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*1 High purity (approximately 99.914%) fine particle size

(40 m ) MgAi2 0 spinel prepared by chemical ooprecipita-

tion was hot pressed using the rate-controlled method in

K agraphite diu. The average density of three hot-pressed

} compacts was 99.2% of theoretical and the average grain

size was 0.5-. Compression specimens out from these com-

- pacts were heat treated at various temperatures and time

periods to achieve the desired amount of grain growth.

The specimens then were tested in compresaion in

vacuo at prescribed temperatures and strain rates and the

amount of flow stress (the dependent variable in this

investigation) was measured in each case. Grain size,

temperature, and strain rate (the independent variables

* in this investigation) covered the range 0.5- 200,OQ

S*Based upon a dissertation submitted by Mr. Chol in
Spartial fulfillment of the requirements for the Degree of
SDoctor of Philosophy.
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1350 - 1800 0(, aind 0.05 -5,%/min, reopeatI~voly.-

Utilizing an IM-1410 computer for data reduotion and

stAtistical analysis, the correlations between the Indand-

ent variables were established. The microstruoture of

Sspecimens was examined carefully after the test and the

findings were related to the work hardening revealed in

the stress-atrain diagra-mm and to the failure mechanism of

the specimens.

,Hot-pressed spinal deforms plastically within the ex-

perimental ranges of this inveotigation. The stress at

which plastic flow initiates depends largely on the temper-TI
ature and to a lesser extent on the strain rate and grain

size. The aximum average flow stress of hot-pressed spi-

nal was approximately 42,000 psi for the specimen with i0,q

Lyrain eize tested at 0.,5%/min strain rate and at a temper-

ature of 13500C. Work hardening is consistently observed

in the stress-strain diagrams obtained in this investiga.

tion and the degree of work hardening is shown to be

strongly dependent on the strain rate, temperature, and

grain size. Wavy slip lines and recrystallization in

specimens with intermediate grain sizes are indicative of

plastic deformation involving dislocation movements along

g F .multiple Blip planes.
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7FFl
IN•hL UCTrON .

Ceramic materials are, in general, economical, readily

available, hard, and resistant to corrosion by oxidizing j1
elements. .The oxicles such as alumina, magnesia? spinell

and zirconia have high melting temperatures and are s~ruc-

turally stable even near teilr melting points. Nevertheless,

until recent decades, metals have been the material of choice

for structural members because of the characteristic brittle-

ness of typical ceramics. Application of a sudden external

stress causes most ceramic matertals to shatter whereas

metals undergo a considerable amount of p2astic deforma-

tion before failing.

Howevor, 'with thu :apld expansion in modern technologies

now underway, a structural component is required which has

the advantageous properties of both metals and ceramics.

Ait present no single material is known to have this unique

combination of properties. The search for this material will

become more effective as the underlying reasons for ceramics'

brittleness and metals' ductility become better understood.

On the basis of calculated bonding forces, metals should

have. far greater theoretical strengLh thhr.• the strength that

is actually observed in them. The low strength of metals

results from movements of dislocations on certain crystal-

lographic planes along specific directions wider the applied

shear force. This movement of dislocations induces plastic

&deformation in metals at a much lower stress level than is
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expected from classical theory, However, dislocations In

most ceramic materials are relatively immobile at room tem-

perature, partly because of the large lattice energy barrier

a•nd partly because of tho complex crystalline structure.

Consequently, most ceramics exhibit very little or no

ductility at ill. At elevated temperatures, dislooLtions

in normally brittle ceramic materials become mobile, thus

imparting plasticity. Even so, most refractory ceramics

are ductile only to a small =xtent because of the limited

mobility of their dislocations on the limited number of

available slip systems.

Spinel (MgAl204) melts at a high temperature and is

chemically inert. Its crystallographic structure is face-

centered cubic with close-packed oxygen ions. Spinel does

have the multiple slip systems that are necessary for

generalized plastic deformations to occur in a polycrystal-

line body. Because of its structure And bonding, spinel is

corrosion resistant, refractory, and thermodynamically stable

at high temperatures. The possibility that it may also be

ductile at high temperatures is the basis for this research

which investigates the deformation in compression of hot-

pressed polycrystalline spinel as it depends upon 1) the

strain rate or speed at which the material is stressed,

2) the temperature, and 3) the grain site of the body.

I.



W-4.i
The experimunts reported here doal with the mechanical I

A .V - oG hot -pressvd spine! ?%igAj 0 at elevated

temperatures. The strength of a polycrystalline material

depends largely tipon its microstructure (e.g.,the size,

shape, and distribution of the grains and pores). Tese

m.crostructural features are the direct consequence of the

starting materials and of the process by which densification

was achieved. The general theories concerning sintering ar•

thus the first topic reviewed.

Sintering

There are two methods of 31ntering: 1) solid-state

sintering and 2) sintering in the presence of a viscous

liquid. In both processes$ the mechanically and/or chemically

bound powders change their size and shape under the appropri-1

ate temperature and time conditions, producing a dense body.

The driving force for the densificatlon is the decrease in

surface area and the reduction-in surface-free energy of the

grains through the elimination of solid-vapor interfaces.

Since liquid-phase sintering Is used almost exclusively for

firing silicates containing viscous phases or metal bonded1" ceruet syatea and since the sintering process involved in

the hot pressing of spinel is of the solid-state type, this

review will deal with solid-state sintering.

II
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SThe densification of a powdered material is auump•i•ned

by pore removal and, in general, grain growth. During the

I early sta-es of solid-state sintering, open pores disappear

I (Clark and White, 1950) and shrinkage occuis through a neck

growth process (Kuczynski - 11.t 1959). According to the

latter there are three possible mechanisms by which neck

growth can occurs 1) viscous or plastic flow of microscopic

or macroscopic particles, 2) evaporation of ions (or atoms)

from convex portions of the system and condensation of these

ions in cavities, and 3) bulk and surface diffusion of atoms,

ions, and/or vacancies. Their experiments with sapphire

spheres showed volume diffusion to be the rate-controlling

mechanimm. A similar experiment by Coble (1959) with sapphire

spheres supports the ringery-Serg (1955) model of sintering.

In this model the neck is identified as the source for

vacancies while the contact boundarias (grain boundaries)

of the crystals act as vacancy sinks. Thus sintering and

shiinkage by neck growth ib thought to be controlled by a

bulk diffasion arocess involving vacancy migration.

Sintering stulies of polycryatalline A!12 0 3 by Burke

(1957) showed that the grain boundaries are apparently good

vacancy sinks. A large amount of porosity still remained

within the grains while near the- boundaries the pores were

absent, ahis preferential removal of porosity along the

C gyain boundaries suggests that, in order to obtain a pore-

free dense body, rapid grain growth must be avoided. The
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more difficult it becomes to remon the bapped pores within

the grains. The only way that this porosity can be eliminat-

ed is by the slow vacancy diffusion process.
=,1

Formation of Spinel

Spinel is found in nature in a nearly perfect stoichio-

metric state, probably furmed under pressure in a hydro-

thermal environmeari. Anderson (1,952) reports that materials

witn a spinel-type structure were synthesized as early as

1850. Wagner (1936) found that spinels are initially formed

at temperatures above 900 C on contact surfaces of two con-

stitueftt oxides by the reaction A0 + B2 0 3 -* AB2 04. He

statoe. that spinel formation ther3after occurs by the diffu-

sian of cations A" and B in opposite directions through

the spinal layer previously formed. In this ionic diffusion

process, oxygen ions are virtually immobile. Carter (1961)

later confirmed this cationic diffusion process for qpinel

formation by means of the inert marker method.

When single crystals of gO and Al 2 0 3 were fired to-

gather in air at 156000 for 250 hours (Puerstenai e.a!.-

1961), spinel formad at the contact interface. In these

estudies it was observed tb-t the thickness of the s pinel

layer adjacent to Al2 0 was ten times greater than that next

to gO. This, they concluded, is an .ndicatioL of the more

rapid diffusion rate of bXg+ ions thau of Ai+÷• ions through

the spinal layer. Navias (1961) has demonstrated that in a
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hydrogen atmosphere spinel is formed uround both single and

polycrystalline aluaira at temperatures of i1O0 - i9OOC by

the vanpr diffus•sion process. Gaseou-_-phase -- es--u oIde

was deposited uniformly on the surface of A120 3 . In an

oxidizing atmosphere, however, spinal formed only at the

contact area.

Rankin and Merwin (1916) originally studied the phase

relationships in the MgO - A1 2 0 3 system, showing MgAl 2 01 as

a coagruently melting compound at 2135 0C. In this work It

was found that XgAl 2 0 formed nearly a complete solid solu-

tion with c(-A1203. Later Roy jj &1. (1953) confirmed these

earlier findings; they reported the maximum solid solution

as 86 mo! ci Al 0 (911, wt. %). Reccntly, Alper _.• &1. (1%6)2 3
reported a maximum solid solution of 11 mol % MgO in MgAI 2 0

240

Structure of Spinel

Bragg (1915) studied the structure of spinel by X-ray

diffraction. The ideal structure of spinel is one of a face-

centered cubic close packing of oxygen ions with cations

occupying some, but not all, of the interstitial positions.

There are eight MgAI 2 04 molecules in a unit cell of spinel..

Metal ions are distributed in the cell s.* that eight divalent

ions occupy eight of sixty-four available tetrahedral sites

and sixteen trivalent ions occupy sixteen of thirty-two

A•• available octahedral sites. Materials with this type of ionic

arrangement are called normal spinels. Bacon (1952) has shown

ithat magnesium a, inate spinel is of this type. Spinels

Ii
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callud "Inverse", exata,)les being 4JiA1, UMn±lOA1, aad
=2

OoAl 2 04. Sacon has further shown that the actual structure

of magnesium aluminate spinel is very close to the ideal one.

Somne heported Thermal and Mechanical
r5Properties of Spinel

Data on the structural, physical, thormal, electrical,

sotical, and mochanical properties of spinel, as reported in

the literature hqve been compiled by Palmour U1 11. (1963 b).

8Lpinel has a melting temperature of 2135 0C, a theoretical

density of 3.60 g/cc, a thermal expansion coefficient of

7.9 x 10-6 c'0 at 25 - 1350°C (Anderson, 1952), a thermal

conductivity of 0.0159 cal/(sec)(cm2 ) ( 0 c/cm) at 800°C (Kingery

0St al., 1954), and a specific heat of 0.2 cal/g/ c at room

temperature (Archibald and Smith, 1953). Its Moh's hardness

is 8. Hot-pressed spinel of high density (99+t theoretical),

fine grain size (average 5A) and high purity (99.9t%) has ah

ultimate compressive strengta of 392,000 psi and transverse

strength of 33,100 psi at room temperature (Choi At j1., 1962).

Sintered spinel of lower density (Hyschkewitch, 1941 a, b)

has ultimate room temperature compressive and transverse

strengths of 270,000 psi and 19,200 psi respoctively. The

room temperature transverse strength for sintered spinel

(approximately 98% theoretical density) is. 12,300 psi

(Anderson, 1952). The ultimate compressive strength at a

temperature of 140000 is 21,100 psi for sintered spinel

_i6



.1L.A L .. tU) . nd tjOO0 pal (srain rate or 0.02

in/min), for hot-pressed spinel (Palmour and Choi, 1963)I

Dislocation and Twinning in Spinal

The dislocation model in spinel was first proposed by

Hornstra (1960) and later verified (Hornstra, 1963) by

transmission electron microscopy. It is described in ýerms

of four (112> quarter-partial dislucation on the till) slip

planes with total Burg6rs vectors along <110> directions.

1 There are a total of twelve possible slip systems in a unit

cell of spinel according to this model. Experimentally,

dislocation etch pits have been observed in spilhi single

crystals (McBrayer et fi., 1963). The spinel structure is

well known for its (111) twinning. The term spinal twinning

is used widely in mineralogy to describe a specific type of

twinning. Many minerals conform to the spinel twinning law

I(Kraus j• 11. 195?).

Hot Pressing

SHot pressing (or pressure sintering) as a forming method

has been used widely in the powder metallurgical field. The

apparent advantages of hot-pressing over the conventional

dry oressing and sintering are that it reduces processing

''me and that it has a potential in forming dense, fine

grained ceramic vare for improved mechanical strength. Thomas

and Jones (1960) described the advantages of hot pressing as

well as the general orincinles involved in forming ware by

hot oressing.

.. _ _ _-_ __-_.. . . .... ...._._
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Becaue of the nature of the forming method, the mocha-
71 nismu by which compaction takes place in hot pressing are

expected to be somewhat different from free body sintering.

ij LAOw 6xtoalaily appliedU Stress in hoL pressing is much larger

than the surface energy which provides the driving force in

sintoring, and significantly enhances the rate of pore

removal, thus accelerating the sintering rate at a given

temperaturu. The techniques of hot pressing and the current

theories concerning the mechanism of densification during hot

pressing are discussed by Jackson (1961). Densification

processes of alumina and magnesia were studied in relation

to the microstructure developed during hot pressing (Vasilos

and Spriggs, 1963). The dielectric and magnetic properties

of lead-zirconate-titanate compounds were ralated to the

physical properties resulting from the various hot pressing

conditions (Haertling, 1964). In this study it was noted

that the electric properties of the hot pressed material im--

proved over those of the body prepared by the conventional

sintering technique. Crandall &I al., (1961), King (1961)

and Mangsen Al al., (1960) have investigated the physical and

mechanical properties of polycrystalline k1203 formed by the

hot-pressing method. Studies of the effects of grain size

on mechanical properties in hot-pressed gO by Spriggs 1t Ajl.

(1964a, 1964b) showed that with increasing grain size the

transverse strength increased. Choi jt al. (1962) have

investigated the dependence of room temperature transverse
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tions. Kriegel al. (1964) showed that the increase of t

total purity in hot-pressed spinel from 99.5% to 99.9%

inor~ased the ultimate compressive strength by approximately

ten fold (20,000 psi) at 160000.

Strength of Crystalline Solids

The strength of a crystalline material is the measure

of the force with which it just resists an externally applied

stress. Theoretically this strength is based upon the attrac-

tive forces of atoms or ions that are present in the crystal.

Thus crystals with different atomic compositions differ in

strength. Actually* however, strength depends in part on

many other factors, e.g.,disturbances in the atomic arrange-

ment, faults in the surface of the crystal, etc. These are

called crystalline and surface defects. One of the most

important defects is the now well known dislo . Through

dislocation concepts, it is possible to understand many of

the complex mechanical responses of crystalline solids, .!.,

ductility and strain (work) hardening. Specimens of normally

brittle magnesium oxide single crystals, when prepared prop-

erly, were plastically deformable at room remperature

(Parker, 1961). At elevated temperatures single crystal

alain um oxide was shown to be plastic (Watchman and Maxwell,

199, 1957; Kronberg, 1955, 1957; ?ay, 1959; Gibbs, 1959;

and Conrad, 1965). Ductility in these Crystals was cloarly

attributed to moving dislocations.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



The properties of dislocations in crystalline ceramio I

metals. Gunerally ceramic materials have two or more ionic I
species differing in size and related by short-range, direot-

ed bonding forces. In addition their structure normally is

more complex than that of metals. When dislocations move

in a ceramic material, bonds, ionic and covalent, must bo

broken and the overall electrostatic neutrality of the

lattice must be restored after the reestablishment of the

bonds. This process takes place with a law lattice energy

involvement in metals, whereas in most ceramic materials

high thermal activation is necessary to achieve sufficient

mobility for dislocation motion.

Thus by means of dislocation theory the strength of

crystalline material can be explained and understood rather
well. However, entirely elastic theories must be invoked V

in coping with the low strength of brittle materials in

which dislocations either do not exist, e.g.,in glass, or

are immobile at a given temperature. Early in the 1920's,

Joffe Al Al. (1924) learned that when a NaCi crystal is

dipped in water the brittleness disappears with an increase

in strength. This phenomenon was explained through the

concept of the surface microcrack. The microcracks in the

surface of the crystal act as fracture initiation points

i causing premature brittle fractures at stress levels far I

below theoretical strength. The microcrack idea for brittle

failure of a crystal was expressed mathematically by

II_ _ _ _ I
Ij



StrengthsE =reductg by mod uer xpri tal

ubstntiaed wth tin lssr apratioIi

Goruia Al 11. (1958) found that embritttlemrit of ionic
K crystAls (Nadl, ?El) is caused by surface dislcoatioa pile-

uops.1which produce internal stress. Such pile-ups Intensify

-the stres!i in unslipped portions of tho crystal ahead of the

advancing columns of dislocations to levels miuch higher than

F the applied stress. Consequently, fracture initiates at the

surface of the crystal. iccording to Strch (1954.) cleavage

cracks form hs a result of dislocation pile-up whenis

Efnca> 12 h G --- (2)

where n = rumber of positive dislocations

Off~ tensile stress

h =materal constant

G rigidity modulus

He estimated from this equation that the number of d'..sloca-

~ tions necessary to cause the failure of copper by the pile-up
process is approximately lO0 Wes'aood (1961) and Johnston

(16)demons tra ted that the pii-e-up -of rlge dibloca-

tia (fro a_ sigesipbn)iteibonayo
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granular cracks dapending on tho degree of m1norxoetatloI

between the crystals. Crack formation by the same process

(Zener, 1948) was further evidenced in the experlaouL by

Clark A!. (5362) 11th Mao "i-c-Xyutul5.

It is known that strength in Crystalline material is

a strupt re-sensitive property. As mentioned, internal

stress in a crystal affects its strength and in the case

of A polycrystalline body, its effects un strength become

even more significant, as Coble L1958) describes in a com-

priehnsive treatise on the subject. Stokes (1963) has

sinmarized and interpreted the data that has been accumulated

primarily since 1958 regarding this. Ryschkevitch (1953),

Spriggs and Vasilos (1963), Kn•dsen (1959), Cutler (1957),

and Choiet al. (1962).have investigated the room tempera-

ture dependence of strength on microstructures and/or process-

Ing in several refractory oxides. In these studiles, the most

significant factors influencing the strength of a crystallu

material are density (or porosity) and grain size. A large

grain boundary area associated with a small grali, rize is

coasid*rod to prohibit diulocatioL movement at 'room tompera-

ture. For this reason, there i.- an increase in the strength

of the material.

I Plastic Deformation and Creep at High Temperatures

iI At elelated tewsratures the role of dislocations aAd

grain bouuduries in crystalline material is considerably

L "R-3-0I - ... . ."_ - . . I ,I r- ... .. .... . .
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complicated through the effect of the high temperature on

the mobility of boundaries and dislocations. The dialoca-
St/ons alreay ist'i-g In the crystal become much more

mobile. New slip systems become operative at high tempera-

tures, resulting in increased flow and a consequent decrease

in strengtht This increased mobility of disl-cvetions at

high temperatuos is responsible for the plas "city in

refractory ceramic materials which are normally brittle at

low temperatures (Wygant, 1951; Chang, 1959; Conrad, 1961,

1965; Wachtman and Maxwell, 1957; and Warshaw and Norton,

-962).

von Mises (1928) aad Taylor (1938) pointed out that for

a fine-gralnead polycrystaliina solid to und')rgo plastic de-

formation, each. crystallit, must be completely capable of

Sadjust~ng to the overall change in the shape of the neigh-

boring grains. They further pointed out thal to satisfy

this condition, each individual crystalline grain must

possess at least five independent slip systems. The deforma-

tion of crystals which do not have these systems must be

accompanied by void formatLona in the grain boundaries. The

identifying of ceramic materiala by their various numbeisa of

sltp systems (Groves and Kelly, 1963; Copley and Pask, 1964)

shows that none of the common ceramic materials have five

independent sllp systefe at low temperature* exvept spinel

t7Nand TIC; these reiýraotoary materials, however, do not have

_ sufficient dlslocatioa mobility at room temperature to permit

20-------- -.- - --



macroscopic plasticity, Skha and oLr s196p) have shown

that polycrystalline sodium chloride deforms plastioally
a ao-• 5lboC at whioth "wavy-1 or mult~iple slip is observed.

The specimens failed by a necking process without devalcIing

grain boundary cracks or voids. Like magnesium oxide, 4odim

chloride has only two slip systems at low temperatures. How-

ever, at elevated temperatures three extra slip systems

become operative, satisfying the von Mtses-Taylor criterion

for generalized plastic deformation of polycrystalline mate-

rials. Similarly, Pratt Al &l. (1964) showed that polyorys-

talline Ca? 2 deforms plastically when five slip systems

become operative at approximately 3500c.

Because the temperature range at which most ceraml.c

materials satisfy the von Mises-Taylor conditions is so high,

additional complications come into play. Thus the occurrence

of plastic deformation in ceramIj materials by simple disloca-

tion movement is rarely observed.

When a polycry.talline mass undergoes a generalized

voluse-conservative deformation at elevated temperatures, it

does sa by deforming the crystalline grains and by sliding

the grains past each other along grain boundaries. According

to the most widely accepted theories, grains can deform

either by some plastic mechanism involving dislocation motion

or by a diffusion memhanism which *:as initially studied by

Nabarro (1948) and -ater refined by Herring (1950).

The extent of plastic deformation by dislocation move-

mant in a crystalline body depends primarily on two factor.q

- -- _- - -- • -... *--~-• - .• -...... s -. ......
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1) the total number of dislocations existi.n and noulw

generated in the grains, and 2) the mobility of the di•-
locations. During deformatiou, t* d•.slocations sweep

across the slip planes until they eventually pile up at

various obstacles, s.Lo, sub-grain and grain boundaries

(Mort, 1953). For further deformation to occur, these

piled-up dislocations must climb over the obstacles by a

diffusion process and continue to move. When the rate at

which dislocations are pushed against the barrier is equal

to the rate at which the dislocations overcome the barrier

by climbing, a steady-state creep rate is established. The

rate-controlling step In this process is the diffusion

necessary to achieve dislocation climb. Utilizing this con-

cept, Weertman (1955, 1957) has shown that the creep rate

C4) varies with the applied stress (o') and the temperature

(T) according to this relationships

= --
RT

where Q is the activation energy for self-dIffusion, R the

gas constant, and A the proportionality constant. The expo-

nent n is a constant varying from 3 to 4. Chang 1960)

found that the steady-state creep of single crystal aluminum

oxide is coutrolled by the dislocation climb mechanism.

To date, creep behavior in most polycrystalline ceramic

materials has been generally considered to be controlled by

Maharro-Herring type diffusion mechanisms previously mentioned.

Barring pro p o a a d the following equation to relate the creep
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rstioo k) to th~e toperaturo kT), the applied stremss(r

the grain size (d) of the polycrystalline body, and the

diffusion cofficient (D)z

~ -- (a

The linear relationship of 4 and or in the equstion indicates

that the flow prcaess is a viscous type controlled by vacancy

diffusion in the lattice. Plany research workers (Warshaw and

Norton, 1962; Chang, 1959; and Folweiler, 1961) have shown

that the activation energy determined from creep tests in

polycrystalline aluminum oxide agrees well with that obtained

from the sintering rate and internal friction methods, indi-

cating that the creep progcess of this material Is controlled by

the Nabarro-Herring mechanism. The diffusion mechanism is

controlled by the concentration of vacancies, their rate of

migration through the lattice, and the state of stress. How-

evert due to geometrioal considerations, these mechanisms

cannot operate extensively in a polycrjstalline mass without

somu accompanying grain boundary motion. The dependence upon

grain size is expressed as a power function proportional to

d--2

Altholigh attempts have been made to explain the creep

aechanism in terms of the grain size of polycrystalline ceram-

ige, e.e., Al 2 03 , all researchers do not agree on the nature

of this mechanism. Howaver, the work of Coble and Guerard

(1963) setts to elear up the disparity concerning the creep

mechanisa of large-grained &1203. Accumulated experimental

i''~~~~~ ~~ ~~~~ 30 -- . . - ... i....J--'i]... .. - ~ .... . .
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evidence tends to demonstrate that creep in polycrystalline

A1203 is a viscous flow regardless of grain size, although

the recent results of Fryar and Roberts (i965) and LDavis and

Palmour (1960, 1965) suggest. that plastic de-ormation on

basal slip plane may be important in , hgh y polycrys-
S~~~talline alimina. "" ,

Creep by vacancy diffusion has also been obse~red in

polycrystalline metals, Acoording to Conrad (1961), Chen

and Machl.an (1957), and Gifkins (19%), even In ductile

metals, void formation in grain boundaries whiech precedes

the final weakening and failure of metal is an inevitable

consequenuo of grain boundary shear. Intrater and Machlin

(1959) observed that when bi-crystals of very pure (99.999%)

copper are subjected to a shear force applied parallel to

the grain boundary in an H2 atmosphere, voids form with the

number of voids increasing as the amount of grain boundary

sliding increases. In vacuum, small. cracks rather than

voids form along grain boundaries. They ccnclmed that

voids and cracks nucleate due to the stress developed at the

edge of a slip plane which is blocked by the grain boundary.

Examination of the microstructure of extensively deformed

pure aluminum revealed sliding of as well as migration of

the grain boundaries (Chang and Grant, 1952, 1953).
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Spinel Prepara tion.

Th_. mec.h.n~oa! n'certni•'4s of crytaflne ermi

materials ar" greatly affected by the impurities they

Scontain. Chang (1959) suggested that the proper type of

V& impurities along grain boundaries can decrease the grain

boumdary "viscositynI resulting in a reduction of strength

in polyorystailine materials. An increa.-se in total purity

by about 0.5% augmented the compressive strength of hot-

pressed spinel by 10 fold from 2000 psi at 16000C (Kriegel

t nj-, 1964). The mechanical properties inherent in poly--

crystalline materli.ýLs can thus be studied more effectively

the purer the muate3al. For this reasong sr'i for he purpose

* of obtaining fine-Aintered grain size, a chemical cop.recip-

itation process was chosen fc.: the synthesis of hi~h purity

spinel. A detailed procedure for coprecipitation and the

subsequent calcinaticn of hig'i purity stoichiometric spinel

powder is described by KrLeg-go' j Al. (1964). The process

yields a noft, fluffy, fr•n.ba prwcer with an ultimate

particle size of approximately 4OmM as shown Oy electron

microscopy in .Yigurc 1.

.Conversion of th• powder to spinel was confirmed by

X-ray diffractix. 3Ipectrographic analysis showed the total

impurity conten' to ba about 0 06%, ýhe chief ones being

Big, Mia 3i, ei Bn. The mole ratio of A1203 to MgO was

1.065 as rovdalad by wet chemical analysis (Palmour et aj.,
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1963 b); in view of the small deviations and of the ancer-

tainties involved in the analytical procedure, thiz spinel

is considerP4 to be ossentially stolchlometric.

Initiaily, loosely bound soft lumps of calcined spinel

were brokei up by milling them in polyethylene bottles with

Teflon baei:i to minimize contamination. However, both dry

and wet (acetone) milling proved to be unsatisfactory in

that hot-pressod samples of the milled povder had a black

color indicative of a hydrocarbon pick-up from the plastic.

As much as 5% weight loss was noted upon firing the dry-

milled spinel at 1000C for 5b hours in air. Even after

this heat treatment, the black color was observed though

it- intensity was considerably diminished. Consequently the

plastic Jar mill was replaced with an alumina mill. Spine]

was loaded into a 96% pure alumina-lined ball mill with an

equal weight of alumina balls and tumbled for 30 minutes.

At that time, visual examination of the charge revealed a

thorough break-up. It is assumed that because thcoy were

soft, the aggregates wexe satisfactorily broken up within

this milling tirae; it is further assumed that the ultimate

size was riot tignific&ntly altered by milling. X-ray dif-

fraction indicated no alumina contamination. The powder was

removed from the ball mill and *tored in a plastic bag and

in a desiccator to pr'vent water pick-up.
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sample P'eparatiou

Urm nut ni~f -, A~i 141~- -~ ~-

hot-rpressing apparatus utilized in this work are described in

detail elsewhere (Choi, 1962). In brief, the equipment con-

sists of a graphite die, punches, a push rod, a 5usceptor

cylinder for induction coupling, a fused silica envelope

which contains the above parts, and finally the graphite lid.

A motor generator unit was used as the power source for

inductive heating. Carbon black was used for thermal in-

sulation in various areas.

A manually operated hydraulic system provided the

necessary pressure. The junction of platinum 10% Pt-Rh

thermocouples was placed on the top of the die and the side

of the upper punch for primary temperature measurements. In

addition, an optical pyrometer was used to check these meas-

Surements by sighting on the •ottom of the lower punch

through the double-prism.system. When temperature correc-

tions were made for the prisms, there was IC° difference at

maximum at any given time between measurements by the two

different methods.

Eot jj"Lj . Approximately 13 grams of ball-milled

spinel powder were pro-pressed at room temperature in a

hardened steel die under 20,000 psi utilizing a manually

' operated hydraulic press. Because of the fineness of the

powder and because no binder or granulation was used to in-

hibit lamination, the pressure was itcreased successively

1• -7 ._L- • ----- -- '- -
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by 5000 psi increments and each time the entrapped air was

raa nAthror. baing- ejected *o IX-0- dAle Wle At - -

(I inch in diameter by approximately 0.4 inches in height)

was gently abraded against a nylon cloth to remole the iron

particles which had abraded from -the die wall and punch

faces. A detailed description of the rate-controlled hot

pressing procedure developed for high purity, fine-grained

spinel has been previously described (Kriegel 1t a1.9 196%).
4

In :brief, the pellet was loaded into a low ash graphite die II

resting on three corks, and a preload of 300 psi was applied

to the top punch through a graphite push rod. During the

early stage of the heat-up process, the corks charred at

2000 - 3000C into easily deformable charcoal which then

pressed down in relation to the stationery bottom punch.

This provided a double punch action, facilitating the devel-i]

E opment of uniform density in the pressed compact. As the

temperature was further increased, spinel tlegan to sinter,

-causing a downward movement of the top punth,'detectable by

means of a sensitive dial gauge. Simultaneously the pressure

was increased gradually to achiive rate-controlled hot press-

ing. This allowed the material to pressure-sinter in a manner

which avoided undesirable pore entrapment. The final hot

pressing conditions were 155bOoC at %00 pei for 2j hours.

Three compacts were not pressed mder these conditions from

which mechanical specimens were cut.
I!
I-
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= •,Determitution of icrostructure

Sg t Determinat1on. The bulk density of three

hot-pressed compacts was measured by a suspardieJ-wei-ht

mmethod. The hotýprosd disc 70aa cut into a .0 ' nh

square which was then carefully washed In detergenmt by

ultrasonic cleaning prior to density measurementa. A more

complete description of the density measurement tec.iaique

as well as the equation utilized for calculation is pro-

"sented elsewhere (Chot, 1962). lie tbvoretlcal density

attained was approximately 99.20% fcr all three compacts.

The largest difference in density among the thes samples

was 0.02%. Thu, it was concluded Lhat the donsity values

were within the margina of experimontal error.

Ggi k easurementu Two specimens from each of

the three hot-pressed compacts were mounted Ii cold-setting

acrylic plastic and then polished successively with 1.4-, 6-i

1.-. and *-,A diamond pastes on a vibratory polishing machine.

After satisfactory polishAd surfaces were obtained, the

specimens were reooved from the mounts and etched with a con-

centrated reagent-grada sulfuric acid at 2700C. Constaa-

acid concentration vas maintained during etching by means of

a reflux column; optimum etching conditionh were thereby held

conrtant for reliable reproducibility. The optimum etching

time for revealing grain boundaries in hot-pressed spinel was

15-20 seconds.

WE



9- graphs of these otched surfaces. A detailed proceduT-a for

F grain size determinatioa from photographs is presented in a

previous vork (Choi, :1962). In tUe. countin& pronedure, the

number of grains intersecting each of six lines U1 a latia

uquare configuxation (70 mm po- iiue cn the contact prints)

was determined; ard averaged, and the average number of

milnons per graia was ascbrtained. When maturmd this way

the average &rain size of hot-prezsad -ipnel wa.' abcxt 0.54.

There was no measurnble difforence in the aVerago grain sizes

between the two aeecimens fr'om each hot-pressed coipaCt.

The typicai ricro3tructure of these hot-pressed compacts is

shown in Figure 2.

9Te. Specimen Preparation.

tR CuttingW 2 a o Utilizing a diamond saw, each of

.M the three hot-prossed compacts was cut into 25 speciritts

"measuring 0.130 inph by 0.130 inch by 0.40 inch. These

specimens were zounted, ten at a time, on a steel carýier

whose two faces lad been ground previrusly for flatness and

perailelism. Thbmoplastlc Acryloid was used for the adhe-

sive agent, Then, all four longitudinal sides of each

specimen were ground with an 80-grit diamond grinding wheel

on a precisioa machine tool grinding table. Exzamination by

mlerometer shovad that thers were slight differences in the

size of the specimens from lot to lot due to 7ariUtions in

the amount of material removed in clearing up the surfaces.

[ --



261
&1

1-1 
IMI

Figure 2. dicrostructuru of Spine1 hot pressed (155 00C,
ý.500 pail 21 hrs) by rate con-%'rolled method

overage grain siize 0.5/A. Chemically etched
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•1owaver, satisfactory unifo.i4ty, parallelsim, and sqiare-

nesS of the ground surfaces of the apecimens within *aub lot

wxu achieved. Grinding of the two nd-s of the specimens -wa

carried out in similar manner aftor they ware heat treated

(see next section). An extra precaution was taken In mount-

ing the specimens on a special notched, reversible jig to

make s3u'e the ends would be ground perpendicular to the

sld,ýs. A U-shaped groove with three flat sides held the

speciasn5 rigidly using Acryloid as thermoplastic adhesive.

The final dimensions. of the specimen after grinding were

about 0.120 inch by 0.120 inch by 0.35 inch.

Uea fora firro_ Stuiies of the grain

g:rowth of oxides by heat trnutment m-thods have been conduct-

ed by a number of research workers (Daniels £. Al., 1962;

ard Tier and Subbaro, 1963), Including recent work by

Spriggs gLt &1. (1964) with fully dense hot-pressed mugnesium

oxide; samples of differing grain size were prcduced by heat

treating denae fine-grained hot-pressed stock in air for

"various periods at different temperatures. In ;he present

wurk, a similar procedure was eLployed. Hot-pressed spinel

specimens were placed radially on one of their four ground

sides in n small, high purity alumina crucible. Another

A1203 crucible was used as a cove: to prevent carbon from

falling on the specimens during heat treating in the hot-

Fressing furnace. A third crucible (which rested upon a

graphito disk on which an optical pyrometer was sighted)
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supported the crucible containing the spescimezas so that theyI

would not come in direct contact withi graphite. Argon was

allc'ved to flow into the furnace at the rate of 10 cubic
feet pa~r hour from the start to thea end of heat treatment

(includling cooling). The temperature was incre-ased at tha

rate of 25 0C per minute until the desired level was rouched.

After soaking for the prescribed times, the power was out off

and the furnace cooled at its nAtuw9'. After 12 tria?.

firings, optimum temperature aiii time 'were determined *O,.:

achieving the necessary grain. &rowth for oach zrain .s-'e

* ~required for the expriment. The. tiwoi at C160, ~

and 10M grain sizes 'were. 15 uIirtutes and 60 ainutovi,w respoc-

tiv.2.y. At 165UOC the respeotivsivgain growth. t-'refs rc-A- bý;

and 200,4 were 4-5 minutes and l;r) zAuta~. T.; approx.imately

equalize the thermal history for all specimens, U-5M speci-

rwens 'were heat treated at only '13500 c for 15 minutes without

Figui:ricant grain growth. Th e representA tive micrLt,* xIztures

I'or these four grain sizes are presented in Figure .

Design ef Experimentj

The statistical design uzed In this experiment (Figure~ 1)

bas 4son described in a previous paper (Paluour &II.t 1963 a). I

Fo ir this particular experiment, the three orthogonal axes

(representing the three independent variables) were designat-

ed3  1) reoiprooal absolute temperature, 2) natural logarithm

of strain rate, and 3) natural logarithm orf the graijn sjsA.~

of the specimens * The experimenrAJ. rangni for the variableaý
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(a) (b)
average grain size 1.71A average grain size 10AA

(c~siz 6oM aerage (d) 20)

average grain sie6Aaeaegrain sz DJ

ffigue 3 . Alorastructure of hot-pressed spinol upon
subseqtuent heat treatment (d escribed in text)
to achieve grain growth. Chemically etched
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SExperimental Grain b1.ze(d) Temper~aiane(T) S train Rat.•)
•-Point in. micron in °C i•i O/o-mn'll

1. 59.5 16 91 1. 9?
S2 59.5- 11.h28 1.97

S3 1.7 11.28 1.97
1 .7 16 91 1.97

659,5.69., 29.5 11.28 0.127

" 7 1 .7 1.128 0.12?.
S8 1,7 1691 0.127

9 10.0 iS•o 5.000
10o 2oo0.0 1.550 o. oo

S11 10.0 13 53 O. 500
1 2 10.0 1550 o.o5o

1, ]3 0.5 1.55o 0.50o
S14 10.0 1.800 o. 5oo

1_5"], 10.0 i.SF o.Soo

Figu'o• 1.. £zperimental design for determination of
coepregaive floil stress as a fumctio• of
grain size, temperature and B~rain rate

I. I4f-

ýA÷

j ,7,
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were seleoted ou the basis of a prelimi"ry study, as

shown in Figure 4.E IL:E SPOI -ALUans On e from e&ach Of * UUb taX.re 00pact
wore tested at each of the fourteen outer experimental

S~points and the results for each point were averaged. Six

tests from each compact, a total of 18 were made at the

center p~int.

Phenomenological Model for Plastic Deformation

The phenomenological creep equation by Zoner and

SHollomon (1944) has been modified fcr this experiment with

addition of grain size d to describe the deformation proc-

8ss in polycrystalline spinel. Thus the modified deformation

equation ±e*

Aoe-Q/RT d- --- (5)

When this equation is reuritten, in logarithmic form, and

when c (the flow stress) is transposed to the left sida of

the equality, the new form of the equation becomess

•~ -

where n= exponent con\atant for flow streas

ma exponent constant for grain size

A- proportionality constant

sm strain rate

Q_ apparent activation energy

R= gas constant

To temperature
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Tri 0t~tlsticai analynin method of Bo) and Huntgr (1951/)

quadratio regression describing the deformation process iLI

hot-pressed spinel. The equation is composed of all the

linear terms in Equation 6 as well aa any statistically

significant second order and interaction effects that may

exist between the independent variables. The general form

of the multiple quadratic regression iss

Y bo + b XI+ b2 X1i2t b 3 X2 + b X2 2+ b 5 X3 + b6 X3 2

b7 X1 X2 -f b 8 X X3 + b9 X2 X3 ---- (7)

where X f (Ind)

2 X f (V)

X f (lnk)

Y =f (lna)

d = average grain size, ,

T = temperature, *k"

F = strain rate, min

= average flow stress, psi

An IBM-141O computer was used to determine the response

equation and the analyses of variance.

Compression Testing

jjJl• . A floor model Instron physical' testing machineI

i i
H llnstron physical testing machinet Model TTOLN, a product

or Instron Engineering Corpora'ion, Canton, Mass.

S. . . - . -• , , • - r, . .. .' -'- ' - i ... .. _ _"_"_ __" .. . . .



in conj•witlon wWit a Biovl furnace containinci Itilum

resistance heating elements and radiatlun si1PLWj wer@ tu--e

for the compression testing of hot-pressed spinel. specimen-r

/ • at elevated tempezztura~s. The lnstu-ýon is caab1M

of handling loads up to 10,000 pounds at strain rates of

2 x 10-5 in/min to 2 in/mLn. The 25000 C capability furnace

is equipped with an auto.mtle tomperature controi devica
for heating, soaking, and cooulno iTh hot zone is water

Fcooled, with flow ~aiio" witer ir~k~pt oiryt inj

heat-up and during the testtng period. The wata4 pr-§ssux

is controlled and ainltained by a foressuare rig'u&tor and a

pump which draws tho •aiter from a reservoir tank-. h small

change in the water pressurm (about 5 lbs) cau:oev a fuctu•

ation 'n tewperAtuIL,:_1'Lp Juy -UkC -i;'i a atinrieqti

change in the dimension of the load c,'Iumn ro••ltinng I-. a

reduction or incre-ase In the load c- the poncirman duA-ing

testing. One degree ce•trtILrad'_ drop in tewpe-rih 3 indu

approximately 1 lb of load deoreasi Ir the spctmna.

The compressive load to ttie specimen vas trarnsmittod

through two 3/4 diameter tiileten fua i .ods, I) :.-cho iA.ý

length, eaoh attached to the crosshvad and [lan _OPC coll .

means of adaptors. .;h-s [ . very Venitte ./ti

uverall alignment of the Teond column withi P•et t tote

iBrow Vacuum Furnace, MC-d1 !.6• e uci of theVacuum Equipment Divso, ..... _

Concord, Now Hampshire. Naavw!
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-~~~ ~ '~~' *'.~ -~A mmi TA' were ground o -X0]

Y*Ir~tress tondi~arallvitm, and wuire uaarfll liz 3d Inth.
Machlinoý in atidl~tonl a graphite ball'-sookot ciwiace was I
uacd to ft~cther irhorease the accuracy cf thio alignment.

Prevlou8 tost.5 (Paimour and Chol, 1%kE31 showed that hot-

temperA ttres above l~bO0 C. Thus, hot-pressed tnau

carbide pads, 7/16 inch In diameter by about 1/83 wlc thick,1

were emiployed as hard, strong arn.dls. Although tantalum

carbide did not deform, It reacted slighitly with spineal at

temperaf'-ures abiove 1,45~0oC. When thin tungsten shieet (0.002,

inch thick) was inserted between the specimen and the TaO

pads, Uhe reaction was prevented. After the test, the

tuigst -n shim w~as readily popped off the TaO surfacuo witha
*ra'-ur blade. Due to the fMinness of the shim, the small

sr up.o 'h Jch oc cui .od Irimmollately beneath the pec~ie

wa~i coris1,dored an insignificant factor in the ovorall measure-

LaenL n2 trajix. Figure illustrat#~g the several elements

of thLe 1h0gh temperature test assembly.

I1n previous compressive tests, hot-pressed sp~itel pads
vereA used as anvils, spreading the load to the tungsten. How-

avr t or only three usages the two compression sides had to
be rogrouad to r-emove the slight indentations beneathi the sam-

Ts ari'alum oar1bide pads with approximately 92% theoretical
dtaslty showed no structural deterioration evea after usage-of

moro than 40O heating-cooling cycles untler loads up to 50,000
psi aL tom7peratures as high as 18000C. The p~ads were cut and

-rind from 7/16 1tneh diameter by 7/16 inch long slugs hot
prossed by JR. D. lMcBrayer and this writer In a graphite die
in the Tnstron-Bre'w facility using the rate-controlled method.
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Y-F'USh Rod

I Graphite 1"',)d
It i

TaO Pad

l- Tungsten Shim

Specimen

Tungstei Shim.

Ta 0 Pad

G raphite Ball

Graphite Socket

Moving

WPsh Rod

Figure 5. Schematic diagram of high temperature
oompresslve loading assembly
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Temperatuxe meaurements were made util1zing a W 3%

ae-W 25% he theimocouple connected to a recorder-controller,

and above lUOO°C, a two-color pyrometer wtth sepsrate

indicator-recorder capability. The thermocouple is located

about 21 inches below and about & inch laterally away from

the specimen. The temperature measurements by these methods

were periodically checked withi a disappearing filament

optical pyrometer. Both pyroieters were focusod on a V-notch

on a graphite pad which was in diract contact with the upper

tungsten push rod. The temaperature measured by focusing the

pyrometer on the speeimen was somewhat higher than that

measured on thei graphite pad due to the specimen's increased

reflectivIty. The graphite with its V-notch approximately

simulates a black-body condition.

jProedjurei. The test specimens wore carefully

cleaned with ethyl alcohol and cotton swab; the tungsten

shims as well as the TaC pads were cleaned in the same manner.

After dimensions were measured by a micrometer, the specimen

was placed on the cenzter of the shim (about 0.25 inch x 0.25

inch) which, in turn, rested on the center of the TaC pad.

The same arrangements were made for the upper end of the spec-

imen. Then, the entire assembly was held as a unit by the

spring action of a special molybdenum J3g. The device keeps

the various individual parts in place while the assembly is

placed on the center of the graphite ball-socket resting on

the bottom push rod. After setting the upper graphite member

. . . . . .-- . . .... - ~ .. . . . .. .. -
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adjusted so that the upper tungster, push rod was In iuliforkn

head was slowiy brought up until 10 lbs of load were regis-

tered on the recorder. The molybdenum jig then was removed

from the loaded assembly without loss of specimen geometry.

The crosshead was then lowered to release the load, and the

symmetry, flatness, and evenness of contact between the

graphite pad and the upper push rod was checked and readjusted.

Finally, the specimen was reloaded and the crosshead was

cycled between 10 and l1 lbs of load while the cooling water

was turned on and during pump down and heat-up. Automatic

retraction of the crosbhead (proportional to thermal expan-

sion in the furnace components) keeps the load cycling at an

approximately constant level, 10 lbs during the entire pro-

test cycle.

The temperature was increased automatically at 50 0c/min

until the prescribed temperature was reached. The furnace

soaked at constant power input until its components came to

thermal equilibrium at the te3t temperature. After the

croashead ceased to move downward, as indicated by the con-

stant gauge lergth, ten m.inut63 were allowed to permit tom-

perature stabilization. At this time, the partial pressure,

about 2 x 10- torr, was checkod, the cycling was stopped,

the load was brought to zero and the recorder was rebalanced.

Care was exercised to see that the load on the specimen was i

LW|
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in fact at Zero load and that the punh rod wAs still In

-i contact with the sTnecimn. Now, the aotual testing was

initiated at a preset-crosshead speed. All the tests were
carried out under constant strain-rate conditions according
to the experimental design. During the entire period of

actual testing the furnace partial vacuum pressure i emained

Sapproximately constant. However, from run to run the pres-

sure varied from 1 0-5 to 2 x 10-5 torr. hfter a test was

completed, the furnace was "quench"' cooled by cutting the

power. Simultaxneously, the crosshead was lowered to avoid

further deformation of the specimen. Three specimens. one

from each compact, were tested at experimental points 1-1i

(see Table 1 for exception). For experimental point 15 (the

mid point) as called for in the design, 18 specimens were

-tested (six from each compact).

NI
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RES ULIS

The results obtained in this experiment har system-

atically revealed in Tables 1 and 2, and Figures 6 through

16. This presentation aims primarily at clarifyin" and

highlighting the results which are therein displayed.

Compression Testing

Ito compressive strength of each hot-pressed spinal

specimen is given in Table 1. Stress-strain diagrams are

presented in Figures 6, 10, 12 and 13. Thesecurves illus-

trate typical tests at each of the fifteen experimental

points. In obtaining the measurement3 of compressive stress,

no corrections were made fci the increase in the load area

of the specimens due to deformation, nor for the small in-

crease in area due to thermal expansion of the samnple itself.

It is proper to describe these as engineering stress-strain

curves.

For all specimens, after a period of constant streiss,

a decrease in stress occurred at which point the test was

concluded immediately by unloading. This constant stress

is disignated in this report as steady-state flow stress.

During the early stage of unloading, brittle fracture

occurred only in coarse grained specimens which were tested

at high strain rates at low temperatures. Basically all the

= curves are similar in character, differing principally in the

level of initial flow stress (stress at the proportional

i o

K - - -.- _ i-- i - ..
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limit) in the slope of increas.ng stress with increasing

strain above the pr-oportional limit, and in the amount

of steady-state flow strain. The results of these tests

are presented ir ahe foilow.ng s Aotions aocording to the

strain rates under which the specimens were tested.

iii

I I
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strain Plots fur Opecimons having small (1.67M1 and large

(60A~) grain size; typical test data obtained at both 142f80 C

and 16910C for-each grain size are illustrated. Both setsj

of specimens were tested under -the same low strain rate and

none railed by fracture. There are several interesting

features in this figure. A~t i69i0 C, the initilal flow stress

of the small-grairied specimen. (curve D) was mtrch lower than

that of, the large-grained specimen (curve C), whereas the

results we~e reversed when testing was carried out at the

lower temperature of 1142 80 C. The other point of interest is

that regardless of the test temperaturb, the steady-state

flow strains of the smailer-grained specimens were greatey

than those of the largei-grained specimens. A~t 142800 there

is nu difference In the apparent Young's modulus of elastic-

ity attributable 'kto the two grain sizes. However, the nominal-

* ly linear initial pur Lion of the stress-strain diacrrAm has a
'DC<

much lower slope for the small-grained specimer-i at 1.ý912

than for the larger-g-rainod specimen. Figure 7a shows prof-I erentia1 crack formation rv-aý tho inds of a 1.67jA specimen
deformed at 1691oC (curve D, Figuze 6). Not~a that mofst of

the craoking is confined to the Treg9ion where end constraintIanocouits for a complex state of stre3,'., nnd that these shear

cracks spanning many grains wera neither tuoittnuous nor

cat-astrophic. Conversely,, prod oasl ,aatly intergranular cracks

are observed in the 60Au sascimen taited at 1L42180C (Figure 7b),
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(a) (b)
1.7A, i691iC, 0.127%/min 6o.O IA, 14280, 0.127%/min

- -u

(0) (d)

1.7$, 1428tC, 0.127%/ail 1.V70, 1428C, 0.127%/iing
(before inking) (after Inking)

Figure 7. Surface texture of deformed spinel specimens.
Iflluination normal to viewing axis, from
left and right. Load axis vertical, X 12



and they are miuch moru maiiformly dusitributed throughout the

tested at 1i28 0G. An attempt was made to identify the fine

EN lines in this specimen which intersect at an angle of approx-

imately 1200 by, applying ink with a brush to the surface.

After the ink dried, the suiface was wiped off with a wet

cloth. This surface was then re-photographed (Figure 7d)

under lighting ana exposure conditions identical with that
= for ý'igure 7c. The comparison of these photographs clearly

shows that the original fine lines became darker when dyed by

the ink, thus indicating that they are crack lines. From

the photograph it is also evident that more cracks or voids
developed close to the constrained ends than did near the

- •center portion. A closer look (Vigure 8) revealed additional

evidence that these fine lines are in fact cracks formed
i principally along the maximum shear planes. Figure 8 was

Sobtained from a chrome-shadowed replica of the thermally

etched surface which had been pre-ground with an 80-grit

diamond abrasive wheel before testing. There is some evi-

dence of a "worked" texture, which in this case is considered

to be an artifact resulting from grinding. The crack paths

appear to be partly intergranular, partly transgranular.

The replicas from the surfaces of the small-grained (1.67A4)

specimens showed that after testing, at both temperatures the

"grains had grown to approximately 5 times their original

size, This may be partly due to a strain annealing effect

09
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I wavy and straight slip markings

(b)

Iroe rys talltz&,.1,i~or-,

A Figure 9. IHicrostructure of hot-pressed
spinel specimen (60AIý deformed
at 0.127%/miri at 1691 C. The
specimen surface wias mechani-
cally and then chemically
polished prior to test
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_in which excesntve strnin enorgiy ca,,',t by p143stic deVur-

matioix 13 reduced, and al-o partly Involving sore vscn-y . j
an 1oIc'-"- Nlfrunlu. pjr~uCr' s i th Nabarro -HrIn tye

A careful exawination oif all specimens after testing showed

Sthat these fine interpenetrating cracks were observed only

in specimens tested at this one oxporimentnl combination
• ~(1.67'" , 1428°C, 0.12V%/min).•-

Prior to testing at 16910C the 60.,," specimen wqs polished

with diamond pastes, 14,M 6,m and 1 . successively, and the

_ polished cold-worked layer was chemically removed by heat-

ing the specimen at 270°C in concentiated sulfuric acid for

MM 30 seconds. Even though much surface gloss was lost by

thermal etching during testing ja 3 the specimen did

-4_ retain a sufficient amount of surface reflectively after

testing to permit photomicrography. Photomicrographs of the

surface illuminated with reflected light are shown in Figure

9. Here the first photograph (Figure 9a) ccntpins a large

number of straight and wavy slip markil.gs which cover two

or more grains. It also shows intergranular cracks located

immediately adjacent to these markings, and the etch pits

attributable to dislocations are revealed in favorably ori-

ented grains.

The outstanding feature in Figure 9b is the large

nimber of new small grains within the pre-existing grains.

These new grains were likely formed by recrystallization -

a process involving polygonization which is common in

heavily deformed metals at alovated temperatures.° Ma
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five stress-straizt curves Ini Figure 10. Thesse curves rep-

resent tests of 0.5%/min on five specimens, threo of which

measured 10M in grain size and were tested at 13531, 15500C,

and 18000C, respectively. For the othp" two specimens, one
0.5P arid one 200•, both were tested at 1550G- The general

shape of the two curves for the 0.5p specimen and the speci-

men tested at 1800OC is quite different from the shape of the

othe•' three curves. Their initial flow stress and apparent

Young's moduli are much lower, while their total plastic

deformation is considerably higher than the rest. For the

0.5,A specimen (curve E, Figure 10), the steady-state flow

condition is achieved after approximately 6% of permanent

deformation. Only occasional small islands of cracks (or

pores) were revealed by the inking test on the 1op specimen

tested at 18000C. After a very limited indication of steady

state flow, the 3pecimen tested at 13500C (curve A, Figure 10)

failed audibly, breaking into several small pieces.

The 200jA specimen (curve C, Figure 10) was specially

prepared prior to testing by mechanical polishing and chemi-

cal treatment in the manner described earlier for microscop-

ic observation. The failure mode for this specimen was

entirely different from that of the others teated. It broke

into small equiaxed fragments which had approximately a

uxaiform size, about 1 mm in diameter. However, the pieces

close to the compressive ends of the specimen were large

ArmI
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Figure 10. Typical stress-strain diagrams of hot-
pressed spinel deformed in compression
at a strain rate of 0.5%/min
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Figure 11. Here the first two photographs (a and b) h

a large number of wavy slip lines within the grains. The

development of intergranular cracks at Y-Junctions (three-

grain intersections) is also clearly indicated.

The third photograph (c) displays a transgranular

crack formed near 3uch a Y-Junction. IT addition to crack

III formation, grain boundary sliding may also have occurred in

some regions of this specimen as is shown by the apparent

displacement of the remanent scratch lines in Figure Ild.

The scratch lines in grain A are slightly out of focus and

hence appear broader than they actually are; it appears that

Sgrain B has displaced to the right and into the background.

i ig j Strain L _l._7 i. The grain size and test-

ing conditions for the specimens represented in the stress-

strain curves of Figure 12 are identical with those in

SFigure 6. The only difference ii the strain rate which in

Figure 12 is 1.97%/min, or over an order of magnitude larger

than the rate for the specimens in Figure 6, 0.127%/min.

j ef gThe steady-state flow stress of all specimens tested at the

strain rate of 0.127%/min is lower than that of their corre-

sponding specimens tested at 1.97%.min. With one exception

(1.67,M at 16910C) the total plastic strain of the specimens
tested at 0.127%/min is larger than the strain of those

Stested at 1.97%/min. Three of the four specimens tested at

the higher rate (Figure 12) broke while unloading whereas

none tested at the lower rate did (Figure 6).
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iwo stross-strain curves shown in Figure 13 repreoean the t,(wo

extremUe Stralr rates eMployed ini the compressioin tesUng of

spinal specimens; the grain saze and teat tempera are was

ide•j't.cal for each. It is apparent that very little plastic

deformation occurred in the specimen before failure by

audible fracture at 5%/rin strain rate. The specimen sepa-

E rated approximately along a maximum shear plane into two3 pieces. At 0.05%/min the specimen began to flow at a low
U stress level. The inking test was applied to the 0.05%/min

specimen. The two constrained ends dyed dark, indicating

the presence of ductile cracks in the specimen.

Kinetics of the Flow Process

Data reduction and analysis by an IBM - 1410 computer

resulted in the following deformation equation, relating

Ii flow stress (c-) - the dependent variable in this experiment -

to absolute temperature (T), strain rate U), and grain size

(d) - the independent variables in this experiment:

in cr -4o.;.089+ 2.-13 82 (ind)*+ 1576o9.64.68

-12037467.9) 20003 (n

-39 .%.5 %69 (-1) (md)* -3010.6 2J.7(4li) (lnW** --- (8)
T T

OCoefficient significant at 99% confidence limit

* Coefficient significant at 95% confidence limit
iU *0Coefficient significant at 90% confidence limit;Il__ow-_
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Figure 13. Typical stress-strain diagrams of hot-
pressed spinel (IOAA) deformed at 15500 C
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SIncluded In f•Jiji ,qtuatic~n. Tr[ a rauxlmurn difference b,3tween

the steady-state flow stress obtained by computation from

Sthis equaLon and the average of actwl measured values for

any given experimental puint is slightly over 0. Thus

kquation 8 Is highly reliable in predicting the steady-state

flow stress (G-) in terms of the independent variables.

Taking the antt-logarithm of the equality, Equation 8 becomes:

40-108 2 .13 82 .r 157609o.6468(i)j 1[el20374667.9(U) 2 .

cr4Le J 9 .. _6 I Le]
L2.oo03i [395o.5969(T~ -3010.6217(-1)(9

When the same variable terms and exponent terms are combined,

Equation 9 yields,

[e-57609.6 5 T(

If the last term in the above equation is made to contain. R,

the gas constant, then Equation 10 can be rewritten intQ

Equation 11 in a form that includes the apparent thermal i

activation energy related to the deformation of hot-pressed

spinal:

4 --- (11)

_ _ _ ____I

[dT



The general form of this equation is:
S, -= •- ) . l .4 ) --- (12)

!where K is 3.844 x 10"16 and the exponents expressing grain

3•. I size, strain rate and thermal activation contributions are

themselves temperature depondsnt (see Table 2). This

equation is somewhat analogous to the creep rate equation

proposed by Zensr and Hollomon (1944):

ii •z- A.-n ,-Q/RT --- (13)

The differences between Equation 12 and 13 are:

1) the dependent variable in this research is cr and

not

2) Equatiun 12 includes a power dependence upon the

increase in grain size d, and

3) Equation 12 includes the interaction of grain size

and temperature and strain rate and temperature,

as well as the quadratic dependence upon tempera-

ture of the apparent activation energy.

Table 2 lists tho calculated , a and values ob-

ii tainid by substituting various temperatures in Equation 11.

Because the dependent variable in this research is the steady-

[Astate flow stress rather than the strain rate the magnitude

II -of Q value in this table cannot ue compared directly with

Ii the activation energies that may be obtained from static

" ~stress creep tests where strain rate is the dependent vari-

a bleo

~I|i

I -_
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Table 2. Temfperature dependence of grain size-streos

coefficient (m), strain rate-stress coefficient
(n), and apparent activation energy (Q)

-T OC n a(Kcal/mol)

1353 -0.291 6.725 166.07

14228 -0.18) L.340 172.58

1550 -0.029 2.860 181.97

1691 0.127 2..39 191.39

1800 0.233 1.825 197.79

Plot of ina versus Ino., Figure 14,shows the increase
1

in the slope, r_, hence decrease in n values, with increasing

temperature. This figure was constructed by substituting

the actual temperatures and grain sizes as well as the strain

rates employed in the experiment to the deformation equation,

thus obtaining the computed stress values. For comparison

between the actual data value and the predicted values, two

of the actual data obtained in the experiment are plotted

at 15500 C. As can be seen they agree very nicely. These

results give values of n ranging from about 2 at 18000C to

about 7 at 13500 C. The work by MoBrayer (1965) on single

crystal spinel and the transverse testing of hot-pressed

spinel by Palmour (1965) have shown n values ranging from

2 to 4 for single crystals, and 2 to about 5, averaging 2.7

for polycrystalline spinel in beading.

Figure 14 also illustrates the dependence of the flow

stress on the grain size. The variation of the flow stress
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.tzain rate computed for hot-pressed spineldeftrmed in compression
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with grain size is comparatively large when tested under

constant strain-rate at low and high temperatures (1353°C

and 1800OC), aid furthermore, the effect reverses at low

Slnd high temperatures. Uowever, at i150°C, there is very

little flow stress change for 1.7AA And l0A grain sizes

when taste. under the same strain rate. When X equals zero,

the effect of variation of grain size on flow stress will

vanish; the m values in Table 2 indicate that this tempera-

ture will lie somewhere above 15500c.

The plotf M versus temperature in 171gure 15 shows that

it is zero at approximately 15750C and illustrates parabolic

temperature dependence. Figure 16 shows the plot of in .

versus •, and contains the results of this study, along with

data obtained in compression for alumina rich single crystal

spinel, MgO.3A1 2 0 33 (Mcbrayer, 1965) and in bending in poly-

crystalline spinel (Palmour, 1965). Above i550°C, there is

good agreement between the apparent activation energies

obtained by the two different test methods, approximately

100-250 Kcal/mol for compression and 214 Kcal/mol fcr trans-

verse. The apparent activation energies of single crystal

(approximately 130 Kcal/mol) and polycrystals also agree well.

The curves for polycrystalline spinel clearly indicate

the quadratic dependence of thermal activation In compressive

deformation. The curves diverge in, both directions from

approximately their mid-points (155000, 0.001%/min), largely

due to the grain size- and strain rate-temperature
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.nter... .ona. Tha teup slopes shown by the 2000 psi curves

below 1550°C represent extrapolations into strain rate

ranges significantly lower than those employed experimen-

tally; at more reallstic stress levels for this lower

temperature range, $.g., 20,000 psi, the higher temperature

strain rates would be heavily extrapolated into strain rate

ratkios well abuvto wiose LasuLedL pcrimnentr~lly. Su'•a

extrapolations may well be misleading, and should not be

expected to yield completely realistic kinetic values.

r
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DISCi Lb~itUN

The procedure followed in this research for the prepara-I

tion of specimens is considered reliable becau3e for a given

grain size the compressive strengths obtaiaod from many re-

peated toe9ts wider identical conditions agree well and show

an acceptably small degree of statistical scatter, generally

bi• iz 10% uf Lii wian. The agreeme-nt found In tiese

strength data also indicates that the procedure used forI

compression testing at high temperatures Ia v is a valid

and reproducible one.

The stresses were obtained directly from the load

versus time chart on the Instron, but were not corrected for

the increase in cross sectional area duo to deformation aad

thermal expansion in the spqcimen. Thus they must be regarded

as engineering estimates of the true stress. However, the flow

stresses obtained from the 18 repeated runs for specimens

with IO-U grain size showed that the reproducibility of the

test is very high and hence the compression mode of testing £

of hot-pressed spinel at elevated temperatures is acceptable

as a method for studying flow processes in this material.

c&curate measurement of the st-ain oocurring in a spec-

imen at any given moment of testing is difficult partly be-

cause of the uncertainty involved in measuring the elastic

deformation of the load-transmitting components in the test

maohine at various stress and temperature levels.I
jl
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"All the principal results have been shown in pictures

and graphs in the preceding section. These results point

to evidence of work hardening shown by the stress-strain

curves and to the development of "wavy"l slip markings,

recrystallization, and fine transgranular and intergranular

cracks in the microstructure in the latter stages of defor-

mation. The kinetics and phenomenology of deformation also

have been examined, with particular concern for the signifi-

cance of strain rate-stress dependence and apparent aAAUva-

tion energies.

Evidence of Work Hardening in Stress-Strain Curves

The amount of additional stross necessary to furthher de-

form a plastically deforming crystal by a unit amount is

called work hardening, and is measured by the slope of the

stress-strain diagram above the proportional limit. The

principal variations among the stress-strain curves obtained

in this experiment are found in 1) the stress level at which
the initial flow occurs, 2) the slope of'increasing stress

K with increasing strain above the proportional limit, and 3)

the amount of steady-state flow strain. These curves have

in common a relatively steep slope in the segment above the

proportional limit, indicating a substantial degree of work

hardening. This is a predictable result considering that

spinel has at least five independent slip systems which

von Mines and Taylor conrider essential for generalized
plastic deformation in a polycrystalliae material.

-- . .... . . . . .. . . . . . . . . . . . . . .. .. . .. . . . . . . .- • _- - _ . . . . . . .
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In spinel the dislocations moving along these slip

systems are confronted with major structural defects, grain

buuadaries and sub-grain boundaries, and with opposing dis-

locations along interpenetrating slip systems, all of which

inhibit dislocation movement even after only a small amount

of plastic deformation has taken place. The significance

of the recurring evidence of work hardening found in the

slope of the nonlinear portion cf every stress strain curve

obtained in t•nit experiment lie5 in the facL that wherever

work hardening occurs plastic deformation has necessarily

also occurred.

Work hardening, as is shown by these curves, tends to

increase with decreasing grain size, because the total grain

boundary area associated with small-grained material is

larger than that associated with large-grained material and

it is the interference with dislocation movement caused by

these major structu-7al defects which produces work harden-

ing. This sensitivity of the wou'k hardening phenomenon to

the grain size of the material is demonstrated in the slopes

of the plastic portions of typical stress-strain curves

obtained in this experiment.

Another influence on the rate and extent of work hard-

ening is the frequency with which dislocations interact with

the defects in a crystal. When a large number of disloca-

tions participate in the interaction activity, work hardening

is rapid. At elevated temperatures, the generation of new. .. . .. I
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dislocations from Frank-Rflead aad other sources increases

Hi greatly) as doet the mobility of the already existing

I dislocationse Ar is shown in the stress-strain diagrams,

work hardening at high temperatures is substantial, particu-

larly in large grained material where dislocation inter-

actions are favored.

A Work hardening is continuously being reduced by a

concurrent thermally activated recovery process involving

, diffusion. Thus, the measured rate of work hardening also

depends on how quickly dislocations which have piled up

at grain boundaries and other obstacles can be dispersed.

This rate depends in turn upon the diffusion rate of

vacaaciei or ions. The diffusion of vacancies to disloca-

tions causes the dislocations to climb out of the pile-ups

and to continue to move on the new, less occupied slip plane

(Weertman, 1955; Chang, 1963). Vacancy diffusion itself

t depends on time and temperature. Thus, the slower an ex-I
! ternal stress is applied, the smaller the work hardeningIi

because there is relatively more time for dislocations to

disperse or annihilate through some diffusion mechanism.

The stress-strain diagrams clearly show the dependence of

plastic deformation in hot-pressed spinel upon the plastic

astrain rate.

As work hardening increases, the deformability of each

individual grain continues to decrease. Ofter a certain

stress level is reached, and at the point where individual



69

grains have reached their limit of deformability at that

strain rate, the grains begin to translate and rotate as

rigid bodies. In this case, the boundaries are rorced to

open and structural integrity cannot be maintained (Palmouri

1965). Thevafor'e, when the rate at which work hardening in

grains still able to deform is equal to the rate at which

structural integrity is being lost as grain boundaries open

up, a steady-state flow is reached. When this happens the

piled-up dislocations further increase the amount of defor-

[mation by escaping their barriers through a process of vacan-

cy and ion diffusion. An illustration of this phenomenon

may be seen in Figure 7c and d where a large number of fine

crack lines have formed in 1. 6 7p -grained specimens tested

at 1428 0C as a result of this plastic process. Were it not

for this process, the specimen would fail by brittle prop.-

gation of Zener or Stroh cracks as soon as the steady-state

flow stress was reached. The reason that this i.67A specimen

has deformed almost one percent at this steady-state region

is that work hardening (iL.., pla3tic flow) continues even

while the cracks are developing. These cracks may be desig..

n nated as ductile cracks, where plastic flow conninuouslj

blunts the advancing crack tip, inhibiting its catastrophic

propagation.

L 'crostructure Lamination

In attempting to find out eractly in what stage of

deformation the fine cracks doveloped in the specimens with[U
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1.67AA grain size tested at I19280 C, anoIther speimen 0P ith the

same grain size was tested under idantieal conditions except

that the test vas stopped and the load ,.a. taren Q' at

approximately fifty percent of the normally observed steady-

3tate flow strain. After testing, it showed a considerebly

smaller number of f£ne cracks, suggesting that the malority of

such cracks form only afte.1 this steady-state condition has

l been attained. Conversely, generalized deformation of speci-

mens without loss of structural integrity characterizes the

region of the stre3ssstrain diagrams preceding the onset of

I &N the steady state. Tho steady state condition observed in

these experiments is considered to be equivalent to the

thjird, eventunlly disruptive, stage of tensile creep observed

in ceramic and metallic materials.

The intergranular cracks associated with the slip mark-

ings observed in the microstructure of intermediate grained

specimens (60M) in Figure 9 is further evidence that exten-

sive plastic deformation of grains precedes Zenar or Stroh-

type crack formation along grain boundaries. Stress concen-

tration due to the largo number of dislocations piled up atIL the grain boundary causes intergranular or transgranular

fractures. Transgranular crc,:k formation is observed in

Figure llc for 200 A grains, as is apparent grain boundary

sliding in Figure ld. As the locml streas increases

through dislocatilm pile-ups, the grain boudary may open as

well as nlide to accommodate the stress. The crack formed
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at thie Z-junction of thea grains is aleax'ly attributabl'0t

plattic deformration as evidenood by the wavy slip lines

observed in the adjacent gi-ciins.

IThoi small ery-tallitea observed in Figure 9b in pro-
existing large grains indicate that rearystallization occurred

within these grains as a result of local strain caused

by plastic deformation. It Is known that, In metals, poly-.
gonizatiorn - a process involving climb and glide of disloca-

tiozis to form snall angle bound&ries having lower energy

than the equivale~nt number of random~ly distributed disloca-

tions -In a necessary preli~minary stage to rearystalliza-

tion. Hence eacperimerital obserlfatjoi= of recrystallization

dernotn (a) crystalline plasticity, (b) vork hardening due to

E d.1.slocatiori interactiou with boundaries and other dislocations,

and (o) a thermally ac-.4vated recovery process involving

climb of dislocations. An experimental confirmation of dis-
locat.ion climb and polygonization processes in the spinal

stru~ctube during high ta~mperature deformation has come from
recent dislocation etch pit studies in alumina-rich spinel

single crystals. Clear maicroscopic evidence of polygoni-

[ ation in a specimen loaded in compression along [llo]'at a
strai.n rate of 10% per minute &- t 17100C (and subsequently
q uench o'joled) has been obtaiied ~-Mc~ra yer (1965).

The probability of crack formation in the latter stage

of deformation depends on the test4l.g tekmperatuare, strainijrate, and grain size, since crackin is enhanced by the
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severity of work h.%rdenaiag, and is made less likely by the

availability of an effective recovery process such as dis-

location climb and polygonization, Low temperature, high

strain rate , and large grain size are favorable conditions

for very rapid and severe work hardening, with little likeli-

hood that a recovery process could operate at a sufficient

rate to prevent crack initiation. Even though dislocation

interactions are r.esponsible for crack ,nUA~ti under such

Scircumstances, the mobility of dislocations under the locally

intense stresses at the advancing crack tip cause its blunt-

ing, and thus prevents brittle catastrophic pagatig of

the cracks.

Choi and Palmour (1964) have discussed the contributions

of strain annealing (strain induced grain growth) to disloca-

tions and eventual cracking in polycrystalline spinel re-

peatedly deformed in compression. They were able to demon-

strate by replication fractography that four - and perhaps

five - independent sets of interpenetrating slip markings

could be microscopically observed in a single large grain

( <200DA). In recent high temperature bending experiments

(Palmour, 1965), with fine-grained (2-5,A) and dense (approx-

imately 98% of theoretical) hot-pressed spinel of purity

comparable with the material used in these studies, the

structural integrity of the specimens was still preserved

even after 5% of plastic strain at a strain rate of one per-

cent per minute, indicating ductile deformation of spinel; slip

markings in the larger grains could be observed microscopically.

•'Ii -- -~ i= , = , i , , , ,. . .
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Kinetics and Phenomenology of Deformation

ilain BLja-Q.U. Dayefljac Tile deformation equa-

tion (Equation 11) obtained in this research is considerably

different from the equations describing creep behavior of

other crystalline materials (Zener and Hollomon, 1914;

Weertman, 1955). The dependent variable in the present

experiment is the flow stress, a9, whereas in the conven-

tional creep test, stress is a constant but independent

variables and strain rate is the dependent one. However,

the kinetics involved in the deformation of crystalline

material can be compared and discussed with equal facility

from either viewpoint.

The n1 values which measure the power law relationship

between stress and strain rate, ( joC (-n) - obtained in

this experiment range from approximately 2 to 7 depending

on the testing temperature. These values indicate that the

deformation of hot-pressed spinel is achieved by means other

than viscous flow, for which process the a value should be
unity. The next possible flow mechanism which must be con-

sidered is Nabarro-Herring diffusion creep. However, this

flow mechanism is categorically ruled out because of the high

a vajsues obtained in this experiment (Nabarro-Herring creep

is also a viscous process, with 1 approximately 1) and be-

cause the strain rates here employed a0e almost two orders of

magnitude higher than the strain rates under which diffusion-

al creep normally occurs in ceramic materials (Kingery, 1960).

_



Consequently, the large U values can only be accounted for

by a deformation mechanism involving movement of disloca-

t4.ons. Weertmn (10"15 Ia shW--n that for a crys-tlline

material deforming plastically by dislocation movements, and

with dislocation climb an the zecovery process, the n value

should be three to four. The 1 values obtained in this

experiment are in general agreement with the Weertman model.

A2AM Ae Energy. According to the deforms-

tion equation obtained in this experiment the contribution

attributable to thermal activation is a quadratic function

of temperature, T , rather than the linear Arrhenius-

type temperature function, -Q/RT. Thus, when calculated

values of ln" are plotted against the reciprocal of the

absolute temperature (Figure 16) the graph is parabolic

rather than linear, indicatiag a progressive change in

tangeat (apparent activation energy) with change in temper-

ature. The apparent a-.tivation energies obtained at temper-

atures above 15500C vary from approximately 100 Kcal/mol to

about 250 Kcal/uiol, in general agreement with the apparent

activation energy measured in transverse bending of hot-

pressed spinel, approximately 214 Kcal/mol (Palmour. 1965),

and in compression testing of single crystals, approximately

130 Kcal/mol (M4cBrayer, 1965). At very small strain rates,

even at low temperatures (where the rate at which ionic or

vacancy diffusion can occur is low) grain growth is likely

to occur due to the lcng time required to carry out the tes" -
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The finer the starting grain size, the larger the exoe's
surfaoe energy stored in the boundaries, and the greater the

potential for grain growth under given cc.ditions of strain

rate and temperature. The small grains grow relatively

rapidly, presumably by a strain-annealing process and possi-

bly by some concurrent Nabarro-Herring diffusional process.

This grain growth can bring about a large change in the

strain rate for a simall change in temperature. Thus, the

apparent activation energy predicted at temperatures below

1550'C (see Figure 16) is unusally high (approximately

500 Kcal) for very fine grained material (1.67AA ).

At present, diffusion constants and activation energies

for self-diffusion of the ionic species in spinel are not

available. Thus an unambiguous designation of tha deforma-

tion mechanism of hot-pressed spinel on the basis of the

activation energy alone is impossbile. However, the appar-

ent activation energies obtained in this research are not

inconsistent with some thermally activated recovery process

involving self-diffusion of a slow moving ionic species, j.g.,

Oishi and Kingery (1960) reported 185 Kcal/mol as the activa-

tion energy for oxygen self diffusion in A12 03, a material

closely related to spinel in terms of anion structure, compo-

sition, and refractoriness.

fII__-
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SUWWMY AND CUOLWIO1W

Summary

Plastic deformation of dense hot pressed spiriel at

temperatures above 1350°C is clearly evidenced by the

substantial amounts of 1) work hardening shown -in the

stress-strain curves and 2) steady-state flow strain. The

power law strain rate-stress dependence with n ranging from

approximately 2 to 7 and apparent activation energies rang-

ing from approximately 100 to 500 Kcal/mol as functions of

temperature and grain size are considered to represent the

steady state flow process in hot pressed spinel in terms of

work hardening on the one hand and some thermally activated

recovery process on the other. Limited but direct micro-

scopic evidence for the plasticity of spinel as a resul.t

of dislocation movement on multiple slip planes is found in

the high Incidenue of grains containing wavy and straight

slip markings and in the large number of recrystallized

grains observed in deformed coarse grained material.

Neither the Zener and Hollomon nor the Weertman creep

rate equations provided as effective a fit with the experi-

mental data as did the more complex deformation equation

reported here. Its temperature interactions with grain size

and strain rate, and the quadratic component in the thermal

activation term, are highly significant in the statistical

sense, and clearly denote an Important temperature contribu-

tion in addition to a single thermal activation energy. It



isr quito probabie tnart two or more different pl&Stic

processes are Involved with each beIng rate oontrolling
!•_ over a given temperature range. Much additional "permea-

Station would be required to fully resolve each process and

its effective range. Both the kinetic data and the micro-

scopic evidence regarding recrystalization and other forms

of polygonization tend to support the Weertmen concept of dis-

location climb as one of the principal contributing processes

to deformation in spinel.

More complete understanding of the role of dislocations

in pl~sticity of spinel might best be sought through the

following experimental studiess

1) work with the transmission electron microscope to

directly observe the multiple slip systems in spinel

ana their role in work hardening,

S2) fractography studies to reveal the operation of

multiple slip systems within grains and to revealIi possible occurrences of transgranular slip,

I3) kinetic studies conducted over narrower ranges of

the experimental variables to delineate possible

differences in rat6-ccntrolling mechanisms for

deformation at different temperatures and grain

size levels.

C onclusions

1. 8peoimens o0 dense (99 % of theoretical) hot pressed

spinel ranging in grain size from 05,ta to 200, deform
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plastically at temperatures between 13500 C and 1800°C

under dynamic strain rates of O.05%/min to 5%/min.
2. Work hardening is consistently observed in the stress-

strain diagrams obtained in this investigation and the

degree of work hardening is strongly dependent on strain

rate, temperature, and grain size.

3. The stress at which plastic flow initiates depends

largely on the temperature and to a lesser extent on the

strain rate and grain size.

4. Wavy slip lines and recrystallization in specimens with

intermediate grain sizes are indicative of plastic

deformation involving dislocation movements on multiple

slip planes.

5. In large grained specimens, localized plastic deformation

occurring near grain boundaries and particularly at

three-grain intersections induces intergranular and trans-

granular fractures of Zener and/or Stroh type.

6. When the rate of decrease in strength due to intergranu-

lar crack formation is equal to the rate of work hardening,

a steady-state flow is reached.

7. Kinetic data and grain boundary sliding observed in some

extensively deformed specimens suggest an active partici-

pation of the grain boundaries in the latter stage of the

deformation process, especially at higher temperatures.

8. Within the ranged of this investigatiun, the steady state

Sflow stress (ultimate strength) of pure, highly dense

polycrystalline spinel can be predicted to within ±5% of

r . . .J ....... .. ........... ..-. . ...1 ... .. .... .. . . . .. "



*

Ii
actual values from the defurmation. equations

Where 0- normal steady state flow stress in psi

d = average grain size in microns

= normal strain rate in percent per minute

R = gas constant

T = temperature in degrees Klvi.n
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