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MASTER

In the current investigation data for a number of common elevated

temperature structural materials have been analyzed to yield mathematical

predictions for the time and strain to tertiary creep at various rupture

lives and temperatures.

Materials examined include types 304 and 316

stainless steel, 2 1/4 Cr—1 Mo steel, alloy 800H, alloy 718, Hastelloy

alloy X, and ERNiCr—3 weld metal.

range of creep temperatures for rupture lives ranging from less

than 100 to greater

in these quantities

directly relate the onset of tertiary creep to failure-inducing

instabilities. For

than 10,000 hours.

Data were typically examined over a

Within a given material, trends

can be consistently described, but it is difficult to

example, a series of discontinued tests for alloy 718

at 649 and 620°C showed that the material fails by intergranular cracking

but that no significant intergranular cracking occurs until well after

the onset of tertiary creep.
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e INTRODUCTION
Current design rules! for elevated-temperature nuclear systems.

require consideration of the time to the onset of tertiary creep-as

one factor in the determination of design allowable stress intensity

limits} Reasons for this- criterion include the prevention of
metallurgical or geometric instébilities that might lead to failure
or to excessive strain during service. Unfortunéteiy, the
manifestations of tertiary creep can vary widely from material to
matérial,‘and tHe actual physical meaning of this criterion is
somewhat unclear.

In rec’ent..investigationsz"12 creep data for a number of common
elevated—temperaturé structural materials have been examined in ordér
to aescribe»the manifestations of tertiary creep ig various systems.
Materiéls examined include types 304 and 316 austenitic stainless

steels, ferritic 2 1/4 Cr—1 Mo steel, nickel base alloyf718, Hastelloy

alloy X, class ERNin—B weld metal, and the high nickel austenitic

‘alloy 800H. Features studied include the strain incurred before the

onset of tertiary creep and its relationship to the total creep strain
to. rupture and the time to tertiary creep and its relation to the time
to rupture. This paper seeks to summarize and interpret the results

of those investigations.

In addition, creep tests for alloy 718 have been discontinued at

~various points from about 20% of the rupture life to the actual rupture

point. Phenomenological examination of experimental data and metallographic

examination of specimens from the discontinued tests have been used to

relate the occurrence of tertiary creep to micorstructural changes in the.



" material. It is shown that the observed onset of tertiary creep in
terms of increasing creep rates does not necessarily imply instability

or impending failure.

DATA USED

Data examined for type 304 stainless steei were derived primarily
from tesps'conducted at Oak Ridge National Laboratory (OﬁNL) on 20 heats
of annealed matefial. References 4 and 13 describe the behavior of
thoée heats. Data for type 316 stainless steel were taken primaril&
from_two ﬁeats“”15 with additional recent data having been‘generated
at ORNL. Daﬁa for several heats 6f alloy SOOﬁ were taken from a
variety of sources, as described elsewhere.sys_ information for .
2 1/4 Cr—1 Mo steel included anneaied and isothermally. annealed
material with or without subsequent simulated posﬁweld heat treatments.
Air—meltéd, électroslag remelted (ESR), and vacuum arc remelted (VAR)
materials were considered. Data were taken from Refs.“l6719.énd Were
énalyzed in detail previously.7’8 Data for alloy 718 were obtainedx
from recent ORNL test programs9 for three different heéts of material.
Data for Héstelloy alloy X were taken from Ref. 20 and are analyzed in
Ref. il. Reference 12 presents detailed anaiysis of data?1>22 for .

class ERNiCr—3 weld metal (commonly known as Inconel 82).

DEFINING THE ONSET OF TERTIARY CRﬁEP
One factor that complicates analysis for data describing the onset
of tertiary creep is the problem of defining the onset point for
individual creep strain-time curves. For a cléssical curve as shown

in Fig. 1, the times %; and £y, are both commonly used measures of the
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time to the onset'of tertiary creep, with'gz and egg being the
corresponding creep strains The definition problem becomes much
more complicated as the creep curve shape becomes less classical.

The creep strain-time behévior of 2 1/4 Cr—1 Mo steel can be quiﬁe
'complicated. This material strongly tends toward nonclassical creep
behavior (Fig. 2). This behavior is discuséed in more detail by
Klueh',ls’ll7 who points out that the increase in creep rates at the end -
of the first steady—stagé does not represent the onset of tertiary creep
.. (as one might wrongly be led to'believe);~ Rather, it probably represents
a metallurgical instability within the material. The .creep rate is
controlied by different mechanisms in the two steady-state stages.

The existence of two separate steady-state stages abpears to be a
dominant feature of the behavior of this material and shouid be
accounted for by any predictive model. For the nonclassical curve
(Fig. 2) we have calléd7’8 the first primary and steady-state portioﬁs
"Type I" creep and the second linear portion "Type II" creep. The
stress-temperature conditions which produce classical or ﬁonclassical
creep vary with heat and. heat treatment.A

If the transition from Type I to Type II creep is wrongly assumed
to be the onset of tertiary creep, then 2 1/4 Cr—1 Mo steel appears
to display early onset of tertiary c¢reep. ~However, for the classical
curves available, the time to the onset of tertiary'creep is always
about half the rupture life, t,. For the nonclassical curves the énd

of the second linear stage is also about half the rupture life. For




this reason it is thought that the true onset of tertiary creep begins
at the end of this second linear stage. The end of the first linear

stage represents merely a mechanism change. Onset of tertiary creep

' was differentiated from the end of Type I creep through the classification

procedure described. elsewhere.’’8

Hastelloy alloy X often displays nonclassical cfeep curves similar
to those noted for 2 1/4 Cr—1 Mo steel. At present no metallurgical
explanétion has been developed for this behavior. However, it was
concludedll; that the:éﬁd of the sepond linear}stagé was appropriately
calléd the onset of terﬁiary creep for this material as well.

'Both alloys 800H and 718 show tendencies toward unusually eariy
onset of tertiary creep; As shown in Fig. 3 the creep curves for such
tesﬁs often do not display a clear regibn of linear cfeep at all, making
measurement of the time fo tertiary creep particularly difficult. 'In
the current analysis té and tgg for alloy 800H were determinéd as shown
in Fig. 1. For alloy 718 only tgg waé determined since we felt that tgg4
could be more consistently determined than ¢, from’tﬁe curves'for that
material. Types 304 and 316 stainless steel ﬁsuaily dispiay fairly
classical behavior, although unusual phenomena do occur (Fig. 4). The
behavior of ERNiCr—3 weld métal varies with temperature, asiwill be
described below.

‘Noting the above differences in behavior”from material to matérial,
values for tgg, ¥y, egg, and e, were determinéd from available c¢reep
curves. These values were next examined to identify trendsliﬁ behavior

for the various methods.




PHENOMENOLOGY OF TERTIARY CREEP
TiME TO TERTIARY CREEP
Probably the most widely used?s 3>10515,23-25 pothod. for analysis of
tertidry creep data is the examination of relationships between the time
to ‘tertiary creep and the corresponding time to rupture, ¢,. All of thé
above materials have been shown®>©>9510,13,16 g obey a relationship of

the form

tg=at,t, 1

where‘t3'may be tss‘or t2 and where 4 and B are functionsAof matefial'.:‘
only, exceét for alloy 800H where A4 is a function of temperatﬁre as weil
_ andvERNiCr—3 where both A and B vary withAtemperaturé.

" For ERNiCr—3 in the temperature range from 454 to 566°C. -
there was essentially no tertiary,cregp poftion, with rupture occurring
very quickly after deviafion fr&m linear créep. In this regime t, and

tgg are essentially equal, and either can be described by
tgg = t2 = 0.98%, . (2)

Data for tgg in the raﬁge 677—732°C showed curvature when plotted
16é—log,against t, (Fig. 5). This phenomenon can be attributed to the
shapes of the créep curves in this range. As times become longer the
creep strain to tertiary creep becoﬁes smaller, and the constant-O.ZZ
‘offset becomes relatively larger. As a result'tss becomes a larger and
larger fraction of %,. ' When viewed in terms of #;, these plots are

again essentially linear, with the behavior being described by

ta = 0.035¢,1.20 , A (3)



as shown in Fig. 6. This equation will eventually yield t2 > ¢, at
very long times.  For the longest term available data ¢, ¥ 0.2¢p,. Thus.
.-we (arbitrarily) recommend predicting ¢2 by Eq. (3) or by £ = 0.6%p.

ﬁhichever is smaller, since 0.6%, falls midway between 0.2¢,, and ¢p, the

range in which ¢ must lie. The.behavior seen in Fig. 5 indicates that
perhaps a variable offset would be more appfopriafe‘than the fixed
(arbitrary) value of -0.2%. At 621°C t3 wasvgiveﬁ by approximately 0.85%¢,,
showing behavior intermdeiate to the above two feméerature reéimes.

Figures 7 and 8 illustréte the applicability of Eq. (1) to other'materials,
whiié Table 1 summarizes the values of A and é,

7 It should be note&'that the time to tertiary crééﬁ can be éreate&
directly as a furic;tion-of;stressf.and.temper::xtuz'e.L”s’9’10 Such

analysis can be performed usiné fechniques similar to those ‘commonly

used for stress-rupture data.26s27

" STRAIN TO TEﬁTIARY CREEP

Téchniques used by the authors for estimation of the strain incqrred
before the onset of tertiary creep are described in detail elsewhere.2}3;28
The method is éssentially that proposed by Smith?° énd expanded by

Goldhoff30 for strain to rupture.. Using e as an example (the

ss
treatment of ‘e, is analogous),‘the average creeép rate to tertiary creep

ésg is defined by
éss = ess/tss . - (4)

. Although the scatter in ey, and ez.is often top great to permit;a
meaningful diréct analysis, the quantities égg and &p usually exhibit . -
far less scatter. They can then be tpeated directly by parametfic,
regression, or other techniques. We have generally obtaiﬁed optimum

results with the relationships
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&3 = Bey (5)
. -y .
or . e3 = Ditp ’ _ (6)

where &3 is &g, or e, and where B, o, D, and y are material constants’

‘Eigures 9 and 10 illustrate tha applicaBility of Eq. (5) , while

Table 2 summarizes the results for various materials.
In some cases parameter D in Eq. (6) was found to be a definite
function of'temperature.‘ Table 3 summarizes the correlations obtained

\m:.‘. .
for some of the materials by use of an equatiog(oﬁigﬁe form

&3 =.D0e-Q/RTtp-Y° — (7)

where Dy, Yo, and ¢ are temperature-independent material constants, R

is the gas eensteh£ (8.31 J/mole),'end T is the tempefé;ure in K. As

" illustrated in Fig. 11 the fits are again quite good.

Data for &3 can also be examined directly as a function of stress
and temperature. Such direct analyses for alloy 800H (for &5, and ¢j5)

yields -a final equation for ej as

ey = 7.238 — 11,300/T + 22201050 , (8)
where '
T = temperature (K) and
o = stress (MPa).

Whatever methods are used, estimation of ¢3 and &3 then yields ej3 as
as the product of the two. Figures 12 and 13 compare typical predictions

with data for creep strain to tertiary creep.




STRAIN TO RUfTURE
The creep strain to rupture, e,, can be treated by methods analogous
to those used above for €3. In many caées the only available measure
of rupture ductility is ih terms of total strain (creep plus
instantaneous plastic strain on loading), ey- Fortunately, the two
quantities, e, and et, can be treated .similarly. Good results have
generally been obtained by relating the average strain rates

ep = Et, g (9)
e, = Gt ¢ (10)

where the material consfants"E} §, G,  and e may all be functions of temperature.

This temperature dependence can sometimes be described in the form

i

'er. = Eoe-Q/RTtp—do . . . A (ll)

whefe R is theigas constant, Eg, @, and §; ére the material cénsfants,'and
T is the absolute temperature. On the other hand,'for'2 1/4 Cr—1 Mo

steel the temperafure dependence is negligible. The quantity &, can

;lso be directly treated as a function of stress and temperature (as

can é3).‘ Figures 14 and 15 illuétrate the relationship between average
strain rate to rupture and rupture life, while'Fig. 16 compares typical
predictions with data for strain to rupture. Optimum results for the

current materials were obtained from the following equations:




(482—-816°C)

(538—760°C)

(454—566°C)

(538—760°C)

(538-871°C)

(649-760°C) " logés = 24.02 — 39,080/T — 2.666logo + —

(454°C)
(510-566°C)

(621—732°C)

304 Stainless-

&, = 22,578¢"°0,%5%/FT; ~1.806

316 Stainless
bp = 1.061 x 106~ %> 778/RTy 1,029

2 1/4 Cr—1 Mo

£ = 27t 1.0
Alloy 718

by = 136,700¢" 2221 O/ET, -1.0.

Alloy 800H

logéy = 25.18 — 41,200/T + —27—

Hastelloy Alloy X

ERNiCr—3 Weld Metal

.e_p = 38tr:1 .0

7
&y = 0.0042¢ 1 020/RT

&p = 54,69Qe'5°’11QART

(12)

(13)

(14)

. (15)

(16)

17

(18)

(19)

(20)



11

| DISCUSSION
* TRENDS IN BEHAVIOR

Table 4 summarizes predicted trends in es3, t3, e, (or et); and
e3/ep as functions of rupture life at different temperatures. As
discussed elsewhere,?e trends in crezp ductility data are often more
clearly discegnable in terms of sfress than time,lbut time is a
convenient index from which to draw'inferences.about the..importance of
various trends for design applications.

Trends‘cleariy vary from material‘to material. The ratio t3/t,
may be constant, may incredse or decrease with time, and may decrease
with temperature. The predicted éuéntit& e3 always decreases with time
eXcept for 2 1/4 Cr—1 Mo steel, where it remains éonstant within the |
data used here. For 304 and 316 stainless steels ¢3 increases with
temperature, while for 2 1/4 Cr—1Mo steel, alloy 718, alloy SOOH and
Hastelloy alloy X, e3 shows no temperature dependence within the range
sfudiedA(Table II). Trends in e3 (and e;) for ERNiCr—3 weld metal with
temperéture are complex. . The.straiﬁ to rﬁpturé (ep orvet) decféases
with time except for 2 1/4 Cr—1 Mo steel and alloy 718 (and ERNiCr—3 at

454°C). Rising temperature may yield increasing values for ey Or ey

(304 or 316 stainless, alloy 718, alloy 800H, ERNiCr—3 at some temperatures);

decreasing values for e, or ex (Hastelloy alloy X, ERNiCr—3 at some
temperatures), or constant values (2 1/4 Cr-1 Mo‘speel). The ratio of
esz/ey (or e3/et) can go up or.dowﬁ with time or temperature.

Examination of Table 4lgives a good idea of expected typical trends -

for ghg'materialsAincluded in this study, and those trends will not ‘be

R
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reiterated in the.text. Hoﬁever, of particular interest are the
extremely low values of e3/e, for some of the materials, indicating a-
substantial capacity for étraining even beyond the onset of tertiary
creep;

It should be noted that the values in Table & are intended to show
typical trends in behavior. Creep ductility data show considerable
scatter, so éctual values may vary somewhat from those given in the
table. Effects such as heat-to-heat variations in behavior can also'be
impértant, but the values in the table give a good idea of typical

properties based on available data.

TERTIARY CREEP AS A DESIGN CRITERION

»Currént elevatéd temperature design rules! require‘consideration
of the stress to cause (within the design life) rupturé, onset of
tertiary creep, or 1% total through-thickness strain.

The actual occurrence 6f creep rupture is an obvious design criterion
" in that it is directly related to failure. In some cases the onset of
teftiary~creep can also be relafed to failure. Penﬁy and Mariott3!
express the view that creep rupture as an iﬁstability is more related
to ‘the coﬁditions preceding ;nd causing the Snset of-the instability
than to the conditions after the instability occurs. Thérefofe, the
onsét of tertiary creep, if viewed. as the.béginning of failﬁre, can
‘have fundamental significance. Grant et al.32’33<support this view,

finding that the onset of tertiary creep (especially in terms of

ductility) can be wore fundamental than rupture itself.
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Presumably, onset of tértiary éreep as a design criterion is
meant to prevent excessive internal cracking and voidage and to ﬁrevent
gross pléstic instability. Garofalo3" indicafed tﬁat the onset of .
tertiary creep can be related to several factors, the most commonly
‘mentioned of which include:

l. increasing streés'under constant load (result of decrease in

cross-section area caused by uniform defofmation);

2. 1increasing stress due to necking (plastic instability),

3. void formation and cracking,

4. recovery,

- 5. recrystallization,. and

6. precipitation or.resolution of one or more phases.

In a given situation one or several fac£ors could be responsible
for teftiary creep.‘ The exact mechanism and meaning of tertiary creep
appear to be complex and probably vary from material to material. It is
‘not-clear that phe onset of tertiary creep canlbe directly related to
. c¢racking or piastic instability, especially wheﬁ some'uncertainty exists
concerning the very definition of the onset of tertiafy creep éven for
a given creep test.
aﬁd

Using the plastic instability criterion proposed by Hart3>

Burke and Nix36 showed that plastic instability can be expected to begin
in the primary stageiof'creep. Interestingly, they also found. that
constant léad creep tests (with their steadily increasing stresses) are
not inherentiy more unstable tﬁan constant stress tests. No direct
relationship was noted between'onset of tertiary creep and gross plastic

instability.
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deerbérg37‘studied the tertiary creep behavior of & 20 Cr—30 Ni
steel, findingAthat the increasing creep fates in constant load creep
tests for that material could often be accounted for‘merely by
considering the increasing stress due to decreasing specimen cross-
section with straining. On the other hand some grain boundary cracks
developed during tertiary creep at 1ow'stre§ses, and  both Soderbarg37
and Burke and Nix3® observed tertiafy creep éven iq constant stress tests.

One study38 for type 316 stainless steel did reveal a correlation
between fajlure of biaxial tube specimens and onset of tertiary créep -
in uniaxial specimens. Failure in the tubeé wastdefined by loss in
pressure dpe to .crack propagation through the wall. However, thé tube
walls &ere quite fhin,‘being less than four grains in average thickness.
For the daté used here 2 1/4 Cr—1 Mo steel génerally does not show
grain boundary cracks even at rupture.39 The failure is typically pufe
transgranular in nature, which may account for the relative time and
temperatﬁre independence of the strain to‘tertiary creep and to rupture.
At longer times the failure may Become intergranular, however.

From Table 4 it can be seen that alloys 718 and 800H can both
display very low strains to tertiary creep. Both of these materials
typically display intergranular creep rupture, which could be related
to the low values for e3 if cracking is indeed related directly to the
onset of tertiary creep. To investigate this possibility we studied
the creep behavior of alloy 718 in more detail. A series of tests was
conducted at 620 MPa (90 ksi) and 649°C (1200°F). One test ruptured in
869 hr. Other tests were loaded then discontiﬁued and unloaded after
about 0%, 20%, 40%, 60%, and 80% of the life from the rupture test,

These points are related to the creep curve at this temperature in




Fig. 17. As shown in Fig. 18 the ruptured test showed exténSi&e grain
boundary cracking. None of the other tests showed significant amounts
of such cracking, even though the creep rate increases steadily with time
beyond about ZOZ of the life. These increasing rates are not expected
to be due to changes in specimen cross-section, since total strains are
quite small, at least in the initial portion of the increasing creep
rates. No obvious microstructural changes that might be related to these
increasing rates were observed through optical or scanning electron
microscopy techniques. However, there is evidence that the creep
strength of this material is'stfongly dependent on a fiﬁély dispersed
v” phase in the matrix. Transmission electron microscopy studies that
might reveal any éhangés in the size aﬁd.distribution of y” particles
‘have not been performed. However, Y’ hardening caﬂ oftén be related to
hardness lvalues.‘*1 Room-temperature micro-hardness measurements
(Table 5) revealed no discernible relationéhip between hardness decreases
and increasing creep rates.

Phenomenologically there isAadditional evidence from available
stress-relaxation data for alloy 718 that the increasing creep rates
at least in early teftiary creep are not a manifestation of insﬁability
or impending failure. When a single'speéimen is loaded, allowed to
relax, unloaded, reloaded, relaxed again, and so on, the material displays
gradual net softening or increasing relaxation rates from cycle to cycle.“z
As shown in Fig. 19»this softening can be well;simulated by use of a
creep equétion9 that includes increasing creep rates in éonjunction with

the hypothesis of strain hardening.“® This agreement suggests that the
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increasing creep rates merely indicate a state (for whatever reason)
of decreasing strain hardening, ﬁot a state of impending féilure.

In short there is little direct evidence for the magerials
considered hefe that the onset of ‘tertiary creep is a direct
manifestation of excéssive internal cracking or gross plastic instability.
A second reason for the use of. tertiary creep as a design criterion is
purely analytical. Many of the currently uséd creep laws* 8,12 for
design analysis are valid only in the primary and secondary stages of .
creep. There.is also some question concerning possible numerical

difficulties that might be encountered by implementing increasing creep

rates in standard finite-element computer programs. Limited results™*

from the CREEP-PLAST"S,%6 compﬁter code indicated that these increasing
rates could‘incréase the analysis cost but appéared to present no
insurmountable difficulties. Moreover, recently developed creep laws? 11
for alloy 718 and for Hastelloy élloy X include.regions‘of increasing

creep rate in their formulation.
SUMMARY
_The.time to the onset of tertiary creep is currently considered
as one criterion for setting allowable stresses for elevated
temperature nuclear service. Ostensibly this criterion is meant to .. .
provide assurance against excessive cracking and void formation and to
prevent gross plastic instability. It-also serves to prevent possible

analytical difficulties with the treatment of increasing creep rates

in standard finite element analysis codes. Examination of data for
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several common elévated temperature structural materials shows that

the phenomenblogical manifestations of tertiéry cfeep can vary
significantly from material to materiadl or with stress and temperature
for a given material. Indeed, variations in creep curve shape can
make it very difficult to establish 32 consistent definition of onset of
tertiary creep even for individual creep curves. Moreover, we have
found little evidenég of a direct relationship between onset of
tertiary créep and cfacking or plastic instability, and curren# design
computer codes now appear capable of adequately handling increasing
creep rates. On the other hand, rupture as a design criterion does not
prevent the unstable conditions leading toirupture. The exact Qeaning
éf the tertiary creep criterion is not clear in light of these fiﬁdings.
However, the criterion is probably conservative. While instabilities
méy not occur until well after the onset of increasing creep rates,

they are not likely to occur before the increasing rates.
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Table 1. Relationship between time to tertiary creep and rupture
life for various materials
‘ Number _ Température
Material Criterion of A B range of
data data (°C)
304 stainless tas 277 0.752 . 0.977 482—816
304 stainless Cto 233=_:4'0.685 0.968 538649
316 stainless ¢, 183 . 0.526. 1.004 . 538-816
2 1/4 Cr-1 Mo tag 124 . 0.54 1.0 454—566
alloy 718 tss .52 0.392  1.04 538—760
alloy 800H tss .50 a 0.996 538871
alloy 800H 5 50 b 0. 940 ' 538-871
Hastelloy X teg 33 . 0.40 1.0 649871
ERNiCr—3 tss OF tj 310 0.98 1.0 454—566
ERNiCr—3 ) 8 0.85 1.0 621
ERNiCr—3 to 15  -0.035 1.2 677—732
aAbove T = 866K, A = 0.000628¢6108/T,
T 5:866K, A = 0.726

babove T = 866K, 4 = 0.0013525480/7,

for T < 866K, 4 = 0.759




Table 2. Relationship between average creep rate to tertiary creep

and minimum creep rate for various materials

4Number

Temperature
Material of B a range of
) data data (°C)
304 stainless 138 -1.110  0.974 482816
316 stainless® 120 1.602  0.995 593-816
316 stainless 38 1.092 0.991 538—760
2 1/4 Cr—1 Mob 18 1.5 1.0 454—566
2 1/4 Cr—-1 Mo® 15 0.8 1.0 510566
alloy 7189 52 . 2.95 1.18 538~760
~alloy 800H 50 0.8 0.839 538871
Hastelloy x4 B §57:1M60 | Al;2 _ 649-760
- ERNiCr—3 30 0.8 . 0.75 454~566.
ERNiCr—3 1.0 621732

523 1.5

Data represented average total strain (creep +_plastic. +

elastic) rate to tertiary creep.

b .
From classical creep curves

e, : ,
From nonclassical creep curves

dé3 was related to ?p rather than to

ém .[Eq.

(4)]
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Table 3. Relationship amohg average creep rate to. tertiary
: creep, rupture life, and temperature?

Number Temperature

Material of Dy Q Yo range of

' data data (°C)

304 stainless 139 41,725 58,809 1.088 482-816
304 stainless? 120 132.7.. 10,063 1.072 593816
316 stainless 38 205,447 70,358  1.064 538-760
alloy 718 . 53 2.95 0o° 1.18 538-760
Hastelloy X . 33 60 0c 1.2 649-760

QAverage creep rate to tertiary creep,lég,‘haS-been expressed as
a function of rupture life (hr), ¢y, and temperature (K), T, by
&37= Dge~4/RTt,~Y0, where R is the gas constant, 8.31 J mole™1k-1.

bpata represented average total strain (creep + plastic + elastic)
rate to tertiary creep.

CNo temperature depehdence in relationship.
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Summary of predicted behavior for various

rupture lives .and temperatures

!
b

Time to tertiary

Strain to tertiary creep

Strain to rupture

Ratio of strain to tertiary creep to

. i;fif (%) (Z) strain to rupture
.Temperature r .
ony t
o Rupture lif: (hr)
10t 103 10° 10! 103 103 10! 103 105 10! 103 10°
304 Stainless Steel
538 7.19 640 58,000 3.94 2.4 1.4 10.3P 7.1 4.9 u.38 0.34 0.28
649 7.1 640 58,000 11.3 6.8 4.1 25.5 17.6 12.1 0.44 0.38 0.34
760 7.1 640 58,000 25.7 15.4 9.2 51.8 35.7 24.6 0.50 0.43 0.37
. ; / :
) 316 Stainless Steel
538 5.3¢ - 540 55,000 2.8¢ 2.1 1.6 6.30 4,2 2.8 . 0.44 0.50 0.57
649 - 5.3 540 55,000 © 9.7 7.3 5.6 26.2 17.6 11.8 0.37 0.41 - 0.47
760 5.3 540 55,000 25.9 19.7 14.9 80.1 53.9 36.3 0.32 0.36 0.41
. ] 2 1/4 Cr—1 Mo -Steel
454 5.4 540 54,000 2.510.02  2.5-10.6 2.5-10.0 27d 27 27 0.092—0.37 0.092-0.37 0.092-0.37
510 5.4 540 54,000 2.5-10.0 2.5-10.0 2.5-10.0 27 27 27 0.092-0.37 ,0.092—-0.37 0.092-0.37
566 5.4 540 54,000 2.5-10.C 2.5-10.0 2.5-10.0 - 27 27 27 0.092-0.37 0.092-0.37 0.092-0.37
' Alloy 718
538 4.3 520 57,000 1.02 0.64 0.43 3.0° 3.0 3.0 0.33 0.21 0.14
649 4.3 520 57,000 1.0 0.64 0.43 11.0 11.0 11.0 0.091 0.058 -0.039
760 4.3 520 57,000 1.0 0.64 0.43 30.4 30.4 30.4 0.033 0.021 0.014
Alloy 800H
538 6.6° 500 38,000 6.5¢ 1.5 0.32 18.19 9.1 4.5 0.36 0.16 0.071
649 4.5 340" 26,000 6.7 1.4 0.30 36.9 18.1 9.0 0.18 0.077 0.033
760 2.4 180 14,000 6.4 1.4 0.31 63.6 31.2 15.3 0.10 0.045 0.020
‘ Hastelloy Alloy X
649 4.0% 400 40,000 15.14 - 6.0 2.4 e 66.49  45.8 e 0.090 0.052
760 4.0 400 40,000 15.1, 6.0 2.4 e 56.5 33.4 ‘e 0.11 0.072
871 - 4.0 400 40,000 15.1 6.0 2.4 75.4 36.1 17.2 0.20 0.17 0.14
. _ ERNiCr—3 Weld Metai
454 9.8 980 98,000 7.3¢ 3.3 1.5 38d 38 38 0.19 A‘0.087 0.03¢9
510 9.8 980- 98,000 7.3 3.3 1.5 116 29.0 7.3 0.063 0.11 G.20
566 9.8 980 98,000 7.3 3.3 1.5 55.9 14.0 3.5 0.13 0.24 0.43
621 . 8.5 850 85,000 20.0 5.6 0.08 32.2 . 8.1 2.0 0.63 0.72 0.50
677 0.5 140 35,000 1.7 0.56 0.35 48.0 12.0 3.0 0.040 0.063 0.18
732 0.5 140 35,000 1.2 0.30 0.05 67.9 17.1 4.3 0.021 0.029 0.058
Values are tss and egg
) bValues are ep -
®Values are t; and e, .
dValues are gz

€Predictions not valid in this range
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Table 5. Microhardness valueé»from discontinued
creep tests for alloy 718

Exposure Fraction of - Diamond? -
time - . pyramid
(hr) rupture life hardness

o 0.0 ' 418
188 0.2 423
360 - : 0.4 420
530 0.6 417
695 0.8 433
869 1.0 439

QvValues represent the average of six
measurements made within the specimen
gage section. Due to microstructural
inhomogeneities within the material,
values typically ranged about 10 points
above and below the stated average.
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