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ABSTRACT

Transmission e1ectron micrbs;opy_used to éValuaté'the
deformation (creep, fatigue and fensile) induced,miérostrUCture
-Aof 304_SS, Incoioy 800,.330 SS éﬁ& three: of the experimental
l» alioys (E19, E23 aﬁd E36) obtained from the National Alloy
Program clearly shows that the reiationship between the sub-
grain size (A) and'the gpplied stress (5) obeys the equation .
A = Ab CO/E)_l where A is‘é constant Of‘the ordef of 4, bnthe_ '
Burgers reétér and‘E'is Youhgf54modu1ﬁs;A Hot-hardness. studies
“on 304 SS,:316 SS, Incoloy 800, 2 1/4 Cr'; 1 Mo Steels,i330‘SS,‘
Inconél 718; PE-16, Incdnel 706, M-813 and the above three
'experimental élloys suggests'that‘feasonable‘efféctive activa-
tioh enefgies for creep may bé obtained through the use of-
.the'hardness test as a strength ﬁicroprobe'toolq "The ordering
of the étrength:leveis'obtained through hof-hérdhess fdilows
quite closély that:obtéined in tensile tests when that data

are available.



I. OBJECTIVE

The objectiye of.this-program is.to (a) evaluate the time,
temperature and stresSvdependent mechanicaliproperties of reaCtor
structural materials, (b) determine the relationship of these
properties'to the microstructure,'(cl show the contribution of
the microstructure to the 1nternal stress fields and the sub-
sequent influence on microcracking and the grain boundary slid--
ing behaVior duriné the normal plastlc deformation at'elevated
temperatures and (d) demonstrate the relationship of . the hot
micro—hardness properties with the hot—tensile‘properties of a
class of commercial and advanced alloys presently under investif
gation at other'laboratories. 'Special consideration is being
given to operating conditions typical of nuclear reactor appli-
dcations( including the knowledge that radiation env1ronment can
~influence the substructure of these metals, a circumstance which
canﬁlead to significant changes in the conventional mechanical

"property'behavior.

II. INTRODUCTION

Transmission electron microscopy has heen used as -a pri—
mary tool to study the deformation substructure of feactor |
-structural materials resultingufrom'oreep,ffatigue and tensile
testing at elevated temperatures. ‘Complimentary work using
.optical:microscopy, scanning electron microscopy and hot- hardness‘
testing has been performed to characterize the deformation and
failure behav1or. New work was initiated on the Commerc1al the
Developmental and the Fundamental alloys being evaluated in the-

ational Alloy Developmental Program with particular attention



on the application of hot-hardness measurement as a strenqgth

microprobe.

ITI. EXPERIMENTAL PROGRAM

The work at the University of Cincinnatl has been contri-
buted to "Mechanical Properties.Test'Data for Structural
Materials Quarterly Progress Reports" of Oak'Rldge.National
Laboratory, Dchmented as University of Cincinnati Quarterly
or Annual Progress Reports and published in the technical jour-
nals. 'Papers have also heen presented at technical'SOciety
meetings, A llstlng of the Unlver51ty of Clnc1nnat1 past Pro—
gress Reports is given on page 13, and those papers publlshed
inAtechnical'journals on page 14 of this progress report. The
bquarterly progress efforts~on this project since the last pro-
gress report COO?2107fll dated Maroh’l5, 1976 for the time
period ending December 31, 1975 are,reported'as Appendices A
throughtF of this progress report..

Previously a number of specific subtasks have been delineated
forlwork to be performed under this program on 304 and 316 stain—
less steel, Incoloy4800 and 2 l/4 Cr—lMo‘steels. Experimental
workAon‘most of'these'have been completed and data analyses have
been performed with the results formally submitted or in the pro-
‘cess of belng submitted for'publieation.

New work has been initlated during the last“two contract
~years on alloyslobtained‘from‘the National-Alloy Development
Program. A total of 8 Commerc1al Alloys and 14 Developmental
hAand Experlmental Alloys have been obtained" from HEDL during -
anuary and February of 1976. . Three of the Experlmental Alloys
(E19, E23 and E36) have been - obtalned in October{ 1974. A listing -

.



i'of Alloys receivcd is givcn in Table I. Tnformation on recom—
‘mended heat . treatments .on these alloys'were rcceived in May and
uugust'of 1976. |
' Creep-rupture and hot—hardness studies have been completed
on’theAExperimental Alloys El9, E23_and E36 and the data presented:
in the Masters Thesis of C.G. Schiidt* inlJune, 1975. A total of
fifteen (lS)'creep—rupture tests and subsequent TﬁM-studies were
performed on the three experimental alloys at test temperatures :
of 1100 (593) and l200°F (649°C) Hot—hardness tests were alsol
performed on the same alloys. | |
The results of the tests on the‘three experimental alloys
are summarized as folloWs:r' |
1. .Hot hardness tests 1ndicate that strength increases
with nickel content for the alloys considered in thlS
investigation. Due to the high strain rate involved,
hot hardness-testsware not always'indicative of the
performance of a material in the creep mode. N
2. Activation energies for what is apparently the self—
diffusion of iron and/or nickel were»calculated from
the hot hardness.results'using data points from tests
. above 0.6 Tm' | | | |
3. Substructure for the three alloys.preSently'concernedf

indicated ‘that,

Creep Properties of Some Experimental Nickel-Iron Chromium
Alloys, A thesis submitted to the Department of Materials

Science and Metallurgical Engineering, College of Engineering,
University of Cincinnati, Cincinnati, Ohio 45221, (1975).

Note:  C.G. Schmidt is now a Ph.D. Candidate at Stanford University



Dislocation density fof the Fe-45Ni-15Cr and the
-Ni=15Cr alloy was found to follow the relation

shown below[_ 
/G = 1.4 x.107% ¥+ 0.8b Vo

.Tﬁe FeFZONi;lSCr élloy-did rot have a consistent -
: variation in‘diélqcation density with siress.
Misorientation angle slowly~incrgaseduwith strain.

4, Cell intercept siz¢ for unruptured speciméns is
significantlyilarger'than that.sf ruptufed onéslwhich
implies'thét cell size cqntihues‘to decréase“in the
iattef stagés-of creep. |

5. A cfitical disiocationAdensity;for cell formation
of 6 x lOg'lcm_2 appears to exist for thése_alloyé.

6.A The fraéture surfaées bf‘the Fe—ZONi—lSCr and the

4._Fe—45Ni—15Cr alloy specimené have a mixed'ﬁode of
:transgfanular and intergranular fracture for: the
creep conditiéhs discussed here. High stresses and/
or low temperatures‘tend td‘produée é mére trans-—

' .granular fracture. The Ni-15Cr alloy fractured in-
a transgranular fashion-for all creep tests:conducted

in this investigation;

More recent work on the microstructurefstrength relationéhip
’ has been completed oh‘abqut 40 creep rﬁpture speciméns of 330 |
stainless steel in which one set (16 specimens) were used to
‘deterﬁiné thé $tress dépendency’and Subseqﬁeﬁt microstfucture of
thése alloys_at a ﬁempérature'of 649°Caand another set (l4'épeci—:

ans) were used to determine the development of the microstructure
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as a function of the creep-rupture life at“é [ixed temperature
‘and'stresé;levél. In addition, about 50 A;286 creep-rupture
pecimens have been fabricated from a reference heat‘receivea
froh HEDL. Extensive creep-rupture testing has not been ini-
tiated on thé-A-296 specimens at the present time.
Hot;ﬁardness experiments have beenlcompleted on the three

'Expériméntal'Alloys E19, E2§‘and E36,.séveral different heéts‘
of AiSI'33O SS,; several differeﬁt»heats of AISI 304 SS, AISI 316

IN 706,.IN 718, PE 16 and M-813. The hot-hardness equipment has

been shut-down' for about four (4) months for a complete overhaul.

Vacuum'leaks‘have been corrected to improve the vacuum capabili-
ties by our one order of magnitude. All O-rings and flange gas-
kets have been replaced and the indentor mechanisms re-aligned

and modified so that indentations can be made more uniform. The

SS'

equipment is now back in operation and a few -samples are rechecked

before'proééediﬁg with the,testing of adaitional new specimens.
Work on the observation and the prelimihary evaluatioﬁ of
the dislocation substrdctufe'of the fatigue  specimens of inco}oy
800 were completed.. Incolby 800 push—puil fétigue speéiméns
were examined:éftér being}tested at various test conditions at

538, 649, 704 and 760°C. Substructure parameters-such.aé~cell

or subgrain intercept size, dislocation density, were evaluated .

and correlated with the observed fatigue properties. Cells or
subgrains~Wereiobservéd'to form.Incoloy 800.after LCF:at all
teéting temperatures. The subboundary intercept Size‘and the
 dislocatioﬁ density were found to be related to both. the satura-
tion stress and the plastic'strain-range; ‘Subboundaries wére

1so found to iie on the low index crystallographic planes with



.mixed, tilt and twist nature. Details of this work are reported'
in Appendix A‘and’B.

A set of A-286 specrmens was>solid—solution annealed dt
-900°C for 2 hours and aged at 72C°C for various times. = It was
found that rapid hardening churs during,the initial ageing
period, the hardness increasingvslowly thereefter'(Appendix.B).

A constant load creep rupture test was perfermed on
AISI 330 stainless steel at 6495C.witn'an applied stress of
BG,OOO.psi. The minimumicreeparate-was 1.04 x 10f4 sec;_‘l and
the rupture life and tne rupture strain were 29.6 hours and.
"64.3%, respectively (Appendix.B). |

Aecomparison of tne hot-hardness values of aged~A—286 and
solutioned AISI 330 stainless-steel shows'thet A-286 is about
three times harder than 330 SS in the temperature‘regien of
200 to 900°C - (Appendlx B) |

Creep rupture . tests were performed on AISI 330 stalnless
steel at 701°C with an applied stress of ZQ,OOO, 30,000,

35,000 and 40,000 psi;'respectively. _The minimﬁm-creep rate
varied from 6.60 te 83.7% hr., and the rupture life ranged
fremg33.65 to 6,25'hours with the<increesing,applied stress.
.A limited amount Qf'TEM.obServation has been'performed on two
Qf.the,rupture specimens: ,cellsland subgreins were observed
in the specimensitested'at 40,000 psi'and‘ZO,OOOApSi,‘respec—
tlvely (Appendlx C).

"An experimental plan has.been set up to study the sub-.
structural developments of AISI 330 sS durlng<creepAtests. . The
creep tests will be interrupted at various levels ef creep

train, and the substructures will be examined by TEM.. The aim



of thlS experrment is to study the mcohanlsms of subgraln/ccll
'Formatlon (Appendlx c). |
 Based on the hot- hardness data of AISI 330 SS, the'apparent
activatlon energles for indentation hardness and the activation
energy for oreep were calculated. As with other metalsp the
apparent.aetlvation energy for.lndentatiOn hardness of'this
material (7,940 cal/mole) is an order of.magnitude lower than
the actlvation energy for creep*(93 400‘cal/mole) (Appendix C).
Hot hardness tests were performed on four heats of
2 1/4 Cr -1 Mo steel contalnlng Varlous amounts of carbon, and
the results were compared w1th the ten51le strength at six
temperatures from room temperature to 565°C, ‘The correlation
1is'excellent for the high carbon and the commercial steels and
good or fair for the medium and low carbon'steels (Appendig C).
A,controlled-atmosphere; directfloading'creep teSting:maohine

,has{been constructed for the grain boundary sliding'experiments.
A preliminary<result.obtained from AISI 304jstalnless steel
tested at 750°C with~an.applied'stress-of 9,000 psi»is‘ln agree-
ment w1th the data whlch has been reported in the llterature.
More detalled experlments are belng planned (Appendlx C).

| Hot- hardness tests were performed on AISI 310 stainless
steel and Inconel 718 at temperatures of R T. %1200 C and
900"1200°C, respectlvely ‘ Compared to AISI 330 stalnless steel,
“both AISI 310 stalnless steel and Inconel 7l8 are - lower in hard—
ness values<at all:temperatures investigated, however, their
hardness curves have the similar'characteristios as AISI 330
stainless steel. The acti&ation energy for~oreep'calculated

rom the hotvhardness data is 85 kcal/mole for AISI 310 stainless



steel and 64 kcal/molc for Inconol 718 (Appendix D)

As an effort to investigatc the- mechanisms of subgrain/coll

ormation during creep deformation, a series of crccp tests wcro

conducted on AISI 330 stainless steel at 652°C with an‘applied
stress of 35 ksi for various strains4ltimes), including three’
stress*rupture-tests. 'TheSe tests were reproducible with less
than 1 percent dev1ation in. the total strain and are conSidered
to be ‘suitable for the detailed microstructure studies. Preli—
minary‘TEM and SEM observations on one of the ruptured.speci—
mens revealed an ill—defined'cellular.struCture containing pre-
.cipitates and a'transgranular fracture surface, respectively
'(Appendix D). | |
| Fatigue crack characteristics were investigated on AISI 304
stainless steel fatigue—tested at 649°C to.different fractions
of the fatigue life and to failure.- The striation density was
determined from SEM micrographs of the fractured surface; and
fthe number of cycles for crack propagation and the number of
cycles to initiate a crack of one grain dlameter length were
calculated.. Optical microscopy on the.specimens tested to various
fractions of the fatigue life'revealed a crack at various stages
: pf‘crack initiation and propagation periods. The crack lengths
‘determined from'the optical microscope agreed~with the values
obtained from the SEM technigue. Finally) the microhardness
values obtained from. the 1nterrupted spec1mens show good agree—
ment with_the stress amplitude measurements “and the substruc-
ture development (Appendix D). |

‘As a continuation of the creep substructure study on AISI

30 stainless steel, stress rupture tests have ‘been completed



on three more specimens Since “the’ last progress report was sub-
mitted and one long term test is prcscntly in progress at 600 C
ith an applied stress of 20 kSl. Preliminary analyses ofither

. creep data compiled up to the present time show the following:

AHC = 100 kcal/mole
= 7.4 at 701°C
n=7.1 at 800°C

These numbers‘should be considered asitentative because of the
_limited'number.of datum points used for the calculation. However,
it is interesting to note that.the activation energy for creep, |

100 kcal/mole, is in'reasonable agreement  with the value;ob—
Atained froﬁ the hot-hardness data on the same material, i.e.

93 kcal/mole as reported in the last progress report. - Finally,
~a limited study on the cracking behavior.of'this material has“
been initiated (Appendix D). | | | '

As a‘continuation offthe‘study on subgrain/cell develop-
. ment duringlcreep deformation,‘another‘series ofhcreep tests--
interrupted at various creep stages including one to the rup-
ture--were conducted on AISI 330 5§ at 652°C with an applied
stress of 25 ksi. The rupture test ylelded a minimum creep
ratebof'0r14% hr_l and a rupture strain of 65%. This.contrasts
" with the 34%. rupture strain reported in the last.progress're—'
port for the speCimens tested at 35 ksi and’ at the same tem-
perature. In order to explain the large variation in the rup-
ture strain at two different stress‘levels)-fractography'and‘an
optical microscopy were'carried out on'the 35 ksi rupture‘speci-

n, and the same is under way for the 25 ksi specimen. Also,



preliminafy TEM work.has'beén:performedlon'bbth specimens
(Appendix E) . | o |

On a series of rupturédlspecimens, tested at 701°C and at
several stress levels:ranging ffom 15 to 40 ksi, room temperé—

’ture‘microhardneSs measureménté‘were{made ét various loca~.

tioﬁs'from the fracturg surface élongvthe longitudinal éeé—

-tidns.: At:a.given sfress level the hardness decreased to a
constant value as.a-funétion of distance from the fracture
'surface, andlﬁhe hardnéss pfofiles-for different stress léyels
were ‘quite Simflar to one another (Appendix E).

At‘the:préSent'timé,‘twovloﬁg—térm stress—rupture'tests i
‘are in progfess on AISI 330 SS. The test COndifioné'are'

20 ksi at 600°C and 60;ksi.at 500°C, and the accumulafed'test
- time fo‘date is 2754 hours and,755'hours, res§e¢tively.'-A
minimum creépnraté'of 1.35 x 107° ﬁrfl has beehlébtéined'frOmA
the test at 20 ksiAand at 660°¢,"and this has been used to-

' gefﬁer witﬁ’the creep data chpiled up £o‘£he preéen£ time to
- modify the previouély feported Valde of'the apparent.activa-
tion-enérgy.fqr creep,_AHci'Previously 100 Kéal/mole,was rée.
ported for Aﬁcrh0wevér,‘the modified.vglpe for AHc-is’lIB'Rcal/
.mole-in the 600°C - 800°C temperatufe raﬁge (Appendix‘E),

| Hot-hardness tests were condﬁcted>oannConelA715,.Inconei

706, PﬁFlG ahd‘M-813._LBaséd on the'hbtfhardness data,Aappa—.

rent actiVatibn enepgies fdr indeﬁtafioh‘hardness and.fdr
‘4creep have‘béen determined. The resﬁlts on the.activation-_
energf’for indentatibh hardness for T ? .SSTm are:_.l3.Kcal/,
‘mole for'Inéqnel 718; 9 Kcal/mole for'Incohei 706%}lQ.Kcal/mole

'Jr'PE—lG;Aahd'll Kcal/molevfor M-813. ' The activation energy

10



ffor'cfeep'calculated.for Inconél‘7l8lahd PE-16 were correlated
with hot—tensi}e data of theuéame; In.Ichhel 718 the agree-
:nt between the calculated and experimental‘UTS values was:

good within 10% in the temperature rahge.up to 650°C; how;
~ever, the calcﬁlatedfvalues were mﬁéh higher than the eXperi-'
mental-values:at the highef temperatures. ' On the other hand, .
the agreement in PE—lG:was géod‘being within 20% at all tem--
Apefatuie.ranges investigated’(Appendix,E).

Lowféycle fatigue crack initiétion'and_prdpagation‘behavio:‘
of Incoloy 800 has been investigated'by.using scanning electron._
_ microscopy'in both pushfpuil and bend speéimens fatigued at
temperatufes of 649; 704 and 760°C; and'strain fanges bf
0,4§ %:2.01%. ~ Some of the important observations are:b
1) the fraction pf'fatigue life to initiate a 0.1 mm crack is’
strongly dependent on the plastic straih«range in theAbend
' sﬁecimens and only slightly dependent in-the pushfpuil speci;‘
mens, but insensitive to the temperaﬁures in_both types of
specimens,‘Z) the crack gr0wth raté_in'thé bend séecimens ini-
'tially'increases and ‘then decreases,'while,that in fhe push-
pull specimens genefally-increaseé continuously  (Appendix f).

A study of the plastic zone.around a £atigue.crack'in a -’

304 SS éqmpact tension specihen has been inifiatéd,‘.rhe spécif.4
‘men was tested at’538°C‘with a stress ratio of 0.05 ana'a fre—
quency ‘of 0.067 s_l;, This study employs three eXperiméntal
teéhniqués: ‘micfdhardness méasuremenfs, SEM and. TEM. At the
present time,'the microhardness measureménts and,SEM'work'have ‘
been completed, and‘the results aré'p;eéented in this report,

 cluding a hardness contour map around the crack tip (Appendix F).
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4 A.total of fourteen,creep—ruﬁture tests have béen'condﬁcted

on AISI 330 staiﬁlessAéteel at various-tempefatures and Stfess

evels, and this Eqmpletés the méchéﬁiCal testing part of the'
study on substfuéture—creep rupture interrelatioﬁéhips. The
raw creep data éan be adequately described by'the power law.
creep equatiop withythe stress éxponent/~n; varying from approxi—
mately 7 tollO~fpr various femperaturés. Thé substructural'-
.evalu;tion.of the creep~ruptured'specimens is'under way‘by ”
uéing transmiés;on electronlmicroséopy, and,;he preiiminary
results show that_the subgfains and ceils develop in specimens
tested atAlower and higher stress levels,-resbectively.

Due td,problems of specimen oxidation and>heatiﬁg element
cracks,1the'Hot Hardnéés Testing Machiné has feéently been
o&érhauiéd,Aand the'rééult, for one‘thing, is. a significant
improvement of -the vacﬁum in theiéystéﬁ: _nbw reachin§‘3.0 E-O4'Pa
(Appendix F).

A‘study on subsﬁrﬁctural:aevelopments during high temperature
tensile'deformation'ofa304 SS has been initiated. ATﬁe specimens
'weré tested at 650°C and at a strain raterf'3fi7 E-04 S_l-tb |
variogs'strain'levels, including one'to thé‘failhre.  This study
will be_éarfied’out by using TEM,.optical‘microscopy'and micré—
hardness measurements on'fhe testedfspecimens (Appendix;F)}

As a cOntinuation;of this_study on subgrain/cell -develop-
»ﬁents dﬁring‘créep deformation, another series Of creep>testing,
has been compléted onl330 SS at'652°C'and,l72.4 MPa. The pre-
liminary resuits Qf microhafdness and SEM on theée creep tested

specimens are presented in the report (Appendix F).

12
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APPENDIX A

PROGRESS REPORT' FOR PERIOD ENDINC JANUARY 31, 1976

B T P PO

7.1.1 Introduction‘

The objective of this program}is to (a$ evaluate the
timé, temperature and stress—depehdent'méchanical properties
of reactor struétﬁral materials, (b) determine the relation-
ship of these properties'td the microstructure and (c) show
the conttibution éf the microstructure to the internal streéé
fields and the subsequent influence on microcracking and the
grain béundary sliding.behavior during thé normal plastic
deformaﬁion at-elevated temperatures. Special consideration
1s being given to operating cOnditions typical of nuclear
reactor.applications, inciuding the knowledée that the radi-
ation environment can influence the. substructure of.these
metals, a‘circumstaﬁce which can lead to significant changes

in the cbnventional mechanical pfoperty behavior.

7.1.2 Experimental Program

‘,Transm;ssion electron microscopy has beeﬁ used to study
the deformat#én_substructure resulting from creep,. fatigue
and tensile deformation at elevated temperatures. ‘New work

- being initiated will also include similar studies on the’
' Commercial, the Develoémental and.the'Fundamentél'alloyé
‘beinglevaluated in tﬁe National Alloy Developmental Proéram

with'pafticular attention on the épplication of hot-hardness.
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measuremeht as.é stréngth microprobe.

. A study on difference in fafigue—cracking behavior
between bend and push-pull mode of testing is also underway
by scanning electron midroscopy and the results will be
provided inAthe future reports. |

(1=4) | tne

As reported in the previous progreés reports
. substructure formed during'strain—cdntrolléd push-pull
fatigue test of Incoloy 800 has been characterized as part
of-ongoing fesearch programs at the University of Cincinnati.
Observations and the generél relationships of subboﬁndary‘-
intercept size, dislocation density with fatigue properties

" are presented. Further analysis and discussions of substruc-

ture data will be given in the next report.

7.1.2.1 High Temperature Fatigue Substructure for Incoloy

800

Dislocation distributién of undeformed Incoloy 800 was
found to be non-uniform, probably as a result of different
dislocation generation during heat tfeatment. Dislocation
density was around 2.3 x 10° cm 2. Extended nodes of partial .
dislocations were not observed, indicating the stacking fault
energy (SFE) of Incoloy 800 is higher than that of AISI 304
or 316 stainless steels where nodes were sometimes observed. -

4(5)

Using Gallagher's metho ; the SFE for .Incoloy 800 is es-

timated to be ~ 90 ergs/cmz. Since SFE is very sensitive to

(5)

alloying , this estimation is only approximate.
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The dislocation structure for Incoloy 800 tested at
538°C is shown‘in Figs. 1 and 2, and the substructure data
are summarized in Table I. Cellular structures were.ob—
served in only two out of seven specimens examined which‘
were tested under the large strain range at 538° C.  This
indicates that the higher dislocation dens1ty is needed to
form cells at‘lower temperature. Due to extremely high
density, the average mobile dislocation density’was‘not
able to be'meesured'in some of - the specimens as shown in
Table I. The density here was deflned prev1ously(4)

) Extended cell walls shown,;n Fig. l-a were found to be
1ygng parallel to {100} planes from the tiltihg.experiment_
with the stereog;aphic'projection. Well defined eells were
'fermed in specimen #2X72 (See Fig. 1l-b). Except for speci-
mens #2R42 and:#2X72,_all specimens at 538°C exhibited the
planar dislocation band structure (See Figs. l~c, 1l-d, and
Fig. 2). These bands were often found to be aiigned paral-
lel to the low index planes such as {100}, {110}, and {111}.
Figs. l;d and 2 show that band structures mostly consist

of dipoles, loops and tangles.

In addition to the second phases such as M23C6 and;TiN
which were observed in most Incoloy 800 specimens at all
testing temperatures, y~ brecipitates were also observed in
specimens withllong testing times at 538°C. The details of
the TEM identification procedure of secend phases formed in‘

(3)

Incoloy 800 during fatigue were given before: . The influ-
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ence of érecipitatés on the fatigue pfoperties is also
discussed there.’ The second phases formed‘in Incoloy 800
do not.appéar to affect the cell or subgfain formatidh
behavior.

The characteristics of the diélocation substructure for
Incoloy 800 specimens tested at 649°C are shown in Fig. 3 .
and Fig. 4, and the substructure data are summarized in.
Table II. The tendency for subboundary formation ét 649°C
is more p:onounced thén that at 538°C, as shown in fig. 3;:'
Five out'of eight.speciméns étﬁdied at'649°C dispiay thé
ceil formation. Cells-were found toAform in the specimens
'teéted under large gtrainAranges; which is consistent with
the results from‘tﬁe specimens tested at 538°C. Well de-
fined.cells, close to subgrains were found in speéimen #2N14
which had a longer test time than the others (see Fig. 3-c).
The speCimené without cell formatibn often reveal the banded
disloqation structures aslshown in Fig. 3—d; 3-f and j—g,

Fig. 4 shows the general,featﬁreé of the free disloca-
tions in the specimens tested at 649°C in which diélocation
interactions with second phase; are mugh in evidencg. M23C6
~particles are often found to form preferentially along tﬁe
grain boundary, while small T;N particles with high nﬁmber
density are uniformly distributed throughout the matrix.

AA summary of the fatigue substructure data for the
Incoloy 800 push-pull specimens tested at 704°C is presented

in Table III and the characteristics of dislocation substruc-
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ture are given in Fié.'S. Well defined subgrains were fofmed
in specimens tested at-704°C. The propensity fqr subboundary
formation at 704°C is greater than that at 649°C. Five out
of seven specimens examined Qere found to have subgrains.
This suggests the subboundary'formaﬁion is strongly tempera-
ture dependent. M23C6_particles become larger and incoherent
at 704°C as shown in Fig. 5-d.

The fatigue substructure data ior Incoloy 800 sbeciﬁens
tésted at 760°C is summarized in-Téble v énd-theAsuﬁstruc—‘
tural cﬁaracteristiés are shown in Figs. 6 and 7. The incli-~
nat%on to form subgrains becomes extreme at this ﬁemperature.
‘As'é matter of fact, all tén specimens  examined by TEM showed
subgrain formation. In specimen #2B26, which was. cycled :
under a £otal strain range of 2% at 760°C, the dislocation
density‘was not obtained because the entire voiume was occu-~
pied by subgrains. Fig, 6 shows‘that the subgrain intercept
increases with decreasing stress range?which is”consistent:
with the results from those sPecimens tested at 538°C, 649°C

and 704°C. particles become larger and incoherent and -

M,3%
the number'density of small TiN particle is decreased in
specimens tested for a longer period of time at 760°C..4'
Similar to case of dislocation bands observed at low
testing temperatures, the subboundaries formed at 760°C were
often found to lie on the low index crystallographic planes

such as {100}, {110} and {111}. 1In order to study the nature

of dislocations comprising the subboundaries, the Burgers



vector fof the individual aislocationsvwithin the subgrain
boundaties were deﬁermined by using g - b = 0 criterion.

A subgrain boundary with crossing dislocatioﬂs.shown'in
Fig. 6-g was fqund to be a tilt boundary lying on the (111)
plane. A row of parallel edge disiocations which are out
of contrast in»Fig¢'6—g,’have a Burgers vectorbffl = a/i'
[lOT]‘and lié_on the (111) plane, while another set of edge’

dislocations in contrast have a Burgers vector of b, = a/2

2
f[TOT]IWhich is perpendiéu;ar to the (111) plane. Thus Burf’
gers vecfors of two sets of crossing dislocations are not
COplanaf.
} Fig. 8 gives an insight into'theAposéible role of'sub~
bouhdariés on the high temperature fatigﬁe déformationaA
Pile—ups of}dislocations against subgrain boundaries énd
grain~boundarieslare cleariy seen in this composite micro- .
graph. The position of the pile-~ups suggest that the sub-
boundaries, once formed, might act as barriers:to'the moving
dislocations.- It should be mentioned, however , that thé
pile-ups were rareiy observed in this.study, Bchky'M23C6
. precipitates are formed albng the grain boundary because
of a iong fatigue at high temperature (specimen #2H32!’tf =
11.86 hours).

The: subboundary intercept, A, as a function of the,
shear modulus compensated étress, Ao/2G for Incoloy 800

fatigue tested in push-pull mode is plotted in Fig, 9.

Several interesting observaaions can be made from this
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figure.4 The general inverse relationéhip between the sub-
grain size and stress, which has been obsérved by mahy
investigators under different modes of plastic'deformation;'
is found to be true for thé results of the present inves-
Ntigatioﬁ. It is also apparent froﬁ Fig. 9 that the sub-
boundary intercept, A, is'strongly dependen£ on the plastic
strain range, Aep. Thg following relationships were ob-
tained fof'subgrain size as a functioh of.shea; modulgs

compensated saturation stress,

. ~2.43%0.15
- -2, { Ao
A = 1.1 x 10 1><2G > . , [7.1]
‘ for Ae > 0.5%
. p
o L -2.02%0.37
A = 5.8 x 10 2b<'§%»> : - [7.2]

for Ae < 0.3%
p

8 cm)' and the Aep

where b. is the Burgers vector (2.54 x 10
is the blastic range. The subboundary intercept, X, appears
té reach the saturation value as the plastic strain range
increases at the constant shear modulus compensated saturation
stress, Ao/2G.

A pld£ of the dislocation density, p, versus the shear
modulus compensated saturation stress, Ac/2G, for incoloy
800 fatigue tested in push-pull mode is presented in Fig.

"'10. An equation of the type

p = A (Ac/2G)° ’ ' [7.3]
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where A is a constant, which was found to satiéfaétdrily
describe the relationship between the dislécation density
aﬁd'the flow stress. But the dislocation density is also
found to be a funcﬁion of the plastic strain range with

the following equations (See Fig. 11):

T, = 1.74 + 0.75 Gb/ p o [7.4]

for Ae_ > 0.5%
P

T, = 2.67 + 0.33 Gb/ p_ o ' [7.5]

for Aep.f 0.3%

where t_ is the saturation shear stress in‘kg/mmzzés_defiﬁed

(6)

elsewhere .,'ThisAis consistent with the subboundary in-
téréept findings (See Fig. 10). ‘A further analysis and
discussion of the data for Incoloy 800 will appear in the

next report.

7.1.3 References'

1. ORNL - 4948, "Mechanical Propérties Test Data for
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" TABLE-I

FATIGUE AND SUBSTRUCTURE PROPERTIES CF. INCOLOY 800 AT 538°C

Plastic Strain

btdulus-CamxuSated(aj

Average Subboundary Average Mobile Sub-boundary
Strain Rate Range Satur;tion Stress Intercept Dislocation Density Misorientation
Spec. No. ¢, sect beys Pet. 20/2G  no/2e A, um os 8, Degrees

2R42 4x 1073 2.35 8.53x 1070 3.12x 107 0.29 + 0.04 N.M. N.M.
2X72 4 x 1073 1.43 7.58 x 1070 2.77 x 1073 ' 0.37 + 0.02 N.M. N.M.
2052 4 x 1073 0.60 | 5.35 x 1073 1.96 x 1073 N.0. N.M, —-
2144 4 x 1073 0.17 4.42 x 1073 1.62 x 1073 N.O. (1.52 + 0.63)x10'° —
2041 4 x 1073 0.01 3.31 x 1073 1.21 x 1073 . N.O. (9.13 + 0.84)x10° —
2H8 4 x 1078 0.55 L 6.05x 1073 2,21 %1073 N.O. CNLM, —
219 4x1074 0.12 5.16 x 1070 1.89 x 107> N.O. (1.40 ¢ 0.19)x10%C —

(a)

(Technical Bulletin T-40).

Elastic Modulus at 538°C (E=23.58 x 106, G=8.60 x 106 psi) is,obtéined from

the International Nickel Company
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TABLE II

FATIGUE AND SUBSTRUCTURE PROPERTIES OF INCOLOY 80O AT 649°C

(a)

Plastic Strain Modulus Compensated Average Subboundary  Average Mobile Sub-boundary
) . Strain Rate Range 'Saturation Stress Intercept "Dislocation Density Misorientation
Spec. No. ¢ sec t 8¢, Pot. s/ Ac/2E A, um ‘ o 8, Degrees
2E53 4x103 3.3 8.21 x 107> 2.98 x 1073 0.40 + 0.03 N.M. N.M.
2273 4 x 1073 1.47 6.98 x 1073 . 2.53 x 1073 0.48 £ 0.03 (8.15 * 0.90)x10° 0.66 £ 0.15
2040 4x 1073 0.56 5.90 x 107> 2.14 x 107 0.83 ¢ o._os. (8.30 + 1.20)x10° 0.17 * 0.02
2655 4x1073 0.19 020 x 1003 152 x 1073 0.78 £ 0.15 N.M. H.H.
2F54 4 x 1073 0.02 32% 107 113x 107 N (4.49 * 0.83)x10° —
214 4 x 1074 0.58 - 5,56 x 107 2.02 x 1073 0.82 £ 0.07 (4.54 * 0.63)x10° 0.40 + 0.07
M13. 4 x10°¢ 0.16 4.61 x 1073 1.67 x 1073 N.O. (1.05 + 0.10)x10%0 ———-
2n62 4 x 1074 0.02 3.12 x 1073 1.13 x 1073 N.O. (8.20 * 0.60)x10° S

(a)

Elastic Modulus at 649°C (E =

{(Technical Bulletin T-40).

22,37 x 10°%, ¢ =

8.12 x 10° psi) is

obtained from the International Nickel Company
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TABLE III i

FATIGUE AND SUBSTRUCIURE PROﬁZRI‘IES CF INOOLOY 800 AT 704°C

Plastic Strain © Modulus Ccﬁpeﬁsated(a) | Average Subboundary Average Mobile ' Sub~boundary
" Strain Rate Range Saturat;on Streés‘ ‘ Inﬁércept Dislocation DenSity Misorientation

Spec. No, e, sec ! . Asp, Pct. Ao/2G Ao/2E A, um Pt om? 8, Degrees
270 4 x 1073 3.43 719 x 1073 2.60 x 1073 0.48 + 0.05 (9.10 * 3.93)x10° - N.M.

- 2u21 4x10°3 153 6.18 x 1073 2.24' x 1073 0.66 + 0.03 (5.50 + 1.90)x10° 0.44 £ 0.12
2120 ax103 0.60 5,32 x 1073 1.93x 1003 1.09 ¢ 0.16 (7.41 £ 1.73)x10° 0.48 £ 0.17
2157  4x1073 0.20 4.06 x 103 1.47x 1073 0.88 £ 0.11 (6.66 + 0.77)x10° 0.53 £ 0.19 .
2168 4 x 103 0.06 3.20 x 1073 1.16 x 107 N.O.  (4.70 + 0.58)x10° —

206 . ax10' 0.5 4.69 x 1073 1.70 x 1073 1.44 * 0.32 (4.59 * 0.50)x10° 0.75 * 0,29
2874 4 x 1074 0.04 2.83 x 1073 1.02 x 1073 N.O. (2.39 ¢ 0.21)x10° J—
(a) 6

Elastic Modulus at 704°C (E = 21,74 x 10°, ¢ = 7.87 x 10° psi) is obtained from the International Nickel Company
(Technical Bulletin T-40). . .
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TABLE IV

'FATIGUE AD SUBSTRUCTURE PROPERTIES OF INOOLOY 800 AT 760°C

Plastic Strain M‘odulu-s Compensated () = Average Subbourdary  Average Mobile Subboundary

Strain Rate Range Saturation Stress - Intercept _ ‘Pislocation Density Misorientation
Spec. No. ¢, sec! ‘ Aep, Pct., Ao/2G do/2E X, pm pm,cm—z 8, Degrees
75 4x107° 3.53 5.60 x 1073 2.05 x 1073 0.97 £ 0.19 (5,23 ¢ 21mx20° . 0.67 £0.18
2826 4 x 103 . Lel 5.08 x 107> 1.83 x 1073 1.26 * 0.18 N.M. . 0.54 £ 0.12
2F6 4x103 0.66 4.48x 107 1.61x107° 1.05 £ 0.05 (4.98 £ 0.95)x10° ~ 0.76 £ 0.19
2w23 4 x 107 0.24 3.49 x 1070 153 x107° 1.89 £ 0.41 (3.32 ¢ 0.80)x10°  "0.76 * 0.32
2028 4 x 1073 0.08 3.07x 1070 1a1x 1073 1.90 + 0.40 ' (3.30 £ 0.40)x10° 0.42 £ 0.08
2679 4x103 0.07  2.48x103  8.93x10° 2.33 * 0.19 (2.46 ¢ 0.51)x10° _  0.69 + 0.18
2K35 ax1074 166 4.28 x 1073 1.54 x 1073 1.61 ¢ 0.10 (5.39 ¢ 0.31)x10° ~ 0.85 ¢ 0.20
2H32 sx10t o 3.76 x 2070 1,35 x 1077 2.55 + 0.24 (93 0.23)x10°  0.59 ¢ 0.22
2133 4x1074 0.28 2.94%x 107 1.06 x 1073 1.60 £ 0.16" (3.25 '+ 0.30)x10° 0.90 * 0.31
2H80 axw0t 0.08 2.35 x 1070 8.46 x 2074 2.98 £ 0.56 (1.11 £ 0.25)x10° 0.67 ¢ 0.14

{a) 6

Elastic Modulus at 760°C (E = 21.06 x 10

i ¢ G=17.58 x 106 psi) is obtained from the Internaticnmal Nickel Company (Technical Bulletin
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Fatigue Substructure of Incoloy 800 at
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Fig. 4 Fatigue Substructure of Incoloy 800 at 649°C;
(a) Specimen 2Q40; (b) Specimen 2F54;
(c) Specimen 2N14; (d) Specimen 2M13.
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Fatigue Substructure of Incoloy 800 at 704°C;
(a) Specimen 2V70; (b) Specimen 2U21; (c) Speci-
men 2I57; (d) Specimen 2B74.
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Fig. 6 Fatigue Substructure of Incoloy 800 at 760°C;
(a) Specimen 2C75; (b) Specimen 2B26;

(c) Specimen 2F6; (d) Specimen 2D28;
(e) Specimen 2K35; (f) Specimen 2H32;
(g) Specimen 2HS80.
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(a) Specimen 2F6;

OC;

Fatigue Substructure of Incoloy 800 at 760

(b) Specimen 2D28;

7

Fig.

{c) Specimen 2K35.
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Fatigue Substructure of Incoloy 800 in Specimen 2H32 at 760°C.
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Fig. 9 Thé Subboundary Intercept Size, A, as a Function of the Shear

Modulus Compensated Saturation Stress Ac/2G for'Incoloy 800.
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Fig. 10 The Dislocation Density, p, as a Function of the Shear

Modulus Compensated Saturation Stress, Ac/2G, for Incoloy

800.
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APPENDIX B

PROGRESS REPORT _.FOR PERIOD ENDING APRIL 3¢, 1976

et ey kJ

7.1;1 INTRODUCTION

The objectlve of thlS program 1s to (a) evaluate the
‘time, temperature and.stress-dependent mechahical érOperties'
of reactor_strugtural materials, (h)Adetermihe the relation—_
ship of these,properties to the microstructure, (c)'show'the
contribution.of'the‘microstrueture to the internal stress
fields and the subsequent‘influence‘onAmicrocracking and
~the grain boundary sliding behavior during the normal plastic
,deformatlon at elevated temperatures and (d) demonstrate the
relatlonshlp of the hot micro- hardness propertles with the
hot- ten81le propertles of a class of commerc1al and advanced
alloys presently under 1nvest1gatlon at other laboratories.
Special consideration is being given to operatlng cond;tlons
‘typical of‘nuclear-reactor applications,=ineluding the kndwl—
:edge that radiatioh‘environment ean influence the substructure
of these metals, a circumstance Wthh can lead to significant
ehanges in the conventlonal mechanlcal prOperty behavior.

7.142'~EXPERIMENTAL PROGRAM

Trahsmission electron ﬁicrosc0py has been used as the.
primary;tool to study the deformation substrgcture,of reactor
structural materials resulting from creep, fatigueland tensile

_ testing_at elevated temperatures. Complemehtary work usingj

optical<microseopy;.scanning electron microscopy and hot-
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hardness testing has been performed té characterize the
deformation and failure behavior. New work is underway to:
perform similar studies on the Commercial, the Developmental
and the Fundamental ailoys being evaluated in the Nationai'
Alloy Developmental Program wifh particular attention on
the application of hot-hardness measurement as a strength
microprobe. | |

7.1.2.1 Further Analysis of Fatigue Substructure Data for

Incoloy 800 (H. Nahm)

The relation bétween the cell intercept size and the
flow stress may be appropriately described by an equation

of the following form:

@4

where ko is a constant, 1 is the shear stress and n takes

a value between one and three. The value of one for E

was theoretically predicted by Holt(l), Kuhlmann*Wilsdorf(z)

and Langford'and Cbhen(3), Recently Young and Sherby(4y
developed a model yielding n = 2. This,geheral relationship
has been experimentally confirmed both for the unidirectional

(3-14) .n4 for the cyclic deformation (12721

deformation
wide range of matérials at various testing temperatures.
Recently it was observed in high temperature creep of

(9,13) that the dislocation

AISI 304 and 316 stainless steels
cell or subgrain intercept, A, has been related to the

modulus compensated shear stress by the equations:
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L C17.2)

A = 12b (1/G)
for the case of subgrains, and
- —2, -2
A =5 x 10 “b (t/G) [7.3]

for the case of cells, with the transifion occurring at
a value ef /G eqdal to approximately 4.2 x 10_?. ‘The
constant b is the Bufgers vector. |

.The present.results for the fatigued'InCOIQy 806.(Fig;
9 in.refefence-22) indicate that n is somewhat higher than
-2 which is consistent with the resulﬁs of Chailenger and

(10) for fatigued AISI 316 stainless steel at elevated

Moteff
temperature. The difference in the. observed value of n is.
- not known ‘at the pfesent time; it'appears-te‘be a eemplex
funhction of,the'matefial, allQYing.and the applied stress

(4)

as suggested by Young and Sherby . It is also'possible
~that ﬁhe difference might be from the fatigue’defo'rm‘a.tion°

The subboundary intercept and the dislocation density
were found to be a function of the plastic strain range
.employed as shown in Fig. 9 and Fig. 10, .in the.referehceA22.
respectiveiy. The subbogﬁdary interceét initially increases
and reaches a saturated value with increasing plastic range
at constant.value of Aag/2G (see Fig. 9 of the refereﬁce 22).
Dislocation deﬁsitylshowe the similar dependency on the plas-
tic strain range (see. Fig. lO of the reference 22).

Despite‘the differences mentioned above,:the general

inverse relation between the cell size and the flow stress
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strongly indicates that a similar deformation mechanism is
operating in both monotonic and cyclic deformation. Further-—
more, a wide range of parallelisms of deformation mechanisms

exist in either single phase or multi-phase materials(lsfzs—

25). Feltner and‘Laird(ls) interpreted their data for the

high amplitude saturation stress observed in Cu and Cu-Al

(26) work hardening theory

alloys by using Kuhlmann-Wilsdorf's
q(23)

for stage II. Similarly, Calabrese and Lair uséd Ashby's
woikhardening-theory.for plastically non-homogeneous materi-
als(27) to explain the fatigue properties'gf'a two phase alioyA
(Al - 4% Cu) with particles not penetrated’by dislocations.

It ;éems;’thérefbre; quite reasonable tb take a~similar ap—‘
proach in. correlating the present.substructure data of Incoloy
A806 wi£h'the observed fatigue properties. | ‘

'_,SinceAAshby's theory is going to be slightly ﬁodified34

in iﬁterpreting the ﬁreéent faﬁigue_data,-it is appr0priate‘
to briefly describe Ashby's workhardening théory for plaé-
tically ndnfhomogeneoﬁs materials, especially for the case

of materials with non-deformable plate-like partiéles; Most
materials are “plésticaliy non-homogeneous" because of the
existence of the'gradients of deformation due to micfostruc‘
ture. For example, the Hard particles deform less than the
matrix. This difference in deformation sﬁould 5é accommodated
by "geometrically necessary" dislocations to allow compatible.

deformation of the different component in the matrix. Thus,

most materials can be defined as "plaéticélly non-homogeneous"
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Apossibly with the exception of single crystals. Thé other
type of dislocations are called "statistically stored" dis-
locations which result from the mutual trapping of one. another,
often found in the uniform deformation of single crystal.’
When the accumulation of “"geometrically necessary"‘dislocation
becomes more fhan that of "statisticaliy stored" dislocafion,
the former starts to be a controlliﬁg factor‘in-the work-
hardening behavior of materials.

The density of the Jgeometrically necessary" disloca-

tions, .is given by

P’

{7.4]

ol2

, pGYL

} . -G
- where Y is the shear sfrgin, b is'the Burgers Vecfér; XG:is
4ﬁgeometric slip distance" which is'characteristic-éf:ﬁicro;

structure. For the case 6f alloys with non-deforming pléte4
like parficles; AG becomes the spacing between platés. |
A theoretical relationship between the flow stress, T,

and the total dislocation density,pr,
T =T, + aGbvV Pp ‘ : [7.5]

has been found to be true in a.wide range of deformed FCC
and BCC metals, whéré T is the frictional stress, G is the
shear modulus,.b is the Burgers vector, a-ié é'constant to
be 0.3‘and P is the sum of the density of "geometrically'
necessary"” dislocations, pG; and that of "Statistically

stored" dislocations, Pg
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In case Pa is dominant, becomes equal to Pge Sub-

pT )

stituting equation [7.4]:into'[7.5]; an equation of the

_ by \ |
T= T+ 2CG"<XE> o | (7.6]

is obtained where C is a constant. Equation [7;6] is Ashby's

type,

work-hardening theory for the plastically non-homogeneous
.-materials. This relation shows the'parabolic stress—strain
-rélationship, often observed in the polycrystalline materials.

Similar to equation (7.4], a relation of the form,

: IE >m S
p f a(bk’ | , : [7.71

is assumed to folloan.the'cyclic deformation behavior of
.Iﬁboloy.SOO, where p is the dislocatipn density, yé isA£he
plastic shear strain amplitude, b is the Burgers vector,
Y’ is the cell or subgrain diameter from A =1.68 x(l)iand
o,m are constants. The above assumption appears to be
reasonable since the subboundaries, once formed may play
‘a role as barriers to mobile dlslocatlons 51m11ar to the
role of phases during deformation;'and'the dislocation den-
sity is expected to increase with increasing plastic strain’
range. It is not known at the present time, however, what
the'exact role of subbouﬁdaries.is on plastic deformation.
Since the observations made by the TEM are essentially
made inside»a‘single crystal, the following relations were

used to convert the stress and strain in Incoloy 800 into
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that of single crystal,

(7.8]

Ao/2 = o = Mp T
A€ - C
=M =M —E 7.9
Yp P P p 2 [7.9]

where M 1s the numerical factor, Ag/2 or ¢ is the satﬁratioﬁ
stress at half fatigue life, Aep/2 or ep is the plastic strain
amplitude, T, is the saturation shear stress for single
‘crystal and Yp is the saturation shear plastic strain for
single erystal. The value of 3.1 for Mé calculated by .

(28)

Taylor for FCC materlals was used in the present study

-ThlS value - may be approximate because Mp appears tq:be also
‘ abfunction of temperature(28).
| | In order tqlcheck the validity of the assumptions
previously made, the dislocation density as a function of
the parameters (y /bkf) for Incoloy 800 is plotted inAFig, 1.
Experimental verlflcatlon of equation [7.7] appears to be
..satlsfactory from Flg 1, considering the error 1nvolved in
-measuring the dislocation density. |

If we substitute equation [7.7] into equation [7.5],

the follow1ng type of equatlon is obtalned
: ' <bY > : : B
TS/G = A —ng . : . [7.10]

This equation has a form similar to Ashby's workhardening

theory, equation [7.6], except for the power relationship

instead of the square root of the term (byp/x’).
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A plot of the modulus compensated saturation shear
stress versus the parametef (byp/k’) 1s given in Fig. 2..
It is apparent that the data are in excellent agreement

with the modified theory. The best fit line through least

square analysis(zg)'Was found to be
2 (by 0.20+0.014 .
Ty = 2.4 x 10 7 G TR o 17.11]

with the multiple correlation coefficient value of ~ 0,95.'
Fatiéue data on AISI 304 and 316 stainless steels by
Challenger and Moteff(l8’19) and on AISI 304 stainless steel
‘by Nahm and Moteff(30) ape»included in Fig. 3 with the best

' fit line for the data on -Incoloy 800. .It is again évident T
, thaﬁlthe data on theiother austenitic stainless’stééls are-
well correlated with thé_modified theory. Tt is believed
tha£ the same type of fatigue mechanism is operating in

. austenitic stainless steels-fbr a widé range of testing
temperatufes4and test conditions.

At this point of aiscuSSion, it seems proéer to discuss
the influence of second phases in subbouhdary'férmation in |
incoloy 800. Three types of precipitates (A7, M23C6 and . ‘
TiN) are identified in fatigued Incoloy 800. Detaiis of
identification methods and the effect of preéipitates'én
vmechanicél éroperfies were discussed previously(Bl). Second
phase forﬁation-during fgtigue in Incoloy 800 appears not

to affect the subboundary formation. The TEM observations

and the evidence of a critical dislocation density for cell -
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. formation support this view. The léck of second phase -
effects on subboundary formation is alsd consistent with the
cells that were observed'in the dispersion hardened copper
singlé crystal during fatigue(32—35).

The preéent result can be interpreted by the concept of"
"threshold" interparticlevgeometry as given by Ashby(27).
Second phasés control the hardening behavior when'particle
geometry is similar to that of dislocation cell struétufé;
and the interpartiéle spacing is less than or equai to
the self-trapping distance of dislocafipné._ When the
spacing betwéen the second phases is larger than the dis-
location self—trapping‘distance (equivalent to the cell
size) and the geometry of second phases is quité diffefent:.;
from the cell structure, the cyclic behavior becomés_thét.'

. of the singie phase materials. The present :esults onp
Incoloy 800-belong to the latter case. For example, the
-substructure observed dﬁring creep of Hastell6y:x and

(36). The

Udimet 700 did not show any subboundary forﬁation
reason for this is that the geometry and size of second
phases fofmed in these alloys is quite'compafable with the

" geometry and size of the dislocation cell structure; It is,
‘howéver, true that the second phase formation contfibuﬁes

to the increase in flow stress. The higher valpe ofisétura-
tion shear stress in Incéloy 800 than in AISI 304 or 316

stainless steels, at'constant'value of the parameter (pr/A’)

(see Fig. 3), could be attributed to the presence of a second
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phase such as small TiN particles formed in.Incolqy 800.

7.1.2.2 Creep—Miérostructure Evaluation.of AISI 330 Stainless
Steel (H. Jéng) ' | |

The creepémicrostructure evaluétion has been initiated
on AISI 330 stainless steel which was provided by Hénford.
-Engineering DévelOpment Laboratory in the form of l/4}in;
diameter'rods. Round creep test specimens were machined
from these rods with a gage length 1.00 in. long by'O.lésj
~in. diameter. The complete specimen dimensions are shown
in Fig. 4. The specimens; wrapped in Ta foil, Were given
an annealing tréatment at‘llOO°C for'i/Z hoﬁr in a vacuum
of » 1 x 10"6 torr. No oxidation or discolorétion of the °
specimens occdrrediduring the annealing treatment.‘

A constant load creep ruéture_test was pefformed on a
"conventionai‘leVer type cfeep testing machine.(Arcwgld»Model
C,creep—rupture tester) with one of the specimens at 649°C
under‘an'applied'stfess of 30,060 psi. The specimen was
heated slowly‘from the room temperature to the test tempera-
- ture and soaked overnight at that temeprature before the load
was applied. 'The.temperéture was monitored by two-chrdmele‘
alumel thermocouples fastened to fhe ends. of the feduced.i
section. Temperature variétion along the gage iength éf the
' specimen was held to within *1°C and temperature control was
maintained within #2°C duriﬁg the entire test period. The
specimen exteﬁsion Was monitored by two dial gages4and one -

LVDT. One dial gage was placed on the load arm, and the
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other dial gage and thé LVDT were -attached to aﬁ extensomefer
which waé clamped to the shoulders of the specimeﬁ. The dial
gages had an accuracy of 2 x 10_4Ain. and the LVDT had an
accuracy of 6 x lO_5 in. The output of the LVDT was plotted
on an X-Y recorder continuously during the test period.
When.ruptured, the specimen was cooled rapidly in order td
preserve microstructures déveloped in the specimen during

the test. An electric fan was usedlto assist the rapid
cooling.

The strain vs. time curve for the specimen tested at
649°C with an applied stress 6f 30,000 psi is shown ih Fig.~
5. * It shows small primary and secondary creep étages,'and
a very:large tertiary creep stage. The creep rﬁptﬁfe data
are listéd below:

Strain on loading: 1.63%

‘Strain at the end of primary stage: - 2.6
Time at the end of primary stage: 0.8 hr.

Strain at the end of secondary stage:. 5.75%
Time at the end of secondary stage: 6.2 hrs.

Rupture strain: 64.3%
Rupture Life: 29.6 hrs.
Minimum creep rate: 1.04 x 10—4’--sec“l

Réductidn in Area: 50.2%

A comparison of these data with those obtained from an AISI .
304 stainless steel tested under the same test conditions
shows that the rupture life of 330 SS is an order of magnitude

‘longer than 304 SS, while the minimumvcreep rate is smaller
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by a factor of 6-7.

TEM evaluation of this creep—rdpthre specimen and another
"creep test at 500°C with an applied stress'of‘30,000 psi ére
presently being conducted. Also, othér creep tests at a
wide range of temperature and stress levles and the subsequent
substructural studies are being planned. |

7.1.2.3 Creep-Microstructure Evaluation of A286 (A. M. Ermi

and H. Nahm)

Material was provided by the National Alloy Development
Program Task Group, Hénford Engineefing Developmént Labofatofy
in the form of ~ lmm thick sheets. Méstlof the time has been
spent on the prepa#ation‘of»test speciméns and'heat treating
of this precipitation strengthened stainless steelfm The
details of the specimens and preliminary creep_data with
micrbstructural correlation will be reported in future prog—A
ress reports.

Beforé evaluating ﬁhe qreep-microstructuré.relationship”
the‘effect Qf ageing was studied. A set of speéimens was
solid—sol@£ion annealed at 900°C in.airAfor 2 hours, oil
quenched, aged a£ 720°C for various times, and éir cooled.
Fig. 6 shows the DPH hardness as a function of ageing time..
It.is apparent that rapidzhardeniné occurs during'the initial
'ageing period, the hardness increasing slowly thereafter.

Electrbn énd optical microscopy are being performed
ﬁo study the effects of the heat treatments onlthe micro-

structure.
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7.1.2.4 Hot-Hardness Measurements on High Temperature

Alloy Systems (R. Dorning)

One objective of the hot-hardness teet is to determine
the relative strength levels at different temperatures SO
that the initial test conditions for creep and hot tensile
experimentsAcah be established. Accordingly, hot—hardnees
measurements have been made on specimens fabricated from
solution treated AISI 330 stainless steel‘and-on aged A-286.
The tests were perfqrmed in an Argon atmosphere at ﬁempera—
tures up to 1200°C. These results are presented in Fig. 7. .
The aged A-286 shows hardness levels which are about a
factor of three greater than the AISI 330 stainless steel’
in the temperature fenge of about 200 to 900°C. Tﬂe AISI
330 hardness values are very similar..to that of annealed

‘AISi 316 stainless steel and much lower-than the 20% cold—.

worked 316 stainless steel'as shown in Fig. 7.
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Fig. 4 Drawings of AISI 330 Stainless Steel Creep Test Specimen. . (The dimensions
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are given in inches).
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APPENDIX C

 PROGRESS REPORT FOR PERIOD ENDING JULY 31, 1976

By RV USRI RPN

7.1.1.  INTRODUCTION
The objective bf this'ﬁrbgram is:tO'(a)'evaiuate the
time,.température, and stress—de@endént meéhaniqalAproperties'
of reactdr.strucﬁural:matérials, (bﬂvdetermine the relation-
ship pf’these'properties to the»microstfucture, (c) show the

-contribution'of thé microétrgctﬁre to the»ihternal4stress
fields'and'the subséduent inflﬁencé bn‘microcracking-and the
grain boundary si;ding behavior dufing the normal*plasﬁic:
deformatibn at elevated‘témperatufés,,and (d)AQCmonstrate
‘thé;relatiohship of the hot micro-hardness properties with
4the hot-tensile properties ofva classaof'c6mm¢rcial and
advanced alloyé présentlylundefiinvestigation at other .labo-
ratoriesA Special cdnsideration is being given to opérating
condltlons typlcal of ‘nuclear reactor appllcatlons, 1ncludlng
. the knowledge that radlatlon env1ronment can 1nfluence the
substrgcture of these_metals, a Cchuﬁstance which can'lead‘
to s;gnificant changes 1in thefconvenfional me;hénical property
behavior. ' .

7.1.2. EXPERIMENTAL PROGRAM

Transmission electron microscopy-has been used as the
primary'tool to study the deformation substructure.of reactor
’structurél materialsiresulting~from creep, fatigue, and

.tensile‘testing at elevated'temperatures. Complementary work
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using optical microsqopy, scanning electron microscopy, and
hot~hardness tésting has been performed to characterize the
deformation and failure behavior. New work is underway to
perform éimilar studies on the Commercial, the Developmental, -
and the Fundamental alloys being eQaluated'in the Natipnal
Alloy Developmental Program With particular attentién on
fhe application of hot-hardness measurement as a‘strehgthj
mic;oprobe. |

7.1.2.1. Creep-Microstructure Evaluation of AISI 330

Stainless Steel

7.1.2.1. (A) Stress-Temperature Effects on Substructures

~(B. Billings) .
Table I shows the results of the cree?—rupture testing
completéd to date. All testing was performed at 70lfC ?ith
fhe-exception of one sample which has been discussed |

(1)

elsewhere . The speciﬁen geometry, type of creep teétihg

~maéhine) and testing methods pertinent to this work have beeﬁ
feborted before(l). Figure 1 shows the creep curves obtained
through tﬁis ﬁestihg. It'can be observed qualitatively that»
AISI 330~demonstratés the stress dependence of.the overall
Creep rate as doéumented in the literature(z). Howevef, as-
the present time period is being utilizedimainly-for réw data
collection, a detailed interpretétion of the experimental re- -
sults will be withheld pending further data accumulation.

A limited amount of TEM observation has been performed

on two (2) of the ruptured specimens: AN330-CB0l and AN330-

C2
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TABLE 7.1

AIST 330 RAW CREEP-RUPTURE TEST DATA,
TEST TEMPERATURE 701°C (1294°F)

e ‘e é -t t

Sample Applied p : t s T2 R e RA

Number Stress, ksi % % 3/hr -~ hr hr - 3

AN330-CBOl 40 5.0 - 12.0 "83.7' 0.15  0.25 60. 44,
-CB03 35 . 2.7 6.0  33.3 . 0.17  0.68  65. .54,
~CBO2 30 1.5 2.7 8.82 0.85  2.90  64.0  56.
~CB04 20 0.19 0.95 0.60 5.0- 33.65 62. 58.

ep = plastic loading strain

e, = transient creep strain

éS = minimum secondary creep .rate

t, = time to reach end of secondary creep (0.2% offset)

tp = time to rupture o

ep = rupture strain 4 .

% RA = % reduction in cross sectional area

NOTE: Values obtained £hrough}g#§phical methods

g9t
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CB04. These samples were tested at 40 ksi (275;8 MPa) and

20 ksi (137.9 MPa), resgectively. The microstructure of the
former was cellular in nature, while that of the latter was
subgranular, as was eXpected; At the present time, however,

no quantitative microscopy work will be discussed.

7.1.2.1. (B) A Study on Subgraln/Cell Development Durlng

Creep. Deformatlon (J. Foulds)

The specimens for creep testing were maehined.frem
1/4 'in. die. bar stock obtained from the Hanford Engineering
Development Laboratory (reference heat = BB8951) and annealed'
at 1100°C + 10°C and less:than 1 x 107° torr in two batches
of twelve specimens each.

'Mierostructural features will be observed and thevgrain
size determined. ‘Creep  testing and TEM work will be eerried
-out according to the plan described neiow.

-fhe strain behavior of the material will be:studied at
a fixed temperature above 0.5 Tm and at two stress levels.

The ttmperature and stress levels will be selected such that
subgrains are obtalned at one stress level and cells at the
other, and such that the strain rates'invoived'are not too

. high or too low to result in very short-term or leng;term
tests. For this, a feW~preliminary tests will be run using
.as a first approximation an Ashby deformation map for 304255
and operating at temperetures ard stress levels in the reéion
of separation between dislocation glide andﬁclimbr Constant

load creep tests will be run using an Arcweld model C creep-
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rupture tester, the electric furnace being of the zone con-

trollable type and capable of a constant‘temperature zone of

maximum variation + 1°C over a lencth twice the specimen’

gage length.

The dislocation substructures will be studied at various

points in the deformation process using a different specimen

each time and stopping the test at the desired level of

completion.

The'cross-mérked points in Fig. 2 indicate the

points at which substructure studies will be made,which with

increasing strain, represent:

(i) Before test (annealed).

(ii) At
(iii) At
(iv) ' At
(v) At
(vi) At
(vii) At

(viii) At

starﬁ of.primary creegs stage;

approxiﬁately 50% primary creép strain.
completion of primary creep-étége, |
50%'secohdary creep strain..

compietion of secondary creep.

apprbximately 50%‘of tertiary creep strain,:

rupture.

At these strains the substructure will be evaluated with

- regard to

(i) Dislocation density.

(ii) Cell or subgrain size.

(iii) Misorientation between cells or subgrains.

(iv) The identification of any second phase formed and

its effect on strain behavior.

These will enable a guantitative correlation between the

Co6 .
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various facets of substructure development and the observed

strain behavior in the creep mode.

7.1.2.2. Activation Energy for Creep Calculated from Hot- -

Hardness Data (H. I. Jang)
Mcst of the empirical equaticns relating hardness with

temperature are of the form:

-BT

H = Ae T [7.1)

g = ae?/T [7.2]

H=A+ B/T C[7.3]
Althouch it is considered(3)

that the Ito—Shishokin relation-
ship ( quatlon 7. l) is the most satisfacrory expression'to
fit the experlmental data, it is ‘difficult to interpret in
.terms of other metal characterlstlcs( ). For a large numbex
of metais, ia fact, the data fit all three expressions qqlte
.well, and Eéuation 7.2 is suggestive of thermaliy actiVated.;
deformation processes(4); |

The influence of temperature on the hardness of AISI 330
‘ _SS is shown in Flg. 3. The logarlthmlc scale of hardness VS
'l/T is used in. accordance with Equatlon 7. 2. The shape of the
hardness/temperature curve can be descrlbed as two stralght
lines inFersecting at about 0.55 Tm. The inflection of the
curve at aroundVQ.S Tm has been observed in many other ﬁetals,
and it has been attributed te a change in the deformation

".mechanism from normal slip processes below the 1nflectlon to

diffusion-controlled processes above the 1nflectlon. From

of:]
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the slope of the curve in Fig. 3, the "apparent activation

energies for indentation hardness" were determined by using

(4)

the Larsen—-Badse relation

H = ae2Q /KT (7.4]

The results are:

0! 7.940 cal/molg'for T > 0.55 Tm

Q' =. 340 cal/mole for T < 0.55 Tm.
The'apparent activatioh energy for indentation hardness 1is.
low, and this has been explained by Sherby and Armstrong(s)
They have shown that the activation energy~for creep,can be
~determined'from'hot—hardness data above 0.75 Tﬁ byvusing the
expréssioﬁ . | .

H/E = G eXP .RT ’ [7.5]

The,hqt—hardness-data of-AISI.33O stainléés éteel above 6.5 Tm -
:plotteduas logarithm H/E &s.'l/T is shown in Fig;A4; As can
be seenvtwo straight lines can be drawn Qith a bréak oéqurring,
at about 0.75 Tm. 1In thié plot the Young's modulus of AISI

304 SS(G)'was used with an extrapolétion to 1200°C. Utiliz-
ing Equation 7.5 with n = 5, the activation énergy for creep
.of 93, 400 cal/mole was obtalned for T > 0.75 Tm.

7.1.2.3. Correlatlon of Hot~Hardness and Hot Ten51le Strength

of 2 1/4 Cr - 1 Mo Steel (R. Dorning)

Hot-hardness tests were performed in a high purityAargon‘
:(99.999%) atmosphére.on 2 1/4 Cr - 1 Mo steel at four dif-

- ferent carbon levels between 0.009% and 0.135% by weight. The
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hardness results are .related to the tensile strength. at six
temperatures'ranging from room temperature to 565°C by the

(7)

relationship
n

o = 5 (57217) [7.6)
As can be’seen in Fig. 5, the correlation between UTS and'hot; :
‘ hardness is excellent for the hicgh carbon (Q.lZO% C) and the
commercial (0.135% C) steels for all the temperatures tested.
The medium (0.030% C) and low (0.009% C) carbon steels sth_
good correlation at test temperatures above Vv 350°C and fair -
'correlation at the. lower temperatures. Figure 6 shows the
comcarison between the UTS obtained from the tensile data and
that calculated from thevhot—hardness data for all fcur dif-
ferent carbon—level steels. A stralght line is drawn w1th a
45° angle through the data p01nts, and it can be seen that

there is an excellent correlatlon between the experlmental and

the calculated tensile strength.

“7.l.2.4. Grain Boundary Sliding in AISI 304 Stainless Steel
| (JelCosta) |

- Preliminary grain boundary Sliding'léBS) data has
-;esulted from the testing of a direct—loading, qltra—pure.
argcﬁ atmosphere‘creep furnace. Creep specimens 2.5 x°0.5
X 25‘mm long were macﬁinedAfrom a 304 SS sheet. The sheet
product fotm; afte: undergoiﬁg a series of cold rolling and;?
annealing treatments, resulted in-an average grain size of
93 mlcrons. Specimens were mechanically polishea, etched |

lightly, and a rectangular grid pattern was scribed‘by hand

Cl2
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pver'the midsection using a SiC scriber.

The specimen was then heated‘to 750°C in an argon atmo-
sphere and a QOOO-psi stress applied. At random intervals the
testing was4interruptad ahdlthe specimen‘removed. Using the.
traveling and optical microscopes,'strain and grain boundary
sliding paramaters wefe measured. The offééts of both the
transverse.and longitudinal marker lines were'méasu:ed and -
applied‘in<Equation 7.7, previously used by Rachinger(8)>and,

(9)

in Equation 7.8, a simplified version from Stevens .

egb = NLlT~ - [7.771.

Egb = 2 NLdL [7.8]

where NL is the number of boundaries per unit length in the

longitudinal direction, 1, is a mean value of the-longitudi—

T

nal component of displacement of a transverse line, ai is a

mean value of the tranéverse component of displacement bfAthé
longitudinal_marker line.
| It should ba noted that these equatioﬁs are applicable
.under specific assumptions, Preseﬁt inVestigatlons are
verifying the validity of'thesa simplifying assumptions.

At least 400 totallmeasuréﬁents were takeh at the intér;
.sections of the grain boundary and the longitudinal and tfans%
-verse marker lines to compute values for Egb' The single

- plot of € in Fig. 7 was the computed mean value of the

gbr
results as obtained from Equations 7.7. and 7.8. - Photomicro-

giaphs of the more distinguishable sliding grains were
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included in Fig. 7.

Another fact to be emphasized is that only one specimen

was employed in this test of interrupted runs which could

appreciabiy affect the rupture life and totalfstrain to

rupture.
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APPENDIX D

PROGRESS REPORT FOR PERIOD ENDING OCTOBER 31, 1976

YT Teen. o e prap—— Z- e e m e PR S L TR

7.1.1. INTRODUCTION

The objective of this program'is to (a) evaluate the
time, temperature, and,stress—dependent mechanical properties
tof reactor structural materials, (b) determine the relation-
rship of ‘these properties to the,microstructure,.(cl show the
contribution of the'microstructure to the internal'stress.
lfields and the'subsequentyinfluence.on.microcracking'and the
grain boundary‘sliding.behavior during the normal plastic
deformation at elevated temperatures, and.(d) demonstrate’the-
relationship of the hot micro-hardness properties with the
hot- tenSile properties of . a class of commerc1al and advanced
alloys presently under investigation at other laboratoriesw
.Special consideration 1is being éiven‘to operating conditions
typical of'nuclear feactor applications, including the knowl-
edge that radiation environment can influence the substructure
of these'metals,‘a circumstance which can lead‘to,significant.
'changes in the conventional mechanical property behavior.

'7.1.2.‘ EXPERIMENTAL PROGRAM -

TransmisSion electron microscopy "has been used as the
.primary tool to study the deformation substructure of reactor
structural materials resulting from creep, fatigue, ‘and
-tenSile testing at elevated temperatures Complementary work

“using optical microscopy, scanning electron microscopy, and

- D1



hot-hardness testing has been performed to characterize the
deformation and failure behavior. New work is underway to |
perform similaf studies on the Commercial, the Developmental,
and the Fundaﬁental alloys being evaluated in the Netional
Alloy Developmental Program with particular attention on the
application of hot-hardness measurement as a'strength micro-
probe. | |

7.1.2.1. Activation Energy for Creep of AISI 310 Stainless

Steel and Inconel 718 Calculated from Hot-Hardness

" Data (R. Dorning)

Hot—hardness tests Were performed in a high purity'afgon
© (99.999%) atmosphere on AISI 310 stainless steel and prellml-
nary tests on Inconel 718._ As shown in Flg 7.1, the hard—
ness curve of AISI 310'stainless steel is simllar to that of
AISI.330 stainless steel at tempefatures above 300°C. The.A
difference at lewer temperatures is believed to be dhe to heat‘
treatment variance. Sample preparation alse effects the hard-
ness atblowtemperaturessince a cold work surface layer is
introduced by cutting and polishiné° Electro polishing was
-.eﬁployed to minimize surface stress. |

Tests above 0.75 Tm have been'completed oh Inconel 718
which displays the”same general characteristics onvthe'AISI
310 and 330 stainless steels at siﬁilar temperatures,

In a continuation of the work done on AISI 330 stainless
steel the apparent activation energy for indentation hardness

and the activation energy for creep have been calculated on
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AISI 310 stainless steel and Inconel 718. The apparent acti¥

vation energy for indentation hardness was determined using

(1)

the Larsen-Badse relation
H = A exp [7;1]
where the slopes in Fig. 7.2 are equal to 2Q'/R.

The results for AISI 310 stainless steel afe

6,2OQ cal/mole for T > 0.55 Tm

Ql

Q' 140 cal/mole for T.< 0.55 Tm

and for Inconel 718

, Q' = 6,100 cal/mole for T > 0.55 Tm.

The low apparent activation energy for indentation hard-
* ness has been éxplained by Sherby and Armstrong(zy. By using
the expressiohx

H/E = G exp (Q/nRT) o [7.2]

~ the activatioﬁ energy for ¢reeé can be determined. The

| modulus compensated hardness data fér AISI 310 stainless steel
and Inconel 718 above 0.55 Tm versus 1/T are gi&enAiﬁ Fig.
?.3. The.AISI 310 stainless steel displayed the same breék

at 0.75 Tm as the AISI 330 stainless sﬁeel (previous feport).

' For a value of n = 5 in Equation 7.2, the activation enerqgy
for creep of 85,100 cal/mole for AISI 310 sfainléss steel and

63,500 cal/mole for Inconel 718 were obtained for T > 0.75 Tm.
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7.1.2.2. A Study on Subgrain/Cell Development During Creep

~Deformation (J. Foulds)

Three tests were run to rupture on AISI 330 stainless
steel at 652°C (0.57 Tm) and 35 ksi, the curves obtainea being
sufficiently identical to warrant the running of interrupted
tests. Interrupted tests were run ae shown in‘Fig. 7.4 and
Table 7.I. Table 7.II contains the rupture'date'for the test
A(Specihen #AN336—CF01). | |

Interrnpted tests at 652°C and 25‘ksi hane been post;
poned due to the variation obtainedﬂin the rupture déta for
the three tests run. - The possible reasons for the variation
' afe.under inyeetigeﬁion. |

.:Straining during the interrupted tests was'cafefully‘
monitored noting a less than 1 percent straln dev1at10n from
the_curve }n Elg, 7.4, indicating the valldlty of the micro-
~structural data to be obtained from'the'tested.specimens°

The fractufed surface of the fuptured specimen AN330-
CF01 1nd1cated a highly (>95%) transgranular cracklng ‘mech-
anism when observed on the scanning electron mlcroscope,
Preliminary TEM observation on the same specimen revealedna
"not so well defined" cellular structure with the presence of
a second phese (not yet identified) having ;he seme crystal
structure as the matrix. All micrographs will be reported
et the time of quantipative evaluation of the microstructural
date. |

With regard to the "as-annealed" material the grains were
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observed to be equiaxed with the average grain size = 87
microns measured both on longitudinal and diametrial sectiohs
while the average microhardness was found to be 128 DPH for

the same.

7.1.2.3. Fatigue Crack Characteristics as a Function of the

Fatigue Life of AISI 304 Stainless Steel Tested

at 649°C (J. Costa)

This study was accomplished in conjunction with the high
temperature fatigue substructure development work reported
earlier( ) Since these tested specimens were used in this
‘ study; thelreference heat number, heat treatment, and chemical
analySis are the same. | - o

| Seven hour glass specimens have been tested to different
fractions of: the fatigue life and to failure (complete separa-
tion) under the ‘identical testing conditions ofltemperature
‘(6490C5, total strain range (2%), and cyclic strain rate |
(4 x 10_3sec;;)°'vThe number of cycles at the termination of
the respective fatigue tests and their test details are given
in Tabie'7,II. All tests were initiated at the peak of the‘
tension cycle, with the exception of the'l/4 cycle case.

Montages of the fractured surface, as photographed by a
scanning electron microscope (Fig. 7.5), were assembled in.
order to count striation fringes. Recognizing that there is
normally a one-to-one relationship between a striation and a
fatigue cycle during crack prOpagation,_the number of stria-

tions per unit length (dN/da) counted at various positions
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positions along the montage was determined. This_value,
dn/da, called the striation density, was plotted against créck
length, a, which produced a curve (Fig. 7.6 a) from which, by
integration, Np(s), the number of cycles for crack propagation
‘was caicuiated. Similarly, 2&n(a) versus N pléts were con- »
'structed as shown in Fig. 7 b, to determine N;,Athe number of
' cycle§ to initiate a crack of length,ao'(ﬁ 1 grain diameter'i
= .1 mm) . These techniques employed injsepérating No aﬁd Np
were developed by other investigators(4?6).,
| The reﬁaihing'si%'specimens interrﬁpted before failure
were secEioned'and prepared for metallographic exaﬁinatidn
And’for micrbéhardness evaluation. 'Unetéhed metallographic
specimens showed theﬂdevelopment'of a_érack during‘;ragk
initiation and propagation periods (Fig. 7.7).. Maximum -
observable crack'lengths aﬁ various-cyclic-time$ agré¢d with
"the predicted values calculated using the in'(a) veréus N
plots. Furthermore, Tukon micro—ha;dness measurements
cofrelated well with stress émplitude readings -at interruption
'i(Fig. 7.7) .and with the substructure‘aévelopmént investigdted- 
by ﬁahm; | | |

7.1.2.4. Stress-Temperature Effects on Substructures

~(B. Billings)
‘Téble 7.1II1 presents the réw creep‘data accumulated to
date for AISI 330 stainless steei. The stress levels used in
the constant load tests range from 10 ksi (69.9 MPa) to 40 ksi

(279.4 MPa). Three test temperatures have been used at
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present: 652°C (.58 Tm), 701°C (.6 Tm), and 800°C (.66 Tm).
In addition to the data in Table 7.II1I, one test is presently -
in ptogressi. sample number AN330-CB08, o_ = 20 ksi, T = 600 C,
e = 1.1%. This test has been underway for eVer 500 hours
with an'observed.total strain of 1.6%. The sample geometry
and testing procedures used.to generate these data are
reported elsewhere(7).

figure 7.8 shows the constantAload creep curves for the
prev1ously unreported speCImens in Table 7. III, i.e. for
specimens numbered AN330- CB05, 06) and 07 For the test con-
ditions of these speclmens see Table 7.III. |
| Figure 7.9 and Fig. 7.10'show the dependeneies'of tne
steady state,creep rate and;the tiﬁe to rupture,'respectively,'
. on the applled stress. o

In Fig. 7.9 the relatlonshlp between the steady state
.creep fate and thevapplled stress may be given by a-power law '
e , : -

; , .

€ = A0
s “a

where e is the steady state creep rate (hrul), o, is the

applled stress (ps1), n is a dlmen31onless constant, and A is

a constant (p51 _hr l)°

In the present case,

800°C 2 8.7 x 10’32(oa)

i

™
Il

at T

Il
i

701°Cc & 34 5 17-33

at'T s 1.23 x 10 ,(oa

It should be_noted that these equations are the result of a
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"least squares fit to a relatively small number of.data points;
Therefore, the accuracy of the values of AAand n and_the
"equations above is limited. As more creep rupture data'is
generated, these equations.will be significantly refined. |
In.Fig. 7.10 the‘relationship between the time to rupture

can be interpreted in terms of a power law of the form:

_ -n
tR Aoa

. where to is the time to rupture (hours),'oa is the appiied'
stress (psi), n is a'dimensionless constant, and A is a ¢on4-
stant ((psi) hr) Again, it should be noted that the'equa-
tlons for the curves are the result of an analysis of a small
'number.of data points, hence they are inherently‘uncertalnu
Moreover, the power law equation 1tself is not suff1c1ent to
‘explaln the stress’ dependence of the rupture llfe(s). -Varlous
parameters have been used to obtain the rupture life from the
stress. Examples of such parameters are the Larson-Mlller,
'the MansonfSuccop, and the Orr—Sherby-Dorn parameters(g)
However, the power law fit yields a first approximationfof the
functional‘dependency of the time to rupture on stress . for the
330 alloy for a small data population. -
' Fiéure 7.10 aotually shows the inverse relationship of

that proposed aboue° The figure is plotted after Garofalo(s)
and‘it can be noted that no change in slope. occurs in any one
curve. This indicates that the~fracturepmode remained con-

(10)

stant for all samples tested at the same temperature
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The fracture surfaces of the ruptured sémbles from Table 7.III

have been obéervéd in the Scanning Electron;Microscope (SEMi.

The major fracture mode observed was ﬁhe transgranular mode.
Figure 7.11 is a'plof'of the secondar? creep rate versus‘

(8).

the reciprocal}temperature. After Garofalo , the slope of
AH
this curve is equal to - —° where AHC is the apparent activa-

R

. tion ‘energy for creep (cal/molef and R is the gas constant.
This is only true if'if is assumed that'temperature has no
éffecthon the substructure developed during steady state
_creep. Becausé of this-assumption, Fig. 7fll’is shown at a
‘constant applied stress. The élope calcﬁlations-from this
figufe Yield'ah activation gnergy'AHc = 100 kcal/mole,' This
value'for‘AHc,is'inAgood agreeﬁent with that obtaiﬁéd‘from hot
hardness measurements on the same alloy (93.4 kcal/mole)‘ll).'
However, it must'be noted that only three data points‘havé

" been used to aefiﬁe the curve in Fig. 7,ll°l fhe,curve was:fit
to these points by a least squares mefhod, hence the AHC

=4100 kcal/mole value obtained f#om the curve may be slightly -
unqertain.

A limited‘study-into the cracking behavior.of AISI 330 -
has been,initiatea.' If is known that the cracking charac-
teristics of an alloy dépend on the stress,~temperatufé, and
strain-rate conditions to which the alloy is subjected(lz).
The rupture'of'an alloy is directly related to growth and
‘ (13,14)

' interlinking of cracks which appear during deformation

Hence, an investigation into the cracking behavior of AISI
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330 stainless steel is appropriate.

No quantitative microstructural evaluation is available

at this.time.
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TABLE 7.1

AISI 330 INTERRUPTED TEST DATA AT 652°C AND 35 KSI

Sample L - Expected e%

Number es. t hr. _ R.A.% _from Fig. 7.4 .

AN330-CF02  21.10 . 9.0 19. 44 . 18.90
-CF03 .~ 10.30 3.5 8.40 10.95
~CF04 9.85  2.25  10.90 10.20
-CFO5  8.80 1.0 7.80 9.40
~CFO6  7.60 0.3 6.80 © 8.65
-CF07 7.30 o.o"' 7.04 -~ 7.80

e = Strain at interruption.

Time of test.

RA = Reduction in cross-sectional area.



TABLE 7.1I

LOW CYCLE FATIGUE DATA FOR ' j
AISI 304 SS (9 T. 2796) TESTED IN AIR AT 649°C '

"Number of Cycles. - 1‘  T ‘ V Number of Largest

at Interruption(P) | N Number of () Surface C;gcks Crack
, {(Cycles) Surface Cracks. per (mm4) (um)
0 T : 0 _ | S0 0
1/4 0 | . 0 ' 0
3/4 N ’ 0 0

2 3/4 B ' - : 0 o . : | A .
63/4 . 8 . o 0.25 L3
80 - . 66 | A 2.11 20
361 _ .- 138 T ‘4;41 147
722 - 165 : C4.46 . 350

(a) This specimen waS‘testéd until failure.

(b) All tests were initiated in the cdmpression mode and interrupted at the
peak of tension cycling with the exceptlon of the 1/4 cycle care which
was terminated at the. end of compressive cycling.

(c) All specimens were examlned in the pollshed condltion at 1000X mag.
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TABLE 7.II1

AISI 330 RAW CREEP-RUPTURE TEST DATA

Applied - Temp.

e

& t t e

t ot @ O

Sample ‘ ep t s Z R r RA
Number Stress,ksi °C[°F] % % %/hr hr hr 3 %
AN330-CBO1 40 | 701[1294] 5.0 12.0 83.7 0.15 0.75 60.0 44.1
-CB02 35 1.5 2.7 8.862 0.85 2.9 65.0 56.4
-CB03 30 '.2.7  6.0 33.3 0.17 0.68 64.0 54.1
~CB04 20 0.19 0.95 0.605 5.0 33.6 62.3 58.5
-CB05 15 1.13 3.5 0.057 41.5 251.1 62.5 52.2
~CB06 20 © 800[1472] 0.45 3.5 39.8 _ 0.2 0.75 70.5 60.2
-CB07 . 10 : 0.09 .1.55. 0.284 24.8 64.9 30.3 31.0
~CFO1 35 . . 652[1206] 7.8 9.4 0.618 4.8 13.2 34.0 36.15
e = Plastic loéding'strain. er = Rupture strain.
: : ‘ . . ' $RA = % reduction in cross-
. Cumg;atlye4§tra1n at end of prlmary‘creep.< . sectional area
s 'Minimum secondary creep rate. o , o
2 Time to reach end of secondary creep. NOTE: ' Values obtained thrbugh
° Time to rupture : graphical methods.
o

Rupture

strain



report. Finaliy, a limited study on the cracking behavior of

this material has been initiated.
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Fig. 7.1. Hardness versus Temperature for AISI 310
‘ "and Inconel 718 Compared to AISI 330. '
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Modulus Compensated Hardness, H/E
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10 1 . ' : | : l.
6. - 71 8 9 10
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Fig. 7.3. Modulus Compensated'Hardness

versus 1/T for AISI 310 and
"Inconel 718. i
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Fig. 7.4. Strain Behavior of AISI 330 Stainless
Steel at 652°C and 35 ksi Applied Stress.
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Fig. 7.5. AISI 304 SS Hour-Glass Specimen Montage of the

Fractured Surface as Photographed by a Scanning
Electron Microscope.



zza

120~

o
(&

(Cycles/mm)

dN
an’

@
&)
|

o
[e)
I

(@]

a (mm)

Number of cycles per unit length,
(o]

Big,

T

15 15

Crack Length, a (mm)

Striation Density (dN/da)
or the Number of Cycles °
per Unit Length Plotted

Against Crack Length, a.

Crack Length,

8| | 1 8
2.0—= =
. ///f' e
LG //9 2
- /' —
Q.5 /,/’ —

0.1 LA L g 1 | L 1
g iasy . @Emciton . eoo .. w00 80

Number of cycles, N (cyvcles)

Fig., 7.6 bs &n ‘a ¥ersus N Plots of

AISI 304 SS at
i it

649°C in

(]



gza

STRESS RESPONSE AT INTERRUPTION, O~ (MPa)

Fig.

L ]
°

KNOOP HARDNESS ®

STRESS RESPONSE @

A1 1 N | 1111 A 1 VR S il 1 1 R | |111 i

L A0 18 R

k) i 5 10 50 i00
s _NUMBER OF CYCLES, N (CYCLESI

7.7

500

Unetched Metallographic Specimens, Interrupted Before
Failure, Showing the Development of a Crack During

Crack Initiation and Propagation Periods.

Plots

Correlating Microhardness and Stress Response as i

Function of N (Cycles).

SSENQEYH <¢CONX

H/SX)

flei*



vzda

%

-Engineering Strain,

e ) S T T
0 L L  AN330-CBO06
~ AN330-CBO5
60 | . 4L
50 I
40 4L
AN330-CBO7
30 . : i I
20 il I
10 4L
[ S S NS MR N N RN N S| S S
0 50 100. 150 200' 250 O .2 .6
' ' ' Time} hrs.
' Cohstént Load Creep-Rupture Curves for AISI 330 Stainless Steel

Fig. 7.8.

Tested Various Conditions.




. Szda

ksi

10

10

T

T lffl1

T ]lrnl

‘Illllll

T

L

T

1

LIS DL i 1 ‘llllT L i llllrll . l' R l]llll]u T T lllT

§ M S | f:xn‘_l

1111111» 1 11111111 ) 111[111.| 1 1lllllll ' I

10

-4

Fiyg.

7.9.

1073 107 107t 1 10

. S )
Applied Stress, , versus Steady State Creep Rate, és, for
AISI 330 Stalnlesg Steel Crept at Various Temperatures and
Stresses. .



APPENDIX E

.FROGRESS REPORT FOR PERIOD ENDING JANUARY 31, 1977

7.1.1 INTRODUCTION

The ebjectiVe of thisfprogram is tq’(a)‘evaluate the
time, temperatdfe-ahd stfess—dependent mechanical properties
of reactor struetufdl materials, (b) determine the relation-
shlp of these propertles to the mlcrostructure (c) show the_
contribution of the mlcrostructurc to thc internal stress
" fields and the subsequcnt 1nfluence on mlcrOLrackLng and thc
grain boundaryxslldlng behavior durlng the normag plastlu
deformation at clevated tempefatufes and (d) demonstrate
the relatlonshlp of. the hot micro-hardness p1opt1t1c with
-the hot-tensile propertles of a class .of: commerc1al and .
advanced alloys presently under 1nvest1gat10n at other
laboratories. Speeial Cdnsideration is being given to
oberating conditiohs typical efﬂnuelear_teactor;applica-‘
tions, includiné the knowledge that ra&iation'environment~
can influence the substructure of these metals, a circum-
'stance'whlch can 1ead to 51gn1flcant changes 1n the
~conventional mechan1ca1 property behav1or

7.1.2 EXPERIMENTAL PROGRAW

TransmissiOn electron microscopy has~been used - as the
primary -tool to’ study the deformatlon substlucturc of
reactor structural materlals resultlng from creep, fatloue'

and tensile testing at elevated temperatures. - Complemen-

E1l
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tary wotk using optiCal microscopy, scanning electron
_microscopy and hot-hardness testing has been performed to
characterize the deformation andtfailure behavior. New
work is underway to perform similar etudies'on'the
'Commerciel the Developmental and the Fundamental alloys
being evaluated in the National Alloy Developmental Prograu
' w1th partlcular attention on the appllcatlon of hot- |
hardness measurement as a strength mlcroprobe

7.1.2.1 A Study on Subgraln/Cell Development Durlng CreeQ
Deformation (J. Foulds)

Mechanical testing: ‘Several creep tests were ruh'to
:Arupture at 652°C and an applied stress of 25 ksi; A more'
careful and accurate measurement of specimen diametete Te-
sulted in better reproducibility than'reported breviously

The mlnlmum dlameter within a half inch about the center of C
..the gage section was ‘used in calculatlon of the load. |
- Fig. 7.l shows the creep curve_and Table 7.1 the raw test_
data for the.eaﬁe{ ‘The interrupted test data will be re-

lported oh completion.of the tests.

- Transverse sectione were taken from eéch of thevi
Specimens AN330-C?01 through ANiSO-CFOZ(l) and studieo
optioally. The sections were cut aojacent to the ones
being utilized for substructure development studies..
Optical mioroscopy on these indicated'no.disoernible
variation in average grain size with a considerably non-

uniform distribution (with regard to size) of equiaxed

EZ2
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Interrupted tests . ' o

g time t (hrs.)

Fig. 7.1 Strain behavior Qf AISI 330 stainless steel at °

652°C and 25 ksi applied stress.
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'TABLE‘7.I~ RUPTURE DATA. AT 652°C AND 25 ksi APPLIED STRESS

Sample B t . °Rr RA tr
Number % % $/hr. " hr % % hr
N330-CF08 2,20 4.2~ 0.1392 . 20.0 65.0 66.5 103.7
ep'= plastic loading strain : - tp= time to rupture
'et = cumulative strain at end of | "er = rupture strain
primary creep .
T : RA = reduction in cross-
e, minimum secondary creep ratg. sectional area

t, = time to reach the end of
secondary creep

NOTE: All values are obtainéd'througﬁ graphical methods.

vee:
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grains as obscrved in the as-annealed untecsted condition.

Cracking and Fracture: Fig. 7.2 shows a stereo pair

'of SEM fractographs of the specimen tested at 652°C and
35 ksi. These show a highly dimpled'strﬁcture asia
largely transgranular type ofAcracking.mechaniem Hovever
as seen in Flgures 7.3 and 7.4 which are opt1ca1 micro--
graphs from a transverse section of the same speC1men,
there exists some intergranular cracking indicated by the
formation of W-type (wedge) or triple peint cracks .
(Fig. 7.3) and r-type.cavities (Fig. 7.4) at the gfain
bdundaries. A larger than expe;ted concentration of W-type
cracks were observed and since the rupture strainA(34%) )
suggested a ”reduttion‘in‘ductility” er ”embrittiementn
(rupture strain = 65% for test at 652°Ctand 25 ksi), it'f
appears to have been caused by the initiation of these
1ntergranular cracks. Mainly respon51b1e for this is ani
1nh1b1ted grain boundary<migretion. As early 3571960 grain
boundéry migration was found to be %estrieted by the
presence of small closely-spaced earbide.particles in some
austenitic stainless steels.cz’s) Precipitates iﬁ this~case”
have been observed along,gtain boundaries but have not
been identified. a

Thus 1onger test times (as at 652° C and 25 k51) would
result in sufficient acglomeratlon of the second grain
boundary phase to permit grain boundary migration. .

icroscopy on the Specimen AN330-CF08 will confirm or rule

ES
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TABLE 7.11 TENSILE PROPERTIES OF IN-718(?)

Youngs' ULTIMATE TENSILE STRENGTH

'Temp} Hardness ) i Recipf?cal-i . MOdU1u§’b Hg:gii?ng cal,, 2 ex 2,¢
. T,(°C) DPH, (kg/mm") Temp. T. (°K ™) E(kg/mm®). Exponent, n o (kg/mm™) o, Pkg/mm*)*
20 410 - - 3.37 x 107° 2.02 x 1074 0.164 135 135
200 371 2.11 1.94 0.146 . . 121
232 1 S B . o | 129
300 370 178 . 1.8 . 0.145 120 |
S31s . - : L o ' ' 119
400 362 . 1.49 " 1.83 0.139 117 p
427 _ S o D o 116
500 351 1.29 1.77 0.131 113 g
538 ‘ A' . ' ‘ 113 =
600 - 338 1.15 ©1.70 ©0.117 : 108 ‘
649 4 . o o . 96.9
700. 307 - 1.03 . 1.62 0.044 98.6
760 | P o S ' 63.9
800 224 10.93 1.3 . 0.022 73,5 | -
900 S 6100 . - 0.85 1aa3T 0.007 - 20.5 -
1000 35,7 - 0.79 AT . - -

(a) Heat treatment:  955°C/1 hr./WQ + 720°C/8th./FC to 620°C/hold 18 'hrs. total furnace time.
(b) From Reference-lS; '

(c) From Reference 12.
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L80pm

Fig. 7.2 SEM fractographic stero pair of AISI 330 SS
, specimen tested at 652°C and 35 ksi. Eah

i P E1%

L20km : :
Fig. 7.3 Wedge crack in Fig. 7.4 R-type cavity 1in

i 3 section from specimen
SeCtIX§3§g??FS€eC1men AN330-CFO01
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out this possibility. This, however, still does not
explain the large amount of transgranular cracking, which
could only occur if grain boundary crack-propagation were
arrested and the only available crack growth direcfions
were transgranular througﬁ a "weaker'" matrix during the

tertiary creep stage. This investigation will continue.

Room tgmperatufe microhardness: Room temperature
microhardness (DPH) measurements were made on longitudinal
sections from Billings' ruptured Specimens AN330-CBO1, -
CB02, - CB04, - CBO5. All these are ruptured specimens
tested at. 701°C and .different applied stresses. (4 Fig. 7.5
shows the results obtained. A |

As expected for necking under constant load, the‘
hardness Vaiués in each case decreased to a constant as a
function of distance from the fracturevsurface indicating
a greater degree of strain-hardening nearer the surface.

It should be noted that 0.0 mm from the fracture surface
corresponds to the nearest position at which measurements
‘were possible. At least 6 measurements were made at each
position along the length using a 500 g. load. v

The curves obtained exhibit a certain 'parallelism"
indicating similar strain-hardeﬁing variatioﬁs as a
function of distance from the fracture surface in each
case. The strain-hardening '"'profile" at 20 ksi shows 2
plateaus apparently due to more than one 1ocally—necked

region. Crack density measurements on this specimen will

E8
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Room temperature microhardness as a
function of distance from the fracture
surface for various applied stresses
at FOLRC.
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throw more light on the subjcct from a 'fracture mechanics'
.standpoint.

Knowing that the driving force for strain hardening
is. an effective stress 9,705 where ol the applied stress
and 6i = the internal stress one does expect the observed
increase in microhardness with an increasing applied‘
stress. The disproportionate differénces in DPH, however, .
are due to the differing extents of recovery in each case.
Since the driving force for recovery is g and since re-
covery processes predominate in the tertiary stége of
creep, a variety of reasons may be presenfed for this
effect.

Transmission Electron Microscopy: Transverse sections

from the '"as-annealed'" material and the two ruptured -
specimens (AN330-CF01 and - CPOS) were briefly 1ooked.at
under the transmission electron microscope. Subgrains were
- observed in the specimen ruptured at 25 ksi and cells in
the one tested at 35 ksi. |

Fig. 7.6 shows a few representative micrographs. All
the specimens exhibit at least one second phase yet to be
identified;‘ Fig. 7.6d shows dislocationltangles with a
second phase, and Fig. 7.6a a considerable amouﬁt of

precipitate associated with subgrain boundaries.
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«

MR

Fig. 7.6 Micrographs of AISI 330 SS specimens tested at:

(a) and (c) 652°C and 25 ksi; (b) 652°C and 35 ksi;
(d) "as-annealed" condition.
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7.1.2.2 Stress—Temperature Effects on Substructure
(R. Billings)

No new .creep rupture data is available at this fime:
due to the long term nature of the tests preéently in
progress. Data on fhe two tests preséntly in progress
are as follows: | | | |

‘Applied

~Test : Stress,
Sample Number Temperature, °C MPa
AN330-CB08 600 137.9
AN330-CBO9 500 413.8
: - Accumulated = -  Test
Strain on . Strain to Time to
Loading, % - Date, % . Date, hrs.
‘1.10 - 2.10 2754

- 17.39 . 18.09 | 755

In.addifion to thé above data, a value uf.
1.35 x 10" hr™! has graphically been determined for fhe_f'
minimum steady state creep rate of sample AN330-CB08,‘-It
appears that this séhp1e has-progressed into the tertiarf
region. Assuming this to be thé casé;lthe tést will ‘soon
be halted due to the limited time available for this study.
It has been reported in the literature thét the deforma-
tion substructure in austenitic sfainless steels; e.g.,
304 gnd 316, is weli developed by the.end of secondafy
creep and essentially reméins constant through the tertiary

(5,6) ) :
region until rupture.’ Assuming this observation to also
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hold true fof'A.I.S.I. 330 Stainless Steel, if is félt that.
the pre-rubture termination of the AN330-CBO08 test will not
detrimentally affect the substructuré study.

A The value of the steady state creep rate has been-
used to modify the previously reported(7) value of ;he
apparent activation engfgy for creep} AHC. After
Garofalo,(g) if it can be assumed that the subsfructure.
developed in the steady staté creep of a materiél is a |
function of stress, independenf of temperature, then thé

‘'steady state creep rate is given by the equation:

7 =.e, exp (AH_/RT) (7.1
- where : ' A ‘ 1 |
: Lz = Zener-Holloman parameter, h
re, = the secondary creep rate, nl
AHC =‘appérent activation energy for creep,
" Kcal/mole '
RT = its, usual meaning.

_ Z, whi;h is a funétién of the applied stress, tékes
on a constant yalqudurihg steady étate creep. - Hence,ia_-
plot of 1n é; ?ersﬁs l/T:shouLa’yield a straight line of
slope equal to . AHC/R'and intercept equal to 1ln Z. For V
Athe‘same material, tésted over é'conStant temperature
range, such a plot should yield parallel lines for each
- set of samples tested at different applied stresses. Such
a plot has previously been reported for A.I.S.I. 330 -

Stainless Steel tested at Sapp - 137.9 MPa. The value for

El3
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AH calculated from this plot st Al =100 Kc:ﬂl/moieT In
light ‘of the newly‘detefmined value of és for samble |
'ANSSO—CBQS, the proper value for AHC in the 600°C to'800°C
temperatﬁre‘interval is 118 Kcal/moiek The modified
1In és vs. 1/T plot will not be shown.: - .

It should be noted that on 11-26-76 thé Uﬁiversity
Asuffered a major‘poWer breakdown lasting approximately for
twenty minutes. As é result, the température in the
furnace of fhe AN330-CB08 tést-fell 50°C. The 600°C
temperature was‘regained approximétely 30 miﬁutés after
the breakdown occurred. Hence, the test of sémple
~ AN330-CB08 doesn't meet A.S.T.M. standards for creep
' rﬁpture testing.  However, contrary to the expected éffects,
. of the brea?down, aftef‘é short.incubation period at 600°C,
fhé measured strain valués did not differ significahtiy
from those Obtéined before the breakdown. In other words,
‘the strain rates before and after the breakdown were con-
sistent. However, the gubstrucfure, no doubt,_was affected
by the témperature.change; The microscopy‘of sample
AN330-CB08 will be rep§rted later. |
o Optical microscoby.and Transmission Electroﬁ microséopy.

(T.E.M,)‘are being performed on the ruptured specihens.
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7.1.2.3 Hot-Hardness of IN-718, 706, PE-16, M-813 and
Correlation with Ultimate Tensile Strength of
IN-718 and PE-16 (F. Price)

Hot;hardness tests weré condgctéd on the aBove alloys
using a Diamond Pyramid Indentor with sapphife tip in a |
high purity érgbn atmosphere. -Resﬁlts are listed in
Tables 7.II'thr6ugh 7.1V and in Figures 7.7 and 7.8.

‘Sample preparation involved mechanical polishing
followed by electro polishing to remove ény~cold workedf 
iayérfihduced by the mechanical polish or sample cdtting;'

| The following speciﬁens are from Hanford‘Engineering
Devélopment Laboratories and inélude'their chemical |
analysis (see Table V): IN-718, PE-16, M-813. The IN-706
"spécimen was~acquired from'other sources ahd:the hea; .
number and exact chemicalAcomposition are not known.
| Apparenﬁ activation energies for indentati@n hardness

were calculated for all specimens from the Larsen-Badse

relation‘(g) 4
H = Ae ?Ql’/m‘ | (7.2)
.Resﬁlts are as‘follows;“
" IN-718 T < .55 T, Q! = 100 cal/mole -
T> .55 T, Q' = 13.6 Kcal/mole
IN-706 T < .55 T, Q=110 cal/mole
T > .55 7T, Qt = 8.7 Kcal/mole
PE-16 T < .55 T, Q! = 70 cal/mole
T > .55 7T, Q! = 10 Kcal/mole
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TABLE 7.II1 TENSILE PROPERTILS OF PE-lé(a)

Strain ULTIMATE TENSILE STRENGTH

, "Hardening ) ' '
1) Exponent, n oﬁal,(kg/mmz) OSXP(kg/mmz)b

Temp. -Hardness "Reciprocal
T,(°C)  DPH,(kg/mm®)  Temp. T 1 (°K

.20 263 | 3.37 x 107% . 0.212 . 90.3 106
' 200 238 2.1 . 0.217 82.2
316 | | o ' - 96.6
350 235 1.6l o 0.204 80. 5 o
427 _ - o . 92.8
500 220 1.29 . o188 76.5
538 S o - T 89.s
600 230 .0 1.15 .- 0.141 L7407 | ’ '
649 . , C o : : ' 761
700 s o103 - 0.049 69.0 .
800 . 127 . 0.93 | o 0.022 41.5 .-
900 - 40.2 ©oss - SRR L
1000 2007 0.79 ) . o

- 1100 - 12.3 - . 0.73 § R ' -

(2) Heat treatment: 1080°C/4 hrs./AC + 900°C/1'hr./AC + 750°C/8 hrs./AC.

(b) From Reférence 12.

9L
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TABLE 7.1V HOT-HARDNESS OF IN-706 AND M-813.
IN-706(3) M-813 (P}
Temp. Hardness ‘ Temp. Hardness
T,(°C) _ DPH, (kg/mn%) T,(°C)  DPH, (kg/mn®)
20 02 | 20 401
204 369 200 377
427 341 S350 . 376
537 332 500 ';343
649 200 - | e00 - 317
732 223 .| 700 239
816 114 - | 800 133
| 900 . 36.9
1000 ~18.4

(a) Heat treatment:

(b) Heat treatment:

1 955°C/1 hr./WQ + 843°C/3 hrs./AC +

720°C/8 hrs,/FC to 620°C/16 hrs./AC.

1080°C/4 hrs. /AC +. 900 c/1 hr /AC +
720° C/8 hrs JAC.

E17
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TABLE 7.V CHEMICAL COMPOSITION OF TESTED ALLOYS.

Content, Wt$%

" Alloy

A(Héat)

c__Wn__si_ cCr Mo Ni ~ Nb Vv  Ti Ta§Nb
PE-16 (C07206) .082 <01 <01 .16,5j 3.15 43.37 - <.0L 1.27 -
M-813  (R74073) 041 - - 18.64 '4.21 34.50 - - 2.45 -
IN-718 (sépiEY) .041 .095 .41 18.50 3.54 54.30 - . .87 s.68
Alloy  (Heat) B 0  Ir S - Al p Sn N . Cu Co
PE-16 (C07206)' 0032 - <.01 .00l 1.20 .00l <.001 .002 <.0l .03
M-813 .~(R74073) o011 .072";020 - 14z - - - - .04
IN-718 (S9F1EY) - - - - 65 - - .0094. 1.25

.036
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1 90 cal/mole

M-813 T < .55 Tm, Q

T>.55T, Q1 = 11 Kcal/mole:

The apparent activation ene;gieé for T > .55 Tm‘

range from about l/iO to 1/20 of the activation energies
for creep or léttice.self-diffusion; ThisAﬁéy be explained-
as provided-for by Sherby.and Armstrongglo)

They propoée the expression:

Q

H .
= Ge 5RT (7.3)

Where H is the Diamond Pyramid Hardness, E is the :
temperature dependent elastic modulus, G is a constant,
n is a number equal to 5,_R is the gas constant, T 1is temp
in.degreés'Kelvin{ and, QL is the activatioh energy;_
For IN-718: |
QL'=:119 Kcal/mole-for T > .55 T .
No inflection was found in the iog (H/E) vefsus.l/T U
plot (éée Fig. 7.9) exCepﬁ at .SS_Tm. This 1is Supportgd
by earlier hot-hardness of IN-718. _This-Ieadslto one of -
" two poésible conclusions: | . N
1)A'The inflect wéslnot Visible in pfésent datﬁ
‘due té an insufficient number of data poinfs
“around .75 Tm; or, | ‘
2) The transition between rate contfolling
mechanisms in this material is sufficientiy

graduél‘so that it is not readily observable.v

- E21
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This may imply a curve in the log‘(H/E) Us %
plot for IN-718 around .75 T . This circumstance

will be further investigated.

Comparison of Hot- Hardness.wlth-the Ultlmate Ten511e
Strength was conducted for IN-718 and PE 16 (results are
given in Tables 7.11 and 7.II1 and Fig,'7.10). It should
be noted that tensile data for the comparison was‘acquired
from alloys belonglng to dlfferent heats and having varylng
heat treatments.

Comparlsons were carried out using an equatieh

developed by J. R. Cahoon(ll)

% =2H—9(“T21T)n (7.4)

where n is the strain hardening exponeht; |

For IN-718 values fer U.TLS,Zare in good agreement‘up
‘eo about 650°C. Here it can he seen that 9, calculated'
gives a higher value than d; experimental.

For PE-16 the agreement is good being within 20% at
the lower temperatures,:and becomesahetter at the higher .
temperatdres. | ‘

Considering the circumstances, though, agreement may

be considered as generally good, and further investigation-

will be conducted using materials more nearly identical in

future tensile comparisons and obtaining a strain harden-

ing value (n) from an elevated temperature Meyer's hardness

measurement_ o
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Ultimate'Tensile'Strength,‘ou, (kg/mmz)

Fig.
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Calculated and experimental ultimate tensile strength
of IN-718 and PE-16 as a function of temperature.
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Calculated Ultimate Tensile Strength, ou, (kg/mmz)
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Fig. 7.11 Comparison of the calculated and experimental
~ tensile strengths of IN-718 and PE 16 for
various test temperatures.
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APPENDIX F

PROGRESS REPORT .FOR PERIOD ENDING APRIL 30, 1977

7.1.1 INTRODUCTION

The objectire of this program is to (a) eveluate the'
time, temperature and stress-dependent‘mechanical_proper;
tieslof'reactor structural materials,.(b)'determine the
-relationship . of these properties to the microstructure,

. (c) show the contribution.of the microstructure to the in-
ternal stress fields and the_subsequent influence on micro-
Cracking‘and the grain boundéryfsiiding behavior during the
normal plastie deformation'at eieVated'temperatures and (d)
demonstrate the relationship of the hot micro-hardness pro-
perties with~the‘hot-tensile‘properties of a class of
commerEial'and advenced alloys preseutiy under investigation
at other.laboratories. Special'consideretion is being given
to operating conditions typicalgef'nucleér reactor epplicé-
tious, ihciuding the knowledge-that.radiationpenvironment
can infiuente'the substructure‘of‘these metals, a circum-
stance which-can 1eedAto significaﬁt'changes.in the
conventlonal mechan1ca1 property behavior.

'7.1.2 EXPERIMENTAL PROGRAM

Transm1551on electron microscopy has been used as the
primary tool to study the deformation substructure of
reactor structural materials resulting:from creep, fatigue

and tensile testing'at'elevated,temperatures. Complementary-

F1
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work using optical microscopy, scanning electron microscopy
and hot-hardness .testing hasvbeen performed to characterize
the deformation.and failure behavior. New work is»underway
toAperform similar studies on the Commercial, the ﬁevelop—'
mental and the Fundamental alloys being evaluated in the
National Alloy‘Developmental Program with particular
attention on the application of hot-hardhess measurement as
a strength microprobe. |

7.1.2.1 Fatigue Crack Behavior of Incoloy 800 Tested in the

Bend.and the Push-Pull Mode (A. Ermi and H. Nahm)

Introduction: Fatigue failure is characterized by the

initiation,vusualiy at the surface, of a dominant crack and
its growth to a critical size.A Since the useful_iife of a
component is also governed by crack initiation cdnsidéra-
tions, ‘it is important that crack initiation be analyzed
separately.from crack propagation. . Several investigators
have recognized the importance of this from a design aspect
[1-4] as well as a fatigue crack modelling viewpoint [5-7].
However, very few studies have been’performed on high
temperature alloys in which crack initiation and crack pro-

pagation were considered separately.

The present study is concerned with the crack initiation

and crack growth behavior of Incoloy 800 low-cycle fatigué;
specimens tested at elevated temperatures (T > 0.5 Tm)°
Both push-pull and bend fatigue specimens which were tested

at various strain ranges were evaluated. It is recognized

F2
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that hour-glass and bend specimens are not commonly used for
“studies of crack growth behavior. However, since crack
initiation is accelerated when using standard notched speci-
mens, and since most fatigue life studies do not employ

" notched specimens, it was decided to investigate the crack
behavior of some previously tested push-pull and bend speci-
mens which were used for fatigue life studies.

Experimental Procedures: Push-pull fatigue specimens

were machined from Incoloy 800 (Heat No. HH8968A; solution
annealed at 1145°C for one hour) into hour-glass shapes and
bend-fatigue specimens were machined from Incoloy 800 (Heat
No. HHO0403A3; hotrrolledAand solution annealed at 1145°C
for one hour) into flat bend-fatigue type configurations..
Speciﬁen-geometries'are shown in Figure 7.1. The chemical

compositions of the two heats are given in Table 7.I.

Details of the experimental procedures for the push-pull.

tests are described elsewhere [8]. The bend-fatigue tests
[9] were performed on a 150 in-1lb Krouse Platé Bending
machine which applies a fixed deflection éo the specimen.
The load is applied by a rotating cam resulting in:a sinu-
soidal loading wave form. Modifications to the machine
were made to provide.slower speeds, resistance heating and
total strain measurements. The addition of a SCR speed
control DC motor, a gear reduction unit and a Graham
vafiable speed reducer provided frequenties in the 0.0083

to 3.05'1(0.5 to 180 cpm) range. Resistance heating with

F3




voltages of about 1 volt driving up to 1000 amps prévidedv
temperatures up to 870°C in air. A Spherometer typevinétru-
ment was used to measure the riée in the arc, from which the
total 1ongitudina1 strain could.be calculated,
The fractured'surfaces of the specimens seleéted for

" this investigation were examined by scanning electron
microscopy (SEM) and micrographs were taken of all specimens
in order to make quantitative measurements Coﬁéerﬁing crack
_growth. Overlapping micrographs were téken at approximately
400X starting from the edge of each specimen and cohtinuihg
in the direction of crack propagation to final.fracture;

For the cases in which seyeral distinct cracks were observed
(pafticularly at the higher strain ranges), only the largest
or principal crack was considered in the analysis.

Although all épecimens revgéléd fatigue striationms, ih_
areas of some specimens, uéually near the early stage of
crack growth, the striations were not always visible of
clearly defined,'probably due to rubbing on crack closure
and oxidation which occurred dﬁring testing. On these”
specimens, the number of cycles versus crack length could
not be determined directly from counting each striation.

As an alternafive, the striation density (the number of
striations or cycles per unit lenéth, dN/da) from areas in
which the striations were distinguishableAwere plotted
against crack length. By assuming a continuous crack growth

behavior, a smooth curve was constructed and was graphically

g o]
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integrated to obtain the number of cycles at various crack

~lengths.

Results and Discussion: The fatigue data[lo’ll] for

the thirteen specimens used in this study is given.in

Table 7.I1. Montages were constructed for all but three of
the specimens. The three which were not photographed;dis-v
played either erratic créck growth behavior or they,containéd
much area in which thé striations were not clearly defined.
For example, at 649°C and 0.50% strain, the bend fatigue
sample revealed a large number of striations on a plane
normal to the fracture surface. | |

Typical.montéges for both. the push-pull and bend-
fatigue specimens are shown in Figures 7.2a and 7.2b re-
spectively. The paths chosen represent areas of crack
propagation in which tﬁe striations were best seen.

In genéral, for the push-pull specimens tested at 0.5%
strain range, one principél crack initiated at the surface
and propégated across the specimen until final fracture
near the opposite edge (see Figure 7.2a). However, at the -
higher strain,.Z.O%, several cracks were initiated during
the test with fracture occurring at an area surrounded by
various crack fronts (see Figure 7.3).

For the bend-fatigue specimens, at both 0.5% and 2.0%
strain, several cracks were observed to emanate from both"
of the long edges and propagate toward the central neutral

zone where fracture occurred (Figure 7.2b).
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From the montages of the ten remaining specimens,'plotﬁ
of the number of cycles per unit length, dN/da, versus crack
length, a, were made. These qurfes were integrated‘td obtain
the number of cycles at different crack lengths. The inte-
gration method was checked on specimens in which the stria-
tions were readily countable, the difference being no more
than ~ 5%.

In some recent fatigue studies on 304 SS at 593°C,

Maiya[12'14]

used one approach to separate the number of
cytles to failure, Nf, into the number of cycles to initiate
'é crack, Nb, plus the number of cycles during crack propaga-
tion, Np' Let‘No be defined as the number of cycles to
initiate a crack of‘thé size of the grain diameter, and
éssume that»log a (where a is the crack length) is propor-
tional to N during the earlyAstages of crack propagation.
The curves of log a.versus N can then be extrapolated to
determine the nuﬁber of cycles to initiate a crack of length
ays approximately the grain diameter size.

The curves of crack length versus number of cycles are
shown in Figures 7.4 and 7.5 for all of the specimens, The
grain sizes for the push-pullAand bend-fatigue spe;imens, as
detefmined.by the.line interéept technique, were 0.13 mm and

[15]. Therefore, by extrapolating the

0.12 mm respectively
curves to a = 0.1 mm. values of No, and consequéntly NQ/Nf"
the fraction of the fatigue life in crack initiation could

'be determined.. These values are given in Table 7.III.
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A comparison of Maiya's push-pull data for 304 SS at
503°¢c[13] yith the push-pull data for Incoloy 800 from this
study is illustrated in Figure 7.6,.where the plasticlstrain
range is plotted versus the fraction of the fatigue life for
crack initiation. At the temperétures investigated for
Incoléy 800 (all of which were greater than 0.5 Tm’ Tm being
the absolute melting temperature), the fraction of cycles
spent for crack initiation varied only slightly with the
plastic strain range, and.appeared to be insensitive to
temperature.

The push-pull.and bend-fatigue modes are compared for
Incoloy 800 in Figure 7.7. For the bend specimens, crack
initiation was again insensitive to temperature at the tem-
peratures inveStigatéd. However,.the fraction of the life
spent in crack initiation showed a strong dependencé on the
plastiF strain range: at the low plastic strain ranges (.2%),
~crack initiation occupied 80% of the total 1ife; at high
plastic strain ranges4(1.5%), virtually no time was consumed
for crack initiation, a crack being immediately propagated
with each cycle.

The above results are consistent with the fatigug 1ife_
data for Incoloy 800.(Table II); At high strain ranges the
push-pull specimens had a slighfly longer fatigue life, and
the fraction of time spent fér crack nucleation reflects

this. At low strain ranges the fatigueAlives of the bend-

fatigué specimens were nearly double those of the push¥pull,
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and from Figure 7.7, it is seen that é significantlyAloﬁger
time is spent in crack nucleatién for the bend tests.

Summary: Scanning eleétron‘microscopy was used to

investigate crack initiation and crack propagation in
Incoloy 800 push-puli and bend specimens fatigued at elevated
temperatures (> 0.5 Tﬁ)' Observations indicated that:

(1) Growth rates throughout the tests with the.éxcép?
tion of the constant‘growth rates displayed at the
lower strain.

(2) Initially, but decreasing growth rates after some
time. | — |

(3) For a fixed strain range, the fraction of fatigue
life to initiate a 0.1 mm crack appeared to be .
insensitive to the temperatures investigated for
both push-pull and bend modes.

(4) The fraction of fatigue life to initiate a 0.1 mm
crack varied only slightly with the plastic strain
range for the push-pull specimens, but was strongly

dependent on the strain for the bend specimens.

7.1.2.2 A Study of the Plastic Zone Around a Fatigue Crack
" in 304 SS (A. Ermi)

The plastic zone around the fatigue crack of a 304 SS
compact tension specimen is being Studigd by microhafdness
measurements, SEM‘and TEM. The specimen, machined from a
0.5 inch (nominal) plate was solution annealed, and tested

at 538°C. The test was run at a stress ratio R
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(R = 0 min/o max) of 0.05 and at a frequency of 0.067 §'

(4 cpm). Further details of the material and testing can'be
found elsewhereclé). The results of the fatigue crack growth
rate (da/dN) versus the stress intensity factor range (AK)v
“are presented in Figure 7.8, .

Microhardness measurements were made on an electro-
polished region surrounding the crack tip, pért of which 1is
shown in the SEM micrograph.of Figure 7.9. A hardness value
(DPHédo gm
ing the hardness at that position with its four nearest

) was assigned to each indent position by averag-

neighbors (except at the edge of the crack where the values
were determined by the single indents). When these values
were plotted, hardness contours could be eésily drawn in the
crack tip vicinity as in Figure 7.10.

The specimen is currently being prepared for transmission
electron microscopy of various sectiqns near the crack tip.

7.1.2.3. Stress-Temperature Effects on Substructure

(R. Billings)

| Experimental Results on.Mechanical: A summary of four-

teen creep-rupture tests is presented. The purpose of this
investigation was to determiné the stress-temperature—stréin
rate-substructure interrelationships developed during creep
of A.I.S.I. 330 Stainless Steel. All creep-rupture tests
were the conventionaiiconStantuload-type conducted in.an air
atmosphere at elevated temperatures. The details of the

testing apparatus and specimen geometry have been reported
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elsewhere.(17)

The specimens were subjected to one of two
different pre-test solution enneals after machining. The
difference between the two annealing treatments was that one
treatment ended with a fast furnace cool at vacuum in a
vacuum furnace. The other involved sealing the specimens
inside evacuated quartz tubes, heating the sealed tubes in an

air atmosphere furnace followed by a water quench. It is

estimated that the fast furnace cooling rate is comparable

to a normal air cooling rate. The temperature, duration, and

vacuum pressure were identical for both treatments: 1100°C *
10°C, 1800S, 1.33 E-03.Pa, respectively. o
Table 7.1V ptesents the raw creep-rupture data generated
in this study. "All strain and strain rate values were |
determined graphically from creep curves generated by elther
a dial indicator or a 11near varlable differential tranducer
placed in the load train of the creep stand. Either method
yields strain'values accurate to 0.02%. - It can be seen
from Table 7.IV. that A.Its,I. 330 Stainless Steel exhibits
tendencies commonly found in most other stainless’steels
during high temperature creep deformation. For constant
test temperature the straiﬁ on loading and the minimum
creep rate both decrease with a decrease in the initial
applied creep stress. For constant initial applied creep
stress the minimum creep rate and the time to rupture-in-'
crease and decrease respectively with an increase in test

temperature. These trends are in agreement with the creep
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behavior of many metals. In the present study no unclassical
creep behavior has been observed;(21)

Figures 7.11 and 7.12 quantitatively present the rela-
tionships discussed in the preceding paragraph., Figure 7.11
shows the logarithm of the applied creep streés plotted
versus the logarithm of the resulfing minimum creep rate at
various constant test temperatures. The figure demonstrates
the strong stress dependence of the minimum creep rate for
constant test temperature. . Small changes in the applied creep
stress cause large changes in the resulting minimum cfeep rate.
Although the axes of Figure 7.11 have been compressed such
that this stress dependency is not readily apparent, this is’
the case. |

The data utilized to construct Figure 7.11 can be ade-

quately described by the equation:

3

€ = A'can . : [7.1]
where e_. = minimum creep rate, st
oy = initial applied creep stress, MPa
A' = a constant dependent on temperature and
structures, sl mpa™™
n .= dimensionless stress exponent (>0).

Table 7.V.presents the values for A' and n at various
test temperatures obtained from a least squares fit of the
stress, strain rate data. Because of the small data base
no statistical confidence limits are given in the table.

Their values would be statistically meaningless. However,
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trends do exist such that A' increases and n decreases with
_increasing test temperature. These n values are higher than
those values reported in the literature for similar
alloys§18,19,20)

Figure 7.12 is a graph of the logarithm of the applied

creep stress versus the logarithm of the time to rupture.

A power law relationship is observed in this figure and can

" be described by the equation:

ni

tp = Alo, [7.2]
where tp = time to rupture, s
o, = applied creep stress, MPa
A" = pre-exponential constant, sMPa;n'
n' = dimensionless stress exponent (< 0).

' Table 7.V gives the values for A" and n' obtained_from
a least equares fit ef the stfess, time to rupture dateA
base..uConfidence limits were not calculated fer the reasons
already mentioned. ‘The value of A" essentially remaine con-
stant over the range of test temperatures. The velue of n’
decreases with increasing temperature{

Eigure 7.13 is the logarithm of the time to rupture
plotted against the 1ogarithm‘of the minimuﬁ creep rate,
efter Garofalo et. al.(zz) Note that the data for all can
" be fit by one equation of the form: ‘

i} c \M _ ' ‘
ty (és ) [7.3]

where tp time to rupture,s

.minimum creep rate, s

1-m
a constant, s

-1
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m = dimensionless exponent.
The curve in Figure 7.13 represents the equation determined
through a least squares fit of the data. The value obtained
0.05 |

for C is .25 -and that for m = 0,95.

Experimental Results on Substructure Evaluation: This

phase of the program utilizes Transmission Electron Micro-
scopy (T.E.M.) to determine the average cell or subgrain
size, the mobile dislocation density, the misorientation
angle between subgrains,.and the types of preéipitates
found in the ruptured creep specimens. Samples used inl
T.E.M. were sectioned from the creep-ruptured specimen to an
‘initial thickness of-0.5 mm, ground by hand on wet 600 grit
SiC polishing paper to an approximate thickness of 0.2 mm,
and finally electropollshed in a Fischione Twin Jet Electro-.
polishing Apparatus. The resultant sample for T.E.M. has a
tiny pihhole in its center surrounded by an area of thin
material transparent to the electron beam in the electron
microscope. This thickness is approximately 0.2um. After
much trial and error work. it was found that polishing con-
ditioh§ of 15 volts énd.Z.S amps/mm2 yielded optimum results
whén used.in conjunction with‘an electrolyte consisting of
6% Perchlofic acid, 35% Butyl Ceilusolve, and 59% methanol,
by volume.

Insufficient T.E.M. analysis has been completed to
allow significant trends in the cell or subgrain size, the

mobile dislocation density, or the misorientation angle to
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be presented at this time. However, repreéentative T.E.M.
micrographs is presented for creep-ruptured samples tested
at 701°C under various applied stresses.

Figure 7.14 presents the basic substructures developed
in specimens crept to rupture under various applied creep
stresses at a test temperature of 701°C.. Cells developed
in the specimens crept at 241.3 MPa and 206.8 MPa. Sub-
grains developed in the specimén crept ét 137.9 MPa. The
tendéncy for a material to form a cellular substructure at
higher creep stresses and to form a subgranular substructure
at lower creep stresses for constant test temperature 1is
well documented iﬁ the 1iterature;(18’19’20’22)

Figure 7.15 shows the typical mobile disiocation
structure andvprecipitate morphology for the same set of
~creep ruptured specimens. Thé‘mobile dislocation structures
consists of a complex array of tangles, dipoleé; and forest
dislocations. Three different recurring precipitate shapes
have been observed during T.E.M. analysis; cubic; spherical,
and rod-like.. It should . be noted that matrix pfecipitates
were not observed in ‘large amounts in ds-annealed material.
‘After rupture, precipitates have beeﬁ:found in- the grain and
twin boundaries asxyéllaas'peppered,through the matrix.

Discussion on Mechanical Properties: Solution Anneal

Treatments: The previously mentioned pair of pre-test
solution anneal treatments used in this study gave rise to

material exhibiting remarkedly similar creep behavior for
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identical test COnditiohs, as shown in Tabie 7.1V and
Figﬁres 7.11 and 7.13. This observatién.was unexpected be-
cause the final as-annealed microstructures attained by each
of the differently annealed materials showed a striking
difference. Optical microscopy revealed that in the furnace
cooled material a continuous network of second phase, most
probably M23C6 carbide, had formed in all gfain and twin
boundaries. Selected area diffraction has partially.con-'
firmed that the precipitates are in fact M,;C,. On'the
other hand the water quenched material exhibited a slight
degree of this precipitation but no continuous network has
been observed. _The network of carbides was not unexpected,
however. Austenitic stainless steels are kﬁown fq become
senéitiéed at temperatures close to 6SO°C.(23) Sensitiza-
tion is defined as the formation of a network of~chrbhium
carbides throughout the grain and twin BOundaries.(zs).
The nominal compositibn of A.I.S.I. 330 Stainless Steel
indicates that only negligible amoﬁnts-of the stabilizing’
elements Ti and Cb are present in the material. These ele-
ments are strong carbide formers. When presené in suffi-
cient amounts,.fhese stabilizers form their respective
carbides:in the matrix tying up the carbon so that the .
Cr,4Ce carbides can not form in the bdundaries of the
material. Because of the 330 composition, the slower
cooling rate experienced by the furnaced cooied samples,

and the temperatures involved, the furnaced cooled samples
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became sensitized. Apparently, the water quenchéd samplés
become sensitized to some degree during creep testing.
Therefore the two different solution anneals lead to similar-

. creep behavior.

Mechanical Pfdperties:- As seen from Figurés_7.11 and 7.13,

the high temperature creep behavior is fairly well described
in the 500°C to‘800°Cftemperature range for stress levels

of 68.9 MPa through 413.7 MPa by the equations:

[ - ' n
_ eS _ vA 0,
n!
= "
tR* A o,
e = [LSo)
R é;
s

The creep behavior of this material is strongly stress de—l'
‘pendent for constant temperature. It is strongly temperature
dependent for constant applied creep streés,valso,f The
minimum creep rate changed by six orders of magnitude:for a
300°C temperature change. .The time to rupfure changed by
four orders 6f magnitude for the same temperature'inter_va]‘.°
It is well known thét in creep, high test temperatures
and low stress levels enhances subgrain formation. The |
deformation rate is low in geheral and the test time is
long. The dislocations in the material feel an effectivé 
stress resﬁlting from the difference in the applied stress |
and.the internal stress generéted in the.material by the
élastic interactions betwéen.the mobile dislocations and

the barriers to their motion e.g. forest dislocations,
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(24)

tangles, precipitates. This internal stress is a
measure of the strain hardening-fecovery baiance_in the
ﬁaterial. The effective stress is the thermal component of
the stress which drives the dislocation glide mechanism for
deformation. Subgrains develop when the degree of work
hardening is 1ow.and the temperature is hiéh. Large effec-
tivé stresses arise for these conditions and the dislocations
ﬁove easily to lower their energy. They form low angle
boundaries within the grains. These are the subgrain bound-
aries. |

By comparison, material tested at lower temperatures
and higher stressés tend to form a cellular substructure.
Under these.conditions the degree of work‘hardeniﬁg is in-
creased and. the effective stress is reduced. The disloca-
tions cannot move as easily to lower their energyg; Locélized
tangles of dislocations form. These tanglés are the usuaily
poorly defined cell boundaries. A

In general, cells are smaller in size than are sub-
grains. In the'present study the cells devéloped during
creep at 701°C are observed to be highly elongated along
one axis, most probabiy the mécroécopic stress axis. See
Figure 7.15,‘ The subgrains observed are more regular in
shépe.

Inspection of Table 7.V shows an apparent change in
creep mechanism>occurring at temperatures of close to 650°C.

The values for the stress exponents n and n' in the power
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law equations were found to be much higher for the 600°C
temperatures than the values obtained at higher temperatures.
At the higher temperatures, the stress exponent values are
quite similar. It is known that stress-enhanced diffusional
mechanisms become operative at temperatures gbove O.STm
(half the melting temperature).czs) Apparentiy, ih the
presenf study as the test temperature is incréased, the
importance of stress in determining the resultant cfeep
behavior decreases. It is quite possible that a diffusionally
controlled creep mechanism becomes the rate controlling me-
chaﬁism. Recovery through the climb of dislocations would
become a predominént mechanism at the expense of the lower
temperature. dislocation-glide type processes. HbWever,

more work is needed.to'verify this idea.

Discussion on Substructure: Although a qualitative

discussion has been utilized to aid in describing the creep-
rupture properties of A.I.S.I. 300 Stainless Steel, a tho-
.Trough discussion of the deférmation substructure will be
forgone until further T.E.M. analysis is completed.

7.1.2.4 Hot Hardness Testing: Program (F. Price)

Instrument Disposition: The recent oxide films, found

on hardness samples, and cracks in the Tantalium heating
element in the testing furnace have prompted an overhaul on
the Hot Microhardness Tester. Due to this activity causiﬁg
extensive down time on the instrument, no new data is'

available for this quarter's report.
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The overhaul has generally beeﬁ confined to the vacuum
system with some attention given to aligning and lubricating
the indentor mechanism.

Results: The vacuum in the pressure vessél, using the
aluminum cover plate instead of the indentor assembly, now
reaches 3.0 E-04 Pa in contrast to 6.6 E-02 Pa previous té;
the overhaul. |

Complete realignment and lubrication of the indentor
mechanism has produced.a much smoother and more consisténf
operation.. This will surely.lead to extended indentor life.

Completion of the project is expected shortly. For
project status refer to Table 7.VI.

7.1.2.5 Substructural Development in Hot Tensile Testing of

304 Stainless Steel . .(A. Ermi and J. Foulds)

Tensile tests were run on 304 S.S. at 650°C (923°K)
and at a strain rate of 3.17 E-04 s71. Specimens 6.35mm
(1/4 inch) in diameter and 50.8mm. (2 inches) gauge length
were machined. from 15.9mm (5/8 ihch) rod (Heat 9T2796) and
solution.annealed at 1093°C for 30 minutes. |

One specimen was run to failure and three othefs tested
to true strains of 2.8, 8.5 and 17.4%. All the tests showed
good reproducibility.

Microhardness.measurements, optical and transmission

electron microscopy results will be reported in the future.

7.1.2.6 A Study on Subgrain/Cell Development During Creep

Deformation (J. Foulds)

i
=
T w0




Mechanical Test Data: Interrupted tests were completed

on 330 S.S. specimens tested at 652°C (925°K) and 172.4 MPa
(25 ksi) as planned in the previous report(Zl). The strain-
"time curves obtained were repnoduéed in each case. Table
7.VII contains the data for the interrupted tests.

' Transvérse sections were takén from each of the speéi—
| mens AN330-CF08 through to AN330-CF14 and studied optically.
As for the set of specimens tested at 652°C and 241.3 MPa .
(SS.ksi)1 no. appreciable grain size variation occurred.

Cracking and Fracture:  Figure 7.16 shows a stereo

~pair of SEM fractographs of the specimen tested.at 652°C
and 172.4 MPa. These'indicate that a large amount of trans-
granular cracking ﬁas.responsible for failure. However, ..
unlike as in the test-run at 241.3 MPa, the number of
.triple point cracks observed on the ruptured longitudiﬁal
and transverse sections was low. As has been suggested,
grain boundary migration at longer test times is less
inhibited. Cracks were observed to form 1atef in the
tertiary creep stage for the longer test time. Also, the
intergranular form of craéking appeared to occur more than
for the specimen tested at 241.3 MPa (compare with figure 
7.2; p. 337 of previous report). |

As expected, optical micfoscoby showed a‘large number
of R-type cavities for the specimen tested at the lower u
sfress (172.4 MPa) comparéd with the one tested at the

higher stress (241.3 MPa).
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Room Temperature Microhardness: Microhardness measure-

ments (DPH) were made on longitudinal sections of specimens
ruptured at 652°C and 172.4, 206.9, and 241.3 MPa. The
results were plotted. along with the_daté in the last re-

(21) (See figure 7.17).

port.
The large difference between the work-hardening at
lower temperatures (652°C) and that at higher temperatures
(501°C) for the same applied stress is obvious. The curvés;
however, still exhibit the same "@arallelism" observed
earlier, indicating similar work-hardening characteristics

along the section.

" Transmission Electron Microscopy: TEM studies are

~underway on transverse sections of specimens AN330-CFO1l
through to AN330-CF15 to aid in substructural development'
analysis for[the.twoAcases. All micrographs will be re-
ported along with a final analysis.
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TABLE 7.1

CHEMICAL COMPOSITION* OF INCOLOY 800

Heat HHB8968A

Heat HHO0403A3

Elément (Push-~Pull) (Bend-Fatigue)
Iron 44.38 45.06
Nickel 31.41 32.40.
Chromium 21.61 20.26

Manganese 0.84 0.73
Aluminum —- 0.45
Copper 0.45 0.29
Silicon 0.29 0.29
.Sulfur 0.008. .0.607
Carbon ) 0.07

*

F25

Values given in weight percent.
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TABLE 7.11
SUMMARY OF LOW CYCLE FATIGUE DATA FOR INCOLOY 800

Total .7 Plastic Fatigue

Test Strain Strain Stress Range Life,

Test . Specimen Temp Range, Range, . Ac Ne,

Mode " Number °C beg, % Aep, % ' MPa(psi) Cches
push-Pull 2G55 649 0.49 0.19 - 471.8 (68430) . 11000
‘ 2157 " 704 ©0.49 . 0.20 440.9 . (63950) 6055

2W23 : 760 ©0.49 ' 0.24 365.2 (52970) 4046

2A73 649 1.98 1.47 ~781,8 (113390) 507

2u21 704 1.97 1.53 671.0 (97320) 407

2B26 760 1.97 1.61 - 531.1 (77030) 420

Bend-Fatigue -12-1-2 649 " 0.50 0.18¢1) na (2 NA 22025
. H-12-2-1 704 0.50 . 0.20 NA NA 15100
H-12-3-3 760 0.50 0.23 NA NA . 7375

H-12-2-2 T 704 1.00 0.60 . NA NA " 1045

H-12-1-3 649 2.01 1.5 NA NA 470

H-12-2-3 704 2.00 1.5 NA NA 260

1.6 NA NA 340

1-12-3-1 760 2.00

T

MATERIAL: Solution Annealed Incoloy 800
STRAIN RATE: 4. E-03 S~1

(l)Plastic strain range for bend-fatique specimen estimated from data for push-pull mode.

(Z)NA: Not Available
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TABLE 7.I1I

FATIGUE CRACK INITIATION(l) DATA FOR INCOLOY 800

" Plastic : :
Test Strain Fatigue Crack
Test Temp, Range, - Life Initiation Fraction
Mode T, °C Aep,-%. “f' Cycles - No,‘cycles NO/Nf
Push-Pull » 649 0.19 | 11000 44004700 0.40+0.06
704 . 0.20 6055 2000+300- 0.33+.05
760 ) 0.24 ) 4046 2000+100 0.49+.03
649 . 1.47 507 180+10 0.35+.02
704 .. 1.53 407 80+10. 0.195+.025
Bend-Fatigue 704 , 0.20 15100 12000+200 0.79+0.02
760 S 0.23 : 7375 6000+100 0.81+0.02
704 0.60 1045 650 0.62
649 1.5 470 1 0.002
704 - 1.5 260 1

0.004

(1)

Assuming an initial crack length of a, = 0.1lmm and Nf =

N + N_.
o )
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TABLE 7.1V - SUMMARY OF .THE RAW CREEP-RUPTURE DATA GENERATED FOR
A.I.S.I. 300 STAINLESS STEEL CREPT AT VARIOUS TEMPERATURES

SAMPLB  APPLIED TEST e e, e, 1/r t, ta en €g R.A.
CODE  STRESS TEMPERATURE P 3 :
MPa . °C $ \ S S S S $ 3 %
. ' . b b b b
AN330-CBO9 413.7 500 17.39 17.90 1.74 E-09 3,78 E+05 N.A. 3.47 E+06 19.6 16.5 15.2
AN330-CB13 275.8 600 10.09 10.80 3.97 E-07 4.32 E+03 9.25 E+04 Z2.06 E+05 33.4 40.2 33.1
’ b b b b
AN330-CDO8 137.9 600 1.10 1.87 3.75 E-10 1.80 B+06 N.A. 1.08 B+07 2.7 2.6 2.5
AN330-CB10 206.8 652 ‘2,14 3.29 2.24 E<06 1.44 E+03 2,20 E+04 8.28 E+04 -51.7 74,2 52.4
CBFO1 206.8 652 0.61 2.40 2.15 £E<06 2.88 E+03 4.18 E+04 9.79 E+04 54.8 69.3 50.0
AN330-CBO1 275.8 701 5.00 12,00 .- 2.32 E-04 3.60 E+01 5.40 E+02 9.00 [+02 60.0 58,2 44,1
AN330-CBO3  241.3 701 12,70 6.00 9,25 B-05 6.84 E+01 6.12 E+402 2.45 E+03 65.0 77.9 54.1
AN330-CBOZ  206.8 701 1.50 2.70 2.45 B-05 1.08 E+02 3.06 E+03 1.04 E+04 64.0 83.0 56.4
chroz 206.8 701 0.85 3.25 2.06 B-05 4,32 B+02 2.41 E+03 1,03 E+04 53.0 63.5 A7.0
AN330-CRO4 137.9 . 701 0.19 0.95 1.68 E-06 1.98 E+03 1,80 B+04 1.21 E+05 62.3 87.9 58.5
AN330-CROS 103.4 701 . 1.13 3.50 1.58 E-07 2.05 L+04 1,49 E+05 9.04 E+0S 62,5 73.8 . 52,2
AN330-CB11 206.8 750 - 0.52 1,00 5.73 E-05 1.80.1+401 7.02 E+02 3.35 F+03 48.4 87.9 58.5
AN330-CBO6  137.9 800 0.45 3.50 1.10 E-04 1.48 E+02 7.20 B+02 2.7 BE+03 70.5 92,1 60.2
AN330-CBO7 68.9 800 0,09 1.55 7.89 B-07 1.04 E+04 8.93 E+04 2.34 E+05  30.3 37.1 31.0
NOTES:
a - values rcﬁrcsent cumulative strain at the end of primary creep 1/r - time to reach 63% of e,
b - - values obtained from interrupted tests; not ruptured . t, - time to end of sccondary stage
N.A. - not applicable . H ’ (0.2% offset)
¢y " strain on loading T tr - time to Tupture .
e, - cumulative strain at end of transient stage ’ °n - cngineering rupture strain P
o ' ' - . € - true fracture strain calculated as
e, - minimum creep rate f g tn (100/(100 - % R.A.)

R.A. - recduction in cross sectional area



TABLE 7.V

VALUES FOR THE STRESS EXPONENTS AND PRE-EXPONENTIAL
TERMS APPEARING IN THE POWER LAW EQUATIONS DESCRIBING
THE CREEP BEHAVIOR OF A.I.S.I. 330 STAINLESS STEEL
CREPT AT VARIOUS TEMPERATURES.

Equation ' n ' n'
- t . — 11
es A oa . tR A oa

) . AT ' .1 _ A" n'
Temperatur -1 n”t « wp D'

oC S MPa 1 S MPa

600 3.04 E-31 | 9.87 | 9.95 E+18 | -5.60

652 1.19  E-24° 7.87 1.29 E+17 | -7.03

701 4.77 E-22 7.23 §.31 E+19 | -6.83

800 1.85 E-21 7.89 3.08 E+18° | -7.08

:NOTE

a - data base for this calculatlon neglects the sample
crept at an applled stress of 241.3 MPa.

T«‘?gi
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TABLE 7.VI.
STATUS OF HOT-HARDNESS MATERIALS TESTING PROGRAM

MATERIAL HEAT NO. ) HARDNESS TEST DATA  ANALYSIS OF DATA
STATUS . OBJECTIVES STATUS
. IN 706 4865 HK T Incomplete a,b,c -
/ . Other Complete "~ a,b,c b
IN 718 | 59 FIEY ~ Complete - a,b,c a,b,c
M 813 ' R 74073 A Complete a,b,c b
PE 16 o CO 7206 ' Complete ’ a,b,c a,b
AISI 330SS 14189 (1) Complete a,b,c  b,c
14189 (2) Incomplete a,b,c -
14189: (3)- - Incomplete a,b,c -
A-286 ' C-66251-K2 - Incomplete a,b,c -
AISI 304 SS ORNL 5-C, 7-B ~ Incomplete | | "a,b,c,d -
1-C, 6-B
813, 796K

Heat Treatments ‘
(1) 1100°C/I/2'HR in Vacuum/rapid FC  (a) Correlatlon of hot hardness to ten511e

' om . 4 : ~ , strength,
(2) 1065°C/1' HR/AC (b) Calculation of Effective Activation

(3) 1065°C/1 HR/NQ + 20% CW o ' Energy of Indentation.
, C o (c) Calculation of Effective Activation
Energy of Creep.
(d) Evaluation of changes in hot-hardness

properties with trace variations in
Nb content,
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SPECIMEN NO.

AN330-CF14
AN330-CF13
AN330-CF12
AN330-CF11
AN330-CF10
AN330-CF09

RA

INTERRUPTED DATA AT'652°C;AND 172.4 MPa APPLIED STRESS

3.4
4.9
30,7 .

Engineering strain

time of test
reduction in area

TABLE 7.VII

t(sec)

00.0 EO03
18.0 'E03

1 36.0 E03 .

54.0 EO3
72.4 EO03
90.0 EO3

z

0.90

3.02
3.31

4.42

26.00

22.0
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(b) 'BEND-FATIGUE SPECIMEN

Figure 7.1 Incoloy 800 Specimen Geometries .
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Figure 7.2a Montage of the Push-Pull Specimen No. 2W23;
Incoloy 800, 760°C, 0.5% Strain Range.
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Figure 7.2b Montége of the Bend-Fatigue Specimen No. H-12-2-3;
Incoloy 800, 704°C, 2.0% Strain Range.

F34



Figure 7.3

Fractured Surface of the Push-Pull Specimen No.
2A73 Showing Multi-Crack Failure; Incoloy 800,
649°C, 2.0% Strain Range. :
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Figure 7.6 Plastic Strain Range vs. Fraction of Fatigue Life

‘for Crack Initiation, Assuming an Initial Crack

Length of 0.1 mm.
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for Crack Initiation for Incoloy 800, Assuming an

Initial Crack Length of 0.1 mm.
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Behavior of Solution-Annealed Type 304
Stainless Steel at 1000 F. '
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Figure 7.9 Micro-Hardness indents (DPH, 200 gm.)
near the crack tip of a 304 SS specimen
used for elevated temperature fatigue
crack growth study.
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< 2) Contours
Room Temperature Hardness (hg/mm )
R in the Vgcinity of a Crack Tip of 3504 5S.
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Figure 7.15 Mobile Dislocation Structure and Precipitate
Morphology in A.I.S.I. 300 Stainless Steel Crept
at 701 C for Two Stresses. a) 241.3 MPa
b) 103.4 MPa.
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Figure 7.16 SEM fractographic stereo pair of A.I.S.I. 330
Stainless Steel specimen tested at 652°C and
172.4 MPa (25 ksi).
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- applied stresses at 652°C and 701°C.
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