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ABSTRACT

The current study was an attempt to evaluate the high cycl.. #atigue

strength of Incoloy 800H in a High-Temperature Gas-Cooled Reactor helium envi-

ronment containing significant quantities of moisture. As-heat-treated and

thermally-aged materials were tested to determine the effects of long te'rm cor-

rosion in the helium test gas. Results from in-helium tests were compared to -

those from a standard air environment. It was found that the mechanisms of

fatigue failure were very complex and involved recovery / recrystallization of
I

the surface ground layer on the specimens, sensitization, hardness changes,
'

; oxide scale integrity, and oxidation at the tips of propagating cracks. For

certain situations a corrosion-fatigue process seems to be controlling. How-
|

| ever, for the helium environment studied, there was usually no aging or test

condition for which Lir gave a higher fatigue strength.

I
;

|

1
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1. INTRODUCTION

Incoloy 800 is a high nickel f ron base alloy which is being increasingly

used in the power and chemical industries as a material which bridges the gap
|

| between the relatively inexpensive austenitic stainless steels, such as Types
|

304 and 316 which possess excellent fabricability and ductility, and the more

expensive high nickel superalloys which possess superior strength and corro-

sion resistance. One of the more important applications of Incoloy 800 is in

advanced nuclear reactor steam generator systems where high temperature

strength, and resistance to general corrosion and stress corrosion cracking

are prime requisites.

In the steam generators of the High Temperature Gas Cooled Reactor (HTGR)

the alloy is used in the fabrication of tubing and other selected components.

These are subjected to maximum design temperatures in excess of 760 C

( (1400 F).1 Corrosion of the steam generator tubes occurs on both the steam

side and also on the helium side. In the latter case, the corrosion results

from the presence of impurities such as CO, CO , CH , H2 and H 0. 2-14 Not2 4 2

|
only are the absolute quantities of these impurities important, but their

ratios could also determine the corrosion process. For example, a low H /H O2 2

ratio' encourages oxidation and low concentrations of C0 and CH4 promote decar-

burization. Such corrosion processes are likely to significantly affect the

fatigue strength of a structural metal since fatigue fracture is usually a

surface initiated mechanism. In particular, any intergranular corrosion would

form a notch which, as a stress raiser, could cause premature fatigue failure.

In contrast to HTGR helium environments, corrosion in air is relatively

straightforward. Protective oxide scales are rapidly formed at elevated temp-

eratures, and these restrict the formation of intergranular corrosion cracks.

-1-
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It has also been shown that oxides formed in air effectively minimize carbon

transfer at metal surfaces.10 '

Currently, very few data are available on fatigue strengths of structural

alloys in HTGR helium test environments. This presents an important problem

since testing over a range of different impurity levels is required before an ,

understanding can be obtained of the complex interactions between corrosion

and fatigue. The limited prior work has usually been focussed on relatively

pure helium environments which are anticipated in ideally operating HTGR sys-

tems. Little attention has been paid to environments containing quantities of

water which could be present if significant leaks occur into the primary sys-

tem. Since oxidation usually accelerates mechanical failure 3,7 it was decided

to investigate the effects of water ingress accidents on the fatigue strength

of HTGR structural metals such as Incolay 800H, Hastelloy X and 2-1/4 Cr - 1

Mo steel. The latter two materials will be the subject of later reports and

will not be discussed here.

In the current study, only high cycle fatigue (cycles to failure, N. R 104

. was considered. This type of deformation results when vibrations or oscilla-

tions occur as a result of acoustic, mechanical or fluid flow excitation. In

certain instances cyclic mechanical stresses can also be induced in metals in |

! contact with a coolant which has small temperature fluctuations.

The scope of this study involves a determination of the factors control-

ling fatigue failure in a simulated impure helium environment, with special

| emphasis on long term tests so that any effects caused by extensive corrosion
|
| and thermally induced changes in material microstructure can be identified.
!

| In support of these goals a series of specimens pre-aged for varying lengths

of- time in the helium test gas were fatigue tested and compared to non-aged
i

4

-2-,
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samples. This procedure gave prototypic corrosion and metallurgical changes

without the need to expend valuable time in an actual fatigue machine. All

in-helium test data were evaluated with respect to air tested control samples.

2. EXPERIMENTAL PROCEDURES '

Fatigue tests were conducted in Materials Test Systems closed loon elec- ,

|
trohydraulic machines operating under load control in the push-pull mode. A '

sinusoidal load waveform was used and the cycling rate throughout was 40 Hz.
~

At the beginning of each test the load was gradually increased from zero to

the predetermined value in a total time of about 10 seconds; i.e. the steady

state load was achieved after about 400-500 cycles.

Specimens were fabricated from a master heat of Incoloy 800H, the H desig-4

nation being an added specification requiring a minimum grain size of ASTM 5,

and a minimum carbon level of 0.05 wt. percent in order to ensure optimum high<

!
'

temperature creep strength. Table 1 gives the composition of the material

studied which was in the form of 1.27 cm. (0.5 in. ) diameter red. The mate-

rial was solution annealed at 1150*C (2100 F) and water quenched. Specimens

! were surface ground to a contoured hourglass finish with a minimum diameter of

0.635 cm. (0.25 in.). No additional heat treatment was given after the sur-

face grinding.

Test specimens were heated by resistance furnaces controlled to about 2C

For in-helium tests a special retort was designed incorporating a metal bel- I

I: lows to accommodate the cyclic strain (Figure 1). The helium environment was

supplied by the Materials Test Loop (MTL) which is a recirculating system in

which gaseous impurities such as CO, CO , CH , H2 nd H 0 can be removed or2 4 2

added to maintain a specified composition of 40 patm. CO,10 patm. CO , 20 patm.2
I

-3-
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Figure 1. Test capsule for in-helium fatigue tests.
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CH , 200 patm. H2 and 2500 patm. H 0. This represents a very " wet" system4 2

outside the range of a normal operating system. The test gas is supplied to>

the retort at a flow rate of 2 liters /sec (4 cu. ft. / min) at a pressure of

1.3 atmospheres.-

Pre-aging of specimens was carried out in a furnace facility which was sup-

plied with the standard test gas from the MTL.

Post-test evaluation of fractured specimens was conducted with optical and

scanningelectronmicroscopes(SEM). The SEM was capable of X-ray elemental

analyses using both the energy dispersive system (EDS) and the wavelength dis-

persive system (WDS).

To check surface hardness after fatigue testing, some microhardness mea-

surements were made with a Knoop hardness tester using a 25 gm load.

3. RESULTS

Data obtained to date on the fatigue strength of Incoloy 800H in the as-

heat-treated condition are given in Figure 2 and Table 2 as a function of test

temperature and test environment. With the exception of the 649*C (1200 F)

curve the helium environment gives a superior strength compared to air. It

should be noted, however, that the curves show non-uniform trends with respect

to the two environments. At the two lower temperatures, the fatigue strengths
5for the shorter test times (Nf 510 ) are not significantly dependent on the

test environment. At longer times environmental effects became very pro-

nounced and the air and helium test curves diverged. On the other hand, at

760*C (1400 F) and 871 C (1600 F) the environmental effect is greater at the

8shorter test times. For extended test periods of about 1 month (10 cycles)

the air and the helium test curves converge so that the effect of environment

is greatly decreased.

-5-
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The temperature dependence of the 108 cycle fatigue strength is shown in

Figure 3 for the two test environments. In the helium environment the fatigue

{ strengths at 538 and 649'C (1000 and 1200 F) are similar and at temperatures

greater than about 650 C (1200 F) the strength shows a rapid decrease. In the-

case of the air environment the behavior is more complicated and a peak in the

fatigue strength is found at about 760 C (1400 F). Because of this behavior

there are temperature regimes for which air testing yields lower strengths and
,

regines where helium testing does.

To date, the only pre-aging temperature used is 760 C (1400 F) and the4

. effects of aging time on the fatigue strength are given in Figure 4 and Table
f

1 3. Pre-aging for 1500 h results in a 20-25 percent decrease in the fatigue

strength when compared to unaged material. For aging times close to 6000 h

j much of the strength is restored to a value comparable to that for the unaged
I

condition (Figure 5). After 10,500 h a small loss in strength is again

noticed.
I

) For all aging conditions there appears to be a tendency for a fatigue
i limit to become established in the 105 - 107 cycle range (Figure 4). However,

7for long test times (Ny ? 10 cycles), there is a noticeable acceleration in
,

the rate at which the fatigue strength decreases, indicative of some form of

metallurgical instability. Most of the metallurgical evaluations to date on
i

this phenomenon have been concentrated on the 760 C (1400 F) and 871 C;

(1600 F) test speciaens, and these .will be discussed separately below.
,

; 3.1 Metallurgical Evaluations on Specinens Fractured at 760 C (1400 F)

; '3.1.1 Fractography

Figure 6 shows fractographs of specir, ens tested in air and the

helium test gas. For the in-helium tests, examples of fracture in pre-aged

7--

.

4
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specimens are also given. Fractures for two stress levels were examined to

determine whether this affected the mode of failure. In nearly all cases the

fatigue crack propagates in a uniform manner, i.e. no large irregularities are

seen in the fracture surfaces. Most often, the crack initiation zone is at

the specimen surface and the crack propagates across the width of the specimen

until final separation occurs along a " chisel edge". A few specimens, such as

MNF-138 tested in air, showed 3 separate crack initiation points (Figure 6).

In this case the cracks propagated independently until they finally linked up

to fonn a single large crack. The separate crack propagation zones are

clearly demarcated by two ridges lying parallel to the crack propagation di-

rection. Generally, there appears to be no significant effect of stress on

the fractography of Incoloy 800H at 760 C (1400*F).

A close-up view of the crack initiation zones is shown in Fig-

ure 7. There are no noticeable precipitates or metallurgical features that

could be identified with the initiation points. However, there is frequently

a sharp ridge associated with crack initiation lying parallel to the crack

propagation direction. This is seen most distinctly in specimen MNF-152,

tested in air.

Several specimens showed internal crack initiation points, an

example of which is shown in Figure 8. All internal failures occurred in

specimens which were pre-aged and they were more common in specimens aged for

6000 h. Again, no metallurgical feature could be identified as the cause of

crack initiation.

rigure 9 shows the nature of the external surfaces of the fa-

tigued specimens. In the cases of the unaged specimens tested in air and in

helium, the scale is very adherent and no exfoliation is seen. For the speci-

mens aged for 1500 and 6000 h, however, much of the scale is lost during the

- 12 -
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fatigue process. The 1500 h samples show significantly more exfoliation than

the 6000 h specimens. In the 3000 h aged specimens surface oxidation is quite

marked but there is no noticeable scale loss during fatigue.

Striations are commonly observed in the failed specimens, as

shown in Figure 10. The locations shown are approximately at the center of

the fracture surfaces. They are finely spaced and frequently quite diffuse.

In tr.at.t cases, secondary cracks are observable in the fracture surfaces. No

consistant correlation could be obtained between the fracture surface appear-

ance, stress level, test environment and pre-aging time. Crack propagation

near the edge of the specimen is shown for a 1500 h aged specimen (Figure 11).

Intergranular corrosion is clearly present and the fatigue crack in the sur-

face regions of this specimen propagate intergranularly.

In regions of the fracture surface where final separation is

imminent, ductile dimple formation is present (Figure 12). The dimples are

the least pronounced in the specimens aged for 1500 h and indicate that more

brittle crack propagation persists up to final failure. No significant effect

of stress level is noticed in these data.

An interesting observation for nearly all specimens examined

j with the scanning electron microscope is the presence of small dense clusters

of particles - see Figure 13. In certain cases, such as specimen MNF-224,
|
| small whiskers are also seen. Generally, specimens tested for longer times
|

(high N ) display larger more closely packed particles. Owing to the small|

f

particle sizes and irregular shapes it was difficult to quantitatively deter-

mine their chemical nature using the scanning electron microscope /microprobe.

Most probably the particles are oxides fonned on the fractured surfaces from

interaction with the test gases.

- 16 -
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3.1.2 Optical Microscopy

In order to ascertain the influence of surface condition on

the fracture process, a large number of failed specimens were sectioned longi-

tudinally and examined with an optical microscope. The micrographs, shown in

Figure 14, were taken from locations close to the fracture zone. The follow-

ing conclusions may be drawn from these data:

e For unaged specimens tested in air and helium at 760 C
4 5(1400 F), short-term testing (Nf = 10 -10 ) does not cause

recrystallization of the cold worked surface layer intro-

duced by surface grinding of the specimen during fabrica-

tion.

8e For test times of about 1 month (* 10 cycles) at 760 C

(1400 F) the cold worked layer is removed by recrystalli-

zation and numerous small surface cracks are formed, prob-

ably along the boundaries of the small recrystallized

grains.

e For a pretest aging time of 1500 h, two very important

features are noticed. The aging has created a specific

metallurgical condition in which deep intergranular attack

occurs during fatigue. The fatigue cracks, although ini-

tially intergranular, can become transgranular as they grow

in size. Many 4 the small surface grains also appear to

be susceptible to intergranular cracking. The second ob-

servation is the appearance of localized areas in which

deep corrosion zones are found. These are shown as dark

areas in specimen MNF-224.

I
!
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Figure 14. Recrystallization and cracking in Incoloy 800H high cycle
fatigue specimens for various test environments and stress
levels. Magnifications 350X.
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For pretest aging times of 3000 and 6000 h, surface recrys-e

tallization occurs during the aging treatment. Surface

cracks are far more shallow than for the 1500 h aged speci-

mens, but they are deeper in the high Nf specimens. This

is to be expected from the higher number of fatigue cycles

and t- significantly longer period of in-test oxidation.

3.1.3 Scanning Electron Microscope /Microprobe Analyses

The nature of the oxidized surfaces was also investigated with

the scanning electron microscope /microprobe as shown in Figure 15. The re-

crystallized surface layers are clearly observable in the unaged specimens

which were tested in air and in helium. For the air test specimen (MNF-152)

the surface scale is principally a Cr/Mn oxide, with the manganese oxide being

closer to the surface. This is in agreement with previously reported work.6.12,13

For the~ unaged specimen tested in helium (MNF-151) the Cr/Mn oxide is still

present but significant quantities of iron, nickel and titanium are also ob-

served, possibly as oxides. In a sample pre-aged for 1500 h, prior to testing

in helium, the oxide scale is more complex. The Cr/Mn oxide layer has spalled

off during test (Figure 9) and an iron oxide layer has formed on the newly

exposed surface. No chromium oxide is formed here since the original Cr/Mn

oxide creates a chromium depleted region. However, chromium oxide does form

at depths below the chromium depleted zone.

To confirm that the unusual oxidation-behavior for the 1500 h

pre-aged specimen 'is a result 'of stress induced scale exfoliation, scanning

electron microscope /microprobe X-ray line scans were performed on the same

sample shown in Figure 15 but'in a region'where the stress level was only 25

percent'of the value at the location shown in Figure 15. The data, given in

- 23 -
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Figure 15. Scanning electron microscope /microprobe scans through the surfaces of
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Figure 16, show that in this low stress region the corrosion zone thickness

-is greatly reduced. It also consists of the usual Cr/Mn oxides with small
i

amounts of titanium and aluminum present. In fact, the oxidation process is

basically quite similar to that for the 3000 and 6000 h aged specimens (Figure

15). It is, therefore, clear that the abnormal oxidation behavior for the

) 1500 h aged specimen, shown in Figure 15, is a direct result of stress induced

oxide scale 'exfoliation during test. Apparently, for aging times of 3000 and

! 6000 h, the Cr/Mn oxide scale becomes more adherent and fatigue cycling is

less likely to dislodge it.

The carbon and nitrogen levels, shown in Figure 15, do not

change within the sensitivity of the scanning electron microscope /microprobe

readings. The observed large increase in the carbon content in the scans is
.

caused by the plastic compound in which the specimens are mounted.

q 3.1.4 Microhardness Evaluations

Since fatigue is usually a surface initiated failure mecha-
,

nism, any metallurgical changes in the surface of a fatigue specimen, either

j during pretest thermal aging or during in-test cyclic stressing, could cause
!

changes in fatigue resistance. This is especially important in reactor com-

ponents which are often placed into service with surfaces which are in a
,

plastically deformed state because of fabrication procedures such as grinding

_or machining. Since the current specimens were surface ground to shape after'

heat treatment, the nature of surface changes may be investigated conveniently

by carrying out microhardness traverses across _ specimens which had been sec-

tioned after fracture. By selecting specimens which had been pre-aged for

j. varying times and temperatures, and specimens which had been tested for vari-

I ous lengths of time, it was hoped that some insight could be gained regarding

! - 25 -
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the interaction between aging time, aging temperature, recrystallization of

the cold worked surface layer, and the fatigue life. Figure 17 shows a typi-
4

cal microhardness traverse. Average microhardness changes were obtained by

carrying out several traverses in regions close to the fracture surface where

the applied stress is accurately known. Sufficient traverses were made until

the hardness trends were established with confidence. Figure 18 gives typical

data for several specimens which were tested for relatively short times (N N

55.5x10 ). These values should be compared with a bulk hardness value of about

270 kg/mm for as-heat-treated material. All of the unaged specimens tested at

649 and 760 C (1200 and 1400 F) show significantly higher hardness values ad-

Jacent to the surface indicating that the cold worked layer is still intact.
;

The bulk hardness values for the samples were obtained by averaging at least 6

values obtained in regions of the samples remote from the surface where oxida -

tion and cold work / recrystallization phenomenon could be present.

i For samples pre-aged for 1500, 3000 and 6000 h significant

changes in behavior were noticed. Recrystallization of the work hardened sur-

face occurred and softening was detected. In addition, the bulk microhardness

decreased and it was especially pronounced in the specimen aged for 1500 h.

i Figure 19 gives a complete summary of microhardness profiles obtained as a

function of test environment, test temperature, pretest aging treatment and
!

test duration (N ). The principal conclusions that can be drawn from thesef

1

data are: l
.

'

e For unaged Incoloy 800H tested in air at 649 C (1200 F) the i

surface is significantly harder than for the bulk. For the-

longer test times the hardness gradient is decreased and

there is also a significant decrease in bulk hardness.
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Figure 17. Knoop microhardness traverses in a 1

sectioned Incoloy 800H high cycle
fatigue specimen tested at 649 C
(1200 F) in air; specimen MNF-164.
Magnification 250X.

e For unaged specimens tested in helium at 649 C (1200 F)

there appears to be a greater tendency towards surface

recrystallization and softening when compared to testing

in air at the same temperature.

e For unaged material tested in air and helium at 760 C

(1400 F) there is no surface recrystallization for short

term tests. For longer test times complete recrystalliza-

tion of the deformed surface layer occurs, but there does

not appear to be a tendency for general bulk softening.

e For specimens pre-aged for 1500 h at 760 C (1400 F) the

pre-aging is apparently responsible for surface recrystal-

lization and bulk softening. This may be inferred since
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j these two effects are present in specimen MNF-221 which

fractured in a very short time after test initiation.

e For longer pre-aging times of 3000 and 6000 h, surface re-

crystallization also occurs during pre-aging. However, for
8the longer test times (Nf * 10 ) the bulk hardness in-

2creased to a Knoop hardness value of about 175 kg/mm .

Since bulk hardness changes may be induced by both cyclic

stressing and thermal aging, an attempt was made to separate the two effects

in the current fatigue specimens. This was achieved by detennining the bulk

hardness of a failed specimen in the minimum diameter region, which is the

high stress area, and in a region near the specimen shank where the stress

level is about 25 percent of this value. Since both areas experienced the

same pretest and in-test thennal history, any differences in hardness are

attributable to cyclic deformation. Figure 20 shows the results obtained.

For the low stress region in which the material is not subjected to cyclic

hardening, the thermally induced increase in hardness does not become signifi-

cant until the aging time exceeds about 1500 h. The hardness then abruptly

increases, and a Knoop hardness value of approximately 160 kg/mm2 is reached.

it remains relatively unchanged for aging times up to 6000 h. In the presence

of large cyclic stresses, there is an additional increase in hardness and all

specimens, with the exception of the 1500 h aged samples, show a final hard-
2ness in the range 140-190 kg/mm . The 1500 n aged specimens apparently do not

have the ability to work harden to these values. This appears to be closely

related to the metallurgical microstructure formed during the aging treatment |

which imparts a hardness only slightly higher than that for the as-heat-

treated condition (Figure 19). |

;
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3. 2. Metallurgical Evaluations on Specimens Fractured at 649 C (1200"F)

From the fatigue curves shown in Figure 2 it can be seen that well

defined fatigue limits exist for both test environments at 649 C (1200 F).

Because of'this it was difficult to obtain a range of stress levels for which

fractographic analyses could be conducted. However, specimens MNF-163 (tested

5in air at 221 MPa - 32'ksi, Nf = 5.1x10 ) and MNF-184 (tested in helium at 241
6MPa - 35 ksi, Nf = 6.0x10 ) may be compared to illustrate differences brought

about by the test environments.

Figure 21'shows that in air tests the fracture surface is irregular

in the regions close to the surface of the specimens. It appears that numer-

ous small cracks have been initiated and they grow until incorporated into
|

the main crack front. The principal crack initiation points are shown in Fig-

ure 22. As in the case for the 760 C (1400 F) results, initiation is associ-

ated with a well defined ridge lying approximately parallel to the crack prop-

agation direction, which in Figure 22 is from the bottom to the top of the

page. - A comparison of the two surfaces shows that the air tested sample shows

large smooth areas in which limited surface deformation is associated with the

crack propagation process, i.e. the cracks propagate in a more brittle fashion

in air when compared to the helium environment. The nature of the striations

in Figure 23 is consistant with this pattern since the air test sample, al-

though cycled at a significantly lower stress, has striations which were more

sharply defined and more widely spaced.

' Figure 24 shows the effect of environment on the fracture surface in

an area adjacent to the edge of the samples. The cracks in this figure propa-

gated from left to right. .In the air test the surface is relatively flat,

whereas in the case for the helium environment there is significant rumpling

of the surface indicating that there is much deformation associated with the
i
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crack propagation process. This behavior is also observed during ductile

dimple formation in areas close to the location where final specimen separa-

tion occurs (Figure 25). In the air test, few dimples are formed and the

surface is relatively featureless. In the helium environment the number of

dimples is far greater and there is more localized deformation on the fracture

surface.

Figure 26 shows small oxidized particles in the fracture surface of a

helium test specimen. It is significant.that no such particles were observed

in air tested samples

Generally, -it seems that at 649 C (1200 F) air, when compared to

helium, gives rise to a more embrittling type of fracture process with less

plastic deformation associated with the crack propagation process. This is

likely to be part of the reason that air gives a higher fatigue strength at

this temperature.

3.3 Metallurgical Evaluations on Specimens Fractured at 871 C (1600 F)

The fractographs in Figure 27 show that at 871 C (1600 F) the crack

propagation process in the air environment is dependent on the stress level.

For a highly stressed (low N ) sample, two cracks were initiated and propa-
f

gated towards' each other. Since they were on widely separated planes the

fractured surface contains a large step. At a lower stress level, fractures

in air show a tendency to become intergranular. In the helium test environ-

ment the fractographs are basically similar to those for 649 and 760 C (1200

and.1400 F).

Crack initiation regions are shown in Figure 28. For specimen

MNF-231 the surface displays relatively smooth regions indicative of a more

' brittle type of crack propagation, which is in contrast to the more deformed
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surfaces observed in the helium tests. In common with the tests at 649 C

(1200 F), striations in the helium environment are very fine and irregular

(Figure 29). In air they are much more pronounced, except in the case for low

stress levels where intergranular fracture predominates.

Figure 30 again confirms that at 871 C (1600 F) air testing usually

gives a mere brittle type of crack propagation, with less plastic deformation

present in the fracture surfaces.

sThe micrograph shown in Figure 31 shows that small oxidized particles

are present in the fracture surfaces of specimens tested at 871 C (1600 F) in

helium. These are very similar in appearance to those observed at other temp-

eratures (Figures 13 and 26). An EDS X-ray scan shows the particles to be

- 40 -
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Figure 31. Scanning electron microscope /
microprobe EDS X-ray scan of
oxidation products in the
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helium for 6000 h/760 C (1400 F)
and tested in the same environ-
ment at 760 C. Magnification
1000X.

rich in iron with small amounts of chromium and nickel present. No comparable

particles were observed in air tested specimens.
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Sectioned specimens are shown in Figures 32 and 33. The tendency for

surface regions to recrystallize after long test times is illustrated. For

fatigue crack propagation at low stress levels in air the tendency for inter-

granular failure is clearly observed.

4. DISCUSSION

'This section will initially consider the effect of the test environment

and test temperature on unaged Incoloy 800H and then the effects of pretest

thermal aging will be discussed.

4.1 Fatigue Strength of Unaged Incoloy 800H

In Figure 2 there are three obvious observations which must be ad-

dressed if a basic understanding of the fatigue processec is to be estab-

lished:

e The observation that air is usually a more detrimental environ-

ment than HTGR helium with respect to fatigue strength. The

exception occurs at a test temperature of 649 C (1200 F).

e At 538 and 649 C (1000 and 1200 F).the effect of test environ-

ment is small at low Nf and large at high N . At 760 and 871 Cf

(1400 and 1600 F) the reverse behavior occurs and the environ-

mental effect is large at low Nf and small at high N .f

e At the two lower test temperatures well defined fatigue limits

are observed. Below these stress limits, fatigue failure is

unlikely to occur even after indefinite cycling. At the two

higher test temperatures the fatigue strengths decrease mono-

tonically.with increasing N . However, a pseudo fatigue limit
f

does appear-to be present at 871 C (1600 F) after about 108

cycles. - 46 -
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fatigue specimens tested at 871 C
(1600*F); (A) Intergranular failure
in specimen MNF-232 tested in air,
(B) Transgranular failure in speci-
men MNF-237 tested in HTGR helium.
Magnifications 100X.
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4.1.1 Effect of Test Environment on Fatigue Strength

The first factor, concerning mechanical strengths in different

environments, has been the source of numerous investigations.3-5,7,9-11 Nearly

all studies show that high teinperature oxidation in air gives lower creep and

fatigue strength when comptred to gaseous environments which are either inert

er contain only small quantities of air or moisture. Comprehensive reviews of

such environmental effects have been given by Achter15 and Cook and Graham ,10,7

From these studies, the more important factors which cause air to be the more

detrimental environment were shown to be:

Oxidation which can give large tensile stresses in thee

specimen surface.

e Intergranular oxidation of titanium and aluminum which

prevents these elements from being available for gamma-

prime phase formation. This leads to a weakening of

grain boundary areas.

Oxidation at a crack tip which can accelerate cracke

propagation rates.

Air oxidation which can lead to significant porositye

beneath the oxide scale. The pores could act as crack

nucleii.

Carburization in the helium test gas can lead to generale

strengthening and also decrease fatigue crack growth rates.

There is ample evidence in the current work that air indeed

does give a more detrimental effect on the fatigue strength when compared to

the helium environment. One or more of the above models may be invoked to

explain this effect.
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With regard to oxidation giving large tensile stress effects,

it is possible that this could relieve some of the beneficial surface compres-

sive stresses for the in-air tests. This would in turn result in air being a

generally inferior environment with respect to fatigue strength, as observed.

It is thought, however, that this mechanism is not appreciable in the current

study since tests at 538 C (1000 F) show a strong environmental effect even

though surface oxidation is minimal at the shorter test times.

Neither is the gamma-prime formation hypothesis likely to be

appreciable here. This may be concluded from the observation that this phase

forms only after about 1000 h at 600 C (1112 F)16 From the data in Figure 2,

strong environmental effects on the fatigue strength are observed for much

shorter test times.

One of the more plausible explanations of the environmental

effect centers on crack tip oxidation behavior. The fracture surfaces in

760 C (1400 F) tests (Figures 7 and 10) show that the air test surfaces are

less deformed than those for the helium studies. This indicates that the

cracks propagate in a more brittle fashion in air and, most likely, at a

faster rate. Similar results are observed for the 649 C (1200 F) tests (Fig-

ures 21 through 25) and at 871 C (1600 F), see Figures 27 through 30. It

should be noted, however, that although cracks appear to propagate more

rapidly in air at 649 C (1200 F) t.he fatigue strength in this environment is

actually superior to that for helium. This will be discussed more fully

below.

With respect to the lack of an environmental effect for low N

tests at 538 and 649 C (1000 and 1200 F) an explanation which may be proposed

centers on the slower rates of oxidation at these temperatures. For short
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term tests of about 104 cycles ( S 4 mins. ' duration) neither environment would !

be expected to give significant oxidation, hence, environmental effects would

be small. For increasing test times the differences in the extent of oxida-

tion in the two environments would.become progressively greater and the fa-

tigue strength curves for air and helium would diverge as seen in Figure 2.

For testing at 760 and 871 C (1400 and 1600 F) the oxidation

rates would be much greater and differences in the fatigue strength for the

air and helium environments would be significant even for short test times.

For longer tenn tests the convergence of the air and helium test curves could

be partly caused by the degree of oxidation in the helium gas approaching that

for air. The basic assumption being that the two environments will eventually

reach a comparable oxidation state but it takes a longer time to reach this

for the helium environment. A more plausible explanation for the converging

curves, however, is given in Section 4.1.3.

Porosity effects could also contribute to the detrimental

effects of air on fatigue strength. Figure 15 shows that for unaged material !

the region below the-scale in the air test contains significantly more cavi-

ties than for in-helium tests. An important additional feature to. note in

this respect is the different nature of the oxide scales which could influence

the cavity formation process. The oxide formed in air is a Cr/Mn oxide com-

plex with the manganese layer being closer to the surface. In the case of the

HTGR helium the oxidized layer contains significant amounts of iron, nickel,

and titanium.- Titanium is frequently seen in the scale of austenitic alloys

oxidized in HTGR helium ,12-14 but iron and nickel are not usually present.6

However, for certain oxide scales in pre-aged material, a similar effect is

-observed and this will be discussed in Section 4.2 below.
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Finally, carburization in the helium tests must also be con-

sidered. Cook has shown that in a test-gas very similar to the one used here

(the main difference being that his environment was very dry) carburization is

likely to occur at 800*C (1472 F)10 Although the carbon gradients in Figure

15 indicate that carburization in the specimens is minimal, it is still possi-

ble that the carbon detection limits in the scanning electron microscope /

microprobe are insufficiently sensitive to measure this element. Thus, at

least some of the enhanced fatigue strength measured for the helium test

environment may be attributable to carburization.

4.1.2 Anomalous Environmental Effect at 649 C (1200 F)
IThe anomalous environment dependence of the Incoloy 800H fa-

tigue strength at 649 C (1200 F), shown in Figure 3, is readily explainable.

It is a real phenomenon since previous air-test work on a different heat of

17 18Incoloy 800H and on annealed Type 304 stainless steel confirms that the

high cycle fatigue strength attains a peak value at elevated temperatures. On

the other hand, the in-helium tests shown in Figure 3 give no indication of

this behavior. Since the only difference between the two sets of tests is the

test environment itself, then some surface effect must be responsible for the

anomalous temperature dependence in air.

The observation in Figure 19 that recovery / recrystallization

of the cold worked surface is very difficult in air, and quite likely in

helium, provides some insight. At 649 C (1200 F) it is possible that oxygen

or nitrogen from the air stabilizes the cold worked layer, thereby minimizing

recovery / recrystallization. Specimen MNF-161 was tested for 2360 h without

significant recrystallization occurring. The retention of the surface com-

pressive stresses, therefore, enhances the fatigue strength. In addition, the
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presence of a dense array of dislocations in the surface region, which are

strongly anchored by M 23 6 particles, and which are known to precipitate moreC

profusely at about 650 C (1200 F)19, will be a large added source of strength-

ening. No such strengthening is likely at 538 C (1000 F) since the kinetics

of carbide precipitation are far slower 19 Nor would it be present at 871 C

C 19(1600 F) since M 23 6 carbides go into solution at this temperature

In the helium test environment the cold worked layer is un-

stable and recovery / recrystallization occurs even for a short term test (Spec-

imen MNF-162, Figure 19). Since the dislocation arrays formed by surface

grinding are no longer able to serve as nucleation sites for M23 6 carbides,C

there is a very large loss in the surface strength. Hence, a peak fatigue

strength at 650 C (1200 F) would not be expected, and this is confirmed by the

data in Figure 3.

Another possible explanation of the peak strength effect at

649 C (1200 F) is dynamic strain aging. This has been observed by Kaae in low

cycle fatigue tests on incoloy 800 at 538 C (1000 F) 0 However, such a hy-.

pothesis is difficult to rationalize, since it is necessary to explain con-

vincingly why a peak strength effect does not occur for the helium test gas.

4.1.3 Fatigue Limit Effects

The presence of a well defined f atigue limit at tihe tuo lower

test temperatures indicates that there is an overall tendency for the metal to

maintain its hardness for long times. If there is significant softening, from

cyclic stressing and/or stress relief from processes such as recovery or re-

crystallization, then a continuous decrease in fatigue strength would be

likely. Figure 34 shows stress relief data for various cold worked austenitic j

stainless steels which were held at different temperatures for varying lengths
.

I
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of time. Although the amounts of cold work and hold times varied, it is clear

that significant stress relief only begins at temperatures in excess of ap-
,

| proximately 650 C (1200 F). Complete stress relief (recrystallization) is
'

achieved at 871 C (1600 F) and higher. If these data are a reasonable indi-

cation of the behavior of Incoloy 800H, then the well defined fatigue limits
I at 538 and 649 C (1000 and 1200 F) may be explained on the basis that at these

two test temperatures, surface grinding stresses induced during specimen fab-
i

| rication are not significantly changed by in-test recovery or recrystalliza-

tion. Since these stresses are known to be compressive in nature, and bene-

ficial to fatigue resistance 21, no reduction in fatigue strength is likely

during test. Similarly, cyclic hardening processes during the fatigue process
! are also not likely to undergo recovery during test.

For 760 and 871 C (1400 anj 1600 F), however, the results in

| Figure 34 show that recovery / recrystallization phenomenon are highly probable.

| The data in Figures 14 and 19, taken from tests conducted on unaged samples at

i 760 C (MNF-151 and MNF-152), clearly show that recrystallization of the sur-

face layer has occurred after about 107 cycles, which is precisely the time at

which the in-helium test curve in Figure 2 begins to show an accelerated

| strength loss trend. Although no microhardness data are available for 871 C

(1600 F) tests, the micrographs in Figure 32 also show that recrystallizationl

is present. An enlarged view of the micrographs for the unaged material in

Figure 14 is given in Figure 35. For the long term tests it is seen that in

areas adjacent to the surface,. the grain boundaries are denuded of chromium

carbides. This indicates that the chromium rich oxide scale formed during 1

| test, has created a sub-scale region depleted of chromium. Apparently, this
.

| region of reduced corrosion resistance is the direct cause of the observed

large numbers of corrosion cracks or pits which are, in turn, likely to be
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tested at 760*C (1400*F) for various test environments and stress levels.
Magnifications 1000X.
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fatigue crack nucleii. Figure 36 shows a fatigue crack in a helium test car-

ried out at 871'C (1600 F). Note the large amount of corrosion associated

with the surfaces of the crack. A crack formed in air at 760 C (1400 F) dur-

ing a very short term test shows no evidence of this type of corrosion. It

may, therefore, be postulated that the large decreases observed in the fatigue

strength for material tested in HTGR helium at 760 and 871 C (1400 and 1600 F)

after long term cycling is a corrosion-f atigue process which is intimately

connected with recrystallization in the chromium depleted surface regions.

Specimens tested in air may also be susceptible to this type of corrosion-

fatigue but little convincing evidence has so far been gathered.

Figure 2 shows that pre-aged materials also show an identical

tendency to display a rapid decrease in fatigue strength as Nf increases.

This suggests that corrosion-fatigue processes also play a role in aged micro-

structures. A full discussion of this is given in the following section.

4.2 Fatigue Strength of Pre-aged Incoloy 800H

The work on pre-aged samples was initiated to determine how long term

corrosion could influence fatigue strength in HTGR environments. The two most

important observations which need to be discussed are:

e The large loss in fatigue strength in material which has been

pre-aged for 1500 h at 760 C (1400 F) in the test helium prior

to fatiguing. This effect is closely connected with scale ex-

foliation during test, surface recrystallization, bulk hardness,

cyclic work hardening behavior, and deep intergranular attack.

e The tendency for all aged materials to show an accelerated

7strength loss trend after about 10 accumulated cycles. Unaged

materials tested in helium also show this effect.
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4.2.1 Effects of Aging on Fatigue Strength at 760 C (14noop)

The 108 cycle fatigue strength at 760 C (1400 F) as a function

of pretest thermal aging time is shown in Figure 5. After 1500 h the fatigue

strength has decreased by approximately 15 percent compared to unaged mate-

rial. The strength loss is recovered after 6000 h of aging but there is again

a small strength loss after 10,500 h. The large amount of scale exfoliation

(Figure 9), together with the abnormal surface oxidation characteristics (Fig-

ures 14 and 15), suggest that a connection exists between the two phenomena.

As discussed in Section 3.1.3, the oxidation rate is stress dependent. Most

likely, the stress dependent scale exfoliation process is enhanced by the fact

that recrystallization, and attendant grain boundary migration and grain

nucleation and growth, would probably lead to decohesion between the oxide

scale and subscale region. Another contributing factor to scale exfoliation

concerns the low bulk hardness of the 1500 h aged material (approximately 100

kg/mm2, Figure 19). Under a given cyclic stress level, this material would

show a larger strain than material with a higher bulk hardness. Note also

that the low hardness of these samples gives a low cyclic work hardening rate

(Figure 20).

Scale exfoliation alone would be unlikely to cause the large

strength loss observed in 1500 h aged specimens. From Figures 14 and 15, it

may be _seen that in regions which have lost the original Cr/Mn oxide scale,
,

the chromium depleted region becomes susceptible to oxidation. From data on

6the free energies of formation of various metal oxides , iron forms a more

stable oxide than nickel. This is in agreement with current results which

show that an iron oxide is formed on the newly exposed surface. The moisture

in the helium environment is able to penetrate the nickel rich area below the
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iron oxide, along cracks such Js those shown in Specimen MNF-221 (Figures 11

and 13), until it traverses the chromium depleted region and forms a fresh

layer of chromium oxide. The nickel in the zone between the surface iron

oxide layer and the subsurface chromium oxide region remains in the metallic

state since any nickel oxide would be unstable and easily reduced in the pres-

ence of excess chromium and iron. Specimen MNF-151 (Figure 15), which was

exposed to helium during a test lasting about 700 h, also shows evidence of

iron and nickel concentrations overlaying a Cr/Mn oxide. This may be taken as

being an early stage of scale rupture which pennits iron oxide formation in

regions where chromium has been depleted.

In the case of the 3000 and 6000 h p e-aged specimens (Figures

14 and 15), the Cr/Mn oxide scale is more intact than that at 1500 h. Al-

though recrystallization, which commences aftcr about 100 h at 760 C (1400 F),

may initially disrupt the integrity of the oxide scale, it does not exfoliate

in the absence of a cyclic stress. Continual aging reconsolidates the oxide

layer and titanium oxide also forms readily at these longer times. In addi-

tion, many of the small recrystallized grain boundaries, which permit rapid

moisture penetration in the 1500 h aged specimens, have apparently been re-

moved by long term aging.

The very deep intergranular cracks observed in the 1500 h aged

specimens (Figure 14) are not related to the fine cracks observed in the small

recrystallized surface grains. The latter are probably a result of their

being located in a chromium depleted zone. The major grain boundaries, how-

ever, are not formed from recrystallized material, so that any changes in

grain boundary characteristics must result from the 1500 h aging treatment.

As mentioned previously in Section 3.1.3 sensitization occurs, caused by
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chromium carbide precipitation at the grain boundaries.19 This is demon-
,

strated very vividly by the heavy etching of the boundaries in the 1500 h

specimens (Figure .14). ' Shorter and longer aging times show far less sensiti-

zation. In the 1500 h specimens, a combination of scale exfoliation and sen-

sitized grain boundaries permits rapid moisture penetration and cracking down

the boundaries. Although the cracks are initially intergranular, they may

eventually become transgranular as shown in Specimen MNF-221 (Figure 14).

This type of cracking is thus a special form of corrosion-fatigue.

4.2.2 Corrosion-Fatigue Effects for Long Term Tests

The tendency for the 760 and 871 C (1400 and 1600 F) fatigue

-curves to show a monotonic' decrease with increasing Nf and especially the

accelerated rate of strength loss for cycles in excess of 107 is indicative of
,

structural instability during testing. It may be related to cyclic softening,
!

thermally induced effects such as recovery and recrystallization, corrosion,

!or a combination of all three. Figures 36 and 37 show fatigue cracks observed

in various test specimens. Although every test sample was not examined metal-

lographically_it seems that the corrosion associated with the cracks is only

observed in specimens tested in the helium environment. Fracture surface

studies (Figures 13, 26 and 31) show that oxidation products in the form of

small particles are present in the helium tested samples. They do not cover

the entire surface but are locallized to a large area ne r the crack initia-

tion points. For air testing, well defined particles are not observed (Figure

13).

An EDS X-ray analysis of the particles in Figure 31 shows them

to be rich in iron with smaller quantities of chromium and nickel. A similar

result was obtained for Specimen MNF-224, which was aged for 1500 h at 760 C
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(1400**). At first sight it seems unusual that iron oxide, rather than chrom-

ium oxide, should form. However, the fracture surface is only exposed to the

helium environment for a very short time before the specimen is cooled and re-

moved from the test capsule. Since the alloy contains about 42 percent iron

it is obvious that some iron oxide will form. For extended exposures, propor-

tionately more chromium oxide will be present.

The oxide particle sizes in Figure 13 clearly show that for

long term tests there is a larger amount of oxidation associated with the

crack propagation process. This is consistent with a corrosion-fatigue pro-

cess becoming increasingly important with high endurance tests. The increased

strength loss tendency for cyclic lives in excess of 107 may, therefore, be

explained in this manner. However, the precise reason for the increased cor-

rosion rates at propagating crack tips for the lower stress levels is not

fully understood at this time. It could possibly be due to a combination of

deformation at the crack tip and the microstructure developed during cycling.

Whatever the reason, it is probable that the accelerated strength loss for

long term testing is a result of a more aggressive corrosion-fatigue process.

5. CONCLUSIONS

The current study is an attempt to evaluate the high cycle fatigue

strength of Incoloy 800H in an HTGR helium environment which simulates a hypo-

thetical accident scenario in which a water / steam leak into the primary system

The various parameters which determine the fatigue life are manifold,occurs.

and complex synergistic interactions are sometimes observed. Tests were car-

ried out on as-machined specimens as well as on specimens which had first been

pre-aged in the test helium in order.to quantify the effects of long term
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corrosion on-the fatigue strength. Some of the more important findings for

unaged material are as follows:

At 538, 760 and 871*C (1000,1400 and 1600 F) air testing gives ae

lower fatigue strength when compared to the wet helium environnent.

This is due to the more brittle nature of the crack propagation pro-

cess in air. At 649 C (1200 F) air gives a higher strength owing to

the presence of surface compressive stresses in the cold worked sur-

face layers together with profuse carbide precipitation in this

region.

e Carburization reactions in the helium test gas may be present and

contribute to the generally higher strength in this environment.

However, based on metallographic observations this effect is thought

to be quite small, if indeed it is present.

e There is an accelerated loss in fatigue strength once the number of

7accumulated fatigue cycles exceeds about 10 . This is likely to be

associated with enhanced crack-tip corrosion, i.e. a type of

corrosion-fatigue process is likely. At the higher test tempera-

tures surface recrystallization may also be a contributing factor

to the strength loss.

At 538 and 649 C (1000 and 1200 F) a well defined fatigue limite

exists. This is most probably associated with the stability of the

cold work surface layer in the specimens, together with an internal

work hardened substructure which is itself resistant to recovery

processes.

For pre-aged material the following additional conclusions may be drawn:
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e No pre-aging treatment gives a fatigue strength which is inferior

to that in air. The use of air test data in the analysis of water-

containing helium environments similar to that used in this study

is, therefore, likely to be conservative,

A pre-aging treatment of 1500 h at 760 C (1400 F) in the test heliume

gives the largest decrease in fatigue strength which becomes compar-

able to that for air. The decrease is a direct result of a corrosion-

fatigue process brought about by several synergistic effects which

include surface recrystallization, rapid general oxidation in a

chromium depleted zone caused by stress induced scale exfoliation,

and deep intergranular attack caused by sensitization.

For longer aging times of 3000 and 6000 h the extended aging recon-e

solidates the scale and exfoliation during test is less likely.

Corrosion-fatigue, although still present, is less serious than

that for the 1500 h aging treatment.

e As with unaged material there is an accelerated decrease in the

fatigue strength for all pre-aged conditions once 107 cycles have

been accumulated. This is caused by the same corrosion-fatigue

process in which crack-tip oxidation is more severe at the extended

test times.

With the exception of the 649 C (1200 F) tests on unaged material, none of

the data obtained show definitively that the in-helium tests give a fatigue

strength that is inferior to that in air. Hence, for the wet helium environ-

ment studied no significant adverse effect of the simulated HTGR gas has been

identified at this time.
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Table 1

Chemical Composition of Incoloy 800H
Test Material (Heat HH7427A)

Element Concentration (wt. percent)

Cr 19.83

Ni 32.17

Ti 0.43

Al 0.39

Cu 0.65

Mn 0.67

Si 0.46

S 0.003

C 0.04

Fe Balance
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Table 2

High Cycle Fatigue Data for Incoloy 800H as a
Function of Test Environment and Temperature

Spec. Test Temp. Test Cyclic Stress Cycles to
No. ( C) ( F) Environment (MPa) (ksi) Failure (Nf) Notes

MNF-246 538 1000 Ai r 276.0 40.0 7.5x103
MNF-247 538 1000 Air 255.0 37.0 3.8x104
MilF-248 538 1000 Air 241.0 35.0 3.3x104
MilF-249 538 1000 Ai r 228.0 33.0 1.5x105
MNF-250 538 1000 Air 207.0 30.0 3.0x105
MNF-252 538 1000 Air 172.0 25.0 9.0x106
MNF-257 538 1000 Air 159.0 23.0 >1.6x108

MNF-254 538 1000 Helium 276.0 40.0 6.7x104
MNF-261 538 1000 Helium 262.0 38.0 2.0x104
MNF-258 538 1000 Helium 241.0 35.0 1.2x106
MNF-262 538 1000 Helium 234.0 34.0 1.1x105
MNF-253 538 1000 Helium 228.0 33.0 >1.1 x108 ,

MNF-263 538 1000 Helium 228.0 33.0 >4.4x106 (1)

MNF-164 649 1200 Air 262.0 38.0 5.5x103
MNF-169 649 1200 Air 248.0 36.0 2.0x103
MNF-229 649 1200 Air 241.0 35.0 4.5x103
MNF-184 649 1200 Air 241.0 35.0 6.0x106
MNF-156 649 1200 Ai r 241.0 35.0 4.1x103
MNF-171 649 1200 Air 239.0 34.5 >9. 0x104 (2)
MNF-161 649 1200 Ai r 234.0 34.0 >3.4x108
MNF-165 649 1200 Air 228.0 33.0 >1.0x108
MNF-157 649 1200 Air 221.0 32.0 >1.7x108
MNF-154 649 1200 Air 207.0 30.0 >1.2x107

MNF-162 649 1200 Helium 241.0 35.0 2.0x104
MNF-163 649 1200 Helium 221.0 32.0 5.1x105
MNF-235 649 1200 Helium 217.0 31.5 3. 2x105
MNF-166 649 1200 Helium 214.0 31.0 1.1x108

Notes:
1. Failed in threaded region.
2. Failed at thermocouple spot weld.
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Table _2,(Continued)
_

High Cycle Fatigue Data for Incoloy 800H as a
Function of Test Environment and Temperature

:

Spec. Test Temp. Test Cyclic Stress Cycles to
No. _(C) ( F) Environment, (MPa) (ksi) Failure (NJ Notes|

| MNF-138 760- 1400 Air 172.0 25.0 1.1x104
l MNF-139 760 1400 Ai r 152.0 22.0 5.4x104

MNF-140 760 1400 Air 145.0 21.0 1.3x106
MNF-141 760 1400 Air 138.0 20.0 4.0x106
MNF-146 760 1400 Air 131.0 19.0 2.8x106
MNF-147 760 1400 Air 124.0 18.0 1.8x106

| MNF-151 760 1400 Air 117.0 17.0 1.0x107
MNF-152 760 1400 Ai r 103.0 15.0 1.4x108
MNF-206 760 1400 Air 103.0 15.0 >3.4x108
MNF-158 760 1400 Air 90.0 13.0 3.5x108

MNF-145 760 1400 Helium 207.0 30.0 1.7x104
MNF-149 760 1400 Helium 186.0 27.0 5.3x105
MNF-143 760 1400 Helium 172.0 25.0 1.6x107
MNF-242 760 1400 Helium 159.0 23.0 6.1x107

! MNF-142 760 1400 Helium 152.0 22.0 2.0x107
I MNF-151 760 1400 Helium 138.0 20.0 1.1x108
|

MNF-160 760 1400 Helium 117.0 17.0 4.0x108

MNF-231 871 1600 Air 124.0 18.0 3.3x104
MNF-233 871 1600 Ai r 117.0 17.0 3.3x106
MNF-245 871 1600 Air 117.0 17.0 3.2x105
MNF-230 871 1600 Air 103.0 15.0 1.1x106
MNF-232 871 1600 Ai r 83.0 12.0 6.6x106
MNF-234 871 1600 Air 55.0 8.0 1.6x108

MNF-241 871 1600 Helium 193.1 28.0 3.5x104
MNF-239 871 1600 Helium 172.0 25.0 1.6x106

| MNF-238 871 1600 Helium 138.0 20.0 2.0x106
MNF-236 871 1600 Helium 124.0 18.0 2.6x106

'

MNF-237 871 1600 Helium 103.0 15.0 1.2x107
MNF-244 871 1600 Helium 83.0 12.0 9.0x106
MNF-251 871 1600 Helium 62.0 9.0 9.6x106 ,

MNF-255 871 1600 Helium 48.0 7.0 >1.3x108 |

:
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Table 3

High Cycle Fatigue Data for Incoloy 800H Themally Aged in
HTGR Helium Prior to Testing in Same Environment

Spec. Aging Cond. Test Ternp. Cyclic Stress Cycles to
No. Time (h) Temp. ( C) ( C) ( F) MPa ksi, Failure (N ) Notes

MNF-221 1500 760 760 1400 172.0 25.0 1.2x104
MNF-223 1500 760 760 1400 152.0 22.0 6.5x104
MNF-225 1500 760 760 1400 145.0 21.0 2.8x106
MNF-222 1500 760 760 1400 138.0 20.0 4.3x106
MNF-226 1500 760 760 1400 131.0 19.0 3.0x107
MNF-224 1500 760 760 1400 117.0 17.0 8.8x107

MNF-185 3000 760 760 1400 186.0 27.0 4.0x104
MNF-194 3000 760 760 1400 159.0 23.0 5.5x105
MNF-195 3000 760 760 1400 138.0 20.0 2.9x107
MNF-197 3000 760 760 1400 124.0 18.0 9.8x107
MNF-196 3000 760 760 1400 103.0 15.0 1.9x108

MNF-191 6000 760 760 1400 186.0 27.0 9.3x104
MNF-192 6000 760 760 1400 172.0 25.0 3.0x107
MNF-188 6000 760 760 1400 157.0 23.0 1.6x107 (1)
MNF-205 6000 760 760 1400 138.0 20.0 1.2x108

MNF-187 10500 760 760 1400 186.0 27.0 5.7x104 (2)
MNF-200 10500 760 760 1400 172.0 25.0 2.6x104
MNF-201 10500 760 760 1400 165.0 24.0 1.7x104
MNF-190 10500 760 760 1400 159.0 23.0 1.0x107 (1)
MNF-202 10500 760 760 1400 157.0 23.0 6.1x107
MNF-199 10500 760 760 1400 138.0 20.0 4.9x107

MNF-214 3000 871 871 1600 133.0 20.0 1.2x104
MNF-216 3000 871 871 1600 124.0 18.0 1.*x105
MNF-217 3000 871 871 1600 113.8 16.5 1.3x105
MNF-215 3000 871 871 1600 103.0 15.0 2.7x106
MNF-219 3000 871 871 1600 90.0 13.0 2.8x106
MNF-220 3000 871 871 1600 79.0 11.5 1.6x107
MNF-218 3000 871 871 1600 69.0 10.0 >5.9x107

MNF-207 6000 871 871 1600 138.0 20.0 2.0x104
MNF-210 6000 871 871 1600 124.0 18.0 2.5x105
MNF-213 6000 871 871 1600 110.0 16.0 7.0x106
MNF-208 6000 871 871 1600 103.0 15.0 8.8x105
MNF-212 6000 871 871 1600 97.0 14.0 6.5x106
MNF-211 6000 871 871 1600 90.0 13.0 >1.7x107 (3)
MNF-209 6000 871 871 1600 69.0 10.0 7.0x106

Notes:
1. Internal crack initiation point.
2. This series of tests recently completed. Not fully evaluated in this report.
3. Failed due to temperature over-run.
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