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Flow and Fracture of Hoj-Premsed Folyeryatalllus

Spinel at Elevated Temperstures™

by
Dong Myung Chol and Hayne Palmour III

ABSTRACT
High purity (approximately 99.94%) fine particle asize
(O m ) Msﬂlzou'apinel_prapnrod bonhemical coprecipita~
tion was hot pressed using the rate-controlled method in
a graphite div. The average density of three hot-pressed
compacts was 99.2% of theoretical and the average grain
alize was 0.5«: Compreasion specimens cut from these com-

pacta were heat trested at variocus temperatures and time

- periods to achieve the desired amount of grain growth.

The specimens then were tested in compression in
vacuo at preacribed temperatures and straln rates and the
amount of flow stress (the dependent variable in this

investigation) was measured in each case. Grain size,

tempornturo; and strain rate (the independent variables

.in this investigation) covered the range 0.5 - 2OOAQ

*Based upon a dissertation submitted by Mr. Chol in
partial fulfillment of the requirements for the Degree of
Doctor of Philosophy.
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1350 - 1800°¢, and 0.05 - 5%/min, respactively,

o gy |‘n'||.'

Utiliging an IBM-1410 computer ror data vedustlon and
statistical analysis, the correlations betwesn the indend-
ent varlables were ostablished, The microstructure of
specimens was examlned carefully after the teat and the
findings were related to the work hardening revealad in
the streauwatrain'diagrams and to the fallure mechaniam of

the specimens.
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Hot-pressed spinel deforms plastically within the ex-
perlnanfal rangeé of thls investigation, The stress at
which plastic flow initlates depends largely on the temper-
ature and to a lesser extent on ths atrain rate and grain

. size. The maximum average flow btréas of hot;prassad spi-.
nel was approximately 42,000 psi for the speolmen with 104

- grain size tqsted at 0~5¢/m1n atrain rate and at a temper-
ature of 13506°C. Work h@rdaning 18 consistently obaerved-
in the stress-strain diagrams obtalned in this 1nvestign§
'tiug and the degree of work hardaning'iu shown to be

strongly dependent on the strain rate, temperature, and

ey

' ‘grain size. Wavy slip lines and recrystallization in

specimens with intermediate graln sizes are indicative of

plastic deformation involving dislocation movements along
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INTRUDUCTTON

Ceramic materials are, in general, economical, readily
available, hard, and resistant to corrosion by oxidizing
elements. The oxides such as alumina, magnesia, spinel,

and zirconla have high meiting'tgmperatures and are siruc-

turally stable even near theiivmelting points. Nevertheless,

‘until recent decades, wetals have baen the material of choice

for structural members because of the characteristic brittle-

" ness of typical'ceramics. Application of a sudden externa:i

stress causes wost ceramic materfals to shatter whereas

matals undergo a considerable amount of plastic deforma=-

tion berore.railing.

Yowover, wlith tho capid expansion in wodern technologies

now underway, a4 structural compenent is required which has

the advantageous properties cf both metals and ceramics.
At present no single material is known to have this unique
combination of properties. The search for this material will

become more affective as the underlying reasons for ceramics'

brittleness and metals' ductilisy become better understood.

On the basis of caiculatéd honding forces, metals should
have far greater thieoretical strengthAthan the strength that
13 actually observed in them. The low sirength of metals

results from movemerits of dislocations on certain crystal-

- jographic planes alc@g specific directions under the applied

ghear force. This movement of dislecatlons induces plastic

daformation in metals at a much lower stress level than is
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expected from classical theory. Howaver, dislocstions ln

most ceramic materials are relatively immobile at rocm tem~-

perature, partly because of the large lattice energy barrier

and partly because of tho complex crystalline structure.
Consequently, most ceramics exhibit very litile or no

ductility at all. At eievated temperatures, dislocstions

in normally brittle ceranmic materials become mobils, thus
imparting plasticity. Even so, mos ¢ refractory eeramics
are ductiie only to a small axtent becau;e of the limited
mobiiity of their disldcations on the limited number of
available'slip systems.

Spinél (Mghlzoh) melts at a high temperature and is
chemicallyrinert. Its crystalliographic strucﬁurc 1s face~-

" centered cuble with clilose-packed oxygen ions. Spinei does

have the multiple slip syctems that are necessary for
generalized rlastic deformtions to ‘occur in a polycrystal-

1ine body. Because of its structm-a and bonding, spinel is

corrosion rasiatant, refractory, and thermodynamically stablo

at high temperatures. The possibility that 1t gay alsoc bas
ductile at high temperatures is the basis for this re;earch
which investigates the deformation in compression of hot-
pfeSsed polycrystalline spinel as it depends upon 1) the
strain rate or speed at which the matariai is stressed,

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

i il

L
i

o



L

R SRR DRI SR
| i _‘2‘ ! ‘ L ‘|':' i ‘...Liu;lui..‘mn”:

|
|

5

B VIEY

T [}
fas. b v A AAAAVE &AL

The experiments repor ted here deal with the mechanical
propertiss of hot-pressed spinel (MgAly0)) at elevated
'temperatgrea. The Qﬁréngth of e polycrystalline mate:ial
depends largely upoun 1is microstructure (¢.g+, the size,
shape,and distribution of the grains and pores). These
microstructural features are the direct‘cohsequsnce of‘the

gtarting materials and of the process by which densification - ' !

“thus the first topic reviewed.

Sintering
There are two methods of sintering: 1) solid-state
sintering and 2) sintering in the presence of a viscous

was achieved. The general theories concerning sintering ars
. liquid. 1In both processes, the mechanically and/or chemically i
bound powders change their size and shape under the appropri=- l
ate temperature and time conditions, producing'a dense body. -
 The driving force for:the'densificatibn is the decrease in a
| surfaée area and tﬁe reductibn‘ih surface-free energy of the
agrains through the elimination of solid -vapor interfaces.
Since liquid-phase sintering 18 used almost eiclusively for
_ tiring silicates containing viscous vhases of_metal bonded-
cerset sygtems andvsinca thé sintering process involved in
the hot pressing of spinel is 6f the =olid-statertypa, this
. review will deal with solid-state sintering. | |
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Tne dengifiication of a powdefed material is accompanied
by pore removal and, in general, graln growth. During the
early stages of solid-state sintvering, open pores disappear
(Clark and White, i950)vand shrinkags occurs through a neck
growth process (Kuczyuski gt gi.; 19595. Accdrdihg to the
1attef there are three pogsible mechanisms by which neck
growtn can occurs 1) viscous or piastic flow of microsc&pic
or macrdscopic particies, 2) eéﬁporaﬁion of ibgs (or atbms)

from convex portions of the system and condensation of these

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

ious, and /for vacancies. Their experiments with sapphire
apheres showed volume diffusion to be the raté-controlling
mechanism. A similar experiment by Coble (1959) with sapphire
spheres supports the “ingery-Berg (1955) model of sintering.
In this model the neck is identified as the source for
vacancies while the contact boundariss (grain boundaries)
of the crystals act as vacéncy einks. Thus sintering and
shrinkage by neck growth is thought tn be controlled by a
bulk diffuﬁicnrbrocess involving vacancy migration.
Sintefing stulles of polycrystallina'A1203 by Burke
(1957) showed that the grain boundaries are apparently good
vacancy sinks. A large amount of porosity still remaiﬁed
wvithin the grains while near the boundaries the pores were
absent. 2nis prefercntial removal of porosity along the

grain Doundaries suggests that,'in order to obtaln a porae-

free dease body, rapid grain growth must be avoided. The

B )
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mora difficult 1t becomes to remove the wapped pores within

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

AT

ed is by the slow vacancy diffusion process.

Forhation of Spinel

8pinel is found in nature in a nsarly perfect stoichio-

metric state, probsbly forued under pressure in a hydroé

I

thermal environment. Anderson (1952) reports that materials

witn a spinel-type structure wera synthesized as early as

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

It

at temperatures above 900°C on contact surfaces of two con-
3tituent oxides by the reaction AO + 3203—# ABzou. He
state: that spinei tformation thersafter occurs by the difru-

sion of cations A** and B**™" in opposite directions through

RN

the spinel layer previousiy formed. In thils ionic diffusion
procsss,loxygén ions are virtually immobile. Carter (1961)

‘later confirmed this cationic diffusion process for upinel

formation by means of the inert marker method.

immmWMMMIMMMMWHMMMWWMWMMWMWLM.JSLIL T T T

When single crystals of Mgl and A1,03; were fired to-
gether in air &% 1560° for 250 hours (Fuerétenau 8% &le;
1961);.s§1n01 fcrasd at the contact interface. In these
stulles it was observed tbz% the thickness of the s pinel
layer adjacent to A1203 wvas ten times grsater than that next
to MgO. This, they concluded, is an indicatior of the more
rapid diffusion rate of Mg'' ions thaa of A1**' lons through
the spinel layer. HNavias (1941) has demonsirated that in a

!
i
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hydrogen atmosphere spinel 1s formed around both single and
polycrystalline alualna at temperatures of 1500 - 1900°C by
the vapor diffusion process. QCaseous-phase magnssiun oxide
was deposited uniformly on the surface of A1203. In an |
oxidizing atmosphere,. howeve;, spinel formed only at the
contac+ area.

Rankin and Merwin (1916) originally studied the phase
relationships in the HgG =~ Al,03 system, showing MgAlzou as
a cbugruéntly‘melting compound at 2135°C. In this work 1t
vas found that HgAlaoh'rormed nearly a complete solid solu-
tion with «-A1503. Later Roy at al. (1953) confirmed these
earlier fiﬁdingsi'they reported the maximum solid solution
as 86 mol $ 51293(9u ¥t. ). Rscently, Alper'gj al. (19%62)
reported a maximum solid solution of 11 mol % Mg0 in Mgal,0, .

8 tructure of Spinel

Bragg (1915) studied the structure of spinel bijfray |
diffraction. The idaal.stfucture of spinel is one of a face-
cénfered cubic close packing of axygen ions with caﬁibné
occupying some, but not all, of the interstitiel posi tions.
There are eight HgAlzogrmolecules in a unit cell of spinel.
Metal ions are distributed in the cell 8% that eight divalent
ions occﬁpy eight of sixty-four available tetréhedral sites
and sixteen trivalent ions occupy sixieen of thirty-two

available octahedral sites. Materials with this type of ionic -

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

that wagnesiwue aluminate spinel is of this type. Spinels

Wmmmmmmw
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with trivelent asial dons occusying letrahiedral asites nare
called "dnvarse", examniles belug diAlQDh, MnAlgDu, and
CoAl,0,. SBacon has further shown that the actual structure
of magnesium aluminate spinel 1s very close to the ideal one.
Some hepor ted Thermal and Hechanical
- Properties of Spinel

Data on the structural, physical, thermal, electrical,

'ootical, and mechanical propertiés of goinel as reported in

‘the 1iterature have been complled byVPalmour gt gl. (1963 d).
Spinel has a melting feﬁperature Qf'2135°C, a thecratical
density of 3.6075/00, a thermal expanéion.coefficient of

=6 01 ¢ 25 - 1350°C (Anderson, 1952), a thermal
cohductivity of 0.0159 cal/(séc)(cmz)(oc/cm) at 800°%C (Kingery
et al., 1954), and-a_specific heat of 0.2 cal/g/%c at room
température (Archibald and Smith; 1953). Its Moh's hardness
i1s 8. Hot-pressed spinel of high density (99+%'theoretica1),
fine grain size (average 5SM) and high purity (99.9'%) has ah
ultiméﬁe éompféséive_sfrengtq of 392,000 psi and transverse

strength of 33,400 psi at room temperature (Choi gt 31.,-1962).

Sintered spinel of lower density.(Ryschkewitch,rl9h1 a, b)

has ultimate room temperature compressive and transverse

strengths of 270,000 psi and 19,200 psi respac*ively. The -

room temperature transverse strength for sintered spinel
(appraxiuataly 98$ thecretical density) is 12,300 psi |
(Anderson, 1952). The ultimate compréssiva strength at a
temperature of 1400% 1s 21,400 psi for sintered spinel

FRere=r o3
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Kyschkewitch, 154ia) and 79,000 psi (sirain rate of 0.02

in/min). for hot-pressed spinel (Palmowr and Chol, 1963).

‘Dislocation and Twinning in Spinel
The dislocation model in spinel was first proposed by
Hornstra (1960) and later verified (Hornstra, 1963) by
transmission electron microscopy. It is described in werms

of four {112) quarter-partial dislocation on the {111} slip

‘planes with total Burgers vectors along {110) directions.

There are & total of twelve possible slip systems in a unit
cell of spinel according to this model. Experimentally,

dislocation etch plts have been observed in spincl singla

crystals (McBrayer gt al., 1963). The spinel structure is
~ well known for 1ts (111) twinning. The term spinel iwinning

is used widely in mineralogy to describe a specifié type of

twinning. Many minerals conform to the s»ninel twinning law

(Kraus af al., 1953).

Hot Pressing

-Hot pressing (or'préssure sintering) ag a forming method
ha§ been used widely in the powder metallurgical field. The
aprarent advantages of hot-bressing over the conventional
dry pressing and sintering are tnat it redﬁces*processing
time and thatrit has a potentiai in forming dense, fine_r
grained ceramic wave for improved mechanical strength. Thomas
and Jonés (1960) described the advantagés of hot pressing as

well as the general orincinles involved in forming ware by-

hot pressing.
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Because of the neture of the forming method; the mecha-
nisms by which compactlon takes place in hot pressing are
expected to be somewhai different from free body sintering.
The externslly applied stiress in hot pressing is much larger
than the surface energy which provides the driving force in
sintering, and significantly enhances the rate ot pore
removal, thus acceierating ihe sintering rate at a given
temparatura, The techniques of hot bressing and the cu::egt
theories concerning the mechanism of'dén91fication durihg hot
pressing are discussed by Jackﬁon (1961). ‘Densificationr v
processes of alumina and_magnesia were studied in relatidn
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). 1In this studx it was noted
that the electric properties of the hot préésed.mntérial im-
proved over those of the body p:epared by the conventional
sintering technique. Crandallrgj al., (1961)5 King (1961)
" and Mangsen gf 31., (1960) have inQéStigatéd the physical and
mechanical properties of polycrystailine A1,03 forméd by the
hot-pressing method. Studies of the effects of graln size
on medhénical prope;ties in not-pressed ago by Spfigzs a8t al.
(196h#, 1964b) showod that with increasing grain sigze the
transverse strength increased. Chol gf al. (1962) have

investigated the depandence of room temperature transverse

1
b
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tlons. Krilegel gi al. (194) showed that the increase of
total purity in hot-pressed spinel from 99.%5% to 99.9%
inoreased the ultimate compressive astrength by approximectely
ten fold (20,000 psi) at 1600°C.

S trength of»Crysfalline Solids

The strength of a cryétalline material 18 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 aﬁoms or ions that are preéént in the crystal.
Thus crystals~with différentratomic‘cdmpositioné differ ih
strength. Actually, however, strength depends in part on
many other factors, g.g. disturbances in the atonmic arrange-
ment, faults in the surface of the crystsl, etc. These are
called crystalline and surface defects. One of the most

important defects 1s the now well known dislocation. Through

~dislocation concepts, 1t is possible to understand many of

the complex mechanical responses of erystalline sollds, g.gQ,
—ductility and strain (Hork)'hardening. Specimens of normally
brittle magnesium axide single crystals, when prepared prop-
srly, were plaatioally deforwmable at room vemperaturav
(Parker, 1961).7 At elevated temperatures single crystal
aluminus oxide was shown to be plastic (Watchman and Maxwell,
‘1954, 1957; Kronberg, 1955, 1957; May, 1959; Gibbs, 19593

and Conr#d; 1965). Ductility in thege.drystals was clearly

attributed to moving dislocations.
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The properties of dislocatlons in crystalline ceramic
metals. Gonerally ceramic materials have two or more ilonic
specles differing in size and related by short-range, ditect-
ed bonding forces. In addition their structure normally is
more complex than that of metals. When dislocations move
in a ceramlic material, bbnds, ionic and covalent, must be
broken and the overall electrostatic neutrality of the
lattice wust be restored after thé reestablishment of the
bonds. - This process takes place with a low lattice energy
involveaent in metals,.whereés in mést ceramié ma terials
high thermal activation 1s necessary to achleve sufficient
mobility for dislocation motion.

Thus by means of dislocation theory the strength of

‘ crystalliﬁe material can be axplained and understood rather

well. However, entirely elastic theories must be invoked
in coping with the low stréngth of brittle materials in
§hich dislocations either do not exist, e.g.,in glass, or
arelimmobile at a given temparature. Early in the'1920's,
Joffe ot al. (1924) learned that when a NaCl orystal is
dipped in water the brittleness disappears with an increase
in strength. This phenomenon was explained throughbthe
concept of the surface microcraqk. The microcracks in the.
surface of the crystal act as,fracture'initiation points

causing premature bhrittle fractures at stress levels far

below theoreticel strength. The microcrack idea for brittle
failura of a crystal was expressed mathematically by
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Griffith (1921) on the hasis of zurfece encrgys
_ b
mVe

wherse R=plans stross or fracture siress
&= Young's modulus
o« = gurface energy of crystal
'V:Poisson 's ratio

C = length of microcrack on the crystal
surfuce

Strengths predicted by this eguation were experimentally
substantiated with thin glass plates.
Gorum gt g1. (1958) found that embritilemeni of icnic

' crystals (NaCl, KCl) is caused by surface dislccation pile~

ups which produce internal siress. Such pile-ups intensify
the stress in unslippsd bortions of tha crystal ahead of the
advancing columns cf dislocations to levels wuch higher than
the applied stress. Consequently, fracturé initiates at the
surface of the crystal. Jiccording to Strch (1954) cleavage
cracks form us a result of dislocvation pile-up whens

no>12 h G | -=-=(2)

where n = number of pcsitive dislocations

n

tensile stress

ma terial conatant
rigidity modulus
He estimated from this equation that the numbter of disloca~

il

o
h
G

tions necessary %o cause the fallure of coppsr by the pile-up

process 1s approximately 100L0. Wesiwood (1961) and Johnston
at al. (1961) demonstrated that the pile-up of «dge disloca-
tion (from a single slip band) in the graian boundary of
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Bagnesiua oxida bi-crvstals causal tranagranniar or intar-
granular oracks depending on ths degree of mlaorientatlon
between the crystals. Cragk forsation by the sare process
(Zener, 1948) was further evidenced in the experiment by
Clark g ad- 62) wi‘t.h MgO bi-cxystais.

It is known that strength in cvyystalline mntsrial is
Y atrugcure~aensitive property. As mentioned, internal
stress in a crysial aifects its strength and 1nrtha case
of & pblycrystalline body, 1ts effects un strength become
even more 5ignif1¢ant, as Coble (1958) deaéribes in a com~
preﬁensive.tre&tise on thé'SUbject. Stokes (1963) has
summarized and intérpratqdvthe data that has been adcumulated.
primarily since 1958 regarding this. Ryschkewitch (1953)?
Spriggs and Vssilos.(l963), Knudseﬁ (1959), Cutler (19575,
and Chdi 2% al- (1962)vhave.invest1gated the room tempera-
tuwre dependence of strength oﬁ microstructures énd/or process-
ing ir several reftactory oaxides. In fhese studies, the wmost
sigaificant factors influencing the strength of a crystalliua

- material are density (or porosity) and grain size. A large
grain boundary area assoclated with a small giqiu nlze is
considaréd to prohibis dislocaticl movement at voom teup6ra-
ture. For this reason, there ie an 1ncreaso 1n the strength,

of the maaerial.

Piestic Deformation and Creep at High'Temperatures
‘At elevated temperatures the roie of dislocations and
grain bounderies in crystalline material is considerably
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complicated through the effect of the high temperature on

.the mobility of boundaries and dislocations. The disloca~

tions elrsady sxisiing in the crystal become much more
mobila. New slip systems beéome operative at high tampéraf _
tures;~fesulting in increased flow and a consequent decrease
in stpengtha This 1ncfeassd mobility'of dislﬁcetions atr
high ﬁamperaturos‘is responsible for the pl#su¢c1ty in

refractory coeramic materials which are normally brittle at

‘low temperatures (Wygant, 1951; Chang, 1959; Conrad, 19615
19%5; Wachtman and Maxwell, 1957; and Warshaw and Norton,

1962) . ,

von Mises (1928) and Taylor {1938) pointed out thai for
a fine-grainad polycrystalline solid to undargo plastic de-
formation, each crystallite must be completely capable of
adjusting to the overall change in the shape of the heigh-
boring grains. They further pointad out thaf’torsatisfy
thiz condition, each individual crystalline grain must |

‘possess at least five independent slip systems. The deforua-

tion of crystals which do not hgve'thesa;systema must be
accompanisd by void formations in the grain boundaries. The
identifying of ceramic materialec by their various numbeis of
slipipyatana (Groves and Kelly, 1%3; Copley and Pask, 196k)
shows thlt:nono of the common ceramic materials huveifiva o
independent slip systeums at low tempersture: ex~ept spinel

and TIC; these reciractory materials, howsver, do not have

sufficient disiccation wobility at rooz teamperaturs to peramit

‘;“—
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macroscoplc plasticity. Sivkes and Li (1953) have shown
that polycrystalline sodium chloride deforms plaztically
ehove 150°C at which "wavy" or multiple slip 1s observed.

The spermna falled by a neck.tnz process vithout developmg

g-rein box_mdary cracks or voids. Like ugneeiua axi_de, dodium

chloride has only two slip systems at low temperatures. How-
ever, &% elevated ‘temperatures three axtra slip systeuws

become operative, satisfying the von Mises-Taylor criterion

for generalized plsstic deformstion of polycrystalline mate-
rials. Similarly, Pratt gt al. (196}) showed that polyerys-
talline CaF, deforms plastically when five slip systems .
become operative at approximately 350°C.

Because the temperature range at which most ceramlc

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

additional coumplications come into play. Thus the occurrence

of plastic deformation in ceramj: materials by simple disloca=-

: tion movement 1s rarely observed.

When a polycryﬂhlline mass Lmdergoas a generalized
volume-conservative deforsation at elevated temperatures, it
does 8o by deforming the crystalline grains and by sliding
the grains past each other alon( grain}boﬁndaries. According -
to tha noet widely accepted theories, grains can deform
either by some plastic mechanism involving dislocation motion
or by a diffusion mechanism which ‘s initially studied by
Nabarro (1948) and iater refined by Herring (1950).

The extent of phstic deformation by dislocation move-
Bent In & orystalline bcdy depends primarily on two factorss

!
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1) the %total number of dlslocations existing and newly

-

generated in the gralns, and 2) the moblility of the dip-~
locations. During deformation, the dislocations svesep

. | ' across the slip planes until thay efentually pile up at

various pbstacles,ig,g,; sub-grain and grain boﬁndafies'
(Mott, 1953). For further deformation to occur, these
piled-up disioc&tions muét'ciimb over the obstacles by a
diffuslion process and continue to move.' Uhén the:raté at

which dislocations are pushed against the'barrier is equal

' to the rate at which the dislocations overcome the barrier

by c¢limbing, a steady-state creep rate is established. The

rate-controlling step in thi# process 1s the diffusion
necessary to achieve dislocation climb. Utilizing this con-
cept, Weertman (1955, 1957) has shoun that the creep rate

SEITICI

(€) varies with the applied stress (O~) and the temperature
(T) according to this relationships '

A - n -Q e
€ = A-%%f exp (=8 /RT) , (3)

where Q 1s the activation energy for self-diffusion, R the

' gas constant, und A the proportionality constant. The expo-
nent  is a constant varying from 3 to 4. Cheng (1960)
found that the steady-staie creep of single crystal aluminums

L  oxide is coutrolled by the dislocation climb mechanism.

i ' To date, creep behavior in most polycrystalline ceramic
materials has been generally considered to be controlledrby
BaBarro-Herring tyﬁe diffusion mechanisms previously mentioned.

Harring proposed the following equation to relate the creep
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fate (€) te the temperature (T), the applied stress (<),
the grain size (d) of the polycrystalline body, and the
dirfusion coefficient (D):
. D . :
i er = A %‘i ~==(1)
The 1inear relationship of € and o in the equation indicates |
that the flow prccess is a viscous type controlled by vacancy
diffusion in the lattice. Many research workers (Warshav and
Norton, 19625 Chang, 1959; and Polveiler, 1961) have shovn
that the activation energy deternined from creep tests in
polycryntalline aluminum oxlde agraas wall with that obtained

from the sintering rate and internal rriction mathods,»indi—

cating that the creep process of this material is controlled by
the Nabarro-Herring mechahism. The diffusion mechanism is
controlled by the concentration of vacsancies, theirirate of

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

- ever, due to geomstrical considerations, these mechanisms

cannot operate extensively in a polycrystalline mass without

goms accompanying grain boundary wmotion., Ihe'dapendgnce upon

grain size is expressed as a power function proportional to

a=<

Although attespts have been made to explain the creep

mechanism in terms of the grain sise of polycrystalline ceram-

iecs, g.g.,'A1203, all researchers do not agree on the nature
of this mochanism. Howaver, the work of Coble and Guerard
(1963) seems o cléar up the disparity cohcernins the creep
mechanism of large-grained A1203. Accumulated experimental
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evidence tends to demonstrate that creep in polycrystalline
A1203 1s a viscous flow regardless of grain size, although

nne recent results of Fryar and Roberis (1755} and Davis and

Palmour (1G6u,,1°651 suggest. that plasiic deformaticn on

. basal slip plane may be 1mportant in high nnxi&x polycrys-

talline alumina.
Creep by vacancy diffusion has also been observed in
polye“ystallina metals. According to Conrad (1961), Chen

and Machlin (1957), and Gifkins (195%), sven in ductile
" metals, void formation in grain boundaries which precedes

the finax weaksning and failura of metal is an inevitable
consequensa of grain boundary shear. Intrater and Machiin
(1959) observed that when bi-crystals of very pure (99.999%)
copper are subjJected to a shear force applied pﬁrallel to
the grain boundary in an H, atmosphere, volds form with the

number of volds 1ncreasing as the amount of grain boundary

| 'sliding increases. In vacuum, small cracks rather than

voids rorn along grain boundaries. They ccncluded that
voilds and cracks nuclesﬁe due to tha straess developed at the
edge of a slip plane which is blocked by the grain boundary.
Examination of the microstruciure of extensively delormed
puro‘aluminum reveaied sliding or'ﬁs wéll asrmigration'of

‘the grain boundariss (Chang and Grant, 1952, 1953).
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EXPERIKENTAL PROCEDVRE

Spinel Preparation
The mechaniocal prepertiss of cr
materials are greatly affected by the lmpurifies they
centain, Chang (1959) suggested that the proper type of
lnpurities along grein boundaries can decrease uhe grain
boundary "viscosity", resulting in a reduntion of strength
in polyerystaxlina materials. AnuincreaaeAin total purity
by about 0.5% augwented the compressive strength of hot-
| px?essed spinel by 10 fold from 2000 psi at 1600°C (Kriegel
at gi., 196h)f ‘The mechanical preperties inherent in poly-
crystalline materiais can thus be stuiied more effectively |
‘the pursr the matsclal. For this reason, znd for the Furpose
of obfaiﬁing fine-sintered grain size, a'cbemicel coprecip-
itation piocess was chosen fc» the synthasis of high purity
spinel. A detailed procedure for copracipitetion and the
subsequent calcinaticn of higa purity stolchiomatfic spinel
powder 1s described by Kriegel Aﬁ.ﬂl! (1964). The process
y;elds a noft, rlﬁffy; £rinkla pmider ﬁith an ultimate
particle size of approximately hOWJias shown Ly eleetron
'microscapy in ¥igwre 1.

Conversion of thy pouler to spinel was confirmed by
X-ray diffractior. 8pectrographic analysis showedrthe total
impurlty conten’ to bs sbout 0.06%, ine chief ones being -

81, Ma, 31, =21d Sn. Tae mole ratio of A1203 to Mg0 was
1.065 ag vaveslad by wet chemical analysis (Palmour et gl.,
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1963 b); in view of the small deviatlons and of the uncer-
taintles involved in the analytlical procedure, this spinel
i8 congiderad to be aassntlally steichiometric,

1In1t1ally, loosely bound soft lumps of calcined spinsl
were brokerl up by milling them in polyethylene bottles with
Teflbh balis to minimize contamination. Howa"er, both dry
and het kacetone) milling proved to be unsatisfactory in
that hot-pressed samples of the milleu powder had a black
color irdicative of a hydrocarbon pick-up from the plastlc.
As much as 5% weight loss was noted upon firing the dry-
milled spinel at 1000°C for 50 houra inm air. Even after
this heat treatment, the black color was observed though
1tg intenslty was consliderably diminished. Consequently the
plastic Jjar mill was replaced with an alumina mill. 8pinel

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

equal ‘velght of alumina balls and tumbled for 30 minutes.

A% that time, visual examination of the charge revealed a

-thorough break—up. It is assured tha* because thoy were

soft, the aggrsgates vere satisfactorily broken up within
thls milling tima; it 1s furthar assumed that the uitimate
size was not significantly altered by milling. X-ray dif- o
fraction indicated no alumina contamination. The powder vas
renoved from the bell mill and ;tored 1n a pxastic bag and .

in a desiccator to prevent water pick-up.
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Sample Preparation

e e

Enmii nmant . The omoneitvuct

A
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‘hot-pressing apparatus utilized in this work are deszcrilbed in

A e AR o

detail elsewhere (Choi, 1962). In brief, the equipment con-
siats of a graphite die, punches, a push rod, a susceptor
eylinder for 1ndﬁctioh coupling, a fused siliga envéiope 7
~which contains the above parts, and finally the graphite 1id.

A motor generator unit was used as the power sourcs for

inductivevheating, Carbon black was uséd for thermal 1n-’

0y

sulation in various areas.

I

L 1 e

A manually operated hydraullc system prov;ded the
necessary pressure. The junction of platinﬁm iOZVPt-Rh
thermucouples was placed on the top of the die and the side
of the upper punch for primary temperature measurewsnis. In
additibn; an optical pyrbmefer was used ﬁo check these meas-
urements 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 1C°C difference at
léagimuh st.qnyrgiybn timerbetween measureuents by the two

different ﬁethods.

1

Hot Pressing. Approximately 13 grams of ball-milled
spinel powder were pro*prehsad at room temperature in a
; , hardénod'stoal die under 20,000 psi utilizing a manually
| operated hydraulic prosi. Because of thé fineness of the
powder and because no binder or granulation was used to in-

hibit lamina%tion, the pressure was 1ncreased asuccessively

§
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y 7000 psi increments and each time the entrapped air was
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Ver belig vjecied {rou the die, the peiiet
(2 inch in diumeter by approximately 0.4 inches in height)
wag gently abraded against a nylon cloth to remorve the iron

particles which had abraded from the die wall and punch

- faces. A detailed description of the rate-controllad hot
prasaing procedure developed for high purity, fine-grained

spinel has been previously described (Kriegel g% al., 196L4).

In: brier the pellet was loaded into a low ash graphite dle

resting on three corks, and a preload of 300 psi was applled
to the top punch through a graphite push rod, During the

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

- 200° -~ 300°% 1ato easily deformable charcoal which then

pressed down in relation co the stationery bottom punch.
This provided a double punch action, facilitating the devel-

opment-of-uniforﬁ density in the pressed compact. As the

temperature was further 1ncroased, spinel hegan to sinter,

-causing a downward movement of the top punLh’detectabla by

:neans of a sensitive dlal gauge. Simultaneougﬁy the pressure
was increased gradually tg achiave rate-controlled hot press-
ing. This allowed the ma terial to bressura-sinter in & wmanner
which avoided undesirable pore entrapment. Thé'fingl hot
pressing conditions were 1550°C at 4500 psi for 2% hours.

Three compacts wera_not-pressod'Ander these conditions from

which mechanical specimens were cut.
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§§ Destermination of Microstructure
) ; Renaiiv Dejermination. The bulk denslty of three
%; hot-pressed compacts was msasured by & susperdei-weirht
g %j methed., The bctfprsssad disc was cut into a 0.707 inch
; %j square which was then carefully washed in detergint by
%t ultrasonic cleaning prior to density measurqmdnta. A moré
% complate deacriptibn of ﬁhe»density mgasurement techaique
1 %- as vwell as the equation utilized for caleulation 1s pre-
é %; aented elsewhere (Chot, 196Z). The thsoretical densitiy
§ %5 attained was appraximately 99,20% f-r all three céﬁpacﬁs,
g %: Tho largest difference in Gensity émong the thiee samples
£ g was 0.02%. Thuw, 1i was concluled that tha density values

were within the wargina of experimontal error.

Graln leﬁ Hﬁgﬁﬂ:gﬁgnjg: Two specimens from each cf
ths;thrée'hot*preasod compacts were mounted 1i: cold-setting

L B

acrylic plastic and then polished successively withilh-, 6-,

1=+ and $-4 diamond bastes cn a vibratory polishing machine.

A1 . BB SR AL 0

After satisfactory polished surfaces were obtained, the

R R

3t

specimens were reumcved from the mounts and etched with a con~
centrated reagent-grada sulfuric acid at 270°C. Constan*
acid concentration wvas maintained during etching by means of
reflux column; optimum etching conditiqns were thereby held
cdhstant for*roliable raprodﬁcibilitj. The optimuws etching
time fofirevéaling graln bbundaries in hot-pressed spinel was
. 15-20 seconds. '
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graphs of these e¢tched surfaces. A detalled procedura for
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grain size determinatioi from photographs 1s presentad in a
previous work (Chol, 1%62). In the counting prooedure, the

o
g}

mﬁm

%i number of gralins 1ntefsectingreach of six lines 1u a latin

%E ~ wquare configuration (70 mm per iius cn tha contact prints) v.i
%; vas deterginod; ard averaged, énd the average numher of %
,gi minrons par gréia was ascertained. When meacured this way -

the average grain sige of hot-pressed spinel Was abuut 0.5U,

thers was no measurable differehce in the average g:éin sizes
botwéen the two :s.ecimens from eech hot-pressed coipact.
The typical microatructure of these hot-pressed compacts is

shown in Figm‘e 2o

Tes: Specimen Preparation
Cuiting and Griadiuz. Utilizing a diamond saw, each ol
the threo hot=-prassed ccmp&éts_vasrcut into 29 speciricns
measuring 0.130 ineh by 0.130 inch by 0.40 inch. 'hese
specimens wera woun*sd, ten at a time, on a sfeei carvier

whose two faces Lad bsen ground previcusiy for flatness and

Mﬂﬁ%@ﬂiﬂﬁﬁﬂlﬂlﬂ ' Hﬂﬂlﬂlﬂlﬂl@ﬂﬂ%ﬂrﬂﬂlﬂlﬁfnﬁﬂmﬂuﬂﬂﬂmﬁ}!ﬁﬂwﬁw 'iﬂimuwlﬂmn#ﬁ'llﬂullnflwrﬁﬂmmmuummmwmmnmnuu:wlluiuii,IIU!?l'III!TI’F"ln; B R R

peralleilisa. Ehefmoplastic Acryloid was used for the adhe-
sive agent. Then, all four longitudinal sides of each 1
specimen wWere gfouhd with an So-grit diamond grindihs wheel
on a precisioa machine tool grindin( table. Examination by

miovometer showsd that thers were slight differonces in the

size of the specimans from 10t to lot due to varictions in

the smount of materisl removed in clearing up the surfaces.
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Howoaver, satisfactory unifoyrumliy, parallelsim, and square-

ne3s of the ground surfuces of the specimens within each lot
ware achieved. Grinding of the tuo ends of the speciuens was
carried out in similar manner_aftor they were heat treated
(see next section). An extra precaution was taken in mount-
ing the specimens on a speci aJ notched, revarsible jig to
make 3aw'e the ends would be ground perpendicular to the
sidss. A U-ahaped groove with three Tlat sides held the>
épeciméns rigidly using Acryloid as tnermoplastic adhesive.
The final dimensions: of the specimen after grinding'vere
about 0.120 inch by 0.120 inch by 0.35 inch.

Heat Irestment for Grain Growth. Studles of the grain

‘growth of oxides by heat trestment mothods have been conduct-

ed by a number of rssearch workers (Daniels atf al., 1962;
ard Tier and Subbaro, 19%3), including recent work by |

" Sprigge ef al. (196W) with fully dense hot-pressed magnesium
- axide; sazples of differing grain size were prcduced by heat

treating dense fine-grained hot-pressed stock in air for
various periods at different tamppratures. In che present

work, a similar procedure was employsd. Hot-pressed spinel

specimens were placed radially on one of their fouf ground

sides in n small, high purity aluwina crucitle. Another
K1é03 crucivle wasrusod as a cover to prevent oarbon from
falling on the specimens during heat treating in the hot-
pressing furnace. A third crucible (which rested upon a
graphite disk on which an optical pyrometér was sighted)
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supported the crucible contalning the spsclmens zo that they
would not coze in direct contact with graphlis. Ar;an was
allowed to flow lato the furnace at the rate of 10 cubic |
feet poar hour from the start to the end of heat treaimsnt
(ineluding cooling). The temperature vas increased at the
rate of 25°C per minute until the desired level was reuched.
After soakingifbr the'prescribad time, the power was cut éfr:
and the furnace cooled at 1ts maturs® wx%s, After 12 trial
firings, optimum temperatu:e'and tiné vwere determined 20
achieving the nedeasary graiﬁ grovwth for éach <rain size |
required for the experiment. The times at 1500%C for 1.7 M
and 104 grain sizes were 15 ulrutes and 60 minutes, respoc~
tively. At 165%°C the respsctivs gfaia grovth tires fur byl
and 2004 vera L5 minutes and 122 rinutssi. To approcimately
equalizo‘tbo thermal history for alllspecinens, 0.5M spaci-
nens were heat treated at only 1350°C for 15 minutes without
t1gni’icant grain growth. The represaniative micres’sructures

{f'or these four grain sizes are presented in Figure ..

Design cof Experiment
 The statistical design used in this experiment (Figure 4)

bas been described in a previous paper (Palmour af gl.; 1963 a).
For this particulaf ‘experiment, the three orthogonal axes |
(repréaénting' the three 1ndep§ndent variables) were designat-
eds 1) reciprocal absolute tempers ture, 2) nnf:ural logaritha
of sti'iin rate, and 3) natural iogéri'ﬁhu ¢f the grain 4iza

cf the specimens. ‘The experimental rangs for the variable:




T TSmO S e e e B R e

iy

(a) : R (b)
average grain size l.?ﬂ ~average yrain size 10 M
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(e) o @
average grain size 60M  average grain size 200 M

Flgure 3. Microstructure or'hot-presged spinel upon

subsequent heat treatment (described in text)
to achievse grain grovwth. Chemically etched
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iE Experimental Grain Size(d) Tewperatiure(T) Strain Rate(®)
%z» Foint - in wicron in % 11.9/0-min~1
- 1 59.5 11691 1,97
o 2 59.5 1428 1.97
2 3 1.7 1428 1.97
3 Y 1.7 1691 1.97
g 5 59.5 1691 0.127
;g 6 59.5 1428 0.127
g 7 - 1.7 1428 0.127
g 8 1.7 1691 0.127
1 9 10.0 1550 5.000
g 10 200.0 1550 0. 500
3 11 110.0 1353 0. 500
12 10.0 15% 0.050
13 0.5 1550 0.500
14 10.0 1800 0,500
15 10.0 155 0.500

e e e e i e ~ S LT s ==
An
-

Mgure 4. Experimental design for determinaticn of
- , compressive flow stress as a function of
grain size, temperature and sirain rate
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-vore tested at each of tha four teen outer experiaantal

' the eqmlity, the new form of the equation bacomas, :

31
ware selected on the basis of a preliminary study, as

showa in Figure 4.

Tares apeclizen one frua eaci of the thres compactis
9 ’

points and the results for esach point were ave,rageéd. 81x
tests from each éozﬁpact, a total of 18 were made at the

center point.

Phqn(»mehological Model for Plastic Deformation
The phenomenological creep equation by ZenQr and
Hollomon (1944) has been modified fcr this experiment with
additibn of grain'éize d™ to describe fha deformation proc-~
ess in polycrystalline spinel. Thus the modified deformation
squa tion 1st
é =A™ e VRT 4-0 -—a(5)
When this equation is revritten, in logari thmic form, an&
when o (the flcw stress) is tranaposod to tbe left sida of

Imo==-@a+@ mé+ G o+ @ ma s
where n=exponent constant for flow streas '
m= exponent conatant for grain size
A~ proportionality constant
€= strain rate |
Q= apparent activation enargy

R= gas constant

Tw temperature




Toe statistical analysis method of Box and Hunter (1957)

S

was emnloved in this axpsr stabllsh a multipie

cr
(]
aQ

quadratic regression describing the deformatcion process in
hot-pressed spinel. The equation is composed of all the

 linear terms in Equation 6 as well aa any statistically
significant gecond order and interaction effects that nay
exist between the independent vafiablas; Tho.genaral form
of the multiple quadratic regression is; |

Y =bg+ by X3+ by X124 b3y Xy + by X2+ bs X3 + bg X3

1

g P A e S R

W

g

§ where X, = £ (1nd)
g .

f Xy=f (1né)
.é Y =¢f (Ino)

d = average grain size, s

T = temperature, °K
3 =-strain rate, min~t

g = averaée floi StrGSS, psi
An IBM-1410 computer was used to determine the response

equation and the analyses of variance.

. Compression Testing

i Eauipment. A rloor model Instron physicai testing machinel

linstron physical testing machine, Modsl TICLM, a product
of Instron Engineering Corporation, Canton, Mass.
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in conjunctlon with a Brew) furnace containing tnntalum
resistance heating elements and radiatiun shisldg wWera used
for the compression testing of hot-pressed aninel specimens
AL Fagun at slevatsd tsmpsratursa. The Instron is capabis
of handling loads up to 10,000 pounds at straln rates of
2,x,10-5 in/min to 2 in/min. The QSOOOC‘capability furnace
18 equipped with an aﬁtom&tic temperature control device
for hegting, soaking,'and cooling. “Ihs hoi zone 1s waisr
cooléd, with flow rafan of water heing kapt conaiant At
heat-up and during the testing pericd. The welsl pressure
is conﬁrolled and maintained by m pressure ragustor =nd a
pump which draws the water fiom & reservolr tank. A smail
change in the water pressura (about 9 1bg) canueg u fiuctu-
-ation in température of appreximately 17C i s consequent
change in the dimension of the load coiuwuan resultlng li. a
reduction or increass in the load ou the spociman dﬁ:ing

tasting. ' One degree centicrada drop in temperaiivre indu:

i
i

 appr0xim&ta1y 1 1b of load decreass in the spaciman.

erhe compressive leosd %o the specimen was tranomitted
through two 3/4 dlameler tungsten push reds, O fnche= 1a
length, each attached to the crosshead and ihe ioad cell b
means of adaptors. Sluse e Lest is vé*y sansi i va Is‘the

overall alignment of the lcad column with respect Lo ths

lBrew Vacuum Furnace, Mcisl 10
Vacuum Equipment Divislea, PH«:;LE. 4 Praw
Concord, New Hampshire.
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pusu swi were grovnd Loy
fiathess and parallelism, end were carsfully slignsd in tha
machins. Iu additlon; an graphite ball-socket dovlice was
used to further incressge the accuracy of tho alignment.
Previcous tasis (Paimour and Chni; 193} showed that hot-
prassed spinel specimena indented the tungsten puwih rods at
temperatures above 1500°C. Thus, hot-pressed fantalum
carbide pads, 7/16 inch in diameter by about 1/8 incli thick,l'
were amployed as hard, strong snvllsz, Although tahtalﬁm
carbide did not deform, 1t reacted slighily with spinel at
tempera tures above 1h50°Ch When thin'tungsteh sheat (0.002
inch thiqk) was inserted betwéen the specimen and the TaC
pads, the reaction was breventod. After the test, the
tungsten chim w#s readily popped off the TaC surface with a

razor blade. Due to the tninness of the shim, the swmall

deform:bion +thich occurved lmmediately beneath the specimen
vas considored an insignificant factor in the ovurall measure~-

meni o straim. Figure 5 illustrates the several elements

off the high temperature teﬁt assenbly.

1In previous comprossive tests, hot-pressed spinel pads
wers used as anvils; spreading the load to the tungsten. How-
sver, after only three usages the two compression sides had to
be regrouad to romove the slight indentations beneath the sam-
pla. Tentalum carbide pads with approximately 92% thecretical
dsnslty showed no structural deterioration even after usage of

‘mora than 40 heating-cooling cycles under loads up to 50,000

psi alt temparatures as high as 1800°C. The pads were cut and
ground from 7/1€ inch diameter by 7/16 inch long slugs hot
ovassed hy R. D. HcBrayer and this writer In a graphite die
in the Instron-Brew racility using the rate-controlled method.
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Temperature neasurements were made utilizing a W 3%

He-W 25% He thevmocouple connected to a recorder-controller,
and above 1000%C, a two~color pyrometer with sepsrate
indicator-recorder capability. The therwmocouple is located
about 2} inches helow and about & inch laterally away from
the specimen. The isuperature measuremeﬁts by these methods
were periodically checked with a'disappearing filament |
optical pyrometer. Both pyrcuaeters were fccusod on a V-notch
on a graphite pad which uas-ih dirvect contact with the upper
tungsten push rcd. The teuperature measured by focusing the
pyrometer on the srecimen was somewhat higher than that
measured on e graphite pad due to the specimen!s increased
reflectivity. The graphite with 1ts anotéh approximately
gsimulates a black-bodyVCOndition.

Tagtiing Procediure. Tha fest specimens were carefully
cleaned with ethyl alcohol and cotton swahg the tungsten
shims as well as the TaC padc were cleéned in the same manner.
After dimensions were measured by a micrometer, the spscimen
wus placed on the certer of the shim (about 0.25 inch x 0.25
inch) which, in turn, rested on the center of the TaC pad.

The same arrangsments were mads for the upper snd of the spec~-
izen. Then, the entire assembly was held as a unit by the
spring action of a special molybdenum jig. The devics keeps -
the various 1ndividuai ﬁarts in place while the asseably 1is
placed on the center of the graphite'ballFsockot resting on
thes bottowm push rod. After setting the upper graphifa member
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adlusted s0 that the upper tungstern push rod was in uniform
sontact with the graphite pad. Having done so, the crosa-

head was slowly brought up until 10 1bs of load were regls-
tersd on the recofdar. The molybdenumr jig then was removed
from the loaded assembly without luss of specimen geometry.

The crosshead was then lowered to release the 1oad, and the
symmetry, flatness, and evenness of contact between the
graphite pad and the upper push rod was checked and réadjusted.
Finally, the =pscimen was yvsloaded and the croasshead was
cycled bstween 10 and 14 1bs of load while the cooling water
was turned on and during pump down and heat-up. Automatic
ratraction of the crovsshead (propo:tional to thérmal expan-
sicn in the furnace components) keeps the load cycling at an
approximately constant level, 10 1bs during the entire pre-
test cycle. o

The temperature was increased autowatizally at- 50°C/min

. until the prescribed tempsrature was reached. The furnace
soaked at constant power input until its components cama to
thermal equilibriusg at the teat temperature. After the
croashead ceased to move downward, as indicated by the con=-

stant gauge lergth, ten minute3 were allowed to permit tem-
perature stabilization. At thils time, thé parti?l pressure,

about 2 x 10'5 torr, was checked, the cycling was stopped,

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

Care was sxerclzed to see that the load on the specimen wvas

(R s
/R

L

|

EWMMIMNWHHWWWWHm




P = g e
TEETEESE S st cemr——— s memmmm mam . b s e - o —— e ot

38

in faot at sero load and that the push rod w¥asg still 1in

contact with the snecimen. Now, the actual testing wes

H

initisted al a preset-crosshead speed. All the tests were
carrfed out under constant strain-rate conditions according
to the expsrimental design. During the sntire period of
actual tosting'tha.furnace partial vacuum pressure remained
approximately constant. However, from run to run the pres-

sure varieda from 1 .; 10'5 to 2 x 10'5 torr. After a test was

T L e e

completed, the furnace was "guench" cooled by cutting the

power. Simultaneously, the crosshead was lowered to avoid

A

further deformation of the specimen. Three specimens. one

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

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

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

tested (six from each compact).
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The results obtalned in this expseriment ares system-
atically revealed in Tables 1 and 2, and Figures 6 through
16. This presentation aims primarily at clarifying and
highlighting the results which are therein displayed.

' Coﬁpression Testing

The compressive sﬁrength of each hot?pressed spinsl
specimen 18 given in Table 1. Stress-atrain diagrams are:
pregentéd in Figures 6, 10, 12 and 13. These curves illus-
trate typical-tssts at sach of the fifteen éxperimental
points; In obtaining the measurement: 5: compressive atress,
ho corrsctions were made fcr the inorease in the load area
of the specimens due to deformation, nor for the small in-
créase in area due to thermal éxpansion of the aample itsalf,
It is proper to describe these as engineering stress~strain

curves.

For all specimens, after a pericd of constant strnss, -

a decréaso in stress occurred at which point the test wés

6ohclud9d inmediafoly by unloéding. This constant streas

is désigngtod in this fopprt as steady-stat§ flow stress.
During the early sﬁage of unloading, bfittle fraocture
occurrad only in coarse grained gpecihehé‘uhioh ware tésfad
at high sﬁrain rates at 1bw temperatures. Basically all the
curv§§ are siailar in éhiradter, diffgring prinoibally 1n.the
lavel of inttial flow stress (stress at the proportional

s
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1imit) in the slope of increasing stress with increasing
strain above the proportienal limlt¢, and in the amount
of asteady-state flow strain. The results of these tests

are presented in the folluwling sentions according to ths

strain rates under which the specimens were tested.

40
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iuw Sicain Gaie < ainl. Figurs O shows siress-
strain plots for specimens having smell (1.674) snd large
(60u) grain size; typical test data obtained at both 14287
and 1691°C for ‘each grain size are illustrated. Both sets

of specimens were tested under the sume low strain rate and
none failed by fracture. There ars several interesting
features in this figurs. At 1691°C, the inisial flow stress
of the small-grained specimen {curve D) wsas mnch.loWer‘than
that of the large-grained specimen (curve C), whereas the
results wers reversed when testing Qas carried out af the
lower temperature of 1428°C. The other point of interest is
that regardless of the test temperature, the steady-~state
flow strains of the smaller-grained specimens wers greate:
than those of the larger=-grained specimens. At 1428°C there
i3 nc difference in the apparent Young's modulus of elastiic=- ‘
ity attributable to the two grain sizes. However, the nominal-
1y linear?initial purilon of the stress-stirain diagram has a
much lower slope for the small-grained specimen at 1£91°C

than for the larger-grainod specimen. Figure 7a shows braf-

erential crack formation neax the 9ds of a 1.607U4 apecimen

deformed at 1691°C (curve D, Figurs &), Noie that mosi of

~ the cracking is confined to the rsgions where end constrain$

accommts for A complex atate of atrsun, and that these shear
cracks spanning many griins wera neitho: continuous nor
catasirophic. Conversely, predomiiantly intergranular cracks

are observed in the 60M spscimen testad at 1428° (Figure 7b),
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, Figufe 6. Tnioal stress-strain diagrams for hot-

. pressed spinel speclmens deformed in
compression at a strain rate of 0.127%/win

i | |
i A+ " _ T | . | .
IWMMmwrummmmumum




(a) | ()

1.74, 1691°%, 0.127%/min 60.0 4, 1428°C, 0.127%/min

- (e) 4
1.7M, 1428%, 0.127%/ain C1.7M, 1428%C, 0.127%/ain
" (before inking) (after inking)

"~ Pigure 7.

Surface texture of deformed spinel specimens.
Illuainaticon normal to viewing axis, froam
left and right. Load axis vertical, X 12
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lines in this speclmen which Intersect at an angle of approx-
imately 120° by applying ink with a brush to the surface.

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

_cloth. _This surface was then re-photographed (Figure 7d)

undar lighj'cing and axboaure‘condlticns identical with that
for ¥igure 7c. The comparison of these photngaphs clearly
shows that the original fine lines bécame darker when dyed by
the ink, thus indicating that they are crack lines. From
the pbotograph 1t 1s aiso evident that more cracks or voids.
devaloped close to the constrained ends thaad did near the
center portion. A closer look (f‘igure 8) revealed additional
svidence that these fine lines are in fact cracks formed
principally along the maximum shear planss. Figure 8 was
cbtained from a chrome-shadowed replica of the thermally
atched surface which had been pra~ground with an 80-grit
diamond ;b:asivé wheal before testing. Thore is some evi-
dence of a “wérked" texturey; which in this case is considered
to be an artifact resulting Irom grinding. The crack paths
appear to be partly intergfunular, partly transgranular.

The replicas from the surfacaes of the small-grained (1.67A4)
Qpecimans showod that after testing, at both tewperatures the
grains had grown to approximately 5 times their original
size. This may be partly due;to a strain annealing effect
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: Figure 8. Microstructure of hot-pressed spinel specimen
: {1.7JA) deformed at 0.127%/min at 1L28%,
Chrowe-shadowed replication ohotomicrograph
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Figure 9.

(a)
wavy and straight slip markings

(b)

recrystalliz«tlon

spinel specimen (60}1& def
at 0.127%/min at 1691°C.

specimen surface was mechani-

cally and then chemically
polished prior %o test

Microstructure of hot-pressed

v Ll ]t g

ORI




1<

in which excessive stiraln ensrgy canged by plastic dsTor-

P R TYR O It

mation 13 reduced, and alsc paritly involving some vacaocy

and 4qnd o o3
s N AT asE N AT

' P A =
A d U

L s, vrren N LT X R dbcom
WMLV PYLCsss Gl 19 WRUATT U ST T o [

j Go
A careful examinatlon oi all speclmens afler testing showed
that these fine interpenetrating cracks were observed only

in specimens tested at this one experiwmental combination

Mt st L DI U Bl wintisio §

(1.674 4 1428%, 0.127/%/min).

Prior to testing at 1691°C the 60/u specimen was polished
with diamond pastes, 1lu, 6u . and 1u successively, 2nd the

polished cold-worked layer was chemically removed by heat-
ing the specimen at 270°C in concentrated sulfuric acid for

30 seconds. Even though much surface gloss was lost by

b A Rt SR e 2SI Bl et b wtst T CHE

thermal etching during testing in vacuo, the specimen did

retain a sufficlent amount of surface reflectively after

Lttt v

testing to permit photomicrography. Photomicrographs of the
surface illuminated with reflected 1ight are shown in Figure
9. Here the first photogreph (Figure 9a) ccntains a large

number of stralght and wavy siip markings which cover two

or more grains.. It also shows intergranular cracks loca%ed

immadiately adjacent to these markings, and the etch pits
ttributable to dislocations are revealed in favorably ori-

ented grains.

’@
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The outstanding feature in Figure 9b 1s the large
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£ number of new small grains within the pre-existing grains.
: % These new grains were likely formed by recrystallization -
ﬁ process involving polygonization which is common in
g heavily deformed metals at slovated temperatures.
-3
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Medium Strain Hatw (0,%%/min). Thera are, in all,
five stress-strain curves in Figure 10. These curve: rep-
resent tests of 0.5%/min on five specimens, thres of which
measured 10M in grain size and were tested at 1353°%C, 155°%,
and 1800°C, respectively. For the other two specimens, one
0.5M and one 200M, both were tested at 1550“C. The general
shupe of the two curves for the 0.5M specimen and the speci-
men tested at 1800°C is quite different from the shape of the
othe» three curves. Thelr initial flow stress and apparant
Young 's modull are much lower, whlle their total plastic
deformation 1s considerably higner than the rest. For the
0.5M specimen (curve E, Figure 10), the steady-state flow
condition is achieved after approximcotoly 6% of permanent
deformation. Only occasjonal swall 1slands of cracks (or
pores) were revealed by the inking test on the 10M specimen
tested at 180000. After a very limited indication of steady
state flow, the specimen tested at 1350°C (curve A, Figure 10)
failed audibly, breaking invo several small pleces.

The 20CU cpecimen (curve C, Figure 10) was specially
prepared prior to testing by méchanical poilshing and chemi-
cal treatment in the manner described earlier for microscop-
ic observation. vThe fallure mode for this specimen was
entirely different from that of the othérs tested. It broke
1ntb small equiaxed fragments which had approximastely a
wiiform size, about i nm in diameter. However, the pleces

¢lose to the compressive ends 0of the specimen were large
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enough to use for microscoplc examination ag is shown in
Figure 11. Here the first two photographs (a and b) shou
a large number of wavy slip lines within the grains. The

| development of intergranular cracks at Y-junciions (three-

- grain intersectiohs) is also clearly indicated.

The third photograph (c) displays a transgranular
' crack formed near such a Y-junction. In addition to crack l
| , formation, grain boundary slid:.ng way also have occurred in

some regions of this specimen as is shown by the apparent

displacement of the remanent scratch lines in Figure 11d.,

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

P —— P T LT

s

hence appear broader than they actually arej; it appears that N

i

= - grain B has displaced to the right and into the background. :
High Strain Bate (1.97%/pin). The grain size and test- ;

ing conditiona for the specimens represented in the stress-

i BT

g | 0

strain curves of Figure 12 are ldentical with those in ' i
Figure 6. The only difference 1y the strain rate which ir
Figure 12 is 1.97%/min, or over an order of magnitude 1érger

b than the rate for the specimens in Figure 6, 0.127%/min. |
E‘; - 1
== The steady-state flow stress of all specimens tested at the 1

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

i m«ﬂ g

1

= | sponding specimens tested at 1.97f.min. With one exception
. (1.67p at 1691°C) the total plastic strain of the specimens
' tested at 0.127%/min is lai'ger than the strain of those
tested at 1.97%/min. Three of the four apecimens}tested at .

none tested at the lower rate did (Figure 6).

i
4
g
}
|
the higher rate (Figure 12) broke while unloading whereas %
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iWo stregs—~sirain curves shown in Figure 13 represent ths tHwo
extreme strain rates employed 1in the compression testing of

spinel specimens; the grain slze and test tempera uare was

idewilcal for sach. It 1s apparent that very little plastic

i

deformation occurred in the specimen befcre failure by

fsoas, a

audible Ifracture at 5¢/win strain rate. The speciimen sepa-~
rated approximately along a maximum shear blane into two

pleces. At 0.05%/min the specimen began to flow at a low

PR T

stress level. The inking test was applied to the 0.05%/min
speclmen. The two constralned 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 computar
. resulted in the following deformation equation, relating
flow stress (c¢-) - the dependent variablé in this experiment -
to absolute temperature (T), stfain rate'(é), and -grain size
(d) - the independent variables in this experiment:
In o = -40.1089 + 2.1382 (1n)"+ 1576096468 *
-120374667.9¢0 % + 2.0003 (1a )**
-3950.59%69(2) (1nd) -3010.6217¢H (né&)***  ---(8)

T URVEMR YRy ST P INET

*Coefficient significant at 99% confidence limit
##Coefficient significant at 95% confidence limit

s64Coefficient significant at 90% confidence 1imit
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rates
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included in thi: equation. The mazimum difference hstween

the steady-state flow stress obtained by computation from

T s A

this eguation and the average of actual measured values for
any glven experimental puint is slightly over 5%. Thus
Bquatlion § ls highly reliable in predicting the steady~state

flow gtress (C°) in terms of the independent variables.

Taking the anti-logarithm of the equality, Equation 8 becomes:
-40.1089) [ 2.1382 ,F157609.61+68(%)J { -120371+667.9(-%)2].
U =|e a le 8 :

1 1
l‘é2.0003J. [(1—3950.5969(-5)J _%—3010.6217(5)] ~==(9)

=
=
-
=
=
=
=
=
=
=
=

=

When the same variable terms and exponent terms are combined,

Equation 9 ylelds,
-40.10897 [ 2.1382(1-1847:63) 2.0003(1-1202,09)
O = e * d T . T .

[e157609-65(? -Le%‘zs)} » -=-(10)

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

M i

the gas constant, then Equation 10 can be rewritten intq

v

N A G LS LG

Equation 11 in a form that includes the apparent thermal

activation energy related to the deformation of hot-pressed

% spinel;

[-h0.1089] [2.1382(1455%@)] Fz.oooj(lm%m)]

Tg=le "d ) '

2(1-283479)

[EWM T | ---(11)
g L _ - — i e = T A L e e e
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The general form of this equation 1s;:
o= Kp-D] fpod] | frah) 2
where K 1s 3.844 x 10'16 and the exponents expressing grain
size, strain rate and thermal activation contribations are
themselves temperature depondsnt (see Table 2). This
equation 13 somewhat analogous to the creep ratebequation
proposed by Zensr and Hollomon (1944):
€= Agh ¢ /AT ~-=(13)
The differences between Equation 12 and 13 are; _
1) the dependent variable in thils research is o and
not €,
2) Equation 12 includes a power dependence upon the
increase in grain size d, and o
3) Equation 12 includes the interaction of grain size
' and temperature and strain-rate and tempsrature,
as well as the quadratic dependence upon tempera=~

ture of the apparent activation energy.

Table 2 lists the calculated g, o and Q values b~

- tainaed by'substituting-vdfious temperatures in Equation 1l.

Because the dependent variable in this research 1s the steady-
state flow stress rathér than the strain rate the magnitude

of Q value in this téble canﬁbt oe compared directly with

the activation energiés that may be obtalned from static

stress creep tests where strain rate is the dependent vari-

able.
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Table 2. Temperature dependence of grain size-streis
coefficlent (m), strain rate-stress coefficient
(n), and apparent activation energy (Q)

T,% m n Q(Keal/mol)
1353 -0.291 6.725 166 .07
1428 -0.184 _ 4.3%0 172.58
1550 -0.029 2.860 181.97
1691 0.127 2039 191.39
1800 0.233 1.825 197.79

Plot of Ino versus lné&, Figure lh,shows the increase

in the slopa,_ﬁz hence decrsase in n valués, with increasing

temperature. This figure was constructed by substituting

the actual temberaturas and grain sizes asbﬁell as the strain 7

rates smployed in the exporimant'fo the deformation equation,
thus obtaining the computed stress values. For comparison
between the actual data value and the predicted values, two
of the actuél data obtained in the experiment are plotted
at 155°. As can be seen they agree very nicely. These
resul ts give values of g ranging from about 2 at 1800°C to
about 7 at 1350°C. The work by McBrayer (1%5) on single
erystal spinel and the transverse tésting of hot-pressed
spinel by Palmour (1965) have shoﬁn oy véluesrranging from
2 to 4 for single crysﬂals, and 2 to about 5, averaging 2.7
for polyerystalline spinel in beading.

Figurellh also illustrates the dependence of the flow

stress on the grain size. The variation of the flow stress
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with graln size 1s comparatively large when tested under
constant strain-rate at low and high temperatures (135360
and 1800°C), and furthermore, the effect reverses at low
and high temperatures. However, at 1550°C, there is very
1ittle flow stress change for 1.7# and 10l grain sizes
wheﬁ teste’ under the same strain réte. When 3 equals zero,

the effect of variation of grain size on flow stress will
vanish; the m values in Tabla 2 indicate that this tempera-
ture will 1ie somewhere above 1550°C. ‘
The plot of  versus temperature in rigure 15 shows that
1t 18 zero at approximafely 1575°C and illustrates parabolic
temperature dependence. Figure 16 shows the plot of 1n &
versus %, and contailns the resﬁlts of this study, along with
data obtained in compression for alumina rich single cryatal
spinel, MgO!3A1203, (McBrayer, 195) and in_bending in poly-
crystalline spinel (Palmour,-1965). Above 1550°C, there is
good agreement between the apparent activation snergioes
obtained by the two different test methods, approximately
100-250 Kcal/mol fof compression and 214 Keal/mol for trans-
verse. The apparent activation energies of single crystal
(approximately 130 Kcal/mol) and polycrystais 8lsoc agree well.
The curves for polyorystalline spinel clearly indicate
the quadratic dependence of thermal activation in compfessive
deformation. The curvss diverge in both directions frou
approximately their mid-points (1550°C, o. 001%/min), largely

due to the grain size- and strain rate-tsmperature
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iona. The steep sivpes shown Dy 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@.g., 20,000 psi, the higher temperature
strain rates would be heavily‘axtrapolated_1nfo strain rate
rangos Qell abuve Lhoge Weaswred experimentnlly. Sucu
extrapolations may well be misieading, and should not be
expected to yield completely realistic kinetic values.
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DISCUSBION

The procedure followad in this research for the prepara-

“tion of specimens is considered reliable because for a given

grain size the compressive strengths obtained frow miny re-
peated tests uiuder i1dentical conditions agree well and show

an acceptably small degree of statistical scatter, generally

I R

les5 Wai 102 of Liw wean. The agreemcnt found in thaese

strength data also indicates that the procedure used for 7
compression teating at high temperatures ip yacuo is a valid
"~ and feproduCible one.

el A 2 R SN IV IO M W WREEETT| Ty

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 dus to deformation and
thermal expansion in the spacimen., Thus they must be regarded
as engineering estimetes of the.tfue stress. However, the :1ow
stresses obtained from the 18 repeated runs for specimens
with 10-M grain slze showed that the reproducibility of the
test is very high and hénce the compression mode of testing

0
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of hot=-pressed spinel at slevated temperatures is acceptable

as a method for studying flow processes in this material.

Accurate measurement of the strain occurring in a spec-

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

cause of the uncertainty involved in measuring the elastic
deformation of the load-transmitting cowmponents in the test

machine at various stress and temperaiure levels.
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A1l the principal results have been shown in pictures
and graphs in the preceding section. Theso results point
to evidence of work hardening shown by the stress~strain
curvesrand to the developuent of "wavy" slip markings,
reérystalli:ation, and fine transgranular and intergranular
cracks in the microstructure in the latter stages of defor-

mation. The kinetics and'phanmanology of deformation also

“have been examined, w1th pafticular concern for the signifi-

cance of strain rate-stross dépandence ana apparent aciiva=-

tion energies.

Evidence of Work Hardening in Stress-Strain Curves

The amount of additional stress nscessary to fufthar de=
form a plastically deforming crystallby a unit amount is |
called work hardening, and is meésured'by the slope of the
stress-strain diagram above the proportional 1imit. The
principal varlations among the stress-strain curves obtained
in this experiment are found in 1) the stress level at which
the initial flow occursy 2) the slope of increasing stress
with increasing strain above the proportional limif, and 3)
the amount of steady-state flow strain, These curves have
in coummon a relatively steep alobe in the segment abbva,the
proportional limit,rindicating a substantial degree of work
hardening. This is a predictabdble résult considering that
spinel has at least five independent slip systems which
von Mises and Taylor conclder essential for generalized

plastic deformation in a pblycrystalline ma terial.
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In spinel the dislocations moving along these slip
systems are confronted with major structural defects, grain
boundaries 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 deforuation has taken place. The significance
of the recuiring evidence of work hardening found in the
slope of the nonlinear portion of every stress strain curve
obtained in unis experiment iies in the fact that wherever
work hardening occurs plastic deformation has neéessarily
also occurred.

‘Work hardening, as is shdwn by these curves, tends to
increase with decreasing graiin size, because the total grain
boundary area associated with small-grained material 1s
larger than that associated with large-grained material and
1t 1s the interforence with dislocation movewent caused by
these major structuwal defects which produces work harden-
ing. This sensitivity of the work 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 Qork hard-
ening is the fregquency with which disiocations interact with
the defects in a crystai. When a large number of disloca-
tions participate in the interaction activity, work hardening

18 rapid. At elevated temperatures, the generation of new
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dislocations from Frank-Read and othar sourcesz increasea
greatly, as doec the mobility of the already existing
diglocations. As 1s shown in the stress-strain dlagrans,
work hardening at high temperatures is substantial, particu-
larly in large grained miterial where dislocation inter-
actions are favored.

Work hardening is continuously beirig reduced by a
concurrent thsrmally activated recovery procéss involving
diffusion. 7Thus, the measured rate of work hardening also
dépends on how quickly dislocations which have piled up
at grain.boundaries and other obstacles can hs dispersed.
Thié rate depends in turn upon the diffusion rates of
vacailclss or tons. The diffusion of vacancies to disloca-
tions causes the dislocations to cliwb out of the pile-ups
and to continue to move on the new, less occupied slip plane
(Weertman, 1955; Chang, 1953). Vacancy diffusion itself
depends on time and tempe‘rature. Thus, tke slower un ex-
ternal stress'is applied, the smaller the work hardeﬂing
bscause there is relatively more time for dislocations to
disperse or annihilate thronghvsdme diffusicn mechanism.
The stress-strain diagrams clearly shbﬁ the dependence of
plastic deformation in hot-pressed spinel upon the plastic
strain rate.

As Qork hardening increases, the deformabllity of each
individual grain coﬁtinues to decrease. After a certain '

stress level is reachsd, and at the point where individual
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grains have reached their limit of deformabllity at that
strain rate, the grains begin to translate and rotate as
rigid bodies. In this case, the boundaries are forced to
open and structural integrity cannot be mainteined (Palmour,
1965) . Thersfure, when the rate at which work hardening in
grains still able to deform 1s egqual to the rate at vhich
structural integrity is being loat as grain boundaries open
up, a steady-astate flow is reached. When this happens the
piled-up dislocations further increase the amount of defor-
wa tion by escaping their barriers through a process of vacan-
cy and ion diffusion. An illustration of this phenomenon
may be seen 1n Figure 7c and d where a large number of fine
crack lines have formed in 1.57u -grained specimens tested
at 1428°C as a result of this plastic process. Were ii not
for this process, the specimen would fail by brittle propa-
gation of Zener or Stroh cracks as soon as the steady-state
flow stress-vaa reached. The reason that this 1.6Zﬂ specimen
has deforumed almost one percent at this steady-state region
is that work hardening {i.s., plestic flow) continues even
while the cracks are developing. These cracks may be desig-
nated as ductile cracks, where plastic Ilow contiruously
blunts the advancing erack tip, inhibiting its catsstrophic
propagation. v '

Miorostructure Kxamination ;
In attemwpting to find out exactly in wvhat stage of
deformation the fine cracks developed in the specimens with
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1.674 grain sizs tested at_1h2800, aﬁuther spacimen with the
same grain size was tested under idarxﬁical'conditions éxcept
that the test was stopped end the loud was taxen off at |
approximately fifty percent of the normally obsurved stpadyw
atate flow strain. After testing, it showed a considerably

~ smaller number of fine cracks, suggesting tha% the majority of

sush cracks form only after this steady-state condition has
been attained. Conversely, generalized deformation of speci-
mens:without loss of struc tural ihtegrity characterizes the
region of the stressnstrain,diagrams preceding the oncet of
the steady state. Th? steady state condition observed in
those axperiments;is considered to be equivalent tu the
inird, eventually disruptive, stége of tensile creep observed
in cerauic and metallic ma terials.

The intergranuler cracks associated with the slip mark-

ings observed in the microstructure of intermediate grained

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

sive plastic deformation of grains precedes Zensr or Stroh=-
type_crack‘fbrmation along grain}béundarias; Streésrconcen-r
tration d’im to the largo number 6r dislocations piled up at .
the grain boundary'causes 1ntergranulér or transgranular
fractures. Transgranular crgck format;on is obaéryed in
Figure llébfor 200 M grains, as is apparent grain boundary
éliding in Figure 11d. As the lccul Qtress increases

~through dislocatinn plle-ups, the grain boundary may open as

well a3 slide to accommodate ﬁhe stress. The crack rformed
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at the Y-junction of the grains is clearly attributable o
Plaztic deformation as evidenced by the wavy slip lines
obgerved in the adjacent grains.

The small cryatallites observed in Figure % in pre-
existing 1arga grains indicate that re"rystallization cccuried
vithin these laige grains as a result of local strain caused
by plastic deformation. It is known that, in metals, poly--
goni:ation - a process 1nvolv1ng climb and glide of disloca=-
tions to form snall angls boundaries having Lower energy
thnn the equivalen number of randomly distributed disloca-
tions - 18 a necesaary;nﬂiminary stage to recrystalliza-

tion. Hence axparimantal observations of recrystallization

dislocation interaction with boundaries and other disloca*iona,
and (c) a thermally aciivated reoovery process involving
climb of dislocations. An experimental conrirmation of dis=-
locauion ¢limb and polygonization processes in the spinel
structure during high temperature deformation has come from _
recent disliocation etch pit studies in alumina-rich spinel
single crystals. Clear microscopic evidence of polygoni-
gation in & specimen loaded in compression along [110] at a
strain rate of 10% per minute ¢t 17&0“0 (and subsequsnily
quench c2oled) has been obtaized . HcBrayer (195).

Ihe probnbility of crack formation in the 1atter stage
of darornation depends on the testivg tewperature, strain

rate, and grain size, sinco crasking is enhanced by the
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severity of work hardeming, and 1s made less llksly by the
availability of an effectlve recuvery process such as dis-
‘location climb and polygonization. Low tempsrature, high
strain rate , and large grain sigs are favorable- conditions
for very rapid and severe work hardening, with 11ttle 1ikeli-
hoed that a recovery process could operate at a sufficient

~rate to prevent crack initlation. Even though dislocation

interactions are responsible for crack 1n1j1ajlgn under such

A"circumstancas, tharmobility of dislocations under ths 1ccally

intense stresses at the advancing crack tip cause its blunt-
ing, and thus prevents brittle catastrophic propggation of
the cracks. | .

Chol and Palmour (1964) have discussed the contributions
of strain annealing (strain induced grain growth) to disloca-
tions and eventual cracking in polycrystalline spinal re- _
peatedly deformed in compression; They were able to demoan-
strats by replication fractography that four - and perhdps
five ~ independent sets cof 1nterpenetrating slip mar&ings
could be microscopically obecrved in a single large grain
( {20044). 1In recent high teuwperature bending experiments
(Palmour, 1965), with fine-grained (2-5M) and dense (approx-
1mately'98$ of theoretical) hoti-pressed spiﬁel of purity
comparable with phe_matuf1a1 used in these studies, the

structural integrity of the specimens was still preserved

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

cent per minute, indicating ductile deformation of spinel; slip

markings in the larger grains could be cobserved microscopically.
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Kinetics and Phenomenology of Deformation

§train Bate-Btress Dopendence. The deformation equa-~
tion (Equation 11) obtained in this research is consldsrably
different from the equationa describing creep behavior of
other crystalline materials (Zener and Hollomon, 194k;
Wesrtman, 1955). The dependeﬁt variable in‘the present
experiment is the flow stress, cr,_whereaé in the conven-
tional éfeep test, stress is a constant but 1ndapendent
.vafiabie, and strain rate 1s the dependent onq.‘ Hoﬁevar,
thp'kinetiés involved in the deformation of crystalline

material can be compared and discussed with equal facility

froa either viewpoint.
The o values - which measure the power law relationship
between stress and strain rate, ( €0C ™) - obtained in
this experiment range from approximhtaly 2 to 7 dopending
~on the testing temperatﬁre. These values indicate that the
Jeformation of_hot#pressod spinel 1s achleved by means other
-than ﬁiscoué flow, for which prbéess the g value should be
und ty Thé next possible flow mechanism which must be con-
sidered is Nabarro-Herring diffusion creep. Howsver, this
flow mechanism is categorically ruled out because of the high
n vaiuss obtained in this experiment {Nabarro-Herring cresp
is also a viscous process, with o} approximately 1) and be-
causs the stirain rates here employed are almost two orders of
. magnitude higher thﬁn the strain rates under which diffusion-

=1 creep normally occurs in ceramic materials (KXingery, 1960).
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5 Conssquently, the large g values can only be accounted for

by a deformation mechanism involving wmovement of disloca-

;
i
. tionas. Wesrimsn (1955) has shown that for a crystallins {
3 ‘ 3 material deforming plastioaliy by dislocation moveménta, gnd
| ‘ with dislocation olihb as the réoover# proceSs, the n'value '
e . thould be three to four. The p valuss obtained in this
= ' experiment are in ganeral agreement with the Weertman model.
Anngggnj Acilvation &ng;gx According to the deforma-
- tion equation obtained in this experiment the contribution
attributable to therwal activation is a quadratic function

of temnerature, '1-“1 T) rather than the linear Arrhenius-.

type temperature function, _ -Q/RT. Thus, vhen calculated
values of lnc. are plotted against the reciprocal of the
abso.ute temperature (Figure 16) the graph 13 parabolic

rather than linear, indicating a progressive change in

L

o
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tangeat (apparent activation energy) with change in temper-
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 ature. The apparent attivation energies obtained at temper-

atures above 155°% vary from:apprdiimately 100 Kcal/mol to
about 250 Kcal/mol, ip gener#l‘agroement with tha apparent
activation eﬁofgy measured in transverse bending 6: hot-
prossed spinsl, approx*mntely 214 Kcal/mol (Palmour 1965L
and in compression testing of single crystals, approximately
130 Kcal/mol (HcBrayer, 1965). At very small strain rates,
even at low temparatures (where the rate at which ionic or

. vacancy diffusion can occur is low) grain growth is likely

to cccur due to the long time required to carry out the tes

P
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The finer the starting grain size, the larger the excess
aurface energy stored in the boundaries, and the greater the
potential for grain growth under given ccnditions of strain
rate and temperature. The small grains grow relatively
rapidly, preaumably,by a straln-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 & amall change in temperature. Thus, the

'apparent'activatiod energy predicted at temperatures below

1550°C (see Figure 16) 1is unusally high (approiimately
500 Kecal) for very fine grained material (1.67 A ).

At present, diffusion donstants and éctivation energies
for sélf»diffusion of the lonic speciés in spinel are not '7
availlable. Thus an unambiguous desigqation of tha deforma-
tion mechanism of hot-pressed spinel on the basis of the
activation energy alone is 1mpo§sbile. However, the appar-
ent activation energies obtained in this research are not
inconsistent with some thermgllyractivated,recovery-process
involving self-diffusion of a slow moving ionic specieé, 8Ly
Oishi and Kingery (1960) reported 185 Kcal/mol as the activa-

- tion energy for oxygen self diffusion in A1503, a material

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

sition, and refractoriness.
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SUMMARY AND CONCLUSIORS

Summary 7
Plastio deformation of dense hot pressed spinel at
temperatures above 1350°C 1s clearly evidenced by the

substantial amounts of 1) work hardening shown 1n the

stress-strain curves and72) steady-state flow strain. The

power lew strain rate-stress dependence with p ranging from

approximately 2 to 7 and apparent aétiﬁation cnergles 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-
écopic evidence for the plasticity of spinel as a resw.t
of dislocation movement én multiple Slip planes isvtound in
the high incldence of grains gontéining wavy and straight
slip markingé_and in the large nusber of recrystallized
grains observed in deformed coarse grained material.

Neither the Zener and Hollomon nor the Wesrtman creep

rate equations provided as effective a fit with the experi-

mental data as did the more complex deformation equation
repor ted hefe. 'Ifsrtemﬁerature‘1nteractions with grain size
and strain rate, and the quadratic co'np'onezrzt in the thermal
aotivatidn term, are highly significant in the statistical

sense, and clearly denote an important temperature contribu-

tion in addiiion to a single thermal activation energy. It
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) is quiie probable that two or mere different plastic
% processes are involved with each being rate controlling
% over a glven temperature range. Much additionsl experimen-
_% tation would be required to full_y resolve each process and
¥ 1ts effective range. Both the kinetlic data and the wicro-
% scopic evidence regarding recrystallization and other forms
fg‘ of polygonization tend to support the Weer tuen concept of dis-
‘% loéétion élimb as one of the principal contributing processes
ié " to deformation in spinel.
ig ' More complete understanding of the role of dislocatlons
.;% | _1n pl&sticity of spinel might best be sought through the
g following experimental studiess'
% 1) work with the transmission electron microscope to
é directly observe the multiple slip systems in spinel
% and their role in work hardening, 7
% 2) fractograpLy studies to reveal the operation of
% multiple slip systems within grains and to reveal
possible occurrences of transgranular slip, |
g 3) kinetic studias conducted over narrower rauges of
E the experimental variables to delineate possible
differences in rate-ccntrolling mechanisms for
~deformation at different temperatures and grain
L A slze levels.
| Conclusions
. l. Sp““‘n.’ of dense (99+’ of theoretical) hot pressed
o ~ spinel ranging in grain size from 0.5u to 2004 deform
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plastically at temperatures between 1350°C and 1800°C
under dynamic strain rates of 0.05%/min to 5%/uin.

Work hardening 1is cohsistently observed in the stress-
strain dliagrams obtained in this invastigatidn and the

degree of work hardening is strongly dependent on sirain

rate, temperature, and grain size.

The stress at which plastic flow initiates depends

 largely on the temperature and to a lesser extent on the

straln rate and graln size.

~Wavy slip lines and recrystallization in specimens with

»'1ntermediatevgréin sizés are indicative of plastic

deformatlion involving dislocation movements on multiple
811p planes. |

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.

7.

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 i1s reached. B
Kinetic data and grain boundury sliding observed in some

ex tensively deformsd specimens suggest an active partici-~

- pation of the grain boundaries in the latter stage of the

8.

deformation process, especially at higher temperatures.
Within the ranges of this investigation, the steady state
flow stress (ultimate stréngth) of pure, highly dense

polycrystalline spinel can be predicted to within 5% or
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actual values from the deformation equations

_ o.‘[;.a,m . 10~1%2.1382(1-3~T55Q}E2.0003(;-1-15“5)1.
i [°3£3,170/RT(1—2%5)]
"Where O = normali steady state flow stress in psi
= average grain size in microns |
&= normal strain rate in percent per minute
R = gas constant

T = temperature in degrees Kelvin
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