t\lJ

Conb. Web ol K

AN ANALYTICAL REPRESENTATION OF THE CREEP AND
CREEP-RUPTURE BEHAVIOR OF ALLOY 800H*

M. K. Booker

Metals and Ceramics Division

Oak Ridge National Laboratory

Oak Ridge, Tennessee 37830

ABSTRACT
The extensive use of Alloy 800 (including the 800H variation) in

elevated-temperature applications requires that the mechanical properties
of this material be well characterized and understood. In the present
investigation, available creep and creep-rupture data for Alloy 800H have been
collected and analyzes. Results include mathematical models describing time

and strain to rupture, time and strain to tertiary creep, and creep strain-time

behavior as functions of stress and temperature.
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An Analytical Represenﬁation.of the Creep and -

Creep-Rupture Behaviof of.Alloy 800H

INTRODUCTION

The high nickel - austenitic Alloy.800H is an importaqt structural material
for elevated-temperature nuclear vessels and components. In fact, it'is one
of only four materials curréntly approvéd under ASME Code Case 1592 [1] for
nuéleaf setf{?e above 427°C (800°F). 'Mény of thé austénitic—to—fefriﬁic :
trénsition weld joints [2] in the proposed Clinch River Breeder Reactor
Plaﬁt (CRBRP) will consist of trimetallic jointé employing a spool piece
(about 30 cm'long)’of Alloy 800H between 2 1/4 Cr—1 Mo steel and austenitic
stainless steel [3]. The use of a spool piece wiil'reduce thermal stresses
due to differénces in the coefficients of exﬁahsibn in the austenitic and
férriticApiping matefials.‘ The‘transipion-joints will essentially_consiét'
of two welds: 2 1/4 Cr—1 Mo steel to Alloy 800H via ERNiCr—3 (Inconel 82)
filler metal, and Alloy 800H to stéinless steel-via 16;812 filler metal.
Successful design andAinelastic analysis require that the behavior oflthese
matefi@ls be well understood. Such an undérstanaing requires, among other
things, a thbrough knéwledge of the ﬁechanical propefties of the.materialé
involved. ‘Toward this end, a surQey of available creep and tensile data for
Alloy 800H has been completed. Many such data are available, but it is necessary’
tovcompile them and to present them in formats that are useful to designers.
Therefore, the data have_bgeﬁ analyzed to yield mathematical descriptions of

the behavior of this important material.

BACKGROUND INFORMATION
_The'high nickel éusteﬁitic‘Alloys’BOO and 800H have been used in a variety
of applications iﬁcludiﬁg furnace equipmégz_;nd;;éfor;ér and cracker tubes ’ |
for the petro;hemical industrf [4]. ‘The relatively wide use of the material can

be attributed to its excellent elevated-temperature strength and to its resistance

to oxidation and carburization at high temperatures. Table I shows the
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specificationé on chemical composition currently used for Alloys 800 and:

800H. 1In terms of chemistry, the only difference-between the two is that

<A110y 800H must ‘have a minimum carbon content of 0.05 weight percent.'vAlsb,

Alloy 800H is.required to have a grain size of ASTM No. 5 or coarser. Finally,

~ Alloy 800H is solution. annealed at about 1150°C (2100°F), whereas Alloy. 800

is mill-annealed at about 980°C (1800°F). (Before the advent of Ailoy 800H,

the material existed as a solution annealed "Grade 2" material and_a mill-

~annealed "Grade 1" material.). The alloy is currently manufactured under a

variety of trade names, including Incoloy 800, Escalloy 800, -Carlson 800,
Pyromet 800, Udimet 800, Sanicro 30.and 31, Croloy 20-30, Crucible 800,
Camvac 800, and Hoskins Alloy 800 [5].

Alloy 800H is essentially a solid solution alloy, but its behavior can be

‘strongly influenced by the precipitation of several phases within the material.

Ihése phases includé gamma érime [Ni3(Al, Ti)], chromium carbides (Cr;3Cg) and
fitanium carbonitrides [Ti(C,N)] [6]. Thus, it is to be expected that thé
copcentratioﬁs of nickel, carbon, éluminum, titanium, and nitrogen ﬁay have
significant influences upon the behavior of the material.

Much of the long—termvelevéted—temperature strength of'Alloy 800H can in
fact be att?ibuted to the strengthening effeéts of precipitated phases.
Unfortunately, these phases (pértidularly y') may also cause decreases in Ehe
long-term ductility. Thus, it is importaﬁt to examine trends in the creep
ductility of the material.

‘Finally; thé effects of.precipitated phases can cause complications in the
data anglysis in two respects. Fifst, the strengthening effects may be lost after
long times due to overaéing. Second, there is some evidence [7] that the effects
of y' pfecipitation on mechanical propefties are small at about 700°C (1292°F)
or above, but large in the range 500-650°C (632-1202°F). Unfortunately, most

available U.S. creep data for Alloy 800H were obtained at temperatures of



649°C (1200° F) or above, while most CRBRP serv1ce will be from 538°Cc .
(1100°F) . The problem of extrapolatlon of results from hlgh to. low temperatures

is thus eompllcated_by the metallurgy of the materlal.

DATA USED

All data used in this report were derived'frometests onvfiie in the ORNL
‘Mechanical Properties Data Storage and Retrieval System (DSRS),[SJ. The major
original source of both.oreep and teneile data was the package [9] prepared by
Huntington Ailoys. Actual tensile stress-strain data for use in development of
isochronous stress-strain curves were obtained privately from Generai Atomics
4Corporation [101, Creep-strain-time curves from tests condueted by Huntington
were obtained privately from C. E. Sessions and J. M. Duke of Westinghouse Tampa
Division. Finally, due to the shortage of creep data, especielly et low
>temoeratures, data for Saniero 31 from Saodvik Alloys [11] were examined. (Sanicro
31 is the Swedish solution annealed version of Alloy 800H.) Due to possible
differences in alloy specificatione and in testing techniques, the.Sandvik data were
not used in the final equation development. They are usefu1,>however5 in thét'tﬁey.
repreeent long—time data for many heats of material. Moreoﬁer, many data were
obtained at temperatures of 550 and 600°C. .All oate used in equation development

or for comparison purposed are tabulated in Ref. 12.

RESULTS
For CRBRP transition joint design, it is neeeesary to be able to predict the

creep behavior of Alloy 800H from about 454°C (850°F) to 721°C (1350°F) [13]
for both normal and off normal operating conditions. In order to encompass
the complete service range, an analysis of data up to 760°C (1400°F) has been
completed. For Alioy 800H data were available for temperatures below 649°C
(1200°F), and none below 538°C (1000°F), but~the results have been extra-

polated down to 427°C (800°F). Properties examined include time and strain




to rupture, time and creep strain to tertiary creep, minimum creep rate, and
cfeep:;rain—time behavior. Figure 1 defines the properties used, while

Fig. 2 defines the conditions of available creep tests.

RUPTURE LIFE
The creep property that h;s received the most at;ention in tﬁefliteratufe,
and for whicﬁ the most data are available, is.the rupture life. Iﬁ particular,
the current analysié sought to obtain an equation expressing rupture life as-a
functioﬁ of stress and temperaturé.
In the initial analyses of rupture life, data at temperatures up to 871°C

(1600°F) were examined, but the results thusly obtained appéared biased toward

the higher temperatﬁre data. In view of the complex precipitation phenomena

.mentioned above, it was decided to use.only data up to 760°C since these data

encompassed the desired temperature range and subsequent fits appeared more
consistent with the léwer temperature (T < 649°C) data. .

The mathematical analysis of rupture data for a material éuch as Alloy 800H
consists of two aspects. First, it is necessary to identify thé éffects of
stress and temperatufe on the rupture life. Second, it is desirable tO‘OBtain
an expression that will predict variations in.the behavior of the material.
Unfortunately, the currént.data base is ﬁot sufficient to clearly identify
thé'effects of factors such és chemistry and grain size on the creep behavior.
Preuiousureéults,on'typgs 304 and 316 stainlegs steel [14-17] and on 2 1/4 Cr-1 Mo
steel [18]‘have‘showh that the elevated temperature ultimate tensile strength for

material of a given heat and heat treatment can be an effective indicator of

variations in creep strength, at least for test times up to and beyoﬁd

10,000 hrs. The current data for Alloy 800H, however, -show little or no

correlation between tensile strength and creep strength, as shown in Fig. 3.

- This lack of correlation may result from the precipitation effects on the creep

strength that do not appeat in the brief time peribd involved in a tensile




test. A poséiblé relationship between creep strength and the tensile strength

of aged material is discussed below.

Thus, the 55 available experimentai’stress—rupture data were analyzed -
merely. as fuﬁétions of étreSS<and temperature, using the regression techniqpes
described in Ref. 12. Considering the large uncertainties involved, it was

_found that' the data could be described by a simple Larson-Miller [19] paraineter

of the form

6430

- log t. = -18.45 + 3402/T - —5 log o, (1

where t, is the rupture life in hours, T is the temperature x), énd o is the
stress (MPa). Figﬁre 4 compares the fit of Eq.. 1 to the experimental data.
Measuring the goodness of fit in terms pf_Rz, the coefficient of determination [17],
‘the value was 88;4%. Thus, 88.4% of the variations -in the data were described by
the simple form of Eq. 1. More complicated models fit slightly better (R? for

the bést five term model was 90.9%) but this imprqvementvwas judged to be
insignifi&ant. Thé data do not warrant use of a more complicated model.

Define thé standard error of estimate, SEE, - as

X - ; . -
SEE.="| i(yi yi)' (2)
' Y n-v

where the y; are the experimental values of the dependent variable.(heré log tr),
and the ?i are the corresponding -values predicted by the model. The ﬁumber of
terms in the model is give; by v, while n is the numbef of data. It was found
that the.scatter band of behavior could be described by the value of log t,
éredicfed by Eq. 1 * 2 SEE. Here, SEE was 0.272. Thus, the scatter in behavior

‘about the mean t, could be described approximately by a factor of 3.5 up or dowm.

Figure 5 compares the available data with limits obtained in this way. It should



be emphasized'tﬁat these limits are merely empifical descriptions of the

ﬁidth of the scatterband and that they have no real statistical meaning;
An apparent systematic deviation of the data from the pfedicted‘

lines occurs in the d;ta'for Heat HH8808A af 649°C. Table II shows fhe-

chemical compositions of the heats of material used in this énalysis. . Heat

HH8808A has a high combined Al and Ti content of 1.027%. Thus, it might be

expected to be unusually strong at 649°C due to y' précipitation;
Heat-to-heat variations in creep strengﬁh éaﬁ be qualitatively examined
by reference to some recent dafa from Huntingtoh Ailoys [6]. These data weré A |
generated on some experimental heats with the sﬁecific goal of examining the
effects of chemistry and processiﬁg on the creep behavior of solution annealed

Alloy 800..(not all heats meet. the specifications for Alloy 800H). These heats

‘were not used in the current analysis due to their experimental nature. Table III

shows the chemical compositioné of these heafs.

An analyéis of chemiS;ry effects is beyond the scope of this report.
Huntingtoh [6] work has involved such an investigétion, including a thermo-
dynamic model for the precipitation of various phases and the subsequent effects
on creep-rupture strength and dﬁctility. They found the y'Aphase to be the most
potent strengthener, but that carbides and nitriaes can also be important.

More work is needed in this area, but the currently available results all éppear
éoﬁsistent with the theory that v' precipitation is important to the behavior
of this material.

Another aspect of the aata for the heats in Table III is that room
témperature tensilg data were obtained on aged as well as on as-annealed material.
As shown in Fig. 6, thefe appears to be little correlation between room temperature
tensile strength and SOO—hour-rupturé'stréngth at 649°C, even for heats

specifically designed for the study of heat-to-heat variations. However, when the

2.
=



tensile strengths are obtained on material aged 1000 hours at 649°C, there

is a strong positi§e correlation between tensile strength and creep strength;
Figure 7 shows that the effects of éging.at 593°C are similar to those-at

649°C. Figures 8 and 9 show that the correlation between aged tensile strength
and creep strengthubegins’td deteriorate at creep test temperatures of 704°C
and.abéve. For instance, at 760°C only-threelheats show unusually_strdﬁg‘
500—ﬁ§ur creep strengths. These are Heat HF5982 with an extreﬁely high Al‘
contént ahd Heats HG5985 and HG5986 with extremely high Ti contents. All resulté
are again consistent with the explapation that precipitated phaseé (particularly

y') are the primary reason for heat-to-heat variability in this material.

A final source of information about the rupture behavior of annealed Alloy

800 is the extensiye'package of data prepared by Sand?ik [11] for Sanicro 31.

These data are especially relevant since ;ﬁey range from 550°C to- 700°C with ~
a significant number at 550'and 600?C. The package includes déta for the
effects of product form (bar or tube), chemistry, and.sdiufion treatmént
temperatdre. Detailed discussions of the Sandvik work can be found in

i

Refs. 7, 20-23.;

Ouf analysis of the Sandvik Canicro 31 data is described in detail
elsewhere [12]. Interestingly, even when only data for material golution
‘annealed at 1150°C that met the Alloy 800H chemistry specifications was

considered, thé Sandvik data showed consistently lower rupture strength (Fig. 10

.and Table 4) than the Alloy 800H material discussed above.

A possible implication is that the data used in deriving Eq. 1 ﬁay well be
representative of stronger than_avérage heats .of Alioy 800H. If this is the
case, the‘predictioné of Eq. 1’could be nonconservative. Af present, Eq: i
is recommended to describe the stress rupture behavior of this material.

A further investigation of the differences between the Alloy 800H data and
the Sanicro 31 data does appear to be wartranted, however. The generation of
more Alloy 800H at tempefaturés of 593°C and beldw shbuld also be given

priority attention.




TIME TO TERTIARY CREEP

Details of our analysis of data for time to tertiary creep are given in

Ref. 12. Two measures of this time were examined. Denote the time to the

first deviation from linear secondary creep as t;; denote the 0.2% strain
offset [24] time to tertiary creep as tgg. Using methods similar to those

discussed elsewhere [24], our results were as follows.

(593-760°C) + tgg = 0.000628 exp (6108/T) ty0998 (@)
(427-593°C) > tgg = 0.726 t,0.996 | | )
(593-760°C) ~ t; = 0.60135~exp (54800/T) t,.0-940 5)
(427-593°C) + tp = 0.759 t,0.340 (8

In Eqs. 3 and 5 T is the temperature (K). Figurezll.illustrates the fit

‘of these equations to available data, while Table VII displays the predicted

tertiary creep strengths in terms of tgg (lower limit = average - 2SEE).

' STRAIN TO RUPTURE
Since long-term ductility may be low in a precipitation-hardening material
such as Alloy BOOH, the available data for the total strain ‘to creep-rupture were

examined. This data set was roughly the same as that used above in the analysis

Aof.rupture life, ineluding Sandvik Sanicro 31 data. As far as can be determined,

all U,S. data were generated using specimen gauge lengths of approximately
2,54 cm (1 inch) and gauge diameters of 0.64 cm (0.25 inch). No specific infor-

mation was available concerning the geometry of the Sanicro 31 specimens.

Briefly, the results of the current analysis of the data for total
elongation for creep-rupture can be summarized as follows:[12]}:
(1) The three Sanicro 31 data sets all yield similer results, and all

predict greater ductility than the Alloy 800H data at 593°C and above.




The method used to analyze these data was similar to that proposed first
by Smith [25], expanded by Goldhoff_[26], and applied in detail by Booker,
.et al. [27]. Denoting the strain to rupture as e;, the average strain rate

to rupture ét; is defined by
& = epltp. | Sy

Altﬁough-the scatter in et is generally too greaf to permit a meaningful direct
‘analysis such as used above for t, and £3, the quantity &, often does permit
such an'.analysis. HavingAestimates for é¢ and tf, one then simply multiplies
these values to yield an estimate for ét. Figuré 12 illustrates the-fits to
data for é;, while the final results for e, for the Alloy 800H data set was

-given by

log ey = 6.728 - 7218/T + 9T82 log o. o (8)

vFigure413.ébmpéfes the prediéEions of theseuéquationé,with_the experi-
mentalvdata. Table 6 compares the predicted average and "minimum'" wvalues of
e¢’ correspondihg to rupture lives of 103 and 105 hrs. for the various data sets.
examined .[12].  Since the_rupture lives are assuméd,'there is.no.error in ty for
these predicﬁions. Thus, the minimum- values of et were obtained simpli by

subtracting 2SEE for the various log é; fits from the predicted values of log egt.

(2) The scatter is large, but the predictions ébbear to adequately describe.fhe
trends apparent in the data. These trends include a tendency for ductility to
increase as temperature increases and to dec;ease as the rupture life increases
(stress and creep rate decrease).

(3) The low predicted values of e, below about 593°C cannot be totally
substantiated by existing data, but they appear consistent with the data that are

available. These low values, together with the decrease in et as ty increases




‘with temperature; at a given temperature, e, increases with stress. At long

10

again indicate a need for more long time and low temperature test data for this
material. Such data would permit a better quantitative estimate of any possible

design prpblehs due to a lack of creep ductility.’

CREEP STRAIN TO TERTIARY CREEP -
"The amount of creep strain that a material can withstand can also be an
importaﬁt ductility criterion in elévated-temperature design [28]. 'Therefd;e;
the available data for the cfeep strain to tertiary creep (corresponding to the

above data for the time to tertiary creep) have been described as below, using

.techniques similar to those used for e.. Details.are given elsewhere [12],

but the final results were

1440

- log egg = 4.865 - 8360/T +-—ﬁr— log o )
and - . log éz = 7t238 - 11300/T +_Z%?Q log o, ‘ . (10)

where ess'énd ez are the creep strains corresponding to times of tgg and to,
respectively, (see Fig. 1). Figure 14 illustrates the fit .to the data for e2. Trends

‘are somewhat similar to those seen above for ey. At a given stress, e; increases

times, e, can be quite small (e, = 0.27% in 105 hours at all temperatures).

CREE? STRAIN-TIME BEHAVIOR
For inelastic design analysis, it is necessary to be able to estimate the
amount of creep. strain that will be incurred by a material as a function df
time, stress, and temperatﬁre. The current limited'set of available creep curves
for Alloy 800H make a precise analysis of such a complicated phenomenon quite
difficult. However, it is possible to obtain estimates. of creep stréin—time

behavior by making certain assumptions and approximations. A previous
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analysis by Sterling [29] of creep strain-time behavior based on a power law
strain-time form falls into this category. A new analysis will be used here to
develop an alternative simplifigd eqﬁation, and the two equations will be
compared with available experimental data. |
While the Sterling approach is very simple, it does céntain several
disadvantages, which are detailed in Ref. 18. The analysié was done By fitting
data for the time to 0.02, 0.05, 0.1, 0.15, 0.21 0.25, 0.3, 0.4, 0.5, 0.7, 1.0,
and 27 creep strain. Whole creep curves were never fit. As a result, there is
8ome question whethe; the,prédictions will yield éreep curves whose shapes reflect
the true shapes of the experimental creep curves. Our analyses have shown, in
fact, that the experimental curve shapes are inconsiétent with the power law form.
~Moreover, that form is intended for the description of primary creep only,
- whereas Sterling used it for pfimary and secondary creep. Gérofalo [30] suggests
the .addition of a linear seconddary term to make the eqﬁafion applicable in that
region. | |
The simplified naturg of the Sterling  apporach can be partially justified

by the limited nature of the aﬁailaﬁle creep data. However, our analyses showed
that the individual experimental creep curves could Be described much better

by a rational polynomial creep equatioq; The many advantages of'this equation ’
form are discussed in Ref. 31. Also, such as in Refs. 14 and 15, the nature
.0of this equation is such that its stress and temperature dependence canloften

be determined by very simpiified methods.

As used here, the rational polynomial is given by

. Cpt . '
e =.1—;PE+ ént, ' : - (11)

.

where ec is the creep strain, t is the time, ép is the minimum creep rate (%/hr),

and C is the limiting value of the transient primary term. The parameter p is




related to the sharpness of the curvature of the primary creep region.”: From Eq. 11,

the instantaneous creep rate &, is given by
e =—CP___2.+ 2 ' (12)
cT @+p? " w

and the initial creep rate &y is given by

éo =Cp+é. - ’ (13)

.Figgre 15 summarizes the properties of the equation, while Refs. 14, 15, 18, 32,

and 33 describe previous recent use of the equation for the analysis of creep data.

Our analysis pf minimum creep: rate.data showed that é; could be described by

log &y = 28.84 - 46080/T + 1510 7610 log o | (18)

with an R? value of'75.732. The predictions of Eq. 14 are compared with the
experimental data in Fig. 16.

From Fig. 15 it can easily be verified that the value of C (%) is

approximately givén by

C= e, (25)

]
e
.ot
N

where ez and t2 are, as above, the strain (7) and the time (hr) to the onset
of tertiary creep. Methods for the estimation of e;, t2, and ey are given in
previous sections of this report. These estimates can thus be used to derive

a prediction for C.
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where F is the fraction of the total C of the primary strain that has been
exhausted (F = 0 at t = 0, F=1 at t = «), Equation 16 can be arranged to

yield

p=E_/_(%_.-_£)_,' ‘ o an

Next, we analyzed data for the time to the .onset of secondary creep,

t), resulting in an equation of the form

log t1 = -35.5L + 45300/T + 8.71 log o - ~2220 Jog.o. | as)

Figure 17 illustrates the fit of Eq. 18 to the available data. Finally, we

o

. assumed that at t = t; F = 0.95, leading to

p=19/t;. | (i9)

Comparison of this equation with experimental curves leéd to generally good
results. Having estimates for C, p, and ém,'the creep strain-time bghavior
of Alloy 800H can be predicted as a fupction of stress and teméerature.. |
Cbmparisons of the predictibns from this approach with available experimental
creep curves and with the predictions of the Sterling equation are illustrated in
Fig. 18. There is a great deal of uncertainty in fhe‘predibtioﬁs, especially
in the low temperature regibn;Aand some method of ptédicting strength variations
would be desiraBle, For instance, Heat HH8808A creeps fér less at 649°C than
would be prgdictedﬂ“.Spill,wghg gpr;quA:esplfs apg_generally»acceptable for the:
avéiiabié‘déta, élthdﬁgﬁ'Ehé'ﬁééﬁitﬁdeudf”bfédiéﬁéd'étraiﬁ éppeafé oﬁly slightly..
more accurate than that frém the Sterling equation in most’ cases exaﬁined. The

predictions from the Sterling equation are quite similar to those of the current

equation in most cases. The main difference between the two is that the current
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equati;n appears fo depict more accurately the shapeé of the individual éreep
curves. With the large uncertainties iﬁvolved in the extrapolation of résults,.f
any advantage.is welcome. The accuracies of the two equations can not, of course,'
be compared in the extrapélated'region.
A conveniént format to preSent'the general predictions of a creep equation

. 1s through.the uée of isochronous stress-strain curves. These curves reflect
total accumulated strain (creep strain and instantaneous strain) as a funcfion

of temperature and stress for given times. We have found that the tensile stress-

strain behavior of Alloy 800H to 2.0% total strain can be répresented by

‘abe . . ' :
0 :09 = o P+ : '
"L00 % T hep T Mm®p 1 (20)

where o is the stress (MPa) and e is the plastic strain (%). The remaining .

parameters are given by

og = 0.7 oy (cy = 0.2% offset yield .strength) S ()

b=40 ‘ , (22)

- By = 25.8 | . (23)

'oy (MPa) = 220.2 —.0.389T + 5.33‘x 10=%T2 - 2;58 x 10-7T3 (24)

and = ‘a‘f-%(oy - 0p - 0.2hy). . o . @5)

Equation 25 is based on the critefion that ep = 0.27 where ¢ = Oy -

Current isochronous stress-strain curves in Code Case 1592 [1] reflect
somewhat higher estimated yield s;réngths than would be ﬁredicted by Eq. 24,
and as a result the isochronmous curves are somewhat higher [12]. Revised
Céde Case 1592 curves have reCentlf been'fgroposed [10] based on a lowering
of the current code yield strengths and on the Sterling creep equation [29].
As illustrated invFigs. 19-21, these revised curves compare reasonably well

with the curves predicted by the present creep and stress—strain equations.
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LIMITATIONS
The above creep predictions are analytically valid under the following

ranges of conditions:

Stress: 0 MPa < ¢ < ultimate tensilé strength;
Temperature: 427°C (800°F) = T = 760fC (1400°F)

Time:. O hr £ t £ timeé to tertiary creep.

It must be realized, however, that the actual validity of any equation

beyond the range of existing data cannot be verified in the absence of a
‘détailed physical theory for the subject process. 'No such theory exists for
the c;eep of this material. In addition, whereas the current equations yield
predictions for typical behavior, actual behavior can show wide variations. It

- -is_hbpeéithat_fu:;he;_stgdieé can yigld_a_gu§ﬁpiggpiyg understanding of these
variations. Based on the cufrenfly available déﬁé, it is felt,;haf tﬁe
equations‘dé?eloped here &iela a reésonabie fe?reséntation ofAFhé”Béhavior of
this material. However, as can be obsérve& in Fig. 4, there are some .indications
that the predictions may not be accurate at low temperatures (T < 593°C).

Available data are not sufficient to verify this trend, and the current results

indicate a strong need for additional low temperature data“for‘this material.

. SUMMARY
Avéilable tensile and creep data‘for Alloy 800H have been collected and
analyiéd to yield analytical reﬁresentatiohs for the behavior of this |
important materigl. It is ?ecognized that precipitétion processes and other
metallurgical phenomena play - an important role in determining the behavior of

this material. However, the current data base and the current understanding
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of theimetallurgylof Alloy 800H dictate that the analysés'be émpiricalrin
nature. Specific results of the current study are listed bélow;-
1. The 0.22 offset yieldistrength from monotonic temsile tésts was
expressed as a simple polynomial function of temperature.
2. -The enginee;ing stress-strain behavior to 2.0%~total strain was

expressed using the rational polynomial tensile equation,

abe .
P

0 -0g =5+ byep

1+ ep

where ¢ is the stress and e, is the plastic strain.’

P

The remaining parameters are given by:

gg = 0.7 oy (0.27% offset yield strength),
b= 40 | |
hy = 25.8

and

a=%(0y_°o - 0-2 hm).

‘Thus, the stress-strain behavior is given as a function of temperature and

yield strength. Average, minimum, and maximum values of 9y

can be used to

(20)

(21)
(22).

(23)

- (24)

yield predicted stress-strain curves for average, minimum, and maximum strength

material.

3. Several creep properties were expressed as simple functions of stress

and temperature. These properties include time (t,) and strain (et)
to rupture, time and creep strain to tertiary creep (both 0.2%

offset and first deviation from linearity), minimum creep rate (éy)

and time to the onset of secondafy creep (tj). ~Although the available

data are sparse (particularly at lower temperatures), the equations

. developed appear to'desgribe the data well, There is a strong need for

‘more low temperature data, however.

e
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Rupture data for Sanicro 31 material indicate consistently lower strength
and higher ductility than those fof the Alloy 800H'matérial, even when
the Sanicro 31-material meets specifications for Ailoy 800H. These
differences need to be examined further.

The creep strain-time behavior of Alloy 800H was expressed. using the

- rational polynomial creep equation,

e

__Cpt
¢ =T+ pt + épt ; (11)

where e. is the creep strain and t is the time. The parameter én is
the minimum creep rate mentioned above. The remaining parameters are

given by
C = e2 - émtz . (15)
where ezband t, are the time and strain to tertiary creep, while

p = 19/t;, and - ' ' . (19)

log &y = 28.84 - 46080/T + 18% 10g o. | C U ey

The predictions from the current creep equation are generally somewhat
similar to those‘of the previously developed Sterling equation, although
the current predicted curve shapes are more consistent witﬁ the shapes of
available experimental creep curves. Predig;ed isochronous stress-strain
curves compare reasonably well with those recently submitted to

Codé Case 1592.

Pre§ic§gd behaYio? at temperaturés of 593°C (1100°F) and below cannot be

verified by experimental data. There is a serious shortage of low

- temperature creep data for this material..
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Table 1. Composition Sbecifications for.
Alloys 800 and 800H

Content, wt

Elemeat Alloy 8008 . Alloy 800HD
(Annealed at about 980°C) (Annealed at about 1150°C)
c 0.10 max 0.05-0.10 ’
L 0.150.60 0.15-0.60
Al 0.15-0.60 0.15-0.60
Ni 3035 30-35
Cr 19-23 19-23
St . 1.0 max 1.0 max
‘Mn 1.5 max 1.5 max
Cu ' 0.75 max 0.75 max
s 0.015 max : 0.015 max
Fe - Balance Balance
Grain Size ASTM No. 5 or coarser

2AsTH B 163.

bASME ¢ode Case 1592.

Table 2. Heats of Material Used in Analysis of the
Creep Properties of Alloy 800H

‘Chemical Composition, wt %

Heat _ ‘
C Mn = Fe S si Cu Ni - Cr Al Ti

HH8735A  0.04 0.55 45.28  0.007 0.41 0.41 31.31 21.29  0.29  0.39
HH8808A  0.05 0.83  45.15 0.009 _ 0.42 31.06 21.46  0.51 0.5
HH7686A  0.07  0.97 45.88 0.007 0.47 0.38 30.94  21.26  0.39 0.49
HH3603A  0.06 ~ 1.03  46.42  0.007 0.41  0.30  31.33 20.42 0.39 0.46
HH8416A 0.10 - 0.88 45.31 0.007 0.29 0.44 31.99° 20.96 0.48 0.37
HHB285A  0.08  0.80  45.55 0.007 0.37 0.40 32.20 20.75  0.50 0.4l
HH7534A  0.06 0.98  45.70  0.007 0.42 0.33 - 31.35 21.13  0.43  0.52

l,?gwrgw RPN R ' A o el i 5
ISR WRT 240 L AL PNt TR S Wi T 5 are




Table 3. Experimental Heats Tested in Huntington Progtfam

Chemical Composition, wt %

Heat
Cc Mn S S Cu Ni Cr Al T4 N (]

BF5978 0.057 0.90 0.004 0.44 0.52 33.09 22.16 0.29 0.39 0.021 0.060
HF5979 0.061 0.89 0.004 0.60 0.51 32.87 22.00 0.45 0.12 0.053 0.040
BF5980 0.062 0.90 0.004 0.47 0.50 33.15 22.51 0.73 0.51 0.036 0.030
RF5981 0.065 0.94 0.003 0.44 0.51 - 32.81 21.69 1.27 0.61 0.037 0.040
HF5982 0.063 0.94 0.004 0.47 0.52 32.74 .. 21.80 1.61 0.70 0.027 0.020
BF5983 0.080 0.92 0.004 0.44 0.50 32.67 21.33 0.16 0.45 0.041 0.050
HF5984 0.070 0.95 0.003 0.49 . 0.50 32.76 21.79  ¢.22 0.87 0.020 0.050
HBF5985 0.064 0.95 .0.004 0.50 0.50 32.68 21.23 0.28 1.51 0.010 0.050
HF5986 0.066 0.94 0.003 0.49 0.51 32,91 21.86 0.31 ~ 1.82 0.014 0.040
HF5997 0.029 1.65 0.004 0.62 0.42 32.61 21.32 0.34 0.59 0.035

HBF5998 0.028 0.99 0.004 0.50 . 0.42 32.62 21.92 0.33. 0.62 0.037

HF5999 0.061 0.94 0.004 0.52 0.42 32.77 21.57 0.35 0.59 0.035

HF6000 0.098 0.95 0.004 0.45 0.41 32.88 21.83 0.37 0.60 0.047

HRF6061 0.010 0.85 0.004 0.40 0.42 33.73 20.74 0.16 0.48 - 0.037

HF6119 0.090 0.99 0.C05S 0.57 0.51 33.44 21.99  0.20 0.85 0.021 0.028
HF6134 0.007 0.87 0.005 0.47 0.37 33.14, 21.68 0.27 0.64 0.012 0.023
RF6135 0.012 0.89 0.005 - 0.57 0.45 33.38 21.54 0.20 0.80 0.026 0.040
HV2968 0.020 0.91 0.003 0.57 0.29 32.87 20.71 0.11 0.20 0.019

HV2969 0.020 0.91 0.004 0.61 0.31 32.59 21.62 0.56 0.64 0.016 0.020
HV2970 0.020 0.89 0.003 0.57 0.27 32.55 21.87 0.61 0.25 0.043 0.017
HV2771 0.020 0.90 0.003 0.60° 0.33 32.37 21.76 0.20 0.60 0.037 0.017
HV2972 0.070 0.89 0.003 0.55 0.33 32,65 21.40 0.63 0.24 0.011 0.013
HV2973 0.080 0.89 0.003 0.62 0.34 32.24 21.97 0.22 0.64 0.008 0.017
HV2974 0.080  0.87 0.003 0.54 0.27 32.62 21.80 0.20 0.22 0.040 0.016
BV2975 0.070 0.90 0.003 0.59 0.32 32.56 21.66 0.64 0.64 0.039 0.013
HV3105 0.017 0.99 0.003 0.63 0.48 .32.82 20.74 0.40 0.41 0.016 0.016
HV3106 0.050 0.89 0.002 0.71 0.46 32.42 ° 21.26 0.11 0.64 0.018  0.037
HV3107 0.130 0.91 0.002 0.66 0.51 32.07 21.46 0.13 0.27 0.014 0.023
HV3108 0.130 0.89 0.003 0.66 0.53 32.19 21.07 0.57 0.69 0.013 0.039
HV3114 -~ 0.050 0.87 0.003 0.58 0.51 32.57 21.39 0.01 0.53 0.012 0.034
HV3115 0.090 0.88 0.003  0.60 0.52 32.14 20.78 0.01" 0.61 0.014 0.031
HV318S5 0.020 0.93 0.005 0.64 0.33 35.07 20.40 0.03 0.60 0.007. 0.035
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Table'4'_. Estimated Rupture Strengths for the Various
: Rupture Life Data Sets Examined

Tewmperature 103-hr Rupture Strength, MPa (ksi) 10°-hr Rupture Strength, MPa (ksi)
°c) (°F, Average Lower Limit?3 Average Lower Limit?
: Alloy 800H®
427 800 903 (131) 788 (114) 547 (79.3) 478 (69.2)
482 900 592 (85.9) 511 (74.2) 345 (50.0) 298 (43.2)
538 1000 : 385 (55.8) 329 (47.7) 215 (31.2) 184 (26.7)
593 1100 252 (36.6) 213 (30.9) 136 (19.7) . 115 (16.6)
649 1200 164 (23.8)" 137 (19.9) 85 (12.3) 71 (10.3)
704 1300 108 (15.6) - 69 (12.9) 53 (7.8) 44  (6.4)
760 1400 70 (10.2) 57 (8.5) 33 (4.8) 27 (4.0)
4 . Sanicro 31 Complete Data Se_tc . S IS
U427 800 - - 1120 (162) - - 866 (126) © . 509 (73.8) - 393 (57.0) .
482 900 597 (86.6) 462 (67.0) 271 (39.3) 210 (30.4)4
538 1000 344 (49.9) 266 (38.6) 156 (22.6) 121 (17.5)
593 1100 : 214 (31.0) - 166 (24.1) .0 97 (14.1) .75 (10.9)
649 1200. 140 (20.3) 108 (15.7) 64 (9.2) - 49 (7.1)
704 1300 97 (14.1) 75 (10.9) 44 (6.4) 34 (4.9)
760 1400 69 (10.1) 54 (7.8) 32 (4.6) 24. (3.5)
Sanicro 31 1150°C Solution Annealedd ' -
427 8090 1217 (176) 964 (140) 567 (82.2) 450 (65.3)
482 %00 - 637 (92.4) 505 (73.2) 297 (43.1) 235 (34.1)
538 1000 A 361 (52.4) 286 (41.5) 168 (24.4) 133 (19.3)
593 1100 222 (32.2) 176 (25.5) 103 (14.9) 82 (11.9)
649 . 1200 143 (20.7) 114 (16.5) 67 (9.7) 53 (7.7)
704 1300 98 (14.2) 78 (11.3) 46 (6.6) 36 (5.2)
760 1400 o 70 (10.1) 55 (8.0) 32 (4.7) 26 (3.7)
~ Sanicro 31 1150°C Solution Annealed Meeting Alloy 800H Specifications®
427 800 : 1223 (177) 1010 (146) 559 (81.1) 462 (67.0)
482 900 642 (93.1) 530 (76.9) 293 (42.5) 242 (35.1)
538 1000 - 7 364 (52.8) 301 (43.6) 166 (24.1) 137 (19.9)
593 1100 224 (32.5) 185 (26.8) 102 (14.8) 85 (12.3)
649 1200 145 (21.0) 120 (17.4) 66 (9.6) 55 (8.0)
704 - 1300 99 (14.4) 82 (11.9) 45 (6.6) 38 (5.4)
760 1400 70 (310.2) 58 (8.4) 32 (4.7) 27 (3.9)
2Estimate from log tp — 2SEE lower limits.
thedictions from Eq. (11).
Cpredictions from Eq. (13).
dPrediccions from Eq. (14).
e

Predictions from Eq. (15).




Table 5 Estimated Tertiary Creep Strength
' ' for Alloy 800H (0.2% Offset)

103-ht Tertiary Creep Strength, MPa -(ksi)

Temperature 105-hr Tertiary Creep Strength, MPa (ksi)
*C) (°F) Average Lower Limit Average Lower Limit
427 800 870 (126) 697 (101) 526>(76.2) 421 (61.1)
.. 482  900. . 568 (82.4) . - 448  (64.9) . 330 (47.9) . 260 (37.7)
- . 538 1000 368 (53.4) 285 (41.4) 206 (29.8)° 159 (23.1)
593 1100 241  (34.9) 183 (26.6) 129 (18.7) 98 (14.2)
649 1200 147 (21.3) 110 (15.9) 76 (11.0) 57 (8.2)
706 1300 90 (13.1) 66 (9.6) 45 (6.5) . .-33 (4.8)
© 7260 .-1400 - 58 (8.0) 40 (5.8) 26 (3.8) 19 (2.7)




"TEMPERATURE

°c (°F)

427
482

' 538

593
649
704
760

427
482
538
593
649
704
760

427
482
538
593
649
704
760

427
482
538
593
649
704
760

(800)
(900)
(1000)
(1100)

(1200)'

(1300)
(1400)

(800)
(900)
(1000)
(1100)
(1200)
(1300)

(1400)

(800)

(900)

(1000)
(1100)
(1200)
(1300)
(1400)

103 hr RUPTURE ELONGATION (%)

Table 6. Estimated Values .of Total Elongation to Creep
Rupture for the Various Data Sets Examined.

10° hr RUPTURE ELONGATION (%)

AVERAGE

3.6

5.9

9.1
13.1
18.1
24.2
31.2

7.5

*11.7

17.3
24.1
32.4
42.0
53.0

4.2
7.5
12.5
19.4
28.8
40.6
55.7

LOWER LIMIT . AVERAGE ‘
Alloy 800H

0.4 1.8
0.7 2.9
1.1 4.5
1.6 6.5
2.2 ; . 9.0

3.4 11.8
3.8 15.3

Sanicro 31 Complete Data Set
0.6 4.4
1.0 6.8
1.4 10.1
2.0 14.0
2.7 '19.0
3.5 24.5.
A 31.3

, - o
Sanicro 31 1150°C Solution Annealed

0.4 - 2.6
0.7 4.8

1.2 8.0
1.9 12.3
‘ 2.8 18.3
3.9 25.9
5.4 35.0

0.2
0.4

0.6

0.8

1.1

1.4
1'9

0.4

: 006

0.8

1.6
2.0
2.6

0.2
0.5

.'0.8

1.2

1.8

2.5
3.4

1.2

LOWER LIMIT

Sanicro 31 1150°C Solution Annealed Meeting Alloy 800H §pecifications

(800)
(900)

(1000) .

(1100)
(1200)
(1300)
(1400)

7.5
11.5
16.6
22.8

3
7
4

30.
. 38.

48.

1.3
1.9
2.8
3.8
5.1

6-5

8.2

3.8
5.9
8.5
11.6
15.4
19.7
24.7

0.6

1.0
1.4
2.0
2.6

3.3

4.2
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1. Definition of the creep p’ropefties examined in this .report-'
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- DISTRIBUTION OF AVAILABLE CREEP DATA FOR 'ALLOY 800H
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2., Frequency diagram of available creep tests for Alloy 800H in terms of

stress and temperature.
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3. Relationship between ultimate tensile streﬁgth and 500-hour creep

rupture strength for Alloy 80OCH.
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4, Comparison of eiperimental sﬁress rupture d#ta with predicted behavior

for Alloy 800H.
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6. Relationship between room temperature ultimate tensile.strength of solution
annealed and of aged Alloy 800 and the 500-hour creep rupture strength of -

_solution annealed Alloy 800 at 649°C (1200°F).




7. Relationship between .room temperature utlimate tensile strength of Alloy 800
‘aged at 593°C (1100°F) or 649°C (1200°F) and the 500-hour creep rupture

- strength of solution annealed Alloy 800 at 593°C (1100°F)..
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10. Comparison among the experimental Sandvik Sanicro 31 stress-rupture data

and the predicted behavior based on these data and on the Huntington data

for Alloy 80O0H.
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12. Comparison between experimental average strain rate to rupture data for

Alloy 80CH and pfedictéd behavior.

" ORNL-DWG 77-13338

STRESS (ksi)



ORNL~DWG 77-13339

STRESS (ksi) -
20 30 . .- 40 50
] I

-—

ey, STRAIN TO RUPTURE (%)

POINTS REPRESENT i
EXPERIMENTAL DATA

o 538 °C (1000 °F)

° -]
2/~ LINES PREDICTED FROM: ey oS a0 -
log e, = 6.7282— 7218.3/, 4 88213/, 1590 . @ 704 °C (1300 °F)
WHERE o = STRESS (MPa) , e 760°C (1400 °F)
‘ T = TEMPERATURE (K) ALLOY 80OH
ool 1 ! 1 1 1 l

o 50 100 150 200 250 300 350
' STRESS (MPa)

13. --Comparison between experimental and predicted values of total ‘elongation

to creep rupture for Alloy.SOOH.
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Schematic illustratlon of the properties of the rational polynomial

creep.equation.
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18. Comparison between predicted and experimental data for minimum cr'eep fate-

for Alloy 800H.
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onset of secondary creep for Alloy 800H.
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