxide.,

A drop of nickel was melted on a platelet of magnesium oxide by
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bringing the temperature up to the melting point of nickel and holding it there
approximately ten seconds after the nickel melted. Shearing the drop from the
platelet revealed that fracture occurred mainly at the interface and occasionally. .

through the magnesium oxide,

H, Debye-~Scherrer X-ray Analysis of Interfacial Material,

X-ray analysis of the interfacial material was made by the Debye-

Scherrer powder method., Three materials were investigated:

1. the interfacial material between magnesium oxide and Sﬁerritt C 525
nickel held at 1500°C for one hour, Here evidence was found for the existence
of a magnesium nickel compound. No evidence could be found for the presence
of nickel oxide or magnesium, (For powder patterns and calculations see

Appendix I),

2. the interfacial material between magnesium oxide and Sherritt C 525
nickel to which 2% nickel oxide had been added. Here only nickel and nickel
oxide could be detected, No evidence for the existence of magnesium 6xide
could be found, supporting the experimental observation that when removing
the.drop from the magnesium oxide, fracture occurred at the interface rather
than through the magnesium oxide as happens when removing a drop of pure nickel
from magnésium oxide, (For powder pattern and calculations see Appendix II),

o

3. the top layer of the magnesium oxide from which the nickel drop had
been removed by melting. No evidence for the presence of nickel or magnesium-

nickel compound was found,

I, Diffusion of Nickel into Magnesium Oxide.

The relative amounts of nickel which diffused into the magnesium

oxide while at 1500°C were determined by removing the nickel drop from the
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magnesium oxide and by determining the amount of nickel by measuring the
intensity of the nickel K-o line by X-ray fluorescence, The specimens were
prepared by taking two rods from opposite sides of a cleavage crack. Nickel
drops of equal weight were then melted on them. One specimen was brought to
1500°C, then cooled so as to introduce plastic deformation (see under
Discussion) and again brought to 1500°C and held at this temperature for
fifteen minutes, The other specimen was jﬁst brought to 1500°C and held there

for an equal length of time,

Enough specimens were prepared such that the drops could be removed

from the rods in three ways:

1, foreible removal by means of shearing them off,

2, by melting and allowing them to roll off.

3. by holding the specimens at 1500°C till all the nickel had evaporated
away.,

The remaining rods were then placed into the X-ray fluorescence
machine and the relative intensities were plotted graphically. The relative
peak heights are an indication of the relative quantities of nickel in each
rod, The results for removal of the nickel drops by shearing and melting are
illustrated in Fig.32, In the rods from which the nickel drops were evaporated
only a trace of nickel could be detected, which were in approximately equal

amounts,

J., Wettability

The results of the determination of wetting angles between various
nickel materials and magnesium oxide in the polished or 'as cleaved condition!
‘are shown in Table III, The wetting angles were calculated from the drop
dimensions., Measurements were made approximately 1 minute and 20 minutes after

the nickel melted. In the case of the Sherritt C525 + 2% NiO, it was observed
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Fig., 32. Relative amounts of nickel as inﬂicated by intensity
of nickel K-a line. (Relative peak heights indicate
relative amounts),

a. Drop melted off, (Undeformed rod)
b, Drop melted off. (Deformed rod)
Ce Drop sheared off. (Undeformed rod)
d: Drop sheared off., (Deformed rod).

that immediately upon melting, the nickel oxide segregated at the surface of
the drop and formed what seemed to be a solid coating around the liquid nickel,
After approximately thirty minutes this coating had disappeared but for an

occasional pilece which could be seen to rotate around the drop, This was

thought to be due to the stirring effect by the applied maghetic field.



TABLE IIT

Wettability Results.

Wetting angle in degrees

Polished S *As cleaved’®
time after time after
melting (min,) melting (min,)
Material | 1 . 20 1 20
Sherritt C grade No.525 1 102,1 104,6 103.6 98,9
High purity nickel 107.4 103.8 161.6 103,2
Carbonyl - 11455 95.5 108.3 102,2
Sherritt high sulphur - 103,6 99.1 102.1 1102.0
Sherritt C grade + 2% NiQ | 78,0 87,é 102,0 97.0

A large hysteresis of wetting was observed when a nickel drop was
evaporated from the magnesium oxide., The estimated wetting angles varied
between approximately 105° and 80°., During evaporation the wetting angle
would decrease till a sudden contraction occurred at which the wetting angle
would change discontinuously from a lower to a higher value. (For calcula-

tion of wetting angle see Appendix III),
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IV, DISCUSSION

A, Plagstic Deformation,

Comparing the results obtained by plastically deforming a rod by
bending and the line structure, as observed on the interface, one can conclude
that the magneium oxide is plastically deformed during some part of the heating

cycle when melting a nickel drop on a crystal of magnesium oxide (see Section C).
The main evidence supporting this -

1; Identical orientation of the observed lines and the slip lines on

the plastically deformed rod.

2a Identica1.<:110:> patterns can be seen when the interface and the
surface of the plastically deformed rod are examined with polarized light

(see Figs, 17 and 25),

B, Nature of the Plastic Deformation.

Shown in Fig. 33 are the slip systems in magnesium oxide. It can
be seen that there are four slip planes inclined at 45° to the cleavage blane
and will henceforward be referred to as (110)45 planes.18 In addition there
are two slip planes at 90° to the cleavage pléne and will be referred to as

(110)90 planes,

The lines of intersection between the four (llO)h5 planes and the
cleavage plane 1lie in«<:100::>directions. The two (110)90 planes intersect

the cleavage plane in two orthogonal <:110:> directions,

The corresponding Burger's vectors, which indicate the slip direction

for each plane, are indicated by the arrows,
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It is clear that the plastic deformation under the nickel drop takes

place by slip over (lILO)h5 planes only. No slip occurs over the two (110)90
planes as indicated by the evidence in Fig. 27, Here no <:110:> traces of
etch pits can be seen. These <:i1q;> traces would be expected if slip had
occurred over the (110) planes as dislocations would intersect the surface

N

and would show up on etching,

The fact that slip takes places over all four (ilo)hs,plades,is shown
in Fig, 12 where, .due to uneven polishing, the slip lines intersect on the
surface, which is an indication that these slip lines are caused by slip on
different planes, On the bent rod slip occurs on two (110)h5 and two (110)90
planes, No slip occurs on the remaining (llO)h5 planes as their Burger's

vectors are oriented perpendicular to the stresses,

From Figs. 16 and 17 and the fact that slip lines can be detected

on the other cleavage faces in the vicinity of the drop only;, it can be
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concluded that the presence of the drop is essential for plastic deformation

to take place,

Co Cause of the Plastic Deformation.

. The stresses responsible for the plastic deformation can be produced

in two possible ways:

1, The difference in contraction on cooling between the magnesium oxide
and nickel or any compounds formed at the interface.can cause stresses high

enough o deform the magnesium oxide plastically.,

2, By thermal stresses, Thermal stresses are due to differences in
expansion in different parts of one body caused by temperature gradients set up

during heating or cooling,

The first possibility is unlikely when using nickel drops, A
calculation (see Appendix IV) shgws that the difference between the coefficients
of thermal expansion of magnesium oxide and nickel is too small to cause
stresseé high enough to exceed the yield stress. It islfelt also that even
when the stresses due to thermal contraction were high enough, the drop would

have sheared off completely, as in the case of cobalt.

From the wvarious eiperiménts described under experimental results,
it can be seen that thermal stresses can cause plastic deformation in magnesium
oxide, The fact that additional slip lines occur when a platelet with drop is
heated and cooled faster at a second cycle is not sufficient evidence that
thermal stresses are resp;nsible for the plastic deformation, It may well be
possible that the plastic deformation in the first cycle produces additional
slip sources which are then activated during the second cycle., However, the

fact that a silver drop when heated to 1400°C causes plastic deformation
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whereas no evidence of plastic deformation can be found when the silver is
heated to 1000°C is conclusive evidence that thermal stresses are regponsible
as a liquid is not capable of exerting forces other than gravitational, 1In
addition, a calculation of the possible magnitude of the thermal stresses
shows that a small temperature difference between the center and the perimeter
of the interface between the nickel drop and the magnesium okide can give rise

to stresses exceeding the yield stress (see Appendix V).

From the fact that no lines could be detected on the area of the
magnesium oxide platelet from wﬁich the drop had been evavorated can be
concluded that the plastic deformation takes place during the cooling, This is
also supported by the fact that the rate of change of temperature is sub-

stantially higher on cooling than on heating as discussed under equipment,

D, Temperature at which Plastic Deformation Occurs,

An actual measurement of the temperature at which the plastic defor-
mation occurred could not be made, but it is felt that the plastic deformation
took place immediately when cooling began, therefore at a temperature of
practically 1500°C. This is reasonable when one realizes that the region
under the drop can lose heat by conduction only and then when areas other than
the area under the drop have cooled down, Furthermore the rate of heat loss
at these areas occurred by radiation only and will therefore be high at these

temperatures,

E, Plastic Deformation During Heating.

The only way that plastic deformation could occur during heating is
if the nickel drop, but not the magnesium oxide, were heated suddenly. It was

observed that the nickel supercools at least 50°C, indicated by the experimental
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observation that the drop suddenly *flashed®, due to the heating of the drop
by the sudden release of the heat of melting, This in effect, corresponds to
an infinite heating rate and could give rise to thermal stresses in the ..

magnesium oxide which exceed the yield stress,

However, from the exverimental observation that a drop of silver
melted on a platelet of magnesium oxiFe can give rise to plastic deformation
at temperatures above the melting point of silver, one can conclude that the

supercooling effect is not responsible.

F. Study of the Plastic Deformation Under Polarized lLight,

The use of polarized light shows that, after cooling, stresses

exist in both the platelets and the rods in the vicinity of the nickel drop,

Comparison of the patterns shown in Figs. 16 and 17 with patterns

31 shows that the pattern in Fig, 16 is similar

published by Jessop and Harris
to the pattern of a photoelastic model of a vertical circular plate loaded by
a vertical compressive force, The pattern in Fig. 17 is similar to the elastic

strain pattern of a photoelastic model of a beam loaded at the center and

supported at the ends,

G;. Mechanism of the Plastic Deformation,

It is felt that the rods and platelets were deformed in the
following ways Initially at 1500°C both drop and platelet or rod are at the
samé temperature. When the temperature is lowered, the region under the drop
does not cool as fast as the rest of the platelet or rod. This gives rise to
thermal stresses, They will be in the form of compressive and shear stresses
(see also Appendix V). As the yield stress of the region under the drop,

because of the higher temperature, is lower than the yield stress elsewhere in
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the platelet or rod, it will plastically deform whenever the thermal stresses
exceed the yield stress. Upon further cooling the deformed region will
contract more than the rest of the platelet and will give rise to the overall
gelgézic bending momeﬁt as seen in Fig, 17, Upon cooling no additional plastic

deformation will take place as the yield stress is higher at lower temperatures.

As the region under the drop will be compressed when deformed, it
will be under tension once the drop and platelet are at room temperature,
This is supported by the fact that occasionally cracks can be seen around the

perimeter of the drop.

Although the region under the drop is in tension and therefore the
opposite face under compression, the overall strain is that of a beam supported
at its ends and loaded at its center, because on cooling the region of the rod

or platelet under the nickel drop contracts more than elsewhere,

The fact that a bending moment exists in the rods is'also sﬁpported
by the evidence in Fig, 16, which shows an elastic strain pattern identical to
the pattern obtained in a vertical circular plate under a vertical compressive
load, The experimental observation that a pattern such as in Fig, 16 could
not be detected on the interface between a nickel drop and a platelet 1/4 inch
thick, can be explained by the fact that the strain resulting from the bending

moment in a thick platelet is less than in a thin platelet,

It is felt that little or no contribution is made to the stresses
in the magnesium oxide by the differences in contraction on codiing as the
coefficients of thermal expansion are nearly identical, This is also
supported by fhe experimental observation that no evidence of strain could be
detected in the vicinity of the drqp melted on the rod which did not possess

any cleavage steps,
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H, Temperature Dependence of the Plastic Deformation

The fact that no plastlc deformation could be detected on the 1nter-
faces between platelets of magnesium oxide and drops of copper, aluminum and
silver heated to approximately 50°C above the meltlng p01nt of the respective
metal can be explained by the fact that the yield .stress of magnesium oxide is
higher at these temperatures than at 1500°C, In addition, as the thermal
stresses induced in the magnesium oxide will be a function of the rate of cool-
ing and as cooling takes place by radiation only and theréfofeldepends on the
fourth power of the temperature, the thermal stresses at lower temperatures
will be substantially lower and may be low enough ﬁot to exceed the yield stress

of the magnesium oxidse,

I, Nature of Slip Sources,

As the slip lines coincide with rows of <:lOO>> etch pits as shown
in Figs. 9, 21 and 22; it can be concluded that the lattice imperfections which
give rise to the etch pits are responsible for the slip sources in magnesium
oxide., This is substantiated by the fact that no slip occurs on (100)90 planes,
although the thermal stresses present are high enough for slip to occur on these
planes,

The etch pits are evidence of dislocation-loops in the screw orienta-

tion introduced in the surface during cleavage because:

1. They are line imperfections in the crystal as shown by the experi-
mental observation that they continue into the erystal on continued etching of

the surface,

2o Their orientation corresponds to the orientation of screw disloca-

tions (see Fig. 33).
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3, They appear only on one side of the cleavage crack as can be seen in
Figs. 18 and 20 and are therefore introduced during cleavage.

L. They become flat-bottomed on continued etching showing them to be

closed loops.17

5. They etch faster than subgrain boundaries and grown-in dislocationS,f &

This indicates that these dislocations are *fresh? dislocations.18

Additional evidence for these dislocations to be ?fresh' are the
etch pits in Fig. 9, produced by etching of the magnesium.bxide by liguid
nickel, These etch pits, as in the case of chemical etching, appeared faster
than subgrain boundaries and grown-in dislocations, It is felt that all the:
etch pits shown in Fig. 9‘are evidence of dislocations introduced during

cleavage, although they do not appear in arrays.

Jo Mechanisms of Introduction of Slip Sources into Surface,

The formatiom of <:100:> rows of dislocation loops is closely

connected with the formation of cleavage steps as:

1, When chemically etching a cleavage face no rows of < 100> dis-
locations can be detected when the cleavage face does not display cleavage

steps,

2. A high density of <f100:> rows of etch pits is produced near high

cleavage steps as shown in Fig, 19,

I

3. The etch pits produced by the liquid nickel as in Fig, 10 seem to

be near low cleavage steps and

Lo Many of the rows of dislocations terminate on cleavage steps as

shown in Fig, 21,
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Various mechanisms can be suggested to explain the simultaneous

occurrence of cleavage steps and dislocations introduced during cleavage:

1. 4As diécussed by Giiman29 cleavage steps éré produéed“during ciéé&age
when the cleavage crack intersects screw»dislocations. These screw disloca~
tions may already be present in the crystal or they maj ge ééréw dislocations
introduced during cleavage ahead of the cleavage crack, An indication that
the intersection of dislocations is responsible for the formation of cleavage

steps can be seen in Fig. 10,

These dislocations introduced during cleavage take the form of

40

closed loops * which are nucleated by the high stresses at the tip of the
cleavage crack, and are then bisected by the crack, If the cleavage crack
propagates at less than a critical rate, these half-loops may expand to such

a size as to remain stable in the crystal. This would require that identical
patterns of etch pits should be obtained when chemically etching both sides of
the cleavage crack. The fact that this is usually not the case, as shown in
Figs. 18 and 20, is that the stresses may not be symmetrical around the tip
depending on the method of cleavage and therefore the stresses at only one

side of the cleavage crack may be sufficient to expand the half-loops to such

a size so that they are stable and do not collapse,

This is also supported by the experimental observation that only
one example coulg be found where a one-to-one correspondence existed between
slip lines on the interfaces between surfaces on opposite sides of a cleavage
crack and nickel drops, If the dislocation loops nucleated ahead of the
cleavage crack grew large enough so that‘stable half-loops would remain at both
sides of the cleavage crack, then a one-to-one correspondence would occur more

often,

2. Cleavage steps are also initiated at the start of the cleavage crack,
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it being practically impossible to étart the crack on one atomic plane only,
It has been observed experimentally that most of the higher cleavage steps
originate at the point at which cleavage was started. During the propagation
of the cleavage crack through the crystal considerable shear will be produced
in the vicinity of these cleavage steps. This may slow down the crack to such
an extent that it propagates at a rate which permits the loops, nucleated at
the tip of the cleavage crack, to expand and to remain as stable half-loops

in the crystal, as discussed previously. This is illustrated clearly in

Fig. 19 where the high cleavage step is one initiated at the start of cleavage.
This slowed the crack down such that the dislocation loops nucleated at the
tip grew large enough to be stable as indicated by the presence of etch pits,
The crack intersected theée dislocation loops and, as discussed above, gave
rise to additional cleavage steps indicated by the irregular lines roughly
perpendicular to the high cleavage step. The boundary of the band of etch
pits indicates the location where the rate of propagation of the cleavage

crack changed discontinuously.

3. It may also be possible that even when the rate of propagation of
the cleavage crack in the vicinity of cleavage steps is too high for‘disloca-
tion loops to become stable, the shear stresses at the crack front, due to the
. propagation of the cleavage steps initiated at the start of cleavage, may be
sufficient to expand the dislocation loops nucleated at the tip of the
cleavage crack to remain as staﬁle loops in the crystal, This mechanism may
explain the occasional row 6f dislocations which seem to start at a cleavage

step as shown in Fig. 21,

L, Some evidence exists which indicates that the grown-in dislocations
are responsible for the <:100:> arrays of dislocations as more of these arrays

seem to occur in platelets cleaved from crystals which were not annealed than
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in platelets cleaved from annealed crystals, In addition, as shown in Fig, 21,
a row of dislocatiors seems to be nucleated where a cleavage step intersects a

subgrain boundary,

From many observations on etched cleavage faces, it was conclﬁded
that most half-loops were introduced by the second mechanism, By the evidenée
mentioned, some half-loops werealso introduced by the third and fourth
mechanisms, It was never observed that half-loops were introduced by the

first mechanism,

The occurrence of rows of dislocation half-loops is due to the
multiplication of a single half-loop. Once a single half-loop has been nuclea-
ted it can act as a triggerl8 for further half-loops in the same slip plane,
The multiplication of a loop once it has been nucleated is not necessary for
the formation of slip sources, as it has been shown experimentally that slip
lines occurred on the interface between a nickel drop and a chemically etched
platelet of magnesium oxide which did not exhibit any <f100:> rows of etch
pits, The slip sources then consist of single dislocation half-loops., An
example of this may be seen in Figs, 21 and 22, where a slip line goes through

two etch pits only,

Washburn, Gorum and Parkeri! also observed these dislocations,
introduced during cleavage, However, in their specimens the rows of etch pits
‘which showed up after etching ran along the length of the specimen only. From
this it was concluded that these dislocations could not affect the ductile
properties as the Burger's vector of these dislocations is oriented perpendi-

cularly to the applied stress,

In the present investigation it was shown that in cleavage approxi-

mately an egual number of slip sources were introduced on all slip planes,
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Therefore it can be concluded that only those half-loops oriented in the
direction of crack pfopagation can trigger the nucleation of rows of half-
loops, The half-loops oriented perpendicularly to the direction of erack -
propagation do not multiply but can still act as slip sources, The conclusions

reached by Washburn, Gorum and Parkerl7 should therefore be altered,

K. Slip Source Density

A calculation based on the number of slip lines produced shows that
the number of slip sources introduced during cleavage varies from a maximum of
approximately fifteen thousand slip sources per cm.? for a surface with a high
density of cleavage steps to no slip sources on a surface without cleavage

steps (see Appendix VI),.

The experimental observation that rods, when bent by hand, exhibitéa
varying degrees of ductility before fracture, can be explained by assuming that
the more ductile rods had more surface sources than the relatively brittle rods.x'7h
This is supported by the observation that those rods which possessed a face |
formed by cutting the crystal with the diamond saw were-invariably'ductile.
That a rough surface treatment leads to introduction of slip sources has been

18 who introduced dislocations in the

observed by Stokes, Johnston and Li,
surface of polished magnesium oxide rods simply by sprinkling the surface with
L6-mesh carborundum powder from a height of three inches, The relative
ductility can also be explained if slip took place on one slip system only,

This way dislocation pile-upvand subsequent crack formation leadiné to

fracture,1? is avoided,

L., Minimum Size of Stable Dislocation Loop.

A calculation of the minimum size of a closed dislocation loop which

can remain in the crystal shows this to be approximately one micron, The
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minimum size of a stable dislocation half-loop will probably exceed this.
figure somewhat, This compares favourably with the average depth of a few
microns and the observed distance between etch pits of approximately one and

one half microng, assuming that these two etch pits belong to the same loop,

The minimum size of loop is.probably a function of temperature and
would depend on the relative temperature dependence of dislocation tension and
minimum shear stress of dislocation glide. Most of the loops remain stable at
1500°C as they act as slip sources at this temperature. In addition, as shown
in Fig, 9, where liquid nickel etched a row of dislocations at 1500°C, they

did not*haﬁé a tendency to.move, (For calculation see Appendix VII),

The experimental observation that no more siip is produced at the
highest cooling rate than at a lower cooling rate could be because of this

minimum size of stable dislocation loop.

M, Depth of Slip Sources.

From the following experimental observations, it can be concluded

that the slip sources are located at or just below the cleavage surface:

1. The dislocation half-loops introduced during cleavage were responsible
for the slip. These half-loops were observed to extend only a few microns

into the surface,

2, No slip lines could be observed on the interface between a nickel
drop and a platelet of magnesium oxide which was polished in hot phosphoric
acid for about ten minutes, As hot phosphoric acid attacks the surface at a

19

rate of approximately one micron/min, it can be concluded that no slip

sources can be found which are more than ten microns below the surface.

3., Additional, but not conclusive, evidence is as followss



- 56 -

When chemically etching a rod with a nickel drop one can detect two
sets of {110> slip lines and one set of (100) slip lines parallel to the length
of the rod. In the bottom face, only (100) slip lines can be seen which are
perpendiculaf to the length of the rod, Recalling that slip with respect to
the interface takes place over the four (110)h5 planes only, one can conclude
that the slip lines, as observed on the side and bottom faces of the rod, are
lines of intersection of slip planes originating at or in the viecinity of the
top sufface. This, of course, can also be explained by assuming that the

thermal stresses exceed the yield stress in the surface only,

The presence of'< llO)’ slip lines on the side face of the chemically
~etched rod could lead one to conclude that slip also Occurs over (110)901p1aqe§,
but as a (110)90 plane with respect to one cleavage plane is a (llO)h5 plane
with respect to a perpendicular cleavage plane, one can still define the slip
taking place over (110)h5 planes only. The difficulty of definition on which
plane slip takes place is removed if one defines the slip plane with respect

to the surface at which the slip source is located. Slip then takes place on
(no)w plénes‘ only, The <110) slip traces in the tension and compression
surface of the bent rod, such as in Figs. 18 and 24, are due fo 8lip nucleated
at the side surfaces, although with respect to the top surface this would be

(110)90 Slipe

N, Number of Dislocations Produced by Slip Sources,

An estimate can be made of the maximum number of dislocations produced
by the slip sources when activated by the thermal stresses, Each time a
dislocation on a (llO)h5 plane emerges on the surface, the height of the slip
line, as measured perpendicularly to the surface, is increased by a length
equal to half the lattice parameter or approximately 2.1‘x 10'8 cm; As the

height of the step, as measured perpendicularly to the surface, equals its

apparent width when viewed perpendicularly to the surface, its height can be
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estimated by measuring its width. As shown in Fig. 10, the width is no more
than half a millimeter wide at a magnification of 2500x, which makes its
height approximately 2 x lO'5cm. This corresponds to a total number of =~

approximately one thousand dislocations,

It is felt that the slip sources can produce a maximum number of
dislocations after which they are rendered inactive, This can be concluded
from the experimental observation that on thermal cycling no change in the
appearance of the slip lines can be detected. In addition, a platelet with a
nickel drop heated to 1800°C did not seem to have any higher slip lines than

27

one cooled from 1500°C, Observations made by Pask™' also support this view,

Slip sources can be rendered inactive through various mechanisms:

1. This could take ﬁlace by pile-up of dislocations against subgrain
boundaries or against other regions of slip, The combined back-stress of
the piled-up dislocations could increase the shear stress required to operate
the source to exceed the thermal stresses, Pile-up against subgrain boundarigs

does not occur in magnesium oxide as shown in Fig. 22,

2. In the case of magnesium oxide the sources'activated by the thermal
stresses may be destroyed by the deformation it produces., This is because
these 8lip sources are located near the surface., Each time the source
produces a dislocation it will have advanced to the surface a distance as
measured along the slip plane equal to its Burger's vector, - If enoggh dis-
locations can be produced the slip source will come out to the surface and

will cease to exist,

It is not necessary for the source to move to the surface to be

rendered inactive, Assuming the source takes the form of a double-ended
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Frank-Read source it will ceése to operate when'the points at which the
dislocation is‘apchofed are within a diétance,from;£h§ surface equal to half
the critical l;ﬁgth of fhe sourée. ‘The critical lgngth of a double-ended
Frank-Read source ié‘the distance between the anchéfing points below which,

at a certain stress level, the source will not Opefate.

As only half the stress is needed to operate a singlé-ended Frank-
Read source of the same léngth, the same'étress will opsrate a single-ended
source half the length of the double-ended source. Therefore, the source can

approach the surface to within a.disténce equal to half its length.

A calculation of the critical length of a double-ended Frank-Read
sourde, based on a yleld-stress 6f 3.1 x 108 dynes per cm.? at 1500°C, showed
it to be approximately one micron, The source will then cease to operate‘when

its anchoring points are within half a micron from the surface,

0. Mechanism of Dislocation Multiplication.-

- One mechanism by which the dislocation half-loops can act as slip
sources is by the formation of jogs in the dislocation loops by either the
loops ‘intersecting a grown-in dislocation or by the loops intersecting loops

nucleated on other -slip planes,

If the loop acquireé.dne jog it can operate as a Frank-Read half-
source, If the loop acquires two jogs, it can act as a double-ended Frank-

Read source,

If the déhéity-of grown-in dislocations is lO5 per cm.2 then a half-
loop with a diameter of five microns will, on the average, have intersected
0.01 dislocation, The probability‘of jog formation does seem rather low,

However, it is not necessary for the loop to have acquired jogs when formed.
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It can form jogs when undergoing expansion under applied shear stresses, This
way the loop may intersect a considerable amount of dislocations which then

leads to anchoring,

P, Intrinsic SlipﬁSoﬁrces.

In addition to slip sources in the surface introduced during
cleavage, evidence exists for the presence of ?'intrinsiec? slip sources, This
can be concluded from the fact that a rod which was polished for ten minutes
in hot phosphoric acid to remove all surface sources, exhibited evidence of
plastic deformation when bent and subsequently etched as shown in Fig. 23.

It is cleér that the sources responsible for slip in the polished rod are of a
different nature from the surface sources in an 'as cleaved rod', by comparing
Fig. 29 with Fig, 30 which shows an area of a plastically deformed rod, which
had not been polished. The slip lines in the polished rod appear to be wider
than the slip lines in the rod in the vtas cleaved' condition. This suggests
that the intrinsic sources, when activated under a shear stress, generate dis-
locations by a mechanism different from the mechanism by which the surface

sources generate dislocations,

It is felt that the faint <:11Q> lines observed in Fig. 13 méy be
due to slip caused by the generation of dislocations by the intrinsic sources.
- It can be concluded, however, that the intrinsic sources contribute very little
to the ductility of magnesium oxide crystals;activated by thermal stresses,
such as occur under the nickel drop, This could be due to the fact that these
thermal stresses may not be high enough to activate the *intrinsic sources?',
This is supported by observations by Stokes, Johnston and.Ii where it was found
that the activation stress for slip in polished magnesium oxide rods was much

greater than the stress for slip in rods which contained surface sources.
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R, Chemiéalwﬁeactionslat Interface.

From the experlmental observatlons a hypothesis may be developed for
the type of chemical reactions Wthh occurred at the 1nterface. The reactlon '

according to . . .
MgO + Ni $ Mg + NiO

~probably did not take,blace. First, no eVidence for the formation of nickél
‘oxide- has: been found and second, the nlckel ox1de is unstable at-these

temperatures and pressures, as calculated in Appendix VIIIa.

A more probable source for the ﬁagnesium ié the diséociation of |

the magnesium oxide into free mégneéium and oxygén éccording?to
2120 S 21g+ 0,
This dissociation is not impossible, as indicated by a thermodynamic calcula-

tion (Appendix VIIIb), In addition, it was experimentally observed that the

magnesium oxide is highly volatile, .

Thls magnesium then alloys with the nickel to form the magnesium
nickel compound. This results in the removal of the magnesium, whlch leads to
a faster decomposition of the magnesium oxide 'at the interface, A high enough
driving force is present in the form of the heat of formation and the entropy
of mixing so that the compound is stable at these temperatures. Fig. ‘34 shows

that theicompound” exists below 768°C:.onlys T AR S , o

A calculatlon of the minimum thickness of the 1nterfac1a1 layer such

that complete wetting w1ll occur shows this to be 38,4 1. (See Appendix VIIIe),

The experimental observation of tetching! of the magnesium oxide
by the liquid nickel at the perimeter of the interface is evidence that the
decomposition of magnesium oxide occurs preferentially at the perimeter of the

interface,
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The driving force responsible for the preferential attack at the
perimeter of the interface is provided by the equilibrium between the surface-
and interfacial tensions. Shown in Figs. 35a and 35b are the configurations

of a nickel drop on an etched and unetched magnesium oxide crystal., Replacing

e

\

< 5.
"Mg0 YMgO-Ni

a. Une@phed

b. BEtched

~Fig., 35. Surface tensions equilibria.

the interfacial energies per unit area by interfacial tensions per unit
length and resolving these forces in the plane of the figure results in the

equilibria shown above., B is the angle through which the inﬁerfacial tension
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between the magnesium oxde and the nickel is rotated due to the appearance

of the groove at the perimeter,

The driving force for the reaction which leads to the groove forma-
tion results from the fact that when a groove is formed all the forces are in
equilibrium. On a flat surface this is the case for the horizontal components
only,

The equilibrium of the forces in the horizontal plane is given by
YMgO - YNy CO8 0= VMgO—Ni cos B. During evaporation of the drop the term
¥Ni €08 © continuously decreases. This upsets the equiiibrium. The drop will
contract catastrophically when the imbalance of the equilibrium has reached
such a value that the drop can reattain the equilibrium configuration it will

have on a flat surface. The cycle repeats itself when a new groove is formed,

It is this groove formation which is responsible for the observed
hysteresis of wetting. It can be concluded that little or no value can be
attached to the wetting angles reported in Table III, Most of these will
represent a non-equilibrium wetting angle. Only thosg angles which are
measured immediately after a.contraction of the drop would be an indication of
the wettability of the magnesium oxide. It is clear that the method of study-
ing metal-ceramic interaction by means of wettability experiments does not

lend itself to the system magnesium oxide-nickel.

R. Etching-of Dislocations by Liguid Nickel

Liguid nickel also etches magnesium oxide preferentially at disloca-
tions and subgrain boundaries. The driving force for this is the state of
higher energy of the lattice at dislocations and subgrain boundaries., This
leads to a faster decomposition of the magnesium oxide, which results in etch

pit formation,
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S. Diffusion of Nickel into Magnesium Oxide.

The diffusion of nickel into magnesium oxide single crystals seems
to occur mainly by diffusion along dislocations., This is indicated by a muégm
slower rate of etching of old dislocations compared with fresh dislocations,
These fresh dislocations were introduced at room temperature after diffusion
took place, If the nickel were distributed uniformly through the magnesium
oxide crystal, the etching rate for all dislocations woulﬁ be approximately
equal,

Additional evidence that diffusion occurs along dislocations is
that greater amounts of nickel are present in those crystals which were
plastically deformed. The actual relative amounts of diffused riickel were not
determined, Removal of the drops by shear removes part of the diffused
nickel, Removal of the drop by melting, may introduce extra dislocations,
Also, some of the nickel may diffuse out as indicated by the experimental
" observation that little nickel could be found in those crystals from which
the drop was removed by evaporation. Although in the preparation of the
specimens part of the nickel was removed, it is felt that sufficient evidence
exists to conclude that bulk-~diffusion takes place by diffusion along disloca~
tions, |

Close analysis of the results obtained by Turnbull26 indicate that
those dislocations introduced in the surface during cleavage also affect the

diffusion of nickel into magnesium oxide,

During evaporation of the drop bétween contractions, equilibrium
could be preserved if interfacial tension near the perimeter could be
decreased, This could take place by extra diffusion of the nickel into the
magnesium oxide, The interfacial tension between a nickel rich magnesium

oxide and nickel will be lower than the interfacial tension between pure
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magnesium oxide and nickel, It is felt that this mechanism is responsible for
the fact that little or no chemical etching occurred near the perimeter of the

interface as shown in Fig. 27,

T. Strength of Bond.

The bond strength between magnesium oxide and nickel exceeds the
fracture stress of the magnesium oxide., On removal of the nickel drop from
the magnesium oxide, fracture occurs through the magnesium oxide rather than

through the interface..

The formation of the magnesium-nickel compound at the interface is
necessary for the formation of the strong bond. This is indicated by the
experimental observation that a drop held at a temperature just above its
melting point for approximately ten seconds does not adhere as well as those
held at 1500°C for ten minutes. The amount of compound formed in ten seconds

will be less than the amount formed in ten minutes,

The presence of nickel oxide at the interface has a detrimental
effect on the bond strength. When removing a nickel drop, which initially
contained 2% nickel oxide, fracture occurred at the interface between the drop

and magnesium oxide,

Bond strength between magnesiuﬁ oxide and metals, in general, will
be affected by the formation of gas occlusions at the interface. It was
observed that on the interfaces_bétWeen magnesium oxide and metals such as
silver, copper, aluminum and tin, many gas occlusions formed. Moore and
Thornton8 made the same observation for the system gold-silica, They attri-
buted the formation of gés occlusions to the presence of traces of oxygen in

the vacuum used.
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V. CONCLUSIONS

A, Ductility

The magnesium oxide under the nickel drop is deformed by thermal
stresses which are devéloped during cooling, S1lip takes place on the four
<110 slip planes inclined at 45° to the cleavage plane. The slip does not

seem to be affected by the presence of subgrain boundaries,

The amount of plastic deformation is a function of the rate of
cooling., More deformation occurs at greater cooling rates., At the maximum®,
cooling rates possible no more slip is produced than at a lower cooling rate.
At less than the maximum cooling rate all the slip sources present are

activated,

Because of the plastic deformation, a bending moment exists upon
cooling., As the deformation occurred by compression, the region of the
magnesium oxide directly under the nickel drop will be under tension when

cooled to room temperature,

Heating metal drops, such as aluminum, copper and silver to a
temperature 50°C above their respective melting points, does not give rise t9
plastic deformation when cooled, due to lower thermal stresses and a higher |
yield point of the‘magnesiumWOXide. When a silver drop is heated to 1400°C,

thermal stresses on cooling are high enough to give plastic deformation,

The slip sources activated by these thermal stresses are introduced
in the surface of the magnesium oxide during cleavage. The average depth of
these sources is of the order of a few microns. No s8lip sources activated

by these thermal stresses exist at a depth exceeding ten microns,

The introduction of slip sources in the surface by cleavage is
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associated with the formation of cleavage steps. No slip sources exist in

surfaces which do not have cleavage steps.

The slip source density varies from a maximum of fifteen thousand
sources per cm.2 for a surface with a high density of cleavage steps to no

8lip sources for a surface without cleavage steps.

The slip sources introduced in the surface during cleavage take the
form of dislocation half-loops, The formation of cleavage steps during the
propagation of the cleavage crack slows down the rate of propagation of the
crack or gives rise to enough shear such that dislocation loops,nucleated
ahead of the cleavage crack, grow to a size such that they can remain as stable

half-loops in the surface when cut by the passing cleavage crack.

The calculated minimum size of stable dislocation loop agrees well

with the observed value of approximately one micron,

Etching of these cleavage faces results in the production of etch
pits at these dislocation loops. Rows of etch pits are due to the mﬁltiplica-
tion of dislocation loops located on slip planes oriented parallel to the
direction of propagation of the cleavage crack. Continued etching removes the

half-loops from the crystal,

The multiplication of the half-loops is probably due to formation of
jogs, which then anchor the dislocation. Under an applied shear stress the

half-loops can then multiply and do not move out of the crystal,

The number of dislocations produced by a slip source is approximaté—
ly one thousand. The slip source stops operating due to dislocation pile-ups

or by moving to the surface due to the deformation it causes,
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This method of inducing thermal stresses in cleavage surfaces lends
itself very well to studying the behaviour of surface slip sources in magnesium

oxide and may well be applicable to other materials,

B, Chemical Reactions and Diffusion,

The bonding mechanism between nickel and single crystals of magnesium
oxide consists of the formation of a magnesium nickel (Mg,Ni) compound as
indicated by X-ray analysis of the interfacial material, The bonding force
between the nickel and magnesium oxide exceeds the fracture stress of magnesium
oxide; shown by the fact that removal of the nickel drop leads to fracture

through the magnesium oxide,

The wettability results showed a large hystgresis of wetting., This
hysteresis of wetting.is due to the formation of a ?'groove?! at the perimeter of
the interface between the nickel and magnesium oxide. For this reason, the
method of studying metal-ceramic interactions by means of wettability measure-

ments can not be used in the system nickel-magnesium oxide,

Bulk-diffusion of nickel into single crystals of magnesium oxide
seems to take place by diffusion along dislocations. This is indicated by

the relative amounts of nickel in deformed and undeformed crystals,
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RECOMMENDATIONS FOR FUTURE WORK

It is felt that by using this technique no further understanding
can be gained of the ductile properties of magnesium oxide. However, certain

observations were made which may warrant further investigation.

Quantitative measurement of the diffusion of metals into mggnesium
oxide as a function of dislocation content may indicate to what extent the
presence of dislocations is responsible for bulk diffusion., Magnesium oxide
could lend itself very well for this as it might not recover from any plastice
deformation introduced even if these tests were carried out at fairly high

temperatures.

More understanding can be gained of the size, distribution and
nature of the dislocation loops introduced during cleavage. The X-ray

technique developed by Berg and Barrett might be applicable to this problem,

A study of the wettability of magnesium oxide By other metals or
alloys can also be of interest, The variations in the wetting may be
followed by motion film techniques and may throw more light on the mechanisms

of the hysteresis of wetting.

During the X-ray fluorescent quaiitative analysis of the magnesium
oxide, it was noticed that single crystals would turn a wine-red, whereas
powdered magnesium oxide would remain colorless. It could be of interest to>
investigate this phenomenon, although this could carry over into the field

of solid state physics.
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APPENDIX I

X-ray Diffraction Data from Nickel-Magnesium Oxide Interface.

Photographic prints of X-ray powder patterns of the interfacial

material and pure magnesium oxide are shown in Fig, 36,

Fig. 36, X-ray powder patterns Nos. 1502 and 1528, (Top -~ inter-
facial material, bottom - pure magnesium oxide).

The observed X-ray data for the interfacial material and the
material present as identified from the A.S.T.M. Card Index are shown in
Table IV, The reported d-values for the materials present are shown in Figs,
37, 38 and 39, Comparing the data from the A,S.T.M, cards for magnesium oxide,
magnesium nickel compound and magnesium hydroxide, one can conclude that all
these three materials are present. The lines which could be responsible for
more than one material could be partially due to the presence of Ni as these
two lines are the two strongest lines reported for nickel, as shown in Fig, 41
The presence of magnesium hydroxide might be explained by magnesium oxide
reactingwith the moisture from the air or perhaps with traces of water in
the grease used in the preparation of the specimen for X-ray analysis, From

the relative intensities of the lines, one can conclude that the magnesium
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Data from Film No, 1528

Line | I/I, d Material
15 L.7612 Mg(OH),

2 10 Lo 4357 MgoNi

3 1 3.1120 Mg, Ni

I 20 2.4351 Mg0

5 5 2.3351 Mg(OH),

6 <1 2.2510 Mg, Ni

7 100 2,1091 MgO

8 10 2.0359 Mg,Ni, Ni

9 2 1,7653 Mg,Ni, Ni, Mg(OH),
10 1 1.6488 Mg,Ni

1 50 1.4999 Mg0

2 10 1.2696 MgO
13 15 1.,2169 | MgO

14 1 1.1315 ; Mg, Ni

~ 15 5 1.0496 | MgO

16 5 96382 | MgO

17 10 293956 Mg0

18 10 85786 MgO

19 5 »81007 Mg0
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magnesium hydroxide,

nickel compound existed at the interface or within the magnesium oxide, It
did not exist within the metal drop as this would require that the whole drop
consisted of the cémpound. This could be the case if the attack of the
maznesium oxide was much greater than could be detected metallographically,
From the relative line intensity it can be concluded that only a small amount
of nickel was removed from the nickel drop in the preparation of the powder
specimen, As the line intensities‘of the nickel-magnesium compound are at
least as great as those which could be due to nickel, it can be concluded
that the compound existed at the interface, Also it can be concluded that

* .zl oxide and magnesium exist in quantities not large enough to be detected

..m X~ray analysis,

Any nickel oxide that formed could possibly exist in the.form of
~  <kel oxide~magnesium oxide solid solution, However, as these lines have
~ximately the same d-values as magnesium oxide, any evidence for the
existence of the solid solution is completely obscured by the presence of the
magnesium oxide, Comparison of the relative line intensities of magnesium
oxide and nickel oxide-magnesium oxide (A.S,T.M. Card No, 3,0990) shows the

lines, at least for the greatest part, to be due to magnesium oxide,



APPENDIX II

X-ray Diffraction Data from Interface Between Magnesium Oxide and Nickel

+ 2% NiO,

A photographic print of the X-ray powder pattern of the interfacial
material between magnesium oxide and nickel + 2% nickel oxide is shown in

Fig. 40. The observed X-ray data for the interfacial material and the

Fig, 40, X-ray powder pattern No, 1530 of interfacial material
between magnesium oxide and nickel + 2% nickel oxide.

material present, as identified from the A.S,T.M. Card Index, are shown in
Table V. The A.S.T.M, cards for nickel and nickel oxide are shown in Figs.
Lpl and Ll20

It can be concluded that the material at the interface consists
of nickel oxide and nickel only, The presence of the nickel oxide-water
compound can be explained, as for the presence of magnesium hydroxide (see
Appendix I), by assuming that the nickel oxide reacts with the water in the
air or with water in the grease used in the preparation of the powder specimen,
The lack of evidence for the existence of magnesium oxide in the interfacial
material supports the experimental observation that fracture occurred at the
interface rather than through the magnesium oxide, as happens with drops
composed of pure nickel. From the relative line intensities of nickel and

nickel oxide can be concluded that the nickel oxide, in addition to segregating



TABLE V

Data from Film No, 1530

Line /1o d ' Material
1 10 2,4287 NiO
2 5 2.3374 Ni0,H,0
3 100 2,1044 NiO
hA 100 2.0351 Ni
5 30 1,7602 Ni
6 35 1.4890 NiO
7 5 1.2621 NiO
8 10 1.2455 Ni
9 8 1.2161 NiO
10 5 1,0596 Ni
11 2 1.0505 NiO
12 1 1.0305 NiC,H50
13 5 1.0146 Ni
14 1 .96881 NiO’
15 5 295196 Ni0
16 5 .85815 NiO
17 5 .80718 Ni
18 5 .78693 Ni
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at the outside of the nickel drop (see Experimental Observations) also

segregates at the interface between the nickel drop and the magnesium oxide,
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APPENDIX III

Calculation of Wetting Angle from Drop Dimensions

Fig, 43. Drop with necessary dimensions to calculate
wetting angle,
The relation between diameter D, height H, and wetting angle ©
(see Fig. 43), on the assumption that the drop is spherical, is
cos = D-2H
D

Taking as an example the calculation of the wetting ang;e of high purity
Ni on the tas cleaved' magnesium oxide 20 minutes after melting, where the
following measurements were made:

D = 2,091 inches and

H= 1,290 inches

substitution of these values gives: cos 0 = -,229

from which ' 6 = 103.2

The accuracy by which the wetting angle can be determined by this method
is #2°,
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APPENDIX IV

Calculation of Stresses at the Interface between Magnesium Oxide and

Nickel Drop Resulting from the Differences in Thermal Expansion,

The differencé in thermal expansion per centimeter of interface

equals (aj - az)aT,
where ay is the coefficient of linear expansion for magnesium oxide32 and

measured to be 13,5 x 10'=6 per °C,.,

ap is the coefficient of linear expansion for nickelBB.and
equals 13,46 x 1076 per °C., and
T 1is the temperature range in °C. through which the

specimen was cooled,
On cooling the nickel will be in compression because of its lower coefficient
of expansion and the magnesium oxide will be in tension therefore the
strains in these materials will be of opposite sign., Therefore the differ~

ence in thermal expansions will be equal to the sum of the elastic strains

(neglecting bending) in each material, This gives,

(01 - ae)AT =5{<1 “v) + (- ﬁ}

By Ea

2
where E; is Young's modulus of magnesium oxide 4 and equal to 1,72 x 1012
dynes per em.2

E, is Young's modulus of nickelBA and equals 2,07 x 1,0:L2 dynes per cm.2
6 1is the resulting stress at the interface, and

v is Poisson's ratio, here assumed to be equal to .35,

Rearranging gives: & =‘E1E2(a1 - a,)aT
(El + Eg)(l - V)

which gives, upon substitution of the appropriate values,
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i

6 =578 x thA T dynes per c:m.2

The resolved shear stress on the slip planes then becomes

O =2,89 x 101"'AT dynes per cm.2

19 8

The resolved yield stress™’ at room temperature is approximately 6,90 x 10
dynes per cm.2 Therefore the temperature interval through which the specimen
must be cooled for the stresses at the interface to exceed the yield &tress is

where 8
2,89 x 10%AT = 6,90 x 10

8
or AT = 6,90 x 10, = 2,39 x 10% °c,
2,89 x 10

As the temperature interval through which the specimen is cooled is approxima-
tely l,hx103°C.or only about 6% of the interval required for plastic deforma-
tion, it can be concluded that the differences in thermal expansion can not

cause plastic deformation,

The accuracy of this calculation is of course dependent on the
accuracy by which the coefficients of expansion could be determined. The
coefficient of linear expansion for nickel can be assumed to be accurate,

The value selected for magnesium oxide was considered to be the most reliable
one, Other values reported for the coefficient of linear thermal expansion
are 133 x ILO_6 pe]f‘l*l °C, and 13.3 x 1.0-6 perlh °C, Calculations based on
these values also show that plastic deformation could not have taken place

by the differences in contraction on cooling.
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APPENDIX V

Calculation of Thermal Stresses at the Interface between the Nickel Drop and

the Magnesium Oxide Resulting from Temperature Differences on Cooling.,

In principle one can calculate the thermal stresses that ocecur on
cooling by solving the partial differential equation for heat flow to obtain
equations for the temperature distribution as a function of time. From these
equations the thermal stresses can then be calculated. However, in order to
be able to solve the partial differential equation for heat flow, one requires
a detailed knowledge of the boundary conditions. It is experimentally
impossible to determine these, Even an approximation cannot be made, because
of the of the fast response of the temperature of the susceptor to power input.
However, an estimation of the thermal stresses can be made, Various models
and temperature distributions can be assumed, such as a thin circular disc

with a temperature distribution or a body with a higher temperature than its

surroundings, but constrained to expand.

The radial and angular stresses for a thin circular disc of radius

b with a temperature distribution symmetrical about the center, as given by

35

Timoshenko and Goodier are

b : r B

6r = ab }l—_JATI‘dP -1 |ATrdr
b2 r?
o )
b r
e = aE<-=QT + 1 ATrdr + 1 {ATrdr
€
o %

where a 1s the coefficient of linear expansion

E 1is Young's modulus
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AT 1is the temperature difference between the center of the plate and
the perimeter,

r 1is the distance from the center to the region under consideration,

Assuming a parabolic temperature dependence gives for the temperature distri-

bution 2
T(r) = AT °
)

Substitution of this into the equation for the stresses andintegration gives

6, = uEAT(;L_- 2) and
L 2

= aBaT( -3+ r2>
% '\% 102

Sin

which gives for

r=0 g =aBal,
i 4L

66 = =3 aEAT and for

6= ~1 GE AT

Substituting the values,

13.5 x 107® per °C.

a =
and E=1,72 x 1012 dynes per crma2
gives for r =0

B,= 5,84 4T x 106 dynes per cm‘,‘2

6y= ~17.540T x 100 dynes per om,?

and at r=>»

& = -11.74T x 10° dynes per om,”

o
-
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the corresponding resclved shear stresses at the slip planes will be for

r =0,

H,= 2.20T x 106 dynes per cm,?

6a 2

-8,754T x lO6 dynes per cm,

]

and for r = b
6g= -5.85 T x lO6 dynes per cm‘.2

The resolved yield stress has been measured to be approximately 3.1 x 108 dynes

per cm.z, therefore plastic deformation will eccur at r = O when

3,1 x 108

8,75 x 10

AT

35.4 °C,

and r = b when

3.1 X 108

5,85 x 100

il

AT

53°C,

Another more simple calculation is based on the stress necessary to constrain
a body from expanding under increase of temperature. In this case the thermal
expansion equals the elastic strain due to the applied stress. This gives

adT = 6
E

where AT is the rise in temperature of the body. HRearranging gives

f

& = aB AT

2

i

13.5 x 1070 x 1.72 x 10°4T dynes per.cm,

23.2 x lO6 AT dynes per cmo2

The resolved shear stress on the slip planes is then

= 11,6 x 106 o T dynes per crn.,2
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The temperature rise for the shear stress at 1500°C to be equal to the

yield stress 8
aT 3.1 x 10" = 26,7 °C,

116 x 10

Assuming that these calculations are applicable to the conditions
at the interface between the nickel drop and the magnesium oxide, one can
conclude that a temperature difference between the center of the interfacé and
the perimeter of approximately 35°C can produce stresses which will exceed the
yield stress., From the second calculation it can be concluded that a mean
temperature difference between the region under the drop and the region outside
the drop of approximately 25 to 30°C. will also causé plastic deformation,
Temperature differences such as these are well within the limits of those
expected., Observation of the furnace and specimen when cooling shows that the
susceptor will be at a temperature where it does not emit visible radiation in
less than thirty seconds. The nickel drop, however, will remain red hot for at
least two or three minutes., From this it can be concluded that the areas of
the magnesium oxide, not covered by the nickel drop, can emit radiation to a
virtually cold body, whereas the area under the drop cannot, It is felt that

temperature differences of the order of 100°C. are not impossible,
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APPENDIX VI

Calculation of Dehsity of Slip Sources Introduced During Cleavage,

This calculation is based on the following assumptions:

1. each slip line is caused by the presence of one source,

2, all sources under the nickel drop are activated,

3. no slip is produced by sources outside the area of the surface
covered by the nickel drop,

L, there is an equal number of sources that give rise to slip lines
in one [100] direction as in the perpendicular direction,

5. all the sources produce sufficient slip to be detected by optical
means.,

6. all the slip lines are continuous from one side of the interface

to the other,

Fig. 8 represents an area in the cénter on the interface between

a nickél drop and magnesium oxide platelet at a magnification of 250x. The
width of the figure is 10 cm., The diameter of the interface has been measured
to be .21 cm, The number of vertical slip lines across the width of the
picture, counting from left to right, is approximately 50, These 50 slip
lines were produced by slip sources in an area equal to

1o x .21 cm.? = 8,4 x 1073 cm,?

250
As many slip sources are introduced during cleavage for slip in one direction
as for slip in its perpendicular direction. Therefore in this area of
8.4 x ZI_O-3 cm.2 100 slip sources are introduced, This gives a slip source

density of

2
- 100 sz 12,000 slip sources per cm,
8.5 x 103 ’
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Calculations based on the same assumptions for the slip source
density of an interface with a high cleavage step density, gave a density of

approximately 15,000 slip sources per cmog,

The assumptions on which these calculations are based are valid in
so far that it is reasonable to assume that each slip line is caused by one
slip source only, However, it may not be valid to assume that all the sources
under the nickel drop are activated as the thermal stresses will be a function
of position and may not be high enough in some areas to activate the slip
sources, However, the experimental observation that the highest cooling rate
did not give rise to more slip lines than a lower cooling rate would indicate.

that all the sources were activated,

The third, fourth and sixth assumptiors are supported by actual
experimental observation, However, the assumption that all slip sources
produce enough slip to be detected, is not valid. The lowest slip line that
may be detected is’of the order of 30 K H‘igh,29 which corresponds to a total
production of about fifteen dislocations., The actual plastic deformation
amounts to very little, Therefore from the point of view of amount of
deformation produced, it seems reasonable to base a calculation of slip source

density only on those slip lines which can be detected optically.
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APPENDIX VITI

Calculation of Minimum Size of Stable Dislocation Loop,

This calculation is based on the assumption that the force which
anchors the dislocation loop is the minimum shear stress for dislocation glide.
The force which tends to contract the dislocation loop arises from the tension
of the dislocation line. By equating these forces and assuming that the loop

is circular gives the size of the smallest loop stable in the crystal,

The tension of a dislocation line as given by Cottrellho
T 22 0.5mb°
where T is the tension of the dislocation
A igs the shear modulus
b is the length of the Burger’s vector,

Thelshear modulus can be calculated from

A = B

2(1 + v)

where E is Young's modulus and for magnesium oxide was measured

12

to be 2,51 x 107 dynes per cm,2

v is Poissont's ratio and assumed to be 0,.35.

This gives 11 5
A= 9,3 x 107 dynes per cm,

b can be calculated from the lattice parameter,

This gives -8
b = 2,97 x 10 ~ ¢m,

Substitution of these values into the equation for the tension gives
T = L1 x 107% dynes.
The minimum shear stresslst§ for dislocation glide at room temperature was

measured to be 8 2
% = 3,0 x 10° dynes per cm,
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Using the equation D=2T where D is the diameter of the smallest
stable dislocation loop and T, & and b, as defined above, gives upon substi-

tution
D 27 1 micron

The actual value of D can differ from this value considerably, The calculated

value is no more accurate than the equations and values used for this calcula-

tion,
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APPENDIX VIIT

Thermodynamic Calculations,

(a) Dissociation of nickel oxide.

2 Ni0 £ 2 Ni + Oy

The nickel oxide will be just stable when the free energy change
AF =0

At 1 atm, pressure of O, at 1500°C
AF = +32,000 cal, per gram mol, O,

At any other pressure

AF

fi

+32,000 + 4,575 x 1773 log Po2

= 0

therefore log PO2 T - 32,000
' Le575 x 1773

"30 9llv
lO'h atm,

it

therefore PO
2
= ,76 mm, Hg,
As the total pressure in the system is approximately lO’h to 10'5 mm. Hg, the
nickel oxide will completely dissociate. This is supported by the experimental

obgervation that the nickel oxide coating which formed on the nickel drop,

originally containing 2% nickel oxide, gradually disappeared.

(b) Dissociation of magnesium oxide
2 Mg0 <572 Mg + 0,
The magnesium oxide will be just stable when the free energy change
AF =0
At 1 atm, O, and 1500°C

A F = +184,000 cal, per gram mol. O
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at any other pressure

AF = +184,000 + 4,575 x 1773 log P?‘Mg P,

Letting PMg =2 PO2 gives
log 4 P302 = =22,7

or log PP = -23.3

-7.8
P ==10 7 ‘atm,

therefore

_ 1n=1s5
RMg = 10 “"atm,

The total pressuré of the system as indicated by the ionization gauge
is approximately 10~2 mm, Hg or 1.3 x 108 atm, The partial pressure of oxygen
will be lower than this value, Also, one should consider that, in addition to
pumping, oxygen is continuously removed by oxidation of the molybdenum., The
oxygen partial pressure might therefore be substantially lower than the pressure
calculated, In order to satisfy the equilibrium constant, the partial pressure
of the magnesium must be increased, The magnesium oxide will therefore
dissociate., This is supported by the observation that magnésium oxide

gradually volatilizes at these temperatures and pressures.,

(c) Calculation of thickness of interfacial layer of magnesium-nickel
compound., '

6
This calculation is based on a calculation by Williams and Murray3
for the system Al,03 -~ Cr in which it was shown that the formation of a solid

solution at the interface results in a lowering of the surface tension,

By equating the free energy of formation of the compound to the

energy required to lower the interfacial tension to zero, the thickness of the
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interfacial layer can be calculated,

The free energy change during the formation of a solid solution or

compound
aF = aH + RT(Nl\lan + N, InN,)

where aH is the heat of formation and
-R(N7In Ny + N;InN,) is the entropy of mixing, R is the gas

constant and Ny and N, are the molar fractions of the compound,

AH may be assumed37 to be approximately -2,000 calories per gram
mole, The term -R(Nj 1nNj + Ny InNy) can be calculated to be 1,28, This gives
AF =-2,000 - 1,28 T

at 1500°C AF

L]

-2,000 - 2,270
= «4,270 calories per gram mole

= -1.79 x 10! ergs per gram mole,

As the compound is located at the interface the change in free

energy may be related to a decrease in the interfacial tension,

The relation between area and thickness is given by

area x thickness molar volume

mol, weight of compound
density

The molecular weight can be calculated to be 107.3 grams per mol, The
density can be calculated from the lattice parameters to be 3,47 grams per cec,

therefore area x thickness = 107.3 = 30,9

3447
o free energy change per ¢c, - = - 1,79 x 10+
30,9

fl

=5,79 x lO9 ergs,.per CcC,

The interfacial tension between nickel and magnesium oxide can be

determined from the wettability data., The equation relating the interfacial



tension and the surface tensions is

o . = - cos @
Tvgo-it = MMgo T Vma

where :yMgouNi is the interfacial tension
yMgO is the surface tension of the magnesium oxide-and
2
calculated>® to be approximately 890 ergs/cm,
at 1500°C,

“Yng is the surface tension of liquid nickel and

was measured to be 1845 e_rgs/cm,2

Taking © = 102° gives for the interfacial tension

YMgO-Ni 890 + .2 x 1845

1270 ergs/cm,?

For wetting to occur, © must equal O, i.e., cos @ equal 1, This limiting

condition gives

= =955 ergs/cm.2
Therefore the total decrease in interfacial tension which must take piace;'
if wetting is to be achieved, is

-(1270 + 955) = 2225 ergs/cm.2

Equating the decrease in interfacial tension to the free energy

change of formation gives an interfacial thickness of

2225 cm,
5,79 x 107

= 38.4 A

Therefore, assuming that the parameters used in this calculation are correct,

o
38,4 A 1s the minimum thickness of the interfacial layer if complete wetting
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is to take place, The actual thickness of the interfacial layer exceeded
this figure substantially as a much thicker layer for X-ray analysis was

removed, which contained little or no nickel,
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