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FOREWORD

The work described in this report was performed under sponsorship
of the Office of Nava l Research, Contrac t N00014-74-C-0365 with Dr. P. A.
Clarkin actin g as Program Manager for the Navy. Work conducted during the
first year of this contract i nvolved a stud y of the effect of rare earth
add ition s on the hydrogen embrittiement resistance of cathod i cally charged
and cadm i um plated 4340 steel . Work conducted during the second year , covered
in thi s report , conc l uded the efforts involving charged and plated 4340 steel.

This report has been assigned TRW Equipment Number ER 7814-2 and the
da ta are reported in labora tory notebooks Nos. 605 and 794.
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ABSTRACT

The add ition of rare earth gettering agents to trap hydrogen was
eva lua ted as a method of reduc ing the embr itt lement problems in s teel
ca thod i c a l l y  charged w i t h  hydrogen. Add itions of lanthanum and cer i um
made to AISI 4340 steel were used in the 0.03-0.17 weight percent range.

Mechanica l property results were comparable for both elements and
ind ica ted that whi le  some degr~datlo n i n proper ty levels occurred , particularly
a t the high rare ear th content, most of the aircraf t quali ty specifica t ion
minimums for 4340 hi gh strength steel were atta i ned . An i mportant exception
was the Charpy impact strength , which was approximately 15% below the minimum.
Property loss was attributed to the formation of continuous rare earth oxide
inclusions at prior austen i te grain boundaries.

Delayed failure test results ind i cated substantial improvements in
hydrogen embr itt lement resis tance for high rare ear th content ~~0.l5wei gh t percent) steels. This was manifested in terms of increased time to
crack ini tiation (Incubation time) , increased faf lu re ti me , hi gher va lues
for the l ower critica l stress intensity and lower crack growth ra tes com-
pared to baseline 4340 or the low rare earth modifications. Cerium was
s l i gh tly superior to lanthanum only in terms of resulting in a higher l evel
for the lower critica l stress intensity. —
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• I INTRODUCTION

The deleterious effects resulting from hydrogen in ferrous materials have
been known slnce 1926, when duct lll ty losses In steels were attributed to the
presence of hydrogen in the materials (1 ,2). The magnitude of the hyd rogen
problem , however, has come to be appreciated In the last twenty-five years
primaril y because of the increasing demands for strength and toughness re-
quired of modern mater ials exposed to hydrogen environments.

The earliest recognized and most extensively stud i ed form of hydrogen
embrittlement of hi gh strength stee ’ Is that due to hydrogen within the meta l
lattice (3—6) . Hydrogen can be introduced into a meta l by a variety of industrial
processes such as weldIng , acid pickling and electroplating resulting in a
hi gh hydrogen c~,ncentratIon gradient at the meta l surface (7-11). Hyd rogen
embrittlement has also been observed in steel structura l components exposed to
aqueous environments (12). Termed stress corrosion cracking , this natura l
process can result in the failure of a componen t from the comb i ned action of
stress and chem i ca l attack. It is now fairly well established that stress
corrosion cracking of steels in aqueous solutions is governed , at least to
some extent, by a series of electrochem i ca l reactions at the surface which
permit the entry of hydrogen into the meta l (13). The most recent type of
hydrogen embrittlenient to be Investigated results from the direct exposure of
a metal surface to a gaseous hydrogen env i ronment (14 ,15). This form of
hydrogen embrittlement has been regarded with increasing concern because of
the predicted future widespread use of a hydrogen as a fuel (5). Absorption
of hydrogen gas in metals is potentially a serious prob l em for electric
current generating fuel cells and propulsion systems which utilize the hydrogen-
oxygen reaction as a source of energy (16,17) or for systems being considered
for the storage of hi gh pressure gaseous hydrogen fuel (18).

The genera l effect of hydrogen is to decrease the strength of a component
causing failure to occur at stress levels below those normally used for design
criteria. Because of this , considerable effort has been devoted to both the
characterization of the phenomenolog ica l aspects of hydrogen embritt lement and
the methods to eliminate or minimize the problem. Studies have focused on
three important areas: (1) the origina l location and form of hydrogen , (2)
the transport reactions involved in the movement of hydrogen from its orig in
to some poInt where lt can Interact wIth the metal lattice to cause embrittlement ,
and (3) the mechanisms of the embrittlement interactions. Although an ap-
preciable understand i ng of the effects of hydrogen on high strength steels has
been achieved , and some progress has been made in m Itigat ing the embrittlement
problem, the fact still remains that design engineers must i ncorporate con-
siderable safety factors to insure the prevention of catastrophic failure in
structural steel components.
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The three genera l areas in which efforts have been made to minimize the
effect of hydrogen in hi gh strength steels include the following: (I) within a
component Itself , where hydrogen can be trapped and rendered less harmful , the
embrittlement mechanism altered or the hydrogen movement process retarded , (2)
the interface between the component and the service environment , where a
barrier to hydrogen entry can be formed, and (3) the environment , where in
certaIn applications enough flexibility exists to modify the system such that
the reaction rates controlling hydrogen entry can be appreciably minimized .

Several techniques have shown promise in Influenc i ng the degree of
embrittlement once hjdrogen has entered the component including microstructura l
and chemistry alterations (19—21), baking (22—24) and prestressing (25-27) . A
number of serious limitations exist with the application of these methods.
For microstructure and base alloy composition modifications , overall mechanica l
property, fabricab illty and economic considerations control the applicability
of such method s to the extent that little rea l flexibility exists for wide
variations without other accompany i ng problems . For baking, long bake times
are impractica l and expensive and elevated bake temperatures are seriously
limited because of the potential degradation of base meta l properties. For
prestress techniques, the major disadvantage is that controlled amounts of the
required magnitude of stress may be difficult to impart, particularly to
components of complex shape.

Numerous methods have been stud i ed to preven t hydrogen entry into a high
strength steel component by the formation of a barrier between the stee l and
the serv i ce env i ronment. Metallic platings have been developed for the
protection of steels , but there has been an accompanying embritt ling action
resultIng from the pla ting process itself (28—31). Other methods emp l oyed to
form a protective surface Interface inc l ude cathodic protection (32 ,33 ) ,
nonmetallic coatings (34,35) and heat treatments utilized to promote a selective
surface composltlon change resistant to hydrogen entry (36). Cathodic protec-
tion of steels can be limited by the absorption of hydrogen generated at the
cathodic surfaces if high loca l current densities are applied . Nonm etallic
coatlngs are limited ln their application because of their susceptibility to
foreign object damage and therma l shock. Selective surface composition changes
are somewhat limited because of the heterogeneous nature of the changes themselves.

The most restricted of the inhibition techniques , modification of the
embr ittling env i ronment , suffers from the fact that a structura l component ’s
serv ice envlronment cannot always be altered . The most ininediate applications

• for these methods would be stee l tubing or pressure vessels which contain or
transfer hydrogen containing fluids or gasses (37-39) . in genera l, however ,
these technIques cannot always be applied .
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Because of these limitations research is be i ng conduc ted to improve
current methods and to develop new ones to inhibit hydrogen embrittlement
to hig h strength steels. One method is the use of rare earth additions.
H i s tor i call y,  rare earth additions such as lanthanum and cerium have been
made in the range .05- .15 w/o for sulfide shape contro l (40,41). Al though
strong deox idizers , their addition after standard aluminum deoxidation
practice has resulted in desulfurization (41) and a change in manganese
sulfide shape from long parallel rods to a spher i ca l or globular form (40,42).
Increases in impact strength and enhanced isotropy of mechanica l properties
have been reported for steels with such inclusion morpho l ogy (43). Other in-
vesti ga tors have repor ted i ncr eases i n hardness , tensile strength and elonga-
tion as well as i mpact strength with rare earth additions (44). Lanthanum
and cerium in particular have resulted in reduced sensitivity of temper
embrittlement and a shift in the embr i ttlement range towards l ower
temperatures (45).

Recent studies have indicated that rare earth additions to hi gh strength
steels can also increase their resistance to hyd rogen embrittlement. Cer i um
and lan thanum appear particularly promising in this regard . Cer i um additions
at the 0.2 w/o l evel in 4340 type steels have resulted in l ower susceptibility
to the blister or flake formation type of hydrogen embrittlement by forming
s table hydrides below 1850°F (1 010°C) (46). Add itions at the 0.07 level were
also found to improve corrosion resistance of cast i rons in 5% aqueous sulphuric
acid solu tions by modifying the flake graphite morphol ogy to a nodular form (47).
Add i tions of cer i um and lanthanum in combination (approximately 60%Ce, 40%La)
added at the 0.05, 0.09 and 0.13 w/o l evels to HY-8O steel decreased the sus-
ceptibility of weldments made from this material to hydrogen-induced cracking (48).
There appeared to be an optimum concentration of rare earths (0.09 w/o) to
achieve the maximum reduction in susceptibility to the hydrogen induced cracking.
The improvement was related to the effect of the rare earth additions on the
morphol ogy of the sulfides formed in tha t the change from an elongated particle
to a spherical particle morphology significantly reduced the sensitivity of
the wel dments to hyd rogen-induced cracking . It was suggested tha t the modifi-
ca t ion of the su lf i de composi t ions may also have been a contributing factor to
the improvement , but further studies were suggested as necessary to establ ish
this fact. In another welding study, the addition of 0.2 w/o Misch Meta l (50%
cerium plus lanthanum and other rare earths) was able to eliminate di ffusible
hydrogen in HY-130 we l dments by the formation of stable hydrides (49).

These s tud i es ind i cate that rare ear th addi ti ons to h ig h s trength s teels
offer potential to minimize hyd rogen embrittlement without deg rad i ng the
basel Inc properties of the alloys themselves. The important consideration
here is the mechanism by which rare earths minimize embrittlement. In one
instance (46), improvement was attribu ted to the absorption of hyd rogen to
for m s table , nonembr itt l i ng hydr i des. In another insta nce (48), improvement
was attributed to a change in sulfide morphology. An additiona l important
considera tion is the amount of rare earth additions required to inhibit hydrogen
embr i ttlement. It is well establ ished tha t embrittlement results from hydrogen
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contents as low as 10 ppm (50). Enough rare earth must be in the alloy system
to provide Improvement in resistance to hydrogen embritt lement withou t causing
a si gnificant alteration In the mechanica l properties of the base alloy Itself.
Fabricability and workability of alloy systems containing these rare earths
are also important factors In determining their potential use.

The purpose of the current study was to deve lop a method to minimize the
effect of hydrogen embrittlement In high strength steels through the addition
of rare earths. Specifically, efforts were concentrated on cerium and lanthanum
additions made to AiSI 4340 steel plates . The experimenta l approach invo l ved
first a determ i nation of the effect of various amounts of these rare earths on
the baseline mechanical properties inc l ud i ng room temperature tensile and
Charpy impact tests. Resistance to hydrogen enibrittlement was then characterized
ln terms of delayed failure tests conducted on specimens cathodical ly charged
in sulfuric acid and cadm i um plated . The results were analyzed to determine
which element had the greatest potential to improve the hydrogen embrittlement
resistance of 4340 steel.
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I I  MATERIAL S AND PR OC EDURE S

Six experimenta l heats of AISI 4340 were used for this study. Material
was received in the form of 3/4” (1.9 cm) thick plates . The processing
operations for this materIal consisted of first making 50 pound (22.6 Kg)
aluminum deoxidized vacuum induction me l ted ingots 4 3/4” (13.1cm) x 4”
(10.0 cm) x 10” (25.4 cm) which were then forged and crossrol led to final
shape. Forg i ng and cross-rolling were conducted at 2150°F (1066°C) in 5
passes to obtain a fina l product 3/4” (1.9 cm) x 8—1/2” (21.6 cm) x 20” (51
cm). The materIal was then annea l ed at 1150°F (621°C) for 8 hours. This
i ngot breakdown procedure is representative of typ ica l operations conducted
within the steel making industry for 4340 and as such clearly demonstrated the
workabil i ty of 4340 steel made with the l evel of rare earth additions stud i ed
in this program.

The compositions for these heats are listed in weight percent (w/o) in
Table I. All standard elements fell within the specifications for AISI 4340.
it was noted , however , that the heats designed to contain 0.1 and 0.2 w/o
lanthanum also contained certain amounts of cerium. This was due to the fact
that the lanthanum sil icide used to make the rare earth addit ion also con-
tained cerium and the l eve l of cerium recovery was much higher than expected .

All test material was heat treated prior to finish machining according to
the following sequence:

1. NormalIze 15 minutes , salt bath at 1700°F (927°C), air cool.

2. Austenitize 30 minutes , salt bath at 1550°F (843°C), oil quench.

3. Temper In air , 1 hour plus 1 hour at 450°F (232°C), air cool.

The 450°F (232°C) tempering temperature was selected because of the resultant
hi gh strength of the 4340 and Its Increased sensitivity to hyd rogen embrittle-
ment (51).

Delayed failure testing of hydrogenated and plated spec i mens was utilized
to determine the ability of rare earth additions to Inhibit hydrogen embrittlement.
Prior to delayed failure testing, however , mechan i cal property characterizations
were conducted to determine the effects of the rare earth additions themselves
on the uncharged baseline material and the possible embrittling behavior of
their hydrides on hydrogen charged material. Eva l uations inc l uded duplicate
room temperature tensile and Charpy impac t tests performed on charged and
uncharged specimens hav i ng the configurations shown In Figure 1. Hydrogen was
Introduced electrolytically into the specimens with a charging condition
selected to insure that a condition of irreversible (i.e., severe) embrittle —
ment existed (52). The procedure i nvolved degreasing specimens in acetone
followed by cathodic charg i ng for 30 minutes in a 4% sulfuric acid solution 
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a current density of 0.02 amp/in 2 (0.003 amp/cm2). Follow ing charg i ng,  the
spec i mens were rInsed In distilled water and cadmium plated in a sod i um
cyanide cadmium oxide bath con~aining organlc 2br l ghtners for 15 minutes at a
curre nt densi ty of 0.14 amp/in (0.022 amp/cm ). In order to homogen i ze the
result lng hydrogen distrIbution , the specimens were baked for 30 minutes at
300°F (149°C) in air. Previous work had ind i cated tha t this treatment ef-
fec t ive ly elI minates the hydrogen grad ient produced by charg in g (53) .

The delayed failure tests were conducted on prec racked compact K
1plate Specimens 0 .5 1 1  (1.27 cm) thIck hav i ng the configuration shown I n  Figu~e

2a. The spec i men orientation for these, as well as the tensile and Charpy
impact test specimens are shown in Figure 2b , and represent the long trans-
verse direction . To facilitate the formation of a fatigue precrack , an EDM
slo t was placed at the root of the machined notch 0.05011 (1.27 mm) deep and
0.010” (.254 mm) thick. Precracklng was then performed after heat treatment
on an SF-lu Sonntag fati gue machine at stresses which provided the desired
crack leng th, 0.61 1 (1.52 cm), in 40—50,000 cycles . After precracking, the
speci mens were cleaned with acetone, hyd rogenated and plated accord i ng to pro-
cedur es described p reviously for the mechanica l property test specimens.
Tes ts were performed on cons tan t load , self-leveling, lever-loaded Satec creep
ru pture machines . Crack growth kinetics were determined with a 350 OHM Bridge
Frac ture Roughness Cli p Gauge Transducer which recorded changes in the spec i-
men compliance. After conversion from compHance to crack l ength , these
length values were plotted as a function of time and slopes (da/dt) were
obta i ned at various va l ues of crack length and plotted versus the instan-
taneous Stress Intensity at the crack tip. Light and scanning electron
microscopy and elec tron microprobe analysis was used on selected specimens to
determine the effect of the rare earth additions on the general microstructue
and In particular the crack propagation paths .
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I I I  RESULTS AND DISCUSSION

The overall objective of this program was to develop a method to inhibit
the effect of hydrogen embrlttlement in high strength steels. At present the
cur rent Inhibition methods are lImited in terms of overall effectiveness and
are usuall y applied only to specific steels for certain applications. Rare
earth additions , however , have shown promise as a means to increase the re-
sistance of high strength steels to hyd rogen embritt lement . In the current
stud y efforts were concentrated on cerium and lan thanum add it ions made to A IS I
4340 steel. First a determination was made of the effect of various amounts of
these rare earths on the baseline mechanica l properties . Resistance to

- hyd rogen embrittlem ent was then characterized in terms of delayed failure
tests conducted on spec i mens cathod i cally charged in sulfuric acid and cadmium
plated .

A. Mechanica l Property Characterization

1. Room Temperature Tensile Results

The results of the room temperature tensile tests for both uncharged
and charged material are lIsted In Table Ii and the data are plotted in

• Fi gures 3 and 4 as a function of weight percent (w/o) rare earth. For ultimate
and 0.2% yield strength , F igure 3, a maximum occurred in the range .08-.09 w/o
for both rare additions. This strengthening behavior as a result of rare
earth additions has been well established for ferrous alloys and has been

- _ attributed to the deoxldlzing and desulfur lzing action of the rare earths and
to the resultant change in sulfide morphology (54,43). As shown in Figures 5
and 6, however , the addition of greater amounts of rare earths than normally
used in the steel industry (0.1 w/o) resulted in massive and continuous grain
boundary inclusions In these specimens. Electron microprobe ana l ysis in-
dicated that in the case of the baseline alloy inclusions were predominantly
manganese and zircon i um rich oxysulfides , while in the case of the rare earth
alloys the inclusions were primarily rich in cerium , i ron , and oxygen or

• lanthanum , i ron and oxygen depending upon wh i ch rare earth was added to the
4340. An example of these microprobe results are shown in Figure 7 for Heat

• x421 (0.17 w/oCe). In sp ite of the fact tha t the continuous inclusions of—
ferred Idea l paths for crack propagation , there was only a slight decrease in
strength properties compared to the baseline material. For example , at the
0. 16-0.17 w/o level , a decrease of 2.3% (Ce) - 3.5% (La) was observed In
ultimate tensile strength , while a decrease of 1.9% (Ce) -3.5% (La) was
observed in 0.2% offset y ield strength.

While the strength properties of the cerium modified 4340 were slightly
superior to those of the lanthanum modified steel , the overall effect was not
signifIcant. The maximum difference in ultimate tensile strength was 1.0%

• while the maximum difference in 0.2% offset yield strength was 1.6%, both
• occurring at the hig hest rare earth level. Tests were also conducted on

hydrogen charged and cadm i um plated spec i mens to determ i ne the possible
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embritt l in g effec t of any rare earth hydrides formed . Comparison with the
resul ts for uncharged material indicated little significant effect. The
ultima te tensile strength va l ues were comparable while the 0.2% yield strengths
were approx i mately 0.8-1.7% hi gher for the charged material.

The room tempera ture percent elongation and percent reduction of area
results are plotted i n  Fi gure 4 and ind i cate a decrease with the addition of
both cer i um and lanthanum. While maxima have been observed in the ductility
properties of rare earth modified hi gh s trength s teels , these have usua l l y
occurred at much l ower rare earth levels tha n used in the present study (i.e.,
0.01-0.02 w/o) (54).

In the present study the grea test ductility loss was obta i ned at the
hi gh rare earth level. For example , at 0.16-0.17 w/o, a decrease of 22.6%
(Ce) - 39.8% (La) was observed in percent elongation , while a decrease of 31.1 %
(Ce) - 44.6% (La) was observed in the percent reduction of area • In spite of
th i s duc ti li ty loss , however , only the lanthanum modified 4340 would not have
met the requ i red du ctility specifications for Aircraft Quality 4340 in the
450°F (232°C ) - 475°F (246°C) temper condition (transverse percent elongation
6% minimum , transverse percent reduction of area 25% m i n im u m  - 30% average) (55).
The ductili ty loss in these steels was attributed to the formation of massive and

• cont i nuous grain boundary inclusions which offered idea l paths for crack
propagation.

Comparison of the ductility results for uncharged and hyd rogen charged
material ind i cated only tha t hydrogen charging produced no serious degrad i ng
effect upon the properties. Some i nconsistency was observed i n  the da ta ,
however. In the case of cerium , charged material at the 0.09 w/o l evel had
hi gher reduction of area va l ues than uncharged material , while at the 0.17 w/o
l evel the reverse was true. Similar results were obta i ned for percent elongation.
In the case of lanthanum , charged material at the 0.08 w/o l evel had l ower
reduction of area va l ues than uncharged material , while at the 0.16 w/o l evel
the reverse was true.

2. Room Temperature Charpy I mpact Results

The results of the room temperature Charpy i mpact tests for both
uncharged and charged material are listed in Table III  and the da ta are plotted
in Fi gure 8 as a function of w/o rare earth. Comparison with the baseline
va l ue ind i cated a sharp decrease as rare earth content increased . At the
0.16-0.17 w/o l evel , a decrease of approximately 53% in Charpy impact strength
was observed for both the cerium and lanthanum modified steels. These va l ues
were approximately 15% below the 13.0 ft-lb specification for Aircraft Qual i ty
4340 in this temper condition (55) and reflect the embrittling nature of the
continuous grain boundary inclusions formed at the high rare earth l evels.
Studies have been conducted on the effects of rare earth additions on impact
resistance and it has been well established tha t transverse i mpact resistance
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Table I I I

Room Temperature Charpy I mpact Results for Ra re Earth
Modified A IS I 4340 Stee l

Cha rpy Impact Load
Heat Alloy Test Condition ft. lbs.

X409 Base Alloy Uncharged 23.5
Charged 23.5

X4l 0 4340+0.3Ce Uncharged 17.8
Charged 19.5

X4 1l 4340.O9Ce Uncharged 13.0
Charged 14.5

X421 4340+.l7Ce Unchar ged 10.5
Charged 11. 0

X4l2 4340+.O8La Uncharged 16.5

• Charged 16.3

X422 4340+.l6La Uncharged 11.0
Charged 14.3
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reaches a maximum when the rare earth/sulfur ratio ranges from 3-4 (43,56) .
For the present stud y, however , rare earth/sulfur ratios ranged from 8-42,
indicating that the region of optimum impac t resistance had been exceeded .
Comparison of the impact results for uncharged and hydrogen charged material
indicated tha t charged material in genera l exhibited slightly improved impact
resistance , possibly because of the additiona l tempering effec t obta i ned by
the 300°F (149°C) homogenizatIon trea tment g i ven the charged material.

8. Delayed Failure Results

As a basis for studying the hydrogen embrittlement resistance of rare
earth modified 4340 steel delayed failure tests were conducted on spec i mens
cathodically charged in sulfuric acid and plated with cadm i um . The results
are discussed in the following sections includ i ng failure characteristics ,
crac k growth behavior and metallographic eva l uations.

I. Failure Charac teristics

Delayed failure tests, which employ a series of var ying static
loads , represent a most sensitive method for stud ying hyd rogen ~mbri tt 1eme nt .The low strain rates allow time to develop a sufficient hyd rogen concentra-
tion at the precrack to produce embrittlement. The essential characteristics
of c lass i cal delayed fai lure are summarized schema ti cal l y in F i gure 9a (57).
No te tha t delayed failure may occur over a wide range of applied stress and
that there is only a slig ht dependence of the time to failure upon the applied
stress. The most significant characteristic of delayed failure behavior ,
however , is the fact tha t there is a minimum critica l value of stress (the
l ower cr itica l stress) below which failure does not occur. Studies performed
on hyd rogen- i nduced delayed failure of sharp l y  no tched h i gh-strength stee l
spec i mens ind i cate tha t an incubation time precedes crack initiation. Once
a c riti cal amount of hydrogen has reached the area in front of the crack tip,
cracking then proceeds discontinuously until a critica l length is atta i ned ,
and rapid failure occurs (53). A typica l crack growth curve obta i ned in
delayed failure testing is shown in Figure 9b (52) . The growth curves are in
reality a series - of incubation period s followed by insta n taneous crack
extensions (3).

The delayed failure curves obta i ned in the present investigation
are presented in Fi gures 10-15. Note tha t failure times are plotted as a
function of applied stress intensity. The results ind i cate tha t rare earth
additions can have a substantial effect on failure characteristics in terms
of both failure time s and lower critica l stress intensity. The delayed
failure curve for the baseline 4340 material with no rare earth is shown in
Fi gure 10. The essential characteristics of hydrogena ted high strength steels
are evident In that: (I) cracking proceeded discontinuously unt il a critica l
length was atta i ned followed by rap id failure , (2) failure time varied only
sli ghtly with appl i ed stress intensity and (3) a l ower critica l stress intensity
was obta i ned below which delayed failure was not observed after 10,000 minutes.
In th i s ma terial , failures were observed within 1 000 minutes at stress intensities
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Fi gure 9a. Schematic representation of delayed failure cha racteristi cs
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I
~~ Fi gure 9. Typ ica l embr itt iement characteristics for hyd rogenated and plated

h i g h  strength steel specimens i n c l u d i n g delayed  fa i l ure a nd c rack
growth behavior .
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which were approximately 35-90% of the upper critica l va l ue. Crack initiation
was observed at approx i matel X. 100 mInutes and a l ower critica l stress intensity
of 22.5 ksi ~~~ (24.5 MPa In,) was obta i ned .

The effects of lanthanum additions (0.08 and 0.16 w/o levels)
on delayed failure of 4340 steel are shown in Figures 1 1 and 12. Note the
dramatic improvements both in failure times and l ower critica l stress in-
tens i t y  a t the h i gh lan thanum content. A lower critica l stress intens i ty
of 70.5 ksi ir~ (78.0 MPa ~c) was ob ta in ed , representing a three-fold
improvement over the non-rare earth baseline material. Crack initiation
times were also much higher with the higher conten t lanthanum material.
More important , however, was the shape of the delayed failure curve itself.
The standard type curve exhibited by the baseline 4340 in Figure 10 was
charac terized by the rather sudden decrease from the upper critica l to the
lower cr itica l stress intensity over a fairly constant range of failure
times. The significance of this behavior lies in the fact tha t design
eng i neers must insure tha t service conditions do not exceed the l ower critica l
stress intensity. If this va l ue is exceeded , delayed fa i l ure f ro m hydrog en
embrittlement can be expected . For the high lanthanum content material ,
Fi gure 12 , the difference between the upper and l ower critica l va l ues was
substantially smaller than for the basel Ine 4340 and the decrease was much more
gradual. These results suggest a si gnificant improvement in res i s ta nce to
hyd rogen embrittlernent compared to the basel i ne 4340. In particular , the
high lanthanum content material can be used to a substantially hi gher per-
centage of its upper critica l stress intensity without danger of delayed
failure from hydrogen embr ttlement. This is particularly si gnificant
for high strength steel components such as land i ng gears , fas teners and
cables. Their production Inc l udes such operations as acid pic kl i ng
cleaning and electroplating which can introduce hydrogen into the component.

The effects of cerium additions (0.03 , 0.09 and 0.17 w/o levels)
on delayed failure of 4340 steel are shown in Fi gures 13-15. In genera l , the
results were quite similar to those for the lanthanum additions. As cerium
content increased , times to crack initiation and to failure also i nc reased .
A substan tial Improvement in l ower critica l stress intensity compared to
baseline 4340 was also observed with the cerium addition made at the hi ghes t
level (0.17 w/o). The 79.5 ksi /1g. (87.0 MPa v~) va l ue obta i ned for the
cerium modified 4340 was slightly hi gher than the 70.5 ksi /iT~. (78.0 MPa v~~ )

va l ue obta i ned with the lanthanum modified steel. These results represent
approximately a 3-1/2 fold improvement over baseline 4340 and ind i cate tha t
the rare earth modified steels can be desi gned for use to a higher percentage
of their upper critica l stress intensities without danger of delayed failu re
from hyd rogen embrittlement.
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The delayed failure results clearly ind i cated that a substantial
improvement could be obta i ned in the hydrogen embrittlement resistance of
1+340 steel through additions of cerium and lanthanum . This improvement
was manifested by longer times to crack initiation (incubation time),
longer failure times and hi gher va l ues of l ower critica l stress intensity.
Maximum improvement , however , was obta i ned onl y at the hi g h ra re ea rt h
levels (e.g., 0.16-0 .17 w/o). As shown in Figures 5 and 6, the micro-
structures for these rare earth modified steels exhibited almost continuous
grain boundary inclusion formations along prior austenite grain boundaries.
These observations suggest a possible mechanism to rationalize the enhanced
resistan ce to hydrogen embritt lement exhibited by the rare earth modified
steel.

It is generall y agreed tha t a critica l combination of stress state
a nd hyd rogen concentration must be atta i ned to initiate a crack (53). W i t h
a given hydrogen concentration , the lower critica l stress intensity is tha t
at which the stress state is sufficient to initiate a crack. At l ower levels
this critica l va l ue is not achieved and the stee l is undamaged . The rationale
of the incubation period , or the time required to initiate a crack , is based
upon the interaction between hydrogen concentration and the stress state.
Under the action of stress-induced diffusion , hydrogen mi grates to the point
of maximum stress triaxility, usually in close proximity to sharp defects or
notches within a component. When the hydrogen concentration attains a
critical va l ue (constant for a g iven applied stress) a crack initiates at
this location and delayed failure ensues . If the transport of hydrogen can
be interrupted or delayed , then an extended time interva l would be necessary
to build up the hydrogen at the point of crack initiation.

The results of the present i nvestigation suggest tha t the ability
of rare earth elements to getter or otherwise entrap hydrogen was responsible
for the improved resistance to hydrogen embr ttlement . That maximum improve-
ment was obta i ned only at the higher rare earth l evels can be rationalized
by the fact tha t larger amounts of cerium and lanthanum were required to
effec tively delay the critica l va l ue of hyd rogen concentration from being
reached at the crack tip. Effective hyd rogen entrappment also resulted in
a much higher magnitude of stress state be i ng required to propagate the
precrack. Under an alternative set of charg ing conditions different amounts
of hydro gen wou l d  be introduced into the component , resulting in the fact
that changes in rare earth content would be required to obtain similar
inhibitive results. At the l ower rare earth l evels used in the present
stud y it was apparent tha t the critica l hydrogen concen tra ti on was ach ieved
in spite of the fact that certain amounts were probably entrapped enroute
to the crack ti p. It can thus be appreciated how a mic rostructure consisting
of continuous grain boundary rare earth inclusions would represent a highly
effective barrier against hydrogen diffusion throughout a high strength
stee l component.
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2. Crack Growth Behavior

The princ i pa l charac teristic of sub-critica l crack growth under
hydrogen embri ttlement conditions is tha t the rate of crack propagation ,
da/dt , is primarily a function of K 1 , the stress intensity factor at the
crack tip. Under steady sta te conditions of crack growth , K 1 is  thus
taken to be a proper representation of the mechanica l crack driving force (58).
Typi cal s teady s ta te crack grow th response as a function of K 1 is shown
schema ti cal l y in Figure 16. The relation of K j to the logarithm of crack
growth rate can be sepa rated into three distinc t reg ions. Region I is
hi ghly dependent on K 1, and may ref lec t crack acce lera t ion  for ce rt a i n
types of tests. Kth is the stress intensity factor at which cracking
beg ins in times of engineering significance (related to the particular
application of engineering structure) . Region II is nearl y independent
of K 1 a nd rep rese nt s a ra nge wher e crack grow th i s probabl y limited by
the rate of the hydrogen diffusion process. In Region Il l , crack growth
approaches the condition for unstable growth because of overload . For
hi gh strength materials , under conditions approximating plane strain ,
the condition for the onset of unstable growth is defined by K 1 K Ic,
where Kic is the plane strain fracture toughness of the material.

In the present investi gation crack growth kinetics were measured
w i t h  the use of compliance gages which recorded crack opening displacements
during each of the delayed failure tests. Calibration spec i mens were
utilized to determine the relationshi ps between crack opening and crack
l ength. The results of these studies are shown in Fi gure 17 and indicate
tha t the ind iv idua l crack growth rate curves were grouped into two distinctl y
separate band s of data . In the band to the l ower right were inc l uded all the
crack growth curves for the 4340 steel modified wit h rare earths at the hi gh
l evels (i.e., 0.16-0.17 w/o). In the band to the upper left were inc l uded
all the crack growth curves for the baseline 4340 as well as the rare earth
modified steels at the l ower rare earth contents. Comparison with the
schematic representation of crack growth kinetics under sustained loads
shown in Fi gure 16 indicates tha t the data bands obta i ned in the present
stud y are representative of the transition zone from Reg ions I to II , whe re
crack g row th ra te i s nea r l y  i nde penden t of K , and unstable fracture has not
yet occurred . That the crack growth data could be represented by such band s
reflec ted the fact tha t within each band there were no definite trend s avail-
able to establish significant differences between the various heats of steel.
Th is variability or scatter between individua l crack growth curves has been
observed previous ly especially in stress corrosion testing (58). In particular ,
incuba ti on t ime variab i li ty, nonsteady-state crack growth and the magn itude of
initial K 1 have all been shown to exert a considerable influence upon susta i ned
load crack growth kinetics.
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Fi gure 16. Schematic Representation of Crack Growth Kinetics
Under Susta i ned Load (58 ) .
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In spite of the fac t tha t significant trend s could not be established
between the heats of stee l in the various band s, the differences between the
bands themselves were significant. In the hi gh rare earth steels , for
example , crack growth was not observed until the initial applied stress
intensity had exceeded 70 ksi ~‘T~T (76.9 HPa V~ ). In the baseline 4340 and
low rare earth l evel steels , however , crack growth at this stress intensity
level was already approaching the Region II plateau. At comparable stress
intens i ty l evels , rang i ng from approximately 100 ksi /1~ (11 0 MPa / )  to
130 ksi ~~~ (143 MPa ‘~), crack growth kinetics in the baseline 4340 and
low rare earth steels was an order of magnitude faster tha n tha t exhibited
by the high rare earth steels. As a first approximation these results
indicate tha t the safe operating life for hi gh rare earth steel components
would be considerably greater than for the baseline or low rare earth steels.
T h i s  crac k growth behavior can be explained on the basis of hyd rogen diffus-
ing to the crack tip and resulting in discontinuous crack growth. In the
hi gh rare ear th content materia l , the continuous grain boundary inclusions
ac ted to ent ra p hyd rogen , inhibiting its transport to the crack ti p. Crack
propagation was subsequently retarded . In the baseline materia l and the
low rare earth steel , the transport of hyd rogen was not se ri ousl y interferred
with and crack propagation was not retarded .

3. Metallog raphic Eva l uation

Metal lographic evaluations including lig ht and scanning electron
m icrosco py and elec tron mi cro p robe a nal yses were conducted on selected spec i-
mens to aid in the Interpre tation of the delayed failure results. The .met~ llo-
graphic analyses indicated two distinctly different types of characteristics
grouped much along the same l in es as the crack growth results. The basel i ne
4340 steel and that modified with rare earths at the low level s (<0.1 w/o)
exhibited one type of behavior while tha t modi f ied  w i t h  rare earths at the
hi gh l evels (>0.15 w/o) exhibited another type of behavior. In genera l , the
frac ture surfaces of speci mens represen ting basel in e 4340 behavior contained
a duplex type appearance. Starting near the fati gue precrack was an extens i ve
area of predominantly intergranular fracture morpho l ogy. As the hyd rogen in-
duced crack g rowth p roceeded i n the specimens , the amount of intergranu lar
morphology decreased , being replaced by a dimple rupture morpho l ogy. At the
point of unstable crack growth due to overload , the  fracture appearance was
completely dimple rupture in nature. This basic fracture appearance was the
same regard l ess of the va l ue of Initial applied stress Intensity. However ,
spec i mens tested at hi gher i n i tial stress Intens ity levels exhibited much
smal ler  reg ions of int er g ranular frac tur e morphology. This sugges ted tha t
much less hydrogen Induced crack growth occurred before the stress intensity
levels requ i red to cause overload failu res were reached .

As shown by the scanning electron mlcrophotographs in Fi gures 18 and
19, the fracture appearances of 4340 stee l modif ied w i t h  rare ear ths at the
high l evels were substantially different from those characterized by the
basel ine 4340 steel. The photos inthese fi gures were taken at 500X magn ifi-

- , - . cation at a point approx i mately 0.04” (5 mm) away from the fatigue precrack.
~ Ih.
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a) Hea t XZ+09 - No Rare Earth Addition b) Hea t X4lO - 0.33 w/o Cerium

L 

-S -

c) Hea t X4 11 - .092 w/o Cer ium d) Hea t X4l2 - .078 w/o Lanthanum

Fi gu re 18. Scanning Electron Microphotographs Taken at 500X.
Magnification of the Fracture Surfaces of 4340
Baseline Steel and 4340 Steel Modified with Rare
Ear ths at the Low Levels ((0.1 w/o). Photos
Were Taken at a Point Ø•Q4II (5 mm) From Fatigue
Prec rack.
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b) Hea t X422 - 0.16 w/o Lanthanum

Fi gure 19. Scanning Elec tron Microphotograph s Taken at 500X.
Magnification of the Fracture Surfaces of 4340
Steel Modified with Rare Earths at the Hi gh Level
(~ 0.l5 w/o). Photos were Taken at a Point 0.04”
(5 mm) From Precrack.
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The intergranu lar fracture morphology shown in Figure 18 for the baseline 4340
type behav i or was in dica t ive of hydrogen induced crack growth. Note the ap-
peara nce of greater amounts of intergranular mater ial (rare earth oxide in-
clusions) on the fracture surface as rare earth content increases. in contrast
to thi s , the fracture surfaces shown in Fi gure 19 for the hi gh ra r e ear th
content material are primarily dimple rupture in appearance. This overload
type of fracture morphology was characteristic of the entire fracture surface
of these spec mens. It must be pointed out tha t crack g row th was not observe d
in these mate r i a l s  unt i l  much hi gher levels of stress intensity were attained
compare~

4 to the baseline type material. Thus , l itt le hydrogen ass is ted crack
growth occurred in these spec i mens before the onset of unstable crack growth
and over load fa i lure.

A
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I V  SUMMARY AND C O N C L U S I O N S

Experiments were conducted to develop a method to inhibit the effec t
of hydrogen embr ittlement in high strength steels. The inve stigation in-
cluded a study of the effec t of cerium and lanthanum rare earth additions
made to A I SI 4340 steel in an effort to getter or entrap hydrogen. The ex-

• perimenta l approach involved first a determination of the influence of
various amounts of these rare earths on the baseline mechanica l properties
of 450°F (230 °C) temper material inc l uding room temperature tensile and
Charpy impact tests. Resistance to hydrogen embrittlement was then
characterized in terms of delayed failure tests conducted on specimens
ca thod i ca l l y charged in sulfuric acid and plated with cadmium. The results
were analyzed to determine which element had the greatest potential to im-
prove the hyd rogen embrittlement resistance of 4340 steel .

For this investigation lanthanum and cerium were added at the 0.1-
0.2 wei ght percent (w/o) l evels to aluminum deoxidized vacuum induction
melted i ngots. Forging and cross rolling were conducted utiliz i n g  break-
down procedures representative of typ ica l operations conducted within the
steel making industry. The ability to work this i ngo t to plate form
clea r l y demonstrated the workability of 4340 steel made with the l evel of
rare earth additions studied in this program.

Room temperature tensi le results for both uncharged and hydrogen
charged material were comparable and indicated littl e  differenc e between
the elements. A maximum occurred in the ultimate and 0.2% yield strengths
at approximatel y 0.1 w/o for both rare earth additions. This strengthening
behavior was attributed to the deoxidizing and desulfurizing action of the
rare earths . At hig her rare ear th co ntent s , massive and continuous rare
earth oxide inclusions formed at prior austen ite grain boundaries resulting
in a slight (4%) decrease in strength properties compared to the baseline
material.

The room temperature percent elongation , percent reduction of area
and Charpy i mpact energy all decreased with the addition of both cerium and
lanthanum. Again , there was little difference between th~ elements or
between charged and uncharged material. In spite of this ductility loss ,
however , only the lanthanum modified 4340 wou ld not have met the required

• ductility specifications for Aircraft Quality 4340 in this tempe r (transverse
percent elongation - 6% minImum , transverse percent reduction of area - 25%
minimum ). At the hig h rare earth l evels the Charpy i mpact energies de-

4 creased to approximatel y 15% below 13.0 ft. lb. Aircraft Quality specifica-
tion. The ductility and impac t losses in these steels were attributed to
the formation of massive and continuous grain boundary inclusions which
offered i dea l paths for crack propagation.
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The delayed failure results indicated tha t a substantial improvement
could be obta i ned in the hydrogen embrittlement resista nce of 4340 steel
through additions of cerium and lanthanum. Improvement could be observed
in terms of longer times to crack initiation (incubation time), longer failure
times , hi gher va l ues of l ower critica l stress intensity and l ower crack growth
rates compared to baseline 4340 material. It is important to note , however ,
tha t the maximum improvement was obta i ned onl y at the hi gh rare earth l evels

• (e.g., 0.16-0.17 w/o) for both elements. The most si gnificant aspects of this
increased resistance to hydrogen embrittlement were manifested in terms of
h i gher values of l ower critica l stress intensity and lower crack growth rates.
For examp le, the l ower critica l stress intensities for the hi gh content rare

• earth steels were approximately three times hi gher than tha t of the 1+340 base-
line material. Cer i um , with a va l ue of 79.5 ksi {1T1. (87.0 MPa .f~) was slig htly
more beneficial than lanthanum , 70.5 ksi 4T~. (78.0 MPa ‘fl~), in this respect.
These considerations suggest tha t the hi gh rare earth content steels can be
desi gned for us e to a h i gher percentage of their upper critica l stress
intensities without danger of delayed failure from hydrogen embr ittlement.
The crack growth results were inc l uded in a band of data ind i cating there were
no significant differences between the lanthanum or cerium additions. However ,
comparison with the basel i ne 431+0 and low rare earth steels ind i cated tha t
crack growth was an order of magnitude l ower in the high rare earth steels.
As a first approximation these results ind i cate tha t the safe operating l i f e
for h i gh rare earth stee l components would be considerabl y greater than for
the baseline or low rare earth steels.

The results of this study suggest tha t the ability of rare earth elements
to getter or otherwise entra p hydrogen was responsible for the improved re-
sista nce to hydrogen embrittlernent. Tha t improvement was obta i ned onl y at
the hi gh rare earth l evels was rationalized on the basis of the fact tha t
larger amounts of cerium and lanthanum were requ i red to effectivel y delay the
critica l va l ue of hydrogen concentration from be i ng reached at the crack tip.
Effective hydrogen entrapment also resu l ted in a much higher magnitude of
stress state be i ng requ i red to propaga te cracks .

4
A
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V RECOMMENDAT IONS FOR FUTURE WORK

In this study it was demonstrated tha t a si gn i ficant improvement can
be obta i ned in the hyd rogen embrittlement resista nce of hydrogenated and
plated A I5I 4340 steel . Additions of lanthanum and cerium at approximately
0.15 wei ght percent resulted in substantia l improvement in hydrogen embr ittle-
ment resistance inc l ud i ng increased times to crack i n i t i a t ion  and fa i l u re ,

• hi gher val ues of lowe r cri t ica l s tress int ens it y and s i gni f ica nt ly lower
crack growth rates. Further work is required , however , befor e the techn i cal
approach and inhibition method s developed in this study can be applied to a
wider range of hyd rogen embrittlement problems.

For example, additiona l studies should be initiated to improve the
baseline mechanical properties of the rare earth steels. The rare earth
levels cha racter i zed by the most significant improvements in resistance to
hyd rogen embrittlement resulted in microstructures containing continuous
grain boundary rare earth oxide inclusions. These were idea l fracture paths
and res u l ted i n a decrease i n  room tempera tu re duc t i l it y and Cha r py i mpac t
energy. Efforts should be concentra ted on melting techni ques to minimize
the formation of these film-like inc l usions . An alternative approach mig ht
be opt imized forg ing and/or i ngot brea kdown procedures i ncorporating con-
trolled amounts of deformation to homogenize this microstructure.

Another I mportant area of future research should be the development
of a more bas i c unders ta nding of the mechan i sm s res pons i ble for th i s
inMbiti on behavior. Studies here should inc l ude permeability measurements
a nd the hyd rogen a n a l y s i s of speci mens hyd rogena ted a t var i ous charg ing
conditions. If the large differences in the kinetics and failure times of
the hydrogena ted 1+340 steel of different rare earth content are due to the

• differences in hyd rogen mobility or the fact tha t hydrogen is be i ng trapped ,
then permeability measurements using the time lag to obtain a measure of
apparen t hydrogen diffusivity should show a difference which can be directl y
correla ted with delayed failure. Hydrogen ana l yses would also be useful for
substantiating the ability of rare earths to getter hydrogen . Once failure
has occ u rre d i n the hyd rogena ted and p la ted spec im ens , the uncomb i ned hydrogen
can diffuse through the matrix and exit through the fresh fracture surface.
If hyd rogen has been trapped by the rare earth getters , however , it canno t

‘I diff use and remains instead in its comb i ned form within the spec i men. Thus ,
specimens wi th higher rare earth contents should contain larger amounts of
entrapped hyd rogen.

Final ly ,  the trend of the rare earth effects charac terized in the
a present program ind i cated tha t the in hibition behavior was extremely sensitive

to rare earth content. This critica l rare earth Content may vary with alloy
system and with the type of hyd rogen embrittlement problem anticipated in
service. Once an understand i ng of the basic mechanisms responsible for rare
e a r t h  i n h i b i t io n has been achieved , this approach can be expanded to other
type high streng th steels and service env i ronments or conditions. It is
antici pated tha t such stud i es would inc l ude efforts to optimize the rare
earth content for the particular alloy or appl ication.
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