@ https://ntrs.nasa.gov/search.jsp?R=19770017309 2020-03-22T08:55:21+00:00Z

NASA TECHNICAL NOTE

ZhehETo

WD

LOAN COPY: RETL
AFWL TECHNICAL |
KIRTLAND AFB,

WN ‘gdv) AHVHEIT HO3L

NASA TN D-8493

EFFECT OF SIMULATED EARTH
REENTRY EXPOSURE ON MECHANICAL
PROPERTIES OF SEVERAL OXIDE
DISPERSION STRENGTHENED AND
SUPERALLOY SHEET MATERIALS

J- Daniel sz:ttenberger

Lewis Research Center
Cleveland, Ohbio 44135

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION - WASHINGTON, D. C. - MAY 1977

NASA TN D-8493 .|

-



-
T

_..r-
R TR T

e TN,
T TR

1.

Ta,

. Sponsoring Agency Neme and Address

. Abstract

TECH LIBRARY KAFB, NM

R W Nl\llll

o 0l3u2ue

Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
NASA TN D-8493
Title and Subtite EFFECT OF SIMULATED EARTH REENTRY 5. Report Date
EXPOSURE ON MECHANICAL PROPERTIES OF SEVERAL May 1977
OXIDE DISPERSION STRENGTHENED AND SUPERALLOY 6. Performing Organization Code
SHEET MATERIALS

. Author(s) 7 8. Performing Organization Report No.
J. Daniel Whittenberger E-9062

- 10. Work Unit No.
. Performing Organization Name and Address 505-01

Lewis Research Center
National Aeronautics and Space Administration

11. Contract or Grant No.

Cleveland, Ohlo 44135 13. Type of Report and Period Covered

Technical Note

National Aeronautics and Space Administration
Washington, D.C. 20546

14. Sponsoring Agency Code

. Supplementary Notes

The effects of simulated multiple reentry into the Earth's atmosphere on the mechanical
properties of several high temperature metallic sheet materials were evaluated. The materials
included five thin-gage (nominally 0. 025- or 0.037-cm) oxide dispersion strengthened (ODS)
ailoys and two thin-gage (nominally 0.037-cm) superalloys. Multiple reentry conditions were
simulated through cyclic Plasma Arc Tunnel (PAT) exposure. PAT exposure generally con-
sisted of 100 cycles of 600 second duration at 1255, 1366, or 1477 K in a Mach 4. 6 airstream
with an impact pressure of nominally 800 ‘N/mz. PAT exposure generally produced a uniform
oxide scale, oxide pits or intergranular oxidation, Kirkendall porosity, and alloy depletion
zones except for the aluminum-containing ODS alloys. Only a uniform oxide scale was formed
on the aluminum-containing ODS alloys. Within the limits of the PAT exposures evaluated in
this study, PAT exposure did not significantly affect the mechanical properties of the thin-gage
(nominally 0. 025- or 0.037-cm) alloys evaluated. Thus it appears that the microstructural
changes produced by Plasma Arc Tunnel exposure has little influence on mechanical properties.

17. Key Words {Suggested by Author(s}) 18. Distributri;m Statement

Thin sheet alloys; Plasma Arc Tunnel; Earth Unclassified - unlimited
reentry, Simulated Earth reentry; Oxide dis- STAR Category 26
persion strengthened alloys; Superalloys;

Mechanical propertles

19. Securlty CIaSS|f (of this report) 20. Security Classif. (of this page) 21, Né).r of Pages 22, Price”

Unclassified Unclassified 65 A04

*For sale by the National Technical Information Service, Springfield, Virginia 22161






CONTENTS

Page
SUMMARY . & & o i ottt ot e e ettt et ettt e e e e e e e e e e e e e e e e e e 1
INTRODUCTION . . . i v v ot v e v et e e o ot e et e e e et e e e e e e e e e u s 2
EXPERIMENTAL . & . v v v v v v s ot e o et ot o e e e e s e o e e e e o e e u 2
Materials . . . . . . i i i e e e e e e e e e e e e e e e e e e e e e e e e e 2
Plasma Arc Tunnel EXposSure . . . . . . . v v v v o 0 v v v vttt e e e n e e 3
Postexposure Evaluation . . . . . . . . . . . 0 . 00t e e e e e e e e e e 4
RESULTS AND DISCUSSION . . &« + + v v v v et e 6 e e e et e e e e e e e e e e e 5
Structural Effects of PAT EXPOSUre . . . . « ¢ v & v v v e v o v v v e v e o v u o 5
Surface oxidation . . . . . . . . L L L L Lo L el e e L e e e e e e e e e e . 5
Microstructure . . . . . . ¢« o i i i e e e e e e e e e e e e e e e e e e 6
Mechanical Properti€s . . . . ¢« .« v v v v vt t e h e e e e e e e e e e e e e 7
Room temperature tensile properties . . . . . . .. . 000000 7
Elevated temperature tensile properties. . . . . . . . . . . .00 00 8
Elevated temperature creep properties . . . . . . . . ..o 0000000 0o 8
Room temperature properties after PAT exposure and creep testing. . . . . . . 9
Additional PAT EXPOSUIE . . . « v v v v vt e o v v v v et e v e e e e e e e e 11
SUMMARY OF RESULTS . . . . & v i ot i e et v e e e e e e e e e e e e e e e 11
IMPLICATIONS OF RESULTS . . . . &+ i v it e e e e e e e e e e e e e e e e e e 11
CONCLUSIONS . . . .t e e e e e e e e e e e e e e e e e e e e e e e e e e e 13
APPENDIXES
A - MECHANICAL PROPERTY DATA FOR OXIDE DISPERSION
STRENGTHENED ALLOYS AND SUPERALLOYS AFTER
PLASMA ARC TUNNEL EXPOSURE . . . . & ¢ v i e it e e e h e e e e e e e 14
B - ADDITIONAL PLASMA ARC TUNNEL EXPOSURE OF DS-NiCr(I) . . . . . . . 15
REFERENCES . .+ . . i i i e e i e e e e e et e e e e e e e e e e e e e e e e e 17

iii



EFFECT OF SIMULATED EARTH REENTRY EXPOSURE ON MECHANICAL
PROPERTIES OF SEVERAL OXIDE DISPERSION STRENGTHENED
AND SUPERALLOY SHEET MATERIALS
by J. Daniel Whittenberger

Lewis Research Center

SUMMARY

The effects of simulated multiple reentry into the Earth's atmosphere on the
mechanical properties of several high temperature metallic sheet materials were eval-
uvated. The materials included five thin-gage (nominally 0. 025- and 0. 037-cm) oxide
dispersion-strengthened (ODS) alloys and two thin-gage (nominally 0. 037-cm) super-
alloys. Multiple reentry conditions were simulated through cyclic Plasma Arc Tunnel
(PAT) exposure.

PAT exposure generally consisted of 100 cycles of 600-second duration at 1255,
1366, or 1477 K (1800°, 2000°, or 2200° F) in a Mach 4. 6 air stream with an impact
pressure of nominally 800 N/m2. The superalloys, Haynes Alloy 188 and Hastelloy X,
were subjected to the least severe conditions (100 cycles at 1255 K); and the ODS alloys,
TD-NiCrAl and TD-NiCrAlY, were subjected to the most severe conditions (100 cycles
at 1477 K). Intermediate exposures were given to the two ODS alloys that do not contain
aluminum, TD-NiCr and DS-NiCr. Mechanical properties of all alloys were determined
before and after PAT exposure. Additional analysis included examination of the micro-
structure and oxide scale of exposed alloys, and fracture surfaces of tested specimens.

PAT exposure produced a uniform oxide scale on all the alloys. In addition, expo-
sure of the aluminum-free alloys resulted in oxide pits or intergranular oxidation,
Kirkendall porosity, and alloy depletion zones. Microstructural changes were not ob-
served in the aluminum containing ODS alloys. Within the limits of the PAT exposures
evaluated in this study, PAT exposure did not significantly affect the mechanical proper-
ties of the thin gage (nominally 0. 025- or 0.037-cm) alloys evaluated. Thus it appears
that the microstructural changes produced by Plasma Arc Tunnel exposure has little
influence on mechanical properties.

Based on the results of this study, the evaluated superalloys and ODS alloys appear
to be usable in thermal protection systems for hypersonic reentry conditions providing
the design operating parameters are matched to the normal limitations of these alloys.



INTRODUCTION

Thin-gage metallic sheet alloys have been considered for use in thermal protection
systems (TPS) and related components of reusable hypersonic reentry vehicles, such
as the Space Shuttle. In these applications, both high temperature strength and oxidation
resistance are required to withstand the stress-temperature-hypervelocity oxidizing
conditions encountered during multiple reentry exposures. Previous investigations
(refs. 1 to 5) have shown that nickel-base and cobalt-base superalloys and oxide
dispersion strengthened (ODS) nickel-base alloys have potential for use as TPS materi-
als. However, it was also shown (refs. 1, 2, 3, and 5) that high temperature, high
velocity conditions greatly increase the oxidation rate as compared to static testing of
the materials which form chromia or chromite spinels. The increased oxidation rates
reduced the base metal thickness and increased microstructural damage in the base
metal near the oxide/metal interface. The changes in microstructure included develop-
ment of porosity, alloy depletion, oxide pits, and/or intergranular oxidation. Such
behavior is thought to be detrimental for multiple use applications as these effects can
reduce the load carrying capacity of the material.

The purpose of this study was to determine the effects of a high temperature-high
velocity oxidizing environment on the mechanical properties of several high temperature
sheet alloys that are potential candidates for use :n metallic thermal protection systems.
To accomplish this, seven thin-gage sheet alloys were exposed in a Plasma Arc Tunnel
(PAT) which simulates high temperature-hypervelocity reentry conditions. After PAT
exposure, the mechanical properties were determined and compared to the sheet alloy
properties prior to exposure. Additional analysis included examination of the micro-
structure and oxide scale of the exposed alloys.

EXPERIMENTAL
Materials

Five oxide dispersion strengthened alloys and two superalloys were investigated in
this program. The nominal compositions and thickness of these sheet alloys are listed
in table I. Three different types of Ni-20Cr- Th02 alloys were examined. They included
TD-NiCr, which was produced by a standardized process involving powder metallurgy
techniques and thermomechanical processing (ref. 6); and two DS-NiCr alloys, which
were produced by pack chromizing of Ni—2Th02 (ref. 7). The difference between
DS-NiCr(I) and DS-NiCr(II) was in the supplier of the Ni-2ThO, alloy sheet. DS-NiCr(I)
was produced from DS-Ni (Sherritt- Gordon Mines, Ltd.) while DS-NiCr(Il) was produced



from TD-Ni (Fansteel, Inc.). TD-NiCrAl and TD-NiCrAlY are experimental alloys
which were developed as modifications of Ni—ZOCr—ZThO2 in an attempt to improve the
oxidation resistance of the base alloy. In making TD-NiCrAlY, yttrium was added in
metallic form. However, it is felt that the powder metallurgy techniques involved in
sheet manufacture resulted in the yttrium being present as an oxide (private communi-
cation from C. P. Blankenship; Lewis Research Center; Cleveland, Ohio). In addition
to the dispersion strengthened alloys, the nickel-base alloy Hastelloy X and the cobalt-
base alloy Haynes Alloy 188 were also examined. These alloys are representative of
conventional oxidation-resistant superalloy sheet materials.

The microstructure of TD-NiCr consisted of pancake-shaped grains approximately
50 um thick and 210 um in diameter (grain aspect ratio ~4). As the unique microstruc-
ture of DS-NiCr produced by pack chromizing consists of bands of thoria-free and thoria-
containing regions, grain size parameters were essentially undeterminable. However,
from figure 1 it can be seen that DS-NiCr(II) had a larger grain size than DS-NiCr(I).
The grain structure of TD-NiCrAl could not be determined as it consisted of very small
grains with a low grain aspect ratio. TD-NiCrAlY possessed a duplex microstructure
with relatively large grains (probably the result of the secondary grain coarsing effect,
(ref. 8) and very fine grains. The large grain regions in TD-NiCrAlY accounted for
less than 15 percent of the total microstructures. Both Hastelloy X and Haynes Alloy
188 had equiaxed grain structures where the average grain diameters werz 36 um for
Hastelloy X and 25 pm for Haynes Alloy 188.

All alloys were tested in the as-received surface condition. With the exception of
TD-NiCrAl and TD-NiCrAlY, the sheet alloys had metallic finishes - TD-NiCrAl and
TD-NiCrAlY had preoxidized surfaces which were developed through the process outlined
in reference 9. Such preoxidation was necessary to develop a protective alumina scale.
The Ni—20Cr-2ThO2 alloys had a nominally 120 grit belt sanded surface finish, and the
superalloys had a cold rolled surface finish.

Plasma Arc Tunnel Exposure

The Plasma Arc Tunnel exposure of the thin sheet alloys was conducted under NASA
Contract NAS2-6601 by the Flight Sciences Department of the McDonnell Douglas Re-
search Laboratories, St. Louis, Missouri, under the direction of W. A. Rinehart. De-
tailed test procedures and results as pertaining to the PAT exposures are reported in
reference 10. In general, nominally 10- by 10-cm samples were fabricated from the
sheet alloys. Each sample was exposed to the high temperature-hypervelocity air
stream for either 50 or 100 cycles. Each cycle consisted of 600 seconds in the test
stream, followed by 600 seconds out of the test stream. All exposures were conducted



with the sample surface normal to the air stream, and the entire sample surface was
bathed in the test stream. The nominal test conditions involved exposure at 1255, 1366,
or 1477 K (1800°, 2000°, and 2200° F) to a Mach 4. 6 air stream with an impact pres-
sure of nominally 800 N/m2 (6 torr). Sample temperatures were monitored during each
test cycle by Pt-Pt/10%Rh thermocouples which were tack welded to the back of the
samples. In general, the sample temperatures were uniform to +5 percent. Thickness
measurements of each sample were made prior to, at various intervals during, and
upon completion of the cyclic exposure. Figure 2 illustrates the front view of a test
sample and the approximate locations of the thickness measurements and thermocouple
sites. A typical temperature-time profile for a test cycle is shown in figure 3. With
one exception, duplicate samples were exposed for each material-test temperature con-
dition.

As the aluminum modified ODS alloys were thought to possess the best oxidation
resistance, they were subjected to the most severe PAT conditions (100 cycles at
1477 K). Because of their probable lower oxidation resistance, the superalloys were
subjected to the least severe exposure conditions (100 cycles at 1255 K). Also, because
of their intermediate oxidation resistance, the nominally Ni-ZOCr—ZThO2 alloys were
exposed at various conditions ranging from 100 cycles at 1255 K to 50 cycles at 1477 K.

Postexposure Evaluation

Following Plasma Arc Tunnel exposure, pin-grip-type tensile specimens were
blanked from each PAT sample. The tensile specimens had a 2.5- by 0.63-cm gage
section where the gage length was perpendicular to the sheet rolling direction. Testing
in this direction was chosen as the transverse sheet direction is generally weaker than
the longitudinal sheet direction (rolling direction) and perhaps more susceptible to ex-
ternal influences. Five tensile specimens were obtained from each exposed sample.
Tensile-type specimens were also blanked from the as-received sheet alloys. In order
to remove any residual effects of the blanking operation, the edges of as-punched speci-
mens were dressed down by manual grinding with a rubber-bonded abrasive. This, un-
fortunately, introduced shallow depressions as deep as 0.01 cm into the gage section in
many test specimens. To remove the influence of the depressions, the gage sections
were machine ground to approximately 0.58 ¢cm in width.

To determine the effects of PAT exposure, mechanical property tests were con-
ducted on as-received and as-exposed alloys. The mechanical property testing included
room temperature and elevated temperature tensile tests, elevated temperature creep
tests, and room temperature tensile tests after creep testing (residual property tests).
All testing was conducted in air.
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Elevated temperature testing was conducted at 1366 K for the dispersion strength-
ened alloys and at 1255 K for the superalloys. The mechanical properties of the exposed
specimens were based on the original average thickness of the PAT sample. The
mechanical testing was conducted to ASTM Specifications E21-70 and E139-70. Most
testing was accomplished under contract NAS3-17168 at Spectrum Laboratories, Inc.,
Piscataway, New Jersey. Additional testing was completed at the Lewis Research Cen-
ter. Strains for both elevated temperature tensile and creep tests were measured by
an extensometer involving rods which were mechanically attached to the reduced section.
Differential motion of the extensometer rods was measured by a linear variable differ-
ential transformer (LVDT). The output of the LVDT was continuously recorded. This
extensometry system was apparently able to sense strains on the order of 0. 0001 over
the period of the test.

Other postexposure examinations included analysis of the PAT surface oxides by
X-ray diffraction techniques, metallography of the sheet cross section, electron micro-
probe analysis of the alloy depletion zones. These studies were conducted on blanking
scrap from near the center of the exposed samples (position 9, fig. 2). In addition, the
fracture surfaces of selected mechanical property test specimens were examined with
aid of the scanning electron microscope (SEM).

RESULTS AND DISCUSSION
Structural Effects of PAT Exposure

Surface oxidation. - The PAT exposure conditions, average as-received and as-
exposed thickness, color of the exposed surface, and oxides found on the exposed sur-
face for each alloy are presented in table II. From the thickness data in table II, it can
be seen that PAT exposure produced about a 10 percent increase in thickness for all the
alloys. This change in thickness is probably due to the buildup of oxide scale, localized
protrusions on the oxide scale, and some distortion of the test sample. The copper
color observed on the PAT exposed side of many test specimens was found to be due to
copper chromate. Copper was apparently injected into the plasma arc stream through
erosion of the plasma arc electrode (a 20wt. % Cu-80wt. %Ag electrode was used in this
work). Data in table II on the oxide phase formed on the PAT-exposed surface indicates
that the presence of copper affects the lower temperature oxidation behavior of the
Ni—20Cr—2Th02 alloys; for example, after exposure to 1366 K, the only surface oxide
found was CuZCrzo 4 N ormally the surface oxides formed on Ni—ZOCr—ZThO2 alloys
would be NiO, Cr203, and/or spinels (refs. 2 and 5). Copper contamination of the
plasma arc stream apparently had no effect on the oxide phase formed on the other alloys



or TD-NiCr exposed at 1477 K. For similar exposure conditions, the oxide phases ob-
served in this study agree, in general, with those reported in reference 2. However,
it should be noted that in this study there is evidence that the foreign metal ions in the
plasma arc stream affected the oxidation behavior of some of the exposed alloys. Thus,
such PAT exposures may not be truly representative of a reentry into the atmosphere.

Microstructure. - The results of the microstructural study and typical photomicro-
graphs are presented in tables III and IV and figure 4. In general, for the aluminum-
free ODS alloys, PAT exposure produced uniform oxide layers on both sides of the
sample (figs. 4(a), (b), and (d)), oxide pits (fig. 4(a)) or intergranular oxidation on the
PAT-exposed side (fig. 4(d)), zones of alloy depletion behind the oxide scales (table III),
and in some instances Kirkendall porosity in the alloy depletion zones (figs. 4(a) and (b)
and table III). On the other hand, PAT exposure of the aluminum-containing ODS alloys
simply produced a uniform oxide scale on both sides of the sample (fig. 4(c)). No
microstructural damage was observed in the aluminum-containing ODS alloys.

Metallography of exposed Ni—20Cr—2ThO2 alloys indicated that PAT exposure did
not affect the grain structure of these alloys; however, PAT exposure did produce dras-
tic microstructural changes near the sheet surfaces (figs. 4(a) and (b)). The data in
tables III and IV for TD-NiCr indicate that the degree of microstructural damage in-
creases directly with the temperature of the PAT exposure. It can also be seen in these
tables that similar PAT exposure (100 cycles at 1366 K) can produce differing amounts
of microstructural damage in the various Ni—20Cr—2ThO2 alloys. For example, the
DS-NiCr alloys had less Kirkendall porosity and a lower Cr substrate surface concen-
tration than TD-NiCr; also, DS-NiCr(II) possessed the deepest oxide pits, while
DS-NiCr(I) apparently had no oxide pits. Overall, the microstructures of Ni-20Cr-ThO,
alloys after PAT exposure are similar to those reported in references 2 and 5.

PAT exposure of Hastelloy X and Haynes Alloy 188 at 1255 K did not affect the grain
sizes of these alloys; however, exposure did produce grain boundary and intragranular
precipitates in both alloys (fig. 4(d)). These precipitates are apparently the results of
thermal effects at 1255 K as a 16-hour anneal at 1255 K produced similar precipitation
in both alloys. Data (figs. 1314, 1315, and 1416) in reference 11 indicates that the pre-
cipitates in both alloys are probably carbides. PAT exposure of these alloys at 1255 K
also produced a uniform oxide scale, intergranular oxidation, and zones of alloy deple-
tion; however, Kirkendall porosity was not observed. No precipitates were seen in
Haynes Alloy 188 after exposure to 50 cycles at 1366 K; however, this exposure did
produce grain growth. Unfortunately, the grain size could not be determined due to
difficulty in etching. Other microstructural features after this exposure included a
thick oxide layer, alloy depletion, and intergranular oxidation.
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Mechanical Properties

The averaged mechanical properties for TD-NiCr and Haynes Alloy 188 are pre-
sented in figures b and 6. In general, the results for these two alloys are typical of
those for all the alloys examined. The overall observation of this work is that the PAT
exposures evaluated in this study did not significantly affect the mechanical properties
of either the ODS alloys or the superalloys in the sheet thickness evaluated. Thus, it
appears that the microstructural damage produced by Plasma Arc Tunnel exposures
evaluated in this study had little influence on bulk mechanical properties. Below are
presented short discussions of the mechanical properties measured in this work. The
supporting evidence is contained in figures 5 and 6 and appendix A. The latter is a
tabular compilation of measured mechanical properties for all the alloys and test con-
ditions evaluated in this study.

Room temperature tensile properties. - Considering only ultimate tensile strengths
and tensile elongations, PAT exposure did not greatly influence these properties. Typi-
cal examples are shown in figure 5(a). As-received and as-exposed mechanical proper-
ties of DS-NiCr(I), DS-NiCr(II), Haynes Alloy 188 (100 cycles at 1255 K), and TD-
NiCrAl were essentially equivalent. Exposure appears to slightly reduce thé ultimate
tensile strength and elongation of TD-NiCr (not statistically significant by ''t'' test) and
Hastelloy X (statistically significant). Haynes Alloy 188 exposed to 50 cycles at 1366 K
suffered about a 15 percent reduction in ultimate tensile strength (statistically signifi-
cant); this is probably due to the observed grain growth in this condition and loss of
load-bearing area due to oxidation during PAT exposure. TD-NiCrAlY seemingly suf-
fered a 30 percent reduction in ultimate tensile strength after PAT exposure; however,
residual property tensile tests of TD-NiCrAlY (see the section Room temperature prop-
erties after PAT exposure and creep testing) indicated little, if any, difference between
the tensile properties of as-received alloy, creep-tested-as-received material, and
creep-tested- PAT-exposed material.

While the room temperature tensile properties indicated that PAT exposure had
little effect, scanning electron microscope (SEM) examination of the tensile fracture
surfaces revealed microstructural damage in several alloys. The damage observed in
PAT-exposed TD-NiCr is particularly striking and can, in some instances, resemble
that due to creep effects (refs. 12 and 13) as can be seen in figure 7. The network of
very large fracture dimples in figure 7(a) is probably due to ductile fracture mechanism
in a region containing a very high concentration of Kirkendall pores. The fracture sur-
face shown in figure 7(b) is more typical of PAT exposed TD-NiCr. The existence of
PAT damage in these photomicrographs can be easily seen by a comparison of them to
figure 7(c) which illustrates the typical fracture surface in as-received TD-NiCr.
Microstructural damage due to PAT exposure was occasionally seen in DS-NiCr(I) and



and DS-NiCr(II); however, this damage was not as severe as that seen in TD-NiCr be-
cause of the lower concentration of Kirkendall porosity (table III and ref. 14).

The tabular room temperature tensile data for all alloys and PAT exposure condi-
tions evaluated in this study are presented in appendix A. The tensile data include
0. 02 percent yield stress, 0.2 percent yield stress, ultimate tensile strength, and ten-
sile elongation.

Elevated temperature tensile properties. - The results of 1366 K tensile testing of
TD-NiCr and 1255 K tensile testing of Haynes Alloy 188 are shown in figure 5(b). As
was the case for room temperature tensile testing, PAT exposure had no significant
effect on elevated temperature tensile properties. Prior exposure had essentially no
effect on the properties of TD-NiCr, TD-NiCrAl, TD-NiCrAlY, and Haynes Alloy 188.
The ultimate tensile strength of DS-NiCr(I) and DS-NiCr(II) was unaffected by prior ex-
posure; however, the 1366 K tensile ductility appears to have been reduced about
50 percent in these two alloys. The ductility of DS-NiCr(I) seems to be reduced from
2.6 to 1. 4 percent through exposure; however, this difference was not found to be
statistically significant. On the other hand, the decrease in tensile elongation observed
in DS~NiCr(II) after PAT exposure (2.3 percent versus 5.2 percent for as-received
alloy) is statistically significant. PAT exposure also had little effect on the ultimate
tensile strength of Hastelloy X; however, the ductility may be slightly (~20 percent)
reduced.

The tabular elevated temperature tensile data for all alloys and PAT exposures
evaluated in this study are presented in appendix A. The data include 0. 02 percent yield
stress, 0.2 percent yield stress, ultimate tensile strength, and tensile elongation.

Elevated temperature creep properties. - Creep tests were conducted at 1366 K on
the ODS alloys and at 1255 K on the superalloys; typical results in the form of total
plastic creep (time-dependent strain plus plastic strain on loading) are presented for
TD-NiCr and Haynes Alloy 188 in figure 5(c). As was the case for tensile properties,
PAT exposure essentially had no effect on the creep strength properties. In practically
all cases, the exposed alloys were at least as strong as the as-received alloys; in fact,
most tests indicated that the exposed alloys were more creep resistant than the unex-
posed alloys. In general, creep in the evaluated alloys systems, particularly the ODS
alloys, did not follow the classical three-~stage behavior. In many tests, creep con-
sisted of a long period of transient creep followed by a period of essentially no time-
dependent deformation (steady state creep rate less than 3><10'10 sec'l).

In table V, the average total plastic creep strain after 150 hours of testing (time-
dependent strain plus plastic strain on loading) is presented as a function of initial stress
for each alloy. The data in this table were obtained by averaging the test results for
both as-received and PAT-exposed specimens. The three Ni—ZOCr-2Th02—type alloys
exhibited about equal strength, while TD-NiCrAl and TD-NiCrAlY were much weaker.
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These results are in agreement with those in references 6 and 7 with regards to corre-
lations between microstructure and creep strength of ODS alloys. The superiority of
the creep strength of TD-NiCr in comparison to that of TD-NiCrAl and TD-NiCrAlY is
due to the differences in microstructure. TD-NiCr had a large grain size and a reason-
ably high grain aspect ratio whileboth TD-NiCrAl and TD-NiCrAlY had small grain sizes
and low grain aspect ratios. Previous work (ref. 6) has shown that both large grain size
and large grain aspect ratio are required for high creep strength in the TD-NiCr and
TD-NiCrAl systems. The almost equivalent creep strength of TD-NiCr, DS-NiCr(I)

and DS-NiCr(II) is more difficult to understand. As can be seen in figures 1 and 4, the
microstructures of DS-NiCr(I) and DS-NiCr(II) are unique and totally different from

that of TD-NiCr. From the microstructures in figure 1, it appears that DS-NiCr(I) and
DS-NiCr(Il) can be viewed as laminar composites composed of alternating layers of
strong material (Ni—ZOCr—ZThOZ) and weak material (Ni-20Cr). According to refer-
ences 15 and 16, laminar composites generally have stress-rupture strengths equal to
or exceeding the values predicted by the rule-of-mixtures. Since the DS-NiCr-type
alloys evaluated had a high volume fraction of thoriated alloy {(approximately 80 percent),
they should possess good creep strength.

Of the superalloys evaluated, Hastelloy X appears to be the stronger alloy at 1255 K.
The creep strength of Haynes Alloy 188 is similar to that reported in reference 4.

The tabular elevated temperature creep data for all alloys and PAT exposure eval-
uated in this study are presented in appendix A. The creep data include elastic strain
on loading, plastic strain on loading, time required to produce various creep strains,
creep strain at end of test, total plastic creep strain at end of test, and approximate
steady state creep rate. Again it should be noted that all testing was conducted in the
transverse sheet direction which is generally believed to be the weakest direction.

Room temperature properties after PAT exposure and creep testing. - Following

elevated temperature creep testing, test specimens were tensile tested at room temper-
ature to obtain residual property data. The data shown in figure 6 for TD-NiCr are
typical for an alloy which undergoes creep degradation where prior creep strains as low
as 0.1 percent drastically reduce tensile ductility and somewhat reduce ultimate tensile
strength. These data seem to indicate that the PAT exposed TD-NiCr was more sus-
ceptible to creep damage than the unexposed material (this indeed seems to be the case
here on the basis of Scanning Electron Microscope examination of the residual fracture
surfaces). However, it should be noted that a previous study (ref. 12) has shown that
small amounts of prior elevated temperature creep strain (on the order of 0.1 percent)
alone can severely reduce room temperature tensile properties. The difference in
residual properties between the unexposed and exposed alloys could be simply due to the
great difficulty in accurately measuring small creep strains at elevated temperature.
Therefore, until further residual property testing is conducted, it is tentatively con-



cluded that there is no difference in residual properties between creep tested TD-NiCr
and PAT exposed-creep tested TD-NiCr.

On the basis of these mechanical property data, the only ODS alloy that exhibited
definite signs of creep degradation was TD-NiCr. However, SEM examination of
selected residual property specimens revealed that creep degradation can occasionally
occur in DS-NiCr(I) and TD-NiCrAlY. Examples of creep damage are shown in figure 8.
These fractographs are similar to those shown for other creep-damaged ODS alloys
(refs. 12 and 13). It should be noted that for DS-NiCr(I) only one residual property
specimen out of 13 tests suffered creep damage while only three TD-NiCrAlY residual
property specimens out of 12 tests were creep damaged. On the other hand, nearly all
TD-NiCr residual property specimens (14 out of 17 tests) were found to be creep dam-
aged. The mechanical properties of DS-NiCr(II) and TD-NiCrAl indicated that these
alloys were not creep damaged. SEM examination of selected residual property frac-
ture surfaces for these alloys confirmed the absence of creep damage.

Creep damage in ODS alloys is believed to be due to diffusional creep (refs. 12, 13,
and 17). During creep in large grain size ODS alloys, relatively wide (~1 um)
dispersoid-free bands are formed around grain boundaries which are perpendicular to
the applied stress. During subsequent residual property testing, tensile deformation
tends to be confined to the dispersoid-free bands as they are weaker than the dispersion
strengthened material. This results in low macroscopic residual tensile ductility. On
the other hand, diffusional creep in small grain size ODS material apparently does not
result in creep damage (ref. 13), as only very narrow dispersoid-free bands would be
formed (band widths on the order of the interparticle spacing). This model agrees with
the residual property test results for TD-NiCr (large grain size leads to creep damage),
TD-NiCrAlY (the few large grains would be potential sites for creep damage), and
TD-NiCrAl (no creep damage due to the small grain size). While creep in the DS-NiCr
type alloys is not well understood, the almost total absence of creep damage could be
due to the laminar microstructure and apparent small grain size within the dispersion
strengthened lamella (fig. 1). Perhaps the one instance of creep damage in DS-NiCr(I)
shown in figure 8(b) is due to an abnormally large grain within the DS-NiCr(I) structure.

The residual property data for Haynes Alloy 188 are presented in figure 6. These
data are typical of the two superalloys tested in this study. While the creep tested
specimens appear to undergo a significant loss of tensile ductility (~ 50 percent com-~
pared to as-received ductility), this loss of ductility is probably due to carbide pre-
cipitation resulting from thermal exposure. Previous work (ref. 18) has shown that
thermal exposure of Haynes Alloy 188 and Hastelloy X at 1255 K significantly reduces
(~50 percent) their room temperature ductility. The ductility loss for the two super-
alloys reflects itself in the change from intragranular fracture (no thermal exposure) to
a partially intergranular fracture (after thermal exposure) as shown in figure 9 for
Haynes Alloy 188.
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Additional PAT Exposure

During the course of this study, one set of DS-NiCr(I) samples were subjected to
slightly higher temperatures during PAT exposure than originally planned. The results
of this exposure on the microstructure and the mechanical properties of DS-NiCr(I) are
given in appendix B.

SUMMARY OF RESULTS

A study of the effect of various Plasma Arc Tunnel exposures on five thin-sheet ox-
ide dispersion strengthened alloys and two thin-sheet superalloys has shown the follow-

“ing:

1. Plasma Arc Tunnel exposures can produce microstructural changes in all the
evaluated alloys except the nominally Ni-16Cr-4Al ODS alloys.

2. Within the limits of this study, the high temperature-hypervelocity-oxidizing
conditions encountered during Plasma Arc Tunnel exposure, did not significantly affect
the mechanical properties of the nominally 0. 025- and 0. 037-cm thick sheet alloys.

IMPLICATIONS OF RESULTS

On the basis of mechanical property testing of various ODS alloys and superalloys,
it appears that the severe oxidizing conditions encountered during short term-cyclic
exposure in a Plasma Arc Tunnel do not significantly affect the properties of these
alloys. Although some changes in properties were observed, practically all of these
changes could be ascribed to either thermal effects (such as decreases in room temper-
ature ductility of Haynes Alloy 188 and Hastelloy X after being aged at 1255 K) or creep-
related effects (such as creep degradation of TD-NiCr). Thus the high temperature-
hypervelocity-cyclic oxidizing conditions that are unique to Plasma Arc Tunnel testing
do not seem to significantly contribute to the observed mechanical property changes.
While some of the alloys did exhibit readily observable microstructural changes as a
result of PAT exposure, such changes in microstructure did not affect the mechanical
properties of thin-gage (nominally 0. 025- and 0. 037-cm) alloys.

For hypervelocity-elevated temperature-cyclie conditions involving up to a total of
about 16 hours exposure, this study indicates that both superalloys and ODS alloys can
be considered as candidates for thermal protection systems. The use of the conventional
superalloys is usually preferred, where possible, because of their lower cost and
greater base of experience. The superalloys, Haynes Alloy 188 and Hastelloy X, should

11



be useful at 12565 K and possibly even up to 1366 K. But these superalloys, unfortunately,
have relatively low creep strength at 1255 K. So the upper use temperature of these
alloys is highly dependent on the design stress.

At higher temperatures the more expensive ODS alloys may be required. The
Ni-20Cr-type ODS alloys exhibit sufficient resistance to hypervelocity-oxidizing condi-
tions at temperatures up to 1477 K, and they have better creep strength than the super-
alloys above ~ 1200 K. However, one of these alloys, TD-NiCr, definitely suffers
microstructural damage during creep. This damage severely reduces subsequent ten-
sile ductility. Such behavior could limit the usefulness of TD-NiCr in creep-type appli-
cations. The Ni-16Cr-4Al-type ODS alloys are the most oxidization-resistant of the
evaluated alloys. These alloys should be useful in thermal protection systems up to
1477 K and possibly even higher. However, these alloys have lower creep strength than
the Ni-20Cr-type ODS alloy in this temperature range. Also, one of the aluminum-
modified ODS alloys, TD-NiCrAlY, exhibited some indications of creep degradation
effects which could limit its usefulness.

If the requirements for a metallic thermal protection include reasonable creep
strength and residual tensile properties as well as resistance to cyclic-hypervelocity
conditions between about 1255 K and 1477 K, a fine grain size aluminum modified ODS
alloy such as TD-NiCrAl, would be a good choice. If a slightly higher creep strength is
necessary, then ODS alloys possessing laminar microstructures similar to the DS-NiCr-
type alloys should be adequate. Totally or partially large grain size ODS alloys, like
TD-NiCr and TD-NiCrAlY, could also be used if design criteria is based on minimal
(<0.1 percent) creep deformation in order to retain full residual tensile properties. At
lower temperatures up to about 1255 K, either of the two evaluated superalloys, Haynes
Alloy 188 or Hastelloy X, should be usable in thermal protection systems providing their
creep strengths are adequate to meet operating conditions.

Based on the results of this study, it appears that cyclic-elevated temperature-
hypervelocity oxidizing conditions expected in multiple reentry conditions should not
present any special problems for the use of either superalloy or ODS alloy sheet
material in thermal protection systems. In general, the usual creep-limiting criteria
associated with the use of these alloys can be applied in designing thermal protection
systems involving these alloys. However, it should be noted that some ODS alloys
(those possessing a large grain size) suffer microstructural damage during creep, and
this damage can severely reduce the tensile ductility.

12



CONCLUSIONS

Superalloys and oxide dispersion strengthened alloys appear to be usable in thermal
protection systems for hypervelocity reentry conditions providing that the design oper-
ating conditions are matched to the normal limitations of these alloys.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, March 7, 1977,
505-01.
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APPENDIX A

MECHANICAL PROPERTY DATA FOR OXIDE DISPERSION STRENGTHENED

ALLOYS AND SUPERALLOYS AFTER PLASMA ARC TUNNEL EXPOSURE

The room temperature tensile properties, elevated temperature tensile properties,
elevated temperature creep properties, and room temperature residual tensile proper-
ties for as-received and Plasma Arc Tunnel exposed TD-NiCr, DS-NiCr(I), DS-NiCr(II),
TD-NiCrAl, TD-NiCrAlY, Haynes Alloy 188, and Hastelloy X are tabulated in tables VI
to XII. Again it should be noted that all mechanical property tests were conducted in
the transverse sheet direction which is generally thought to be weaker than the longi-
tudinal (rolling) direction. Also, all the mechanical properties of Plasma Arc Tunnel
exposed alloys were calculated on the basis of the average thickness of the Plasma Arc
Tunnel samples prior to exposure.

14
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APPENDIX B

ADDITIONAL PLASMA ARC TUNNEL EXPOSURE OF DS-NiCr(I)

During the initial phase of the Plasma Arc Tunnel (PAT) exposures, sample tem-
peratures were monitored by spring loaded thermocouples instead of task welded ther-
mocouples. In the course of PAT exposure, a large difference between the temperature
of the sample as measured by means of the spring loaded thermocouples (low readings)
and pyrometry (high readings) was observed. This lead to experiments (ref. 10) which
established that spring loaded thermocouples were recording temperatures considerably
below (~ 100 K) those recorded by tack welded thermocouples in the temperature range
of interest.

One set of DS-NiCr(I) samples were subjected to 40 cycles where spring load ther-
mocouples were employed to record the temperature. On the basis of pyrometry it is
estimated that these 40 cycles occurred at approximately 1477 K rather than the 1366 K
monitored by the spring loaded thermocouples. Following the initial 40 cycles the
spring loaded thermocouples were replaced by tack welded thermocouples, and an addi-
tional 60 cycles at 1366 K were conducted. The characteristics of the exposed samples
and metallographic and alloy depletion data for these samples are as follows:

Alloy: DS-NiCr(I)

Exposure: 40 cycles - 1477 K plus 60 cycles - 1366 K
Average thickness, Initial - 300

um: Final - 343
Color of exposed Velvet black and copper

surface:

Phases on exposed Cu2Cr204
surface:

Thickness of uniform PAT side - 3

oxide, pm: Back side - 1
Maximum depth of PAT side - 15
oxide pits into Back side - 0

base metal, um:

Depth of Kirkendall PAT side - 16
porosity, um: Back side - 0

15



Cr depletion zone
behind uniform
oxide:

Cr depletion zone
behind oxide pits:

PAT side - distance 75 um; approximate substrate surface con-
centration 12 percent

Back side - distance 55 pm; approximate substrate surface con-
centration 19 percent

Distance 65 yum; approximate substrate surface concentration
15 percent

As can be seen in table XIII, this PAT exposure had no significant effect on the mechani-

cal properties.
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TABLE I. - NOMINAL COMPOSITIONS AND THICKNESS OF SHEET ALLOYS

Material

TD-NiCr (Heat 3634)
DS-NiCr(I)
DS-NiCr(II)
TD-NiCrAl (Heat 3740)
TD-NiCrAlY (Heat 3741)
Hastelloy X

(Heat 2600-9-4954)
Haynes Alloy 188

(Heat 1880-9-0150)

Composition, wt. %

Ni-19. 8Cr-2. 15Th02
Ni-20Cr-1.9ThO,
Ni-20Cr-1. 9ThO2
Ni-16Cr-3. 3Al-2ThO,

Ni-16Cr-3. 4Al1-0. 2Y—2Th02
Ni-22Cr-18. 5Fe-9Mo-2. 5Co0-0. 6W

Co-22Cr-22Ni-14W-1.5Fe-0.08La

Thickness, cm

0.025
. 025
. 037
. 037
. 037
. 037

. 037

TABLE II. - EXTERIOR FEATURES OF PLASMA ARC TUNNEL EXPOSED SAMPLES

Average thickness, pm

Color of PAT ex-
posed surface

Oxide phases on PAT
exposed surface

Materialn Exposure conditions
TD-NiCr 7 100 cycles - 1255 K
100 cycles - 1366 K
50 cycles - 1477 K
DS-NiCr(I) 100 cycles - 1366 K
DS-NiCr(II) 100 cycles - 1366 K
TD-NiCrAl 100 cycles - 1477 K
TD-NiCrAlY 100 cycles - 1477 K
Hastelloy X 100 cycles - 1255 K
Haynes Alloy 188|100 cycles - 1255 K
50 cycles - 1366 K2

As-received | As-exposed
7 280 318
274 292
283 318
299 327
412 437
387 406
344 368
415 463
362 409
404 455

Velvet black and
copper

Velvet black and
copper

Black and mottled
green

Velvet black and
copper

Velvet black and
copper

Gray and scattered
areas of black

Gray and scattered
areas of black

Velvet black and
grayish black

Velvet black and
touches of green

Velvet black

NiO, CuyCryOy
Cu2Cr204

NiO, Cr203, spinel
CuZCrzO4
Cu,Cry0,
a—A1203, spinel
a—A1203, spinel
NiQO, spinel

spinel

spinel, CoO

aSingle PAT sample.
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TABLE III. - MICROSTRUCTURAL FEATURES ASSOCIATED WITH PLASMA ARC TUNNEL EXPOSURE

Alloy

TD-NiCr

DS-NiCr(I)
DS-NiCr(II)
TD-NiCrAl
TD-NiCrAlY
Hastelloy X
Haynes Alloy 188

[Average data from two metallographic specimens.]

100 cycles - 1255 K

100 cycles - 1366 K

50 cycles - 1477 K
100 cycles - 1366 K
100 cycles - 1366 K
100 cycles - 1477 K
100 cycles - 1477 K
100 cycles - 1255 K
100 cycles - 1255 K

50 cycles - 1366 K

Thickness of uni-
form oxide,
Mum

PAT side |Back side

13
8

12
9
3
3

20

10

TN N e e = W]

44

AMaximum depth of intergranular oxidation.

20

Maximum depth of
oxide pit(s) into
base metal,

Depth of Kirkendall

porosity,
pm
PAT side |Back side
13 13
43 15
80 45
16 0
20 7
0 0
0 0
0 0
0 0
0 0




TABLE IV. - ALLOY DEPLETION OF PLASMA ARC TUNNEL EXPOSED MATERIALS

Alloy Exposure Alloy depletion zones behind uniform oxide scale Depletion zone behind oxide pits
Element(s) Distance, um Surface concentration, wt. % | Distance, | Approximate substrate
analyzed Lm surface concentra-
PAT side |Back side PAT side | Back side tion,
wt. %
TD-NiCr 100 cycles - 1255 K Cr 25 15 13 16 -~ --
100 cycles - 1366 K Cr 70 40 12 18 55 16
50 cycles ~ 1477 K Cr 105 45 10 18 80 17
DS-NiCr(I) 100 cycles - 1366 K Cr 85 40 8 19 -- --
DS-NiCr(II) 100 cycles - 1366 K Cr 65 40 9 16 40 12
TD-NiCrAl 100 cycles - 1477 K Cr/Al 0 0 16/3.3 16/3.3 -- --
TD-NiCrAlY 100 cycles - 1477 K Cr/Al 0 0 16/3. 4 16/3.4 -- --
Hastelloy X 100 cycles - 1255 K Cr 20 15 10 15 -- -
Haynes Alloy 188100 cycles - 1255 K Cr/Ni 20 15 14/27 18/24 -- --
50 cycles - 1366 K Cr/Ni 35 20 14/27 19/24 -~ --
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TABLE V. - AVERAGE CREEP STRENGTHS OF TESTED ALLOYS (AVERAGE OVER

AS-RECEIVED AND PLASMA ARC TUNNEL EXPOSED ALLOYS)

[All tests transverse to sheet rolling direction.]

Stress, MPa

13.8

Average total

Alloy Test temper-
ature,
K

TD-NiCr 1366
DS-NiCr(I) 1366
DS-NiCr(II) 1366
TD-NiCrAl 1366
TD-NiCrAlY 1366
Haynes Alloy 188 1255
Hastelloy X 1255

8See table XI(c).

plastic creep strain after 150 hours,

34.5
percent

1.1
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TABLE VI. - MECHANICAL PROPERTIES OF AS-RECEIVED AND AS-EXPOSED TD-NiCr

(a) Room temperature properties

EXPOSURE SYMBOL

A<-RECFIVED 1

170 CYCLES-1255 K 2

170 CYCLES-1366 K 3

5C CYCLES-1477 K y

EXPOSURE De0? PCRCENT f.2 PERCENT ULTIMATE TENSILE  E(ONCATIgN IN
YIELD STRESS, YIFLD STRESS, SIPESS, 2.5 CENTIMETERS,
MFGAPASCALS MECAPASCALS MEGAPASCALS PERCENT
1 3308 4orn 8 797.4 168
1 298.7 547 .4 RSY4.3 10.0
1 279.7 45,7 82648 9.0
2 567.7 658,73 77546 13.0
2 466 .8 546 ,° 7576 13.0C
2 4135346 2%l 41,9 6.5
3 332.7 iolal BCO.C 12.0
4 377.8 587.3 796 8 11.1
4 4C1.1 523,7 77746 g .5
BVEPAGE VALUCS

1 703.1 52¢," 92642 11.7
2 517.2 60246 76646 13.C
2 37146 56147 771.2 9.2
4 2p9.5 655,.1 7°7.2 8.8

a . . .
Fracture at region where very deep oxide penetration occurs.
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TABLE VI. - Continued,

(b) 1366 K tensile properties

EYPOSURT
A<-RECEIVED
170 CYCLLS-12°5 K
170 CYCLES-1366 K
57 CYCLES-1477 K
ne? PTGCEONT a7 PERCONT

Syxr oL

£ N e

ULTIMATE TEASILE

YITL0 STRESS, YIFLD STRESS,

MICSPASTALS

55,6 goe2
75 .8 s .8
75 ok 777

121.3 177
75,9 7665
722 1?29
3,3 P78
612 B8 ,7
27.9 Shae?
572 127472

£2. 971
T1.% Tue.®
£242 Ge el
42 et 1C27

MECAPASCALS

STRESS,
MECAPASCALS

22,3
95.8
7748
12643
8240
7246
£3.8
LN
©7.7
177.9

°u,1

76 .4

172,84

FLONCATION IN
25 CENTIMETERS,
FrERCENT

[ Sy,



514

FXPOSURF

B L WWNN e

£ W N e

£

[

ELASTIC
STRAIN

ON LOADTNG,
PERCENT

o Uz
« 040
<118
T4
* 025
« 740
o JUT
050
. 020

«73C
.80
.72

PLESTIC
STRAIN

ON LOARING,
PERCINT

+0%0
087
043
£33
600
033
'DCC
018
.005

£ul
« 1580

0" 2

TABLE VI. - Continued.

(c) 1366 K creep strength properties

FXPOSURE SyMpoL
AS-RFCEIVED 1
1532 CYCLES~1755 K 2
100 CYCLES+1366 K 3
€0 CYCLES-1477 K 4

CREEP STRAIN
END OF TEST
(150 HOURS),

TI®E (HOURS) REQUIRED TO
PRODUCE FOLLOWING
STRAINS (PCRCENT)

PERCENT
el 0,2 45 1.2
STRLSS = 25«7 MEGAPASCALS
275 12
44,7 13
05
7043 16
3%
«C7
29,0 ell
.27
« 04
STRESS = 27.6 MEFAPASCALS
46e5 Theb 2
42.7 701 24
16.3 8442 24
121.0 .15
«37
IC.9 11
25.8 «13
140.1 11
«C7
STRESS 2 3445 MEGAPASCALS
2.4 17.8 85,4 .89
3 »R 2.6 11R.B 1.08
o1 2 14,1 130.1 1.02

TOTAL PLASTIC
CRCEP STRAIN
END OF TEST
(15C HOURS),
PERCENT

13

b
«32
28
«15
Q07
.11
#13
12
07

«93
1.23
1.1C

APPROX IMATE
STEADY STATE
CREEP RATE,

1/5ECOND

AANAN

»99C-C9
«110-C38
2460-09
«2930-09
«113-C8
«690-09
«350-C9
«530-09
«300-29

e80-08
«860-C8
«280-C8
+«300-G9
«320-09
»300-09
+3C0-C9
«160-C8
«970-C9

«130-C7
«69C-C8
e830-08
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EXPOSUFE

B £ RN e e E LN NI e e

BB N NWNN e

1

STRTSS s
MEGAPASCALS

20.7
23,7
20 .7
237
20 .7
237
207
20.7

276
27 .6
27.6
2746
27.6
27.6
27 .6
27.6

34 44

TABLE VI. - Concluded.

(d) Room temperature residual tensile properties after creep testing at 1366 K

PLASMA ARC TUNNEL SYMRQL

FXPOSURE

AS RICEIVED

16C CYCLFg-1255 K
1C0C CYCLFS-1366 R
SC CYCLES-1477 K

PRIOR CREFP HTISTORY
CREEP STRAIN,
PERCENT

TIME,
HOURS

NOT
NOT
NOTY
NOT
NOT
NOY
NOT
NOT
NOT

15C.0
157.C
15T 43
150.0
15C.3
153.0
153.0

15C.0

15c.0
150.0
15C.0
157
150.C
1573
1530.0
1500

150.0

CRCEP
CRCEP
CREEP
CRLCEP
CRFEP
CREEP
cRr[P
CREEP
CREEP

TESTED
TESTED
TESTED
TESTED
TESTFD
TESTED
TESTFOD
TESTED
TESTeD

13
‘05
16
.09
007
11
«07
08

24
20
«15
07
11
013
11
«07

1.08

A N e

TOTAL PLASTIC
CREEP STRAIN,
PERCENT

16
05
17
«10
«08
13
.09
06

«32
»28
+15
«37
11
«13
12
.07

Apracture at region where very deep oxide penetration occurs,

bCreep damaged.

Cout of gage failure,

RESTDUAL TENSILE PROPERTIES

0.2 pERCENT
YIELD STRESS,
MEGAPASCALS

487.1
S40.2
546.48
661.4
549.1
625.6
502.3
587.0
523,0

562.2
556 .0
590 .5
596.C
537.4
541.6
50540
496.1

540,9
51647
457.5
573.9
612,1
645 .8
557.1

oC

494,7

ULTIMATE
TENSILE STRESS,
MEGAPASCALS

791.7
854t
826.8

77943
761.3
745.5
g03e4
796.5
177.9

179.3
758.6
6676
68047
622.2
638.7
S16.1%
553.3

683.5
686,2
458.9
60546
650.6
T70.4
621.9
533.9

49447

ELONGATION,
PERCENT



TABLE VII. - MECHANICAL PROPERTIES OF AS-RECEIVED AND PLASMA ARC TUNNEL

FXPOSURr

RNY b b b e

N

CXPOSLRE

NN b e

EXPOSED DS-NiCr(I)

(a) Room temperature tensile properties

FAIFOS YRF eYmMagL
AT-RECEIVEL !
170 CYCLFT-13¢g K »
Jel? PORCENT RSN TSN { ULTI™ATE TENSTLE
YITLD STRFSS, YIFLm TTIrgse, STRLSS,
MFCAPASCALS WITAPACCALSY, MEGAPASCALS
CHE b 23,7 76846
cug .y 62" .1 T
457 .8 PE A FEZ2.5
72,3 AN F23a1
282,5 6o, 1 204 .6
AVERACE VALUFS
5763 €547 £30.9
2n2 .5 684 .1 LRI

(b) 1366 K tensile properties

CYPaSURYT SYMEOL
AS-PECLIVED 1
177 CYCLES-13F6 K 2
Ge22 PTERCENT Tel PERPCENT ULTIMATEL TENSTLE
TrLp STRESS, YITLD STRESS STRLSS,
MEGAPASCALS YECAPATCALS MFCAPASCALS
525 8nr 8 1p%.2
6563 8265 110,1
24,5 IATY] 113.4
C25 B%.5 113.3
£3 45 8347 118.1
AVERAGE VvALUES
£S5 .7 7° 6 13%.6
TE LT AT A 1157

CLONCATION I%
?e% CENTIMOCTERS,
PERCLENT

19.7
13.9
16.7
13.9

1.9

CLONTCATION IN
2«5 CENTIMETFRS,
PERCINT
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TABLE VII, - Continued.

(c) 1366 K creep strength properties

FXPOSURE SYMROL
AS-RFcEIVED 1
100 CYCLES-1366 K 2
CXPOSURE ELASTIC PLASTIC TIME (HOURS) REQUIRED TO CREEP STRAIN TOTAL PLASTIC APPROXIMATE
STRAIN STRPAIN PRODUCE FOLLOWING END OF TEST CREEP STRAIN STEADY STATE
ON LOADING, ON LOADING, STRAINS (PERCENT) €150 HOURS), ENDO OF TEST CREEP RATE,
PERCENT PERCENT PERCENT (150 HOURS), 1/SECOND
fal 0.2 C.5 1.0 PERCENT

STRESS = 13.8 MEGAPASCALS

1 .10 R 9.1 138.2 «26 .26 < «300-09
1 "10 000 .08 .C8 .880-09
.70s% L0 145,1 W11 11 < +300-C9
STRESS = 2T+7 MEGAPASCALS
1 orbr 010 6443 .1t 15 < L300-C9
1 .10 020 n.2 58,7 +30 .32 < +300-C9
1 .20 Cun Cel 9,8 .33 37 < »26C-09
2 . "3C .01C 176, .14 .15 +850-09
2 o115 013 1945 ell 012 < «300-L9
STRESS = 27«6 MCGAPASCALS
1 .30 072 20.6 017 24 .130-08
1 .20 040 12.C 127.0 24 .28 «150-C8
1 . "3C At 775 o184 .19 »190-08
2 aTen .190 1.8 9.5 .33 54 «130-08
2 WFE7 0290 4,1 1642 .33 e35 «500-C9
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FXPOSUPE
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1
1
1
2
2

3Fracture at region where creep extensometer attached, local oxidation visible.

STRESS,
MEGAP ASCALS

13.8
13.8
13.8

207
23,7
22.7
20 7
20 7

27.6
27,6
27 .6
27«6
27.6

Pout of gage failure.
CCreep damaged.

TABLE VII, - Concluded.

(d) Room temperature residual tensile properties after creep testing at 1366 K

PLASMA APC TUNNEL SYMROL

£XPoSUpE

AS REcEIVER
Irp CYCLES-13p6 K Zz

PRI0P CREEP HTSTORY
CREEP STRAIN,
PEPCENT

TIVE,
HOURS

NOT
NOT
NOT
NOT
NOT

150,3
1535.2

15C.3

1585
150.0
152.C
15342
157.0

15C.3
153.0
153.C
153.0
15r.2

CRrEP
CREEP
CREEP
CREEP
CREEP

TESTED
TESTED
TESTED
TEstED
TESTED

.26
.08
11

14
30
33
14
el1

<17
«24
ol8
33
33

TOTAL PLASTIC
CRFEP STRAIN,
PERCENT

26
.08
11

e15
32
37
«15
.12

24
«28
19
o s

« 25

RESInUAL TENSILE PROPERTIES

0.2 PERCENY
YIELD STRESS,
MECAPASCALS

632.5
68C .7
649 ,7
654 5
684,2

64947
6883
618.7

574.6
564.3
52443
619,6
722.7

5753
571.2
582.2
711.7
731.0

ULTIMATE
TENSILE STRESS,
MEGAPASCALS

78648
851.6
BE1e2
621,3
894.3

863.2
£73.2
776.°

627.C
7179
694.5
787.C
aul,5

768, 9
722.1
733.8
894.C
812,%

ELONGATION,
PERCENT

T
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TABLE VI, - MECHANICAL PROPERTIES OF AS-RECEIVED AND PLASMA ARC TUNNEL
EXPOSED DS -NiCr(II)

(a) Room temperature tensile properties

EXPOSURE SYMROL
AS-RECEIVED 1
109 CYCLES-1366 K 2
EXPOSURE 2.02 PERCENT 042 PERCENT ULTIMATE TENSTLF  CLONCATION IN
YIELD STRESS, YIFLD STRESS, STRESS, 2.5 CENTIMETFRS,
MEGAPASCALS MEGAPASCALS MEGAPASCALS PERCENT
1 77.2 303.9 68647 17.¢
1 18349 363 ,4 £71.9 1547
1 1€1.8 233.3 6468 15.7
1 452 .4 4By, 0 663.6 19.¢
2 339.9 454,2 £33 .4 19,¢
2 431.8 4990,2 711.5 13,5
AYERAGF VALUES
1 217.6 366.1 6672 17.4
2 3853 47R,7 673.9 19,0
(b) 1366 K tensile properties
EYPOSURE SYMROL
AS-RECETVED 1
1°C CYCLES-1366 K 2
EXPO SURE 0e0? FERCENT £.2 PERCENT ULTTMATE TENSILE  FLONFATION I
YTELD STRLSS, YISLD STRESS, STRESS, 2.5 CONTIMET T ©,
MFCAPASCALS MEGAPASCALS MEGAPASCALS PERCENT
1 79.3 150.5 11647 446
1 62.9 89 R 11247 6e5
1 77.5 120.0 112.2 4,6
2 64 7 9ya7 179.3 1.9
2 1642 97,1 110.3 2.8
AVERAGE VALUFS
1 7247 96,0 113.6 5.2
2 £3.5 92.4 119.8 2.7
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TABLE VIO, - Continued.

(c) 1366 K creep strength properties

EXPOSURE SYMROL
AS-RECEIVED I
100 CyCLES-1366 K 2
EXPOSURE ELASTIC PLASTIC TIME (HOURS) REQUIRED TO CREEP STRAIN TOTAL PLASTIC APPROXIMETE
STRAIN STRAIN PRODUCE FOLLOMING END OF TEST CREEP STRAIN STEADY STATE
ON LOADINGy, ON LOADING, STRAINS (PERCENT) (150 HOURS), END OF TEST CREEP RATL,
PERCENT PERCENT PERCENT €150 HOURS), 1/SECOND
Tel De2 0.5 1.0 PERCENT

STRESS = 13.8 MEGAPASCALS

1 «00S 020 26.8 .16 «18 < +303-C9
1 030 .77 0z 63 < W300-09
1 15 000 o9 .09 < +360-0%
STRESS = 207 MEGAPASCALS
1 33 «023 70 .19 .21 < .306-29
1 120 0ud 1.8 o1y .18 J442-C9
1 .20 .020 2.1 Se2 42 o84 < 4333-€9
2 . 00% 010 25.8 .16 17 < o3C0-c9
2 «60 +01C .05 «C6 < +300-C9
STRESS = 27.6 MEGAPASCALS
1 « 730 .02¢ 12.5 .11 013 < .3C3-C%
1 .f20 .02¢ 14,4 56,9 .24 .26 «652-1:9
1 .20 «020 .38 .15 «2060-C8
2 .Loc .60 W06 .12 < «352-09
2 « 00 <20 101,0 14 17 < «303-09
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EXPOSURE
STRFSS,
MEGAP ASCALS
1
1
1
1
2
2
1 13.8
1 13.8
1 13,8
1 20.7
1 20 7
1 20.7
2 20.7
2 20,7
1 2746
1 27.6
1 27.6
2 2746
2 27,6

20ut of gage failure,

TABLE VIII. - Concluded.

(d) Room temperature residual tensile properties after creep testing at 1366 K

PLASMA ARC TUNNEL SYMBOL
EXPOSURE

AS RECEIVED 1

100 CYCLFS-1366 K 2

PRIOR CREEP HISTORY
CREEP STRAIN,
PEPCENT

TiM,
HOURS

NOT
NOT
NOT
NOT
NOT
NOT

15¢eD

15C.0
150,0

153,90
1500
150.0
150.0
150,.3

150,0
150.0
15040
150.0
15p.0

CREEP
CREEP
CREEP
CREEP
CREEP
CREEP

TESTED
TESTED
TESTED
TESTED
TESTED
TESTFD

016
.03
.09

.19
oly
42
016
«05

.11
.28
«0f
<06
ol

TOTAL PLASTIC
CREEP STRAIN,
PEPCENT

«18
03
«029

.21
.18
oy
.17
.06

13
26
«10
12
217

RESIDUAL TENSILE PROPEFTIES

0.2 PEPCENT
YIFLD STRESS,
MEGAPASCALS

303.2
3424
333.5
483.7
559 .6
498.8

517.4
483.7
4341

447.8
449,.9
429.2
48243
4713

434.8
442,3

456,12
47262
479.5

ULTIMATE FLONCATION,
TENSTIE STRELSSe PERCENT
MEGAPASCALS

684.9 17.6
6774 1647
647,0 15,7
£62.8 19.5
63245 18,5
711.0 18.5
722.8 2Cat
71646 18,5
€39.4 19 .4
62747 1Ce2
65743 167
65245 1845
673,32 12.9
651t 13.C
651.8 19.4
65044 15,7
651.8 a32,0
656,C 12.0
66244 12.¢
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TABLE IX, - MECHANICAL PROPERTIES OF AS-RECEIVED AND PLASMA ARC TUNNEL
EXPOSED TD-NiCrAl

(a) Room temperature tensile properties

CYPOSURE SYMPOL
A<-RPECETyED 1
170 CyCLES-1477 K 2
EXPOSURE J.CC PFPCENT "e2 PERCENT ULTIMATE TENSTLE  ELONCATION IN
YTELD STRESS, ¥YIpLo STRESS, STRESS, 25 CENTIMETERS,
MEGAPASCALS MECAPAGCALS MEGAPASCALS PERCENT
1 482, 6lb.1 e67,6 8.c
1 493.€ 58648 8575 13,0
2 21248 £23.8 42,2 12.¢
2 521,¢8 620,.1 9258 12.C
AVERAGE VALUFS
1 487.9 6CN.5 86246 10.5
2 367.2 £76." A331.3 12.0
(b) 1366 K tensile properties
FYPOSURF A LLYTS
AS-RECEIVED 1
170 CYCLES-1477 K 2
EYPOSUPE 0.C? PERCENT "¢ PEPCFNT ULTTMATE TEMNSTLF  FLONGATICN IN
YIELD STRESS, YIFLD STRESS, STRESS, 2.5 CENTIMETLRS,
MEGAPASCALS MEGAPASCALS MEGAPASCALS PERCENT
1 23,2 67,0 23,0 2.0
1 14,6 51,% 81l.7 1.0
1 19,5 5Ce7 81,0 1.0
F 4C.7 79.9 92.5 1.9
2 2642 576 84,45 9
AVERAGF VALUFS
1 19.1 566 B2.2 1.3
z 33.4 5847 8845 1.4
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TABLE IX. - Continued,

(c) 1366 K creep strength properties

FXPOSURE SYMOOL

AS-RECEIVED
10C CYCLFS-1477 K

[ N

EXPOSURE ELASTIC PL*STIC TIME (HOURS) RECYIRED TO  CPEEP STRAIN TOTaL PLASTIC APPROXIMATE
STRAIN STRAIN PRODUCE FOLLOWING END OF TEST CREEP STRAIN STLADY STATE
ON LOADING, ON LOADING, STRAINS (PERCENT) (157 HOURS), END OF TEST CREEP RATE,
PERCENT PERCENT PFRCENT €150 HOURS), 17SECOND
Tel 2.2 0.5 1.0 PERCENT
STPLSS = 13+3 MEGAPASCALS
1 .20 G102 a5.C .18 «11 < WJ3G2-C9
1 .20 019 13.0 .l .15 < «3005-09
1 730 G227 760 .12 W14 < «300-C9
2 Tl Q10 «Cl .05 < «300-C9
2 .m25 .25 514G .16 .18 < «300-79
STRPESS T 17+2 MEGAPASCALS
1 «73p 217 10e8 13747 28 .25 < .300-09
1 . 120 Malsfe] 2.1 2. «36 36 «690-09
1 .c20 L2 8l .19 219 < «3CO-C9
2 .29 <028 10.C «15 17 < «300-09
2 « 020 017 a1.32 e11 12 < «300-C9
STPESS B 2441 MEGAPASCALS
1 750 Nstes 21 Dot 1.9 6.4 6470 6.7C .350~C8
1 . 750 .22 Q.2 0.4 R.9 23.7 17010 174135 «930-L7
1 . 730 «083 0.2 ~fL.S 14,5 27.¢ 2G.70 2C.10 «110-C6
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{XPOSURF
STRFSS,
MFGAP ASCALS
1
1
2
2
1 10.3
1 10 +3
1 1C .3
2 10 .3
2 1.3
1 17.2
1 17.2
2 17.2
2 172

TABLE IX. - Concluded.

{d) Room temperature residual tensile properties after creep testing at 1366 K

PLASMA AcC TUNNEL SYMBOL

CXPOSURE

AS RFCEIYED

1
12C CYCLES=1477 K 2

PPIOR CPEEP HISToRrY
TIME, CREEP STYRAIN,
HOURS PERCFNT

NOT CRELCP TgSTfD
NOT CRFEP TESTED
NOT CREEP TESTED
NOT CPrEp TESTED

150,02 17
150,2 .14
15C.0 12
157,.2 oJu
157.D 16
157,20 «36
157.C .19
187.7 .15
152,0 .11

AFailed at region where extensometer attached,

brailed at spot weld.

T0TAL PLASTIC
CREEP STRATHN,
PFRCENT

o11
.15
.14
55

.18

.36
«19
17
12

PESIDUAL TeNSILE PRCPLRTIES

0.2 PERCENT
YIELD STRESS,
MEMAPASCALS

613.9
582.2
525,7
6511

698.C
63646
644 .2
6574
751.C

w o
€0,
o .
DO &

o
~ w D

ULTTYATF
TENSILE STRESS,
MEGAPAS CAS

£68,1
65146
742.7
¢28,¢

@27,7
§37 .k
$37.2
§89,1
932.7

§43.2
49,6
82C.6
389.3

ELONGATION,
PERCENT

3w M
* e s o
[ NS RN
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TABLE X. - MECHANICAL PROPERTIES OF AS-RECEIVED AND PLASMA ARC TUNNEL
EXPOSED TD-NiCrAlY

(a) Room temperature tensile properties

£ XPOSURE SYMPQL
AS-RECETVED 1
162 CYCLEg=1877 K >
£ XPOSURE £,C2 PERCENY "2 PEPCONT ULTTMATF TENSTLE FLONCATION IN
YIELD STRESS, YIFLD STPESS, STRESS, 2.5 CONTIMETFRS,
MEGAPASCALS MECAPASCALS MEGAPASCALS PERCENT
1 425 ,7 E57 .4 063et 9,0
1 u2y.7 510,7 £89.7 9.0
1 351.8 477, £EE .6 12.0
1 310,85 48641 P55 ,.8 10.0
1 45,6 554 .6 9239 11.0
2 19132 3550 669,7 11.1
2 3In5,7 52a,p €£93,8 2¢ .5
AVERAGF VALUES
1 393.7 £15.5 £7247 9.8
2 268 .5 43Ten 76,8 3.8

AFailed at spot weld.
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TABLE X. - Continued.

(b) 1366 K tensile properties
EXPOSURF SYMPOL

AS-RECEIVED

—

17C CYCLES-1477 K 2
EXPOSURE Cel2 PERCENT .2 PEPCINT ULTIMATE TENSTLE CLONGATION IN

YIgLh STRESS, YIELD STRESS» STRESS, 2e5 CENTIMETLRS
MCGAPASCALS MEGAPASCALS MEGAPASCALS PERCENT

1 37.7 6 .2 A8 .5 145

1 41,1 6243 glep 1.0

1 23.5 679 91.9 1.0

z 4y ,7 R7,5 92.5 o9

? 25,0 75,9 11343 2.8

AVERAGE VALUFS
1 Ry .2 £742 10
2 .2 £1.7 12249 1.8
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TABLE X. - Continued,

(c) 1366 K creep strength properties

FXpo<UnL SyYMROL
AS-RECFIVED 1
127 CYCLPg-1477 K 2
FXPOSURE ELASTIC PLASTIC TIML (HOURS) RFCUIPED To CREFP STRAIN TOTAL PLASTIC APPROXIMATE
STREIN STRAIN PRODUCF FOLLOKRING END GF TEST CREEP STRRAIN STEADY STATE
ON LOADING, ON LOADING, STRAINS (PFRCENT) €150 HOURS), END OF TEST CREEP RATE,
PERCENT PERCENT PERCENT (152 HOURS), 1/SECOND
rfal 9.2 2.5 1.7 PERCENT
STRPESS = 102 MLAAPASCALS
1 «T4p Nob 5o 110.2 012 o1 .190-C8
1 o 20 023 6.7 5742 o 26 29 < «30C-C9
1 . 720 Rds! el 14,5 «33 ' 36 < «3060-C9
2 . 708 000 .3 W33 400-09
2 el Nabsls] 532 o33 < L3C0-C9
STRESS = 17.2 MEGAPASCALS
1 «~30 000 D+8 177 W42 2 «350-U9
1 « 730 087 Je1 Cati «33 38 «560-C9
1 « 730 27 Cel 3 W24 26 < «300-C9
2 . 730 «£7C 96+C .11 .14 «170-08
2 JSne L3158 177.5 .17 o1l < «300-L9
STRESS = 2441 MEGAPASCALS
1 « 720 «C9C Je3 75 «34 43 J2UC-C8
3 o TS0 cun G.1 .2 10C.3 .83 .87 «S70-C8
1 .60 373 0.2 1.0 15640 S8 A «610-L8
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FXPOSUPE

NN e I S T o

™ N s e

1
1

1

STRESS,
MEGAPASCALS

10 .3
1C .3
10.3
103
16 .3

17.2
17.2
17.2
1742

24«1
24.1
24 .1

8Failed at spot weld.
bCreep damaged.

TABLE X. - Concluded,

(d) Room temperature residual tensile properties after creep testing at 1366 K

PLASMA ARC TUNNEL SYMEDL
[ XPOSURE

AS ReECFIVED 1

130 CYCLFS=-1477 K 2

PPIOR CRFEP HISTORY

TIME,
HOURS

NOT
NOT
NOT
NOT
NOT
NOT
NOT

15743
152.0
157,32
15C.3
1530

15C.C
157.0
157,72
1522

15C.C
15752
15743

CRLCE
[

CREEP
CRFEP
CRFEP
CREEP
CRegP
CREEP
CREEP

P STRAIN,
ERCENT

TESTECD
TESTED
TESTED
TESTFD
TESTED
TESTED
TESTFD

17
26
33
«03
.03

.33
.28
.11
.17

34
83
«58

TOTAL PLASTIC
CREEP STRPAIN,
PERCENT

13
29
36

~
.o

.38
«26
vl4
o11

43
«87
«65

RESIPUAL TENSILE PRCPERTIES

0.2 PEFCENT
YIFLD STIRESS,
MECAPASCALS

553.3
511.9
473,3
485,7
554.6
367.,3
531,2

623.9
62442
575.3
62845
667.8

546,4
613.2
631.1
65941

SST.
43046
527.1

ULTIMATE
TENSILE STRESS,
MEGAPASCALS

86142
892.2
8c8,.5
85547
9C1.?2
672.5
68642

936,48
929.5
50%,9
745,.3
915.¢6

96T.5
914,13
Bgne?
£83.8

649,7
987.7
T17.9

ELONGATION,
PERPCENT

9.
9.5
100
14.C
11.C

Al

9.3
1c.2

6‘5
b3,7
1C.2

1c.2

-

b.q
7.4
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TABLE XI. - MECHANICAL PROPERTIES OF AS-RECEIVED AND PLASMA ARC TUNNEL
EXPOSED HAYNES ALLOY 188

(a) Room temperature tensile properties

FYPOSURF SYMFOp
AS-RECCTVED 1
170 CYCLEc=-1255 K z
S CYCLES-17¢6 X 3
EXPOSURE 0.2 PERCENTY ~e2 PERCENT ULTIMATE TENSTLE ELONCATION IN
YTIELD STRESS, YIFLD STRESS, STRESS » 2% CONYIMEYERS,
MCGAPASCALS MEGAPACCALS MEGAPAGCALS PERPCENT
1 35245 4935 055.0 47.0
1 32542 52546 918.8 47.0
1 219.92 432.3 Q4.6 46.0
1 298 .6 447,48 R89.3 4640
1 266 .6 440, 0 9371 £C.0
2 3u3.3 43R ey 899,5 39.8
2 341.2 448.7 B99 .5 42,7
3 325.C 3960 77363 3849
3 279.C 398,9 T73.7 47,2
AVERBGE VALUFS
1 292.0 467.7 92840 47,2
2 342,2 842 ,5 899.5 402

[

3cz.C 3%7.5 T73.5 43.0
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TABLE XI. - Continued.

(b) 1255 K tensile properties

C¥POSURE SYMROL
AS-RECCIVED 1
1C0 CYCLES-1255 K 2
5C CYCLES-1366 K 3
Ce[2 PERCENT 0e2 PERCENT ULTIMATE TENSTLE
YIELD STRESS, YIELD STRESS, STRESS,
MEGAPASCALS MEGAPASCALS MEGAPASCALS
29.1 FARY 168.1
64 «6 10¢6,.6 16743
49,1 9843 159.0
PR .2 130.5 187 .4
59 .3 1077 192.4
S5 .4 9540 163.8

AVERAGF VALUES

4746 100,2 164,86
7.8 1171 169.9
£S5 0 AN 163.9

ELONGATION 1w
2,5 CENTIMETERS,
PERCENT

21.8
29.0
23.C
2440
25.9
16.7
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TABLE XI. - Continued.

(c) 1255 K creep strength properties

EXpOSURE SYMEQL

AS-RECEIVED 1
100 CYCLES~-1255 K 2
50 CYCLES-1366 K 3

FXFOSUPE ELACTIC PLASTIC TIME (HOURS) REQUIRED YO CREEP STRAIN TOTAL PLASTIC APPROXIMATF
STRAIN STRAIN PROOUCE FOLLOWING END OF TEST CREEP STRAIN STEADY STATE
ON LOADINGy ON LOADING, STRAINS (PERCENT) (150 HOURS)y END OF TEST CREEP RATL,
PERCENT PERCENT PERCENT €150 HOURS), 1/SECOND
Pal De2 CeS 1.C PERCENT
STRESS = 6.9 MEGAPASCALS
1 « 705 005 T4.6 13 «13 «143-08
1 « 05 «025 121.8 16 el6 «140-C8
1 «"0S 005 183.2 .10 «10 < «300-09
2 PRAL A 035 Sel 3.0 26 «26 «500-C9
2 « (10 .C1C 7.9 ol€ «17 < +300-09
3 «720 «020 Te1 W16 16 < «300-C°

STRESS = 1CTe3 MEGAPASCALS

1 «780 .010 72.2 117.0 W41 oh2 «490-08
1 « 120 010 14.8 64e0 1197 77 .78 +560-08
1 «"57 <010 59.0 109.0 42 43 «600-08
2 « 20 000 07 «07 < «300-09
2 .15 .£30 33 .03 «560-C9
3 .10 Psislsl 11 el1 < «300-59
STRESS = 13.8 MEGAPASCALS
1 « 030 010 «C9 10 «130-08
1 « 760 «010 247 63 4C. «5¢ «56 < «300-C9
1 « 020 «C10 52 6.1 Teb 11.8 17,40 17.43 «170-C7
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EXPOSURF
STRESS,
MEgAP ASCALS
1
1
i
1
1
2
2
3
3
1 6 .9
1 649
1 649
2 6,9
2 6«9
3 6.9
1 103
1 10.3
1 16,3
2 1643
2 10.3
3 10.3
1 13.8
1 138

qout of gage failure,

TABLE XI. - Concluded.

(d) Room temperature residual tensile properties after creep testing at 1255 K

PLASM; 2P TUNNgL SYMROy
FXposURE
S RECEFIVED 1
100 CYCLEg-1255 K 2
€3 CYCLES-1366 K 3
PETOR CREEP HISTORY TECINUAL TENSILE PROPERTIES
TIv%E, CRELP STRAINs, ToOTAL PLASTIC ~a? PEPCONT ULTI%ATE ELONGATION,
HOURS PERCENTY CREEP STRAIN, YICLg STRFSS, TENSILF STRESS, PERCENT
PERCENT METAPASCALS MECAPASCALS
NOT CpFEp YESTFD 49343 981,¢ 47.¢
NCT CREEP TESTED 522.2 $23.3 477
NOT CREgEP TESTED 418,2 6150 (Y
NOT CREEP TESTED 463.7 923.3 4e.0
NOT CREEP YESTfp 441 ,C $38.4 503
noT CrEEp TESTED 440432 93,3 39.8
NCT CREEP TESTLD 448, 9C3.3 4L 7
NOT cRegP TESTED 395,85 7124 38.9
NOT CREEP TESTED 399.6 TTu, b S1.2
1575eC 13 <13 477.1 G19.7 278
15C.C «16 «16 467,1 931,5 24,1
15-~.7 17 10 42742 827,1 25,7
150,32 «26 «26 449,2 9233 2242
15C.C 16 «17 4c%4.7 ET6.4 17.6
15,7 .16 .18 362 4 729.,7 17.6
15Ce0 ol o#2 457.,% 894,3 250
152.9 .77 .78 4182 47,5 23,1
15,0 42 h3 456,.8 893.6 24.1
15Ce0 «07 .07 460,7 §8842 221.3
157.C «03 03 454 ,1 794 ,R 11.1
1530 «11 11 381.2 153,2 16,7
1500 .09 10 246.0 6977 £.2
15C.,0 17.40 17,40 o0 cblal o5
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TABLE XII. - MECHANICAL PROPERTIES OF AS-RECEIVED AND PLASMA ARC TUNNEL
EXPOSED HASTELLOY X

(a) Room temperature tensile properties

FYPOSURE SYMNROL
A<-RECETVED 1
o0 CYCLES-1255 K 2
rXPOSURYE TeCT PEPCFNT Te? PERCENTY ULTIMATE TENSTLE CLONGATION IN
YIELD STRESS, YIELD STRESS, STRESS, 2.5 CENTIMETIRS,
MECAPASCALS METAPASCALS MEGAPASCALS PERCENT
1 193 .6 3172 766 ,1 47.2
1 152.4 33°.7 7728 49 .2
1 2021 3243 769.2 S3.0
2 119.C 27T % 7086 34.3
2 182,9 28641 733.4 38.9
2 177.9 Tpbaer 68049 2.
2 £6.9 19740 68C,9 38.8
AVEFAGE VALUES
1 178.7 3154 7694 43,7

2 141 .¢ 23,5 720 .9 6.1
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TABLE XII, - Continued,

(b) 1255 K tensile properties

EXPOSURE SYMEQL

AS-RECEIVED 1
120 CYCLES-1255 K 2
EXPOSURE Oe02 PERCENT De2 PERCENT ULTIMATE TENSTLE
YIELD STRESS, YIELD STRESS, STRESS»
MEGAPASCALS MEGAPASCALS MEGAPASCALS

1 53.5 83,5
1 55.2 9°.5
1 58.0 83,3
1 71.9 9246
2 40,5 8€ 47
2 38.9 67,4
AVCRAGE VALULS
1 53,9 8745
2 29,7 7647

Failed at spot weld.

123,3
132.5
1362
14646
1377

ELONCATION IN
25 CENTIMETERS,
PERCELNT

46.C
58,0
£4.0
£5.0

412.0

431

53.2

2643

e e
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CXPOSURE

N e

NN =

£LasTic
STRAIN

CN LO2DBING,
PERCENT

«C20
¢ 20
20
« 720
» 740

« 720
« 27
023
o 28

«3D

«70%S
«C10
.05

PLASTIC
STRAIN
ON LOADING,
PERCFNT

«01C
«02¢C
«Glg
«C10
L1

«067
«05C
050
345
030

.C10
028
015

TABLE XII, - Continued.

(c) 1255 K creep strength properties

FXPOSURE SYMaOL

AS-RFCETIVED 1
13C CYCLES=1D55 K 2

TIME (HOURS) RECQUIRED TO
PRODUCE FOLLOWING
STRAINS (PFRCENT)

Jet 0.2 Ce5 1.0

STRESS = 173 MEGAPASCALS
P75
5T«2 120.0
82.6 139.7

STRESS = 138 MEGAPASCALS

T3.2  139.6
51,7 8¢ ,3
155 1447

STRESS = 17.2 MEGAPASCALS
6645

7.8 18,3
59.0

CREEF STRAIN

FyD oF TEsT

€150 HOURSY,
PERCENT

L]
«C9
02
o2H

.c

.CC
0e
022
26
.23

17
47

o127

TOTAL PLASTIC
CREEP STRATN
END OF TEST
(15C HOURSY,
PERCENT

15
11
o H
«25

W21

L6
.13
27
«31
W26

18
49
«1l4

APPROXIMATE
STEADY STATE
CREEP RATE,

17SECOND

AN

210-C¢
«300-09
« 760 -09
»280-08
«290-C8

«300-C9
«303-C9
«110-C8
«350-08
+150-C8

«13C-C8
«303-Cs
e230-C8
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TABLE XII. - Concluded.

(d) Room temperature residual tensile properties after creep testing at 1255 K

PLASMA ADC TUNNEL SyMegL
rXPgSLoer
£S PECTIVLD 1
120 CYCLES-17€5 K N
EXPOSURE PPI0R CREFP MHTISTLFY SESIDUAL TENSILE PPOPERTIES
STRFSS, TImE, CREEP STRAIN, TOTAL PLASTIC 042 PERCENT ULTIMATE ELONGATIONS,
MFGAPASCALS HOURS PERCENT CPLEP STPATN, YIfLD STRESSy TENSILE STRECS, PERCENT
PFRCLNT MEGAPASCALS MFGAPASCALS

1 NOT CFFEP TESTELD 313.,5 1702 47,7
1 NGT CRCEP TESTED 308.7 173.7 4947
1 NOT ¢RrpP TFSTED 325.9 77167 5TeL
2 NOT CRFEP TESTFD 272.8 695.9 34,3
4 NOT CRFEP TESTFD 2£5,9 731.7 3849
1 13.3 16743 J1u .15 321.8 751.7 2143
1 10 .3 187.2 .9 e11 32,5 748.2 21.3
1 1343 152.2 «27 e 31144 J47.6 23.1
2 13.3 182,32 24 25 382.7 7361 222
2 10 .3 1573 2" .21 293.9 6TC.9 14.8
1 13.8 1522 07 .C6 228.C 777.9 250
1 13.8 15745 .3 13 323.4 75943 28,7
1 13.8 152,72 22 2 293.1 772.4 204
2 3.8 157.2 26 W31 447.8 73445 1944
2 13.8 1572 W27 .26 32C.4 56443 Teb
1 17.2 15C.C 17 13 299,0 T62.7 20 o4
1 17.2 15-.2 a7 49 334.2 777,9 a319,.4
1 17.2 187,2 17 ol 345,22 8C2.0 204

30ut of gage failure.
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TABLE XIII, - MECHANICAL PROPERTIES OF AS-RECEIVED AND PLASMA ARC TUNNEL
EXPOSED DS-NiCr(I)

(a) Room temperature tensile properties

gYpoSuUrs cy»roeg
AS-REFETV D 1
4- CYCLES-1uy77 ¥ +
67 CYCLES-1366 K 2
CXPOSURE Cel® PEPCENT Te2 PIRCTNT ULTIMATE TENSTLF FLONCATION IN
YIELD STRESS, vyIFLD STPLSS, CTRFSS, 245 CENTIMETIRS,
MEGAPASCALS MECAPASALS MERAFASCAY S rCRCINT
1 S65 .8 637,7 7986 15,7
1 548 .4 [T AR | 4945 139
1 4e7,8 657 o6 fg2ec 16.7
1 532,3 £5% ,5 (2241 13.9
2 167 .9 552,# 76Gel 12,2
2 165 .4 €31e7 TIRG 4 13.0
AVERAGF VALUTS
1 53643 65449 “?.e9 15.0
2 16646 S48 177G .4

1245
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EXPOSURE

LNEL VI

AFailed at spot weld.

AS-RECEIVED

4C CYCLES-1477 K «
67 CYCLES-1366 K

C.02 PFPCENT
YIELD STRESS,
MEGAPASCALS

S245
603
54,5
31.3
48 .9

Ce2 PERCENT
YIELD STRESS,
MEGAPASCALS

Bl.8
3245
754
7364
697

AVERAGE

79.¢

T1le5

TABLE XIII. - Continued.

SYMROL

™~

VALUES

(b) 1366 K tensile properties

ULTIMATE TENSILE
STRESS,
MEGAPASCALS

1052
113.1
113.4
103.0

89.5

109 6

96.2

ELONGATION IN
2e5 CENTIMETERS,
FERCENT

3.7
2.7
3‘1
1.9

a1,9



06

TXPOSUPE

N ——

N R s bt e

TABLE XIII, - Continued.

(c) 1366 K creep strength properties

FXpgeUrT SyMPOL
AS-RECEIVED 1
43 CYCLES-1477 K +
63 CYCLES-1366 K 2
ELACTIC PLASTIC +I"F (HOURS) PFCQUIRLD TC CPELCP STRAIN TOTAL PLASTIC
STRAIN STRAIN PRODUCF FOLLOWINC END CF TEST CRELP STFAIN
CN LOADING, ON LOADING, STRAINS (PEPCENT) €150 HQOURS), END OF TEST
PERCENT PERCENT PERCENT (150 HOUPS ),
Nel Ca?2 Je5 1.C PERCENT

STRESS = 13.8 MEGAPASCALS

« 10 000 9.1 134,.2 226 «2€
« 710 «C20 L8 08
« 708 L4 108.1 W11 .11

STRESS = 2G,7 MEGAPASCALS

* 760 010 64,3 .14 *15
« 710 «52C Ce2 5549 «3C 32
« 20 o4z Cel 98 33 37
15 025 33.2 16 elb
« 725 «025 116,5 .18 21

STRESS = 27,6 MgGaPASCALS

« 30 070 2C.6 17 o2
. 720 24l 12,0 127,0 «24 .28
«73C «05G 77.5 A4 «19
13 520 4,7 11. 42 Y
.00 070 09 16

APPROXIMATE

STEADY STATE

CREEP RATEL,
1/SECOND

< «300-C9
«880C (9
< «300-C%

«3CC-C9
«300-C9
«303-09
«190-C8
«130-02

ANAN

.136-C8
«150-08
«197-08
.140-08

< 3N0-T9




TABLE XII. - Concluded.

(d) Room temperature residual tensile properties after creep testing at 1366 K

16

PLASMA ARC TUNNEL SYMpCL
FXpg SURE

AS RFCEIVED 1

43 CYCLES~1477 K «

60 CYCLES-1%£6 g 2

FyPOSURE PRIOR CREEP HISTORY RESIDUAL TENSILE PROPERTIES
STRFSS, TIM, CREEp STRAIN, ToOTAL PLASTIC J.2 PERCENT ULTIMATE ELONGATION,
MEGARASCALS HOURS PERCENT CREFP STRAIN, YIELD STRESS, TENSILE STRESS,  PERCENT
PERCENT MEGAPASCALS MEGAPASCALS

1 NOT CREEP TESTED £32.5 786,.8 15.7
1 NOT CREEP TESTED 680.7 B51.6 139
1 NOT CRLEP TESTED 649.7 §61e2 1647
1 NOT CRTEP TESTED 65445 821.3 12.9
2 NOT CREEP YESTEQ 554, 769.6 240
2 NCT CRFEP TESTED 531.2 791.C 135
i 13.8 152.C .26 .26 64947 863.3 14.8
1 13.8 157,72 .08 .38 688.3 873.2 157
1 13.8 15n.0 .11 W11 618.7 176.5 12.9
1 23.7 15C.0 .14 .15 ST4.6 627.0 1.9
1 26 .7 157.) .37 .32 564,3 717.9 645
1 207 15740 .33 .37 524.3 694.5 11.1
2 207 15,0 .18 .21 6616 82649 a13.C
2 20.7 15043 .16 .16 632.8 BC44 a)z.0
1 276 15040 .17 .24 57543 76849 13.0
1 2746 15r,0 .24 «28 571,2 722.1 26,5
1 2746 150.0 .14 .19 582.2 733,8 102
2 27.6 150.5 42 Q44 680 44 8352 1G.1
2 278 150.0 .09 W16 58644 619, bi.o

30ut of gage failure.

bpailed at spot weld.
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(b) DS—NlCr(l'.[)

Figure 1. - As-received microstructures of Ni-20Cr-2 ThQ, alloys produced by pack
chromizing. Electrolytically etched in chromic acid mixture (S0 ml Hy0 ~ 10 ml
H9S04 — 2 g Chromic acid). Microstructure consnsts of thona-free (white) and
thoria- contalmng (gray) bands.




L B3

Figure 2. - Front view of Plasma Arc Tunnel test sample itlustrating approxi mate
thickness measurement locations (positions 1 to 9) and tack welded ther mo-
couple sites {positions 1, 3, 5, 7, and 9).

1600 —
) Range of temperatures for
thermocouples in positions
1, 3, 5, 7, and 9 (see fig. 2)
1200 |—
b4
E
g
£
< g0
600 —
400 —
T R ST ST
0 400 800 1200

Time, sec

Figure 3. - Typical temperature history for
TD-NiCrAl sample (ref, 10).
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PAT exposed side B

(a) TD-NiCr exposed for 100 cycles at 1366 K. Electrolytically etched with chromic
acid mixture.

T

(b) DS-NiCr(D) exposed for 100 cycles at 1366 K. Electrolytically etched with chromic
acid mixture.
Figure 4. - Typical photomicrographs of Plasma Arc Tunnel exposed alloys.




T g0 i 5

{c) TD-NiCrAl exposed for 100 cycles at 1477 K. Electrolytically etched with
chromic acid mixture.

o B D z I

,L_,IOOPm |

(d) Hastelloy exposed for 100 cycles at 1255 K. Swab etched with mixed acids
(33 parts by volume H,0, 33 parts HNQ3, 33 parts acetic acid, and 1 part HF).

Figure 4. - Concluded.

55
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TD-NiCr at 1366 K

Haynes Alloy 188

TD-NiCr

Haynes Alloy 188

at 1255 K

As-received material

T T 100cycles - 1255 K
zzzz ZzzZ: 50 cycles - 1366 K
zzzzzzZzzZzzze 100 cycles - 1366 K
—_—— ZZ S0cycles - 41T K

O Tensile elongation

0 10 20 30 40 50
Elongation, percent

(I I | T T

200 400 600 800 1000 1200
Ultimate tensile strength, MPa

[=)

(a} Room temperature tensile properties.

As-received material

—— T 100cycles - 1255K
zZzZzZ. 7z 50 cycles - 1366 K
zzzzzzzzzzzz- 100 cycles - 1366 K
T ZZ  S0cycles - 1477 K

@] Tensile elongation

I

- — ]
I
c— % — 7

- - - - - - - _ 7 o

10 ! 15 |

l v
20 25
Elongation, percent

I R I I |
0 50 100 150 200 250
Uttimate tensile strength, MPa

(b} Elevated temperature tensile properties,

Figure 5. - Average mechanical properties of as-received and Plasma
Arc Tunnel exposed TD-NiCr and Haynes Alloy 188,
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TD-NiCr at 1366 K

21.6 MPa

I |

Haynes Alloy 188 at 1255 K

10.7 MpPa

20,7 MPa

6.9 MPa

]

—_—
[a—

7222

—_—— As-received material
——— —— 100cycles - 1255 K
z7z. 722 50 cycles - 1366 K
zzzzzzzZZZ 10 cycles - 1366 K
T/ 2Z Scyles - 1417K

—

— 2

—_—
—_—

]

ZZ?

| B I | |

0

.1 .2 .3 .4 .5
Strain, percent

(c) Total plastic creep strain after 150 hours of creep testing at
elevated temperature.

Figure 5. - Conciuded.

Residual ultimate tensile strength,

Residual tensile elongation, percent

MPa

800(P_ ) O é
i
600;— Epaé <>‘<>D

? & A
| m}
400 O Average, not creep tested
O As received
O 100 cycles - 1255K
200 < 100 cycles - 1366 K
A 50cycles - 1417 K

Y N R R RN N

{a) Residual ultimate tensile strength of TD-NiCr.

4— 8 $
AA A

| &© @o ) | )

0 .05 Jdo 15 .2 .25 30 .

Total plastic creep strain at 1366 K, percent

(b) Residual tensile elongation of TD-NiCr.

Figure 6. - Residual room temperature ultimate tensile
strength and elongation of TD-NiCr and Haynes Alloy
188 as function of prior creep strain.
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Residual ultimate tensile strength

Residual tensile elongation, percent

1000 — é
0] 00 o
ke O ® °
800
¢ o
600 — O Average as received and 100 cycles - 1255 K; not
creep tested
A Average 50 cycles - 1366 K; not creep tested
400 — O As received
O 100 cycles - 1255 K
& B0 cycles - 1366 K
zm p—
S I O I IO A
(c) Residual uitimate tensile strength of Haynes #lloy 188,
80 —
o
0
4
o
é! 0%o O o
01— ®
O
| I I | I I [
0 .1 2 3 4 5 6 T

TdtaI plasti.c creep st‘rain at 1'255 K, pércent
{d) Residual tensile elongation of Haynes Alloy 188.
Figure 6. - Concluded.
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(b) Plasma arc tunnel exposed for 100 cycles at 1366 K.

Figure 7. - Scanning electron photomicrographs of room temperature
tensile fracture surfaces of as-received and PAT exposed TD-NiCr.
(Figures 7 (a) and (b) are different regions on same specimen.)

59



(c) As received.

- Concluded.

Figure 7.
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(a) As-received TD-NiCr specimen: creep tested for 150 hours at 1366 K,
27.6 MPa, 0.32 percent strain.

e S ————
{b) DS-NiCr(I) specimen: PAT exposed for 100 cycles at 1366 K then
creep tested for 150 hours at 1366 K, 27.6 MPa, 0.35 percent strain.

Figure 8. - Scanning electron photomicrographs of the room temperature
residual tensile fracture surfaces of three ODS alloys which have
suffered creep damage.
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creep tested for 150 hours at

NiCrAlY specimen:

-received TD-
1366 K, 24.1 MPa

() As

percent strain.

0.65

- Concluded.

Figure 8.
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(b) PAT exposed for 100 cycles at 1255 K; then creep tested for 150 hours
at 1255 K, 6.9 MPa, 0.26 percent strain.

Figure 9. - Scanning electron photomicrographs of room temperature residual
tensile fraciure surfaces of Haynes Alloy 188.

NASA-Langley, 1977 E-9062
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