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ABSTRACT 

Ehbrittlement of Inconel 718 by 5,000 ps i  hydrogen a t  room temperature w a s  

found t o  vary considerably with condition. 

per t ies  w a s  l e a s t  f o r  material with a very f i n e  grain s ize ,  moderate f o r  a 

coarse grained luaterial a f t e r  a 1925, 1400-1200 F heat treatment, and most 

severe f o r  a coarse grained material a f t e r  a 1725, 1325-1150 F heat trettt- 

ment. 

cf a nearly continuous prec ip i ta te  ten ta t ive ly  ident i f ied  as NigCb. 

weld metal znd heat-affected-zone of Inconel 718 welds was more elnbrittled 

by hydrogen than was the parent metal. Fracture toughness t e s t s  gave K 

valnes f o r  coarse grained Inconel 718 in  5,000 p s i  hydrogen a t  room temper- 

atures of approximately 21 IC31 /in f o r  the  1725, 1325-1150 F heat treatuent 

and 50 KSI /in f o r  the 1925, 1400-1200 F heat treatment. 

Reduction of notch t ens i l e  pro- 

Bubrittlement appeared t o  cor re la te  with grain s i ze  and the preseme 

The 

t h  

The t ens i l e  properties of Inconel 625 were considerably reduced by 5,000 

psi  ai; room temperature, but there was no e f f ec t  a t  -200 F. The t ens i l e  

properties of A I S I  321 s t a in l e s s  were s l i g h t l y  reduced b j  5,000 ps i  hydrogen 
both a t  room temperature and -200 F. The t e n s i l e  properties of Ti-Sl-2.5S;n 

ELI were essent ia l ly  unaffected by hydrogen a t  -200 P. 
ture  f rac ture  toughness of A I S I  321 s t a in l e s s  s t e e l ,  Inconel 625, and 

Ti-5Al-2.5Sn ELI were reduced by 5,000 psi hydrogen, but considerable 

p l a s t i c  blunting of the crack occurred i n  A I S I  321 s ta in less  s t e e l  and crack 

branching occurred in  Inconel 625. 

on A-286 s t a in l e s s  s t e e l  and 2219-T87 aluminum a l loy  and the  t e n s i l e  and 

fracture  toughness tests conducted on OFHC copper showed no embrittlement 

from exposure t o  5,000 ps i  hydrogen. 

The room tempera- 

The f rac ture  toughness t e s t s  conducted 

v / v i  
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IbiL' W C T  ION 

The space shuttle vehicle will be propelled by high performance, high chamber 
pressure rocket engines using oxygen and hydrogen propellants, and the 
hydrogen pressures in the space shuttle ma;.a sgine (SSME) will be higher 
than encountered in previous production engins. 

It has been shown (Ref. 1-11) that high-pressure hydrogen seriously de- 
grades the mechanical properties of many of the commonly used engineer- 
ing all9ys. Thu;,, data on the mechanical properties of candidate struc- 
tural alloys in hydrogen under simulated space shut,tle operating condi- 
tions are required to assist in the selection of alloys and, ultimately, 
to provide design data and safe operating parameters. 

Inconel 718 has m y  attractive propertien and is being considered f o r  

extensive use in the space shuttle main engine. 
I and 4), it was found to be extremely embrittled by high-pressure hydro- 
gen. 
significantly with the heat, treakunt and/or heat of Inconel 718 tested. 
A l s o ,  few data (Ref. 9) were avaikble on the hydrogen-environment em- 
brittiament of Imonel 718 weldments. 

In previous work (Ref. 

However, the degree of embrittlement was found (Ref. 10) to vary 

Other candidate materials for regiws exposed to high-pressure hydrogen 
in the space shuttle include Inconel 625, AISI 321 stainless steel, 
Ti-5A1-2.5Sn ELI and O J B C  copper. 
that Ti-5A1-2.5% ELI is severely embrittled and AISI 321 stainless steel 
is slightly embrittled by 10,000 p s l  hydrogen at ambient temperature. 
Inconel 625, being a nickel base alloy, would be expected to be enbrittled. 

Previous work (Ref, 1 End 4) showed 

1 



from exposure to high pressure hydrogen environments. 
dler (fief. 1 and 4) found that OFHC copper was not embrittled by exposure 

to 10,OOG psi hydrogen, 3ut .* --estigations by Vmnett find Ansell (Ref. 11) 
indicated some reduction of ductility of unno-khtd spdcimens of OFHC 

copper in mbient t* uperature, 10.000 psi hydrogen. 

Walter and Chan- 

This progrm was performed Lo determine the gaseous hydrogen environment 
embrittlement of thc --ietals indicated above under conditions of hydrogen 
pressure and temperature per+inent to the space shuttle. 
divided into the following phases: 

The programwas 

I. Variation of Hydrogen-Environment Ehbrittlement 
with Materitrl Condition f o r  Inconel 718. 

Tensiie tests on notched specimens were used to 
determine the effect of as-received material 
condition, heat treatment, and we'3ing on the 
hydrogen-environment embrittleme,-, of Incouel 
718 in 5,001, psi hydrogen at room temper&i;we. 

ii. Tensile Properties of  Alloys in Hydrogen Envi-.w- 
ment s . 
The e-Ffect. cif 5,000 psi hydrogen on the %ensile 
properties c f  the alloys lis-ked above was deter- 
milied at room temperature and -200 F. 

111. Threshold Stress Ictensity of Alloys in Hydroges: 
Ehvironment s . 
Threshold stress intmsities for the alloys listed 
above and in addition 2219-T87 sluminum alloy were 
determined with mor'lifiec? WOL specimens f o r  a hy- 
drogen pressure of 6,000 psi and room temperature. 

2 



The chemical compositions, heat treatments, and mecb.mica1 properties of 

the t e s t  materials i n  the as-received conditions are  l i s t e d  i n  Tables 1, 

2, m d  3, respectively. 

Allvac Division of Teledyne, the forging was fabricated by Carlton Forge 

Wor!zs, k c .  from a Special Metals Corporatian ingot; and the F: a t e  was 

sbpplipd by the S t e l l i t e  Division of Cabot Corporation. 

conel 718 was tested i n  3 heat treaiment conditions. These Inconel 718 

heat treatments a r e  l i s t e d  ia Table 4 and the corresponding room tempera- 

tlire mechanical p- ,perties i n  air  a r e  l i s t e d  i n  Table 5. 

The Inconel 718 ro l led  bar was supplied by the 

Each heat of In- 

Inconel 718 weldments were rrilde using the 1/2-inch thick p la te  with a 

jo in t  design shown i n  Fig. 1. 

arc welding with Inconel 718 f i l l e r  inetal and with the w e l d  perpendiculcrr t o  

the plate  ro l l ing  direction. 

t ran t  inspected and a f t e r  the weldments were completed, the welded plates  

were x-rayed. 

The weidments were made by gas tungsten 

After each weld pass,  the weld was die  pene- 

No defects were fouud during these inspections. 

TEST PIU)CEDUR.ES APPARATUS 

The tens i le  specimens f o r  Phases I and I1 were fabricated with the longi- 

tudinal specimen axis parallel t o  the longitcdinal ro l l ing  direction. 

The t e s t  specimens were 0.306 inch i n  diameter, 9 inches long, and were 

threaded f o r  1 inch on each end and had a 16-rms surface f in i sh .  For the 

unnotchad specimens, a 1.25-inch long, 0.250-inch diameter gage section 

was used. The notched specimens had a 60' V notch st the midpoint with 

a specimen diameter a t  the root of the notch of 0.150 + 0.001 inch. A 
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P 

Si Cr Mo Ti . 

.l7 18.82 2.98 .98 

.10 17.8 3.00 1.00 

.10 17.92 3.10 1.01 

.20 21.14 8.97 -11 

.63 14.15 1.25 2.21 

.58 17.80 .24 .51 

Bal. 

.20 
max 

Material 

Inconel 718 
1-114 in. x 2-314 in. Rolled Bar 

1-112 in. Forging 

1/2 in. P la te  

Inconel 625 

1-1/4 in. x 2-3/4 in .  Rolled Bnr 

Cb + 
A 1  Fe Cu N i  p Ta Miscellaneous 

.49 Bal. .03 51.68 .008 5.02 0.46 Co,  0.005 B 

.57 18.5 .10 Bal. .01 5.39 0.10 C o ,  0.003 B 

.52 Bal. .01 52.77 .002 5.10 0.39 Co, 0.004 B 

a20 2.55 ,.Bal. .008 0.07 Co 

-16 Bal. 24.88 .016 0.047 B,  0.01 Zr, 
0.22 v 

Bal. .12 10.45 .026 

5.1 .19 0.012 Nr, 0.010 H2 
0.08 02, 2.4 Sn - 

Bal. 0.30 5.8- 0.10-0.25 IT, 0.05- 
aax. 6.8 0.15 V, 0.10 max.Zr, 

0.02 max. Mg 

lXdLC 1 

CHEMTCAL COMPOSITION (WEIGHT PERCENT) OF ‘;EST MATERIALS 
(SUPPLIER CERTIFICATION) 

S - 
.004 

.003 . 009 - 

.003 - 
,010 

- 
C - 

073 

05 
.06 - 
.047 

- 
. ogf 
.IO 
.12 - 
05 - 

1.20 
A-286 

1-114 in. Forging 

AIS1 321 S.S. 
1-1/4 in .  P la te  

Ti-5A1-2.5Sn ELI 
1-1/4 in .  P la te  

2219-T87 A 1  Alloy 

1-114 in. P la te  

1 .048 

.Ob0 

.022 

* I OFHC Copper 
I-]/& in. P l a t e  

Cu - 99.99 min. S - 0.0018 max. P - 0.003 max. 
Zn, Mu, A s ,  Sb, B i ,  Te, Sn, Se, Pb, O2 - 0.001 max. each 
Hg, Cd - 0.0001 max. each 

.015 - 1.46 - 
.001 

-iZ- 0.20- 

I I I I 



TABLE 2 

HEAT TREATMENT OF MATERIALS &3 RECEIVED 

MATERIAL 

Inconel i 1 8  

a) 
b) 1-1/2 in. Forging 
c) 1/2 in. Plate 

1-1/4 in. x 2-3/4 in Rolled Bar 

Inconel 625 
1-1/4 in. x 2-3/4 in. Rolled Bar 

A-286 
1-1/4 in. Forging 

AIS1 321 SS 
1-1/4 in. Plate 

Ti-5A1-2.5Sn ELI 
1-1/4 in. Plate 

2219-T87 A1 Alloy 
1-1/4 in. Plate 

OFHC Copper 
1-1/4 in. Plate 

HEAT TREATMENT 

1730 F, 1 Hour, Air Cooled 
1750 F, 1 Hour, Air Cooled 
1750 E', 30 Min., Spray Quenched 

1700 F, 1 Hour, Air Cooled 

Solution Treated 1800 F ,  1 HOUL, Oil Cooled 
Aged 1325 F ,  16 Hours, Air Cooled 

Hot Rolled, Annealed and Descaled 

Final Anneal Cycle 1300-1400 F, 2-8 Hours ,  
Air Cooled 

Sciution 995 F, Cold Water Quench, Approx. E!$ 
Cold Work, Age 24 Hours at 325 F 

Annealed 



TABLE 3 

Yield Tensile Percent 
1200 F S t r e s s  

Rupture Properties 

OFEC Copper I 1-1/4 in. Pla te  

Ma e r i a l  

Inconel 718* 
1-1/4 iL. x 2-3/4 in. Rolled B a r  

1 
1-112 in. Forgirg 

1/2 in. Plate 

Inconel 625 

l-l/& in. x 2-3/4 in.  Rolled Bar 

l - l / b o  Forpipp 

A-286 

AISI 321 S.S. 
- 1.h h. Plate  

Ti-5A1-2.5Sn ELI 
1-1/4 in. Pla te  

PI a t e  

2219-T87 A 1  Alloy 

I None Supplied 

Temp, Strength Strength Reduction Percent I i n  AMS 5596 C 
OF KSI KSI of -%.rea Elongat-; 33 ' Aged C u d i t  i on  

RT 166 200 44 20 64.9 Ffrs P 110 hSI 

199 36 18 59.8 Hrs Q 112 IC31 
1200 140 1G5 43 16 5.68 El, 10% I?A 

1200 146 158 36 

1200 147 170 17 12% E l  

I 1% 5.5k E l  
RT 171 

RT 165 208 21 42 Hrs @ 110 KSJ 

143 54 39 18 Hrs 8 18 KSI & 1500 F RT 91 
2- 69% E l ,  51% RA 

RT 117 150 77 27 

RT 49 89 66 46 

RT L 112 L 122 L 28.5 L 17 
RT T 119 T 124 T 79.5 T 16.5 

RT 57 70 18 

*Aged AMS 5596 C ,  1325 F 8 Hrs,FC t o  1150 F AC, T o t a l  Aging Time 18 Hr3. 
- - 



TABLE 4 

First Aging 

Temperature Time 
F Hrs. 

1325 8 

1500 10 

1400 10 

INCONEL 718 HEAT TFEATMENTS 

Time of 
Furnace Second Aging 
Cooling to 
2nd Aging Temperature Time 
Temp., Hrs. F Hrs . 

3-4 1150 6- 7* 

1-4 1200 6-8b 

2-& 1200 6-8 

~ 

Beat 
Treatment 

Solution 
Treatments 

~ ~~ 

Temperature 
F 

1725 

1725 

1925 

Time 
Min. 

60 

60 

20* 

Aging Treatments 

Total Aging 
Time, Hours 

18-18$ 

20-21 

20-2& 

q h e  Inconel 718 welded specimens were Eolution annealed 60 minutes at 1925 F 
instead of the usual 20 minutes. 



TABLE 5 

I I Aging Temp. 

TENSILE PROPERTIES OF HEAlJl TREATED UNNOTCH3) INCONEL 718 
SPECIMENS TESTED I N  AIR AT 1 ATM PRESSURE 

Ultimate 
KSI 

202 
182 
195 

198 
178 
198 

205 
189 
204 

173 
166 
199 

Hea. t Treatment 

I 
Percent 

Reductio2 
of Area 

35 
32 
37 

31 
35 
41 

36 
35 
38 

12 
13 
23 

Material 

1-1/4 in .  x 
2-314 in.  
Rolled Bar 

1-1/2 in. 
Forging 

1/2 in. Pla t e  

Weldment in 112 
in. Thick 
P la t e  

Solution 
Temperature 

F 

1725 
1725 
1925 

1725 
1725 
1925 

1725 
1725 
1925 

1725 
1725 
1925 

F i r s t  
F 

1325 
1500 
1400 

1325 
1500 
1400 

1325 
1500 
1400 

1325 
1500 
1400 

Second 
F 

1150 
1200 
1200 

1150 
1200 
1200 

1150 
1200 
1200 

1150 
1200 
1200 

Tensile Properties 1 
I Duc ti 1 i t y  I 

Strength }- 

Yield 
KSI 

163 
127 
161 

159 
124 
169 

159 
133 
167 

150 
126 
165 
1 

Per c e c t  
Elongation i n  

1-1/4 in. Red. Sec. 

23 
24 
26 

22 
25 
26 

23 
23 
25 

4.4* 
7.3* 
13* 

*Reduced Section 0.65in.  Long. 



T- 0.50 

SCALE 4: 1 0.050 tO.010 

Figure 1. Weld Design for Gas Tungsten Arc Welding of Inconel 718 
With Inconel 718 F i l l e r  Metal 
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root radius of 0.00095 was used t o  obtain an e las t ic  s t r e s s  concentration 

factor (K,) of approximately 8.4. 

calculated according t o  Peterson (Ref. 12). 

The s t r e s s  concentration factor  was 

Notched welded specimens vere fabricated with the longitudinal specimen 

axis para l le l  t o  the ro l l ing  direction and with the notches located in 
ei ther  the weld or i n  the heat affected zone. 

t ens i le  properties of the Inconel 718 weldments were determined i n  air. 
The reduced sections of these specimens were 0.65 inches long bridging 

the a p p r o s h t e l y  1/4-inch long  weldment. 

In addition, the m o t c h e d  

The appaxatus used f o r  performing the  t e n s i l e  t e s t s  has been described 

elsewhere (Ref. 4). Briefly, the t e n s i l e  specimens were enclosed i n  a 
small pressure vessel  with the ends of the specimens extending outside 

the vessel through s l iding seals. 

by a hydraulic ram. 
0.005 in./min. 

corresponds t o  0.0007/min s t r a i n  ra te .  

The load was applied t o  the specimen 

The unnotched specimens were cross head paced a t  
Notched specimens were load paced a t . a  loading rate that 

Tests with t h i s  apparatus were conducted at room tempeyature and -200 F. 

For the cryogenic t e s t s ,  the pressure vessel  was surrounded by a dewar 

f i l l e d  with cold nitrogen. The nitrogen was cooled by passing through 

copper co i l s  immersed i n  l iqaid nitrogen and was fed into the dewar a t  a 
rate suf f ic ien t  t o  maintain the specimen temperature a t  -200 F. 

Calculation of the actual  tens i le  load f o r  t e s t  specimene r e q d r e d  t h a t  

the f r i c t i o n  from the s l iding seals  and the tenei le  l o a d  from the high- 

10 



pressure gas be considered. 
the ultimate load of the unnotched specimens: 

The following eqmtion was used to caiculate 

Ultimate Load Applied Load - Friction + Pressure 
x (Specimen Area at Sliding Seal - 
Specimen Area Prior to Necking) 

The maximum combined tensile load was assumed to occur prior to necking. 
For notched specimens, the original area at the base of the notch was 
used in place of the "area prior to necking" in the above equation. 

The percent elongation of the unnotched specimens was measured between 
punch marks placed 2 inches apart outside and bridging the reduced sec- 
tion. 
an optical comparator to measure the cross section of the notch before 
and after testing. 

The reduction of area of notched specimens was determined by using 

The method selected for  determining threshold stress intensity (%,) in  
high-pressure hydrogen was patterned after o m  dsveloped by Novak and Rolfe 
(Ref. 13) who used a modified WOL specimeu. 
this program are shown in Figs. 2 a d  3 .  

TL material direction, i.e., the 1oacL-g E!i.ection wati parallel to the 
long transverse direction in the materid aud the cracks propagated- 
parallel to the longitudinal rolling direction. 

The specimeu designs used in 
Tti; specimens were oriented in the 

The Novak and Rolfe technique involves maintaining a constant crack opening 
displacement (COD) and allowing the load, and thus the stress intensity, to 
decrease as the crack extends. 
equals %H in the environment and the crack growth stops. At the end of the 
test, the load at crack arrest is determined by measuring the COD, unloading 

The crack grows until the stress,intensity 

11 
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the specimen, and then releading the specimen t o  the measured COD on a 
t ens i le  machine. 

and the crack length neapured. 

experimentally determined relationship between compliance, :.e., the rela- 

tionship between COD and tipplied load, and crack l tuyth,  the cwack a r r e a t  

load can be calculated and compared with the meesured load. 

Rolfe (Ref. 13) derived the following equation f o r  calculating fhc s t r e s s  

intensi ty  f o r  the specimen shown i n  Fig. 2 and 3. 

The specimen i s  t h m  usually fatigue marked, fractsjred, 

From the crack length and a previously 

Novak and 

where 

P a applied load, kips 

C3 (t) = 30.96 (:) - 195.9 (t) + 730.6 (e) - 1186.3 (er 2 3 

. .  
5 

+ 754.6 (.:) 
a = effective crack length, ill. 

v E specimen dimension, in. (2.55 in.) 

B a specimen thickness, in. (1 in.) 

'n 
a 'net specimeil thickness, ia. (0.90 in.) 

The effective crack length was determined from the f olPowing rela tiaxishj p: 

a + a5 + 2 (a2 + a3 + a4) 1 
8 a =  

I 4  



where a 
the face notches along the 2 sides. 

and a5 are the crack lengths measured at points 0.015 inch in from 1 

is the crack length at the center thickness 

3 is the crack length midway between a and a 

is the crack length midway between a3 and a5 

a3 

a2 1 

a4 

In order to assure that crack growth occurs i n  the crack plane, the modi- 
fied WOL specimen was side notched as shown in Pig. 2. 

(Fig. 2) and a straight notch produced by electrical discharge machining 

(Fig. 3) 

A chevron notch 

were used to obtain a straight crack front in the WOL specimens. 

The Novak-Rolfe technique was modified for performing the threshold stress 
intensity measurements in the high pressure hydrogen environment. 
considered important that the load exerted on the specimen be monitored 
continually during the test. 
which crack growth initiates and the time at which the t-meshoid his 'see= 

reached can be ascertained. Thus, it is possible i,o preload a specimen just 
t o  that. level needed for crack growth, wSich is desirable for preventing ex- 

cessive crack branching. 
directly without subsequent reloading, which is usually required for ob- 

taining the crack opening displacement at threshold. 
important f o r  t,ests conducted at other than room teaperatwe, because the 
COD at the test tem2erature and the load to obtain this COD at that temper- 
atcre must otherw-*de be measured. 

It was 

From the load dropoff, the displacement at 

Secondly, the load at threshold can be determined 

This is particularly 
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In order t o  achieve continual load monitoring, a special  apparatus*, shown 

i n  Fig. 4, was used which involved msasuring the load by means of two load 

ce l l s .  

the load ce l l s ,  and t h i s  force i n  turn ac ts  as a tension load across the 

specimen. 

By rotat ing the loading ram, a compessive force was exerted across 

This apparatus was placed inside a pressure r e s s e l ,  shown i n  the schematic 

i n  Fig. 5 and the  photograph in  Fig. 6. The vessel is constructed of A-286, 
a precipitation hardened austeni t ic  s ta in less  s t e e l ,  and is capable of 6,000 
ps i  hydrogen pressure at cryogenic and elevated temperatures (-320 F t o  

1203 F). 

Figure 7 schematically shows the loading apparatus inside the pressure 

vessel. 

of the vessel through s l iding seals  located i n  the water-cooled neck. 

specimens were held from turning by the  two bolts  at the bottom of the 

apparatus. When the vessel is  pressurized, the pressure acts t o  push the 

loading ram through the s l iding seals  out of the vessel. In  order that 

t h i s  pressure load was not transmitted t o  the specimen, the loading ram 
was held i n  place by means of a sleeve located between the torque shaf t  

coupler and the inside vessel  top. 

vessel were loosened so  t h a t  the sleeve takes the e n t i r e  pressure load. 

The losding ram which i s  rotated t o  load the syecinen extends out 

The 

The two bol ts  ai; the bottom of the 

The displacement was monitored during the t e s t  by means of NASA-type cl ip-  

on gage positioned o r  the specimen in the usual manner. 

* The use of dual load c e l l s  i n  t h i s  manner f o r  measuring the load was 
suggested by Trausducers, Inc., S a n t a  Fe Springs, California 90670. 
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Figure 4.  Apparatus for Holding a Constant Deflectlon and 
Measuring the Load on the WOL Specimen 
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SEAL ASSEMBLY COOLING INLET - 1/8-lN. NPT 

COOLING O’JTLET - L FEEDTHROUGH 

EXTl3S  I ON TU BE, A-286  

GAS INLET/VE 
H L G H  PRESS. 

I/’B-lb!. NPT 

THE RMO CO UPL E 
(3 COUPLES) 

r B O D Y s  A-286 

-SEAL RING, 316 SS 

COVER, A-2% J 
STUDS AND NUT, A-286  
SILVER-PLATED 
t 

Figure 5. Pressure Vessel Used t o  Perform Tests on Modified lJOL 
Specimen i n  H i  gh -Press ure I!y drog en 
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Figure 7. Apparatus for Performing Threshold Stress  
Intensi ty  Measurements 
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It was important that the loading apparatus he designed so that none of the 
components add impurities to the high purity hydrogen environment. 
'connections were vented to allow evacuation of these regions. 
tion at the coupling, MoSi2 dry lubricant, which has a very low vapor pressure 
and is inert to hydrogen, was baked onto the threads. 
electrical wire insulators. 

Threaded 
To lower fric- 

Teflon was used as the 

Considerable care was used so that the hydrogen test environment for the 
tensile and fracture toughness measurements was not contaminated. High- 
purity bottled hydrogen was further purified by passing through an -el- 
hard DeOxo unit, BaO desiccant, and a mixture of activated charcoal and 
activated alumina maintained at boiling nitrogen temperature. To remove 
air from the pressure vessels used for performing the tensile tests, the 
vessels were evacuated to < 20 microns and backfilled 3 times to 100 psi 
hydrogen followed each time by< 20 microns evacuation. 
followed by 5 pressurizations to 5,001) psi hydrogen-depressurization to 
about 50 psi hydrogen before the final pressurization to the 5,000 psi 
hydrogen test pressure. 
hold measurements was evacuated to 20 microns and backfilled 3 times to 
1,000 psi followed each time by evacuation to < 20 microns. This was then 
followed by three 2,000 psi to 200 psi hydrogen pressurization-depressuri- 
zations before final pressurization to the 5,000 psi hydrogen test pressure. 

This was then 

The pressure vessel used for performing the thres- 

Purity of the hydrogen after pressurization with a dicphragm compressor 
was analyzed to be 0.6 ppm N2, 0.1-0.2 ppm O2 with no measureable H20 and 
C02. 
and 6 to 7 ppm N2 was used for the comparison tests. 

Bottled helium with typical impurity contents of 3 ppm 02, 1 ppm %O, 
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RJ3SULTS AND DISCUSSION 

VARIATION OF HMIROGEX-WIROhMEKC ENBRITT- WITH 
MATGtIAL CONDITION FOR INCONEL 718 

Tensile Tests of Notched Inconel 718 Specimens 

Table 6 contains the average resillts of the tensile tests on notched spec- 
imens of Inconel 718 in various conditions in 5,000 psi hydrogen and 5,000 
psi  helium at room temperature. The data for individual specimens are pre- 
sented iri Appendix A. It is apparent from these results that hydrogen-en- 
vironment embrittlement of Inconel 718 is considerably affected by the ma- 
terial condition. 

Consider first the results f o r  the specimens without welds. 
drogen environment embrittlement, i. e. , the highest I$ /,ke ratio (0.86), 
occurred with the 1725, 1325-1150 F and 1725, 1500-1206 F heat treatments 
of the plate. On the other hand, the greatest embrittled (% /%e = 0.54- 

0.59) resulted from the .1725, 1325-1150 F heat treatment of &e rolled bar 
and forging and the 1725, 1500-1200 F heat treatment of the forging. 
mediate embrittlement (NH2/NBe = 0.70-0.77) resulted from the 1925, 1400- 
1200 F heat treatment of all three starting materials and from the 1725, 
1500-1200 F heat treatment of the rolled bar. 
the 1925, 1400-1200 F heat treatment gave the moat consistent results with 

being 0.71, 0.76, and 0.77 f o r  the rolled bar, forging, and plate, 'I,/"He 
respectively. Of the three forms of material, i.e., rolled bar, forging, 
and plate, the plate had the lowest and most consistent hydrogen-environ- 
ment embrittlement for the three heat treatment conditions. 

The least hy- 

0 

Inter- 

Of the three heat treatments, 

Although the least embrittlement occurred with the plate with the 1725, 
1325-1150 F heat treatment, the notched strength in hydrogen was the same 

. 
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TABLE 6 

EFFECT OF 5,000 PSI H2 AT ROOM TENPEZUTURE ON THE AVERAGE PROPERTIES 

OF NOTCHED SPECIMENS OF INCONEL 718 I N  VARIOUS CONDITIONS 

1150 

Heat Treatment* I *  

~ ~ 

1-1/4 in. x 2-3/4 in. Rolled Bar 

Solution 
Temp. OF 

1725 

1725 

Aging 
First 

1325 

1500 

?%&-I Mat er ia 1 

1-1/2 in. Forging 

1/2 in. Plete 

1/2 in. Plate - Weld Metal 

1/2 in. Plate - Weld H A 2  

1-1/4 in. x 2-314 in. Rolled Bar 

1-1/2 in. Forging 

1/2 in. Plate 

Environment 
(5,000 psi) 

He1 ium 
Hydrogen 

Heliiiln 
Hydrogen 

Helium 
Hydrogen 

Helium 
Hydrogen 

Helium 
Hydrogen 

Helium 
Hydrogen 

Eclium 
Hydrogen 

Heliucll 
HyCroyen 

- 

Notch Prow rties** 

Strength 
KSI 

283 
152 

290 
170 

287 
246 

206 
163 

265 
168 

240 
168 

253 
144 

25 1 
217 

-- 
0.54 

-- 
0.59 

-- 
0.86 

-- 
0.79 

-- 
0.63 

-- 
0.70 

-- 
0.57 

-- 
0.86 

Reduction 
o f  Area 

$ 

2.9 
0.9 

3.0 
1.1 

3 .O 
2.0 

1.4 
1.0 

1.8 
0.7 

2.9 
1.8 

2.2 
1.2 

2.7 
2.1 



TABLE 6 

( C O N T T N E D )  

Heat 

Solution 
Temp. OF 

1725 

1925 

-- 

rea  tmen t* 

Aging Temp. "F 
F i r s t  

1500 

1400 

~ 

Second 

1200 

1200 

Material 

1/2 in .  P la te  - Weld Metal 

1/2 in .  P l a t e  - Weld RAZ 

1-1/4 in .  x 2-3/4 in .  Rolled Bar  

1-1/2 in.  Forging 

112 in .  P l a t e  

1/2 in .  P l a t e  - Weld Metal 

1/2 in .  P l a t e  - Weld BAZ 

Environment 
(5 ,000  psi) 

Helium 
Hydr r, g en 

Helium 
Hydrogen 

Helium 
Hydrogen 

Helimn 
Hydrogen 

Helium 
Hydrogen 

Helium 
Hydrogem 

Helium 
Hydrogen 

Notch 

Strength 
KS I 

180 
140 

202 
152 

322 
230 

339 
258 

320 
247 

268 
151 

30 1 
211 

rope r t i  1 

2 /NHt? 

-- 
0.78 

-- 
0.75 

-- 
0.71 

-- 
0.76 

-- 
0.77 

-- 
0 .56  

-- 
0.72 

; w\ 
Reduction 

o f  Area 
P 

2.1 
0.6 

1.4 
1.1 

5.0 
1.7 

4.6 
1.8 

3.7 
2.3 

2.6 
0.8 

3.8 

1 1.1 

*Complete beaL treatments given i n  Table 4. 

H K t  = 8.7 



for  the plate  with the 1925, 1400-1200 F heat treatment as f o r  the plate  

with the 1725, 1325-1150 F heat treatn;ent. The lower %?/He r a t i o  with 

the 1925, 1400-1200 F heat treatment resulted f r o m  the higher notched 

strength i n  helium, In f a c t ,  f o r  ~ 1 1  three forms, rol led bar, forging, and 

plate,  the 1925, 1400-1200 F heat treatment resulted i n  the highest notch 

strength both i n  helium and i n  hydrogen. 

The investigation of the hydrcgen-environment embrittlement of welds was 

made only with the 1/2 in. p la te  which, as it turned oat, was the l e a s t  

embrittled of the forms tested.  The welds were tests5 only in  the heat 

treated a f t e r  welding condition. 

strength i n  both helium and hydrogen was lower f o r  the weld metal and the 

heat-affected-zone thar. f o r  the parent metal. 

For al l  three neat treatnents,  the notch 

Also ,  i n  a l l  cases, the degree of 3ydrogen environment embrittlementwas 

greater f o r  the weld m e h l  ani? heat-aff ected-zone than 2or the parent 

m e t a l .  
F heat treatment were embrittled by hydrogen t o  about the same degree. 

the 1725, 1325-1150 F heat treatment, the heat-affected-zone was more em- 

b r i t t l e d  by hydrogen than was the weld metal while the re-erse was t rue 

for  the 1925, 1400-1200 F heat treatment. The m o s t  severe hydrogen-er- 

vironment embrittlenent in weld specimens w a s  f o r  weld metal with the 

1925, 1400-1200 F heat treatment. As with the parent metal, the notch 

strength i n  helium of both the weld metal and he-t-affected-zone was higher 

with the 1925, 1400-1300 F heat treatment than with the other two heat 

treatments. However, the degree of hydrogen-environment ambrittlement of 

the weld metal was large enough f o r  t h z  1925, 1400-i200 F heat t reatment .  

that the notch strength i n  hydrogen w a s  eosuewhat lower with that heat 

treatment than with the 1725, 1325-1150 F heat treatment, 

The weld metal and the heat-affected-zone with the 1725, 1500-1200 

For 
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- Metallomaphy of Inconel 718 

Optical and electron micro5copy was performed on specimens of the Inconel 

718 bar, forging, and plates  j.4 the  three heat treatment condiiions. Photo- 

micrographs of Inconel 718 i n  the  1750 F annealed, as-received concijtir I 

are  shown for  the rol led bar i n  Fig. 8 and f o r  t he  forging and p la te  i n  

Fig. 9. Since the microstructures of longitudinal and transverse secr;ions 

of the p la te  and forging were the same f o r  t h i s  and subsequent h e a t t r e a t -  

ments, only the  transverse section photomicrographs a ra  showi f o r  Kiese 

materials. 

grain s t ructure  resul t ing from the  three processing methods. 

of the rol led bar was duplex with the larger grains elongated in  the ro l l iug  

direction. 

form. The grain s i ze  of the forging w a s  re la t ive ly  large 4-1/2). The 

plate  w a s  f i ne  grained (As"# 8-1/2). 

There were considerable differences amoug the as-received 

The stmioture 

The grain s izes  of the  forging and p la te  were re la t ive ly  uni- 

Photomicrographs of bar,  forging, and p la tz  specimens witb the 1725 F, 

1325-1150 F heat treatment are shown i n  Fig. 10 cnd with :he 1725, 1500- 

1200 F heat treatment i n  Pig. 11 and 12. 

from these heat treatments appear v i r t w l l y  t4e same as those for the 

1750 P annealed, as received condition. 

The microstructilres resul t ing 

Figure 19 PWVP photomicrographs oi Inconel 718 bar,  forging, and plate  

i n  the 19'5 7 ,  1400-1200 F heat -,reatment condition. Recrystall ization 

and grain &ltii&tl occurced durir-g the heat treatuent,  and the microstruc- 

tural appearance, including grain s ize ,  were the same fo r  a l l  three forms.  
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this TTT diagram. There is no indication from these two TTT diagrams 
that the Ni Cb phase would form during the 1750 F, 1 hour anneal given 
the as-received Inconel ‘418 in this program, but there is some indication 
that the Laves phase would form during this anneal. 
indicated that the Laves phase appears as a flat, irregular precipitate 
while the hi Cb phase typically appears as a needle-shaped precipitate in 

3 
a Widmdinstatten pattern. 

3 

Finally, Eiselstein 

‘Evidence that the second phase in Fig. 14 and 15 is Ni Cb come from 
Efuzyka and k i a r  (Ref. 15), 
various temperatures between 1725 and 1850 F followed by a 1325-1150 F 
aging treatment. 
shown in Fig. 14 and 15. 
diffraction and identified tc precipitate similar to the oae in Fig. i4 
and 15 as being Ni Cb. They made no mention of the Laves phase and it 3 
i s  preiumed that the Laves phase was not present or %as there to a much 
smaller extent %an the Ni Cb phase. 

3 
They anuealed Inconel 718 for 1 hour at 

The resulting microstructures appear similar to those 
Muzyka and Elirniar used selected area electron 

3 

Tentatively, the ‘phase in question is assumed to be the orthorombic Ni3Cb 
phase and it will be so identified for the remainder of the discussion. 
Work is continuix to positively identify this phase. 

Examination of Fig. 14 and 15 shows that the Ni Cb was somewhat discon- 
tinuous in the rolled bar, nearly continuous in the forging,, and is dis- 
persed in *he plate. Thus, the as-receivc . on of the: (a) rolled 

bar is duplex with somewhat diecontinuous Xi a ‘ . - ,  \ I  

grained with nearly continuous Ni Cb asld (c) ~ L P +  

discontinuous Ni Cb. 

3 

“arging is large 
is fine grained with 

3 
3 

3 



During the 1325-1150 F aging treatment, coherent precipitates of Y '  and 

yll form throughout the s t ructure  and are  not resolved a t  the ;nagnifica- 

t ions used. 

1325-1150 F condition as i n  the 1750 F annealed, as-received condition. 

Thus, the microstructures appear about the same in the 1725 F, 

Figure lii shows the electron microscopy of the bar, forging, and plate  

in  the 1725 F, 1500-1200 F ueat treatment condition. Overaging caused 

coarsening and loss of coherency of the Y f  and Y" precipitates,  and these 

phases a re  resolved in  the electron micrographs shown in  Fig. 16. Coar- 

sening of the N i  Cb phase in a l l  three electron micrographs is a l so  evi- 

dent. 
3 

Figure 17 shows the electron micrographs f o r  the 1925 F, 1400-1200 F heat 

trea+ument condit ,.:. Recrystallization, grain grovth,  and dieeolution 

occicred during the heat treatment, and the resul t ing micro:,tructuree UP 

the bar, forging, and plate  are a l l  v i r tua l ly  the same. Figure 17 shows 

that the N i 3 G  went i n t o  solut.ion during the 1925 F solution anneal. A 
thin,  int.ergranular, carbide f i lm together with isolatod carhide parti- 

cles formed during the heat weatment. 

Solution of the Ni3Cb phase is consistent. -itt Muzyks and Haniar (Ref. 15) 

who showed that the phase they ident i f ied as NigCb disap2eared completely 

during 6r 1900 F anneal. Both Muzyka and Maniar (Ref. 15) and Eisels te in  

(Ref. 14) shewed that a carbide f ihi formed during solution annealirg a t  
1900 F and a t  1300-1500 F+ On +,he other hand, Eisels te in  (Ref. 14) shwed 

that the carbide fi lm would not form during aging a f t e r  a 1700 F solutiun 

ann cal . 
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The microstructures of the veld and heat affected zones of the 112 in. p la te  

weldments are shown i n  Figure 18 f o r  the 1725 F, 1325-1153 F heat t reat-  

ment condition, in Figure 19 fo r  the 1725 F, 1500-1200 F heat treatment 

condition and i n  Figure 20 f o r  the 1925 F, 1400-1200 F heat treatment 

c a d i t i o n .  A dendrit ic,  cored s t ructure  is evident i n  the weld when in 
the 1725 F, 1325-1150 F and 1725 F, 1500-1200 F heat treatment coriditions. 

The microstruct-ma of the weld in the 1925 F, 1400-1200 F heat t r e a a e n t  

condition srppears similar t o  that f o r  the parent metal but vith somewhat 

smaller gra-3 s i z e  and remnants of dendri t ic  segregation. 

The eleciron micrographs of the weld metal with the 1725, 1325-1150 F and 

1725, 1500-1200 heat treatments show an almost continuous array of the 

phase asslimed t o  be Ni3Cb. This phase can also be seen in the electron 

micrographs of the heaLaffected-zone of speciuens with these same heat 

treaimmts and it is 2oarser and more aontinuous than i n  the p r e n t  metal. 

The heat-affected-zone also containedNi3Cb needles in the typical 

Wi&tatten pattern. 

Electron microcaphs of parent metal, weld metal, and heat-affected-zone 

al l  appear similar f o r  weld specimens with the 1925, 1400-1200 F heat. 

treattllent. 

can be seen. 

Intergranular carbide fi lms and isolated carbide par t ic les  

The character is t ic  differences, discussed akove, among the microstructures 

of the Inconel 718 roi led bar, forging, and p lc te  vl th  the various heat 

treatments can be related,  a t  l ea s t  quali tatively,  t o  the degree or' 
embrittlement by the high-pressure hydrogen environment. F i r s t ,  it ahodd 

be noted that electron fractography has corsoborated f o r  these specimens 

the previous findings (Pef. 4) that the fracture  of Inconel 718, aa well 

as other nicke'.-bnse ailoya, i n  high-pressure hydrogen is intergranular i n  

the hydrogen affected region. 
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The least embrittled microstructure, i.e., the plate with the 1725 F,  

1325-1150 F heat treatment, was fine grained with discontinuous particles 
of the phase tentatively identified as NigCb. The host embrittled micro- 
stri:cture, i.e., the rolled bar and forging with the 1725 F, 1325-1150 F 

heat treatment, was either relatively large grained or a duplex structure 
of small and large g?-ains with, in both cases, semi-continuous Ni Cb in 
the structure. 
grain size, the elimination of Ni Cb, the presence of carbide particles and 
intermetallic films and iotermed,ate embrittlement for the rolled bar, the 
forging, and the plate. 
coarsened the Ni Cb and the age hardening precipitate but did not significantly 
change embrittlement from that for the 1725, 1325-1150 F heat treatment. 
lack of sensitivity of embrittlement to overaging indicates that the degree 
of hydrogen environment embrittlement is not strongly influenced by the age 
hardening precipitate size, morphology, or coherency. 

3 
The 1925, 1400-1200 F heat treatment resulted in a large 

3 

The 1725 F ,  l5OO-l2OO F overaging heat treatment 

3 
This 

It thus appears that the least embrittled microstructure is one which is 
fine grained w'th dispersed Ni Cb. 
only by severe working of the ingot and is not always feasible in large 
forgings. 
fine grain size. 

3 
heat treatment decreased embrittlsment of the relatively large grained 
material. 
creased embrittlement of the fine grained material. 
optimum heat treatment may be the lowest trme-temperature anneal to place 
the Ni Cb into solution and avoid grain growth. To determine this, tests 
are planned on each material solution annealed at 1875 F for 10 minutes 
and aged at 1400-1200 F. 
at 1875 F for 10 minutes without subsequent aging to determine the degree 
of embrittlement of as-annealed Inconel 718. 

A fine grained structure can be achieved 3 

It is not ciear which is the more important, dispersed Ni Ct or 
Removal of the Ni Cb phase by the 1925 F, 1400-1200 F 

3 

Increasing the grain size while removing the Ni Cb phase in- 
On this basis, the 

3 

3 

Tests are also planned on Inconel 718 annealed 

Arsociating hydrngen-environment embrittlement with NiaCb does have the 
prcOlr- . t  other nickel-base alloys, such as Re& 41 and Waspalloy, which 
da . bl* . I  *mbiutn, are also severely embrittled by hydrogen environ- 
.'PI 
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TENSILE PROPERTIES OF ALLOYS IN WYDROGEN ENVIFtONlfENTS 

The average tensile properties of Inconel 625, AISI Type 321 stainless 
steel, Ti-5A1-2.5Sn ELI, and QFRC copper tested in air, 5,000 psi helium, 

and 5,000 psi hydrogen are given in Table 7. 

specimens are presented in Appendix A. 
programs, none of the materials experienced any decrease in yield strength 
due to the hydrogen environment. 

The data for individual 
As has been found in previous 

For Inconel 625, the ductility of unnotched specimens was considerably 
reduced and the strength and ductility of notched specimens was moderately 

reduced in 5,000 psi hydrogen compared to 5,000 psi helium at room tempera- 
ture. 
reduced in hydrogen at room temperature. 
of Inconel 625 by 5,000 psi hydrogen is similar to that found for the more 
moderately embrittled conditions of Inconel 718 even though Inconel 625 is 
not as s trong  an alloy. Generally, everything else being equal, the 

stronger the alloy, the greater the susceptibility to hydrogen environment 
embrittlement. 

room temperature was quite severe although considerable ductility was still 
present. 
temperature contained eurface cracks in the necked down region which were 

rather large and deep, siuilar to those that have been observed on steels 
such as ASTX A-302. 
properties of Inconel 625 at -200 F waa insignificant and no aurface cracking 
was observed at this temperature. 

Even the ultimate strength of the umotched specimens.was somewhat 
The reduction of notch strengkh 

The reduction of ductility of Inconel 625 by hydrogen at 

The unnotched Inconel 625 specimens tested in hydrogen at room 

The effect of 5,000 psi hydrogen on the tensile 

For AISI 321 stainless steel, the strength and ductility of notched specimens 
was elightly reduced by 5,000 psi hydrogen compared to 5,000 pai helium 
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TABLE 7 

1:s I 

94 
92 
87 
- 
- 

103 
103 

- - 
32 
29 
3? 
- 

- - 

AVERAGE TENSILE PROPERTIES OF INCONEL 625, AISI TYPE 321 
STAINLESS STEEL, Ti-5Al-2.5Sn ELI, & OFHC COPPER IN VARIOUS ENVIRONMENTS 

KSI 

144 
144 
129 
208 
158 
164 
162 
212 
22 1 
87 
84 
86 
113 
99 
124 
122 
143 
141 

Material 

Inconel 625 

AISI 321 S3 

Specimen 
Type 

UN 
UN 
UN 
N* 
N 
UN 
UN 
N 
N 
UN 
UN 
UN 
N 
N 
UN 
UN 
N 
N 

- 

Temp . 
F - 
Rm 
Rm 
Rm 
Rm 
Rm 
-200 
-200 
-200 
-200 
Rm 
b. 
R5l 

Rm 
Rm 
-200 
-200 
-200 
-200 

- 

- 

hvironmen t 

Air 
He 1 ium 
Hydrogen 
Helium 
Hydrogen 
Helium 
Hydrogen 
Helium 
Hydrogen 
Air 

Eelium 
Hydrogen 
Helium 
Hydrogen 
Helium 
Hydrogen 
Helium 
Hydrogen 

Pr e8 sur e 
Psig 

0 
5000 
5000 
5000 
5000 
6000 
5000 
6000 
8000 

0 
6000 
5000 
5000 
5000 

5003 
5000 
5000 
5000 

Test Res1 
*- I . ts 



TABLE 7 

(comm) 

- 
107 - - 
17 
12 
11 

- - 
- 

- 

P 
a, 

151 
149 
228 
227 
28 
28 
27 
43 
42 
41 
44 

Material 

Ti-5Al-2.5Sn UN 
ELI UN 

UN 
N 

I N 
. O F H C  Copper UN 

UN 
N 
N 
N 
N 

i~ 
Rm 
-200 
-200 

Air 
Heliun 
Hydrogen 
Helium 
Hydrogcxf 
Air 

Helium 
Hydrogen 
Helium 
Hydrogen 
Helium 
Hydrogen 

Pressure 
Pgig 

0 
5000 
6000 
5000 
5000 

0 
6000 
5000 
5000 
5000 
5000 
6000 

Test Res1 
Strength 

I 
Yield Ultimate 
KSI j KSI 

ts 
Duc ti 1 i ty 

31 
26 
30 
1.7 
1.3 
84 
85 
84 
23 
25 
29 
24 

18 
14 
9 - 

* K t Z  8.7 for all notched specimens 



at room temperature. 
steel specimens were essentially unaffected by hydrogen. For unnotched 
AISI 321 stainless steel specimens, the reduction of area was decreased 
very slightly 1 .  hydrogen at room temperature but to a somewhat greater 
extent at -200 F. 

in hydrogen contained surface cracks. At room temperature, numerous, small 
surface cracks formed over the entire reduced section, while at -200 I?, 
larger surface cracks formed but were restricted mainly to the necked-down 
region. 
for the somewhat greater decrease in the reduction of area by hydrogen 
at -200 F than at room temperature. 
less steel in hydrogen is similar to that observed for other stainless 
steels, e.g., AISI 304, which tend to form'martensite during deformation. 
The effects of hydrogen environments on these stainless steels has been 
attributed to cracking in the martensite in the hydrogen environment 
(Ref. 4 and 5). 

At -200 F ,  the properties of notched AISI stainless 

The unnotched AISI 321 stainless steel specimens tested 

The fact that larger cracks formed at -200 F could account 

The behavior of the AISI 321 stain- 

In a previous program (Ref. 4), it was found that the % /se ratio for 
the Ti-5A1-2.5Sn.ELI alloy was approximately 0.8 for pressures of 10,000 
psi. However, tests were performed only at room temperature. The results 
in Table 7 show that this alloy XBS essentially unaffected by 5,000 psi 
hydrogen c': -200 F .  
in hydrogen. 

2 

No surface cracks were observed in specimens tested 

The results in Table 7 show that OFKC copper was essentially unaffected by 
5,000 psi hydrogen both at room temperature and -200 F. No surface cracks 
were formed. 
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TTRESHOLD STRESS INTENSITY OF ALLOYS IN HYDROGEN WIRONMEKTS 

The results of the fracture toughness measurements on modified WOL specimens 
of various alloys in 5,000 psi hydrogen and 5,000 psi helium at room tempera- 
ture are tabulated in Table 8. 
somewhat above the 5 percent secani offset which is considered in ASTM 
standards (Ref. 16) as the st-ess intensity at which unstable crack growth 
occurs during continuous loading. This stress intensity is designated KIc 
providing plane strain requirements are met. 
valid, the followiug test requirements must be met for the modified WOL 

specimen: 
stress intensity is between 30 and 150 KSI Jin./min,, (b) the change from 
linearity of the load versus deflection curve must be sufficiently sharp in the 
region between 0.8 and 1.0 of the 5 percent secant offset, (c) the specimen 

thickness and crack length must be greater thm 2.5 (3 and (d) the 
maximum deviation of the crack length must be within 5 percent of the 
average crack length. 
at a rate within the range required for a valid I( 
of the tests in air and helium environments met this requirement, 
other hand, the rate of loading in hydrogen was usually very slow so 

that the minimum stresses at which crack growth occurs would not be greatly 
exceeded. Table 9 lists the maximum stress intensities which meet the 
2.5($4 requirement for the WOL specimen dimc, ,ions used for these tests. 
T ~ P  5 percent maximum deviation 0-1‘ crack ‘-.ngth requirement was met for most 
of 
those specimens for which the deviation exceeded 5 percent. Part of the 
reaeon the initial crack lengths deviated somewhat from a ,-wight line was 

For most tests, the specimens were loaded to 

In order for a KIc value to be 

(a) the load rate must be such that the ra+,e of increase of the 

No special effort was made t o  load the specimens 
value, however, most lt? 

On the 

2 teste. The aotual crack length dc- ‘,\tion is listed in Table 8 for 
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TABLE 8 

RESULTS OF FRACTIBE TOVGHNESh MEASURC,’MENTS AT ROOM TEMPEEUTURE 
ON MODIFIED WOL 8- ~‘“IMENS OF VARIOUS ALLOYS IN 
5000 PSI HYDROC‘Y ArJD HELIUM ENVLRONMENTB 

1725, 

1325-1150 F C  

I I  

(1 a@ 
A2 He 

A3 H2 

Ehviron- 
ment 

l d  H2 

*2 

H2 

7- 

Inconel 718 He 

KIc 
Meets ASTM I I Meets ASTM 

I %€I 
I 

Comments ---- 
Pop- i n  

Pop- i n  

Specimen f a i l e d  
during hold pp?ioC. 

Specimen f a i l e d  
during hold period. 

Lrack i r r e s t  deter- 
mined by backing 
off o f  load. 

Pop-in occurred 
a f t e r  the 5s 
secant in-kersect. 

Crack a r r e s t  deter-  
mined by backing 
o f f  of ldad. 

No crack grc-rth 

No crack growth 

Crack branched and 
did not  propagate 

- 

-___I 



TABLE 8 

VI 
N 

I T, t 
KIc 

I 

I I Meets ASTM I 
- "TH 

Standards 

Under 
Uni- 

Cnmments 

17 no - 
1.5 no 11.0 

No crack growth. 

Pop-in occurred with 
a questionable load- 
deflection trace. 

16 no Yes 

65 15.0 yes 

40 7.5 yes 

- - - 
64 yes 15 

15 yes 6 . 1  
I -' 

Specimen failed 
during loading. 



TABLE 8 

(CONCLUDED) 

I K I I K 

l+eets mm I m 
I Meets ASTM- 

He 20 no 
He 16 no 

17 no H2 

5$, or number indicates deviation. 

wl 
w 

(a) Yes indicates deviation is less than 

No crack growth, 
plastic deformation 
only.(Bott? Specimens 
No crack growth, 
plastic def ornation 
only. 

(b) Sustained crack growth occurred but final crack length could not be identified. calculations 
based on crack length at beginning of test. 

( c )  = Conditional value of  fracture toughness from teRt data. 

(d) Specimen was initially stressed to 56.1 KSI /in. (no crack growth). Unloaded and exposed to air. 
Reloaded in HZ and final arrest occurred at 126 KSI /in. 

(e) Specimen was unloaded, exposed to air and reloaded in increments to a maximum str?ss intensity 
of 71.7. 
afterwards. 

Crack growth occurred with each increment held but crack extension stopped soon 
Final crack'extension 0.121 inch plus considerable plastic deformation. 



TABLE 9 

MAXIMUM STRNSS IN'I'ENSITIES AT WHIQI PLANE STRAIN EXISTS 
FOR WOL SPECIMENS USED FOR THESE TESTS 

Mat eri a1 

Incanel 718 

Inconel 625 

AIS1 321 S. S. 

A-286 

Ti-5Al-2.5Sn ELI 

2219-TR7 A1 Alloy 

OFHC Copper 

Yield Strength 
KSI 

162 

94 

32 

113 

119 

57 

17 

KI Max. For 
Plane Strain 

~- 

100 

58 

20 

70 

73 

35 

10 

54  



that the fabricator inadvertently did not in most cases use electrical 
discharge machining (EDM) f or machining the straight notched specimens, 
although the specimen design called for EDM machining of the notch. 
Novak (Ref. 17) has fomd that EDbl machining of the straight notched 
specimens is usually necessary for obtaining a straight fatigue precrack. 
There was a tendency for the crack arrest to occur at greater crack 
lengths in the specimen center than at the edges which'may be indicative 
of greater environmental effects at the plane strain locations at the 
specimen center than at the edges. 

Table 8 includes the KIC measured from the tests, the stress intensity, 
arrested at %, and pertinent information as to whether ASTM plane strain 
requirements were met. 

at which loading was stopped and the crack allowed to propagate until Kmax' 

Inconel 718 

The Inconel 718, WOL specimens were fabricated from the same rolled'bar 
used in Phase 1. .The fracture toughness measurements on Inconel 718 
indicated considerable differences in fracture toughness between 
specimens given the 1725, 1325-1150 F heat treatment and specimens given 
the 1925, 1400-1200 F heat treatment. 
loading) occurred in the air and helium enviro-aments and thus there is 
comparatively little uncertainty of the KIc values. 

Pop-in (sudden load decrease during 

The plane strain 
frtrcture toughness, KIc, for the 1925, 1400-1200 F condition was 105 K S G .  

compared to 68-75 KSI 

condition, 
the Inconel 718 specimen #7 (1725, 1325-1150 2') tested in air, and 

for the specimens in the 1725, 1325-1150 F 
There was a smll amount of crack growth following pop-in of 
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specimen #2 (1925 F, 1400-1200 F )  tested in 5,000 psi helium. 
ately, the post fatigue marking was inadequate to discern the final crack 
length and the 
at the beginning of the test. 
1725 F ,  1325-1150 F condition was between 66 and 75 KSI fin. in air and 
55 KSI fin. in 5,000 psi helium, and % in 5,000 psi helium for Inconel 
718 in the 1925 F ,  1400-1200 F condition was between 97 and 112 KSI f i n .  

Unfortun- 

value was therefore calculated from the crack length 
On this basis, for Inconel 718 in the 

Initial tests conducted in 5,000 psi hydrogen on Inconel 718 specimens in 
the 1725 F,  1325-1150 F heat treatment condition resulted in complete 
fracture O Z  %he specimens although the maximum stress intensities to which 
the specimens were loaded were comparatively low. 
then obtained on specimen #5 by bracketing the load at which crack growth 
was noted rather than by crack arrest. 
method was 21 KSI fin. which is virtually the same (22 KSI fin.) as obtained 
by Lorenz (Ref. 9) on Inconel 718 plate in the same heat treatment condi- 
tion and tested in 5,200 psi hydrogen. 

A threshold value was 

The %value obtained by this 

The threshold stress intensity in 5,000 psi hydrogen for Inconel 718 in 
the 1925 F ,  1400-1200 F condition w8s also measured by bracketing rather 
than by arrest. 
the measwed K,,,, for the 1725 F,  1325-1150 F condition. 

The K,,,B obtained was 50 KSI /in. which was over twice 

Significant crack opening displacement wa9 noted durirqg crack growth of 
the specimens which failed completely in 5,000 psi hydrogen. Thus, the 
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load was not decreasing sufficiently rapidly for. crack arrest because of 
elastic deformation of the loading fixture. 
bridge and stiilr shaft were redesigned to 4ecrease elastic deflection while 
the specimen was loaded. 
shown in Figs. 4 and 7. 

To rectify this, the loading 

The final designs of these components are those 

Inconel 625 

The KIc values calculated, using the 5 percent secant method, for Inconel 
625 specimens tested ir 5,000 psi helium were 63 and 90 KSI fin. 
values are not valid because plane strain c'onditicns were not met for 
these tests and there was no indication of nustained crack growth in these 
specimens when they were held at 70 and 90 KSI fin. 
tion curve for the Inconel 625 specimen tested in 5,000 psi hydrogen 
crossed the 5 percent secant line at 49 S I  fin. Holding this specimen 
at a stress intensity of 56 KSI fin. for 17 hours did not result in any 
indication of further crack extension. The specimen was exposed to air 
and then later reloaded in 5,000 psi'hydrogen in increments up to a stress 
intensity of 126 KSI (in. With each loading increment above approximately 
80 KSI fin. stress intensity, there was a small indication of crack ex- 
tension, but significant crack growth did not occur even at 126 KSI fin. 
Post examination showed that crack branching had occurred at an angle to 
the plane of the fatigue crack. Thus, there was no meaningful crack 

These 

The load vs. deflec- 
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arrest acrta obtained. It is possible, however, that there was initial 
crack extension at 49 KSI fin. which corresponded to the 5 percent se- 

cant intersect. 

The crack branching in Inconel 625 is characteristic (Ref. 4) of alloys 
which are severely embrittled during tensile testing in high pressure 
hydrogen environments. 
tion toward the tensile axis, which decreases the stress intensity at’ 
the crack tip and causes the crack to cease propagating. 
occurred on tensile specimens of alloya which were extremely embrittled 
by high-pressure hydrogen. The cracks, however, continued to pFopagate 
perpendicular to the tensile axis despite crack branching. 

The branching causes the cracks to change direc- 

Branching also 

AISI 321 Stainless Steel 

Plane strain conditions were not obtained with the AISI 321 stainless 
steel specimens in either 5,000 psi helium orf 5,000 psi hydrogen. The 

of 35 KSI [in. in 5,000 psi helium is probably not meaningful because 
crack blunking occurred instead of crack extension as there was no mea- 
sured change in crack depth during the test. 
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The first indication of sustained flaw growth i n  5000 ps i  hydrogen 

occurred a t  28 KSI (fin. 

/in. resulted i n  crack extension with each loading increment and the 

crack arrested each time within a few minutes even though the loads had 

not decreased t o  the previous a r r e s t  values. 

t h a t  the specimen had deformed p las t ica l ly  (over 0.2 inch crack opening 

displacement) and the crack f r o n t  appeared rounded. There was consider- 

able surface cracking along the s ide grooves j u s t  ahead of the precrack. 

Examination of the specimen a f t e r  fa t igue marking and f rac ture  indicated 

that, considerable crack growth (0.121 inch) had occurred during the t e s t .  

The sustained crack growth region w a s  very smooth with BU almost polished 

appearance and contained no branching as observed on the Inconel 625 

specimen tes ted i n  hydrogen. It was  therefore evident t h a t  the crack 

extended a cer ta in  amount with each load increase and then blunted by 

rounding of the crack f ront  without secondary cracking o r  branching. 

Thus although sustained flaw growth did occur, t.he s t r e s s  in tens i ty  a t  
crack a r r e s t  w a s  a function of the s t r e s s  intensi ty  a t  which it was loaded. 

Therefore there does not  appear t o  be a I$H value as normally conceived 

f o r  AISI 321 i n  5000 ps i  hydrogen. 

Subsequent reloadirig i n  increments up tc ,  72 KSI 

Post examination showed 

Crack blunting of the AISI 321 s ta in less  s t e e l  specimen i n  5000 ps i  

hydrogen was  s i m i l a r  (Ref. 4) t o  the rounded surface cracks t h a t  formed 

on AISI  304L s ta in less  s t e e l  specimens tens i le  tes ted in lG,OOO psi  hydrogen. 

Benson, Dann and Roberts (Ref. 5 )  suggested from electroa fractography 

examination t h a t  the hydrogen i n i t i a t e d  microcracks formed a t  s txain 

induce2 martensitic areas i n  the AISI 304L s ta in less  s t e e l . '  Blunting 

evidently occurs i n  the surrounding duct i le  austeni t ic  matfix. 
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A-286 Stainless Steel  

The fracture  toughness of A-286 s ta in less  s t e e l  appears t o  be very high. 

The s t r e s s  intensi ty  a t  the 5 percent secant intercept was 126 KSI f i n .  

in  5,000 ps i  helium. 

imens were 3eld a t  145 KSI f i n .  i n  5,000 ps i  helium and 109 KSI f i n .  in  

5,000 p s i  hydrogen. 

No sustained flaw growth w a s  evident while the spec- 

Ti-5A1-2.5Sn ELI 

Sustained f l a w  growth occurred f o r  the Ti-5A1-2.5Sn ELI specimens i n  5,000 

psi  hydrogen and 5,000 ps i  helium. 

loaded t o  76 S I  f i n . ,  which corresponded t o  

crack growth occurred, and arrested a t  a s t r e s s  intensi ty  > 50 KSI fin. 
The post fatigue m r k  could not be resolved so the threshold s t r e s s  in- 

tens i ty  w a s  calculated w i n g  the crack 1ength.at the beginning of the t e s t .  

The specimen tested i n  heliumwas 

i n  helium, and sustained 

A threshold value of 38 KSI f i n .  was measured by the bracketing method 

f o r  the t e s t  conducted i n  5,000 ps i  hydrogen. This value is higher than 

the threshold s t r e s s  intensi ty  of 21.5 KSI f i n .  obtained by Bixler (Ref.. 

18) f o r  Ti-5Al-2.5Sn ELI from measurements conducted a t  room temperature 

i n  1,400 psi  hydrogen. 

hydrogen was very dark and i n  some regions almost black. 
ture is usually indicative of extensive secondary cracking, but could 

also be due t o  formation of a hydride phase. 

The hydrogen affected region of the fracture  in 
This dark tex- 

2219-T$7 A 1  Alloy 

The plane s t r a i n  f racture  toughness (ICIc) ranged between 20 and 27 KSI f i n .  

f o r  the 2219-T87 A1 a l loy tes ted i n  5,000 psi  hydrogen and 5,000 p s i  helium. 
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The specimen tested in 5000 psi helium failed after reaching a maximum stress 
intensity of about 20 KSI Jin. 
occurred during the tests conducted in 5000 psi hydrogen but the 
value could only be estimated as 316 or 19 IGCT $fin. because the post 
fatigue marking could not be reeolved. 
data obtained on this alloy ;-ere very qualitative, there does not eppear 
to be a reduction of fracture toughness because of the 5000 psi hydrogen 
environment. 

Sustained crack growth and crack arrest 

%!€I 

Alkhougl the fracture toughness 

OFHC Copper 

Crack growth in the OFHC copper specimens did not occur during the tests 
in either 5000 psi hydrogen or 5000 psi helium. 
5 percent secant offset caused bending without crack extension far the 
specimen tested in both environments. 

Loading above the 

Additional fracture toughness i bets are being performed for each of the 
:hove materials in 5000 psi helicvn and 5000 psi hydrogen at room temperature. 
Tests will also be performed on each material in these environments at -200 F. 
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SWd.RY AND CONCLUSIONS 

In order to correlate tile recults of the three different phases, the 
results will be sumnarized by material. 

INCONEL 718 

The degree of hydrogen-environment embrittlement of Inconel 718, as 
measured by the reductio 
in 5000 psi hydrogen, was found to be a fwction of both forming operation 
and heat treatment, Of the three forma of Inconel 718 teated, i.e., rolled 
bar, forging and plate, the plate had the lowest and most consistent 
hydrogen-environment embrittlement for the three heat treatinent eonditions 
Lsted. The least hydrogen embrittlement, i.e., the highest NH /%e ratio 
occurred with the 1725, 1325-1150 F and 1725, 1600-1200 F heat trc!atments 
of the plate. On the other hand, the greatest .ibrittlement resulted from 
the 1726, 1325-1150 P heat treatment of ihe rolled bcz aad forging. Of the 
three heat treatments, the 1925, 1400-1200 F heat treatment gave the most 
consistent results. For all three forme, rolled bar, forgi;?; and plate, the 
1525, 1400-12GO F heat treatment resulted in the highest notcb strength 
both in helium and hydrogen. 

of notch tensile strength at room temperature 

2 

Fracture toughness tests were conducted on the rolled bar in the 1725, 
1325-1150 F pnd 1925, 1400-1200 F heat treatment conditions. 
fracture toughness values in both helium and hydrogen resulted from the 
1925, 1400-1200 F heat treatment. 
were nearly as high in 5000 p s i  hydrogen for the 1925, 1400-1200 F heat 
treatment caildition as were these properties in 6,000 psi helium for the 

The highest 

The notch Mt#rength and frtrchre tougbuess 
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1725, 1325-1150 F heat treatment condition. The superior notch and 
fracture toughness properties in hydrogen of the 1925, 1430-1200 F 
condition may be related to the higher notch ductility and thus lcwer 

notch sensitivity of Inconel 718 in this condition campared to the 1725, 
1325-1150 F heat treatment condition. 

The characteristic differences amon@; the microstructures of -he Inconel 
718 rolled bar, forging, and plate with various heat treatments can be 
related, at least qualitatively +A the degree of embrittlement. 
embrithled Inconel 718 microstructure was one which was coarse grained and 
contained an a1 .ost continuous network of a phase tentatively identified 
as Ni3Cb. 
grained with the Ni Cb being very disperse. 

by the 1925, 1400-1200 E heat treatment decreased embrittlement of the 
relatively large grained material. 
fine grained material by the 1925, 1400-1200 F teat treatment increased 
embrittlement even though the Ni3Cb phase was eliminated. 

The most 

The least embrittled microstructure vas one which was fine 

Removal of the Ni3Cb phase 3 

Increasing the grain size of the 

With rewect to hydrogen environment embrittlement of the welded Inconel 
118 specimens, the weld metal with the 1925, 1400-1200 F heat treatment 
was the most severely embrittled condition. . 

the nohh strength in helium of both the weld metal and heat-affected-pone 
was higher with the 1925, l400-1200 F heat treatment than with the other 
two heat treatments. However, the degree of hydrogen environment embrittle- 

ment of the weld metal was large enough for the 1925, 1400-1200 F heat 
treatment that the notch strength in hydrogen was somewhat lower with that 
heat treatment than with the 1725, 1325-1150 F heat treatment. Therefore, 
the fine dendritic weld structure of the 1725, 1325-1150 F condition was 

lese embrittled by the hydrogen environments than the equiaxed recrystal- 
lized structwe of the 1925, 14C'Z- '?OO F heat treatment. 

As with the parent metal, 

64 



For the parent metal and weld metal, the 1725, 1500-1200 F overaging heat 
treatment did not eignificantly change embrittlement from that for the 
1725, 1325-1150 F heat treatment. 
ment to overaging indicates that the degree of hydrogen environment 
embrittlement is not strongly influenced by the age hardening precipitate 
size, morphology, or coherency. 

/ 

This lack of sensitivity of embrittle- 

INCONEL 625 

The ductility of unnotched Inconel 625 specimens was considerably reduced, 
and the strength and ductility of notched specimens was moderately reduced 
in 5,000 psi hydrogen compared to 5,000 psi helium at room temperature. 

Even the ultimate strength of unnotched specimens was somewhat reduced in 
hydrogen at room temperature. 

cracks in the necked-down region which were rather large and deep. 
effect of 5,000 psi hydrogen on the tensile properties of Inconel 625 at 
-200 F was insignificant, and no surface cracking was observed at tliis 
temperature. 

The unnotched specimens contained surface 

The 

The fracture toughness measurement in high-pressure hydrogen was affected 

by branching of the crack at an angle to the crack plane. This decreased 
the stress intensity at the crack tip and caused the crack to cease to 

propagate. The stress intensity at crack arrest was, therefore, notmea- 
sured. 

at about 49 KSI fin. stress intensity. 
There is some evidence, however, that initial crack growth occurred 



Crack branching was probably an important fac tor  determining the t ens i l e  

as well as f rac ture  toughness properties of Inconel 625 i n  hydrogen. 

f a c t  that %here were several f a i r l y  large surface cracks formed on the un- 
notched specimens is an indicat.ion of crack branching. Crack branching i n  

t ens i l e  spechens can cause the crack t o  change direct ion toward the ten- 

s i l e  axis,  reduce the s t r e s s  a t  the  crack t i p ,  cause the crack t o  cease 

propagating, and give other surface cracks an opportunity t o  form. 

The 

AISI 321 STAINLESS STEEL 

The s t rength and d u c t i l i t y  of the notched AISI 321 s t a in l e s s  s t e e l  speci- 

mens were s l i g h t l y  reduced by 8,000 p s i  hydrogen a t  room temperature and 

were e s sen t i r l l y  unaffected by hydrogen a t  -200 F. 
of the unnotched specimens was decreased s l i g h t l y  by hydrogen a t  room 
temperature and t o  a somewhat greater  extent at  -200 P, 
formed i n  unnotched specimens. They were numerous and mall and were ob- 

served along the whole ;.educed section a t  room temperature and were some- 

what larger and limited t o  the  necked-down region at -200 F, 
surface cracks a t  -200 F may account f o r  the la rger  decrease i n  the  re- 

duction of area at -200 F %ban at room temperature. 

The reduction of area 

Surface cracks 

The larger 

Considerable p l a s t i c  blunting a t  the crack f ron t  accompanied crack growth 

i n  the WOL spechens of AH1 321 Ztainless s t e e l  teated i n  5,000 p s i  hydro- 

gen. With each increase of load between 28 and 72 ICs1 Jin. ,  there  was 

crack extension which arrested each time within a few minutes, but  the 

load did not decrease t o  the previous a r r e s t v a l u e s .  Therefore, there 

does not appear t o  be a value, as normally conceived, f o r  AISI 321 
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stainless steel in 5,W3 psi hydrogen at room temperature. 
blunting of the crack correlates with rounding of surfaze cracks such as 
observed on 304 sxinlcss steel specimens tensile tested in high-pressure 
hydrogen environuer is. 

Plastic 

Ti-5A1-2.5Sn ELI 

The tensile pr0per:ie.s at -200 F of Ti-5A1-2.5Sn ELI alloy were not reduccd 
by 5,000 psi hydrogm. In a previous program (Ref. 4), it was found that 

was approximately 0.8 in 10,000 psi hydrogen at room temperature. 

Sustained flaw growth occurred for Ti-5A1-2.5Sn ELI specimens in 5,000 psi 
hydrogen and 5,C30 psi ?lel.i.um et room temperature. 
38 KSI J’in., compared to a KIc of 76 in 5,000 psi helium, was measured for 
a test conducted in 5,000 psi hydrogen. 

A threshold value of 

A-286 STAINLESS STZEL, 2219-T87 ALUMIhi ALLOY AND OFHC COPPER 

The tensile properties of OFHC copper were essentially unaffecied by 5,000 
psi hydrogen both at room temperature and -200 F. 
fracture toughness meaeurements conducted on A-286 stainless steel, 2219 
-T87 aluminum alhy and OFHC copper indicated that the fracture toughness 
of these alloys were not reduced by the 5,000 psi hydrogen environment. 
Although plane strain conditions were not obtained on A-286 stainless steel, 
the fractlre toughness of this alloy appears to be very high ( > 126 KSI 
fin.). 

The room temperature 
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CRACK PROPAGATION IN HYDROGEN 

The manner i n  which cracks propagate i n  high-pressure hydrogen environ- 
bents has been recognized (Ref. 4) as an important fac tor  determining the 

mechanical properties of metals i n  hydrogen environments. The r e su l t s  of 

t h i s  program have given sdded emphasis t o  the importance of t h i s  factor .  

In previous work (Ref. 4), it was shown that those specimens which were 

t ens i l e  tes ted i n  10,000 ps i  hydrogen, but the t ens i l e  properties of which 

were not affected by the hydrogen environments, did not contain surface 

cracks. A-286 s ta in less  s t e e l ,  ClFHC copper, and the aluminum alloys were 

in  t h i s  category, and it. appears from the  current program t h a t  sustained 

flaw growth of these al loys (including the 2219-T87 aluminum al loy)  is 

not influenced by the 5,000 ps i  hydrogen environment. 

When surface cracks form, blunting can occur by e i ther  rounding of the 

surface cracks o r  by crack branching. 

t h a t  form surface cracks were those (Ref. 4) i n  vhich the surface cracks 

blunted by rounding. 
rounding caused numerous small surface cracke t o  form, caused a small de- 

crease of notch strength and inhibited sustained crack growth during frao- 

tu re  toughness measurenents. 

The l e a s t  embrittled of those metals 

AIS1 321 s t a in l e s s  s t e e l  is  i n  t h i s  category. Crack 

Branching of the cracks appears t o  occur i n  the remainder of the metals em- 

b r i t t l e d  by hydrogen. 

causes the cracks t o  change crack propagation direction, and the cracks 

cease t o  propagate. 

For the lesser  embrittled of t h i s  group, branching 

The de$h that the cracks grow pr ior  t o  changing 
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direction determines to a large degree the reduction of tensile properties. 
Inconel 625 is evidently in this category,and there was an indication of 
flaw growth in hydrogen at a considerably lower stress intensity than in 
the helium environment. However, because of crack branching, significant 
sustained flaw growth did not occur even with increasing applied stress 
intensity above that at which flaw growth was first noted. 

Crack branching also occurs for the most embrittled metals. 
however, does not appear to substantially affect crack propagation because 
the cracks continue propagating in a straight line despite branching, and 
generally only one surface crack forms on unnotched specimens and this 
crack propagates to failure. 
toughness of t-hese metals and 
air and helium environments. 
embrittled metals, can be treated in the normal mamer. That is, flaw 
growth will occur in practice at stress intensities above the measured 
obtained by tests conducted in the service environment. 

The branching, 

There is a considerable decrease of fracture 
in hydrogen is appreciably lower thaa in 

Fracture toughness data for the extremely 

ICTH 

Utilization-of fracture mechanics data for materials such as 321 stain- 
less steel and Inconel 625 is more difficult. There is a critical stress 
intensity at which flaw growth will occur and in thin sections this amount 
of flaw growth could be critical. Fatigue loading may resharpen the flaw 
in the direction normal to the applied load and an increment of sustained 
flaw growth may be repeated. 
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It would be dangerous t o  depend on crack rounding or branching t o  inhibit  

crack growth i n  practice s ince they may be a function of orientation, f l a w  
depth, stress conditions (plane stress or plane strain) i n  front of the 

crack t ip ,  and probably other factors.  
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APPENDIX A 

The following tables contain the data i o r  the individual tensile tests 
performed under Phases I and 11. 

A-1 



TABLE A-1 

No. 

IA-1 
IA-2 
IA-6 
IA-7 
IA-3 
IA-4 
IA-5 
IB-1 
IB-2 
IB-6 
TB-7 
IB-3 
IB-4 

ROOM TMPERATURE TENSILE PROPERTIES OF INCONEL 718 SPECIMENS FABRICATED 
FROM 1-1/4 IN.  x 2-3/4 IN. ROUED BAR SUPPLIED Fk- ALIXAK 

Type 

UN 
UN 
N 
N 
N 
N 
N 
UN 
UN 

rJ 
N 
N 
N 

~~ ~~ 

Heat Treat*ment 

- 
- 
0.71 
0.71 

- 

Test Results 
I 

37 
4.6 
5.3 
1.9 
2.1 

Specimen I hvironment I 

- 
8.9 
8 . 7  
8.7 
8.5 1 8.9 

Air 
Eelium 
Helium 
Hydrogo*: 
Hydre?...~ 
Hydrogtr. 

i I 

0 I 161 
5030 - 
5000 - 
5000 - 
5000 - 
5000 - 

0 127 

! 

Pressure I Yielc 

5000 .- 
500U 
5000 
5000 

-=Et%- 

Strength I Dnct i l i ty  

Dltinate 
KS I 

201 
203 
284 
281 
150 
113 
19? 
195 
195 
322 
321 
228 
228 
234 
182 
182 
245 
234 
168 
175 
I. 64 -- 

IReduc t i 01 

of Area 

0 4  t J 1  

35 
2.8 
2.9 
0.8 
0.5 

0.33 
0.73 

Percent 
Elon- 

gation 



TABLE A-2 

ROOM TEMPEIZATfrllF, TENSILE PROFI3RTIES OF INCONEL 718 SPECIMENS F~ICAITRD 
FROM 1-1/2 IN.  FORGING; SUPPLIED BY CARLTON FORGE, MILL SUPPLIER: SPECIAL METALS 

Ductility Heat Treatment Spec lmen hvir onmen% S tr me; th - 
Streos 
Conc . 
Factor - - - 

8.7 
8 .5  
8 . 3  
8.8 
8.3 - - - 
8.0 
8.3 
€3.9 
8.7 
8.3 -- - 

c 

8.7 
8.6 
8.8 
'8.6 
8.7 

I 7 

No. -- 
IG- 1 
IG-2 
IG-6 
IG-'I 
IG-3 
IG-4 
IG-6 
IH-1 
m-2 
Ill- 6 
Ilf-7 
m-3 
lH-4 
IB-6 
11-1 
11-2 
11-6 
11-7 
11-3 
11-4 
11-5 

- 

- 

-- 

I_ 

T m e  - 
UN 
UN 
N 
N 
N 
N 
N 

UN 
UN 
N 
N 
N 
N 
N 
UN 
UN 
N 
N 
N 
N 
N 

-- 

- 

- 

So'luti on 
Temp. 
F 

Percent 
Elon- 
gation 

5 tr en g tA 
Ratio 
I I ~ / I I ~  

- 
- - 

0.02 
0.65 
0.69 - - - - 
0.74 
0.76 
0.78 - 

- - 
0.67 
0.54 
0.59 

Aging Temps 
Yield 
KSI 

- 
Second 

1150 
D- 

-- 
1200 

- 
1200 

- 

U1 timate 

293 
286 

169 

Leduction 
of Area 

29 
32 

2 .4  
3.6 
1.3 
0.9 

- 
Firs1 

1325 
- 

- 
1400 

- 
1500 

I__ 

Air 
Air 

Helium 
Helium 
Hydrogen 
Hydrogen 
Hydrogen 
Air 
Air 

Helium 
Helium 
Hydrogen 
Hydrogen 
Hytir ogen 
Air 
Air 

IIelium 
Helium 
Hydrogen 
IIydrogen 
Hydrogen 

1725 

1925 

-- 
1725 

60000 1 168 1 3 
6000 3.38 
6008 
6000 259 
8000 266 

0 133 183 

39 
3 .O 
6.2 
1.3 
2.2 
2.0 - I 

38 

iq 6000 

6000 -- 

34 
1.9 
2.5 
1.3 

173 
248 
258 
14.5 
136 
150 - 



TABLE A-3 

Heat Treatment Specimen 

? 
P 

fivironmen t 

ROOM TEMPERATURE TENSILE PROPERTIES OF INCONEL 718 SPECIMENS I I C A ! ! ~  
FROM 1/2 IN. THICK PLATE SUPPLIED BY STELLITE DN., CABOT CORP. 

Strength Duc ti 1 i ty 

Solution Aging Temps 
Temp . 

F First Second No. 

1725 1325 1150 ID-1 
ID-2 
ID- 6 

Strength 
Ratio 
I12/He 

- 
- 

0.89 
0.81 

- 

I I IF-6 

Percent 
Reduction 
of Area 

36 
36 
2.0 
4.0 
2.4 
2.0 

Strew 
Conc . 
Factor 

- 
.. 

8.0 
8.9 
8.7 
8.4 
8.3 - - 
8.7 
8.7 
8.7 

A i r  
Helium 
Helium 
Hydrogen 
Hydrogen , Hydrogen 

Type -- 
Air 
A i r  

Helium 
Helium 
Hydrogen 
Hydrogen 
Hydr og; en 
Air 
A i r  

Helium 
Helium 
Hydrogen 

Preeaurt 
ps ig 

0 
0 

6000 
GOO0 
6000 
6000 
6000 

0 
0 

5000 
6000 
6000 t33: Hidroien 6001 

H dro en 8000 
A i r  - 

8.7 
8.1 
8.9 
8.1 
8.3 

0 
5000 
6000 
6000 , 6000 
5000 

U1 timate 
K s  I 
206 
204 
277 
296 
257 
233 
249 1 0.87 1 1.7 
204 - I 37 
203 
3 19 
32 1 
248 
246 
248 
188 
189 
248 
254 
216 
219 
216 

- - - 
0.78 
0.77 
0.78 - - - 
0.66 
0.87 
0.86 

39 
3.6 

2.9 
2.1 
2.0 
36 
33 
3.0 
2.3 
2.0 
1.5 
2.9 

3.8 



TABLE A-4 

Environment I 
Specimen 

Preesure 
No. Type Psig 

Weld Air 0 

Weld Air 0 

ROOM TEMPERATURE TENSILE PROPERTIES OF WELDED SPECIMENS OF 
INCONEL 718 1/2 IN. PLATE, 1725 F SOLUTION, 1325 F & 1150 F AGING TPlPERATURES 

I -- 
Stress 
Conc. Yield 
Factor KSI 

- 154 
- 146 

I I I 

IJW-1 
IJW-2 
IJW-3 
IJW-4 
IJW-6 
IJW-6 
SJW-10 
IJW-7 

IJW-8 
IJW-9 

N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

Weld 
Weld 
Weld 
Weld 
Weld 
HAZ 
HAZ 
BAZ 
HAZ 
HAZ 

Helium 
Helium 
Hydrogen 
Hydrogen 
Hydrogen 
He 1 ium 
Helium 
Hydrogen 

Hydrogen 
Hydrogen 

5000 
6000 

5000 

5000 
5000 
5000 
5000 
5000 

6000 

5000 

8.7 
8.7 
8.7 
8.9 
8.9 
8.3 
8.1 
8.6 
8.6 

8.3 

1: 
St rennth 

U1 timate 
JSSI 

185 
161 
198 
213 
167 
165 
159 
289 
242 
164 
176 
164 

!wt Result a 

Strength 
Ratio 
H2/He 

- 
- 

- 
0.81 
0.80 
0.76 

- 
- 

0.62 
0.66 
0.62 

1 Reduction Elon- 
' of Area gation 

1.6 6.3 

9.2 3.4 
1.7 - 
1.0 - 
1.1 - 
0.8 c 

1.1 c 

2.6 - 
0.9 - 
1.1 - 
0.4. .,. 
0.7 



TABLE A-5 

ROOM TEMPI3RATURE TENSILE PROPERTIES OF WELDED SPECIMENS OF 
INCONEL 718 1;/2 IN. PLATE, 1725 F SOLUCION, 1500 F & 1200 F AGING TW?ERIITURES 

Spec imen 

No. 

IIW- 11 
IIW-12 

IIW- 1 

IIW-2 

IW-3* 

IUJ-4 

IIW-6 

IW-6 

IW-7 

IW-8 
IW-9 
IW- 10 

- 
UN 
UN 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N - 

-- 
Weld 
Weld 

Weld 

Weld 

Weld 

Weld 

Weld 

HAZ 
Hhz 
HAZ 
HAZJ 
HAZ 

~~ ~ 

Environment 

A i r  
Air 

Helium 

Helium 

Hydrogen 
By& o g en 

Hydrogen 

Helium 

Helium 

Hydrogen 

Hydrogen 

Hydrogen 

Pressure 
Psig 

0 
0 

6000 

6000 

6000 

5000 

5000 

6000 

6000 

5000 

5000 

6000 

Stress  
Conc . 
Factor 

- 
- 

8.9 

8.7 

8.7 
8.9 

8.7 

8.7 

8.3 

8.7 

8.6 

8.5 

Test Resulk 
Strenrth 

Ultimate 
KSI 

164 
168 

186 

174 
- 

145 

135 
209 

195 

151 

149 
156 

- 
Strength 
Ratio 
H@" 

- 

- 
- 
- 

0.81 

0.75 
- 
- 

0.75 

0.74 

0.77 

Dvetil 
Percent 

Reduction 
of Area 

12 
14 

2.1 

2.0 
- 

0.8 

0.4 

1.3 

1.5 
2.0 

0 .5  

0.9 

Elon- 
gation 

I 6.2 

*Failed during pressurization. 



TABLE A-6 

ROOM TWEZUTURE TENSILE PROPERTIES 01' WELDED SPECIMENS OF 
INCONEL 718 1/2 PLATE, 1925 F SOLUTION, 1400 F '& 1200 F AGING TEMPERATURES 

Specimen 

No. 

m-11 

m- 12 

IKW-1 

m - 4  

IKW-2 

IMJ-3 

IKW-6 
IMJ-6 
m - 7  

IKW-8 
IKW-9 
IKW-10 

- 
UN 
UN 

N 
N 
N 
N 
N 
N 
N 
N 
N 
N - 

Weld 

Weld 

Weld 

Weld 

Weld 

Weld 

Weld 

HAZ 
HAZ 
HAZ 
HAZ 

HAZ - 

Environment 

A i r  

Air 
H e l i u m  
Eelium 
Hydrogcn 

Hydrogen 

Eydrogen 

Helil*- 

Helium 

Hydrogen 
Hydrogen 

Hydrogen - 

0 

0 

6000 

6000 

6000 

6000 

6000 

6000 

6000 

6000 

6000 

5000 

- 

Stress  
Conc 

Factor 

- 
- 

8.7 

8.7 

0.7 

8.7 

8.9 

8.1 
8.9 

8.7 
0.7 

8.7 

Teat  Reerili 
Strenpth 

Ultimate 
KSI 

199 

198 

262 

2 74 

148 

175 
131 

3 10 

292 

237 

182 
232 - 

St,rength 
Ra t io  

- 
- 
- 
- 

0.55 

0.65 

0.49 
- 
- 

0.79 
0.60 

0.77 

--- 
Ductil  

Percent 
Reduction 
of Area 

19 

26 

2.6 

2.5 
0.8 

0.9 
0.7 

5.0 

2.6 

0.4 

0.8 

2.1 

_y 
Percent 

. Elon- 
gation 



T A B U  A-7 

TENSILE PROPERTIES OF INCONEL 626 IN VARIOUS ENVIRONMENTS 

1 ts 
Ductil 

Reduction 
of Area 

r 

% 

I I 

I 

56 
51 
51 
49 
18 
21 
16 
8.9 
9.8 
3.9 
6.0 
5.0 I 

52 
til 
48 
47 
49 
8.0 
8.2 
7.4 
6.7 
6.5 

I 

No. 

I- 1 
1-2 
1-11 
1-12 
1-3 
1-4 
1-5 
1-21 
1-22 
I- 13 
I- 14 
I- 15 
1-6 
1-7 
1-8 
1-9 
1-10 
1-16 
1-17 
1-18 
,I-19 
1-20 

-- 

1 I I 1 i 

Iecimc 

Type - 
UN 
UN 
UN 
UN 
UN 
UN 
UN 

N 
N 
N 
N 
N 
UN 
UN 
UN 
UN 
UN 
N 
N 
N 
N 
N 

- I 

Stress 
Conc. 
Factor 

- - - - 
I - - 
8.7 
8.7 

8.9 
8.7 

8.9 

- - - - - 
8.7 
8.9 
8.9 
5.9 
8.9 

Environment 

Air 
Air 

Helium 
Helium 
Hydro &en 
Hydrogen 
Hydrogen 
Heliinn 
Helium 
Hydrogen 
Hydrogen 
Hydrogen 
Helium ' Helium 
Hydrogen 
Hydrogen ' Hydrogen 

1 Helium 
Helium 
Hydro gen 
Hydrogen 
Hydrogen 

0 
0 

5000 
5000 
6000 
6000 
6000 

5000 
6000 
6000 
6000 
5000 
6000 
6000 
6000 
5000 
6000 
6000 
5000 
6000 
6000 
5000 

Rm 
Rm 
Ilm 
Rm 
R5l 
Rm 
Rm 
Rm 
Rm 
lbl 
Rm 
Rm 
-200 
-200 
-200 
-200 
-200 
-200 
-200 
-200 
-200 
-200 

Test Res1 

Strength 

96 
91 
90 
94 
86 

1 u3 
82 
- - - - - 

105 
101 
102 
95 

i 106 
- 

146 
142 
142 
146 
126 
133 
128 
197 
219 
161 
154 
100 
106 
162 
162 
162 
172 
217 
206 
228 
215 
219 

ty 

Elonga- 
tion 

b 

45 
54 
56 
54 
21 
19 
19 
c - - - - 
45 
44 
40 
42 
48 
- - - - - 



? 
W 

S ecfmi I 
s- 1 
s-2 
s-11 
s-12 
5-4 , 

S-6 
s-21 
s-22 
5-13* 
S- 14* 
S-16 . 
5-25 
S-29 
S-26 
S-27- 
5-28 
s-16 
5-17 
S-18 
s-20 

UN 
UN 
UN 

JN 
UN 
N 
N 
N 
N 
N 
UN 
UN 
UhT 
as 
UN 
N 
N 
N 
N 

- I  

- 

-- 
Stress 
Cona 
Factor - 

- - - - - - 
8.4 
8.7 
8.7 
8.7 
8.9 

- 
- - - 

8.6 
8.7 
8.7 
8.7 

TABLE A-8 

TENSILE PROPERTIES OF AIS1 TYPE 321 STAINLESS S T m  
IN VARIOUS mIRo*'NMENTs 

T.we 

Air 
Air 

Helium 
Eelivm 
Hydrogen 
Hydrogen 
Helium 
Helium 
Hydrogen 
Hydr cg en 
Hydrogen 
Selium 
Helium 
Hydrogen 
Hydrogen 
Hydrogen 
Helium 
Helium 
Hydrogen 
Hydrogen 

--- 

ivir onmen 

Presaure 
Psi43 

0 
0 

6000 
5000 
6000 
6000 
5000 
6000 
6 0 0 0 ,  
6000 
ROO0 

6000 
6000 
6000 
6000 
5000 

6000 
6000 
6000 
6000 

e- 

Temp. 
F 

Rm 
Ral 
Fim 
Ral 
Rm 

, R J n  
Rm 
Rm 
*Rm 
Rm 
Rm 
-2G0 
-200 
-200 
-200 
-200 
-200 
-200 
-200 
-200 

- 

*Specimen bent and straightened prior to testing. 

-3-- 

Yield 
KSI 

Strengt. 

Ultimate 
KSI 

87 
87 
85 
83 
86 
85 
111 
115 
1r)l 
98 
97 
120 
128 
113 
118 
134 

142 
143 
145 
141 

Test Res1 ta 
Ducti! 

Reduction 
of Area 

k 

71 
'io 
65 
67 
59 
61 
6.3 
6.6 
1.2 
2.0 
3.6 
67 
66 
64 
63 
51 
14 
10 
9.6 
14 

~~ ~ 

ty 
Elonga- 
tion 

k 

77 
77 
62 
64 
63 
64 
- - - - - 

45 
61 
38 
39 
61 
- - - - 

W5000 psi hydrogen was established during test, but prior to plastic deformation. 
. =Leakage occurred near end of test and the final test temperature - m a  -60 F. 



TABLE A-9 

TENSILE PnGPERTIES OF Ti-5Al-2.5Sn ELI INVARIOUS ENVLROEJMENTS 

lEDvironmejt 1 - 

No. - 
T- 1 
T-2 
T- 6 
T-7 
T- 3 
T- 4 
T- 5 
T- 8 
T-9 
T- 1C 
T-11 
T- 15 

- 

Test Res 
, S f r c D l -  

- 
Specim 

Stress 
Conc. 
B'actor 

Pressure Temp. Yield 
%Pe PSig F KSI Type 

m 
UN 
UN 
TJN 
TJN 
UN 
UN 
N 
N 
N 
N 
N 

0 
0 

5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 

Rm 
Rm 

-200 
-200 
-209 
-200 
-200 

-200 
-200 
-200 
-200 
-200 

Air 
Air 

Helium 
Etlium 
Hydrogen 
Hydrogen 
Hydrogen 
Eel ium 
Helium 
Hyd r o g en 
Hydrogen 
Hydrogen 

1 

Strength 

119 
119 
152 
149 
151 
152 
144 

230 
225 
228 
228 
226 

Fad II c t ion 
of Area 

% 

30 
72 
26 
26 
33 
29 
28 

1.6 
1.7 
1.4 
1.5 
0.9 

Litv- 
I Elonga- 

tion 
~k - 

17 
19 
11 

~ 16 
10 
10 
8 
.. 
- 

I - - 
- , 



TmLE A-10 

TENSILE PROPERTIES OF OFHC COPPER I N  VARIOUS ]ENVIRONMENTS 

1 Specim 
I 

Envi r o nment Test €'A 
Strenuth - I I I 

Duct i 1 

Beduction 
of Area 

k 

84 
83 
81 ' 
88 
86 
83 
84 

25 
21 
24 
26 
25 

30 
28 
30 
23 
20 

i t v  

Elonga- 
t i on  

k 

61 
53 
62 
63 
62 
65 
68 
- - 
- - - 
- - - 
- 

NO m e  

A i r  
A i r  

Helium 
Helium 
Eydrogen 
wdrogen 
Hydrogen 

Helium 
Helium 
Hydrogen 
Hydrogen 
Eydrogen 

Helium 
Helium 
Efydrogen 
Efydrogen 
Hydrogen 

S t r e s s  
Conc. 
Factor 

0 
0 

5000 
5000 
5000 
5000 
5000 

5000 
5000 
5000 
5000 
5000 

5000 

5000 
5000 
5000 

5000 

Pressure Temp. Yield Ultimate 
Type PS i g  F KSI KSI 

Rm 
Rm 
Rm 
Rm 
Rm 
Rm 
hl 
Rm 
Rm 
Rm 
Rm 
Rm 

-200 
-200 
-200 
-200 
-200 

c-1 
c-2 
c-11 
c-12 
c-3 
c-4 
c-5 
c-21 
c-22 
c- 13 
C-14 
C-15 

019 
c-20 
C-16 
c-17 
C- 18 

15 
18 
11 
12 

' 11 
1 11 
1 10 

UN 
UN 
ljx 
UN 
m 
UN 
UN 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

28 
28 
28 
27 
27 
27 
26 

44 
41 
40 
43 
44 

40 
41 
41 
46 
45 

Strength 
Ratio 
H2/Hf: -- 

- - - - - 
- - - - - 
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1 I I S U P L L E Y € N T A R V  NOTES 12. SLONWRING M I L I T A R V  ACTIVITV 

A program was performed t o  determine the gaseous hydrogen environment embrittlement 
of Inconel 718, Inconel 625, AIS1 321 s t a in l e s s  s t ee l ,  Ti-5A1-25Sn ELI ,  and OFHC 
copper. 
Hydrogen-Environment Embrittlement with Material Condition f o r  Inconel 718. Tensile 
tests on notched specimens were used t o  determine the e f f ec t  of as-received material 
condition, heat treatment, And welding on the hydrogen-environment embrittlement of 
Inconel 718 i n  5,000 ps i  hydrogen at  room tenlperature; (11) Tensile Properties of 
Alloys i n  Hydrogen Environments, The effect of 5,000 p s i  hydrogen on the t ens i l e  
properties of the alloys l i s t e d  abovc w a s  determined at room temperature and -200 F; 
(111) Threshold Stress Intensi ty  of Alloys i n  Hydrogen Environments. 
i n t ens i t i e s  for  the alloys l i s t e d  above and i n  addition 2219-T87 aluminum al loy were 
determined with modified WOL specimens f o r  a hydrogen pressure of 5,011 ps i  a d  room 
temperature. 

The program w a s  divided i n t o  the following phases: (1) Variation of H 

Threshold stress 
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