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AN ASSESSMENT OF THE USE OF DIMENSIONAL CHANGES
TO DETERMINE GRAIN STRAIN DURING CREEP

1. INTRODUCTION

ﬂ'Althqugh'a éonéiderable volume of work has beeﬁ published on gréin
béundary sliding, one major issue has remained unresolved. Wiﬁhvoniy a
few exceptions, all of the dafa appearing. in the literature were obtained
from measurementé taken at the surface; usgally in the form of the off-
sets occﬁrfing at grain boﬁndafies,vand the question fherefofe ariées as-:

to whether such measurements are representative of the sliding occurring

~in the bulk of the material. This is particularly important since many

of the.previous investigations were based on measurements of the offsets
occurring pejpendicular to the surface, and the extra degree -of freedom

then available suggestg_that this parameter of slidihg may well be un-

‘representative,

In an attempt to resolve this problem, Rachingerl suggested taking
internal meagsurements of the grain shapevbefore and after deformation,

and attributing any increase in length to the contribution (ES) from

©oslip procésseé within the grains. If the total strain (st) is defined

by

€

t gb

et )

where sgb is the contribution to the total strain from grain boundary‘
sliding, it follows that a measure of ss‘yields’agb by difference.
Rachingér appliéd this technique to aluminum, and féund>that Y, the per-
ceﬁtége Contribﬁtion to the total strain due to sliding (='€gb/€t %),
decreased from 87 + 13% in the interior to 38 + 12% at the surface. |

Since measurements of the offsets at the surface also yielded low values

: : ips s 2 .
for y (n 20%, although these measurements are subject to criticism ), it
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was'concluded that the surfaCe‘deformation was'predominantly byiSlip,h'
andhthus not;typical of,the;interior.u To‘overcome objections by McLean53'

who suggested that theuaction of surface tension forces may retain the

grains in an equiaxed configuration by migration, Rachingeru later ob-

. tained additional:results which, it was suggested, supported his original

thesis. tﬁnfortunately, the evidence from thése‘later results is not
conclusive. ” |
Recently, a number of papers have.been.publlshed duotlng results
obtalned 1nternally u51ng the Rachlnger technlque ‘but these have in=-
yariably yielded very high values for vy (e.g. up to 787 in Al, > 73;88%

6 8

70 757 in Fe9)

Furthermore, in those cases where Yy was also determlned

-at the surface from measurements of the boundary offsets, 1t was found

that as w1th the initial results of Rachlnger, the surface values of

y were very much lower.6vlol It should be noted ‘however, that an ine

- correct procedure was used to calculate y at the surface, as pointed out -

elsewhere,2 although the'discrepancy involved is not .sufficient to1

account.for_the large'variation observed between y at the surface and
internally.‘ | | | B
vThe-purbose of‘the present investigation was therefore twofold:
(i).to develop a-method.for unambiguously determining grain strain,
and hence y, at the surface, w1thout reference to graln shape.
(ii).to compare the results with those obtalned both at the surface

and internally using the Rachinger technlque.



. ' 3 o » UCRL-17832 -

2. THEORY

(i) Estimating the contribution of grain boundary sliding to the total

A :‘stfain.

Tt is not easy to accurately determine the sliding contribution . (7y)
in poly;rystailine materials; the methods availablebare.discﬁsséd in
detail-elséwhére;2 When grain boundary sliding oécurs; the,slidihg Vector
at fhe éurface may be resolved into three mutuallj perpendicular»direc—
tions§ two'comﬁonents;.in the plane.of the surface (u and w), are re—’
ﬁéaled by marker_lines,band a fhird, perpendicular to the surface (v),

- may bg-observed using.an.intefference ﬁicroscoﬁe; - It is particularly
,édvantageous to deterﬁine Y froﬁ measuréments of v, sinée thiS,fequires
no preliminary scribing of the surface, and the QSe»of;interfgromeﬁry
allows a-very accurate determination. | |
..va§r is the average value gf v obtaihed from ﬁeésUrementsvat

randomly chosen boundaries, then € may‘be computed from an equation of

gb
2
‘the form
| egb =k n, v, _ (2)
where k = geometrical conversion factor
nr = number of grains per unit length measured before testing on

lines randomly oriented with respecf to the st;ess axis.
' In practice; a calculation of k is difficult from first principles.
.It has been shown previouslyll that the sliding component v is depéndent
on the typé of surface used, since é polished or "cut" surface representS'
an unsfable configuration, and the boundaries gradually migrate during
¢feep to positions almost perpendicular to the surface. This additional
driving force for migration at the free‘surféce tends to smooth out the

small boundary irregularities which are formed internally, and lead to
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'enhanced-values oftf.“;if SPECimeasvare;tested-ﬁith:“aanealedﬁ_sﬁrfaoes;d‘ps .
however;.tﬁe-bodﬁdarypconfigﬁration isﬂreLativeiy.stable, aad'tﬁe Siiding‘
component v‘is'therebj.reduced. Since aay‘theoretiCal‘caiculation of:k,
Lthus requlres a. detalled knowledge of the factors affectlng boundary._f
stability at the surface, 1t was deemed advantageous to derlve = value :
of k experimentally.

Oﬁe.methOd of aohiejing this is by accurately depermihingAtﬁe;grain B
sprain'es;'and thﬁs egb.by_Substitution in Eq. (l)ﬁ_ If this valde‘of. |
égb’ together:wiﬁh the measdredvvalﬁe‘of Gr’ iS'thenpsﬁbstitutedvin Eq. (2),
& Valde:forak is‘obtained direcfly Slnce the graln shape technlque may
be ﬁnreliable e ﬁasvdetermlned from a serles of closely spaced parallel
vlines on the spec1men surface, perpendlcular to the stress ax1s,\and of a
known indtial spacing slightly iess than theAaverage'grain diameter.‘ The .

specimen was then creep.tested to.some.known total strain, and‘es determined
by measuring the line separation in those grains.which were inpersected
by two or more iihes. In Fig. l;\for example,‘the stress axis is |

horizontal, and ss Can be measured“at points A, B, etc;

(ii) Assessing the validity of the grain shape technigue.

If measaremehts are_taken to‘detefmine thevgfain shape after creep,‘
Eéb may Be calculated and phe values compared with.those obtained fpomb
(2); Whilst this gdves an indication of the reliability of the-grainv
shape technique, it does not usually give aldirecp comparisoh, since vy .
is invariably determined at low strains from offseﬁ measufemenfs ﬁhereas-
the grain sﬁape technique can only be conveniently utilized at:fairly
high strainsi(greater than n, ls%).' However, a direct comparison is

readlly p0831ble if a grid is marked on the spe01men surface and measure-—

ments taken to compare the change in dimensions of the grld w1th that of
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grains; Since the grid is unaffected by movement of the bdundariés,

and thus not subject to the criticism that the boundaries may migfété- :

. to maintain an equiaxed structure, a comparison of es determined by

these two methods will direétly indicate the validity of the gfain shape
téchnique.' |

EXPERIMENTAL, TECHNIQUES

3.
The material used in this investigation was Magnox ALBO, a Mg-0.78 wt. %
Al allgy supplied by Magnesium Elektron Ltd., Manchester; a'spectfqgraphic

analysis is given'elseWhere.ll Tensile specimens, about 7 cm in length, -

" were prepared from a 1.27 em diemeter rod, with two paréllel_longitudinal’ f"

flatEfaces each approximateiva cm in 1engfh. Spécimens were anneaiéd

for 2 hré‘at temperatures in the rangé héO—ShQ°C to give varyiﬁg gfain
sizes. frior to testing, the érain size of each specimen‘vasjcérefully
determined using the'iinear'intercept method; tﬁis revealéd that-tﬁe
grains wére elongated.&‘2—5% in the longitudinal direction. Specimens
were tested in Deﬁnison Model TUTE creep machines»under consfant lcad at '
temperatures in the range 150-300°C. At temperatures of 200°C and‘below,'

tests were conducted in air with the ?olished flat faces coated with a

thin film of silicone 0il to prevent oxidation; at higher temperatures,

speéimens were tested in an argon atmosphere.

To determine'?r, eagh test was interruptea at regular increments Qf
strain and the specimen removed from‘the machine; At the lower strains,
when Vr was less than about 1 um, measurements were taken on a Zeiss
Linnik interference microscope; higher mean step heights were deterﬁined'
bj directly focusing on either side of the boundary with a calibréted
miqroscope; In each case, an average value (;r) was determined by taking

measurements at 300 randomly selected boundaries. A fuller account of
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b'.xthe eXperimental procedure has been gi?en previously.ll
. The majqrity_of speeimens;werevtesﬁed.With.?eutf.surfeces,'byi,_’

.polishing them%after_the heaf treatmenf; however; some specimens‘were ;'
oniy poiished priof-togthe heaﬁ treatmeht, and then tested withi"aﬁﬁeaiea? Vi .
surfeees;- o

.For measurements'of_es; a grid'wes photographicaily printedvonto :
the;test eurfeee of & numﬁer of_speeimens before testing, ueiné e feéh;ueyv
nidue deseribed.el‘se&}here.-l2 After-priﬁting,’thehimage consieted;of e" ﬁ
- grid of eharplyidefined lines, with & spacing of 0,i267 £ 0.0003 mm;
“the appearance'of_aAtypical grid after'testing isrshown in Fig;‘Q,

After straining, the separatien betWeeﬁ'grid:linee ﬁae'meesuredlon
the screeﬁ of.a projection microscope, by-aiigning theredge'df e'line
with a vertiéel rUling on one side ef ﬁhe sCreen, and meesuriné theiv
aistanee to the edge of the‘next'lihe.v At a magnificatieh of XlOdb;'it-.-
wae poesible fo meaSure'each separation to an acégrecy_Of’i 5;x ldfﬁ‘em,
A tbtai‘ef 3OO,meesurementS-was feken‘in_each,case, by cerrying out a ‘
longitudinal traversejof the specimen along one of the gridilinee aﬁd'
measuring the lime seperation at everyvihétanCevwhere.two adjacent lines
’ﬁere contained within the same grain. | |

A preliminary test wes carried oﬁt to.check the reliability of this
technique, by straining a specimen for 11 hrs to Vv 5% total strain at
lOOOC;‘ This temperature was chosen since it offered‘mere ductility than
at room temperature, but was sufficiently low that, at this high rate of
strain, the grain boundary sliding contribution was known to be negligible.l3_'
‘By calculating the average grain stréin and reiafing’ﬁhis to the'oVerall
extensioh, it was found that 100 * 7% of the deformation was due to strain

within the grains, thereby confirming the reliability of this method.
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To detefmine the graih strain Eé, Rachiﬁg‘erl suggéstéd‘méaéufiﬁg
the number of grains per unit length ih.difections parallel and perpen-
dicular to the stressraxis. Recently, Henslér ahd Gifkiné;h‘haVe pbint¢d .
' out.that‘iﬁ is bettér to meésure the maximhm_iengfh (L)vand breadth (B)
6f ihdividuai grains; since this eliminates fhe:sCatter due.to_irregu;
larities in gféin size. .The maximum dimensidns of iﬁdividual‘grains |
Wére recorded in arbitr;ry units, béthvafithe surféce and internally,
using a crbsse@ gridAin the eyepiece.of a microscobe. € Waé then ;al—-
culated from the equation

e“='{b—g 2/3—1 o '(:3)' S
s 2 B o T o R
'whefé 2 and b,bﬁhé original length and breadth beque testing, &ere in-.
'Clﬁdéd_to alldW for the'slight elliptical nature of the‘graiﬁs. Usiﬁg"
thé procedure of Sellai's,15 the gréin strain was determined for each
individual grain from the measured value of L/B and the known avérage
value of'b/l. es was taken a5 the average of these valués after meésqre— v'
ments on a total of 150 randomly chosen grains.

4, EXPERIMENTAL RESULTS

(i) Values of k for use in equation 2.

When measurements of v-are taken at regulér intervals throughout a
creep tesf; it has been shown that; if a "cut" surface is used, ;r
~initially incréases iinearly ﬁith increasing stréin. This linearity
ceases towards‘the end of secondary creep, and ;r tﬁereafter’increases at -
a slowér rate than‘the strain. In a previous investigation, it was shown
that the énd of ﬁhe linear portion ocCurred at approximately the séme
strain as that at which thé internal boundaries reached stable positiqns

almost perpenaicular to the surface.ll
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A number of specimens, having "cut"vsufféées, wés:preﬁared with.gfid;: 
1pfinted on»the:éurface; énd creep tesfed to toﬁal'strainé,slightly‘ o
.greatef ﬁhan é%. This strain.waé chO'en-for.a.deﬁerminatién of e;;éince'vvf
| it was ﬁdt easy to;measure the-éxtremély‘small grain.extéhéioné a € <fl%;  :
furthermore,:eérlief results on specimens without printed gridS'héd_clearly'f
_shbwn thaﬁ,this strainywasvétili on the liﬁeaf portiéﬁvof_fhé §eréfsus;v |
éﬁrain cpryes.l;‘ Preliminary‘testsbusing speciméné Béth Qith‘and ﬁithout
’pfihpéd-grids fevéaled no‘differeﬁcé'in fhéir éreéﬁ'behéVior,véf'iﬁ,the»‘
values:of ;r at‘the éufface, and it was therefbre c5nciudedfthét.the. |
_presence of a printed.grid had'no effecf oﬁ the suffage beha&iorf.>
Each.specimep ﬁas ?emoved from the tésting\machine‘at;fégul;r inter-
vyals duriné stréining,‘ahdvﬁeasurementsvtakeﬁ to:Qétermiﬁe ;r' Tﬁué; thé_
Qalue of ;r at the fiqél_stréin”(ét)\wgs‘qetermined with é high degree
of accuracy,-gince-it was Rnowﬁ that Gr”ingreasgd linearlylwith strainv

t‘& 2%, 300 separaﬁe readings were taken Qf‘the

:iﬁ this‘regiOn; At €
spacing betweeh érid‘lines within individual gfainé, and thése wefe‘used .
to calculate 655.and'thﬁs Y; from Eq. (1). A value of k was obﬁained“byv.
substitution of Egb and ;r in Eg..(2). | |

The détailed reéults are listed in Table I, where the error barsAon‘
kvrepresent the 95%_confideﬁce limité, Although tﬂgre is some scatter
in the individual vaiﬁes of k, they all lie within‘the fange 1.00 - 1.20.
A mean value of k of 1,07:was usedhto @etermine_Y for"speéimens tested
without printed grids, details of which are published elsewhef.e.ll Tﬁe
results in‘Table I show that Y increases with decréasiﬁg strégs, or, for,
constant sgress, deéreases_with increasing grain éize, ih & manner similar

to that reported previously.ll This trend is of a sufficiently large

magnitude that it cannot be accounted for merely by'the experimental
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séatter in the values of k; howévér, the SCatter is‘sﬁffiCiéht £o,mask:
. this trend for the tﬁree_spécimehé festedrin the iange'ésoo;hoooipsi,
-Further tesfs_were-qndertaken to determine the'dependenée'of k on
(&) the typevéf'surfaqé, ana (b) strain; fﬁe reéuits afe summarizéd in

. Table II. At g n 1.2% (specimens MX68 and MX79) the value of k on the

"annealed" surface was larger than that obtained .on the '

'cut" surface-
for spgcimens tested under idenﬁiéal cogditions, élthoﬁgh:the.vaiues of
+ were apprdximately the.same in éach’cése. A,similar tfénd was_aiso B
observed aﬁ a higher strain. This suggests that, in the case of a cht",»..r
surface,_it is only the’compohent éf sliding perpendicular to'thélsuf—
face (v) which is affeéted to any great extent by the additional migration,
presumabiy since éliding in the plane of the sufface'is.stiil imbeded bj
the preéepce of triple ppints. ' -

For ;ll three séecimens, haviﬁg bofﬁ "eut" and "annealedv'suffacés,
iarger valﬁés of k were'obtgined at the higher stgain. This trend is
readily explicable, since ;r has beeﬂ shown'to>increas¢ at a slower rate
af the higher‘strains (i.e. a2 x';r/det2 ié negative after the end of the'
initial linear region),ll ana higher vaiueé of k are thefefore feQuired '

~to compensaté for this. In fact, the incréése in k was sufficient to.
maintain y approximately constant. It seems unlikeiy‘tﬁét this is;the-
case, however, sincé the boundaries tend to become véry'corrugated du?ing
creep aﬁd this woula tend to 1limit the sliding. A more likely explana-
tion is that ﬁhere.is a finite contribution froﬁ_cavitatioh (gc) at the .
iarger strains, so that Eq. (1) should be modified té‘read

€, =eg_+€ . *+e ' ()

t s gb c

is probably overestimated.

By omitting this additional term, €gb
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(ii) Y from graln'shape‘meaSurements

Several spec1mens uere taken to high- stralns (> 15%) ‘under>varyiné ]l,"f
expen;mental condltlons, and then sectloned parallel to the stress aXls; |
polished and etched. .Measurements;ofvthe gnain»dimensions'were‘taken,iu',
and Y determlned by use of Eqs. (3)land (l).r;For some speCimens,‘measure;
:ments were also taken on the orlglnal surface, or. on surfaces that had :

. been repollshed durlng the test. Full details of.the'results-are glven
'1n Table III with the error bars agaln representlng the 95% confldence -
limits, |

To obtain correlation with the hesults'ohtaihedvfor v by offset .
measurements, the values of Y determlned at the surface from vr are. also
shown both at the flnal straln and at a strain of 1%. It should be noted
that 1n both cases ‘the values of Y were calculated by taklng k 1.07,
's1nce the dependence of k on straln was not fully known. HoweVer5 itlhas
»already been shown that k increases W1th 1ncrea31ng straln (Table'Il),
vand»thus yﬁfrom vr is underestlmated at the flnal straln.h Euen.taklng
this underestimation into account, the results show clearly that the
grain shape technique invarlably yields exceptionally high Vaers fof Y

(iidi) Comparlson of bey grain shape and the;prlnted grid technlque.

o Specimen MXTL, with a "cut" surface, was used to compare y by graln
shape and the printed grld technlque. .The specimen was strained tov
l6.77% under the eXperimental conditions shown in Table I, and sutface
readings taken to‘determine Y by
(i) The average L/B ratio of the. grains.
.(ii) The averaée L/B ratio of the printed grid lines within the grains.

The results are shown in Table IV. The lower value of the average

L/B ratio from the grain shape measurements confirms that migration is
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tending‘to "foun&;off" the grsins‘ and the.true change-in diﬁensions

' is thus glven by the ratio obtalned froﬁ the prlnted grld _ATéfle'IV
shows that the graln shape technlque has overestlmated Y by 907 in thls
' case. | )

'To‘check whether the use of the grain shabe'teehnique.ét tﬁe'sufface
was affected by the type of surface tested?Aeé was eise.aetermined frqm‘
grain shape measurements for specimeﬁ MX?é with an "annealed".su?faee
i(see Table II). At-aetotal strain of 13.18%, the surfacevValuevofvy wss 
deﬁermined as 59.0%, in.coﬂtrast to the value ef h3;2%bfrom the pristedv
grid. vThus the general tfend for'grain shape‘measurements to over- .
'-‘estlmate € S? and thereby underestlmate Y,.ls not dependent solely on the”
type of surface tested. o
5. DISCUSSION

t.'The results in Table I show that, at'constant strain, fhere isvho
systematic.variation of k with stress, within the fairly large efror bars
inhefenﬁvin these'measﬁrements. :However, it.appears thaf k depends
critically on the type of surface,‘andvalso on fhe totalfst%ain:(Table 11).

. The.method_of determining k is, in effect, one of measuring eéb in
'.in the plsne'ef the surface, and then relating thisvto the_offsets per-
pendicuiar to the.surface. A recent investigation using‘internal oxide
markers in this maﬁerial has shown:thaﬁ there is little difference betﬁeeﬁs

'internal'sliding and -that taking place "in the plane of the surface, re-

gardless of whether the surface is "cut" or "ennealed.";6 A similar
trend has also been reported for aluminum using "cut" surfaces only.17
Thé similarity betweenvthe two types of surface is revealed inthe present

investigation by the almost identical values obtained for y from the grid

measurements for specimens MX68 and MXT9 at €

£ 2% (Table II). Since
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the value'of Fr,'at'consfent straiu,'is 1oWer-for-an."anuealed"7surfece':Ef'
it follows that hlgher values of k w1ll pertaln to that type of surface.g'
The,average value of k (% l 07) obtalned on cut" surfaces at low stralns,
where the vr versus strain curve 1s llnear, 1s somewhat lower.then the
Value of 1.58 calculated theoretlcally by McLeanlg_end usediby»many
subsequent 1nvest1gators;_, |

| The resultsIShouu in Table III reVeel two interesting’trends;
: Firs#ly,-usiné the,grain_shape method, the-value of y iu‘theiinterior.-

are alwejs slighflj larger than those obtaiued atlthe'surfaCe.\.This'
vtreud is similar, but of a much smaller magnltude, to that orlglnally
»reported by. Rachlnger,l although Ishlda et al. 17 foundnnO‘systemet;c
difference between the surfacetandvlnterior usiug the grain Shépe'tGCh_le
nique. It should be hoted,'howeuer;'ﬂhat a_direct comparisonlwith_ |
previous work.islnot easy, sincevRachiuger_l usedispecimeusbhaVing
' "annealed" surfaces whereas Ishida et a1t used speciﬁeus.with'"Cut"f
surfaCes.
A second feature of Table IIT is that.the graln shape.meuhod

elWays'aﬁpears tovsubstantially_overestimate the value of vy, when the

results are compared wifh fhose obtained from'measurements of.;r at the

same tofal.strain. .This observation is true even uhen_allowance is uade

for the increaselin k at the higher strains which would lead to larger
values.of yvthah those quoted ln the Table. In general,’the velues _ va ¢
‘obtained for y on the surface by the graiﬁ shape method are n, 2 = k
times larger than those from offset measurements, although there is no
obvious relatiouship between the two results. The difference bewteen

surface values. of y from v, measurements and interior values from grain

shape is even larger,'but there appears to be a better correlation in



‘thoée céses ﬁhefe:the-initial sliding'cbntribuiioﬁ iskknowh;té.bévsﬁéil |

(e.g. spécimens_MX2l.énd’MXSl).' |

| The results of Table iii strongly guggest that the grain shape
'Atechﬁiqﬁé_is iﬁvalidatéd by the teﬁaeQCy.fbr migration toA"rouﬁd:off“

E ﬁhé grains and maintain thém in an eqﬁiaxedxcénfigurgfion;b£his sug;
vgestioﬁ is supported by the fesults sﬁown in Tablé.iv.' SOme_indirecﬁ
sevidehce for spheroidizétion was obt§iﬂed since it was obsefvéd-thét

cprfugatedlbouhdafies wer?:formed internally duriﬁg créep, parfiéulérly :

under fest.conditions wﬁere Y was initially reiatiyely small. _Thek

: preéence of suéh boundaries indicates an ébsence'of:any appreciabié
migration on-ailafge séalé,-and in thoée:cases.ﬁettéf.agreementjﬁaé_ 

‘thained between tﬁe grain shapé én& offset meésuremeﬁts; This_dbsérﬁéf”v

vﬁion‘théréforevsupports tﬁevsuggestion that sliding énd migraﬁidn éfe s
inter-related processes.lg’?o |

6. FCONCLUSIONS

(i) By using a grid photographically printed onto the speciﬁen
surface, aﬁ accgratg determinétion was made of the grain sfrain, ss’
occurring dﬁring creep, and hence the grain boundary slidingACOntribu-
tiong Y- | |

“ v(ii) - To permit the use of measurements of offsets occurring per-

pendicular to.the surface (Gr) fdr the calculaﬁiqn éf'y, aﬁ avérage

value of k = 1,07 was obtained experimentally for use in the equation
_Egb.= kn? v, e
‘(iii)k The values of k appeared to be independent of stress and

grain size, but dependent on the total strain and the type of surface

(i.e. whether "cut" or "annealed").
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.;(iv) Values Of ¥ determlned by the: graln shape technlque were 5:: |

gusually . 2 —vh tlmes larger than those obtalned from offset measure-‘;;.ﬁ

'.ﬁents, although there appeared to be some agreement for those speolmens |
_d1n whlch the slldlng contrlbutlon was dnltlally very small (< 207) ‘A%sﬂif{ g"i;
d if}. A éOﬁparlsén of & dEtefmlned b& the graln shape teohnlque ahd R
figby measurlng the dlmenslonal changes of a: prlnted grldvcontalned w1th1n,°
v-f-1nd1v1dual gralns conflrmed that mlgratlon was‘tendlng to round off"'f“
”the gralns. | | - ' » - :

(v1) Tt is suggested that the gralh shape technrque is. 1na§0uratei,ff -

. for determlnlng the graln boundary slldlng contrlbutlon,vexcept p0551bly

1n those cases 1n Wthh the slldlng contrlbutlon 1s very small

S



Table I. Determination of k using printed grid technigue

 Specimen -  No. of Stress ,Temperjature._':'" , T e e
Number grains/em ~ p.s.i. .- - °C € e Y - v (wm) T k0

~

X33 o e 3500 ':.. 5:'20Q : ; VA 2;o1%1{Vf 1.04% .87 ;_;7 i.f95 jfii.odiihd;LS‘;,i‘
AMX23 o 602 S 3756f,'] ‘ - 200 _.‘;j{' éiif%iAf' 0;9023 'f-$8%:.1,r ;.Shéi;liéf_igihi'

et w5 4000 200 o _é;&b%  - 1.39% :_y yog '1;960 u“vifi,i3}: ﬁ ‘
w6 sk bsoo 20 2ok Lest W LT3 Loeroar

MX69 52 6000 “"200 L 2.114 f_' 1.56% 265 - 0.908 - 1.20

il

ﬁVMXTS;"~ . 26 kooo © 200 ‘~2;08%f__,,1~A5%,_,‘53b%'" f'é.zlz “‘:ljil;d3','"
ok é9va 6000 . 200 L 2;1i%Lf#V”1.85%' _112% "‘- i¢.858,-.'_.”1;00 7;"' o

Cesglt-mon o




~-”Tablé II.f Dependéhce_onk'on straiﬁ'and;ty?e.of“surfaQé,1'1

- Specimen

Number

. Type offf_'
 Surface

No. of
grains/cm

Stréss_'

p.s.i;_'“

'Tempé

:?C

rature

MX68"

s
MXTh
W79

79

"out" -

. "Cu..t"‘

llcut'l
" Cu.t:"

"Améaledvl

"Annealed"

S5k

5k

,:29'

29
33»55.,
55

S 200

200 -

200

200
-200-" .

© 200.

”
B

(P
S
==
oo
SR




v’Table III. fDetermination’ofIY from»grainfshape measurements:

: Y atiSurfacéi SR atzeﬁifrbm_." L
Cusing .k = 1.07 with'v . -~ .
o . T . grain shape

lSpecimen' . No. of “ vStressf', Temperature - o e . o { R L
Number - - grains/em = p.s.i. ... % . .e . At 1% .. - . Ate - Surface  Interior . =

U

mxax 100 800 150 . 25.k% 1tk . hgo . o
M2 1ok kooo . 2000 . 19.0% ,63zlrj,v7":~ 238 % 'ylz»i”'
Mx25 : - . 1ok 6000 ‘ 200" . ' 21.5% *36%’ '«‘; o 1Q%Zf]> S 20%*% - 20%

o

I+

MX31 - 107 © - :Sooo. | eod’  . 30.8%';‘: 15%; - -J‘['lv" 8%3;‘_ ' ‘;: k . 7

o

M8 - 53 . 6000 - . . 200 19.2% g C 9 71 20 :8%4“ _33Q£:7%T11 o
MXL3 108 ,_2000 ? ‘ 300 - ‘;9,0%f:‘ 758% '1,;"”.- ; S oT% _.f’50%¥_'f' . 68%

M7 s Aooo~ﬁ<',;'_ 300 - 35.9% - 29% “;' e e s E128

. * Surface repolished during test (MX25 at 10.0%; MXL3 at 2.5%).




Table IV Comparlson of Y by graln shape a.nd the -
o prlnted grld (Spec1men M}(’?h)

'4" :i6;77% “21 11 ‘ . Graln Shape : .f'i§213'j,x": Y5

CooaeTs Prlnted erid. .f ;-':;¥;237  ’ o 1eag el

O
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o FlG. l_ Schematic representation of a surface prepared —
for measuring grain strain; es is deterinined from

- the separation between the lines at points A, B,
ete. '
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XBB 679-5521

Fig, 2 The appearance of a printed grid on the specimen surface after
straining ~ 2% at 200°C. Stress axis horizontal. €, is deter-

; 4 o ; Xgéé
mined from measurements at points A, B, etc. Magnification .
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