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HYDROGEN-INDUCED, DELAYED, BRITTLE FAILURES
OF HIGH-STRENGTH STEELS

A. R. Elsea and E. E. Fletcher*

SUMMARY

Steel which is subjected to 2 tensile stress exceeding some critical value depend-~
ing on the strength level of the steel and which contains hydrogen that is free to move is
susceptible to failure in a delayed, brittle manner. The problem is especially serious
because the minimum stress for failure decreases as the strength of the steel is in-
creased and because failures occur with no appreciable ductility, even though ir a ten~
sile test the material may exhibit normal ductility, Under most conditions the strength
level of the steel is the most impertant factor affecting the occurrence of delayed,
brittle failure, Both the minimum applied stress that will result in failure and the time
required for the failure to occur decrease as the tensile strength of the steel is in-
creased, These failures occur in all types of steel microstructures except austenite,
Alloy composition is a relatively unimportant factor in the hydrogen-induced, delayed,
brittle failure of body-centered cubic steels.

It has been shown that such failures depend directly on the hydrogen content of the
steel, and the way in which the hydrogen gets into the steel is of no importance. Such
failures do not occur if hydrogen is kept out of the steel or is removed before the steel
1s damaged permanently, Normally, the critical amount of hydrogen required to induce
failure 1s not present at the sites where failure initiates, hydrogen must move to these
sites, either as the result of a hydrogen-concentration gradient or a stress gradient.
The former condition prevails when the steel is exposed to an environment which per-
mits hydrogen to enter its surface. Stress gradients that will cause hydrogen to move
to regions of high tensile stress may result from bending or notches,

Since this type of failure involves time for the diffusion of hydrogen, it occurs
under low-strain-rate or static-load conditions., Crack propagation is not a continuous
process, it has been shown to be a series of individual crack initiations and propaga-
tions., Both the incubation period and the propagation of the crack are controlied by the
diffusion of hydrogen. However, the mechanism by which hydrogen reduces the ductility
of steel and lowers its load-carrying ability still is not known, All of the theories ad-
vanced to explain these effects depend on a critical combination of hydrogen and stress,

Whether or not a material under a given set of conditions will fail in a delayed,
brittle manner can be determined with certainty only by a sustained-load test. Impact
tests are useless, because the time under stress is too short for the failure mechanism
to become operative. The results of tensile tests may be misleading, since they may
indicate full ductility and yet the material can fail in a brittle manner after a period of
time under a sustained stress above the critical level,

*crrous and High-Alloy Metallurgy Division, Battelle Memorial Institute,




INTRODULCTICN

DMIC Memorandum No. 180, "The Problem of Hydrogen in Steel!", October 1,
1963, was written with the irtent of helping the steel user determine i he has a problem
of delayed, brittle failure associated with hydrogen in steel, particalarly high-strength
steel, The effects of hydrogen on the mecharnical properties of steel are dealt wit'h, -nd
the general behavior of material susceptible to delayed, brittle fzilure is described,
The most noteworthy charecteristic of delayed, brittle failures induced in st2el by
hydrogen is the loss in 2bility to support a sustained load. Alsc, possible sources of
hydrogen in steel and the types of tests useful in determining the susceptibility to
delayed failure are outlined,

The present report discusses in detail the factors that influence the susceptibility
of high-strength steels to this type of failure,

EFFECT OF THE COMPOSITION OF THE MATERIAL

Many types of steel, including types with a wide variety of alioying additions,
comprising both substitutional and interstitial elements, have been examined for resist-
ance to hydrogen embrittlement and hydrogen-induced, delayed, brittle failure. No
allojing element has been able to eliminate the propensity toward delayed, brittle fail-
ure, and none has been truly effective in retarding failures of this type., All ferritic
and martensitic steels investigated under test conditions that promecete delayed, brittle
failure have been susceptible te this type of failure, However, no instances of hydrogen-
induced, delayed, brittle failure of an austenitic steel is known to the authors. Even
when severe cathodic charging conditions have been used, no delayed failure and rela-
tively little loss in ductility have becn encountered with austenitic steels, However,
when austenitic steels are processed so that part of the austenite is transformed to the
body-centered cubic form (by cold work or by low-temperature treatment) so that they
are no longer fully austenitic, they too become susceptible to such failures. Thus, in
the same material, a change in structure can alter what is apparently a completely re-
sistant material into one that is readily susceptible, without change in composition,

This has been demonstrated in chromjum-nickel, straight-nickel, and manganese
austenitic steels. It would seem:, then, that the resistance of austenitic materials to
this phenomenon is the result of the face-centered cubic structure and not differences in
composition,

Because many alloy systems had been investigated and hydrogen embrittlement
had been found only in body-centered cubic transition metals, a number of investigators
inferred that no face~centered cubic metal can be embrittled by hydrcgen: for example,
see Reference 1%, However, Eisenkolb and Ehrlich(2) discovered that nickel could be-
come embrittled by hydrogen, so the rule is not universal. Later, Blanchard and
Trciano(3) verified the embrittlement of nickel and 2lso found that certain nickel-base,
nickel-iron alloys were embrittled by hydrogen when charged for several hours at a
high current density,

®eferences appear at the end of the report,
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The folleviny paragraphs vill describe some of these investipations in greater
detadl,

Becwuse hydrogen embriitlement limits the use of martensitic steels at high
strength levels and ne cases of delayed, brittle faiiure have been found 1n austenitic
steels, most of the studies of delayed, bristle failure have been periormed with body-
centered cubic steels., For the most part, the early studies were corcerned with AISI
4340, a Cr-Ni-Mo steel which is extensively used in the aircraft industry at high
strength levels and with which some spectacular delayed, bLrittle failures have been
encountered, The nature of the susceptibility of this steel was well demonstrated by the
work of I'roiano and co-workers at Case Institute of Technology(‘;’ 3. °), Elsea and co-
workers a' Battelle Memorial Institute{7:S; 9), Sachs and his group at Syracuse Univer -
sity(w: iil, and Rinebolt at the Naval Research Laborator','(lz). Examples of the re-
sults obtained for this steel heat treated to various sirenzin levels and tested under
static loads are shown in Figures 1 and 2, The results siiown in Figure 1 were obtained
with sharp-notched specimens precharged with hydrogen, while those ir Figure 2 were
obtained with unnotched specimens cathodically charged continuocusly while under load.

Elsea's group studied the effects of both interstitial and substitutional alloying
elements(8,7), These investigaiors used unnotched specimers cathodically charged
continuously while under load with standard charging conditions of 4 per cent sulfuric
acid electrolyte, phosphorus poison, and a current density of either 8 or 10 ma/in. 2,
Experiments with SAE 4320, SAE 4340, and a high-carbon (about 0,957, C) steel indi-
cated that a considevrable change in carbun content had little elfect on the delayed,
trittle failure (see Figures 3 and 1), The eifect of boron, another interstitial alloying
element, also was studied. This study was performed with a koron-treated steel,
SAE 86B35, heat treated to the 230,000-psi strength level, Tle results of static loading
during continuous cathodic charging with hydrogen at 10 ma,in. 2 are compared with
similar data for SAE 4340 in the following tabulation:

Rupture Tume, minutes

Applied Stress, psi SAE 8%B35 SAE 4340
100, 000 15 10
50, 000 32 30
40,000 63.5 40
30,000 120 ~120(a)

(a) By tnterpolation,

The addition of boron appeared to have no appreciable effect on the time {r failure to
occur in this stress range, A brief study of the effect of substitutional alioying elements
was made by comparing three steels with the same nominal carbon content and all heat
treated to approximately 270, 000-psi ultimate tensile strength, The steels were

SAE 4340 (Cr-Ni-Mo), SAE 4140 {(Cr-Mo), and SAE 1040 (plain carbon), The data from
these experiments are shown in Figure 5, The failure times were about the same for

the SAE 4140 and 4340 steels, The SAE 1040 steel had shorter delay times than did the
other two steels, but it was approximately 2 points Rockwell C higher in hardness, which
would tend to give shorter times,

Gasior and Prajsnar(13) sturdied the delayed failure of three plain-carbon steels
that differed 1n carbon content, The steels were studied in the as-quenched condition
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DELAYED-FAILURE TESTS ON SAE-AIS1 4340 STEEL HEAT TREATED
TO SEVERAL STRENGTH LEVELS, SEOWING THE EFFECT OF

HYDROGEN

Fixed charging conditions, aged 5 minutes, sharp-notch specimens.

Case Institute of Technology Charging Condition A:

Electrolyte:
Poison:

Current density:
Charging time:
Aging time:

4 per cent HzSO4 in water

None

20 ma/in, &

5 minutes

Measured from end of charging to start of test,
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FIGURE 3, DELAYED-FAILURE CHARACTERISTICS OF AN SAE 4320 STEEL

DURING CATHODIC CHARGING UNDER STANDARDIZED
CONDITIONS(8)

Lines representing characteristics of SAE 4340 steel have been

added for comparison, Battelle Charging Condition A, as given
in Figure 2,
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FIGURE 4, DELAYED-FAILURE CHARACTERISTICS, DURING CATHODIC
CHARGING UNDER STANDARDIZED CONDITIONS, OF A
HIGH-CARBON STEEL (about 0, 957 C) HEAT I'REATED TO
HAVE AN ULTIMAT. TENSILE STRENGIH OF 230, «00 PSI{8)

The characteristics of SAE 4340 steel at the same tensile
strength have been added for comparison,

Battelle Charging Condition A, as given in Figure 2,
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FIGURE 5, FAILURE TIME AS A FUNCTION OF APPLIED STRESS FOR SAE

1040, 4140, AND 4340 STEELS HEAT TREATED TO
APPROXIMATELY 270,000-PSI ULTIMATE TENSILE
STRENGTH!?)
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Charging Conditions:

Electrolyte: 4 weight per cent H,S04 in water
Poison: 5 drops per liter of cathodic poison
composed of 2 g phosphorus
dissolved in 40 ml CS,
Current density: 10 ma/in, 2
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and after tempering at various temperatures up to 450 C (840 F). The results, shown
in Figure 6, indicate that, the higher the carbon content, the greater is the suscepti-
bility of steel to hydrogen-induced, delayed, brittle failure. Howewver, the comparisuns
were made on the basis of constant tempering temperature, and censtaai tempering
temperature does not provide constant tensile strength for steels of different carbun
content, The steels of higher carbon content would tend to be stronger for 4 given
tempering temperature., The observations of some other workers confirm this finding
for plain-carbon steels., However, the work of Elsea's group cited abuve indicated that
a considerable change in carbon content in alloy steels had little effect on delayed,
brittle failure, when the steeis were compared at about the same tensile strength, In
addition to the different bases of comparison, diiferences in the test methods used may
have contributed to the apparent difference in the results of these tvo investigations.

Troiano and co-workers studied the delayed-failure characteristics of 12 heats of
SAE 4340 steel at strength levels of 230,000 and 270,000 psi(13), They used notched
specimens precharged with hydrogen, All twelve heats exhibited delayed, brittie failure
over a substantial range of applied stress at both <* ength levels., The lower critical
stress for failure was independent of strength levet and chemical composition, while the
failure time increased linearly with increasing notched tensile strength of charged
specimens, The failure time and the notched tensile strength as charged decreased
somewhat with increasing amounts of phosphorus plus sulfur. For a given strength
level, the ductility of uncharged, smooth specimens decreased v ith increasing amounts
of phosphorus plus sulfur and with increasing carbon content, Traces of the delayed-
failure curves obtained are shown in Figure 7.

Blanchard and Troiano{16) studied the delayed-failure and notched tensile pruper-
ties of a vacuum-~melted SAE 4340 steel. The notched ductility and notched tensile
strength were increased by vacuum meiting, and the susceptibility to delayed failure
was reduced,

Rinebolt(12) and Raring and Rinebolt(17,18) compared the delayed-failure behav-
ior of AISI 4340 steel melted in a vacuum, in argon, and in air, Analyses show.ed that
vacuum and argon melting markedly lowered the oxygen content of this steel compared
with that of air-melted steel, but the hydrogen and nitrogen contents v.ere not lowered
appreciably, The three materials were heat treated to strengths in the range from
150,000 to 287,000 psi. Delayed fractures did not occur below 97 per cent of the
notched tensile strength at the 230,000-psi strength level when the specimens were not
charged electrolytically or cadmium plated. Cadmium plating resulted in delayed frac-
tures at stress levels as low as 50 per cent of the notched tensile strength. Cathodic
charging with hydrogen resulted in delayed failures at stresses as low as 16 per cent
of the notched tensile strength of the uncharged materials. However, melting in a
vacuum or in an argon atmosphere had no significant effect on resistance to delayed,
brittle fracture as compared with that of air-melted steel. Evidently, the difference iu
oxygen content among the steels had no substantial influence on the susceptibility to
hydrogen-induced, delayed, brittle failure. Values of reduction in area and elongation
obtained in short-time tests of unnotched specimens decreased tec less than 1 per cent
after relatively short charging times,

Because the usual low~temperature baking treatment used to minimize hydrogen
embrittlement in high-strength steel generally is not adequate to eliminate harmful
hydrogen completely, Klier, Muvdi, and Sachs(19,20) evaluated seven different high-
strength steels for susceptibility to delayed failure in the sustained-load test, The
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seve. materials studied, the heat treatments used, and the resulting strenzth levels are
listed in Tables 1 and 2. Botfi smooth (unnotche d) and notched (Kt = 2 to 10) specimens
were use i idydrogen was introduced into the steel during cadmium electroplating at
206 ma,sn,-. By a saitable adjustment of the applied load, specimens of 4ll seven
stecls inclii. ali strength levels examined could be made to fail, with a time delay,
undes sustsine i load as the result of hydrogen introduced by cadmium electroplating.
Curves of applied stress versus time to failure were presented for 2ach steel and each
strength level studied, see Figure 3 for SAE 1340 as an example. From these curves,
the rupture strengith corresponding to a failure time of 100 hours was determined. This
value has been plotted versus tensile strength for four of the steels in Figure 9. From
their results, they concluded that the susceptibiliiy of a sieel t¢ farlure under sustained
load after cadmium plating depends on the severity of the notch and on the metallurgical
structure of the stecl., They found that the silicon-modified steels studied were more
resistant to hydrogen embrittlement at intermediate tempering iemperatures than were
the low-silicon steels., Also, the lower critical stress was higher for the high-silicon
steels than for low-silicon steels for the intermediate tempering temperatures. An
example of the general behavior of the silicon-rich steels is that exhibited by Hy-Tuf,
showrn in Figure 10, Although all the steels studied could be made to fzil under sus-
tained load after cadmium plating, two steels possessed relatively high resistance to
delayed failure at strength levels as high as 270,000 ps1 when hydrogen was introduced
in this manner. Hy-Tuf at a strength level of 230,000 psi showed only shght embrittle-
ment under the cadmium-plating conditions used, as is shown in Figures 10 and 11,
UHS-2,0 also was less sensitive to the embrittling action of electrodeposited hydrouzen
than were the low-silicon steels. Thus, tnese results suggest that steels with hivh
silicon contents offer some advantage,

Sranley(21) tested a wide variety of steels to obtain more extensive comparative
data un the susceptibility to hydrogen embrittlement. He also tested a selection of non-
ferrous alloys, The emphasis was on delayed fracture under constant sustained load,
The specimens were severely cathodically charged with hydrogen (24 hours at ¢. 5 amp/
11.2) so that even a slight degree of susceptibility to embrittlement of any of the alloys
might be detected, The compositions and conditions of the materials used are given 1a
Tables 3 and 4,

To compare a variety of materials, a convenient index of the susceptibality to
hydrogen embrittlement is the ratio of the lower critical stress for failure . the Lot zed
tensile strength of the uncharged material. This ratio, swhich Srawley cciled the
"static-fatigue ratio', will have a low value for materials that are highly susceptible to
hydrogen-induced, delayed, brittle failure and will approach a value of 1,00 as the sus-
ceptibility becomes negligible, In Srawley's work, the srnall number of specimens
available per material allowed only the determination of the limits between which the
static-fatigue ratio should lie. The upper limit, called the failure- stress ratio, was
defined as the ratio of the lowest nominal stress at which a specimen failed (within
100 hours) to the notched tensile strength of the uncharged material, the lower limit,
called the survival-stress ratio, was defined 3s the ratio of the highest stress at which
a specimen survived (for 100 hours or more) to the notched tensile strength of the
uncharged material, These ratios are given in Table 5, along with the properties of the
uncharged specimens and the time to failure of the specimen which failed at the lowest
nominal stress, i.e,, the time corresponding to the failure-stress ratio, In several
cases, a specimen fractured while being loaded to the intended stress, so .he remark
"load increasing'' is used in place of the time to failure. In six cases, specimens of
relatively soft material which had survived 100 hours or more under load were found to
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TABLE 1. CHEMICAL COMFPOSITION OF STEELS USED IN A STUDY OF THE EFFECT OF STEEL COMPOSITION
ON SUSCEPTINILITY TC BY DROGEN-INDUCED, DELAYED, BRITTLE FAILURE(1Y)

Compositicn, per cent

Steel Si1ze and Shape C Mn P s Si Ni Cr Mo V Cu
4340 4-1/4-1n. round  0.41 0. 79 0. 013 w.uls .31 183 GTT 23 -~ --
4236 (vanadism modified) 3-1/2-ip. round .32 5.32 0.010 . 021 0. T8 182 GoxF w4l weel -
Q§B40 4-1/2-10. zound  v.46 0,80 w. 019, 4,022 w4l L8R W T o280 -- --
Trcent (Inco) 4-1/4-in. square 0.33 0.74 v. 014 w014 L& L83 083 0.3% w7 .-
Crucible UHS-260 4-1m. square .35 120 0.¢23 .017 L2 --  L2% 050 020 --
Hy -Tuf 4-1/2-1n. sound  ©.25 1.30 9422 €. 01¥ 147 L.7H w3y w3 -- -
Super Thi-2 3-m. round 5.41 .72 w612 6,014 0,61 2,83 L1 U444 -~ Q14

TABLE 2. HEAT TREATMENTS AND STRENGTH LEVELS USED FOR THE VARIOUS STEELS LISTED IN TABLE 1(19)

Austenitizing
Temperature, Tempenng Tzmperavuze
Steel F (Strength Level, pst)
4340 1528 400 F S0u F TOCF 2O F 1000 F
(275,460) (274,669 (225,600)  (T15,080) (15, 0u0)
4330 (vanadium modified) 1600 256 F 560 F THF 1600 ¢
265,000) (235, 000) 216,000)  (1E0,ui0)
98840 1550 400 F 315 F 700 F 806 ¥ ¢ F
(300,000)  (276,000)  (230,000)  (205,000) (195, 000)
Tricent (Inco) 1600 400 F 581 F OO F
(295,6G00)  (275,000)  (Q7&,900)
Crucible UHS-260 1700 500 F BOO F
(270, 000)
Hy»Tuf 1575 TOOF (255, 600)
(230, 06v)
Super Thi-2 1600 00 F

(875, (100)
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TABLE 3. COMPOSITIONS OF MATERIALS USED IN A COMPARATIVE STUDY
OF SUSCEPTIBILITY TO DELAYED, BRITTLE FAILURE(21)

Material

Coumpuosition, weight per cent

AISI 52100 steel

AISI 4340 steel

AISI 4130 steel

AISI 1020 steel
Armco iron
Malleable cast iron

AISI 422 steel
‘{modified)

PH Steel W

PH Steel A

PH Steel B

Austenitic Steel T

AlSI 410 steel

AISI 304 steel

K Morel

Monel

Inconel

Copper Beryllium No, 25
Bronze

Manganese bronze

Aluminum bronze
Beta brass

7075 aluminum alloy

(Nominal: 1,00 C, 0.35 Mn, 0.3 S1, 1,45 Cr)

0.41 C, 0,73 Mn, 0.30 Si, 1.82 Ni, 0.76 Cr, 0,28 Mo,
0.009 P, 0.0616 S

0.32C, 0,45 Mn, 0,26 S1, 0.93 Cr, 0,23 Mo, 0.007 P,
0.020 S

0.20C, 0.76 Mn, 0,013 P, 0,027 S
(Nominal: 0,01 C, 0,02 Mn, 0,005 P, 0.025 S)
2,51 C, 0.40 Mn, 1.35 Si, 0,058 P, 0,131 S

0.23C, 0,50 Mn, 0,50 Si, 12,40 Cr, 0,30 Mo, 0.31V,
0.020 P, 0,013 S

0.07 C, 0.50 Mn, 16.75 Cr, 6.75 Ni, 0.8¢ Ti, 0.20 Al

0.07C, 0.71 Mn, 0.30 Si, 17.07Cr, 7.24 Ni, 1,18 Al,
0.017 P, 0.006 S

0.038 C, 0.35 Mn, 0,52 S1, 16,02 Cr, 4.25 Ni, 3,47 Cu.
0.32 Ch, 0.018 P, 0.008 S

0.09 C, 14.90 Mn, 0,51 Si, 18.12 Cr, 0,022 P, 0.012 S,
0.50 N

0.11C, 0,55 Mn, 0,32 Si, 11,6 Cr, 0,26 Ni, 0,11 Mo,
0,07 Cu

{Nominal: 0,08 max. C, 2.00 max, Mn, 1,00 max, Si,
18,0-20,0 Cr, 8,0-11,0 Ni)

66.4 Ni, 28,9 Cu, 0,9 Fe, 0.55 Mn, 0.19 Si, 0,15 C,
2,90 Al

66,9 Ni, 30,4 Cu, 1,33 Fe, 0,88 Mn, 0,30 Si, 0,16 C

75.6 Ni, 17.4 Cr, 6.5 Fe, 0.04 C, 0.25 Mn, 0, 34 Si,
0.02 Cu

(Nominal: 1,80-2,05 Be, 0,25-0,35 Co)
94,9 Cu, 4,8 Sn, 0,04 Zn, 0,15 P, 0.04 Fe, 0,04 Pb

(Nominal: 57-60 Cu, 0,8-2,0 Fe, 0.50~1,50 Sn,
0.50 max, Mn)

95,19 Cu, 4,66 Al
52,1 Cu, 47.9 Zn, 0,026 Pb

(Nominal: 5,1-6,1 Zn, 2,1-2,9 Mg, 0,18-0,40 Cr)
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TABLE 4. CONDITIONS OF MATERIALS TESTED IN A COMPARATIVE 5TUDY
OF SUSCEPTIBILITY TO DELAYED, BRITTLE FAILURE(ZD)

Material

CToandition

AISI 52100 steel
AISI 4340 steel
AISf 4130 steel
AISI 1020 steel
Armco iron
Malleable cast iron
AISI 422 steel
(modified)

PH Steel W

PH Steel A

RH%50

THIu30

PH Steel B

(21}

H87

Austenitic Steel T

AISI 410 Steel
AISI 304 Steel
K Monel
Monel
Inconel

Copper Beryllium
No. 25

Bronze
Manganese bronze
Aluminum bronze
Beta brass

7075 aluminum alloy

Oil quenched from 1550 F (1/2 hr), then temperad as mnéicated(a)
O1l quenched from 1550 F (1/2 hr), then tempered as indicated(a)
0Oil quenched irom 1550 F (1/2 kr), then tempered as indicated(a)
Water quenched from 1650 F (1,2 hr), then tempered as indicated(?)
Annecaled {as recerved)

Oil quenched from 1500 F (20 min), then tempered at 500 F for
3 hr and water quenched

Oil quenched from 1850 F (1/2 hr), then tempered as indicated(2)

Received in solution~treated condition, then aged 2 hr at 950 F
and a:r <ooled

Received 1in solution-annealed condition

Air cooled from 1750 F (1/2 hr), refrigerated for 16 hr at -100 F,
aged at 950 F for 1 hr and air cooled

Air cooled from 1450 F (1-1/2 i1r), aged 1056 F for 1-1/2 kr
and air cooled

Received in solution-annealed condition
A1lr cooled from 875 F (1 hr}

Cold rolled to 30 per cent reduction of area after forging and
water quenching from 2000 ¥ (1/2 hr)

Oil quenched from 1760 F (1 hr}, then tempered as indicated(a)
Cold rolled to 46 per cent reduction of area

As received (hot rolled)

As received (hot rolled)

As received (hot rolled)

Received in solution-annealed condition, aged at 600 F for 18 hr
and air cooled

As received (hot rolled)

As received

As received

Alr cooled from 1000 F (2 hr) after hot forging to size

As received (stress relieved and aged)

{(a) See Table 5.




TABLE 5. HARDNESS, ULTIMATE, AND NOTCHED TEMSILE STRENGTHS, ANLD RESULTS GF DELAYED-FAILURE TEsTa(*1)

Unchaiged Prepetiies

Hydrogen-Charged Specumens

Uldmate Noitched

Survivai Fallure-

Rockwell Tensile Tenle Number of  Stess Stress
Hardness Swuength, Swength, KIS  Speaimens Rauo, Rauo,
Matenal Condiwon{®)  Number 1060 Pt 1600 par LTS Tested v hr mummum  Time to Fatlure
AISI 52100 steel T3.u 1 C-64 -- 86.8 == 2 - 0.14 15 sec
T700/1 C-31 (-890) 376.5 {0.63) 3 - 0.15 Load increasing
AlIS] 4340 s1eel T380; 1 C-52 2380 324.0 1.93 5 0.07 0.08 Load 1ncreasing
TE€00/1 C-46 236.0 258.9 1.2% S 0.10 0.12 Load increasng
T300:1 C-45 211.5 306.0 1.37 5 0.14 0.1€ 20 sec
T1080/1 C-33 176.5 272.0 1.52 4 0.18 0.13 30 sec
T11C,1 C-35 168.0 <52.0 1.51 5 0.25 0.23 5 sec
T1200, 1 c-23 146.0 2:2.0 1.51 5 0.49 0.54 2 sec
T1i215/1 C-26 132.8 200.0 1.51 5 0.53 0.63 14 min
AISI 4130 steel T400/1 C-51 (245.0) 273.5 (1.11) & 0.20 0.23 10 sec
T609/1 C-48 (225.0) 314.0 (1.39%) 2 -- 0.22 Load fncreasing
T8O, 1 C-43 (260.0) 275.0 (1.39) 4 .17 0.18 & min
T300/1 Cc-39 183.5 270.0 1.47 4 0.18 .19 1 min
T1000/1 c-35 (160.6) 236.0  (1.59) 4 0.38 0.46 5 secc
T1100/1 C-30 146.0 227.6 1,58 5 6.35 0.38 30 sec
T1200/1 C-26 (125.0) 183.0  {1.5)) 3 0. 80(b) 0.90  7min
T1300/1 c-21 18,5  182.0  1.52 5 0.81®  0.32  Load ircreasngl®
AIS] 1020 sreel T380/1 C-33 {150.9) 157.0 1,65 4 0.82 0.87 30 sec
Armco 1ron Annealed B-41 4.3 62.2 1.40 2 0.7:(%) 0.30  Load increasng(®
Malleable cast iron T500,2 C-34 129.5 109.0 0.84 6 0.26 0.31 3 min
AISI 422 steel (modified) T400/4 C-51 262.5 322,90 1.23 5 0.22 0.25 Load increasing
T900/4 Cc-51 270.5 185.0 0.68 4 0.33 0.35 Load Lacreasing
T1050/1 C-45 219.5 322.0 1.46 ] 0,18 0,21 108 hr
T1050/2 C-42 198.8 302.0 1,52 5 0.20 0.25 60 hr
T1050/4 C-41 187.0 285.0 1,52 4 0.30 0.32 66 hr
T1100/4 C-42 208.5 307.0 1.47 4 0.22 0.24 27 hr
PH Steel W T950/2 C-46 203.0 92.0 0.44 4 0.33 0.35  Load Increasing
PH Steel A RHI50 C-46 223.0 223.0 1.00 4 0.16 0.217 10hr
TH1050 C-40 182,0 256.0 1,40 3 -- G.42 4 hr
PH Stcel B H875 C-42 198.0 320.0 1.62 4 0,18 0.19 1 miin
Austenitic Steel T 30% cold rolled C-42 193.8 313.0 1,61 4 0,89 0.94 6 hr
AlISI 410 steel T400/2 C-41 201.0 310.0 1.54 5 v.22 9,24 4 min
T500/2 C-40.5 192, 5 302.0 1.57 4 0.15 6,16 6 hr
T600/2 C-40 190.¢ 300.0 1.58 4 0.29 .34 10 sec
T700/2 C-41 197.0 310.0 1.57 4 9,10 2,13 1 min
T825/2 C-42 193.0 301.5 1.56 H 0. 11 0,12 1 min
T950/2 C-40 196.0 306.0 1.56 5 0.19 0,20 10 sec
T1000/2 C-35 172.0 274.0 1.59 4 0.18 0.20 4 hr
T1030/2 C-28 (150.0)  242,0 1.61 2 0,22 0,27 Load tncreasing
T1050/2 Cc-27 139,0 224,0 1.61 5 0,40 0.47 4 min
T1100/2 C-24 121,0 194,0 1,60 4 0.37 0.44 1 min
T1200/2 c-21 116.,0 187.0 1,61 4 0,38 0.50 39 min
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TABLE 5. (Continzed)

Unchatged Prodecties Hydtogen-Charzed Specimens
Uldmate Notched Swrvival-  Fatlure-
Rockwell Teastle Tensile Number of  Stress Stress
Hardness Suength, Swuwength, _NTS  Specimens Ratte, Rado,
Matertat Condufor{?)  Number 1000ps! 1000ps  UTS  Tested 160hr  mimmum  Tims to Fatlure
AlISI 304 steel 46% cold rolled C-Z8 131.0 203.9 1.55 5 1.00 1.00 Load mctcaslng(c)
» s P £ s(b) v ’C)
K Monel As rec’d. c-28.5  133.0 220.v 1.58 4 0.3 0.8  Load fncreasingt
Monel Asrec'd. C-24.5 116.0  185.0 1.59 6 0.86(D) 0.35  Load increasing(®)
Inconel Astec'd. B-72 88.3  115.0  1.31 3 0.7  06.93  Load increasingl®
Copper Beryllium No. 25 600/18 C-41 (185.0) 130.0 (0.70) 4 0.97 1.62  load inc:casing(‘)
Bronize As rec’d. B-92 - 135.5 - 4 0.95 1.00  Load fncreasing()
Manganese Bronze Asrecd. B-96 131.0 156.0 1.19 4 0.90 0.95 49N
Aluminum Bronze Astec’d. B-81 83.4 106.9 1.27 4 0.95 1.00 Load lnczcasing(c)
Beta brass 1000/2 E-84 0.0 5.6  1.26 4 0.61 0.66 20 hdd
7075 aluminum alloy As tec’d. (aged) B-88 80.0 1015 121 4 0.97 1,02 Load lncxcaslng(c)

(2) The values given ate for tempening temperature and time, for instance, T600/1 indicates that a matertal was tempeted for 1 hour at
€00 F after the hatdentng treatment given in Table 4.

(b) Cradk detected at notch root after unloading, although load had been sustained for at least 100 hours witheut fracture,

(c) Lowest stress for fracture was that obtained in the continuous-loading notched iensile test of the charged matesfal.

(d) Delayed fracture of specimens not charged with hydrogen also occurred.
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have cracks at the notch roots. These specimens are marked in the table., Apparently,
these cracks did not propagate to failure bacause there was sufficient ussociated plastic
deformation at the notch rcoots to cause apprec:able relaxation of the stress applied by
the elastic-ring loading device used.

All the steels harder than Rockwell C 30 were found to be very susceptible to
hydrogen-induced, delayed, brittle failure, except AISI 1020 and the cold-rolled austeni-
tic Mn-Cr-N Steel T, which had moderate susceptibility, In the case of the austenitic
Steel T, the susceptibility was probably due, at least in pari, tc the formation ef some
martensite during cold working. The only steel found to have no susceptibility was the
cold-rolled Type 304 austenitic stainless steel. The 12 per cent chromium hardenable
stainless steels were particularly susceptible, the Type 410 steel retaining its high
susceptibility down to 2 hardness of Rockwell C 21 (ultimate tensile strength of 116,000
psi). The low-alloy steels were less susceptible in the low-hardness range,

None of the nonferrous alloys (including Monel, Inconel, a number of bronzes, and
7075 aluminum) was found to be appreciably susceptible to hydrogen embrittlement,
Beta brass was found to be susceptible to delayed fracture under sustained constant
load, whether it was charged with hydrogen or not.

The delay time to failure usually was short compared with other published data.
This behavior probably was a result of the severe and prolonged charging with hydrogen
that was used. The delay time to failure was believed to depend on the time required
for hydrogen to diffuse in sufficient quantity to the region of plastic strain around the
notch or crack tip; thus, a high concentration of hydrogen throughout the specimens
would tend to reduce the delay time,

Geyer et al. {(22) studied the susceptibility to delayed failure in sustained-load
tests of SAE 4340 and Thermold J, a hot-work die steel of the SAE H-13 type. The
effect of cadmium plating from many different baths was evaluated. The steels were
heat treated so that the resulting tensile strength was 290,000 and 283,000 psi, and the
notched strength was 435,000 and 425,000 psi for SAE 4340 and Thermold J, respec-
tively, Unplated, notched specimens of both steels were stressed 400 hours at 220,000
psi plus 400 hours at 300,000 psi without failure. After plating from the conventional
cadmium cyanide bath and baking 3 hours at 375 F, notched specimens of SAE 434C
generally failed in a few hours at 220,000 psi. After plating from the cadmium
fluoborate bath containing peptone, failures were obtained with this steel at the 300,000~
psi stress level even though the specimens were baked 23 hours at 375 F prior to load-
ing, When plated from the same baths and baked 23 hours at 375 F, specimens of
Thermold J sustained 240 hours at 300,000 psi without failure, The authors concluded
that these results indicated a difference in susceptibility to hydrogen embrittlement of
the two steels tested, However, the specimens were loaded only to 70 per cent of the
notched tensile strength, and they were baked after plating, Thus, from the results of
these tests, one cannot conclude that Thermold J was not adversely affected by the
various plating procedures,

Probert and Rollinson(23) studied the delayed failure of 11 British steels of widely
varying composition when cathodically cleaned in alkaline solution or acid pickled while
under a sustained bending stress, All steels with a hardness greater than 302 Brinell
were embrittled,
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A study of deluyed craching of steel weldments was performed by Beachum,
Jjohnson, and Stoutl?31, They studied the effects of hydrogen, stress (restraint}, and
steel composition, oSteels studied included AISI 1020 and ASTM A212 plain~carbon
steels, and HY-80 and AISI 1140 alloy steels. Delayed cracks were produced in weld-
ments of all four steels.

Schuetz and Robertson(23) studied the delayed failure of a series of plain-carben
steels &nd a series of four nickel steels that contained from 5 to 30 per cent nickel.
Hydrogen was intruduced into the steels by exposure to HpS solution #nd by cathodic
charging., With either method of introducing hydrogen, delayed fzilures were obtained
in the steels in the ferritic or martensitic condition. However, no failure was obtained
vith the 30 per cent nickel steel when it was treated so as to be fully austenitic at room
temperature,

Other investigators have verified that martensitic stainless sieels also are subject
to Lydrogen embrittlement and delayed, britile failure. Uhligl¢®) has described the
hydrogen em})ritt}.ement of a 13 per cent chromium stainless steel, and Lillys and
Nehrenberg 27) reported on embrittlement of Types 110, 420, and 422 stainless steel.

A few of the other steels reported to be embrittled by hydrogen include SAE
1000(28), SAZ 1050 spheroidized-annealed strip{29), SAE 6150(30)) ciock-spring
steel(31)] and SAE 4140 cold-drawn wire with a tensile strength of 170,000 psi(m).

Blanchard and Troiano(3) performed an investigation to determine whether the
hydrogen embrittlement of nickel 1s of the same nature as that of steel and to determine
the effect of alloying on the magnitude of the embrittlement in nickel, The study in-
cluded 25Cr~20N1i austenitic stainless steel, The materials studied were as foilows:

Composition, per cent

Ni Cr Fe
YA" Nickel 99,4 0.15
72Ni-28Fe 72.17 27.2
51Ni-49Fe 51 49
Nilvar 36 64
Nichrome 1 60 16 24
Nichrome V 80 20
25-20 stainless steel 19.7 24,9 52.8

Both thermal and cathodic charging were used to introduce hydrogen into the alloys.
Thermal charging was used for the 25-20 stainless steel in which the diffusion rate of
hydrog~n is low at rvom temperature, the other alloys were charged cathodically. The
authors found that the nickel and some of the nickel-base alloys were embrittled by
hydrogen when charged for several hours at a high current density. Studies of the
strain-rate dependence and the temperature dependence of the embrittlement, and of the
recovery of Jductility upon aging, showed that this embrittlement was of the same type as
that of ferritic and martensitic steels,

The embrittlement was a maximum for pure nickel and nil for the 51Ni-49Fe
alloy, Nilvar, and 25-20 stainless steel, The variation in susceptibility toward
hydrogen embrittlement of Ni~-Cr-Fe alloys is shown in Figure 12, An apparent anomaly
1s the observation that the hydrogen embrittlement of a nickel-iron alloy decreased with

S
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increasing iron content, even though iron is the easiest metal to embritile with hvdro-
gen. Because no embrittlement was found in the annealed, austenitic 25-20 stainless
steel (83,000-psi tensile strengthj and because the susceptibility of metals exhmbiting
hydrogen embrittlement increases with strength level, a specimen of this steel was cold
swaged 67 per cent. This treatment decreased its reduction of area in tension from

76 per cent to bl per cent and raised its strength level to 146,000 psi for the uncharged
condition, By using a complicated prccedure designed both to introduce more hydrogen
into the steel and to make the superficial skin of hydrogen diffuse¢ into the specimen, a
slight embrittiement was produced. The ductility of the cold-worked alloy was reduced
from 61 per cent to 53 per cent “y introducing hydrogen. These findings indicate that
the well-known resistance of austenitic stainless steel to hydrogen embrittlement re-
sults from its irherent ductility and from the fact that the hydrogen contents associated
with an austenitic structure generally are relatively low.

Stable y phase

¢

/
\\ /
\\ // 80
~ e

a or unsiobie Y phase

Fe Cr

A°36457

FIGURE 12. INFLUENCE OF THE COMPOSITION OF Ni-Cr-Fe ALLOYS
ON THEIR SUSCEPTIBILITY TO HYDROGEN EMBRITTLE-
MENT(3)

All specimens were charged 4 hr at 176 F at a current
density of 22 amp/in. 2. Circled figures represent the
reduction of ductility brought on by hydrogen cnarging,

Only a few studies have dealt with austenitic steels, Virtually no embrittlement
has been found in austenitic steels, either of the Cr-Ni stainless type(l: 3z,3,33,34, 35),
or of the Hadfield austenitic manganese type(36), As reported above, Schuetz and
Robertson{25) found no embrittlement of an austenitic Fe-30N1 alloy when tested in the




25

tully austenitic condition, but Blanchard and Trowanol37s 3) did find embrittlement of
nickel dad cerlaln nickel-base austenitic materials under severe charging conditious.
Austenitic materials that are resistant o hydrogen embrittlement become susceptible
when treated so s to partially transfiorm to tody-ceniered cubc structures, as Jones
(55} f3und when chemacal milling Type 301 stainless steel that had been cold worked to a
high strength level,

EFFECT OF STRENGTH LEVEL

Many experiments haeve shown that both the minimum stress and the time required
to produce delayed, brittle failure by hydrogen decrease as the nominal tensile strength
of the steel 1s increased. Cn the basis of these experiments alone, delayed-type brittle
failures would be expected to be an increasingly severe problem as the strength level of
steel 1s Increased. Because of the ever-increasing demand for materials of higher and
higher strength in the aircraft and missile industries, for weight savings, this general
behavior made an understanding of the nature of hydrogen-induced, delayed, brittie
failure of steel imperative, The results of some of these experiments that show the
effect of strength level on the phencmenon are considered in this section.

Slaughter et al. (8) studied the effect of strength level with « group of SAE 4340
steel specimens in which the ultimate tensile strength w.as varied from approximately
300,600 psi to 142,000 psi, All of these specimens were fully quenched to produce
martensitic structures, and then tempered at temperatures in the range from 300 to
1204 ¥ to produce the desired variations in strength, Smooth (unnotched) specimens
were continuowusly charged with hydrogen cathodically while under sustained load. The
results are shown in Figures 2 (page 6) and 13, In addition, Figure 13 shows the effect
of differences in structure, but this subject will be discussed later, As the strength
level was decreased from 300,000 psi to 142,000 psi, the time to rupture in the higher
range of stress increased by a factor of approximately 100; the stress required to cause
rupture in 10,000 minutes increased from 15,000 to 45,000 psi as the strength level was
decreased 1n that range (see Figure 2).

Although it is unlikely that the conditions of these tests would be encountered in
service, the results ohtained show that hydrogen entering the steel while it is under
stress can cause it to Jose more than 90 per cernt of its ability to withstand a sustained
load, in the case of steel heat treated to a high strength level, Even at the lowest
strength level tested for the tempered martensite (142,000 psi), the steel lost app:oxi-
mately two-thirds of its locad-carrying ability. In these experiments, rupture occurred
in a tempered-martensite structure having a tensile strength as low as 142, 000 psi,
However, service failures nearly always have been restricted to steels having a kigher
strength level, This was attributed to the fact that in these experiments the specimnens
contained more hydrogen than would be expected in service,

The same steel was isothermally transformed at 1200 F to produce a peartiitic
structure which had a tensile strength of 75,000 psi, Under the same charging and test
conditions, delayed failures were obtained in unnotched specimens at this strength level,
as indicated by the following tabulation ard by the appropriate curve in Figure 2 (page 0).




s 'ur/ew g :£31suap jusrany
¢gD 36 TW op ur snxoydsoyd 8 7 jo pasodurod uostod orpoyjed jo 19317 13d sdoap ¢ :uosiog
193em ur Yooy yo 1ySrom £q quad xad p 214013091y

'V uonrpuoy Jurdieyn ayreieq

(g)SSTULS
YIANAO TTIHM SNOLLIANOD AEZITYVANV.IS ¥FANA NIDOYAAH HLIA DNIDYVHD DIAOHILVD

ONIMNJ TYNIdNY OL IWIL THL NO TIILS 0¥€¥ AVS NV JO HIDNIYLS TYNIAON JO ILOFIIF ‘€T TUNOII

8Sv9t.V sfop ‘ainidny 0} awi)
ol 8 b 2 I G0 I'0 100 1000
. T T T ] T ] T —
Salnulw ‘ainydny 0} awi|
000'02 000! (oo]o]! 00l ol !
02
oY
NG Q9
2
X 08

0ol

/ o¢l
AN

5Sa4s 3|Isua) ovl
O— = X
i Ju.// JF\\ 1sd - 000‘SL ool
/
SS3J)s /pl Mzﬂﬂ/ | -
pailddo 1sd -000‘0G!

Yibualig 3|ISual BIDWIIN  |OUWION

Vs 00¢
Ss9116 L ssass m__m.cm«z/ /// -
paiddo 1sd -000°S. O3 1sd-0000¢ O/ /Ml y—— 022 w
$S314S IQ/\\ 1sd-000°0gHHobz ©
paljado 15d-000°CE O / // // 2
alpIDag X .

09e ~
auuIg - SjoquiAs pijog / © /D/J/f/ 082

ajisuayiow
paJadwsl ~ spoqwis uadp y

S

00¢




tw
~)

Applied Stress, psi Time to Rupture, minutes
75,000 516
71,000 030
70,000 978
61,000 1872
50, 000 Did not fail in 13,242 mn (221 hr)
50, 000 Did not fail in 14, 334 man (239 hr)

Frohmberg, Barrett; and Troiano(3) at Case Institute of Technology studied the
effect of strength level of SAE 4340 steel by using sharp-notched specimens cathodically
precharged with hydrogen. Sharp notches were used to localize the region of fracture
and to provide a multiaxial stress state. The results obtained are shown in Figure 1
(page 5). With their conditions, applied stresses as low as 40 per cent of the yield
strength caused failure i1n a matter of only a few hours. Identical notched specimens
in the uncharged condition were stressed at high loads, as indicated in the figure, und
remained unbroker after times of more than 250 hours., Regardiess of the strength
level, the time to failure was alaays of the same order of magnitude (approximately 1 to
8 hours).® For a given strength level, there appeared to be only a slight dependence of
failure time on the applied stress., Thus, they found that the delay in time for failure
was evidently independent of strength level and only slightly dependent upon applied
stress for the particular test conditions used. Material at the highest strength level
exhibited a lower value of the upper critical stress than did material at the other two
strength levels. Barnett and Troiano(3%:6) showed the effect of the same cathodic
charging conditions on the mechanical properties of both smooth and notched specimens
of this steel heat treated to three strength levels. The results are shown in Tabie 6,
For the 240,000-psi strength level, the lower critical stress was 75,000 psi, In
studying 12 heats of SAE-AISI 4340 steel, the Case research workers(15) found that the
lower critical stress was independent of the strergth level for their test conditions, but
the charged notched tensile strength tended to be inversely related to the strength level,
at least at the higher strengths,

Figure 14 shows the results Rinebolt{12) obtained for tensile tests of AISI 4340
steel heat treated to three different strength levels and cathodically charged for various
times., These compariscns are based on per cent of original tensile strength, The data
show that 60 per cent of the tensile strength was lost by a steel of 209,000-psi tensile
strength (uncharged specimen) after charging for 4 hours under the conditions used.

The same loss in tensile strength was obtained for the steel heat treated to the 287,000~
psi strength level after only 1/2 hour of charging. Table 7 presents the actual values
obtained, Note that for many charging conditions the material that was the strongest in
the uncharged condition became the weakest, Also, note that the reduction in areca and
elongation decreased to less than 1 per cent after charging for only 5 minutes for all
strength levels investigated,

Sachs and co-workers at Syracuse University(lg) studied the effect of strength
level on delayed failures for several matcrials when the hydrogen was introduced

*These results seem 1o be soinewhat contrary to those obtatned by Slaughiter et al.(8), Much of the difference 1s probably the
ot of duffureiices i test provcdure i the two investigations,  Sjaughter and co-workers used ubnolchied specniaens that were
o Wically charged contiiuous’y while under sustained stress, while the Case lnstitute 1mnvestigators used notchied specimens
that were precharged with hydrogen and were not charged duning the time they were under the sustained stress, It will be
shown later that such Jdiffercnces in stress concentration and in the amount and Jistibution of hydrogen n the test specimen
do affect the initaton and propagation of brittle fracture.

e
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TABLE 6. EFFECT OF CATHODIC CHARGING ON MECHANICAL PROPERTIES OF SAE
4340 STEEL HEAT TREATED TO SEVERAL STRENGTH LEVELS{(2){39)

Nominal Strength Level, psi 230,000 240,000 270,000
Uncharged

Tensile Strength, psi 227,000 236,000 279,000
Yield Strength, psi -- 220,000 235,000
Reduction in Area, per cent 45.5 46 44
Fracture Strength, psi 318,000 345,000 388,000
Notched Tensile Strength, psi 306,000 315,000 330,000

Cathodically Charged(b):
5-Minute Age

Tensile Strength, psi 227,000 236,000 255,000
Reduction in Area, per cent 16 11 3

Fracture Strength, psi 265,000 261,000 265,000
Notched Tensile Strength, psi 251,000 250,000 207,000

(2) All tests run at a crosshead speed of 0. 05 ‘nch/min.
(b) Case Institute of Technology Charging Condition A:
Electrolyte: 4 per cent H,50, in water
Poison: None
Current density: 20 ma/in. 2
Charging time: 5 minutes.

simply by cadmium electroplating at a fixed current density (200 ma/in. 2). Their re-
sults for SAE 4340 steel will be used to illustrate their findings, Strength levels rang-
ing from 275,000 to 165,000 psi were obtained by tempering at the following
temperatures:

Tempering Temperature, F Ultimate Tensile Strength, psi
400 275,000
500 270,000
700 235,000
800 215,000
1000 165,000

It will be well to refer to these values in studying their results, shown in Figure 8
(page 15) since only tempe:ing temperatures are given on the figure. For notched
specimens, delayed failures were encountered for all strength levels studied. For the
more severe notching conditions (K; = 10 and 5), nearly the same curves of load versus
time to rupture were obtained for material tempered at 400, 500, or 700 F (strengths
between 275,000 and 235,000 psi), and delayed failures occurred at stresses as low as
about 50,000 to 75,000 psi, Tempering at 800 and 1000 F to provide lower strength
levels led to a displacement of the curves of applied stress versus rupture time to the
right and upward, The indicated improvement in properties increased progressively as
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TABLE 7. EFFECT OF CATHODIC CHARGING TIME ON THE TENSILE
PROPERTIES OF AISI 4340 STEEL HEAT TREATED Io
THREE DIFFERENT STRENGTH LEVELS(

Original Per Cent of
Tensile Charging Tensile Reduction Original
Strength, Time, Strength, of Area, Elongation, Tensile
psi minutes psi per cent per cent Strength
209,250 0 209,250 49 14 100
7.5 193,500 0.5 0 92
15 154,000 ¢ 0 74
30 122,850 0 0 59
60 103,000 0 0 49
120 86,000 0 0 41
240 80,000 0 0 38
228,000 0 228,000 52 14 100
5 182,000 0 0 80
15 163,500 0 0 72
30 130,750 0 0 60
60 95,350 0 ¢ 42
120 76,650 0 0 34
180 64,650 0 0 2
240 59,400 0 0 26
286,750 0 286,750 41 14 100
7.5 205,750 0 0 72
15 153,000 0 0 53
30 116,100 0 0 40
60 98,200 0 0 34
120 82,000 0 0 29
180 68,500 0 0 24
240 48,400 0 0 17
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the tinpering temperature was raised from 700 F, Even after tempering at 1000 F
(1o5,u300-ps1 ultumate tensile strength), delayed failures occurred as the result of
hydrugen electrodeposited during cadrium plating, Figure 15 shows the change in
“minimum fracture stress', taken as the frictare stress corresponding to a rupture
tuane of 100 hours, with change in tempering temperature (change in strength level).,
The mimimum stress was raised considerably by ternpering at the higher temperatuies
(800 to 1000 ¥). By comparing these daia itk the data for smooth specimens (K, = 1}
in Figure 16, 1t 15 seen that the curve of brean:n. otress at 100 hours versus tempering
temperature for cadmum-plated smootnh specimens in Figure 15 differs little from that
measured for unembrittled smootn specimens, Although sustained-load failures oc-
curred with a delay for smooth specimoens ia v hicu the hydrogen was introduced only by
commercial cadmium electroplating (Figure lu), such failures took place with little
drop in stress,

Data for 28B40 steel tempered at various teraperatures are shown in Figures 17
and 18, These data are rather similar to tan.ze obtained for SaE 4340 steel, Similar
results also were obtained for the vanadmum-mddified SAE 4330 steel (sze Figure 19).

Valentine(28) studied the delaved failure of zinc~-plated lockwashers made from
SAE 1060 wire., Acid pickling was used priog to plating. The lockwashers were tested
by placing them between case-hardened {lat .ashcrs on a boli and drawing them down
flat with & nut, they were examined periodic.:ily fur failures while clamped on the bolts,
This 1nvestigator found a strong dependence of tie tendency towards delayed failure on
strength level, the lower the hardness (strenzth), the smaller the percentage of failures
encountered, Some of his results that show the effect of strength level (in terms of
hardness) are given in Table 8, Stefanides(2?) studied the delayed failure of electro-
plated dome lockwashers fabricated from 5AL 1050 steel strip,; these were acid descaled
and cadmium plated after hardening. Upon loading to a fixed load for a week, he, tco,
found that the percentage of failures was directly related to the hardness.

TABLE 8. RESULTS OF TESTS MADE ON HEAVY LOCKWASHERS
ELECTROPLATED WITH zINC(2)(28)

Treatment Rockwell C Number Number Broken Per Cent
After Plating Hardness Tested After 1| Week Broken
None 62 200 200 100
None 55 200 184 Q0
None 50 200 74 37
None 47 200 31 15
None 42 200 0 0
Heated at 400 F
for 4 hours 52 209 17 8
Heated at 400 F
for 4 hours 50 200 0 ) 0
Heated at 400 F
for 4 hours 47 200 0 0
Heated at 400 F
for 4 hours 42 200 0 0

(«) 7/16-1uch heavy lockwashers plated with v, 0002 1nch of zinc plate.
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FIGURE 16. THE DELAYED-FAILURE BEHAVIOR OF CADMIUM-PLATED
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Austenitized at 1525 F and oil quenched,
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EFFECTS OF APPLIED STRES3S AND PLASTIC STRAIN

The results of zarly investigations of hydrogen-induced, delayed, brittle failures
performed in various laboratories were in agreement in showing that delayed failure
may occur over a wide range of applied tensile stress and that the time for {aiiure is
not affected greatly by variations in the applied stress. Also, for given specimens,
charging conditions, and test procedures, there is a minimum critical value of applied
stress below which failure does not occur in a given material for an indefinite period of
time, The results of tesis of hydrogenated material under static load usually are
plotted as sustained load versus time to failure. Because the resulting curves in seme
ways resemble fatigue curves, they sometimes are cailed “static-fatigue curves", in
which case the lower critical stress is considered to be 2 "static endurance limit",
However, this terminology may be confusing to some, since fatigue carries the connota-
tion of cyclic loading, while the test used to study hydrogen-induced, delayed, brittle
failure employs a static load. Hence, the terms "delayed-failure curves' and "lower
critical stress" would appear to be preferable. The lower critical stress is important
because, for a given hydrogen concentration and strength level {(and a given notch sharp-
ness in the case of notched specimens), it is the lowest applied stress sufficient to
initiate a crack. In other words, the lower critical stress is a threshold stress, above
which failure is inevitabie and below which the steel is undamaged.

Experimental data showing the effect of stress level on the time for delayed fail-
ure 1n the case of notched specimens precharged with hydrogen were shown in Figure 1
(page 5). These data, taken {rom the work of Frohmberg, Barnett, and Troiaro(5)
clearly show the relatively low applied stresses that were sufficient to produce delayed
failure, When compared with the yield strengths, it was found that applied stresses of
as little as 40 per cent of the yield strength (for a steel of 270, 000-psi ultimate tensile
strength) caused failure in only a faw hours under sustained load, These investigators
pointed out that this observed behavior should not be taken to imply that there was no fiow,
since the unit stress at the root of the notch was considerably greater than the applied
stress, Identical notched specimens in the nuncharged condition were stressed at high
loaas, as indicated in Figure }, and remained unbroken after times cf over 250 hours,

For a given strength level, there appeared to be only a slight dependence of fail-
ure time on the applied stress, Also, the time to failure was of the same order of mag-
nitude, regardless of strength level, Since the mobility of hydrogen may be expected to
remain approximately independent of the strength level and applied stress, even in this
early work it appeared that the time to failure may be associated with the diffusion of
hydrogen, Furthermore, it was suggested that the time to failure may represent the
time to accomplish a critical redistribution of hydrogen,

The plateau of the delayed-failure curves at high applied stress (that is, the upper
plateau) coincided with the notched tensile strength for a given strength level, This was
determined by applying static loads just above and below the value of the notched tensile
strength, The value of the upper critical stress at the 270,000-psi strength level was
less than that for the two lower strength levels, This correlated with the marked de-
crease in notched tensile strength found at the 270, 000-psi strength level for hydrogen-
ated specimens,

Probablv the most significant relationship these investigators at Case Institute
found between applied stress and the time to failure was the occurrence of a minimum
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critical value of applied stress below which delayed farlure did not ovcur in mater.al of
a given strenygth level. The test generally was discontineed of a specimen remained un-
broken after sustaining the static load for 100 hours, but times as lone as 21o( hours
witheout fzilure were observed. For the specimen geometry, notch acuily, charging
conditions, and test condit:ons used in these experiments, the lower critical stress was
nearly the same for the three strenuth levels (270,600 ps:, 230,000 ps1, and 200,000
psi). However, this is not always the case for other conditions.

These investigators clearly demonstrated the necessity for exceeding some
critical stress value to produce delayed failure, by an experiment in which they varied
the notch acuity of the test specxmen. The resuits ot this experiment are shown in
Figure 20. For the sharp notch (with the highest depree of stress concentratior), the
smallest load served to produce delayed failure, A greater applied stress was required
for failure to occur in the specimens with the milder, 1/32-inch-radius notch, For the
specimens with a4 notch root radius of 2 inches, the stress concentration resulting from
the notch was very slight, and the lower critical stress for delayed failure was no more
than 5,000 psi below the value of the notched tensile strength of charged specimens,
Thus, for these precharged specimens, the lower criticel stress was raised markedly
as the notch acuity was decreased.

In another experiment, these same workers showed that the lower critical stress
is not constant for this type of specimen., Two series of specimens that came from the
same bar of steel but which were prepared separately gave the results shown in Fig-
ure 21, Despite all the precautions to maintain uniformity becween batches, some fac-
tor was different. The specimens from which tiie lower curve was obtained may have
had 2 more severe concentration of residual stress than the specimens from which the
upper curve was obtained. In other words, the one set of specimens was, in essence,
preloaded and required 2 smaller applied load to give delayed failure,

In a continuation of this work, Barnett and Troianof3?) used the resistance method
of crack-propagation measurement to evaluate the effect of applied stress, as well as
certain other variables, ondelayed, brittle failure. These studies were made with
precharged, notched specimens of SAE 4340 steel at the 230, 000-psi strength level.
Charging conditions were the same as for the work just described. The delayed-failure
characteristics for these conditions are illustrated in Figure 22, The increase in elec-
trical resistance was measured as a function of time during static loading at various
stresses within the range of 100,000 to 200,000 psi; the results are shown in Figure 23,
With the data in Figure 23 and by referring to resistance calibration curves, they ob-
tained crack-area data as a function of time for the indicated applied stresses. Crack
area was expressed as a percentage of the area under the notch, These data are shown
in Figure 24, In Figure 25, the crack-propagation curves are shown in terms of the
alternative parameter, radial crack depth, These figures show that, for the test condi-
tions used, there was little or no incubation time for crack initiation (the minimum time
required for a reliable resistance measurement was 30 seconds after application of the
load), Immediately upon loading above the lower critical stress, the material was
damaged permanently, that is, a crack had been initiated. The extent of damage de-
pended on time and the applied stress, Thus, the magnitude of the applied load in-
fluenced the crack-growth behavior, The exteat r¢ rapid crack growth incurred in the
first stage of the fracture process was, in general, greater the less the magnitude of
the applied load, The conditions existing at the end of the third stage, that is at {rac-
ture, are summarized in Table 9, The applied strecs bad no significant effcct on the
delayed-failure fracture stress, which was slightly higher than the notch-~tensile strength
of the uncharged base material in every instance,
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Condition A, as given in Figure 20,
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TABLE 9. EFFECT OF APPLIED STRESS ON THE DELAYED-BRITTLE-FAILURE
BEHAVIOR OF SAE 4340 STEEL, AT THE 230, 600-PSI
STRENG1H LEVEL(39)

Static Crack Area,
Applied Fracture per cent Radial Crack Delayed-Failure
Stress, Time, of area Depth, Fracture Stress, Surface Energy (S),
pei minutes  under notch 10~3 inch psi 107 ergs/cm

100,000 253 70.5 48.0 339,000 4.00
125,000 256 63.5 41.5 343,000 4.60
150,000 207 52.5 32.5 316,000 4. 44
175,000 160 45.5 27.5 321,000 4.93
200,000 127 39.0 23.0 328,000 5. 40

Note: Case Instutute of Technology Charging Cordition A, as given i Figure 29,
Aged 5 minates at room temperature after chargng.

The effect of applied stress when smooth specimens were cathodically charged
contiruously while under static load was demonstrated by the results of Elsea and
co-workers at Battelle Institute(8), Variations in applied stress affected the time to
rupture in a2 similar manner under a wide range of strength levels, compositions,
structures, and, to a certain extent, hydrogen conients, When other conditions were
held constant, there were two ranges of st.ess which produced different effects on the
time to rupture, as is shown in Figure 2 (page 6). In the higher range of applied stress,
the time te rupture was relatively short and was only moderately affected by a change of
stress., For example, as the stress was increased from 60,000 psi to 180,000 psi, the
time to rupture decrcased only from 20 minutes to 6 minutes for a steel heat treated tc
230,000-psi ultimate tensile strength and charged under the standardized conditions
adopted, These investigators recognized that, in those specimens which failed after a
relatively short time, the time to rupture probably was controlled more by the depth of
hydrogen penetration than by the failure mechanism. In the lower range of stress, the
time to rupture was longer by as much as a factor of 100, Time to rupture was greatly
influenced by stress in this range, a slight decrease of ciress resulted in a large in-
crease in the time to rupture, For the conditions of the previous example, decreasing
the applied stress fiom 40,000 psi to 25,000 psi increased the rupture time from 40
minutes to approximately 10,000 minutes,

To be certain that the action of the electrolyte at the specimen surface was not
influencing the failures in the delayed-failure tests described above, the Battelle inves-
tigators performed another series of experiments., In these experiments, specimens
v.ere statically loaded in bending and charged cathodically on the compression side, thus
eliminating any surface effect of the electrolyte on the side stressed in tension, The
specimens used in this series of experiments werebais of SAE 4340 steel 1/2 by 1-1,2 by
8 inches, cll heat treated to an ultimate tensile strength of approximately 230,000 psi,
An electrolytic cell was cemented to one side of each specimen, with a portion of that
side exposed as the cathode, A static bending moment was applied to the specimen so
that the side to which the cell was attached was stressed in compression and the side
exposed to the atri-osphere was stressed in tension, The tension surfaces of the speci-
mens were notched with 0, 020-inch-wide transverse slots of varving depth, The stress




on the specimen was computed as the stress at the base <f the notch, ine ffects of
stress concentration being neglected. Upon cathodic charging in sulfu:ic :cid electro-
lyte, a hydrogen gradient was established through the specimen. The Lydrogen content
was highest at the cathodically charged surface and lov.est at the opposite surface,
where hydrogen was escaping into the atmosphere. Thus, in the regi.a of highest
hydrogen content, compressive stresses existed, while at the surface stressed highly in
tension, & low concentration of hydrogen was obtained,

Delayed, brittle fractures were obtained, but none of them originated at the
cathodically charged surface. The region near the cathodically charged surface, where
the hydrogen content was greatest, behaved in a ductile manner, As in the tensile tests
where the static stress was a uniaxial tensile stress, the time to rupture increased as
the applied stress was decreased to 80,000 psi. This 1s shown in Figur< 26, One
specimen failed after a delay of 15 days. This series of experiments ».50 produced
results which suppcrted the conclusion obtained from the static-loading tests that the
minimum stress for failure increased with decreasing hydrogen content, This will be
discussed more fully in the section dealing with the effect of hydrogen content on delayed
failure, The data obtained from both types of test indicated that failure did not occur
u..til a certain combination of hydrogen content and applied stress had been exceeded.

The results of this part of the investigation of Elsea and co-workers may be
summarized as follows: Delayed brittle failures were obtained in SAE 4340 steel, heat
treated to high strength levels, at stresses even less than 10 per cent ¢f the nominal
ultimate tensile strength, These brittle failures occurred in unnotched specimens when
a critical combination of stress, hydrogen content, and time were exceeded, Therefore,
these investigators concluded that a sustained uniaxial tensile stress is sufficient
(biaxial or triaxial stresses are not needed) ro cause a delayed, brittle failure in the
presence of sufficient hydrogen. The minimum applied stress necessary to cause fail-
ure was found to be related to the hydrogen content of the steel; it decreased as the
hydrogen content increased, Both the minimum stress for failure and the time re-
quired to produce failure were relatively unafiected by differences in the composition or
structure of the steel, However, both decreased as the nominal tensile strength of the
steel was increased,

The results obtained by Klier, Muvdi, and Sachs{19) for the effect of applied
stress on notched specimens in which the hydrogen was introduced by electroplating with
cadmium were similar to those obtained by Troiano and his co-workers, For example,
see Figures 8 and 9 (pages 15 and 16). However, their results for unnotched specimens
(shown in Figure 16, page 32) were quite different from those obtained at Battelle
Memorial Institute, With smooth specimens in which hydrogen was introduced during
cadmium electroplating prior to loading the specimens (Syracuse work), the curve of
breaking stress differed little from that obtained for unembrittled smooth specimens,
delayed failurcs were not obtained at stresses appreciably lower than the tensile strength
of an unembrittled specimen, However, when the smooth~type specimens were con-
tinuously charged wiih hydrogen while under static load, as was done at Battelle; delayed
failures were obtained over a wide range of applied stresses,

Schuetz and Robertson{25) studied the delayed fracture of 10 per cent nickel steel
wire in both the ferritic and the martensitic states under static stress and precharged
with hydrogen for 24 hours at different current densities, They, too, found that fracture
was a function of applied stress, time, and hydrogen concentration, Also, they found
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reasconably well-defined "endurance stresses' below which the material appeared to be
able to support a stress indefinitely. Some of their resuits are shown in Figure 27,
Fracture in the presaturated wires oc.urred with no measuiable reduction in area, so
the observed lower critical stress was compared with the true fracture stress of an-
charged material, which was about 275,000 pei for the atructure thesc investigators
identified as ferrite, Hydrogen absorption of the m:agnitude involved in these experi-
mens reduced the load-carrying capacity of the ‘ferritic' material to 20 to 25 per cent
of that of the uncharged material, and the load-carrying capacity of the structure identi-
fied as martensite was destroyed aimost completely.

Beachurn, Johnson, and Stout{2%) performed 2 study of the combined effects of
hydrogen and stress on the cracking of steel welds in both plain-carbon and alloy steels,
The experiments were designed to assess the contribution ef hydrogen to delayed crack-
ing of welds by the addition of controlled amounts of hydrogen directly to the welding-~
arc atmosphere as gaseous hydrogen, water vapor, or propane, Delayved cracks were
produced in weldments of all four steels, as was discussed carlier, The results clearly
demonstrated that hydrogen and the build-up of stress due fo joint restraint caused
delayed cracking in these weldmeats, For a given hydrogen content of the gas, in-
creased restraint lowered the hardness level at which cracking would occur.

The role of stress in hydrogen-induced, delayed, brittle failure of high-strength
steel has been considered in greater detail in the work of Steigerwald; Schaller, and
Troiano{40,41),

In the early work at Case Institute of Technology with precharged, notched speci-
mens, it was concluded that plasti: flow at the root of the notch was necessary for de-
layed failure to occur. A specimen with a milder notch which should require a higher
applied stress to produce plastic flow at the root of the notch was found to exhibit a
higher minimum critical stress to produce delayed failure, However, the workers at
Battelle Memorial Institute concluded from their research with continuously charged
unnotched specimens, that measurable plastic flow is not a factor in the initial stages of
delayed, brittle failure, This conclusion was based on the following reasoning: Within
the elastic range, a brittle and a ductile material behave in the same manner, The
plastic deformation which distinguishes a ductile material from a brittle material occurs
only above the elastic limit, Therefore, ductility would be a factor in the sustained-
static-load tests of unnotched specimens only if the stress were increased above the
elastic 1imit or if the elastic limit of the specimens were lowered greatly by the pres-
ence of hydrogen, However, several investigators had previously shown that hydrogen
does not alter the stress-sirain relationship prior to fracture in a conventional tensile
test of an unnotched specimen (for example, see Figure 28)., Thuas, they considered it
unlikely that hydrogen has any large effect on the elastic limit, Therefore, the Battelle
investigators concluded that, in the initiation of delayed failure, plastic flow was not
required but pccurred only after a crack had been formed and had grown to an appreci-
able size, waever, the conditions during the initiation of the crack are of most im-
portance to an understanding of the mechanism of hydrogen-induced, delayed, brittle
fracture.

One of the early mechanisms(43) proposed to explain the delayed, brittle failure of
high-strength steels assumed that hydrogen diffuses to defects or dislocation arrays in
the lattice, The defects or dislocation arrays could be extended when the hydrogen
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pracipitates there, cither by the internal pressure of melecular pvdro_en o7 by de-
creased atomic bondirg across rows of hydrogen atoms. According to this mechamsm,
one might expect that plastic strain would have an effect on the time for delayed failures
to occur. It could either increase the time by increasing the solubility of the lattice for
hydrogen or 1t could decrease the time by providing mor=e possible nucleation sites for
cracks, as Simcoe et al. (9) pointed out. Plastic strain not only would introduce con-
siderably more dislocation arrays but also would tend to alter any pattern of residual
microstresses which might be present in the quenched-and-tempered specimens,

Various 1nvestigators performed experiments to determine the effect of plastic
strain on rupture time, Elsea and co-workers at Battelle(9) plastically strained un-
notched specimens of SAE 4340 steel (230,000-psi strength level) approximately 2 per
cent in unmaxial tension prior to charging with hydrogen, These prestrained specimens
were statically lecaded and cathodically charged continuously during the test under stand-
ard conditions, along with specimens that were not prestrained, The rupture times are
shown in Figure 29, For ail practical purposes, the 2 per cent prestrain had no effect
upon the time for failure to occur., This behavior was considered to indicate that resid-
ual stresses may not be responsible for the observed variations in rupture time with
ultimate tensile strength, However, the absence of a change in rupture time with an
increase in dislocation density brought about by the prestrain was not explained,

Morlet, Johnson, and Troiano at Case Institute{44) used a different approach and
explored the effect of plastic strain on the subsequent tensile ductility of SAE 4340 steel
heat treated to the 230,000~-psi strength level and hydrogenated either before or after
straining, They, too, used unnotched specimens, the 2-inch radius of the specimen
barrel serving merely to insure that the specimens fractured at the midpoint, The
specimens were charged with hydrogen electrolytically for 5 minutes under standard
conditions and, immediately after charging, were cadmium electroplated under standard
conditions, The nydrogen distribution in specimens charged under these conditions was
highly nonuniform, the surface layers being high in hydrogen while the core was still
hydrogen free, However, previous work had shown that specimens may be homogenized
with respect to hydrogen concentration by a baking treatment at 300 F, The baking
treatment drives the surface hydrogen into the specimen core, since the cadmium plate
acts as a barrier to hydrogen outgassing, Therefore, in their study, a standard baking
treatment of 1 hour at 300 F was used,

In one series of experiments, specimens were straincd 1,5 per cent at -321 F
after hydrogenation, This temperature was used because straining the hydrogenated
specimens at room temperature resulted in a multitude of tiny cracks, whereas hydro-
gen embrittlement disappears at low temperatures, permitting strains much greater
than 1, 5 per cent without crack formation, The strained specimens were then aged at
150 F in an oil bath, From the results of these experiments, shown in Figure 30, it is
apparent that strain caused a remarkable change in the aging characteristics of hydro-~
genated steel, Three separate stages may be distinguizhed in the aging curve for the
strained specimens, During the first stage, the reduction in area increased from 22 to
37 per cent, The reduction in area decreased from 37 per cent to a minimum value of
about 17 per cent in the second stage., In the third stage, the ductility increased and in
a manner similar to that of the unstrained specimens, The variation in ductility during
the first two stages of aging was particularly striking when compared with the aging
curve for the unstrained specimens, In the same time interval, the ductility of the un-
strained specimens decreased slightly and then began to increase, presumably due to
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hydragen cutgassing. The difference in shape of the two aging curves resulted only from
the strain and not from immersion in liquid nitrogen. This was shown by specimens

that were treated identically except that, for the one group. no siraining was done dur-
ing the immersion in liquid nitrogen. Specimens of the latter group exhibited ductilities
that fell on the aging curve for unstrained specimens.

These investigators used these data to evaluate proposed theories of hydrogen em~
brittlement, They considered that, prior to straining, a steady-state distribution exists
between hydrogen in the lattice and hydrogen in the voids, Straining changes the steady-
state distribution by increasing the occlusive capacity of the voids, Thus, establishment
of a new steady-state distribution requires hydrogen to move from the lattice to the
voids, During straining at -321 ¥, hydrogen is immobile, however, at 150 F the hydro-
gen diffusion rate is vastly increased, and hydrogen will diffuse to the voids during the
aging treatment, These workers discussed both the pressure theory and the classical
adsorption theory and showed that both required increasing embrittlement during imtial
aging, Since this requirement was at variance with the experimental results shown in
Figure 30, they concluded that neither mechanism was satisfactory. Therefore, they
developed a new theory which is discussed later. However, according to their hypoth-
esis, the strain magnitude influences the aging characteristics. As the strain is 1n-
creased, the steady-state hydrogen content of the voids will increase, and the lattice
hydrogen content must decrease.

Other experiments showed that the pseudorecovery observed in the first stage of
aging is accelerated by increasing strain, which is in agreement with the postulated
mechanism, TFis behavior is shown by the aging curves for hydrogenated specimens
straine.. 3 per cent or 6 per cent at -321 F and aged at 150 F (see Figure 31), The in-
fluence of strain on the aging characte:istics is summarized in Figure 32, As the strain
is increased, the driving force for hydrogen diffusion from the lattice to the voids 1s
increased, Also, as the strain is increased, the level of ductility observed at the mini1-
mum at the end of the second stage of aging is increased and displaced to longer aging
times, This observed behavior can be accounted for by two factors — the depletion of
the lattice hydrogen content with increasing strain, and the increasing unportance of
outgassing at long aging times, Extrapolation of the shapes of the aging curves to larger
strains suggested that the embrittlement will essentially disappear at a sufficiently large
strain, This was found to be the case for specimens strained 12 per cent at -321 F and
aged at 150 ¥, as shown in Figure 33, The recovery curve is a horizontal line at a
level of ductility equal to, or only slightly below, the ductility of uncharged specimens,

It was concluded that the strain-induced recovery is due entirely to the redistribu-
tion of hydrogen, the gross hydrogen content of the specimens remaining constant during
the process, For the test conditions used for the above-described experiments, 12 per
cent strain increased the occlusive capacity of the voids enough to completely drain the
lattice of damaging hydrogen in establishing the new steady-state distribution, On the
other hand, these investigators found that elastic straining did not affect the aging
characteristics, for unstrained and elastically strained specimens exhibited identical
aging curves, This is striking evidence of the localized redistribution of hydrogen re-
sulting from plastic deformation,

The aging characteristics exhibited after room-temperature straining also were
studied, Premature crack formation limited strain of the Fydrogenated steel at room
temperature to 0,2 per cent reduction in area, Qualitatively, room-temperature strain-
ing exerted the same effect as straining at -321 F, but the magnitude of the effect was
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much less, It was possible to introduce larger strains at room temperature by taking
advantage of the ductility increase that occurs during the first stage of aging of strained
hydrogenated steel, Specimens strained 1.5 per cent at -321 F and aged 30 minutes at
150 F had a reduction in area of about 37 per cent, Under these conditions a second
strain of 1,5 per cent could be introduced at room temperature without crack formation,
The results of aging such double-strained material showed that no essential difference
was introduced by variation in straining temperature,

To ¢ mplete the picture, Morlet et al, (44) investigated the effect of prior defor-
mation on the aging characteristics after hydrogenation, Aging curves were determined
for specimens of the same steel strained to 1,5 per cent or 6 per cent reduction in area
and then subjected to the standard hydrogenation, cadmium plating, and baking, When
aged at 150 F, prior strain raised the initial ductility, which, they concluded, resulted
from the greater void capacity for hydrogen, However, some differences were found
between straining before or after hydrogenation, particularly in the strain dependence
of the ductility minima and in the recovery rates,

Johnson, Johnson, Morlet, and Troiano{45) investigated the effects of prestressing
on the delayed-failure characteristics of SAE 4340 steel using sharp-notch specimens,
The steel was heat treated to have an ultimate tensile strength of 240,000 psi, Pre-~
stressing prior to the introduction of hydrogen by cathodic charging (conditions which
resulted in a surface concentration of hydrogen) exerted a strong influence on the
parameters of delayed failure under static loading, The two levels of prestressing em-
ployed, 250,000 and 275,000 psi on the area under the notch, produced reductions in the
area under the notch of approximately 0,5 and 0, 8 per cent, respectively, In Figure 34,
the delayed-failure behavior of these materials is compared with that obtained for spec-
imens of the same strength level which had been charged in a similar manner but not
prestressed, The charged notched tensile strength was increased by 35,000 psi as a
result of the higher level of prestressing, Also, the lower critical stress was raised
substantially = more than 50,000 psi - by the higher prestress, The failure time may
have increased, but only slightly, To obtain mecre information on the effect of pre-
stressing on rupture time, the crack-propagation characteristics were determined as a
function of prestressing by the electrical resistivity method, for an applied stress of
125,000 psi, Figure 35, a plct of crack area versus static-loading time, shows that the
initial crack area (the cracking occurring on loading) of 26 per cent was reduced to
13 per cent and to 2 per cent by prestresses of 250,000 psi and 275,000 psi, respec-
tively, In addition, the initial crack-propagation rate was reduced by prestressing,
but the rates in the later stages appeared to be comparable, The differences in crack-
propagation characteristics as a result of prestressing were even more pronounced
when the crack depth was plotted as a function of the square root of the static-!oading
time, as in Figure 36, The parabolic relationship between crack depth and time that
was normally observed without prestressing (see the linear portion between the arrows
on the curve representing no prestressing) was altered appreciably in the initial stages
by prestressing prior to charging with hydrogen, A similar dependence of the crack-
propagation characteristics upon prestressing also was obtained for applied stresses of
175,000 and 200,000 psi,

The investigators were not able to fully interpret the results of this experiment at
the time the work was completed, because they could be rationalized on more than one
basis, One viewpoint was that the plastic strain produced in prestressing inhibits crack
initiation and propagation, A second approach was that the plastic strain affects the
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Charged after prestressing,
Aged 5 minutes at room temperature,
Case Institute of Technology Charging Condition A:

Electrolyte: 4 per cent HSO,4 in water
Poison: None
Current density: 20 ma/in, 2
Charging time: 5 minutes
Aging time: Measured from end of charging to start of test,
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hydrogen distribution resulting from a givern external charging condition, Both ap-
proaches were based on sound physical evidence found throughout the literature, On

the other hand, the experiment did have some very important results, It had been
suggested previously that plastic strain is necessary to initiate delayed failure (in a
study of notched 8pecimens)(5). However, some of the specimens in the present experi-
ment were prestressed at 275,000 psi before charging, so no additional plastic strain
would be anticipated when stressed at 125,000 psi subsequent to charging, Even so,
delayed failure occurred at the lower stress, If strain were necessary to initiate de-
layed failure, prestressing would be expected to enhance rather than retard the
phenomenon,

The conclusion that plastic strain is not necessary to initiate delayed failure in
notched specimens is in agreement with the finding of Elsea and co-workers, discussed
earlier, that appreciable plastic strain is not required to initiate failure in unnotched
specimens,

Bastien and Amiot(46), in studying the delayed failure in a hydrogenated 0, 08 per
cent carbon steel with a pearlitic structure, found that different results could be ob-
tained depending on the sequence of loading and charging with hydrogen, The tensile
strength of the material was 37,5 kg/mm2 (53,400 psi) and the upper yield strength was
24,0 kg/mm2 (34,200 psi), When the specimens were charged electrolytically prior to
being subjected to the static tensile stress, the maximum load which did not produce
failure during 100 hours (the lower critical stress) was 21 kg’mmz, or 29,900 psi,
However, when stressed for 24 hours before the beginning of hydrogenation, stresses of
28.5 kg/mm2 (40, 500 psi) did not induce failure even after 300 hours.

THE EFFECT OF HYDROGEN CONTENT

From data presented in the preceding sections, it is apparent that there is a
definite correlation between the presence of hydrogen and delayed, brittle failures of
high-strength steel, This was clearlZ demonstrated by the early studies of these fail-
ures at Case Institute of Technology( ’ 5), Battelle Memorial Institute(7), Syracuse
University(lo), and the Naval Research Laboratory(lz). Therefore, this aspect of the
effect of hydrogen will not be discussed further here, except to refer the reader to a
comparison of charged and uncharged specimens under static loading in Figure 1 (page
5). Also, it has been shown earlier in this report that delayed, brittle failures occur
when a critical combination of stress, hydrogen content, and time is exceeded, pro-
vided conditions permit the hydrogen in the steel to move freely, either under a hydro-
gen gradient or under a stress gradient,

Numerous investigators have studied the effects of variations in hydrogen content,
Because the problems in hydrogen analysis are very great as a result of the small
amount usually present and the great mobility of hydrogen even at room temperature,
many of the investigations relied upon such criteria as variations in cathodic charging
time, variations in current density, variations in aging time after charging, or varia-
tions in the concentration of, or time of exposure to, nonelectrolytic liquid environments
(usually acids) as the basis for evaluating the effects of variaticas in hydrogen content,
Although hydrogen has been introduced into steel under a multitude of conditions, the
results of the various investigations nearly all concur in showing that the delayed
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failures depend directly on the hydrogen content, If the hydrogen can be kept out or
removed from the steel before the part is subjected to conditions which result in perma-
nent damage, the problem is circumvented, However, this is not easy to do because of
the numerous processing operations that are potential sources of hydrogen and because
of the very small amount of hydrogen (as little as 1 ppm, or possibly less) that can in-
duce failure, Another important point that has been demonstrated numerous times ts
that, although baking to "'remove' hydrogen can result in full recovery of ductility as
determined in a standard tensile test, frequently such a treatment is not sufficient to
prevent delayed failure at a low stress under conditions of static loading,

Bucknall, Nicholls, and Toft{47) repcrted encountering delayed failures in several
high-strength steels without the intentional introduction of hydrogen after heat treatment
and with no obvious source of hydrogen, such as acid pickling « r an electroplating op-
eration, being used after heat treatment, They did not recognize that hydrogen was the
culprit, Conical disk specimens similar to Bellville springs were compressed by
tightening a bolt and then were observed periodically, usually for 100 days, The most
important factor governing the tendency to crack after some time delay appeared to be
the hardness of the plate, There was a hardness below which, under the conditions of
stressing, no specimens cracked during the 100~day test period, For a given material,
at some higher hardness all specimens cracked, and at some intermediate hardness,
some specimens cracked and others did not, the proportion which cracked rising as the
hardness increased, For all steels examined, the water-quenched condition was most
susceptible to delayed cracking, the oil-quenched condition was less susceptible, and
the tempered material was least susceptible, The following example shows the results
for a Ni-Cr-Mo-V steel,

Number of Number Cracked Proportion Cracked
Hardness, BHN Specimens Tested Within 100 Days Within 100 Days, per cent
>521 1 1 100
491-520 4 80
461-490 13 8 60
431-460 0 0
401-430 0 0

The investigators concluded that every precaution should be taken to reduce internal
stresses, and the plates should be used at the minimum hardness consistent with the
required properties,

Barnett and Troiano(®) showed that the susceptibility to delayed failures which
Bucknall et al, observed was most prevalent when the material in processing had been
subjected to an environment conducive to the absorption of hydrogen,

Bell and Sully(48) also obtained delayed failures in a high-strength steel without
intentionally charging it with hydrogen after heat treatment, However, these investiga-
tors also introduced hydrogen electrolytically in other specimens of the same steel anu
obtained delayed failures at far lower stresses, They studied a plain-carbon steel
(0.8 to 0.9 per cent carbon) at hardness levels of approximately 560 DPN and approxi-
mately 500 DPN, Static stresses were obtained in bending by using a Seeger-circlip
specimen, one end of which was held stationary and the other end moved away from the
fixed end by a screw arrangement with a vernier scale attached, As stress relieved for
24 hours at 160 C (320 F), the average breaking deflection was 1,110 inch, When
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electrolytically pickled and tested immediately, this value was reduced to 0, 300 inch,
However, storage at room temperature gave gradual recovery, and after 115 hours at
room temperature 93 per cent of the breaking deflection of uncharged specimens was
achieved, When unpickled clips of the 560-DPN material were set to a certain deflec-
tion less than that required to cause immediate fracture, 80 per cent broke within the
duration of the test {250-350 hours). The average delay for all those that broke was
2580 minutes, but 7,7 per cent broke in less than 10 minutes, When electrolytically
pickled 560-DPN clips were allowed to recover for 115 hours at room temperature prior
to static testing, the proportion of clips that failed was about the same as for those that
were not charged eiectrolytically, However, the proportion of the failed clips that
broke in less than 10 minutes was much higher, being 71 per cent, Particularly sigmfi-
cant was the finding that electrolytically charged clips which were aged 115 hours at
room temperature and then were baked up to 16 hours at 200 C (392 F) still showed
some effects of the electrolytic charging treatment, and this was without cadmium or
other plating to retard hydrogen outgassing, These results demonstrated quite clearly
that the introduction of hydrogen into steel of a high hardness level has a marked effect
on the tendency of the steel to delayed failure at stresses below the ultimate tensile
strength, even after the steel is stored or baked to remove absorbed hydrogen and after
recovery of the short-time mechanical properties, as normally measured, is substan-
tially complete,

In the work of Elsea and co-workers described in previous sections, continuous
cathodic charging with 4 per cent sulfuric acid with the phosphorus poison at a current
density of 8 ma/in, & (their Condition A) produced relatively high contents of hydrogen
in the unnotched static-loading specimens. They recognized that service parts almost
certainly have lower hydrogen contents than those produced in their statically loaded
specimens, Therefore, both static-loading tests and experiments involving the per-
meability of hydrogen through steel were employed to find cathodic charging conditions
which would result in low hydrogen contents(8), In the static-loading tests, it was as-
sumed that, other conditions being constant, an increase in the minimum stress for
failure would be the result of a lower hydrogen content, The validity of this assumption
was verified later by hydrogen analyses performed on specimens that were cathedically
charged in a manner similar to that used in the static-loading tests,

The concentration of hydrogen cathodically charged into a steel, per unit of time,
is observed to decrease as current density is decreased, However, in efforts to
achieve low hydrogen contents, full advantage could not be taken of this current density-
hydrogen content relationship when the sulfuric acid electrolyte was used, The current
density could not be permitted to be less than about 8 ma/in, 2 because of the danger of
losing the cathodic protection necessary to prevent attack by the electrolyte, If cathodic
protection were lost, pitting~type corrosion would occur, This would reduce the cross-
sectional area and introduce stress concentration, Also, the metal-acid reaction would
result in varying and uncontrolled amounts of hydrogen being absorbed by the specimen,

One would expect that lower current densities would be required for cathodic pro-
tection against weak acids than against strong acids, To investigate this surmise,
static-loading tests were conducted in which the electrolyte was composed of 10 per cent
acetic acid, 45 per cent ethylene glycol, and 45 per cent water by volume and the .
current density was 1 ma/in, 2, This was referred to as Charging Condition B, The
results, shown in Figure 37, were similar to those obtained with the sulfuric acid
electrolyte (Condition A), except that higher stresses and longer times were required to
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produce rupture, The minimum stress for failure was apparently between 60,000 and
75,000 psi for SAE 4340 steel at the 230,000-psi strength level, in contrast to the mini-
mum stress for failure of about 25,000 psi with Condition A, However, cathodic pro-
tection of the specimen was lost when the current density was reduced below 1 ma/in, 2
for this electrolyte, Thereiore, the series of experiments with this electrolyte was
abandoned without hydrogen analyses to confirm the presumably lower hydrogen con-
tent, However, data from the permeability experiments indicated that Charging Condi-
tion B produced an equilibrium hydrogen content that was approximately 1/3 that pro-
duced by Charging Condition A,

No further effort was made to find an acid solution with which cathodic protection
could be provided at much lower current densities, Instead, several other electrolytes
were used in exploratory experiments, These consisted of either buffered solutions of
weak acids or solutions of sodium hydroxide of various concentrations, The results of
static~loading tests involving cathodic charging in 1/2 per cent sodium hydroxide solu-
tion at two current densities are shown in Figure 38, Cathodic charging in 1/2 per cent
sodium hydroxide at 125 ma/in, 2 was Gondition C, charging at 500 ma/in, 2 was Condi-
tion D, Compared with the time to rupture in the sulfuric acid electrolyte with phos-
phorus poison at 8 ma/in, 2 (Condition A), it was found that the time to rupture in the
sodium hydroxide electroiyte was greater by one order of magnitude for the higher
current density and by about two orders of magnitude for the lower current density,
One specimen, cathodically charged continuously at 125 ma/in, 2 and stressed at
100,000 psi, failed after 11,4 days, The minimum stress for failure was not deter-~
mined for these conditions,

Although the data contain some apparent contradictions, the results of hydrogen
analyses made on specimens charged under Conditions A, C, and D (see Table 10) in-
dicate that the minimum stress for failure was a function of the hydrogen content; the
minimum stress for failure decreased with increasing hydrogen content. In the

TABLE 10, HYDROGEN CONTENT OF AN SAE 4340 STEEL (230, 000-PSI
ULTIMATE TENSILE STRENGTH) AFTER CATHODIC
CHARGING UNDER VARIOUS CONDITIONS (8)

Cathodic Charging Conditions

Current Density, Time, Hydrogen Content(b),

Condition Electrolyte ma/in, hours ppm

-- - Uncharged(a) -- 0.4, 1.3
A 4% sulfuric acid

and poison 8 24 6.7, 8.6
A Ditto 8 48 1.8
D 1/2% sodium hydroxide 500 24 0.6
D Ditto 500 336 2.9, 5.0
C Ditto 125 336 0.8, 2,1

(a) The uncharged specimens were aged for 18 days at room temperature after final heat treatinent and then were stored
in liquid nitrogen prior to analysis. )

(b) Two values indicate duplicate tests, cathodically charged and analyzed scparately. All specimens were stored 1n
liquid nitrogen within 3 minutes of completion of cathodic charging.
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permeability experiments, the flow of hydrogen through the specimen charged at

8 ma/in, ¢ in the sulfuric acid electrolyte with phosphorus poison was approximately

6 times the flow through the specimen charged at 500 ma/in, 2 in the sodium hydroxide
electrolyte, However, the hydrogen contents for those charging conditions of electro-
lyte and current density and for times of 24 and 336 hours, respectively, were in the
ratio of roughly 2, The longer time, 336 hours, for the sodium hydroxide electrolyte
was used as a basis for comparison, because the permeability experiments indicated
that steady~state permeability was achieved with the alkaline electrolyte only after a
much longer time than with the acid electrolyte,

In a continuation of this work(9), a study was undertaken to determine the range
in rupture times which could be obtained by varying the rate at which hydrogen entered
an unnotched specimen being charged continuously while under a constant sustained load,
The rate was varied by using different electrolytes and by varying the current density
with a given electrolyte, The rupture times are shown as a function of the applied
stress in Figure 39 for the 1/2 per cent sodium hydroxide electrolyte at 500 ma/in, 2
current density and for the 4 per cent sulfuric acid electrolyte at both 10 and 500 ma/
in, %, The rupture time increased markedly with decreasing current density in the
sulfuric acid electrolyte, and increased further by changing from the sulfuric acid to
the sodium hydroxide electrolyte, There was little variation in the lower critical stress
for failure with variations in charging conditions,

It was concluded that the observed variations in rupture time must reflect varia-
tions in the rate at which hydrogen was introduced into the steel, To verify this, a
series of permeability experiments was performed in which the composition of the elec-
trolyte, the current density, and the thickness of the permeation specimen were varied,
The results of these experiments are shown in Figure 40, where the log of the steady-
state permeation rate is plotted as a function of the log of the current density for two
different electrolytes, In all cases, the data fit a straight line reasonably well, The
hydrogen permeation rates obtained with the sulfuric acid electrolyte and a 0, 010-inch-
thick cathode specimen ranged from 0, 3 x 10-3 to 5,0 x 10~3 in, 3/in, 2/min when the
current density was increased from 10 to 300 ma/in, ¢, The permeation rates were
considerably less for the sodium hydroxide electrolyte; they ranged from 0,002 x 10-3
to 0,05 x 10-3 in, 3/in, 24/min when the current density was increased from about 40 to
600 ma/in, 2 for a specimen of the same thickness, These data showed a considerable
difference in the permeation rates between the sodium hydroxide and sulfuric acid elec-
trolytes. It was concluded that these variations in permeation rates probably were re-
sponsible for the variation in rupture times shown in Figure 39,

The effect of variations in hydrogen-absorption rate on the rupture time was
determined by subjecting unnotched tensile specimens to sustained static tensile loads
while at the same time charging them cathodically at various current densities in both
the 4 per cent sulfuric acid and the 1/2 per cent sodium hydroxide electrolytes, The
data obtained at various applied stresses are shown in Figure 41 for the steel with
230,000~-psi ultimate tensile strength, and in Figure 42 for the steel with 190, 000-psi
ultimate tensile strength., In these figures, the log of the rupture time was plotted as a
function of the log of the permeation rate obtained through the 0, 010~inch~thick steel for
the particular charging conditions used in the rupture tests, The steady-state permea-
tion rate through the 0, 010-inch specimen was selected as a criterion of absorption rate
because of the short time required to establish the steady~-state condition, The data fit
a straight line reasonably well, with a separate curve for each applied-stress level,
These data indicate that the rupture time can be influenced considerably by the rate at
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which hydrogen is introduced into the steel, The curves shown in Figures 41 and 42
can be expressed by the equation

Ty = K P,
where
T¢ = time for failure to occur
P = permeation rate
K, n = constants,

The slopes (the constant n) of the nearly parallel lines for the steel with 230,000-psi
ultimate tensile strength were approximately ~0,7, while those for the curves for the
190,000-psi strength level were approximately -0, 6, Since n showed such little varia-
tion with changes in ultimate tensile strength, it was suggested that an average value of
approximately -2/3 might more adequately describe the reaction, No physical signifi-
cance was attached to the values obtained for these slopes,

It is evident from Figures 41 and 42 that variations in the rate at which hydrogen
was introduced into the steel had a greater effect on the rupture time than did variations
in the applied stress, except when the applied stress was near the minimum critical
stress for failure, Variations in the absorption rate had about as great an influence on
the rupture time as did variations in the ultimate tensile strength of the steel, Since it
is possible to obtain even wider ranges of hydrogen-charging conditions than those in-
vestigated, it appears that much greater variations in rupture time can be obtained by
varying the rate at which hydrogen is introduced into the steel than can be obtained by
altering the strength level of the steel. From this, one might conclude that the rate at
which hydrogen is charged into a steel specimen is the most significant factor in pro-
ducing delayed, brittle failures, However, in practice, much less hydrogen is intro-
duced into a part during pickling and cleaning operations than was introduced into the
tensile specimens of this investigation, Therefore, it was concluded that the strength
level of the steel probably is the most important factor after all in practical considera-
tions of delayed, brittle failure,

The bend tests performed by Slaughter et al, (8) which were described previously
in discussing the effects of applied stress, also were useful in determining whether de-
layed failures are dependent on the hydrogen content or on the total quantity of hydrogen
which traverses a given region by diffusion, Specimens stressed in bending were
charged only on the compression side, and the tension side was notched so that the
thickness of the specimens at the base of the notch varied from 0, 075 inch to 0,250 inch,
These specimens were cathodically charged in 4 per cent sulfuric acid electrolyte with
added poison at a current density of approximately 33 ma/in, 2, Under these conditions,
a hydrogen gradient was established through the specimen, with the hydrogen content
being highest at the cathodically charged compression surface and lowest at the tension
surface where hydrogen was escaping to the atmosphere, As shown in Figure 26 (page
43), one specimen failed after a delay of 15 days, Since this specimen was only 0,075
inch thick at the minimum section, the steady-state concentration gradient of hydrogen
should have been obtained in approximately 400 minutes as shown by permeability ex-
periments for the conditions used, Therefore, the period for establishing the necessary
hydrogen content within the specimen was a very small portion of the 15-day delay,
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These data also indicated that an unlimited amount of hydrogen can traverse a
region by diffusion without producing rupture, provided that a critical combination of
hydrogen content and stress is not exceeded, For example, a bend specimen was
charged cathodically for 43 days without rupture, while the surface from which the
hydrogen was escaping was stressed to 80,000 psi, At this stress level, and under
charging conditions to produce a high content of hydrogen, a tensile static-loading
specimen failed in about 15 minutes, In the 43-day period, much more hydrogen dif-
fused through the bend specimen than could have been absorbed by a tensile specimen in
15 minutes, Thus, it is a critical hydrogen content rather than the total amount of
hydrogen passing a point that determines whether a delayed failure will occcur,

Troiano and his co-workers(49) used a different approach to show that the delayed-
failure behavior of high-strength steel is sensitive to hydrogen concentration, Sharp-
notched specimens of SAE 4340 steel heat treated to the 230,000~psi strength level were
precharged with hydrogen electrolytically, cadmium plated, and baked for various
lengths of time at 300 F', The hydrogen concentration was varied by using different
baking times, The results of static-loading tests, plotted in Figure 43, show that both
the lower critical stress and the fracture times increased with decreasing hydrogen
concentration (as indicated by baking time). These investigators concluded that, for a
given notch shatpness, the lower critical stress is controlled by an interaction between
hydrogen concentration and applied stress, These results of the Case studies are some-
what different from those of the Battelle studies, At Case, precharged notched speci-
mens were aged at an elevated temperature to produce different hydrogen contents;
under these conditions, the lower critical stress increased as the hydrogen content de-
creased (that is, as the baking time increased), In the Battelle studies, unnotched
specimens were continuously charged while under static load, using different electro-
lytes and different current densities to produce different hydrogen contents; under these
conditions, the lower critical stress remained about the same, DBoth approaches gave
longer failure times with conditions that should result in lower hydrogen contents,

The recovery behavior of the material is shown by the increase of the lower
critical stress from 75,000 psi to about 240, 000 psi by baking for times up to 24 hours
to remove hydrogen (Figure 43), A baking time of 20 hours was sufficient to restore
full ductility to unnotched specimens, as determined in a standard tensile test, This
attainment of full recovery indicated that the cadmium plate per se does not influence
ductility, However, delayed, brittle failures still occurred and with appreciable loss in
load-carrying ability in material baked 18 or 24 hours and then subjected to static load-
ing, After baking for 7 hours, the notched tensile strength of charged and uncharged
specimens was the same, However, the lower crit.cal stress of 125,000 psi showed that
delayed failure may still occur at very low applied stress after baking 7 hours,

The hydrogen content of the as-heat-treated specimens (1,5 cc/100 g) was es-
sentially nonembrittling, because a significant loss of load-carrying ability under static
loading was observed only after electrolytic introduction of hydrogen, This behavior
was in accord with the suggestion by Darken and Smith(50) that hydrogen may exist in
steel in two fo:ms, since analysis for hydrogen showed that the amount introduced elec-
trolytically was negligible compared with the as~heat-treated hydrogen content, In an
exhaustive series of analyses, conventional vacuum-fusion techniques, with a precision
of £0,2 cc hydrogen per 100 g, were unable to detect the presence of the electrolytically
introduced hydrogen, Evidently, the as-received hydrogen is in an innocuous, probably
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molecular, state; severe embrittlement arises from a very small quantity of atomic
hydrogen, which is presumably in solution,

H. H, Johnson et al. (49) also studied the effects of variations in hydrogen content
on crack initiation and propagation by the electrical-resistance method, The results,
contained i Figure 44, show that as the hydrogen content decreases (as indicated by
increased baking time) the incubation period for crack initiation becomes longer, The
incubation period was found to be relatively insensitive to the applied stress, Incuba-
tion periods ranging from a few seconds to 18 hours were observed, and longer ones
undoubtedly could be produced,

Troiano and co-workers{5) also studied the effect of varying the room-~temperature
aging time before applying a static load, The procedure was to charge heat-treated
SAE 4340 steel with hydrogen, age various times at room temperature, then apply a
static load to failure, Again, sharp-notch specimens were used, At the 230,000-psi
strength level, the time to fracture was plotted as a function of the aging time for sev-
eral values of applied stress; see Figure 45, These curves were of the same form as
curves showing the effect of room-temperature aging on notched tensile strength, which
exhibited a marked minimum at approximately 2 hours while unnotched specimens
showed a more or less continuous increase in ductility, At low values of applied stress,
the sensitivity to delayed failure was lost in less than an hour, while for higher stresses,
delayed failure occurred in specimens aged for a considerably longer time, Conven-
tional delayed-failure curves for various aging times are shown for the 270, 000-psi
material in Figures 46 and 47, The results are summarized in Figure 48, Aging
100 hours at room temperature subsequent to charging did not eliminate the phenomenon
of delayed failure, However, after the same aging time of 100 hours, the reduction in
area of an unnotched specimen had recovered to the value associated with an uncharged
specimen, This finding is typical of the findings of several investigators that delayed
failure may occur in a high~strength steel which exhibits full ductility as determined by
conventional tensile tests, This means that a normal value of reduction in area is no
grarantee that delayed failure cannot occur, The lower critical stress, below which
delayed failure did not occur, increased continuously with aging time,

In other work at Case{39), the effect of room-temnerature aging on crack propa-
gation was studied, with the results shown in Figure 49, For short times of static load-
ing, variations in hydrogen content produced by aging had a large effect on the crack
area,

Rinebolt(12) studied the effect of hydrogen charging for different times on the
tensile propertiee of steels of three different strength levels, The comparisons shown
in Figure 14 (page 29) are based on per cent of original tensile strength, After 4 hours
of charging, about 60 per cent of the tensile strength was lost by a steel heat treated to
a 209,000~-psi strength level, The same percentage loss in tensile strength was obtained
for the 287,000-psi strength level after about 1/2 hour of charging. However, the reduc-
tion in area and the elongation decreased to less than 1 per cent after charging for only
5 minutes for all three strength levels, Raring and Rinebolt{17) studied the effect of
baking at 350 F for 1-1/2 hours on cadmium-plated, vacuum-melted SAE 4340 steel at
the 230,000-psi strength level, Although the baking treatment restored the breaking
strength of the plated specimens in the short-time test nearly to that of the unplated
specimens, the susceptibility to delayed, brittle failure was not changed appreciably,
After plating and baking, the lower critical stress was about 47 per cent of the notched
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Condition A, as in Figure 43.




72

300 T T
Sy Aged 24 hr ot room
250 temperature
200
150 t~
% 100 P.. —
§ 350 +
Aged 48 hr ot room
" 300 by temperature —
& 250 -
& 200 3
o \
o 150 P
S 100 l
a 300 Aged 96 hr at room
r temperature ",———
':bv_ I
250 \ € *Charged notch 1.5
200 N !
® DV W
50 —é~

00t (o2} 10 10 100 1C00
Time to Fracture, hours  » 46484

FIGURE 47. STATIC-LOADING TESTS ON SAE 4340 STEEL HEAT TREATED TO
270,000 PSI AND AGED AS INDICATED(?)
Sharp-notch :pecimens.

Case Institute of Technology Charging Condition A, as in Figure 43.

FIGURE 48, EFFECT CF AGING AT ROOM TEMPERATURE ON THE DEL D-
FAILURE CHARACTERISTICS OF A RIGH-STRENGTH STEEL

Data obtained by Frohmberg et al. , Reference 5,
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tensile strength of specimens that were not plated, The hydrogen content before baking
was 0,7 to 1,1 ppm; after baking it was 0,6 to 0,7 ppm. The effect of the treatment on

the short-time tensile properties of unnotched tensile specimens was as follows:

After Plating and
Before Plating  Baking 1-1/2 Hours at 350 F

Tensile Strength, psi 234,000 230,000
Yield Strength, psi 208,000 208,000
Elongation, per cent in 1 inch 15,0 15,0
Reduction in Area, per cent 57.0 52,5

e

Again, it is apparent that full recovery may be indicated by the conventional tensile
tests, whereas the static-loading tests of notched specimens may indicate essentially no
recovery,

The early investigations of hydrogen embrittlement induced by pickling in acid
solutions or by electrolysis also showed that aging at room temperature or heating to
moderately elevated temperatures (known as baking) causes a gradual recovery of the
original ductility, Some investigators reported that complete recovery had been ob-
tained, while others found that recovery was incomplete at either room temperature or
at elevated temperatures, This early work was done largely with low-carbon steel,

Introducing hydrogen into the steel by different methods has been found to have
little effect on the rate of recovery at room temperature, For example, it was found to
be only slightly different for low~carbon steel wire embrittled by cathodic treatment
from that for wire embrittled by heating in hydrogen(su. However, variation in the
cross-sectional area of the test piece has a large effect on the rate of recovery, at
either room temperature or elevated temperature, because the recovery depends on the
diffusion of hydrogen, For this reason, elevated temperatures are increasingly more
effective, A severely embrittled low-carbon steel wire 0,040 inch in diameter was
found to recover 50 per cent of the initial bending value at room temperature in about
1 week, while a wire of the same composition but 0, 160 inch in diameter recovered to
only 40 per cent of the original bend value in 3 months(51), Figures 50 and 5! show the
hydrogen content and ductility of embrittled 4-inch-square steel castings as a function
of aging time at 400 F and room temperature, respectively, Whereas the ductility was
substantially recovered in 125 hours at 400 F, extrapolation from the data points in
Figure 51 indicated that it would require about 6 ycars to recover the original proper-
ties by aging at room temperature,

Apparently, low-alloy steels, heat treated to high strength levels, completely
recover the ductility lost because of hydrogen introduced by acid pickling if they are
stored for a long time before use or if they are baked at a sufficiently high temperature,
provided that they are not electroplated after pickling, For example, tensile tests per-~
formed on SAE 4340 steel, heat treated to a hardness of Rockwell C 47, indicated that
complete recovery from the effects of pickling in HCI for 1 hour was accomplished by
aging at room temperature for 5 hours or more (see Figure 52, page 76).
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DUCTILITY(53)
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TENSILE SPECIMENS OF SAE 4340 STEEL{10

Data by North American Aviation,

The ductility of steel may be markedly reduced as the result of an electroplating
process, This results from hydrogen that is plated concurrently with the metal, part of
the hydrogen being absorbed by the steel, Eakin and Lownie{31) reported substantial
embrittlement of 1 per cent carbon-steel springs after cadmium plating, The embrittle-
ment became more severe as the hardness level of the steel increased, and higher aging
temperatures were required to produce complete recovery in a bend test, The strength-
level dependence also was reported by Valentine(28), who studied delayed failures of
zinc-plated steel lockwashers. He found that the percentage of specimens failing a test,
in which the lockwashers were loaded until they went flat, increased with hardness level.
He reported that a subsequent aging treatment at 400 F eliminated or reduced the number
of delayed failures. Stefanides(29) studied failures of acid-descaled and cadmium-
plated steel dome lockwashers and also found that the percentage of failures increased
as the hardness of the steel increased. However, in a study of many thousands of these
dome lockwashers, he found no evidence that baking after plating was very helpful,

Zapffe and Haslem(54, 55, 56) conducted much research on the embrittlement of
steel by electroplating, They studied mild steel and hardenable (17 per cent Cr, 1 per
cent C) stainless steel wires electroplated with cadmium, chromium, zinc, tin, nickel,
and lead, The hardenable stainless steel was embrittled by virtually all of the electro-
plating processes studied, Using their bend test for the stainless steel wires and fixed
conditions of temperature and current density, they observed a much greater degree of
embrittlement during chromium plating than during pure hydrogen plating (cathodic
charging), They emphasized that a sufficiently heavy chromium plate can superimpose
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its brittleness on that of the steel if the thickness of the base is not great enough com-
pared with the thickness of the plate, Baking treatments were effective in recovering
the original ductility,

Potak(57) presented experimental results concerning the embrittlement of a
hardened high~carbon stecl by a number of different electrolytic treatments, Figelman
and Shreider(58) studied the effects of electroplating with chromium, copper, nickel,
zinc, and cadmium on the ductility of heat-treated spring steel, The testing method
consisted of measuring the bend angie necessary to produce failure of a flat specimen,
They found that aging at 200 to 300 C (390 to 570 F) was almost always effective in re-
covery of ductility, but in the case of high stresses, a higher temperature was neces-
sary for their removal,

From these few references and the results of some of the investigations described
previously in this report, it is apparent that sufficient hydrogen is introduced into steel
. during a commercial-type electroplating process to cause substantial embrittlement and
to cause delayed, brittle failure under many conditions.

Other work has shown that frequently more hydrogen is introduced in acid pickling
to remove scale or in cathodic cleaning prior to electroplating than is introduced in
electroplating itself(59), These sources of hydrogen will be discussed more fully 1in a
separate report,

Sachs and co-workers(19) performed hydrogen analyses on cadmium-plated
sustained-load-type specimens of seven different high-strength steels, The analyses
were obtained by cooling specimens in dry ice immediately after electroplating and
keeping them at this reduced temperature until they were analyzed, The average hydro-
gen content for cylindrical stress~-rupture specimens was approximately 2,5 ppm,
Within the scatter of the data, steel composition had no effect on the amount of hydrogen
contained in the specimen after cadmium electroplating, Comparison with earlier work
where hydrogen was charged electrolytically without metal plating showed that hydrogen
introduced into specimens during cadmium electroplating may be as high as that intro-
duced through severe cathodic impregnation, The hydrogen content was shown to vary
with section size, as would be expected,

Hobson and Sykes{42) showed that electrolytic charging and the introduction of
hydrogen under pressure at 600 C (1112 F) gave the same embrittling effect, as mea-~
sured by reduction in area,

R, D, Johnson et al, (60) showed that the delayed-failure behavior was almost
identical for commercial cadmium-plated steel and the same steel cathodically charged
with hydrogen under their Charging Condition A, for short-time aging (5 minutes) at
room temperature, Figure 53 shows their results, At the 230,000-psi strength level,
both methods of intruducing hydrogen led to nearly identical delayed-failure curves
(Figure 53b), The correlation at the 270,000-psi strength level is not as obvious, since
sharp-notched specimens were used for cathodic charging, while specimens with a notch
radius of only 0,010 inch were used for commercial cadmium plating, Allowing for the
difference in notched tensile strength between the specimens with the two different notch
radii, they concluded that the stress displacement of the delayed-failure curves in
Figure 53a probably resulted from the difference in notch radii,




78

300
® a. 270,000-psi
strength level
200
ool == == Charging Condition A, \{ e
5 sharp-notch specimens —@~
a ©——@ Commercially cadmium
®) piated,00i0-inch
S notch radius
w O
o
=
(7))
O
o
Q
g, 300 =% — —
o b. 230,000-psi
strength level
200
~ ==« «= Charging Condition A, — T O
100l- 0.010-inch notch radius
o Commerciolg cadmium
plated,00I0-inch
notch radius
: | |
0.0l 0.1 1.0 10 100 1000
Time for Fracture, hours A-46488
FIGURE 53, DELAYED-FAILURE BEHAVIOR OF SAE 4340 STEEL AT ROOM

TEMPERATURE FOR SEVERAL CONDITIONS AS
INDICATED(60)

-Age:a"s minutes at room temperature,

Case Institute of Technology Charging Condition A:

Electrolyte: 4 per cent H,SO4 in water
Poison: None
Current density: 20 ma/in, 2
Charging time: 5 minutes
Aging time: Measured from end of charging to start of test,
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Schuetz and Robertson{25) obtained a similar loss in ductility either from exposure
to HS solution or from cathodic charging, A number of other investigators have studied
the hydrogen embrittlement and delayed, brittle fractures of steel resulting from ex-~
posure to H25(61'67).

Time-~dependent delayed failures have been observed in rocket-motor cases when
tested at constant pressure and exposed to aqueous environments(68, 69), The first
motor case failed unexpectedly on being pressure tested with water at intervals over a
period of several months, In a series of experiments on small-size pressure vessels,
both oil and water were used in pressure testing, and tests were performed under the
following conditions:

(1) No protection
(2) Inside of vessel coated with primer, outside submerged in water bath
(3) Inside and outside coated with primer,

When the metal was not allowed to come in contact with an electrolytic solution, failure
occurred at high tangential stresses, Also, it was possible to transfer the origin of the
fracture from the inside to the outside surface by protecting the inside and exposing the
outside to the water, Thus, it was proved that the water used in hydrostatic testing was
the cause of failure and that these failures were induced by hydrogen, Hydrogen em-
brittlement lowered the burst strength by 130,000 pgi or more, These workers sug-
gested that the role of water wae twofold: (1) It provided the pit which, in turn, provided
the essential triaxiality of stress, and (2) It was a medium for localized galvanic action
which released the essential atomic hydrogen,

Spaeth concluded that hydrotesting with oil is an effective preventive measure
against embrittlement, provided that the pressure~vessel steel is not loaded with hydro-
gen prior to hydrostatic testing,

Norton(70), using heavy water (D20), showed that the hydrogen in water partici-
pates in the initial corrosion of steel, rather than the hydrogen present in the steel,

Steigerwald”l) carried out an investigation to systematically evaluate the influence
of liquid environments (primarily aqueous) on the delayed-~failure characteristics of
high~-strength steel in the presence of very sharp notches (fatigue cracks), This work
was performed to help determine (1) whether or not slow crack growth was stimulated
by the staining media sometimes used with precracked sheet tension tests for the mea~
surement of the fracture-toughness parameter and the notched tensile strength of ultra-
high-strength steels, and (2) whether any such stimulation affected the fracture tough-
ness and strength values obtained,

A low-alloy martensitic steel (300M) and an H~11 type hot-work die steel were
used in the investigation, The compositions, and the tensile properties for the various
conditions of heat treatment used, are listed in Tables 11 and 12, respectively, Details
of the precracked center-notch tensile specimen are given in Figure 54, The results of
static-load tests on 300M steel with distilled water and recording ink as the environment
are shown in Figures 55 and 56, Results for the H-11 steel in distilled water are shown
in Figure 57, Both liquid media produced a considerable range of time for failure, de-
pending on the level of applied stress, Failures occurred at a fraction of the notched
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TABLE 11. COMPOSITION OF STEELS USED TO L TUDY THE INFLUENCE OF LIQUID ENVIRONMENTS ON DELAYED-

FAILURE BEHAVIOR{71)

Sheet
Thickness
Chemical Compositton, per cent by weight {As Recerved),
Material Carbon Manganese Silicon Chromium Nickel Vanadium Molybdenum in.
300M 0.43 0.89 1,78 0.90 1,92 0.13 0.43 0.080
H-11 0.32 0.30 1.00 o, 14 -- 0.49 1.30 0.097

L
N ;}:,

Sawcut A approximately
0.600 in. extended by

DELAYED FAILURETD)

TABLE 12. TENSILE PROPERTIES OF 300M AND H-11 STEEL
SPECIMENS USED IN THE STUDY OF THE
EFFECT OF LIQUID ENVIRONMENTS ON
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tensile strength determined in a standard tensile test periormed in an air environment,
As the strength level of the 300M steel was reduced, the material became more resis-
tant to delayed, brittle failure, Also, as the material became more .nsensitive to
notch effercts, the tenderncy to delayed failure was reduced, Crack growth was followed
by the electrical-resistance method, and all the curves exh:bited discontinuities, as is
typical of hydrogen embrittlement, The delayed failures described occurred by a pro~
cess or slow crack growth until the crack reached a critical, unstable length, where-
upor catastrophic failure occurred, Constant-load tests also were conducted on pre-
cracked specimens to which no liquid was applied. In these cases, failure did not occur
at stresses within 10,000 psi of the normal notched tensile strength after a 100-hour
test time,

In an effort to obtain a medium which would not produce delayed failure and to
gain some insight into the mechanism that was operative, the delayed-failure charac-
teristics of fatigue-cracked 300M steel tempered at 600 F (295,000~-psi ultimate tensile
strength) were investigated for a number of liquid environments, In all cases, the
specimens were loaded to a notched ter.sile stress of approximately 75,000 psi, which
represented 83,5 per cent of the strengtl. obtained in a conventional notched tensile test
without a liquid in the crack, The results of the tests are shown in Table 13, The pH
of aqueous solutions also was varied from 4,8 to 9.0 by the use of buffered solutions,
this variation produced no significant difference in the failure time of 300M steel, Non-
aqueous liquids consistently caused delayed failure, except for carbon tetrachloride, the
only medinm that contained no hydrogen., However, the failure times for the nonaqueous
liquids were considerably longer than those produced by the aqueous environments,

With those media having closed-ring structures and low dielectric constants (benzene
and carbon tetrachloride), the steel was capable of sustaining the applied load for the
greatest time periods,

TABLE 13. INFLUENCE OF VARIOUS CRACK
ENVIRONMENTS ON FAILURE
TIME OF 300M STEEL(71)

b

I

Failure Time,

Environment minutes
Recording ink 0.5
Distilleu water 6.5
Amyl alcohol 35.8
Butyl alcohol 28,0
Butyl acetate 18,0
Acetone 120
Lubricating oil 150
Carbon tetrachloride No failure in 1280
Benzene 2247
Air No failure in 6000

Steigerwaid belicved that the dclayed failure induced by the liquid environments
could be attributed to three possiblc factors: (1) lowering of the surface energy of the
crack due to liquid adsorption, (2) hydrogen embrittlement, and (3) stress corrosion,
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The data obtained were not sufficient to allow the particular mechanism or combination
of factors to be defined conclusively, He considered that, in view of the fact that cracks
were present and the organic environments caused delayed cracking, the mechanism in-
volving a decrease in surface energy (Petch and Stables, 1952, Reference 72) was
attractive, The apparent absence of an incubation time which he observed also is a
necessary, but not sufficient, condition for a surface-adsorption mechanism, There-
fore, a test was conducted on a 300M specimen that was not precracked but merely had
a center jeweler's sawcut with a terminal radius of approximately 0, 005 inch, The
specimen was loaded to 90 per cent of the normal notched tensile strength and subjected
to a distilled-water environment, Failure occurred in 15, 2 hours, He found it difficult
to visualize how surface adsorption on the face of the sawcut could lower the failure
stress, Since the sawcut itself did not extend and a crack had to be initiated, most
probably below the surface where the triaxiality favors fracture, another mechanism
besides surface adsorption must be rate controlling, He concluded that, although hydro-
gen embrittlement and stress corrosion have both been observed in these high-strength
steels, the manner in which sufficient hydrogen is produced or stress corrosion takes
place in the various environments must be determined before these factors can be used
to explain the observed delayed-failure process,

Davis{73) has studied siress corrosion and hydr ogen embrittilement in two low-
alloy high-strength steels, 4330M and SAE 4340. With electron-microscope fractog-
raphy techniques, he claimed to be able to detect slight differences between hydrogen-
embrittlement and stress-corrosion fractures; gross differences can be detected among
ductile, fatigue, and intergranular brittle fractures, He reported that hydrogen-
embrittlement and stress-corrosion fractures both appear to be intergranular with re-
spect to the prior austenite grain boundaries, Metallographic microstructural differ-
ences between hydrogen-embrittlement and stress-corrosion cracking are not clearcut,
However, fractographic studies with the electron microscope indicate that the two
processes may be fundamentally related,

Swets and Frank(74) have reported on the pickup of hydrogen from a hydrocarbon
lubricant by steel ball bearings. Swets, Frank, and Fry(75) found that grinding or
abrading steel caused hydrogen pickup, apparently from water vapor in the air or from
the cutting fluid when the latter was used.

In addition to the effect of concurrently plating hydrogen with the metal plate, the
plate has another effect, The presence of a more-or-less impermeable metal coating,
such as cadmium, makes the evolution of hydroger from the interior of the base metal
more difficult; this may serve to aggravate the effects of embrittlement anc delayed
failure of electroplated steel, Although appropriate baking treatments may re.tore
most or all of the ductility to the plated steel, often such a treatment does not overcome
the propensity toward delayed, brittle failure,

As was discussed previously, R, D. Johnsonet al, {6Vl ghowed that the delayed-
failure behavior was almost identical for commercial cadmium-plated steel and the same
steel cathodically charged with hydrogen, for the conditionsused. However, the room-
temperature aging characteristics of cadmium-plated and hydrogen-charged specimens
were markedly different, as is shown in Figure 58, Ductility was recovered more
slowly in the case of the cadmium- plated specimens. Figure 52 (page 76)shows that
chromium plate serves as a barrier to hinder evolution of hydrogen on aging, and, hence,
to hinder recovery of ductility. Figure 59(10) for recovery by baking at 375 F shows
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HYDROGEN EMBRITTLED AS INDICATED(60)

Case Institute of Technology Charging Condition A:

Electrolyte: 4 per cent HpSOy4 in water
Poison: None
Current density: 20 ma/in, 2
Charging time: 5 minutes.

The laboratory cadmium plating was performed with the
commercial cyanide bath coutaining the same brightening
agent as was used for the commercial plating, A cadmium
anode was used, the current density was 20 amp/fté, and
plating time was 10 minutes,
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Data by North American Aviation,

SAE 4340 steel, hardness = Rockwell C 45,
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how the chromium plate also hinders recovery under these conditions and, further, that
the cadmium plate commonly used for corrosion protection of high-strength steel parts
acts as an even more effective barrier, The following data obtained by H. H. Johnson
et al, (49) also show the barrier effect of cadmium plate on specimens with a reduction
in area before plating of 40 to 42, 5 per cent,

Reduction in Area, per cent

Baking Treatment Deplated Chemically As Plated
300 F, 0.5 hour 41,5 10.5
300 F, 2 hours 42,5 13,5

(22)

Geyer et al, also performed an experiment to study cadmium as a barrier to
hydrogen penetration, Four notched tensile specimens of SAE 4340 steel (290,000-psi
ultimate tensile strength unnotched) were coated commercially with 0, 0005 inch of
cadmium by vacuum-metallizing techniques, rather than electroplating, The specimens
sustained a load of 300,000 psi for 300 hours without failure, Three of the specimens
then were exposed to 192 hours of salt fog, and light rusting occurred on the specimens,
The specimens again sustained a load of 300,000 psi for 300 hours without failure. The
sustained-load test after exposure to salt fog was performed to determine whether any
detrimental hydrogen embrittlement resulted during the corrosion process, which is
electrochemical in nature, Cadmium is anodic to steel; therefore, atomic hydrogen
would be released at the steel (cathodic) areas during the corrosion process, The other
vacuum-metallized specimen that withstood 300,000 psi for 300 hours without failure
was subsequently electroplated with cadmium from a fluoborate bath containing peptone,
The specimen was not baked after plating, It broke upon loading to 300,000 psi. Thus,
the vacuum-metallizing cadmium-deposition process was nonembrittling, as would be
expected, It was shown that, using this process, corrosion of the cadmium-coated
steel in this instance did not cause hydrogen embrittlement, However, the vacuum-
deposited cadmium did not prove to be a barrier to hydrogen penetration during subse-
quent cadmium electrodeposition,

The recovery of the original properties of cadmium-~plated high~-strength steel
parts is an important problem in the aircraft industry. At room temperature, the
recovery of ductility lost due to hydrogen embrittlement as the result of cadmium plat-
ing has been found to be extremely slow and often is incomplete after very long aging
times, For example, cadmium-plated rings cut from a tubular part made of SAE 4340
steel with a hardness of Rockwell C 50 showed no recovery of ductility after aging for
2 weeks (Figure 60), However, the recovery of ductility increases rapidly with increas-
ing temperature, as Eakin and Lownie(31) showed for thin, cadmium-plated clock-
spring steel., This is illustrated in Figure 61, Although investigations such as this one
on clock-spring steel indicate that temperatures up to at least 525 F greatly accelerate
recovery of ductility lost as the result of hydrogen embrittlement, some tests conducted
on SAE 4340 steel indicate that the higher ternperatures may be detrimental to the ductil-
ity of high-strength cadmium-plated parts., In any event, temperatures over 610 F, the
melting point of cadmium must be avoided, because liquid cadmium can canse cracking
of low-hydrogen steel, Also, baking temperatures higher than 400 F produce discolora-
tion of cadmium-plated parts and, thus, are undesirable, It has been suggested that the
presence of such an oxide layer on the cadmium further interferes with the removal of
hydrogen, a.d this may explain the adverse effect of baking at temperatures above 400 F
that have been observed sometimes, Another possible explanation to account for such an
effect is the formation of a brittle layer at the steel-cadmium interface as the result of
diffusion of the cadmium into the steel,
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Before strength levels were boosted to the point where delayed, brittle failures
were encountered in service, the most common relief practice for hydrogen embrittle-
ment resulting from cadmium plating consisted of baking at 375 to 400 F for 3 or 4
hours, When hydrogen-~induced delayed, brittle failures were encountered, baking
times often were increased to 23 hours, but this practice was only partially effective,
The effects of room~-temperature aging and of baking on the susceptibility to delayed,
brittle failures have already been discussed because of their use to produce different
hydrogen contents for laboratory investigations of the phenomenon, Various investiga-
tors showed that, although suitable baking treatments resulted in recovery of lost duc~
tility, frequently such treatments do not eliminate susceptibility to delayed failures,
especially for materials of the higher strength levels; for example, see Figure 43
(page 69), Delayed failures have occurred after baking for times at least as long as
100 hours, It was shown that data obtained in a short-time tensile test are not suitable
criteria of the susceptibility to delayed, brittle failure,

The recovery of parts cadmium plated on only one surface is considerably faster
than that of parts plated on both sides, Figure 60 illustrates the difference for hollow
parts plated in the one case only on the outer surface and in the other case on both sur-
faces. Occasionally, a specific lot of material is found which is especially resistant to
the relief of hydrogen embrittlement. Often this is due to variations in the cadmium
plate., A derse plate offers more resistance to the effusion of hydrogen than does a
more porous plate, One factor influencing the type of plate produced is the use of a
brightener in a cadmium-plating solution. One investigation showed that very small
amounts of such an additive greatly reduced the recovery from hydrogen embrittlement
of SAE 4340 steel heat treated to a hardness of Rockwell C 48, Also, some plating baths
are more efficient than others and plate out less hydrogen at the metal surface, Such
factors will be discussed more fully in a separate report being prepared on the move-
ment of hydrogen in steel,

NEED FOR HYDROGEN MOVEMENT

A discussion of the chief requirements for delayed, brittle failures induced by
hydrogen has been presented in preceding sections of this report, It has been shown that
a critical combination of strength level, applied stress, and hydrogen content must be
present in a region where failure can be initiated, usually 1n a region of triaxial stress
state, Frequently, the necessary amount of hydrogen is not present at such a site, so
movement of hydrogen must take place if failure is to be initiated, Also, as the failure
propagates, the region of triaxial stress moves, so in most instances, hydrogen rnust
move if propagation is to continue,

If hydrogen is to be free to move during the course of the failure, then conditions

must be such as to favo. diffusion of hydrogen, This, then, brings in considerations of
temperature and time,

Hydrogen Movement Demonstrated

pl

In the work of Frohmberg et al, (5), laboratory delayed failures were induced in
sharn-notch specimens of high-strength SAE 4340 steel which had been electrolytically
precharged with hydrogen and then subjected tc a sustained load, Although the amount
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of hydrogen introduced during the standard charging procedure was too small to be
detected by analysis, specimens heat treated to the 270,000-psi strength level failed in
a brittle manner after several hours' loading at stresses approaching 100,000 psi, One
phase of this investigation concerned the hydrogen distribution within the specimen im-
mediately after charging and the change in distribution upon aging. Unnotched tensile
8pecimens were hydrogen charged and aged at room temperature, Surface layers of
the specimens were removed by grinding under a flood of coolant, and the specimens
were tested promptly, Five minutes after charging (the same interval used in
sustained-loading tests of charged specimens), the hydrogen was highly concentrated in
the surface layer of the specimen at the 270,000-psi strength level, Removal of an
0.020~-inch-thick layer from the specimen surface increased the reduction in area from
3 per cent to a normal value of 43 per cent, After aging for 4 hours, the removal of
0,050 inch (2-1/2 times as much) from the surface increased the ductility to only 38 per
cent reduction in area, These results indicate clearly that hydrogen diffuses into the
specimen interior upon aging at a suitable temperature (in this case, room
temperature),

Various investigators, including Troiano and co—workers(49), Elsea and co-
\vorkers(7), and Chilton(76) hypothesized that hydrogen in steel will migrate to areas of
high stress. This could result 1n hydrogen concentration at the high-stress region and
possibly result in brittle failure,

Geyer et al, (22) performed an experiment to ascertain if the residual hydrogen in
steel migrates sufficiently to cause failure. The notched areas of four specimens of
SAE 4340 steel heat treated to the 290,000-psi tensile-strength level were completely
filled with wax, and then cadmium electroplated from the conventional cyanide bath, No
baking treatment was uscd after plating so as to insure that residual hydrogen would be
available for migration 'y it were to occur. Sustained-load tests gave the following
results:

Specimen Load, psi Time, hours Results

1 220,000 144 No failure
2 220,000 650 Failed
3 ¢20,000 25 Failed
4 220,000 144 No failure

T e load on the two specimens which had not failed :n 144 hours was increased to
300,000 psi, One specimen failed 1n 55 hours and the other specimen failed after

73 hours at the new load, All unplated, notched specimens of the same steel at the
same strength level sustained 220,000 psi for 400 hours and then 300,000 ps1 for

400 hours without failure, It can be deduced from this experiment that hydrogen in steel
will migrate to points of high stress, with possible failure of the part, *

®The variation in the time 1o failuge 1 this 1vestigation points up some of the probicms mvolved in studying the delayed-failure
phenomenon experimentally, Because hydrogen dutfuses in steel at an appreciable rate at room lemnpetature and because one 1
dealing with at most only a few ppm of hydroyen, reliable analyses are difficuit to obtain, Hence, many investigators rely upon
elecuolytic charging or cleczoplating under standardized conditions to introduce fatr'y sepzoducible amounts of hydrogen 1nto the
steel, However, recent work has shown th-t vani.gons tn prepatation of the sted! surface can have constderable effect on the
rate at which the surface absorbs hydrogen,
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Frohmberg et al, (5) showed that the diffusion of hydrogen plays a very important
role in the delayed-brittle~-failure phenomenon, During room-temperature aging prior
to loading, outgassing, which decreases the total amount of hydrogen present, competes
with the inward diffusion of hydrogen to establish the hydrogen distribution at the time of
loading, This is shown in Figure 62, The hydrogen distribution is a factor in deter-
mining the delayed-failure characteristics, In the case of precharged notched speci-
mens, the lower critical stress increases continuously with prior aging, because the
available hydrogen concentration at the base of the notch is decreasing contmually(s).

It was suggested that a critical combination of hydrogen and stress determines this
limiting stress, However, ag was shown previously, the notched tensile strength of
charged specimens and the time to failure both pass through a minimum as a function of
prior aging time after the same 1nitial charging condition, Because of the relative in-
sensitivity of the rupture time to strength level, it was suggested that the fracture time
is related to the macroscopic diffusion of hydrogen inward from the initial surface con-
centration of electrolytically introduced hydrogen,
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FIGURE 62. EFFECT OF REMGVING SURFACE LAYERS OF METAL
FROM CHARGED UNNOTCHED TENSILE SPECIMENS
AT THE 270,000-PSI STRENGTH LEVEL(5)

Case Institute of Technology Charging Condition A:

Electrolyte: 4 per cent HpSCy4 in water
Poison: None
Current density: 20 ma/in, 2
Charging time: 5 minutes.

Barnett and Troiano{39) studied crack 1nitiation and subsequent slow crack propa-
gation of precharged notched specimens, For specimens aged 5 minutes at room temn-~
perature before loading, several important characteristics were observed that are re-
lated to the role of hydrogen in delayed failures, The specimens cracked (but did not
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fracture) almost immediately upon application of a stress within the delayed-failure
stress range, Below the lower critical stress, » crack did not form during an extended
time interval in excess of 100 hours, Therefore, the lower critical stress represented
the stress below which a crack was not initiated, After an initial crack formed, pre-
sumably to the depth of the existent hylrogen-rich zone, the crack depth increased in 2
manner proportional to the square root of the static-loading time, This relationship 18
analogous to the simplified diffusion equation, %2 = Dt, where x is the penetration, t 1s
the time at temperature, and D is the diffusion coefficient, This behavior suggested
that crack propagation was controlled by macroscopic diffusion of the hydrogen front in-
ward, In addition, the fracture strength determined from the uncra« ked area was ap-
proximately equai to the uncharged notched tensile strength, or slightly higher, Thus,
it appeared that the crack front and the hydrogen front wevre rnoving inward simultane-
ously, At least the hydrogen front was not appreciably ahead of the crack front, or else
some embrittiement would have been indicated in tiie nieasured fracture strength,

The importance of hydrogen diffusion in delaycd, brittle failures is shown fusther
by the results of the investigation of fracture stress performed by H. H. Johnson
et al,(49) The crack formed under static-loading conditions grows slowly until the
remaining nonhydrogenated core can no longer carry the applied load, at which time
cataclysmic rupture occurs, The true stress at rupture 1s the fracture stress, In this
study, SAE 4340 steel was heat treated to the 230,000-ps1 strength level, catncdically
charged with hydrogen, immediately cadmium plated, and then baked to insure uniform
hydrogen concentration throughout the section. Various baking times were used to pro-
vide a4 range of hydrogen concentrations, For various applied stresses and hydrogen
concentrations, the fracture stress was found to be constant at approximately 330,000
psi, as is shown in Table 14. This value was obtained in two different ways, with ex-
cellent agreement between the two methods. In both methods, the applied load was
divided by the uncracked area when sudden rupture occurred. The two methods differed
in the way in which the uncracked area was determined. For the values of fracture
stress shown in the tabie, the area at rupture was obtained from a calibration plot
(determined by the heat-tinting technique) for converting resistance measurements into
crack areas., Virtually the same results were obtained when the uncracked area was
determined from visual examination of the fracture surface, which revealed two dis-
tinct modes of crack propagation. The rim, formed by slow, hydrogen-induced crack
propagation, exh.oited a fine texture that indicated brittle fracture. The inner fracture
surface, formed by sudden rupture, was rougher and indicated a more ductile fractur-,

Because a constant fracture stress was obtained, it appears that the average
hydrogen concentration resulting from baking is not sufficient to propay. te a crack,
That is, crack propagation has to wait for a localizc ! build-up of hydrogen concentra-
tion in front of the crack., Therefore, the rate of crack propagation cannot be greater
than the rate at which the critical hydrogen concentration 1s attained by diffus.on to the
crack tip, Cataclysmic rupture, being characterized by a very high crack velocity,
will occur only when the fracture strength of the nonhydrogenated core material s
exceeded,

These concepts imply that crack propagation is a discontinuous proc.sg and ac -
tually cons:ists of a eries of separate crack initiations, The most severe trraxial
stress state is to be found just in advance of the crack, When the critical hydrogen con-
centration is «titiined in that location, a small crack forms and then grows through the
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hydrogen~enriched regilon until 1t 3oins the previvus crack, Further crack growth must
wait for diffusion of hydrogen, incuced by the stress gradient, to the new region of
maximum triaxial stress,

Other work performed a: Case Instyt de verified the concept that crack growth in
hydrogenated steel is discontinuous in fashion, This has been discussed 1n the section
dealing with the effects of applied stress and plastic strain,

These various results have served to show that the degree of embrittlement en-
countered and the rate of crack propagation attained in delayed, brittle failure are con-~
trolled by the diffusion of hydrogen,

The localized redistribution of hydrogen resulting from plastic deformation has
been discussed previously in the consideration of the effects of applied stress and plas-
tic strain, Also, ‘the stress-induced diffusion of hydrogen has been discussed, Inter-
pretation of the data obtained from studies of these two aspects of the movement of
hydrogen 1s consistent with the hypothesis that hydrogen exerts a maximum embrittling
effect 1n the region of most severe stress state, llydrogen occluded in internal voids 1s
purported to be nondamaging, and embrittlement apparently results from hydrogen in
solution,

TABLE 14. FRACTURE STRESS AT VARIOUS APPLIED STRESSES
AND HYDROGEN CONCENTRATIONS OBTAINED IN A
STUDY OF THE IMPORTANCE OF HYDROGEN
DIFFUSION IN DELAYED FAILURE(a)(49)

Baking Time(b), Applied Stress, Fracture Stress,
hours psi psi
3 200,000 308,000
3 225,000 319,000
7 200,000 334,000
7 225,000 327,000
12 200,000 335,000
12 200,000 342,000
12 225,000 346,000
18 225,000 329,000

(a) Ultimate tensile strength, uncharged specimen = 230, 000 psi.
(b) The baking time was varied so as to provide different hydrogen concentrations.

Temperature Dependence

One of the unusual characteristics of hydrogen embrittlement is that the embrittle-
ment disappears at low and high test temperatures and is, accordingly, most severe in
an intermediate temperature range in the general vicinity of room temperature(77’78),




This was discusrsed more fully in DMIC Memaorandum 180 and 1s sunimearcized an Far-
ure 63 for SAE 1020 stecl, The disappearance of hydrogen embrittiement at =321 F
(Irquid-nitrogen temperature) in SAE 4340 steel heat treated so as to have an ultimate
tensile strength of 230,000 ps1 is evident from the data in Table 15044) -

TABLE 15. EFFECT OF CHARGING CONDITIONS AND TEST TEMPERATURE
ON THE DUCTILITY OF UNNOTCHED SAE 4340 SPECIMENS(a)(44)

Test Temperature, Reduction in Area,
Conditicen F per cent
Uncharged specimen Room 40
Specimen charged and cadmium plated Room 5
‘Specimen charged and cadmium plated, Room 10
bakad 1 hour at 300 F
Uncharged specimen -321 22
Specimen charged and cadmium plated, -321 22

baked 1 hour at 300 F

(a) Heat treated 10 239, 000-psi tensile swength.

In this investigation by Morlet et al,, an unnotched, hydrogenated specimen that was
cadmium plated and then baked 1 hour at 300 F to provide a uniform hydrogen content
was strained to 1,5 per cent reduction in area. This resulted in a multitude of tiny
cracks, even though the specimen fractured with a ductility of 10 per cent reduction in
area, llowever, at -321 F, it was possible to strain the hydrogenated specimens to
more than 12 per cent reduction in area without forming any cracks. In studying the
effect of plastic strain on hydrogen embrittlement, these investigators demonstrated

the diffusion-controlled nature of the mechanism by aging at different temperatures,
After straining 1.5 per cent at =321 F, specimens were aged at temperatures of 150 F,
80 F, 32 F, and -15 F, The results are summarized in Figure 64, The displacement
of the aging curve to longer times at low aging temperatures is evidence that the behav-
ior is diffusion controlled, The phenomenon is further indicated by an Arrhenius plot of
the data, shown in Figure 65, As was discussed in a previous section™, three separate
stages were observed in the aging process for specimens that were strained after being
charged with hydrogen, During the first stage, the reduction in area increased, then it
decreased to a minimum value in the second stage, and finally in the third stage the
ductility increased again and did so in a manner similar to that of the unstrained speci-
mens, The variation in ductility during the first two stages of aging was particularly
striking when compared with the aging behavior for the unstrained specimens, In Fig-
ure 65, the aging time at the midpoint of Stage One (corresponding to a reduction in area
of 30 per cent) has been plotted against the reciprocal of the absolute aging temperature,
The activation energy obtzined from this plot was 8500 cal/g, which agreed well with the
activation energy for diffusion of hydrogen through iron determined by Chang and
Bennett{79), Similar data for Stage Two of the aging curves are shown in Figures 66

*The section "Effects of Applied Stress and Plastic Strain”. See page 46,
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Ductility {In a5/ af)

{a)

Ductility (In aq / af)

A- 46496

(b)

FIGURE $3. THE DUCTILITY OF AN SAE, 1020 STEEL AS A FUNCTION OF STRAIN
RATE AND TEMPERATURE(78)

(a) As annealed.

(b) As charged cathodically for 1 hr in 4 per cent sulfuric acid.
Curve i, in Figure 63b, bounds the range of strain rates and tem-
peratures where embrittlement is found.
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and 97, An wclvalion energy of Y600 calfp was obtumed for Stage Two, « value well
viatkin the eapected experimental error, These results confirm the diffusion-« entrolled
nitture of tiie hypothesis of hydrogen embrittlement,

Slaughter et al, (8) observed a potent effect of testing temperature on delayed fail-
ures, In these experiments, high-strength steel bolts were leaded statically by applying
a measured torque, For the 230,000-ps1 strength level, bolts pickled 12 minutes in
10 per cent HCI failed in from 11 to 118 minutes after stressing at room temperature,
One bolt, charged cathodically at 218 F aifter stressing, failed within 45 seconds after
the beginning of electrolysis, Another boit, pickled i2 minutes in 10 per cent HCI and
cooled to -112 F before loading, was held in the stressed condition for 235 hours at
~-112 F without failure, This bolt (still under stress) failed within an hour after -being
warmed to room temperature,

Experimental work performed at Case Institute of Technology showed that test
temperature strongly.affects the parameters which describe the hydrogen-induced
delayed-failure phenomenon, R. D. Johnson et al. (60) showed that the notched tensile
strength of charged specimens aged 5 minutes at the test temperature prior to testing
was reduced from the normal value of the notched tensile strength over the temperature
range from -230 F to +190 F. At the extreme temperatures of -320 F and +250 F, there
was little difference between the notched tensile strengths in the charged and the un-
charged conditions. These results are shown in Figure 68, The rupture time was
found to decrease and the lower critical stress continually increased as the test tem-
perature of statically loaded, charged, notched specimens was raised from room tem-
perature to 250 F,. as is shown in Figures 69 and 70, A linear Arrhenius plot (log of
the rupture:itime plotted versus the reciprocal of the absolute temperature) was not ob-
tained over this tempce:ature range (see Figure 71). Recause crack propagation at room
temperature appears to be controlled by diffusion, the nonlinearity of the Arrhenius
plot was attributed primarily to the different initial hydrogen distributions existing at
the time of loading, since different amounts of outgassing and redistribution of hydrogen
presumably took place during the fixed 5-minute aging time at the various test
temperatures.

In a continuation of this work(‘is), the temperature dependence of the failure time
was measured from room temperature to about -50 F at two-applied stresses for each
of two initial hydrogen distributions, One distribution was essentially a highly con-
centrated surface layer of hydrogen obtained by aging 5 minutes at room temperature
after .charging. For this hydrogen distribution, previous work had shown that a static
stress caused an initial crack to form to a given depth in a notched specimen immedi-
ately upon loading, from which point the increase in crack depth was proportional to the
square root of the static-loading time, Figure 72 shows that reasonably linear
Arrhenius plots were obtained for applied stresses of 125,000 and 200,000 ps1, which
supports the suggestion that the crack propagation is controlled by the macroscopic
diffusion of hydrogen inward for this .initially nonuniform hydrogen distribution in which
the hydrogen was concentrated in the surface layers,

The other hydrogen distribution investigated was obtained by a 3-hour aging treat-
ment at room temperature, This aging time was chosen after the rupture time and the
crack-propagation characteristics had been determined as a function of aging time, It
represented the deepest penetration of hydrogen that could be obtained by aging while
still maintaining the hydrogen concentration at a level high enocugh that there would be
essentially no incubation period before crack initiation in the sharp-notched specimens
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FIGURE 68. EFFECT COF TESTING TEMPERATURE ON THE NOTCHED TENSILE

STRENGTH OF SAE 4340 STEEL IN THE CHARGED AND
UNCHARGED CONDITIONS!®0

230,000-psi strength level, sharp-notch specimens

Case Institute of Technology Charging Condition A:

Electrolyte: 4 per cent HpSO, in water
Poison: None
Current density: 20 ma/in, ¢
Charging time: 5 minutes,
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FIGURE 69. DELAYED-FAILURE BEHAVIOR AT -30 F AND 80 F FOR SAE 4340
STEEL SPECIMENS AT 230,000-PSI STRENGTH LEVEL 0

Sharp-notch specimens, 5-minute age at test temperature

Case Institute of Technology Charging Condition A, as in Figure 68.
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FIGURE 70. DELAYED-FAILURE BEHAVIOR AT 140 F, 190 F, AND 250 F FOR SAE
4340 STEEL SPECIMENS AT 230,000- PSI STRENGTH LEVEL(60

Sharp-notch specimens, 5-minute age at test temperature,

Case Institute of Technology Charging Condition A, as in Figure 68,
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Sharp-notch specimens aged 5 minutes at test temperature, Fracture
time taken midway between upper and lower critical stresses as indicated,

Case Institute of Technology Charging Condition A, as in Figure 68,
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used. The hydrogen penetration was deep enough that the propagating crack did not
reach the hydrogen front prior to fracture for applicd stresses of 175,000 and 260,000
psi, The temperature dependence of the rupture time for these conditions also is shown
in Figure 72. Again, the Arrhenius plots were reasonably linear. The slopes of all
four plots could be described by an activation energy of 9,000 £ 600 cal/g-atom, This
indicated that the crack-propagation rate was controll -d by diffusion of hydrogen, even
in the specimens aged for 3 hours in which the hydrogen had penetrated throughout the
region through which the crack had to propagate to cause failure, These results also
supported the hypothesis that the mechanism of crack propagation is diffusion-controlled

on a Imicrosccpic scale at the tip or the crack,
p 1

Steigerwald, Schaller, and Troiano(80) studied the effect of testing at tempera-
tures beluw room temperature on the delayed-failure behavior of SAE 4340 steel at the
230,000~ps1 strength level, usiLg sharp-notch specimens precharged with hydrogen,
The results are showan in Figures 73, 74, and 75, Incubation times were determined by
the electrical-resistance raethod, Lowering the temperature prolonged both the incuba-
tion time and the {racture time, At -50 F and -95 F, the incubation time coincided with
the fracture time, that 1s, once a crack was initiated, it immediately propagated through
the specimen, In their analysis of the incubation period, these investigators showed
that, if the local initiation of a crick at a given applied stress is dependent only on the
diffusion of hydrogen, the log of the ratio of incubation time to the absolute temperature
should vary linearly with the reciprocal of the absolute temperature, The results in
Figure 76 show that such a relationship existed, This behavior indicates that the incu-
bation time required for the formation of the first crack in 4 hydrogenated specimen
tested under static loading 1s controlled principally by the diffusion of hydrogen, The
activation energy of 9120 cal/g-atom is in excellent agreement with values for hydrogen
embrittlement reported by Morlet and co-workers(#4) and with reported values for the
diffusion of hydrogen in iron for the temperature range employed, g

The disappearance of hydrogen embrittlement and delayed, brittle failures at low
temperatures results from the decrease in hydrogen-~diffusion rate with decreasing
tempcrature, For a test at a fixed strain rate, the stress-induced gradient diminishes
with decreasing temnperature, 8o the embrittlement decreases also, Troiand and his
co-workers have suggested that the disappearance of bydrogen embrittlement at high
temperatures also.may be related to stress-induced hydrogen diffusion{44), Because
the driving force tending to concentrate hydrogen in the region of maximum triaxiality
is stress induced, the driving force presumably is independent of the temperature,
‘Hoewever, the force tending to homogenize the solution presumably increases with tem-
perature, Thus, at high temperatures, the gradient cannot be created, and embrittle-
ment should decrease. It should also be noted that the notch sensitivity of the steel de-
creases with increasing temperature; thus, the voids should be less effective in
creating a region of severe stress state,

Strain-Rate Dependence

It is a general rule that the severity of embrittlement increases with increasing
strain rate, However, for hydrogen embrittlement, the reverse is true for all

*The activation energy for hydrogen diffusion in iron eahibits two values. which have been attributed to variations in the
diffuston mechanism, At lngh temperatures, the activation energy is approximately 2000 cal/g-atom, while in the room-
temperature range values from 6000 to 9200 cal/g-atom have been reported.
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temperatures at which‘hydrogen embrittlement is observed, For this reason, hydrogen
embrittlement sometimes is referred to as low-strain-rate embrittlement, This has
been discussed in a previous report (DMIC Memorandum 180), is shown in Figure 77,
and has been summarized for SAE 1020 steel in Figure 63 (page 95). ‘Hydrogen
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FIGURE 77, FRACTURE STRAIN AS A FUNCTION OF STRAIN RATE IN
A CHARGED AND UNCHARGED, SPHEROIDIZED SAE. 1020
STEEL AT ROOM TEMPERATURE(77)

embrittlement of high~strength steel is nil in an impact test, It may or may not be
detected in a standard tensile test of unnotched specimens, depending on-the hydrogen
content and. distribution; however, it is more apparent in a notched tensile specimen
with the triaxial stress state introduced by the notcii, The most sensitive test for
hydrogen embrittlement is the static-loading test of a notched specimen, According to
the generally accepted mechanisms for hydrogen émbrittlement and delayed, brittle
fracture,the strain~rate dependence of hydrogen embrittlement reflects differences in
the time available for hydrogen to diffuse into the highly stressed regions, In a test at
high strain rates, such as an impact test, the:time is not sufficient to permit a damag-
ing amount of hydrogen to diffuse into the region of maximum triaxiality, and embrittle~
ment does not develop. However, .as the strain ratc is decreased, more hydrogen can
diffuse into the highly stressed region, and embrittlement tends to occur, The ultimate
in this direction is achieved in the static~loading test where the strain rate is zero,
Hydrogen diffuses very rapidly in ferritic or martensitic steels at room temperature, in
fact, faster than most intermetallic diffusion at temperatures approaching the melting
point of the solvent metal, Therefore, although the phenomenon is diffusion controlled,
under many conditions severe embrittlement can be detected in an ordinary tensile test
where the crosshead speed may be about 0, 05 inch per minute and the test time may be
in the neighborhood of 2 minutes, Thus, the accepted mechanism for hydrogen em-
brittlement is in agreement with the observed effects of temperature and strain rate,

The most sensitive test for revealing hydrogen embrittlement and the only satis-
factory way to study delayed, brittle fracture is the static~-loading test, Use of this
test, of course, precludes a study of variations in strain rate, However, a few exam-
ples of the results of variations in strain rate on embrittled high-strength steels will be
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included to complete the picture, Using notched tensile strength as a measure of em-
brittlement, Barnett and Troiano{®) showed that the embrittlement was quite sensitive
to small variations in strain rate (see Table 16),

TABLE 16. EFFECT OF STRAIN RATE ON NOTCHED TENSILE STRENGTH
OF SAE 4340 STEEL AT THE 230,000-PSI STRENGTH LEVEL,
CATHODICALLY CHARGED(2) AND AGED 24 HOURS AT
ROOM TEMPERATURE(6)

Nominal Strain Rate ‘Total Time Time From 80,000 Psi Notched Ten_silé
(Crosshead Speed), of Test, to Maximum Load, Strength,
in, /min min mir, psi
0.07 1.75 0.75 301,000
0. 05 2.5 1.75 262,000
0.002 47.0 20.0 200,000

(a) Case Institute of Technology Charging Condition A:,
Electrolyte  : 4 per'cent HoSO4 in water
Poison’ ¢ None
Current density: 20 ma/in. 2
Charging time ¢ 5 minutes

However, the results of different investigations (for example, Reference 5) have shown
that delayed failures can be encountered under conditions for which full recovery was:
indicated by the conventional notch tensile test. Klier, Muvdi, and Sac}}s(SI) studied
the effects of strain rate on the deflection at fracture of an unnotched bend specimen for
different charging times and current densities. Their results, given in Figure 78,
showed severe embrittlement when the strain rate was 2 inches per minute or less,
whereas none was detected in the impact test, They also studied the effect of strain
rate on the notched ténsile strength of embrittled specimens of different strength levels.
In the results shown in Figure 79, note how much lower the notched tensile strength was
as determined by the delayed-failure test (static loading) than as determined in even the
slowest of the tensile tests.

EFFECT OF MICROSTRUCTURE

Since the usual way to achieve high stréngth levels in structural components made
of steel is to develop a tempered martensitic structure, most of the investigations of
hydrogen-induced, delayed, brittle failures of high-strength steels have been performed
with tempered-martensite structures, In the section on the effect of strength level, it
was shown that, the higher the strength level of tempered martensite of a given composi-
tion; the more susceptible is the material to delayed, brittle failures and the lower is
the lower critical stress, The loss in load-carrying ability incurred is the reason users
of high-strength steels are concerned about this type of failure,
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In the section of this report that describes the effect of composition, it was shown
that hydrogen~induced, delayed failures are found only in body~centered-cubic steel
structures, fully austenitic steels being highly resistant {o embrittlement by hydrogen
and apparently immune to delayed, brittle failure, A few investigations have been con-
cerned with structures other than tempered martensite or austenite, and some -of these
will be reviewed here,

Various investigators showed that tensile strength is a major factor in the loss of
ductility by hydrogen embrittlement, It was recognized that differences in microstruc-
ture were the underlying cause, but the relationship between the two was not understood;
Hobson and Hewitt(!) investigated differences in microstructure in a 3 Cr-Mo steél at
various levels of tensile strength, each reached by alternative heat treatments: which;
-of course, résulted in different microstructures, They found that, with the amounts of
hydrogén normally found in finished steel (about 1 to 4 cc/100 g), the effect of hydrogen
on ductility at room temperature was severe only when the steel was in one of two.ex~
treme conditions of heat treatment — either hardened (martensite or bainite) and very
lightly tempered or very highly spneruidized,

Bastien and Amiot(46) studied the delayed failure of hydrogenated plain-carbon
steels that had different carbon contents and had been heat treated differently so that
they differed in structure, Their results are shown in Table 17, They found that the
sorbitic structure had the greatest susceptibility to hydrogen-induced, delayed, brittle
failure, and globular pearlite exhibited the least susceptibility, Lamellar pearlite gave
intermediate results. Sorbite, a term that is obsolete in the United States, refers to a
fine mixture of ferrite ana cementite, either fine pearlite or tempered martensite,
Considering the strength level, their sorbite must have been tempered martensite,
Their results for globular pearlite (spheroidite) appear to be inconsistent with the re-
sults of Hobson and Hewitt,

TABLE 17. INFLUENCE OF COMPOSITION AND STRUCTURE ON THE DELAYERFAILURE(“) IN
HYDPOGENIZED CARBON STEELS (AFTER BASTIEN AND AMIOT)(!™

Mechanical Properties,

Carbon kg/mmb)

Steel Content, Proportional  Upper Yield  Tensile  Lower Critical Ratio,
Designation per cent Microstructure Limit Pount Strength Stress L.C.S./T.S.
E 0.08 Lamellar pearlite 22 24.0 37.5 21 0.56
F 0.1 Lamellar pearhte 31 35.3 44.3 30 0.68
G 6,42 Lamellar pearlite 39 41,6 60.u 39 0.65
G 0,42 Lamellar Pearhite 31 4.0 71.5 35 0.45
H 0.96 Sorbute 160 - 171.8 65 0.37
H 0.96 Globular pearlite -- 51.v 61.v 55.5 0.90

(a) Electrolyue charging began 15 liouts before apphicauon of thie load. L.C.S. = inaximum stress which did not induce
fracture of charged specimens (lower critical sturess) and T.S. = tensile swength.
(b) 1 kg/mm2'= 1422 psi.

It was suggested early in the studies of hydrogen embrittlement and delayed,
brittle failure of high-strength steel that the decomposition of retained austenite under
an applied stress in the presence of hydrogen may play a significant role, Austenite has
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a considerably greater solubility for hydrogen than does alpha iron, This suggests that,
as the austenite transforms io martensite during the hardening operation, the hydrogen
-in the steel will tend to be rejected from the transformed material and be concentrated
more and more in the remaining austenite, If retained austenite with a high hydrogen
content were to transform under an applied stress, the resulting martensite would be
supersaturated with respect to hydrogen, At least two investigations considered this
possibility, In each one, a high strength level was achieved by producing a fully bainitic
'structure in SAE 4340 steel and comparing the susceptibility to delayed failure of this
material with that of the quenched-and-tempered martensitic structure that would con-
tain retained austenite, In one investigation, Slaughter et al, (8) prepared specimens
with bainitic structures by austenitizing in a dry argon atmosphere, quénching into a
salt bath at 650 F, and then transferring the specimens to an air furnace at 650 F, The
specimens were held at 650 F for 18 hours to insure completion of the transformation,
giving a fully bainitic structure. The nominal tensile strength of this material was
190,000 psi, Other specimens, quenched to martensite (plus retained austenite), were
tempered to give the same strength level, The results of static-loading tests of smooth
specimens cathodically charged continuously while under load are shown in Figures 2
and 13 (pages -6 and 26) and in Table 18. As shown in the figures, specimens with a
bainitic structure behaved much like the specimens with a martensitic structure of the
same strength, In the higher stress range, specimens with bainitic and martensitic
structures showed almost identical behavior; in the lower stress range, the bainitic
structure appeared to be affected more adversely by the cathodic charging.

In the investigation conducted by Frohmberg et al, (5), a fully bainitic structure
tempered to a tensile strength of 230,000 psi was produced for comparison with tem-
pered martensite heat treated to the same strength level, Examination of the bainitic
anaterial by X-ray diffraction gave no indication of retainéd austenite, Figure 80 shows
that the precharged, sharp-notched specimens with a bainitic structure behaved basi-
cally the same as did those with a . maftensitic structure, The delayed-failure curve for
the bainitic specimens was displaced slightly upward compared with that of the
‘tempered-martensite specimens, It was suggested that this displacement could be at-
tributed to the fact that the residual stress state in an austempered structure is in~-
herently less severe than that of a quenched-and-tempered structure. In other words,
the martensite with its higher residual stress state required a smaller externally ap-
plied stress to cause delayed failure, The room-temperature aging characteristics of
charged specimens with a bainitic structure are shown in Figure 81, along with the.
curve for tempered martensite, The initial embrittlement was less severe for the
bainite than for the martensite. However, the recovery of ductility with aging time ap-
peared to be markedly slower for the specimens with a bainitic structure than for those
with a tempered-martensite structure,

The results of these two investigations showed that retained austenite does not
play a primary role in hydrogen embrittlement and delayed failure, Since, in both in-
vestigations, the two structures behaved similarly at a given strength level, it would
appear that strength level and not microstructure was the important factor cperating
(along with applied stress and hydrogen content) in the delayed failures,

Slaughter et al, (8) also studied the effect of structure on the loss of strength in
the static-loading test for annealed :specimens of SAE 4340 steel, However, it was not
possible to obtain equal strengths with a tempered-martensite structure and an annealed
structure, The annealed structure was obtained by isothermally transforming austeni-
tized specimens at 1200 F for 24 hours, The results of these tests also are included in
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TABLE 18. RESULTS OF ROOM-TEMPERATURE
DELAYED-FAILURE TESTS OF UNNOTCHED
SPECIMENS .OF SAE 4340 STEEL CATHODICALLY
CHARGED WITH HYDROGEN(2) WHILE SUBJECTED
TO STATIC TENSILE STRESS(8)

Applied Time to Rupture,
Specimen Stress, psi ) minutes

Tempered Martensite, 190,000-psi UTS

A97 168,000 19. 3
A94 150, 000 33.3
A90 100, 000 41
A95 43,000 67
A9] 35,600 98
A96 35,000 113

Bainite, 190,000-psi UTS

All5 >189, 000(P) 23. 1
Alll 150, 000 51.5
All2 100, 000 46
Al113 30, 000 114
All4 25,000 192
All6 20,000 312

(a) 4 per cent HpSO, electolyte with phosphorus poison; current density
8 ma/in. <,

(b) Specimens A115 necked down visibly, so that the true stress at the
minimum section exceeded the value of 183, 000 psi based on
original cross-sectional area,

l‘x




FIGURE 80.

FIGURE 81.
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Figures 2 and 13 (pages 6 and 26), As shown in Figure 13, extrapolation of the curve
for the martensitic structure is consistent with the properties of the annealed, pearlitic
structure which had a nominal tensile strength of 75,000 psi, These results, along with
the other results for tempered martensite at several strength levels and for bainite that
are included in the figures, show that structure, per se¢, did not have a iarge effect.on
the stress-rupture behavior of unnotched specimens during cathodic charging,

Hydrogen-induced cracks nucleaté and grow much more readily in the lightly tem-
pered martensite of a high~strength steel than in the softer pearlitic and ferritic struc~
tures., This suggested that a duplex structure consisting of a fine dispersion of a soft
phase, such as ferrite, within a rnartensite matrix might retard the .initiation and/or
growth of these cracks, To produce such a dispersion, Elsea and co-workers(9) aus-
tenitized several specimens in the usual manner, bit isothermally transformed them at
1200 F for times Vvarying from 5 to 30 minutes before oil quenching, These specimens
wereé tempered to obtain an ultimate tensile strength of approximately 230,000 psi, In
Table 19, the results of delarred-failure tests on these specimens are compared with the
results for a completely martensitic structure tempered to the same strength level, The
finely dispersed particles of ferrite had no noticeable effect on the total time-delay to
failure,

TABLE 19. EFFECT OF FERRITE DISPERSED IN MARTENSITE
.ON RUPTURE TIME AT AN APPLIED STRESS OF
100, 000 PSI{a){9)

Isothermal Transformation Approximate
Time at 1200 F, Amount of Ferrite, Rupture Time,
minutes per cent minutes
0 0 10.0
5 5 5.5
15 15 6.3
30 25 10.0

——

(a) SAE 4340 steel heat treated to the 230, 000~psi strength level. Unnotched specimens
cathodically charged in H,SO, under standard conditions while under the static load,

Because segregations of nonmetallic inclusions have a considerable influence on
the formation of cracks and hydrogen blowholes, Foryst(sz) conducted an investigation
to determine their effect on the sensitivity of mild steel to the action of hydrogen, Ingots
were produced with various amounts of oxide inclusions, and they were processed into
wire, The various materials were studied in three conditions, as follows:

(1) Initial state (wire as produced with oxide inclusions)
(2) Heated for 24 hours in moist hydrogen
(3) Vacuum degassed at 800 C (1470 F),

Specimens representing the various materials and conditions were cathodically charged
with hydrogen in a sulfuric acid electrolyte that contained arsenic as a cathodic poison,
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Then the charged specimens were bent repeatedly through 180 degrees to failure, It
was found that there was no connection between the brittleness of the steel resulting
from charging with hydrogen and the content of oxide inclusions,

Schuetz and Robertson(25) studied the delayed fracture of ferrite and martensite in
a 10 per cent nickel steel charged cathodically, The results, shown in Figure 27 (page
45) indicate that the time dependence of fracture was similar for both structures, but
the failures occurred at much lower applied stresses for the martensite than for the
ferrite, They suggested that this was due to the combination of the internal stresses
existing in martensite and the external applied load..

EFFECT OF SECTION SIZE

Elsea and co-workers(8) conducted a series of experiments with small specimens
in order to study the incubation period for hydrogen cracking, The results are shown in
Figure 82, At the higher range of applied stress, rupture occurred more rapidly as the
section size decreased, Thus, the predominant part of the delay in this stress range
was the time required for the absorption of hydrogen, since these tests were conducted
during cathodic charging, However, in the lower range of stress, the tiine to rupture
became almost independent of specimen size as the applied stress approached the mini-
mum stress for failure, The fact that the delay was independent of section size indi-
cated that the incubation period became the predominant part of the delay in this lower
stress range, Bars of various thickness stressed in bending also showed that the time
for failure increased with increasing specimen size,

Sachs and co-workers(19) performed a limited study of the effect of section size
by using notched, electroplated specimens, In.previous work, they showed that, after
tempering in the range to produce high strength, the notched strength of uncharged
specimens is dependent on the specimen size, With increase in specimen size, the
notched strength is lowered.. However, the notched strength still was much higher than
that measured under sustained loads for hydrogen-embrittled steel, In the sustained-
load tests, the effect of hydrogen is effectively to reduce the section and, in this way,
to promote failure, They reasoned that, if a larger specimen is employed so that the
surface to volume ratio is  reduced, the average hydrogen content of the specimen will
be reduced and the crack will penetrate a relatively shorter distance through the speci-
men, They suggested that, as a consequence, the notched strength of larger electro-
plated (and hence hydrogén embrittled) specimens should be relatively raised, that is,
the susceptibility to sustained-load failures should decrease, A limited number of tests
supported this prediction, as shown.in Figure 83, In other experiments, they showed
that the hydrogen content of these cadmium-plated specimens varied with section size in
the manner they had predicted,

Of course, section cize is a big factor in the recovery of properties by aging,
where the mechanism is the diffusion of hydrogen out of .the part, Since the aging time
increases as the square of the diameter or thickness, hydrogen removal from large
masses is very slow, This is shown by the work of Sims and co-workers(52,83) and by
Hobson(84), Based on an extrapolation of data obtained on the loss of hydrogen from the
center of 4-inch-square cast-steel bars aged up to 3-1/2 years at room temperature,
sims(53) estimated that 6 years would be required to reduce the hydrogen to the
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CATHODIC CHARGING WITH HYDROGEN UNDER
BATTELLE CONDITION A(8)

230,000-psi strength level,
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Poison: 5 drops per liter of cathodic poison composed

of 2 g phosphorus dissolved in 40 ml CS;
Current density: 8 ma/in. 2,
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"equilibrium'' level, Even though aging to remove hydrogen is vastly accclerated at a
suitable elevated temperature, such as 400 F, hydrogen removal is still a big problem
in the hydrogen embrittlement of large forgings, Here-the solution seems to lie in
vacuum processing so that hydrogen is removed before the steel solidifies,

EFFECT OF NOTCH ACUITY

A number of the investigators that have used notched specimens to study hydrogen-
induced, delayed, brittle failures have studied the effect of notch acuity, Most of these
investigations have been. performed with precharged specimens, and each showed that
increasing the notch severity drastically lowered the applied load necessary to produce
delayed, brittle failures. With notch-root radii of <0, 001, 1/32, and 2 inches, and with
the area under the notch and the notch depth (50 per cent) held constant, the delayed-
failure curves shown in Figure 20 (page 36) were obtained for SAE 4340 steel heat
treated to the 230, 000~-psi strength levell5), 1t is readily apparent that the lower criti-
cal stress was raised as the notch sharpness was decreased. Also, as the notch acuity
was increased, the spread between the upper and lower critical-stress values in-
creased; the ratio between the two is shown in Table 20, The smallest notch radius,

TABLE 20. EFFECT OF NOTCH ACUITY ON THE CRITICAL STRESS FOR
DELAYED, BRITTLE FAILURE(®)

== — —
Notched Tensile Minimum Critical Stress
Notch Radius, Strength, psi for Delayed Failure, psi Ratio
inch (A) (B) A/B
<0.001 300, 000 120, 000 2.5
1/32 270, 000 165, 000 1.6
2 220,000 215,000 1.0

R e ———— e e ——

with the highest degree of stress concentration, .produced failure with:the smallest

load, These results were produced with a highly heterogeneous hydrogen concentration
in which the hydrogen was concentrated in the surface layers, because the charged
specimens were aged only 5 minutes at room temperature before testing, With a simi-
lar material and similar specimens, but with a uniform hydrogen distribution produced
by cadmium plating immediately after charging and then baking 0,5 hour at 300 F, thc
results shown in Figure 84 were obtained, (85) In this investigation, the notch sharpness
was defined as one-half the diameter of the cross section at the notch divided by the
notch radius, The lower critical stress increased markedly as the notch sharpness de-
creased from 100 to 0,4; With sharp notches, delayed failure was observed over a wide
range of applied stresses, whereas the stress range was negligible for unnotched speci-
mens, just as for the heterogeneous distribution, Since the charged and uncharged
notched tensile strengths were found to vary with notch acuity in roughly the same
manner (see Figure 85), this suggests that hydrogen embrittlement and notch embrittle-
ment are additive, These are part of the data which show that a critical combination of
stress state and hydrogen concentration must be attained to initiate a crack,




117

300
275
N\ Notch radius =025 in.
@ Notch radius =2 in.
8 - —
9 Y
2
9_’ - =
‘g Notch radius =0.020 in.
@ 1 -
'—‘31 Notch radius =0.010 in. h
<
Notch radius =Q.COl in.
50 : ’ :
0.0l 0.l I 0 100 1000
Fracture Time , hours A-46713

FIGURE 84, DELAYED-FAILURE CURVES FOR SPECIMENS OF DIFFERENT NOTCH
SHARPNESSES'85)

Specimens baked 0.5 hour at 300 F; 50 per cent notch; 230,000-psi
strength level,




118

3

[
~

-
*
O gL,
2 / Tz
2 Stress rongs
= duloyed foclery
2 %
2.
a 7

123 @ Lower critrcet sirens
! O Chargad raiched strength
® Unchorged netchey strongth,

oo ] 1 0 100, 1000
Notch Sharpness (% )

FIGURE 85, LOWER CRITICAL STRESS AND CHARGED AND UNCHARGED
NOTCHED STRENGTH FOR DIFFERENT NOTCH SHARPNESSES,
DERIVED FROM FIGURE 84(85)

a is ‘half diameter of the cross section at the notch, r is notch
radius,

400¢ 'r l
: / i
B 700F 47.——"/ 7
-4 Unembrittled
§ strength Z,
&2 7,
zx.:" 1000 F
82
3 e
“
£, X
4 b \\
s ~
100§— -
o 400 F
< N 5 500 F
0 700 F
v 800 F
® 1000 F
[v] 1 I |
N

1351QI=3

Stress: Concentration Factor
A~-40TI14

FIGURE 86: THE RUPTURE STRENGTH AT 100 HOURS VERSUS STRESS
CONCENTRATION WITH TEMPERING TEMPERATURE AS
PARAMETER FOR CADMIUM-PIL ATED SAE 4340 STEEL(19)

Oil quenched from. 1525 F,




119

Figures 15, 86, 17 and 18- (pages 32, 118, and 33) illustrate the effect of notch
acuity on the level of applied stress and time delay to failure for two steels at various
strength levels(19), The plots are based on K¢ values for-theoretical stress concentra-
tion, Figures 86 and 18 clearly illustrate the drastic lowering of the lower critical
stress as notch sharpness was increased., Other work by these investigators(“)
showed the effect of notch acuity, as well as strain rate, on the notched strength of
SAE 4340 steel at various strength levels, as precharged with hydrogen under two
different conditions, The results are shown in Figures 87 and 88,

EFFECT OF STRESS STATE

It has been shown in previous sections that delayed, brittle failures can be pro-
duced at low stresses in unnotched specimens subjected to uniaxial tensile loading,
provided that the hydrogen content is high enough. This can be accomplished by con-
tinuous cathodic charging with hydrogen under suitable conditions, With precharged
specimens, the lower critical stress usually is just a little below the short-time tensile
strength of the material under this type of loading, as is shown in Figures 16 and 20
(pages 32 and 36). Numerous investigations have shown that a triaxial stress state,
which is achieved by use of a notched tensile specimen, is much more conducive to the
development of delayed, brittle failures in hydrogenated specimens than is uniaxial
tension. This also is illustrated in the two figures just cited,

The authors are aware of no work in which the specimens were stressed in uni-
axial compression, However, in some investigations, the differences between the com-
pression and the tension surfaces of a bend specimen have been investigated. In one
investigation(lz), the ends and three sides of smooth (unnotched) high-strength SAE 4340
specimens with a cross section 0, 394 inch square were coated with Glyptal so that the
hydrogen would enter only on the uncoated side during cathodic charging. After charg-
ing, the specimens were tested in a slow-bend jig with the side charged with hydrogen
either in tension or compression, Figure 89a shows. the effects of charging time on
maximum load for specimens tested in the two orientations, The maxirnum load with-
stood by specimens with the charged side in tension decreased rapidly as the charging
time was increased, whereas only a small drop in maximum load was observed when
the uncharged side was tested in tension, It was noted that when the charged side was
tested in tension, the depth of cleavage fracture increased with increased charging time
(see Figure 89b), illustrating progressive embrittlement to deeper positions, This is
added evidence that, on charging, a high concentration of hydrogen is developed initially
at the surface and that a gradual penetration occurs with time.

At Battelle(s), a study was made of the delayed failure of specimens statically
loaded in bending and charged cathodically on the compression side while under stress,
The tension side, which was exposed to the atmosphere, was notched tc various depths,
During cathodic charging, a hydrogen gradient was established through the specimen,
with the hydrogen content being highest at the cathodically charged compression surface
and lowest at the tension surface where hydrogen was escaping to the atmosphere,
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Delayed failures were obtained, but none of them originated at the cathodically charged
surface, The region near the cathodically charged surface behaved in a ductile manner,
The results obtained are shown-in Figure 26 (page 43),

Probert and Rollinson{?3) also studied specimens that were stressed by bending
and which were completely protected on all surfaces except the compressively stressed
side, These specimens were found to be cracked on the tension side after cathodic
treatment, Some of the results were as fcllows:

Bend Angle at Fracture,

Treatment degrees
Without charging 120°
Charged from all sides 45
Hydrogen on tension side only 45
Hydrogen on compression side only 55

Sustained-load bend tests also were performed with hydrogen introduced on the com-
pression side only, The following results were obtained:

Sustained-L.oad Angle, Time to Failure,
degrees hours
52 1
50 8
45-50 No failure

This is added evidence that the existence of compressive stress {induced by bending) in
the surface being charged will not prevent hydrogen embrittiement, Thesc investigators
also showed that a compressive stress induced by shot peening will not prevent hydrogen
pickup nor the embrittlement of the areas stressed in tension,

The workers at Battelle Memorial Institute(9) also studied the effect of torsion
loading on rupture time under ,ustained load. With the unnotched specimens loaded in
torsion and with standard charging conditions, delayed failures were obtained as shown
in Figure 90, The time for failure is plotted as a function of the principal tensile stress,
The curve for the results of the standard uniaxial tension test under the same charging
conditions is shown for comparison, The time for failure to occur was about the same
for both the torsion test and the uniaxial tension test, The slight difference between the
two curves was attributed to the error involved in loading the torsion specimens, The
load, which was transmitted to the specimen by a system of pulleys, probably resulted
in the actual load being slightly less than the calculated load, These data suggest that
for all practical purposes the only stress that influences the delay time for failure is
the maximum tensile stress,

A number of investigations have been performed in which precharged specimens
have been subjected to bending stresses. Some of these have been short-time tests in
which the deflection at fracture was measured, An example of the results of this type
of test was given in Figure 78 (page 107). Also, delayed failures have been obtained in
bend tests of precharged notched specimens and of unnotched specimens under continu-
ous charging, However, the sustained-load tensile test of notched specimens is gen-
erally accepted as being a more sensitive and more reproducible measure of ‘the sus-
ceptibility of hydrogenated stecl to delayed, brittle failure,
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Most of the delayed, brittle failures encountered have been sustained-load failures
observed after a part was under an applied.load for a certain length of time, Also, most
of the laboratory investigations of delayed failures have used sustained loading, How-
ever, such failures can also occur under repeated loading, Muvdi, Sachs, and Klier(86),
with certain aircraft applications in mind, studied the fatigue properties of embrittled
steel in an exploratory way and compared the results with those obtained with unem-
brittled material, Their tests were limited to a low number of cycles, ranging be-
tween about 10 and 10,000, because, in general, aircraft parts such as landing gears
are subjected only to a rather limited number of repeated load cycles, SAE 4340 steel
was studied at several strength levels between 290,000 and 210, 000-psi ultimate tensile
strength, Rotating-beam fatigue tests were performed on both notched (Kt = 2,5 and 8)
and smooth (K¢ = 1)) specimens at a speed of 250 rpm. For the specimens to be studied
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in the hydrogenated condition, hydrogen was introduced into the specimens cathodically
just prior to testing, The charging conditions selected were intended to be rather mild,
Analyses for hydrogen content of both smooth and notched (K; = 8) specimens at two
different strength levels ranged between 0,4 and 0, 8 ppm. Some of the results for the
highest and lowest strength levels are shown in Figures 91 and 92, The ‘S-N curves for
hydrogen-embrittled material had the general appearance expected for low-cycle fatigue
curves of steels heat treated to high strength levels, For tbe higher strength levels,
the curves for smooth specimens were located entirely above those for notched speci-
mens, while for the 210,000~-psi strength level the notch-fatigue curve intersected the
curve for smooth specimens at approximately 200 cycles, Between 1,000 and 10,000
cycles, the notch-fatigue strength generally was roughly one-half the smooth-fatigue
strength, which was in agreement with the results. of unembrittled specimens, Com-
pared to the results for unembrittléd specimens, an adverse effect of hydrogen was
usually observed in the range of lowest cycles, The lone exception to this was for the
smooth specimens of the 210,000-psi material, for which the fatigue strengths of em-
brittled and unembrittled specimens were found to be identical. In all instances, the
effect of hydrogen appeared to vanish at between 1,000 and 10,000 cycles, for both
smooth and notched specimens, Although the speed of these tests {250 rpm) is rather
low for rotating-beam fatigue tests, it still represented a high rate of loading, namely,
less than about 0, 06 second from zero to maximum tension in each cycle, Thus, the
loading rate for these tests was intermediate between impact and the rate used in tensile
tests, The authors explained the quite small effects observed on the basis of the high
rate of loading, They concluded that the normal, high-speed fatigue test is of little
value as a tool for the evaluation of hydrogen embrittlement,

THEORIES OF HYDROGEN EMBRITTLEMENT

In spite of the many investigations of hydrogen embrittlement and delayed, brittle
fracture reported in the technical literature, there still is no general agreement regard-
ing the mechanism by which hydrogen reduces the ductility of steel,

A suitable theory must explain the characteristics of hydrogen embrittlement,
which are quite different from those of the more conventional forms of embrittlement,
Hydrogen embrittlement disappears at low and high test temperatures and, therefore,
is most severe in an intermediate temperature range, usually in the vicinity of room
temperature, Also, hydrogen embrittlement is inversely related to the strain rate,
which is just the reverse of most other forms of embrittlement,

One of the unique characteristics of delayed,. brittle failure induced by hydrogen
is that there is a lower critical stress below which failure will not occur, Different
investigations showed quite early that the hydrogen-induced, delayed, brittle failure
process occurs in three distinct stages:

(1) The incubation period

(2) A period of relatively slow crack growth, or crack propagation

(3) Sudden rupture with extremely rapid crack growth through the central
core essentially free of hydrogen,
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In subsequent work, crack initiation and propagatic 1 were studied in detail, and. it was
found that crack propagation is a discontinuous process which consists of a series of
separate crack initiations and propagations, The average hydrogen.concentration is not
sufficient to propagate a crack, Thus, crack propagation cannot occur until the hydro-
gen concentration-increases in a localized region in front of the crack. This increase
occurs through hydrogen diffusion, which is induced either by a stress gradient or a
hydrogen gradient, Both the incubation period and crack-propagation phase are con-
trolled and paced by the diffusion of hydrogen, Thus; above a particular threshold
stress, the conditions nécessary for localized cracking are dependent essentially only
on the development of a critical hydrogen content, Crack initiation and crack growth
have been discussed previously in other sections of this report, particularly in the sec-
tions dealing with the effects of various hydrogen concentrations and the movement of
hydrogen, For further information, the reader is referred to some of the more recent
papers discussing these aspects of the -hydrogen problem; these include References 49,
80, and 87,

Because delayed failure consists. of a series 6f many individual crack initiations,
the factors that determine the incubation time are particularly important in explaining
the delayed-<failure mechanism. In Reference 87, it is suggested that the initiation of a
hydrogen-induced crack is dependent on two factors, as follows:

(1) The stress-induced diffusion of hydrogen that produces an appreciable
build up of hydrogen in a localized region

(2) The basic effect of -hydrogen on the material that causes localized
failure, that is, a crack,

The first factor has been dealt with at some length in preceding sections, The
second factor, the ability of hydrogen to lower the fracture stress, has been the main
part of several of the more recent theories proposed to explain hydrogen embrittlement,
Most investigators have concluded that the hydrogen pressure in certain voids or im-
perfections which act as the fracture embryos tends to lower the applied -stress at
which these embryo fractures become active, Each of the theories advanced to explain
hydrogen embrittlement depends on a critical combination of hydrogen and stress,
There‘fore, they can be applied to a certain extent to the delayed-failure process also,
However, most of them do not explain the observed insensitivity of the incubation time:
to variations in applied stress,

Except for Troiano's theory(88), most of the newer theories involve the surface
adsorption of hydrogen through the precipitation of hydrogen gas on the surface of a
crack or lattice imperfection, and this adsorption is seen as lowering the surface
energy necessary for the extension of the crack,

Troiano, who has studied the delayed-failure process at great length, believes the

implication is strong that delayed failure is the result of a lowering of the true fracture

strength of the iron lattice which results from the segregation of interstitial hydrogen
atoms in the lattice at the region of maximum triaxiality near the tip of the crack,

The theories advanced to explain the phenomena of hydrogen embrittlement and
delayed, brittle failure of high-strength may be arranged in four groups,

The first theory was the planar-pressure theory of Zapffe and co-workers, They
assumed that molecular hydrogen precipitates in internal voids of the crystal structure
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and builds up a pressure great-enough to result in a triaxial stress statc sufficient to
cause premature failure, This theory was advanced before delayed, brittle failures
were known, Refinements of this theory have been proposed by Bastien and Azou, and
by De Kazinczy, These differ mainly in the way hydrogen is delivered to the voids and
in the way pressure extends the internal crack, Strain rate, degree of .strain, and tem-
perature are believed to regulate the size of the void or triaxial region and also the
rate at which hydrogen is delivered to this region,

Petchand Stables in 1952 apparently were the first to propose a mechanism to ex-
plain the effect of hydrogen on the delayed, brittle fracture of steel.under static load,.
They assuimed that hydrogen is adsorbed on the surface of microcracks, thereby lower-
ing the surface energy and allowing the cracks to be extended by reduced stresses,

, These two types of theories explain most of the ¢xperimental results obtained
from studies of hydrogen embrittlement, but they do not explain the effect of plastic
deformation, performed subsequent to hydrogenation, on the recovery curves obtained
upon aging, This shortcoming led Troiano and co-workers to propose a theory in which
embrittlement results from hydrogen in solution and which considers that the ‘hydrogen
contained in voids is not damaging,

Subsequently, Bastien and co-workers revised their thcory, They assumed that
hydrogen is grouped in microcracks by plastic deformation; this gives a possible ex-
planation of the éxperimental results of Morlet, Johnson, and Troiano(88),

These theories will now be discussed in somewhat more detail, However, the
reader is referred to the original papers should he desire a full discussion,

Zapffe and Sims in 1940(89) and 1941(90) proposed that hydrogen embrittlement is
the phenomenon of occlusion 6f molecular hydrogen under high pressure in voids which
appear to be a fundamental part of the crystal structure of steel and which are related
to slip and cleavage phenomena, When the occlusion pressure exceeds the elastic
strength of the steel, the lattice disjunctions are sprung, and slip'and cleavage planes
operate much as during cold -deformation, The bright fracture that always characterizes
the transcrvstalline type of hydrogen embrittlement was explained as being the reflec~
tion from flat cleavage facets that separated along planes favorably oriented with the im-
posed stress, Opening of this ultramicroscopic structure of steel by hydrogen is illus-
trated experimentally by the ready penetration of hydrogen-embrittled-steel by liquids,
They reasoned that hydrogen embrittlemeént; -if caused by aerostatic pressure within the
substructure or the cleavage structure, raust have the nature of triaxial stress and will,
therefore, inhibit flow, so that an imposed stress may lead to rupture, This was ex-
tended by Zapffe and Haslem(33) and Zapﬁfe(gl; 92), resulting in the planar-pressure
theory,

Briefly, the planar-pressure theory follows from two simple, demonstrated facts:
(a) hydrogen atoms dissolved in the iron lattice evaporate at all lattice openings until
an opposing equilibrium pressure of molecular hydrogen is attained and (b) metal crys-
tals in general, here specifically steel, inherently contain a systematic lattice and
crystallographic looseness (commonly referred to as imperfection, or mosaic, struc-
ture), in whose voids molecular hydrogen must collect and compress according to
Fact (a),
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Thus, hydrogen embrittlement becomes noth! 1g other than a phenomenon of in-
ternal precipitation along imperfectly disposed crystallographic planes much as in "age
hardening", except that here the precipitate is a gas and, therefore, causes no harden-
ing, Even in an unstrained crystal, molecular hydrogen collects in the planar separa-
tions which already #xist as an inherent feature, The metal becomes embrittled when
the gas pressure exteeds some critical value approximating the elastic strength of the:
crystal, On testing, however, the plastic movement opens the imperfections further,
which logically reduces the pressure of molecular hydrogen within the voids to values
which may be less than the critical, At the high pressures associated with embrittle-
ment, an appreciable reserve of hydrogen atoms must lie w1th1n the aJJommg lattice
under .conditions of quasi-equilibrium, as-expressed by [H] = (PHZ)A Reduction of

pHZ in the lattice void then causes further precipitation of those hydrogen atoms, If the
rate of strain is not too rapid, precipitation will replenish PH, sufficiently rapidly to

maintain the embrittled condition, If the rate of strain is increased, however, until the
rate of decrease in Py exceeds the rate of restoration through further precipitation of
hydrogen, the appareut embrittlement should decrease, as is observed, The effect of
temperature -has an obviously similar relationship, since the pressure of a gas phase
likewise decreases with decreasing temperature, Thus, there will be a critical tem-
perature, also a critical rate of cooling, for any given set of conditions, such that the
critical embrittlement pressure Py, is decreased more rapidly than it is replenished
by precipitating hydrogen, and embrittlement will decrease, as is obsérved
experimentally,

Bastien and Azou(93) proposed that hydrogen is concentrated.around dislocations
which discharge it into the voids during plastic straining, With this build up.of molec-
ular hydrogen in the voids, an increase of pressure occurs which causes embrittlement
by raising triaxial stresses around the voids,

According to De Kazinczy(94’43), hydrogen embrittlement is caused by a lowering
of the shear strength and the cleavage strength, He explains this by assuming that
molecular hydrogen of high pressure is included in a Griffith crack or some other crack
which initiates fracturing, The energy necessary to open a crack and cause it to grow
is assumed to arise from the expansion of the hjydrogen gas and release of energy during
crack growth, which results in a lowering of the fracture stress, It is shown that hy-
drogen diffusion’into the crack is needed during crack spreading, and this diffusion
explains the time and temperature effects of hydrogen embrittlement,

These results have been correlated with the diffusion of hydrogen by Toh and
Baldwin(78) (see Figure 63, page 95).

One of the most characteristic features of hydrogen-induced failure in high-
strength steels is he delay-time effect for failure to occur under the action of static
loads, In 1952, Petch and Stables{72)} published the first plausible explanation of this
time-delay behavior which they predicted and which was soon observed experimentally
by a number of investigators, Their proposed mechanism for delayed fracture was
based on the Griffith mechanism for the fracture of completely brittle materials, They
proposed a suitable modified-form of the Griffith- Orowan(95) theory of static fatigue in
glass, This theory requires the development of a. suitable crack which, through reduc-
tion in the cross section, leads to eventual overloading of the remaining uncracked cross
section and, thus, failure, Petch and Stables explain the delay feature of the fracture
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of steels that contain hydrogen by assuming that at stresses above a certain minimum,
the growth of a Griffith microcrack is arrested as soon as it begins to- grow, because
‘the newly developed crack surface is clean and, thus, possesses high surface energy,
Hydrogen dissolved in the steel is assumed to migrate to the surface of the new crack
where it lowers the surface energy, Begcause the surface energy has been lowered, the
crack is enabled to grow slightly again; This sequence of intermittent crack growth is

- repeated until the crack becomes large enough that the remaining section cannot carry
the load, thus resulting in sudden fracture, Petch(96) has demonstrated that the reduc-
tion in surface 'energy by hydrogen adsorption is sufficient to account for a significantly
reduced stress for crack propagation, The calculated lowering of fracture stress as.
the result of surface adsorption was in good agreement with measured fracture stresses
of hydrogen-embrittled material, As with the De Kazinczy model, the time-dependent
 growth of these cracks is governed by the diffusivity of hydrogen,

The crack formation proposed by Petch and Stables has been verified experi-
mentally by numerocus investigations, as References 17, 8, 6, and 81 will attest., Also,
the discontinuous nature of crack growth in hydrogen~induced, delayed, brittle failures
was well demonstrated, first by the acoustical method used by Elsea and co-workers
and, subsequently, by the electrical-resistance method of studying crack initiation and
propagation used by Troiano and his co- -workers(6, 80), Petch and Stables in 1952 had
predicted that their proposed hydrogen-induced failures would propagate by -intermittent
crack growth in stepwise fashion,

Brown and Baldwin pictured hydrogen embrittlement as ‘being the contribution of
two separate domains that yielded a C-curve(77), One domain is at low. temperatures
and the other at high temperatures. They believed that the first domain explains the
results obtained by Zapffe and Sims, and by Petch and Stables, The second is purported
to explain why the rate of embrittlement decreases with increasing temperature at
higher temperatures, They determined the effect of hydrogen on the ductility, €, of
SAE 1020 steel at strain rates, €, from 0, 05 in, /in, /min to 19,000 in, /in, /min and at
temperatures, T, from +150 to -320 F, The ductility surface of the embrittled steel
revealed two domams one in which 0€/0€)p >0 and 0€ /0 T)¢ <0, and the other in
which (0€ /d€).; >0 and (0€ /3 T)¢ >0, Apparently, the explanat;ons of hydrogen em-
brittlement of Zapffe and Sims, and of Petch and Stables are iri accord with the first of
these domains only, The C-type plot Brown and Baldwin obtained is shown in Figure 93,

Elsea and co-workers(7) early suggested a mechanism to explain the delayed-type
brittle failure of high~strength steels, Their hypothesis was bases on the diffusion of
hydrogen in steel from regions of low stress to regions of high stress, that is, stress-
induced diffusion of ‘hydrogen,

The theory to explain hydrogen embrittlement and delayed faiiure evolved by
Troiano and co-workers in a series of reports and papers over the period 1954 through
1962 is the only theory that relies upon the ability of hydrogen, the smullest interstitial
solute element, to initiate cracks. According to their model, hydrogen migrates under
the driving force of a stress gradient to the triaxial region of a crack nucleus and thus
reduces the ''true cohesive strength'" of the material, Their theory leads to the con-
clusion that the requirements which must be fulfilled in order to observe hydrogen-
induced, delayed, brittle failure are as follows:

(1) The ability of the hydrogen to interact with the appropriate stress
field
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(2) Sufficient mobility of the hydrogen to allow the phenomenon to be
observed in a reasonable period of time under the chosen test
conditions

(3) A material with a sufficiently high yield strength, in order that
a critical interaction energy between local stréss fields and the
hydrogen may be attained,
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FIGURE 93, A PLOT OF TEMPERATURES AT WHICH DUCTILITY OF CHARGED
STEELS RETURNS TO THE DUCTILITY CURVE OF UNCHARGED
STEELS AS A FUNCTION OF STRAIN RATE (CIRCLES)(77),

The crosses indicate the combinations of temperature and strain
rate at which a minimum in the ductility curves occurred, The

diffusion coefficient of hydrogen in « iron is plotted to the upper

scale,

Note that the reciprocal absolute temperature scale is inverted,

(a) Geller, W., and Sun, Tak-Ho, Archiv, Eisenhittenwesen,
21, 423-430 (1950),

Based on the results they obtained by prestraining-and-aging experiments on
hydrogenated high-strength steel, Morlet, Johnson, and Troiano(44,97) conciuded that
the hydrogen concentration in the triaxial region in front of a void or large imperfection,
rather than the pressure within the void, is the determining factor for embrittlement,
This mechanism to explain the nature of crack kinetics of the delayed failure is based on
the stress-induced diffusion of hydrogen to the area of maximum triaxiality, When the
hydrogen concentration in this region reaches a critical value, a crack is nucleated,
This initial crack propagates instantaneously until it is stopped, presumably by some
degree of plastic flow or by the higher fracture stress of the adjacent material outside
the region of maximum triaxiality, For cracking to resume, hydrogen must diffuse to
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the new region of triaxiality near the base of the newly extended portion of the crack,
whereupon another cycle of crack initiation and propagation will occur, Crack propaga-
tion then is a series of incubations, as has been observed experimentally, rather than a
process of continuous, uninterrupted growth, The specimen eventually fails when the
stress becomes greater than the fracture stress of the uncracked material that remains,
This explanation of delayed failure implies two conditions: (a) the incubation period is
controlled by the rate of stress-induced diffusion of hydrogen and (b) the crack grows in
a discontinuous manner,

Some of the experimental work supporting this concept will be referred to briefly,

Immediately after a short-time cathodic charging operation, such as is used in
most studies of delayed failure of notched specimens, the hydrogen concentration is ex-
tremély heterogeneous, the hydrogen being localized at the surface of the specimen,
From experiments using an electrical-resistance method to measure the kinetics of
crack growth in such specimens, Barnett and Trmano( ) concludad that the delayed fail-
ure was dependent on the growth of the crack which accompanies the macroscopic dif-
fusion of hydrogen into the specimen, Under these conditions, however, a quantitative
study of the delayed-failure mechanism was difficult to carry out because, with the
hetercgencous hydrogen distribution, the hydrogen content was continually changing by
redistribution and outgassing,

A more refined approach to the delayed-failure problem was that used by
Johnson, Morlet, and Troiano(85,49), They used a procedure that produced specimens
with a relatively low, but apparently uniform, hydrogen concentration. Through a
series of experiments involving static loading of such specimens, they were able to
show that the general nature of the delayed-failure phenomenon of uniformly hydrogen-
ated material was similar to that obtained for specimens with a heterogeneous ‘hydrogen
distribution, However, the kinetics of cracking was different, With a uniform hydro-
gen content, a definite incubation period preceded the initiation of a « ~ack which ulti-
mately led to failure of the specimen. They suggested that the incubation period was
the time required for sufficient hydrogen to concentrate in a localized triaxial region
and initiate a crack, Elsea and co-workers at Battelle also had made this suggestion
as a result of their studies of unnotched specimens continuously charged with hydrogen
while under a static load(8 9),

The results of tests performed at low temperatures (0 F arnd -25 F) showed that
the hydrogen-induced slow crack growth o¢ceurred discontinuously and that the delayed-
failure process involved a series of crack initiations with instantancous, but limnited,
propagation, rather tharn the continuous growth of a single crack(98), The results ob—
tained at low temperatures also showed that the activation energy for the incubntion
time agreed with that for the diffusion of hydrogen in alpha iron and that the reclationship
between stress and hydrogen required for crack initiation was not significantly affected
by temperature variation over the range investigated,

Troiano and co~-workers(49) demonstrated that cracks initiate below the surface
of a notch, approximately in the region of highest triaxiality of stress, rather than at
the root of the notch, Also, the location of the initial crack varies with notch acuity,
Just as does the location of maximum triaxiality, These findings are illustrated in
Figure 94, Sharply notched specimens cracked just below the notch surface; the crack
then propagated inward and outward, Cracks initiated well below the surface of mild
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FIGURE 94. CRACKS OBSERVED IN NOTCHED SPECIMENS SECTIONED AFTER

STATIC LOADING(49)

Specimens were hydrogenated, cadmium-plated, and baked at 300 F,
Longitudinal sections at 100X; reduced approximately 50 per cent
for reproduction,
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FIGURE 95. SCHEMATIC REPRESENTATION OF LOADING AND AGING TREATMENTS

WHICH PRODUCE INCUBATION PERIODS MUCE LONGER THAN NORMAL
INCUBATION PERIODS FOR THESE HYDROGEN CONCENTRATIONS(49)

Sharp-notch specimens, 230,000-psi strength level,
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notches; the presence of a shear lip at the root of the nild notch (showing that the frac-
ture was ductile in that area) demonstrated that the crack did not propagate to the sur-
face until final rupture.

These investigators reasoned that; if the diffusion process is stress-induced, the
incubation period should be reversible, in the sense that the direction of hydrogen dif-

fusion should reverse upon removal of the stress,

deed the case in experiments that are summarized in Table 21,
were treated to give a hydrogen concentration corresponding to an incubation period of

They demonstrated that this was in-

Sharp-notch specimens

TABLE 21. REVERSIBILITY OF THE INCUBATION PERIOD(49)

Normal incubation period = 25, 30, and 30 minutes

for triplicate specimens.

Loading Time at

Incubation Period on

250,000 Psi, Aging Reloading at 250,000 Psi,
minutes Time minutes
17 1 min 8
20 24 hr 18
20 24 hr 50
20 24 hr 30

about 30 minutes,

room temperature

ments, as shown in Figure 95,

(Tests on three sipécimens gave incubation times of 30, 30, and 25
minutes, respectively,) The specimens were then stressed at 250,000 psi for the indi-
cated times (which were shorter than the incubation period), unloaded, and aged at

The specimens that were aged for 24 hours exhibited normal incu-
bation periods upon reloading, but the one that was aged for only 1 minute displayed a
much shorter incubation period, since the aging time was too short to allow hydrogen
diffusion, Since the incubation period is reversible, total incubation periods much
longer than the normal periods may be produced by alternate loading and aging treat-

A total incubation period of ‘82 minutes was produced by

this procedure for conditions that normally would give an incubation period of 30 min-
utes, In the other example, the special treatments extended the intubation period from
£5 minutes to 200 minutes,

Thus, it has been shown that delayed failure is merely a series of crack

initiations,

Certain combinations of hydrogen content and stress are required to cause crack
initiation, and the relationship between these two factors is a fundamental part of the
incubation time, It had been shown that the incubation time for delayed failure is rela-
tively insensitive to the applied stress above a certain threshold stress, Investigators
at Case Institute of Technology and Battelle Memorial Institute had postulated that,
above some threshold stress, the initiation of a hydrogen-induced crack is dependent
upon the development of a critical hydrogen content in the region where fracture starts,
Steigerwald, Schaller, and Troianol87) performed an experiment which demonstrated

the validity of this concept.

This relationship cannot be obtained from an ordinary
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tensile test conducted at room temperature, because it is necessary to measure the
hydrogen content, Hence, the tests were conducted in liquid nitrogen (-321 F), at which
temperature diffusion during the test that might alter the local hydrogen content would
be nil, A series of unnotched SAE 4340 tensile specimens heat treated to the 230, 000-
psi strength level were electrolytically precharged with hydrogen for 24 hours in a
poisoncd 4 per cent sulfuric acid solution. The hydrogen content was varied over a con-
siderable range by adjusting the charging current, A linear relation was obtained
between the hydrogen content and the log of the current density over a range of current
densities, just as had been reported by other investigators, The point where the hydro-
gen content as a functien of charging current deviated from linearity for a fixed charging
time (8 ppm in this experiment) corresponded to local failure by cracking or blistering
and the start of irreversible embrittlement.

Tensile tests were conducted at -321 F, and reduction in area was used to indi-
cate the degree of embrittlement, Figure 96 shows the effect of hydrogen content (indi-
cated by the current density) on the ductility of the high-strength steel at -321 F. The
results show that the relationship between hydrogen and stress necessary to initiate a
crack depends primarily on the hydrogen content, Al these low temperatures, where
diffusion of hydrogen was nil, no embrittlement occurred for hydrogen contents below
about 5 ppm. However, when this critical hydrogen content was reached, catastrophic
embrittlement took place. Inasmuch as the basic nature of delayed failure is not mark-
edly affected by temperature, it was concluded that the initiation of a crack at room
temperature also would be dependent on the development of a critical hydrogen content,
It therefore was concluded that once above some threshold value, the stress in the
delayed-failure process merely serves to produce sufficient hydrogen grouping (called
stress-induced diffusion) to initiate a crack in the region where a fracture embryo
exists,

Troiano and co-workers went through a theorectical treatment of the role of stress-
induced diffusion, considering such factors as the number of hydrogen atoms arriving at
the point of maximum binding energy in a given time, the distortion of the lattice due to
hydrogen, the elastic constants, test temperature, tle particular notch geometry, and
the applied stress, They concluded that, in order for embrittlement (that is, local
crack initiation) to occur, the number of hydrogen atoms arriving at the point of maxi-
mum bindirg energy in a given time (which would now correspond to the incubation time)
must equal the critical hydrogen content, Therefore, for a given temperaturc and notch
geometry, the following simplified relationship applies:

p; © tj = constant,

where t, is the incubation time corresponding to an applied stress of pj. On this basis,
the incubation time as a function of applied stress can be calculated using only one ex-
perimental point to evaluate the constant for a given temperature and notch geometry,
Figure 97 presents a comparison of the relationship between stress and time as deter-
mined by the above equation and by experiment., The slopes of the predicted curves
agrec reasonably well with the results obtained experimentally,

Each of the various theories of hydrogen embrittlement depends on a critical com-

‘bination of hydrogen and stress, and cach also depends in some way on the calculated

pressure developed by the hydrogen in a certain type of void or imperfection, As was
secen above, the mechanisms proposed vy Zapffe, De Kazinczy, Bastien and Azou, and
Petch and Stables depend directly on the pressure in an imperfection, In the concept of
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embrittlement presented by Troiano and his co-workers, the hydrogen pressure in the
void influences the embrittlement by regulating the hydrogen content in the lattice in-the
triaxial region adjacent to the void. Recently Bilby and Hewitt{99) published the first
results of an incomplete study of the stability of 2 wedge-shaped microcrack under con-
stant external stress and internal pressure, Their résults suggested that only a very
small quantity of lattice-dissolved hydrogen 1s required to exert an embrittling effect
directly through pressure in wedge cracks. A number of methods have been used to
calculate the relationship between hydrogen content and pressure in a void, and several
give essentially the same results - for example, the methods in References 43 and 32,
Using the method ot De Kazinczy(43), Steigerwald et al, (87) calculated the pressure for
a steel with 0, 008 per cent voids; the results they obtained are plotted in Figure 98,
These results indicate that the calculated pressure rises extremely rapidly over a very
narrow range of hydrogen contents, The calculated relationship between pressure and
hydrogen content (Figure 98) is similar to that obtained experimentally between stress
and hydrogen content (based on the results in Figure 96), In agreement with the postu-~
lated méchanismS‘, these results indicate qualitatively that the hydrogen pressure in a
void is the critical parameter influencing embrittlement, However, the exact mecha-~
nism by which hydrogen lowers the fracture stress, thus causing embrittlement, still
is not understood,
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FIGURE 98, RELATIONSHIP BETWEEN PRESSURE AND HYDROGEN
CONTENT CALCULATED BY METHOD OF DE KAZINCZY
(REFERENCE 43) FOR STEEL WITH 0.008 PER CENT
volDs(87)

Temperature = -321 F

Garofalo, Chou, and Ambegaokar(100) recently considered the combined effécts
of pressure and adsorption, using current ideas on the dislocation theory of fracture,
This work is rather similar to that of Bilby and HeWitt(99), but the two analyses appear
to differ in certain important respects and suggest rather different conclusions,
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De Kazinczy recently published a paper on crac! formation in steel during elec~
trolytic hydrogen a’bsorption(wl); He considers that hydrogen dissolved in steel can
cause cracking by two separate mechanisms, Blister-type cracks (observed by a num-
ber of investigators) are caused by deposition of molecular hydrogen gas within the
metal, due to a high activity of ‘molecular hydrogen, Cracks also occur at much lower
hydrogen activities and at stresses below the yield stress, Here he considers that
hydrogen causes creep by -unpinning dislocations, and brittle fracture occurs by the
Stoh or Cottrell mechanisms, This type of mechanism is similar to the cracking which
occurs at high temperatures in the absence of hydrogen, where thermal energy causes
the unpinning of dislocations, '

Tetelman and Robertson employed the technique of decorating dislocations to in-
vestigate deformation and fracture resulting from precipitation of hydrogen in Fe-3Si
single crystals(loz). They showed that cracks are produced on{lOO} planes inside
crystals, as a consequence of the precipitation of hydrogen gas, either when crystals
are quenched from a hydrogen atmosphere at elevated temperatures or when they are
cathodically charged with hydrogen at room temperature, Plastic deformation in the
vicinity of cracks was observed as arrays of decorated dislocations, which conformed
with the calculated stress distribution about a-crack containing an internal pressure,
Also, the observations provided information permitting a detailed analysis of the me-
chanics of crack growth, The fracture characteristics of crystals containing internal
cracks were evaluated at 25 and -196 C (room temperature and the temperature of
liquid nitrogen), and the results are related to the mechanism of hydrogen embrittle-
ment in terms of the growth of pre-existing cracks,

Siede and Rostaker(103) found that hydrogen-charged iron has strain-aging charac-
teristics that are indistinguishable from those of uncharged iron, Based on these re-
sults they presented the case that hydrogen displaces carbon and nitrogen from disloca-
tion centers, and‘the hydrogen embrittlement derives from the stabilization of transient
and thermally generated crack nuclei formed at lower stress levels,

Blanchard and Troiano(104) attempted to apply a‘fracture mechanism proposed by
Cottrell to the case of hydrogenated steel and other metals susceptible to hydrogen em-
brittlement, Hydrogen was assumed to enhance the growth of cracked arrays of dislo-
cations by increasing their energy, An interpretation of the increase of energy of the
cracks due to hydrogen was proposed, This interpretation, based on the consideration
of the electronic structure of hydrogenated metals, accounts for two aspects of hydrogen
embrittlement:

(1) Only transition metals have been.embrittled by hydrogen thus far.

('2) The suséentibility of Ni-base Ni-Cr-Fe alloys decreases with in-

S

creasing (Ct' + Fe) content,

The theory is said to explain part of the experimental results obtained on the variation
of the-ductility of steel with its hydrogen content at low temperature,

Most recently, Scott and Troiano(105) carried out an investigation with the purpose
of evaluating the possibility of extending the concept of hydrogen-induced, delayed,
brittle failure, developed previously by Troiano and co-workers, to other interstitial
alloy systems, specifically carbon in steel, Delayed, brittle failures were obtained in
a nonhydrogenated high-temperature die steel tested at elevated temperatures
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(850-950 F), The characteristics of the failures were similar to those obtained with
hydrogenated high-strength steel at ambient temperatures, The almost perfect corres-
pondence of the behavior of the two systems led to the conclusion that the same mecha-
nism was operative in both cases., This mechanism is based on the idea of a local
lowering of the cohesive strength of the lattice due to an accumulation of interstitial
solute atoms in regions of high elastic strains, Thus, these appear to have been
carbon-induced, delayed, brittle failures, The elevated temperature was required so
that carbon would have sufficient mobility to move in response to the stress gradient,
This paper restates their proposed mechanism for hydrogen~induced, delayed, brittle
failure,

TESTS FOR HYDROGEN EMBRITTLEMENT

The purpose of this section is to discuss tests that can be used to determine if a
hydrogen-embrittlement problem, and specifically a delayed-brittle-failure problem,
exists, Most of these tests depend on a comparison of the properties of a material
carefully processed so.as to have a minimum hydrogen content with those of a material
nrocessed under suspect conditions,

For careful processing, the heat-treating atmosphere should not be ¢unducive to
hydrogen pickup from the steam reaction, so the water vapor content should be rela-
tively low, Also, the partial pressure of hydrogen should be low, (Treatment at ele-
vated temperatures in a wet hydrogen atmosphere is one method that is used to inten-
tionally introduce hydrogen into steel,) A dry argon atmospherc is ideal for use in
laboratory investigations, but often this-is not practicable in the plant, No-acid pick-
ling, cathodic cieqpi_ng, nor electroplating operations are permissible, as these opera-
tions usually introduce hydrogen into the steel,

In some laboratory investigations, in order to obtain a uniform base material and
minimize variations in hydrogen content resulting from steelmaking operations, a pro-
-cedure has been adopted to reduce the hydrogen content of the steel as much as possible,
To accomplish this, the steel is austenitized at a suitable temperature and furnace
cooled to a temperature in the pearlite-formation range where complete isothermal
transformation can be achieved on holding for a reasonable time (a few hours), allowing
ample margin for heat~-to-heat variations in transformation time, Then the temperature
is lowered to approximately 500 F, and the material is held for an additional time of
perhaps 24 hours to achieve the lower equilibrium solubility associated with the lower
temperature, After rough machining of test specimens, the specimens are heated. for
hardening by austenitizing in a dry argon atmosphere, They are quenched and tempered
in the usual fashion,

Suspect treatments include acid pickling, cathodic cleaning, electroplating, elec-
trochemical machining, heating in moist atmospheres or hydrogen-bearing atmospheres,
exposure of steel to moisture sufficient to cause corrosion (including the use of water
for pressure testing of pressure vessels), and exposure to hydrogen at elevated tem-
peratures and pressures, Also, especially for heavy sections, hydrogen introduced in
the steelmaking operations may be a factor unless suitable vacuum processing has been
used to minimize hydrogen pickup from these sources, However, in the aircraft and




140

missile industries where lighter sections prevail, the bulk of the hydrogen problems
are related to cleaning and:electroplating operations,

Throughout this report, in discussing the effects of different variables on.delayed,
brittle failure, various tests have been encountered. Some of these include the conven-
tional tensile test, the tensile test of notched specimens, the sustained-load test of
smooth specimens with continuous cathodic charging, the sustained-load test of pre=~
charged notched specimens, various bend tests of notched or smooth specimens, the
torsion test, fatigue tests, and impact tests,

For some time, it has been recognized generally that hydrogen embrittlement is
minimized as the strain rate is increased, while it is enhanced as the strain rate is
decreased, For this reason, notched impact tests, such as Charpy V-notch tests, are
of no value in detecting the presence of the hydrogen-embrittlement condition or the
susceptibility of a material to delayed, brittle fracture, The reader is referred to the
section.that treats the effect of strain rate for a fuller discussion of this aspect of the
problem; Also, the test should be performed in the vicinity of room temperature, as
the hydrogen embrittlement is a maximum at temperatures in this general vicinity,

See Figure 63 (page 95) for a summary of the effects of strain rate and test ‘
temperature,

The various test methods differ in their capability to detect the susceptibility of a
material to delayed, brittle failure, If a tensile test of an unnotched specimen shows an
appreciable loss in reduction in area, the condition is severe, However, a normal
value of reduction in area is no guarantee that delayed failure cannot occur at low ap-
plied stresses, The results of a number of investigations have shown that delayed fail-
ure frequently may occur in a high-strength steel which exhibits full ductility as deter-
mined by the reduction in area obtained from a conventional tensile test, The notched
tensile strength is a somewhat more sensitive measure of susceptibility to delayed,
brittle failure, at least under some conditions, However, instances have been cited
earlier in this report where a recovery treatment resulted in full recovery of notched
tensile strength, and still delayed failures occurred under static-loading conditions,
For example, see References 85 and 5. Also, Frohmberg, Barnett, and Troiano(5)
showed that the time for complete recovery by aging is greater in the static-loading test
than in the notched tensile test for identically charged specimens,

It is difficult to determine the susceptibility to delayed, brittle failure using pre-
charged unnotched tensile specimens and static loading if the specimens are truly
straight and true axial loading is achieved, Elsea and co-workers(8) obtained delayed,
brittle failures after several hours in small-diameter wire specimens in which uniaxial
stresses would have been approached very closely, These were unnotched specimens,
but it was necessary to charge them cathodically during the sustained-load period,
These same investigators observed that delayed failure in a few preliminary tests of
precharged unnotched specimens of larger diameter was associated with slight bending
that occurred inadvertently during heat treatment of the premachined specimens so that
the stresses were not uniaxial, They regularly obtained delayed failures with straight,
unnotched tensile specimens when they were cathodically charged continuously while
.ander sustained load, Frohmberg, Barnett, and Troiano(5) obtained delayed, brittle
failures at lower stresses with notched specimens than with smooth specimens, The
results obtained in both these early investigations indicated that triaxial stresses are
more likely to lead to delayed, brittle failure than are uniaxial stresses, This behavior
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was clearly demonstrated in work of Frohmberg et al, (5) and Klier, Muvdi, and
Sachs(19) in which variations in notch acuity were studied, This work has been de-~
scribed in the section dealing with the effect of notch acuity, Figures 20, 86, and 18
(pages 36, 118, and 33, respectively) clearly show the effect,

The sustained-load test of cadmium-plated notched specimens has seen wide use
2s an indicator of hydrogen embrittlement that occurs as the result of hydrogen intro=-
-duced into high-strength steel by cleaning and electroplating operations, The reason
for this is that the plots of applied stress versus failure time in the sustained-load test
are strongly influenced by the quantity of hydrogen present, If all other variables are
held constant, the lower critical stress (the stress level below which failure is not ob-
tained) has been shown to increase with decreasing levels of hydrogen, Some of the
other variables that affect the lower critical stress at room temperature are the
strength level of the material, notch acuity or stress-concentration factor, and eccen-
tricity of loading during testing,

No reports are known of failures in compression, and failures have not initiated
in the compression side of bend specimens, as was discussed in the section that deals
with the effects of different stress states. The rotating-beam fatigue test was studied
by Sachs' group(36). They concluded that, as a tool for t'.e evaluation of hydrogen em-
brittlement, the normal high-speed fatigue test is of little value. Also, the high cost of
specimen preparation makes the test uneconomical. However, in a study of inhibitors
for hydrogen é)ickup during acid pickling at Aberdeen Proving Ground, as discussed by
Dauerman(!0 ), embrittlement was measured with the Moore fatigue test, Other ex-
perimental work on specimens loaded in torsion showed that the failure times were not
influenced by the state of the stress and, for all practical purposes, the only stress that
influenced the delay time for failure was the maximum tensile stress(?). The plane of
the cracks in torsion specimens was normal to the maximum tensile stress.

As a result of these various tests, it is apparent that the most sensitive test for
revealing hydrogen embrittlement and the most satisfactory way to study delayed,
brittle failures is the static-loading test,. Under carefully controlled conditions, this
sustained-load test of notched tensile specimens is a satisfactory indicator of suscepti-
bility to delayed, brittle failure, However, this test involves a stress-rupture machine
of some sort, and care must be taken to secure good alignment of specimen axis and
grips so as to attain virtually uniaxial tensile loading, with bending stresses at a mini-
mum, Therefore, there has been considerable effort to develop other tests,

Figure 99 shows a static-loading device that can be used in place of more expen-
sive stress-rupture machines, The load is measured by means of strain gages attached
to a reduced section of the loading screw, Belleville springs are provided to reduce the
effect of any relaxation of the specimen or apparatus, This device hds been used with
precharged specimens, and, with the electrolytic cell in place as shown in the figure,
it is suitable for continuous charging while under load, The slight decrease in the in-
dicated stress during the test is considerably less than the probable error in loading,
The Gregg tension ring is a small and simple device for applying and maintaining a
tensile load on a notched stress-rupture specimen, The load is applied {o the test
specimen through an elastic ring and is measured by the change in diameter of the ring,
The static bend test is favored by some investigators, and others use a constant-rate
bend test to detect embrittlement but not susceptibility to delayed failures, References
81 and 107 describe a constant-rate bend test, and results obtained with it are com-
pared with those from other tests, For sustained loading, a notched C-ring (the speci-
men) stressed by a hollow bolt, the load upon which is detected by a strain gage, has
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been devised(108,109,110)  jones(111) hag described a test in which a long slender
column is bent by loading in compression., Other devices and test methods are de-
scribed in References 112, 113, and 114, A recent article has suggested that neutrons
may soon be used as a nondestructive test to locate hydrogen in metals(!

A survey'in 1957 of 25 companies concerned with hydrogen embrittlement of
ferrous metals used in aircraft and missiles showed the need for standardizing the
-engineering test methods for detecting hydrogen embrittlement, Methods then in use
included the standard tensile test, :‘the notched tensile test, either of these two types of
tensile test in.conjunction with a sustained load test, seven types of bend tests, and
sustained-load tests of notched or smooth tensile bars, torqued bolts, flat bars, round
rings, and C-rings, The Aerospace Research and Testing Committee set up Project
W-95 to select or develop a standard test, preferably a short-term test, that would give
an accurate indication of the degtee of hydrogen embrittlement in ferrous materials,
In this project, six basic methods of testing for hydrogen embrittlement were investi-
gated, They were the tensile test, stressed-ring test, sustained-load notched tensile
test, constant<rate bend test, torqued-bolt test, and static~bend test, Modifications of
the test specimen and procedures brought the total number of methods investigated to
12, Of all the methods investigated, the sustained-lcad notched tensile test was found
to be the most sensitive and reproducible, However; two versions of this test were
used (the chief difference being in the root radius of the notch), and they showed con-
siderable difference in time to failure for specimens embrittled under identical condi~
tions by the same laboratory, Therefore, further work was recommended to arrive at
a standard sustained-load notched tensile test, This work is described in detail in
Reference 116,

In a recent paper, Johnson(117) has discussed a. method for detecting hydrogen
embrittlement resulting from electrolytic cadmium plating, Sustained-load tests were
performed with specimens having notch root radii of 0, 001, 0,003, 0,005, and 0,025
inch, The three sharper notches:all indicated good sensitivity to High degrees of em-
brittlement, For low degrees of émbrittlement, it was concluded that the notch root
radius should be 0, 003 inch orf smaller for maximum sensitivity,

CONCLUSIONS:

(1) Composition ia not an important factor in the hydrogen~induced, delayed, brittle
failure of steels, No alloying element, either eubstitutional or interstitial, has elimi-
nated the tendency for hydrogen-induced, delayed, brittle failure, and none has been
truly effective in retarding failures of this type, All ferritic and martensitic steels
studied have been susceptible to this type of failure when tested under appropriate con=
ditions, No instance of hydrogen~induced failure of a completely austenitic steel is
known, However, with very severe charging conditions, austenitic steels can suffer
some loss in.ductility, The resistance of austenitic steels to this type of failure appears
to be related to the face-~centered-cubic structure,

(2) Under practicable conditions of processing steel, the strength level appears to be
the most important factor governing the occurrence of delayed, brittle failure, As the
nominal tensile strength of the steel is increased, both the minimum applied stress for
failure and the time required to preduce failure decrease, Thus, high-strength steel
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parts are especially susceptible, However, in the prcsence of sufficient hydrogen,
delayed, brittle failures have been obtained in steels with tensile strengths as low as
53,400 psi,

(3). Delayed, brittle failures may occur in steel over a wide range of applied tensile
stress, For given specimens, hydrogen-charging conditions, and test procedures,
there is a critical value of applied stress below which these failures do not occur, and
the material is able to support the stress indefinitely, Ior a given strength level, the
time to failure depends only slightly on applied stress, so long as it is well above the
critical level, Experimental data indicate that failure does not occur until a certain
combination of applied stress, hydrogen content, and time is exceeded., The critical
stress for failure and also the time required to produce failure decrease as the strength
level of the steel is increased. It has been shown that measurable plastic flow is not
required for hydrogen to initiate brittle failure. Also, straining the material a few per
cent prior to the introduction of hydrogen has no appreciable effect on the time for fail-
ure, With continuous cathodic charging, there was no effect of a few per cent plastic
strain onthe lower critical stress, but with specimens precharged before'being loaded
statically, prior plastic strain raised the lower critical stress. Failure is initiated
most readily in regions of triaxial stress state, No failures have been reported for
uniaxial compression,

(4) Becauseof the small amounts of hydrogen involved and the ease and speed with
which hydrogen moves through steel and leaves the steel surface at ordinary tempera-
tures, reliable hydrogen analyses are virtually impossible to obtain, Even so, the re-
sults of many investigations concur in showing that delayed, brittle failures depend
directly on the hydrogen content, Such failures are not a problem if the hydrogen can
be kept out of the steel or if it can be removed from the steel before permanent damage
occurs, However, this is:not easy to do, considering the many sources of hydrogen and
the fact that as little as 1 ppm of hydrogen or even less can lead to failure,

(5) Normally, the critical amount of hydrogen to induce failure is not present at the
stress sites which favor delayed failure, Therefore, hydrogen diffusing to these sites
is an important part of the failure mechanism, Since the site of maximum triaxial
stress moves as failure progresses, hydrogen must continue to move if crack propaga-
tion is to continue, Theé necessity for hydrogen to move explains why this type of fail-
ure occurs only under low strain rates, The diffusion of hydrogen is, of course, tem-
perature and time dependent, and numerous experiments have shown that the degree of
embrittlement :encountered and the rate of crack propagation are controlled by the dif-
fusion of hydrogen, However, the movement of hydrogen is quite rapid at temperatures
in the vicinity of room temperature, and failures occur readily at ordinary tempera-
tures, Lowering the temperature prolongs both the incubation time and the fracture
time, This movement of hydrogen can occur in response to a hydrogen composition
gradient, and it is generally accepted that it also can occur in response to a stress
gradient, It is hypothesized that hydrogen exerts a maximum embrittling .ffect in the
region of most severe tensile stress,

(6) As a rule, the severity of most types of embrittlement increases with increasing
strain rate, However, hydrogen embrittlement shows just the opposite behavior, For
this reason, it is often called low~strain-rate embrittlement, Even for high-strength
steel, hydrogen embrittlement is nil in an impact test, It may or may not be detected
in an ordinary tensile test, depending upon the hydrogen content and distribution, but it
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is more severe in a notched tensile specimen with the triaxial stresses introduced by
the notch, The most sensitive test for hydrogen embrittlement and delayed, brittle
failure is the static-loading:test of a notched specimen,

(7) In steels, hydrogen-induced, delayed, brittle failures are found only in body-
centered cubic microstructures; fully austenitic steels are quite resistant to hydrogen
embrittlement, Tempered martensite, bainite, lamellar pearlite, and spheroidized
structures all are susceptible to hydrogen embrittlement, and delayed failures occur
in all four, It has been established that the transformation of retained austenite is not
a primary cause of these failures. Structure per -se appears to be relatively unimpor-
tant so long as it is body-centered cubic, Rather, the ultimate tensile strength of the
material, regardless of structure, is the chief factor influencing delayed, brittle
failures,

(8) The section size also is a-factor, -at least in instances where the hydrogen is
initially concentrated at the surface, as it is shortly after electroplating, pickling, or
electrolytic charging, or when hydrogen is introduced electrolytically or by corrosive
attack while the part is under sustained load, Increased section size results in longer
delays before brittle failure. In.addition, section size has a marked influence on the
recovery of properties by aging to remove hydrogen from the steel; hydrogen removal
from large masses is very slow,

(9) Because the delayed, brittle failure induced’ in steel by hydrogen is a low~strain-
rate phenomenon, it is relatively easy to study crack initiation and propagation, Acous-
tical, electrical resistance, and metallographic methods have been used in these
studies; they have shown that the delayed-brittle-failure process consists of the follow-
ing three stages:

(1) Incubation

(2) A period of slow crack growth (propagation)

(3) Sudden rupture through the central core that frequently is essentially
free of hydrogen,

Crack propagation has been shown to be a discontinuous process that consists of a series
of separate crack initiations and propagations. Both the incubation period and crack
propagation are controlled by the diffusion of hydrogen. Above a certain threshold
stress, the conditions necessary for localized cracking depend almost entirely on the
development of a critical hydrogen content, This level of hydrogen is built up by dif-
fusion, induced either by a hydrogen gradient or by a stress gradient, However, there
still is no general agreement regarding the mechanism by which hydrogen reduces the
ductility of steel and lowers its load~carrying ability, Several theories of hydrogen em-
brittlement have been proposed, Each of them depends on a critical combination of
stress and 1ydrogen, and each depends in some way on the development of a hydrogen
pressure in a certain type of void or imperfection,
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