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Gaometry for Slip in Spinel, Uniaxial Hormal Straes along
[110]. Upper and lower triangles each have two equivalsnt
operativa slip systems with Burpgers veoctors perpendi il
to each of the converging wides. Front snd back traingles
rag2ive culy normal stress; dislocatlons on thea sre immoble
unleds local miworiantation or laterdi shear initiates
kinkking, Four systems operative.

ysomeiry ror Siip in Spinel, Uniaxiel Normel Streas =long
{i11]. Three trianglas converging at apex eagh have two
equivalent operative slip myabems with Burgers vectors
parallsl to each of the convarging sides. Bottom triangle
receives only normal stress. Six systoms operative.

geometry for Blip in Spinel, Uniaxial Normal Stress along
[170]. A1l four trlangles raceive shear stress, and each
has two aquivalent operavive slip syntema. Eipht systems
operative.

tress-Strain Dlagrams for Single Crystal and Polycrystalline
Spinel. Specimens deformed in compression above 1550°C.

High Vacnum, High Temparsture Physical Testing Facility
{ Instron-Brew).

Tranaverse Bending of Polycryotalline Spingl.

(a) Spscimen in position prior to tesi.

(b) Specimen bent at 1700°C to 5% tensile at a nominal
atrain rate of 0,01 mir-l, Four-point molybdenum bending
Jig, rear tantalum heating element are visible.

Stress-Strain Diagrams for Polycrystalline Spinel Deformed
in Transverss Bending above 1450°C. Vertical marks denote
change in strajin x-nti; numbers indicate applicable strain
rates (in. in™ min™i),

Logarithmic Strain Rate-Stress Plot for Polycrystalline
insl Daformed in Bending (HTB Serles). Inoludes coampera-

tive dete for compressive fluw in single orystal spinel

(after MoBrayer) and polycrystalline spinel (after Chol).
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Flpgure 9. Semi-iogarithmie Plot of Strein Rate as & Functlon of
Reciprocal Absolnta Temparsturs at Applisd Stresses of
16D, 256, pai for polyorystalliine Spinel Deformed in
Bending. Midpointe reprement nominel valuesjy upper and
leger puinie reprosent sxitreme valuea based on highest
and loweat values of n.

Figars 10. Microstructure of Poiyerystiiline Spinel Prior to High
Temperature Deformation. Cr-shadowed rsplication frasto=
graph; specimen fractured iIn bending ai room temperaiure,
x2200,

Figms 11. Hicrosbrusture of Polyorystalline Spinel Afier Derarmation
at 1550°C. Trensgverae seotion nesar tension surlece.
Cr-shadowsd replication fractograph; specimen sirained
approxinately 3%, then fractured at higher strs'n rate.
X2200.

Figure 12. Miocrostructure of Tension Surface of Polycrysialline Spinel
Bent at 1700°C. (a) Slip bande developsd in large grainj
(b) wavy slip developed in large grain with approximatel;
{111] orientation. Strain direction horizontal. Cr-
shadowed replica of grcound surfase thermally etched during
tost. X2200.
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FHULTIFLE SLIP FROCEISES 1N NMAGNESTUY ALUAIHATE

AT HITH TEPHPERATURES®

By
Hayna Palmonr ITI
Researoh Profeswor
Horth Carolina Stats University
at Raleigh (U. 8. A.)
ABSTRACT
Bvidences obtainsd frem high puriiy ﬁg&lzuh ceramics daformsd at
high tempsvatures sre pressnied which confirm theoretioally pradicted
mltinla (111){110] £1lin aystems for spinsl. At ssa-givain acd kinstin
data aud mio-omtractkural examinations indicate that solnel, when sufw

ficiently pure, does maei the Teylor-vcn Hismes criterion for genaral-

ised plasile fl.w of a polycrystallins aolid,

IrTRODUCYION

A paper presenled ian the Special Cersmucs Symposlum at Stcke—on-
Trant in Fns 196341 deacribed N. C. State University's interest in
spinel. XL plscad special emphasis on variations in strength and
other mechaninal properties of polyocrystallins wmagnesinm almadinate
which can be attributed to the sompoaition and hemogenisty of starting
materisis, fabrieation histery, and resaltant micresiructurs. Much of
thst prior psper was, ixn fuce, converned with efforts to develop and
charzsterise “well behaved™ polynrystallins spinel ceramics, zo that
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regesrch on high tomparature flow and fracturs could be esrrcled ou
under controlled conditions. Yuch stvudlea with polyoryatallina spinel,
and pareliel onsa with smingia oryatels, arn now sufilolently advanced
i

wo provide the basls of thils vepory of ductility in fine grainsd spinel

carsmics at temperaturems above approximately 0.7 'r_i.

DEFORIATICH TH GERAMICS

If structural integrity iz to be preserved, grains within a glass-
fres polycrystalline woiid must be sble to undergo progressive changes
in shapo during deformation, If grains cannot deform, then transla-
tion, rotation and meparation of individval grains musi inevitably
oconr aa strain progresses, Most crystallins ceramlics cannoct be per-
manz=nily dsformed by graln boundary cliding alone, evan at high tem-
psratures, without progressive grain boundary separation and evestual

2: 35 b The balk volume smat incresns as mepsrationa

grose fracierse.
form along ths boundariss, sad of course, dny long narroyw void 4a a

boundary besomes mechanically squivslent to a propagatable crack under

an appropriate appiied stra.aa.ﬁ

Two quite differsnt mschanisms pay be available at high tempera-
tures for accomplishing gensralized changss of grain shape in 'crysial-
line csrsmics, thus preserving structural integrity. In the firat ex-
smple, snhenced ionic mobility at elevated temparatures iesds to dif-
fumsion processss gepshle of zchisving =ass transport fram regions
sader comprzssien toward temsion reglona of the siress field, Sach

e el R R et el it o b RS s sl o4y o

OGN FOAE ARG OB TH0ARA e o o 4 AR MBS A A



T T PR

L L S e e

warhanigas torm the basle of the well known Rstuworo-Herring precess

P e ; -
Tor Suasp. MTTugleonal eroop 15 msuiomsoivally assoribsd as &
viscous procesay 1t lrvolves lov stress, low atraln rabes; and s line.

ar strain rate-girems relationship, In ereemics, such creep procszsss
usnslly ocour at astrain rates measured in very msmsll fractions of
inches per inch per hcm'rj

The serond flow procepe by which structural integrity can ba pre-
aarved during deformation involvas erystalline plastisity. For ples-
tleiiy, mobiliily of dislocations im a first requirement, one which can
be attainad in moast orystalline solids by sufficient thermal sctiva-
tiou, In single cryatal form, anisotropic refractory oxldes and even
covalent-bended carbldes can demonstrate considerable high tesperaturs
ductility 1n corientations faverable for slip of disloentim.s

In a polycryatalline melid; howsver, constraints to ellp ace
daveloped batween neighboring grailna having randomly differsnt orien-
tetlona; high angls boundaries batwesn such graing act a8 very eifec~
tlve barriers to oncoming dislocations. In such a gitwation, ther-
=ally zotivated dislocaition mobility alone im not sufficient for com-
stant volume plastic flow, but there also must be a sufficient revwher
of indspendani slip systems to achieve m reeralized and self-contain-
ad chage in grain shana. This limlting gecestrie conditicn 18 ex-

pressad in the Teaylor-Von H.i.mes eriterion,h’ 9s 10

which specifies
that at least five independent systems ars required for polycryatai-

line plasticity. According to (roves and Kell;r,n nona of the coamon
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osrarlo meterials msst thisz crlterlon at low Lampsralayaes. Tn 8 wary
recant, peper, Pratl ob al dssonsiraied plesiie bshevior in polyoryatal-

line Gaﬁ‘? st tewperatures 2s low &s BSOGG.JE Even at high ierosratnres,

only those geremles having Fall and CeF, structures hgve uwsuully been

e .

conaidarsd capable of developing ductility in polycryastellins fari.h" 13
1

Gmng”‘b" he dassoribad moeady stais eresp in plasticslly defcrming

coaramic solids at some high temperaturs ea that stress-strain rate

agondition whers the rste of surk herdsning dde to pilemp of dislocz-
tions et slip bands, grain boundsrieas and other chstesles 1x sxactly

matched hy the rate of racovery, i,e,; the rats &t which dislecation

"debris™ can be dimsipated at that temperaiure by diffusional proc-

s ecnas. The earliar hartunls snalvais for creep lavoked ancther dif'-
fumsional process, climl: 3 dislocavions :into unused alip planes, as ibs
ats controliing wiep.

Fiastic creap in palyoaryatalline salide 1z charastsri

@

2

logarithmic sirain raie-stress slopes (generally on the ordsr of 3 f{o
6), and by an activiiion energy higher than that for plastic flow in a
single crystal, Ita inmitude ix usnally on the order of the sctiva-
tion energy for self-diffusion for the slow moving ilonic or atomie

spenles, Under favorsble tesrsratuce-streas sonditions, straln rates

in the f.-eotlomd inrh per ineh pur minute range ars typical Ter steady

Cap

stale plastie ilow, and Yor metals, may bs onu or more ordars of

magnituds b icher.
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The spimrel strustare 1s slmost unique smony csremic orystal typss
in thet 1ts dislovatlons ara arrengsd pomeshat liks those of & facse
osntered ouble metal. Its strusture is complex, but the (111) alip
pleneg are anlon slose-pesked planes, and [1'loj oxygen-oxygen direc-

tiens era elip dﬁrﬁ@tiaa.s:.lé" 18

These =ultiple (111)[110] eiip sys-
tems ara pahemnblselly 41iusziraisd for unlaxlal loadiag along [110],
[111], and [100] in ¥igur=e 1, 2, and 3 respeciively. ;

In the [110] oase, two slip planss ars equaliy orlented te vecwive
shsar stress, and each has iwc equally sirsssed burgers vectors alomg

which sl4n ean sconr; thesa two planes cuntaln four Indspeadeul slip

gyatess., The two remaining planes wre parallel to the load axis sc

that dislossatiens lying in them are subjsci vo pormal ratner than
#jaRr serssses, #nd nence should not glide. This orlentation does,
however, poesent @ classlcal opporiunivy for a special type of disio-
cation moticn callsd kinking to ocour. !

Wnen the load axis coincldes with [111], as in Flgure 2, there
ars three equally oriented planes subject ic shear, and esch as two
cparative Burgers veotors. In this case, s!z independen' systems are
evigent, |

Fcr the [100] load dirsciica (Fig. 3), i- T equally criented (111)
rlanes are in shear geemetry, and essh has two favorzbiy arilented

Bargsra vector directions. In this direction, eight indapendent slip
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[110}. Upper =rd icersr trlangles each have two equivalent
!:‘ptﬂ‘ttiVO slip systess with Burgers vectors perpmdisalas

3z s2zh of Whe converging sidss. Fronl and bagk triangiea
“g_-ewe a*lv norzal wag3 Afelccaticng on them are iweobls

scﬂagrutlm o later=]l shear iInitisates

1
é
try for $14p in Spinel, Uriaxial Normal Stress aloug E
i



R R SRR S WA T TGN 4441 GO WG U e 0 SRR SATEPRETEATY DTROATATY ;Mﬁ%mﬁw

« Ogomatry for Slip in Spimei, Undazigl Eormal Stress along
{131]. Three triangles converging ut apex sach have two
opivelent opsrative slip systems with Burgers vectors
paralisl to each of the converging sides. Boivom wriangis

roceivas only normal stress, Six systems operative.
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[100]

Fimre 5. fmmesiry for 21ip in Soine), Unlaxiald Scimal Stress aloug
1;_“ 413 four triangies receive shear stress, and each
has two smivalent operative slip systems:. Eight systems
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5 Table 1 sumsacisss opsrabive slipy sysiams aud resvived shasi

-4 etregess end sirelns for undexisl streas epplisd paralial to thess

i lew indsx diregtions in spinsl,

¥

Spinal erystals unimxially deformed sbout %X in compression parai-
16l %o [110], {111], and [1€0] direstions ai tesperatures above 1550°C

st strain ratse belzssa 0.091 =in™t aud 0.1 min™t

dsmsasurate Just
such behsvior, The morphology after deforzms=tlon 15 eztirsly ccuslati-

ent with that predisted from thess geometrissl consideraticas of slip,

Lo i e ] mumnmmmlnmmmnmm ﬂﬂu]mmmﬁﬁ mgm [ !Mm mlﬁmlﬂﬁ

even to the consisiently obmerved broadening of the (110) face by

- interpenstrating siip and the concurrent kinking visible on the orthog-

enal (010) fena for crystala siressed sn [110] when miscrientstions of

- -
re

£8 1iiile &5 3, or mscidegtaliy eppiied shesr stresses, nsve besn
present,.

Singls srystel studiss are hsing carried ont in our 1laborstory
with spectmarns ent from cos larga boule of an alumina-rich spinel
#olid soiutiom (ﬂ203ﬁgﬁ 2,911). Spinel crystals with 1:l stoichi-
emetry of a sise and quality suiiable for rush defermation stadisa
Lkave Bﬁa been saceessially aynihesiséd.la Consequently, these dsfor-

mation studled &re being earried oui above 1556°C (sppresched at a

Y Y

' *z. Deaglas MoBrsyer, Dosteral Dissertdtiom. To be published.
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rate of 50 G min ) to avold ezsolution of bhypsratolchicsstric sismins

n@mmmm mm mﬂﬂg{m wau]\l
e ek R

temi dcas nob entirely elisinsis exsolubicn =% surface dispontinsities

remenant from grinding and poldshing,

RTINS AR R

4 lspisel sirsss-airein piot for ons miea singla orystel specimen

TITRL IR e

is iliwsirated in Figars k. The yieid sirsss ses wary les, and the

ragion up to 3% strain (note compressed scale) is attributed to work

herdening. It was followed by a stesdy state oresp region st » fiow
riress of 8GOV pei, whieh contimed vrtil the scocize. was uulwaded

: after 5% strain. Temperature rluctuatiocns ars responsible for sicsss

. : deviations in the wteady state region,

Caaprassilon of Polyexysteiline Spinel

B A comparable atudy of high temparature daformetion in polwyorws-

—— oy v

talline splael hes &lso besn cwried cubt, &Rad will foram the basls of

S

& subsequent pn.por.' Careful microstructural examinstions by fracte-~

20
graphy, ¢

spscimens defcrmed under various conditions, have yleldsd conolusive

and, more recently, of thermaliy and/or chemically etched

evidsnees of truly plsstic behavior in polrcrystalline spinsl.

ST G "U’.'"‘ [ (T I

Cogres grained spscimens (dxﬁi}ﬁﬁt particvlar are rich with ex-

A e

i
amnles of wewy «1in; lnoslized resrystallizmation, generaticn of grain E
boandary sepacabions aad St ~Piieh21 cracks {iraversing the bounda-

riss) tu heavily worksd regicns. Filgure i 1llustrates the marked i

1

“Dong M. Chei, Doctoral Dissertstion. To be pablished.
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ffeat of tmmpsratars and grain else upoen typloal ssmpreasive streas-
straln disgrass obtainsd frc= dense polyaryatalline gpinel sp=almsus,

- s P 2 n e o
& very strong strain rate dspend :3s is ales Feund (2 =g s FOSYE R

T -

R

ranges (rom 3 ta 7 densnding on grain sise iumparﬂ.tnx_ﬁnq), A1l thenae
rasults strongly muggest ihai polysrygtaliine spinsl does deform by
arystslline plastiolly, & process Liwolving =o0bility of dlslczsaldons,

' s 1 P P
&t tewmparatursea above sbout 1360 G.

Kinetie Cenaidarations of Flow in Danne Poly-rystalline Spinel

As a working modsl for the flow prucess in poiyaryswtalline spinel

a phenmenclogical strain-rate equation ig proposed whiech is anaiogous
Yo the Dorn"- creep rate expression but with the addition of an ex-

pression (d™®) to dsacribe the effect of grain size:

E = lee_q’/m a™ (1)

' . In logeritkmic form, aand with the dspendent experimenteal varisble

g (G, ths flos stress) transpossd to the left hand mephar, the almplest
; szpresalin bscoass:

;: 1 (1 @ Q \ 1 R

= - -l + — LK. 2 hping -+ - ]'n 2

: 1ng” (n 1n K n) n (;ﬂtl T (n) d (@)

btk

S8ince thers is 2 nonsiderable likelihosd of higheér order effect .

2nd pertiemiarly of interastionz between variables (e.5., & vempera-

REIN

tara-grain olze interastisn nfluencing flow siress wmight come abuub

1f grain sise or graln shape is altered as a funsticnm of the tesl tem-

paraturs), the bigh tesparature compression expsrissuts have been
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designed for anelyais in tores of the expended Taglor's saries mudsl
sr=senly ussd 1n data redustlon by eteilstical ssthodse? <y

_ =]
T = -,
bgébli,é’bl

2 2
¥ - _X :
4 =1y + bf}‘g 4 bki'f? + bfp'i;p + bél%

* P * bghTs ¢ bkl

X ef (in &) 0.0065 min™t 0.05 min "t
X, -t ,;; 1626 8 T sopsx

!_5~;t(lnd) 0.5

If the cogeifficients of tha guadratic and Interactica terms zhonld be

d 200

inmignifieant, thea the sisplsst scdsl (Eqg. 2) wiil have been shown to

be vaild, and
Y = Ing
Iz X
B, n
. . 1 R
¢ 7 (is)
- Q
by * wm
- =g
L 2

thaa providing the quantities X, n, Q, and m which will serve to

degorive the kinetice of the proessa, However; should any of the

guedratie (e.z., 122) er intersction terms (a.g.; 1112) prove to ba
siatistisalily significant, the simplest model ocannot be justifiably
empioyed, and it wiil ba necsssary to develop a more scphisticated

interpretatisn of the [leow process.
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Bemding of Polysryatzilins Spinal

T ressnt axporlonnls, polyeeysitaiiina spinal gilsc hes besa da-
foresd in 4ransverss bending ab tesperainres rapnging fram 1450°C o
17060°C. Thssa tests wers carried ocut in a vacuum fum-co* operatina
et 2 x 10”5 turi, ag wers the compression siudies already described.
The furhace ia fitied on ar Instron physizal testing machine,”" as
ehokny in Figure 5, The ocombined aasembly and 1ts ssgociatsd Insbtru-—
wentation provide meiasursment, control, and/er progrssmins capabiliiy
ovsr tempersturs (to 2500°C), strain rats (2 in. wint and downward by
about five crders of magnitude) and load (sensitivity from 1 to 10,000
pounds full soals). Stabilized watwr prassure s provided to elimi-
nate fluctuations in applied =stress abtiributable to laigih ohanges in
the water-conled load colven, Much cars iy ¢xerclsed in achieving
axial aligreant, and 1t is aléu necRssary U0 corrget tha Joad geighing
syotea for the pull of the vacvum on the uppear columa which links the
zample to the load cell. When thesas precautions have bsen taken, the
uncertainty in measuring applied load i on the order of one pound or
loss, and 1 attributeble principally to the frictional drag of O-ring
seals through which the load ocuvlumns must move.

[l
oy

Miodel 104 wacuwm furnace, & product of the Richard Brew Co.,
{onocord, N. H.

*odel TTCIH, a product of Instrom Enginesring Corp., Canton,

Hass.
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For thsas fovr-point beading ezperimeais, & molybdsmm {imlars

{ehe=m was employwd, It providss & 1,808° sps.. .o ths

1o o ATty ]

lower bleeck, which s artionlasted on 20 insernal ball and socket

Joiat in sush & way thet it.rcln'udjuat to evenly distribate lcad on

S o BRI T

the koife edgus by t1iting slightly fore and aft, and évea wors im tha

platers plens, Hossvor, 1t is pianed +o prohibit rotation by more

then & I[ew dogrees aboub the lead wris. The upper push rod has a spen

1
L ey LA e L, A, ST T

P — WA TSR et RS, NG 3 I U RO e

of 0.500%, and 1z "ixsd in the wackine in proper reiationship with the
lowsr blcck by u=a oFf an allgnilag jig. The 90° knife edges are rota-
hed 15° from the vertical, and ore dressed (o prowide a slighit radius.
x’j Tho spesimens vzed were cut from & single pisce of hot pressed

" mpinel of »Yy.95% purity. Ite =verage grain size was approximately

T e b ]

ey, Wik iis de ity was 97.4% of theorstical (besed on 3.&0 g/es).
The indi-idral spesimens were cut wilh a dismond waw, thsn groond flat
and parailel on the hess faces to within + 0.u01", Thsir nwluel sise

waz 0.090% x 0,360 x 1.30"%. Hetainers of 0.010% dila. molybdemm wire

ware s¥nloyud (o keep Lhe speoimsns in piace on the hending jig.

|
After insarting the specimen and puttirg the furnsce under vem- i
uwn, & small stress was spplimd and remove i ssmarel timem to 2etabliish -
the polnt of saro stress, and o reference strain resording micro- !
meters at the paint of cortact, The block ums then lowsred by an ;
smonunt suffisirat Lo insure that themuwl esxpansion of the moliybdsnum l

1cad columms ¢id not put the specimen under stress pricr o the sotual

T T—— A /28 AR S S T
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test. Heablng ui approximetsly 56°C/min was prazr@é, weing & ¥¥

)
6% Ba thermsosaple Inpat. A ‘wo-nolor pyromster, ezsentialiy fres

o RS R

Trem emissiviiy ﬁffaﬁ’ia, was msed te record and cont—ol at u:& tast
temparature, and & dissppeicing 7ilswent optlead pyrometsr was
ed for sa lodspemisni temmerstnre chegk, Msasurement md cogtrol
under these conditions is considered to be reliable within ¢ 10°C in
the abmoluts sehes when sighting on a black bodys very meail changss
in temperature (=:1°C) in the relative sense can be dstecied and

-

rorrested.  The sewivollovidal sarbon “Frodag® intendsd to provide a

It

pailnved—oa bileck dody sighting spot in this ¢periment psreistently
diffuzed into the aelybdanum. lesving a fairiy bright molybdenum cer-

bidm suriece, 9 that reflectivity frog the hotisr heating elements

wis nol eatirely excluded, Hence the indicsated temperatures may hive
Leen somewhat higner uhan the specimens actually attained,
, ‘ Figure & illustirates a specimen after spproximetely 5% outer
fiber tensile strain, mccomplished at 1700°C at strain rates which
ranged frow 0.0012% min™ to 0,01 min™L. Tne flow strass with the

lattsr atraln rates was aboat 200 psil, with a2 very slight upward trend

Ta

'3

ndisative af work hardening, At ths conclusion of the test, the

k

Th

sscizsn s28 inbact, with every indication of full retention of struc-
wural integrity.
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Figurae 7 illustralies bstrﬁzgg%trﬁn ralatia:;ghi;?_; for thie and Bom%
other epsoi=sns daformed in bending. There ls wmarked temperature aad
etrain rate dspsndence, and considerable evidesss of work hardening at
he lower tempepatures and highsr shvaln ratss, Slealy sveile ilow
stressss a8 low a8 TOO psl have been ocbservad at 11,50°C, bwi oaly at
very low strain rates. A1l atresss, strain, and strain rate data re-
ported fram thess bending expsriments have been tqpcrltur‘e corrected,
1l.8,, adjusted for disansionel changes in specimen and leading fixturs

induead by thamel savunsion (ses Bq. §5).

Kinetics of Deformation
Flots nf 1n & &5 & functlon of Ing for seven such bending exper-

[ 3 -
range 150 - 1700 C are shown in Figuve B, end, for

1]

izsnis over ih
ce=parison; scme preliminary dsia frwm HoBrayer‘s defermaiiea of [11i]
orisnied mingle orysiiis and frow Choi's compreesion tests on poly-
ecrrsteiiine spinsl ere includad. All show a strong strasg-strain rate
dspendsnce, with the constant n alwaya having values wwll above 2,
with an avers&ge nvar 3.

In the bending experiments, it has been observed that n varles
from just laag than 2 to aboui 5 sver individual sequences of the plot
for & given epeciis, depending upon whether the sirain rate was being
lowered (rielding L. n values) or increased (bigk values). In these
sipe: imsals, strain rave was nomally changed sbrvptly ty a fastor <f
two, either halving or dowtling, without unloading the speaimen,

RSO CARUUED S EINE SRR

©

ol




: ’ . !iii;l‘!ii!i,_
s =__*_____,_=__A_“,________,__,_wn_.___".‘____za__as_s.é_m_é__,__Egzﬁ%_s*_%sisg;ilii_%_ii!‘] : i it

T ——————————— = L T, I P NN MRSRY A SN Y

(7 UTE ¢ UF UF) 893l
atesye oroectTdce @3RITRUT SISAWND uwoau rredg3 Ul edued
$10USD EATTE TEOTAISA  *Do0GNT fange 3uipued eGIsasuel] Ul
powtoge] TorTdg SUFTTRIRAISAT0] J07 MweJBElQ UTTLIE-SRONE L L) X

. - -NINi ‘NIVHLS
., | 910'0 200  BOUO  HOOO

Co2 ¢

10

Q9

21 g2 Y¥3als

B

. f 4} i
- 10000+ 40001 F°
, m J
_ | ) ]
- ” 1 3 s
_ = 4 : _m. ‘
,Qu ‘ ﬁ_
o K\\ 5nUO?_%E [
. ” 5,060 ¥ v - P
7 0S| of <0Gl _hﬂ e
e 2 i
, i
bl e b e e e GO %;
It
%E
§
;
I
N

: W,.;i;éi, i R ' iy E£,Tii:%:;:%i:;;:?.;?._:#T=3e::552i:2355§i




-(Foup Jeygw) Tectde suTTwIELI.Lrod puw (ILSIGON T45T)
Mgaa 1o Rban e.mwﬁu T} A0T] BATESeIdE00 J0J P ALY
-t o svpnyouy *(STIeS GIH) EUTPUSE UL PONIOJV] YU}

SITTTNIBLI0LTOy J0F 0Td SENIE~-0nwy UTeng OTWRTodo] °g sa¥fy

ISd ‘SSIULS

.ﬁ ~. ¢ m 8—
coe.a of 00| 000 - C 100000
. /
/
1 DoiBPI BEIHE \ /
. 5050 L 8LH O Q ik‘ 410000
D G291 3EIH VY \ ;
0055 ¥ 8LH © 5oy \ \ / ; \_‘ @
0.056I £ BLH @ \ / ?l 'y G\ - W
040041 € 81H © I mx / ; , 3
- De00Ll | BLH O \_V \ - 4000 =
\ ,_% _. \ ' ..HJ._
7,066 fOI2p {4 / "
NOISSdNOD  f i @3 \ x
Nl Q31S31 TI3NIdS / /& _ t 1
T SNTTIVASANOAI0 / /) f <100
Jowsst tnz! /g /
[ TSAEOf «w 't
~._. TONIS w \ \_J !
A 4 oro

il e




: = =
. g E
E =
= ‘:'.3 B

- 3
o B

£ If a gear changs was vegulired to further extend ths piraim rats rawvgs, g : §
- the stross generally wag removed, mllowing the epacimen ts Prygi? fo S §
& B s pacded of several minutes, when lesiing was rosumad at the higies =
i o strain rate rengs, the slope wonld be signifisantly lowsr than normal, §
&+ useally over three lesvals of incrsassd strain rete spanning =lmost a

‘kalf deceds, For ths banding eaperiments, the averaged valus for n is

2.7. Thersfere, st conatant tempersiura

e . =0 BT .
- £ == B.75. x 10 ol ot (5) : E
. whars = onter fiber tenslis stress = ?_E !
-
b h i

mn
| |

outer fiher tensils strain rate (win'™) = & b &} 7,

1 . 1p

s = moment length = ~Z5" T - 0.250%

P = load (pounds) h = ksight (in.)
1

b = bresaavh (in.) i¥ = crosshead atrain raie (in. win *)
1+a, 20 3
F, = theramrl corrsstiion factor for sbtrege = — 20 :
4. i e &1, ;
l+ o AT

s F2 = ihermal correciion factor for strain « m-f‘;m5
4q - cosfficlent of linser the¢rmal orpansion for spinel =

25
7.9 x 106 %L,

EOITRUREARENEIH

ay = coefficient of linsar thormal expsnsion for molybdermm =
5.7 x 10~ %1,

AT = Jdiffurerse bebueen el 4and room temperstures, %.

A plot of 1n & ss 8 farsticu of 1 fir thres levels ¢f flow stress in

&

beading ai temparatares of 1550°C aad shove is shown in Figare 9.
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B Fier-a 2, Sewi-lLogarithmie Plot of Strain Rate as & Fuanction of Recip-

S rocs} Alwclute Tespsrature at Applied Siresser of 10D, 259,
pad for polyerystalling Spinel Defor=ad ia Bending. Mid-
puinis reprecsent nominal values; uppsr ar . lower pointa

E rerrezent extreme values based 1 highes: end lweai vaiues
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Tiesa hewing org ormetant slepe provldn vesponabls fite sk ell thrae
lavmlr, iadinetisa af A vessanukly wall behswed ralationehiy respons

slva to a sipgle estivation eamsrgy over tha Lsapsratare vasgae,
Greghisel valustiens of these preiimincry data provide au espirilosl
rate eguation for Vsading of the forsm
Poe ageRYE (&)
weyz. jn this axperiment
b - 0575 x 1010 52T o215/ n
The sppsrent etivation ensrgy, (G, has a value of approximately 21
Kon? , and the presr—onential, A%, has & value of spproximately U.575 x
1639, Theme valngs &« not inconsistent with rowe thermally activated
process involving zslf-diffusion of 2 slow moving ionie speniss. This
edparinentally de.ived swrreazgion cnly differs in mc. respsct, ths
isak of a3 lipesy ;;L- teram, from tha &mﬁ squatien for & creep
mousaEs orptcollsd by Jdislvestion slibd
« = 4 ﬂ;: o VET (5)
Fquat...a 7 oaa oe adjusted to Weertman Jorm by emplaying a typieal
exporinental vaiue of % (0.55 x 10™7) s a divisor for A', yielding

i = o0.6e x 10t® -%:'2'7 oﬂh’m/m’ (9)

fer high tempersiure bending in apizsl.

Miocrostructuril Kvidences of Daformation
Kicristrestural studies in pélycryvtalline spinel are fairly
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gxbwerd by coaventional polish-snd-eteh tsahnigues, partly bhagsume
stohing spinal in suipkuris soid at 270°C 1o & diffleult sad unpleas-

ant bLusiness, and also beqaess ocld working of the surface during

. pelishing usvally 1seds to heavy soratsh texriures on the etched

specimen. For may sludiss, it hes beer found that replicas of frec-
tnrad or *fres® thermally elohed surffces, vhsn shadoswad with chrosius
vapor, 1snd tremselves particularly wall ic optical mioroscopy at
wagnifleations up to about 1000X, All those illnstreted hers were
taken of plastis fiiwm repliuug* shadowad with 200 - h_oox of Ur watai
at an inoident angle of approximately 45°, and were photographad on
Polarold P/¥ 55 £1lm using a reflected 1ight microscope = with brigat
fie1d 11lumination from a sirconivm arc movrce {with green rilterj.
The polyorystslilus splusl testsd in the pending exvarimanta was
fing grainsd =nd rather wpifoim in texture, with a siightly bimodal
graju sive distribution averaging 2 - 3,‘. The matrix was quite fine
with & grain sise ou the order of 1 -Eﬂ,mdpdumichhldum
larzer wars only abeut 5r\ux:|m, Figurs 10 illustrates the micro-

structure ag rsvealed by frasturing the material at roem temperaturas

*Replicating Solution, & prodmet of ladd Industries, Inc.,
159 Wagon Rd., Eoslym Heighta, N. Y. The solutlon ie thinnsd with

scetons to optisum flunidity; after drying the replica is peeled off
with transparent taps.

4“!loelol KeF Universal Microscope, & produsct ef Optische Wawke C.
Reichert, Viemma.
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Figure 10. Miorcstructure of Folyerystalline Srinel Prior to High
Temperature Deforms’on, COr-shadowe replication fracto-
graph; specimen fractured in bending at room temperature.
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1 bepding. Hemo svidsnes of Lha poza phaza (2.6%) eax bho noted, ani

both trens-ond-intergramlar freatoms £EiEE =i obmsrved,

Rame grain grosth cecurred at tead tmaperatuora, ss ghesy in
Figars 11, replicsated irom a specimsn deformed to shoat 8% ptrain

Prior to deiiberste fraciurs st higher siraln rates at 1550%°C. The

R

wis

N

Keed senilon in thiz Cligure waa the trase of trs

(1]

s P A
lesar =dg

Versien fase of the bent epscimen. The matrix grains wera only alight-
15 lacrger then those in unbsatad spinal, bnt the larger grained frac-
tion had grows te 10 .- 25;\\;1;3, the sxsw-le eic'n being ona of the

largest observed. Tuese larger grains frequantly showed svidenius of

Interesting s1ip, whersas the finer matrix grains di° not, at l.sat
within the resoluticn of the optlcal misroscope. Although ihis reglen
had been mubjected to consiuerable strain (normal to tie piciure piuns)
prisr io fresture, thars was no evidensa oo bhe deveiopmant of grain
bozndary cracks., Pinally, iv sheuld be not-d that fraoture was parily
intergrrmuiar, partly travsgramlay.

Baplicas tiken from tharmelly atchad tenaden and comcrznlon -

deformetien, Magy of the lacker sraine ahowed avidevinea of #lin handy

and the cnset of wavy slip indieativs of rlasiis deformation. Tus

E
tH
i
g
4
;
g,
:
g
5
5
¢
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:
WWW‘IWWHW MRS 1

sach axamples ta.en from the tension surface of a spsolmsn dsformad at
1’7‘09.6 to an outer ficar temsile strair of alwzst 0.05 in. in‘l are
shewn in Figure 12.
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Fleure 11, HLicf?;Emctu:e of Polycrystalline Spinel. Arter Deformation
& 1550°C. Transverse section near tension svrfaco,
Cr-shadowed replication fractograph; :peciwen strained
approxizatelr 3%, then fracturad at higher ctrain reve.
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Maars 12,

Microatructure of Tension Surfsce of Pelyorystaillse Splnsl
Bent at 1700°C. (2) Slip bands devsloped in large graing
(b) wavy slip developsd in large graln with approximatsly
[111] orientation. Strain directlion horisontal, Cr-
ghadswsd replica of g osund surface thsrmally etohed duriling
test. X2200.
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Diseuealen
Ces sen ssbegorigally rule cul grain bewndary aliding s the rate-
sontroiling weshanisn ia bending of spinel abuve 1550°C en the grosmds
e

s

et bka bowmderiss pars ebddl dotesl LDisr ap mmeh am Tive poresst
strala, Gad bevstsw a viseous stress-stralem rete dspusdsoses (n - 1)

wes mat obrerved. Nabarro-Herviag diffuviszzl <xesp 1o aloo comsid-

A e g O GE w5m? 'WM}H}I !‘

ored quite wniikely on the grousds ihat ike cbeerved strainrate~

[IRIN

strasas eosfficieat was much higher than unity, snd also Lecauss strais
rates osployed in these bending sad compression esperiments excssdsd
thoad mormalliy siezried atl cuwmparcble temperatures ifer diffuwsional
sreep im cersmies vy at lesst two orders of magmitude,

e Ty, e

Stress-strain rejatiemshing, in=Tnding work harderins, z3d ihs

z kinetis aualyses, provided sirong support fer & plastis defermation
process imvolving havdecing by Afelemstiss interzablos with sisady
O state flew being gevernel by soms eovrteracting thermally activated
_ _ fecovery procsss. These preliminary data cbtained froa a reletively

mmall rusber of spesimens r-e not emrlidered adequate for exast quan-

titative detarmimations of the values of » or . The valuss reported
are ajsquats L9 ¢amonstrate plastinity, but n is ccasidored jresently

e

te b somewhat too low, and Q rcaewhat oo high. Chol's camprsssive

studlss, basdd en niny spoeimewns; indisate that the nominal valne of n
for pelysrystalline spinel may be as high as L er 5, and that Q may be
&% low a3 165 Zeal.

#o dec-aeme in bulk density was ebsarved, in fast, densitly vas

5
=i
<

. L o . . . iy it
- o o T B s S T S reta — -
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Irsressgd during bending. Hisrostruatersl swlidesce alse esafivssd
Lthe rwesnbleon of stractursl i@@igy aftor sxtensive deferwation in
bemc'ing, and previdad Wéxﬁaplss ef piastiﬂéll;,-* alierad grains.
Other miersgrapus have indicatad possible recrientation o gb-

poaisavion mear prain boundsries in scearse graimas gnle=]

e

!

emﬁdon. Bach observationr are consldered 1o gl7¢ sume preierence

io the Weertman congept of dislocation oliadb as the rate-controlling

=schanism for plastie flow in spinel, althsugh the kinatic date now
evailable are not complete emough to permit =2 rosabigav.n deaigna-
ticx of the exact mechenisa.

CONCLUBICF
SpineY cof high parit; and fine gr-'2 riss 14 A &wsiiia carawle

whsn deformed by bencing &t hiuh temparz'aies. Lhewe UBCSUE, 3t dia-
rlays striin rete ceusdiiviis, sirein hardediag. resvriy, "wtancibilii-
ty, and other plastis treits une normally associster with a fzoo cen-
terad véeal. Undsr these condliioms, it is not britile in bending un--
less tre striin rats is high, well in sxcess of 0.0l min L, However,
the onsot of plastisity in the 1450°C tempsrature range reduces uset: ).
etrengt: to a relatively low level, nct becanse of frasture, but be-
causs of rapic creep. Teis factor zhould e tTaken ints escount in wy
sagineering epplisation of pure fine grained spinel at thess towpera-

A\ B

The ﬁmmnt\y of & resssaably ductiis pelywrystallina esramic
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&t @ﬁi&iiél%%«@.&d ladestrle’ly-atteinghle taesperatares dooe smgessi
mema intarestieg poseibilltiss fee future investigetien. Ons csm prs-
Mot 1tk real amtainty thei spleel will comtimme to b2 atirachive as

& moga] material {ur resserch studies sccoserned wilh hisi werking and

strangtheming of high teawpersturs mavsrilals,

Aoknowledgemnta

Suppert of thie resoardgh by e U. 3. Arsy Resesreh (fiice,
Perkam, N, C. 12 gratzinily ascknowledged. Msoy psoscuz have wonirib-
uted gignificantly to the present lervel of affort and rnderstanding
with this materisl. Teahnical assistance by M. L. Huckabass, C. R.
Hamning, D. E. Witter, end Balph F, Grorue has been waet helpful in
thiv instanss, Xy colleague, W. W. Krisgel, and doctoral students
Dang . Chol and 2. Dmmglas McBreyer, have provided lnfermaiien,
sasourzLrsent, and invalnable advice.

"l—":gzzis for trzvel frem the U, 8, Srzy Regsarch Offise and from

the Pord Poundotion mads pozsible =y atiendacce at this mesting and

[~ 5

My presentioa ef the paper.
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