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CREEP OF POLYCR?STALLINE LITHIUM FLUORIDE
Donald R..Cropper and Terence.C. Langddn*v
.‘d | 'Ihorgaﬁic Materials ﬁesearch Division, Lawrence Radiation Laboratory,
' and Department of Mineral Technology, College of Engineering,
_University of California, Berkeley, California‘ '
ABSTRACT

Tﬁe cfeep beﬁavior of'polycrystalline‘lithium fluoride'under con-
ditions of constant stress,waé,iﬁvestigéted over the teﬁperature range .
from 300°C to 550°C and found to be essentially similar to that observed
in pure metals. The measured activation energy for §teady;state c?éep
was of the anticipated magnitude for diffusion.of'the'fluorine ion,.and
the fesults suggest that the faté—contfolling mechanism is some form of

dislbcation motion rather than the stress-directed diffusion of vacancies.

¥ Now at Department of Surface Physics, Cavendish Laboratory, University
of Cambridge, Cambridge. ' : . - . v
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I. INTRODUCTION
Whilst the creep'df pure bolycrystalliné metalé is fairly well
documented fér temberatures]greatef than ®0.5 Tm’ where.Tm is - the melt-
ing point in -degrees Kelvin, thefe is at présent.only limitéd informa-"
tion on the creep behavior in ionic>and covalently‘bdnded materials.
Furthermoresvmaﬁy of the.resulfé So.far pﬁblished on ceramic polycrystals
héve tended ﬁo indicate.a linear relatiohship between the steady-state
creep rate and stress‘(e.g.;.Foiweiler 196151 Barmore and Vandéfvoort
19652), even at high stresseé, which suggests that creeb in these
materials is cdntrolled'by the stfess—directed diffusion of Vacancigs
either throuéh the léttiée (Nabarro 19L8,3'Herring lQSdh) or along the
grain boundaries (Coble i9635). fhis contrasts with the evidence in
metals, where diffusional creep is usually only éf importancevunder con-
ditiohs of very low stress and gt temperatures near the melting pbint
(McLean 19666), although recent evidence (e.g., Berﬁstein 19677)‘in—
dicates that in some metals it may also_benimportaﬁt for low stress'
levels at more ﬁoéeraﬁe fe}néerafureéT
" These results suggeStz'theréfore, that the creep behavior ofviqnic_

polycrystals may be markedly‘differént from_tﬁat'of metals.v However,

in a recent creep studyIOn'poiyérystalline sodihm chloride, Bgrke ahd'
Sherby (1967)® snowea that their reéults_were'closel&;similéf to those
obtained_fofvpufe metals, with thé1Creep ?até froportiohal‘to'stress

to the fifth power. To further check thisfappareﬁt'anomaly, the present
iﬁVestigatioh was initiated Oh‘polycfystalline lithium flu§riae, this
materialkbeing chosen to exténd,thé observations to a fluofide,whilst

at the same time retaining the rock salt”strﬁcture, and also to provide
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. dead-load testlng machlne 51m11ar to that descrlbed by Sherby (1958)

e e ates6.

D

.. creép data on a maberial:for which no .such information is currently

‘available.

'II. MATERIALS AND TECHNIQUES

¢

The polycrystalllne llthlum fluorlde Was prov1ded by the Honeywellf"

Research Center (Hopklns, Mlnnesota) in the form of a rod of h 65 min

dlameter Thls rod was. produced by the extrus1on of a 51ngle crystal

. at 500°C u51ng -a technlque essentlally 51m11ar to that descrlbed by

Stokes and L1 (1963)9 for the. productlon of polycrystalllne sodlum

chloride. The rod was transparent and free of any visible poros1ty under -

the.optical‘mieroscope,vandfthe dénsit&;jdetermined by weighing in “air

and water, was in'close'aéreementSWithfthat of LiF'singledcrystals, In

'the'extruded condition, the grain sizeé.determined by the linear inter-

cept method, was .7 grains/mm.' Theimajor impurities in ppm, revedled
by spectrographlc analys1s and reported as ox1des of the elements in-
dlcated ‘were Mg 10, Ag 5, Cu: 5 Al 10 Ca h and Sis 150

Spec1mens were cut to lengths of d6 1 mm us1ng a w1re saw w1th an

' abra51ve of 60 g. boron carblde in 100 ml glycerln and hO ml water.
Each spec1men was mounted ‘in a spec1al Jlg, and . the ends pollshed S0

that they were accurately perpendlcular to the cyllnder ax1s. Prlor to

testlng, specimens were annealed 1n'a1r:for.3 hours at temperatures of

either 600°C or 750°C,eto produee uniform'eQui—axed érain siZes of

' ml60um'andA&3OOOUm respeetirely.' Spec1mens were tested in- compre551on

in the temperature range 300—550° (NO 50 om0 72 T ). uSlng a small

The total strain was contlnuously recorded with a llnear varlable dif-

-5

ferential transformer having a sensitivity_of t5.x 10 .. Elevated .

O'”
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v'temperatures, obtained by a small resistance furnace positioned aréund

thé,speéimén,lwere éonstant to within ii?C of the reported values. Té
maiﬁtain conditions of‘cénétant stréss, aaditibnal pré—determined load
incrgmenté wére added a£”true strain intervals,of10}01,_thes¢ increments
being calculated Ey assuning éonstancy of Volﬁme and by neélecting'ahy
barfellingvthat may ﬁgke place;_' '

| "IIT. EXPERIMENTAL RESULTS

Pfeliminary tests showed that the material exhibited the primary

* and secondary regions of creep usuaily associated with a metal; this

observation confirms that made on polycrystalline sodium chloride (Burke

and Sherby 1967).8_
In pure metals, the steady-state cfeep rate, é, may often be éx—

pressed by an equation of the form

”-E = Avqniexp (-Q/RT) | - - x(l)‘

" where 0 is the applied étress, Q is thé activation energy for creep,'Ri
‘is the gas constant, T is théitemperature in degreevaelvin, and A and

‘n are constants..

A determination of the stress éxponehts.n, aids-in distinguishing
between various rate-controlling mechanismé, since diffusidnal creep -
requires that n = 1 whereas models based on the movement of dislocations_

through the lattice require n = 3 or greater (e.g., Weertman 1955,11‘

.195712);' To avoid experimental scatter between specimens, n is best

~determined from one. specimen by measuring € for a series of different

+

stresses under isothermal conditions. Tests were therefore carried out
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in which the stress Wasumaintainedvconstant”until steady—state creep
was reaChed, and then lnstantaneouslj'changed and maintained’constantv
untlllthe creep‘rate Wastaéainzsteady. 'Further.changes in stress were
flater made, at:true'strain-lnterrals>of &0}03, and'the steady;state creep
‘ratefreCOrdedxin ééch'caséﬁ‘ With'this'technique;wthelﬁalue'ofvs for any
fvgiven stress uas‘found'tofbe lndenendent of uhether this‘stress uas
' reached by an upwardsvor downwards change.v 7 |

The results are shown 1n Flg. l for both the small (&160unlland
‘large (NBOOOum) graln sizes. Ow1ng to the dlfflculty of determlnlng the -
: n01nt at Wthh the spec1men flrst passed into the steady—state reglon

"~ the value of € a55001ated w1th-the'1n1t1al stress was 1nvar1ably some—

'What hlgher than ant1c1pated from the subsequent p01nts. For completeness,'

: these p01nts are marked Wlth an aster1sk 1n thls. and the subsequent
flgures, but were dlscounted‘ln determlnlng the l1ne of . best f1t from a
least squares.analy51s;_ The results in Flg. 1 show clearly that a dlrect
relatlonshlp exists between € and o, and w1th1n the llmlts covered by
these experlments, thls relatlonshlp 1s 1ndependentvof temperature and
vgrain size.v For both grain‘siZes; the stress exponent, n; is ofvthe
order T-8.

To determine the‘aetivation,energy,rQ,‘a'series‘of,tests were -
carried out on thevsﬁaller:grained materialriniwhich.ranld changes‘in
temperature, of'about 20°c, uere made‘at'regular increments,of strain.

By thls procedure the structure is assumed to remaln constant 1mmed1ately
before and after such changes (Tletz and Dorn 1956) 13 and Q is then

calculated from the»1nstantaneous:creepsrates Just preceding (er) and

immediately following (€2) an abrupt'change-in‘temperature from T; to

@
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T,. Thus, from Eq. (1), it follows that -

godmi _amdé  RIn(L/E)
T 3(-1/RT) A(-1/RT) (T2=T1)/TyT,

Cyclic temperature tests.of ﬁhis type wére cafried out over tﬂe
temperature fange_h00—5500¢, with the initial stress'éhoseﬁ iﬁ each case
“to give él.® 2 x 10-6 séé _;; The résults yieldéd an average value of
Q n 50.1 kcal/mole, with'Q apparéntly iﬁdepéndent of‘temperétﬁre iﬁ the
range covered, aﬁd ihdependent'of strain ﬁp ﬁo true strains in ekcessv
5f "0.30. As with metals (Dorn l957),lh‘siﬁilaf Valués of Q were ob%ained
in both tﬁe pfiméry and steady-state regions, and theée were independent.
of‘whether the témpefaturé ﬁas incréaséd of“decreased. An isolatéd test
on ﬁhé larger graiﬁed.materiél bet%een.h80°C'and 500°C yielded similar
results. | | |

IV. DISCUSSION

The Valﬁe cbtained for.the éctivation energy fo%jsteady statevcréep
corresponds closely to tﬁe reported activa#ioh energy (QD) for’diffusion
of the fluorine ion in'LiF siﬁgle qrystals (NSO;Y'kcal/molé; EisenStad£
1963),15 as shown in Table I. The value is somewhat largef than those
reported for diffusion of the lithium ion, thereby suggesting'that,

‘whilst both ions must'diffuse at the,same rate tQ mainﬁain'eléctricgl
_ neutraiity, creep 1is controlled;pfincipaliy,by voiﬁme éhion diffusion; 

)16 for. creep

A simiiar conclusion arises from the results ovahang (1960
of Ai203. However, the value for anion diffusion in LiF refers to the

~intrinsic region, which is generally taken as‘tempefatures greater than

 560°C.. In the temperature range used for these tests (400-550°C), Q
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‘for Li 1is very much lower, but.no value is presently available for the

~
.

extrinsic.diffusion of the fluorinelion. ln.thelabsence of such data,
the reason for close‘correlation with_the»Value for‘the intrinsicvregion -
is not clear,'but it should beAnoted'that experiments on,sodium chloride ¢
'havé shown that.'whilSt'the aotivation energy for catiOn self—diffusion

' changes abruptly at’ the temperature (&550°C)’separating the intrinsic and
' extr1n51c reglons, QD 1s essentlally constant for anlon dlffu31on 1n‘the

T 1965 ). It is poss1ble

temperature range 300 700°C (Barr et al 1960
that thls trend may also pertaln 1n L1F ' Alternatlvely, the results may
" be’ 31mllar to those reported by Chrlsty (195h 19 1956 ) for NaBr, NaCl
and . AgBr, in which the actlvatlon energles for creep were .found to he
higher than the‘known:values for self—diffusion. This difference was
ascrlbed (Chrlsty l959) to the energy requlred for the formatlon of
'vvacanc1es -whlch 1t was suggested was s1gn1f1cant in 1onlc crystals but
not‘in~metals. In elther case, the magnltude of Q obtained experlmentally
‘(%50 1 kcal/mole) suggests that creep is controlled by lattlce dlffu31on
'of the fluorine 1on.. | |

The slope of the llnes shown in Flg. 1 strongly suggests that the-
creep of: polycrystalllne L1F is s1m11ar to. that observed in- pure poly-
.crystalllne’metals. However, whllst'Flg. 1 glves”an 1nd1cat1on of the
value of n,,a,better‘approach isato plot~thetratios_of the'strain'rates
and stresses‘before.and'after‘the Changehin stress. If n is independent
of temperature and.grain’sizeg as.suggested,in'Eig. 1, it follOwsvthatv P
such a‘plot'should:reduce all points to-a single line; As shown in
Fig. 2, thls plot has the addltlonal advantage of reduc1ng the spread on -

the data, and does not’ strictly requlre that creep be within the steady—
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state region. From Fig. 2., a least squafes analysis yieldéd n="7T.6,
which suggests thatbcreep is'cdntroiled by some form of dislocaﬁion
motion, either'by.the climb of dislocations over barriers (Ueertman.

1 195712) or by the non-conservative motion of jogged screw dis-

1955,%

locations (Barfetﬁ and Nix 196522);

The results in_Fig; 2 ciearly deviate'from>the predictions arising
from Nabarro—Herring diffusiOnal“creep,vas indicated by the.iiﬁe_of
310§e n=1. Two éther factors serve to negate thé poésibility of dif—
fusionél creep. Firstly, whilst fheories for creep based on dislocation
motion predict that ¢ is iﬁdependent of the average gréin diémeter; d,
the theories of diffusional creep suggeét that ¢ is‘inversely pfdpor—.
tionglvto a2 of al fof laftice diffusion or grain boundary.diffusion

respectively. Thus the stress-directed diffusion of vacancies requires

- b . ol ) K3 i . . 3 v . . . ‘ )
_that € increases with decreasing grain size, but an examination of

Fig. 1 shows clearly that this is not realized in the present investiga—
tion. With a diffefencevin_grain size of greater than an order of

magnitude, there is no signifiCaht difference in the creep rates for .

" the tests at 400°C and 450°C. Furthermore, at 550°C the situation is

reversed since € for the largei grain size is slightly faster than'that

for the smaller grain sizej this difference may be due to the use of

specimens having only a small number of grains in the cross-section.

| Secondly, it is possible to calculate the anticipated créep’rate
if diffusional creep is the operative mechanism. Considering lattice
diffusion, since this has the weaker grain size dependence, Herring

(1950)h has shown that the creep rate is given by |
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Vwbere‘B ls a constant (&10vfor‘eqﬁiaxed_polycrystals),'Q‘is‘the volumev
of a vacanoy, D is. the -iamée s,.elf-‘d‘iff.‘usioa coefficient and ¥ is
Boltzmann’s constant. Lﬁslﬁg tbis relationsbiﬁ; the values caleulated

“for € are some orders.of magnltude slower than those observed experl— :

mentally, even for the smaller gra1n size (e. g s for the small graln

s1ze, taKrngiﬂ =—l.65 x.lO'vg3 cm3, T = 723°K ,and D- for the - slower mov1ng

ion, the Caleulated creep rate is € ®5;x-10~ l‘secb_l at a stress of 2000

-p;s.i.,'in:contrast tofthenobserved rate of ﬂdO_B.sec-l)u

- MoLeanvand.Hale (l96lj2 and Sherby (1962) h have:shown.that the .

steady—state creep data for a number of metals obey the relatlonshlp

R R (

' where A is a constant related to the stacklng—fault energy of the materlal

(Barrett and Sherby l965) 5,.and the streSS is- normallzed by leldlng
‘by»Young s modulus E. For a number of materlals, all tested at hlgh
'temperatures and lOW'stresses, thls ylelds a series of stralght llnes
lylngvln’a narrow band. To test the appllcablllty of Eq. (h) to L1F
£ /D was plottedlagainstHO/E,.as shown rn Fig.3, wherethe-selfAdiffusion
coeffieiehtvD =D exp (~Q/RT). The valde‘of E at room temperature |
twaszcalcﬁlated from theislnéle Crystal data‘of-ﬁriscoe and”Squire.

26

(1957) by taklng the average of the values obtalned for polycrystals

by the methods of V01gt and Reuss, the varlatlon of E with temprature"

U.
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. was calculated.bybextrapolatihg tﬁeir data tovthé.temperéture r@nge 
used in this investigation. Since the.méasurediactivation eneigy for
steadY—state creep was Simiiarvtp that fof the intrinéié diffuéion of
the fluorine ibn; D was calculated by extrapolating the intiinsic
flﬁorine data of‘_Eisenstadt.(]._963)15 “to £he preSent'temperature range.

As shown in'Fig. 3; Eq. (3) is well satiéfied at thé higher tempera-
ture$, and ail results for'bqfh grain siées then fall on a straight line.
At the lower temperatures, at values Qf>E/D greater than mlb9 Qm_g;
:theré'is an apparent discontinuity in the data, and the points:no‘loﬁger
fall’on';>straight line. This trend is identical to fhét-reported.fof
NaCl'(Burke and Sherby21967)$:ahd for‘a nuﬁbef‘éf pure metals (e.g;,
Barrett et al. l96h)27, with the devia@ion'fiom linearity occurring at
appfoximately the same value of é/D (ﬂl09lém52) for each matérial.
Furthermore, the line falls withih.thé band.obtéiﬂeﬂ fér'a number of .
puré metals by Sherby (1962);2l+ although the slope 6f the linear portionj
(n‘%6.l for é/D < 109.cﬁ;2) is slightiy gréater'than for'most ﬁetals
(n ’\15).“-

Whilst this approécﬁ'permité'a direct cbmparisoﬁ witﬁ the publishéd
vdatavfor metals, the‘analysis ié not stfictly correct Sinée'the'mOdél of

)12

creepiby dislocation climb (Weertman 1957 ihdicatés that'it‘is

probably more accurate to'write'Eq. (4) in the form
n

. ] - - o ' )
=g = exp (-a/RT) (5)
G - S

vhere A" is a constant and G is the .shear modulus. From Eq. (5) it

- follows that
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a—"ll A" (£ ) exp ( Q/RT) L (6)
To check this. relatlonshlp, and to permlt a calculatlon of Q u51ng o

:hthe dlslocatlon cllmb model ET/G was plotted agalnst O/G us1ng values

of G calculated from. the data of" Brlscoe and Squlre (1957) from the

;aweragefof the V01gtvand_Reuss approxrmatlons. The result 1S“shOanin”"

; _Flg. i for the small—gralned materlal The‘actlvatlon energy wa.s then

: determlned fron thlsuflgure . since 1t follows from Eq. (6) that, at a

constant value'of G/G and two temperatures T1 and Tz,

"T(éT/G)z .

(eT/G)lj' S e )
(T2~T1)/T1T2 ' o

Dlsregardlng the‘data at’ the two lower temperatures, since the'.
v scatter is then so great that the llnes are: ‘not well deflned and taklng
Ty = 723°K and Tz f 823°K Q was estlmated as'%h8 5 kcal/mole 1n good
'agreement wlth the direct experlmental walue. Slnce the llnes are
parallel,.it follows thattdvis notfaifunction,of stress ower the limlted.
range studied; | » »

| pTovdetermine:the_stress enponent in:Eq;e(6),,éTvexp (Q/RT)/glwas:'_vA
’1plottedvagainst:q/G.as'showhuinfﬁig;.5,'taklng the}enperimentalhvalue
- of 50.1 kcal/mole'for:Q; As,with.Fié._B 'there is almarked discOntinuity v
in the data at the lowest temperature (eT exp (Q/RT)/G greater than
' 103 °h cm? dyne l'se'c—;'}), and the p01nts at 300°C were therefore ex—

‘ cluded 1n determlnlng the slope of the llne as n = 6 6 Whilst this
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stress exponent is higher thénﬁthat predicted.théoretically'for puré

metals, for which n = 4.5, even higher values have been reported in
28 -

metals in some instances (e.g., Davies_l963)5 and the value does not

E preclude dislocation climb as a'po$éible ratefcontrolling mechanism.

V. CONCLUSTONS -

1. The creep behavior of polycrystalline lithium fluoride in com=

pression 1is similar*ﬁovthat observed for pﬁre metals, with the éreep

curves exhibiting both primary and secondary regions.

2. The activation énérgy for creep in the temperaturevréhge_hOO—
550°C is @50.1 kcal/mole, whiéh-sqggests that creep is épntroliéd‘by 
lattice diffusion'of the'fluorinelionL | o

| 3. At the higher temperatures (>300°C),.the.steady;staﬁe‘creep
ratevobeys the relationship_é = A" oé'éxp7(;Q/RT)/Tanl‘Where n = 6.6.
This relationship éppears to'bréak down at values of £T exp.(-Q/RT)/G
greater than r\>J‘10_3_._°K.c:_vmz dyne_l sec_;.‘ |
| . L, The fe;ults suggest-that qreep is'cdntfoiled 5&_& dislbcatign

mechanism, such as the climb of dislocations over barriers, rather than

.by the stress-directed diffusion of vacancies.c.
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‘Table. I. Actlvatlon Energles for lefu51on _
¥ ~in thhlum Fluorlde ' : :

';%(.L:i’.'? e g )
. §1§7 k¢ai{mble' 50.7 kcal/mélé “16;3 k?al/mQIei‘v5-, v«;ElSenstadt 196315 .
”,'h5;7'k§a1/ﬁ61§;_‘av.._ . ’vj L1h;9‘kcai/mb1ef_;'- _‘ Haven 1950 29

43,0 keal/mole - = 15,2 kcal/mole . —. ‘Stoebe and o
ke S T TS TEREOIE T e e A 30
. L : . e - Huggins 1966~ .




U - RN - | RRCRt+17856;"

' REFERENCES

R. C. Folweller, J Appl Phys., 32 773 1961

W, L Barmore and R R Vandervoort J Am Ceram Soc., Eg h99,

'1965.rf

o F; R,_N.‘NabarrO' Report of a Conference on the Strength of - SOlldS

(PhysQ Soc.:;:London) p. 75 19&8

S C. Herrlng, g Appl Phys.' 21 h37 1950

R. L/rCoble J. Appl. Phys., 3h 1679, 1963

D. McLean Reports on Progress in Phy51cs, 29, l 1966
RII M. Bernsteln Trans. Amer; Inst M1n. (Metall ) Engrs;; 239, o

:1518 1967.

Pr‘M. Burke, and O D Sherby, Progress Report on NASA Research

v Grant SC—NGR—OS 020—08& Stanford Unlver51ty, Stanford Callfornla,»

'-_1967

10,
©o11.

12.

13,

1h,

15.
L16. .

a7,

. R; J.vStokes‘and'C._H; Li5jMaterials Science Research3.13 133, 1963.
0. D. Sherby, Trans. Amer. Inst. Min. (Metall.) Engrs., 212, 708, 1958,

J. Weertman, J.:Appl..Phys;, 26:312135.1955'

J. Weertman J. Appl Phys.,'28*‘362' 1957,

» T. E Tletz and J ‘E. Dorn Trans.,Amer. Inst Min. (Metall )'Engrs;,

206 156 1956

C'J. E. Dorn, Creep and Recovery (A S. M 3 Cleveland) p..2555 1957. -

M. Elsenstadt Phys. Rev., 132 630 1963

R. Chang,_J Appl Phys., 31, h8h 1960.

L.’ W Barr,_I M Hoodless, Ju A Morrlson, and ‘R.. Rudham, Trans.

'Faraday Soc., 56 697 1960

14



18

0.
e
D22 C.

23,

ook

25,

2.

:fé7mf

8.

‘L. W Barr J A Morrlson Aﬁa P. A.,Séhroeder, J.'Appl.'Phyéeii
336 62k, 1965 |
" R. w Chrlsty, Acta Met., g_ 28h 195h

: R W, Chrlsty, Acta Met., 3_ hhl 1956

R W Chrlsty, J Appl Phys., 30 760 1959

C R Barrett and W D le Acta Met 13 l2h7, 1965

_D McLean and K F Hale, Structural Processes in Creep (Iron and

V'Steel Instltute London),vp._19 -1961

0. D Sherby, Acta Met., 10 135 1962

C R Barrett and 0..D. Sherby, Trans. Amer. Inst M1n.‘(Metall;)'

' Engrs., 233, 1116 1965

C. V Brlscoe and.C -F »Squire Phys. Rev., 106 1175 1957

. R Barrett A Js Ardell and O D Sherby, Trans. Amer. Inst

(”Mln..(Metall ) Engrs., 230 2oo 1961,

R. G DaV1es Trans. Amer. Inst Mln. (Metall ) Engrs., 227, 665,r‘

. 1963

-89,

'Y Haven Recl Trav. Chlm. Pays—Bas,‘69, lh7l 1950

BT,_G. Stoebe and.R; A. Hugglns,-J. Materlels Science, l 117 1966



Fig.

Fig.

Fig.:
Fig.

Fig.

6= o  UCRL-17856

FIGURE CAPTIONS [_j‘

'\.

Creep rate vs; stress for spec1mens of two dlfférént‘graln f
‘ sizes (N160um and %3000pm respectlvely) | ;
Creeﬁ rate ratlos vs; stres% ratlos obtalned by 1nstantaneoué :
”changes'ln thé.stress at constant-femperature.‘vThelpredlctlonf”ﬁ
.‘ar1s1ng from Nabérro—ﬁerrlﬁg dlffu51§nal éreep is also shown
113D1ffu81on cémpenéated ;;eép rate (e/D) plotted as a functlon w
iof_the normallzed stress (O/E) | |
:Nérmaliééa (creep rate‘x tempefatﬁre) V§;.ﬁdrmaliiedistréés'fof '
épégimeﬁé of the»smaller (%160um) gralniéize.u_
'Tempetétgre—cdmpéﬁSAtéd creep rate5plpttéd;§sig.fungticn Qféthé i"..
'ﬁbrmglizgd_sﬁreés7fb:tésﬁ.the,applicabili£y-¢f‘ﬁhé disloc&tiQﬁ
climb_model of Qféép. ‘ | F
vf;



v "ofq
oot 1

|

O LARGE GRAINS = | -

baoen

1

~ 2000 5000 - -



|~ TEme, - smaLL LareE - .
. _%__ . GRAINS GRAINS

- 500
550

e

l> <lo o D

e
L nagarro-veRRING |

i_ O; =

-7 fo  creepeReDicTION(=D|




I.-O(Q 5 _ L

ec

TEMP, SMALL LARGE
' GRAINS GRAINS

Sk 400
- 450
. 580:

‘pdooD

oi-"




o2

a3
l

€T/6 (*K cm®dyne 'sec™)

S
G
|




)

y (°K -¢rfn;2 ,‘d'yh.é."'i sec |

€T

Q/RT
e

6

B
|

.25 R

 TEMP. SMALL LARGE

pdooD

400
459;'.
500
550

7 x 'O- 4. i



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, "any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








