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SECTION |
INTRODUCTION

This report is submitted in accordance with the requirements of Contract NASE-30744 and
represents a tinal report covering work performed under Exhibit B - “Tensile Properties of
Several Nickel Alloys in Hydrogen at Elevated Temperatures,” and Exhibit ' - "Mechanical
Properties of a Nickel Alloy in Hydrogen at Elevated Temperature.” Additivnal work is beiny
performed on several nickel-base alloys under a modification to this contract; Exhibit 1) -
“Mechanical Properties of Several Nickel Alloys In Hydrogen at Elevated Temperatures.” The
work under this modification will be discussed in a subsequent final report The Exhibit A effort
of this contract, covering properties of Incoloy 903 in various heat-treat and welded conditions
was documented in Pratt & Whitney Aircraft Report FR-7175, “Influence of Gaseous Hyvdrogen
on the Mechanical Properties of Incoloy 903,” September 1975.

Experimental efforts under Exhibit B have consisted of a total of 112 tensile tests of six
nickel-base and one cobalt-base alloy in 34.5 MN/m? (5000 psig) helium and hydrogen
environments at temperatures from 297°K (75°F) to 1088°K (1500°F). For the Exhibit C etforts
77 mechanical properties tests of the nickel-base allov MAR M-246 (Hf modified), in two cast
conditions, were conducted in gaseous environments at temperatures from 297°K (75°F) to
1144°K (1600°F) and pressures from one atmosphere to 34.5 MN/m? (5000 psig).

The objective of this program was to obtain the mechanical properties of the various alloys
proposed for use in space propulsion svstems in a pure hydrogen environment at different
temperatures and to compare with the mechanical properties in helium at the same conditions.

The overall Exhibit B and C test programs, includine types, conditions, and numbers of
tests conducted, are outlined in tables I-1 and 1-2. respectively. The primary goal of these tests
was to document, rather than define, the hydrogen phenomenon and provide limited engineering
data for use in designing structures exposed to pressurized gaseous hyvdrogen environments.

All testing was conducted on solid specimens exposed to external gaseous pressure. Specific
mechanical properties determined and the testing methods used are summarized below:

1. Tensile - Smooth and notched tensile properties wert: determined using
ASTM tensile testing techniques.

2. Low-Cycie Fatigue - Low-cycle fatigue life was established by constant total
stain and constant stress testing using smooth specimens and a closed-loop
test machine.

3. Creep-Rupture - Creep-rupture life was determined using ASTM creep-
rupture techniques.

This report is arranged in sections that cover the program conclusions, material tested. and
results and conclusions of the individual property tests. It includes and centralizes the nickel-
base alloys information covered in the monthly progress reports previously issued under the
contract,

The International System of Units (S]) is used as the primary system of units for reporting
specimen and test parameters and results. Customary English units are included in parenthesis
following the SI units, or in separate columns in data tables. The customary system of units was
used for the principal measurements and calculations and results converted to Sl units for
reporting purposes.

I-1
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Table I-1. Exhibit "B" Expe:imental Smooth Tensile Test Program for
Varivus Alloys in 34.5 MN/m? (5000 psig) (saseous Environ-

ments

Test Temp. Number

Material Form °K °F Environment of Tests
TMP WASPALOY?® Forged 297 7h He 1
297 75 H, 3
HE9 600 He 1
589 600 H, 3
755 900 He 1
755 900 H, 3
922 1200 He 1
922 1200 H, 3
MAR-M 246 Conventionally 297 7 He 1
(Hf Maodified) Cast ((°C) 297 75 H, 3
755 900 He i
755 900 H, 3
922 1200 He 1
922 1200 H, 3
1088 1500 He 1
1088 1500 H, 3
MAR-M-246 Directionally Solidified 297 75 He 1
(Ht Moditied) Cast (DS) 297 i) H, 3
755 900 He 1
55 9 H, 3
922 1200 He 1
922 1200 H, 3
1088 1500 He 1
1088 1500 H, 3
Inconel 625 Plate 297 ) He 1
297 T H, 3
HRY 600 He 1
589 600 H. 3
755 900 He 1
THH 900 H, 3
922 1200 He 1
922 12K H, 3
Inconel 625 Cast 297 b He 1
297 H H, 3
| 589 600 He 1
| HRY 6HUO H, 3
755 ) He 1
5 9 H, 3
922 1200 He 1
922 1200 H, 3
| Havnes 188 Plate 297 7 He 1
(Inconel 718 297 ) H, 3
| STA) H89 60 He !
i 589 600 H, B
| THE 90 He 1
| 755 900 H, 3
| 922 1200 He 1
3 922 1200 H, 3
Inconel 71X Plate 297 7h He 1
97 h H, 3
HRY 600 He 1
589 B0 H, 3
A5 9N He !
L H, R
922 1200 He ]
422 1200 H, 3

ORIGINAL PAGE IS I-2
OF POOR QU
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| Table 1-2. Exhibit *'C ' Experimental Test Outline for MAR-M-246 (Hf Mod-
| ified) in Air and 34.5 MN/m? (5000 psig) Gaseous Environment

Number of Tests

| Test Low-Cycle Fatyue
| Material Temperature Test Creep  Strain Load Smooth  Notch
| Furm °K °F Environment Rupture ('o.ntrol Control ~ Tensi'e Tensile
Directionally
Sclidified (DS) 297 75 Air? 2 )
297 75 Airf 2 32
297 75 Alrt ‘1 1
297 75 Air? ‘1 ‘1
1033 1400 Helium 2 2 1
1033 1400 Hydrogen + 4 1
1144 1600 Helium 3 2 1
1144 1600 Hydrogen 4 4 1
Conventionally
Cast (CC) 297 75  Air! 2 52
297 75 Air? 32 32
297 75 Air? ‘1 “1
297 75 Air? ‘1 !
1033 1400 Helium 2 2
1033 1400 Hydrogen 4 4
1144 1600 Helium 2 2
1144 1600 Hydrogen 4 4

' Tested in air, one atmosphere, irnmediately after opening vessel.

2 Tested in air, one atmosphere, 24 hours after opening vessel.

s Specimens exposed to 34.5 MN/m? (5000 psig) hydrogen at 1144°K (1600°F) for 8 hours prior to air
test.

« Specimens exposed to 34.5 MN/m? (5000 psig) helium at 1144°K (1600°F) for 8 hours prior to air test.

This program was conducted using the Program Manager - Project Group System by the
Pratt & Whitney Aircraft Gioup, Government Products Division, Materials Development
Laboratory, under the cognizance of Mr. W. B. McPherson, Metallurgy Branch, Materials &
Process Laboratory, Marshall Space Flight Center. John A. Harris, Jr. was the Pratt & Whitney
Program Manager for the effort.

Ackriowledgement is given to the following personnel of the Project Group.

J. Mucci - Technical Supervision and Report Efforts
J. A. Doyle - Tensile and Creep Testing

A. F. Kirkpatrick - Proposal and Repoit Efforts

M. W. Shiell - Proposal and Report Efforts

C. B. Stevens - Metallurgical Investigations

J. R. Warren - Low-Cycle Fatigue Testing

M. Zaccagnino - Proposal and Report Efforts
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SECTION 11
CONCLUSIONS

A. GENERAL

The efforts in this program have consisted of conducting various tests to determine the
mechanical properties of one cobalt-base and six nickel-base alloys in various forms and/or heat-
treat condition that are proposed for use in a high-pressure hydrogen environment. Properties
determined in the hvdrogen environment were compared to properties in a helium environment
at the same conditions to establish environmental degradation.

The following system was established to determine the degree of degradation and serve as
an aid in comparing the various alloys:

1. Extremelv Degraded (ED) - Hydrogen environment reduced the property or
life (in helium) greater than 50¢¢.

2. Severely Degraded (SD) - Hydrogen environment reduced the property or life
(in helium) greater than 25, but less than 50/,

3. Degraded (D) - Hydrogen environment reduced the property or life (in
helium) greater than 10¢¢, but less than 25%.

4. Negligible Degradation (ND) - Hydrogen environment reduced the property
or life (in helium) less than 10¢ or had no detrimental effect.

Using this rating svstem. table II-1 displays the degree of degradation for the Exhibit B
allovs. The degree of degradation for the MAR M-246 (Hf Modified), in both the conventionally
cast (CC) and directionally solidified (DS) forms, covered under the Exhibit C effort, is shown in
table 11-2. In the case of the tensile tests, if any property (vield strength, smooth or notched
ultimate strength. elongation and reduction of area) was degraded, the degradation rating was
that of the most severely degraded property.

Detailed conclusions are presert=d in the varicus sections pertaining to types of tests.
General conclusions are presented below.

B. EXHIBIT B TENSILE PROPERTIES
Tested were:

TMP WASPALOY®

MAR M-246 (Hi Modified) CC

MAR M.246 (Hf Modified) DS

Inconel 625 cast

Inconel 625 plate

Havnes 188 (Inconel 718 STA heat treatment)
Inconel 718

The prime effect of hvdrogen upon tensile properties was the degradation of ductility. The
elongation and reduction of area were affected for most of the alloys. No alloy’s yteld strength was

affected. The degradation ratings and the discussion below are therefore based primarily upon
ductility effects.

II-1
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Table lI-1. Degree of Environmental Degradation on Ex-
hibit B Smooth Tensile Properties of Various
Allovs tn 34.5 MN/m? (5000 psig) Hvdrogen

Test

MM Degree of

Material Form K °F  Degradation
TMP WASPALOY® Forged 297 7 ED
589 60 ED
755 0 W ED
922 1200 Sh
MAR M-246 Conventionally Cast 297 75 ED
(Hf Modified) (CC) 755 900 ED
922 1200 SD
1088 1500 ED
MAR M-246 Directionally 297 75 ED
(Hf Modified) Solidified (DS) 755 900 SD
922 1200 ED
1088 1500 sD
Inconel 625 Plate 297 75 D
589 600 ND
755 9N ND
922 1200 ND
Inconel 625 Cast 297 75 SD
589 600 D
755 900 ND
922 1200 ND
Haynes 188 Plate 297 75 ED
{Inconel 718 589 600 SD
STA) 755 900 ND
922 1200 ND
Inconel 718 Plate 297 75 D
583 600 ED
755 900 SD
922 1200 D

Table 1I-2. Degree of Environmental Degradation of Exhibit (' MAR M-246 (Hf
Modified) in 34.5 MN/m? (5000 psig) Gaseous Hydrogen

Lou Cycie Fatigue

Test Creep  Internal Hydrogen Embrittlement Load Strain
Temperature Rupture’ Smooth Tensile Notch Tensile Control  Control
Material Form °K °F (C-R) (8T) (NT) (LCF) (LCF)
Directionally 1033 1400 SD ED ND
Solidified (DS) 1144 1600 ND to ED* SD2 ED? ND Iy ED ND
Conventionally Cast 1033 1400 ED SD
(CO) 1144 1600 ED ED? ED? SDe I ED

' Degradation hased on average of percent changes in rupture life at stress levels shown in table VI-1.

?Degradation in 297°K (75°F) air properties after 8-hour 1144°K (1600°F) hvdrogen exposure (degradation
based on helium exposed material).

*Degradation in 297°K (75°F) air properties after 8-hour 1144°K (1600°F) hvdrogen exposure and
subsequent 24 hour ambient air set time (degradation hased on helium exposed material also with 24 hour
ambient air set time).

*Degradation may be stress/time dependent. (See Section VI.B.)

II-2
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The alloys most susceptible to hydrogen degradation were the CC and DS MAR M-246 (Hf
Modified) and TMP WASPALOY. Thev exhibited severe to extreme degradation in tensile
properties at all the temperatures evaluated.

The nickel-base alloy Inconel 625 was the least degraded alloy tested. In fact, in the wrought
form (place) relative immunity to hydrogen degradation was exhibited. The cast Inconel 625 was
negligibly degraded at the higher test temperatures 1755°K (900°F) and 922°K (1200°F)} and
degraded up to the severe degree at the lower temperatures 1297°K (75°F) and 589°K (600°F)}.
A similar trend was exhibited for the cobalt-base alloy Haynes 188, except that at the lower
temperatures generally greater degradation occurred.

Inconel 718 was degraded to a certain extent at all temperatures tested with the maximum
reduction in tensile properties occurring at 589°K (600°F).

The materials exhibited the previously noted trend of lessening degradation with increasing
temperature, with the greatest degree of degradation generally occurring at the lower test
temperatures.

C. EXHIBITC
Tested were:

MAR M-246 (Hf Modified) CC
MAR M-246 (Hf Modified) DS

1. Internal Hydrogen Embrittiement (IHE)

Severe to extreme degradation was exhibited in the 297°K (75°F) smooth tensile properties
of both the CC and DS materials due to 8-hr 1144°K (1600°F) 34.5 MN/m? (5000 psig) hydrogen
exposure. The notch tensile strength of both materials was degraded from negligible to severe due
to the same exposure.

2. Low-Cycle Fatigue

The DS material did not exhibit any significant degradation in strain control LCF life at
1033°K (1400°F) and 1144°K (1600°F) due to the hydrogen environment. However, the load
control LCF life was extremely degraded at both test temperatures. (See Section V.)

Load control LCF life of the CC material was severely and extremely degraded at 1023°K
(1400°F) and 1144°K (1600°F), respectively, due to hydrogen environment.

3. Creep-Rupture (CR)

The CC material rupture life was extremely degraded at 1033°K (1400°F) and 1144°K
(1600°F) due to 34.5 MN/m? (5000 psig) hydrogen environment. For the DS material, rupture.life
was  verely degraded at 1033°K (1400°F). At 1144°K (1600°F), CR testing of the DS material
indi. ..ed extreme degradation in life at the higher stress level. At the lower stress level greater
rupture life in hvdrogen than in helium was exhibited, indicating no degradation due to the
hvdrogen environment, or possibly some unique helium interaction at this temperature. It
appears that at 1144°K (1600°F), degradation of this cast alloy is stress/time dependent (See
Section V1.
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D. DISCUSSION

This program was established to determine selected material properties and to enable
general observations in regard to the susceptibility of the various alloys to hydrogen degradation.
We have observed that all seven alloys were degraded in some properties to a certain extent for
the test conditions evaluated. However, testing conducted was of necessity very limited, and
conclusions as to the degree of degradation may be determined to be incorrect by additional
investigations. These efforts were designed primarily to obtain specific information for select
materials and conditions occurring in space vehicle propulsion systems. As such, the information
contained herein will enable component design and evaluation with a greater degree of
confidence. While answering questions concerning specific applications, many more questions,
such as elevated temperature helium interactions, have been raised. Continued programs,
including basic research, will be required to explain the mechanisms at work in environmental
degradation of materials.

11-4




Pratt & Whitney Aircraft Group
FR-7746

SECTION Il
MATERIALS AND SPECIMENS

A. TEST MATERIAL

The purpose of this program was to determine the susceptibility of six nickel-base alloys and
one cobalt-base allov to environmental degradation. Testing evaluated the mechanical properties
of the materials in various forms and heat-treat conditions. All test materials were supplied in the
fullv heat-treated condition, where applicable, in specimen blank configuration by the Marshall
Space Flight Center. Table I1I-1 lists the various materials, their as-received forms and heat-treat
conditions, and the types of tests performed. Chemical compositions are listed in table I1I-2 and
typical microstructures are shown in figure III-1.

B. TEST GASES

Helium and hydrogen were used during the testing of specimens, and nitrogen was used as
a preliminary purge gas. Propellant grade hydrogen was provided under Military Specification
P-27201, which requires the gas to have an oxygen content of less than 1 part per million. Analysis
verified gas to be of this purity. The helium and hydrogen gases were used directly to provide the
test environments.

Gas handling systems, supplying the test vessels, were equipped to enable sampling before
and after specimen tests. The hydrogen was sampled extensively. Samples were analyzed using
a gas chromatograph with accuracy in the parts per billion range. No appreciable difference was
noted between pretest and post-test samples, indicating no gas contamination by the test rig
and/or test itself.

C. TEST SPECIMENS

All specimens were machined by the Pratt & Whitney Aircraft Group, Materials Laboratory
Machine Shop and finished to an average roughness of 16-uin. rms, or less. The notch used for the
tensile specimen to obtain a stress concentration of 8.0 conforms with Peterson’ and was
machined by grinding.

A typical set of specimens is listed in table I1I-3 and shown in figure IT1-2. Specimen prints
are shown in figures I11-3 through III-10.

R.E. Peterson. “Stress Concentration Design Factors,” John Wilev & Son. Inc., New York, 1974.

II-1
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SECTION IV
TENSu F PROPERTIES

A. INTRODUCTION

The smooth tensile properties of six nickel-base alloys and one cobalt-base allov were
investigated in 34.5 MN/m? (5000 psig) helium and hvdrogen at temperatures of 297°K (75°F) to
1088°K (1500°F) under Exhibit B of this contract. Tensile tests established stress-strain
parameters, 0.2°¢ yield and ultimate strengths, elongation, reduction of area, and modulus of
elasticity. Results of tests in hydrogen were compared to those in helium to determine propertv
degradation.

In the Exhibit C effort, tensile properties of the nickel-base alloy MAR M-246 (Hf
Modified), in two cast conditions, directionally solidified (DS) and conventionally cast (CC),
were determined in ambient temperature and pressure air for helium and hydrogen exposed (34.5
MN/m? [5000 psig] at 1144°K [1600°F] for 8 hours) specimens to determine the materials
susceptibility to internal hydrogen embrittlement (IHE). Testing was conducted both im-
mediately after exposure and 24 hours later to determine the extent of material internal hydrogen
charging and possible property degradation. Smooth tensile tests established 0.2¢( vield and
ultimate strengths, elongation, reduction of area, and modulus of elasticity. Notched (K, =8.0)
tests established the ultimate strength.

B. RESULTS AND CONCLUSIONS

The tensile test data were subjected to a statistical analvsis to determine if the measured
mechanical properties of the various alloys reflected true environmental degradation or simply
data scatter. The results of these analyses were used as the basis for the conclusions herein. In
some cases, the experimental test matrix did not have sufficient tests to enable determination of
degradation on a statistical basis. This does not mean that there was no degradation: onlv that
it could not be established from a statistical approach.

1. Exhibit B Tensile

The individual tensile properties (0.2 vield and ultimate strengths. elongation and
reduction of area) of the alloys tested did not reflect the influence of hvdrogen environment to the
same degree. The relative degree of environment degradation is summarized in table IV-1. None
of the alloys tested exhibited degradation in the 0.2¢¢ vyield strength. Diiferences in vield
strengths obtained in the two environments did occur. However, with the limited number of tests
conducted, one in helium and three in hydrogen for each test condition per alloy, normal
specimen-to-specimen scatter, especially for the cast materials, precludes drawing any firm
conclusions when the property differences were less than 10.

The effects of temperature and environment upon the tensile properties of the one cobalt-
base alloy, Haynes 188, and six nickel-base alloys are shown in figu res IV-1 through IV-7. The
mean values for three tests conducted in hydrogen environment at each temperature are plotted.

Degradation in ultimate strength for the wrought materials - TMP WASPALOY®, Havnes
188 (Inconel 718 STA) and Inconel 718 - over the temperature range investigated was less than
10¢ with the exception of the Haynes 188 at 297°K (75°F)} where degradation of 19.7¢ was
indicated (figure IV-8). For the CC and DS MAR M-246 (Hf Modified), and the plate and cast
Inconel 625 materials, ultimate strength degradation of less than 25‘¢ over the temperature
ranges investigated was indicated. Degradation vs temperature curves for the MAR M-246 and
Inconel 625 materials are shown in figures IV-9 and IV-10, respectively.
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Table I1V-1. Degradation of Smooth Tensile Properties of Various Alloys in 34.5 MN/m*
(5000 psig) Hydrogen

Pratt & Whitney Aircraft Group

Degradation

{Decrease from Helium, 1)

Ratio of

Temperature Strength Ductility Ultimate Strength

Material Form °K SE 0.2% Yield Ultimate EL RA H,/He

TMP WASPALOY® Forged 297 75 ND ND 275 5%.0 0.97
589 600 ND ND 143 67.9 0.91

755 90N ND ND 365 50.1 0.95

922 1200 ND ND 19.7 45.1 0.98

MAR M-246 Conventionally 297 5 ND 15.4 633 39.1 0.85
(Hf Modified) Cast (CC) 755 900 ND ND 643 H4.6 0.91
922 1200 ND ND ND 38.7 1.05

1088 1500 ND ND 542 38.7 0.96

MAR M-246 Directionally 297 5 ND 13.8 83.3 59.7 0.86
(Hf Modified) Solidified (DS) 755 900 ND 12.5 433 318 0.87
922 1200 ND ND 44.4 58.1 0.99

1088 1500 ND ND 467 42.6 0.95

Inconel 625 Plate 297 5 ND ND ND 13.1 0.94
589 600 ND ND ND ND 0.97

755 900 ND ND ND ND 0.94

922 1200 ND ND ND ND 0.98

Inconel 625 Tast 297 5 ND 221 32.5 11.6 0.78
589 600 ND 10.7 ND ND 0.89

755 900 ND ND ND ND 0.98

922 1200 ND ND ND ND 0.96

Haynes 188 Plate 297 75 ND 19.7 62.8 39.7 0.80
(Incone} 718 589  6(U ND ND 26.3 253 0.93
STA) 755 900 ND ND ND ND 0.9
922 1200 ND ND ND ND 0.94

Inconel 718 Plate 297 75 ND ND ND 182 0.99
589 &KX ND ND 53.5 588 0.97

755 900 ND ND 19.3 438 0.99

922 1200 ND ND ND 119 0.99

V-2
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Tensile Properties of Inconel 718 Plate at 34.5 MN/m?*
(5000 psig)
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Figure IV-R. Effect of Temperature Upon Environmental Degradation of TMD

WASPALOY*® Havnes 188 (Inconel 718 STA) and Inconel 71X
Tensile Ultimate Strength
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Figure IV-9. Effect of Temperature Upon Environmental Degradation of MAR
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Figure IV-10. Effect of Temperature Upon Environmental Degradation of

Inconel 625 Tensile Ultimate Strength
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As previously reported in PWA FR-5768', FR-6709? and FR-7175%, loss of ductility
(elongation and/or reduction of area) was the most prominent indicator of hvdrogen degradation.
In the case of some alloys, ductility was extremely degraded, while the ultimate strength showed
negligible degradation, if any. The elongation and reduction of area were degraded for most of the
alloys, with the Inconel 625 (both cast and plate conditions) the alloy least degraded bv the
hydrogen environment. With the exception of elongauon at 297°K (75°F) for the cast material.
degradation in ductility of less than 15% up to 922°K (1200°F) was indicated for the Inconel 625
alloy (figure IV-11).

For the wrought alloys, TMP WASPALOY, Hyanes 188 and Inconel 718, degradation in
ductility up to approximately 70°: was indicated. Elongation and reduction of area degradation
vs temperature curves are shown in figures IV-12 and IV-13.

With all test temperatures considered for a given material, the alloy most severely degraded
in ductility was the MAR M-246 (Hf Modified). For both the CC and DS material forms,
degradation generally ranged from 30 to 70% for the temperatures investigated (figure IV-14).

Test results of each specimen tested for the seven alloys are listed in table IV-2.

The effects of temperature upon the stress-strain parameters and modulus of elasticity for
the various materials are shown in figures IV-15 through IV-28. Data analyses indicated that
stress-strain parameters and modulus of elasticity were not affected by environment (helium or
hydrogen). Therefore, for each material, the mean values for all tests conducted at each
temperature were plotted. The stress-strain parameters of each individual test for the seven
alloys are listed in tables IV-3 through IV-9. In the case of the CC and DS MAR M-246 materials
where low ductility occurred (low strain values at failure), not all tests at each temperature were
used to plot their respective stress-strain curves. Test data used in plotting the CC and DS
material curves for each test temperature are indicated by an underscored specimen number in
tables IV-4 and IV-5, respectively.

A comparison of modulus of elasticity for seven alloys over the temperature ranges
investigated is illustrated in figure IV-29.

2. Exhibit C Internal Hydrogen Embrittiement (IHE)

This test effort was designed to determine the effect of internal hydrogen charging upon
property degradation (IHE) of CC and DS MAR M-246 (Hf Modified). that is, the effect of
aydrogen within the material’s metal lattice as opposed to external hydrogen environment
embrittlement (HEE).

The effect of 8-hour 34.5 MN/m? (5000 psig) hydrogen exposure at 1144°K (1600°F) on the
ambient air smooth and notched tensile properties is summarized in table IV-10.

Testing of both the CC and DS materials at 297°K (75°F) indicated considerable
degradation in smooth and notched strength and ductility, due to the 8-hour exposure. The effect
of air set time on the properties of the hydrogen exposed CC material was minimal, if any.

' “Properties of Materials in High Pressure Hydrogen at Cryogenic, Room, and Elevated Temperatures,” Final Report.
Contract NAS8-26191, 31 July 1973.

* “Influence of Gaseous Hydrogen on the Mechanical Properties of AIS] 304 Stainless Steel," Final Report. Contract
NAS8-20883.

* “Influence of Gaseous Hydrogen on the Mechanical Properties of Incoloy 903, Final Report Exhibit A. Contract
NASB8-30744, September 1975.
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Pratt & Whitney Aircraft Group
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