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COVER PAGE PHOTOGRAPH

The series of transmission electron micrographs

on the cover of this report shows the substructural
'development of AISI 304 stainless .steel. Hour glass
specimens were fatigued to different fractions of
fatigue life at 649°C under a total strain range of
- 2%. "~ Each column of micrographs shows the variation

in substructure that can occur within a giVen specimen
" after the indicated number of cycles. It is apparent
that the cell 1ntercept size decreases until the
‘saturation state is reached and that the misorientation
angle between adjacent cells and the volume fraction
occupied by cells increase throughout the fatigue life.
The saturation state was reached at about thirty cycles.
- The magnification of this ‘cover picture is ~ 7,000 X.

Further detalls are described in sectlon B.1. .of this
report.
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~'SUMMARY.
The’ lnteractlons hetween the dlslocatlons whlch form the |
‘subgraln boundaries and those whlch are suff1c1ently moblle to
contrlbute to creep deformat;on are evaluated. "The ratio of

the‘diSlocations'in the sub—boundaries, to those- dlslocatlons,

psﬁ}
P w1th1n the subgralns is found to be 1ndependent of the applled
stress and the creep straln once the steady state creep stage
has been reached |

Characterlzatlon of creep and tensile substructure of type
304 stalnless steel (Reference Heat 9T2796) specimens shows a
strong correlatlon of the observed cell or subgraln sizes with
the flow stress of the alloy. At modulus compensated stress

3

levels below no2 x lO_ , the substructure takes the form of well

deflned subgralns with the s1ze, A, in microns, varylng as

A =.6.6b(oT/E)‘lj

where oT”is the effective true stress, E is Young's Modulus and
b'the Burgers vector. For stresses above this crltlcal value,

'cells are formed the size- stress relatlonshlp being glven by

o A = 1.4 x-lo’zb(oT/E)’z.

The deformation‘rate—stress<relation for the 304 stainless

steel is shown to follow a power law of the form

€ =32 (0" exp (-0 /RT)



1X

where A is the subgrain or cell intercept size, Qc an activation
energy. with a value of ~ ‘85 kcal/mole, B.is a constant. It is

found that n takes theﬂvalue of 7 at ¢ /E'lower than ~ 2 x-lO_3

and of. 10 5 for o, /E hlgher than N2 x 10 3.j

Evaluatlon of actlvatlon energy for creep from hot hardness3
.measurements shows a Value of 87 kcal/mole, which is in reasonable
' agreement with the value of éS_kcal/mole obtained~from,tensileyand
creep data. | |

TEM'evaluationsiof the substructure were oerformed on a set
of specimens'of 364 stainless‘steel tested in creep at 704°C to
fstudy‘the deveiopment of the substructure as_a function of-creep>
strain. Weli'deve10ped subgrains-were observed'forlspecimens,
tested till rupture and the subgrain:size—stress'relationship
determined'for the reference heat'adequatelyAdescribes the reSults
from this heat.,' .

The role of twin boundary graln boundary 1ntersectlons (TGI)

e i an e

on mlcrocracklng behavior of type 304 stalnless steel deformed

- e

in-SIEE:EEEEE§§:§§§mcreep at 650°C has‘been inyestigated,v The

number\oi\cracks associated with TGI are shown to increase'with

decreasinc strainfrate. It is,concluded that‘TGI‘may behave in

a sinilar manner'to grain boundary triple junctions in_the

" cracking process in the sense that TGI prov1de the barrler to

crack propagatlon as well as the convenlent crack nucleatlon sites.
Grain'shape analysis was employed to study how the individual

.

grains behave and contribute to tensile and creep strain of 304



¢

.-_stainléSSZSteel at 650°C. Preiiminary'résﬁlts4indicate thét
v.the"intragranular defdrmatioﬁ becomes more predominant in the
~grains witﬁ thé'large; intercept distances} It ig also shown
.Athat:the grain boﬁndary'sliding becomeé'important as the'sfrain 
'fate decreaSés,Agbnsisfentﬁwith fhé previbué éﬁudy‘on micro-

- cracking pfoéeSs in this-alloy.

The room temperature mechanical properties.of austenitic .

' stainless steels were'found_to be enhanced by the introduction

of cells or subgrains formed during high temperature defdrmétion

with ajfollowing relationship:

" H.= H, + kA"l

where H is the room temperaturé microhafdhess}-Hd is the fric-

tional hardness, A ‘is the subboundary.interCept distance and

-k 1s a constant.

The substruétural débelopment during~high temperatdre low .

cycle fatigue of type 304 stainless steel has been investigated"

by transmissiénieleétrqn‘miqros¢opy., Hour glass type specimens.

have been tested tbAdifferent fractions‘of fatigue life under'

a total strain range of 2% with a. cyclic strain rate of 4 x 10 °.

sec™! at 649°C. Cells were observed to. form within 0.4% of the
fatigﬁé life well beforé»the.onset‘of the séturatioﬁ étaté which
was reééhed,affer " 4% of the_fatigﬁe iifé. It was also fouhd
that the cell intercept size_decredses qnfil‘the‘satufation stéfe

is reached and that the misorientation angle between adjacent
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‘cells and the volume fractlon occupled by cells increase

throughout ‘the fatiqgue llfe ' The observatlons are'dlscussed

in terms of the recent theoretlcal predlctlons and it is suggested

"that the subboundary movement mlght account for the cycllc straln

A study on the comparlson of  the fatlgue propertles and sub-~

‘4structure when tested in- the bend and push pull mode  of Incoloy

R
800 is nearlng completion. A concept based on crack nucleatlon

and growth is used to explaln the differences in fatigue lives

when comparisons are made between the bend and push-pull fatigue -

' tests at low strain ranges. Significant substructural variation

"is found to exist in accordance with the stress or strain dis-

tribution in the bend fatigue specimen. Consequently, it is

suggested that spec1al care should be exer01sed in evaluatlng

'the fatlgue substructure of bend fatlgue spec1mens

A study to investigate the effect of hold tlme on the fatigue

'substructure and fracture characterlstlcs in 304 stalnless steel
is nearing.completion Prellmlnary results show that quantlflable
‘lnterrelatlons might ex1st between the - fatigue prOpertles, sub-

»structural observatlons,and fallure behav1or.



'I. OBJECTIVE
" The objectlve of this program is to (a) evaluate the‘tlme,

. temperature - and stress- dependent mechanlcal propertles of
reactor structural materials, (b) determlne the relationship
'of theee properties'to thepmicrpstructure,.(c) show the contri-
butibu of the microstructure to the'ihternal.stress fieldsAand
:the subeequent~inf1uenee on micreeracking and tﬁe grain boundarf
-sliding behavior'during the normal;plastic deformation at elevatedA
temperatures_and (d) demonstrate-the reIationship of the hot
’micre*hardness properties with~the~hot-tensile'properties‘df a
ciass of commereialAand advanced alloys presently under investi-

-gation at other laboratories; Speciai.consideration is being
4__given t0'operatipgucenditions typical.of nuclear reaetor appii—

‘cations, inciuding the knowledQeAthat radiation environment can

'lnfluence the substructure of these metals,‘a eircumstahee'which'
‘can lead to SLgnlflcant changes 1n the conventlonal mechanlcal

prOperty behav1or.

II. INTRODUCTION
Transmission electron microscopy has. been usedAas the primary
ttool to study the deformation substructure of reactor structural
materials - resultlng from creep, fatigue and tensile testlng at |
elevated temperatures.‘ Complemeutary wOrklueing optical microscopy, -
scanhing_electron microecopy and hot—hardness teeting has'been‘

performed to characterize the defqrmation and failure behavior.
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- New’ work belng 1n1t1ated Wlll also 1nclude similar studies on

the Commerclal; the Developmental and the Fundamental alloys

being evaluated in the'Natlonal AlloyfDevelopmentaliProgram ‘

with particular attention on the application of hot~hardneSS

measurement as a strength microprobe.

| III. EXPERIMENTAL PROGRAM

'Since the work at'the University of Cincinnati has been

'contrlbuted to "Mechanlcal PrOpertles Test Data for Structural4

: Materlals Quarterly Progress Reports of Oak Ridge National

Laboratory(l 9), a condensed’ descrlptlon of research activities

~ over the two year period from January 1} 1974 to'December<31;

11975 is presented here in this biannualpreport.

" The experimental program is divided into parts using A)

monotonic'deformation mode and.B)'cyclic_deformation mode cate--

gories. - Each part is subdivided into various- mini-research

programs for convenience.’

~ A, Monotonic Deformation Mode (Tensile, Creep)

“A.l. Some'Aspects’of Dislocation Mechanisms,Dﬁring Creep of

AISI 316 and 304 Stalnless Steel (H Nahm and V. K. Sikka*)

It is well known that some metals and alloys eXhlblt subgraln
formatlon durlng creep process. However, the 1nteract;on between
those dlslocatlonsAgOLng‘lnto the subgrain boundary and those

presently in the subgrain‘boundary is not well known because of

*Now with the Metals and Ceramlcs Division of Oak Rldge Natlonal

_ Laboratory



its complexity. -

As ajstart,'thefcreep rate.can'be presented by:

& = apbv o - [1)
»where a is a geometrlcal factor, p the moblle dlslocatlon ‘
density, b the Burgers vector, and v is the average dlslocatlon
velocrty.‘ The total drslocatlon densrty can be written as:

Py = Os + o | B [2]

‘where Pe is the total disiocation density,gpsb is the disio-
catiOn.density forming the subgrain-bounvdary-and.pm is'thei

' dislocation_in'thevsubgrain. The average dislocation‘velocity,
vas well as,'the~dislocationAdehsity tends to change during |
deformatlon,‘espe01ally in the transient stage of deformatlon

At thlS tlme, the internal stress 1ncreases due,to-the forma—.
'tlon of suhgraius, increase in the number of forest oislocatiohs,:
etc. | | |

:InAorder to deuelop aAbetter understandihg of-the disloca-

: tlon 1nteractlons durlng creep, a prellmlnary analy51s based

- on the theoretlcal approach taken by Oorlova and Cadek(lo) was
made. This study deals with the dislocations which form the-
subgraln boundarles in AISI 316 stalnless steel(ll) and also
‘compares w1th other parameters, including the dislocation
substructure of AISI 304 stalnless steel as a functlon”of*creep'

strain.



The dislocation density forming the subgralnAboundary, psb’:

is'assuned to be following the relationship:

=5 B

o

- Psp
where 6 is.the:misorientation angle.between the subgrains, b
1s the Burger S vector and A '-is the mean subgrain diameter.
It was found that the dlslocatlon den51ty w1th1n the
' can beiexpressed'

psb

as a power'funCtion of the parameter consisting of the true shear .

subgraln,_pm, and that in the.boundarles,

.stress;, dividedlby'the Burger'sfvector, 1/Gb with an exponent’
Value of 2. - | | |
' The dislcoation‘density ratio o} b/p. for steadyéstate creep:
of 316 stalnless ‘steel- has been observed to be 1ndependent of
. both the parameter T/Gb and the creep straln.‘ This tendency
‘1s shown in Flgure l and 2. The dlslocatlon den81ty ratlo
sb/p has a value of 4.2 for stalnless steel, similar to that

observed for pure metals(lz)

Based on the present analysis,
the recovery in steady-state for 316 stainless steel is suggested p
lto take place by mutual annlhllatlon of free dlslocatlons and
not by entry of these dlslocatlons 1nto sub- boundarles.

| Flgure 3 shows the relatlonshlp between the moblle dlslocatlon
densrty and creep straln for AISI 304 stalnless steel at 593° C with
an applied stress of 30 ks1. A factor of lO3 decrease in the

creep strain rate (i e. the product of the moblle dlslocatlon

den51ty and the dlslocatlon ve1001ty) observed for the case of 304
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_stainless steel durlng the perlod of time lmmedlately follow1ng
the appllcatlon of " the load to the onset of steady state is

'accounted for by a factor of N5 due to- a decrease in .the dlslo—'

‘catlon dens1ty-needed to form.the subboundarles and a factor of
m 200 due to the decrease in the average dlslocatlon veloc1ty

: Acaused by the increase in the 1nternal stress as a result of the
.presence of the sub—boundarres and forest dlslocatlons.

(13)

Details of this work are available elsewhere and work

is still progressing in this area.

A.2. Characterlzatlon of the Creep and Tens1le Substructure of

304 Stainless Steel, Reference Heat 9T2796 (R K. Bhargava)

The dislocation substructure of-the tensile and creep tested
specimens of'AISI 304 stainless steel (Reference Heat 9T2796) was
»'evaluated by transmrssron electron microscopy. | The test conditions
- of these spec1mens lnvolved a temperature range of 538°C to 816° C

and the straln-rates varied from-9 7 x 10 -9 Sec_l to 8.3 x lO-2

"'secfl.‘ The stress levels of these spe01mens varied from 34 5 MPa
(5 000 p51) to 385 MPa (55,800° ps1) o

.-The detalled descrlptlons of TEM dlslocatlon substructure and
»ltS quantltatlve data have been reported in the ORNL. Quarterly
Progress Reports(3 4.6, 7).’ Therefore onlyva brief summary is
” presented in thlS report._ |

Typlcal substructures developed in ten51le and creep mode at

elevated temperatures are,shown 1n'Flgures 4 thru 7. Figure 4
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shows that well defined subgrains are developed in specimens4
' tested at low stresses and relatlvely hlgh temperatures 1n the_ .
creep mode. The substructure that is developed in creep at
“higher strésses and low temperatures and in slow ten51on at
relatlvely hlgher temperatures con51sts of elongated subgrains
and elongated cells respectively (Figure 5). The substructure
-con51sted of irregular patches of cell walls_and’cells werepe
ohserved to form in the tensile:specimens tested at high
,strainlrates as shown.in figures 6 and 7.

.'Figure‘8 shows a plot of the cell or subgrain intercept
siae"k,.versus the modulus compensated'true stress( oT/Gaon
‘a log-log .scale. AFor comparison with the present results, the
.data obtained by Cuddy(l4)'for creep-substructure in ‘a type :
'304sstainless'steelrhave also been plotted inAthe same figure.
The cell or subgrain:Size —Astress relationships determined.for
-the.reference heat‘9T2796'seem tolprovide a very good fit to'
‘Cuddy's data. In Figure 9 the modulus'compensated true stress,
off /G is plotted versus the square root of the dislocation. denSLty,
0 5, on a linear scale. The data can be- represented by a

stralght llne conflrmlng the various work ‘hardening theorles.

The stress —‘dlslocatlon density relation is given by

/G = - 6.67 x 10°%.+ 1.97 b p0*° 4]

The constant and the slope. were determined by a'least square'

analysis of the data. The‘misorientation angle across the subgrain



boundaries, 6, is plotted versus-the:cell or-subgrain intercept
size, A, in Figure 10. The misorientation angle seems to be -

-independent - of ‘the subgrain.size.

" _A.3. Analysis of Relationships of Deformation Rate, Stress and

Temperature for 304 Stainless Steel (R. K. Bhargava)

In order to understand the deformatlon behav1or of 304
‘stainless steel at elevated temperatures in the light of the

‘substructure the tensile'and“creep test data (ORNdeata as

" reported by R. W. Sw1ndeman, ORNL Metals and Ceramlcs D1v1510n)

have been analyzed The dlslocatlon'substructure that is
developed in the tensile and Creep tested specimens has‘been
evaluated by TEM and.tne.resultsfave'been presented in the
preceding section, A.2. | ' |

4 In Figure 11-A the deformation rate, € - (minimum creep rate
- for creep tests and'the'nominal strain rates in the tensile
tests), at various'temperaturethas been plotted uersus the
modulus compensated true stress parameter, o /E on a &n-gn scale.
'AFlgure 11-B shows a plot of the temperature compensated deformation
.irate, Z and the modulus compensated true stress parameter, o /E

4 on a zn n scale. The power,law
& = A(oy/E)T exp (-Q/RT) . - I5]

with nri,7 an.dv.Qc = 85,000 cals/mole-describes'the rate-stress

relationship at lower stress values for all temperatures. The



- value of n starts to increase from 7 at o /E values in the
‘range of 1. 5 x 10 ? to 2.0 x 10 -3 for dlfferent,temperatures.
The behavlor at very.high;strain~rateS»and‘10wer'temperatures'
| (5-,1'5)

'has_been4discussed before in the light of the dlslocatlon

substructure. For most of the data, if the power law is assumed
-3

to be followed at hlgher stresses (o /E > l 9 X 10 ), the value

of n lles between 10 and 11 (Flgure 11- B)

(14) (16) have reported that for type 304 stainless

Cuddy and Yu
steel the value of the stress exponent, n, ranges between 5 and 13.

For pure metals and solid- solutlon alloys wheére subgralns form

during creep, the value of n usually lles between 4 and 5 ngher
'values of n have also been observed for tungsten(}7) and alumJ_num(l8 ;9)
Sherby and co—workers(l7 19) have suggested an explanatlon for the

hlgh value of n by expllcltly 1ncorporat1ng the 1nfluence of subgrains
in the‘creep deformation equatlons. A 51mllar approach is utlllzed

in the follow1ng explanatlon of the results of the present study

Creep rate at a constant temperature is given by

és = Constant Ap UN (6] -

'where A 1is the subgrain size, N is ‘the stress exponent determlned

: from dlfferentlal tests where- x and T are kept constant and p is
usually 2 or.3 , Accordlng to a model of subgraln creep whereln
pile ups of dlslocatlons were con51dered to lnteract with subgraln-

(20)

boundarles, Weertman arrlved at. the equatlon



€g =_Constant';iA3f~,(0/G)6'

where G is the shear modulus.

In. the light of the 'substructure that is developed, the

deformation rate - stress relationship'for the present result

is adequately déscribed-by r

L 3 n .. 85,000
iES’f Constant A- (oT/E) eXp —pp—
where n = 7 at'oT/E values lower than about 1.9 x 107> and

n = 10.5 for{cT/E->'l.9,x<lO_3. AtiloWer Stress levels where
the .subgrain size, A, is given by
A.; - | o
A = 6.6b (oT/E)
the,value of g becomes 4 and at higherlsfress levels.where>
‘the A - OT/E relatioﬁ,islgiven by

A= l.4*x.10i2 b (op/E)”

n in- Eq. [8] reduces to'4.5.

- The value of g after cOnsidering the.influehce,of subgrain
or cells reduces from 7 or 11 to 4 or 4.5 and agreés very well

-with the usually observed values for the stress exponent dﬁring

-power law Qreep(zl).-

A.4;»Estimation’of Activation Energy~for Creeé from Hot Hardness

‘ Measurements of 304ﬂStainles$ Sieel (R. K. Bhatgava)

The room ﬁemperatdre and elevated temperature mechanical

7]

[8]

[9]

[10] .
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‘propertles of AISI 304 stalnless steel are berng studled very -
.:exten51vely, espe01ally on the reference ‘heat 9T2796

A small sample of this reference heat was glven an anneal
at 1093°C for one- ~half hour and then electropollshed in preparatlon

'for the measurement of hot hardness. The hardness in terms of DPH.

.unlts were measured £from RT to.1300° C. The detalls of the hot

hardness apparatus are given elsewhere(zz). The spec1men was held

at the test temperature for 15 mlnutes before the lndents Were

' made.

The temperature variation of hardness may be given by a

reiation of the type:'
H ¥'A'exp(Q'/T)l - S q11)

In order to obtain Q', the a parent activation ener 'in units
1 gY

(23)

of calorles per mole, Larsen—Badse used the equivalent.

‘relatlonshlp
H=2A exp(ZQ'/RT)" : o - 112]1

where R is the gas constant. The apparent activation energy -

'Q “has. been: correlated to the actiﬁation.energY'for creep’orAselfﬂ

-.:ldlfoSlon.

Sherby and Armstrong(24)'su§gested the:relation:

H/E =‘B.exp(QL/nRT) ' . ‘ [13])
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where Q is lattice self diffusion’ activation energy, E is the
Young s modulus,‘n is the stress exponent for. creep (usually
n = 5) and‘B'is ‘a material constant. H in Eq. [13] is the hot
hardness above 6.75 T.- | |
The H/E values»are plotted versus l03/T in Figure 12. As

can be seen clearly, the data belowAand above ~ 9;75 Tm‘can be
fit by two straight lines. The break in the.curve around 0.75 T
signifies a change in mechanism of deformation and .is probably
associated w1th'the power lawybreakdown as suggested by Sherby
and Armstrong.b

| .The:activation‘energy, Q,'is‘calculated utilizing Eq.'[lB]i
and n = 5. The value of»Q = 87 kcals/mole is in reasonable

agreement with the 84 kcal/mole used in the creep analySis. This

- value of Q is in reasonable agreement with the published values

in the literature. Garofalo et.-al (25)- determined an activation'
energy for creep and reported 75 kcals/mole whereas Cuddy(l4)
'.reported a value of 91+9-kcals/mole for ‘the creep activation energy.

Work is continuing in the correlation of hot hardness data with

macroscopic mechanical properties at elevated temperatures.

- A.5. Characterization of the‘SubStructure‘During Early Stages

of‘Creep of 304 Stainless Steel (R. K; Bhargava)

To characterize the substructural development during creep, ‘
304 stainless steel specimens were terminated at different creep.

yStrains under identical test conditionsland subsequently, the
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developed substructure mas examined by transm1551on electron
-mlcroscopy.- Details of thlS study are avallable elsewhere(5 6)
therefore,.some of the'results w1ll be presented.here

Flgure 13 shows the typlcal mlcrographs of the substructurej
developed during the various stages of creep deformatlon . Alsol‘
Alncluded is the, substructure before testing for comparlson.' The
.dlslocatlon dens1ty before testlng was estimated at (7 4 +.0.4) x

‘108 cm_z. .On loading, the dlslocatlon den51ty increases to a

ualue of'(7.l4 t 0.84).'};‘109 cm—z; The phOto'micrograph (RUC-6)
shows 'some loops, stacking faults and some tangled and free dis-
locatiohs; In the early primary-stage (RUC-3), the dislocation
Adensity.lncreases to}k9,94 * 0.86) x 10° cm™?. The typical.
substructure cohsists of. more tanglesnwith some localized tendency
to form‘cells.. In the late primary~stagel(RUCf4),Athe tendency - |
to form cells became more preualent. 'The total dislocationl“ |
density remained more or'less the same. During steady state creep
(RUC 5),_the substructure started to take on’ the shape of subgralns
w1th deflnlte subgraln boundarles.. Agaln the dlslocatlon den31ty
remalned the same. Flnally at rupture (RUC—lO)’a well developed
VSubgrain substructure was formed There was some varlatlon in the .
subgrain size, the size belng smaller near grain boundarles.

_The mlsorlentatlon between the adjacent subgralns or. cells
was also measured and;are presented in F;gure 14. ThlS shows a
plot'of the average misorientation versus the total straln. .Thrs

value of 'strain' is determined from the section used ‘for the TEM



study; The data from this study indicates_an'inorease in the
misorientation as the strainAincreases;' After the secondary’
Astage nas deveiopeq tne.increase in‘misorientation angle is less
.apparent and rt tends to reachia saturation ualue. The aVerage

subgrain intercept, A, is plotted versus the moduius'oompensated

true stress, OT/G'in:Figure.15;< For -comparison. the relationship .-

determined for the-referenoe'heat 9T2796 is also shown. Work is

continuing in this area for the other alloy systems:

"A.6. The Role of Twin Boundary - Graln Boundary Intersectlons

on Mlcrocracklng Behav1or of AISI 304 Stalnless Steel-

Deformed in Slow Tension and Creep at 650°C,.Reference

Heat 9T2796 (H. Nahm)

Studies of intergranular crack'formation in metals at
elevated temperatures have shown that trlple p01nts may provrde
,both preferentlal sites for the nucleation of cracks and- barrlers

to thelr propagat:.on(26 30).

fA‘growth of.cracks orlginating at grain boundary triple junctions

- may . be arrested or 1nterrupted at twin boundary-— graln boundary

(31, 32)

intersections , relatively little is known concerning the

influence of these intersections on the crack propagation process’

in austenitic‘stainless'steel.
Recent work has shown evrdence for the formatlon of cracks
and cav1t1es along twin boundarles in 304 stainless steel(33).

'These results suggest that the twin boundarles may behave in a

Although it has been shown that the

.13
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‘manner similar to:grain‘boundaries'under'the proper conditions.

The'purpose of this study is_to report.quantitative ob—_ ,
seruatlons concerning'theﬂlnfluence of twin boundary - grain
boundary intersections (hereafter_referred to as TGIjlon»the
'intergranular.cracking.behavior in'AISI 304 stainless steel
.deformed in the’ slow ten510n and creep rupture modes at 650 C.
‘Flgure 16 descrlbes the ‘crack morphology that w1ll be used
in thls analys15.

The:distrihution of cracks terminated at TCI's and,secondary
cracks associated with TGI's are plotted in Figure 17 as a function
ofhdeformation rate. lt‘is apparent‘that,hoth.the intergranular
cracks related to TGI's and the secondaryfcracks increase with.
decreasing deformatlon'rate'(l.e. decrea51ng stress levels)
4ThlS is consrstent with the overall lntergranular crack results
for these’ specrmens where trlple junctlons are 1nvolved(30)

There is ‘a strong lndlcatlon that the propagatlon of trlple
p01nt cracks may be 1nterrupted ‘at TGI s. This is mainly based
~on the observation that there are non—negligible number of'triple
-point cracks whichvoccupy‘sites between triplelpoints}and'TGI .
(as shown in Figure lé—c, e and Flgure l7) Although'it'is dif~
flcult to. v1suallze the actual cracklng process, it can be safely4
assumed that the 1ntergranular cracks have a greater tendency to
nucleate_at Oor near the trlple point and then proceed toward the
TGI and.the-next triple_point.A ThlS c1rcumstance may be explalned

from the fact that'the'surface energy(34), and stress concentration



due‘tobthemapplied stress at,tripleijunctions are hlgher than bb
.those.at TGI's. The'majority of.cracks'observed are triple point
cracks'which again supports this idea. Flgure lBeA shows the
angular incldence*with respect ‘to the applied stress of4triple
b'polnt cracks which,arelfilled between the'triple junction and - TGI

.(Figure lG-c).' Cracks with a length of less than one boundary 4

| facet -are plotted in thlS Flgure. The angular orlentatlon of these
cracks is consistent with those triple: p01nt cracks which are not
y assoc1ated with TGI(30) | |

There is a further experimental.result indicating that. the

'secondary cracks appear,'at times,uto originate from-TGI.A‘Approxir
mately 1 -3 perCent of the total populatlon of cracks observed
.,1n each spec1men are found to be secondary cracks whlch occupy
51tes between TGI. And the l - 4 percent are found to be those
-lylng between TGI and boundarles not associated with TGI (Figure
16-1, k). From.the above observatlons, 1t is concluded‘that‘the
role of the TGI- appears to be 51mllar to that. of the trlple 301nt
junctlon in the normal cracklng process.
| In one study of secondary cracks ‘which were formed in copper,

(35)

“Glttlns and Williams suggested that the secondary cracklng

may be affected by the ‘triple point cracklng because of the plaSth
strain fleld ahead of the trlple p01nt cracks. However, in thlS
.study of 304 stalnless steel careful examlnatlon shows that there

is a predomlnance of secondary cracks formed along the boundary

facet where no triple polnt cracks were observed to occur. FurtherF
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‘more, as shown in Figure l8 b and c, the4angular orientation of
secondary cracks shows the same behaVior as that of triple pOint
Acracks(30). From the preceding observations together with the
result that the conSiderable number of secondary cracks are
related to TGI, it appears that the secondary cracking mode is
essentially the same as the triple point cracking mode It is

a reasonable conclusion’ since the role of TGI is quite similar
to that of‘triple junction in the cracking'behayior. It would
be especially true in the-case of‘coarSe grain size materials
such as the 210 um-size employed in’ this study 'This cracking'
behaVior could be different in fine grain size materials because
there are more triple pOints available sites for cracking
Details of the present study ‘were prOVided preViously(3)

and a further study of this area is underway with particularl

attention to the fractureﬂmechanisms at elevated temperatures;

A.7. Intragranular Deformation Behavior of AISI 304 Stainless Steel

At Elevated Temperature, Reference Heat 9T2796 (H.: Nahm)

The effect of grain size on creep properties of metals and
'alloys has been studied by many investigators. Theoretical and
empirical relationships have . been proposed to attempt to explain'
the role of grain size on the complex high temperature deformation
process. For example, based on- the concept of different mobile
”dislocation»denSities which may’be‘present in the various.grains

(36)

- of different Sizes, Garofalo proposed the equation:
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. - _ l : . 2 ' !
'! € A—.aflf A.d”.

: 1141

where és is the secondary creep rate, d is the grain size and
Ai andnA2 are oonstants. Barrett, Lytton and Sherby( 7) suggested

an'equation of the.type;

& = k(/d) ¢

3 4 [1ek(l/d)l éi'd B '[15]f

gb
where"éé}isfthefsecondary creep rate,'k‘ie a'oonetant, lvls the
subgrain.siéey:d is the‘grain size,régbdis‘the grain boundary
sliding rate and €, 'lS the 1ntragranular deformation rate. Eq.
[15] was obtained from the con51deratlons that the deformatlon
is more srgnlflcant near the grain boundary than inside the graln,
and the total graln boundary area per un1t volume of the spec1men
becomes larger as the‘graln size becomes-smaller.

Recently'Gifklns(38) develonedla theoretical‘expression,for-
the creep”rate, és% given.as«followeﬁ

§. =&, +.&, (2kwr/a?) o 6]
s h s A _ S

. where.éi is the intragranular«deformation rate, K and w‘are
"the stress:concentration factor and the width of the fold at
‘thedtriple point respectlvely, xﬁis the subgraln size and 4d is
the graln size. This. was- derlved by conSLderlng the cllmb —:
controlled accommodatlon of graln boundary slldlng due to the
triple point fold formatlon, together with the-climb-controlled

intragranular deformation.
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" Most studies on the effect of grain size,. including the
preceding three equations, are based on' the assumption'that

the metals or alloys consideéred have a»uniform'distribution of

'the grains with a constant given diameter. It should be realiéed,

.however, that there will be a distribution in grain sizes “and
one usually reports only the average: size of the grains..

It is, therefore, quite informative to find how the indi-
Vidual grains behave and contribute to the overall deformation.
at elevated.temperature. The purpose of this section is to
report the preliminaryrresultS'from the study.on the deformation
behavior of the individual'grains by-grain shape analysis;‘ The
details -of this study wére described prev1ously(4)

The modified grain’ shape analySis by Hensler and Gifkins
‘was:used on'the six spec1mens of 304 stainless steel (9T2796)
1.Which‘were'tested in tension and creep;rupture'modes:at 650°C.

The deformation rates covered were between 8.33 x'lo.—4 sec"l

and44;i6 X l0’8 sec_l; which eorrespond the stress rangelfrom.
-42 kSi‘to 15 ksi. The chemistry and-the testing»results are:
available elsewhere(30);i.The grain intercept'of six Specimens
was 180 + Sum.. This wasfobtained from the measurement of more
than SOO‘intercepts'Of the'shoulder portion of eaoh specimen.

Intragranular'elongation, éi,'was obtained from the equa-
tionr s | |

&= w1

(40)

n7n
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wnerezL is the.average length ofAthe'grain and W is the average
width of'theigrain, with respect to the stress axis. More than
-Boolgrains were measured individually in terms of the’ length (L)
- and the width (W) for'each:specimen. 4The grain interceptiwas

»determined from

d= V. . . R (18]

‘andAthe lntragranular elongatlon was calculated for the gralns
ﬂw1th SOum intervals such as. d is from ONSOum, SO%lOOum, lOOum N
lSQJm, etc. |

- The distribution>of grain intercepts with.intervals of
S50um-as a function of relative frequenc1es measured is. glven :
‘in Flgurellg. ThlS was obtalned from the underformed sectlon
(button-headiAof a tens;le specimen (£.= 8.33 x 10 "4 sec™!)
with more‘than‘1300'grains measured. As can be shown in Figure
19, even’in the Samevspecimen‘with the average grain_intercept
A-dimension:of %,180um,.there is a wide range of distribution of,
idlfferent graln sizes. The drstributiOn shows the positive
skewness, i.e. there are more small.grains than large. grains.

Flgure 20 shows the lntragranular elongatlons as a function
of graln intercept 1ntervals of SOum from the deformed ‘regions
ﬁof the respectlve specimens. . Several 1mportant observatlons can
be noted. - The 1ntragranular deformatlon is a strong functlon of

- the .grain size and it becomes more 51gn1f1cant as the straln rate

increases. In other words, the 1nfluence of grain size dlmlnlshes



20

"as the-deformation rateAdecreases,4}For example,‘no.appreciable
change in the,intragranularAdeformation can be-noted for the case
"twhere~the grain intercept, d, is larger than 100um at the 4;16 X
iO_e'sec_l'deformation rate, While at the 8.33 X 10_4 sec._'l the
-lntragranular deformatlon 1ncreases as the graln 51ze 1ncreases

. to values up to more than 400um One. more result can be’ drawn
~from the data presented in this figure and that is that graln
boundary slldlng becomes important as the deformation rate de-
‘creases as noted by‘compariné the'total elongation and the intra—
Acranuiar elongation.' Thls observatlon is. con51stent in the- studles
-of McLean, Garofalo, etc., and w1th the prev1ous results on micro-

(30)

cracklng behavior on these 1dent1cal spec1mens 1n.the sense
Athat'mlcrocracklng‘;ncreases as the deformation ratesais decreased.
‘The presentlresult.as shown in.Figure 20 is undoubtedly
COmplex and not‘easily expiained4 However, it appears that the
dlfferent deformatlon mechanlsms mlght be operatlve in this w1de
range of straln rates,'con51der1ng the prev1ous mlcrocracklngA
'behav1or on these spec:.mens(30 r33 39). At hlgher strain rates .
the graln size strengthenlng appears to be 1mportant 51mllar to‘
the case of the grain size effect on the room temperature property.
As the strain rate decreases, the graln boundary slldlng becomes |
'-more 1mportant and the reasonlngs contalned in Eqs. [lSJ.and [16]

(41) outd be applied. This

or the rnterpretatlon by‘Matlock and Nix
' phenomenon becomes even more 1mportant in the evaluatlon of the

- embrlttlement observed in 1rrad1ated stalnless steels, a case where
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" ‘the matrix of the grain is hardened'and:grain‘boundary sliding
is-significantly reduced. Detailed analysis comprising the
‘subgrain dimension on these observations is still underway at

‘this laboratory.

, A;8.‘Substructure Strengthening of Room Temperature Mechanical

Properties in Incoloy 800 and AISI 304 Stainless Steel

(H; Nahm‘and R.AK. Bharéavaix
. In a recent study(42), the ambient temperature meehanical
,,prepertles have been ‘shown to be enhanced via hlgh temperature
substructure strengthenlng; To further study thlS behav1or,
- room temperature hardness measurements were made on the spec1mens
‘hav1ng'd1fferent cell Qr subgraln sizes develqped,from the pre-
vious high temperature-deformation.-AThe hardness variation is
'shomn in.Fidure 21. From this flgure,'lt is clearly shown that
the relatlonshlp holds as | |

S <

where;Ho eorresponds-td theffrietional‘hardneSS parameter.t This

is quite consistent with the relationship
G.= g + kAT _ ' . [20] -

'Where'o is the frlctlonal stress. -One point to note here is
that the hardness appears to dev1ate from its llnearlty approachlng

a saturation when the ) l‘parameter.J.ncreases as shown in Flgure 21.



This trend, with decreasing cell'size;'will be confirmed in

future studies.i

B. Cyclic Deformation Mode

B.l, Substructure‘Development'During Low Cycle Fatigue‘of'AISI'

22

304 Stainless Steel at 649°C, Reference Heat 9T2796 (H. Nahm)"

In an effort to understand the baSlC prinCiples underlying
.fatigue, substructure develOpment during fatigue has been in—
vest1gated~by many researchers. However, most 1nvestigations.
have been concerned w1th fatigue Ain 51ngle crystals at ambient
temperatures.~ Ityappears,that-no study is'available.in the
I'-literature on the substructuralﬁchanges at different stagesiof
fatigue life at elevated temperature where - recovery becomes
‘increaSingly 1mportant. The purpose of the present study is,

: therefore, to eXamine the-dislocation substructure development:
. in low cyCle'fatigued AISI'type 304.stainless steel at 649°C’.
"by.tranSmission,electron hicroscopy.i Details of_this study
‘were reported before(7) ” -

A speCial set of LCF tests were performed at Argonne
National Laboratory, MaterialsfScience_DivisiOn, High Tempera-
ture_LCF Laboratory under the provisions of a fThesis Parts
Program" . The tested speC1mens of AISI 304 stainless steel

(9T2796) were solution treated at 1092 C for half an- hour and

.aged for 1,000 hours at 593°C.’

The hour glass type speCImensihave been'tested to different
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fractlons of the fatlgue llfe under the 1dent1cal testlng
condltlons of temperature (649 C), total strain range (26)
: and cyclic straln rate (4 x lO-3 sec—l).A |
.' A'plot of stress range, Ao,‘versus the number of‘cycles,

N}Afor‘AISIV304 stainless steel is:presented in Figure 22;’
‘Several remarks-can be made from this figure.' Excellent re-
produc1b111ty of hardenlng behav1or, under’ 1dent1cal experlmen—,
.tal condltlons; 1s obtalned eSpec1ally at the saturation stage.»”
The dlfference at the 1n1t1al stages of hardenlng is. belleved
to be due to the dlfference in the initial microstructures that
results from. the agelng treatment.'«Buttthe difference decreases
Aas'cycllng contlnues-so‘the saturation stresses for each sPecimen
.are almost,identical. The rapid hardening stage is finished in
around 30 cycles followed by the saturatlon state where the flow
stress remains constant until fatigue fallure sets in.

: The characterlstlcs of the fatlgue substructure development
" are summarlzed'w1th a series of mlcrographs as shown 1n Flgure‘
23. ‘Each column of m1crographs show the varlatlon in. substructure
Athat can occur w1th1n a glven spec1men after the lndlcated number
of cycles. It is apparent that the cell interceptgsize, A, de-
creases until the'saturation state'is reached and the‘misorientationA
‘angle}le} betmeen adjacent cells and the volume fractlon occupled
4by'cells increase throughout the fatigue llfe.

Cell- 1ntercept s1ze A, as a functlon of fatigue life, N/N

:1s plotted 1n Flgure 24 The shear modulus-compensated cycllc
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 stress amplltude, g/G, is plotted in Flgure 25 as a functlon
'of the corrected re01procal of cell intercept size, b/l, where
‘b is the Burgers vector 'taken to be 2. 54 x 10 -8 cm. An equatlon

of the type.
'0/G ="A (b/A) DR [21]

is:obtained, which dndicates that the cell size<decreases with
increasing stress.: A | .

| A plot of average mlsorlentatlon angles between adjacent
'cells, Q, agalnst fractions of fatlgue llfe, N/N is prov1ded

in Flgure 26 show1ng that the present result of the mlsorlentatlon
1ncreases throughout fatlgue life.

As»shown;lnAE;gure'23 the earlyghardening'stage is attained
ithroughvthe continuous.accumulation-of-dis1ocations in,the.form
of-dipoles,}multipoles, andrloops that formluncondensed celll
walls. The decrease 1n cell size untll the saturatlon state is
another way of- dlslocatlon storage contrlbutlng to the hardenlng
During the saturatlon state, most of the flOW'stress is gained |
- from either the stress'for‘dis10cations to move'through the long
range stress field set up by subboundarles or the stress needed
to bow out dlslocatlons between the dislocation network of . sub—
boundary - It is- ev1dent that recovery is occurrlng durlng the
entlre fatlgue process. This is manlfested by ‘the observation
that the misorientation angleshincrease and the uncondensed

thick cell walls continuously refine\themselves‘thrOughoutnthe
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'ehtire'fatigue life.

It is in order at‘this point”to discuss.what.mechanisms
account for'theVCyclib,strain in fatigue,'especially'in satura~
tion state. If we assume that "cell shuttllngf model(43_45)‘1s

operating, a relationship
y=em”® oo r22)

should be true;“wherely is the shear strain range,:b is the
Burgers.vector, andlk; is the suhgraih diameter. Substltutlon

of the present results for AISI 304 stalnless steel into Eq.

[22] indicates that around 50 shuttling dlslocatlons per cell
are needed‘to:accomodate the‘straih'range for each.cycle durihg
saturation stage. . This islcontradictory to the'observation thath
the region inside the subgrain is almdst free from dislocations.
ATherefore, the cell shuttllng model does not appear to adequately
lexplaln the stralnlng ‘during saturatlon stage of fatlgue. Feltner(4§)
proposes a sxmllar model in which the "fllpbflop"-motlon‘of‘dis—
locatlon loops yleld the same result as in the case of - the cell
dshuttllng model .

| Therefore;'the.preoeedingbdiscussions lead to another mechanism-
‘.movement'of subboundary walls during‘deformation. Cell walls can
bulge out under complex cooperatlve stress system as suggested by

(47).' or cell walls can annihilate each other and/or glide under

'..the proper condltlons as proposed by Ashby,. et. al .(48?.

It is also'pOSSLblegthatAthe ann;hllatlon of dislocations by
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recovery near‘or-in thefsubboundary walls may.be’partlyl
Aresponsible'for the cyclic strain, eSPecially in the early
hardening stage. The:observed transitionAfor cell walls from
‘the thick, uncOndensed-to.condenSed, sharp and narrow walls
along w1th the contlnuous increase in the mlsorlentatlon angles

'.supports'thls data.

B.2. Comparison of the Fatigue Properties in Incoloy 800 When

'Tested in the Bend and Push-Pull Modes (H. Nahm'and A. Ermi)

In order to better interpret'and to app1y~the results of
experimental-data‘of elevated’temperature,mechanical properties,
it is important to understand~the testing technique and the
specimen geometry employed in the various types of deformation'
:modes._ It is also very important towknow7whioh microstructural
ohanges will affect the.meohanical properties.

vWith the above objectives in'mind' fatlgue propertles and
thelr correlatlon w1th dlslocatlon structures in Incoloy 800
nhave been studled on- the specimens tested in push- pull and in.
bend fatigue modes at elevated temperatures. _Experimental details
'and fatlgue propertles such as strain ranges and cycles to fallure
haye been reported before(49). Fatlgue lives from bend fatigue
,-were found to compare Very mell'with‘those from push-pull fatigue,
' especially at large strain rangesr.'ItAWas also shown that bend-
'fatigueAtest,specimens with small strain. ranges yield longersfatioue

- life than the push-pull fatigue specimens. The bend-fatigue test
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is'different from'thé push-pull in the senée that the-fqrmér is
éaﬁtiiiuer—loadedﬁ ,Ihus,‘the bend—fatigué.specimens have maximum
stféin.ur strgss'at.thé'specimén surface which decreases toward’_~
.the ceuter and becémes'zero at the neu£ral~axis,

Room temperature mic#oharaness was measured on the polished
and étched'surfaue cuﬁ.parallel to the fracture surface: Figures
'27 aud 28 iliustrate‘the hardnéss‘distribution aud corresponding
disiocation subStruCtufe,‘frqm‘just below the fractu;e{and'along
“the diameter from'the'cénter-for the push-pull fatigue speéimen,_
_.respectivély.,.As éxpected the hardﬁesé’reveals the éharacteristiés
uf éach testing condition. Bend:fatigue‘spécimens:reyeal the
minimum hardness aiong the neutral axis and the maximum on both
surfaces. In contrast to bend fatigue, no changexin hardness can
be ubserved in these specimeuszfested‘in the push-pull mode (Figure
28). | | |

' Transmiséion eiéctron microsuopy revealed éubstruCtural

éhéractéristics.that are consistént withfthe‘hardnesé distribu-
EiQn. ’Figure 27 iilustrétes fhe’structural‘variation as a functiun
of the positibu on a plane parallel to thelneutrai.aXis. DiSlocatiouﬂ
‘3densi£y increases as one moves from the neutral.axis (eésentially
zefo étrain_reéion) to theAspeCiméh Su;face‘whére'theAmaximum strain-
ekisté (Aet_:u2%); A mudulated‘dislocation substructure consisting
of cells is formed'near.uhe surface. The dislocation aensity, 1
’ obtained'fuom tﬁe unstreséea shoulder portibn is around 5.5 x lO8 Cm_z.

In principle,-the dislocation density in the neutral axis should



o

" be the same as that of. the unstressed portion; but the obserVed
difference is'apparently due'tohthe fact:that neutral axis
continuously‘shifts‘during_cYclic reverse bending,ﬁtherebyr
induciné a small amount of‘residual‘stress,in the form of dis-
location. - It is also interestin§ to note that the existence of
‘a critical.disiocation density for cell formation'can be seen.
- from Figure 27. o | |
Compared to the case of bend fatigue; there istlittle
-change in deformatlon substructure across the guage sectlon
diameter of the hour-glass push-pull fatlgue specimen shown in
" Figure 28. Stress and‘straln'dlstrlbutlon_on the mlnlmum'cross
section seem tolhave“uniformlvalue during‘the.pushfpull,fatigue‘
testing. | |
The fact that ‘bend fatlgue test invariably ylelds a longer
fatlgue llfe than does push pull fatlgue in the small range
'could be explalned from the differences in crack growth-rate
and in time spent for crack nucleatlon and growth(so). 'For the
:case of the large straln range test, most of the fatlgue life
. 1s spent for crack propagatlon, i. e., tlme for crack nucleation-

is short and once nucleated the crack w1ll prOpagate rapldly,

' giving a good correlatlon-betWeen bend and push-pull fatigue.

- But for the case of bend fatigue tests with small strain ranges,

‘most ofythe fatigue life is spent-in crack nucleation. Because

"of the,stress.gradient‘along the specimen, the crack growth rate

28

'becomes lower toward the neutral axis of the bend fatigue specimen,
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resulting in'a longer'fatigue life.

As dembnsttated‘in Figuresh27 and 28,ﬁthere'is;a significaut
difference 'in herdness‘distfibution.end dislocation substructure
. in bend fatigue specimen. ‘Thus, extreme care should be exercised
‘ when.the-fatigue~substructure is evalueted in the«speciﬁehs- |
testedtin bend—fatigue mode.

A new work has heehiaiso ihitiated to study.the crack
initiation/propagatioh'in-Incoloy 800 at elevated temperature
‘ vie'séanning electron mieroséopy on the seme specimens discussed

here and the results will be given:in,the future'reporte.

- B.3. The Effect of Creep - Fatigue Interaction on the ‘Substructure

and Fracture Lharacterlstlcs ‘in 304 Stalnless Steel (T.
Kenfleld*) | . : SR : - |
A'study‘was iuitiated‘to characterize'the.effect of hold
Htiﬁe on LCF behavief in 304 stainless'steel : Spec1f1cally, the
substructure was 1nvest1gated using transm1551on electron microscopy
to obtaln the correlation of mechanlcal propertles with the sub-
‘grain 1ntercept 51ze. In addition to{thls substructure analy51s;
fractogrephy wae:perfermed‘usihg scanning.electron microscepy,ahd
} reélica.micrdseopy to study_the mode of craéking;' Speqimens were
tested at 649°C at two differeht'strain rahgee (0.5%, 2%).Qith
various‘tension hold times rahging from onejminute up to ten heurs.
Detalls of this’ study are avallable elsewhere(Sl)

Flgure 29 shows the relatlonshlp between the subboundary

*Now with General.Electric Company, Sunnyvale,‘California.
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intercept size, A, and the maximum cyclic tension stress, 0£ méx,

the slope of the plot being =2 Which gives a dependency of

S =2 .
.AA aﬂot,max [23]

This correlation is in general agreement with that found for

(15,52) -

‘cell formation in.tensile as well‘as; the fatigue-datal

- for 316 -stainless stee1 °3)

It is also shown that smaller’
subgrainS‘are”forméd‘in speciméns.tested at lower strain ranges

at the same-Streés levels, shifting the data to the left."This
| (53)"

isuconsistent with theyprevibus.résults
| Figure 30 shows the substfﬁcturél-characferistics for'the
specimens with'varibus tensile hold £imés.. It is apparent that
‘the‘subboundafy intercepttsize incréase$ with‘lqnger'hold periﬁds,_
'Treflecting the;sﬁress rela#ation phenomena ih thé specimens. It
can be aisoAnéted~that the nature of the subboundary‘changes
'from'cel;s to‘subgrains»as the}hold period is increased. This
indicétés that the creep tyéé-damage beéomes pfedominant, as
eviden¢ed-by‘thé fact that_ceil§ are often observed in tensile
.tested specimens while'sﬁbgraihlstructures,are found in~creepi
tésted specimens. " Carbide'formatiqn also aépears té become
'imporfant in:specimens with a very long hold period as shown‘
in this figure. | o

Ipndxder to get an insight inté the possible correlation
befwéen the subsfructufe aha the failﬁre mechansims, fréctu;e

surface was studied by scanning electron microscope. The number



- 31

oflcycles tolfailurey Nf} is plotted in Pigurel3l‘a§ainstt

the hold‘timeszwlth the corresponding-fractographs. “This

shows the transitlon-from transgranular to'intergranular

failure mode with the lncreaSing tensile hold'time;lvThis is
consistent with the substructural observation shown in Figure
30. It 1s also worth notlng that the tendency for 1ntergranular

fracture 1s enhanced w1th the’ lowerlng strain ranges.'.Further

study.ls underway to clarlfy the deformation and failure mechanism

in the area of creep-fatigue interaction.

'IV. PLANS FOR.FUTURE WORK

A new program~has.been initiated on theACommercial, the
Developmental and the Fundamental Alloys being -evaluated inAthe
National Alloy Develonment Program. Particular attention will :
"be given to the application of'hot-hardnesS measurement as a
strength'microprobe, in addition to the.studles by combinations'
of transmission and scanning electron mlcroscopy and experlments
in whlch ten51le and creep tests are performed

The scope of the work w111 include - the following.areas:f

l. Creep- mlcrostructure evaluatlon of two (AISI 330, A286).

of the candldate advanced commerc1al -alloys from Act1v1ty

B of,the Natlonal Alloy<Development Program (NADP) .
2. Hot—hardness measurements on the eight alloys presently.
'belng evaluated in Act1v1ty B (Commer01al Alloys) of

the NADP
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3 Hot-hardness measurementslon the elght alloys presently
jbelng evaluated in Act1v1ty C (Developmental Alloys) of
‘the NADP. |

‘4. HotQhardness measurements of a tamily of alloys to be
identified from Activity D (Fundamental Studies) of the
NADP. -

'Work will continue on-the'oharacteriZation'of the substructure‘
formed durlng the straln controlled push- pull fatlgue test of
Incoloy 800. Further analyses and dlscu551ons of the substructure'
data for'Incoloy 800 will be performed, Spec1al attention will
be given on the effect of straln range on the subgraln dimension
'and the dlslocatlon den51ty. !

A new study on difference in fatlgue cracklng (1n1t1atlon/
prOpagatlon) in Incoloy 80Q when‘tested in bend.and“push-pull modes

is underway by scanning electron microscopy.
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Typical Substructure Developed
AISI 304 Stainless Steel (Heat
52 MPa, (b) 760°C, 69 MPa, (c)
760°C, 138 MPa.

in Creep Tested
9T2796) at (a)
704°C, 103 MPa,
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Typical Substructure Developed in AISI 304 Stainless

Steel (Heat 9T2796). (a) 649°C, 172 MPa, creep, (b)

BT e = 808 0T e MEMreRdiacy Mol SR, Gl
MPa, creep and (d) 649°C, ¢ = 8.3 x lO_5 sec—l,

tensile.



Typical Substructure Developed in AISI 304 Stainless
Steel (Heat 9T2796) Tested in Tension at (a) and (b)
538°C, ¢ = 8.3 x 107> sec’l, (c) 593°C, & = 8.3 x 10~
sec“l and (d)6492€, & = 8L.30x lO—4 sec_l.
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Fig. 7. Typical Substructure Developed in AISI 304 Stainless
Steel "(Heat 9T72796) Tested in Tension at a Strain
Rate & 288 10 Fusas A ak ta) 5382C,- (b) 593°%C,

(c) 649°C and (d) 704°C.
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