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SUMMARY

The creep-rupture behavior of nine iron-base and one cobalt-base candi-
date Stirling engine alloys was evaluated at 650° to 925°C in 15 MPa H. and
air. The test alloys included six wrought alloys for tube application”(CG-27,
N-155, 19-9DL, 12RN72, INCOLOY Alloy 800H, and A-286) and four cast alloys for
cylinders and regenerator housing (SA-Fll, HS-31, CRM-6D, and XF-818). Two
heats of CRM-6D and XF-818 were tested in two different heat treated condi-
tions-~CRM-6D (aged vs. braze-cycled) and XF-813 (as-cast vs. braze-cycled),
and SA-F1ll and HS-31 with braze-cycle treatment only.

Rupture life, minimum creep rate, and time to 1% strain data were ana-
lyzed using the Orowan-Sherby-Dorn temperature-compensated technique, and
3500~h rupture life stress and stress to obtain 1% strain in 3500 h were
estimated. The analysis indicated that tube alloys CG-27, N-155, and 19-9DL
meet the design stress level of 28 MPa for 3500-h rupture 1ife in 15 MPa H.,
and cast alloys HS-31 (braze-cycled), CRM-6D (aged), and SA-F1ll (braze-cyc%ed)
also adequately meet the design stress of 119 MPa for 3500-h rupture life at
775°C in 15 MPa H, for MOD 1A Stirling engine design criteria.

The hydrogen environment had no significant adverse effect, compared to
air, on 3500-h rupture life stress and stress to obtain 1% creep strain in
3500-h or on minimum creep rate, and in a few cases, a positive effect was
noted. However, ductility was adversely affected in hydrogen environment,
more for the tube alloys than for the cast materials.



INTRODUCTION

The Department of Energy and NASA-Lewis Research Center have a joint
program under way to develop the Stirling engine as an alternative to the
automotive internal combustion engine. Advantages of the Stirling engine
include the potential for high fuel efficiency, multiple fuel capability, low
pollution, and low noise. To achieve these operating characteristics, the
Stirling engine will operate near 820°C and use high-pressure hydrogen as the
working fluid.

The long-term effects of high-pressure hydrogen at high temperature on
the physical and mechanical properties of high-temperature alloys are unknown.
The most critical component in the engine is the heater head which consists of
the cylinders, tubings, and regenerator housing, Candidate alloys for these
applications must not only meet all the property requirements in air as well
as in high-pressure hydrogen, but must also be of low cost to be compatible
with automotive application. With these considerations in mind, the creep-
rupture properties of the candidate alloys were evaluated over the temperature
range of 650°-925°C in air as well as in 15 MPa H,. The air test results of
six alloys were published earlier in NASA CR-168031.1 This report analyzes
the 15 MPa H2 data and compares them with the air data for ten different
alloys.

MATERIALS, EQUIPMENT, AND EXPERIMENTAL PROCEDURES
Test Materials and Analysis

In all, ten different superalloys were evaluated., Nine of them were iron
base and one was cobalt base, and their nominal compositions are given in
Table 1,

0f these ten alloys, HS-31, SA-FI1l, CRM-6D, and XF-818 are casting
alloys, and the other six are sheet alloys in the thickness range of 0.79 to
0.99 mm (0.031 to 0.039 in.)--comparable to the wall thickness of the tubes
used in the Stirling engine. Five of the sheet alloys--A-286, INCOLOY Alloy
800H (or 800H),* N-155, 19-9DL, and CG-27--were purchased from U.S. commercial
suppliers; 12RN72, a Sandvik alloy, is specially rolled into sheet form for
United Stirling AB, Sweden (US/AB), the supplier who provided the material.

*INCOLOY Alloy 800H is a registered trademark of Huntington Alloys, Inc.
In the text, tables, and figures, the alloy is either identified fully or
as 800H.



The CRM-6D and XF-818 investment cast specimens were obtained from two
sources: Climax Molybdenum Co., Research Laboratory, Ann Arbor, ilichigan,
USA, and United Stirling AB, Sweden. The HS-31 and SA-Fll investment cast
specimens were obtained from United Stirling AB, Sweden.

Specimen Design and Preparation

The specimen drawings and dimensions are shown in Fig, 1. They conform
to ASTM E-8. A1l specimen surfaces were finished to 0.8 um (32 win.) rms or
better. The CG-27 and 12RN72 sheet specimens were supplied by NASA fully
machined with a 9.53 mm (3/8 in.) wide gage section--in CG-27 only, the gage
section was remachined to the standard width of 6,25 mm (1/4 1in,),

A1l investment cast specimens were radiographed either by IITRI or United
Stirling AB, Sweden, and those with no detectable flaws were selected for

testing.
Heat Treatment and Microstructure

The alloys were given their recommended heat treatments as outlined in
Table 2. The heat treated hardness values and average grain diameters are
also indicated in Table 2.

A1l the wrought alloys have solid solution-strengthened single-phase
austenitic structures with fine second phase and inclusions indicating the
rolling direction. N-155, 12RN72, and CG-27 show some twinning in austenite,
Undissolved micron size carbides and nitrides may be seen in 12RN72. Fine
precipitates in CG-27 relate to its high Al and Ti contents. Of the six sheet
alloys, CG-27 1is significantly stronger than all the rest, and 12RN72 and 800H
are the softest while A-286, N-155, and 19-9DL have similar hardnesses,
Selected microstructures are shown in Fig. 2.

Typical dendritic structures of all the cast alloys are shown in Fig. 3.
Hith the exception of braze-cycle heat treated HS-31, the interdendritic arm
spacings are very similar in the other alloys. In HS-31, the structural con-
tinuity at the boundaries is much less in evidence and only traces of lamellar
structure are noted, The boron content of XF-818 is reflected in the distrib-
ution of lamellar M,B, in the eutectic structure of the dendrite walls. At
higher magnifications, the structures clearly indicate discrete precipitates
constituting the dendrite walls, and some coring effect is noted in CRM-6D.

High-Pressure Hydrogen Multispecimen
Creep-Rupture Test Equipment

A1l high-pressure creep-rupture tests were carried out in a specially
designed pressure vessel rated at 20,7 MPa at a maximum temperature of 925°C.



The following features are central to the overall satisfactory performance of
the tests:

® Six specimens tested simultaneously within a single
vessel

® Continuous direct measurement of creep extension within
the vessel

® Specimen loading by dead weight with 10:1 lever ratio

® All specimens mounted on a central support column which
may be assembled outside the vessel

® All temperature and strain data recorded for computer
analysis

® Double-wall vessel design with balanced pressure across
the inner wall

® Double-studded pressure vessel to avoid all welding
® Vessel, trunion-mounted for low headroom operation
® Vessel mounted on vibration dampening frame.

The schematic of the high-pressure vessel assembly is shown in Fig. 4.
High-Pressure Hydrogen Creep-Rupture Tests

Six specimens were tested simultaneously in the specially designed high-
pressure test equipment shown in Fig. 4. Specimens were deadweight loaded to
their initial stress levels and adjustments were made for both internal pres-
sure effect and friction between the Teflon seal and stainless steel pullwire;
the overall accuracy of the initial stress was better than 1% at stress levels
exceeding 100 MPa and between 1 and 2% at stresses less than 100 MPa.

Two Chromel-Alumel thermocouples were mounted on each specimen just out-
side the gage length and monitored continuously. Temperatures were uniform
between the specimens as well as between the two thermocouples on the same
specimen with the standard deviation not exceeding 1.1°C. New thermocouples
were used in each test.

The specimens were heated by a resistance-wound elements of 4 kW capacity
controlled by a Barber-Colman Model 560 temperature controiler. The two
halves of the furnace elements could be controlled separately, and furnace
element temperatures were monitored and controlled.

Capacitance-type transducers with a sensitivity of 0.25 um (10 pin.),
connected to specially designed concentric tube extensometers, are located in
the upper cooler region of the reactor, and creep extension signals were
recorded at any desired intervals. During loading, signals were recorded at 3



second intervals which were later increased to 10 min invervals during the
first 2 h and further changed to 4 h intervals for long-term tests.

Automatic timers recorded test duration. A mercury cut-off switch mount-
ed on the loading arm indicated rupture when the arm dropped from the horizon-
tal position.

Hydrogen pressure inside the inner reactor vessel was balanced against
nitrogen pressure outside it using a differential pressure gage. When the
pressure between the inner vessel and the outer chamber exceeded +70 kPa,
automatic demand-operated solenoid valves fed the desired gas (either H2 to
inside or N, to outside) to keep the pressure balanced across the hot will of
the reactor inner vessel,

Before start, the vessel interior was flushed with nitrogen (obtained
from liquid NZ); nitrogen was pressurized to 3.5 MPa and cycled to ambient
pressure three times. Research grade test hydrogen (<1 ppm 02) from 41.4 MPa
tanks were introduced to 3.5 MPa pressure and cycled twice to“ambient pres-
sure, and then the test hydrogen was introduced to a pressure somewhat lower
than the final test pressure of 15 MPa. The reactor was heated until the
desired temperature level was obtained and stabilized (about 4 h), and the H,
pressure was adjusted to 15 MPa.

Before each test, specimen dimensions were measured to #25.4 um, and the
cross-sectional areas were calculated to three significant digits. Extensom-
eters were attached to the specimen shoulders. The fractured specimens were
fitted, and the extensometer position marks were remeasured to obtain the
total extension. To calculate elongation (as percent), the divisor was taken
as the adjusted length of the reduced sections, as defined in ASTM E-139.

Incremental loading was used, and extension on loading was noted. Exten-
someter readings on full loading were taken as the zero base for all subse-
quent creep strain measurements as a function of time recorded from the
conclusion of full load.

In several tests, one or more specimens did not rupture before the tests
were discontinued. While no definite rupture life data were obtained in these
tests, other valuable information on minimum creep rate and time to 1% creep
strain were documented and used in the analysis.

The internal transducers gave excellent results most of the time. One or
two transducers, however, malfunctioned in a few tests. To avoid a total loss
of creep strain information, externally mounted dial gages, reading to the
nearest 25 um (0.001 in.), were attached to the horizontal loading arms and
these data were documented. Later, these dial gages were replaced by LVDTs
for automatic recording.

Air Creep-Rupture Tests

Tests in air conducted by IITRI were reported in NASA-CR-168071.! Addi-
tional air tests conducted on several alloys by NASA-Lewis Research Center
will be published separately.?



EXPERIMENTAL RESULTS AND ANALYSES
Basic Data

The complete set of high-pressure hydrogen creep-rupture data are given
in Table 3. The corresponding air creep-rupture data for A-286, 800H,
N-155, 19-9DL, CMR-6D (Climax, aged), and XF-818 (Climax, as-cast) are given
in NASA-CR-168071.1 Air creep-rupture data for wrought alloys 12RN72 and CG-
27, and cast US/AB alloys HS-31,SA-Fll, CRM-6D, and XF-818 (braze-cycle
treated) were evaluated by NASA-LeRC and will be published separately.?

The data can be broadly grouped into two categories, namely, independent
(controlled) and dependent (derived). The independent category covers the
data from columns (2) to (5): environment--15 MPa H,, alloy type--any one of
the ten alloys, temperature--705° to 870°C, and applied initial stress--50 to
275 MPa; column 1 identifies the test number,

The values in columns (6) to (11) are the observed data, i.e., rupture
life (t.), minimum creep rate (ém), time to reach 1% creep strain (ty 1),
time to reach tertiary stage (t er), and total elongation (¢), and for %he

cast alloys, the reduction in aréa is given in column (11),
Creep Curves

The creep elongation vs, time curves for tests in 15 MPa H, were computer
plotted at different temperatures and stress levels. Several typical curves
shown in Figs. 5 to 10 illustrate the creep behavior of casting alloys XF-818,
CRM=-6D, HS-31, and SA-F11l, and the wrought alloys, 12RN72 and CG-27.

In Fig. 5, seven XF-818 specimen creep curves from both Climax and US/AB
heats/heat treatments are shown on one plot with the longest test discontinued
without rupture after 1492 h., Essentially, both the (Climax, as-cast and
US/AB, braze-cycled) XF-818 specimens behaved in a similar manner exhibiting
the three stages of creep, namely, primary, secondary or steady state, and
tertiary. These curves were obtained from data transmitted from the transdu-
cers located inside the pressure chamber,

From the same Climax heat of XF-818 (as-cast) specimens, five air creep
curves are compared with four 15 MPa H, creep curves in Fig. 6. The essential
equivalence in creep performance in the two environments is evident from these
curves, The only significant difference appears to be in the shorter time to
rupture (from the onset of tertiary stage) in 15 MPa H , and the consequent
lower elongation ductility. For the two longer duration tests, only the first
500 h portions of the curves are shown.

The SA-F11 (US/AB braze-cycled) results for 760° and 815°C tests in 15
MPa H, (Fig. 7) indicate the essential similarity with the 15 MPa H2 XF-818
(Ciimax, as-cast) results (Fig. 6) except that the total elongations were
lower than those of XF-818. The almost identical behavior of Fig. 7 creep



curves at 257 MPa/760°C and 160 MPa/815°C is to be noted--the 815°C specimen,
however, exhibited higher ductility and elongation in the tertiary stage.

Figure 8 shows the creep behavior of four CG-27 specimens tested in 15
MPa H, at 815°C. In two tests, the internal transducer had malfunctioned and
the d7al gage data (at 24 h intervals) were plotted. The somewhat uneven
nature of the curve reflects the dial gage division marks of 25.4 um (1 x 1073
in.). The longest test shown in Fig. 8 (140 MPa/819 h) indicates an initial
low creep rate, which increased after about 50 h and then decreased to a
steady state creep condition for about 300 h before entering the tertiary
stage; this behavior may be due to transducer malfunction at the initial
period.

Wrought alloys 12RN72 and CG-27 creep strains plotted in Fig. 9 show that
12RN72 has a relatively shorter secondary stage, a longer tertiary stage, and
higher ductility when compared with CG-27. The uneven nature of one curve
reflects readings from dial gages.

The creep behavior of four cast alloys from one single test is plotted in
Fig. 10. The smoothness of the curves indicates that when specimens broke
successively at different time periods, no permanent disturbing effect was
noted on the creep-elongation behavior of the remaining specimens. This
reflects the special design feature of the massive A-286 central column around
which the six specimens are grouped in their isolated cells. The adequacy of
this unique design feature points to the development of high-pressure test
apparatuses which can simultaneously test 12, 24, or an even larger number of
specimens under a single high-temperature high-pressure environment.

Temperature-Compensated Analyses of Rupture Life,
Minimum Creep Rate, and Time to 1% Creep Strain

The Orowan-Sherby-Dorn (0-S-D) method was se]ectgd by NASA-Lewis as the
method of analysis combining stress and temperature.3™8 The 0-S-D relation-
ship is given by:

InY = Ink+nlno+ Q/RT (1)

where

= tr, t0.0l’ or em

= the apparent activation energy, J/mol

= the initial stress, MPa

the test temperature, K

= the universal gas constant, 8.314 J/K mol

= stress exponent

x 3 X 4 aq O =<
1l

= a constant,




A linear regression analysis of Eq. 1 determines the apparent activation
energy, Q, and the slope of the fitted Tine, n, which is the stress exponent
based on the power-law creep relationship, Equation 1 can be rearranged in
the following manner:

(InY -Q/RT) = Ink+ning (2)

The rupture life, time to reach 1% creep strain, and minimum creep rate
data for the different alloys tested in 15 MPa H, and given in Table 3 were
analyzed using the 0-S-D relationship according To Eq. 2. The results of this
analysis are compared, where available, with_the results of a similar analysis
for tests in air reported in NASA CR-168071.! Finally, based on this anal-
ysis, stresses for 3500-h rupture lives in air and 15 MPa H, were estimated
and compared with the design criteria stresses for the automotive Stirling
engine.

The comparative analysis of air and 15 MPa H, creep~rupture data of the
four casting and six wrought alloys are grouped in the following manner:

® C(Cast alloys CRM-6D (aged) and XF-818 (as-cast): Climax
Molybdenum Co., Michigan

® (Cast alloys HS-31, SA-Fll, CRM-6D, and XF-818 (braze-
cycled): United Stirling AB, Sweden

© Wrought alloys A-286, 800H, N-155, 19-9DL, 12RN72, and
CG-27.

Climax Cast Alloys CRM-6D (Aged) and XF-818 (As-cast)
Tested in Air and 15 MPa H2

The regression analysis results for rupture life (t.), time to reach 1%
creep strain (t; 3;), and_the minimum creep rate (& ) are given in Table 4.
Table 4 inc]udes'goth airl and 15 MPa H, data analysis. Based on the regres-
sion analysis parameters, temperature-compensated rupture life, minimum creep
rate, and time to 1% creep strain values were plotted against stress in air
and 15 MPa H, tests. The 15 MPa H, figures are compared with air data where
available; tﬁe air curves and analyses were given in reference 1.

The temperature-compensated rupture life data of Climax heats of CRM-6D
(aged) and XF-818 (as-cast) in 15 MPa H, and air environments are graphically
compared in Fig. 11. Similarly, Fig. 1% compares the minimum creep rate
behavior in two environments for Climax CRM-6D (aged) and XF-818 (as-cast).
The stress exponent and activation energies of these alloys for rupture life
and minimum creep rate are summarized below:




Rupture Life (t,):

Stress Apparent Activation
Exponent Energy (Q),
Alloy Environment (n) kd/mo1l
CRM-6D (aged) Air -9.12 461
15 MPa H, -13.3 720
XF-818 (as-cast) Air -7.52 505
15 MPa H2 =-7.93 436

Minimum Creep Rate (éngg

Stress Apparent Activation

Exponent Energy (Q),
Alloy Environment (n) kd/mol
CRM-6D (aged) Air 11.8 ~551
15 MPa H2 11.8 =574
XF-818 (as-cast) Air 7.47 -545
15 MPa H2 7.55 =450

Rupture Life Analysis

For the Climax alloy CRM-6D (aged), testing in 15 MPa H, results in the
rupture life stress exponent (n) being more negative than that tested in
air. Increases in the apparent activation energy in H, over the air environ-
ment also were noted. These two trends oppose each other. The larger sensi-
tivity to small changes in stress in H, as revealed in the large negative
exponent (n) makes CRM-6D (Climax, agea) more susceptible to rupture due to
smaller stress fluctuations. On the other hand, a significantly large appar-
ent activation energy (Q) makes the alloy less susceptible to deterioration
due to sudden large changes in temperature. The opposing trend effects of n
and Q on rupture life in CRM-6D (Climax, aged) tend to compensate each other,
and the overall effect on 3500~h rupture life stress in H, may not be signifi-
cantly different from that in air, as discussed in a later section. The
combined effect of n and Q on t. is further strongly influenced by the con-
stant term, In k, which itself is observed to be strongly affected by Hz'

In Climax XF-818 (as-cast) alloys, the rupture life stress exponent (n)
is slightly more negative in H, than that in air, and the Q is also about 15%
less. The very similar n values indicate that the alloy does not become more
stress-sensitive in H, than in air, while the slightly different Q will not
make it more sensitive to temperature fluctuations.

In Fig. 11, rupture life is combined (compensated) with the quotient
(Q/T) obtained from test temperature (T) and the apparent activation energy
(Q). The slopes (n) indicate the differences in the stress exponents while
the near-paraliel shift is due to the combined effect of rupture 1life and Q
values.



Minimum Creep Rate Analysis

While H, environment effect has some influence on rupture lives of both
Climax CRM-68 (aged) and XF-818 (as-cast) when compared to air environment,
the effect of H, on minimum creep rate appears to be negligible. The stress
exponent (n) remained unaffected by environment, and Q was only affected in
XF-818 (Climax, as-cast). A less negative Q in H2, by itself, will tend to
increase the minimum creep rate in H, over air, and the more positive n for H
environment will also have a positive effect; however, the differences in Q
and n are small, and the total effect in increasing & _is likely to be
small., The parallel lines in Fig. 12 indicate that the stress exponents are
similar and the shifts between air and H, lines are due to the combined effect
of
tm and Q values.

2

United Stirling AB, Cast Alloys CRM-6D, XF-818, HS-31, and SA-F1ll
(A11 Braze-Cycled) Tested in 15 MPa H,

The temperature-compensated analysis data of the four cast alloys in the
braze-cycle heat treated condition, tested in the 15 MPa H, environment are
summarized in Table 5. Based on this analysis, temperature-compensated rup-
ture life and minimum creep rate parameters vs. stress in 15 MPa H, were
plotted in Figs. 13 and 14, respectively. The stress exponent and activation
energies for rupture life and minimum creep rate are summarized below:

Rupture Life (t.) in 15 MPa H,:

Stress Apparent Activation
Exponent Energy (Q),
Alloy (n) kd/mol
CRM=-6D -6.94 273
XF-818 -8.43 591
HS-31 -10,2 551
SA-F11 -6.85 508

Minimum Creep Rate (&) in 15 MPa H,:

Stress Apparent Activation
Exponent Energy (Q),
Alloy (n) kd/mol
CRM-6D 6.76 -239
XF-818 9.74 -708
HS-31 12.6 -600
SA-F11 6.58 -505
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Rupture Life Analysis

The similarity and difference in n and Q between the four cast alloys
(US/AB, braze cycled) tested in 15 MPa H, are reflected in the Tine slopes and
the degree of shift between the lines as shown in Fig. 13, The n values range
from -6.85 to -10.2, with CRM-6D and SA-Fll having very similar values of
about -7, XF-818 with -8.43 and HS-31 with -10.2 (n) values indicate a more
sensitive rupture life dependency on stress.

The CRM-6D and XF-818 (US/AB, braze-cycled) alloys belong to different
heats than CRM-6D (Climax, aged) and XF-818 (Climax, as-cast). Their n and Q
values in 15 MPa H2 are compared below:

Stress Apparent Activation
Exponent Energy (Q),
Alloy (n) kd/mol
CRM-6D (Climax, aged) -13.3 720
CRM-6D (US/AB, braze-cycled) -6.94 273
XF-818 (Climax, as-cast) -7.93 436
XF-818 (US/AB, braze-cycled) -8.43 591

The large difference between the n and Q values in CRM-6D from the two
suppliers may also be due to the two different casting procedures followed in
this very high C-Mn alloy--namely, Climax castings were made by feeding the
molten alloy from the side while the US/AB alloys were fed from one end. 1In
XF-818, the values do not indicate the sensitivity shown by CRM-6D due to
different cast/heat treatment/casting procedures between Climax and US/AB
castings,

Minimum Creep Rate Analysis

The slopes of lines and the shift in the lines between the four cast
alloys shown in Fig. 14 indicate the relative behavior of these four braze-
cycled US/AB cast alloys. The n values range from 6.58 to 12.6 with SA-Fll
and CRM-6D having very similar values near 7. XF-818 with 9.74 and HS-31 with
12.6 (n) values indicate a more sensitive minimum creep rate dependency on
stress. Thus, rupture life vs. stress and minimum creep rate vs. stress
dependencies in these four alloys show a significant parallelism.

The CRM-6D and XF-818 9 (US/AB, braze-cycled) alloys belong to different

cast/heat treatment/casting procedures than CRM-6D (Climax, aged) and XF-818
(Climax, as-cast), and their n and Q values in 15 MPa H, are compared below:
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Stress Apparent Activation

Exponent Energy (Q),
Alloy (n) kd/mol
CRM-6D (Climax, aged) 11.8 -574
CRM-6D (US/AB, braze-cycled) 6.76 -239
XF-818 (Climax, as-cast) 7.55 -450
XF-818 (US/AB, braze-cycled) 9.74 -708

There are significant differences in both n and Q values between the
different heats and heat treatments of alloys of the same nominal composition
when tested in 15 MPa H, with the possibility that the different casting pro-
cedures had also contri%uted to these differences, particularly in the high Mn
alloy, CRM-6D.

Wrought Alloys N-155, 19-9DL, 800H, and A-286 Tested in Air and 15 MPa H2’
and CG-27 and 12RN72 Tested in 15 MPa H2

The temperature-compensated data analysis for rupture life and minimum
creep rate of the six wrought alloys in 15 MPa H, is summarized in Table 6;
the air data analysis for A-286, 800H, N-155, ana 19-9DL was published ear-
lier.! 1In Figs. 15 and 16, respectively, the temperature-compensated rupture
1ife and minimum creep rate in 15 MPa H2 are compared for the six alloys.

Rupture Life Analysis

The stress slope (n) in 15 MPa H, (Table 6) varies from -4.67 to -7.92
and the apparent activation energy from 359 to 530 kd/mol. 800H, N-155, and
19-9DL with n very near to minus 8 (-8) have the largest stress sensitivity,
and CG-27 and A-286 with n about -4.5 to -5, the smallest.

In alloys A-286, 800H, N-155, and 19-9DL, the n values for tests in air
(Table 6) were in all cases slightly less negative, i.e.,, the sensitivity to
stress is slightly less in air than in 15 MPa H2.

Minimum Creep Rate Analysis

Except for A-286 and CG-27, the stress slope (n) for the other four
wrought alloys in 15 MPa H, (Table 6) ranged from 7.63 to 9.83. The A-286 and
CG-27 values are 4.09 and %.31, respectively, indicating their lesser sensi-
tivity to stress. The four alloys (A-286, 800H, N-155, and 19-9DL) had the n
values uniformly smalier in air (Table 6), indicating a lesser dependence on
stress compared to 15 MPa H, environment,

12



Analysis of Time to 1% Creep Strain Data

Tables 4, 5, and 6 summarize the temperature-compensated analysis data
for time to 1% creep strain. Based on these data, regression lines were
fitted as shown in Figs. 17, 18, and 19 for the following alloys:

Fig. 17 - Two Climax cast alloys, CRM-6D (aged) and XF-
818 (as-cast)

Fig. 18 = Four United Stirling AB cast alloys, HS-31,
SA-F11, CRM-6D, and XF-818; all braze-cycled.
Fig. 19 - Six wrought alloys, A-286, 800H, N-155, 19-9DL,

12RN72, and CG-27.

These plots show significant scatter around the fitted lines indicating
low regression coefficients (resulting from a small data set) as well as due
to the derived nature of the data from the observed elongation vs. time
curves. The n and Q values, however, have similar ranges comparable to those
observed for rupture life. Only in the case of US/AB HS-31 was a large
difference noted between t. and t (n) and (Q) values in 15 MPa H, tests,

i r 0.01 2
as indicated below:

Stress Apparent Activation

Exponent Energy (Q),
Analysis (n) kd/mo1
Rupture Tife (t,) -10.2 551
Time to 1% creep -4.,54 256

strain (t0.0l)

In other words, in HS-31 (braze cycled), tg g1 1s significantly less
sensitive to stress changes than L. ’

Analysis of Stress Exponent (n) and Apparent
Activation Energy (Q) in the Ten Different Alloys

A1l the n and Q values are summarized in Table 7. For rupture life and
minimum creep rate, the alloys with different n values are arranged in
increasing order of sensitivity to stress and temperature changes, as given
below:

13



Stress-Life Exponent (n):

Rupture Lijfe Minimum Creep Rate
Air 15 MPa H, Air 15 MPa H,
A-286 CG-27 A-286 c6-27
N-155 A-286 19-9DL A-286
19-90L 12RN72 N-155 SA-F112
800H SA-F112 XF-818°  CRM-6D?
XF-818>  CRM-6D? 800H XF-813P
CRM-6DP  19-9DL CRM-6D°  80OH
N-155 19-9DL
800H 12RN72
xF-g818P XF-8182
XF-8183 N-155
Hs-312 CRM-6DP
CRM-6DP Hs-318

AQUnited Stirling AB. These alloys were
braze-cycle heat treated.

bc1imax castings, CRM-6D (aged), XF-818
(as-cast).

The above tabulation indicates that for rupture life the stress-life
exponents (n) of the cast alloys generally make them relatively more sensitive
to stress fluctuations than the wrought alloys, in both air and high pressure
hydrogen environments. For minimum creep rate, no such trend is noted.

Under 0-S-D analysis of the form
InY =1nk +n 1In o+ Q/RT (1)

for Y = rupture life, n is negative and Q is positive; and for Y = minimum
creep rate, n is positive and Q is negative.

Thus, with constant 1n k and Q, for rupture life (tr)’ when Ng 5. > ny,
(for example, ngqp = =7 and ny = -8), then
2

(tr)air > (tr)Hz

at the same stress (o) level, and rupture life will also vary more
significantly in H, environment with smaller stress changes. For example,
when stress increases, say, by 5%, with other Eq. 1 quantities remaining
constant, rupture lives in air (n = -7) and hydrogen (n = -8) are decreased by

the following factors:
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Air: (1.05)77
15 MPa H,: (1.05)78

0.71
0.68

and it is readily seen that stress sensitivity on rupture life is higher under

H, (n = =8) than under air (n = -7) environment.
In minimum creep rate, n is positive, and when n ;. > ny --for example,
.. =8, and ny; = 7--then a 2
air ’ H,

(ém)air > (sm)Hz

at the same stress (o) level, and in air the minimum creep rate will vary more
significantly with smaller stress changes. For example, when stress
increases, say, by 5%, with other Eq. 1 quantities remaining constant, the
minimum creep rates in air (n = 8) and hydrogen (n = 7) are increased by the
following factors:

Air:  (1.05)8
15 MPa H,: (1.05)7

1.48
1.41

The form of Eq. 1, with the temperature parameter (T) expressed as a
ratio to the apparent activation energy (Q), indicates that as Q becomes more
positive, Q/T will increase and affect both t. and ¢ positively. For exam-
ple, in rupture life where Q has a negative value, with other quantities
remaining constant in Eq. 1, if Q 4, > Qy (for example, Qi = 600 kd/mol and
QHz = 500 kd/mol), (tr)air > (tr)Hz' 2

If T is decreased by 10%, say, from 1100K (827°C) to 990K (717°C) 1in both
air and H, environment, Q/RT will change to Q/0.9 RT, i.e., an increase of 11%
from the energy term, and a larger more positive Q for rupture life in air
will mean a more significant increase in rupture life. And, of course, the
reverse will be true if (Q)y;, < (Q)Hz'

In the case of the minimum creep rate, Q is negative, and with (Q)air >
(Q)y --for example, Q i, = ~500 kJ/mol and (Q)y = -600 kd/mol--then
2 2

(ém)air > (ém)Hz

with other quantities in Eq. 1 remaining unchanged. Also, following the
analysis of Q for t., a more positive Q will thus have less effect in
decreasing the minimum creep rate.

The above analysis presupposes that only either n or Q is varying with
the other quantities in Eq. 1 remaining constant. However, both n and Q vary,
and the environment also appears to significantly affect the fitting constant,
k, and the total effect shows up as the overall change in t. and € in the two
environments. In the next section, the combined effect of these cWanges is
reflected in the estimation of 3500 h rupture life stress and stress to reach
1% creep strain in 3500 h for each alloy.
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Predicted Stresses for Rupture and 1% Creep in 3500 Hours

Based on the temperature-compensated analytical data given in Tables 4,
5, and 6, mean stresses for 3500-h rupture lives in air and and 15 MPa Hy were
estimated and are summarized in Table 8. Similar estimates of mean stresses
to obtain 1% creep strain in 3500 h in air and 15 MPa H, were made and are
given in Table 9. By statistical methodology, the 90% confidence limits on
these estimated stresses were calculated and are summarized in Tables 8 and 9
along with the mean stresses,

3500-Hour Rupture Stress

The wrought and cast alloys are ranked below in terms of decreasing
stresses for 3500-h rupture life both in air and 15 MPa H,:

Wrought alloys Cast Alloys
(Temp., = 870°C) (Temp, = 775°C)
Air 15 Wpa H, Air 15 TPa H,

N-155 CG-27 CRM-6D2 Hs-31P
19-9DL N-155 XF-8182 CRM-6D2
800H 19-9DL ¢ SA-F11P
¢ A-286 XF-8182
A-286 12RN72 XF-818P
800H ¢
¢ CRM-6D?

8Climax cast alloys, CRM-6D (aged) and XF-818
(as-cast).

bUnited Stirling AB cast alloys, braze cycle heat
treated.

CDesign stress levels of 28 MPa at 870°C and 119 MPa
at 775°C for wrought and cast alloys, respectively.

The MOD 1A design criteria stress for 3500-h rupture life for wrought
tube material is 28 MPa at 870°C, and although in air the A-286 alloy did not
meet the requirements, in 15 MPa H, all the alloys appear to meet the crite-
ria. In 15 MPa H,, out of the dif%erent cast alloys, only CRM-6D (US/AB,
braze-cycled) faifed to meet the 119 MPa at 775°C criteria.

If one considers the lower value of the 90% confidence limits, then for
the tube alloys in 15 MPa H2 both 800H and A-286 will fail to meet the 28 MPa
(870°C) design stress requirements, and 12RN72 barely exceeds it at 30.7
MPa. Similarly, for the cast alloys, both CRM-6D (US/AB, braze-cycled) and
XF-818 (Climax, as-cast) will fail to meet the level of 119 MPa (775°C) while
XF-818 (US/AB, braze-cycled) barely exceeds it at 122 MPa.
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Several graphical presentations of 3500-h rupture stress levels of the
different alloys over the temperature range of 775° to 870°C (with estimated
graphical extensions to 705°C and 925°C) for both air and 15 MPa H. environ-
ments are given in Figs. 20 to 24, These figures not only illustrate the
relative strength levels at the different temperatures, but their extrapo-
lations indicate (on the assumption that the creep mode does not change) what
the effect of small but expected temperature fluctuations (due to different Q
values) will be on their strength levels.

H, vs. Air Effect on 3500-h Rupture Stress

As indicated earlier, Fig. 20 shows that A-286 performance improves in 15
MPa H2 to exceed the 28 MPa design stress level though, the 90% confidence
range being Tlarge, its lower 90% limit does not meet the specification. 800H,
12RN72, and 19-9DL mean stress levels in 15 MPa H, meet the requirements
barely. Only N-155 and CG-27 are significantly s%ronger to fully meet the
design stress level. N-155 performance appears to improve in 15 MPa H, while
800H decreases marginally.

Among the cast alloys, Fig. 21 shows that CRM-6D (Climax, aged) and HS-31
and SA-F11 (US/AB, braze-cycled) are adequate to meet the 119 MPa (775°C)
design criteria, and CRM-6D (US/AB, braze-cycled) is inadequate. CRM-6D
(Climax, aged) indicates a performance improvement in 15 MPa H. over air. In
both the XF-818 heats, the mean stress values barely satisfy tﬁe design stress
criteria, and in XF-818 (Climax, as-cast), 15 MPa H, environment tends to
decrease rupture stress level and exhibits a larger”scatter than that noted in
air environment.

Operating Temperature Fluctuation Effect
on 3500-h Rupture Stress in 15 MPa H2

If these predicted mean stresses in the range of 775° and 870°C for tube
alloys tested in 15 MPa H, are extrapolated to a higher temperature of, say
925°C, then except for N-155 and CG-27, none of the other alloys will meet the
28 MPa criteria level, as shown in Fig. 22, Figure 23 shows that with four
US/AB cast alloys, the mean stress levels when extrapolated to a higher tem-
perature indicate that at about 825°C (10%/T = 9.1), alloy SA-F1l1 (US/AB,
braze-cycled) barely meets the 119 MPa design stress requirement in 15 MPa H ,
and its lTower 90% confidence value is below the specification. Similarly,
Fig. 24 shows that Climax cast alloy XF-818 (as-cast) fail to meet the 119 MPa
stress criterion when a temperature excursion to 825°C takes place; CRM-6D
(Climax, aged), however, remains strong in 15 MPa H2.

Stress to 1% Creep Strain in 3500 Hours

The predicted stresses for reaching 1% creep strain in 3500 h were ana-
lyzed in a manner similar to that for stress to 3500 h rupture and the alloys
are ranked below in order of decreasing stress levels,
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Wrought Alloys Cast Alloys

(Temp. = 870°C) (Temp. = 775°C)
Air 15 fPa I, Air 15 MPa M,

N-155  CG-27 CRM-6D®  CRM-6D?
800H N-155 XF-8182  SA-F11P
19-9DL  12RN72 XF-8182
A-286  19-9DL XF-g18P
800H CRM-6DP

HS-31°

ac1imax, CRM-6D (aged), XF-818 (as-cast).
bynited Stirling, AB, braze-cycled.

The above analysis indicates that CG-27 and N-155 are the strongest tube
alloys in 15 MPa H,, and the mean stress to reach 1% creep strain in 3500 h
follows the ranking for 3500-h rupture life stress. Within the cast alloys,
CRM-6D (Climax, aged), SA-F1l (US/AB, braze-cycled), and XF-818 (Climax, as-
cast) are the strongest in terms of stress to 1% creep strain in 3500 h and
rank differently in 3500-h rupture life stress, where HS-31 (US/AB, braze
cycled) was the strongest.

Effect of Environment on Rupture Elongation

The complete rupture elongation data of the ten alloys in both air and 15
MPa H. are summarized in Table 10. As expected, the total elongation on
rupture was strongly dependent on temperature and stress in both the environ-
ments. Elongation increased with increasing stress and temperature but tended
to decrease at the highest temperatures. Total elongation on rupture in 15
MPa H2 environment in tube and cast alloys is summarized below.

Maximum Total Elongation on Rupture
in 15 MPa H,, %

Tube Alloys Cast Alloys
(815°C) (760°C)
N-155 - 35.3 Hs-312 - 28.1
12RN72 - 24.7 CRM-6D2 - 21.1
800H - 21.4 XF-8183 - 14.7
A-286 - 8.1 xF-818> - 10.7
19-90L - 11.7 crRu-60° - 7.4
cG-27 7.3 SA-F112 - 6.3

Aynited Stirling AB, braze-cycled.
bciimax, CRM-6D (aged), XF-818 (as-cast).
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Only a few tube alloys were tested at 815°C and 870°C in both air and 15
~ MPa H, and these elongation (%) data show some serious deteriorating effect of
H2 as indicated below, along with reduction indicated as a percent of air
value.

Max Total
Elongation on
- Rupture (815°C), % Change from

Alloy Air 15 MPaj2 Air, %
N-155 58.3 35.3 -39
19-9DL 44 .8 9.4 =79
800H 59.6 21.4 -64
A-286 44,6 8.1 -82

In the case of Climax cast alloys at 760°C, this deteriorating effect of
, on elongation was not as greatly pronounced as in the tube alloys.
. Max Total
Elongation on
Rupture (760°C), % Change from

Alloy Air 15 MPa H_ Air, %
CRM~6D (aged) 8.7 7.4 -15
- XF-818 (as-cast) 13.6 10.4 -16

When the creep-rupture elongation air test data on tube alloy 12RN72 and
CG-27 and US/AB braze-cycled XF-818, CRM=-6D, HS-31, and SA-Fll become avail-
able,2 it will be possible to compare the selective effect of hydrogen on the
- ductility of these alloys.

Without extensive microstructural analysis using transmission electron
microscopy, the reason for loss of ductility due to high pressure H, will be
speculative. The hydrogen environment diffusion through the structure might
activate and promote cavity nucleation at grain boundaries and may also act in

-~ cavity enlargement--the total effect evident as a reduction in total elon-
gation on rupture,

FRACTOGRAPHY AND MICROSTRUCTURAL ANALYSIS

Fracture Location and Appearance

Typical fractured specimens tested in 15 MPa H, are shown in Figs. 25 to
27. Figure 25 shows 19-9DL and XF-818 (Climax, as-Cast) specimens tested in
the temperature range of 705° to 815°C. The largest elongations for 19-9DL
and XF-818 (Climax, as-cast) specimens were 28.5% and 10.4%, respectively.

19



In Fig. 26, all six alloy specimens from two different tests are compared
with elongations indicating the higher ductility of the wrought alloys.
Multiple fracture initiation occasionally resulted in fracture pieces almost
detaching, as shown for A-286 and 19-9DL.

Fractured specimens from two tests are shown in Fig. 27. 1In both tests,
12RN72 appears to have fractured, with pieces almost detaching from the speci-’
men. The low ductility of CG-27 and SA-Fll is evident in these figures.

Several fracture surfaces were evaluated by SEM, and a few of the speci-
mens were polished through the midsection parallel to their longitudinal
direction to observe the nature of grain-boundary movement and crack distri-
bution in the specimen interior,

Fractographs

Fracture analysis was done on a selected number of specimens of various
alloys tested in 15 MPa H,. Analyses of air test specimens were published
earlier.!

Wrought Alloys

In A-286, the fracture mode was essentially intergranular (Fig. 28a),
while in some areas a transgranular dimple rupture mode was observed (Fig.
28b); in Fig. 28c, the intergranular fracture showed second-phase particles
which need additional studies for identification.

Figure 29a shows a typical dimple rupture in alloy 800H which is very
similar to those shown in Figs. 29b and ¢, respectively, for N-155 and 19-9DL.
Multiple crack sites near specimen edges, more numerous near the final frac-
ture, are typical in all these highly ductile wrought alloys.

12RN72 fracture surfaces (760° and 815°C) are shown in Fig. 30. Earlier,
in Fig. 27, multiple cracking in 12RN72 leading almost to separation of pieces
indicated low strength and significant ductility at these temperatures. How-
ever, in different areas on the same fracture surface one observed very duc-
tile dimple rupture with adjoining areas showing intergranular decohesive
rupture with particles decorating the grain surfaces, as seen earlier for
A-286 (Fig. 28c). For example, Figs. 30a and b show low-magnification fracto-
graphs showing dimple rupture and decohesive mode; whereas at higher magnifi-
cations, Figs. 30c and d clearly reveal the details of dimples and intergranu-
lar modes. In contrast to 12RN72, CG-27, which had the lowest ductility among
the wrought alloys, showed quasi-cleavage type fracture (Fig. 3la) that
revealed only very few dimples at higher magnifications (Fig. 31b).

Cast Alloys

In 15 MPa H,, difference in fracture appearance between CRM-6D (aged) and
CRM-6D (braze-cyCled) is not significant, as shown in Fig. 32. Figures 32a,
b, and ¢ compare the fractographs at different temperatures, and Figs. 32d, e,
and f compare these structures at higher magnifications; the similarity is
evident. The fracture surfaces are jagged, and the region marked A in Fig. 32a
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is crescent-shaped and very rough. Region B covers more than 60% of the area
and shows interdendritic pullout, and region C is narrow and rough. Similar
features are discerned in varying degrees on Figs. 32b and c. At higher mag-
nifications, a mixture of interdendritic and transdendritic fracture of simi-
lar nature is noted on Figs. 32d, e, and f.

The braze-cycled vs. as-cast XF-818 fractographs are shown in Fig. 33.
Figures 33a and b compare macrofractographs, and Figs. 33c and d present the
same fractures at higher magnification. Area A in Fig. 33a is smooth and
shiny with a significant shear angle following a dendritic colony. Area B,
covering 40% of the area, appeared less shiny and rougher while area C,
considerably more rugged, appeared to be the overload area for rupture;
similar features were noted on Fig. 33b. At higher magnification, some fine
dimples were noted on both fracture surfaces, as shown in Figs. 33c and d.

The significant ductility shown by HS-31 (braze-cycled) specimens is
clearly evident in Fig. 34. Figures 34a and b show that the fracture path had
followed a dendritic pattern over certain regions. Very fine dimples are
present on the entire fracture surface, and dendritic spines are clearly out-
lined in Figs. 34c and d.

The low ductility of SA-F1l (braze-cycled) is evident in Figs. 35a and b
where the fracture paths are seen to follow the dendritic pattern of the cast
structure. At higher magnifications, a dimple network may be seen on several
areas including dendrite spines and arms.

Cross-Section Examination

One-half of several fractured specimens were metallurgically polished in
their Tongitudinal cross-section approximately halfway through the thickness.
A1l the specimens were electrolytically etched with 10% oxalic acid to reveal
various constituents and their microstructures.

Figures 36a to d show typical creep cavities due to grain boundary move-
ment in A-286, 800H, N-155, and 19-9DL, respectively. Determining whether
hydrogen had assisted in the growth of these cavities at the initial stages
will require detailed TEM examination of thin sections near the cracks.
Although A-286 and 800H did not show any substructure, a fine second phase
appears to be present in Figs. 36¢ and d.

Similarly, grain boundary cavity formation due to creep is seen in Figs.
37a and b for 12RN72 and CG-27. The cavities are not significantly different
in size in the two alloys, and CG-27 shows some twinned structure.

Fracture surfaces of CRM-6D and XF-818 specimens for the different heats
are shown in Figs. 38a to d. No obvious differences were noted between the
differently heat treated structures at 50X as well as at 200X and higher
magnifications. The higher ductility of the lower strength braze-cycle
treated alloys are evident in extensive reduction in area seen in Figs. 38b
and d.

Specimen fracture surfaces of the two high-strength alloys HS-31 (cobalt-
base) and SA-F1l (iron-base) are shown in Figs. 39a and b, respectively., The
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high ductility of HS-31 is readily contrasted with the low ductility of
SA-F11. Adjacent to the fracture, significant grain boundary movements have
created cavities in HS-31, as seen in Fig. 39a. At higher magnifications, for
both HS-31 and SA-F1l1l, a significant number of creep voids are seen, Figs. 39c
and d, respectively; in the case of SA-Fll, however, the presence of some
casting cavities is suspected along the dendrite orientation,

-SUMMARY OF RESULTS

Nine iron-base and one cobalt-base alloys were tested in air and 15 MPa
H, for creep rupture at 650° to 925°C. The rupture life (t.), minimum creep
rate (& ), and time to 1% creep strain (t; 3;) were analyzed using Orowan-
Sherby-Eorn temperature-compensated analysis, and rupture ductility and micro-
structures were evaluated., The analyses indicate the following:

® At the MOD 1A engine operating temperature of 870°C and
design stress level of 28 MPa for a 3500 h rupture life
in 15 MPa H,, tube alloys CG-27, N-155, and 19-9DL ade-
quately mee% the design stress criterion. 1In air,
N-155, and 19-9DL (in that order) met the design stress
requirements and 15 MPa H, did not change the order,
In terms of elongation at rupture in 15 MPa H, , N-155
is significantly better than 19-90L, and CG-Z% showed
the least ductility.

e At the MOD 1A engine operating temperature of 775°C for
cylinders and regenerator housing, and with 119 MPa
design stress level for a 3500-h rupture in 15 MPa H
the cast alloys HS-31 (US/AB, braze-cycled), CRM-6D
(Climax, aged), and SA-F11 (US/AB, braze-cycled) ade-
quately meet the design stress criterion, with XF-818
(Climax, as-cast) also satisfying the criterion but
less adequately.

2’

® The analysis of stress to reach 1% creep strain in
3500 h in 15 MPa H,, however, indicates a different
ranking in which H§-31 (Us/AB, braze-cycled) has the
lowest value of 46.2 MPa while the top three alloys,
CRM-6D (Climax, aged), SA-F11 (US/AB, braze-cycled),
and XF-818 (Climax, cast) had values of 130, 126, and
105 MPa, respectively. Thus, in combination with the
high predicted stress for rupture in 3500 h, it appears
that CRM-6D (Climax, aged) and SA-F11 (US/AB, braze-
cycled) will be the best selections. However, when
rupture ductility is taken into consideration, HS-31
(US/AB, braze-cycled) with 28% elongation is the high-
est and exceeds significantly CRM-6D (Climax, aged)
which had 7.4%, and SA-F11 (US/AB, braze-cycled), which
had 6.3%. XF-818 (Climax, as-cast) with elongation at
10.7% and meeting the design stress criterion may then
be considered a suitable candidate engine material.
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Ductility was affected by hydrogen environment in both
wrought and cast alloys with reductions from values in
air up to 70%Z noted in wrought alloys and 30% in the
cast alloys (excluding the braze-cycled alloys).

No significant effect of hydrogen on fracture mechanism
was noted. In wrought alloys, the main fracture
mechanism was dimple rupture with fracture initiating
at multiple locations. 1In cast alloys, interdendritic
planar fractures along with transdendritic fracture
modes were noted with occasional dimples noted in the
areas last to rupture.
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TABLE 1. SUPERALLOY COMPOSITIONS

Nominal Composition, %

Alloys C Mn Si Cr Ni Co Mo W ND Ti Al B Fe Others
A-2862 0.05 1.40 0.40 15 26 - 1,25 - - 2.15 0.2 0.003 Bal 0.03V
INCOLOY b 0.08 0.8 0.5 21 32.5 - - - - 0.4 0.4 - Bal 0.4 Cu
Alloy 800H3>
N-1552 0.12 1.5 0.5 21 20 20 3.0 2.5 1.,0¢ - - - Bal 0.15 N,

0.5 Cu max
19-9pL2@ 0.30 1.10 0.60 19 9.0 - 1.25 1,20 0.40 0.30 - - Bal -
12rRN729 0.1 1.8 0.4 19 25 - 1.4 - - 0.5 - 0,006 Bal 0,030 P,

0.015 S max
c6-272 0.05 0.1 0.1 13 38 - 5.5 - 0.6 2.5 1.5 0.0l Bal
HS-31¢€ 0.5 0.75 0.75 25.5 10.5 Bal - 7.5 - - - - _ -
sa-F11f 0.63 0.5 0.6 23.0 16.0 - - 12.0 - - - 0.4 Bal -
CRM-6D2 1.05 5.00 0.50 22 5.0 - 1.0 1.0 1.0 - - 0,003 Bal -
XF-8189 0.21 0.29 0.34 18.3 18.0 - 7.3 - 0.43 - - 0.75 Bal 0.1U6 N,

0.007 P,

0.010 S

41983 Materials & Processing Databook, Metal Progress, Vol. 124, No. 1, p. 64.

brncoLoy Alloy 800H is a registered trademark of Huntington Alloys, Inc. In all subsequent tables,
figures, and in the text, the alloy is identified either fully or as 800H.

CIncludes tantalum.

dsandvik Lecture No. 56-10E, Paper presented at the Mi Con 78 Symposium, Houston, Texas, April
1978, Steel Research Center, Sandvik, Sandviken, Sweden.

®ASM Metals Handbook, Vol. 3, 9th Ed., p. 268.
fComposition supplied by NASA-Lewis Research Laboratory, Cleveland, Ohio.
9c1imax Molybdenum Co., Research Laboratory, Ann Arbor, Michigan.



TABLE 2, HEAT TREATMENT, HARDNESS, AND GRAIN SIZE

OF TESTED ALLOYS

Average Average
Hardnessé Grain
Alloy Heat Treatment HRA (HV) Dia., um

A-286 Solution annealed at 1149°C,b’c aged 51.9 (163) 108

at 718°C for 16 h and air cooled.
800H Solution annealed at 1149°Cb’° 40,0 (108) 64
N-155 Solution annealed at 1177°CPs¢ 51,5 (161) 42
19-9DL Solution annealed at 1204°C-10 min® 50,5 (156) 33
12RN72 Solution annealed at 1150°C-15 min® 39,7 (107) 56
CcG-27 Solution annealed at 1150°C in vacuum 69,7 (378) 194

for 10 min, furnace cooled to room

temperature, aged at 790°C in vacuum

for 16 h, cooled to 650°C, held for

4 h, and furnace cooled.
Hs-319 Simulative brazing cycle heat treat- 61.0 (243) -
sA-F114 ment, 1 h at 1150°C in 10® mm vacuum 62.1 (256) -
CRM-6D4 followed by furnace cooling 61.6 (249) -
xF-8184 52.1 (164) -
CRM-6D€ Aged at 650°C-100 h 62.4 (260) -
XF-818¢€ As-cast 50.5 (156) -

dyicker's hardness number (HV) converted from Rockwell hardness A scale

(HRA).

bSolution annealing time 142 s/mm (1 hr/in.) thickness minimum,

CRapidly cooled from solution temperature.
dCas‘; by United Stirling AB, Sweden. The molten alloy was fed in the mold

from one end.

land, Ohio.

€cast by Climax Molybdenum Co., Ann Arbor, Michigan.

fed in the mold from the side.
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TABLE 3. HIGH-PRESSURE (15 MPa) HYDROGEN CREEP-RUPTURE DATA

H13

Hi?7

H13

H1?

2y  (3) (4) (5) (6) (7) (8) (9) (100 (11)
Temp., Stress, tr’ Min Creep  0.01° ‘ter’ El., R.A.,
Env. Alloyd °C MPa h Rate; s~ h h % 9
HYD CRMb 765 395 ?.0 7.11E-087 1.9 5.0 5.6 19.6
HYD  CRM 705 385 15.7  4.84E-87 8.9 8.8 4.8 12,2
HYD CRM 785 369 25.8 3.03E-67 4.9 7.8 17.4
HYD  CRM 760 220 304 3.18E-08 17,2 233 7.8 22.6
HYD CRM 768 195 478+ 1.84E-08 65.0 359 3.1+ 2.1+
HYD  CRM 760 196 749 7.16E-89 99.8 579 7.4 37.2
HYD  CRM 815 162 111 5.21E-08 16.5 7.9 . 8.1  58.3
HYD  CRM 815 148 238 1.94E-08 61.9 150 8.5  45.8
HYD . CRM 815 151 842 4.40E-869 131 500 7.8 21,5
HYD  CRM 878 116 383+ 5.90E-09 7.5 1.6+
HYD CRMC 749 252 3.7 5.21E-04 8.4 1.6 20.1% 35.0
HYD CRM 748 136 357 6.94E-08 27.0 156 14.8 43.3
HYD CRM 749 117 742 3.35E-88 75.0 300 21.1 55.46
HYD CRM 815 105 273 ?.54E-08 12.5 140 27.3 50.4
HYD CRM 815 168 584 3.77E-88 43.5 148 29.8 39.3
HYD CRM 815 87 1218 1.34E-98 125 330 24.7 39.2
HYD xrgd 785 396 4.4 7.44E-67 1.2 2.2 5.8 11.9
HYD XF8 7905 395 15.9 6.0 6.2
HYD  XF8 768 216 182 5.44E-98 27.5 47.8 10,4  36.6
HYD XF8 740 218 167 7.84E-08 23.5 80.0 8.5 24.7
HYD  XF8 768 195 424 2,98E-08 44.4 158 18.7  23.9
HYD XF8 7480 166 1492+ 5.99E-09 198 750 6.6+ 11.4+
HYD  XF8 815 176 56,7  1.17E-87 7.8 41.8 18.3  30.4
HYD XF8 815 133 275 4.00E-08 41.8 75.9 14.2 57.3
HYD XF8 815 131 2088 5.51E-88 14.8 86.8 10.1 47.3
HYD XF8 815 125 387 3.94E-08 200 11.0 47.8
HYD XF8 815 118 1891 8.78E-09 200 200 16.2 21.1
HYD XF8 87e 93.6 221 5.90E-08 38.0 15.4 47.2
HYD  XF8C 740 192 258 6.32E-08 35.0 55.0 11,6  20.7
HYD XF8 748 185 325 5.72E-08 34.8 189 14.7 21.1
HYD XF8 748 158 1303 1.07E-08 98.4 é28 12.9 22.46
HYD XF8 815 135 141 1.59E-87 10.2 47.6 19.7 40.6
HYD  XF8 815 120 468 4,41E-88 25.8 147 19.8  34.7
HYD XF8 815 186 1882 1.46E-08 185 375 15.6 33.3
HYD Hs3C 7240 242 193 2.84E-87 3.8 125 23.2 42.46
HYD  HS3 768 235 245 1.73E-87 2,6 165 28.1 51.8
HYD  HS3 768 228 895 3.82E-08 5.4 556 20.7  48.0
HYD HS3 815 180 289 1.13E-87 2.6 187 18.3 40.3
HYD HS3 815 165 551 3.71E~-08 3.9 292 17.9 43.9
HYD HS3 815 157 See 3.87E-088 4.0 280 13.5 30.6
HYD saFC 768 257 336 2.33E-08 62.0 158 é.1 8.4
HYD  SAF 760 238 605 1.11E-88 113 210 5.8 6.3
HYD SAF 760 228 1823 7.57E-89 156 324 6.3 7.7
HYD SAF 815 186 198 3.43E-08 35.0 76.8 8.6 8.3
HYD  SAF 815 148 344 2.50E-68 61.0 127 7.0 12.8
HYD SAF 815 145 884 ?.12E-89 190 300 7.1 6.3
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TABLE 3 (cont.)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Test Temp., Stress, tr’ Min Cree t0.01’ tter’ El.,
No. Env. Alloy2 °C MPa h Rate, s~ h h %
HO4 HYD A28 765 444 8.5 1.50E-85 14.8
Ho3 HYD A28 705 365 15.0+ 7.74E-08 2.5 2.0+
HB8S  HYD A28 785 359 26.4 1.32E-87 6.9 17.9 7.0
He2 HYD A28 7468 254 45.5 1.31E-08 36.2 21.0 4.7
HBé HYD A28 7608 140 437 4,66E~10 279 86.08 ?.8
Heg8  HYD A28 768 131 1202 7.25E~10 570 130 8.1
He 1 HYD A28 815 138 27.7 1.12E-89 17.8 12.5 7.9
H8?7  HYD A28 815 78.2 571+ 9.17E-09 195 59.0 2.7+
H28 HYD A28 815 798.08 533 1.44E-10 143 "20.8 8.1
Hi18  HYD A28 815 55.6 1331+ 1.95E-99 25.9 1108 4.8+
HB8®  HYD A28 870 24.7 383+ 1.17E-87 3.5 21.0+
He4q HYD INS 7905 230 3.8 8.00E-B4 0.1 2.8 308.8
HB3 HYD IN8 785 193 14.3 3.46E-86 8.2 9.4 32.0
HB2 HYD IN8 7468 124 24,8 1.76E-86 0.3 17.0 24.3
H1?  HYD IN8 740 95.6 96.7 2.84E-07 2.5 57.5 13.8
Heé  HYD INS 768 78.0 470+ é$.04E-08 23.0 160 13.8¢+
Hes HYD IN8S 748 74.9 1391 2.82E-08 54.0 752 29.1
Ho1 HYD IN8 815 107 2.7 1.22E-87 8.2 1.6 19.2
HB? HYD IN8 815 é2.5 187 3.92E-07 8.5 21.4
H1i2 HYD IN8S 815 é8.7 240 1.27E-07 9.7 175 16.4
H1i0 HYD INS 815 54.8 1331+ 2.31E-088 11.8 10088 14,34
HB?  HYD IN8 870 41.9 383+ 1.32E-07 10.0 22.8¢+
He4 HYD N1S 705 319 11.2 1.19E-84 8.3 8.0 17.8
HBS HYD N1S 705 283 39.9 5.24E-87 8.7 17.8 24.¢
He2 HYD NiS 746 193 38.4 9.28E-87 8.7 15.8 35.8
HBé HYD N15 740 138 449 218 30.0
He8  HYD Ni5S 748 118 1193 1.18E-08 41.9 5568 25.8
HB 1 HYD N15 815 124 44,2+ 8.81E-87 1.4 29.8 24.0+
H12 HYD N15 815 187 1446 2.89E-087 4.7 38.0 35.3
HO? HYD N15 815 97.8 349 8.15E-88 19.9 100 33.9
H12 HYD N15 815 89.1 573 3.15E-08 25.0 175 24.6
Hie  HYD N15 815 89.8 1331+ 5.56E-09 308 580 6.1+
Ho4 HYD 199 705 386 1.7 1.68E-06 8.0
H8S  HYD 199 765 237 28.4 2.40E-07 4,7 g.e 15.0
HB2 HYD 199 768 163 28.7 4,.53E-87 1.6 2.8 28.5
Heé  HYD 199 748 189 384 4.07E-08 29.4 125 9.3
Heg HYD 199 760 88.5 1195 4,71E-89 85.0 5?79 7.9
HO1 HYD 199 815 93.4 32.1 2.869E-07 7.8 12.5 9.4
He?7 HYD 199 815 72.7 342 3.13E-08 31.1 r{:1’] 9.3
Hi2 HYD 199 815 71.3 568 1.84E-88 50.0 240 ?.0
H20 HYD 199 81%5 é8.0 439 2.44E-88 92.5 229 11.7
H10 HYD 199 815 57.8 1331+ 1.10E-09 1000 1080 2.9+
H1i3 HYD 12R 768 97 450+ 7.0 350 3.8+
H14 HYD 12R 740 90 247 1.14E-07 32.5 195 18.4
H19  HYD 12R 749 85 454+ 2.64E-08 71.7 81.7 15.4+
Hi8 HYD 12R 748 75 891 1.75E~-88 131 200 21.1
H15 HYD 12R 815 40 356+ 5.24E-08 33.5 129 7.8+
Hié  HYD 12R 815 57 458 2.83E-08 104 67.6 24.7
H1?7 HYD 12R 815 50 1323 8.02E~-09 225 80.8 20.9
H1? HYD CG2 740 275 277 3.94E-09 275 85.5 2.6
H18  HYD CG2 748 258 599 135

H13 HYD CG2 760 198 450+ 5.0 4.4+
H1S HYD CcG2 815 198 189 2.59E~88 62.5 82.9 5.77
H16 HYD CG2 815 165 313 2.23E-08 86.0 104 7.25
H28 HYD CG2 815 145 499 1.34E-08 71.6 475 3.8
H1?7 HYD CG2 815 140 819 8.64E-09 280 420 6.46

28



TABLE 3 (concl.)

Notes

aA]]oy code: CRM = CRM-6D castings

XF8 = XF-818 castings
HS3 = HS31 castings

SAF = SA-F11 castings
A28 = A-286

IN8 = INCOLOY Alloy 80OH
N15 = N-155

199 = 19-90L

12R = 12RN72

CG2 = CG-27

bAged (Climax Molybdenum Co.).

CBraze-cyc]ed (United Stirling AB, Sweden).

dps-cast (Climax Molybdenum Co.).
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TABLE 4. STATISTICAL DATA ON TEMPERATURE-COMPENSATED ANALYSIS
OF CAST ALLOYS CRM-6D AND XF-818
IN AIR AND 15 MPa H,

No. of Q,
Alloy? Environment Data R2 Tn k n kd/mol

Rupture Life (t.)

CRM-6D Air 26 0.843 0.829 -9.12 461
15 MPa H, 8 0.962 -6.35 -13.3 720
XF-818 Air 14 0.991 -13.2 -7.52 505
15 MPa H, 10 0.894 -3.51 -7.93 436

Time to Reach 1% Creep Strain (tj ;)

CRM-6D Air 29 0.973 5.59 -10.6 468
15 MPa H, 9 0.938 3.48 -11.1 512
XF-818 Air 14 0.988  -20.8 -6.86 522
15 MPa H, 9 0.833  -10.1 -8.70 512

Minimum Creep Rate (& )
in—

CRM-6D Air 28 0.947 -16.9 11.8 =551
15 MPa H, 9 0.948 -14.,2 11.8 =574
XF-818 Air 14 0.990 6.85 7.47 =545
15 MPa H, 10 0.825 -4,51 7.55 =450

dA110ys cast by Climax Molybdenum Co., Ann Arbor, Michigan. CRM-6D and
XF~818 were tested in aged and as-cast conditions, respectively.
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TABLE 5, STATISTICAL DATA ON TEMPERATURE-COMPENSATED ANALYSIS
OF BRAZE-CYCLED CAST ALLOYS HS-31, SA-F11l, CRM-6D,
AND XF-818 IN 15 MPa H2

No. of Q,
Alloy? Data R? Tn k n kd/mo1l

Rupture Life (t.)

HS-31 6 0.769 -2.91 -10.2 551
SA-F11 6 0.972 -15.3 -6.85 508
CRM-6D 6 0.998 7.89 -6.94 273
XF-818 6 0.993 -18.9 -8.43 591

Time to Reach 1% Creep Strain (ty gy)

HS=31 6 0.710 -3.83 -4.54 256
SA-Fll 6 0.942 -16.2 -7.06 510
CRM-6D 6 0.968 1.07 -6.90 309
XF-818 6 0.919 -26.1 -7.76 603

Minimum Creep Rate (éml

HS-31 6 0.793 -15.1 12.6 =600
SA-F11 6 0.949 4.68 6.58 -505
CRM-6D 6 0.987 -21.6 6.76 =239
XF-818 6 0.991 14.8 9.74 =708

dA110ys cast and supplied by United Stirling AB, Sweden.
Simulative braze cycle heat treatment was given by NASA-LeRC,
Cleveland, Ohio,
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TABLE 6. STATISTICAL DATA ON TEMPERATURE-COMPENSATED ANALYSIS OF WROUGHT
ALLOYS A-286, INCOLOY ALLOY 800H, N-155, 19-9DL, 12RN72, AND CG-27

No. of Q’
Alloy Environment Data R2 1n k n kd/mo1

Rupture Life (t.)

A-286 Air 15 0.858 -38.4 -3.82 544
15 MPa H, 6 0.800 -18.,2 -4.81 413
800H Air 23 0.941 -10.8 -6.79 406
15 MPa H, 8 0.977 -20.7 -1.92 530
N-155 Air 19 0.976 -13.9 -6.28 435
15 MPa H, 8 0.994 -13.1 -7.85 496
19-9DL Air 19 0.975 -17.6 -6.44 461
15 MPa H, 9 0.975 -18.5 -7.84 523
12RN72 15 MPa H, 4 0.990 =7.09 -6.49 359
cG-27 15 MPa H 6 0.917 -14.9 -4,67 403

2
Time to Reach 1% Creep Strain (tj 1)

A-286 Air 12 0.946 -39.4 -3.54 535
15 MPa H, 8 0.620 -0.429 -3.67 199
800H Air 14 0.886 -17.0 -8.86 515
15 MPa H, 8 0.962 -29.5 -9.42 635
N-155 Air 17 0.988 -17.4 -7.04 467
15 MPa H, 9 0.957 -16.6 -9.59 573
19-9DL Air 16 0.955 -26.8 -7.38 559
15 MPa H, 9 0.897 -16.2 -7.51 473
12RN72 15 MPa H, 7 0.898 -24.0 -10.5 639
cG-27 15 MPa H, 4 0.985 70.7 -4.98 =367

Minimun Creep Rate (éml

A-286 Air 9 0.767 35.9 3.09 -613
15 MPa H, 7 0.916 -43.0 4.09 18.9
800H Air 22 0.849 -0.803 6.49 -384
15 MPa H, 8 0.981 -0.279 7.63 -428
N-155 Air 17 0.980 8.85 7.39 =527
15 MPa H, 9 0.979 15.1 9.83 -693
19-9DL Air 19 0.948 15.2 7.38 =573
15 MPa H, 10 0.941 11.8 8.12 =581
12RN72 15 MPa H, 6 0.858 4,45 9.41 -542
cG-27 15 MPa H, 5 0.951 25.8 3.31 -548
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TABLE 7. RANGE OF VALUES OF STRESS EXPONENT (n)
AND APPARENT ACTIVATION ENERGY (Q)

n Q, kd/mol
Alloy Air 15 MPa H, Air 15 MPa H2
Rupture Life
Cast Alloys
HS-312 ~10.2 551
SA-F112 -6.85 508
CRM-6DP -9.12  -13.3 461 720
CRM-6DP -6.94 273
XF-818P -7.52 -7.93 505 436
XF-818P -8.43 591
Wrought Alloys
cG-27 -4,67 403
12RN72 -6.49 359
19-9DL -6.44 -7.84 461 523
N-155 -6.28 -7.85 435 496
800H -6.79 -7.92 406 530
A-286 -3.82 -4,81 544 413
Minimum Creep Rate

Cast Alloys
HS-312 . 12,6 -600
SA-F112 6.58 -505
CRM-6DP 11.8 11.8 -551 -574
CRM-6D3 6.76 -239
XF-818P 7.47 7.55 -545 -450
XF-8183 9.74 -708
Wrought Alloys
CG-27 3.31 -548
12RN72 9.41 -542
19-9DL 7.38 8.12 -573 -581
N-155 7.39 9.83 -527 -693
800H 7.63 6.49 -384 -428
A-286 3.09 1.40 -613 -518

AUni ted Stirling AB castings, braze-cycle treated.

BC1imax Molybdenum Co. castings, CRM-6D (aged), XF-818
(as-cast).
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TABLE 8.  PREDICTED STRESSES FOR 3500-HOUR RUPTJRE LIFE
IN AIR AND 15 MPa HYDROGEN

Estimated Stress, MPa {(ksi)

Temp., 90% Conf, Limits
Alloy Environment °c_(°F) Mean Low High
A-286 Air 775 (1427) 63.4 (9.20) 48.3 83.2
870 (1600) 15.3 (2,36) 12,4 21.4
15 MPa H, 775 (1427) 78.4 (11.4) 50,3 121
370 (1600) 34,6 (5.02) 22.4 53.4
800H Air 775 (1427) 58.5 (8.48) 52.4 65.3
870 (1600) 33.1  (4.80) 29.6 36.9
15 MPa H, 775 (1427) 56.6 (8.21) 1.4 62.1
870 (1600) 29.9  (4.34) 27.2 32.8
N=155 Air 755 (1427) 84,6 (12.3) 78.0 91.8
870 (1600) 43.7 (6.34) 40,3 47.4
15 MPa H, 775 (1427) 93.7 (13.5) 90,2 97.4
370 (1600) 51.3 (7.44) 49.4 53.3
19-9DL Air 775 (1427) 67.2 (9.75) 61.3 73.8
370 (1600) 34,0 (4.93) 31.0 37.3
15 1Pa H, 775 (1427) 71.0 (10.3) 64.6 78.0
370 (1600) 37.6 (5.45) 34.2 41.3
12RN72 15 MPa H, 775 (1427) 55.0 (7.98) 52.0 58.1
870 (1600) 32.4 (4.70) 30.7 34,2
cG-27 15 MPa H, 775 (1427) 143 (20,7) 131 157
870 (1600) 62.9 (9.12) 57.3 68.9
CRM-6D2  Air 775 (1472) 147 (21.3) 130 167
870 (1600) 91.1 (13.2) 80.5 103
CRM-6D2 15 MPa H, 775 (1427) 164 (23.8) 154 174
870 (1600) 97.9 (14.2) 92.3 104
cRi-60° 15 MPa H, 775 (1427)  87.7 (12.7) 84.7 90.9
870 (1600) 60.3 (8.75) 58.2 62.5
XF-818%  Air 775 (1427) 130 (18.9) 124 136
870 (1600) 63.4 (9.92) 65.3 71.6
XF-8182 15 MPa H, 775 (1427) 126  (18.3) 110 144
870 (1600) 74.5 (10.8) 64.9 85.4
XF-818° 15 MPa H, 775 (1427) 125 (18.1) 122 128
870 (1600) 64.0 (9.28) 62.5 65.6
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TABLE 8 (cont.)

Estimated Stress MPa (ksi)

90% Conf. Limits

Temp.,
Alloy Environment °C (°F) Mean
Hs-31 15 MPa H, 775 (1427) 169  (24.5)
870 (1600) 101  (14.6)
sA-F11P 15 wpa H, 775 (1427) 160  (23.2)
870 (1600) 79.1 (11.5)

Low High
156 183
93.0 109
154 167

715.8 82.5

4C1imax Molybdenum Co.; castings, CRM-6D (aged), XF-818 (as-cast).
bUnited Stirling AB, Sweden; castings, braze-cycle treated.
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TABLE 9. PREDICTED STRESS TO 1 PERCENT CREEP IN 3500 HOURS

IN AIR AND 15 MPa H,

Estimated Stress, MPa (ksi)

Temp., 90% Conf, Limits
Alloy Environment °C (°F) Mean Low High
A-286 Air 775 (1427)  49.8 (7.22)  4l1.2 60.1
870 (1600)  11.8 (1.71) 9.74 14.2
15 MPa H, 775 (1427)  48.4 (7.02)  22.9 102
870 (1600)  28.8 (4.18)  13.7 60.9
800H Air 775 (1427)  46.4 (6.73)  40.8 52.7
870 (1600)  26.6 (3.86)  23.4 30.3
15 MPa H, 775 (1427)  37.7 (5.47)  31.9 445
870 (1600)  21.9 (3.18)  18.5 25.9
N-155 Air 775 (1427)  53.7 (7.79)  50.7 56.9
870 (1600)  28.5 (4.13)  26.9 30.2
15 MPa H, 775 (1427)  71.5 (10.4) 64.1 79.7
870 (1600)  40.5 (5.87)  36.3 45,1
19-9DL  Air 775 (1427)  52.6 (7.63)  46.7 59.5
870 (1600)  25.5 (3.70)  22.6 28.9
15 MPa H, 775 (1427)  54.0 (7.83)  45.2 64.5
870 (1600)  29.6 (4.29)  24.8 35.4
12RN72 15 MPa H, 775 (1427) 50.7 (7.35) 46,5 55.3
870 (1600)  28.4 (4.12)  26.0 31.0
CG-272 15 MPa H, 775 (1427)  60.1 (8.72)  48.6 74.4
870 (1600) 121  (17.6) 98.1 150
CRM-60  Air 775 (1427) 127 (18.4) 121 134
870 (1600)  83.4 (12.1) 79.2 87.7
CRH-6DP 15 MPa H, 775 (1427) 130 (18.9) 118 143
870 (1600)  83.7 (12.1) 76.2 91.9
CRM-6DC 15 MPa H, 775 (1427) 61.5 (8.92) 53.0 71.3
870 (1600)  40.1 (5.82)  34.6 46.5
xF-818>  Ajr 775 (1427)  90.8 (13.2) 85.6 96.3
870 (1600)  43.9 (6.37)  4l.4 46.6
XF-818P 15 MPa H, 775 (1427) 105 (15.2) 88.9 123
870 (1600)  59.7 (8.66)  50.7 70.3
XF-818¢ 15 MPa H, 775 (1427)  90.0 (13.1) 82.5 98.1
870 (1600)  42.9 (6.22)  39.3 46.8
HS-31¢ 15 MPa H, 775 (1427)  46.2 (6.70)  42.0 50.7
870 (1600)  27.0 (3.92)  24.5 29.6
SA-F11¢ 15 MPa H, 775 (1427) 126 (18.3) 119 134
870 (1600)  63.5 (7.97)  59.7 67.4

4cG-27 data revealed an apparent anomaly, mentioned earlier.

Be1imax Molybdenum Co.; castings, CRM-6D (aged), XF-818 (as-cast).

CUnited Stirling AB, Sweden; castings, braze-cycle treated.
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ELONGATION DATA

TABLE 10.
Temp., Stress Range, Elongation Range,
Environment °C MPa %
Alloy A-286
Air 650 441, 483 8.4, 11.4
Air 705 179-379 3.4-21.0
15 MPa H, 705 359, 446 7.0, 14.0
Air 760 124-345 8.7-26.3
15 MPa H2 760 131-254 4,7-9.8
Air 815 55-138 10.7-44.6
15 MPa H2 815 70, 138 12,5, 20.0
Air 870 21-55 29.8-87.2
15 MPa H, 870 24,7 21,08
Air 925 17-28 38.7-58.4
INCOLOY Alloy 800H
Air 650 207-276 15.0-32.2
Air 705 110-186 19.6-36.8
15 MPa H2 705 193-230 2,0-9.4
Air 760 70-152 28.1-53,0
15 MPa H2 760 74.9-124 13.8-29.1
Air 815 45-110 18.1-59.6
15 MPa H2 815 54.8-62.5 16.3%-21.4
Air 870 26-76 15.9-32.2
15 MPa H, 870 41.0 22,84
Air 925 31-48 19.7-24.0
N=155
Air 650 276-414 19.9-26.2
Air 705 159-276 28,3-46.0
15 MPa H2 705 283, 319 17.0, 24.0
Air 760 97-241 18.0-51.5
15 MPa H2 760 118-193 25.8-35.0
Air 815 63-165 12,1-58.3
15 MPa H, 815 80-124 6.13-35.3
Air 870 47-110 26.3-65,0
Air 925 41-69 27.7-43.4
19-9DL

Air 650 276-414 10.1-18.8
Air 705 131-276 12.1-24.2
15 MPa H2 705 237, 306 8.0, 15.0
Air 760 86-193 12,1-37.4
15 MPa H, 760 88.5-163 7.9-28.5
Air 815 59-138 10.1-44.8
15 MPa H, 8156 68-93.4 9.0-11.7
Air 870 33-103 20.8-61.6

925 35-69 27.5-47.6
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TABLE 10 (cont.)

Temp., Stress Range, Elongation Range,
Environment °C MPa %
12RN72
15 MPa H, 760 75, 90 18.4, 21.1
15 MPa H;, 815 50, 57 20.9, 24.7
cG-27
15 MPa H, 760 275 2.6
15 MPa H, 815 140-190 6.5-7.3
CRM-6DP
Air 650 379, 393 4.2, 5.6
Air 705 276-345 7.8-8.4
15 MPa H, 705 369-395 5.6-7.8
Air 760 193-290 7.7-10.7
15 MPa H, 760 196, 220 7.0, 7.4
Air 815 131-241 4.6-13.9
15 Mpa H, 815 151-162 7.0-8.5
Air 870 97-172 2.8-21.7
15 MPa H, 870 116 1.6%
Air 925 90-117 5.5-12.5
CRM-6DC
15 MPa H, 760 117-252 14.8-21.1
15 MPa H, 815 87-105 20.8-27.3
XF-818P
Air 650 393, 414 7.5, 8.0
Air 705 283-414 6.7-10.1
15 MPa H, 705 395, 396 5.0, 6.0
Air 760 207-331 8.2-13.6
15 MPa H, 760 195-216 8.5-10.7
Air 815 103-241 14.1-23.8
15 MPa H, 815 118-176 10.1-16.2
Air 870 63-172 12.9-20.6
15 MPa H, 870 93.6 15.4
Air 925 55-103 18.4-25.2
XF-818°€
15 MPa H, 760 158-192 11.6-14.7
15 MPa H 815 106-135 15.6-19.7
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TABLE 10 (cont.)

Temp., Stress Range, Elongation Range,
Environment °C MPa %
HS=31¢
15 MPa H2 760 220-242 20.7-28.,1
15 MPa H, 815 157-180 13.5-18.3
SA-F11°¢
15 MPa H, 760 220-257 5.0-6.3
15 MPa H, 815 145-180 7.0-8.6

ATests discontinued without failure.

bC1imax Molybdenum Co.; castings, CRM-6D (aged), XF-818 (as-
cast).

CUnited Stirling AB, Sweden; castings, braze-cycle treated.
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Figure 1. Creep-rupture specimen design. (a) Wrought (sheet), (b) cast.
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Neg. No. 52206
(d)

Figure 2. Microstructures of wrought alloys. (a) A-286, (b) 800H, (c) N-155,
(d) 19-9DL, (e) 12RN72, (f) CG-27. Etchant: 10% oxalic acid, electrolytic.
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SEM No. 5486 SEM No. 5488
(a) CRM-6D (Climax), aged (b) CRM-6D (Climax), aged

%
SEM No. 5489 SEM No. 5491
(c) XF-818 (Climax), as-cast (d) XF-818 (Climax), as-cast
Figure 3. Microstructures of cast alloys. (a-d) Climax heat, side gating,

(e-1) United Stirling AB heat, end gating. Etchant: 10% oxalic acid,
electrolytic.
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Figure 3 (cont.)
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Neg. No. 54967

(i) XF-818 (US/AB), braze-cycled

Neg. No. 54962

(k) HS-31
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Neg. No. 5&969v

(j) CRM-6D (US/AB), braze-cycled

P o

Neg. No. 54971

(1) SA-F11 (US/AB), braze-cycled

Figure 3 (cont.)
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Figure 5, Creep elongation curves for two heats of XF-818 (Climax and US/AB)
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Temp., Stress, Rupture )
Alloy °C MPa Life, h 2
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Figure 9. Creep elongation curves for 12RN72 and CG-27 tested in 15 MPa H2.
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Figure 10 Creep elongation curves for HS-31, XF-818, CRN-6D, and SA-Fll (US/AB, braze-cycled)
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Figure 17. Temperature-compensated time to 1% creep strain vs. strain for Climax CRM—AD

(aged) and XF-818 (as-cast) tested in 15 MPa H2 and air.




09

-28

-32

~-36

-40

-44

-48

-52

In t0

-56

-60

-64

-68

A HS-31

T +

j

T CRM-6D

I SA-F11

-+ Temperature,

T C

T A 760

F + 815

I XF-818

| ] i
wn o)) ~ © © — N w
o o

o o o o o 8 3 8
Stress, MPa
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AB braze-cycled HS-31, SA-F11l, CRM-6D, and XF-818 tested in 15 MPa H2.
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Figure 20. Estimated 3500-h rupture stress for tube alloys tested
at 870°C in air and 15 MPa hydrogen.
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Figure 21. Estimated 3500-h rupture stress for cast alloys tested

at 775°C in air and 15 MPa hydrogen.
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Figure 23. Estimated 3500-h rupture stress of United Stirling AB

braze-cycled cast alloys as a function of temperature, tested
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Temp., °C 815 760 705

Stress, MPa 93.4 163 306

Elong., % 9.4 28.5 8.0
Neg. No. 53768

(a)

Figure 25.

705 760 Temp., °C
237 109 Stress, MPa
15.0 9.3 Elong, %
R. A., %
25 mm

(a) 19-9DL,

Neg. No. 53769

(b) XF-818 (Climax, as-cast).

815
176
10.3
30.6

705
395
6.0
6.2

705
140
8.4

9.0

(b)

705
396
5.0
11.9

760
216
10.4
36.6

25 mm
| I ——

Appearance of fractured wrought and cast alloy specimens tested in 15 MPa hydrogen.
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A-286 800H N-155 19-9DL CRM-6D XF-818
(Climax, (Climax,

21.4 33.9
62.5 97.8

Elong., %

Stress, MPa Stress, MPa

Neg. No. 54087

800H N-155 19-9DL CRM-6D XF-818
(Climax, (Climax,
aged) ai-castf

29.1 25.8 7.86 7.38 6.62

74 .9 118 88.5 196 166

54088 L 25 mm_

(b)

Appearance of fractured wrought and cast alloy specimens tested in 15 MPa hydrogen. (a) 815°C,
(b) 760°C, XF-8]8 (Climax, as-cast) specimen did not fail.

Figure 26.
A-286 specimen did not fail;
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(United Stirling AB,

{Climax Molybdenum Co.}

 braze-cycled)

Alloy CG-27 12RN72 SA-F11 HS-31 CRM-6D XF-818 Alloy 12RN72 CG-27 800H CRM-6D XF-818 XF-818
Elong., % 6.5 20.9 6.3 30.6 39.2 33.3 (aged) (as-cast) (as-cast)
Stress, MPa 140 50.0 145 157 87.0 106 Elong., % 15.4 2.6 13.8  22.6 10.7 8.5
25 mm Stress, MPa  85.0 275 95.0 220 195 210
Neg. No. 55515 —_ o, (B SECHE 25 om
(a) (b)

Figure 27. Appearance of fractured wrought and cast alloy specimens tested in 15 MPa hydrogen.
(a) 815°c, (b) 760°C)
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SEM No. 83778 SEM No. 83758
(b) (c)

Figure 28. SEM microfractographs of A-286 tested in 15 MPa H_ at 705°C.
(a) Intergranular fracture; (b) ductile dimple fracture near the surface;
(c) intergranular fracture with second phases on grain surfaces.
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SEM No. 8366

4 SEM No. 8362

Figure 29. SEM microfractographs of wrought alloys tested in 15 MPa H2.
(a) 800H, 760°C; (b) N-155, 760°C; (c) 19-9DL, 705°C. Extensive

dimple rupture on all surfaces.
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SEM No. 1273

SEM No. 1274

(b)

Figure 30. SEM microfractographs of 12RN72 tested in 15 MPa
Hy at 760°C. (a) Dimple rupture; (b) decohesive separation
of grains in an adjoining area; (c) details of dimples;
(d) second-phase particles on decohesively ruptured grains.
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SEM No. 1272

SEM No. 1275

(d)

Figure 30 (cont.)
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25K!

SEM No. 1282

L
SEM No. 1283

Figure 31. SEM microfractographs of CG-27 tested in 15 MPa
Hy at 815°C. (a) Quasi-cleavage type fracture, (b) very
few dimples in the structure.
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SEM No. 8356 h SEM No. 1255

(a) Climax (aged), 705°C, stress (b) US/AB (braze-cycled), 760°C, stress
395 MPa. 255 MPa.

SEM No. 1259
(c) US/AB (braze-cycled), 815°C, stress 105 MPa.

Figure 32. SEM macro- and microfractographs of CRM-6D tested in 15 MPa H
Rough interdendritic and transdendritic fracture topographies are
observed.
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SEM No. 8357 © SEM No. 1258

(d) Climax (aged), 705°C, stress (e) US/AB (braze-cycled), 760°C, stress 255 MPa.
395 MPa

SEM No. 1261
(f) US/AB (braze-cycled), 815°C, stress 105 MPa.

Figure 32 (cont.)



SEM No. 8352
(a) Climax (as-cast), stress 216 MPa. (b) US/AB (braze-cycled), stress 185 MPa.

SEM No. 8355

SEM No. 1284

SEM No. 1286

(c) Climax (as-cast), stress 216 MPa. (d) Us/AB (braze-cycled), stress 185 MPa.

Figure 33.
at 760°cC.
be noted.

SEM macro- and microfractographs of XF-818 tested in 15 MPa H2 at
Inter- and transdendritic fracture with some fine dimples are to
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SEM No. 1264 ' ~

SEM No. 1288
(b)

Figure 34. SEM macro- and microfractographs of HS-31 (US/AB,
braze-cycled), tested in 15 MPa H, at 760°C, 245 Mpa (a,c); _
815°c, 165 Mpa (b,d). Ductile dimple rupture associated
with dendritic fracture.
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SEM No. 1268

SEM No. 1291

Figure 34 (cont.)
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SEM No. 1247

Figure 35. SEM macro- and microfractographs of SA-rll (US/AB,
braze-cycled), tested in 15 MPa H, at 760°c, 230 Mpa (a,c,d);
815°c, 160 MPa (b,e,f).
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SEM No. 1241

SEM No. 1239

Figure 35 (cont.)
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Figure 35 (cont.)
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b

Neg. No. 55520
(a) A-286, 760°C, 131 MPa, elong. 8.1%

Neg. No. 55518
(b) 800H, 815°C, 62.5 MPa, elong. 21.4%

Figure 36. Photomicrographs of cross-sections of wrought
alloys tested in 15 MPa H,. C(Creep cavities and cracks
between grains to be noteé.
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. No. 55525
)

Neg

155, 815°C, 97.0 MPa, elong.

N-

C

(

Neg. No. 55523

%

(d) 19-9pL, 760°C, 88.5 MPa, elong. 7.9

Figure 36 (cont.)
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Neg. No. 55513
(a) 12RN72, 815°C, 57 MPa, elong. 24.7%

Neg. No.55505
(b) €G-27, 815°C, 190 MPa, elong. 5.8%

P Figure 37. Photomicrographs of cross-sections of wrought alloys
tested in 15 MPa H,_ at 815°C showing resultant creep cavities
between grains. (a) 12RN72, (b) CG-27.
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Neg. No. 55528 Neg. No. 55503
(a) CRM-6D (Climax, aged), 815°C, 151 MPa, (b) CRM-6D (US/AB, braze-cycled), 815°C,
elong. 7.0% 105 MPa, elong. 27.3%

Figure 38. Photomicrographs of cross-sections of cast alloys tested in 15 MPa Hp, at 815°C.
Cast structures show little evidence of creep cavity development. Stress axis is vertical.
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Neg. No. 55532

(c) XF-818 (Climax,
118 MPa, elong.

as-cast), 875°C,
16.2%

Figure 38 (cont.)

Neg. No. 55509
(d) XF-818 (US/AB, braze-cycled), 815°C,
120 MPa, elong. 19.0%



82

Neg. No. 55491

(a) HS-31 (US/AB, braze-cycled), 760°C,
242 MPa, elong. 23.2%

(b) SA-F11 (US/AB, braze-cycled), 760°C, 230 MPa,
elong. 5.0%

Figure 39. Photomicrographs of cross—-sections of cast alloys tested in 15 MPa H, at 760°C.

(a) Significant cavities near fracture indicative of high rupture elongation;
little cavity, indicating low ductility;
Stress axis 1s vertical.

(b) very
(c,d) high magnifications reveal fine cavities.
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L. oPy
Neg. No. 55492

(c) HS-31 (US/AB, braze-cycled), 760°C,
242 MPa, elong. 23.3%

Figure 39 (cont.)

Neg. No. 55502

(d) SA-F11 (US/AB, braze-cycled), 815°C,
180 MPa, elong. 8.6%
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