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A STUDY OF HYDROGEN EMBRITTLEMENT OF VARIOUS ALLOYS 

by 

'T. P, Groeneveld, E, E. Fletcher, and A, R. Elsea 

ABSTRACT 

The susceptibilities of 14 selected high-strength alloys to hydrogen-stress 
cracking were evaluated, Under the conditions studied, Ti-6Al-4V, Alloy 718, 
Waspaloy, Rene 41 and U -212 steel were insensitive to hydrogen-stress cracking; the 
remaining nine alloYl3 in order of increasing susceptibility were 17 -7 PH stainles1:i1 
steel, AlSl Type 410 stainless steel, AM-355 stainless steel, 18 Ni(250) maraging 
steel, AISl E-8740 steel, AlSl Type H-ll tool steel, 17-4 PH stainless steel, AlSl4130 
steel, and AlSl 4340 lsteel. The susceptible alloys were used to evaluate the hydrOigen
eIl1brittling tendencies of selected cleaning, inhibited acid pickling, and electroplalting 
processes, and to evaluate the effectiveness of selected baking treatments for relieving 
hydrogen embrittlement. 

All of the conventional electroplating processes evaluated embrittled one or rnore 
of the steels. The hard-chromium electroplating process was the most embrittling. 
Two of the reportedly low-embrittling cadmium electroplating processes, the non
aqueous DMF-cadmium and the nonaqueous cadmium acetate -methanol electroplating 
processes, did not cause embrittlement under the experimental conditions employed. 
With one exception, none of the commercially used preplating cleaning processes intro
duced t:1nough hydrogen to cause hydrogen-stress cracking. The exception was the 
cleaning proces s used prior to bright-cadmium electtl;~plating. 

None of the ultrahigh-strength steels were embrittled as a result of exposure to 
anodic -alkaline cleaning, anodic -acid cleaning, or soak-alkaline cleaning 
(nonelectrolytic) . 

Of 25 inhibitors studied, 8 were effective in minimizing hydrogen absorption in 
2N HCl and 2N H2S04 solutions at 140 F, five were effective only in the 2N HCl solu
tion, and one inhibitor was effective only in the 2N H2S04 solution. No direct correla
tion was found between the effectiveness of the inhibitors in minimizing hydrogen
stress crackillg and their effectiveness in reducing corrosion. 

The various baking treatments for alleviating hydrogen embrittlement in electro
plated steels removed some hydrogen, but the aIl10unt removed depended on the type of 
electroplate. The baking treatments relieved eIl1brittlement in those steels that were 
slightly 01' moderately susc~,ptible to hydrogen-stress cracking but Were not effectdve 
for steels that were extremely susceptible. 
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INTRODUCTION 

When atomic hydrogen enters steel and 'certain other metals and alloys, it may 
cause any of several undesirable things to happen. 1£ large quantities of hydrogen are 
introduced, there may be a general loss in ductility, or, if the hydrogen accumtllates 
in certain localized areas, internal bursts or blisters rnay be produced. At elevated 
temperatures, hydrogen may remove so much carbon from steel that the material is 
permanently weakened and is no longer capable of supporting the design stresses. 
Under certain circumstances, hydrogen may react with the alloy to produce catastrophic 
brittle failures at applied stresses far beiow the yield strength or the nominal design 
stress for the alloy. All of these phenomena are collectively referred to as hydrogen 
embrittlement. However, only the last of those mentioned, i. e., the hydrogen-induced 
catastrophic brittle failure of high-strength structural materials at relatively low 
o.ppUed stresses, is of interest in the present research program. Since this phenome
non frequently occurs in materials that exhibit no appreciable loss in ductility (as mea
sured by a conventional tensile test), it is often termed hydrogen-induced delayed 
brittle failure or hydrogen-stress cracking. The latter term will be used in this report. 

Hydrogen-stress cracking has been observed only in certain transition metals, 
including a number of metals with body-centered cubic structures and at least one 
hexagonal close -packed metal. Among the materials of interest that have been shown 
to be susceptible to hydrogen-stress cracking at ambient temperatures are ferritic and 
martensitic steels and certain titanium alloys. 

It is generally agreed by the various investigators in this field that the hydrogen
stress cracking of steel is influenced by several factors, As the strength level of the 
steel is increased above some minimum value, as the applied stress is increased above 
some minimum (but much lower) value, and as the hydrogen content is incr~ased, the 
time required for hydrogen~stress cracking to occur decreases. Also, there are 
indications that, und~r given hydrogen-chargir.g conditions, the maximum stress that 
the steel can support without failure decreases as the strength level of the steel is 
increased. In addition, it is generally agreed that hydrogen must be free to move 
through the steel before hydrogen-stress cracking will occur. This phenOlnenon is 
temperature dependent and appears to be most severe in the general vicinity of room 
temperature. At cryogenic temperatures where the diffusion rate of hydrogen is nil, 
hydrogen-stress cracking does not occur. At elevated temperatures, the diffusion 
rate of hydrogen is so rapid that a material may lose the damaging hydrogen before the 
mechanism can become operative. Hydrogen-stress cracking of steels is also strain
rate dependent, but not in the same way as are most other forms of embrittlement. 
Ordinarily, hydrogen has no effect on behavior of steel in an impact test. Some 
hydrogen-charged specimens exhibit normal ductility in a conventional tensile test, but 
at very low strain rates or under a static load the specimens may show severe 
embrittlement. Thus, the phenomenon of hydrogen-stress cracking is referred to as 
one of low-strain-rate embrittlement. 

Relatively little work has been done on the austenitic grades of stainless steel or 
on the nickel-base alloys with face -centered cubic structures. Although these materials 
may show some loss in ductility after hydrogen charging, they usually are considered 
to be relatively insensitive to hydrogen-stres s cracking. However, Troiano, et al (l )~\ 
recently showed that a nickel-base alloy, K-Monel, ,;'vas sensitive to hydrogen-stress 

·References are listed at the e,ld of the report. 
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cracking at slightly elevated temperatures at which the diffusion rate of hydrogen in the 
face -cente red cubic lattice was comparable to the diffus ion rate of hydrogen in the body
centered cubic lattice at room. temperature. Cavett and Van Ness(2) found a 55 percent 
loss in notch tensile strength of precipitation-hardened K-Monel as the result of expo
sure to high-pressure hydrogen gas. Although no instances of hydrogen-stress cracking 
of austenitic stainless steel in the bulk form ~re known to the authors of this report, 
Whiteman and Troiano(3) achieved failure in thin film.s of this material by charging them 
under severe conditions. In spite of its high solubility for hydrogen, it appears to be 
extremely difficult to charge austenitic stainless steel with hydrogen beyond a very thin 
surface layer. Also, Wilcox and Smith(4) described the intercrystalline brittle fracture 
of hydrogen-charged nickel, Consequently, under severe environmental conditions, 
hydrogen:-stress cracking may be a problem in these materials as well. 

Titanium alloys exhibit two types of hydrogen embrittlement: impact embrittle
ment and low-strain-rate embrittlement. The hydrogen embrittlernent that is most 
often encountered in high-strength, alpha-beta titanium alloys is the low-strain-rate 
type. Sens itivity of titanium alloys to hydrogen embrittlement at low s train rates 
appears to increase with increasing tens~le strength, notch severity, alpha grain size, 
continuity of the beta phase, and hydrogen content. Thus, in some respects, the 
hydrogen embrittlement of alpha-beta titanium alloys resembles the hydrogen-strElsS 
cracking of high-strength steels. 

In view of the preceding discussion, it would be expected that any condition that 
alters the strength, the applied stress, or the hydrogen content of a given material 
could influence its sensitivity to hydrogen embrittlement. The general trend toward 
high tensile strengths, higher design stresses, and the use of materials in applications 
requiring prolonged exposure to sustained loads insures that two of the conditions 
necessary for the occurrence of hydrogen-stress cracking will be present in certain 
types of aerospace and aircraft applications. All that remains is for an adequate supply 
of hydl"ogen to be available and for thi.s hydrogen to be free to diffuse through the mate·· 
rial. If the material is sensitive to hydrogen-stress cracking, delayed failures ca.n be 
expected to occur. Thus, it appears that, for high-strength materials sensitive to 
hydrogen-stress cracking, the most important factors tending to promote hydrogen
stress cracking under these conditions are the hydrogen content of the material and the 
propensity of the material to absorb hydrogen fronl its environnlent, either during 
pl'oce9sing or in service. 

The source of the hydrogen in the lnetal is of little importance. It can be intro
duced during melting or heat-treating OPt~r,ations; during cl~~aning, pickling, or electro
plating processes; or it may be picked up from the service environment as a result of 
cathodic protection reactions or corrosion reactions, for' example. In short, any 
process that presents atomic hydrogen to the steel, whether by thermally activated 
dissoci~l.tion of the hydrogen-gas moleculel9, electrochemical reaction, or chemical 
reactiOi'l, is capable of introducing sufficient hydrogen to cause failure. Unless such 
processes are avoided, or unless the hydrogen introduced is removed from ultrahigh
strength steels before permanent dan"lage occurs, the potential exists for failure of 
these materials in service. 

The problem of hydrogen-stress crack.ing of ultrahigh-strength steels is one of 
great concern in the aerospace and aircrait ltndustries, since many of the components 
fabricated from these high-strength steels al~e electroplated to provide corrosion 
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protection, increasf.:d wt.~ar resistance, or some other desirable surface quality, How
ever, the application of. electrodeposited coatings can make the part susceptible to 
failure by hydrogen-stress cracking, because hydrogen frequently is introduced during 
the cleaning and electroplating operations. 

As a result of failures of high-strength-steel aircraft components attributed to 
hydrogen-stress cracking and because of the possibility that additional failures might 
occur, restrictions were placed on the use of surface treatments suspected of intro
ducing hydrogen into steel parts. Consequently, many studies of electroplating 
(particularly cadmium electroplating) and cleaning processes have been conducted 
throughout the industry to determine which processes could be used for treating 
ultrahigh-strpngth steels without the likelihood of encountering hydrogen-stress
cracking failures. 

These studies showed that most ultrahigh-strength steels were embrittled to 
various degrees by virtually aU of the common electroplating processes including cad
mium, chromium, zinc, tin, :nickel, lead, copper, and s~lver. These studies also 
showed that the amount of hydrogen entering steel sp~cimens during certain electro
plating processes may be as great as that introduced during severe cathodic charging, 
and that sometimes more hydrogen is introduced during pickling or cathodic cleaning 
prior to electroplating than during the actual plating operation. 

In addition, these studies showed that baking treatments to remove hydrogen from 
the parts often were not effective. in eliminating delayed failures. Also, of the many 
methods used to evaluate the embrittling tendencies of cleaning and electroplating 
processes, the sustained-load test employing notched specimens was shown to be the 
most sensitive. 

Considerable effort also has been expended by the electroplating and aerospace 
industries in deveioping and evaluating nonhydrogen-embrittling electroplating processes, 
particularly cadmium-electroplating processes. As a" result, several cadmium
electroplating procedures have been developed which are reported to be essentially 
nonhydrogen embrittling. To a lesser extent, research efforts have been expended in 
developing nonhydrogen-embrittling cleaning and pickling processes, partiCtl1arly 
inhibited-acid pickling baths. 

Because the technical literabne contains numerous confusing and conflicting 
staten'lents concerning the hydrogen-emblI'ittling tendencies of variouG cleaning, pickling, 
and electroplating processes and concerning the susceptibilities of various high-strength 
alloys to hydrogen-stress cracking, a program was undertaken at Battelle in 1965 to 
evaluate various processes and materials of interest to NASA. This report describes 
the evaluations of the susceptibilities of various alloys to hydrogen-stress cracking; the 
hydrogen-embrittling tendencies of selected cleaning, pickling: and electroplating 
processes; and the effectiveness of various baking treatments for eliminating hydrogen
stres s -cracking failures in high-strength steels. These evaluations were conducted 
during the period fronl. June 24, 1965, to January 23, 1969. Many of the data contained 
in this report have been presented and discussed in the annual sum.mary reports dated 
June 23, 1966(5), and June 23, 1967(6), issued under this contract. 
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SUMMARY 

Phase 1. Preliminar,Y Inve~tigation of the Susceptibilities 
of the Specified A!loys to Hydrogen-Stress Cracking 

The relative susceptibilities of 14 different alloys to hydrogen-stress cracki.ng 
were evaluated by cathodically charging smooth (unnotched) tensile specim.ei.1S of each 
alloy while they sustained an applied tensile stress of 80 percent of their respective 
yield strengths. Four charging conditions were used, which represented a broad range 
in severity ranging fronl Condition A (severe) to Condition D (very mild). 

It was found that the various alloys evaluated could be arranged in five groups, 
based on their relative susceptibilities to hydrogen-stress cracking under the four 
standard charging conditions used, as follows: 

Group 1. Not susceptible to failure in 200 hours under- the most severe 
charging condition (Condition A) 

Ti-6AI-4 V 
Alloy 718 
Waspaloy 
Rene 41 
U -212 steel 

(160,000 psi) 
(200, 000 psi) 
(190,000 psi) 
(200, 000 psi) 
(180,000 psi) 

Gll;oup 2. Failed under only the m.ost sever(~ charging condition 
(Condition A) 

17 ~7 PH stainless steel (200, 000 psi) 

IJroup 3. Failed under Conditions A and B 

AlSI Type 410 stainless steel 
AM-355 stainless steel 
l8Ni(250) mar aging steel 
ArSI E 8740 steel 

Group 4. Failed under Conditions A, B, and C 

AlSI Type H-ll tool steel 
17 -4 PH stainless steel 

(180,000 psi) 
(180,000 psi) 
(260, 000 psi) 
(180,000 psi) 

(260, 000 psi) 
(200, 000 psi) 

Group 5, Failed under all conditions (A, B, C, D) 

AISI 4340 steel 
AISI 4130 steel 

(260,000 psi) 
(180,000 psi), 

It also was de.tern'lined that there was no simple correlation between the rate at 
which the material accepts hydrogen and its susceptibility to failure. However, for six 
of the nine susceptible alloys, the susceptibility to hydrogen-stress cracking increased 
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with inc.1'easing hydrogen-entry rate. AltholA.,5h the alloys contained d.i.fferent amounts 
of hyd::-ogen under conditions that produced failure, there appeared to be little correla
tion between the average hydrogen content under limiting charging conditions for 
hydrogen-stress cracking and sensitivity to failure. This observation suggests that 
hydrogen distribution within the sample is a more important factor in hydrogen-stress 
cracking than is average hydrogen content. 

Phase 2. Evaluation of the Selected Electroplating Processes 

Evaluation of the Hydrogen-Embrittling Tendencies 
of the Selected Electroplating Pl"oces~es 

During this program the hydl'ogen-embrittling tendencies of selected electro
plating processes (including preplating cleaning processes) were determined by means 
of sustained-load experiments with notched tensile specimens, and, for a rnajority of 
the proces ses, hydrogen analyses of specimens treated in the same manner as the 
specimens for the sustained-load experiments. The electroplating processes evaluated 
included conventional bright cadmium, conventional dull cadrnium, Wood's nickel 
strike, 'Watts nickel, hard chromium, and four cadmium processes that were reported 
to be essentially nonhydrogen embrittling. 

Notched tensile specimens of AISI Type H-ll tool steel, AISI 4130 steel, AlSI 
4340 steel, AlSl E 8740 steel, and 18 Ni(250) maraging steel were used to evaluate the 
hydrogen-ernbrittling tendencies of the conventional cadmiun1. cyanide baths with and 
without brighteners. Anodic alkaline cleaning and pickling in inhibited HCl prior to 
electroplating at a commercial facility caused delayed failures in AISI 4130 steel, 
AlSI 4340 steel, and AlSI E 8740 steel. Both plating processes caused embrittlement 
in some of the steels, although the dull-cadmiun1. bath was less embrittling tha.n was 
the bright-cadmium bath. Of the steels used in these evaluations, AISI4340 steel was 
the most severely embrittled and the 18 Ni(250) maraging steel was the least embrittled. 
Hydrogen analyses of specimens subjected to the cleaning and electroplating processes, 
revealed that, in general, the plating process itself introduced more hydrogen than did 
the cleaning processes. 

Specimens of 17-7 PH stainless steel, 17-4 PH stainless steel, AM-335 stainless 
steel, and AlSI Type 410 stainless steellWere used to evaluate the hydrogen~embrittling 
tendencies of a 'Wood's nickel-strike electroplating process. None of the stainless 
steels were embrittled by the preplating cleaning process, which consisted of anodic 
alkaline cleaning and pickling in an inhibited HCI bath. Only the 17 -7 PH steel exhibited 
delayed failures after being nickel-strike electroplated. Hydrogen analyses showed 
that the plating process introduced n1.ore hydrogen than did the preplating cleaning 
processes. 

Preplating cleaning processes performed at a commercial facility, which CH"fi'" 

sisted of anodic alkaline cleaning and anodic acid cleaning in preparation for Wfittl~ 
nickel electroplating, introduced essentially no hydrogen into specimens of AISl Type 
H-ll tool steel, AlSl 4340 steel, and 18 Ni(250) maraging steel, and none o~ the eom'" 
mercially cleaned specimens failed during sustained-load experiments. Als0 t afHJdic; 
t~tching of the same steels in a conventional hard-chromium electroplating bath did not 
cause hydrogen-stress -cracking failures. Electroplating in a Watts -nickel bath 
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introduced sufficient hydrogen to cause hydrogen-stress -cracking failures of AlSl Type 
H-ll tool steel and AlSI 4340 steel, but not of 18 Ni(250) rnaraging steel. Electro
plating in the hard-chrorniurn bath resulted in hydrogen-stress -cracking failures of all 
three steels and introduced rnore hydrogen into the specimens than did the severe 
cathodic charging treatrnents used in the Phase 1 experim.ents. 

Only two of the reportedly nonhydrogen-embrittling-cadmium electroplating 
processes, the nonaqueous DMF-cadm.ium bath and the nonaqueous cadmium. acetate
m.ethanol bath, did not cause delayed failures of specimens of the steels in the pre
determined runout tirrle of 100 hours under the standard loading conditions. However, 
two DMF-cadmium.-electroplated specimens of AlSI 4340 steel failed after 198 hours 
and 255 hours, respectively, at applied stresses equal to 90 percent of their respective 
notched-bar tensile strengths. Specimens of AlSI 4340 steel failed at applied stresses 
equal to 75 percent of their respective notched-bar tensile strengths after being plated 
in the Cd-Ti(Delta) bath or the stable cyanide cadIl1iull'll bath. A l2-hour bake at 375 F 
did not eliminate delayed failures in the Cd-Ti(Delta} -electroplated specimens of 
AlSl 4340 steel, 

Evaluation of the Corrosion Resistance 
of Various Electroplates 

The corrosion resistance of bright-cadmium, dull-cadmium, Cd-Ti(Delta), 
cadmium acetate-Il1ethanol, stable cyanide-cadmium, and Watts -nickel electroplates 
was determined by exposure of electroplated panels of JUSl 4340 steel to salt spray for 
240 hours. No corrosion of the underlying base metal was observed for the bright
cadmiw:n or the Cd-Ti(Delta} electroplates. The dull-cadrniurn, stable cyanide
cadmium, cadmium acetate -methanol, and Watts -nickel electroplates failed to protect 
the underlying steel from corrosion. 

Determ.ination of Stresses in the 
Various TyPes of Electroplate,! 

The residual stresses in the various types of electroplates studied during this 
program were determ.ined usi.ng the nlethod of Soderberg and Grahatn. No stresses 
were indicated for a.ny of the cadmium. electroplates, Residual tensile stres ses of 
about 1, 500 and 38, 000 psi were indicate'd for the Watts -nickel electroplate and the 
hard -chromium. electroplate, respectively. 

Phas~ 3. Evaluation of the Hydrogen-Etnbrittli~ Tendencies 
of the Selected Cleaning and Pickling Processes 

Sustained-load experitnents employing notched tensile specimens of A1Sl Type H-ll 
tool ste<el, AlS14340 steel, and 18 Ni(250) nlaraging steel along with hydrogen analyses 
were u!!ed to evaluate the hydrogen-embrittling tendencies of an anodic alkaline cleaner, 
an anodic acid cleaner, a nonelectrolytic soak-type alkaline cleaner, and an inhibited
Hel pickling bath. The former three processes did not induce delayed failures in any of 
~he threle steels, and only AlSl 4340 steel exhibited delayed failure after being pickled 
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in the inhibited-HCI bath. Hydrogen analyses of specimens exposed to these cleaning 
processes indicated that none of them. introduced significant am.ounts of hydrogen into 
the various steels, except for the AISI4340 steel pickled in the inhibited-HCI bath.: 

In long-tinle exposure (up to 2S hours) of prestressed specim.ens to the various 
cleaners, the nonelectrolytic soak-type alkaline cleaning process did not cause delayed 
failures in any of the three steels. The anodic acid cleaner and anodic alkaline cleaner 
caused delayed failures of only prestressed specim.ens of AISI 4340 steel, while the 
inhibited-acid pickling bath caused failures of the prestressed AlSl 4340 and AISI Type 
H-ll tool-steel specimens, but not the 18 Ni{2S0) m.araging steel specimens .. None or 
the cleaning er pickling processes caused hydrogen to perm.eate thin membranes of 
AISI 4340 steel exposed on one side to the process solutions for 6 hours. 

Phase 4. Evaluation of the Effectiveness of Selected Inhibitors for 
Minim.izing Hydrogen-Stress -Cracking Failures of High-Strength. 

Steels as a Result of Hydrogen Absorbed During Acid Pickling 

The effectiveness of 25 inhibitors for m.inim.izing hydrogen-stress-cracking !&H .. 
ures of high-strength steels as a result of hydrogen absorbed during acid pickling Wits 

deterrnined by means of sustained-load experiments that ernployed notched t(~nsile 
specimens of AISI 4130 steel. The specimens were pickled for 30 :minuteS' at 140 F in 
2N HCl or 2N H2S04 soL.1tions that contained the inhibitor being evaluated, and then 
they were loaded to an applied tensile stress equal to 90 percent of their average 
notched-bar tens He strengths. In addition, small C(lupons of steel were pickled in a. 
similar mar.ne,~ to obtain corrosion-inhibition data and hydrogen-absorption-inhibiHon 
data. 

The sustained-load experiments indicated that 13 inhibitors were effective in .on~ 

or both of the 2.N acid solutions, as follows: 

·Group 1. Effective in 2N HCl and 2N H2S04 

l-Pentyn-3 -01 
E;thynyl cyc1ohexanol 
Hexyn.ol 
Ethyloctynol 

Group 2. Effective in 2N RCt only 

Methyl pentynol 
Hut.ynediol 
Propar gyl alcohol 

Group 3. Effective in 2N H2S04 only 

OW-·l 

IFE-224 
Arrnohib® 28 
OW-2 
817-P 

AP-6 
I-Methylpyrrole 

Of these effective 'inhibitors 1 nine were acetylenic derivatives, one (l-lnethylpyrrole) 
was a he terocyclic compound of nitrogen, and three 1 IFE"Z24; 817 -P, and .Armohib® 28 
w~re proprietary compounds whose compositions were not reported. 

Jil;:;:H:7 =_ 
~H.ft'glll~lcu: trtl.Jernark1 Armour tndut~rl~l Chcmht.tl C:",mpit0Y. 
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No direct co:orelation was observed between the effectiveness of the inhibitors for 
miliimizing hydrogen-stress -cracking failures and their effectiveness for minimizing 
corrosion. The results of the hydrogen analyses to determine the effectiveness of a 
number of the inhibitors for minimizing hydrogen absorption during acid pickling were 
inconclusive. 

Phase 5. Evaluation of Hydro~en-Embrittlement 
Relief Treatments 

Evalua.tion of the eife!.:tiveness of various baking treatments for: relieving hydr.-vgen 
embrittlement, as measured by the sustained-ioad test, in p~echa+ged and/or electro
plated specimens of various high-strength steels revealed the following: 

(l) WoodIs nickel-strik~-plated specimens 

(a) Baking 3 hours at 375 F eliminated delayed failures in pre
charged and Wood·s nickel-strike -electroplated specimens 
of AlSI Type 410 stainless steel. 

(2) Cadmi.um-plated specimens 

(a) Baking for 24 hours at 375 F effectively relieved hydrogen 
embrittlement, as measured by the S':lstained-load test, in 
bright- or dull-cadrnium-electroplated AlSl Type H~ 11 tool 
steel ar.n. 18Ni (250) maraging .steel (260, OOO-psi strength 
level), but. not in AlSI 4340 steel (260, OOO-psi strength level). 

(b) Baking for 24 hours at 375 F effectively relieved hydrogen 
em:brittlement in bright-cadmium-electroplated AlSl 4130 
and AlSl 8740 steel (180, OOO-psi strength level)' 

(c) Baking for 3 hours at 375 F relieved hydrogen embrittlement 
in dull-cachniurn-electroplated AlSl 4130 and AlSl 8740 steel 
(180, OOO-psi strength level). 

(3) Watts -nickel-electroplated (without brightener) specimens 

(a) Baking for 24 houl's at 375 F or 2 hours at 600 F relieved 
hydrogen embrittlement in AlS! Type H-11 tool steel and 
18Ni (250) rn.araging steel. 

(b) Baking for 24 hours at 375 F did not eliminate hydrogen 
embrittlement in AIS14340 si;eel. 

(4) Chromium-electroplated specimens 

(a) Baking 24 hours at 375 F or 2 hours at 600 F relieved 
hydrogen em.brittlement in IBNi (250) mar~ging steelb~l,t 
not in AlSl Type H-il tool steel. 

! i 
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(b) Baking 24 hours a.t 375 F did not relieve hydrogen 
embrittlement in AISI 4340 steel. 

Hydrogen analyses indicated that some hydrogen generally was released from the 
spechnens during the baking treatments. The type of electroplate influenced the amount 
of hydrogen removed. 

OBJECTIVES 

The' objectives of this research program, conducted under Contract Number 
NAS 8-Z0029, I1A Study of Hydrogen Embritt1ement of Various Alloys", were (l) to 
investigate the susceptibility of selected high-strength structural alloys to hydrogen
stress cracking, with particular attention being given to hydrogen-stress -cracking 
failures induced by hydrogen absorbed during cleaning, pickling, and electroplating 
processes and (2) to determine the effectiveness of comnlon1y used hydrogen
embrittlement relief treatments. The research program consisted of five phases: 

Phase 1. Preliminary Study of the Sus ceptibilitie s of the Spe cified Alluys 
to Hydrogen-Stress Cracking 

Phas'e 2. E~valuation of the Sellected Electroplating Processes 

Phase 3, Evaluation of the Hydrogen-Embrittling Tendencies of the 
Selected Cleaning and Pickling Processes 

Phase 4. Evaluation of the Effectiveness of Selected Inhibitors for 
Minimizing Hydrogen-Stress -Cracking Failures in High-Strength 
Steels as a Result of Hydrogen Absorbed During Acid Pickling 

Phase 5. Evaluation of Hydrogen-Embrittlement Relief Treatments 

LITERATURE AND INDUSTRIAL SURVEYS _ n 

A portion of the effort during each term of this contract was expended in conduct
inga literature and i:nduatrial survey to gather. information on hydrogen-stress cra.cking 
that was pertinent to Ithe specific objectives of that term of the contract. Three reports 
were prepared which described the results of these surveys, The report on the first 
fJurvey(7) constituted a review of the literature on the phenomenon of hydrogen-stress 
cracking and the emhrittling tendencies of conventional cleaning, pickling, and electro
plating processes, In that rept:)rt, the results of numerous investigations into this 
problem area w~re presented along with data on the effectiveness of various hydrogen
embrittlement relief treatments, The report on the litel'ature and industrial survey 
conducted during the secor;d term of this contract(8) presented information on reported 
low-hydrogen embrittling and nonhydrogen-embrittling clea~ing, pickling, and electro
plating processes and on hydrogen-embrittlement relief treatnl:~·nt!i. The,report on the 
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th.ird survey(9) presented inforl'l1ation on the effectiveness of inhibitors for reducing 
hydrogen absorptic)n by steels during acid pickling and on additional low-hydrogen 
embrittling and nonhydrogen-embrittling-cadmiul'l1 electroplating processes. 

The information contained in these reports was used to guide the selection of the 
various cleaning processes, pickling inhibitors, electroplating processes, and baking 
treatl'l1ents to be evaluated in the l'esearch program. All of the processes and treat
ments evaluated were selected by mutual agreement between NASA and Battelle 
personnel. 

TECHNICAL APPROACH 

Phase 1 of the research program consisted of a preliminary study of the suscep
tibilities of the selected alloys to hydrogen-stress cracking. Those alloys found to be 
insensitive to hydrogen-stress cracking were dropped from the program, while those 
found to be susceptible were further evaluated in other phases of the program for sus
ceptibility to hydrogen-stress cracking resulting from various cleaning, pickling, and 
electrDplating processes. The following paragraphs briefly describe the experiments 
perforrn.ed during the research program. 

In Phase 1, the materials were evaluated for susceptibility to hydrogen-stress 
cra.cking by cathodically charging smooth (unnotched) tensile specimens of each material 
with hydrogen while they were under an applied static stress of approximately 80 percent 
of the:!' respective yield strengths. If a material sustained the applied stress for 200 
hours under the lnost severe charging condition used, it was considered insensitive to 
hydrogen-stress cracking at room temperature and was dropped from the program. 
The reasoning used to establish this criterion was that if the material did not fail under 
this charging condition, it is very unlikely that it would pick up enough hydrogen during 
conventional cleaning, pickling, or electroplating processes to cause hydrogen-stress 
cracking. 

Those materials that failed under the most severe charging condition were then 
further evalua.ted under less severe conditions in an attempt to determine the limiting 
conditions under which hydrogen~stress cracking would occur, considering 200 hours 
to be the run-out time. Small samples of the material were then charged under the 
limiting conditions; one specimen was charged under the mildest conditions that pro
duced a failure while another specimen wa,s charged under the most severe conditions 
that did not produce a failure. Following charging, these samples were analyzed to 
determine their average hydrogen content. 

Hydrogen-entry-rate experiments al~" were conducted to determine whether the 
rate at which a material accepts hydrog~i1 is directly related to its susceptibility to 
hydrogen-stress cracking. These experiments were conducted using the appal'atus 
shown in Figures 1 and 2. The apparatus consists of two cells of equal volume with a 
calibrated capillary tube atta.ched to each cell. The cells and capillary tubes are filled 
with electrolyte, and bubbles are introduced into the tubes for reference purposes. 
Displacement of the electrolyte, which results from gas evolution caused by electrolysi8 
in the cells, can be measured by the displacement of the bubbles in the capillary tubes. 
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Since the cells are connected el\9ctrically in series, the current flowing through them is 
identical and, therefore, with the same electrolyte the volume of gases produced by 
electrolysis should be the same in each cell. The current-efficiency cell, shown 
schematically in Figure 1, contains a platinum anod\9 and a platinum cathode saturated 
with hydrogen; this cell measures the total volume of gas produced by electrolysis. 
The hydrogen-entry cell, shown schematically in Figure 2, contains a platinum anode, 
and the material under study serves as the cathode. Since the only difference in the 
cells is the material that constitutes the ca'thode, the difference between the displace
ll1.ent of the bubbles in the capillary tube's of the respective cells illd~cates the amount 

I of hydrogen entering the specimen as a function of tinle. 

The results of the Phase 1 experiments were us,ed to determine correlations 
among the susceptibility of a given material to hydrogen-stress cracking, the rate at 
which the material accepts hydrogen, and the amount of hydrogen measured in the 
sample. 

In the other phases of this program, notched tensile specimens of the alloys found 
to be susceptible to hydrogen-stress cracking in Phase 1 were used to evaluate the 
hydrogen-embrittling tendencies of the various cleaning, pickling, and electroplating 
procedures and the effectiveness of baking treatments for eliminating hydrogen-stress 
cracking. The specimens were subjected to these typel!; of treatments and then were 
SUbjected to a static tensile stress. The specimens tha.t were subjected to the cleaning, 
pickling, and activation processes were loaded to an applied stress equal to 90 percent 
of their respective notched tensile strengths. If the specimens did not fail in 100 hours, 
they were considered to be nonembrittlcd and were removed from the apparatus. The 
cleaned and electroplated specime,ns were initially loaded to 75 percent of their respec
tive notched tensile strengths. If they survived 100 hours at this stress level, the 
stress was increased to 90 percent of the notched tensile strength. If they survived 
100 hours at this stress level, they were considered to be nonembrittled and were 
removed from the apparatus. 

The reason for loading the cleaned specimens immediately to 90 percent of their 
notched tensile strength was that hydrogen can readily diffuse out of steels at room 
tempera.ture .. Therefore, unless the specimens were severely ern.brittled, by testing at 
lower applied stress at which it would take longer to produce delayed failures, they 
might lose sufficient hydrogen during the test time so that the failure mechanism could 
nnt become operative. This result would indicate (erroneously) that they were not 
embrittled. The 90 percent applied stress level represents a severe loading condition 
and would be expected to detect even moderate embritt~ement. 

In addition to the hydrogen-stress -cracking experiments employing cleaned and 
electroplated specimens, hydrogen analyses were conducted on samples of each material 
that was subjected to the same processes. Comparison of these hydrogen contents with 
those obtained from Phase 1 should indicate whether the selected process introduced 
more hydrogen than the critical amount determined to be required to produce failure 
under the loading conditions and runout time used in Phase 1. Also, these results 
should indicate whether the preplating cleaning and activation processes or the electro
plating process itself was responsible for introducing the greater amount of hydrogen. 

In the evaluation of the effectiveness of the various baking treatments for removing 
hydrogen from electroplated specimens and, thereby, eliminating delayed failures; a 
number of the specimens were cathodically charged with hydrogen prior to electroplating 
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and then, subsequent to electroplating, were baked using the selected treatments. This 
procedure was used to evaluate the barrier effect of the electroplates on hydrogen 
removal. Other electroplated specimens that were not precharged also were evaluated 
to provide data representative of commercial processing. The baked specimens were 
loaded initially to applied tensile stresses equal to 75 percent of their respective 
notched-bar tensile strengths. If failure did not occur within 100 hours, the applied 
stress was increased to 90 percent of their notched-bar tensile strengths. If failure 
did not occur within 100 hours a,t this higher applied streeiS level, the specimens were 
considered to be nonembrittled and were removed from the sustained-load cells. 
Hydrogen analyses were conducted using small specimens of the various alloys that 
were treated in the same manner as the notched tensile specimens. 
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PHASE 1. PRELIMINARY STUDY OF THE SUSCEPTIBILITIES OF 
THE SPECIFIED ALLOYS TO HYDROGEN-STRESS CRACKING 

The purpose of Phase 1 was to perform a preliminary evaluation of several high
strength materials to determine which ones were susceptible to hydrogen-stress 
(.racking. Those alloys found to be insensitive to hydrogen-stress cracking would be 
dropped from the program, while those found to be susceptible were to be used in other 
phases of the investigation. 

Materials and Sample Preparation 

Procurement 

Fourteen alloys and the respective strength levels at which they were to be evalu
ated in this program were selected by NASA personnel. These alloys, hereafter 
referred to as the specified alloys, and their strength levels are listed in Table 1. 

TABLE 1. THE SPECIFIED ALLOYS AND THE 
STRENGTH LEVELS A1' WHICH 
THEY WERE EVALUATED 

Alloy 

'I'i-6Al-4V 
AISI Type H-l1 steel 
AlSI 4130 steel 
AlS! 8740 steel 
18Ni (250) maraging steel 
Alloy 718(a) 
U-212 steel 
Rene 41 
Waspaloy 
17 -7 PH stainless steel 
17 -4 PH stainles s steel 
AM- 355 stainles s steel 
AlS! 4340 steel 
AlS! Type 410 stainless steel 

Ultitnate Tensile 
Strength, psi 

160, 000 
260,000 
180,000 
180,000 
260,000 
200,000 
180,000 
200,000 
190,000 
200,000 (RH 1025) 
200, 000 (H,..900) 
180, 000 (SCT 1000) 
260, 000 
180,000 

(a) Alloy 718 is a nickel-base alloy that has the following nominal composi
tiong 19Cr. 3Mo, 5Cb, O.8Ti, O.6AI, 18Fe, balance Nt. It was de
velopoad by the International Nickel Company and was first designated as 
lnconel 718. 0 ther manufacturers licensed to produce the alloy have 
used other trade names, such as Lescalloy 718, Udimet 718, Allivac na, 
FS-718, and Uniternp 718. There also may be other trade designations. 
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To facilitate sample preparation and to comply with NASA requests, initial efforts 
were directed toward obtaining the materials in the form of 1/2-inch-thick plate or 
1/2 x 3 -inch bar stock. However, four of the alloys (AlSl E 8740 steel, AM-355 stain
less steel, Ti -6Al-4 V, and U -212 steel) were not readily available in the desired form. 
Therefore, other forms of these m.aterials were obtained, and they were {-.rocessed in 
the laboratory to the desired 1/2-inch-thick bar as follows: 

(1) AlSl E 8740 steel, received as 1-7/8-inch-diameter bar stock. The 
bar was cut into 16 -inch lengths that were heated to 2150 F and 
forged into bars 1 inch thick and 3 inches liVide. The forged bars 
were then reheated to 2150 F and hot rolled to a thickness of 0.520 
inch, taking 10 percent reduction per pass and reheating after each 
pass. The finishing temperature was approximately 1900 F after 
final hot rolling, and the bars were air cooled to room temperature. 

(2) AM-355 stainless steel, received as 1-1/2 x 1-1/2 x 68-inch bar 
stock. The bar was cut into 10-inch lengths that were heated to 
Z150 F and pressed to ,a thickness of 1 inch in a 700-ton press, 
The pressing operation was performed in such a way as to produce 
the desired 3 -inch width. The bars were then reheated to 2150 F 
and hot rolled to a thicknes s of O. 580 inch, taking 10 percent re
duction per pass and reheating after each pass. A final pass was 
made at 1900 F to produce a finished thickness of 0.525 inch, 
following which the bars were air cooled to room temperature. 

(3) Ti-6Al-4V, received as 2 x 4 x lZ-inch and 1-1/2 x 3-1/2 x IS-inch 
bars. The bars were heated to 1800 F and rolled to a'thickness of 
0.590 inch, taking 10 percent reduction per pass and reheating after 
each pas s. When a thickne s s of 1 inch was reached, the reheating 
temperature was progrl~ssively lowered; the final reductions were 
made at 1700 F. 

(4) U -212 steel, received as 2 -15/ 16-inch-diameter bar stock, 16 inches 
long. The bar was cut into two 8-inch lengths that were heated to 
1925 F and forged to a thickness of 2-1/4 inches. These forged bars 
were reheated to 1925 F and hot rolled to a thickness of 0.525 inch, 
taking 10 percent reduction per pass and reheating after each pass. 

The original lot of AlSI Type 410 stainless steel that was received for evaluation 
did not respond in the normal manner to standard heat-treating procedures for this 
material. A brief Inetallographic study revealed that this lot of the material contained 
considerable delta ferrite, a microconstituent not normally found in this alloy in appre
ciable amounts. Samples of the material were given various aging treatments in an 
attempt to reduce or eliminate the undesirable delta fe:critei however, these treatments 
were not successful. Therefore, it was concluded that this particular lot was not 
representative of the material and should not be used in this evaluation. Consequently, 
NASA furnished heat-treated and machined specimens of AlSI Type 410 stainless steel 
for evaluation. 
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GheIl1kal Analyses 

Samples af the s,pecified allays were prepared far single~determinatial'l, wet
chemical Cl.nalyrds. In thase cases :n which the vaJ.des re,parted far a given element 
were significantly different fram a vendar's certified analysis ar were al1tside the 
specified chemical-campasiHan limits, a secand analysis was made liar th\t element. 
The res111ts af these analyses are listed in Table Z, alang with the vendors' certified 
aJflalyses. Na analysis was reeeivec!i far the AISI Type 410 stainless steel s,pecimens 
provided by NASA, and a check analysis WaS nat canducted for this allay because it 
wOl1ld entail lass af specimens. 

Generally, the results of the check analyse II were in gaad a,greement with the 
venda,rs' certified analyses and, with one minar exceptian, were within the campasitian 
limHs es,tablished far the respective alloys. 

J'i~at - Treating $tudie s 

It was neces,sary to establish a heat treatment that wauLd praduce the s'pecified 
strength levels in the variaus materials. Fa,r this purpase, eight bars lIZ x liz x 3 
inches in size were Cl1t fram each material, with the lang dimension parallel to the 
primary raUing directian. These barS were ral1gh machined into tensile specimens to 
be used to evaluate the selected heat treatments. Two bars of each allay were given a 
selected heat treatment aDd theD were finish maehined to the dimensions of the standard 
1/4-incn-diameter tensile specimen shown in Figure 3. The specimens were subjected 
to conventional tensile tests tplaten speed, O. 0~ in. /min) to determine their mechanical 
properties. If necessary, the treatments were modified and additional specimens were 
heat treated and tested to verify the properties. 

The heat treatments established and the resultant mechanical praperties for the 
respective alloys are lis,ted in Table 3. 

SamBle PreparaUon 

The sample confiprations used in this study consisted of three types: (1) smooth 
(u,nnotched) tenflile speCimens, as shown in Figures 4 and S; (Z) hydrogen-entry-rate 
specimtlns (3 x 3 x 0.ZS0-inch plates), and (3) specimens for hydrogen analysis (O.ZSO 
inch in diameter by approximately 1 inch in length). 

The smooth and notched tensUe specimens were prepared as follows: bars 
liZ x liZ x 6 inches were cut from each material, with the long direction parallel to 
the primary working direction. These bars were rough machined and then heat treated 
According to the procedures establi.hed in, the heat-treating .tudies. The heat treat
ments were verified by hardness checks. In thOle cases in which the hardness varied 
from the value obtained in the heat-treating studies, tensUe specimens were machined 
and tested to verify the properties. The specimens were then finish machined to the 
dimensions shown in Figure 4. Subsequently, the reduced section of the smooth .peci
mens was electropolished to a diameter of O. ZSO inch in final preparation for testing. 
The specimens of AISI Type 410 stainle .. steel provided by NASA were smaller, as 
shown in Figure S. After electropoli.hing, the diameter of the reduced section of these 
specimens was about O. 168 inch. 
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TABLE 2. CERTIFIED AND CHECK-ANALYSIS CHEMICAL COMPOSITIONS OF THE SPECIFIED ALLOYS 

',~:::-!" 

'" 
Cl~emical Composition, weight percent -, 

IdentificatIon Material C Mil. Si P S Cr Nt Ma Al Fe Other 

A AlSI Type H-ll Certified 0.41 0.36 0.99 0.015 0.002 4.99 1. 26 Bal 0.4BV, 0.09W 
tool steel Check 0.43 0.38 0.92 0.010 0.006 4.86 1.30 Bal 0.45V,O.10W 

m 
> B AlSI 4130 steel Certifida) -4 
-4 Check 0.33 0.60 0.26 .0. 017 0.016 0.87 0.19 Bal 
111 r 
r C AISI 4::40 steel Ccrtified(a) 
III Check 0.41 0.83 O.M 0.010 0.018 0.85 1.83 0.25 Bal 
~ 
111 I> 17-7 PH Certified 0.068 0.56 0.3S: 0.016 0.017 17.22 7.24 1. 20 Bal 
~ stainless steel Ch~ck 0.10 0.69 Q.39 0.025 0.013 17.40 7.22 1.26 Bal O· 
! 

E 17-4 PH Certified 0.037 0.32 :> 0.69 0.017 O. 005 15.67 4.35 BOll 3.56Cu, 0.21 Cb + Ta 
r stainless steel Check 0.05 0.38 0.69 0.018 0.007 15.64 4.20 Bal 3.46Cu, 0.32 Cb+ Ta 

Z F AlSI Type 410 Certified(b) 
UJ 

Check (c) -4 stainless steel 
-4 
C G AM-355 Certified 0.12 0.93 0.11!) 0.018 O.OOB 15.14 4.27 2.65 Bal 0.082N N 
-4 

stainless steel Check 0.13 0.96 0.116 0.020 0.010 15.27 4.18 2.64 Bal 0.082N 
0 

m 
I 

Certified 0 H Ti..f>AI-4V 0.04 8.27 0.08 4.12V, O.013N, O. 1120, ba 1 T i 
0 (H= 42 ppm) 
r Check <0.03 5.97 0.11 4.11V, 0.015N, bal Ti c 
J;. 

7. SICo, 0.46Ti ,0. 0032B~), W I 18Ni(250)mar- Certified 0.005 0.02 0.020 0.003 0.005 18.48 4.90 0.07 Bal 
C aging steel O. 016Z,cd), >0.0 1Ca(d) en 
r Check 0.03 <0.01 0,01 o.GOa 0.006 18.39 5.07 0.07 Bal 7.43Co, 0.39Ti, 0.005Cu 
> m J Alloy 718 Certified 0.052 0.10 0.04 0.002 0.006 17.83 53.02 3.01 0.50 5.25 Cb + Ta. >0.05Cu, 0 
~ 0.17Co, 1. C5Ti, 0.0054B 
)0 

Check 0,09 0.13 0.29 0.005 0.009 18.78 52.64 3.04 0.61 Bai 5.Il'1 Cb+ Ta, a.OOBCu, -4 
0 0.22Co, 0.79Ti, 0.0028B 
! 
r.: K AISI E 8740 Certified 0.405 0.87 0.~!8 0.007 0.010 0.54 0.56 0.23 Bal Ut 

steel Check 0.41 0.92 0.24 0.008 0.013 0.62 0.52 0.23 Bal 

L Wa!paloy Certified 0.06 0.02 0.02 0.003 0.010 18.64 Bal 4,04 1.32 0.66 12.75Co, 2. SaT!, <0.06Cu, 
Q.0079B, 0.060Zr 

Check 0.08 0.008 <O,P1 <0.005 0.008 19.19 Bal 4.21 1.4u 1,06 12.79Co, 3.31Ti, <O.OlCu, 
O.0055B, 0.08Zr 

.. ,"", .. 
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Identification 

M 

~ 

Mat(lrial 

Rene 41 

U-212 steel 

1 "';-"-i 

Certified 

Check 

Certified 

Check 

,:.;~:;,::;:- 5 

~----.~.-

C 

0,082 

O.OS 

O.O~~ 

0,10 

J •• ..." .... :s 
i.-~ , .... 't+ J 

Mn 

0.06 

0.01 

0.01 

Trace 

:M ,:~,::.::::....:. ,~ r.~t-. ~: (' ... ,,~ ~. "::>" l ·....,<'t:l 

TASt:E 2. (ContInued) 

Chemical Composition, weight pereent 

Sl P S Cr Ni Me Al Fe Other 

0.030 0,006 0.006 18.50 Bal 9.70 1.55 0.88 10. '15Co, <0.06CIl, 3.20Ti, 
0.006B 

O,O~ <0.(\01) 0,00'1 19.19 Bal 9.48 1.44 1.15 11.00Co, <O.OlCu, 2.60Ti, 
0.005B 

O.Ol~ 0.00" 0.008 16.12 25,36 0.20 Bal 3.87'l.'1, O. 06B, 0.037Zr, 
0.42 Cllt'ra 

<O.O~~ 0.010 ;15,46 25.50 0.14 On! 3.8-1TI, 0,050, 0.02Zr, 0.53Cb 
-~==========~======================~;================================================ 

~' (a)' GcnU(ed analysis not received. 
~ (b) Material received from NASAj no analyses provided. 
g «(:;) Check D.ntllysis not performed so as tQ aVo(d loss of specimen. 
; (d) Added. 
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0+0.001" to 0.002" 

o 

FIGURE 3. STANDARD 1/4-INCH·,DlAMETER TENSILE SPECIMEN 

3
11 J ~--------- 5"4 min ------------.;_-.1 

--..... ~ ... 14i1r--- 211----~~ .... I ... • --If--j r hin 
0.256" ± 0.003 0 u+o.ooo 

0.030 -0.0:0 R 

FIGURE 4. DETAILS OF THE UNNOTCHED TENSILE SPECIMENS USED 
IN THE HYDROGEN-STRESS-CRAC~aNG STUDIES (AS FINISH 
MACHINED, PRIOR TO ELECTROPOLISHING) 

O.200"±O.003" 0 0.25" R (min) 0.175"±O.003 o O 030 ..... 0.000 R 
. -0.010 

'II Y 
* 
f 

FIGURE 5. DETAILS OF UNNOTCHED TENSILE SPECIMENS USED TO 
EVALUATE THE SUSCEP'rIBILITY OF' AlSI TYPE 410 
STAINLESS STEEL TO HYDROGEN-STRESS CRACKING 
(AS FINISH MACHINED I PRIOR'rO ELECTROPOLISHING) 

Machined from 1/ 4-inch plate. 
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TABLE 3. HEAT TREATMENTS AND MECHANICAL PROPElITIES OF THE ALLOYS INVESTIGATED IN PHASE I 

Mechanical Proee."Ues 
Yieid 

Desired' Ultimate Strength El{Jngation Reduction 
Identifi- Strenlth S.mple Tensile (O.2."'.OChet), in 1 Inch, of A!'ea, Rockwell e 

cation 
II 

Material Level, psi Heat Treatment Number Strength, psi psi percent percent Hardness 

~ ..;:\ AISI Type H-ll 260,000 Preheat at 1450 F {or 30 min, austenitise A-7 268,500 2.30,200 13 43.5 51 
~ 
~ tool steel at 1850 F £01' 30 min, air cOlol, double A-Ii 2.66,000 22.7,600 15 48 
1'1 temper at 1075 F {or 2. hI' ea.ch temper, 
r- air .cool between tempe Band after linai r-
1'1 temper. 

B AlSl. 4130 steel 180,000 Austenitize at 1550 F for 30 min, oil 8-7 187,700 170,800 IS 54.5 43 
~. quench, temper at 850 F for 2. hr, air 8-8 187,900 170,800 14 53.5 
1'1 cool. 
~ C AISI 4340 steel 260,000 Austenitize at 1550 F {or 10 min, oil C-1 2.61,100 2.23,IJOO 12. 54 50 0 
! quench, temper at 525 F for Z hr, air e-4 263,000 ZZ4, 000 IZ.5 54.5 

~ co~l. 

r- D 17-7 PH 2.00,000 Austenitize at 19~0 F {or )0 min, air D-7 Z02,600 158,500 18 35.5 41 
stainles5 steel (RH 1025) cool, condition at 1750 F {Oil' 30 min, D-8 2.04,000 16Z,600 18 40 

Z alir cool, refi'igerate at -100 F for 8 hr, 

• age at 10Z5 F Cor 1 hr, air cool. 
j E 17-4 PH. ZOO, 000 AU5tenitize at 1900 F Cor 30 min, air cool, E-l Z03,500 177,800 19 53 41.5 
~ stainles!! steel (H-900) age at 900 F Cor 1 hr, air cool. E-Z Z03,900 177,900 20 54 
Co 
-f F AISI Type oliO (I~O, 000 Austenitize in vacuum furnacle at 1775 F F_I(b) 186,300 143,800 10. Sed) N ... s.tainless steel a for 45 min, oil quench, temper in F_2(b) 188,500 143,800 II otdt I.JJ 

I vacuum furnace at 575 F for Z hr. F_3(c) 190,000 145,800 8: O(d) 

0 Ci AM-355 stainless 180,000 Austcnitize at 1950 F fol!' 30 min, water G-5 179,400 163,700 ZI 61.5 43 

0 steel (SeT 1000) quench, condition at 1751.} of' ior 45 min, G-6 178,700 163,500 Zl 61.5 
r- water quench, reCrigerai..: at -100 F 
C .{or 1 hr, age at 1000 F for 3 hr, air cool • 
. ~ 

H Ti-6A1-4V 160,000 psi Solution treat at 1550 F Cor 30 min, water H-3 163,100 143,500 14 l5.5 • c: quench, age at 900 F for 6 hr, air cool. H-4 159,)00 14Z, 900 14 Z4.5 
(It I 18Ni (250) mar- Z60,000 Anneal at 1500 F for I hr, air cool, age 1-1 l6l,800 2.59,000 11 6Z 50 

r- aging steel 
180, 000 (e) 

at 900 F for 3 hr, air cool. I-Z ';'65,000 2.58,000 13 63 ,. ~ Alloy 718 Solution treat at 1800 F for 1 hr, air J-I l04,500 167, 700 43.5 4S 

• cool, age at 13Z5 F for 16 hr, air cool. :r-z l03,100 163,700 26 39 
0 K AlSI E 8740 180,000 Normalize at 1600 F for 30 r1nin, air cool, K-I 18Z,600 172.,600 16 56.5 43 
.21 austenitize at 1550 F for 301 min, oil K-Z 181,700 170,900 17 57 
~ .. 

quench, temper at 950 for l hr, air cool. ~ 
0 L Waspaloy 190,000 Solution treat at 18Z5 F for -1i hr, air cool, L-I 189,500 117,600 30 14.5 36.5 

! stabilize at 1550 F for 4 hr, air t:ool. L-2 189,900 118, ZOO 30 33.5 
III ale at 1400 F for 16 hr, air cool. 
CIt M Ben' 41 ZOO, 000 SDlution treat at 1950 F Cor .:I hr, air cool, M~1 198,100 134,000 Z9 25.5 42.5 

age at 1400 F for 16 hr, air cool. M-Z 199,300 113,300 26 24 
N U-21~ steel 160,000 Solution treat at 1850 F for l hr, water N-l 184,400 130,400 l8 59.5 40 

quench, .heat at 1425 F for 2. hr, air N-Z 186,100 131,500 27.5 57.5 
cool .. age at 12,50 F for 16 hr, air cool. 

<a) Heat treated by NASA. (b) Flat spe<:ilnen. (c) Round specbnei!: (d) Percent in 2 in\:hes. (e) Guaranteed minimum ultimate tensile strength 
for this standard treatment. 
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The hydrogen-entry-rate specimens were prepared by cutting 3 x 3 -inch plates 
from. each m.aterial and rough machining equal amounts of material from each surface 
to produce a thickness of 0.265 inch. The specimens were heat treated along with the 
tensile bars and then were finish ground to a final thickness of 0.256 inch by removing 
equal amounts of material from both surfaces, Subsequently, they were electropolished 
to a thickness of approximately 0,250 inch. 

The specimens for hydrogen analysis were cut from bars that were left over from 
the hydrogen-stress -cracking experiments. It was essential that these specimens have 
the same diameter (0,250 inch as electropolished and ready for testing) as the portions 
of the tensile specitnens that would be cathodically charged) so that conditions for 
hydrogen entry and diffusion would be the same for the two types of specimens when 
prepared and charged under identical conditions, 

Experimental Procedures 

Hydrogen-Entry-Rate Experiments 

The procedure used to determine the hydrogen-entry rate was as follows: the 
hydrogen-entry-rate specimen was degreased in trichloroethylene, and then one surface 
was electropolished to remove the cold-worked material that resulted from machining 
and to provide a clean, bright surface, This electropolished surface was used as the 
entry surface. The specimen was masked off with electroplater's tape, le~ving 0, B 
square inch of the electropolished surface exposed, The specimen was then placed in 
the entry-rate apparatus and the prepared surface was cathodically charged with hydro
gen for 4 hours. Readings of bubble displacement were made for both the (!urrent
efficiency cell and the hydrogen-entry cellj these readings and the temperature and 
barometric pressure were taken at lO-minute intervals during the first hour of charg
ing and at 20 -minute intervals for the remaining 3 hours, Gas volumes were obtained 
for both cells by the difference in bubble positions in the calibrated tubes, Subtracting 
the gas volume in the hydrogen-entry cell (oxygen plus unabsorbed hydrogen) from the 
gas volume in the current efficiency cell (total hydrogen plus oxygen liberated by elec
trolyais) for a given time interval gave the volutne of hydrogen absorbed by the steel 
in that interval. The temperature and pressure readings were used to convert the gas 
volu,mes to standard conditions, The values for volume of absorbed hydrogen were 
then converted to weight in micrograms and the results were plotted as weight of 
hydrogen occluded versus time of charging, The slopes of the plots corresponded to 
the rates at which hydrogen entered the specimens. 

Sustained-Load Experiments 

The following procedure was used to determine the susceptibility of the various 
materials to hydrogen-stress cracking, The smooth tensile specimens were degl'eased 
in trichloroethylene and ei0C'tropolished to a diameter of 0,250 + 0,002 inch to retnove 
the cold-worked layer and to provide a smooth, clean .sur.face, The electropolished 
surfaces were then lightly rubbed with Linde A alumina powder and alcohol to remove 
stains that sometimes were l~e£t by the electropolishing operation. The specimens 
were rinsed in alcohol and stored ill a desiccator un'i:il they were used. Prior to 
performing the:;hydrogen-stress -cracking experiment, the specimens were masked off 
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with electroplater I s tape, leaving a I-illch exposed length (approximately O. 8 square 
inch of exposed area) in the reduced section. The specimens were then placed in the 
sustained-load apparatus shown in Figure 6, and the desired stress was applied by 
tightening the nut on the loading screw. The stress wa.s monitored by strain gages (on 
the hollow portion of the loadi.ng screw) and an SR-4 strain indicator; the loading device 
was calibrated periodically in a universal testing machine. The desired cathodic 
charging condition was then imposed on the specimen. The sustained-load apparatus 
was connected through a roicroswitch to an automatic timer that recorded U<le time for 
failure. 

Four charging conditions, which ranged from seve:re to very mild, were used to 
evaluate the sensitivity of the specified materials to hydrogen-stress cracking. These 
conditions were 

(I) Condition A - severe charging condition 
Electrolyte - 4 percent by weight of H2S04 in distilled 

water + 5 drops per liter of cathodic poison consisting 
of 2 g phosphorus dissolved in 40 ml CSZ 

Current density - 8 malin. 2 

(Z) Condition B - medium charging condition 
Electrolyte - O. 004 percent by weight of HZS04 in distilled 

water + 5 drops per liter of cathodic poison composed 
of 2 g phosphorus dissolved in 40 rol CS2 

Current density - 0.625 malin. 2 

(3) Conditi·on C - mild charging condition 
Electrolyte - 5 parts by volume lactic acid in ethylene 

glycol (the lactic acid reagent contained approximately 
15 percent water by weight) 

Current density ~ O. 125 malin. 2 

(4) Condition D - very mild charging condition 
Electrolyte - 5 parts "y volume lactic acid in ethylene 

glycol (the lactic acid reagent contained approximately 
15 percent water by weight) 

Current density - 0,076 rna/in, 2. 

Specimens of the specified alloys were initially charged under Condition A. If the 
specimens failed, new specimens were charged under the next milder condition, and so 
on until a specimen of the material could withstand ZOO hours of charging while subjected 
to a static tensile stress equal to eO percent of its yield strength or until a specimen had 
failed under each of the charging conditions, 

Hydrogen Analyses 

When the limiting conditions for hydrogen-stress cracking were determined~ small 
samples of each of the alloys were charg~d under these Ilame conditions and then wel'e 
analyzed for hydrogen. The procedure used in .these experiments was as follows: 

;'J 
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Keyway 

1"-8 h •• nut 

B.llevill. IprlnQ (.Il00Qtrattd 1Iope) 

Wa.h.r----t-S~=~~ 

u .... r--~- Strain 00011 

Platinum 
.ltetrad. ------{,.H9-1 

wlr .. 
IJIM'4-- Gla .. tubing 

I*H-HfHA-- S piJcim.n (eltctrode) 

l...f-.~- NlOpl'IM dllk 

0-2821& 

FIGURE 6. APPARATUS EMPLOYED IN THE SUSTAINED-LOAD EXPERIMENTS 

When cleaned and electroplated specimens were evaluated in 
subsequent phases, the glass cell was removed1 since no 
electrolyte w.as)' required. 
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The specimens, which were cut from the reduced section of electropolished tensile 
bars, were cleaned in acetone and rinsed in alcohol. Then, one specimen was charged 
under the mildest condition that produced a failure for the time it took to produce the 
failure in the hydrogen-stres; s -c'racking experiment. Another specimen was charged 
under the most severe condition that did not produce a failure for approximately 200 
hours. After charging, the specimens were immediately placed in liquid nitrogen and 
stored until analyzed. The average hydrogen content was determined by the tin-fusion 
vacuum-fusion technique. 

Results and Discussion 

The results of the Phase 1 experiments are presented in Tables 4, 5, and 6. 

Table 4 presents the hydrogen-stress -cracking data. The results obtained indicate 
that the alloys exhibit significant differences in susceptibility to hydrogen-stress crack
ing. Five of the alloys (Ti-6Al-4V, Alloy 718, Waspaloy, Rene 41, and U-212 steel) 
were found to be insensitive to hydrogen-stress cracking under the most severe charging 
condition used. All the other alloys failed in times ranging from a few minutes to about 
6 hours under this charging condition. As the severity of the charging condition was 
reduced, the differences in the relative susceptibilities of the a.Hoys became more 
apparent. 

For purposes of comparison, the alloys have been grouped as follows (tensile
strength levels in parentheses): 

Group 1. 

Group Z. 

Group 3. 

Group 4. 

Not susceptible to failure in 200 hours under the most sever(~ 
charging condition (Condition A) 

Ti-6Al-4V 
Alloy 718 
Waspaloy 
Rene 41 
V-ZIZ steel 

(160, 000 psi) 
(ZOO, 000 psi) 
(190, 000 psi) 
{ZOO, 000 psi} 
(180, 000 psi) 

Failed under only the most severe charging condition 
(Condition A) 

17-7 PH stainless steel 

Failed under Conditions A and B 

AM ... 355 sta.inless s;teel 
lSNi (250) maraging stll'el 
AISI ES740 steel 
AISI Type 410 stainless steel 

(ZOO, 000 psi) 

(ISO, 000 psi) 
(260, 000 psi) 
(ISO, 000 psi) 
(1S0, 000 psi) 

Failed under Conditions A, B, and C 

AISI Type H-ll tool steel 
17 ... 4 PH stainless steel 

(Z60, 000 psi) 
(200, 000 psi) 
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TABLE 4. RESULTS OF SUSTAINED-LOAD EXPERIMENTS TO DETERMINE THE SUSCEPTIBILITIES 
OF THE SPECIFiED ALLOYS TO HYDROGEN-STRESS CRACKING 

Nominal 
Yield -Strength Applied Stress(b), Time for Failure, 

Sample (O.2'/ooffset)(a), psi Charging Condition psi hr 

AISI Type H-ll Steel 

A-] 229,000 A 185, 000 4.6 
A-2 229,000 A 185.000 6.1 
A-3 229,000 A 185, 000 5.5 -I 

A-4 229,000 B 185,000 18.4 
A-5 229,000 C 185,000 S8.5 
A-6 229,000 D 185,000 >215.3(e) 
A-7 229,000 D 185,000 >356.7(e) 

AISI4130 Steel 

8-1 170,000 A 135, 000 0.4 
B-2 170,000 A 135,000 0,5 
B-3 170,000 A 135,000 0.6 
B-4 170,000 B 135,000 1.0 
B-5 170,000 C 135,000 32.4 
8-6 170,000 D 135,000 36.8 

, :, 

AISI 4340 Steel /i 
Vi 
] 

C-l 225,000 A 180, 000 0.05 
C-2 225.000 A 180,000 0.05 -11 

" I' 
C-3 225,000 B 180,000 0.6 j 
C-4 225,000 C 180,000 9.5 
C-5 225,000 D 180,000 9,2 

17 -7 PH Stainless Steel 

D-1 160,000 A 128,000 1.5 J 
D-2 160,000 A 128,000 0,6 '\ 

~~ 

D-3 160,000 A 128,000 1.2 . 
128,000 >273,1(c) D-4, 160,000 B 1\ 

>216.3(C) 
,j 

D-6 160,000 B 128,000 ~ 
_ IJ 

17 -4 PH Stainless Steel 

160,OOO(d) 
" ~ 

E-1 180,000 A 0.3 ·f 
" E-2 180,000 A 140,000 1.6 ii 

E-3 180,000 A 140,000 1.6 
· ~f 

E-4 180,000 B 140,000 12.3 ,) 

E-5 180,000 C 140,000 B6. 1 
E-6 180,000 D 140,000 >215. g(e) 

>263.1{e) 
, , 

E-7 180,000 D 140,000 
, 
Ii 
;~ 

AISI T~p,e 410 Stainless Steel ' ~ 

1"-5 145,000 A 116,000 1.2 i'n 

F-6 145,000 A 116,000 1.7 ' ~ 

F-7 145,000 A 116,000 1.6 ' '" 

F-4 145,000 B 116,000 >211.0(e) r t 

F-8 145,000 B 116,000 105.3 
~ 
fl 

F-9 145,000 C 116,000 >216.0(0) 
· ~ 

1"-10 145,000 C 116,000 >216.0(b) 
£'~ M 
1'1 
• ? 

tl 
if 
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TABLE 4. (Continued) 

Nominal 
Yield -Strength Applied Stress(b), Time for failure, 

Sample (0. Z'/o offset)(a), psi Charging Condition psi hr 

AM-355 Stainless Steel 

G-2 160,000 A 128,000 3.9 
G-3 160,000 A 128,000 5.0 
G-4 160,000 A 128,000 2.9 
G-5 160,000 B 128,000 154.0 
G-6 160, 000 C 128, 000 >235.2(e) 

G-7 160,000 C 128,000 >210.2(e) 

Ti-6AI-4V 

H-l 143,000 A 115,000 >264.0(e) 
H-2 143,000 A 115, 000 >216.0(c) 

18Ni (250) Maraging Steel 

1 .. 1 258,000 A 200, 000 5. 1 
1-2 258,000 A 200, 000 5.8 
1-3 258,000 A 200,000 5.0 
1-4 258,000 B 200,000 21.4 
1-5 258,000 C 200, 000 >215.4(e) 
1-6 258,000 C 200,000 >215.9(e) 

Allay 718 

J-1 162,000 A 130,000 >217.0(c) 
J-2 162,000 A 130,000 >213.9(e) 

AISl E 8740 Steel 

K-1 170,000 A 135,000 0.3 
K-2 170,000 A 135, 000 0.4 
K-3 170,000 B 135, 000 5.6 
K-4 170,000 C 135,000 >309.2(c) 
K-5 170,000 C 135,000 >235.7(c) 

Waspaloy 

L-1 118,000 A 95,000 >26a.3(c) 

L-3 118,000 A 95,000 >231. g(c) 

Rene 41 --
M~l 134, 000 A 107;000 >210.3(c) 

M-2 134, 000 A 107,000 >238.3(C) 
)' 

U-212 Steel 

N-1 131,000 A 105,000 >209. I(C) 
N-2 131,000 A 105,000 >202. S(C) 

(a) Nominal yield strengths obtained from uncharged specimens of the type used for the hydrogen-suess-clI'lcking 
experiments (see Figure 4). 

(b) Applied suess Was approximately 80 percent of the yield strength, except for one specimen as noted. i; 
(c) Runoutj specim~n did not fail. t,' 

il 
(d) Approximately 89 percent of the nominal yield strength. 

BATTEL.L.E MEMOAIAL. INSTITUTE - COL.UMBUS L.ABORATOAIES 



Sam.p1e 
Number 

A-I 
A ... 2 

B-1 
B-2 

C .. l 

D-l 
D-2 

E-l 
E-2 

F-l 
F-Z 

G-l 
G-Z 

H-l 
H .. 2 

1-1 
1-2 

J-l 
J-2 

K .. 1 
K-2 
K-3 
K-4 

L-1 
L-2 

M .. l 

N-l 
N-2 
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TABLE 5. RESULTS OF HYDROGEN-ENTRY .. RATE EXPERIMENTS 
(Charging Condition A) 

Hydrogen .. Entry Rate During 
First Hour of Charging, 

/' 2 ' Ilg, In. • n11n 
Material Individual Value s Average 

AISI Type H-l1 tool steel 1.41 
1.26 

AISI Type H-l1 tool steel 1. 11 

AISI 4130 steel 0.85 
0.79 

AlSI 41 30 s te e 1 0.72 

AISI 4340 steel 0.58 0.58 

17-7 PH stain1e s s steel 1.02 
O. 81 

17-7 PH stainless steel 0.59 

17-4 PH stainless steel 1. 37 
1. 59 

17-4 PH stainless steel 1. 82 

AISI Type 410 stain1e s s steel 0.77 
0.61 

AISI Type 410 stainle s s steel 0.45 

AM-355 stainless steel 1.04 
0.95 

AM- 3 5 5 stainle s s steel 0.85 

Ti .. 6Al-4V 1. 97 2.27 
Ti-6A1-4V 2.56 

18Ni (250) maraging steel 0.98 
0.97 

18Ni (250) maraging steel 0.96 

Alloy 718 0.63 
0.56 

Alloy 718 0.49 

AlSI E 8740 steel 1.07 
AlSI E 8740 steel 0.87 

0.97 
AISI E 8740 steel 0.92 
AlSI E 8740 steel 1.00 

Wa.spaloy 0.28 
0.38 

Waspaloy 0.47 

Rene 41 O.Zl O. Zl 

U .. 212 steel 0.25 
0.30 

U-212 steel 0.35 
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TABLE 6. RESULTS OF HYDROGEN ANALYSES PERFORMED ON SPECIMENS 
OF THE SPECIFIED ALLOYS CATHODICALLY CHARGED UNDER 
THE LIMITING CONDITIONS FOR HYDROGEN-STRESS CRACKING 

--
Average Hydrogen 

Sample Charging Charging Content, ppm by 
Number Material Condition Time, hI' weight (±O. 1) 

A .. 1 AISI Type H-Il tool steel D 221.4 6.6 
A .. 2 AlSI 'I'ype H-l1 tool steel C 98.5 4.4 

B-1 AlSI4130 steel D 36,8 6.0 

Cool AISI4340 steel D 9.2 0.9 

D-2 17 .. 7 PH stainle s s steel B 201.4 5.3 
D-l 17-7 PH stainless steel A 1. 5 6.5 

E-l 17 -4 PH stainle s s steel D 212.4 3.4 
E-2 17-4 PH stainle s s steel C 88.0 2.7 

F-3 AISl Type 410 stainle s s steel C 200 2.8(b) 

F-l AlSI Type 410 stainless steel B 200 4. S(b) 

F-2 AISI Type 410 stainle s s steel B 150(a) 3.8{b) 

G-2 AM-355 stainle s s steel C 201.4 8.8 
G-l AM-355 stainle s s steel B 154.0 6.7 

H-l Ti-6A1 .. 4V A 201.5 3. 0 

I-I 18Ni (250) maraging steel C 212.2 1.6 
1-2 18Ni (250) roaragillg steel B 21.4 3.4 

J-l Alloy 718 A 201.6 43.7 

K-l AISI E 8740 steel C 212.2 2.2 
K ... 2 AISI E 8740 steel B 5.6 3.2 

L-l Waspaloy A 201.6 17.4 

Mool Rene 41 A 201.6 34. 1 

N .. I U ... 212 steel A 201.6 13.7 :? 

(a) Average of [unout time and failure time for specimens cathodically charged under Condition B. 
(b) Precision of analysis was iO. 2 ppm. 

i~ 
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Group 5. Failed under all conditions (A, B, C, D) 

AISI 4340 steel 
AISI 4130 steel 

(260, 000 psi) 
(180, 000 psi) 

Four of the five alloys in Group 1 (the .. lLckel-base alloys Waspaloy, Alloy 718, 
and Rene 41, and the austenitic U-212 steel) have a face-centered cubic structure. As 
was pointed out in the firs'/: literature and industrial survey(7), face -centered cubic 
alloys have been shown generally to be insensitive to hydrogen-stress cracking at room 
temperature. It is interesting to note that these four alloys exhibited the lowest 
hydrogen-entry rates (Table 5) but had the highest hydrogen contents (after charging for 
200 hours under the severe conditions that did not produce failure in the statically 
loaded specimen), as shown in Table 6. The higher hydrogen contents are attributed to 
higher solubility of hydrogen in the face-centered cubic lattice and the long-time 
charging.. The lower entry rates may be explained by the low diffusion rate of hydrogen 
in face-c,~ntered cubic alloys. Presumably, the surface layer soon became essentially 
saturated with hydrogen because hydrogen could not readily diffuse into the bulk of the 
material, and, therefore, these materials could no longer accept hydrogen at an appre
ciable rate. However, hydrogen gradually diffusing inward over the long time (200 
hours) employed in the charging of these four materials allowed the average hydrogen 
content to build up to a high level because of the higher hydrogen solubility of those 
alloys. 

The other alloy in this group of insensitive materials was Ti 6Al-4V. Other 
investigators have shown that it 1S susceptible to hydrogen embrittlement, but the hydro
gen tolerance has been estimated to be approximately 200 ppm. Presumably, insuffi
cient hydrogen was picked up during these experiments by this alloy to produce cracking. 
However, whether this W,l.S the result of unfavorable cell conditions or an inherent 
characteristic of titanium alloys under cathodic charging was not determined. In view 
of the fact that other investigators have shown that thi13 alloy is susceptible t.o hydrogen 
embrittlement under conditions in which la.rge amounts of hydrogen have been intro
duced, additional experiments were performed with this ~~naterial; the results are 
described later in this section of the report. 

. 
Of the nine alloys that were susceptible to hyd:rogen-stress cracking, AISI4340 

steel appears to be the most susceptible, as it failed in the shortest times under all 
the cathodic charging conditions. The 17 -7 PH stainle~ s steel appears to be the least 
susceptible of these alloys; it failed only under the most severe cathodic charging 
condition (Condition A), 

On the basis of the few experiments on hydrogen-entry rate, and for the conditions 
of heat treatment, surface preparation, and charging that were used, the alloys can be 
arranged in order of increasing hydrogen-entry rate as follows: 

Insensitive Alloys 

Rene 41 
U -212 steel 
Waspaloy 
Alloy 718 
Ti-6Al-4V 
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Sensitive Alloys, 

AISI 4340 steel 
AlSI Type 410 stainless steel 
AIS14l30 steel 
17-7 PH stainless steel 
AM-355 stai.nles s steel 
18Ni (2.50) maragi.ng steel 
AlSl E 8740 steel 
AISI Type H-11 tool steel 
17 -4 PH stainl~ss steel 

For the inSel'lsitive aUoys~ the entry rate observed for Ti-6Al-4V was 11 times that 
obtained for Rene 41, and for the sensitive alloya the entry rat6 . .)bserved for 17-4 PH 
stainles s steel was 2, 7 times that obtained for AlSI4340 steel. 

The results of the hydrogen-entry-rate experhnents suggest that there is no 
simple relationship hetween hydrogen-entry rate and susceptibility to hydrogen-stress 
cracking. For exampie, the most sensitive material (AlSI 4340 steel) had. the lowest 
hydrogen-entry rate of the nine alloys susceptible to hydrogen-stress cracking. How
ever, the rate for AlSl 4340 steel was ahnQst the same as that found for Alloy 718, one 
of the insensitive materials. On the other ha:nd, for the nine m.ate.rials susceptible to 
hydrogen-stre.ss cracking, there was partial correlation between entry rate and relative 
susceptibility, as is shown by the following tabulation~ 

Material 

AISI4340 steel 
AlS14130 

17-7 PH stainless steel 

AlSI Type 410 stainles s steel 
AM-355 stainless steel 
l8Ni (250) maraging steel 
AlSI E 8740 steel 

AlSI Type H-1l tool steel 
17-4 PH stainless steel 

Hydrogen-Entry Rate 
During First Hmu of 

Charging, Ugl in. 2 Inin 

Q~58 

0.79 

0.81 

0.61 
0.95 
0.97 
0.97 

1,26 
1.59 

Relative Sensitivity to 
Hydrog~~Stress Cracking 

Group 5; failed under all 
charging conditions (A, 
B, C, D), even the ve.ry 
mild Condition D 

Group 2~ failed only under 
Condition A (severe) 

Group 3.; failed only under' 
Conditions A and B 

Group 4; failed only under
Conditions. A~ B~. and C 

Except for the AISI 434Q steel1 AlSI 4130 steel .. and AlSI Type. 410 stainless steel, 
which seemed to exhibit abnormally low entry rates, the susceptibility to hydrogen-· 
stress cracking increased with increas:ing entry rate. The observed behavior or the 
AISI 4340 steel, AISI 4130 stee1~ and iUSI Type 410 S'tairuess st.eel suggests that the 
critical hydrogen content to initiate failure may be mOre important than is hydrogen
entry rate. 

BATTELLE MEMOR'AL tNST'TU'TE. - c;.OLUM8US LABORArpR'ES 



34 

For the nine sensitive materials, the correlation between average hydrogen con
tent under limiting charging conditions for hydrogen-stress cracking and sensitivity to 
cracking was not as good as the relationships between cracking and entry rate. This is 
shown in the following tabulation: 

Material 

AlSI 43,40 steel 

AISI I~ 130 steel 

1SNi (250) maraging ~teel 

AlSI E 8740 steel 

AlSI Type 410 stainless steel 

17 -4 PH stainless steel 

17-7 PH stainless steel 

AlSI Type H-11 tool steel 

AM-355 stainless steel 

Average 
Hydrogen Content, ppm 

Under Most 
Severe 

Condition 
That Did Not 

Produce 
Failure 

1.6 

2.2 

2.S 

3.4 

5.3 

6.6 

8.B 

Under Mildest 
Condition 

That Produced 
Failure 

0.9 

6.0 

3.4 

3.2 

3. S{a) 

2.7 

6.5 

4.4 

6.7 

Relative Sensitivity 
to Hydrogen-Stress 

Cracking 
Mildest 

Charging 
Conditions 
Resulting 

Group in Failure 

5 D, very mild 

5 D, very mild 

3 B, medium 

3 B, medium 

3 B, medium 

4 C, mild 

2 A, severe 

4 C, mild 

3 B, medium 

(a) Hydrogen content after ch,uging a specimen for a time equal to the average of the failure time and .;he 
200-hour runout time. 

These data are added evidence that the critical hydrogen content to initiate failure 
iB a very important factor in hydrogen-stress cracking. 

For three of the steels (17-4 PH, . H-1l, and AM-355), the average hydrogen con
tent for the mildest condition that produced failure was less than that for the most 
severe condition that did not. At first glance, this might seem to be contradictory. 
However, the specimens that failed did so in less than 200 hO'lrs, while those that did 
net fail were under test for the fuU 200 hours. Charging for a long time at a low rate 
may result in a higher avera[e hydrogen content than charging at a higher rate for a 
short time 1 but the hydrogen conte;r,t near the surface of the specimen (where fracturE", 
starh) may be more closely related to the severity of the charging condition. 

It is apparent from the results of the Phase 1 experimenta that several factoX's 
are important in determining the sUl3ceptibility of materials to hydrogen-stress crack
ing, Among these factors are sb'ength level, chemical composition, heat treatment 
(m'icrostructul'e), and hydrogen content in the region of high tensile stress, For 

. example, the three alloys heat treated to the 260, OOO-psi tensile .. strength level (A1S1 
·4340 steel, AISI Type H-ll tool steel,a:nd IBNi maraging steel) sho~J,.:~d marked 
diffe rence s in the iI' sus ceptibilitie eJ to faHu re. 
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The AlS! 4340 steel is a low-alloy, high-strength, quenched-and-tempered con
ventional martensitic steel (that is; the martensite is iron-carbon martensite). AlSl 
Type H-ll tool steel has a medium alloy content and is an air-hardening conventional 
martensitic steel. The 18Ni mar aging steel is a high-alloy steel that is strengthened by 
the precipitation of intetm.etallics in a special martensitic matrix (iron-nickel marten
site). Of these three alloys, the l8Ni (250) mar aging steel was the least susceptible to 
hydrogen-stress cracking, while the AlSl 4340 was the most susceptible, The major 
alloy additions in the maraging steel are nickel, cobalt, and molybdenum, while in the 
AlSl Type H-ll tool steel, chromium, molybdenum, vanadium, and silicon aloe the 
major alloying elements, Several investigations have shown that alloy additions of sili
con and chromium are particularly effective in decreasing the diffusivity of hydrogen in 
the body-centered cubic cx,-iron, The effect of these elements can partially explain the 
observed differences in the susceptibilities of these alloys to hydrogen-stress cracking, 
However, the effect on diffusivity does not explain the low hydrogen content in AlSI 4340 
(lowest Cr and Si contents of the three) under the mildest conditions that produced fail
ure. The hydrogen contents were related, in part, to the charging times as follows: 

AlSl 4340 steel 
18Ni (250) maraging steel 
AlSI H-11 tool steel 

9,2 hours 
21,4 hours 
98,5 hours 

0,9 ppm 
3,4 ppm 
4,4 ppm, 

Other investigations have shown that AISl Type H-l1 tool steel and 18Ni (250) maraginy 
steel are less susceptible to hydrogen-stress cracking than is AISl 4340 steel, (10, 11, 2) 
Therefore, the results of this investigation are consistent with the previously observed 
behavior of these alloys, 

Similarly for the 17 -4 PH and 17 -7 PH stainless steels heat treated to the 
200,000 -psi tensile -strength range, the observed differences in the susceptibilities of 
these alloys to hydrogen-stress cracking must be explained in terms other than strength 
level, The fracture surfaces of the 17-7 PH stainless steel specimens showed evidence 
of 6-ferrite banding in the alloy, POSSibly, these bartds a('ted a,s barriers to hydrogen 
diffusion, or they acted as crack arresters, or both, Because of the strength-level 
effect, bands of, a lower strength material can be expected to resist hydrogen-stress 
cracking, 

The steels heat treated to a strength level of 180,000 psi (which includ~d AlSl 4130 
steel, AISI E 8740 steel, AM-355 stainless steel, and AISl Type 410 stainl~a8 steel) 
again showed differences in susceptibility to hy:h'ogen-stress cracking ba~Jed on the 
times for failure unde!" the various charging conditions, Of these alloys, the AlBl 4130 
steel wa,s the most susceptible to hydrogen-stress cracking, as it failed in relatively 
short times under ali the charging .conditions used in this evaluation, The high chro
miunl content, which reduces hydrogen diffusivity, would explain at least partially why 
the AM-355 stainless F,!teel and the AISr Type 410 stainless steel were n1.ore r,esistant 
to hydrogen-stress cracking than was the low-alloy AISI 4130 steel, However, the 
composition fails to explain why the AlS! E 8740 steel was far moreresiatant to 
hydrogen-stress cracking than was the AISI 4130 steel, s;,nce both have virtually the 
samc chromium and silicon contents, 

The results of the hydrogen ia-nalyses of specimens charged under the limiting 
hydrogen-a tress "cracking conditions indicated that the various alloys have diffcrent 
hydrogen tolerance levels, i. e, 1 the, alloyfJ exhibit di/fe".ences in the amount of hydro" 
gen required to initiate failure , However, several of theal1c¥8.cAarged under the 
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condition~; t~at did not produce failure contained more hydrogen than similar Bpecimens 
charged under the somewhat more severe conditions that did result in failure. In some 
instances, this undoubtedly reflects the differences in charging time (longer times 
under the milder conditions). This behavior suggests that hydrogen distribution within 
the sample, rather than total hydrogen content, is more important in determining the 
susceptibility of a part to failure. It is rather generally agreed arrlOng various investi
gators that, under an applied stress, hydrogen will diffuse to the region of maximum 
triaxial stress i when the hydrogen content in this region exceeds a critical level, it 
reacts with the material in an as yet incompletely understood way and initiates a crack. 
Consequently, the hydrogen content in the region of crack initiation may be significantly 
greater than the average hydrogen content of the sample, and as yet there is no method 
to determine hydrogen distribution within a sample that will provide knowledge of 
hydrogen content at specific sites. 

Reeva.luation of the S?sceptibility of Ti-6Al-4V 
to Hydrogen-Stress Crackin& 

The evaluation of the susceptibility of the Ti-6Al-4V alloy to hydrogen-stress 
cracking indicated that this alloy was not susceptible to failure under severe cathodic 
charging con(litions and relatively high applied stresses. Howeve:t, because of the 
interest in this material and the fact that other investigators had found l,t to be suscep
tible to hydr.ogen embrittlement, it was decided to reevaluate the susceptibility of' 
this material to hydrogen··stress cracking. 

For the reevaluation, it was decided to pickle notched tensile specimens of 
Ti-6Al-4V in aqueous solutions with different concentrations of hydrofluoric acid and 
in So conventional nitric acid-hydrofluoric acid pickling bath. Pickling in the HF bz.tit., 
would promote hydrogen pickup, while pickling in the HN03 -HF bath would allow evalua·, 
Hon of a conventiona.l pickling process. The specimen used is shown in Figure 7. 

:5" . 
~-------------------------------------- 54 mIn --------------.----------------~ 

__ +--+_ .1.," 
2 

" /l~ · 0.3'3'3 ± 0,0050 ;"'6Cf'. 
Q,25S";t0.005D L 

Notch dl ameter 0.175 II + 0,001 
-II 

Notch root rad Ius 0,003 

FIGURE 7. DET ,AILS OF THE NOTCHED TENSIL~ SPECIMENS USED TO 
E\~ALUATE THE SUSCEP'1~IBILITY OF Tl .. 6Al-4V TO. 
HYDROGEN:"STRESS CRACKlNG 
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The pickling baths used were as follows: 

(1) Z percent by volume HF::c in distilled water 

(Z) 5 percent by volume HF::~ in distilled water 

(3) ZO percent by volume HN03 -Z percent by volume HF~( in distilled 
water. 

All the pickling baths were operated in the temperature range of 130 to 140 F, and all 
specimens were pickled to remove about the same amount of metal (approximately 
0.004 inch). Samples for hydrogen analyses were pickled along with the notched tensile 
specimens. 

After pickling, the notched-tensile specimens were subjected to static loads with
out being charged cathodically. The results of the sustained-load experiments and the 
hydrogen analyses of the pickled Ti-6Al-4V specimens are listed in Table 7. 

TABLE 7. RESULTS OF SUSTAINED-LOAD EXPERIMENTS AND HYDROGEN 
ANALYSES OF PICKLED Ti-6Al-4V SAMPLES, NOTCHED- BAR 
TENSILE STRENGTH = 2Z8, 000 PSI 

Sustained- Load Experil'nents 

Samph~ 

H-l 

H-Z 

H-3 

Samp,!! 

Hh-l 

Hh ... 2 

Hh-3 

.. _ 1.-. 

Amount of 
Pickling Metal Remov~d, 

Conditions mils 

20/0 HF for 8 min 4. 3 

50/0 HF for 4 min 4. 5 

ZO% HN03 - 2% HF 4. 0 
for 29 min 

i: 

Hydroge~ Analyses 

Pickling Conditions 

2% HF foX' 8 Inin 

50/11 HF for 4 min 

20% HN03 .... 2% HF for 29 min 

(a) NTS:: llotched·bM tensUe strength. 
(b) R"llol,lt; specimen did 110t {all. 
(c) ppm II plan. per mUllon by welgh~i precision of ~nalysls ;: .:1:2 pttOl • 

............... ~. ,<~;..... , .......... ; .- • •. IOI!,.... 

'Col'icentr3~~9.!t'Jld c()n~Lllnlng I\bnu~ nO p(m.cn~ by weight HF. 

Time for 
Applied Stre s s, Failure, 
percent NTs(a) hours 

75 >102(b) 

90 >111(b) 

75 >101(b) 

90 >111 (b) 

75 >lOZ(b) 

90 > 106(b) 

Average Hydrogen 
Content, ppm(c) 

100 

78 

77 
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All of the notched tensile specimens survived static tensile loads of 75 percent 
and 90 percent of their notched tensile strengths for 'lOa hours at each load and, there
fore, were considered to be nonembrittled. Even though the specimens conta.ined from 
77 to 100 ppm hydrogen, this amount was not sufficient to cause hydrogen-stress crack
ing in the Ti-6AI-4V alloy under the selected loading conditions. 

Considering that two of the pickling baths used in this evaluation1 the 2 percent 
HF and 5 percent HF solutions, were chosen to maximize hydrogen pickup and hydrogen
stres s cracking was not induced in spite of this, it is not likely that this alloy would be 
embrittled during conventional processing if the proper procedures were used. This 
as sumption is supported by the results obtained from specimens pickled in the 20 per
cent HN03 -2 percent HF bath, which is a conventional pickling bath for this titanium 
alloy. 

Cone Ius ions 

The results of this evaluation of the susceptibilities of various alloys to hydrogen
stress cracking have resulted in the following observatione, and conclusions: 

(1) Ti-6Al-4V, Alloy 718, Waspaloy, Rene 41, and U-212 steel were not suscep
tible to hydrogen-stress c:racking at relatively high applied stresses under the most 
severe cathodic charging conditions used. In addition" the Ti-6AI-4V alloy was not 
susceptible to hydrogen-stress cracking after pickling 1n a 2 percer.t HF, a 5 percent 
HF, or a 20 percent HN03 -2 percent HF solution. 

(2) All of the other alloys were susceptible to hydrogen-stress cracking at rela
tively high applied stresses under the most severe cathodic charging condition used. 
As the severity o£ the charging condition \1fJae retluced, differences in the relative sus
ceptibilities of the alloys to failure became more apparent. On the basis of time to 
failure undel' the various charging conditions, the alloys can be listed in the following 
order of increasing susceptibility to failure: 17-7 PH stainless steel, AISI Type 410 
stainless steel, AM-355 E.tainless steel, 18Ni (250) maraging steel .• AISl E 8740 steel, 
AISI Type H·wll tool steel, 17-4 PH stainless steel, AISI 4130 steel, and AISl4340 
steel. 

(3) There is no simple correlation between the rate at which a material accepts 
hydrogen and its susceptibility to failure. However, for six of the nine susceptible 
alloys, the susceptibility to hydrogen-stress cracking increased with increasing 
hydrogen-entry rate. 

(4) Although the alloys contained different atnounts of hydrogen under conditions 
that produced failure, ther~ appeared to be little relationship between the ave~ .. age 
hydrogen content under limiti,ng charging conditions for hydrogen-stress cracking and 
sensitivity to cracking. It wc)uld appeazt that hydrogen distribution within the specimen 
i8 a more important factor ht hydrogen .. stresl cracking than is average hydrogen 
content. 
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PHASE 2. EVALUATION OF THE SELECTED 
ELECTROPLATING PROCESSES 

Introduction 

During the various terms of this contract, a number of electroplating processes, 
including the preplatin~: cleaning and activation treatments, were evaluated. Initially, 
all of the alloys shown in Phase I to be susceptible to hydrogen-stress cracking were 
electroplated to determine the hydrogen-embrittling tendencies of these electroplating 
processes. The electroplating processes and the steels used to evaluate them were as 
follows: 

Electroplating Process 

Bright cadmium and dull cadmium 

Wood's nickel stdke 

Alloys 

AlSI4340, AlSl Type H-ll tool steel, 
AISI 4130, AISI 8740, 18Ni (250) 
maraging steel 

17-7 PH stainless steel, 17-4 PH stain
less steel, AM-355 stainless steel, 
AISI Type 410 stainless steel 

During the second term of t.his contract the following electroplating processes were 
evaluated: hard-chromium electroplating process, Watts -nickel electroplating process, 
the Ti-Cd(Delta)-cadm,ium electroplating process, and the nonaqueous dimethyl
formamide (DMF) bath. The two cadmium-electroplating proc'esses were reported to 
be essentially nonhydrogen embrittling. '( 13, 14) The steels used to evaluate the 
hydrogen-embrittling tendencies of these electroplating processes were AISI 4340 steel, 
AlSI Type H-ll tool steel, and 18 Ni (250) mar aging steel, all heat treated to the 
260, OOO-psi strength level. During the third term of this con.tract, three additional 
cadmium-electroplating processes that are reported to be essentially nonhydrogen 
embrittling wert! evaluated using AISI 4340 steel. These processes were' a nCl1naqueous 
cadmium acetate-methanol bath, (15, lo) Selectrons LHE-cadmium process, (17) and a 
stable cyanide -cadmium electroplating bath. (18, 19) The Selectrons LHE -cadmium 
electrcplating process normally is used as a selective (brush) plating processi in this 
study, the solution was evaluated as a bath process. 

In addition to evaluating the hydrogen-embrittling tendencies of these electro
plating processes, the corrosion-protection pl'operties of the electrpplates were 
evaluated. Also, experiments were condu~tecl to determine the residual stresses in 
the electroplates and the adhesion of the electroplates. 

Evaluation q.!,. t~_ Hydrogen-E,!!'lbrittling Tendencies 
of t!te §.elected Electl-oplating Procelsc! 

Samp1e Preparatiol! 

Rough-machined teneile -specimen blanks of the various alloys used in this pha.se 
of the program were heat treated, using thc;, procedures est~abliBhed dU);'ing the initial 
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phase of the program. The heat-treated blanks were then machined into notched tensile 
specimens, the dimensions of which are shown .\n Figure 8. Because the rough
machined and heat-treated specimen blanks of AIBI Type 410 stainless steel provided by 
NASA were from 1/4-inch-thick plate, they were machined into notched tensile speci
mens confornling to the dimensions shown in Figure 9. 

In addition, a number of the specimen blanks were lnachined into coupons 0.320 
inch in diameter and 1 inch long for hydrogen-analysis specimens. The hydrogen
analysis specitnens of AISI Type 410 stainless steel were 0.240 ·inch in diameter by 
1 inch long. 

The tensile strengths of the notched specilnens of the various alloys were deter
mined by pulling the specimens to failure in a tensile-testing machine at a head speed 
of 0.05 inch per minute. The strengths were then calculated by dividing the load at 
failurp. by the cross -sectional area of the specimens at the notch. The average notched
bar tensile strengths of the steels used in these evaluations are listed in Table 8, 

TABLE 8. AVERAGE NOTCHED-BAR TENSILE STRENGTHS OF 
THE STEELS AS HEAT TREATED 

========~==============~====================================~~===~---= 

Identification 

A 
B· 
C 
D 

I 

E 
F 
G 
I 
K 
A(a) 
c(a) 
I (a) 

Material 

ArSI Type H-ll' tool steel 
AISI 4130 steel 
AISI 4340 steel 
17-7 PH stainless steel 
17 -4 PH stainle fI s steel 
AISI Type 410 stainless steel 
AM-355 stail'lles IS steel 
l8Nt (250) maraging steel 
AISlE 8740 steel 
AISI Type H-ll tool steel 
AISI 4340 steel 
18Ni (250) maraging steel 

Average Notched-Bar 
Tensile Strength, psi 

306,000 
265,000 
3t;4,000 
199,000 
306,000 
281,000 
268~000 
406,000 
273,000 
338,000 
314,000 
407,000 

--=. =============================================== 
(a) Specimens heat treated during the second teml of the contract. 

.~lectroplating Procedures 

Conventional ~admium Cyanide Bath. Notched tensile apecimens of AISI Type 
H-ll tool steel1 AIS14130, AlSI4340, AISI E 8740, and 18Ni (250) mal'agi,ng steel were 
evaluated for susceptibility to hydrogen-stress cracking after b,eing cleaned and then I 
electroplated in conventional cadmium cyanide baths with and without brighteners i The 
bright-cadmium plating was done at a commeI'cial plating facility, while the dull
cadmium plating was done in the laboratory, using a bath of the same compolllition 
except that a brightener was not used, The procedures used were as follows: 
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6" 
2 II • min 

I II ~.- I.LII 1'+1" II"il" 1*--- - --too 2 2 2 2 

t 

~ ~ 
0.320 "± 0.003 D 

-. I 
- - 1 - -

t _--1 
0.3~311 ±O.003 D 

f I II 

1 4 R(min) 
11+0.000 o (max) 

- Notch: 0.003 II R 
0.226 11 ±0.003" across notch 

FIGURE 8. DETAILS OF THE NOTCHED TENSILE SPECIMEN USED 
IN THE SUSTAINED LOAD EXPERIMENTS 

Notch' diameter 0.175 11 ± 0.003 11 

Notch root rad ius 0.003" 

0,240"±0.00ID '\1.7 
a 0 30" + 0.000 R 

. -0.010 

52. 11 

4 
----------:-:,~-----.. ... 

FIGURE 9. DETAILS OF THE NOTCHED TENSILE SPECIMENS USED 
TO EVALUATE TaE SUSCEPTIB,!LITY OF CLEANED AND 
ELECTROPLATED AISI TYPE 410 STAINLESS STEEL TO 
HYDROGEN-STRESS CRACKING 
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(1) Degreased in acetone. 

(2) Anodic cleaned for 3 min in alkaline bath; 8 oz/ gal cleaner 
(Pennsalt 78), temperature 180 F, current density 40 asf. 

(3) Double water rinsed. 

(4) Pickled 10 sec in 50 percent by vCllume HCl with inhibitor (Rodine 60). 
The 18Ni (250) maraging steel wa.s reverse-current etched in 25 per
cent by weight H2S04 for 10 sec anodic and 3 sec cathodic instead of 
being pickled in the HCl solution. 

(5) Double water' rinsed .. 'Part of the specimens were removed after 
this step for static loading and hydrogen analysis in the as -cleaned 
condition. 

(6) Cadmium plated in conventional cadmium cyanide bath for 10-12 min 
at 25 asf current density. Bath temperature 80-90 F. Plate thick
ness 0.4 to 0.6 mil. 

(7) Double rinsed in water. 

(8) Immersed in chromate conversion bath (Duraco,at) for 10 sec. 

(9) Double rinsed ill water. 

Both the as -cleaned and the cadmium-plated specimens were dried and then stored 
in liquid nitrogen until tested so as to prevent loss of hydrogen. 

Wood's Nickel-Strike Electroplating Process. Notched tensile specimens of 
17-7 PH stainless steel, 17-4 PH stainless s.teel, AM-355 stainless steel, and AISI 
Type 410 stainless steel were evaluated for susceptibility to hydrogen-stress cracking 
after cleaning and electroplating in a 'Wood's nickel-strike bath. Thi~ work was done 
at a co:mmercial plating facility using th"e following procedure: 

(1) Degreased in trichloroethylene. 

(Z) Anodic cleaned for 1 min. 

(3) Watel' rinsed. 

(4) Pickle<;l 10 sec in 50 percent by volume Hel. 

(5) Water rinsed. 

(6) Reverse current etched in 25 pel'(!Cnt by weight H2S041 

(7) Water rinsed. Part of the aam,ples were removed after thi~ treatment 
for I!Itatic loading and hydrogen analyses. 
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(8) Nickel-strike plated for 5 min, all-chloride bath, current density 
100 as£. 

(9) Water rinsed. 

The as -cleaned and the nickel-strike-plated specimens were dried in an air blast 
and stored in liquid nitrogen until used. 

Watts -Nickel Electroplating Process. Specimens of AlSl 4340 steel, AlSI Type 
H-ll tool steel, and 18Ni (250) maraging steel were electroplated at a commercial 
facility using the following procedures: 

(1) Degreased in trichloroethylene. 

(2) Anodic alkaline cleaned for 1 min in "Diversy 12" t:lolution, tempera
ture 130 F, current qenoity 250 asf. 

(3) Water rinsed. 

(4) Anodically etched in 25 percent by weight H2S04 solution for 1 min, 
room temperature, current density 400 asf, 

(5) Water rinsed, A portion of the specimens were removed after this 
step for sustained .. ·load tests and hydrogen analyses, 

(6) The remainder of the specimens were nickel plated for 25 min (plate 
thickness approximately 1 mil). 

Bath composition: NiCl 
NiS04 
HB03 
No brightener 

3-1/2oz/gal 
24 oz/ gal 

4 oz/ gal 

Bath temperature 110 F, current density 25 asf. 

(7) 'Vater rinsed and drieq in an air blast. 

All the specimens were stored in liquid nitrogen, to prevent the effusion of 
hydrogen, until they were evaluated. 

C~nventional ~~d-ahr?mium Electroplating Process. Specimens of ~~ISI 4340 
steel, AISI Type H-ll tool steel, --and 18Ni (Z5(») maraging steel Were electrt.\plated at a 
commeroial facility using the !ollowing procedures: . 

0) Degreased in trichlol'oethylene. 

(2) Reverse-current (anodically) ~tched in electroplating bath. AISI 
Type H .. ll tool steel and AlSI ·&340 stee,l apeuimena. etched £01' 1 
min; 18Ni (250) marC\g;'ng steel 8pecbnenl etched for 2. S min. 
CUl;'l'ent dendty 850 a$fl tempeta<l:ure 135-140 F I 
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(3) Water rinsed. A portion of the specimens were removed after this 
step for sustained-load tests and hydrogen analysis. 

(4) The remainder of the specimens were chromium plated for 25 min 
(plate thickness approximately 1 mil). 

Bath composition: 33 oz/ gal Cr03 
O. 33 oz/ gal H2S04 

Current del1,~ity 350 asfi bath temperature 135-140 F. 

(5) Water rinsed and dried in an air blast. 

The specimens were stored in liquid nitrogen, to prevent the effusIon of hydrogen, 
until they were evaluated. 

Nonaqueous DMF-Cadmium Electroplating Process. Specimens of AISI 43't,O 
steel, AISI Type B-1l tool steel, and 18Ni (250) maraging steel were electroplated in 
the laboratory using the following procedures: 

(!) Degreased in tl.'ir.hloroethylene. 

(2) Lightly sandblasted. 

(3) \Vater rinsed. 

(4) Dipped in acetone. 

(5) Electroplated for 30 minutes in the DMF bath. 

Bath composition: 

CdI2 130 gil 
Chelating agentl 

ethylene diamine, 
cadmium molar ratio 2: 1 
Solvent: dimethyl formalnide 

Anode S:. cadmium 
Current density: 10 asf 
Temp~rature: room temperature 
Slight agitation with stirring rod. 

(6) Rinsed in wate~. . 

(7) Oded in an air blast. 

The notched tensile specime.ns were loaded into the sustained ... load cells imme
diately aftf;}l' drY'ing. The hydrogen",analysoA specime.ns were stol"e(l in liquid nitrogen 
until they were a.nalyzed. 

, '..1 
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Cd-Ti(Delta) Electroplating Process. Specimens of AlSI Type H-11 tool steel, 
AlSI4340 steel, and 18Ni (250) maraging were electroplated at a commercial facility 
using the following procedures~ 

(1) Vapor degreased. 

(2) Dry blasted with silicon dioxide (180 gl~it). 

(3) Imn1.ersed in 2 pel.'cent HCI for 30 seconds. 

(4) Eh'ctroplated 

Bath composition~ 

Cd metal 
NaCN 
NaOH 
Ti 

3.2oz/gal 
17. 1 oz/gal 
1.60z/gal 
80 ppm. 

Part of the specimens were removed after this step to allow 
evaluation in the as -plated condition. 

(5) The reruainder of the specimens wer.~ baked for 12 hours at 
390 * !O F. 

The notched tensile specimens and hydrogen-analysis specimens were not stored 
in liquid nitr(~gen (see Results and Discussion). 

Cadmium Ace.tate -Me.thanol Bath. Notched tensile specimens of AlSI 4340 ste~l 
were electroplated in the laboratory using the. {ollowing procedures~ 

(1) Degreased in trichloroethylene. 

(2) Grit blasted, 

(3) Rinsed in trichloro~thylene. 

(4) Electroplated 

Bath cQmp()sition~ 
Cadmium acetate 2.66 gIl 
Methanol solvent. 

Bath temperat\l.:re 34 F 
Current dens.ity lQ aof 
Anodes Cadmium 
Slight agitation with stix'ring l,'od. 

(6) Oded in air blast. 
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Th~ nOt:eh0tl tenrJUe 8pe~imen8 were lo~diBd i.nto the l!JuBt~h\et\ ... l()t\d e,eUa b:hme'" 
tlb.iely ~£tel' tl:ryin~\ 

ID!l?le, 9yl\ttl~e "'O~dmi\llh !tilec~rop~!;\~ipS 13l\~~h SpechntH\$ or A1Sl 4340 gteel w,£)l'e 
electl'()pl~ted hi. th~ labol'at~l'Y \\tring the !"Uowing proeedUNHH 

0.) l1egrea~etl i~'1 triehlo'i'oethylerte, 

(2) Ch.'i.t bhu~ted, 

(3) Rb.\sed in t'l'iehlol.'oethylene \ 

(4) ltileciroplated 

:Ba.th eompoeHh)l\ 

SodiuM cyanide (NaCN) 
Oaltlmhu'l'1. o)tlue (CdO) 
Sodium hydro)tide (NaOH) 

Anodes 
Bl\t:h tempel'atUl'e 
CU1'1'ent dehl!! ity 

95.8 gIl 
38, '1 gIl 
78.3 gIl 
Cadmium 
75 It 
30 as! 

Solution agitated with ~tirl'ins l'od~ (Prior to t:'!leet:roplating) this 
b~th was purified by adding 40 gralh$ t'>£ cadmium metal powdtu.· 
and thtH\ electroplating at: a eurN~n't denBity of 90 ae£ l(H' 2 hOU1(" 9 • 

The bath \\.~~!-_then filtered, a.nd pOWdered aotivated chareo~J was 
added to l'emov~ organh':l bnpurltiea, The bath was then fUtered 
twiee to rel'noVe the attlvated charcoal. ) 

(6) Dried in ail' blaat. 

~he notched tensHe sped.mens were loaded in the sustained ... load c~l1s immediately 
afte r drying, 

!.electrohe LHE ...... Cadmium_!!~.:oplatins Proc~H,a. Specimen! of AISI 4340 Bteel 
. ') were electropla.ted in the la.boratory using the following procedul'e8~ 

(1) 

(2) 

(3 ) 

(4) 

Degreased in trichloroethylene, 

Grit blabted. "\ 
~ 

// 
(( 

l~J.hl!ed in trichloroethylene, 

Electroplated 
"\ 

Ba.th compo$itiort: Proprieta~y 801ution provided by Selectrons, Ltd, 
Anodes~ CadMium 
Bath tempera.tU\'e~ 100 to 120 F 
Current density: '6o..to, l~O aa£ 
~8i.tation~ intGnse stirring artd ah.' bubbled"''througb. the sOlUt!Otl. 

'1 

, 
1 

, 

f. 

.' , 
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The 8pijebrHHut were not e\l'lt.tuat:e~, becaul!le lllt.thtfaetory electroplates WOre not 
obtahun\ wHh th.h procolu _ ') 

~~.u~tab\etl"'L~a~ E!perh:n~,n~8, ~rhe eleabed and the eleaned.-t\nd"'eleetro1l1ated 
notched tel1Bile specitnen8 were loaded hit:o the ~u8tt\it\ed .. itH,d'eellB shown .in lNgure 6 
aU lol1oWt!ll 

(1) Cleaned specimen! ... loaded to 90 pereet-it of the average notched 
tebcile strength t)£ the 14e8peeHve al~~8. H the specimen8 did not 
tau in 100 hr, ,th.ey were considered to be nOl'lembrlttled and Were 
removed£rom. the apparatus I 

(~) ~leetl'oplated specimen~ .... loaded to '75 pereant of the a.verage rtotched 
ie)nsUe strength or the respective alloys. 1£ the BptH~imenB did n.ot fail 
in 100 hr~ the applied stress w~s b1creased to 90 pet'cent of the l'lotched. 
tensile 8trength. U,the PJpechrtens ditlnot faU in another 100 ht" they 
were considered to be nonemb:dttled ;1n:d were remf.)ved h'oln the 
t\ppar~tuB. In some instances h1 which two I!tpecimei'l!~)o£ an alloy 
wU:hi!lto~tL~a stresB of 1t> perceht of the notch~d tensile $trength but 
failed I.t'90 percent, i. third specimen wad loaded directly to 90 percent. 

"Hxdrosen Analyses. As was indicated abov~, the "mall samples tor hydrogen 
... nalyse!! wel"e processed in the lame' manner ail were the notched tensile ~pecimena • 
Their average hydrogen content.' Were determined by the tin"fulion; vacuum.-fulion 
technique • (OJ 

"I..,) 

Relultl .hd Dllcu8810n 

Conven~iol').al Cadmium Cyanide Process" The l'eeJuitC!'l of the sustained ... load 
experiments eroployb\g notched tensile specimen. of the alloys that .werG cleaned and 
cadmium. plated are listed in rrable 9~ The rel!lultaof hydrogen atlt4.J\~~es ot samples 
of these alloys which had l'eceived th~ same procel!Jeing are HstE\d in >;a.abia 10. 

The sustained .. load experhnents indicated tt,at the conventional preplaUng cleaning 
cycle perlormed .. t a commercial plating facUity introduced sU:££lcient hydrogen into . 
.. averal of the alloys to cause hydrogen"'stress ctiJacking. None of the !lamples tha:t were 
cleaned in the laboratory~ using baths of the same composition and thra same proc/~dures) 
indicated embrittlement.'C,~hb behavior is eap;ecially dhturbing, because the hydrogen 
analYles indicated that\he'J~tH"at()ry cleaning: generally introduced more hydrog~n into 
the Ipecimens than did the;~ot:\'mel·c.ial clearting. 

. ~ 

The re$ults of the hydrogen-ette,s ... cricking evaluationeo£ th'1! cadmium-plated 
ip~cimen8 indicated that both the b1"iaht-~~drniul'n plating bath and the dull-cadmium 
plating bath (a ah}!;J bath:' c()mp~lit~~~,~~t" wit"out a brightener) caused hydrogen-Itrell 
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~AaLlU 9. RItiSU L~S OF 5US'rAINEO .. LOAO lltlXPJ!at1MEN'rS 'VO lTIVALUArrln 
~rHm HYDROCk,tnN .. IDMBltl~"r L1NO tENDENCIES Oll'~ BRIOR"!' .. 
ANn bU LL",CADMIUM ro·LlnC'rRot')LA'rlNa PRoc:m:S\~.ms 

-• 
Satnpla 
Number 

&qtt • 

t • ~ .. .., 

- U b '>1 ... 

Condition 

- "i.,W:~.t 
" .. ~ ri \'b 

AppUed Stress. 
percent NTS(I1) 

t. ~ 
" _.q.u.' zitq) 

Time torF~Uul'c, 
hI' ' __________________ , ___ ~, __________________ ~ _______ D_· _______________ • __ ~. __ 

AISI Tl!e.e H-1.1 'tool StaelJ NTS t:: 306 i OOOl!si 

A·,S Cleaned in laboratory 90 >100(b) 
A .. t 'Bright- Cd plat"d 75 >11S(b) 

'I _. (e) 
A-3 Sright .. Cd plated 75 >100(b) 

90 32.4 
A .. ' Bright .. Cd plated ... (c) 
A-5 Briaht- Cd plated 

j~ , 

90 >1 i 7(b) 
A"'9 Dull .. Cd plated 75 >IZ0(b) 

!\ 90 >100(b) 
A-I0 DuU- Cd plated 75 >100(b) 

90 >176(b) 

~.ISI 4130 Steel, NTS. 265,000 pst 

B-1 Cleaned commercially 90 6.6 
s ... a Cleaned in laboratory 90 >116(b) 
'8iii 2 Bright= Cd plated 15 >118(b) 

90 Z.9 
8"3 8rlght"Od plated 75 >113(b) 

90 Z4. 1 
B-4 Bright .. Od plated 90 3. 1 
8-9 Dull" Cd plated 75 >137(t) 

90 1. 2 
B-IZ Dull-Cd plated 15 >115(b) 

90 
( 

>147(b) 
S·7 Dull- Cd 1'1ated ... (c) 
~,cCC' - . 

AIE)J .. 4340 Steel~ NTS • 324,000 ~"ll 
i,~1 

Cool Clea21ed comn'1ercial1y oOi!" (c) -;'> 

C .. 3 Cle».ned cornmet'cial1y ... (c) 
C-7 Cleaned in laboratory. '90 >186(~) 
C-ll Cleaned in iaboratory 90 >IOO('b) 
e-2 Brilht .. Cd plated 75 (e) 

',--": 

C-4 Bright- Cd plated _ .. '. <0.05 
CooS (Sright- Cd pla.ted 75 <0.05 
C"'9 Dull-Cd p~ated 75 'I 5. Z \'\ . , 
0··12 Dull·· Cd platad 7S 3.0 -

n 

:1 
r"1 : 
G ' 

i 
i 

]' .. , , 
i, ' 

i 

itt 
"".J 
t.... ~ 

"'} : < ~ 
\i 
",-", j 

r 

~
C. 1 

rl" o i 

t":j I Li" I ,. 
U 
la' ! 
~t . 
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/1 
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I ~ y:/ 

'J Sample 
Number Condltion 

Applied Slt1'(HHJ I 

l'cH'cel'lt N'rS(Il) 
Tbna tor FnUu~e j 

hr ~ _____ ~ ______ '_!~. __ ~ _______________ ·~.~w ___________________ ~'~~_"~ _______ ••• ~ 

1-1 Cleancd con:u11crcittlly 90 >229(b) 
I-tz Cleaned ill la.bcu.·atol·Y 90 >191(b) 
1"'3 Bright'" Cd plateu 15 >1l8(b) 

90 >1 Z3(b) 
1 .. 4 Bright .. Cd plated 75 >lOl(b) 

.. - i,l (c) 
1-7 bull- Cd plated 75 >139(b) 

90 >100(b) 
1 .. 11 Dull .. Cd plated 75 >13Z(b) 

90 >116(b) 

AISI E 8740 Stecl~ NTS == 273~000 ... p!! 
)1 

fi 
K .. l Cleaned comm.ercially 90 \ 10.7 
K"Z Cleaned commercially 90 13. 8 
K-1 Cleaned in laboratory 90 >191(b) 
K"3 Bright- Cd plated 

ff 
75 ZS. S(d) 

K"4 Bright- Cd plated 75 44.6(d) 
K .. S Bright .. Cd plated 75 67. 7(d) 
K"9 Dull-Cd plat1ad 75 >119(b) 

\'? 90 >"100(b) 
K-ll Dull" Cd plated 75 >l?S(b) 

90 3Z.S 
K-10 Dull .. Cd plated 90 >113(b) 

. •.. 77T775 

(11) N'rS lit NOll:llod .. bnr tensile ~trcl\gth, ;/ ~\ 
(b) 1tU11()lIt tlhH~ 1:1 100 hoursl ~llCdmcl\ tlit! not ftlit. ~ 

'~ 

(c) S~Mimcn (diet! during ttl/iding to tht dcihctl npplied I~()I' l~vel. 
"(tI) Sl'ccltl1~n rllitl'd tit buttnll elld In$tClld or lIt'tht, Ilotdl. ~I 
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TABLE 10. RESULTS OF HYDROGEN ANALYSES or CLEANED AND CADMIU~
PLAT~D SPECIME:NS 

. )'-.. 
~~ • '-
Sampl,,, Averale Hydrogen 
Nwnber Material Condition Content, ppm(a) 

• 'I' 

A .. l AISl Type H .. 1l tool Bleel Cleaned commercially 0.2 
A .. 3 Dltto Cleaned 1n laboratory 1.2 
A-2 " Bright .. Cd plated 1.1 
A-4 " Dull .. Cd plated 3.5 
8-1 AlSl 4130 • teel Cleaned commercially 0.2 
B-3 Ditto Clel~ned 1n labora.tory .,0. 7 
B-2 " Brlgb~-Cd plated 0.6 
B-4 " Dull·Cd plated 3.7 
C-l AISI 4340 steel Cleaned commerclally 1. 9(b) 
C·3 Ditto Cleaned 1n laboratar~' 1.0 
C·~~ II Bright-Cd plated 0.4(b) 
C"4 It Dull .. Cd plated 5.0 
I-I 18N! (250) maraging .teel Oleaned commercially •• 6(b) 
1-3 Ditto Cleaned in laboratory 1. 1 
1·2 .11 Bright-Cd plated O~ 6(b) 
1-4 " Dull .. Cd plated 2.8 
K-I AISI E 8740 .teel dleaned commercially 0.2 
K-3 Ditto Cleant~d in labo~atory 1.0 
K-2 " Bl'laht-Cd plated 1.0 
K .. 4 " Du11-C~ plated 3.1 

c: , ... - • <_"I 
(It) All v.lues :lO, 1 ppm (prcchlon or "n.,Ylh), -< \-:" 

(b) Valuel sussest A II1i1t"!' in Ipcchl1~n '~entlrlclltloni 
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cracking in certain of the alloys. However, the bright-cadmium bath waJ more 
embrittling than was the dull ... cadmium bath, even though the dull-cadmium process 
introduced more hydrogen into the specimens. This behavior is attributed to the fact 
that the dull-!i.1aclmiutn plate was less dense (more P01'OUS) than was the bright-cadmium 
plate; therefd,1.'e, it preeented less of a barrier to hydrogen during the plating operation. 
Also, because it was porous, the dull-cadmiu.m plate allowed Buiticient hydrogen to 
e£fuse from the specimens during the static -loading experiments and before the failure 
mechanism became operative so ~hat fracture did not initiate. Also, the throwing 
power of the dull-cadmium bath was not so great as that of the bright-cadmiurn bath; 
examination of some of the unbt'oken dull-cadtnium-plated E.lpecimensafter they we~e 
removed from the static ... load apparatus showed incomplete plate coverage at the base 
of the notch. 

Of the five alloys evaluated in these expe};'iments, the AISI 43:40 steel was the 
most severely embrittled, while the 18Ni (Z50) maraging steel was the least embrittled. 
The fact that the three bright-cadmium-'plated specimens of AISI E 8740 steel failed 
at the button end rather than ~t the notch suggests that pure axial loading Was not 
achieved on these specimens, with the result that the maximum stress state occurred 
at thE: button end. This co\.\ld have been caused by misalignment in the apparatus or, 
more likely by warpage in the specimens. 

The results of hydrogen analyses conducted on specimens of the various alloys 
aftel' cleaning and after electroplating showed that, in general; the plating process 
itself introduced more hydrogen into the specimens than did the preplating cleaning 
processes. The other results mentioned previously are that the dull-cadmium plating 
bath introduced more hydrogen than did the bright-cadrnium bath and that the laboratory 
cleaning cycle introduced more hydrog~n than did the cQmmercial cleaning cycle. 

jj A comparison of the hydrogen contents of the materials aftt:r cleaning and cadmium 
,;:/ plating with those after cathodie charging under the limiting Gonditions for hydrogen

stress cracking shows that in only the AISI 4340 steel was the hydrogen content greater 
after cleaning and el~ctroplating than afte.r cathodic charging. This observation is 
generally consistent with thy results of the hydrogen-strelffs -cracking data, as the AISI 
4340 steel was the most severely embr~ttled by the cleaning and electroplating 
p'l"ocedures . ' 

The failure of the other materials at hydrogen contents below the critical amount 
deter~ined in Phase! is attributed to the presenee of the notch, which a.cted as a 
strea s concentrator. Ex.cept £01' the AISI E 8740 steel, these other alloys failed only 
at applied stresses of 90 percent of their respective notched-bar tensile strengths . 
This loading condition iamora severe than the loactlng condition used in the Phase 1 
experiments and, consequently, the failure of the ~lloy8 at this higher applied stress 
with lower hydrogen contents is not unexpected. 

Woodle Nickel-Strike Electroplating_Proc~ss. The results of th~ sustained-load 
. experiments to evah:ate the stainless steel specimens that had been cleane~ and then 
electroplated in a Woodis nicke1-strike bath are listed in Table 11. The hydroge'n 
analyseso! specimen., of these materials that had received (,the ~arne processing a~e 
listed in Table 12. 
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TABLE 11. RESULTS OF SUST4\INED-LOAD EXPERIMENTS TO EVALUATE 

• sw 

Sample 
Number 

D ... 2 
D-1 

D-4 

D-3 

B-1 
B-2 

B-S 

G-2 
G-3 

c, 

G-6 

G-4, 

F-5 

THE HYDROOEN-EMBRITTLING TENDENCIES OF THE 
WOOD'S NICKEL-STRIKE ELECTROPLATING PROCESS 

.. =e 

Applied Stress, Time 
Condition - percent NTS(a) 

11-Z PH Stainle!§ Steal. NTS • 199.000 ell 

Cleaned commercially 90 
Nicke1-f1Itrike p1a.ted 75 

90 
Nickel-strike plated 7S 

90 
Nicke1-str:l.k;e plated 

17-4 PH Stainless StIll. ms- 306;000 2si 

Cleaned commercially 90" 
Nickel-strike plated 75 

90 
Nickel •• strike pl.ated 75 

90 

~IM-355 Stainless Steel. taS • 268.000...w,. 

C1eane,d connercially 90 
Nickel-~trike plated 

,,, 
15 
90 

Nickel-strike plated 75 
, 90 

Nickel-strike plated 90 

'A1S1 Tipe 410 Stainless Steel. rns • 281.000 pll 

Cleaned commercially 
lacke 1-plated 

Nicke1 .. strike plated 

- .. 
J'lDl 

90 
75 
90 
75 
90 

<a> MrS • notched-bar tensile strength. 

(b) Runout time 100h~~~~; specimen did not fail~ 
- .. ~~\ 

(c) Speci.n failed durin~ loading to desired strell level. 
',l ' 

V·.· I 

for Failure, 
hours 

>100 (b) 
>100(b) 
>112(P) 
>100 (b) 

2.9 
(c) 

>lOO(b) 
>101 (b) 
>lll(b) 
>121 (b) 
>116(b) 

(b) 
~100(b) 
>100 (b) 
>~,02(b) 
>130(b) 
>116(b) 
>169 

>llS(b) 
>1.01 (b) 
>111(b) 
>100(b) 
>111(b) 

I • u 

~;.}' ·'l. 
; ... , 

\.J 

~J 
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Sample 
Number 

D-l 
D-2 

E-l 
E-2 

Fh-l 
Fh-2 

G-l 
G .. 2 

)) ,~ 
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TABLE 12. RESULTS OF HYDROGEN ANAL1JSES OF CLlWfED AND WOOD'S 
Nl:ICKEL-STRIKi"'''PLATED STAINLESS STEEL g'PECIMEtiS 

• ew 

Material 

11-7 PH stainless steel 
11-7 PH stainless steel 

l7~4 PH stainless steel 
17 .. 4 PH stainless steel 

AISI Type 410 stainless 
!)ISI Type 410 stainless 

AM .. 355 stainless steel 
AM-355 stainless steel 

Conditton 

Cleaned commercially 
. Nickel .. strike pla.ted 

Cleaned commercially 
Nickel-strike plated 

steel Cl~aned commercially 
s~eel 'Nickel-strike plated 

Cleaned commercially 
Nickel-strike plated 

AVerage Hydrog~~ 
Content 1 ppm,a 

== 

1.8 
5.2 

1.6 
5.4 

1.0 
2.3 

2.4 
586 

,Ai 

(8) All values ±O.l ppm by weight (precision of analysis). 

, 

The results of. the sustained-load experiments indicated that only the 17-7 PH 
.teel waS embrittled by the WOOdIS nickel-strike plating process. This alloy was the 
least susceptible of these three alloys to hydrogen-stress era,eking in the Phase 1 
experimentB. However, it was the most notch sensitive of ,these three all(lYs as deter
mined by the notched tensile test. Presumably, this notch aensitivity was partially 
responsible for the increased susceptibility to hydrQgen-stress cracking exhibited by 
the notched specimens,. 

The hydrogen atlalyscs again showed that the plath!;g process was responsible for 
introducing more hydrogen intel the specimens than the preplating cleaning processes. 
Corri.;'~ris('jn of these hydrogen contents with thoseo{ specimens cathodically cha.rged 
under~h~ limiting conditions for hydrogen-stress cracking shows that only the 17 -4 PH 
stainless steel contained ,more hydrogen after electroplating tha.n the amount that pro
duced failure under the cathodic charging conditions. All of the other alloys contained 
.omewhat less hydrogen after electroplating than after cathodic charging. The lack of 
failure exhibited by the 17 -4 PH steel may be attributed to the fact that the nickel-strike 
electroplate was very thin and, consequently, allowed sufficient hydrogen to effuse from 
the specime:" before the failure mec17lt~nism could become operative, so that fracture 
could not occur. Appa.rently, the hvidrogen picked up by the A~-35S stainless steel and 
the AISI Type 410 stain,le ••• teel du~ing }:leaning and electroplating W'a. not .ufficient 
to initiate failure. 

Watts -Nickel Electroplating. The results of the 8u8~ained-1oad e~eriments and 
th.e hydrogen analyses perforrned to evaluate the hydrogen-embrittling tendencif!s of a 
Watts -nickel electroplating process are listed in Tables ,13 and 14, respectively. The 
specill1ens were not baked after cleaning or electroplating. 

None of the specimens removed from the process cycle after the cleaning treat
mefita" (anodic alkaline cleaning followed by anodic acid etching) ir:..iled during the 
sustainf!d-Ioad experiments. The hydrogen analyses of Similarly treated specimens 
ihdieatedthat, exc~p,t for the lBNi (Z5,O) mar aging steel,eosentially no hydrogen wal 
'introduced into the specimens by the commercial cleaning treatment. ' 
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TABLE 13. RESULTS OF SUSTAINED-LOAD ~XPER1MENTS 
TO EVALUATE THE HYDROOEN-EMBItlTTLING:
TENDENCIES OlrTHE WAr: 1::'~P-N'ICKEL 1/ , 

Sample 

t.-

A .. 35 
A-38 

A-39" 

0 .. 36 
C-38 

/) 
!I 

1-36 
'1 ... 38 

1-39 

\t " .. .,) 

ELECTROPLATING PROCESS 

we 
'c 

Applied, 
Stress, Tim.e Lor 

Condition 
percent Failure, 
NTS(a) hours 

AISI Type H-It Tool Steel, NTS:II 338,000 psi 

'f Cleaned c:ommerc;J~l1y 
Watts-Nt plated (r 

Watts-Nt plated 

90 
75 

75 
90 

>10<)(b) 
>ll5(b) 

(c) 
>lOS(b) 
>144 

AlSI 4340 Steel, NTS = 314,000 psi 

Cleaned comme r cially. 
Watts-Ni pl~ted " 

C') 

Watts-Ni plated 

90 
75 j) 

--
75 

>109(b) 
>115(b) 

(c) 
>11Z(b) 

(c) 

ISNt (2. .. $0) Mara.,iing Steelt N'l'S ::: 407 t 000 psi 

Cleaned cornme r cially, 
Watts-Ni plated 

Watts-Nt: plated 

90 
75 
90 
7S 
90 

>lQ9(b) 
>lOS(b) 
> 144(b) 
>119(11) 
> 14Z(b) 

~...;..~la ':,wi4A = 
<a> N.Il'S,:;!, notched-bar tensile .trength. I. I 

. (b) RuOOUI dme·wnlOO homs; specimen did not fail .. 
(c> Specimen failed on loading to the deSired slresslevelat appliedltr'e.~ indicated, 

~\ 
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Failure 
Stress, 
percent 
NTS(a) 

86 

89 

89 
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TABLE 14. HYDROGEN ANALYSES, OF A5",HEAT ... 
TREATED; CLEANED, "oa CLEAN.ED .... 
ANO-WATTS· NICKEL
ELECTROPLATED' SPECIMENS 

Sample 

Ah 30 

Ah Z,7 

Ab Z,6 

eh Z,9 

Ch24 

Ch25 

Ih Z,7 

Ih 30 

" 

Condition 
" ) 

Ii 

I 

Cleaned commercially, 

Watts-Ni plated 

AlSI 4340 Steel 

As heat treated 
,( , 

Cl II .:I - ".. '11 6afieu ""ommercla y 

Watts~ ~l plated 

=n 

AV'erage H,' ydrolen 
Content, ppm( a) 

O. 5 

0.4 

1.0 

l.Z 

1.4 

1,9 

18Ni 6250) Maragina Steel 

As heat treated 

Cleaned commercial1y 

Watts-Ni plated 1.3 
= 

. \\ I{..? 

., () 
o 
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J 

I' 

(.:\ 

~ 

~ 
: 

-'; 
\:) j 

-! 



56 

NOltf: of the nickel-plated specirnens of the three steels used in this evaluation 
failed in 100 houTsat applied stres,ses equal to 75 percent of theil-respective notched
baT tensile strengths, However, both~pecimens of AlSI 4340 steel and one specimen of 
AlSlTytre H-ll 1001 Bteel failed during loading when the applied stresses were being 
increa,f)ed to 90 percent of their respective notched-bar tensile strengths, The 18Ni 
(250) ma'tagitlg steel exhibited no evidence of ernbrittlemenl after nickel plating, 
Hydrogen analyset oJ the nickel-plated specimens indicated that only 0.3 to 0,5 ppm 
o,{ hydrogen was introduced into the specimens during the actual plating operatiol~\, 
However) this amount was sufficient to cause hydrogen-stress cracking of the Al·S14340 
steel and the AlSI Type H-ll tool steel. 

Conventional Hard-Chromiu~ Electroplating Process, The results of the 
sust,~ined-load experiments and hydrogen ana.lyses performed to determine the 
hydr't\gen-embrittlinr, tendencies of a conventional hard-c%ii'omium electroplating 
proccull .re listed in Tables IS and 1'6, respectively. The specimens were not baked 
alter cleaning or electroplating, 

The cleaning process employed in this plating cycle, which consisted of anodi
c"Uy etching tbe specimens in the electroplating bath, did not cause the specimens of 
the selected :~teels to be susceptible to delayed brittle failure at applied stresses equal 
to 90 percent of their respective notched-bar tensile strengths, Hydrogen analyses of 
timU&rly treated speciInens indicated that essentially no hydrogen was pick,zd up by 
the 8teelsduring this cleaning process. 

The results of the sustained-load ex;periments employing the hard-chromium
,plated specimens of the selected steels showed that this plating process was the most 
embrittling of aU the electroplating processes ey~.luated, All the hard-chromium
plated specimens of .,p.TS! 434Q steel and AISIType H-11 tool steel failed on loading to 
applied stresses equal to 75 percent of their respective notchec.."-bar tensile strengths, 
The AISI 4340 steel specimens failed at stresses of about 54 percent of their notched
bar tensit{) strengths, while the AISI Type H-ll t\ool steel slpecimeJ1S failed at stresses 
of about 70 percent of their notched-bar tensile strengths. Although both chromium
pl&t~9. specirllens of 18Ni (250) maraging ~teel survived more than 100 hours at an 
appl~ed stress equal to 75 percent of their·~~otched-bi.'.r tensile strengths, both failed 
on loading to the higher applied st~.ass level at stresses equal to about 79 p~l:cent of 

. theito natched-bar tensile strengths. 

Hydrogen analyses of hard-chrornium-platef! specim~,ns showed th~.t thes~eels 
picked up ~igni.ficant amou~ts ,~l hydrogen durinA' the, plati~g operation, The amount of 
hydrogen absQrbed wasgreatel' than the amount absorbed during cathodic charging for 

II longer times under the most severe charging condition (Condition A) used to evaluate 
!,- thesu~ceptibility of these steels to hydrogen-stress c:'racking during Phase 1, 

There are at least two reasons for the se'Ve're hydrogen embrittlement induced by 
tpe hard-chrOll)ium electroplating process . First) hard ... chromium plating baths are 
generally" very inefficient, that is) only about 1S toZ·9 percent of the cathodic current 
causEi:i)ieposition of chromium and tberemaining 80 to 85 pel'cent cause's hydrogen 
evolution at the ~~thode (workpiece..). Consequently~ very large .amo~nts of atomic 
hydrogen are p~esented to the steel sUt"face. Secondly, tha chromium electroplate 
containsmicroC:racks. These microcracks allow a certain portioJl of tb.e ste,..,l 8urf~ce 
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TABLE 15. RESULTS OF SUSTAINED-LOAD EXPERIMENTS TO EVALUATE THE 
HYDROGEN-EMBRITTLING TENDENCIES OF A HARD-CHROMIUM 
ELECTROPLATING PROCl!:SS 

~~~*~~~.""""""""""" ............ __ .... ____ ........ ______ .... ____ n __ .. __ 

Sample 

A-43 
A-45 
A-46 

C-4Z 
C-48 
C-49 

1-44 
1-45 

1-46 

Condition 
f--

AISI !lEe H-11 

Cleaned commercially 
Hard-Cr plated 
Har-d-Cr plated 

Applied Stre s s " 
percent 
NTs(a) 

Time for 
Failure, 

hours 

Tool Steel ~ NTS= 338~ 000 Esi 
~',-

\~r 

90 >107(b) 
(c) .,. (c) 

AISI 4340 Steel, NTS = 3'14,000 psi 

Cleaned commercially 
Hard-Cr plated 
Hard-Cr plated 

90 >108(b') 
(c) 
(c) . 

l8Ni (250) Maraging Stee1,\~~TS = 407,000 psi 
f" 

~>/ 

>107(b) Cleaned commercially 90 
Hard"'Crplated 75 >1l7(b) 

(c) 
Hard-Cr plated ~/5 >117 

(c) 

... ; 
(a) NTS • Notched~bar tensile strength. 
(b) Runout; specimen did not fall. .. 
(c) Specimen faned during loading to desired stress level at the appUed stress indicated. 

J 

BATTELLE MEMORIAL INSTITUTE -COLUMBUS LABORATORIES 

Failure Stress, 
percent 
NTS(a) 

71 
68 

53 
S5 

78 

79 
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·TABLE 16. HYDROGEN ANALYS,ES OF AS-HEAT-TREATED, CLEANED, AND 
CLEANED-AND-HARD-CHROMIUM-ELECTROPLATED 
SPECIMENS 

= 

San'lple Condition 
Av.erage Hydrogen 
Conte'nt, ppnl(a) 

Ah-30 
Ah-34 
Ah-31 

Ch- 2.9 
Ch-33 
Ch- 31. 

Ih-27 
lh- 32 
Ih-33 

AISI Type H-1l Tool Steel 

As heat treated 
Cleane de omme rc; ia II y 
Hard-Cr plat~g 

AlSI 4340 Stee 1 

As heat treated 
Cleaned eonlmercially 
Hard- Cr plated 

18Ni (250) lvlaraging Steel 

As heat treated , 
Cleaned commercially 
Hard- Cr plated 

(A) ppm • parts pe~ million by weightj pr~cision of analysis = :1:0. 1 ppm. 

., 

-

"~,, '- " 
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O. 5 
0.5 
7. I 

1.2 
1.0 
7.4 

O. 2 
O. 3 
4. 8 
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which can ph:k up hydrogen to be exposed to the ba~h throughout the platil1g cycle, 
Therefore, hydrogen is continually deposited on at least a portion of the steel surface, 
In other conventional plating processes, for example, the bright-cadmiUln process, 
the plate is usually more dense; therefore, after a critical plate thickness is deposited, 
the plate acts as a barrier to hydrogen, Consequently, the amount of hydl'ogen picked 
u.p by the steel substrate in these processes is usually less than that picked up when a 
porous plate such as chromium is deposited. Other ct)nsid~l'ations of plate structure 
will be discussed in the section on hyd!'ogen-embrittlement relief treat.ments, 

Nonaqueous DMF-Cadmium Electroplating Proce~.!, The l'esults of the sUi:itained ... 
load experiments to evaluate the hydrogen-errlbrittling tendencies of the DMF-cadmiu!tl 
electroplating process are listed in Table 17, 

All of the specimens of the selected steels survived over 100 hours at each applied 
stress (75 percent and 90 percent of the respective notched-bar tensile strengthfl}. 
This behavior supports the claim that this electroplating process is not hydrogen exn ... 
brittling, However, because the sustained-load cells were not needed for further 
evaluationa at the time these experiments were conducted, the specimens were kept 
under the sustp,ined loads of 90 percent of their respective notched-bar tensile strengths 
for times conaidel'l.l\bly greater than 100 hours. One specimen of AISI 4340 steel failed 
after 197. 8 hours a.nd the other failed after 254. 9 hours, All the other specimens sur
vived over 390 hours at this higher stress level. 

The hydrogen content of analytical specimens of the three steels electroplated in 
this bath could not be determined using the standard procedures because of unexpected 
reactions that occurred during the analyses. Time did not permit further investigation 
of, this problem. 

Although the results of these experiments have shown tll~ 11onaqueous DMF
cadmium electroplating bath to be low in hydrogen-embrittliri~ tendend:~s, fur the l' 
evaluations of this process should be conducted. The th:rowing pow~r o{ the bath is 
low, but it can be irnproved by using auxiliary anodes. The specimens used in these 
evaluations were plated without the use of auxiliary anodes, and coverage at the base .. 
of the notch was not complete. 11'). addition, the adherence of the electroplates, as 
determined by bending thin electroplated strips of spring steel to failure, was pot:>r. 

Modifications in the plating procedure can be rna,de to improve the quality of the 
plates; however, time did not allow investigations of this type to be performed in this 
investigation. 

Cd-Ti(Delta) E1EH~troplating Process, At the time that the spec~imens were sent 
to the vendor to be electroplated by the Cd-Ti(Delta) process, it was agreed that the 
vendor would notify Battelle when the specimens were to be electroplated so that they 
could be picked .:lp immediately after plQting and refrigerated in liquid nitrogen until 
they could be evaluated, However, the vendor did not notify Battelle, 'and 3 weeks 
elapaed from the time that the specimens were plated to their receipt at Battelle for 
evaluation. During that period, the specimens were stored at ambient temperatures. 
Since under these conditions much of the hydrogen that may have been present in the 
samples could have dif!used from them, and because it is relatively costly to determine 
the hydrogen content, the hydrogen contents were not determined from these samp,les .• 

), 
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TABLE 17. RESULTS OF SUSTAINED-LOAD EXPERIMENTS TO EVALUAT;E 
THE HYDROGEN-EMBRITTLING TENDENCIES OF THE DMF
CADMIUM ELECTROPLATING PROCESS 

(a) NTS. notched-bar tensile strength. 
(b) Runout time wal 100 houri: Ipecimen did not fail. 
(c) Specimen failed after a time Steater than the arbitrary runout time of 100 hours used in the other experiments. . 
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However l the sustained-load eX'i:)eriments were performed to evaluate the susceptibility 
to delayed failure of these Cd-Ti{Delta) electroplated specimens. Furthermore; since 
this electroplating procedure is reportedly low in hydrogen-emb~Mtling tendencies, 
those specimens that were baked after electroplating should be representative samples. 

The results of the sustained-load experiments employing the Cd-Ti(Delta) 
electroplated specimens are listed in Table 18. 

, 
None of the specimens of these steels failed within the lOO-hour runout period at 

applied stresses equal to 75 percent of their respective notched-bar tensile strengths. 
However, Olle specimen (C-52) of AISI 4340 steel which had not been baked aiter elec
troplating failed after 125.6 hours at this applied-stress level. In addition, none of the 
specimens of AISI Type H-ll tool steel or l8Ni (250) maraging steel failed at applied 
streeses equal to 90 percent of their respective notched-bar tensile strengths. How
ever, all the remaining specimens of AISI 4340 steel failed at this highe'r applied-stress 
level. Although the tim,es for failure of the specimens of AISI 4340 steel that were 
baked 12 hours at 390 F were longer than those of the as -plated specimens, this baking 
treatment did not eliminate delayed failures in this steel. 

Comparison of these results with those obiained previously for bright- or dull
cadmium-electroplated specimens of these same steels indicates that the Cd-Ti(Delta) 
electroplating process is less embrittling than are the conventional bright- or dull
cadmium electroplating processes. 

Cadmium Acetate -Methanol Bath. The results of the sustained-load experiments 
employing notched tensile specimens of AISI 4340 steel electroplated in the cadmium 
acetate -methanol bath are listed in Table 19. Both specimens survivedthe 100 -hour 
runout times at applied stresses equal to 75 percent and 90 percent of the average 
notched-bar tensile strength of unplated specimens. Thus, this bath W~;.,iS nonhydrogen 
embrittling. However, this bath has several undesirable properties: (1) the conduc
tivity of the solution is very low, (2) the throwing power is lowl and (3) the best de
posits are obtained when the bath is operated at a temperature of 32 F (0 C). I~ has 
been reported(l5), that the conductivity of the solution can be improved by adding water 

". 

and that the covering power can be improved by adding triethanolamine. Time and 
funds did not allow evaluation of this bath as modified by the addition of wate rand 
triethanolamine. 

Stable Cyanide -Cadmium Electroplating Bath. The sustained-load experiments 
employing notched tensile specimens of AISI 4340 steel electroplated in. the stable 
cyanide -cadmium electroplating bath are summarized in Table 19. The two specimens 
failed after 5.8 and 10.3 hours, respectively, at an applisd stress equal to 75 percent. 
of the average notched -ba.r tensile strength of the unplated specimens. The failure 
times were longer than those obtained for specimens electroplated in the conventional 
cadmium electroplating bath (Table 9); however, the failur'es show that electroplating 
in the stable cyanide -cadmium electroplating bath can induce hydrogen -~tres s -cracking 
failures in high-strength steels. 
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TABLE 18. RESUL'rS OF SUSTAINED-LOAD EXPERIMENTS TO EVALUATE 
THE HYDROGEN -EMBR!TTLING TENDENCIES OF THE 
Cd-Ti(DELTA) PROCESS 

Applied 
Stres s, 

Sample Condition percent NTS(a) 

AISI Trpe H- 11 Tool Steel l NTS = 338 z000 psi 

A-54 Cd- Ti plated, no bake 75 
90 

A-57 Cd-Ti plated, no bake 75 
90 

A~31 Cd-Ti plated, baked 12 hr at 390 F 75 
90 

A-52 Cd-Ti plated, baked 12 hr at 390 F 75 
90 

A,ISI 4340 Stee lz NTS = 314z 000 Esi 

C-51 Cd-Ti plated, no bake 75 
90 

C-5Z Cd-Ti plated;j no bake 7S 
C-53 Cd-Ti plated, baked 12. hr at 390 F 75 

9,.0 
C-S4 Cd .. Ti plated, baked 12 hr at 390 F 75 

90 

18Ni (250) Ma~aging Steel, NTS = 407 ,000 psi 

I-50 Cd- Ti plated, no bake 

1- 53 .,' Cd- Ti plated, no bake 

1- 55 Cd- Ti plated, baked 12 hr at 390 F 

1-56 Cd·· Ti plated, baked 12 hr at' 390 F 

:; 

(a) NTS = notched ·bar tensile strength. 
(b) Runout time was 100 hours; specimen did not fail. 
(c) Specimen failed on weekend: arbitrary runout tin1e of 100 hours had elapsed. 
(d) Experiment terminated because of mechanical failure of load cell. 

\\ 

75 
90 
75 
90 
75 
90 
75 
90 

-~ 

Time for 
Failure, hours 

>143(b) 
>Z17(b) 
>144(b) 
>190(b) 
>143(b) 
>217(b) 
>144(b) 
>190(b) 

>143(b) 
8. 8 

125.6(c) 
>143(b) 

81. 1 
>144(b) 

31. 4 

>142(b) 
>ZI7(b) 
>144(b) 
>190(b) 
>143(b) 
>96.8(d) 

>144(b) 
>190(b) 
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RESULTS OF SUSTAINED-LOAD EXPERIMENTS TO EVAI,UATE 
THE HYDROGEN-EMBRITTLING TENDENCIES OF THE 
CADMIUM ACETATE-METHANOL BATH AND THE STABLE 
CYANIDE-CADMIUM BATH 

Sample Condition 

Applied 
Stress, 

percent NTS(a) 

0-79 

C-81 

C-84 
C-88 

(a) 

(b) 

// 
'I 

AISI 4340 steel. NTS = 314.000 psi 

Cadmium acetate-methanol plated 

Cadmium acetate-methanol plated 

Stable cyanide-cadmium plated 
Stable cyanide-cadmium plated 

., 
NTS a notched-bar tensile strength. 

Spectmen did not fail; runout time was 100 hours. 

75 
90 
75 
90 
75 
75 
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Failure, 
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(b) 
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Selectrons LHE-Cadmium Electroplating Process. Numerous experiments were 
conducted to obtain satisfactol/Y deposits from the Selectrons LHE-cadmium electro
plating solutions. Various combinations of temperature, current density, and agitation 
within the ranges suggested by the manufacturer were used, Also, careful checks of 
the solution pH were made, as this is a very important parameter. In all cases, the 
solution pH was between 7.5 and &. O. However, all the deposits were coarse grained 
and loesely adhering such that the ma.jority of the plate was removed during the water 
rinse. Because time and funds were not available to establish the optimum plating 
conditions for this solution when used as a bath rather than as a selective (brush) 
plating process, the planned evaluations of this process were not conducted. 

Evaluation of the Cor~osion Resistance 
of Various Electroplates 

Experimental Procedureu 

The corrosion resistance of the electroplates was determined according to the 
procedures set forth in ASTM Designation B 117 -64, "Standard Method of Salt Spray 
(ltog) Testing", (20) , 

Panels of AlSI 4340 steel, 3 x 6 x 0,05 inches thick, were bright-cadmium, 
Cd-Ti(Delta)-cadmium, or nickel electroplated at a commercial facility using the 
procedures described elsewhere in this report, Similar panels were electroplated in 
the dull-cadmium bathl the cadmium acetate -methanol bath1 and the stnble cyanide
cadmium bath in the laboratory using the procedures described previously. The same 
procedures and bath compositions were used for the bright-cadmium and dull-cadmium 
electroplating, except that the dull-cadmium plating bath did not contain a brightener 
and the latter panels were not chromate -conversion treated, 

Following plating, the panels were rinsed in acetone and photographed. Then 
they were loaded into the salt-spray chamber. The panels were held in a plastic rack 
such that the exposed surface was inclined 15 degrees from the vertical and was 
parallel to the principal direction of horizontal flow of fog through the chamber. 

The salt solution was 5 percent by weight NaCI in distilled water. The pH of the 
solution was determined daily and, if necessary, it was adjusted to be within the range 
of 6,5 to 7,2, After 24 hours of exposure when the Cd-Ti(Delta)-electroplated speci
mens were being tested, the pH was 8.. 89i however, during the relnainder of the expo
sure period, the pH ranged from 6,7 to 7. O. During al1 the other tests, the solution 

H 6 h ·' +2 p, ranged from ,8 to 7, O. T e deSired exposure temperature was 95 F -3' and 

temperature readings were taken twice a day, except on the weekend, During the 
expos'nre of the Cd-Ti(Delta) specimens, the temperature ranged from 86 to 100 F; 
these temper?ture extremes occurred only once and the majority of the readings were 
between 92 and 95 F, During all of the other tests, only once was the temperature 
found to be outside the desired range; at that time it was 100 F. All other temperature 
readings were either 94 or 95 F, In addition, daily records of the volume of salt solu
tion collected were nlaintained. The p~nels were inspected daily and changes in 
appearance were recorded. The expostlre time was Z40 hours except for the Cd
Ti(Delta) specimens for which the expo,sure time was 336 hours, 
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After removal from the salt-spray chamber, the panels were rinsed in water and 
dried in an air blast. Photographs of the exposed surfaces were taken, and then the 
spedmens were inspected at a magnification of lOX under a low-power microscope. 

Results and Discussion 

Photographs of the bright-cadmium-, dull-cadmium-, Cd-Ti(Delta)-, cadmium 
acetate -methano1-, stable cyanide -cadmium-, and Watta-nicke1-e1ectrop1ated test 
panels before and after exposure are shown in Figures 10 and 11, 12 and 13, 14 and 15, 
16 and 17, 18 and 19, and 20 and 21, respectively. 

As can be seen fronl Figure 11, the bright-cadmium electroplates survived the 
240-hour salt-sp.~ay exposure. A white deposit, presumably cadmium oxide, was 
formed on the surface of the electroplate; however, no evidence of corrosion, of the 
underlying steel was observed. 

The dull-cadmium ',electroplate failed to protect the underlying steel b'om corro
sion, as is shown in Figure 13. Evidence of corrosion of the base steel was observed 
after 96 hours of exposure, and the corrosion became more extensive as the exposure 
time was increased further. 

Except for one small streak of corrosion near the other ulJper left .... nand corner 
,of one of the Cd-Ti(Delta)-e1ectroplated specimens shown in Figure 15, 1;10 cP"t"rosion 
of base metal occurred. That one, streak of corrosion product was attributed to a bare 
spot on the edge of the specimen and, therefore, was not considered to be a result of 
the failul"e of the electroplate. A white deposit was formed on portionf3 of the specimen 
surfaces, and the surfaces were slightly darkened during the exposure;. 

The panels electroplated in the cadmium acetate -methanol bath Ia.nd the stable 
cyanide -cadmium bath showed evidence of corrosion of the steel after exposure to the 
salt spray, as is shown in Figures 17 and 19, respectively. The panel plated in the 
cadmium. acetate-methanol bath showed evidence of corrosion after 7.~4 hours of expo
sure and the corrosion becar1"le so extensive that the panel was removed from the 
chamber after 96 hours of exposure. The panel electroplated in the stable cyanide
cadmium bath showed evidence of corrosion after 144 hours of exposure, and the 
oorroded areas became more extensiye as the exposure time increased. 

As is shown in Figure 21, the Watts -nickel electroplate failed tq protect the 
base steel from corrosion. Evidence of corrosion of the steel was observed on both 
panels after 24 hours 0:£ exposure, and the corroded areas became more extensive as 
the exposure time increased. 

The results of the salt-spray tests showed that only the bright-cadmium- and the 
Cd-Ti(Delta)-process electroplates provided satisfactory protection to the base steel 
during the 240 -hour exposure time. The other cadmium electroplates and the Watts
nickel electroplate did not provide adequate corrosion protection to tlte base steel. 
The difference in the behavior between the bright-cadmium electroplate and the other 
cadmium electroplates that were deposited from baths which did not contain brighteners 
would appear to be related directly to the differences in the structures of the plates. 
A bright-cadmium electroplate normally is dense, while a dull-cadmium electroplate 
is porous' and thereby allows the corrosive media to come in contact with the base 
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FIGURB 10. BRIGHT-CADMIUM-ELECTROPLATED PA ELS PRIOR 
TO EXPOSURE TO SALT SPRAY 
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FIGURE 11. BRIGHT- C D IU - ELECTROPL TED PELS FTER 
2 O-HOUR EXPOSURE TO ALT SPRAY 

o (' v id nc [ 0 rro ion o f b m 1 i ob rv d. 
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FIGURE 12 . DULL-CADMIUM- ELECTROPLATED 
PANEL PRIOR TO SALT-SPRAY 
EXPOSURE 

t : 

38355 

FIGURE 13 . DULL- CADMIUM-ELECTROPLATED 
PANEL AFTER 240-HOUR SALT 
SPRAY EXPOSURE 
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IX 

10 14 . A - EL R OP L ATED PA TEL PRlOR TO 
Y EXPOSURE 

T h m pl s ar pic tured prior to application of the 
troplat r I s tape over unplat d areas where the 

clips wer attach d. 
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400 0 

FIGURE 15 . Cd-Ti(DELTA) - ELECTROPLATED PANELS AFTER 336 - HOUR 
EXPOSURE TO SALT SPRAY 
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FIGURE 16 . CADMIUM ACETATE-METHANOL
ELECTROPLATED PANEL PRIOR 
T O SALT-SPRAY EXPOS URE 

44590 

FIGURE 17 . CADMIUM ACETATE-METHANOL 
ELECTROPLATED PANEL AFTER 
96-HOUR SALT-S PRAY EXPOSURE 
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FIGURE 18 . PANEL ELEC T ROPLATED IN T HE FIGURE 19. PANEL ELECTROPLATED I N T HE 
STABLE CYANIDE-CADMIUM BATH STABLE CYANIDE-CADMIUM BATH 
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FIGURE 20. WATTS-NICKEL -ELECTROPLATED PANELS PRIOR 
TO EXPOSURE TO SALT SPRAY 

BATTELLE MEMORIAL I NS"rI TU'rE - COLUMBUS LABORATORIES 

36820 



74 

38357 

FIGURE 1. WATTS- ICKEL -ELE R o ANELS AFTER 240 - HOUR 
EXPOSU E T O SALT Y 
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metal and cause corr/osion. Although the dull-cadmium electroplates may be more 
desirable from the standpoint of minimizing hydrogen embrittlement induced during the 
plating operation and in facilitating relief from embrittlelnent during baking, its cor
rosion protection leaves much to be desired. 

The nickel electroplate is cathodic to steel; consequently, once corrosion of the 
base steel starts it would be expected to be accelerated by the galvanic action between 
the nickel and the steel. Any defects in the nickel plate or localized pitting of the 
nickel during exposure would represent a very undesirable situation; that is, there 
would be a large cathode (nickel plate) and small anode (exposed steel). Under these 
circumstances, pitting of the base steel would be accelerated. Normally, when nickel 
is used in applications requiring corrosion resistance, it is preceded by an undercoat 
of copper. 

Determi1,lation. of Stresses in Electrodep~~sits 

Experimental Procedures 

The stresses in the various electrodeposits studied during the course of this pro
gram were determined using the· procedures and mathematical relationships established 
by Soderberg and Graham. (21) 

Small strips of spring steel 1/2 x 3 x 0.006 inches were electroplated on one side 
using the standard procedures for the respective electroplating processes while being 
held rigid in the fixture shown in Figure 22. After plating, the specimens were 
removed from the fixture and placed in small clips that allowed thell1 to hang freely 
from. one end. After 24 hours, the degree Qf bowing of the specimens was determined 
by placing the strips on a Z-inch-wide steel plate and measuril.'lg the rise of the arc 
from the Z-inch chord with an optical comparator. From this value, the radius of 
curvature of the specimen was calculated using the following relationship: 

where 

r = a Z + b Z 

Za 

.... r = radius of curvature 

a = height of the rise of the arc from the chord 

b = length of chord = width of steel plate = Z inches. 

The thickness of'·jhe electroplate was determined by substracting the thickness of 
the unplated portion of the st.eel strip from the thickness of the plated portion of the strip. 
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,Bolt for 
attaching 
electrical 
lead 

I"x 3" x I~ II 
glass 
plate 

=, 
\.Oleo 

rtllv 
(\J 

FIGURE 22. FIXTURE USED TO HOLD STRIP SPECIMENS DURING ELECTROPLATING 

All exposed surfaces of fixture stopped off with electrical insulating 
coating. 
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The overall stress, So, in the electro?late then was calculated using the following 
relationship: 

where 

So = overall stress in the deposit, psi 

r = radius of curvature of bowed strip, inches 

Eb = elastic modulus of the base metal, psi 

I = moment of inertia of the plated strip about its neutral axis, inches4 

Ec = elastic modulus of the electrodeposited coating metal, psi 

c = distance from neutral axis of the coated strip to the surface of the 
deposit, inch 

Ec 
. E' teZ + Ztbtc + tb2 
c = __ b ______________ ~~ 

Z (:: . tc + tb) 
tb = thickness of the base strip, inch 

tc = thickness of electrodeposited coating, inch 

w = width of strip, inch. 

(1) 

The overall stress in the deposit is positive (tension) when the plated side of the 
strip becomes concave and negative (compression) when the plated side of the strip 
becomes convex. 

If the electroplate was depo sited in a bath operated at a temperature above room 
temperature, a portion of the overall stress was caused by differences in thermal con
tractions of the deposit and the base metal during cooling to room temperature. This 
thermal stress (Sa) was calculated from the following relationship: 

. Ec 
. 4Eb168(Ctc - CtbHtb + Eb tc> 

S8 = , (2) 

41(tc + Eb tb) + wtbtc (tb + te)2 
Eo 
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where 

bB = temperature difference in degrees F 

ab = the linear coefficient of expansion of the base metal per degree F 

ac = the linear coefficient of thermal expansion of the electrodeposited 
coating metal per degree F. 

The true internal stl-ess was obtained by algebraically subtracting the therxnal 
stress from the overall stress with careful attention given to the sign (+ = tension, 
- = compression). 

Results and Discus,sion 

The results of the experiments to determine stresses in the various electro
deposits are tabulated in Table 20. The cadmium-electroplated strips contained no 
measurable bow after electroplating; this behavior indicated that these deposits con
tained no stresses. Baaed on the relationships developed by Soderberg and Graham, 
the Watts -nickel plate contained residual tensile stresses of approximately 1500 psi, 
while the hard-chromium deposits contained residual tensile stresses of approximately 
37, 000 to '?-,9, 600 psi. 

Evaluation of the Adherence of the 
Selected Electroplate!. 

There ie no standard test for measuring the adhesion of electroplates to- the base= 
metal substrate, and those tests that are commonly used, such as bend tests, file 
tests, and tape tests, are only qualitative in nature,. In this program, a file-strike 
test and a bend test were used to eVCJ.luate the adhesion of the selected electroplates. 

After evaluation in the sustained-load experiments, the electroplated tensile 
specirnens were abraded with a file. The abraded area was then examined under a low
power binocular microsG\ope~ 1£ the electroplate was not adherent, it wouldfiakeofi. 
In addition, the electroplated. specimens of spring stee:i that were used to evaluate th6 
residual stre!!ses in the selected electroplates:;:were bent until they failed. II the 
electroplates were not adherent, they cracked and. flaked off where 'the specimen failed .. 

Only two of the electroplates showed evidence of poor adherence as determined by 
these tests. Those electroplates were the DMF-cadmium electroplate and the cadmium 
acetate -methanol electroplate; both of which were deposited from nonaqueous bat'hs and 
were essentially nonhydrogen embrittling. The adherence of the conventional bright
and dull-cadmium electroplates, the Cd-Ti{Delta} electroplate, the stable cyanide
cadmium electroplate, the Watts -nickel electroplate, the WOOdIS nickel-strike electro
plate, and the hard-chromium electroplate were determined to be satisfactory. 
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TABLE ~O. RESIDrl-AL,~RlUSSES IN THE SEL:E:CTEO ELECTROPLATES 

L ¢' ~ .>i~ .)~::::::::::~;::::::::;:::::::::::::::~';::::::::::::::::::::::::::::::::::::::::::::::::::::::;::::::::::::::~::::::::::::::: 
(IJ 1)1 ~I" PI .L. , ~" C-"J 

Calculated 
.. Spc~im~n Platu Rise~( 1\1:C Ovcr,aU 
?i Type or Thickne$$.. Thickn$:s:J. F:W~Qm ChQrdJ Stress, 
~SampleElectroplate in.. 'in. in. 1/r» in .... 1 psi 
r $!p " ", '." "\,, A ' ,( ;u > Q," .! . v, 
-I'" 
III l Nickel 0 .. 0065 O. 001 

I 2. Nitkel 0.0065 0 .. 001 
o 
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pt 
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0 
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fA 
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4: 
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Conc Ius ions 

Evaluation of the Hydrogc'n-Errlbrittling 
!fu'lacnciel of the Selected Electot'D-
~--~~~------------------~---R1gJ;ing Proccuaos 

""-< 

0) Convori1;;'.onal cleaning 1,rocesses prior to cadmium plating can introduce 
§utlieiont hydrogl~ to cause embrittlement in susceptible alloys. 

(~) Conventional bright- and dull-cadmiwn. plating processes can introduce suffi
~lGnt hydrogen t.o cause embrittlement in susceptible alloys. The alloys evaluated by 
th~Ulft pr~ccuules can be listed in the following order of increasing degree of embrittle
m@~t: 1SNl ma.raging steel, A1SI Type H-11 tool steel, AISI E 8740 steel, AISl4130 
8t@ftl, ana AISI 4340 steel. 

(3) The 17-7 PH stainless steel was embrittled by electroplating in a Wood's 
nlckol"'itrlke bath, while the 17-4 PH stainless steel, the AM-355 stainless steel and 
the AISI Type 410 etainle8a steel were not embrittled by this treatment. 

(4) Tho cadmium~electroplating processes and the Wood's nickel-strike electro
plating prOeOIJ6 generally introduced more hydrogen into the specimens than did the 
proplating cleaning processes. 

(5) Ele.ctroplating in, a Watts -nickel bath without a brightener introduced sufficient 
hyd,l"o:gen to cause delayed failures in AlSI Type H-11 tool steel and AlSI 4340 steel, but 
not in the 18Ni (250) maraging steel. 

(6) ComrneTcial clea.ning in prepara.tion for Watts -nickel electroplating introduced 
ollontially no hydrogen into any o{ the steels evaluated, and none of the commercially 
clcancdepecimc-ns failed during sustained-load experiments. 

(7) Electroplating in a conventional hard-chromium bath introduced sufficient 
hydrogen to cause failure of all the steels evaluated [AlSI Type H-ll tool steel, AlSI 
4\1140 and 18Ni (250) maraging steel]. The amount of hydrogen introduced was gI·~a'i:er 
than that introduced during severe cathodic chargin.g in the previous evaluations. 

(8) Commercial cleaning in preparation for hard-chromium electroplating 
introduced essentially no hydrogen into any of the three types of steel, and illl specimens 
that were merely cleaned without subsequent electrop~ating survived the sustained-load 
test for the selected runout time. 

(9) Electroplating in the nonaqueous DMF-cadmium bath did not caus~ failu.re of 
specimens of the three steeLs (AlSI Type H-11 tool steel, AISI4340, and 18Ni (250) 
mal' aging steel] within 100 hours (the predetermined runout ,time) at applied s~resses 
equal to 90 percent of their respective notched-bar tensile strengths. However, one 
specimen of AlSI 4340 steel failed aft€r 198 hours at this stress level, and .. another 
failed aftor255 hours. 

I) 

'(to) Electroplating with the Cd ... Ti(Delta) process cauled hydrogen-stress cracking 
failure. ot AIS14340 Itecl but not in thft AISI Type H-ll tool .teel'or JeNi (Z50) maraging 

/' 0 
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steel. Baking for 12 hours at 375 F increased the time for failure of the AISI 4340 steel 
specimens loaded to 90 percent of the average notched-bar tensile strength of unplated 
specimens, but did not eliminate delayed failures. 

(11) Electroplating in a nonaqueous cadmium acetate -methanol electroplating bath 
did not cause failures of AISI 4340 steel specimens. 

(l2) Electroplating in a stable cyanid~ -cadmium electroplating bat!:il caused 
hydrogen-':'stress-cracking failures of AISI 4340 steel. 

Evaluation of the Corrosion Resistance 
of Vai,-ious Electroplates ' 

(l) The corrosion resistance of bright-cadmium, dull-cadmium, Cd ... Ti(Delta), 
cadmium acetate -methanol, stable cyanide -cadmium, and Watts -nickel electroplates 
was determined by exposure to salt spray for 240 hours. The bright cadmium and 
Cd-Ti{Delta) electroplates survived the test. 

(2) The other cadmium and the Watts -nickel electroplates failed to protect the 
underlying steel from corrosion. 

Determination of Stl.esses in the Various 
Types of Electrodeposits 

(1) The stresses in the various types of electroplates studied during this program 
were determined using the method of Soderberg and Graham. 

(2) No stresses wp.re indicated for any of the cadmium electroplates. 

(3) Residual tensile stresses of about 1500 and 38,000 psi were indicated for 
the Watts -nickel electroplate an~ the hard -chromium electroplate, respectively. 

Evaluation of the Adherence of the 
Selected Electr?J?lates -

(1) The adherence of the selected electroplates was &l'etermined by file -strike 
tests on electroplated tensile specimens and by bend tests to failure of the strip speci
mens used to measure the residual stresses in the electroplates. 

(2) Only the DMF-cadmium electroplate and the cadmium acetate-m.ethanol 
electroplate showed evidence of poor adherence in th~.se tests. 
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PHASE 3. EVALUATION OF THE HYDROGEN-EMBRITTLING 
TENDENCIES OF THE SELECTED CLEANING AND PICKLING PROCESSES 

Introduction 

Four types of cleaning processes are generally considered to be low-hydrogen 
embrittling or nonhydrogen embrittling: mechanical cleaning, anodic cleaning, alkaline 
cleaning, and pickling in inhibited acids. During the second term of the program, the 
hydrogen-embrittling tendencies of the anodic-cleaning, alkaline -cleaning, and 
inhibited-acid-pickling processes were evaluated. 

Experimental Procedures 

Sustained-load experiments were used to evaluate the extent of hydrogen em·· 
bI ittlement, if any, induced in specimens of AISI Type H-ll tool steel, AISI 4340 steel, 
and l8Ni (250) maraging steel treated by the selected processes according to the 
recommend'2d procedures. The procedures employed in these experiments were as 
follows: 

(1) Specimens of the selected steels were degreased in trichloroethylene. 

(2) Specimens were exposed to one of the respective processes as follows: 

(a) Anodic alkaline-cleaning process for 3 minutes j 8 oz/ gal CO,t· 
mercial clean~r, bath temperature 190 F, current density:, " 
40 asf. 

(b) Anodic-acid-cleaning process for 1 minute; 25 percent by 
weight H2S04 IiJolution, room temperature, current density 
200 asf. 

(c) Nonelectroly.tic soak-type alkaline cleaner for 5 minutes; 
8 oz/ gal commercial cleaner, temperature 185 F. 

(d) Inhibited-acid pickling bath for 1 minute; 32 percent by 
volume HCl + commercial inhibitor, room temperature; 
additional specimens for comparison were pickled in an 
Hel solution of similar concentration which did not contain 
an inhibitor. 

(3) Specimens wer~ double rinsed in nowi~g tap water; first in hot water, 
then in cold water; dried in an air blast. ": 

. The notched tensile specimens were placed in the.::::,sustained-load cell ~~own in 
Figure 6 and loaded to an applied stress of 90 percent of their respective notched-bar 
tensile strengths immediately after exposure; the specimens for hydrogen a.nalysil were 
stored in liquid nitrogen until analyzed. 
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The average hydrogen contents of the specitnens exposed to the various cleaning 
and pickling treatments were determined using the tin-fusion, vacuum-fusion technique, 

Other expe:clments were conducted in which prestressed, notched tensile speci
mens of the selected steels were used to evaluate the hydrogen-embrittling tendencies 
of the selected cleaning processes, In these experiments, the specimens were first 
loaded to a relatively high applied stress, and then these stressed specimens were 
exposed to the various cleaning processes, The reasoning behind these experiments 
was that, if highly stressed spccinlens of the selected steel could survive long-time 
exposure to the selected cleaning processes, it would be very unlikely that the steels 
would be embrittled as a result of conventional processing (short-time exposure with 
no applied stl'ess). In addition, these expe'timents would indicate the behavior of 
specimens conta.ining high residual stresses when exposed to the cleaning processes, 

The procedures used for these eXperiments were as follows: 

(1) Specimens were degreased in trichloroethylene, 

(2.) Specimens were loaded to 90 pel'cent of their notched-bar tensile 
strengths, In the evaluation of the inhibited Hel solution, specimens 
of AlSI Type H-1l tool steel and AlSl 4340 steel also were evaluated 
when loaded to applied stresses of 7S percent of their notched-bar 
tensile strengths, 

(3) Specimens while under stres s were then exposed to the selected 
processes, When the anodic alkaline-cleaning process and the soak
type alkaline -cleaning proces s were evaluated, the solution was 
heated to the desired temperature prior to being placed in the cell, 
and the cell was wrapped with an electric -resistance strip heater 
controlled by a Foxboro controller to maintain the desired tempera
ture. The runout time selected for all of these experiments was 
8 hours. 

Another expe(timental method used to evaluate the hydrogen-embrittling tenden~Jpq, 
of th~ selected cleaning processes was to determine if hydrogen permeates thin mer., 
branes of the selected alloys exposed to the selected processes, The hydrogen perrh(ia
tion apparatus is shown in Figure 23. 

The procedures used to determine the hydrogen-permeation rate were as follows: 

(1) Specimens were degreased in trichloroethylene. 

(2) Specimens were electropolished in an 80 percent phosphoric acid-
20 percent sulfur·ic acidsolutionj temperature 140-150 F; cu,rr~nt 
density 3 ampt!;~~ 2, Approximately 41nils of metal was removed 
from each sid((of the specimens, 

(3) The specimen was loaded into thepermeati.on apparatus. 

(4) The collection cell was filled with hydrogen-saturated dibutyl ,phthalate. 

(5) A bubble was introduced into the. calibrated capillary tube. 
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r--- Platinum wire electrode 

Charging cell 

C~::t~~-Elastomer 
"0" ring~ 

To calib'::f:a;;ted:<:b~~~~~~~~~~~:#;--l1i-----LfJ:r-
capillary tube 

Stopcoc~to 
introduce 
bubble 

Stopcock to introduce 
dibutyl phthalate 

FIGURE 23, HYDROGEN-PERMEATION APPARATUS 

When electrolytic cleaning processes are 
used1~xternal circuit is attached, 
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(6) The selected process solution was then placed in the charging cell. 
If the process involved an external current, the electrical circuit 
was attached before the electrolyte was placed in the cell. The addi
tion of the electrolyte closed the circuit. 

(7) Readings of bubble displacement were taken at predetermined time 
intervals, usually 10 or 20 minutes. 

(8) The bubble displacements were used to calculate the volume of 
hydrogen pe:rlneating the specimen as a function of time; readings 
of teIllperature and atmospheric pressure were used to correct the 
observed volumes to standard conditions (STP), that is 0 C and 
760 m.rn of mercury. 

(9) From the standard volurnes, the times, and exposed area of the 
specimen, the permeation rates were deterIllined. 

Some of the selected cleaning processes were operated at elevated temperatures. 
Therefore, a chamber, equipped with electrical-resistance strip heaters, was con
structed to enclose the hydrogen-permeation apparatus. The power input to the resis
tance heaters was controlled with a Foxboro controller, and the temperature at loca
tions within the chamber was monitored by thermocouples attached to a multipoint 
recorder. During preliminary experim.ents to check the temperature within the cham.
bel', it was found that temperatures to 200 F could be attained easily and that the 
tem.perature variation within the cham.ber was :3 F. 

Results and Discussion 

The results of the sustained-load experim.ents to evaluate the hydrogen-embrittling 
tendencies of the selected cleaning processes employing specimens of the selected 
steels loaded after exposure 'to the processes are listed in Table 21. The hydrogen 
analyses of similarly processed specimens are listed in Table 22. 

Three of the four selected low-hydrogen embrittling cleaning or pickling processes 
did not induce significant embrittlement (as m.easu!.'ed by the sustained-load test) in the 
three ultrahigh-strength steels used to evaluate these processes. Als01 the other 
proces s (inhibited HCl pickle) did not induce em.brittlem,ent in the AlSI Type H-ll steel 
0,1' the 18Ni (250) mar aging steel, but did cause delayed failure in one specimen of 
AISI4340 steel. In addition, except for two specimens, the average hydrogen contents 
of the steels after exposure to the selected cleaning processes were within the range 
of, or lower than, the average hydrogen contents of specimens that had not been exposed 
to any cleaning proces ses (as -heat-treated specimens). 

Only one specimen of AISI Type H-1l tool steel failed after exposure to the various 
cleaning proc'esses. Since that specimen had been anodic-alkaline cleaned, no hydrogen 
should have been presented to its surface during the cleaning operation. Hnwever, it 
may not have been rinsed quickly or thoroughly enough after removal from the cleaning 
bath and, as a result, it may have picked up hydrogen from a reaction caused by the 
cleaning solution that rem.ained on its surface. Alternatively, since the specimen faileti 
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TABLE 21. RESULTS OF SUSTAINED-LOAD EXPERIMENTS TO EVALUATE 
THE HYDROGEN-EMBRITTLING TENDENCIES OF SELECTED 
CLEANING OR PICKLING PROCESSES 

Sample Cleaning Treatment 
Applied Stress, 
percent NTs(a) 

Tinle for 
Failure, 

hI' 

AISI Type H- 11 Tool Steel, NTS = 338, 000 psi 

A- 59 Anodic alkaline cleaned, 3 min (b) 
A-61 Anodic alkaline cleaned,. 3 min 90 >li6(c) 

A-68 Anodic acid cleaned, 1 min 90 >121(C} 

A-69 Anodic add cleaned, lInin 90 >121(c) 
A-6J Soak alkaline cleaned, 5 min 90 >138(c) 
A-62 Soak alkaline cleaned, 5 rnin 90 >138(c) 
A-67 Pick\ed in HCl, 1 min 90 >118(c) 
A-70 Pickled in HCl, 1 min 90 >118(c) 
A-63 Pickled in inhibited HC1, 1 min 90 >145(c) 

A-64 Pickled in inhibited HC1, 1 min 90 >145(c) 

AIS! 4340 Steelz NTS = 314,000 psi 

C-56 Anodic alkaline cleaned, 3 min 90 >116(c) 
C..,57 Anodic alkaline cleaned, 3 min 90 >116(C) 

C-65 Anodic acid cleaned, 1 min 90 >121(C) 

C-66 Anodic acid cleaned, 1 min 90 >121(c) 

C-29 Soak alkaline cleaned, 5 min 90 >138(C) 

C-58 Soak alkaline cleaned, 5 min 90 >138(c) 

C-63 Pickled in Hel, 1 min 90 <21 (d) 

C-64 Pickled in HCl, 1 min 90 98. l(e) 

C-67. Pickled in HC1, 1 min 90 12. 7(e) 

C-68 Pickled in HC1, 1 min 90 >143(c) 

G-59 Pickled in inhibited HC1, 1 min 90 >145(c) 

G-60 Pickled in inhibited HG1, 1 min 90 76.3 

18Ni (250) ,Mara~in~ Steelz NTS == 4072000 psi 

1- 58 Anodic alkaline cleaned, 3 min 
1- 59 Anodic alkaline cleaned, 3 min 
1-68 Anodic acid cleaned, 1 min 
1-69 Anodic acid cleaned, 1 min 
I .. 61 Soak alkaline cleaned, 5 min 
1-62 Soak alkaline cleaned, 5 min 
1-70 Pickled in Hel, 1 min 
1-71 Pickled in HG1, 'I min 
1-63 Pickled in inhibited HG1, 1 min 
I·· 64 Pickled in inhibited HGl, 1 mi.n 

" 
(a) NTS = notched-bar tensile strength. ':'\ 
(b) Specimen failed during loadillg at apP.liedstres3 indl.cated. 
(c) Run· out time was 100 hours; specimen did not fail. 

90 
90 
90 
90 
90 
90 
90 
90 
90 
90 

(d) Switch malfunction caused timer to continue running after specimel1 fniled. !', 
(e) SpeCimen failed at button end. not at the notch. 

>116(c) 
>116(c) 
>121(C) 
>121(c) 
>138(c) 
>138(c) 
>118(c) 
>118(c) 
>145(C) 
>145(c) 
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TABLE 22. AVERAGE HYDROGEN CONTENTS OF SPECIMENS OF THE 
STEELS EXPOSED TO THE SELECTED CLEANING OR 
PICKLING PROCESSES 

Sample 

Ah-30 
Ah-39 
Ah-36 
Ah-4l 
Ah-37 
Ah-40 
Ah-38 

Ch-29 
Ch-38 
Ch-35 
Ch-40 
Ch-36 
Ch-39 
Ch-37 

Th-27 
fu-41 
Ih-3B 
Ih-43 
Ih-39 
Ih-42 
Th-40 

Cleaning Treatment 

AISI Type H-ll Tool Steel 

As heat treated 
As heat treated 
Anodic alkaline cleaned, 3 min 
Anodic acid cleaned, 1 min 
Soak alkaline cleaned, 5 min 
Pickled in HCl, 1 min 
Pickled in inhibited HCl, 1 min 

AISI 4340 Steel 

As heat treated 
As heat treated 
Anodic alkaline cleaned, 3 min 
Anodic acid cleaned, 1 min 
Soak alkaline cleaned, 5 min 
Pickled in HCl, 1 min 
Pickled in inhibited HCl, 1 min 

IBNi (250) Maraging Steel 

As heat treated 
As heat treated 
Anodic alkaline cleaned, 3 min 
Anodic acid cleaned, 1 min 
Soak alkaline cleaned, 5 min 
Pickled in HCI, 1 min 
Pickled in inhibited HCI, 1 min 

Average Hydrogen 
Content, ppm(a) 

0.5:1:0.1 
0.09:1: 0.05 
O. 4 :I: O. 1 
0.05 :I: 0.05 
O. 10 :I: 0.05 
O. 21 :I: O. 05 
0.07:i: 0.05 

1. 2 :l: O. 1 
0.74:i: 0.05 
0.6:0.1 
O. 77 :i: 0, 05 
O. 8 :i: O. 05 
0.71 :I: 0.05 
1. 6 :i: O. 05 

O. 2 :I: O. 1 
0, 23 :i: O. 05 
0.5:i:0.l 
0.19 :i: 0.05 
0.10 :i: 0.05 
O. 08 :i: 0.05 
0.09 ± 0.05 

(a) Ppm = parts per million by weight: precision of analysis varied \~ith sample weight. 
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on loading, the failure nl'lay have been caused by higher than measured stresses caused 
by misalignment in the loading cell. A duplicate specimen did not fail in the 100-hour 
l'unout time. In any event, the failure of that one specimen cannot be directly attributed 
to the hydrogen-stress -cracking mechanism. 

The only other specimen that failed after exposure to the selected low-hydrogen
embrittling processes was a specimen of AISI 4340 steel, which failed after 76 hours 
under stress after having been pickled in the inhibited-Hel pickling bath. Three of four 
comparison specimens of this same steel also failed after being pickled in a similar 
HCl solution that did not contain an inhibitor (not considered to be a low-hydrogen
embrittling process). However, two of these specimens failed at the button end rather 
than at the notch. Such behavior suggests that factors other than hydrogen picked up 
during pickling influenced the behavior and, therefore, these results cannot be con
sidered valid for indicating hydrogen-stres s -cracking behavior. 

Comparison of the results of the experiments employing specimens of the three 
steels pickled in the HCI solution with and without an inhibitor allow no conclusion as 
to any beneficial effect of the inhibitor for reducing hydrogen embrittlelnent. In addi
tion' the hydrogen analyses of specimens pickled in the HCI solutions with and without 
the inhibitor showed no conclusive effect of the inhibitor for reducing hydrogell pickup 
during pickling. 

The results of the sustained-load experiments that employed prestressed speci
mens of the three steels exposed to the selected cleaning processes are listed in 
Table 23. Delayed failures under these sev.ere exposure conditions occurred in pre
stressed specimens of AISI 4340 steel and AJ,SI Type H-ll tool steel exposed to the 
inhibited HCl solution. In addition, the prestressed specimens of AISI 4340 steel 
exposed to the anodic acid-cleaning solution and the anodic alkaline-cleaning solution 
failed in relative short times. 

The failure of the prestres sed specimens of AISI H-11 tool steel and AISI 4340 
stt'lel exposed to the inhibited HCI solution can be attributed to hydrogen-stress crack
ing, but the failure of the AISI 4340 specimens under anodic cleaning conditions cannot 
be attributed directly to hydrogen embrittlement. However, similar results were 
obtained by Hanna and Steigerwald(22) using precracked center-notched specimens of 
300 M steel (220, OOO-psi strength level) loaded to an applied stress of 107,000 psi and 
exposed to distilled water under an anodic potential. They attributed the failures to 
the breakdown of anodic passivity of the steel by stray ions, so that hydrogen could 
still react with the steel surface and cause etnbrittlernent despite the presence of the 
applied anodic potential. 

The prestressed specimens of AISI Type H-ll steel exposed to the anodic acid
cleaning process were thinned to a final notch diameter of O. 195 inch (initia.;~ notch 
diameter was 0.226 inch) by the envil'onmenti however, they did not fail during 10 
hours' exposure. Both specimens did fail during unloading. 

During exposure to the anodic alkaline-cleaning process and the nonetectrolytic 
soak-type alkaline cleaner, both of which were operated at about 180 F, the indicated 
strain dropped to a value corresponding to an applied stress between 75 and 78 percent 
of th-a specimens I respective notched-bar tensile strength (measured at roorll tempera
ture). This stress relaxation resulted from the expansion of the specimen at the 
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TABLE 23. 

Sample 

A-79 
A-81 
A-75 
A-78 
A-74 
A-65 
A-66 

C-74 
C-75 
C-72 
C-73 
C-69 
C-61 
C-62 

1-75 
1-72 
1-73 
1-65 
1-67 . . -

90 

RESULTS OF SUSTAINED-LOAD EXPERIMENTS TO EVALUATE 
THE HYDROGEN-EMBRITTLING TENDENCIES OF THE 
SELECTED CLEANING PROCESSES EMPLOYING PRESTRESSED 
SPECIMENS OF THE SELECTED ALLOYS 

Environment 

AISI Type H-ll Tool Steel, 

Anodic alkaline cleaner 
Anodic alkaline cleaner 
Anodic acid cleaner 
Anodic acid cleaner 
Soak alkaline cleaner 
Inhibited Hel 
Inhibited HCl 

Applied Stress, 
percent NTs(a) 

NTS = 338, 000 psi 

90(b) 
90(b) 

90 
90 
90(b) 

90 
75 

AISI 4340 Steel, NTS = 314,000 psi 

Anodic alkaline cleane r 
Anodic alkaline cleaner 
Anodic acid c1eaner 
Anodic acid clE-'aner 
Soak alkaline cleaner 
Inhibited HCI 
Inhibited Hel 

18Ni (250) Maragin[ Steel, 

AnQdic alkaline cleaner 
Anodic acid cleaner 
Soak alkaline cleaner 
Inhibited HCI 
Inhibited Hel 

90 
90 
90 
90 
90(b) 

90 
75 

NTS = 40'7, 000 psi 

90(b) 

90 
90(b) 

90 
90 

Time for 
Failure 

>11 hr(c) 
>20 hr(c) 
>10 hr{C) 
>10 lu(C) 

>9 hr(C} 
37 s~e 

185 Gee 

0.2 hr 
37 sec 

105 sec 
119 sec 
>18. 5 hr(e) 

5 sec 
5 sec 

>15 hr(c) 
>8 hr{c) 

>16 hr(C) 
>20 hr(c) 
>25 hr-~c) 

(a) NTS = notched-bar tensile strength., 
(b) Applied stress dropped to between approximately '15 and '78 percent of the NTS during experiment because of in

creased temperature of cleaning solution. 
(c) Runout time was 8 hours; specimen did not faH. 
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elevatad temperature, the specimens having been loaded to applied str~sses of 90 per
cent of their respective notched-bar tensile strengths at room temperature. No attempt 
was made to' raise the stress back up to 90 percent or the notched-bar tensile .strengths 
o£ the steels during these experimefits. 

Initia.l experiments to determine the hydrogen-permeation rate through thin mem
branes of the th'ree steels were conducted using cathod.ic charging Condition A (4 percent 
by weight H2S04 solution plus cathodic poison; current density 8 ma/in.2.). This charg
ing condition was shown in the previous wOl'k to intl'oduce hydrogen into the steels. No 
lneasurable amount of hydrogen permea.ted the nlcrnbranes of AISI Type H-ll too}, steel 
and 18Ni (2.50) maraging steel in reasonable times. Therefore, the e££ort was con
centrated on d~t~rmining the hydrogen-permeation rate through AISI 4340 steel. 

Using tha prc,H;':edurea described earlier, permeation rates of 1.75 x 10-6 and 
0.97 x 10-6 em3em-Z~ sec-1 were determined for two speciInens of AlSI 4340 steel.. 
ALthough these results show conside1;able scatter, they do provide values for comparison 
pUrpotHHt. 

Many :factors can influence the results of permeation experim.ents. For example, 
small differences in sutface condition at the entry and exit sUl~faces can influence the 
results, sometimes markedly when surface reactions rather than diffusion through the 
bulk solid are rate controlling. Also, part of the hydrogen that enters a specimen may 
become trapped. at defects in the structure and, thus, will not permeate the specimen. 
It was obs(n~v~d thatta!ter cathodic charging, both specimens of AISI 4340 steel con
tained bHatarn caused by high concentrations of molecular hydrogen at local areas. 
This means that considera.ble atomic hydrogen which entered the specimens did not 
pl)rmcate tlll"ough theni: butl rather, diffused to the blisters where it was transformed 
to molecular hydrogen and was trapped. 

Perrne:n.tiOi'i e~p(!;r-im~nts: were t..~e:n conducted using thin mambranes. of AISI 4340 
steel exposed on one side to the selected cleaning or pickling solutions under conveI"J.
t:io.nal operating conditions. The experiments which employed the anodic alkallne- and 
90ak ... type a.lkaline-cleaning process were perfonned in the specially constructed 
chamber at a temperature of 180 F. The results of the permeation experiments aJ:'e 
lis ted in Table 24. 

None of the s&lected cleaning processes caused a measurable quantity of hydrogen 
to permeate the specimens; of AISI 4340 steel in 6 hours of exposure. The experiment 
using the anodic acid-cleaning solution (2.5 percent by weight H2S04; current density 
ZOO as£) had to be terminated after 1 hour because the high current required to achieve 
the specified c;urrent density for this process caused the small volume of solution in 
the; charging cell to heat until it boiled. This heating caused the anodic cleaning reac
tion to become uncontrolled, and, as a result, the specim.en was thinned until it was 
()nly 0.007 inch thick when removed from the apparatus" 

Of the three other cleaning processes evaluated, only the inhibited Hel solution 
affected the iappearance of the specimens. After 6 hours of pickling, the. specimen 
surfa1ce was heavily etched, some pitting had occurred, and a black smut had formed, 
on the sur£att:e. No evidence of blil3ters was found in any of tl'J;e specimens after 
4exposure. 
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Sample 
Thickness, 

Saznple in. 

C-l{a) 0.041 

C-Z(a) 0.044 

C-3 0.046 

C-4 0.043 

C-5 0.045 

C-6 0.040 

e 

Charging Condition 
, F· 

Condition A 

Condition. A 

Anodic alkaline cleaner 

Soak-type alkaline cleaner 

• 
Inhibited HCl solution 

Anodic acid cleane~ 
itt : 

z 

o· 
,db) 

Cal Control specimen cathod~calll charged under Condition A (4 percent h} weight It-,.!W4 III i,li,nn~\I' w~~u 4: rjtl'itl!1~e ~m@e 
current densit;{8 malin. ~}. , 

(b) Experiment had to be termin~ted after 1 hCXI! bec,a.~ the; etnrent now caused t.he' ~b.moo (~3~t ilMU ~ ~n~ tWtlf. 
ee), fxperiment was not villa" 
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In summary, three of the four selected low-hydrogen-embrittling cleaning 
pcroCetH~es as conventionally used did not induce significant hydrogen embrittle,r 
gny Qf the three steels used in the evaluation. Although the other process (inr 
HCI pickle) did not induceembrittlement in the AlSI H-l1 tool steel or 18Ni (4 
fi"H\raging steel, it did cause delayed failure of one specimen of AISI 4340 steel. 

\ 

era-UYI the hydrogen contents of the steels after exposure to the selected cleaning 
procesfHHi were within 01" below the range of hydrogen contents exhibited by as -hraat
tl'eated'specimens (not cleaned), In addition, no detectable hydrogen permeation was 
Qb~erved through AISI 4340 steel exposed on one surface to the varj...oJls cleaning solu
tions for 6 hours. The only clearcut evidence of hydrogen embrittleu'i..ont resutted from 
exp0t;!ure of prestressed specimens of A1SI Type H-ll tool steel and AlSI 4340 steel to 
the inhibited -Hel pickling solution while under sustained load. 

Conclusions 

(l) Conventional processing in an anodic alkaline cleaner, a nonelectrolytic soak
type alkaline cleaner, and an anodic acid cleaner did not cause delayed failures in 
3peeimens of AlSI Type H-ll tool steel, AISI4340 steel, or 18Ni (250) maraging steel. 
HQwevel', conventional processing in an inhibited-HCl pickling ba.th caused delayed 
t"ilure in AlSI 4340 steel sp,~cimens but not in specimens of the other two steels. 

(2) The selected cleaning processes when used in the cO.nventional manner did not 
i"ntroduc, Significant amounts of hydrogen into specimens of the three steels, except 
for the AIS14340 specimen. pickled in the inhibited-Hel solution. 

(3~ In long-time exposure (up to 25 hours) of prestressed specimens to the various 
cleanersJI the nonelectrolytic soak-type alkaline-cleaning process did not cause delayed 
failures in a.ny of the three steels. The anodic acid cleaner and anodic alkaline cleaner 
~",uled delayed failures of only the prestressed AISI 4340 steel specirnens, while the 
inhibited-acid pickling bath caused failures of the prestres~ed AISI 4340 and AISI Type 
R ... U steel specim~ns but not the lSNi (250) maraging steel specimens. 

(4) .. None of the cleaning or pickling processes caused hydrogen to permeate thin 
membrariEHI of AIS143~0 steel exposed on one side to the process solutions for 6 hours. 
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PHASE 4. EVALUATION OF THE EFFECTIVENESS OF SELECTED 
INHmiTORS FORMINIMIZING HYDROGEN-STRESS-CRACKING 
-FAILURES IN HIGH-STRENGTH STEELS AS A RESULT OF 

HYDROGEN ABSORBED DURING ACID PICKLING 

Introc;tuction 

One of the objectives of the research program conducted during the third term of 
this contract was to evaluate the effectiveness of 25 inhibitors for minimizing hydrogen
stress -cracking failures in high-strength steels as a result of hydrogen absorbed during 
acid pickling. The steels that were specified to be used in these evaluations were 
AISI 4340 steel~ AlSI Type H-il tool steel, and 18Ni (250) mar aging steel, all heat 
treated to the 260,000 -psi ultimate tensile -stre;:ngth level. 

New lots of the three steels were ordered for the evaluations because insufficient 
amounts of the lots of these steels used in the evaluations i,n Phases 1, 2 and 3 
remained. After checking the chemical composition of these new lots of the steels, 
notched tensile specimens and h:~drogen analysis specimens of each were prepared 

.,,-using the procedures described on pages 39 and 40. The heat treatments used were 
.;/ those th:a.t were established during Phase 1 (page 23) for the rellpective steels. The 

resulting mechanical properties of the three steels were similar to those obtained with 
the initial lots. However, during preliminary expeTin1.ents condillcted to est9:~Hsh the 
pickling procedures to be used for the evaluations of the selected inhib'i;to!'a, it was 
determined that none of th~se steels was susceptible to hydrogen;-stre8~\ cracking at 
applied stresses equivalent to 90 percent of their respectb.re notch-bar tensile st:t:engths 
after pickling in uninhibited 2N HCI or 2N H2S04 solutions at 140 F for 30 minutes. By 
compariso:il, specimens from the initial lot of AISl 4340 steel failed readily when p~.ckled 
under these conditions. Consequently, the evaiuatiot •. l] of the effectiveness of the 
selected inhibitors for minimizing hydrogen-stress -cracking failures as a result of 
hydrogen absorbed during acid pickling could not be made using the new lots of steels. 

Although the observed difference in the susceptibility of the two lots of AISl 4340 
steel to hydrogen-stress cracking as the result of acid pickling was a significant finding, 
the scope of this contract did not allow further evaluations to determine the rease/ne for 
this behavior. Since not enough of the initial lot of AISI 4340 steel remained to allow 
evaluation of the inhibitors, alternative approaches were conside.red. 

In Phase 1 of this progr~lm, AISl 4130 fiteel at the 180, 000 -psi strength level was 
8hown to be nearly as susceptible to hydrogen-stress cracking as was AISI4340 steel at 
the 260, OOO-psi strength level. Consequently, it was proPQCled that this material be 
used in the evaluations of the selected inhibitors. Preliminary experiments employing 
notched specimens of the st~el were conducted to determine whether AISI 4130 steel 
heat treated to the 200,000- to 220, OOO-psi strength level (NTS =293,000 psi) was sus
ceptible to hydrogen-stress cracking after pickling in 2N HCI or 2N H2S04 solutions at 
140 F for 30 minutes. These experiments indicat~d that the steel was susceptible to 
hydrogen-stress cracking after such treatments. "Consequently, this steel was selected 
to be used to evaluate the inhibitors. '" 

\'-
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Sample Preparation 

One hundred and thirty-five bars, 1/2 x 1/2 x 6 inches, were cut from the plate of 
AISI 4130 steel, with the long dimension parallel to the primary rolling direction. 
These saInples were then rough machined into tensile-specimen blanks which subse
quently were heat treated using the following procedure: 

(a) Austenitize at 1550 F for 30 minutes 
(b) Oil quench 
(c) Temper at 750 F for 1 hour. 

Two of these blanks were then machined into smooth (unnotched) speci.mens according 
to the dimensions shown in Figure 24. These specimens were pulled to failure in a 
tensile-testing machine at a platen speed of 0.02 inch per minute. The tensile proper
ties of these specimens are listed in Table ZS. 

3" ,..-----------54 min -----------.... 

0.333" ±0.OO30 0.250" ± 0.003 0 
O 030" +0.000 R . -0.010 

I" 
'! 

FIGURE 24. DETAILS OF THE SPECIMEN USED TO VERIFY THE TENSILE 
PROPERTIES OF THE HEAT-TREATED SPECIMENS 

The remaining 133 heat~treated blanks were machined into notched tensile speci
mens according to the dimensions shown in Figure 8. The notch diameters and notch
root radii of these specimens were checked using a shadow comparator at sex. Those 
specimens in which the notch diameter or notch-root radius was outside the tolerances 
were ground into smooth bars, 0.320 inch in diameter, which were subsequently sec
tioned into 7/ 8-inch-long coupons to be used as ~pecimens for hydrogen analyses. 

The avel'age notched-bar tensile strength of the heat-treated AISI 4130 steel 
specimens was determined by pulling three .specimens to failure in a tensile -test 
machine itt a platen speed of 0.05 inch per minute. The results of these tests are listed 
in Table 26. Theave\rage tensile st~~ength of these notched specimens waD 292, ZOO psi, 
a value that compares favorably with the value of 293, 000 psi determined for the speci
men used in the preliminary evaluation of the susceptibility of this lat"· of steel to 
hydrogen-stress cracl<.ing after acid pickling. 
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BB-4 

BB-5 
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"L ;:.., 
Sample 

BB-3 

BB-93 

BB-99 
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TABLE 25. TENSILE PROPERTIES OF SMOOTH (UNNOTCHED) 
SPECIMENS OF HEAT-TREATED AISI 4130 STEEL 

Ultimate Yield Strength Elongation 
M 

Tensile Strength, (0.2 Percent Offset), in 2 Inches, 
psi. psi percent 

209,490 190,960 

211,810 191,160 

TABLE 26. TENSILE STRENGTH OF NOTCHED SPECIMENS OF 
HE~-TREATED AISI 4130 STEEL 

7 

7.5 

Notched-Bar Tensile St'rength, 

294,6;0 

289,700 

292,200 

Average 292,200 
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Experimental Procedures. 

An experiment was performed to make certain that the notched specimens of this 
Inaterial were not susceptible to delayed failure in the as -heat-treated condition, that 
is, prior to any pickling treatments. Two of the notched tensile specimens were placed 
in the sustained-load apparatus and loaded to produce applied tensile stresses equal to 
90 percent of their average notched-bar tensile strengths. These specimens remained 
under this applied stress for over 523 hours without failing. Thus, this experiment 
indicated that, prior to exposure to the acid solutions, the samples were not susceptible 
to delayed failure under the loading conditions established for these evaluations, 

The average hydrogen content of the untreated specimens was determined, using 
six specimens. The range of hydrogen contents for the individual samples was from 
0.20 to 0.59 ppm, with the average being 0,37 ppm. 

Sevel.'~~l experiments were conducted to determine the effect of immersion time 
and bath temperature on the hydrogen content, corrosion rate, and susceptibility to 
hydrogen-stress cracking of specimens pickled in uninhibited 2N HCl or 2N H2S04 solu
tions, The immersion times were 5, 15, and 30 minutes and the bath temperatures 
were 100 and 140 F, The results of these experiments are summarized in Tables 27 
and 28. 

The sustained-load experiments (Table 27) showed that the specimens pickled in 
ZN H2S04 were more susceptible to failure than were those pickled in HCl for corre
sponding times and temperatures when loaded to applied stresses equal to 90 percent of 
the average notched-bar tensile strength of untreated specimens. However, there 
appeared to be little correlation between hydrogen absorbed and susceptibility to failure 
for the various treatments evaluated. There was a significant increase in corrosion 
(weight loss) for both acids with increasing immersion time at 140 F; for times of 5 and 
15 minutes, the weight loss for specimens pickled in ZN HZS04 was 20 times that for 
specimens pickled in 2N HCI, and, for 30 minutes' immersion, the weight loss for 
2N H2S04 was nearly 40 times greater. 

It was decided to use the treatment of 30 minutes' immersion in the ZN acid 
solutions at 140 F to evaluate the effectiveness of the selected inhibitors for minimizing 
hydrogen-stress cracking as a result of hydrogen absorbed during acid pickling. 

The twenty-five inhibitors evaluated during this phase of the research progr~.m 
were selected by mutual agreement betw~en the contracting officer's technical repre
sentative and Battelle personnel, based on the information contained in the report on 
the third literature and industrial survey, (9 ) Except for some of the proprietary 
inhibitors for which the composition was not given, the inhibitors evaluated repre
sented the following groups, of organic chemicals: 

1. Nonheterocyclic compounds of nitrogen 
n-podecylamine 
Ethomeen® C/1Z. 

----~----.~---------------------®Reghtercd trademark, Armour Industrial Chemicals -Co. 
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TABLE 27. RESULTS OF SUSTAINED-LOAD EXPERIMENTS EMPLOYING NOTCHED 
TENSILE SPECIMENS OF AISI 4130 STEEL PICKLED IN 
UNINHIBITED 2N Rci OR 2N H2S04 SOLUTIONS 

Applied Time for 
Stress, Failure, 

Sample Treatment percent NTS hours 

= 

- ... ---
BB-2 As heat treated 90 >523 (b) 
BB-28 As heat treated 90 >523 (b) 

BB-8 2N HCl at 100 F for 5 min 90 >384(b) 
BB-6 2N HCI at 100 F for 15 min 90 4.6 
BB-IO 2N HC1 at 140 F for 5 min 90 3.1 
BB-12 2N HCl at 140 F for 15 min 90 4.4 
BB-l 2N HCl at 140 F for 30 min 90 9.4 

,,~ 

BB-9 2N H2S04 at 100 F for 5 min 90 <0.05 
BB-7 2N H2S04 at 100 F for 15 min 90 0.7 
BB-1.1 2N H2S04 at 140 F for 5 min 90 0.4 
BB-13 2N H2S04 at 140 F for 15 min 90 <0.05 
BB-5 2N H2S04 at 140 'it for 30 min 90 0.5 

NTS • notched-bar tensile strength; NTS of as-heat-treated specimens • 
292,000 'psi. 

Specimen did not fail in time indicated. 
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tABLE 28. AVERAGE HYDROGEN CONTENTS OF SPECIMENS OF 
AISI 4130 STEEL AFTER VARIOUS PICKLING 
TREATMENTS IN UNINHIBITED 2N HCl OR 
2N H2S04 SOLUTIONS 

Average 
Hydrogen 
Content, 

Sample Treatment ppm 

BB-l As heat treated 0.4 
BB-2 As heat treated 0.2 
BB-3 As heat treated 0.4 
Im-14 As heat treated 0.59 
BB-21 As heat treated 0.4 
BB-28 As heat treated 0.22 

BB-12 2N HCl at 100 F for 5 min 0.68 
BB-4 2N Hel at 100 F for 15 min 0.65 
BB-IO 2N HCI at 140 F for 5 min 0.50 
BB-8 2N HCl at 140 F for 15 min 0.56 
BB-20 2N HCl at 140 F for 15 min <0.05 
BB-6 2N HCl at 140 F for 30 min 0.72 
BB-24 2N ReI at 140 F for 30 min 0.48 

BBM13 2N H2S04 at 100 F for 5 min 0.65 
BB-5 2N H2S04 at 100 F for 15 min 0.53 
BB-11 2N H2S04 at 140 F for 5 min 0.49 
BB-9 2N H2S04 at 140 F for 15 min 0.72 
BB-23 2N H2SO4 at 140 F for 15 min 1.0 
BB-7 2N H2SO4 at 140 F for 30 min 0.64 
BB-25 2N H2SO4 at 140 F for 30 min 0.75 

(a) Ppm..: parts per million by weight; precision of 
analysis ::f:0.1 ppm. 

a~TTI!L.LE MEMORI~L. INSTITUTE - COLUMBUS L~BOfotATORU!S 



, . [ 

[ , 

t 
t ,j< 

~, 

U . " 
~ ., 
L, 
~ . ~ 

, ' E ~' ::j 

. [ . , 
I, 

I • j ." , " 

, , }, 

( 
I. 

f 
1 't, 

I , , : .. 

. 

I :: 'i 
r I : ;1 

? 

I f 
I. 

t'; I ~ -I. 

'iII.< 

101 

2. Heterocyclic compounds of nitrogen 
Pyrrole 
I-Methylpyrrole 
Indole 
l-Ethylquinolinium iodide 
Hexamethyleneteta~ine 

3. Acetylenic derivatives (do not contain nitrogen) 

(a) Acetylenic alcohols 
Propargyl alcohol 
1-Pentyn-3 -01 
Hexynol 
Methyl pentynol 
Methyl butynol 
Ethynyl cyclohexanol 
Ethyl o'ctynol 

(b) Acetylenic diols 
Butynediol 

(c) Proprietary acetylenic compounds 
OW-1 
OW-2 
AP-6 

The procedures used to prepare the samples for the evaluations were as follows:. 

(1) Specimens degreased in acetone. 

(2J Specimens for hydrogen analyses measured and weighed; the speci
mens were handled with tweezers and kept in individual vials. 

(3) Samples. immersed individually in tubes containing 250 ml of acid 
solutions containing the selected inhibitors at 140 F for 3'0 minutes; 
the tubes containing the acid solutions were immersed in a constant 
temperature bath for temperature control . 

(4) Samples rinsed in running water and dried in an air blast. 

The specimens for hydrogen analyses were then stored in liquid nitrogen until they 
were analyzed. The specimens generally were analyzed within 1 hour after the picklipg 
treatment. 'rhe notched tensile specimens were loaded to 90 percent of the average 
notched-bar tensile strengt~ of untreated specimens within 5 minutes after the pickling 
treatment. 

W'hen information was available 1 the manufacturer's recommendations were used 
for the inhibitor concentration; otherwise 1 the inhibitor concentration used was O. 1 
percent by weight • 
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Re suUs and Dis cus s ion 

The results of the sustained-load experiments are listed in Table 29. The averag~ 
hydrogen-absorption-inhibition percentages for a number of the inhibited solutions are 
listed in Table 30, and the corrosion-inhibition properties are listed in Table 31, 

The criterion used to determine the effectiveness of the selected inhibitors was 
that none of the specimens fail after being pickled in the 2N HCI or 2N H2S04 solutions 
containing the inhibitor being evaluated. Using this criterion, the results of the 
sustained-load experiments indicated that the following inhibitors were effective for 
eliminating delayed failures of AISI 4130 steel after pickling in one or both of the 2,N 
acid solutions: 

Effective in Both 
2N Hel and 2N H2S04 

IFE-2Z4 

Ethynyl cyclohexanol 

Hexynol 

Ethyl octynol 

OW-2 

Armohib® 28 

817-P 

I-Pentyn-3 -01 

Effective in 
2N HCl only 

Methyl pentynol 

AP-6 

Butynediol 

Propargyl alcohol 

l-Methylpyrrole 

Effec.tive in 
2N H2S04 only 

OW-l 

Thus, 13 inhibitors eliminated delayed failures in the AI81 4130 steel specimens after 
pickling in the 2N Hel solution, while nine of the inhibitors eliminated failures after 
pickling in the 2N H2S04 solutions, Eleven of the inhibitors were not effective in either 
of the acid solutions. 

Of the 13 inhibitors shown to be effective for eliminating delayed failures of the 
. steel after pickling in one or both of the acid solutions, nine were acetylenic compounds, 

one (l-methylpyrrole) was a heterocyclic compound of nitr1ogen, and three (IFE -224, 
817-P, and Armohib® Z8) were proprietary compounds whose ehcmical compositions 
wel'e not known. The acetylenic compounds, both acetylenic alcohols and acetylenic 
diols, have been reported to be effective for minimizing hydrogen absorption and cor
rosion in mild steels pickled in similar acid solutions at 100 F. (23, 24) Also, the three 
effective proprietary compounds were reported by their manufacturers as being 
effective for reducing hydrogen embrittlement. , 

The results of the corrosion-inhibition experiments showed that the ZN HZS04 
solution was much more aggressive than was the 2N Hel solution; the weight loss of 
specimens pickled for 30 minutes in the ZN HZS04 solution at 140 F was 35 times that 
for the spechnens pickled in the 2N HCl solution with the same exposure condition. 
All of the inhibitors evaluated, except Surfy-nol® TG in 2N Hel reduced the corrosion 
of AISI 4130 steel in the 2N acid solutions; and1 generally, the percentage reduction 
was greater for the more aggressive 2N H2S04 solution than for the 2N Hel solution~ 

J 

BATTtn.lE M.,,,"ORIAl INST$TUTE ... COL.UMBUS L.ABORATORIES 



r ' ' , , 

1) " ~ 
'( 

f~ 
103 

RESULTS OF SUSTAINED-LOAD EXPERIMENTS EMPLOYING TABLE 29. 

r NOTCHED TENSILE SPECIMENS OF AISI 4130 STEEL 
,i PICKLED IN 2N Hel or 2N H2S04 SOLUTIONS CONTAINING 

THE SELECTED INHIBITORS AT 140 F FOR 30 MINUTES 

f 
----.. 

Applied 
Stres s, Time for 

~" 

i Concentration percent Failure, 
1,\ 
;J Satnple Acid Inhibitor of Inhibitor '- NTs(a) hours -, 

BB-1 2N HCI None 90 9'.4 
BB-37 2N HCI None 90 3. 1 
BB-5 2N H2SO4 None 90 0.5 

fr~ BB-38 2N H2SO4 None 90 . 1.2 41 , 
>184~(b) ; BB-15 ZN HCl IFE-224 0.95% by weight 90 ~ , '-' 

>164b(b) BB-71 2N He! IFE-224 O. 950/0 by weight 90 
nt"_n 

BB-16 2N H2SO4 IFE-Z24 0.95% by weight 90 > 184(b) 

S' BB-72 2N HZS04 IFE-224 0.950/0 by weight 90 >16~l(b) 
BB-Z2 ZN HCI Ethynyl cyc1ohexano1 0.05 M 90 >11;~(b) 

[ BB-73 ZN HCl Ethyny1 cyclohexanol 0,05 M 90 >16.3 (b) 
:J BB-Z3 ZN HZS04 Ethynyl cyclohexanol 0,05 M 90 >11Z(b) 

BB-74 ZN HZS04 Ethyny\ cyclohexano1 0,05 M 90 >163(b) r BB-Z4 ZN Hel Hexyno1 0.05 M 90 >171 (b) 
Ii' BB-75 ZN Hel Hexynol 0.05 M 90 >16Z (b) 

[ 
BB-25 ZN HZS04 Hexynol 0,05 M 90 >171(b) 

! BB-76 ZN HZS04 Hexynol 0.05 M 90 >16Z(b) 

" BB-26 ZN HCl Methyl pentynol 0.05 M 90 >169(b) 
;;,.' 

. ,7~; 

E 
BB-77 ZN HCl Methyl pentynol 0.05 M 90 >10S(b) 

" ' BB-30 ZN HZS04 Methyl pentynol 0.05 M 90 >169(b) 
BB-78 ZN HZS04 Methyl pentynol 0.05 M 90 15.9 

:t.,. BB-31 2N HCl Ethyl octynol O. 2% by weight 90 >16S(b) L- [ '. 
BB-79 ZN Hel Ethyloctyno1 O. Zo/a by weight 90 >164(b) " , 

r , BB-3Z ZN H2SO4 Ethyl octynol O. 2% by weight 90 >16S(b) \ , 

( BB-80 ZN HZS04 Ethyl octynol O. Z% by weight 90 >164(b) 
r:, BB-41 ZN Hel ow-z o. 1% by weight 90 >16S(b) 
" BB-SZ 2N HCl ow-z O. 1% by weight 90 >163(b) } , 
f 

.; I BB-4Z 2N HZS04 ow-z o. 1% by weight 90 >16S(b) 
" ".,}:, \' 

>16Z(b) , I;, BB-83 ZN H2SO4 OW-Z 0.1% by weight 90 
I, BB-52 2N He1 Armohib(e) 28 0.20/0 by weight 90 >14?(b) i' 

I BB-84 ZN HCl Arrnohib (e) 2. 8 0.2Oft) by weight 90 >14z(b) 1 ! 

, ' 

BB-53 ZN HZS04 Armohib(~) 2S o. 2% by weight 90 >14Z(b) 

I 
BB-85 .ZN HZS04 Armohib(e) 28 0.2% by weight 90 >14Z(b) 
BB-62 ZN HOl Propargy1 alcohol O. 1% by weight 90 >93(d) 
BB-86 ZN HCl Propargyl alcohol 0.1% by weight 90 >14()(b) 

I 
BB-63 ZN H2SO4 Pr.opargyl alcohol O. 1,0 by weight 90 >93(d) 
BB-87 2N HZS04 Propal'gyl alcohol O. 10/0 by weight 90 (c) 
BB-43 ZN HCl AP-6 o. 1% by weight 90 >16S(b) 

, 

I 
BB-90 2N He1 AP .. 6 o. 1% by weight 90 >16S(b) 
BB-44 ZN HZS04 AP-6 o. 10/0 by weight 90 1.6 

It, BB-91 2N HZS04 iii.}.? -:-6 O. 1% by weight 90 3. 1 
'. 

I J3B-47 ZN He1 Indole O. 1 % by weight 90 >117(b) ., , 

BB-94 ZN Hel Indole O. 1 % by weight 90 1.8 
.... , 

I h 
BATTEL.L.E MilMO'" AL.. ' , INSTITUTE - COL.UMBUS LABORATORIES 
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TABLE Z9. (Continued) 
~I> '- " 

Applied 
Stress, Tim.e for 

Concentration percent Failure, ~ 

Sa~~le Acid Inhibitor ·of Inhibitor NTs(a) hours 

BB-48 ZN H2SO4 Indole 0.1% by weight 90 1Z.9 
BB-95 ZN HZS04 Indole 0.1% by weight 90 2.0 
BB-50 2N Hel Hexamethylene - 0.1% by weight 90 >143(b) 

tetramine. 
;BB-96 ZN HGI Hexamethylene - O. 1% by weight 90 6. 1 

tetramine 
BB-51 ZN H2SO4 Hexamethylene - 0.1% by weight 90 1.8 

tetramine 
BB-97 2N HZS04 Hexamethylene.- O. 1% by weight 90 0.5 

tetramine 
BB-60 ZN HCl Butynediol O. 1% by weight 90 >95(d) 
BB-98 2NHGI Butynediol O. 10/0 by weight 90. >164(b} 
BB-61 2N HZS04 Butynediol 0.1% by weight 90 1.3 
BB-10O IN H2SO4 Butynediol O. 10/0 by weight 90 <0,,05 
BB-39 ZN HCl OW-I o. 1% by weight 90 6.0 
Be-10l IN HGI OW-1 o. 1% by weight 90 >14l(b) 
BB-40 IN HZS04 OW-l 0.1% by weight 90 >164(b} 
BB-I02 ZN HZS04 OW-1 O. l~o by weight 90 >14Z{b) 
BB-67 ZN HCI SurfYnol (i) TG O. lo/Q by weight 90 >167(b} 

Surlynol (i) "fG 
~( 

BB-103 Z.N Hel 0.1% by weight 90 7.4 
BB~68 ZN HZS04 Surfynol (f) TG O. 10/0 by weight 90 2.9 
BB-I04 2N H2SO4 Sur1):tUol (f)TG O. 10/0 by weight 89 (c) 
BB-17 ZN :gCl Ethorneen(g) C/ll O. 1% by weight 90 4.0 
BB-IS ZN HZS04 Ethomeen(g} GIll 0.1% by weight 90 0.6 

" 

BB-ZO IN HCl Anta.rate(h) 348Z O. i ayo by weight 90 0.2 
BB-Z1 ZN HZS04 Antarate (h) 3482 O. 1 'fo by weight. 89 (c) 

BB-35 2NHGI Dodecylamine O. 10/0 by weight 90 3.4 
BB-36 2N H2SO4 Dodecylamine O. 10/0 by weight 90 1.4 
BB-49 ZN Hel Pyrrole O. 10/0 by weight 90 3.2 

0 

BB-46 ZN Hz,S04 Pyrrole O. 1% by weight 90 0.3 . 
:~ 

BB-54 ZN Hel Armohib(e) 31 0.060/12 hy weight 90 0.6 ~ 

SS-57 ZN HZSQ4 Armohib(e) 31 O. 06% by we:1ght 8S. (c) 

Sa-58 ZNHCl 1-Ethylqui,i,,\olinium O. 10/0 by wei~lht 90 7. 1 -""! 

iodide 
BS ... S9 2N H2SO4 l-Ethylquinolinium O. 10/0 by weight 89 (cl 

iodide 
-"", 

;! 
BB-64 ZN Hel Surfynol (f) 440 O. 10/0 by weight 90 4~1 1\ 

""..,I 

BB ... l>6 2N H2SO4 S\\rfynol (f) 440 o. 1% by weight 90 1.5 ...... 
SS-SS ZN Hel Methyl butynol O. Z 50/0 by weight <}O >169(b) i 
BB-I09 2.N Hei Methyl butynol O. 250/12 by weight 90 5.5 ~ 

BB-89 ZN HZS04 Methyl but.ynol o. 25% by weight 90 14.4 

"I BB·-lIO 2N H2SO4 Methyl butynol O. 25% by weight 90 >161 (b) 
BB~·I05 ZN HGl 81't-P 1. 1% by weight 90 >104{b) '" 
BB-I07 2N HCl S17-P 1. 10/0 by weight 9t> >16Z(b) 
BB-I06 2N H2SO4 817-P 0.4% by weight 90 >lQ4(b) ) ." " 

BB-IOS 2N HzS04 817-·P o. 40/0 by weight 90 >162(~} 

8ATTEL.L.E MEM()Rt'j;~L '''' ) 
tNSTi"rUTE. - COL.,UM8U$ L.,ABORATORlES 

1 



i 
" 

105 

TABLE ~9. (Continued) / 
.1-_ 
/i 

Concentration 
Sample Acid Inhibitor of Inhibitor -
BB-112 2N Hel I-Pentyn -3 -01 0.05 M 
BB-114 2N HGl I-Pentyn-3 -01 0,,05 M 
BB-113 2N HZS04 I-Pentyn-3-o1 0.05 M 
BB-115 ZN HZS04 1-Pentyn-3 -01 0.05 M 
BB-l16 Z,N HeI l-~{ethylpyrrole O~ 10/0 by weight 
BB-119 ZNHCl l-,MethylpYrrole C.l% by weight 
BB-117 2N H2SO4 l-Methylpyrrole 0,1% by weight 
BB-IZO ZN H2SO4 I-Methylpyrrole O. 10/0 by weight 

Cal NTS =: notched-bar tensile strength. NTS Qf untteated specimens a 292~ 200 psi. 
(b) Specimen did llcnt fail. nmout. time was 1.00 houts. 
ec) Specimen failed on loading at the applied stress: indicated. 
Cd) Specimens inadvertently unload2.d befote lOO-hour ronout time had elapsed. 
(e) Registered trademark: Atrnour Industrial Chemic.;al. Company. 
(0 Registered trademark. A!rcQ: Chemicals and Plastics, Division of Air Reduction Company. Inc. 
(g) Registered trademark. Armour Industrial Chemical Company. 
(h} Registered trademark; General Aniline and FUm Company. 

Applied 
Stress, Time for 
percent ~~ailurej 

~Ts(a) hours 

90 >117(b} 
90 >122 (b) 
90 >117(b) 
90 >lZ,z,,(b} 

90 >103(b} 

90 >103{b). 
90 >110(b) 

90 1. 7 
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TABLE 30. EFFECTIVENESS OF ELEVEN OF THE SELECTED INHIBITORS 
FOR MIl~lM~ZINO :!YDROGEN ABSORPTION BY AISI 4130 
STEEL DURING PICKLING IN 2N HC1 OR 2N H2S04 
SOLUTIONS AT 140 F FOR 30 MINUTES 

.---
~ /~' 

Inhibitor 
Average !-1ydro~en 
Content~ fErn a) 

Inhibitor Concentration 2N HCl 2N H2SO4 . 
None(c) 0.60 0.70 

IFE-Z24 0.950/0 by weight 1. 04 0.76 

Ethomeen(d) C/12 O. 1 Ufo by weight 1. 64 0.75 

Antarate(e) 3482 O. 1 % by weight 0.46 0.55 
"-"-./"-

~thypyl cyclohexanol 0.05 M 1. 2Z 0.84 

He~.ynol 0.05 M O. 51 0.54 

M~fuyl pentynol 0.05 M 0.41 0.70 

;Ethyl Qctynol O. Z% by weight 0.41 0.41 

l)Qde c;:y lainine O~ 1 % by weight 0.5Z O. 61 

OWnl O. 1 % by weight 0.40 O. 2.0(£) 

QW .. 2 O. 1% by weight 0.40 0.4.10 

AP-6 o. 1% by weight 0.40 0.30(£) 

Ca) Ppml'il parts per million by weight; precision of analysis :k0.1 ppm. 
(t>:) Percent limitation of hydtogen absorption: 

l;" .. f~yt.:ugen content, uninhibited acidHhydrogen content. inhibited acid) x 100 
,~ (hyd~gen content, uninhibited acid) • 

(c) Value.~ reporteci are an average oLtWfl samples. 

Inhibition 
of Hydrogen 

Abso!'ption(b) , 
Eercent 

2N HCl ZN HZS04 

-73.4 -8. 6 

-173 -7. 1 

23.3 Z1. 4 

-103 -ZO 

15 ZZ; 9 

31. 6 0 

31. 6 41. 5 

13.3 lZ.9 

33.3 71. 5 

33.3 42.9 

33.3 57. Z 

(d) Registered ttademark: Armou~ andustrial Ch,emiClll Company. 
«(t) Registered trademark; General Anilule and ~,Um Company. 
(f) A verage.:hydrogell content of pickled speciMens ~a5 less than the average of the hydrogen contents of 6 untreated 
specimens.' . 

I, .' 

-,-, 
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TABLE 31. EFFECTIVENESS OF THE SELECTED INHWITORS FOR MINIMIZING CORROSION OF AISI 4130 STEEL 
DURING PICKLING IN 2N HCi OR 2N H2S04 AT 140 F FOR 30 MINUTES 

Inhibition of Failure of Notched 
Inhibitor W,eight Loss.z (a) m.S Corrosion.z 12 %(b) Tens He S~ecirnens 

~ 

Inhibitor Concentration 2N HCl 2N HZS04 2NHCl 2N H2SO4 2N HCi 2N H2SO4 

• None(C) 7.5 Z66.5 
.~ IFE-224 0.95'0 by weight 0.6 0.1 91. 6 
.:t Ethomeen(d) Cll2 0.1% by weight 1.9 18.3 75.0 
.~ 

r Antarate(e) 3482 c.' 0.1% by weight 0.2 0.0 97.6 r 
II Ethynyl cyclohexanol 0.05 M 1.2 1.0 84.5 
~. Hexynol 0.05 M 0.0 0.6 100 i .Mcthylpentynol ·0.05 M 2.7 23.7 64.3 
~ Ethyl octynol o. 2% by weight 0.2 1.6 97.5 
~ Dodecylamine 0.1% by weight 1.0 33.3 86.7 
'_ OW-l 0.1'0 by weight 1.2 0.6 84.5 
~ OW-Z 0.1% by weight 0.9 1.3 88.1 
:!AP-6 10.1% by weight 2.9 12.4 61.4 .. . 

.~ .. )?yrr~le .0 .. 1'0 by weight 0.5 25.8 93.2 
• Indole 0.1% by weight 0.6 243.0 91. 9 
I . Hexam.ethylenetetramine o. I'D by w<2ight 4.6 42.4 37.9 n o Arm.ohib(d) 28 0 .• 2evc by weight 1.2 13. 7 84.0 
~." Arnlohib(d) 31 . o. 06% bv weight 1.0 1. 7 86.8 
I l-Ethylquinoliniutn iodide 0.1% by~weight 1.9 0.0 86.2 
iButynediol . 0.1% by weight 2.5 80.3 64.0 
rPropaJrgyl alcohol,'" O. 1% by weight 1.4 24.7 81.4 
: SurfYi,lol (il 440' 0 .. 1% by weight 

'~ 4.4 215.4 40.6 
~ Sur£jf,nol{f) TG 0 .. ,1'6 by weight 138.2 214.1 -1735 
~ ~Metil'yl butynol 0.25% by weig~k 2.8 48 62.1 
0 1. 1'0 by weight (HC!) 
~<817;:LP 3.6 2.0 51.2 
:~ . .Ii 0 .. 4% by weight (H2SO4) .: . /. 

I-Pentyn -3 -01 0.05 M 1.5 18.6 79.1 
,~ I-Methylpyrrole o. 1% by weight 1.5 258 79.8 

(a) lnitkU weight of specimens ranged fiom ~L2 'to 9.0 grams. 
it!!..'\: ,..,.. ~-"},,'b' - . f - ·1 (percent weight less. uninhibited acid) - (percent weight loss, inhibited acid) 
~u,,· ~etcent uuu Inono corroSlOn: (p - hi' hObo d "d) x 100. ercent welg toss, unm lite aCl 

(c) llata presented are toe a'Verage for three specimens" 
(d) Registered trademarlc; Annou[ Industrial Chemical Company. 
(e) Registered trademark; :General.Analine and FiL-n Comp!'Jly_ 

(0: Registered trademark; ~\irco Chemical and Plastics; Division of Air Reduction Company. 

Yes Yes 
99.9 No No 
93.4 Yes Yes 

100 Yes Yes 
99.7 No No 
99.8 No No 
91.4 No Yes 
99.3 No No 
89.0 Yes Yes 
99.8 Yes No 
99.5 No No 
12.1 No Yes 
90.2 Yes Yes -0 
83.3 Yes Yes -...I 

83.9 Yes Y~rs 

94.9 No No 
99.4 Yes Yes 

100 Yes Yes . 
67.4 No Yes 
90.7 No Yes 
18.2 Yes Yes 
18.6 Yes Yes 
82,.?, Yes Yes 

99.2 No No 

94.0 No No 
2. 1 No Yes 

~ 

\. , 

" ... \' 
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Comparison of the corrosion-inhibition data with the results of the, sustained-load 
experiments for the various inhibitors indicated that there was no direct correlation 
between the effectivenees for reducing corrosion and the effectiveness for eliminating 
delayed failures. For example, the percentag~ of corrosion inhibition, I, for the 
inhibitors tha.t were shown to be effective for eliminating delayed failures of AlSI 4130 
steel pickled in the 2N HCl solutions ranged from 51. Z percent to 100 percent, while 
the range for those that were not effective was from -1735 to 97. 6 percent. There 
appeared to be a more direct correlation between the percentage corrosion inhibition 
and effectiveness for eliminating delayed failures for specimens pickled in the 
ZN HZS04 solutions. For those inhibitors that were effective in eliminating delayed 
failures, the range of I values was from 94.0 to 99.9, with 7 of the 9 values being 
greater than 99 percent. For those 16 inhibitors that were not effective for eliminating 
delaY'ed failures in specimens pickled in the ZN HZS04 solutions, the range of 1 values 
was from Z. 1 to 100 percent, with only 3 of the 16 values being greater than 94 percent. 

The lack of definite correlation between effectiveness fOl' reducing corrosion and 
effectiveness for eliminating delayed failurlBs suggests that, to be, effective for mini
mizing hydrogen-stress -cracking failures, an inhibitor must reduce the amount of 
hydrogen absorbed by the specimen rather than merely reduce the amount of hydrogen 
produced by the pickling reaction. However, the results of the hydrogen analyses 
(listed in Table .30 for specimens pickled in solutions that contained eleven of the 
inhibi~or9) showed no correlation between percentage limitation of hydrogen absorption 
and effect.ivenesD for eliminating delayed failures. In fact, there was so much scatter 
in the results and the correlation of the hydrogen contents with behavior in the 
sustained-load experiment was so poor that the hydrogen-analysis experiments were 
not conducted for the specimens pickled in the baths containing the remaining inhibitors. 
Part of the problem of the scatter in the hydrogen ~nliLlyfJes undoubtedlY' was caused by 
the fact that the sp!3cimens prior to pickling contained different amounts of hydrogen. 
The range of hydrogen contents for six specimene analyzed prior to pickling was from 
O. Z ppm to 0.6 ppm. Another poasible cause of the lack, of correlation between the 
hydrogen contents and behavior in the sustained-load experiments may be that the 
inhibitors left films on the specimens which were not removed during the cleaning of 
the specimens prior to conducting the analyses. 'rhese film,1 may have decomposed 
during fusion of the specimens resulting in a.bnormal volumes of gase~ being de~ected 
in the analy.e.. How-ever, the actual reasons for the lack of meaningful result(1 
obtained in the. hydrogen analyses were not determined. ' 

Conclusions 

(1) Sustained-load experiments employing 'notched tensile specimens of AISI 4130 
steel pickled for 30 minut.e8 at 140 F in 2N HCi or 2N HZS04 sQlutions containing one 
of the Z5 inhibitor. under evaluation revealed that th1.' following inhibitors were effective 
for eliminating bydrngen ... tre •• "~rackin~ failure.: 

/ . ." 
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Group 1: Effective in ZN Hel . 
and ZN H2S04 

IFE-ZZ4 

Ethynyl cyclohexanol 

Hexynol 

Ethyl octynol 

OW-2 

Armohib® 28 

817-P 

I-Pentyn-3 -01 

109 and 110 

Group Z: Effective in 
ZN Hel only 

Methyl pentyn01 

AP-6 

Butynediol 

Propargyl alcohol 

1-Methylpyrt;'ole 

Group 3: Effective in 
ZN H~S04only 

OW-l 

(2) Nine of the ten effective inhibitors whose composition was known were 
acetylenic compounds, The other effective inhibitor whose composition was known 1 

I-methypyrrole 1 was a heterocyclic compound of nitrogen and it was effective in ZN Hel 
only, The other three effective inhibitors were proprietary compounds, and their 
compositions were not known, 

(3) There was no direct corr~lation between the effectiveness of the inhibitors 
for minimizing hydrogen-stress -cracking failures and their effectivenes s for reducing 
corrosion. 

(4) Hydrogen analyses of specimens pickled in baths containing a number of the 
inhibitors to determine their effectiveness for minimizing hydrogen absorption were 
inconclusive. 
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PHASE 5. EVALUATION OF HYDROGEN-EMBRITTLEMENT 
RELIEF TREATMENTS 

Introduction 

If the hydrogen that is picked up during cleaning, pickling, and electroplating of 
high- strength steel parts is removed before the steels are subjected to high stresses, 
the pal·ts may be used without the danger of hydrogen-stress cracking pl'ovided that the 
part does not pick up hydrogen from its environment during service. The most common 
method for removing hydrogen from high-strength steel parts is to bake it out. However, 
some investigators have shown that simple baking treatments are not sufficient to relieve 
embrittlement in certain high-strength steel parts, particularly when they have a dense 
cadmium electroplate on their su:daces. Therefore, some investigat0:1;'s have questioned 
whether the hydrogen is actually removed or is merely redistl'ibuted thl"oughout the part 
so that a critical concentration of hydrogen sui'ficient to initiate failure does not exist at 
any point in the part. 

The purpose of this phase of the program was to determine the effectiveness of 
va.rious baking treatments for relieving hydrogen embrittlement in susceptible materials 
and to determine whether hydrogen was removed from the parts during the baking treat
ments. 'rhe general procedures ul.ied in these evaluations were as follows: 

(1) Notched tensile specimens of the susceptible alloy~s were cathodically 
charged to a hydrogen content .that was shown in the previous study 
to cause hydrogen-stress cracking. 

(Z) The charged specimens were electroplate.."!, using selected processes. 

(3) The electroplated speCimel:lS were subjected to various hydrogen
embrittlement relief treatments. 

(4) The speeimens so treated were then statically loaded until failure 
occurred or until a mutually agreed upon runout time had elapsed. 
The results were compared with those obtained. with control speci
mens that were not subjected to the relief treatments. 

(5) Comparison specimens which had received the same processing 
were analyzed for hydrogen content to determine the extent of 
hydrogen removal) if any. 

(6) In e.ddition, specimens tha.t were not precharged were electroplated 
and subjected to the en').brittlement relief trea.tments to determine 
the effects of these tre,~tment5 on conventionally processed specimens. 

The procedures outlined were followed to determ'ine the barrier effect of the se ... 
leoted electroplates on hydrogen removal. The relief treatments employed We'1!e sE\lected 
so that the mechanical properties of the materials were not adversely affected by the 
treatment: for example l ba.king trcatnlcnts wel'e no~ performed at temperatures higher 
than 50 F below the tempering temperat\lre used fot! a given material, a.nd baking tern ... 
peratures for cadmium-plated apeci,mens were restricted to ternperaturee below the 
range whe~e cadn'1tum embdttlemant of the steel wo-uld be encountered, 

.A·TTI ....... M.MO.-,AL ',.,STITU'TE ... CO'-UM.UI tAt!O~ATO"If!S 
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The following baking treatments were evaluated: 

(1) 3 hours at 375 F for precharged and/or Wood's nickel-strike-plated 
specimens of AlSl Type 410 stainies s steel heat treated to the 
lBO, OOO-psi ultimate-tensile- strength level. 

(2) 24 hourtl at 375 F for pre charged and/or cadmium-electroplated 
specimens Qf AlSI Type H-ll tool steel, AlSI 4340 steel, and I8Ni (250) 
maraging stteel heat treated to the 260, OOO-psi ultimate-tensile
strength level. 

(3) 3, B, and 24 hours at 375 F for precharged and/or cadmium
electroplated specimens of AlSI 4130 and AISI B740 steel, heat 
treated to the lBO, OOO-psi ultimate-tensile-strength level. 

(4) 24 hours at 375 F for precharged and/or Watts-nickel-electroplated 
specimens of AISI Type H-ll tool steel, AISI 4340 steel, and IBNi (250) 
maraging steel. 

(5) 2 hours at 600 F for precharged and/or Watts-nickel-electroplated 
specimens of AISI Type H-ll tool steel and IBNi (250) maraging steel. 

(6) 24 hours at 375 F for chromium-plated specimens of AISI T'ype H-ll 
tool steel, AISI 4340 steel, and IBNi (250) maraging steel. 

(7) 2 hours at 600 F for chromium-plated specimens of AlSI Type H-ii 
tool steel and l8Ni (250) maraging steel. 

The AISI Type 4·10 stainless steel specimens used to evaluate the effectiveness of 
the baking treatment for relieving hydrogen embrittlement after precharging and/or 
Wood's nickel-strike electroplating were heat treated by NASA as described previously. 
The specimens used to evaluate the effectiveneE;ls of baking treatments for relieving 
hydrogen embr~,ttlement after precharging and/ or bright- or dull-cadmium electro
plating were specimens heat treated during the first term of this contract as described 
on page Z3. The ~specimens used in the evaluations of the other treatments were pre
pared (~uring the second ter,m of the contract, described previously on pages 39 and 40. 

Exper~mental Procedures 

The notched tensile specimens were precharged by cathodically charging them 
with hydrogen in a 4 percellt by weight HZS04 solution which contained a cathoqic p'oison 
(5 drops per liter of a solution of Z grams of phosphorus dissolved in 40 ml o~ CSZ,) 
for the following time pel'io'ds: 

(1) AISI Type 410 stainless steel - 4 hours 

::(Z) AISl4130, AIS14340, and AISI 8740 steel .... 1 hour 

(3) AISI Type H ... 11'tool .. teel and 18Ni (Z50) maragin.g steel - 10 hours', 

.ATTIEl.L..iE MKMOflUAL INSTITUTE .. cC:Ol.UM_US L.AIIORATO"II!S 
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Following precharging, the specimens were electroplated in the various baths 
using the standard procedures. The cadmium-electroplating procedures were 
described on pages 40 and 42. 

The procedures used to nickel-strike electroplate the specimens of AlSI Type 410 
stainless were described on page 42; the Watts -nickel plating proceduresa.~d the hard
chromium plating procedures were described on pages 43 and 44. In all cases, the 
electroplated specimens were stored in liquid nitrogen until evaluated. 

'Those specimens that were merely precharged with hydrogen without subsequent 
electroplating were loaded in the sustained-load cells (Figure 6) to an applied stress 
equal to 90 percent of their respective notched-bar tensile strengths until failure 
occurred or until 100 hours had elapsed. If they did not fail in 100 hours at this applied 
stress, they were considered to be nonembrittled or, if baked, embrittlement was con
sidered to have been relieved and they were removed from the apparatus. All the 
other specimens (precharged and electroplated or electroplated without precharging, 
either with or without subsequent baking) were loaded initially to an applied stress equal 
to 75 percent of their respective notched-bar tensile strengths until failure occurred 
or for 100 hours. If the specimens .did not fail in 100 hours, the applied stress was 
increased to 90 percent of their respective notched-bar tensile strengths. If the speci
mens did not fail in 100 hours at this higher applied stress, they were considered to be 
nonembrittled or, if bake.d, relief was considered to have been achieved, and they 
were removed from the apparatus. 

Re sutts and Dis CUB s ion 

The results of the Bustained ... load experiments and the hydrogen analyses per
formed to evaluate the effectiveness of the various baking treatments for relieving 
hydrogen embrittlement are listed in Tables 32 through 38. 

As is shown in Table 32, a 3 -hour bake at 375 F appeared to be sufficient for 
" eliminating embrittlement in AlSI Type 410 stainless st~el. The precharged and 
precharged-arld"'nickel-strike-plated specimens both failed on loading at stresses of 
about 55 percent of the notched tensile strength, while similar specimens that were 
baked survived the applied stresses for over 100 hours, the runout time. Since none 
of the AISl Type 410 stainless steel specimens failed after conventional processing 
(8ee~ Table 11), specimi~ns tha,t were only electroplated and baked (no precharging) were 
not inc'luded in the evaluation. 

The average hydrogen contents of the precharged and prechal.'ged-and-electroplated 
8pecimens of AISI Type 410 stainless steel were reduced, by baking, to a level below 

, that which was shown to be ,required to cause hydrogen-str,~sB crackblg in the previouf 
work (see Table 6). In addltion, the hydrogen COi'ltents of \. .. ).e precharged and 4 
precharged-and"electroplated specimens were essentially the same after baking, 
indicating that the thin, nickel ele9tl"oplate was not a bal,'rier to hydrogen removal. 

The results of the sustained-load tests for the pl'echarged and/or cadmium
electroplated specimens (l'able 33) showed the following: 
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TABLE 32. EFFECT OF BAKING FOR 3 HOURS AT 375 F ON THE HYDROGEN
STRESS-CRACKING BEHAVIOR AND HYDROGEN CONTENT OF 
PRECHARGED OR PRECHARGED-AND-WOOD'S-NICKEL-STRIKE
ELECTROPLATED SPECIMENS OF AISI TYPE 410 STAINLESS 
STEEL 

= 'A;' 

Applied Time for Failure 
Sample Baking Stress, Failure, Stress, 

-
Number Condition Trea.tment percent NTS(a) hours percent NTS 

F-I0 
F-9 
F-l1 
F-12 

F-13 

Sample 
Number 

Fh-8 
Fh-3 
Fh-5 
Fh-6 

A. Sustained- Load Experiment! 

Precharged None 
Precharged 3 hr, 375 F 90 
Precharged, Ni strike None 
Precharged, Ni strike 3 hr, 375 F 75 

90 
Precharged~ Ni strike 3 hr, 375 F 75 

90 

B. Hydrogen ~lY8es 

Condition 

Precharged 
Precharged 
Precharged, Ni strike 
Precharged~ Ni strike 

= 

Baking 
T r eatmQ;int 

None 
3 hr, 375 F 
None 
3 hr, 375 F 

(a) NTS = notched-bar tensile mcngth; NTS of untteated specimens = 281, 000 psi. . 
(b) Specimen failed on loading at the applied stress indicated. 
(0) RUnollt time was 100 hOlil's; specimen did not f.n. 

(b) 55 
>135(c) 
(b) 57 
>113(c) 
>103(c) 
>113(c) 
>103(c) 

Average Hydrogen 
COlltent, ppm(a) 

3. 7 :t:O. 2 
0. 5 :t:O. 1 

5. ° :t:O. 1 
0.6 *0,1 

(d) ppm = pans pel' million by weightl pret;lhion of analysil varied with ~mple weight and wa~a5 indicllted. 

(::1? 
('1\ 

1/ 
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TABLE 33. RESULTS OF SUSTAINED-LOAD EXPERIMENTS TO DETER1UNE 
THE EFFECTIVENESS OF VARIOUS BAKING TREATMENTS FOR 
RELIEVING HYDROGEN EMBRITTLEMENT IN PRECHARGED 
AND/OR CADMIUM-ELECTROPLATED SPECIlviENS OF VARIOUS 
ULTRAHIGH-STRENGTH STEELS 

= = 

Sample Condition 
Baking 

Treatment 

Applied 
Stress, Thne for 
percent Failure, 
NTs(a) hours 

Failure 
Stres s, 
percent 
NTs(a) 

A-13 
A-14 
A-IS 
A-17 

A-IS 

A-19 

A-lO 
A-ZI 

A-9(b) 

A-l<Jb) 

A-Z2 

a-13 
B-14 
B-15 
B ... 16 

S-17 

B-1S 

B-19 

B-20 

AIS! Type H-II Tool Steel, NTS = 306! 000 p!.!. 

Precharged 
Precharged 
Precharged, bright-Cd plated 
Precharged, bright-Cd plated 

Precharged, bright-Cd plated 

Bright-Cd plated 

Bright-Cd plated 

B right- Cd plated 

Prechar,ged, dull-Cd plated 
Precharged l dull-Cd p~a.ted 

Dull-Cd plated 

Dul~~Cd plated 

Dull-Cd plated 

None 
24 HI', 375 F 
None 
24 hr, 375 F 

24 hr, 375 F 

None 

None 

24 hr, 375 F 

None 
24 hr, 37S F 

None 

None 

24 hr, 375 F 

90 

75 
90 
7S 
90 
75 
90 
7S 
90 
75 
90 
-... 
75 
90 
75 
90 
75 
90 
75 
90 

AISI 4130 Steel, NTS,::; 265,000 fBi 

Precharged 
Precharged 
P'rech~rged) bright-Cd plated 
Precha.rged, bright-Cd plated 

Precharged, bright-Cd plated 

Precharged, bright .. Cd plated 

Bright-Cd plat~d 

Bright-Cd plated 

None 
3 hr, 375 F 
None 
3 hr, 375 F 

8 hr, 375 F 

Z4 hr, 375 F 

None 

3 hr, 375 F 

90 

75 
90 
75 
90 
75 
90 
75 
90 
7S 
90 

( c) 
22,. 2 

( c) 
>114(d) 
>loo(d} 
>139(d) 
> I44( d} 
>lI8(d) 
( c) 
>lOO(d) 

32.4 
> 168(d) 
> 164(d) 
( c) 
>102(d) 
> 119( d) 
>120(d) 
>lOO(d) 
>IOO(d) 
>176(d) 
>116(d) 
>140(d) 

(c) 
>156(d) 
( c) 
>1 56(d) 
>119(d) 
>1117(d) 
> 102(d) 
>lOS(d) 
>lOa(d) 
>100(d) 

1/,16 5 \ .. . 
>llS(d) 

6.7 

88 

36 

( g) 

49 

45 

53 

____ . ______ --... ____ 4~ __ --__ ~-, __ -----.-.--------------.-___ ~--1. ____ ---------------
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TABLE 33. (Continued) 

Baking 
Treatment 

Applied 
Stress, Time for 
percent Failure, 
NTS( a) hours 

Failure 
Strees, 
percent 
NTS(a) 

--------------------------------------------------------------------
AIBI 4130 Steel, NTS = 265,000 psi (Continued) 

B-22 Bright-Cd plated 

B-23 Bright-Cd plated 

B-21 Preeharged, dull-Cd plated 
B-24 Preeharged, dull-Cd plated 

B-9(b) Dull-Cd plated 

B-10(b) Dull-Cd plated 

B-25 Dul},-Cd plated 

8 hr, 375 F 

24 hr, 375 F 

None 
3 hr~ 375 F 

None 

None 

3 hr, 375 F 

75 
90 
75 
90 
75 
75 
90 
75 
90 
75 
90 
75 
90 

>102(d) 
8.6 

>125(d) 
>lOS(d) 

0.05 
>140(d) 
>141 (d) 

>137 
1.2 

>115(d} 
>147(d) 
>140(d) 
>141 (d) 

AIBI 4340 Steel, NTS = 324, ~90 psi 

C-13 
0-19 
C-14 
C-15 

C-16 
C-Z(b) 
C-4tb) 
C-21 
C-22 

C-23 

C-24 
C-25 

1,-13 
. i .. 17 
1-15 
1 ... 16 
1-18 

1-19 

Preeharged 
Preeharged 
Preeharged, bright-Cd plated 
Precharged, bright-Cd plated 

P~'eeharged, bright-Cd plated 
Bright-Cd plated 
Bright-Cd plated 
B right-Cd plated 
Precharged, dull-Cd pla.ted 

Precharged, dull-Cd plated 

Dull-Cd plated 
Dull-Cd plated 

None 
24 hr, 375 F 
None 
24 hr, 375 F 

2,~ hr, 375 F' 
None 
None 
24 hr, 375 F 
24 hr, 375 F 

24 hl", 375 F 

None 
24 hr, 375 F 

90 

75 

75 

7S 
75 
75 
90 
75 

75 
75 
90 

(e) 
28.6 

( e) 
>116(d) 
(0) 

41.6(f) 
(c) 

0.05 
19.4(£) 

>116(d) 
>141(d) 
> 1 02( d) 
(0) 

<0.05 
>lO~(d) 

4.9. Q 

!!!.Ni (25~) Mara&!~s Steel, NTS = 406,000 psi 

Precharged 
Pl'echa.rged 
Prflchargcd 
Precharged, bright-Cd plated 
Preeharged, b:right"'Cd pli.\ted 

Precharged~ bright ... Ocl pl~ted 

None 
None 
24 hr, 375 F 
None. 
24 hr, ~75 F 

24 hr~ 37S F 

.... , (0) 
(e) 

90 >1 U;(d) 
75 (0) 
75 >llS(d) 
90 >100(d) 
75 >139(d) 
90 >144(d) 

(g) 

27 

84 

(h) 

89 

77 
78 

75 

---------------------------------------------~----~-----"----.-. ----------~----,) 
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Sample 

1-3(b) 

I-4(b) 

1-21 

1-20 
1-23 

1-26 

1-24 

1-25 

K-13 
K",14 
1\-15 
K-17 

K-16 

K-18 

K .. 19 

K.-21 

K-20 

K-22. 

~ ... a3 
K-24 

K. .. 2.$ 

K ... ~6 

Con.dition 
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TABLE 33. (Continued) 

Baking 
Treatment 

Applied 
Stress~ Tim.e fo.r 
percent Failure, 
NTS{a) hours 

lSNi (250) 1'Iaraging Steel, NTS:: 406,000 psi (Continued) 

B right- Cd plated None 75 >llS(d) 
90 >l23(d) 

Bright-Cd plated None 75 >101 (d) 
(c) 

Bright-Cd plated 24 hr) 375 F 75 >lZ3(d} 
90 >1 64(d) 

Precharged, duU~'Cd plated None >l c) \ . 

Precharged, dull-Cd plated 24 hrl 375 F 75 >10S{d) 
90 >lOS{d) 

Precharged~ dull-Cd. plated 24 hI', 375 F 75 ,>lOS(d) 
90 >lOS{d) 

Dull-Cd plated 2,4 hI', 375 F 75 >10S{d) 
90 >lQS{d} 

Dull-Cd plat~Q, 24 hr,. 375 F 75 >117{d), 
90 >1 24(d} 

AIS18740 Steel, NTS : 273, OOQpsi .. ,~ 
:Prechar ged None (e) 
Preeharged 3 hr~. 375 F 90 >IS6(d) 
Precharged, bright-Cd plated None (el 
Prec.har ged" bright-Cd plat.ed 3 hr" 375 F 7"5 >lS6(d) 

90 >119(d} 
Pl'ec.harged, bright-Cd plated S hI'" 375 F 75 >117(d) 

9Q >102{d) 
Prech~~gedl bright.-Cd plated 24 hr~ 375 F 75 >12,2(d) 

90 >12Z(d) 
Bright-Cd plated None 75 >lQ,Q(d} 

90 11-.0 
B l"ight ... Cd plated 3 hr, 3,75 F 7S >11S(d) 

90 16,0 
Bright-Cd plated 8 hr~ 37S,>.F 75 >lOa(d) 

90. <lS.4te) 
Bright-Cd plated 24 hrl ~:75 :E' 75 >laa(d) 

\' 

90 >122 
Prechal'ged~ dulL-Od plated None 75 0,0.5 
Precharged~ d\\U-Cd plated 3 hI") 375 F ('76 >13C)(d} II ,. 

" >141(d} \\90. 

D\\U -Cd pla.ted Non~c;:C,\\ 75 >r14Q(d) 

\ k 90. >141(d) 
DuU-Cd plated I, 3 hr~ 375 F 75 >-139(d) 

90 >14l{d) 

; . 
- Ai 

.~TT.'-LI£: M.MO..,'A\.. 'MSTlT"'.'TII;. - COLUMB\.tS "'A.O~~TQ~tEf$ , 

Failure 
Stress, 
pe.rcent 
NTS{a) 

(g) 

73 

SO 

6S 
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I, 

d ,.e 

" " 

11S 

Footnote~ for: 'table 33 

(a), NTS:a notched ·bar tensil~ strength .. 
(0) Data (con" Tilble 9, in~uded for conlp3tts.}n.. 
(c) Specimen faRed durlngl,Qading. at l\ldiea.t<:d, appUe,d $tte~s. 
(d) s.unout~ specimen dtd, not faU. 
(e) Switch malfunction caused: timet to cQndnu,e lllrming after $pecimen failed. 
(f) Specimen {ailed at button end innead ot at Ul-I} QQ.tch,,/\ 
(g) Failure ~ttess: not: d~~ermin.!d. but leu than 90- ~teent NTS~ 
eh} Failure stt~ not de.t~[m\~d, but l~ than "IS ~t,cen~ NT'S", 
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TABLE 34.RESU'LTS OF HYDROGEN ANALYSES TO DE~ERMINE THE 
~F~ECTIVENESS OF BAKINd TREATMENTS FOR .REMOVING 
,HY.DltOGEN FROM PRECHARGEO ANb/O~, CADJAIUM
ELECT.ROPLATED SPECIMENS OF VA.RIOUS ULTRAHIGH" 
S1",c RENGTH.ST EE LS 

\\ 

Sample Condition " ........... ---------------....,(\! 
Baking 

Treatment 
Average Hydr9gen 

Content, ~fmt~) 

Ah-7 
Ah-ll 
Ah-S 
Ah~l'~ 
Ah .. 3(b) 
Ab-4(b) 
Ah-5 
Ab .. 6 
A:~-13 
Ab-14 
Ah n 16 
Ah-15 

:; 

Ch7~ 1 
Ch-ll 
Ch-2 
Ch-12,~, 
Ch '3'''''»; - ""(/'1 

Ch-4 (( 

, 
\ 

,AlSI 1~ype "-11 Tool Steel 

Precharged 
Precharged 
Precharged 
Precharged 
Precharged, bright-Cd plated 
Precharged~ bright-Cd plated 
Bright-Cd plated 

<:Bright-Cd plated 
Precharged; d~ll-Cd plated 
Precharged, dull-Cd plated 
Dull-Cq, plated 
Dull - Cd plated 

.'''"', 

None 
None 
24 hr, 375 F 
24 hr, 375 F 
None 
24 hl', .375 F 
None 
24 hr, 375 F 
None 
24 hr, 375 F 
None 
24 hr;; 375 F 

AISI 4130 Stee 1 

AISI 434Q, Stee 1 

Precharged (, ~one 
Pre charged None 
Precharged ~ 24 hr, 375 F 
Precharged ~4 hr, 375 F 
Precharged, bright-Cd 'Pl~t~p None 
Precharged, bright-Cd platea~,_>~24 hT, .. /37~ F' 

.A'TTKL.L.aMKMQ"IAL INa ... tTuta ... COL.UMlI'US_ LA.ORATO"'.S '. 

'23.0 *0.1 
1,7. 8 *0. 1 

4. 7 :i:O. 1 
2. 1 :to. 1 

14.8 :to. 1 
1. 3 :1:0. 1 
O. 9 :to. 1 
0 .. 5:1:0. 1 

20~ 6 :to. 1 
1. 1 ~O. 1 
O. 8 *0~3 
0.9 .0. 1 

4. O:i:O. 05 
4.4 .0. 1 
1. 8 :J:O. 05 
O. 8:J:O. 1 
4.3 ~O. 1 

. 1. 1 :t:0~ OS 

C") 
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1 . 
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Sample 

Ch .. 5 
Ch .. 7 
Oh .. 6 
Ch-S 
Ch .. 13 
Cb-14 
Ch-16 
Ch-15 

Ih-1 
Ih-9 
lh-2 
Ih-l0 
Ih-3 
Ih"'4 
Ih",S 
Ih-7 
Ih .. 6 
Ih .. 8 
Ih-l1 
lh ... 12 
Ih-l3 
Ih-14 

Kh-3 
, !> 

'-Kh-ll 
Kh-2 
Kh-12 
Kh .. 6 
Kh.-l 
Kh:"4 
Kh-5 
Kh .. 7 
Kh-8 
T~h-q 

Kh-10 
Kh-13 
Kh-14 
Kli-lS 
Kh",16 
K~"'17 

\) 
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TABLE 34. (Continued) 

Condition 
Baking 

Treatment 

AISI 4340 Steel (Continued) 

Bright-Cd plated 
Bright-Cd plated 
Bright-Cd plated 
.Bright-Cd plated 
Precharged~.du.ll .. Cd plated 
Precharged-, --dull ... Cd plated 
Du.ll-eq plated 
Dull-Cd plated 

None 
None 
24 hI', 375 F' 
24 hr, 375 F 
~N'one 

24 hr, 375 l!'" 
None 
24 hr, 375 F 

18Ni (250) Marasins.~teel 

Precharged 
Precharged 
Precharged 
Pre charged 
Precharged,br!~pt"Cd plated 
Precharged, bright-Cd plat~d 
Bright-Cd pla.ted 
Bright-Cd plated 
.Bright··Cd plated 
Bright-Cd plated 
Precharged~ dull-Cd plate~ 
Prechargeri, dull-Cd plated 
Dul1t:9d plated 
Dull-Cd plated 

'None 
None 
2.4 hr, 
24 hr, 
None 
24 hr, 
None 
None 

, 24 hr, 
24 hr, 
None 
24 hr, 
None 
2~hr, 

375 F 
375 F 

375 F 

375 F 
375 F 

375 F 

3{75 F 

AISI 8740 Steel' 

Precharged '" None 
Prechal'ged None 
Precharged 3 hr, 375 F 
Precharged 3 hr 

~ 375 F' 
Pre charged, bright-Cd plated None 
Precharged, bright-Cd plated 3 tu' , 375F,'! 
P:recharged, bright-Cd plated ' 8 hr, 375 F 
Precharged, bright-Cd plated 24 hr 375 :it 

I' , 

,Bright-Cd plated f c None 
Bright-Cd plated I' 

~:j 3 hr, 375 F 
B,.h,ht. .. ~d ,.,1 A ~p.d /,r R h~. 3'7 '5F 
Bright-Cd plated 24 hr, 375 F 
Pre charged, dull-Cd plated o None 
Precharg.ed) dull .. Cd plated 3 hI', 375 F 
Dttll-Cd plated \. ' None,; 
Dull-Cd plated 3~~r~ ·875 F 
Dull- Cd p1~ted -g hr~ 375 F 

= ,,0; 

, Footnote. on next page. 
(;I 

jJ 
u} 

Average Hydrogen 
Content, ppm(a) 

1. 0 =0. 1 
3.0::l:0.05 
l.8 :hO.l 
1. ~ ::l:0. 05 
3. 7 ::l:O. 1 
O. 6 *0. 1 
1. Z :1:0. 1 
1.A::l:O. 1 

11. 8, :1:0. 1 
\9.(1*0.1 
}~ . 
n.il :1:0. 1 
O.~l ::l:0. 1 

11. ~~ :to. 1 
O. ~) :to. 1 
O.B:O.l 
1. 4 :to. 05 
1. 0 ::t:0. 1 
1. 3 :0.05 
8. i :to. 1 
O. 9 :to. 1 
O. 7 :0. 1 
O. 5 :to. 1 

Z.5 :to. 1 
3.8 *0.,1 
0.3 :l:O~l)5 
0.9 :l:0. 1 
2.9 :to. 1 
0.8 :to. 05 
0.8 :l:0. 05 
O. 5 :1:0.05 
1. 2 :to. 05 
0.9 ::1:0. 05 
1. 0 :1:0.05 
0.6:t0.05 

'''2.0 :to. 1 
0.3 *0. 1 
1.0 :1:0.1 
0.6 :*:0. 1 
O. -4 :to. 1 

I) 

II 

'I 

.. 

Ii 
j' 
Ii 
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FQntraotes ft)r Table 34 

(a) ppm:.:: parts per million by welglu: precision o( analysls varied with sample Weight and was as indicated. 
(b) Cathodle protectlon or specihlcll was lost because of short circuits: conseQ4ently, tbe specimen absorbed hydrogen hy the 

l>ickling action of the electrolyte. J' " '. 
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TABLE 35. RESULTS OF SUSTAINED-LOAD EXPERIMENTS TO DETERMINE THE 
-,_r EFFECTIVENESS OF VARIOUS BAKING TREATMENTS FOR 

RELIEVING HYDROGEN-EMBRITTLEMENT IN PRECHARGED AND/OR 
WATTS-NIGKEL-ELECTROPLATED SPECIMENS OF VARIOUS 

.l ULTRAHIGH·STRENGTH STEELS 
! 

- I, -'l 

Applied F'ahure 
Stress, Time for Stress, 

Baking percent Failure, percent 
Sample Condition Treatment NTs(a) rours NTs(a) ir' 

)} 

AISI TIEe H-11 Tool Stee1~ NTS == 338.000 Esi )1 
·1 

A-27 Pre charged None -- (b) 37 
A-31 Pre charged Z4 hr, 375 F 90 >116(c) 
A-lo8 Precharged, Watts- Ni ptated None (b) 41 
A-32 Precharged, Watts-Ni plated 24 hr, 375 F 75 >119(c) c 

90' >116(c) 
A-33 Pre charged, Watts-Ni plated 2 hr, 600 F 75 >11 !f(c) 

90 >116(c) 
A-34 Prechal'ged, Wath-Ni plated. Z hr, 600 F 75 >118(C) 

90 >132(c) '" A .. 40 Watts- Ni plated 204 hr, 375 F 75 >119(c) I! 
rX 

90 >116(C) 
~ A-41 Watts- Ni plated 204 hr, 375 F 75 >119(c) \ . 

90 >13Z(C) 
A-42 Watts'" Ni plated 2 hr, 600 F 75 >1l9(c) 

90 >116(c) .. 
AISI 4340 Steel. NTS • 314.000 Esi 

i C-30 Pre charged None (b) 36 '" I 
I~ C-3l Pre charged 204 hr, 375 F 90 >1l1(c) 
i 
\ C-32 Pre charged, Watts<>Ni plated None .. - (b) 43 
I C~33 Pre charged, Watts-Ni plated Z4 hr, 375 F 75 >lZZ(C) 
1 ;:/ 

(b~ 85 .1 :.1 

C-34 Precharged, Watts-Ni pl~ted, 204 hr, 375 F 75 >122o(C) 
90 >142o(C) 

,:. 

0-40 Watt.s-Ni plated 24 hr, 375 F 75 >ll2o(c) \ , 
, (b) (d) 

,I 
C-41 Watt'S",Ni plated 204 hr, 375 F 75 >142o(c) :j 

! 
I 

(b) 8S 

----
18Ni (250) Marasins Steel. NTS = 407.000 Eld 

---- ':""'" 

1-30 Pre charged None (b) 75 
1-31 Pre charged \204 hr, 375 F 90 >14Z(c) 
1 .. 32 Precharged, Watts-Ni plated None (b) 59 
1-33 Frecharged, Watts-Ni plated 24 hr, 375 F 75 >119(c) 
" . >116(c) 

I 90 
'1-34 Precharged1 Watts-Nl plated 2 br, 600 F 15 >108(C) 

90 >118(c) 
I,; 1-35 Precharged, Watts-Ni plated Z hr, 600 F 75 >118(c) 

f' 90 <>132(C) 
1-40 Watts-Ni plated 24 hr,,375 F 75 >U9(c) 

90 >133(c) 
1 .. 42 Watts .. Ni plated 2 hr, 600 F 75 >llS(C) 

~ ,) 90 >133(c) - I st' 

~ am ;--jr 

.~ 
(.) NTS • notched-bar ten aile strength. 
(b) Specirnenfailed during loading at applied .trell indicated. 

I 
(c) Runout; 'pecill'1en dld not fail., ,', 

(d) Failure Itreu w •• not d4jtermined, but it was leu than 90 percent of NTS. 
f 1\ 

)Jj 

.~ 
eAT'TI:L.LE MIEMO.-'AL. t:tNSTITUTI: - COL.UMBUS LASOAATOAIE$ 
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TABLE 36. 

Sample 

Ah-28 
Ah- 29 
Ah-2.2 
Ah-20 
Ah-21 
Ah-26 
Ah-24 
Ah-25 

Ch;.27 
Ch-30 
Ch-22 
Ch-20 

,'I Ch-25 
Ch-26 

lh-24 
Ih-3 i 
lh-ZO 
lh-Zl 
lh-2Z 
Ih-Z5 
,;fh.26 
Ih-28 

I; 
;' 

o 
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RESU,LTS O:r HYDROGEN ANALYSES TO OETERMINE THE EFFECT 
OF BAKING TREATMENTS ON THE HYDROGEN CONTENT OF 
PRECHARGED AND/OR WATTS;..NICKEL ... ELECTROPLATED 
SPECIMENS OF VARIOUS ULTRAHI0H-STRENGTH STEELS 

Condition 
Baking 

Treatment 

AISI TypeH-il Tool Steel 

Pre charged 
Pre charged 

Prcrcharged; Watts- Ni plated 
Precharged, Watts .. Ni plated 
Precharged; Watts- Ni pLated 

Watts- Ni plated 
Watts- Ni plated 

, Watts-Ni plated 

None 
24 hr, 375 F 

None 
24 hr, 375 F 

2 hr, 600 F 
None 

24 hr, 375 F 
2 hr, 600 F 

AlSI 4340 Steel 

Precharged 
Precharged 

Pre charged, Watts- Nr- plated 
Precharged, Watts- Ni plate'd 

Watts-Ni plated 
Watts-Ni plated 

None 
Z4hr, 375F 

None 
24,hr; 375 ~ 

None 
24 hr, 375 F 

18Ni (250) Maraging Steel 

Pre charged 
Pre charged 

Precharged; 'Watts- Ni plated, 
Precharged, Watts-Ni plated 
Pre charged, Watts-Ni plated 

Watts- Ni plated 
1.1 Watts-Ni plated 

Watts ... Ni plated 

None 
24 hr, 375 F 

None 
24 hr~ 375 F 

2 })"r, 600 F 
Nbne 

I' 24 hr,\\ 375 F 
2 hr, 600 F 

Average Hydrogen 
Content, ppm(a) 

25.2 ± o. z 
3. 2 

22.9 * 0.2 
O. 6 
0.9 
1.0 
O. 3 
d. 8 

4.4 
1.4 
3. 3 
1.2 
1.9 
0.8 

11.9 * 0.2 
O. 5 
8.7 :t 0.2 

" 0.6 

0.7 
'1.3 
O. 3 

'0.4 

<a) Ppm. parts per million by weight; 'precision of analysb lill :t:O.lppm except a.AneUeated. 
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TABLE 31. R~St1LTS OF SUSTAINED ... LOAD EXPER1MENTS TO 

DETERMINm THE EFFECTIVENESS OF BAKING 
'rREATMENTS ~'OR RELIEVING HYDROdEN 
EMBRITTLEMENT IN HARD .. CHltOMIt1M
ELECTROPLATICD SPECIMENS OF VARlOUS 
U LTRAHIGH-STFtENdTH STEELS 

Applied Failure 
Stress, Tinu~ lor 

Baking percent Failure; 
Sample Oondition Treatment NTs(a) hours 

AISI TIEe H-ll ToolSteela NTS == 33Sz 000 esi 

A-47 Cr plated Z4 hr, 375 F' 75 >118(b) 
(0) .... 1,< 

A .. 48 Or plated Z4 hr, 375 F 75 >107(b) 
>118(b) 90 

A;-49 Cr plated Z hr, 600 F \g5 >107(b) 
90 >i,t 18(b) 

A .. 50 Or plated Z hr, 600 F 75 >IZZ(b) 
90 0.05 

AlSI 4340 Steel, NTS l1li314,000 psi 

0 .. 46 Or plated 2.4 hr, 375 F 75 >114(b) 
I; (c) 

0-47 _ Or plated Z4 hr, 375 F 75 <lS(d) 
)-) 

18Ni (2.50) Marasins Steel i NTS :: 407 zOOO Esi 

1 .. 47 Or plated 2.4 hr, 

1-49 Ot plated 2.4 hr, 

I-51 Cr plated Z hI', 

I-5Z 
~ ) 

Or plated Z hr, 

'.:.., 

(a) NTS. Itotched .. bar tensile strength, 
(b) Runootl opecimeh did not fail. 

375 F 

375 F 

600 F 

600 F 

(c) Specimen failed dUring lo~dlng at applied streS' ind1.cated i 

75 
90 
7S 
90 
75 
90 
.75 
90 

(d) Switch malfunction cll~sed timer to continue running after specimen lailed. 

(( .II 

>118(b) 
;lZ4(b) 
>IZZ(b) 
>14Z(b) 
>118(b) 
>12.4(b) 
>107(b) 
>118(b) 
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TABLE 38. RESULT.S OF l-tY'DRCfdifN ANALYSES TO DET.ER .. 

Sample 

MINE THE EFFECT OF BAKINd TRICA'tMENTS 
ON THE HYDROGEN CONTENTS OF HARD .... 
CHROMIUM-ELECTROPLATED SPECIMENS OF 
VARIOUS ULTRAHIGH-STRENdTH STEELS 

Condition 
Baking 

Treatment 
Average Hydrogen 

Content, ppm(a) _____________________ <_W'Q"~ ________________________ ___ 

Ah .. 31 
Ah ... 32 
Ah .. 33 

Oh-31 
Ch .. 32 

Ih .. 33 
Ih .. 34 
Ih-35 

AISI TypeH .. Il Tool Steel 

Or plated 
Cr plated 
Or plated 

i~ 

Or plated 
Or pl,ted 

None 
24 hr, 375 F 

2 hr, 600 F 

AISI 4340 Steel 

None ; 
24 hr, 375 F 

18N! (250) M~_~~ging Steel 

Or plated 
Or plated 
Or plated 

i"(, 

None 
24 hr, 375 F 

2 ht, 600 F 

-~ 

7. 1 
2.8 
1.9 

7.4 
1.5 

, 
4). 8 
b,7 
0,3 .. ______ ~ __ --__ ------__ a.~~.~ __ --____ ------------

(I)"ppm • plm per ml1Uon by weigbt; precision o(~n'ly.b. to.l ppm. 
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Baking for Z4 hours at 37S, F effectively relieved hydrogen embrittle
ment, as measured by the sustained-load test, in bright .. or dull
cadmium-electroplated AISI rtype H'~11 tool steel and 18N! (Z50) 
maraging steel (Z60, OOO-psi strength level) but not £'or AISI 4340 
steel (Z60; OOO-psi strength level). 

(b) Ba,king lor Z4 hours at 375 F e£'fectively relieved hydrogen embrittle .. 
rrH~tlt in bright-cadmium-electroplated AISI 4130 and AISI 8740 steel 
(l80, OOO-psi strength leve!). , 

'II 

(c) Baking for 3 hours at 375 F effectively re\j~ved hydrogen embrittle
ment in duU .. cadmium-electroplated AISI4130 and AISI 8740 steels 
(180, 000 -psi strength level)' 

Baking for times up to Z4 hours did not insure reHel·of embrittlement in prechal"ged 
. specimens ol AISI H-ll tool steel and AIS14340 steel that were not subsequently 
electroplated. 

The sustained-load experiments employing the precharged and/or Watts -nickel
electroplated specimens (Table 35) may be summari:ted as !ollows~ 

(a) Baking for Z4 hours at 375 F or Z hours at 600 F relieved hydrogen 
embrittlement in AISI Type H-li tool steel and 18Ni. (Z50) maraging 
steel. 

(b) Baking for 24 hours at 375 F did not eliminate hydrogen embrittle
ment in AISI 4340 steel. 

Similarly, for the hard-chromium-electroplated specimens (Table 37): 

(a') Baking Z4 hours at 375 F or Z hours at 600 F relieved hydrogen 
6mbrittlement in 18Ni (250) maragitlg steel but not in AISI 
Type H-Il tool steel. 

(b) Bal4;ing 24 hours at 375 F did flot reliev,e hydrogen ~mbrittlement 
in AIS! 4340 steel. 

The results of these sustained-load experiments suggest that the effectiveness of 
the baking treatments foJ;' eliminating hydrogen-stress -cracking failures in high-strength 
steels is related to the susceptibility of the steels to failures by this mechanism. 
Although all the baking treatments evaluated reduced the severity of embrittlement in 
AlS! 4340 steel, none completely eliminated failures of this material. This steel W~" 
shown to be the most susceptible to hydrogen-stress cracking in Phase 1. On the other 
hand; all the baking treatments applied to the 18Ni (250) rnaragi:ag steel completely 
el'iminated delayed failures; regardless of the prebaking condition. In, Phase 1, this 
.teel was shown to be the least susceptible to hydrogen-stress cracking of the five 
steels used in the present evaluation. 

.:' 

In addition, the nature of tbe electroplate influenced the effectiveness of the baking 
treatment. For e"ample, bakr~lg 3 hours at 375 :r eliminated failures in precharged 
and/('r dull-cadmium-electl'oplated s.pecimens of AlSI 41:30 and AISI 8740 steel, while 
24 hour's at 375 F was re<\,\1ired to eliminate failures in bright"'cadmium-electroplated 

I} 
oJ " " 
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specb-11ens of these same steels. This behavior was attributed to' the fact that the dull ... 
eadn'~ium plate was poreus and, thet-elere, presented less ef a bar1'ier to' the remcval 
of hydrogen during the baking treatment than did the mere dense bright-caldmium plate. 
The obBervation that the 3 -heur bake eliminated delayed failures in the pre charged ... 
ana-bright"'cadmium-electroplated sl'ec:imens ef these twO' steels, whereas longer 
times were required when;,a bright-cadmium electrO'pl\ate Was applied witheut pre·
charging, suggests that the precharging treatment influenced th{Jj~atu.=e of. the subse
quent electreplate and thereby allowed relie:£to be ebtained mo~~rapidly. 

The ra~u.1t;s of the hydregen analyses, listed in TabIE!S 34, 36, and 3~ and 
depicted graphi.cally in Figure 25, s'hewed that, generally, $6rne hydregen was released 
during the baking treatments. Alse~ mere hydrogen general1;lwas released from the 
precharged-and-electrep1.ated specimens tha~ilwas released from the specimens that 
were O'nly electroplated. In many cases, rrtore hydrogen was released frenl the pre
chargea""and-electreplated specimens .than was released frem the specimens that Were 
only pre charged. This behavior suggests that thin O'xide {ihns present en the surface 
of the precharged specimens 01" whitih formed during the baking ef these specimens 
acted as more ef a barrier to ei!usicn ef hydrogen than did the electroplates. 

The type 01 electreplate appeared to' in£1uent:!e the amO'unt ef. hydregen remO'val. 
For the cadmium-electroplated specimens (net pre charged), the hydrogen analyses 
indicated that little 0''1' no hydregen was relea.sed during baking ef some steels, while 
some was released fer: other steels j however, for the Watts -nickel~electreplated 
specimens and hard -chremiurrl-electreplateGt specimens, analyses indica.ted that 
condderable hydrogen was released. In several cases, the analyses for these latter 
I!Ipecimens indicated that thCfj baking treatmentteduced the hydrogen centent to the 
amount present in the as-heat-treated specimens, that is, ptio,f to' any cleaning 0'1" 

electroplating processing steps. ii" '., 
l 
\\ 

Cenctus ions \ -

The results ef the sustained-load experiments of prechatged and/or eleotroplated 
specimens subjected to' various post-plating baking treatmen.ts sugge:;)ted the follO'wing 

'conclusiO'ns: ' 

(1) Cadmium-plated specimens: 

(a) 

(b) 

'11 ':J 
Baking for 24 hours at 375 E" 6:!{ectively relieved hydrO'gen 
embrittlement, as measured bY~fe sustained-load test, in 
bright- er dull-cadmium ... electr~plated AlSI Type H-l1 tocl 
steel and 18Ni (250) maragingfifeel (260, OOO-psi strength 
level) but net for AlS14340 st~el (260, OOOdpsi strength level). 

Baking fO'r 24 heurs at 375 F e£!ectlvely relieved hydrogen 
embrittlement in bright-cadmium-electreplated AISI 4130 
and AISI 8740 steel (180, 000 -psi strength level). 

(c) ~aking for 3 hO'urs at 375 F effectively relieved hydrogen 
-e,mbrUtlament in dull-cadmium.-electt'oplated AISI 4130 
afld AISI 8740 steel (180, OOO-psi str~ngth leveU. 
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(d) Daking for times up to 24 hours did not insure relief of 
embrittlement i~ precharged specimens '0£ AISI H-ll tool 
steel and AISI 4340 steel that were not subsequently 
electroplated. 

(2) Watts-nickel-electroplated (without brightener) specimens: 

(a) Baking for 24 hov.rs at 375 F or 2 hours at 600 F relieved 
hydrogen embrittlement in AISI Type B-ll tool steela.nd 
I8Ni (250) maraging steel. 

(b) Baking for 2~ hours at 375 F did not eliminat~ hydrogen 
embrittlement in AISI 4340 steel. 

(3) iHar'Q'-,.chrotnium-electroplated specimens: 

(a) Baking 24 hours at 375 F or 2 hours at 600 F relieved hvdrogen 
embrittlement in I8Ni (250) maraging steel but not in AISI Type 
H-ll tool steel. 

(b) Baking 24 hours at 375 F did not relieve hydrogen etnbrittlement 
in AISI 4340 steel. 

(1:) Wood' s -nickel- strike-electroplated specimens: 

(a )\..,\ 3 -hou:t' bake at 375 F relieved hydrogen"e1J2;brittlelnent in 
AISI J'yp;i~ 410 stainless steel,_th~=Qnly st~el to which this 
electro.plate was applied. --_. 

I 1\ 
The results of hydrogen analyses of,ip~echarged) precharged-anl'tl ... electt"oplated, or 

electroplated specimens showed the following behavior: 

(1) Baking for 1 hours at 375 It reduced the average hydrogen cohtent of 
prechou:.ged and of precharged-and- Wood! s-nickel-strike
electr():plated specimens of AISI Type 410 stainless steel to a level 
below that which was shown to be required to cause hydrogen.;.stress 
cracking in previous work. I) 

(2) Baking 24 hours at 375 F effectively reduced the hyd-rogen CO~itent of 
18Ni (250) mar aging steel as precharged; as pre_Qh3c~ged and~lectro
plated with b,dght or dull cadmi1.~in, hard chromium ot: Watts' nickel; 
or as electroplated with the same coatings without being precharged. 

\}n all instances} h.ydrogen levd\s after baking were below the level 
rshown previously to be required to cause hydrogen-stress. cracking . 

.. Baking for 2 hour's at 600F also effectively red.u~ed the hydrogen 
content for ha.!d -chromium - and Watts .... l'Hckel-electropl~ted specimens. 

'. ~J 
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(3) Baking did not alwti\ys reduce to a satisfactory level the hydrogen 
content of AISI H-ll tool steel ()r) especially, AISI 4340 steel, as 
precharged, as precharged and electroplated, or as electroplated 
without precharging. For that matter, a satisfactory level has not(, 
been det'ernuned for AISI 4340 steel, since it was subject to delayed 
brittle failure under the mildest charging conditions used in this 
program. 

(4) 'I'he type of electl"0plate influen.ced the amount of hydrag,en removed 
d,~ring a giv~!n baking treatment. 

\\ ! 

IJ 
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