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SUMMARY

Candidate iron-base alloys for heater tube application in the Stirling au-
tomotive engine were aged at 760° C for 350U hours in a low pressure argon or
hydrogen atmosphere to determine the effect on mechanical behavior. The seven
alloys evaluated were N-155, 19-9DL, 316SS, Nitronic 40, A286, Incoloy SUOH,
and RA330. Aging producea no appreciable changes in alloy grain size but aidg
promote increased density and growth of precipitate particies in the grains
and grain bounaaries. Tensile properties were generally degraded by aging,
with auctility and strength changes being influenced by grain structure. Ag-
ing also decreased creep-rupture strength, with coarse yrain materials being
more susceptible to strength loss. The presence of hydrogen during aging did
not contribute significantly to creep strength degradation in the coarse grain
alloys but did result in extensive strength losses in fine grain alloys.

Based on current criteria for the Mod I Stirling engine, the N-155 and 19-9DL
alloys were the only alloys in this stuay with strengths adequate for neater
tube service at 76U (.

INTRUDUCTION

A materials technology program is currently underway at NASA Lewis Re-
search (Center to provide materials support for the UUE/NASA Stirling Engine
Systems Project. The materials program is directed towards meeting tne re-
quirements of the high temperature components of tne Stirling engines. The
most critical component is the heater head which consists of the cylinaers,
tubing, and regenerators. The major high temperature materials requirements
and the current state-of-the-art of metals and ceramics are gescribed in re-
cent assessments of Stirling engine materijals technology (refs. 1 and 2).

The purpose of this investigation was to evaluate potential alloys for use
in the heater tube portion of the heater head. The evaluation examined
changes in mechanical behavior, particulariy creep-rupture, as a result of
long term exposure to low pressure hydrogen (Hp) at 760° C (near the maximum
temperature anticipated in early versions of the Stirling automotive enginej.
Aging in an argon (Ar) atmosphere was aiso included to provide baseline data.
Creep testing of the more promising alloys has been scheduled to be conaucted
in high pressure hydrogen at a later date, meanwnile air creep testing of the
aged candiaate alloys should indicate potential alloy strength losses due to
aging and hydrogen exposure.

Candidate heater tube alloys for a practical Stirling automotive engine
are expected to meet requirements such as high strength at high temperatures,
compatability with hydrogen, oxidation resistance, apility to operate under
cyclic conaitions for several thousand hours, as well as low cost. Super-
alloys based on cobalt, nickel, or iron would pe considerea applicable pecause
of their high strength at high temperature along with good oxidation resis-
tance. The use of cobalt, however, involves a number of drawbacks including
high cost, total dependence on foreign sources, and lack of world proauction
capability to meet the large amount of copait required tor this potential com-
mercial application. Nickel is also a nigh cost, strategic element but more
readily available than cobalt. The potential of nickel-base alloys is fur-
ther reduced since limitea testing of creep properties in high pressure hydro-
gen indicated that nickel-base alloys are degraded by hyarogen whereas iron-



base alluys exhibit little or no deyradation (ref. 3). Therefore, the lower
cost iron-base alloys may be more suitable tor this Stirling automotive engine
applicdtion vespite a normally lower strength capability than nickel-base al-
loys.

Heater tubes tor current protoiype Stiriing automotive engines dre tabri-
cated from h-155, an iron-pase alloy (ret. 4). This alloy 1s availabie as
tubing and has creep and corrosion properties suitable tor this application.
Untortunately, N-155 is relatively expensive pbecause of its high content of
cobalt. Consequently other iron-vase alluys of lower cost with ddequate
strengths, oxidation resistance, and other requirements nave been sougnt to
replace N-1b5.

This report evaluates the mechanical behavior of seven iron- base alloys
(incluuing N-155) pefore and after long term (3500 hr) aglng at 760° C in Ar
and Hy atmospneres. Tensile properties at 25, 425, and 7o00° U are Jgiven. |
Creep- rupture propert1es are presented for unaged materials at 705° to 870° C
and at 76u° and 815° C for aged materials. Microstructural changes due to
aging are aiscussea.

EXPERIMENTAL PROCEDUKE

Lompositions of the seven iron-base alloys used in this investigations are
listed in Table I. AIll alloy materials were suppiiea in the form of sneet
which rangea in thickness from 0.04 to l.03 mm. Table II Tists the heat
treatment for each alloy that resulted in the "unaged" condition. Two of the
alloys, 19-9UL and AcZ8b, were tested in several heat treat conaitions. These
heat treatments provided an opportunity to evaluate fine ana coarse grain
structures. The fine grain structures (<15 um) resulted from heat treatments
normally recommended for optimum short-time properties (ref. b). The coarse
grain structures, are associated with improved high temperature creep resis-—
tance (refs. 5 and 6) and result from high soiution treatment temperatures.
Test specimens were uie stamped from each sneet material, proviaing a reduced
section 9.5 nm wide by 31.8 mm long.

Long term aging of the test specimens was conaucted in cylinarical stain-
less steel cnambers heated by external resistance element furnaces. The aying
treatments were conducted at 76U # 15° C for 350U hours. Flowing argon or ny-
drogen atmospheres were maintained in the chambers at a gage yas pressure of
30-60 kPa. Commercial high purity hydrogen, having a aew point of -64° C and
containing 44 ppm oxygen and 1170 ppm nitrogen, was passed through a palladium
purifier prior to entering the aging chamber.

Tensile and creep-rupture tests were conducted in air. Tensile properties
were determined at room temperature, 425, anu 7oU° ( at a crosshead speed of
1.27 mm/min, Constant load creep-rupture tests were conducted at 7u5°, 760°
815°, ana 870° C in conventional beam-loaded machines. Strain medsurem nts
during creep were aetermined from the movement of an extensometer attachea to
the reduced section of the specimens and converteu to an electrical signal by
means of a linear variaple differential transformer. Test temperatures were
measured by Pt/Pt-13 Rh thermocouples attacheu to the specimen reauced section.




The longitudinal microstructure of each of the alloy sheet materials in
the unaged and long term aged conditions were studied by light microscopy.
Average grain sizes were determined using the Tine intercept method. Fracture
surfaces were examined with a scanning electron microscope.

RESULTS AND DISCUSSION
Microstructure

The iron-base alloys were tested in three conditions: unaged, Ar aged, and
Ho aged. The unaged conaition resuited from the neat treatment listed for
each alloy in Table II. The Ar aged and Hp agea conagitions resultea from
exposure of the unaged alloy structure to a temperature of 760 C for 3500
hours in an atmosphere of Ar or Hj. Hyarogen analyses of the alloys before
and after Hp aging in Table III indicated all alloys except N-155 increased
in Hp content. For example, the Hp aging increased the Hp content in
Nitronic 40 from 1.8 ppm to 7.1 ppm. (The reauction in Hy content for N-155
following aging was confirmed in additional short-term Hp aging tests.) It
is furtner shown in Table III that, after air creep testing, Hy content de-
creased apparently due to diffusion of Ho out of the specimen. The Hp
contents of A286 were consistent with those for a similar hydrogen aging eum-
brittlement study on this alloy (ref. 7).

Microstructures of tne various alloys in the unaged condition are shown in
Figs. 1, 2(a), and 2(a). Typical microstructures pefore ana after Ar and Hp
aging are illustrated for 19-90L in Fig. 2. The carbide precipitates visible
in the "unaged" HT-1 conaition of 19Y-9DL in Fig. 2(a) were effectively ais-
solved in the 1204 C solution annealing treatment used for unaged HT-2 in
Fig. 2(d) (ref. 8). Changes observed in those 1Y-9DL microstructures are
primarily relatea to the growth and coalescence of the carbide particles,
notably in the grain boundaries. Aging changes in the other alloys included
(a) intermetallic as well as interstitial precipitation (e.g. Ni3Ti in A286,
carbides in 19-9DL), (b) particle growth and coalescence in the grain
boundaries but to a similar or lesser degree than 19-90L (see A286, 316SS,
Nitronic 40), and (c) increased particle aerisity and growth within the matrix
(N-155, RA330, Incoloy 800). wMeasurements of average grain diameter are
listed in Table IV and show that changes in grain size due to long term aying
in Ar or Hp were not significant.

Tensile Behavior

The tensile properties of the alloys at 25°, 425°, and 760° C in the
unaged and aged conditions are presented in Table V. As shown in Fig. 3(a)
strengths at room temperature changed little as a result of aging except that
losses in strength as high as 50 percent were noted for fine grain (HT-1,
HT-2) A286. (Fine grain is defined here as <. 15 um average grain diameter.
See Table IV.) In Fig. 3(b) yield strength losses at 76U C aue to aging were
observed in several allioys, however, N-155, 316SS, and coarse grain AZ86
improved in yield strength by 30-60 percent following aging. Although the
A286 with fine grains (HT-1, HT-2) exhibitea strength losses when aged and the
coarse grain A286 (HT-3) showed strength gains, all of the resultant aged
products for this alloy material at a given temperature had roughly the same
level of yield strength. No loss or gain in strength could be attributed
directly to the hydrogen aging atmosphere.



Changes in tensile ductility (elongation) in response to aging varied with
each alloy (Fig. 3). The room temperature ductilities of N-155, 1Y-9DL, A286
(HT-3), and Nitronic 40 were reduced by 50 percent or more due to aging where-
as the other alloy materials experienced relatively Tittle change in elonga-
tion.

Fracture surface examination of the Nitronic 40 alloy revealed the ductile
nature of the unaged room temperature tensile specimen as indicated by dim-
pling in Fig. 4 (a); the Hp aged condition in Fig. 4 (b) shawed no dimpling
and failed intergranularly with some transgranular cleavage. Particles ap-
proximately 1 to 3 um in diameter were noted among the dimpies of the Nitronic
40 fractures. In contrast, the A286 (HT-3) alloy fractures revealed consider-
able dimpling in both unaged and Hp aged conditions, Figs. 4(c) and (a);
however, the unaged surface aid not indicate the intergranular separation sug-
gested for the Hp aged fracture surface. While the yield strength of the
Nitronic 40 was reduced along with ductility as a result of Hy aging, the
yield strength of the A286 (HT-3) tended to increase as Hp aging lowered its
ductility. At 760 C, all alloys except 316SS had improved ductility after
aging. Hydrogen aging resulted in slightly greater ductility in coarse grain
alloys. at 25° and 425 C( (Table V) as compared to aging in argon while the re-
verse trend was observed at 760° C. Fine grain alloys generally responded in
an opposite manner to coarse grain alloys regarding the effect of a hydrogen
.. aging atmosphere on tensile ductility.

Creep-Rupture Behavior

Base 1line data derived from creep-rupture tests of the unaged alloys at
705°-870° C as well as results from similar tests of aged materials at 76u°
and 815° C are given in Table VI. The effects of stress on the minimum creep
rate and on the rupture life of unaged alloys at 760° and 815° C are presented
in Figs. 5 and 6. For comparison, the creep-rupture results for the Ar aged
and Hp aged specimens are included on these figures.

Using muitiple linear regression analysis, activation energies for creep
were determined for each alloy in the unaged condition based on minimum creep
rates as well as rupture lives. These activation energy values are listed in
Table VII along with stress exponents and constants for the following rela-
tionships:
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In k2 * ny ]nlo + QZ/RT (2)

where ¢y is the minimum creep rate (sec-1), tR is rupture life (hr),

K1 and k2 are constants, nj and np are stress-term exponents, o is

stress (ﬁPa), R is gas constant (8.314 J/K-mol), T is absolute temperature
(K), and Qj and Q are activation energies (J/mol) (refs. 6 and 9).
Equations %l) and (2) along with the values in Table VII are useful in pre-
dicting rupture lives and minimum creep rates within the present test condi-
tions but the reliability of extrapolations beyond these conditions is not
recommended.

Heat treatments changed the structures of 19-90L and A286 so that as grain
size increased their creep resistance aliso increased. The influence of other
factors in these heat-resisting alloys, such as precipitate density, precipi-
tate size, etc., however, may overshadow the effect of grain size, complicat-



ing the establishment of a relationship between creep pehavior and mic?ostruc—
ture in these alloys.

The maximum creep rates of unagea A286 alloy materials are plotted in Fig.
5 (f, g, and h) with two slopes: Each slope represents the best fit for a
given stress region and the change in slope suggests a change in creep mecha-
nism. The minimum creep rate equation for each slope is given in Table VII by
the coefficients (activation energy, stress exponent, and In k) and is valid
for the stress range given. Examination of Table VII indicates that two sepa-
rate slopes describe the data for the 316SS ana Nitronic 40 alloys between
705" and 815" C for the rupture life equation as well as the minimum creep

rate equation.

In showing the creep behavior of the aged materials in Figs. 5 and b it
was assumed that long term aging resultea in creep properties that were dis-
placed from but paralleled those of the unaged alloy. Tnis would imply that
structural changes aue to aging would not alter the activation energy or
stress exponent terms but would change the values of the constant k in equa-
tions (1) and (2). Based on the results for Nitronic 40 in Figs. 5(e) and
6(e), it appears reasonable to make a similar assumption that, where the
presence of hydrogen causes changes in creep behavior in adaition to those due
to aging per se, the Hp aged creep properties also will parallel those of
the unaged alloy.

The effect of long term aging on creep strength is further illustrated in
Fig. 7, which shows gain or loss in the 1U0U-hour rupture strength aue to ag-
ing in argon and hydrogen for test temperatures of 760° ana 815° (. Aging in
argon produced increases or relatively little change in the 76u° C rupture
strengths of 19-90L (HT-1), A286 (HT-1 and HT-2), and hitronic 40, namely
those alloys with grain sizes less than 15 uym. In contrast, aging in hydroyen
had a definite negative effect on the strength of these fine grain materials,
particularly Nitronic 40. Improvements in the 815° C rupture strengths among
the 19-9DL and A286 alloys suggest a recovery process may occur in the fine
grain microstructure at this higher temperature.

The rupture strengths of the alloys having grain sizes larger than 15 um
were all degraded by aging. The presence of hydrogen during aging did not
contribute further to the degradation. Strength recovery at 815° ( was noted
primarily in the large grain A286 alloy.

It is apparent that aging per se was more damaging to coarse grain alloys
than those with a fine grain structure. The low pressure hydrogen atmosphere
did not significantly influence the aging results of coarse grain alloys but
did cause adaitional degradation of strengths in some fine grain alloys, name-
ly Nitronic 40, A286 (HT-1, HT-2) but not 1Y-9UL (HT-1). Nitronic 40 was par-
ticularly susceptible to rupture strength loss after aging in hydrogen. It
has not been determined whether the fine grain structure of the Nitronic 40
alone was responsible or whether compositional factors also contributed to
this Hp aging loss.

Elongation measurements following rupture generally indicated increased
auctility to rupture with increased stress at constant temperature, over the
range of loads applied to unaged alloys in this study. Nitronic 40 and 1Y-90UL
(HT-1) differea from the other alloys in that the auctilities were observed to



go through a minimum at intermediate stresses. For example, at 815° C the
rupture elongation of Nitronic 4U was at its lowest, 84 percent, at stresses
of 55-bY MPa while at 21 anu 83 MPa the elongations were 117 percent and 100
percent, respectively.

As expected the fine grain alloy materials were considerably more ductile
than the coarse grain. Despite their lower elongations on rupture, the coarse
grain materials had longer rupture Tives due to their greater res1stance to
creep (lower creep rates). Fine grain A286 (HT-1) when tested at 76U° C with
a stress of 103 MPa ruptured after 59 hours with 38 percent elongation, where-
as the coarse grain A286 (HT-3) broke after 665 hours with only 7 percent
elongation.

The apparent effect of the long term aging was to increase rupture ductil-
ity along with an increase in creep rate and therefore a resultant decrease in
rupture life. The N-155 alloy tested at 760° C and 138 MPa increasea from an
unaged elongation of 13 percent to 26 percent after Ar aging and to 51 percent
after Hp aging with rupture lives of 13Y, 87, and bl hours, respectively.

Engine Requirements and Alloy Selection

The design criteria for the Mod I Stirling automotive engine at startup
requ1res a maximum yield stress in tne heater tubes of 102 MPa at the operat-
ing temperature (ref. 10). At 760° C the alloys in this investigation with
yield strengths greater than 102 MPa in the unaged and aged conditions are
N-155, 19-Y0L, Nitronic 40, A286, and RA330.

At full power operation the Mod I engine design (ref. 10) requires the hy-
drogen work1ng fluid to have a mean temperature and pressure of 720° C and 15
MPa, The design criteria includes a safety factor of 1.5; thus the design
stress needed for a target rupture life of 400U hours wou]a be about 58.5
MPa. The mean operating temperature 720° C is based on a maximum temperature
of 770° C on the front side facing the combustor flame and a 670° C temper-
ature on the back side. Therefore, neater tube alloys in the MUD I engine
must have rupture lives of at 1east 4000 hours for a stress of 58.5 MPa at
770° C. .

In Fig. 8 the temperature dependence is shown for extrapolatea 4000 hour
rupture strengths of the four strongest alloys in this study. Two unaged al-
loys, N-155 and the coarse grain 19-9DL (HT-2), clearly satisfy the Mod I
engine long term strength requirements. We can assume that aging of the neat-
er tubes will occur during engine operation; reductions in strendth could be
similar to those noted herein. Even with present aging effects included,
N-155 and 19-9DL would retain adequate strength for the 4000 hour rupture
strength requirement. The coarse grain A286 (HT-3) alloy also gqualifies in
the unaged condition, but with any strength loss A286 would not prove adequate
for this design criteria (note that up to 40 percent loss with preaging was
experienced in this study). Tnhe 4000 hour rupture strength of the Incoloy
800H alloy - as well as each of the remaining alloys - would not be sufficient
for these heater tube requirements. Therefore, the design requirements for
the Mod I engine heater tubes are met by N-155, 19-9DL and A286 although, as
aging progresses, the A286 alloy would probably not retain adequate rupture
strength. _



It should be noted that the operating stress requirement to which the al-
loy strengths are compared reflects operating at maximum pressure for the life
of the engine. This is a very conservative requirement and places an undue
burden on the alloy specifications. A more realistic requirement based on a
55 percent urban- 45 percent Highway Driving Cycle is currently veing
considered for the Mod II Stirling engine. This approach will reduce the
strength requirement by more than a factor of two, thus making several
additional alloys attractive for the heater tube application.

CONCLUDING REMARKS

This study has shown that long term aging generally degrades the tensile
and creep-rupture properties of candidate iron-pase heater tube alloys. When
properly heat treated, 19-9DL has the best potential of the group of commer-
cially available iron-base alloys evaluated to meet the current design re-
quirements for heater tubes in the Mod 1 Stirling automotive engine. The
19-90L alloy would be a relatively inexpensive substitute for the cobalt-con-
taining N-155 alloy presently used in prototype Stirling automotive engines.
To further increase the tensile and Creep properties of 19-90L for this pur-
pose, modifications in composition as well as heat treatment should be inves-
tigated to improve and optimize the alloy structure, as well as other prop-
erties such as corrosion and oxidation resistance.

CONCLUSIONS

Based on the mechanical behavior of seven iron-base alloys evaluated be-
fore and after aging for 3500 hours at 760° C the following was concluded:

1. N-155 and 19-90L are the only alloys in this stuay with adequate
rupture strength to meet the design requirements for heater tubes in the Mod 1
Stirling automotive engine. Based on an actual driving cycle, lower rupture
strength requirements may allow the inclusion of A286 and other alloys.

2. Aging per se reauces creep-rupture strength with coarse grain alloys
being more susceptible to strength losses due to aging.

3. The presence of hydrogen during aging significantly affects the
creep-rupture strength of fine grain alloys but does not contribute
significantly to strength degradation due to aging in coarse grain alloys.

4, Changes in tensile ductility and yield strength occur as a result of

long term aging, but hydrogen ana argon aging atmospheres do not produce
appreciably different tensile properties.
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TABLE 1. - VENDOR ANALYSES OF IRON-BASE ALLOYS
Element, percent by weight
Alloy Fex | Cr Ni Co Mn | Si W | Mo | Cb+Ta| Al Ti C Other
N-155 30 [e¢b.3|19.5|1v.2|1.3]10.7}2.9]¢.8] 1.1 0.11 | 0.13N
19-90L 65 |18.3]10.5 L.y .711.2]1.3 .5 0.2 ] .31
316SS 65 |17.5]13.3 1.3} .5 ¢.l .014
Nitronic 40 (64 |20.1| 6.8 8.6 | .¢ 03
Az 86 53 | 15 26 1.4 .4 1.3 0.2]1¢.21 .05
Incoloy 800H |45 {20.4 | 3¢.5 B .3 A1 .41 .06
RA330 43 | 19.7] 34.6 4 11.81.1 1 .025
*Remainder.




TABLE I1. - HEAT TREATMENT OF IRON-BASE ALLOYS

Alloy Thickness, mm Heat Treatment ("unaged" condition)
N-155 1.0¢ AMS-553¢B (Su1'n ann. 1176°C/rapia air cool or
water quench)
19-90L .64 HT-1 Sol'n ann. 982°C/3min/in vac/He quench
age 648 (/¢ hr/fast furnace cool
HT-z Sol'n ann. 1204°C/10 m1n/in vac/fast furnace cool
316SS 1.60 Sol'n ann, 1093°C/3 min/in vac/He quench
Nitronic 40 L.z7 AMS=5595 (So1'n ann. 1005°C/rapid air cuoling)
Az 86 .64 HT-1 Sol'n alin, 982°C/3 min/in vac/He quench
age 718 (/16 hr/fast furnace cooul
HT-Z Sol'n ann, 982°C/30 min/in vac/fast furnace cool
age 718 C/16 hr/tast furnace cool
HT-3 Sol'n ann. 1148°C/10 min/in vac/fast furnace cool
Incoloy 800 1.63 Sol'n ann, L1z1°C/L nhr/in vac/fast furnace cool
RA330 .89 AMS-5592 (Sol'n ann. 1£04°C/Ll/z hr/water quench)




TABLE 111. - HYDROGEN ANALYSIS OF IRON-BASE ALLOYS

Alloy Hydrogen content, ppm by weight
Before aging After 3500 hr at 760° C
hydrogen (30 to 60 kPa gage)
Before testing | After testing
N-155 5.4 3.9 3.4
19-90L (HT-1) 3.4 6.9 6.0
19-90L (HT-2) 1.6 4,7 4.6
316SS .8 4.9 1.8
Nitronic 40 1.8 7.1 2.3
A286 (HT-1) Z.8 v.4 6.4
A¢86 (HT-2) 1.9 9.¢ 3.9
A286 (HT-3) 1.6 10.4 4,7
Incoloy 800H .8 5.6 2.5
RA330 1.0 4.1 3.1

%, aged and creep-rupture tested about 100 hr in air

at 760 C.

TABLE 1V. - GRAIN SIZE MEASUREMENTS OF IRON-BASE ALLOYS

Alloy Average grain diameter, um,
prior to testing in the
following conditions
Unaged Aged in Ar Aged in Hy
N-155 ¢l ¢l 17
19-90L (HT-1) 5 - 5
19-90L (HT-2)| 31 24 28
316SS 56 39 64
Nitronic 40 . 8 Y 8
A286 (HT-1) 5 8 5
A2Bb (HT-2) 11 12 14
A286 (HT-3) 72 66 7¢
Incoloy 800H 70 85 83
RA330 32 34 36
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TABLE V. - TENSILE PROPERTIES OF IRON-BASE ALLOYS

11

Alloy Condition 25° 425° 760° C
YS, | UTS, Elongation,¢ Ys, | uTs, Elongation, YS, | UTS, | Elongation, €
MPa | MPa percent MPa | MPa percent MPa | MPa percent
N155 Unaged 367 | 751 4z 239 | bewa zgv 105 | 305 19
Ar aged 360 | Beed 19 253 | 59z8 15P 223 | 345 50
Hy aged 349 | w27 23 ¢o8 | 6bod 19 ¢lz | 345 5¢
19-9DL (HT-1)|Unayged 3391 779 48 270 | 50z 26 168 | 219 57
Ar aged 335l | 6942 170 219 | 443 b i37 | <00 41
H; aged 326 [ 661 13 Zbz | 5iye 12° 159 | zz1 75
19y-9DL (HT-2)|Unaged 20| 739 66 ibo | 614 370 127 | 345 18P
Ar aged 23¢2| 7400 ¢dP 157 | 4398 iy lei [ 2e6 33
Hp aged 305 | 745 ze 193] 550 8 143 | ¢70 25
316SS Unaged 217 | 552 63 vz | 400 36 65 | 188 80
Ar aged 224 | 592 45 140 | 439 ¢ 106 | 192 37
Hy aged i79] 563 51 125 | 4es Zb 110 | eti 33
Nitronic 40 |Unaged 434 | el 58 ¢b3 | 576 41 180 {271 38
Ar aged 3oL | 73u 12b ze4 | 541 1 205 | <45 46
Hy aged 346 | 6789 8 eel | 507 120 132 | ¢zl 5¢
Az86 (HT-1) |Unaged 734 | 1172 Z3 703 | 10419 i3 421 | 4ol 27
Ar aged 371 | 745 26 276 | 634 iy 198 | 273 39
Hy aged 403§ 752 2l 313 | 638 18 <08 | 29z 46
AZ86 (HT-Z) |Unaged 6yz | 1153 z5 651 | 1020 16 404 | 513 12D
Ar aged 370 | 760 27 283 | 620 19 225 | 307 34
Hy aged 336 | 718 3¢ 254 | 601 20 206 | 296 42
A286 (HT-3) |Unaged 308 | 53ya 3600 147 | 3449 37 131 | 236 11
Ar aged 332| byre P 245 | 6089 Lz 214 | 31y 33P
Hp aged 3zl | 7209 iz 203 6339 e 213 | 334 ¢4
Incoloy 800H |Unaged lol | 55y ¥4 y7 | 407 36 127 | ¢es 33
Ar aged 157 569 33b 100 | 437 30 80 | zle 44
Hy aged 159 | 566 36 98 | 445 28P 83 | zzo 33P
RA330 Unaged 310 | 504 43 lss | 479 29 132 | 2uy 2z
Ar aged Zio| 556 43 160 | 440 35 li4 | 186 034
Hy aged 208 | 538 50 156 | 430 37 1e3 | 1y7 51

AFracture strength,

bEroke at or outside gage mark.
Cin 2.54 c¢m gage length.

dE stimated.




TABLE VI. - CREEP-RUPTURE DATA OF IRON-BASE ALLOYS

(a) Creep-rupture aata for N-155.

Condition Test Stress, | Minimum Rupture | Elongation

temperature, MPa creep life, to
rate hr rupture,
sec-I percent

Unaged 705 276 | 4.63x10~/ 23.1 11
207 | 4.15x10-8 202.2 17
172 2.04x10—§ 5%8‘5 %g
760 297 | 4:80:4877 42.1 17
138 Y.44x10-8 139.3 13
124 | 3.90x10-8 390.7 21
103 1.36x10-8 878.7 17
815 207 2.57x10-5 1.1 25
172 5.94x10-6 4.6 15
138 1.48x10-6 15.9 19
103 2.16x10~7 100.6 22
83 3.56x10-8 439,3 20
69 2.76x10-9Y 1450.6 20
870 103 3.05x10-6 9.5 31
69 2.50x10-7/ 117.4 29
Ar aged 760 138 | 4.20x10-/ 87.0 26
103 3.55x10-8 | e -
815 103 3.55x10-7 100. 35
83 | 7.39x10-8 234.5 31
69 1.39x10-8 | o ___ —
Hy aged 760 138 | 7.48x10-/ 61.0 51
103 9,54x10-8 389.6 32
90 2.12x10-8 1110.0 36
815 103 1.08x10-6 40.7 53
83 |1.24x10-7 218.9 37
69 2.78x10-8 625.8 25
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TABLE VI. - CREEP-RUPTURE DATA OF IRON-BASE ALLOYS

(b) Creep-rupture data for 19-YUL (HT-1)

Condition Test Stress, | Minimum Rupture | Elongation
temperature, MPa creep life, to

° rate hr rupture,

sec-I percent

Unaged 705 276 | 2.64x10-4% | —————_ _—
110 | 1.06x10-6 | ————_ 112
83 | 2.66x10-7 | ——ooo 68
48 | 1.03x10-8 | 1145.0 62
760 110 1.16x10-5 3.5 87
90 | 3.44x10-6 | ______ —
62 1.60x10-6 | oo __ —
48 5.81x10-7 | oo _—
28 | mmeeo 813.6 82
28 4.19x10-8 627.4 92
815 48 4,54x10-6 8.6 126
28 | 9.22x10- 59.5 147
14  |3.82x10-8 | ——ccv —
870 28 5.4bx10-6 20.8 118
14 11,08xj0-6 | ——___ ——
Ar aged 760 62 | 2.00x10-° 41.1 80
41 2.24x10~7 | ——eeee —
28 |2.18x10- 535.8 140
815 48 | 5.24x10-0 15.1 91
. 28 |8.94x10-7 142.8 128
Ho aged 760 62 |2.02x10-0 36.5 89
41 | 4.51x10-7 204.7 76
28 |8.94x10-8 810.2 92
815 48 4.87x10-6 | oo _—
28  19.40x10~7 | ————— —
21 2.45x10~7 389.2 143

13




TABLE VI. -~ CREEP-RUPTURE DATA OF IRON-BASE ALLOYS

(c) Creep-rupture data for 19-90L (HT-2)

Condition Test Stress, { Minimum Rupture | Elongation
temperature, MPa creep life, to

°C rate hr rupture,

sec-I percent

Unaged 705 207 | 1.41xl0~7 77.5 21
172 7.74x10-8 | e _—
138 | 1.89x10-8 | 1016.4 17
760 138 | 2.28x10-7 bl.4 21
117 | 1.47x10-7 184.7 21
97 | 3.0lxl0-8 570.6 17
83 | 1.35x10-8 931.6 17
815 97 | 3.48x10-7 65.3 21
83 | 1l.65x10-7 123.1 20
62 1.83x10-8 | e _—
870 62 | 5.07x10-7 69.7 18
Ar aged 760 117 | 1.24x10~6 35.3 30
83 |5.09x10-8 417.0 15
815 83 1.15x10-6 34,1 23
55 1.00x00-7 | ——oeee -—
Hy aged 760 117 | 1.63x10-0 33.6 32
83 1.19x10-7 343.8 22
815 33 1.59x10-6 33.7 37
55  16.17x10-8 | —aemex _—

14




TABLE VI. - CREEP-RUPTURE DATA OF IRON-BASE ALLOYS

(d) Creep-rupture data for 316SS

Condition Test Stress, | Minimum Rupture | Elongation
temperature, MPa creep life, to
rate hr rupture,
sec*I : percent
Unaged 705 138 | 2.32x10-6 30.0 b3
103 | 2.91x10~7 188.4 47
83 | 3.00x10-8 1618.9 37
760 JIKT: JR E—— 1.7 52
103 | 4.50x10-6 | o—oco-- _—
69 5.55x10-7 136.7 32
55 1.14x10-7 478.0 23
43 | 5.44x10-8 759.0 27
41 2.10x10-8 | oeooo -
815 69 | —maee—— 19.0 40
69 | 3.91x10-6 16.0 35
48 7.00x107 | —mmeee -
41 | 4.18x10- 108.2 27
35 | 1.07x10- 333.0 24
28 | 6.40x10°8 | aeeeee -
870 35 12.43x10~ 490.3 22
Ar aged 760 69 | 4.52x10~/ 96. 3 21
55 35x10~ 262.3 <0
48 .40xf0—8 428.4 23
815 35 | 2.00x10-7 199.2 41
21 1,33x10-8 1658,1 23
Hy aged 760 69 [6.99x10-/ | ——--—- --
55 1.88x10-7 258.1 42
41 2.70x10-8 2067.9 25
41 5.96x10-8 729.0 39
815 35 | 1.66x10-7 267.0 42
28 | 7.03x10-8 455,2 39

15




TABLE VI. - CREEP-RUPTURE DATA OF IRON-BASE ALLOYS

(e) Creep-rupture data for Nitronic 40

Condition Test Stress, | Mininun - Rupture | Elongation
temperature, MPa creep life, to

°C rate hr rupture,

SEC“I percent
Unaged 705 172 | 8.08x10~7 33.1 25
Y. J [—— 77.9 45
110 | 9.44x10-8 180.7 53
83 5.34x10" 409.1 51
55 1.08xL0- 1529.3 54
760 110 | 7.11x10-7 | ——eeeo --
110} 9.20x00~7 | —oeeee 6l
83 | 3.20x10~7 | —omee- 57
55 | 1.15x10-7 246.1 60
35 5.11x10-8 693.2 97
815 83 2.76x10-6 | —-aeee 100
69 1.58x10-6 21.6 84
55 | 4.33x10~7 | —mmmm- 34
35 2.00x10-7 152.1 93
¢l 6.29x10-8 465.0 117
870 21 5.30x10-7 103.0 105
10} 2.29x10-/ 583.1 172
Ar aged 760 55 | 2.78x10-7 | ——mem- -
35 5.31x10-8 730.9 89
815 35 4.46x10-7 114.9 112
21 1 9.07x10-8 394.4 132
Hp aged 760 35 | 3.40x10-7 200.8 121
23 2.00x10~7 429.8 108
21 1.00x10~7/ 857.4 108
815 41 3.18x10-5 27.4 117
21 5.93x10-/ 192.3 140
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TABLE VI. - CREEP-RUPTURE DATA OF IRON-BASE ALLOYS

(f) Creep-rupture data for A286 (HT-1)

Condition Test Stress, | Minimum Rupture | Elongation
temperature, MPa creep life, to
rate hr rupture,
SEC‘I percent
Unaged 705 276 | 3.83x10-7 34.9 30
207 1.10x10~7 | —ceee _—
138 | 4.59x10-8 38Y.6 28
55 3.52x1079 | oeoeee _—
760 207 L iixlQg=6 | o _—
138 | 4.32x10-7 40.1 50
103 | 2.65x10-7 59,2 38
69 6.94x10-8 222.4 39
55 3.02x10-8 432.1 20
41 | 3.42x10-8 387.4 (58)
31 2.68x10-8 | ——eeee _—
21 1.23x10-8 | oo —
815 138 | 2.24x10-5 1.76 62
103 | 6.98x10-6 5.7 62
6Y 4,75x10-b 9,7 108
41 | 2.24x10-7 126.6 44
28 | 1.28x10~7 | ——oeee —
21 |8.14x10-8 | oo _—
14 }4.07x10°8 | ——eeo —
870 28 1.70x10-6 29.4 125
14 | 4.89x10-7 347.4 54
Ar aged 760 103 | 3.48xi0~/ 103.8 41
69 3.78x10-8 | —moeeo _—
55 |3.69x10-8 | ——eme- _—
41 14.34x10-8 | ——eeo _—
815 41 2.90x10-7 | —eeeee _—
28  |8,19x1¢-8 602.4 45
Hp aged 760 103 |6.98xi0-/ 54.5 45
69 2.29x10-7 183.5 54
41 3.34x10-8 1421.0 50
21 2.55x10"8 | ——eeeo _—
815 41 3.55x10-7 | —omeee —
28 | 1.28x10~7 379.0 45
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TABLE VI. ~ CREEP-RUPTURE DATA OF IRON-BASE ALLOYS

(g) Creep-rupture data for AZ86 (HT-2)

Condition Test Stress, | Minimum Rupture | Elongation
temperature, MPa creep life, to

° rate hr rupture,

SeC‘I percent
Unaged 705 207 | 5.69x10-8 182.6 28
172 3.04x10-8 | - _—
138 | 1.01x10-8 | —eeeo -
760 172 | 3.48x10-7 30.0 43
138 | 1.66x10-7 58.9 29
103 | 5.42x10-8 169.7 28
69 | 1.55x10-8 707.4 14
55 1.48x10-8 |  ———ee -
35 1.17x10-8 | <o _—
21 2.21x10-9 |  —=—-- -
815 83 | 2.85x10-7 35.4 41
55 |6.51x10-8 144.3 29
35 | 5.08x10-8 | ~——aeo —
21 | 1.92x10-8 | amee- -
870 55 | 8.10xi0-6 | __—__ -
35 | 1.74x10-0 41.4 66
21 1,87x10-9 | _———__ -
Ar aged 760 138 | 6.05x10~/ 52.3 40
' 138 7.62x10-7 | —=--- -
103 2.82x10-8 430.0 35
69 |2.18x10-8 | —~em- -
815 55 y.73x10-8 138.4 40
35 4,02x10-8 |  ————- _—
Ho aged 760 138 | 2.94x10-0 | —eeee —
103 | 4.30x10-7 90.6 47
6Y 5.07x10-8 | ————- _
815 55 2.36x10-7 S -
35 | 7.24x10-8 y77.2 43
21 2.11x10-8 | ——-=- _—

18




TABLE VI. -~ CREEP-RUPTURE DATA OF IRON-BASE ALLOYS

(h) Creep-rupture data for A286 (HT-3)

Condition Test Stress, | Minimum Rupture | Elongation
temperature, MPa creep life, to

’ rate hr rupture,

sec-I percent
Unaged 705 345 1.18x10-7 | —ceeee -
310 1.2¢x10-8 136.9 1
276 3.27x10-9Y 292.2 2
760 303 | 3.82x10-/ 9.3 6
276 | 1.65x10-7 16.3 3
207 1.28x10-8 85.9 12
138 1.20x10-Y 342.0 10
103 | 9.60x10-10 | 665.3 7
815 152 | 1.59x10-7 12.6 15
103 | 1.04x10-7 48.5 2¢
83 |2.74x10-8 109.9 22
62 |5.69x10-Y 427.7 12
55 5.63x10-9 | —ooeee _—
41 2.15x10-9 | —ceeee -
870 41 | 2.58x10-7 56.6 37
24 3.45x10-8 3625.1 23
925 24 7.73x10~7 | —meeee -
Ar aged /760 207 1.30x10-2 2.4 28
138 | 9.40x10-7 | mmeeee _
138 | 8.61x10-7 42.2 26
103 | 1.27x10-7 | e _—
815 83 | 3.79x10-7 82.8 17
62 | 6,82x10-8 462.8 19
Hp aged 760 207 | 2.64x1072 | ——meme -
138 | 4.14x10-7 45.0 25
103 8.96x10-8 | —oeeee -
83 |1.02x10-8 | mmme-- -
815 103 |5.32x10-7 | —meeee -
83 3.95x10-7 71.6 19
62 | 5.46x10-8 433.4 10
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TABLE VI. - CREEP-RUPTURE DATA OF IRON-BASE ALLOYS

(1) Creep-rupture data for Incoloy 800H

Condition Test Stress, | Minimum Rupture | Elongation
temperature, MPa creep life, to
° rate hr rupture,
sec-1 percent
Unaged 705 152 | 5.16x10~7 | ——o___ -
124 1.69x10-7 | ———_ -
103 | 5.32x10°8 | ——o__ -
760 124 1.90x10-6 | ______ _
103 5.99x10~7 | ______ _
103 7.47x10-7 59.9 28
83 L.44x10~7 216.3 23
69 4.44x10-8 | —coeeo _—
62 2.53x10-8 1307.5 28
815 124 7.26x10-5 .95 70
103 3.23x10-5 2.5 79
6Y 2.76x10-6 33.5 54
55 4.38x10-7 Y3.5 32
41 3.62x10-8 960.4 22
870 41 3.84x10-7 102.3 30
3l 1.03x10-7 425.7 27
Ar aged 760 83 | 1.38x10-7 | ———c—C —
83 1.29x10-6 03.4 57
69 | 3.41x10~7 151.3 40
62 9.84x10-8 538.5 29
815 55 4,20x10-7 | —oeeeo -
41 8.6Lx10-8 457.5 24
Ho aged 760 83 1.58x10-0 | ————__ -
69 4,47x10~7 21z.9 60
62 1.68x10-7 5¢5.8 58
815 55 6.03x10~7 | —-meee _—
4] 8.90x10-8 400.8 29

20




TABLE VI. - CREEP-RUPTURE DATA OF IRON-BASE ALLOYS

(J) Creep-rupture data for RA-330

Condition Test Stress, | Minimum Rupture | Elongation
temperature, MPa creep life, to
°C rate hr rupture,
sec-i percent
Unaged 705 138 | 3.77x10-6 | - --
103 | 6.07x10-7 91.0 50
83 | l.26xl0~7 | - 45
760 103 7.05x10-6 9,9 40
69 4.74x10-7 9z.1 30
55 5.13x10-8 428.0 41
41  |4.59x10-9 | -——--- --
815 103 1.25x10-4 | ——=a-- 538
55 | 8.08x10-7 57.4 438
41 |6.03x108 | ———-- -
35 |5.78x10-9 194.5 27
35 | 3.20x10-8 555.9 43
870 35 | 4.30x10-8 96.7 31
23 3.4ix10-8 210.0 24
Ar aged 760 69 | 5.80x10~/ 111.9 51
55 5.85x10-8 431.1 42
815 41 2.02x10-8 |  _————- --
35 14.86x10-9 | - _
H, aged 760 69 | 9.38x10-/ 72.4 50
55 | 2.57x10~7 198.6 35
41 |5.36x10-8 681.9 51
815 41 2.69x10~7 93.8 40
35 |4.86x10-8 | ———— -

21
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TABLE VII. - TWULTIPLE LINEAR

REGRESSION ANALYSIS OF CREEP AlD RUPTURE LIFE OF UNAGED IROH-BASE ALLOYS®

Alloy Hinimum creep rate date Rupture life date
Stress Correlation | Activatien | Stress— | in K} Stress | Correlation | Activation | Stress- | In ky
range, coefficient, energy term range, | coefficient, energy term
MPa RZ Q, exponent, MPa RZ 7, exponent,
kd/mol ny kd/mo1l ny
N-155 69-276 0.973 -502.0 7.45 5.39 | 69-276 0.995 400.0 -6.40 -10.10
19-9DpL (HT-1)} 14-110 .957 . -454.8 3.97 22.96 | 28-110 .985 355.7 -3.85 -22.05
19-9pL (HT-2)| 62-207 .952 -417.0 5.90 4.40 | 62-207 971 357.3 -5.40 -10.77
316SS 83-138 .994 -450.7 8.41 1.06 | 69-138 .985 439.6 -6.99 -16.16
_ 28-69 .972 -470.5 5.77 15,53 | 28-55 .940 396.6 -3.63 -25.39
Nitronic 40 69-172 .969 -321.1 3.53 6.99 | 69-172 .977 290.1 -3.44 -14.38
10-55 .953 -289.0 1.50 11.34 | 10-55 .997 275.8 -2.36 -17.11
A286 (HT-1) 55-276 .95¢2 -484.2 2.86 8.50. | 14-276 .956 400.4 -3.05 -7.40
14-41 .974 -378.3 1.59 9.85
A286 (HT-2) 83-207 .997 -406.1 3.81 12.86 | 34-276 .970 413.8 -3.44 -27.19
21-69b .922 -298.0 1.46 10.77

A286 (HT-3) |276-345 .973 -557.3 14.87 -34.58 | 24-310 .924 472.2 —4.13 -29.10
24-207 .963 -766.1 3.52 51.76 .
Incoloy 800H | 31-152 .968 -511.8 6.84 14,01 | 31-103 .991 480.4 -6.33 -2¢2.69
RA-330 28-138 .967 -401.3 8.02 -2.16 | 28-103 .905 304.4 -4.79 -10.63

dFrom equations (1) and (2) in text.

DExcluding 8700 C data.




(a) N-155. (b) 316SS.

(c) Nitronic 40. (d) A286 (HT-1).

Figure 1. - Microstructures of unaged alloys.



(e) A286 (HT-2). (f) A286 (HT-3).

(g) Incoloy 800. (h) RA330.

Figure 1. - Concluded.
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1 Ar aged.

(b) HT-

(@) HT-1 unaged.

2 unaged.

(d) HT-

1 Hy aged.

(c) HT

Figure 2. - Microstructure of 19-9DL alloy for two heat treatments, before and after long term aging in argon and in hydrogen.



(f) HT-2 Hy aged.

Figure 2. - Concluded.



= |

AR

L Yoz

NN
(77 A

PSR

L Wiz

L

g
|
_ | [ g L _
m.
« N E SRR m
o i & RELRA SRS =
2 3 £ S
o l § \ i = l | ) =
m =
=g RS = TR v
28 C 2
&S L 76 l
o
w2 .
o2 <
By e 1R
=2 _ &
L Vi 2 =
[SEa -3 .
o R x 3=
5 SR 35
3 RN S8
V,
| 4 =
5 e
a3ov H : a29v e din
39V NO9¥Y 39V NO9YY o
Q39¥YNN I I azovnn | =
[ [ _ | _ | §

L1 1 1 1 | L
g 8 8 8 8 8 ° 8

= o o
BdW ‘HLINIULS

o~ —

_
8 § & ° 8 8 8 8 8 8 -°
% ‘NOLLVONOT edW ‘HIONIULS % 'NOLVONOTI

{b) Temperature at 760° C.
Figure 3. - Tensile properties of the iron-base alloys in the unaged, Ar aged, and H, aged conditions.



(c) A286 (HT-3), unaged. (d) A286 (HT-3), H, aged.

Figure 4. - Fracture surfaces of room temperature tensile specimens of Nitronic 40 and A286 alloys.
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Figure 5. - Minimum creep rates for various iron-base alloys in the unaged and aged condition's at 760 and 815° .
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(h) A286 (HT-3).
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Figure 5. - Concluded.
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Figure 6. - Stress-rupture behavior of various iron-base alloys in the unaged and aged conditions at 760 and 815° C.
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