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SECTION I
INTRODUCTION

This report is submitted in accerdance with the requirements of Con-
tract NAS8-26191, ""Influence of Elevated Temperature on Metals in Gaseous
fiydrogen Environments," and represents the final report covering work per-
formed under this contract for the period 29 June 1970 to 31 July 1973, Ex-
perimental efforts in this program have consisted of mechanical property tests
of seven nickel-, two iron-, two titanium-, and one cobalt-base alloys in gas-
eous environments at temperatures from 111 to 1144°K (-260 to 1600°F) and
presstures from 3. 45 to 34.5 MN/m?2 (500 to 5000 psig). The objective of tuis
program was to obtain the mechanical properties of specific materials in a Hure
or partial hydrogen environment at different temperatures and compare with
results of tests made in helium at the same conditions. The specific environ-
ments included helium, hydrogen, hydrogen and water vapor, and dissociated
hydrazize (obtained by dissociating anhydrous ammonia).

The effort under this contract extended over a 3-year period and included
594 various tests. The overall test program is cutlined in table I-1. The number
of tests and test conditions for each year's effort are specified in table I-2
through I-4. The primary goal of these tests was to document, rather than de-
fine, the hydrogen phenomenon and provide data of use in designing structures
exposed to pressurized gaseous hydrogen environments.

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

1. High-Cycle Fatigue - High-cycle fatigue life was established
by load (stress) controlled tension-tension testing using smooth
specimens and servo-actuated, closed-loop machine. -

2. Low-Cycle Fatigue - Low-cycle fatigue life was established by
constant total strain testing using smooth specimens and closed-
loop testing machine.

3. Fracture Mechanics - Fracture toughness, threshold stress
intensity, and cyclic stress intensity were determined using
center-notched, fatigue-precracked, plate specimens or
single-edged, notched, fatigue-precracked, compact tensile
specimens.

4. Creep~Rupture - Creep rate and time to failure were determined
using smooth specimens and a standard creep-rupture machine
equipped with a recording extensometer.

5. Tensile - Smooth and notched tensile tests were conducted on
solid specimens using ASTM tensile testing techniques.
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This report is arranged in sections that cover the program conclusions,
materials tested, and results and conclusions of the individual property tests.
It includes the information covered in the two annual reports, FR-4566(1) and
FR-5129(2), previously issued under the contract.

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

This program was conducted using the Program Marager-Project Group
System by the Pratt & Whitney Aircraft, Florida Research and Development
Center, Materials Developmernt Laboratory, under the cognizance of
Mr. W. B. McPherson, Materials Division, Astronautics Laboratory, Marshall
Space Flight Center.
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(1)"Properties o” Materials in High Pressure Hydrogen at Cryogenic, Room,
and Elevated Temperatures, " Annual Report, Contract NAS8-26191, FR-450€,
dated 30 June 1971.

(2)"Properties of Materials in High Pressure Hydrogen at Room and Elevated
Temperatures, ' Annual Report, Contract NAS8-26191, FR-5129, dated
30 June 1972.
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SECTION 11
CONC LUSIONS

A, GENERAL

The efforts under this contract consisted of conducting various tests to
determine mechaaical properties of 12 alloys that are commonly used or proposed
for use in pressurized gaseous hydrogen or hydrogen containing environments
(hydrogen and water vapor and dissociated hydrazine). Properties determined
in the hvdrogen environments were comp:ured to properties determined in a pure
helium environment at the same conditions to establish environmental degrada-
tion. In some cases, properties in the hydrogen environments only were deter-
mined to establish design information.

The following system was established to determine the degree of degrada-
tion and serve as an aid in comparing the various alloys.

1. Extremely Degraded (ED) - Hydrogen environment(s) :« “aced
the property or life (in helium) greater than 50%.

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

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

4, Negligible Degradation (ND) - Hydrogen environment(s) reduced
the property or life (in helium) less than 10% or had no detri-
mental effect.

Using this rating system, table II-1 displays the degree of degradation
for each alloy and condition tested, where a comparable test in helium was con=
ducted. In the case of the tensile tests, if any property (yield strength, smooth
or notch ultimate strength, elongation, and reduction of area) was degraded,
the degradation rating was that of the most severely degraded property.

Detailed conclusions are presented in the various sections pertaining to
type of test. General conclusions, as pertaining to the various alloys, are pre-
sented below.,

B. NICKEL-BASE ALLOYS
Tested were:

Inconel 718 (Two leat Treatments)
Incorel 718 Welded
Inconel 625
Inconel 625 Welded
WASPALOY®
Astroloy
Hastelloy X
IN-100 (Cast)
MAR M~-200 DS (Cast).
=1
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The nickel-base alloys as a class were the most suseptible to hydrogen
environment degradation. With two exceptions, the low-cycle and high-cycle
fatigue life, both strain-controlled and tension-tension load-controlled, was
degraded for all nickel-base alloys tested in 34.5-MN/m2 (5000-psig) hydrogen.
The exceptions were the low-cycle fatigue lives of Inconel 718 with 1313°K
(1900°F) solution plus age heat treatment at 111°K (-260°F) and MAR M-200 DS
at 951°K (1250°F). At these two conditions, those alloys displayed better lives
in the hydrogen than in the helium environments. The degree of degradation was
influenced by temperature, being most severe at 300°K (80°F).

The fracture toughness, Kig or Kic was degraded for only one material,
WASPALOY. This was the only alloy tested using a center notch specimen. The
other alloys were tested using the ASTM compact tensile specimen, and all
exhibited negligible degradation (ND).

The rupture life, on a stress for specific life basis, was degraded only by
the pure hydrogen environment, with Inconel 718 (both heat treatments) and
Inconel 625 being severely degraded, and WASPALOY, IN-100 and MAR M-200 DS
slightly degraded (less than 25%). Materials tested in the hydrogen and water
vapor and dissociated hydrazine environments were not degraded by those environ-
ments. Astroloy was the only material that exhibited negligible degradation in
rupture life at any of the conditions tested; however, this was based upon stress
level degradation. When compared on time to rupture for a given stress level
in helium and hydrogen, Astroloy was degraded (Reference FR-5129).

Tensile property degradation was more evident at room temperature with
ductility being most affected. None of the alloys exhibited degradation of smooth
tensile yield strength, and only IN-100 and MAR M-200 DS, the cast alloys,
smooth tensile ultimates were degraded. Elongation and reduction of area were
quite degraded, witn IN-100 the most degraded, followed by MAR M-200 DS,
Tnconel 718 (1227°K solution), Inconel 625, Inconel 718 welded (1313°K solution),
and Inconel 718 (1313°K solution) in that order. Smooth tensile properties were
not significantly affected for Astroloy, Hastelloy X, or Inconel 625 welds, at any
conditions tested, and for Inconel 718 of both heat trcatmernts at 951°K (1250°F).
Notch ultimate strengths were degraded in some cases where smooth strength was
not. This included Inconel 718 (1227°K solution), Inconel 718 welds (1313°K solution),
and Hastelloy X, all at room temperature. Pure hydrogen environment caused no
significant degradation of notch strength at elevated temperatures. Astroloy and
MAR M-200 DS were tested in the hydrogen and water vapor environment. Notch
strength degradation at 951°K (1250°F) occurrec for Mar M-200 DS only; however,
at 1144°K (1606°F) both alloys were degraded. It was suspected that the oxidation
caused by dissociation of the water at the specimen surface at 1144°K (1600°F)
and not the hydrogen caused the reduction in strength from the helium environ-
ment, 2s a pure hydrogen environment did not cause degradation at these tem~
peratures.

C. IRON-BASE ALLOYS
Tested were:

A-286
AISI 347.
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These alloys as a class exhibited the least severe degradation of all
materials tested. In fact, AISI 347 had negligible property degradation for all
tests and conditions investigated during this program. A-286 cxhibited negligi-
ble property degradation at 300°K (807F). The elevated temperature (951°K
[1250°F]) crecp-rupturc and smooth tensile properties only were degraded at
34.5MN/m2 (5000-psig) pressurc. At 3.45=-3N/m2 (500-psig) pressure, rupture
life was not significantly degraded in either the pure hydrogen or dissociated
hydrazine (ammonia) environments,

D. TITANIUM-BASE ALLOYS
Tested were:

Titapium 6-4
Titanium A-110.

These two 2lloys did not exhibit significant degradation in any property at
room temperature except tensile properties. The smooth tensile ductilities and
notch tensile strength were degraded to severely degraded. At a temperature
of 366°K (200°F) the low=-cycle faiigue lite and tensile properties of both alloys
were degraded, with A-110 more severely affected. However, Titanium 6-14
was degraded in creep-rupture ac this temperature, whereas A-110 was not.
There was also evidence of the formation of surface hydrides cn specimens
tested at 366°K (200°F.

E. COBALT-RASE ALLOY
Tested was IHaynes 188,

This alloy was tested in three hydrogen containing environments, At
3.45-MN/m2 (500-psig) pressure, rupture life, based upon stress, was not de-
graded by hydrogen or dissociated hydrazine (ammonia) at either 951 or 1114°K
(1250 or 1600°F), nor was notch tensile strength in the hydrogen or hydrogen and
water vapor environments. At 34.5-MN/m2 (5000-psig) pressure, creep-rupture,
in hydrogen and hydrogen and water vapor environments, was not significantly
degraded. The only property evaluated that was degraded was low-cycle fatigue
life at 951°K and 34, 5-MN/m2 (1250°F and 5000-psig) pressure, which was
severely degraded.

F. ENVIRONMENTS AND PRESSURE

Four gaseous environments were used during the various phases of this
program., They were: pure helium, pure hydrogen, hydrogen with water vapor,
and dissociated hydrazine. The dissociated hydrazine environment was obtained
by dissociating pure anhydrous ammonia. (Reference Scction III,) A pust test
gas sample of the hydrazine/ammonia verified the almost total dissociation of the
ammonia into hydrogen and nitrogen in the proportions indicated by the analytical
equations, The experimental test matrix was not complete enough to enable
absolute statements as to the effect of the different environments and pressures
upon materials properties; however, some general observations can be made.
The presence of water vapor in the hydrogen appeared to inhibit or reduce
degradation as compared to the pure hydrogen environment, This was true for
WASPALOY and IN-100 materials, which were degraded in creep-rupture life in
hydrogen, but not in hydrogen and water vapor. However, as temperatures
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increased to 1144°K (1600°F), Astroloy and MAR M:-200 DS were both more
degraded in the properties tested by the addition of water vapor to the hydrogen.
The beneficial effects of water vapor in the hydrogen appea> limited to those
temperatures at which the water vapor would not dissociate into hydrogen and
oxygen, with resulting oxidation of the material. It must be emphasized, however,
that 1144°K (1600°F) is normally beyond the operating range of Astroloy, aad

that MAR M=-200 DS is usually given a protective coating to prevent oxidation.
Also, this testing was conducted under static pressure conditions and the dynamic
conditions existing in a propulsion system could produce different effects.

For materials and properties, where comparisons could be made, the
dissociated hydrazine (ammonia) environment had negligible effect in that none
of the properties tested were degraded.

Specimens that were tested in the dissociated hydrazine (ammonia) environ-
ment were examined for nitride formation on the specimen surfaces. Metallography
(light and electron), X-ray diffraction, and electron microprobe analyses did not
detect surface nitrides on any of the specimens.

Two pressure levels were used in this program, Comparison of the effect
of pressure upon degradation was restricted due to lack of comparable test con-
ditions, or to lack of single material heat results. The most pronounced effect
of pressure in this program cccurred in the notch tensile properties of Astroloy.
While tensile strength at both pressures was rated negligible (10% or iess), at
3.45-MN/m2 (500-psig) hydrogen degradation was approximately half that at
34,5 MN/m2 (5000 psig) for temperatures below 977°K (1300°F). This is in
general agreement wiih other investig:tors' observations that the effect of hydro-
gen upon property degradation decrecases with decreasing pressure.

G. DISCUSSION

This program was established to determine specific material properties
and to enable generai observations in regard to the susceptibility of a particular
material to hydrogen degradation. The experience of this progrum has been that
creep-rupture and low-cycle fatigue, ooth of which involve relatively long ex-
posures to the environment at high sirain/stress levels, are the most severe tests
of a material for hydrogen degradation, followed by high-cycle fatigue, tensile,
and fracture toughness tests, in that order.

Certain tests, however, did not indicate any conclusive degradation due to
the hydrogen environment on materials known to be degraded. An example of
this is the fracture tcughness of Inconel 718 with 1227°K (1750°F) solution plus
age heat treatment. This test indicaied negligidle degradation of this material
by the hydrogen environment, The low- and high-cycle faticue, creep-rupture,
and tensile tests, however, indicated extreme hydrogen degradation.

A-286 material exhibited negligible degradation at 300°K (80°F) in all tests,
At elevated temperaiure, the creep-rupture test indicated degradation, This
emphasizes the fact that no one test will provide enough data to evaluate the
degree of hydrogen degradation to be used in analyzing a structure from a design-
material-life standpoint. For the individual responsible for a structure that must
operate in hydrogen environments, there can be no substitute for a test that will
supply data appropriate to the particular loading spectrum expected. In this case,
a test that simply indicates susceptibility to hydrogen degradation is of no real
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value; the test must also provide some measure of the degree of degradation on a
meaningful property. It is felt that this program has contributed to the store of
information necessary for the design of structures, as well as providing a
measure of the hydrogen degradation of common engineering materinls, While
answering many questions concerning properties in specific envircun:-ats, many
more questions have been raised. It is hoped that continued work n tais area
will enable explanation, as well as documentation, of the hydrogen cttect on
metals.
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SECTION I
MATERIALS AND SPECIMENS

A. TEST MATERIAL

The purpose of this contract was to determine the susceptibility of various
alloys to environmental degradation. The testing evaluated the mechanical prop-
erties of wrought and case nickel-bhase, wrought iron-base, wrought titanium-
base, ard wrought cobalt-base alloys in phases over a 3-year period. Table III-1
lists the materials and cunditions in which they were received and tested. Also
included are the types of tests performed on each material and the phase, or
year, of the contract that they were performed. The chemical compesiiion of
the materials is listed in t2hlc IIi-2. Wrought material was purchased from
commercial souices to industry standard (AMS) specifications where possible.

In +ho absence of industry specifications, the applicable Pratt & Whitney Aircraft
specification was used. Cast test hars were produced by the Experimental Foun-
dary of the P&WA Connecticut Operations.

Material was ordered separately for each phase of the testing program in
sufficient quantity of single heats to perform the types of tests required. For
this reason, materials that were tested in more than one phase of the program
were from different heats, All materials were routed through the PWA-FRDC
Materials Control Laboratory to ensure compliance with purchasing specifica-
tions; all materials were in conformance. The majority of materials were pur-
chased in the form of wrought barstock, except for Astroloy, MAR M-200 DS
(directionally solidified) and [N-100. The Astroloy material was purchased in
the form of flat pancake forgings. The MAR M-200 DS and IN-100 materials
were in the form of short cast test bars, which were judged radiographically
sound prior to acceptance.

Some microshrinkage was evident in the cast MAR M-200 DS and IN-100
material. As no industry standard specifications for these materials have been
established, acceptable microshrinkage levels weie based upon experience with
gas turbine engine thin-wall castings. Metallurgical examination of some speci-
mens that produced questionable test resul‘s did reveal excessive microshrinkage
and/or porosity at or near the fracture surfaces. In these cases, retests were
conducted.

Specimen blanks were cut from the barstock and heat treated as required.
The Inconel 718 material was received in the annealed condition and was subse-
quently heat treated according to two contract requirements. The WASPALOY®,
MAR M-200 DS, and IN-100 materials were also received in the arnealed condi-
tion and subsequently heat created. The Astroloy pancake forgings and A-286
barstock materials were received fully heat treated. Astroloy specimen blanks
were oriented with the axis in the circumferential direction and were taken from
the periphery of the forging. All other materials were iested in the solution-
annealed (as-received) condition.

IM1-1

Qihcrk 0+




Pratt & Whitney Rircraft

FR-5768

I
T
s e e e PSSy s - m—am- -
4
(u Z1*9)
urus G *gGY Ag INIWBIQ (*Ul L () WU 60 6T
100D 11y ‘4 2€ “(J.009T) H¥¥IT ©('u) 0 °G) UrW 2 GE T AQ 1313UreI ("W 05 °0) won
100D 11V ‘14 2 (4.0022) A.LLP1 wuz £ g1 Teg 158D PIINIPH0S A1BEONdAIg 8016-d -¥o10eds ymd 188  |9PIN ST 00Z-W VN
81eg 198D (Ul °y) Www §°gel
£q 23jaure|( (Ul § *¢) WW SO°6T ‘1 "UIG°G) won
18 ‘MO ‘40H ‘401 z 100D 1Y ‘IQ 21 (44009T) H¥¥IT urw ¢ "6E1 Aq 2312w (UM 0§ ") WA L2 c¥z6-d  -#O10eds VM 198D [PIN 00T NI
IS LN 'Oy 1 pereanuy alm PIIM LE8S SIY Qo N §29 [emodu]
18 ‘1IN ‘0¥ 1 parsauvy anm pram 78S SWV o [9WIN 8TL (900U}
18 "IN ‘301 1 gouend 1a3wm Iy T ‘(X.0612) H.ISHT yosleg 13aurelq (‘U §L "0} WW G061 ¥ozd ¥5.8 SNV wdnoam  19RIN X Aofymewy
Sukiog
L0861 WoI g yovend 1res aywouwRg F2MYL ("W 6°Z) WW ¥°TL uon
HO 1IN € 1daoxy AOJONIBY @& 74V -¥ JUMES 13t9ume|(] (U} GG °L1) W 8 S ObAE -®oy10eds ymd MInoIm 1OPIN fojoxisy
100D X1V ‘A4 8 (.00¥T) M.EE01
100D X1V ‘% ¥2 (4.0037) H.326
1000 1Y ‘44 ¥ (1.0087) HE52T
1000 31V ‘14 § (1.0001) S.¥PT1 SuiBi0g yedusd WML (‘U1 §9°Y) gony
IN 1S ‘MO 2 gouend 110 ‘4 ¥ (41.6202) H.08ET ww g Ty 1dWNi (Ul 9 °LT) WU g L¥Y 2MNT  -woyIeds VA o 13WIN Koronisy
N
Owply *Hiy "0y (4 @AOTVASVM Moqy 9® omres  Yooiexeq (T 0% "0 4q 00'2) unm 91°0T Aq 8°0S FiIme 80LS SHV whoim  [9PIN @AOTVIEVA
100D J1V ‘T4 ¥ (4,009T) H.EE0T N
1000 1Y 1Y ¥ *(4.098T) HOTIT L
18 ‘¥0 ‘401 4 QOWND (10 ‘Iq ¥ ‘(J.048T) H.E621 yoowzeg 1apurelq ( ‘Ul G *0) W 06T EINBIZT-T 808 SWV ghnoam (9PN SAOTVASVA =
o)} 1 1000 21Y ‘1% T ‘(4.008T) H.9921 yoorsreg I9,ewelq (U] 62 °)) U §6 *L0T dVvid 9998 SV xol (9PN 929 |euoda
1S ‘LN ‘MD ‘301 T 100D A1V ‘XY T (X.0081) N.862T Noow1vg 1930Urei( ("U §L "0) WX §0°6T ADzZH 9999 SWV winolm PPN $29 [euoou] 1.,
o T SUOIIIPUOD OM], H.OQY 8¥ IWeZ ¥ooIRINg 1913Uei( (U} 00 'Y) WX 2§ °TOT AWzZE 2998 SNV [noim 1PN 81 [euoou]
1000 11y ‘a4 g1 jo eun} aBy [$I01 0}
(2+081T) M4668 7% PIOH *(d,0ST1) H.668 03
1000 sownIng ‘14 § (I.5261) H.086 ‘Wi
e . 184 (4.08) M.82 100D NV ‘24 T (4,008T)
18 ‘1IN 'dD '4OH 401 T MGEIET ‘100D 31V ‘34 T (4.08LT) M..22T WoosIvy 1ameureid ( “T1 GL "0} WU 0 6T olag 2995 SNV mBnoam 9PN 812 19uodu]
1000 31Y ‘1Y g1 jo ewnyy, 9By [MOL
10} (3.0817) M.668 ¥® PIOH ‘(X.08TD)
L , 3,668 03 1000 OWWING ‘14 § (4 .$2EV)
18 “uN ‘40 'd4OH ‘401 1 M.666 ‘100D 1V ‘IH T (4,08LD) M.L221 woowiey J2dureiq (°Ul 5L °0) W S0 5T olAad 2996 SWV WyBnoxm 13%IN 8312 1900V
(ny1eay p sad£) paysaL (JUeIBeL], 199H) UONIPUOD PANEIL-IY UOPIPUO) P |0 -8V apoD uwoiTedtioads wlog oveq eI
Ivex Te9H wRIN
uoljepeida( [ejuUsWUOIIAUY
01 s£o[v SnolEA JO £1111q11de0SNg 9y) SUIULIINRQ 03 Pas( STEMAEW “1-10 SCLAS
. D |



P
{

~
A}

FR-576!

Pratt & Whitney Rircraft

ansual Q00w - 1S
3IBUIL QAMON - 1IN
Ajysuau 8seng 34D - oA
£118Udju) 98NS ploysMYl - HLY
ssauYIno] anPelg - jo )"
arnydny -dedad - HO
anfneg AIADUBIH - JOH
and ey AUA)-MOY - a0
9189 jo sadA L
(14
uoly
IN 'HO ‘40H € 100D 11V ‘W 0f (4.08T2) M.06¥T yoois1eg INAWBLQ ("U} 0" 1) W ¥°5T WaDA -®dioeds ymd o (o) 881 BIuAeH
jooisreg J3raurelq uoy}
HD ‘401 2 1000 11V ‘Ui OF (4.0612) H.08%1 (*u] €9 Q) W 28 ST PUR (Gl 0g"0) WW £°2T HA4X -®OH0eds ymd wysoayw  I{maod 88 voukey
o 1 1003 11V ‘24 T “(I.,002T) .26 yoosaeg 1ajaureid (*Ul ¢g 'k ww £°¥IT dWZ8 9Z6¥% SNV yBnory wojvdil 11843 4
1S YIN ‘|D '4DH ‘401 1 100D 21V ‘IY T ‘(4.0031) Me276 #0818 1312UNe|d (U} §L *0; W G061 Mozd 9Z6¥ SWV wyinoay  wnjuell) orY-v
Oy 1 1003 21y Y T (4,581 H.6T0T }oosleg Ijdurel( (Ui 9§y W [ 241 xXvzd 826¥% SNV ySnoIM WNTRLL  AP-1V9 WRURLL
18 CiN '¥D ‘401 1 100D 21V ‘34 T ‘(d.SLET) H6T0T s00I818g 123Nl (U} §L 0} WW G061 4074 826¥ SNV JyBnosy wWRjURLL  AR-TVS WOIURIL
Oy 1 1000 1Y A4 T “(A.SL8T) HaL6TT §OO0I8IBY JAIDUIBIQ (*UI S F) WW 6°L0T Tt 9¥9S SNV ydnoam uodj LVE ISIY
paysiuntd P1oD
18 ‘LN ‘MO 40H 401 1 1000 1V ‘1Y T *(d.5L8T) H.L621 WoowIeg 1AW (UL G "0) WW S0°61 10zd 9¥9S SNV wsnoaw uof L¥E ISIV
4o Oy [ § 9§Z-V MMOQy Se Jureg wooedeg 123dWel( ( *Ul 0§ ) W € PIT Aoxd GELS SWV oI voxy 98T~V
10D 31V ‘34 9T "(J.0SET) H.5001
15 LN "BD ‘401 1 youand 110 ‘a4 1 (4.0081) H.6821 yooi181Eg 1MAWEIJ (Ul GL°0) SO°6T ADZd SELS SNV ysnoIm wox| 98T~
) (*u109)
W §+ZG T AQ 1213WRI(] (UL &L C0) WK G061
Cew Q) WU 0° 22T Ay Ja13weld ("t 529 °0) uon
IN 4O 'd40H e 30 00Z-W VN ar0Qy S8 dureg WU g3 *CT 16q 188D PAJPIOS A[[BUOIIIT 6616-d -BUII03dE vmd 138)  [9WOIN S 002-W HVKW
(poeal Jo 8adAL pelBal  (JUSUNBOX] TE9H) UOIIPUOD PANIIL-BY uopPUC) par1IY -8V apod uo\TedI103dg urod aseg TSHAK
Ieex el a8BYdINg

| SUNURPER S

(panupuo)) uo1EpEIS(J TBIUSUIUOITAUY
01 SOV SNOWIEA JO AIIq©deasng 9y3 VUTWLIaNT 03 Pasil sTelIajeiN  *1-III 91qeL

-3




Pratt & Whitney Rircraft

FR-5768

g
e 1 e S reie 14 e i s o s - JR— JE—— — — R

400'0 010°0  §0°0 90°0 »00°0 951 L'Re S0yl 8°12 [ 14 1o 21°1 Wani 887 soudwy

900°0 010°0  ¥0°0 800 $00°0 90°2 1oy SET 9°02 0L°22 620 29°0 uX4X g¢ [ reuivy

100 RL'0 Y000 sT°2 00 eI's 62670 29°26 dnze ofY-v

£10°0 P10 110°0 £2°2 10°0 ¥2's  €E°0 1'76 aoze orr-v

9000 e 080°0 0¥0 0 8S'9  ®I°0 638 62y xvze AP-1V9-AL

800°0 1o L000 0%0°0 8S°9 12°0 1°68 86°C [3erd: 4 AP-IVO-LL

220'0  L20°0 180 990°'0 32°0 L'89 0Lt 19'6 L0 3970 89X urad L¥E IBIV

010°0 £8°0 %00 920 yoLe {301 o1t or°0> ¥6°0 0°Z 1ozg L¥E IV

szt ot0'0 2'0  1°€S £2°2 6z'0 ¥V 6°S2 wo w1 ACXE %2~V

80°0 f€°1 200°0 1€°n  Z2°€S z°z 9z*a  €°§1 1°$2 8¥'0 2°1 noze =xe-V

q0 26°0 $0'0 ST0°0 L6°F Y10 SU'6 66°T 0°21 80°8 9°29  01°0> OI°0> 0T'0> 6616-d 5T 002-K VI

QO gz°1 $0°0 GT0'0 96°'% O0T'0> ¥SOV o081 i5°TN 29°8 1°09 010> OT'0> 0T°C> 8016-d ST 003-N UV

8t'0 %8°Z 9n0  2ZTo0 HE'S I¥0  6S°ET 9L°¥ 980 20°6 28°'29 01'0> 01°0> gv26-d 00T-NI

800°0 910°0 $L0°0 L2°8 ¥T00"0 981  09°T 1570 €22 €sLy w'o 19°0 4o2d x Aonorewy

g6'0 I°C  T0'0> S20°0 S¥Y €70 6°91T €'t y°st €I'¥S 00 SG'0 2070 obag Aojonisy

90°0 €'  10°0> S§z0'0 66°¢ Sl'0 S99l I€°C 15t 1€°¢¢ 200 80'0 S0 O 0NN Aojaney

$0°0 8S°F  90°0 €00°0 6£°T 0L°0 K9'EL 6R°T S8T yo'e€  €0°0  LOO 2070 rME  GAOTVIEVAM

S10°0> S10°0> ¥’y S0'0 900°0 0S'T S9°0 £zl 62 z°81 6§ T10°0 00 €070 SINEBZTT  AQTVASVM

S00°0 #0070 z6°'¢ %00 $0°'6 gr'0 6L 070 25°12 8L°29 01'0  20°0 4vag §%9 teuodw]

§het0 §00°0 28°E z80°0 O01°6 1’0 ¥1T 600 90°0 09°12 1629 80°¢ 10°0 ADZ® Q20 w0

L1e°g ¥o'o I1°€C 0¥00°'0 0S°0  8'LU 020 ¥O'T €1°61 98°z¢ €0°0  ¥I'0 OI'0> AWZE 8TL (9000

900'0  £00°0 9%°c 8¥0°0 P0'E 9600°0 8¥°0 SI'8T 08070 20°% BT°RT 8¢°ES  S0°0> 0I'0 ¥0°0 olAg BT teuodu]

N (25) 31 s d ] sL-Q) @ § ) o 1z a v Y " " A 1 N ny s N uﬂ LR

whom 4q g - sopisodio) [MURLANY

uoljepeISa( [BIUSWUOIIAUY 0) SAO[[V SNOMEA JO
A1111q13de0sng 9] SUITUILAIS( 0} Pas) STelINEN JO voijisodwo) eo1wayy *2-T1 3qel

I1-4




_:.Tjg}?‘,«r}wk»,gwfwﬂ‘fKf‘»&-‘l"-sl's‘ 2

Pratt & Whitney Rircraft
FR-3768

Inconel 718 and Inconel 625 materials were tested in both the parent and
welded condition. Specimen blanks were prepared, as shown in figure II1-1,
and manually gas-tungsten-arc (GTA) welded. The Inconel 718 blanks were
welded using AMS 5832 as filler material; Inconel 625 blanks were welded using
AMS 5837 filler material. Both materials were welded in the solution-anneal
condition. The Inconel 718-welded blanks were then subjected to the heat treat-
ment No. 2 (1313°K [1909°F] solution) described in table III-1, Inconel 625-
welded specimen blanks were subjected to an 1255°K (1800°F), 1-hr, air-cooled
stress-relief cycle.

ALL LINEAR DIMENSIONS ARE IN mm
1.27

+0.25

45 * 5 deg \(" i

1 & et
63.5 (NOTCHED)

|25 25 de
25.7 (SMOOTH) 127 2 0.25
‘/63.5 (NOTCHED) J\
19.05 24
DIAMETER
25 4/"

25 4/l FRACTURE TOUGHNESS
' BLANK
\\‘/ 45 + 5 deg

Figure I1I-1. Specimen Biank Preparation Prior To D 51835
Welding

SMOOTH AND NOTCHED
TENSILE BLANK

50.8

B. TEST GASES AND MATERIALS

Helium, hydrogen, and anhydrous ammonia were used during the testing of
specimens, and nitrogen was used as a preliminary purge gas. Hydrogen was
provided under Military Specification P-27201, which requires the gas to have
an oxygen content of less than 1 part per million. Analyses verified gas to be
of this purity. Anhydrous ammonia was provided typically under Federal Speci-
fication O-A-445 and was rated 99. 95% pure. Both the hydrogen and ammonia
were supplied in liquid form and vaporized. The helium and hydrogen gases
were used to directly provide the test environments. The hydrogen and water
vapor environments were obtained by injecting distilled water into the pressur-
ized hydrogen environment such that the water was vaporized by furnace heai
within the test chamber.
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The ammonia was used to obtain the environment noted as hydrazine in the
test programs. Since hydrazine is considered to dissociate according to the
following equations:

3NgHg —> 4NH3 + N2 + 1.553 X 107 KgM (1.443 X 10° Btu) exothermic

ammonia
4NH3 —> 2Ng + 6H2 - 8.523 X 106 KgM (0.792 X 105 Btu) endothermic

pure anhydrous ammonia, with the specimen heated to 951°K or 1144°K (1250°F
or 1600°F), produced an envircnment similar to dissociated hydrazine.

Gas handling systems, supplying the test vessels, were equipped to enable
sampling before and after specimen tests. The hydrogen was sampled exten-
sively, both dry and saturated with water vapor (wet hydrogen was dried prior
to analysis). Samples were analyzed using a modified 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

Surfaces of all specimens were machined(}) and finished to an average
roughness of 16-pin. RMS or less except for one outer surface of the compact
tensile fracture toughness specimens, which was machined to a roughness of
32-Min. RMS in accordance with ASTM E-399. Gage sections of specimens
were polished prior to testing. The notch used for tensile specimens to obtain
a stress concentration factor of 8.0 was designed according to Peterson(?) and
was machined by grinding. Smooth tensile specimens had a gage section diam-
eter of 6.37 mm (0.251 in.). Two types of specimens were used for the fracture
mechanics testing. Compact tensile specimens were used for fracture toughness
tests in the contract's first phase. Fracture mechanics tests under the second
phase of the contract were conducted on center slot (or flaw) type specimens
with a thickness of 2. 54 mm (0.10 in.). The slot was machined into the specimen
by use of electrical discharge machining (ELOX). The specimen was polished
in the area of the slot.

Welded specimens were machined from blanks prepared as previously dis-
cussed; manual GTA welding was performed on oversized blanks to ensure speci-
men finished dimensions. Both the root pass and the finished weld were X-ray
inspected and judged radiographically sound. Prior to finish machining, speci-
mens were given a light etch to define weld location. After finish machining,
all specimens were polished to produce desired surface finish.

A typical set of specimens is shown in figure [1I-2; specimen prints are
listed in table III-3 and are shown in figures II-3 through II-9. Specimens
prints are dimensioned in conventional units cnly.

(1‘\Test specimens were machined by both the Pratt & Whitney Aircraft Laboratory
Machine Shop and outside vendoxs operating under Pratt & Whitney Materials
Control Laboratory surveillance and control.

(2)R. E. Peterson, Stress Concentration Design Factors, John Wiley & Soms, Inc.,
New York, 1953.
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Table NI-3. Specimens Used to Determine the Susceptibility of Various
Alloys to Environmental Degradation

Name Print Number Figure

Constant Strain Low- FML 95500B -3
Cycle Fatigue

Smooth Axial Fatigue FML 95212B -4
(High-Cycle Fatigue)

Compact Tensile FML 95559C -5
Fracture Toughness

Center Slot (Notch) FML 35810
Fracture Mechanics

Flat End Creep-Rupture FML 95623B
Notch Tensile FML 95620B

Smooth Tensile FML 95224B
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SECTION IV
HIGH-CYCLE FATIGUE

A. GENERAL

Load (stress) controlled high-cycle fatigue tests (HCF) were conducted on
three nickel-, one iron-, one titanium-, and one cobalt-base alloys to determine
the effect of high-pressure hydrogen and/or dissociated hvdrazine (anhydrous
ammonia) upon the high-cycle fatigue life of these materials at ambient and ele-
vated temperatures and establish the susceptibility of these alloys to hydrogen
and/or dissociated hydrazine degradation.

High-cycle fatigue tests were conducted in 34.5-MN/m2 (5000-psig) gaseous
helium and hydroge: at 300°K (80°F) on Inconel 718 (two heat treatments), AISI 347,
and Titanium A-110, and at 951°K (1250°F) on Inconel 718 {two heat treatments),
IN-100 and MAR M-200 DS. Additional HCF tests were conducted on the
MAR M-200 DS material in 3.45-MN/ m2 (500-psig) hydrogen and dissociated
hydrazine at 1144°K (1600°F). HCF tests were conducted on Haynes 188 material
in 3.45-MN/m2 (500-psig) dissociated hydrazine at 951°K (1250°F) only. Compari-
gon of the HCF S-N curves established in helium to those established in other
test media determinec HCF life degradation due to high pressure hydrogen or
dissociated hydrazine. Test stress levels for each material were selected to
obtain specimen failure within 1000 to 100, 000 test cycles.

B. CONCLUSIONS AND DISCUSSION

As a class, the nickel-base alloys were the most susceptible to environmental
degradation of HCF life, with all exhibiting degradation. On a qualitative basis,
MAR M-200 DS was most susceptible to HCF life degradation, followed by
Inconel 718 (both heat treatments showed approximately the same) and IN-100,

The iron- and titanium-base alloys, AISI 347 and titanium A-110, were not
affected at 300°K (80°F). The cobalt alloy, Haynes 188, was tested in dissociated
hydrazine (ammonia) only, and HCF degracation could not be established.

Inconel 718 alloy, with 1227°K (1750°F) and 1313°K (1900° F) solution plus
age heat treatments, was tested at 300°K (80°F) and 951°K (1250° F) in helium
and hydrogen atmospheres at 34.5 MN/m2 (5000 psig). Both the 1313°K (1900°F)
and 1227°K (1750° F) solutioned material were degraded in hydrogen to approXi-
mately the same degree, indicating microstructure did not significantly affect
the high-cycle fatigue life in hydrogen of this material. Cyclic stress level had
some influence on the degree of degradation as indicated by the slopes of the
S-N curves (figures IV-1 and IV-2). However, both heat treatments show ap-
proximately the same degradation at both 300°K (80°F) and 951°K (1250°F),
indicating HCF life degradation of this material in hydrogen atmosphere was
not as dependent upon temperature as some of the other nroperties obtained in
this program.
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IN-100 material was tested in 34.5-MN/m2 (5000-psig) hydrogen at 951°K
(1250° F) only and exhibited the lowest HCF life degradation of all the nickel-
base alloys tested. The slope of the S-N curves in helium and hydrogen indicate
the HCF life degradation of this material is not stress-level sensitive since the
degree of degradation appears constant with increasing cyclic stress level (fig-
ure IV-3). Specimens tested in both helium and hydrogen were examined metal-
lurgically after test, and one specimen tested in the hydrogen atmosphere ex-
hibited excessive microshrinkage (figure IV-4).

MAR M-200 DS material was tested in 34.5-MN/m2 (5000-psig) helium and
hydrogen at 951°K (1250°F) (heat P9108) and in 3.45-MN/m2 (500-psig) hydrogen
and dissociated hydrazine at 1144°K (1600°F) (heat P9199). The HCF life of
this alloy was degraded at 951°K (1250°F). Since there was not a helium base-
line established at 1144°K (1600°F), nor any testing in 3.45-MN/m2 (500-psig)
hydrogen at 951°K (1250°F), the degradation due to 3.45-MN/m2 (500-psig) hydro-
gen or dissociated hydrazine at 1144°K (1600°F) could not be established. Cyclic
stress level and temperature influence the degree of degradation of this alloy in
a hydrogen atmosphere as indicated by the S-N curves shown in figure IV-5.

Because of the test data scatter, all specimens tested in helium atmosphere
were examined metallurgically after failure. The specimens showed numerous
small fractures along the gage section, cracks through MC carbides and some
incipient melting resulting from the 1477°K (2200° F) solution heat treat cycles.
However, all specimens showed satisfactory grain orientation with some, but
not excessive, micro-shrinkage evident (figure I[V-6). The slope of the helium
HCF baseline S-N curve was established by the half-cycle ultimate tensile strength
(1208, 7 MN/m2 (175.3 ksi)) at 951°K (1250°F) in helium and the cycles-to-failure
for a HCF specimen at the average maximum stress level (1068.7 MN/m?2
(155 ksi) tested.

AISI 547 alloy was tested in 34. 5-MN/m2 (5000-psig) helium and hydrogen
atmospheres at 300°K (80°F) oniy. This material exhibited no HCF life degra-
dation at these conditions (figure IV-7).

Titanium A-110 material was tested in 34.5-MN/m2 (5000-psig) helium and
hydrogen atmospheres at 300°K (80°F) only. Test results indicate no HCF life
degradation within the 10,000~ o 100, 000-cycle test range (figure IV-8). Since
all testing was accomgplished at one pressure and temperature, no conclusions
regarding degradation versus temperature or pressure cau e made.

HCF testing of Haynes 188 alloy was accomplished in 3.45-MN/m?2 (500-psig)
dissociated hydrazine (obtained by dissociating anhydrous ammonia) at 951°K
(1250°F) only (figure IV-9). Since no comparable data are available, conclusions
as to degree, if any, degradation of HCF life resulting from this media and tempera-
ture can only be speculative.

Test data are listed in table IV-1 for all materials aud test conditions.
C. TEST PROCEDURE
Smooth, round specimens were used for the high-cycle fatigue tests dis-

cussed in this report. The test specimen is shown in Section III and is detailed
by print FML 95212B.
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After machining, specimen material was verified, and each specimen was
inspected visually for machining discrepancies. Prior to testing, each specimen
gage diameter (minimum cross section) was measured to the nearest 0.012 mm
(0. 0005 in.) with a micrometer and then cleaned with acetone.

The HCF life data were established by an axial load (stress) controlled
tension-tension test. The test cycle was a tensile load that varied sinusoidally
about a constant tensile preload at a cyclic rate of 20 Hz. All specimens were
tested at an R ratio (minimum stress/maximum stress) of 0.1.
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Tests were conducted using a closed lcop on load, servohydraulic test
machine located in an isolated test cell {figure IV-10). The test specimen was
mounted in a heavy walled pressure vessel attached to the upper platen of the
test machine. Test specimens were mounted in the pressure vessel load frame
by threading each end into tapped loading rods (top and bottom) and securing with
locknuts. The specimen and the sealed pressure vessel were subiected to a
purge cycle, consisting of nitrogen purge, evacuation, two successive pop purges
with the test media and final pressurization to test pressure.

WA,

L3}

FC 23389 {

Test Machine Located in Isolated Test Cell

ey

i ’
e iy l
PR BN

] }

Test Vessel Open Test Vessel Closed

Figure IV-10. High Pressure Gaseous Environment FD 53128 ¢
High-Cycle Fatigue Testing Equipment '

Specimen lcad was measurec by a strain-gage load cell, integral with the
specimen load rod and inside the pressure vessel. Before the initial test and
periodically throughout the test program, the load cell calibration was checked
(using an instrumented and calibrated specimen) at 34.5 MN/m2 (5000 psig) pres-
sure, so that axial tensile loads on the specimen due to high pressure acting
over differential specimen and loading rod areas could be compensated for by
the loading system. Since the load cell was adjacent to, and calibrated to give
absolute specimen load, friction loss through the loading rod O-ring seals was
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of no consequence. Electrical connections to all internal strain gages, load cell,
thermocouples, and heating devices were made through the bottom of the pressure
vessel via an instrumentation manifold and high pressure bulkhead connectors.
During testing, the load cycle and number of cycles-to-failure were constantly
monitored on a calibrated oscilloscope and electronic counter using the internal
load cell output.

Elevated temperature testing was accomplished using a dc power supply
and high-power-density, single-zone furnace mounted inside the pressure vessel
around the test specimen. Analysis of hydrogen gas samples, before and after
the specimen tesis, indicated reqguired gas purity was obtained. Ther nocouples
looped around the specimen minimum cross section were used to monitor and
control specimen temperature during each test.

Test system shutdown was provided at the instant of specimen failure by a
linear variable differential transformer, which sensed load rod position, in com-
bination w.h a meter relay. This proved an accurate method of determining the
total number of cycles-to-failure.
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SECTION V
LOW-CYCLE FATIGUE

A, INTRODUCTION

Low-cycle fatigue (LCF) tests were conducted to determine degradation
duc to high pressure gaseous hydrogen of six nickel-base, two iron-base, two
titanium-base, and onc cobalt-base alloys. Comparison of results of axiul strain
tests in a high pressure hydrogen environment to results of similar tests in a
helium environment established the degradation in cyclic life due to the hydrogen
environment. The low-cycle fatigue tests performed under the contract were
of the strain-controlled type, with the material cycling through a constant total
(elastic plus plastic) strain range (figure V-1) until complete specimen fracture.

Total Stramn
- - Range
“ cogd——
="
‘ f
’
= !
2 ’
- [
= ]
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!
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g 0 ——-~ Stramn
e
- Load Range AP
2
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g Stra:n Range
[ Ae )
\
Figure V-1. Typical Load-Strain Hysteresis FD 148672

Curve Obtained During a Specimen
Low-Cycle Fatigue Test

B. CONCLUSIONS AND DISCUSSION

Except for AISI 347 and MAR M-200 DS, materials tested exhibited some
degradation in LCF life due to high-pressure hydrogen in at least one of the
conditions tested. This degradation was dependent upon both temperature and
strain range. As a class, the nickei-base alloys were most susceptible to
hydrogen effects, followed by the titanium-base and cobalt-base alloys, with
the iron-base alloys tested the least susceptible. It must be emphasized that
the conclusions made herein were based on limited numbers of tests, particu-
larly in the cases of IN-100, MAR M-200 DS, WASPALOY®, Haynes 168, and
on extrapolated data. For these reasons, the conclusions must be viewed in a
qualitative rather than quantitative manner.

V-1
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Two alloys, Inconel 718 at 111°K (-260° F) and MAR M-200 D5 at 251 °K
(1250° F), had greater LCF life in hydrogen than ia belium, indicating a bene-
ficial effect of the hydrogen environment at those conditions. Metallurgical
and surface evaluations of the failed specimens did not reveal conditions that
would significantly contribute to this occurrence. It is believed that additional
work to define the environmental degradation mechanism would explain this
occurrence; unfortunately that work was beyond the scope of this program.

inconel 718 material was the most thoroughly investigated. Two heat
treatments, differing in solution temperature only, were applied to specimens
from the same stock. The base material was fine grained, fully recrystallized.
The primary difference in microstructure was the larger grain size produced
by the 1313°K (1900°F) solution treatment than by the 1227°K (1750°F) solution
treatment,

The 1313°K (1900°F) solutioned material was slightly more degraded in
hydrogen than the 1227°K (1750°F) solutioned material, indicating that micro-
structure affects LCF performance with small grain, recrystallized structures
more desirable. (Investigations by Harris and vanWanderham (1) have also
described this relationship.) Cyclic strain level and temperature also influenced
the degree of degradation (figures V-2 through V-2), The 1227°K (1750°F) solu-
tioned material had increased degradation at increased cyclic strain levels.
The 1313°K (1900°F) solutioned material did not exhibit this trend. The most
influential effect on LCF life resulted from temperature. Both materials were
less susceptible to life degradation at 951°K (1250°F) than at 300°K (80°F).

The 1313°K (1900° F) solutioned material was tested at 111, 300, and 951°K
(-260, 80, and 1250°F). A plot of degradation vs temperature (figure V-9)
indica ‘es that degradation is most severe in the range of temperatures around
300°K (80°F), with decreasing degradation with decreasing temperature. In
fact, at a temperature of 111°K (-230°F) LCF life in kydroger was significantly
better than LCF life in helium at that temperature. The reason for this great
improvement in LCF life at cryogenic temperature is not presently understood.
It is believed that the 1227°K (1750°F) solutioned material and perhaps other
nickel-base alloys will also show similar influences of temperature. It is
clear, however, that Inconel 718 LCF life is most severely degraded in the room
temperature range. Additional testing at temperature ranges between 266 and
589°K (-100 and 600°F) would define the point of inflecticn in the temperature-
degradation curve.

The remaining nickel-base alloys, IN-100, WASPALOY, Inconel 625,
Hastelloy X, and MAR M-200 DS, were tested at only one temperature; there-
fore, no conclusions as to effect of temperature were reached. Inconel 625 and
Hastelloy X were tested at 300°K (80°F), and LCF life of both was degraded
(figures V-10 through V-13). In fact, Inconel 625 was the most severely de-
graded of all materials tested at room temperature, IN-109 (cast), WASPALOY,
and MAR M-200 DS (cast) (figures V-14 through V-16) were tested at 951°K
(1250° F) and were ranked in that order as to degree of degradation. IN-100 was
the most severely degraded of all materials tested at 951°K (1250°F).

(1)VanWanderham, M., and J. A. Harris, Jr., "Low-Cycle Fatligue of Metals
in High Pressure Gaseous Hydrogen at Cryogenic, Ambient, and Elevated
Temperatures, "' presented to the 1971 WESTEC Conference, Los Angeles,
California,
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Figure V-2. Low-Cycle Fatigue Life of Inconel 718 DF 96401
With 1227°K (1750°F) Solution Plus Age
Heat Treatment at 300°K (80°F) and 34.5
MN/m?2 (5000 psig) Pressure
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Figure V-3, Low-Cycle Fatigue Life of Inconel 718 DF 96402
With 1227°K (1750°F) Solution Flus
Age Heat Treatment at 951°K (1250°F)
and 34.5 MN/m2 (5000 psig) pressure



Pratt & Whitney Rircraft
FR-5768

Figure V-4. Effect of Gaseous Hydrogen and Strain DF 96403
Range on Low-Cycle Fatigue Life of
Inconel 718 With 1227°K (1750°F)
Solution Plus Age Heat Treatment
at 34.5 MN/m2 (5000 psig) Pressure
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Figure V-5. Low-Cycle Fatigue Life of Inconel 718 DF 96404
With 1313°K (1900° F) Solution Plus
Age Heat Treatment at 111°K (-260°F)
and 34.5 MN/m2 (5000 psig) Pressure
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CYCLES-TO-FAILURE, N¢
Figure V-6. Low-Cycle Fatigue Life of Incone! 718 DF 96405
With 1313°K (1900° F) Solution *lus
Age Heat Treatment at 300°K (80°F)
and 34.5 MN/m2 (5000 psig) Pressure
10.0
%3
1,000
CYCLES TO-FAILURE, N¢
Figure V-7. Low-Cycle Fatigue Life of Inconel 718 DF 96406
With 1313°K (1900° F) Solution Plus
Age Heat Treatment at 951°K (1250° F)
and 34.5 MN/m2 (5000 psig) Pressure
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Figure V-10. Low-Cycle Fatigue Life of DF 96409
Inconel 625 at 300°K (80°F)
and 34.5 MN/m2 (5000 psig)
Pressure

Figure V-11, Effect of Gaseous Hydrogen and DF 96410
Strain Range on Low-Cycle Fatigue
Life of Inconel 625 at 34.5 MN/m2

(5000 psig) Pressure
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Figure V-13.
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Low-Cycle Fatigue Life of Hastelloy X
at 300°K (80°F) and 34.5 MN/m?2

(5000 psig) Pressure

Effect of Gaseous Hydrogen and
Strain Range on Low-Cycle Fatigue
Life of Hastelloy X at 34.5 MN/m2
(5000 psig) Pressure
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Figure V-14. Low-Cycle Fatigue Life of DF 96413
WASPALOY® at 951°K (1250°F)
and 34. 5 MN/m2 (5000 psig)
Pressure
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Figure V-15. Low-Cycle Fatigue Life of IN-100 DF 96414

at 951°K (1250°F) and 34.5 MN/m2
(5000 psig) Pressure
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Figure V-16. Low-Cycle Fatigue Life of MAR M-200 DF 96415
DS at 951°K (1250°F) and 34.5 MN/m?
(5000 psig) Pressure

The two titanium alloys (titanium 6-4 and A-110) were tested at room
temperature and 366°K (200°F). (See figures V-17 through V-20.) There
appeared to be little or no degradation of LCF life of titanium 6-4 at either
temperature. The titanivm A-110 did exhibit severe degradation at 366°K
(200° F) with the degree of degradation dependent upon cyclic strain level.
There appeared to be nc degradation of A-110 at 300°K (80°F). There was,
however, considerable data scatter for these alloys at room temperature.

The cobalt-base alloy, Haynes 188, was tested at 951°K (1250°F) only
and did not display a marked influence of strain level upon degree of degrada-
tion (figure V-21), with severe degradation over the entire cyclic strain range
of 1 to 2% at this temperature.

The two iron-base alloys, AISI 347 and A-286, exhibited the least degra-
dation of all alloys tested. Neither alloy was degraded at room temperature
300°K {80°F), and A-286 was only slightly degraded at 951°K (1250°F). (See
figures V-22 through V-24.)

Test results are listed in table V-1 for all alloys and conditions tested.
Curves of strain range (both total and plastic, where applicable) vs cycles-to-
failure are plotted for each material. Plots of percent change from helium vs
cyclic strain range were obtained by comparing the helium and hydrogen LCF
curves, which were extrapolated, if necessary.
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Figure V-17. Low-Cycle F~tigue Life of Titanium
6-4 at 300°K (80°F) and 34. 5 MN/m2
(5000 psig) Pressure

DF 96416
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Figure V-18, Low-Cycle Fatigue Life of Titanium

6-4 at 366°K (200°F) and 34.5
MN/m2 (5000 psig) Pressure

V=11

100,000

DF 96417

FR-5768




Pratt & Whitney Rircraft
FR-5768

STRAIN RANGE - 4

CYCLES-TO-FAILURE, Ny

Figure V-19. Low-Cycle Fatigue Life of Titanium
A-110 at 300°K (50°F) and 34.5

MN/m2 (5000 psig) Pressure
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Figure V-20. Low-Cycle Fatigue Life of Titanium DF 96419
A-110 at 366°K (200°F) and 34.5
MN /m2 (5000 psig) Pressure
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Figure V-21. Low-Cycle Fatigue Life of Haynes DF 96420
188 at 951°K (1250°F) and 34.5
MN/m2 (5000 psig) Pressure
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Figure V-22. Low-Cycle Fatigue Life of DF 96421
A-286 at 300°K (80°F) and
34.5 MN/m2 (5000 psig) Pressure
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Figure V-23. Low-Cycle Fatigue Life of DF 96422
A-286 at 951°K (1250°F) and
34.5 MN/m2 (5000 psig) Pressure
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Figure V-24. Low-Cycle Fatigue Life of DF 96423
AISI 347 at 300°K (80°F) and
34. 5 MN/m2 (5000 psig) Pressure
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C. TEST PROCEDURES <

Smooth, round, solid specimens were used for the strain-contreolled LCF
tests conducted under this contract. The test specimen used is described in
Section III and detailed in figure TII-3. The s pecimen configuration incorporated
integral machined extensometer collars. A calibration procedure was established
for each material to relate the maximum strain-to-collar-deflection during botk.
the elastic and plastic portion of the strain cycle. The specimen desipm and
calibration procedure were verified both experimentally and analytically.

After machining, specimen gage sections were polished and dimensions
measured. Prior to installation in the test rig, specimens were cleaned with a
nonchlorinated solvent.

Tests were conducted on a P&WATM—designed and built, closed-loop-type,
hydraulically actuated test machine, located in an isolated test cell, utilizing
the strain control mode. Specimen axial strain was measured and controlled by
means of a proximity probe extensometer. A heavy walled pressure vessel
made of AISI-type 347 stainless steel was mounted on the upper platen of the
test machine. This vessel (shown in figure 25) incorporated a Grayloc-type
flange and seal because of the relative ease of assembly and the reliability of
the seal in high pressure. The base of the vessel included a pressure-com-
pensating device to eliminate the axial tensile load acting over the differential
specimen and adapter areas. Both internal (to the pressure vessel) and external
load cells were used; thus the effect of friction at the seals, where the load rods
enter the vessel, was known and accounted for. During testing, load strain
hysteresis curves were plotted using the extensometer and internal load cell
outputs. Electrical connections to the load cell, extensometer system, furnace
(for elevated temperature tests), and thermocouples were made through the
vessel wall via high-pressure bulkhead connectors. Cryogenic temperatures
were obtained by surrounding the test chamber with a liquid nitrogen bath. The
test gas passed through a heat exchanger coil submersed in the liquid nitrogen
bath and into the test chamber. Thermocouples attached to the specimen were
used to monitor temperature during test.

Elevated temperatures were obtained with a resistance furnace surrounding
the specimen internal to the pressure vessel. This turnace is also shown in
figure V-25. A dc power supply and controller were used to drive the furnace.
Thermocouples attached to the specimen were used tc monitor and control tem-
perature during test. Because of the short specimen gage section, a single-
zone furnace was adequate to maintain a uniform gage section temperature.

The high thermal conductivities of high-pressure helium and hydrogen gases
enabied the load cell and strain measuring transducer of the extensometer to
operate at safe temperatures because of their location in the bottom of the ves-
sel.

After inserting the prepared specimen in the test vessel and attaching
the extensometer, the vessel was sealed and subjected to a purge cycle consist-
ing of a nitrogen purge, evacuation, test gas (helium or hydrogen) purge, and
finally a pressurized test gas pop purge. The pop purge congisted of rapidly
pressurizing the \essel to a low pressure and releasing while maintaining a
minimum positive gas pressure. The pop purge was found to result in signifi-
cant increases in the purity of the gaseous environment in the vessel over
that obtained by normal flow purging. In fact, analysis of gas samples taken
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during rig checkout early in the program indicated that the pop purge was as ef-
fective in reducing gaseous environment contamination as evacuaiing the test
vessel prior to normal purging. For this testing, however, both an evacuation
and pop purge were used.

After purging, high-pressure gas was introduced and maintained in the
vessel until specimen temperature and gas pressure were stabilized at the
desired level and testing conducted. The test machine control provided auto-
matic system shutdown upon specimen fracture. Test gas was then vented (and
vessel purged with nitrogen in the case of hydrogen tests), vessel opened, and
sfecimen removed. The test vessel and test procedure used for the low-cycle
fatigue testing were similar to those used for all types of testing under this con-
tract and are also discussed in the sections of this report dealing with tensile,
fracture mechanics, high-cycle fatigue, and creep-rupture.
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FE 100027

FE 100028
Specimenr: and Extensometer in Place Spacimen, Extensometer and Half

Furnace in Place

FE 100026 FE 100025

Closed Pressure Vessel, Cooling Jacket
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Not Shown

Place

Figure V-25. High Pressure Gaseous Environment, FD 53147
Low=Cycle Fatigue Test Vessel
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SECTION VI
FRACTURIF MECHANICS TESTING

A, INTRODUCTION

Fracture mechanics tests were conducted in 34, 5=2IN/m2 (5000-psig)
hydrogen and helium on three nickel-, two iron-, and two titanium=base wrought
alloys at a temperature of 300°K (80" F). The materials tested included
Inconel 718, Inconel 625, WASPATL( Y & A-286, AISI 347, Titanium 6-4, and
Titanium A-110. Two of the nickel-base alloys, Inconel 718 and Inconel 625,
were also tested in the welded condition.

The fracture mechanics tests used two types of specimens. Materials
evaluated in the first year of this program to determine fracture toughness were
tested using the ASTM compact tensile specimen. The WASPALOY tests of the
second year were conducted using a center aolch (flaw) type specimen. The
compact tensile specimen supplied fracture toughness information, either Kic
or K[f. for precracks parallel to grain flow (longitudinal) and transverse to the
grain flow. The center slot specimen supplied fracture toughness KE, threshold

stress intensity, KTH, and cyclic stress intensity, KI/KIC, information for
WASPALOQOY.

B. CONCLUSIONS AND DISCUSSION

Only one alloy, WASPALOY, indicated a significant effect due to the hydro-
gen environment. Fracture toughness values of 63 to 74 MN/m2 /m (57 to_
67 ksi v/in.) occurred in hydrogen compared to 103 MN/m2 /m (93 ksi /in.) in
helium. This material was the only one tested using the center flaw specimen.
The other alloys were tested using the ASTM compact tensile specimen, and
there was no severe hydcogen degradation in any of the materials tested. Only
slight sensitivity was evident in Inconel 718, as indicated by slightly lower frac-
ture toughness values and the smoother fracture face in hydrogen than in helium.

Although there was no evidence of hydrogen degradation in fracture tough-
ness of Titanium 6-4 and Inconel 625, the metallographic examination indicated
some sensitivity to hydrogen in both materials. In fact, from the metallographic
examination, it was concluded that Inconel 625 was the -ost severely hydrogen-
embrittled alloy. This was not consistent with the cc act tension fracture tough-
ness values obtained, as, if anything, they showed a slight increase in hydrogen.
An Rgc analysis, discussed on the next page, does tend to show hydrogen degradation.

A comparison of welded Inconel 718 and Inconel 625 to parent material
revealed a general decrease in magnitude of the fracture toughness values, but
no susceptibility to hydrogen degradation. GTA-welded Inconel 718 with the
1313°K (1900°F) solution was less ductile than the parent material, as was evi-
denced by the appearance of the fracture face and the attained K[g values. This
was not the case with Inconel 625, in that it remained very ductile and retained
approximately the same Kig values. Comparing longitudinal to transverse fracture
toughness values, there was generally no difference, although there was a slight in-
crease in magniiude in the transverse direction in both titanium materials tested.
There was a significant increase in Rgc of welded Inconel 625 over the parent
material. This increase is mostly due to the decrease in yield strength. This
increased Rgc indicates the welded Inconel 625 is significantly tougher than
parent material.
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Cyclic flaw growth data and sustained load flaw growth data for WASPALOY
center flaw specimens are presented in figures VI-1 and VI-2, respectivly. An b
initial stress intensity value of approximately 27.9 MN/m2 v“m (25 ksi /in.)
would be required for 100 cycle life in 34.5-MN/m2 (5000-psig) hydrogen at
300°K (80°F). This is a ratio of initial stress intensity to critical stress intensity
(K/KC) of approximately 0. 45, Sustained-load thresinold stress intensity, K-y,
of approximately 33 MN/m2 /m (30 ksi /in.) would yield no flaw growth i
100 hr at 300°K (80°F) and 34.5-MN/m?2 (5000-psig) hydrogen pressure.

Fracture toughness values are reported in table VI-1 for all materials
(except WASPALOY) that were tested using the ASTM compact tensile specimen.
Originally, the tests were conducted per ASTM E-399-70T, and results were re-
ported accordingly in progress reports. These data have been re-evaluated
according to ASTM E-399-72, and most K;c values downgraded to Ky, (an engi-
neering estimate of KjC) since they did not meet the more stringen: requirements.
The new specification adds the evaluation factor, Rgc, which is the catio of stress
at the crack tip to yield stress.

In the analysis and reporting of fraciure toughness test results, fracture
appearance is valuable supplementary information. The present ASTM standard
for fracture toughness testing assumes that all crack front constraint, due to
the free surfaces, will be evidenced by the formation of shear lips (illustrated
in figure VI-3 as type A). This is not always the case, as was found in very
ductile materials, such as Inconel 625 and AISI 347. In these cases, there was
such a large amount of plastic flow constraining the crack front along the free
surfaces that the result was only a reduction in thickness of the specimen
(type B), instead of the formation of saear lips. Therefore, reporiing the frac-
ture-appearance in terms of percent cblique (implying the percentage of shear
lip) is misleading when dealing with very ductile materials.

Following testing, metallographic investigations of the fracture charac-
teristics of the materials were conducted. It was reported that rough fibrous,
transgranular fractures indicated a tough material, whereas brittle failures
were characterized by intergranular and cleavage fractures. Investigations
also disclosed that the material orientation was quite evident in all of the speci-
mens except the welds. The fibrous appearance of the fracture was oriented
parallel to the longitudinal direction (grains parallel to direction of forging) of
the material.

C. TEST PROCEDURE

Two different specimen configurations were used; compact tensile to de-
termine fracture toughness values and center slot (notch) to determine fracture
toughness values, threshold stress intensity, and cyclic stress intensity.

For the compact tensile specimens, longitudinal and transverse blanks
were cut from round bar stock, heat treated, and machined per ASTM specifi-
cations for compact tensile specimens. The specimens were 19. 05 mm (0,750 in.)
thick and are detailed in Section III, figure I1I-5.

For the center slot (notch} specimens, blanks were cut from rectangular
bar stock, heat treated, and machined into center-flawed specimens. The
specimens were 2.45 mm (0.109 in.) thick in the gage section, and are detailed
in Section III, figure III-6.
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Intensity) Data for WASPALOY®
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Figure VI-2, Sustained-Load Flaw Growth Data DF 91091
for WASPALOY®

VI-3




7/
[y ki
. - pe— i i - B ot -
—— a— ——— ‘ ] - ] Faei s - "
- —— o L
ey procp UL A ey 0708} WA SUUNIN KR 18 PAIBY] Suduidadg
'20-6664 Uoneudsa] WISy 13d pagsidwosoy Buppaesdald onBRey v
SPAIONPUOD I1om §I8IT YOTuMm L3pun
LOL-66¢ WISV Ag .5.::_5& 10U SR YOlys pro| wnwxe Jo JIUISQE 0} ONp paeInoed 0u Uﬁw—_n_
*ZL-66£7 UOREUBIEI [XLSV 109K 10U 830Q )
Ceo €040 € st LEPCTZ BER'T  B¥E'LL 2¥LT0  LbY ST uaBaa pAH suwap
o b0 b 79870  L8C°TZ  L6¥'1  5L0°8C SHL°0 026 °8T uaBarpAH Bog
¢oL <oy ‘0 ¥ K9R'0  L¥D'7Z  66¥Y°T  CLULE 1SL°0  SL0°61 umijag suUea )
dIN/H LY £Er 0 N CeR 0 CER"0T S6v "l £16°LE A 7] ¥L16°8T wn| e Buo 011~V Wwniump
5 ¥ 0w o1 KpL 66681 66F'T  SLO'RE obL'0  96L°BT us oK pAY o]
ey 0€x 1A g66°0  608'7Z 66F°T  CLOBE ¥L°0  000°'6Y uaBoxpAH Buoy
N v LUEL et Z6L'0 LI1°0Z  &6P°'T  050°SE ¥2L'c 0BE°8Y wni{ay sl
NYZH e a L 91 208'0 18702 10S°T  SZI'SE TH.'0 L¥8 8T woay Buo'] ¥-9 wnpuall
aweg wWnjURi) 1g8noIM
fin S L°LE 61 ST3°0 ot %9%°0  .t0°22 86p°L  0S0°SE LhL'0 ¥L6°8T uaBoapAH sue1l
4t RN TS 9°e 655°0 6 206°0 116727 Lob'l  G20°8E 0SL°0  0Su'sl uaBalpAH o
[ z PR 285 °0 £1 €26°0 S6V'€Z  00S°t  001°SE 08L°0  0S0°6l umijag euwes]
HIEE Gh Y Loy z'cy 576 °0 zt 2L8°0  6PT°2Z  66P°1  SLO'SE 6¥L°0  S20°61 umyay Buon L¥E W1V
62 0°26 [0 A ¥ 8L8°0  10€£°22 €8Pl 00B°.E 6¥L°0  S20°6! vaBoupiy suel)
€6« L'¥6 SRy "1 3 g¥¢n  BES'IZ  00S°'T  00T'8E 8¥L'0  SZ0'st waflorpiy Buo
0y 190t 000°2 ¢ wRg°0  59¢°@%  we¥'l  050°8E 6¥L'0  S20°61 umiiay sumBL ]
A0XE T~ £6R 1°66 oLt 9 29%°0  BGR1Z S0C°T  G2T'8E 2SL°0 00181 umiay Buo 982-V
oveg woJ) 1ySnorm A-».
) 1o ¥Es €68 095°2 2t Q660 EELE¥Z  FOS'T  OCT'RE 15L°0  S20%6T uaBoxpAl sl W
o 0°rg 1°79 0£L'z et 7160  ©91°Tz  ¥OS'I  002°'8€  6kLT0  S20°G1 wBoapiy Buoy
[ (3 £°8S 0812 31 Z68°0  L89°22 £0S°T  SLI'wE 25L°0  001°61 umy|ay suml]
AV el 0'tg 99 0922 91 Z16°0  Sul'€Z  20S°U  0SU'8E 0sL'0 05061 umija Buory ©29 19400U] PAPiEM
1t 2°¥¢ 209 [{TA] 8 298°0  G68'IZ  00S't  OUIHE Ly ¥L6'8t uaBoiIpAH suel)
2 L'6% £°98 888 °0 ol SHR 0 6L¥'22 00S°Y 001 "8€ 8¥L 0 66681 uafoapAy Huon
o 9*9¢ €79 P11 ¥l GL6°'0  SYL'PZ  BOS'T  00Z°'SE 6YL'0  SZO'61 uniey suel)
AV 1 £86 2°6S ¥56°0 g1 N9K'D  fF0'TR 63T STERE 1SL°0  SL0'6l amijay Suo €29 1auodm
" 1€5°0 £ CRE'0  6L¥'ZZ  €0¢°L  SLU'RE Lo SLo'er wafaIpAn suel)
nl 065 *0 2 BUK'0  LvD°ZZ REY'T  0SO°RE 8¥L°0  666°81 uaBorpAy Huo'y ay . uopinjog
£0S "0 z C06°0  16°2Z 66P°L  GLO'BE €6L°0  SZU°6! wnyag BURd | (d4.0061) M.ELET
ERYA] 099 *0 £ 726%°0  OPU°'TZ €081 GLI'RE 25L°0 00161 urm|jeH Buog BTL [2U0OU] PIPI3M
2°¢h 916°0 ¢ Z1%°0  6¥T°Z2 0081 00I'RE 8bL'0 666781 uaBarpAs suel ],
0101 6201 76.0  TFY'IZ 00S°1 00T °RE 0sL'0  0%0°8t uadoxpAp B0 ady - wonnios
90t I8 4 Wo¥'y LEOTZZ 0081 ODL'SE 16L°0  SL0°61 umyap duel | (4,0061) HoEIET
g ZH (2244 0L2°1 v g9nco L9617 T0S°T  GZL'RE b0 BLECNL wn g Buo) |12 tauody]
X 1w 0290 § SPR 0 96F°T  000°8E  Q¥L°0 uaBoapdy sues
: s £19'0 P 68K 0 00S°T 0018t ISL°0 uafo1psl Buor aBy , copnjog
" 1450 t 2061 0ST°x€ S0 ey suely (4,061 %2221
Az 0 e eyt £ 2¢s0 1O SE T4 AtS 0cL'0  0S0°6T um)iay oy 8TL fauoduyy
aseq
[2%0IN 1yBnoIm
. i ™y it wotou NI U sy W LU NI brigey 1t “u wui sy ww w wuw Tuaw uoly el AER
e BIN . iy cr eadddy Yidua] yma) LWL gdagg _H. sBawny) -uollAuy -ualI()
SSouuinn | Imaeld anpoer g Y2I0N

NS I8, SINAUTIE] Usw1dadg suonIpuL) 1831,

(1 -08) J00€ 18 JUSUIUOTIAUT]
snoasen (81sd-0008) zW/NIN-G *$¢ Ul STRLIIBI JO sseuysno], aInj0exy °T-IA O[EL

Pratt & Whitney Rircraft
FR-5768




e,

r,.wb..* [

b«awﬂ

Pratt & Whitney Rircraft
FR-5768

Type A Type B

Figure VI-3. Fracture Appearances FD 51883

The thicknesses were chosen to stay within the load limits of the high
pressure tensile testing rig. All specimens were precracked in axial tension-
tension fatigue using a Sonntag fatigue machine, which operates at 30 Hz
(1800 cpm). Precracking was conducted in air at approximately 300°K (80°F)
ut load leveis {KF), which later were verified not to exceed 60% of KQ. Pre-
cracking was per ASTM Designation E-399.

Compact tensile and center slot fracture toughness tests were conducted
on a 266.8 KN (60, 000 1b) Tinius Olsen testing machine. The basic procedure
and pressure vessel described in Section VII were used. An internal load cell
was used to eliminate the effects of friction on the load rod. The vessel is shown
mounted in the tensile machine load frame in figure VI-4. The compact tensile
specimen used a clip gage (figure VI-5) in conjunction with the load cell to record
a load-displacement curve for each test. The center slot (notch) specimen used
the load cell to record a load-time curve for each test.

Fracture mechanics testing was conducted on a P&WA™_designed test
machine. Dead-weight loading was attained by constant gas pressure applied to
an actuator from a large reservoir of 11. 6-MN/m2 (1700-psig) nitrogen. Both
internal and external load cells were used to compensate for the effects of fric-
tion on the load rod. Crack propagation with time was monitored during KTH
testing by following the crack front with crack propagation continuity gages.

Fracture toughness values fo:r the compact tensile specimens were cal-
culated from the load (PQ) established by a 5% deviation from the linear portion
of the recorded load-displacement curve, the specimen thickness (B), width (W),
and crack iength (a) after fracture by the equation:

P
Q

KQ="3n— [29.6(a/W)1/2 - 185.5 @/W3/2 + 655.7 (a/ W2
BW

_1017.0 @/w)/2 + 638.9 @/wy¥ 2
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A typical chart record of a fracture toughness test in high pressure hydro-
gen is shown in figure VI-6.

Fracture toughness values and initial stress intensities for the center slot
(notch) specimens were calculated using the Brown and Srawley equation, re-
ported in ASTM STP-410, from the load (P), the specimen thickness (B), width
(W), and total crack length (2a) by the equation:

1/2
K] = Pé‘w 1.77 + 0.277 (2a/W) - 0.510 (2a/W)2
+ 2.7 (2a/W)3l
- ! 1
5 FRACTURE TOUGHNESS RECORD .| |
= !1 4. i o t
' BN
‘ it A {ra RER
L - :
— = | S S -
i / e !
el 1/ e A L T A S
ol L Y] .
i B AN BRE ] B IR R AN N U
/ . | S - .
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Figure VI-6. Actual Load-Displacement Record for FD 51884A
a Fracture Toughness Test Conducted
in a High Pressure Gaseous Environ-
ment (Titanium 6-4, 34.5-MN/m?
5000-psig) Hydrogen at 300°K (80°F))
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SECTION VII
CREEP-RUPTURE

A. INTRODUCTION

Creep-rupture prope rties were evaluated in gaseous environments of
helium, hydrogen, hydrogen/water vapor, and dissociated hydrazine (anhydrous
ammonia) under pressures of 3.45 MN/mZ2 (500 psig) and 34.5 MN/ m2 (5006 psig)
at 366°K (200°F), 951°K (1250°F), and 1144°K (1600°F). Creep rate, rupture
life, percent elongation, and percent reduction of area were determinced for four
wrought nickel-, two cast nickel-, two wrought iron-, two wrought titanium-,
and one wrought cobalt-base alloys.

B. RESULTS AND CONCLUSIONS

Degradation was determined from the percentage reduction in stress for
the hydrogen environments, compared to the helium environment, to obtain a
given stress-rupture life. Degradation percentages are listed in table VII-1,
for all alloys tested. The influence of hydrogen environments was not consis-
tent upon the different heats of the Astroloy, MAR M-200 DS, A-286, and
Hayes 188 tested, indicating the need for additional testing before an alloy can
be completely classified.

All the wrought nickel-base alloys werc degraded by the hydrogen environ-
ment. Inconel 718 and Inconel 625 materials were severely degraded while
WASPALOY ® and Astroloy materials were only slightly degraded. Hydrogen
degradaticn was reduced for WASPALOY when water vapor was mixed with the
hydrogen. Astroloy appeared to have slightly better life in dissociated hydrazine
than in hydrogen. However, this was comparing two heats of Astroloy material
at two differcnt pressures; therefore, a definite conclusion cannot be stated as
to the effect of the dissociated hydrazine environment upon this material.

The cast nickel-base alloys, IN-100 and MAR M-200 DS, were decgraded
appreciably by the hydrogen environment. However, degree of degradation was
inconsistent between the two heats of MAR M-200 DS material. One heat eX-
hibited greater rupture life in hydrogen than in helium. Metallurgical investiga-
tion did not reveal any material anomalies. Hydrogen and water vapor mixture
and dissociated hydrazine environments both gave greater life than that obtained
when these materials were tested in helium.

The wrought iron-base AISI 347 material was not degraded by the hydrcgen
.nvironment. The A-286 material was degraded by the hydrogen environment at
34.5 MN/m2 (5000 psig) and 951°K (1250°F), but a second heat of this material
exhibited no degradation at 3. 45 MN/m? (500 psig) at the same temperature.

The results of the wrought titanium-base alloys were inconsistent because
of the narrow margin between the test stress level and the ultimate tensile strength.
It was nccessary to test at high stress levels to obtain rupture lives in the 10- to
100-hr range. Hyvdrogen influence was evident by surface flaking of the material.
Metallurgical inve stigation dentified this as hydriding.
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The wrought cobalt-base alloy, Haynes 188, was slightly degraded in
hydrogen at 34.5 MN/m2 (5000 psig). The addition of water vapor to the hydro-
gen environment lessened this influence. A sccond heat of the material showed
no degradation at 3.45 MN/m2 (500 psig) in either hydrogen or dissociated hy-
drazine. Several tests of specimens from the second heat of material ran out at
approximately 100 hr, with no rupture and minimal creep. To obtain rupture
life in the 10- to 100-hr range required operating beyond the yield point that
produced initial elongation beyond the range of the creep measuring extensome-
try. Tests of the second heat of material were to obtain creep data only, with
the knowledge that rupture would not occur. To obtain supplementary stress-
rupture data in hydrogen, three specimens were prestrained and then tested in
hydrogen to obtain both creep and rupture life.

The creep measuring extensometry was later modified for the dissociated
hydrazine environment, which allowed the system to be reset after initial loading.
This made it possible to operate at the high stress levels without prestraining
the specimen. Results compared favorably with the prestrained specimens tested
in hydrogen.

The influence of the hydrogen environment was also evijenced by increased
creep rates, compared to the helium enviroument. A corirarison n¢ times re-
quired to obtain 1 and 2% creep is listed in table VII-2.

vest results are listed in table VII-3. Stress-rupiure life is plotted in
figures VII-1 through VII-16. Creep-to-rupture data s plotted in figures VII-17
through VII-34.

C. TEST PROCEDURE

Creep-rupture tests were conducted on a modified 53. 4-KN (12, 000-1b)
capacity Arcweld Model JE creep-rupture machine. The test machine was
explosion-proofed and located in a test cell open to the atmosphere. Conirols
and data recording equipment were located in an adjacent blockhouse. A high
pressure test vessel (figures VII-35 and VII-36) contained the test specimen,
furnace, and cxtensometry. The pressure vesse! was suspended in the creep-
rur’ e machine and counter-balanced to maintain the load lever arm in a level
position.

The design of the test specimen included integral collars for positive loca-
tion and gripping of creep-measuring extensometer heads. The ends of the
specimen were flat pin joints, rather than conventionally threaded joints, and
acted as part of a two pin joint. Load rods and adapters also incorporated pin
joints, which, in effect, formed universal joints at the ends of the specimen to
eliminate alignment errors and resulting bending stresses upon the specimen.

The extensometer was a dual proximity probe averaging type and was
contained inside the pressure vessel. The extensometer output was recorded
in the adjacent blockhouse as elongation vs time. An elapsed time meter validated
the rupture life indicated on the strip chart.
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The speeimen heater was a reaistance-wire, two-zone, split-clamshell
configuration. Independent zone control provided cven temperature over speci-
men gage length, Temperature was monitored and controlled by threc chromel-
alumel thermocouples looped around the gage scetion. The entive systenm was
contained inside the pressure vesscl.

The pressure vessel used a Gravioe high pressure huby conne ctor to facili-
tate assembly/disassembly.  The assembled pressure vessel wis mounted in the
creep-rupture machine with load rod adapters and bulkhead conncctions for the
furnace, thermocouples, and ¢xtensometer. Test stand plumbing and pressure
vessel were purged and leak checked. The syvstem was e acuated to 1OUM
mercury.

The procedure at this point varied, depending on the environment required
Helium or hydrogen test gas was introduccd directly. The hydrogen and water
vapor environment was obtained by injecting water from a separately purgec
system prior to pressurization with hydrogen.  Water concentration was 3 by
weight. Ammonia was introduced as a gas-liquid mixture, and the pressure
vessel heated above the critical temperature to completely vaporize the ammoni:.
The ammonia environment required some substitutions in system components to
avoid material reactions. It was also necessary to relocate the extensometer
probe system out of the chamber, as the sersing element of the probe was not
compatible with the environment. Creep information was obtained for these tests
by measuring differential movement between the specimen upper lapter and the
vessel base,

The specimen was heated while pressure increasc, duc to temperature
incrcase, was monitored and vented as necessary.  Stable temperature and pres-
surc were obtained in 1-1/2 to 2 hr. An initial room temperaturc calibration
with a strain gaged specimen had « stablished the load induced in the specimen
due to the gas pressure acting over the differential areas. The tost loa:d applied
was 1djusted for this induced load and for seal frictional losses. The test svstem
wa: securcd for automatic control and monitoring. When the specimen failed,
<11 control equipment was automatically deactivated. The specimen was removed,
aad final gage length and diameter were measared and recorded to determine the
pereent clongation and percent rceduction of area.
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Figure VII-1. Stress-Rupture of Inconel 718, 1227°K DF 96651

(1750°F) Solution at 951"K (1250°F)
and 34.5 MN/m2 (5000 psig) Pressure
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Figure VII-2. Stress-Rupture of Inconel 718, 1313°K DF 96652
(1900°F) Solution at 951°K (1250°F) and
34.5 MN/m2 (30060 psig) Pressure
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Figure VII-3. Stress-Rupture of Inconel 625 at 951°K DF 96653
(1250°F) and 34.5 MN/m? (5000 psig)

l Pressure

9653

8274 —
689.5 - by

i

. B

i

e

5516 B s - ]

Ve i."",

2E B

= Z At /]

G OH

bt

413.7

758

1379

Figure VII-4, Stress-Rupture of wASPALOY® at DF 96655
951°K (1250°F) and 34.5 MN/m2
(5000 psig) Pressure

YHell




Pratt & Whitney Rircraft
FR-5768

tos3 140

8314 170 \\\‘O

689.5 1)

551.6 80
71
xF 5 .
£z z
« ¢ Hedltam
413.7] o0} R 1
275.8 401
-
3
L]
¥
137.9 0f
.
0 o - . 10 : 1006
0.1 1.0 100 :

TIME - hr

Figure VII-5. Stress-Rupture of Astroloy at 951°K DF 96654
(1250°F) and 34.5 MN/m2 (5000 psig)
Pressure; Heat LKKC
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Figure VII-6. Stress-Rupture of Astroloy in Dissoci- DF 96656
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Figure VII-7. Stress-Rupture of IN-100 at 951°K DF 96657
(1250°F) and 34.5 MN/m2 (5000 psig)
Pressure
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Figure VII-8. Stress-Rupiure of MAR M-200 DS DF 96658
at 951°K (1250°F) and 34.5 MN/m?
(500C psig) Pressure; Hea: P-9108
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Figure VII-9. Stress-Rupture of MAR M-200 DS DF 96659
at 1144°K (160°F) and 3.45 MN/m?2
(500 psig) Pressure; Heat P~9199
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Figure VII-10, Siress-Rupture of A-286 at 951°K DF 96660 i
(1250°F) and 34,5 MN/m2 (5000 psig)
Pressure; Heat BZCU ‘
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Figure VII-13, Stress-Rupture of Titanium 6-4 at DF 96663
366°K (200°F) and 34.5 MN/m?2
(5000 psig) Pressure
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Figure VII-14, Stress-Rupture of Titanium A-110 DF 96664 §
at 366°K (200°F) and 34.5 MN/m2
(5000 psig) Pressure
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Figure VII-15. Stress-Rupture of Haynes 188 at DT 96665

951°K (125°F) and 34.5 MN/m?
(5000 psig) Pressure; Heat YEFYR
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Figure VII-16, Stress-Rupture of Haynes 188 at 951 DF 96666
and 1144°K 9250 and 1600°F) at
3.45 MN/m# (500 psig) Pressure;
Heat YGDM
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Figure VII-17. Creep/Stress-Rupture of Inconel 718, DF 96667
1227°K (1750°F) Solut’on Plus Age Heat
Treat at 951°K (1250°F), and 34.5
MN/m2 (5000 psig) Pressure
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Figure VII-18, Creep/Stress-Rupture of Inconel 625 DF 96668
at 951°K (1250°F) and 34,5 MN/m2
(5000 psig) Pressure
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Figure VII-19. Creep/Stress-Rupture of WASPALOY® DF 96669
' at 951°K (1250°F) and 34.5 MN/m2
(5000 psig) Pressure
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Figure VII-20, Creep/Stress-Rupture of Astrolo DF 96670
at 951°K (1250°F) and 34. 5 MN/m
(5000 psig) Pressure; Heat IKKC
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Figure VII-21. Creep/Stress-Rupture of Astroloy DF 96671
at 951 and 1144°K (1250 and 1600°F)

and 3.45 MN/m?2 (500 psig) Pressure;
Heat BYQO
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Figure VII-22, Creep/Stress-Rupture of MAR M-200 DS DF 96672
at 951°K (1250°F) and 34.5 MN/m2
(5000 psig) Pressure; Heai. P-9108
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Figure VII-23. Creep/Stress-Rupture of MAR M-200 DS DF 96673
at 951°K (1250°F) and 34.5 MN/m?2
(5000 psig) Pressure; Heat P-9108
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Figure VII-24. Creep/Stress-Rupture of MAR M-200 DS DF 96674
at 1144°K (1600°F) and 3.45 MN/m?2
(500 psig) Pressure; Heat P-9199
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Figure VII-25. Creep/Stress-Rupture of A-286 at
951°K (1250°F) and 34.5 MN/m2
(5000 psig) Pressure; Heat BZCU
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Figure VII-26. Creep/Stress-Rupture of A-286 at
951°K (1250°F) and 3.45 MN/m2
(500 psig) Pressure; Heat BXOY
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Figure VII-27. Creep/Stress-Rupture of A-286 at DF 96677
951°K (1250°F) and 3.45 MN/m?2
(500 psig) Pressure; Heat BXOY
O Faliom 1IKSIagnT (T4 Sirves
@ Bybnps - T Rughes A5
[ ] » k-]
Figure VII-28. Creep/Stress-Rupture of AISI 347 at DF 96678
951°K (1250°F) and 34.5 MN/m2 ‘

(5000 psig) Pressure

VII-23
n /;D\ [N L o - o - __a;-‘ o N




Pratt & Whitney Rircraft
FR-5768

2 SRuptare 1.7 &

RUPIEIP SRR PR
; .
H

e TR
£ Ch b

Figure VII-29. Creep/Stress-Rupture of Titanium 6-4
at 366°K (200°F) and 34.5 MN/m?2
(5000 psig) Pressure
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Figure VII-30. Creep/Stress-Rupture of Titanium
A-110 at 366°K (200°F) and 34.5 MN/m2
(5000 psig) Pressure
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Figure VII-31. Creep/Stress-Rupture of Haynes 188 DF 96681
at 951°K (1250°F) and 34.5 MN/m?2
(5000 psig) Pressure; Heat YFYR
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Figure VII-32. Creep/Stress-Rupture of Haynes 188 DF 96682
at 951°K (1250°F) and 3.45 MN/m2
(500 psig) Pressure; Heat YGDM
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Figure VII-33. Creep/Stress-Rupture of Haynes 188 DF 96683
at 1144°K (1600°F) and 3.45 MN/m?
(500 psig) Pressure; Heat YGDM
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Figure VII-34. Creep/Stress-Rupture of Haynes 188 DF 96684 \
at 1144°K (1600°F) and 3.45 MN/m?
(509 psig) Pressure; Heat YGDM
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SECTION VIII
TENSILE PROPERTIES

INTRODU CTION

Tensile pronerties of 12 alloys were investigated at pressures of 3.45 or
34.5 MN/m2 (500 or 5000 psig) and at tempe ratures ranging from 111 io 1144°K
(-260 to 1600°I). Nickel-, iron-, titanium-, and cobalt-base alloys were tested
in the parent condition, and two nickel-base alloys (Inconel 718 und inconel 625)
were tested in the welded condition. Smooth tensile tests established the 0.2%
vield and ultimate strengths, clongation, and reduction of area. The notched
(KT - 8.0) tensile tests established ultimate strength. Results of tests in hydro-
gen and/or hydrogen and water vapor environments were compared to those in
helium to determine property degradation.

B. RESULTS AND CC .CLUSIONS

The tensile test data were subjected to a statistical analysis to determine
if the measured mechanical properties of the various alloys reflccted true en-
vironmental degradation or simply data scatter. The results of these analyses

were used as the basis for the conclusions herein. In some cascs, the experi-
mental test matrix did not have sufficient tests to enable determination of deg-
radation on a statistical basis. This does not mean that there was no degrada-
tion; only that it could not be established from a statistical approach.

The individual tersile properties (yield, ultimate, elongation, reduction
of area, and notch tensile ultimate) of the alloys tested did not reflect the in-
fluence of the hydrogen environments to the same degree. The relative degree
of environmental degradation is summarized in table VIII-1. None of the alloys
tested exhibited degradation in the 0. 2% yield strength, with the possible excep-
tion of MAR M-200 DS at 300°K (80°F). Based upon the limited tests conducted,
a degradation of approximately 11% in 0. 24, yield strength in the hydrogen en-
vironment was indicated. The statistical analysis could not attach significance
to this degradation due to the small sample size.

The ultimate strength, either smooth or notched, was degraded at one of
the test conditions for seven of the alloys. Only the two cast nickel-base mate-
rials, IN-100 at 300°K (80°F) and MAR M-200 DS at both 300 and 951°K (80 and
1250°F), exhibited smooth tensile strength degradation. The titanium allovs,
Titanjium 6-4 and Titanium A-110, and the nickel alloys, Inconel 718 (1227°K
solution), Inconel 718 welded (131 3°K solution), and Hastelloy X, were degraded
in notch ultimate strength for at least one of the temperature/pressure combina-
tions tested. Astroloy and MAR M-200 DS notch tensile strengths were degraded
bv the hydrogen and water vapor environment at 1144°K (1600°F). The yield and
ultimate strengths of the iron-base alloys A-286 and AISI 347 (figure VIII-1) and
the ultimate strength of the cobalt-base alloy Haynes 188 (figure VIII-2) were not
degraded.
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Figure VIiI-1. Effect of Temperature and Environment DF 96691
Upon Tensile Strength of AISI 347 at
34.5 MN/m2 (5000 psig) Pressure

Figure VIII-2, Effect of Temperature and Environment DF 96692
Upon Notch (KT = 8. 0) Strength of
Haynes 188 at 3.45 MN/m2 (500 psig)
Pressure
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The tensile properties of Astroloy were the most thoroughly investigated,
with smooth and notch strengths determined at three temperatures and notch
strength at two pressures. The effect of temperature upon smooth tensile strength
of Astroloy at 3.45 MN/m2 (500 psig) is shown in figure VIII-3, with no evidence
of hydrogen degradation. The notched tensile strength was degraded at room tem-
perature and 951°K (1250°F), but not at 1144°K (1600°F), in both 3.45- an1 34. 5-MN/m?
(500- and 5000-psig) pressure hydrogen (figures VIIT-4 and VIII-5). 1

The hydrogen and water vapor environment at 3.45 MN/m?2 (500 psig) degraded
the notch strength at both 951 and 1144°K (1250 and 1600°F). The effects of tem-
peratuve, pressure, and environment upon degree of degradation of Astroloy are
shown in figure VIII-6. While the degradation at both pressures is approximately
10% or less and is classified as ND (negligible degradation), there is a definite
effect of pressure upon degradation at temperatures below 977°K (1300°F). The
strength is degraded approximately twice as much at 35.4 MN/m?2 (5000 psig) as
at 3.45 MN/m? (500 psig). The reversal in properties at 1144°K (1600°F) (that
is, higher strengths in hydrogen than in helium) was verified, but no specific
reason for this reversal could be established (Reference FR-5129).

a4z 150 O ——

Figure VIII-3. Effect of Temperature and Environment DF 96693
Upon Smooth Tensile Strength of
Astroloy at 3.45 MN/m? (500 psig)
Pressure

(1) sgtroloy tests at 1144°K and 34.5 MN/m2 (1600°F and 5000 psig) were attempted
on a best effort basis. The maximum hydrogen pressure at which a temperature
of 1144°K (1600°F) could be maintained with the tensile test pressure vessel and
furnace was 30.3 MN/m2 (4400 psig).

vIiI-5
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Figure VII-4. Effect of Temperature and Environment DF 96694
Upon Notch (KT = 8.0) Strength of
Astroloy at 3.45 MN/m2 (500 psig)
Pressure

2 e e s S P L

Figure VIII-5. Effect of Temperature and Environment DF 96655
Upon Notch (KT = 8.0) Strength of
Astroloy at 34.5 MN/mZ (5000 psig)
Pressure
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Figure VIII-6. Effect of Temperature and Pressure DF 96656

Upon Environmental Degradation of
Astroloy Notch (KT = 8.0) Tensile
Strength

The increase in degradation in the hydrogen and water vapor environment
at 1144°K (1600°F) is attributed primarily to the occurrence of oxides on the metal.
At 1144°K (1600°F), the water vapor dissociates at the specimen surface into hydro-
gen and oxygen. The oxygen immediately reacts with the metal to form oxides,
and the hydrogen remains in the environment. The occurrence of oxides on the
specimen surfaces was also noted for the MAR M-200 DS and Haynes 188 tests
in the 1144°K (1600°F) hydrogen and water vapor environment. In the case of
Haynes 188, however, these oxides did not contribute to a property degradation.

The most prominent and consistent indicator of hydrogen degradation in the
tensile tests was the loss of ductility for smooth specimens. In the case of some
alloys. cuctility was extremely degraded, while the ultimate strength showed
negligible degradation. The elongation and reduction of area were degraded for
most of the nickel-base alloys, with IN-160 and MAR M-200 DS (both cast alloys)
and Inconel 715 (1227°K {1750°F] solution plus age) the most severely degraded.
Generally, ductility was affected at 300°K (80°F) more than at the elevated tem-
peratures. Of ali the materials evaluated, only the irou-base alloy, AISI 347,
appeared completely immune to degradation in any smooth or notch tensile property
for the conditions tested. The cobalt-base alloy, Haynes 188, was not tested for

smooth tensile properties, but was not degraded in notch strength at any of the
conditions tested.

Complete test results are listed in table VII-2.
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C. TEST PROCEDURE

Two types of tensile specimens, smooth and notched, were used for this
testing. Smooth tensile specimens had a 6.40-mm (0.252-in.) gage diameter
and a gage length of 25.4-mm (1.00-in.). Notched specimens (KT of 8.0) had a
larger diameter of 12.70-mm (0. 500-in.) and a notch diameter of 8.00-mm
(0.315-in. ) machined in the center of the specimen gage at a 60-deg angle, with
a 0.051-mm (0. 002-in.) radius at the apex of the notch. The specimens are
described in Section III and detailed by figures I1I-8 and II-9.

Tensile tescing was done with a Tinius Olsen 133.4-KN (30, 000-1b) capacity
tensile machine, equipped with a P&WA designed pressure vessel. All controls
and instrumentation readout equipment were located inside an adjacent blockhouse.
This equipment is shown in figures VIII-7 and VINI-8a. The pressure vessel is
shown open with a notched specimen in place in figure VIII-8b and in figure VIII-8c,
with a smooth specimen and room temperature extensometer in place. The vessel
is made of AISI 347 stainless steel and incorporates a high pressure GrayLoc
connector. A compensating device built into the base of the vessel eliminates
the effect of 1oad resulting from differential specimen and adapter cross-sectional
areas.

Figure VIII-7. Tensile Machine and Test Environment FC 21272
Controls and Data Acquisition Equipment
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FC 21268

FC 21572
a) Test Vessel Installed on Tensile Machine in b) Test Vessel Open With Notch Tensile
Remote Test Cell

Specimen in Place
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FC 21873

o FE 107940
¢) Test Vessel Open With Smooth Specimen in  d) Test Vessel With Cryogenic Jacket Installed
Place and Room Tempernture Extensometer

Attached

Figure VIII-8. Varicus Views of Test Vessel FD 53125
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Figure VIII-9. Test Vessel With Outer Chamber FE 107943
Removed, Showing Specimen,
Extensometer, and One-Half of
Furnace in Place

After the initia! series of 300°K (80°F) tests were completed, the tensile
machine was upgraded from a 133.4 (30,000) to a 266. 8-KN (60, 000-1b) capacity,
and the extensometer system was converted to a proximity probe type similar
to those systems in ase for the creep-rupture and low-cycle fatigue tests. Speci-
men load was de.~rmined by both the tensile machine load measuring system and
an internal strain gu e-type load cell; thus, absolute specimen load was known
and friction at the pressuce vessel seals was of no consequence. Electrical con-
nections to the internal load cell, extensometer, thermocouples, and furnace
were made through the bottcw of the pressure vessel via high pressure bulkhead
connectors.

To conduct cryogenic tests, the pressure vessel was raodified by the addi-
tion of an insulated jacket placed over the upper portion. (See figure VIII-8d.)

This jacket has provisions for filling with and flowing LNy, thus providing cryogenic

temperature inside the pressure vessel. To enhance cooling, the test gas passed
through a heat exchanger coil, located inside the LNg jacket, before passing into
the pressure vessel.
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To conduct elevated temperature tests, a two-zone furnace with separate A
control systems for each zone was used that minimized any heat gradient due to
the high thermal conductivity of the gases. This furnace fit within the pressure
vessel load frame. Thermeocouples looped around the specimen gage section
(or notch) were used to control and monitor specimen temperature during each
test. Temperature variation over the 24.5-mm (1-in.) gage length of the smooth
specimen was less than 2% during testing. The high temperature cxtensometer
system is shown, with thermocouples installed on a smooth specimen and half of
the furnace in place in the test vessel, in figure VIII-9. For the hydrogen and
water vapor tests, a thin wall retort was constructed to fit inside the existing
furnace. This was possible because of the relatively large space available and
the absence of extensometry for notched tensile tests. Pressure nside the retort
and the heavy wall pressure vessel was equalized; therefore, the retort contained
the hydrogen-water vapor environment cnly and did not withstand the pressure
loading. Distilled water was injected into the base of the retort, and the percent
of water vapor content in the environment regulated by controlling the temperature
at the bottom of the retort. This temperature was adjusted to obtain approximately
50% by weight water vapor, which simulated the hydrogen-water vapor environment
present in the preburner area of & staged combustion rocket engine.

The following procedure was used during testing:

1. Chamber is opened and prepared specimen installed. In the
case of a smooth specimen, the extensometer is attached.

2. Instrumentation continuity checks are conducted.

3. Chamber is closed, sealed, and vessei,plumbing evacuated.

4, Chamber is backfilled with nitrogen and purged.

5, Chamber is filled and "pop' purged six times in succession
with the test gas to 3.45 MN/m?2 (500 psig). A prerun test gas

i sample is taken.

6. Chamber is pressurized with test gas to 3.45 (500) or
34,5 MN/m2 (5000 psig).

7. In the case of either cryogenic or elevated tests, the tem-
perature is attained and the specimen soaked at test tem-
perature for 10 min,

8. Test is conducted. During the test, specimen load is obtained
from both internal and external load cells. Specimen strain,
for smooth specimens, is obtained from an extensometer
attached directly to the specimen.

9. After specimen failure, a post-run gas sample is taken, and
the chamber is then vented (and purged with nitrugen in the cnce
of a hydrogen test), opened, and failed specimen removed.
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