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HYDROGEN EMBRITTLEMENT STUDIES OF A TRIP STEEL
|  JR. A.-McCoy.éna W. W. Gerberich‘

Inofgqnic Méferials Research Division, LawfencehBerkeley Laboratory énd
Department of Materials Science and Engineering, College of Engineering;

University of California, Berkeley, California :

| ABSTRACT
Theléohditioné‘ofvcathédié charging;vgaseoué hYdrogen en&ironment,

and 1oédiné‘for whiéh a TRIP stéelgmayor mhy not Be susceptible to
hydfogen embriﬁtleﬁeht ﬁere investigated."Inathe austenitic state,
the TRIP steel appéared'to'be felativély immunevto hydrogen:embrittlement.
It was shown_that it is the strain-induced marfénsitic éhase, d', which
is embritfléd. bIn TRIP éteél single-edge-notch speéimens under fixed
loads.in gaseous hydrogen, slow crack growth occurs'when the stress
"intensity“level exceeds a thresﬁold.levelvof about 25'ksi—in.l/2
"and the growth rate varigs_approximately as the 2.5 powér'of the stress
intensity ievel. ‘The activation energy for this slow crack growth'wasiz
found to be aboutvlo;OOO éal/g—atom, the'aﬁproXimate activation fof' -
hydrogeh‘diffusion in'marténsife. Thus it Was'éohcluded that slow
~crack growth in TRIP steel loadéd in gaseoué hydrogén involves the

diffusion of hydrogen through the a' phase.



I. INTBQDUCTIQN

nghsstrength ferrltic and'martenSLtlc steels are notorlously
susceptlble to hydrogen~1nduced fallure——commonly~called hydrogen
embrittlement CH. E.). Hydrogen can be acquired by‘these steels rela-
tively eesily during steelmaking or broceeeing, or from their:entiron_
'ﬁent while inVService.l’?’3v;The mechanism by which hydrogen embrittles
ferrite and martensite is still in dispute. Also, it is not well under-
stood why».austenite is re_latively immumne to H. E.. Because of the wide-
spreed commercial use of high—etrength.steels-and beeause insufficient
kﬁowledge df the iﬁfluence of composition, proeessihg, desigﬁ, and
environment continues to contribute to service failuies, further stﬁdy _
in the'area‘of H. E. is of speeial‘technological iﬁportance.

A new class of potentially ﬁséf@i high-strength steels, TRIP steels
(Tﬁaneformatioﬁ Iﬁduced Plasticity), obtein their high.elongetionh and
fracture toughness5 from the strein—induced aﬁstenite'to martensite |
transf‘or.matiovn.' In 1969 Dulis and Chandhok® I"'e_perted_ that cathodically
chafged TRiP_steei specimens were immune te'hydroéen cracking. -Howevef.

'

during that same year, Gold and Koppenaal repofted that TRIP steels could

be embrittled under certain conditions of temperature and strain rate.

- At the outset of this study 1t was hypothes1zed that in the austenitic

state, TRIP steels should be relatlvely immune to H. E.; whereas, after
the straln—lnduced transformation beglns, ‘adverse effects might be
expected.. | |

vAccordingly in this inveStigation, thevfollewing objective’was
sought : The determination'and understending of the conditioﬁs of cathodic

- charging, gaseous hydrogen environment, and loading for which TRIP steels
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may or may not be susceptible to H. E. Pursuant to this objective, .

appropriate_expériments were designed and performed using tensile and

‘single~edge-notch (SEN) specimens which had been cathodically charged

with hydrogen or mechaniéally tested in pure H,.
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II. EXPERIMENTAL

A. Material Selection and Pr"eparatiori

Thé compositions énd processiﬁg of thevsteeis tested in this invesf
tigation are.lisﬁéd:in Table I. The thérmomechanical treatment chosen
| fof'alloy C:was cénsidered to'be optiﬁal for this particular TRIP Stéel.8
As,a check bn the H; E. test prdcedures and for a comparisoﬁ.of H. E.
.properﬁiéé with TRIP steel, alloy 43&0, which is é tempered'ﬁaf-
tensitié.steel ,With yield and ultimate’tehsilé strengfhs approximateiy
equal to alloy C, was aiso evaluated. |
Tensile and SEN specimens were machined ffom roLled sheets of
thesevalloys. - Each fensile‘spécimen contaiﬁed a gage section 1 in. 1oﬁg,
1/8 in. wide, and 1/10 in. thick; 'ThevSEN'specimen was 2 in. X 1 in. X
1/10 in. with a side notéh 0.27 in. long. The pin ﬂqles weré located
1/6 in. from the cehterline’bn the ﬁotch side,vresulting'in aPProximately
craék line loading. All specimens Were‘l§ngitudinal, i.e., the long
- direction of the specimen was parallel to the rélling direction of the -
'material. Priér tb hydrogén charging or testing each SEN specimen, a
fatigue érack about 0.06 in. long was produced at the root of the notch
byvcyciing the loéd on a tension—tension fatiguevmachine betweén.stress
. . 1/2 o .

- ‘intensity levels of 5 to 30 ksi-in. for about 10,000 cycles.

B. Fracture Mechanics for the SEN Specimen:

For the SEN specimen, the.relationship between the stress intghsity
factor K, the applied load P, and the specimen dimensions has been

9

established by compliance experiments” and by mathematical stréss

analysis procedures.lo This expression is: "
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wheré_Y:= a dimensiénlessvfactor'which is a function of a/W
| a = crack.léngth
v = Poisson's ratio
B = specimen thickness
ITTWE=_specimen width

It thevload is increased until:thé crack‘begins.to groW, i.e.

- ‘becomes uﬁstéble, the critical load Pc and critical crack length ac.
determiﬁglg,critical stress intensity factor Kcr from Eq; (1). Under
dead-weight lOadihg; the speéimen would fail catastrophically_upon
reaching ch. Af this critical point in the Instroﬁ testing machine,
however, the ioad simply»deéréases as the crack grows._‘For any crack

2 >

yield thevSame value of Kcr as derived from Eq;(l). Thus, KCr can be used

length such that a < W  the critical load for further crack growth will

as a relative measure[of‘fractUre toughness of a material. As the -
thickness of a fracture specimen increases, the value of Kcr approaches

the lower limiting value, the plane-strain fracture toughness KIc

‘Because the material near the surface is nearly ih'a plane—stress con-
dition whereas the'midthickness ﬁaﬁerial is approximated.by-a plane-
strain condition, the mg#sured Kcr will'be'somewhatfhigher than the
true KIC' HoWevef,'becﬁuse the dimensions of all the‘SEN specimens
festedviﬁ fhis inVesﬁigafibn ﬁe?e neafly the'same,vcompérison of their

Kcr'values relative to each other appears'justified.
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C. Hydrogen Charging Pfocedures

Although the term H. E. has most often referred to embrittlemeht
of steels containing "internal" or absorbed hydrogen introduced, for
- example, during cathodic charging, it may also refer to embrittlement
of prefiously hydrogen—~-free steels which have been strained cr-loadéd
in gaseous hydrogen environments. Accordingly, to study H. E. of TRIP
steels by both modés of hydrogen ihtroduétioﬁ, the following two |

"téchniques were employed in this investigation:

1. Cathodic charging in an acid electrolyte.
The entry‘of electrolytic hydrogen from an acid solution into a

steel specimen acting as a cathode can be expressed asll

+ F
/1/2 H, 4 e

+ - ’
H + + e~ - ’
Fe + e Fe Had;\\\\\ (2)
Fe=H

abs

where Fe—Ha refers td adsorbed hydrogen on the metal surface and Fe-H

ds abs

.fefers to absorbed hydrogen directly beneath the metal surface. The
abs§rbed.hydrogen'atoms or ions'occupy interstitial positioﬁs in the
lattice..12 Under the dr%ving forcé of concentration and/or stress
_gradieﬁts, the’hydrogen-ﬁay diffuse to-vafious locatiéné within the v
.metal.l3

The electrolytic'cell used to. perform all the cathodic Charéing‘of
specimens in this investigation consisted of avspécimen to be chérged'
as the cathode, a plétinum anode, and a thermometer all immersed in

an electrolyte. The charging temperature was maintained at the arbitrary

1valuevof 3890. . The electrolyte was dilute sulfuric acid with or without
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the additién of.a pdisQn, éithér arsenic or Whiteiphosphérus.* The
poiaoﬂ addition, the cOnéenfratioﬂ of the acid, the currenf density and
the charging time were left:as chargingvvariabies; “

Because the diffusivit& of hydrogeh is about foﬁr Qrders of mag-

’ﬁitudéile533in fee thén in bee steel,12 cathodic charging is a poor

iéchnique td introduce hydrogen iﬁto the austenitic TRIP steels. As will

be.discuSSed léter, there was evidence that-cathqdiq charging obeRIP
steel resulted‘in a shgrp hydrogenvconcentfation gradient_wifh a high
concentration at the surface. Moreover, hydrogen‘gnaiysis using a hot
vacuum éxtraction method failed to indigate any sighificant increase

in the averagevhydfdgen content in TRIP steel due~tolcathodiq charging.
Becausé of-thesé reasons, the major thrust of the investigation was
tﬁrnéd away from cathodic charging and directed at testing the specimens
in a puré hydrogen atmosphere.

2. Mechanical testing in H2.

Only'in the last few years have studiés of H. E. using a gaéeous

1b-20

hydrogen en&ironment method been reported. With this method,

gaseous hydrogen available at the crack tip is adsérbed.onto the clean
surface provided at the stressed cracﬁ tip.gq Thﬁs; the crack tip sﬁr—_
face acts . as an immediate and constant source ofvhyarogen which may
readil&-uhdergo éhort-rangevdiffusion, driven ﬂy'stress érédiénts, to
‘the area of maxiﬁﬁﬁ tria#iélify ahead.of.the crack_tip.' This ménner

bf inyéstigaﬁing'H; E. is ﬁot coﬁélicatéd by-a numBer of poorly under-
‘stodd phenomena whiéh enter iﬁto electrolytic H. E.‘tests such as the

permeation of hydrogen as a function of cathodie.éharging condition,

* ' . : '
. For the exact concentrations of the acid and poisons used, see the
results section. ' : '
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' -compgéitidn,*émount of éOLd work , microstfucture;'efq. of the steel..
Also avoided by using'gaseous-H..E. tests is the problem'of performingbr
an-acgurate'analysis_for the hydrogen content. o

| Fof these gaséous H; ﬁ. tésté, é‘épeéial'Lucite‘cylindrical chamber,
2 in. O.D;, L 1/2 in. long, and 1/8 in. wall, was constructed with an
“inlet and an outiet for‘introduciné pure,'dry hydrogen and purging thé
‘chamber of’air, O-rings on thevspecimen grips sgaled'in gas with pressures
up to 60:psig*:without leaking. Either'tehsile ér.SEN épeéimeﬁs cbuld be
.fested in the chamﬁer. For testing.a specimen in hydrogen at a tempér—
'ature other than at room temperatﬁré, a steel housihg for the‘Lucite
5chambér wéé construcfed so that duringvthe tesf the specimen—chamber—héusing'
assembly could be immersed in a bath of water chilled or heated to a

'spécific temperature.

D. Méchaniéal Tesﬁing
| Té be able to éompare relative strength levels and ductilities, sev;
eral alloy'spéciméns were tensilé testéd on an Instron at room temperaﬁure,
~at.-a strain rate of 0.0k min-l.- Thesé properties'are shbwn ih.Tablg II.
Additional tensile tests ﬁere performed incorporating various combina-
,tidnslaf'the foilowing variébles: a) severity of cathodic charge,

2

b) testing atmosphere: air or H
rate. When the yield point,oﬁ the sfress—strain curve was not clearly

at various pressures, and c) strain

~ defined, the stress corresponding,to 0.2% offset in strain was reported
‘ as‘the yield stress. The élongation reported throughout this investi-

- gation is total elongation within the 1 in. gage length.

A wide variety of slow-crack-growth tests, both dynamic and static,

* o
psig means gage pressure above ambient pressure,



were pérformed on SEN specimens with a) severity of cathodic charge,

‘b) testing atmosphere:vair_or 15 psig H ) strain fates, d).stfess

2> ¢

intensity level, and &) temperature being the variables.,
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III, BESULTS

A. Cathodically Charged SEN Specimens '
Tested at Fixed Loads

v.This-phase'of'the inVestigation has been reported in detail in an

.eérliér»pubiicatibn.gl In fhese repoftéd tests és well as in several
moré reéént:tésts; TRIP steel SEN sﬁeciméns wefe.gi&en cathodic chargés
several orders of magnifude'mOre severe than conventional cathodic
charéés.g’Qo Subsequent to cathodic charging‘and'cadmium‘piating,

Zeach é?écimén’was:heid At a,constantvload corréspondiﬁg to 80%_Kcr for
~about 8 houfé. . In 13 tests on TRIP steel specimens, there were 1o
B inSténCés of hydfogen—induced, delayed, brittle,failures ndf apﬁréciablé
_s10w.crackvgrow£h. |

| ’Métallographic examination of thé H. E. tested SEN spécimens dia,
however, refeél a’éraék network near the specimen surface ana within the
pléétic zone, shown in Fig. 2 of McCoy, et al.gl. This C-shaped network
.eﬁtended about O.OSIin. ahead of thé fatigue crack. After etching, it ﬁas
evident that'the'craéks followed along paths.of'martensite plates formed
'Jduringvloading} This obéérvatiOn supports one of the initial hypotheées
of this iﬁvestigation that while the o' martensite can Be hYdfogen em—'
briffled,‘the surréunding austenité cannot. Neér the midthickness of. the
specimené, the émouﬁt‘of érackipgvbcéUrring in the hydrogen-bearing
ﬁartensité was fér less than at the surface. This §maller_amountfof
cracking at’the céntgr may‘be due'to:a'émallef amount of martensite,and/or 

" to a lower level of hydrbgen cbncentration.
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B. Cathodically Charged SEN Specimens
Tested Under Dynamic Loading

Charged and uncharged SEN specimens of alloy C were tested in the
Instron at varidus crosshead speeds, as shown in Tabie IIi.’ If H. E.

were occﬂfiing during the teét, suberitical slow crack growth would be

‘_énce at slow crosshead SPeeds,»the crack would grow and
~ lower fheiéﬁﬁarent K;r whichvwas calgulated using the‘mgximumvload for
Pc and the initial crack length for a, in Eq. (i).'vThié initial crack
length was measured at'the‘midthickness after fracture'and included a
plastic zone of 0.0k in. However, the résults showed no appreciable
drop in KCr for the gharged specimens, indicating.that no slow crack

growth due to an embrittling process had occurred.

C.' Cathodically Charged Tensile¥§pecimehs
Tehsile specimens of alloy C andvof_ﬁBhO were charged in electrolyte

B (2 normal H,80), with 3 ppm arsenic)at 1.2 amp/in».2 for.oﬁe_hour énd
subsequeﬁtly tensile teSted at room temperature,' The resulting tensile
pfbperties are Shown.in Table IV. bFigure 1 shows that the embrittlement
in the cathodically charged TRIP steel fensile specimens is evidenced as
premature failure which cuftéils the elongation usually gaihed by the'
TRIP spenoﬁenon. The basic ductility of the steél as measured by the

R. A., however, reﬁains nearlybconstant at abOﬁt‘60% of the R. A.'éf the
unéharged specimens as the ch&rging‘time increaSés.‘,Figﬁre 1 suggests

_ phat By_increasihgféharéing tiﬁes'énd ﬂeﬁce with’é gfeétef amdunt of
.diffusiVevhydrdéen évailable,_léss time is required.to build ﬁp tq ﬁhe
critical hydrogen ééncentraﬁion needed for the eﬁbriftlement préceés;

The cathodically charged L4340 spécimen'failed while in the elastic
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regioh_at_a stress level aboﬁt>one quarter of the yiéldvétrehgth. This
fact added to the ﬂegligible.elongation_énd 5%,rédﬁction of area demon—
sffatéé ciearly tﬁe effectivenéss and séverity of fhe éathodic-charging
proéedure.‘ | |

“Toidetermiﬁe.Whether'the'cathodic,éhargihg_procedu?e produces any
pérmanent'struéfurél damége to the.speéimen, two speéiﬁens of alioy C
‘were éharged in.electrolyte B for 6 1/2 hours‘at 1.2 amp/in.g. Before
testing,.éne specimeﬁ wasxbaked 16 hours at'200°C. Then both specimens
‘wéré-tensile tested at a strain rate‘of 0.002 min_l.v The unbaked spééimen
was émbrittled after an elbngatioh of 2.5% and R. A. of 20%. Notab;y.
diffefent; however, was the bakéd specimen with the ductility expected
~of an'unéharéed specimep} elongation'of 42% and R. A. of 38%. Appar-
b.ently ﬁhewbaking'processfrempved éll of the damaging hydrogen. Demon-
.strated aiso was_that the H. E. was re&ersiblevand the cﬁaiging procedure
éauséd to pérmanénﬁlstrﬁctural damgge to thé specimeh.

D. Tensile Specimens Tested in H2

Tensile specimens of alloy C were tested in air and in 30 psig H2
at various strain rates and the resulting ductility and tempersature rise
- due to adiabatic_heating are shown in Fig. 2. When tested at slow strain

. rates in H

x the loss of ductility was quite’sevefe—-a'lcss:of elongation .

of Qh%'and'a loss of R. A. of 57% relative to the same test run in air.

, Under Dynamic Loading

E. GSEN Specimens Tested in H

The conditions and results of testing SEN specimens of alloy C in
hydrogen at several stfain rates ére shown in Table III.  While at the

fast crossheaa speed, there was no drop in the Kcr’ At slower crosshead
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vspeeds; however; there was a significant drop in the Kci iudicatihg

that slow cruck.growth‘hadloccurred. _Ah approximate value for the slow
crack growth Aa was measurea using a traversing microscope during:thev '
test.v Calculating Ké based upon the 1n1t1al crack length plus Aa resulted
‘in valueskelose to the Kcr of the other spe01mens ‘which deomonstrated no
slow‘erack}éroyth: »Thusvit appears that the critical stress 1nten51ty
_factor.for_unstableirapia-crack.growth is a basic propertv of the material
and remains unchanged, whether preceded by slow crsck growth or not.

F. SEN Specimens Tested in H2 at Fixed Loads

Slow'craek growthirates of SEN specimens of alloy C in 15 psig H2_
.were measured with_the'traversing'microscope at‘uumerous stress iutensitv
levels.aud at three*different temperaturesf These results are plotted
in'Fig.v3.‘ Although the curves for the three:temperatures appear to'beo
nearly_parallel, the slopes increase slightly as the temperature ihcresses._

At room temperature, the slopes correspond to a relationship of

da 2.5
K .

If the thermally activated process is assumed to be-of the Arrhenius
type, i.e.

da _ , -Q/RT
'dt'—'Ae ‘

Lhcn the acLLvatlon energy Q can be computed from the slope of the curve
.for log a%-versus l/T at a spec1fic stress 1nten31ty level At XK'= 50

1/2, an activation energy of 10,100 * 250 cal/g—atom was obtained

_ ski—in.
“as shown in Fig. L, At higher stress 1ntens1ty levels, hlgher values

of-Q were found because at the higher crack growth rates adiabatic
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heating in the plastic zone possibly results in a shift in the embrit-

tling mechénism. Although Q may have a slightly lower value for K below

.50 ksi—in.l/g,'the value.ofo = lO,lOQ cal/geatom will be considered

most_representative'of the activation energy of the slow crack growth.
of alloy C around room température,v
- The slow crack growth of .one of the alloy_C_Spécimens in H

- was
2.

'-mqhitored with stress wave emission (SWE) equipment. From the stress

“wave emitted each time the crack advances, it is determined that the o

crack gfowth was_discgntiﬁuous, separated by short secondary incubation

“periods. This discontinuous nature. of slow crack growth has also been

. found in high-strength martensitic steels that were cathodically charged

or tested in distilled water.22’23
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IV. DISCUSSION

A.. Cathodically Charged Versus Gaseous Hydrogen Embrittlement

iP steélvspecimen tensile tested in 15 psig Hé (éee Tabié IV)
has'agﬁrgximafély fhe same loss of. ductility as a sﬁecimén cathodicélly
' charged abouf 45 minutes in electrolyte B. Testsvon the alloy 43k0,
however, show that with_a tempered mafteﬁéitic steel, the H2 environment
resulfé in‘much.léss loss of duectility than the éathodic charge, as
shown 'in‘_Table IV. Remember that this cathadic charge 1s severai orders
of magnitude mofe se&ere than fhat uééd in convenfional ﬁ. E. tests on
tempered martensific‘steels.2’20
A plausiblé exélahation of the.observed differgncés in.behaviof
-between.tensile specimens of.TRIP steel and tempered martensite is based
upon the fact fhat the hydfogen-diffusivity in fcc is about foﬁr orders
éf magnitude slower thaﬁ-that.iﬁ bee. During‘éathodic'charging of the
austenitic TRI? steel, dnly'fhe éurface layer builds upon hydrogen.
'HenCé, ﬁhenva'TSfafts-to form:during the.tensilé test,'oﬁly fhé a' in
:tﬁe sﬁffacg léyef becomeé'embrittled;  This emﬁrittlement is first
evidenéed'ﬁy miérééraéks forming‘ét the embrittled o plétes followed
by the coaléscence of these microcracks into a macrocréck, thus resulting
in slow crack growth from the surfaée inward. If the a; beiow,the surfacé

contains an insufficient hydrogen concentration, the cracking'will'Stop,

_leaving'crqcks only in the surface layer. In TRIP steel»tensilé specimens

if theAcathgdic' charge is éevere'enoﬁgh, slow'érack growth will prégress
far énough as to aépfeciabiy reduce thé efféctive load carrying crdss
sectional area. VThis causes a higher stress on;the remaining material
‘resulting in a prematuﬁe but ductile failure which precludées much of the

usual elongation derived from the TRIP'proéess.

L
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On.ﬁhe other hand, for- the témbered ﬁartensitic Steel in which
_hjdrégen diffusionvis réiatively rapid,:the cathodic chafging-proéedure
__eaéily_and éuickly supplies hydrogén thrdughout‘the specimen. A hShO
steel .charéed 5 ‘minutés' in 4% HQS‘O); with g‘pho‘sp'_horus :ﬁoison at 0.01
.a@p/in.g (two orders of magnitude less thén that usédsin this invéstigaf
'tion)'xesﬁlﬁs in considerabl_elembriftlenient.2 -Thus; the se#ere embfittle—
ment rééulting frém a 60 minutévcharge in’eleétroly#e B'(9.h% Hgsoh)‘af
_l._2v.‘a;mp/in.2 of the”HBMO specimén shown in Tabie'IV is not surpfising._

Speciméns fesfed ian Uadsorb hydrogen ontd their sgrfaces féllowed

by at least some degree of shdrt range diffusion inward, Oriani]_'3

2

v’sﬁggesté that the adSorption of hydrogen ﬁpon a clean metal surfaée
 re$ults in.a full monolayer ofkatomic hydrogen on' the surface and that
'theICOncéntration of hydrogén drdps'off'sharply in’disténce inward
_from fhéﬁ$urfécé. 'If the»time invélved, hydrogen‘diffusifify, and
driviﬁg férce (chcentrafion aﬁd/or stress gradienté) are greater enoﬁgh;'
loﬁg‘rahge diffusion mﬁy'bé COhsiderabié. But becauéevof the relativéiy
lQW hydrogeh diffusi&ity‘iﬁvauStenite, it is quite probable that for
TRIP sfeel‘specimens in.Hz_oﬁly thg materiai-Very near the surface would
confain felatively high concénﬁrations Of hydrogen. As with the cathod-
ically»chéfged spécimen'ﬁhen ﬁhe &' beginé to'formxduring thg tensile |
test, only the o' ne;ar the‘surface. is émbrittlé_d. Thus, one would |
exp§¢t and;indeed finds_that the-resulting propertieS’of this speéimgn
are simiiar to-thosé Qf é $pecimen that had been cathodically charged.
- Comparison bf,theffraétureVSuffaces 6f TRIP steel tensiie épgciméns
répfesenting both modeéléf hydrogen enfry'verifiés ﬁhat in each case'

slow crack growth originated at the surface.
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" For TRIP steel SEN gpecimens tested in H , the surface 1ayér at the
crack tip always contains a relatively high concentration of hydrogen.

With the application of a tensile load on the SEN specimen, a plastic

'niﬁg o' is formed ahead of-the.crack tip. Since tﬁis parti-
cular-Tﬁiﬁlsteel is relatively unstable at rooﬁ temperature, the_volume
fraction of martensite near the crack tip approaghes uniﬁy.2h Thérefore,
. the strain-induced mertensite at the crack tip is quite likely to form

a continuous network as it appears in Fig. 1 of Ref. 21. Hydrogen in

the crack tip surface layerkdiffuses undef the driving force of a stress
gradient'tﬁrough the a' to the region with the highest triaxial stress
state13’25 (hydrostatic tension) located a short distance ahead of the
crack tip. Microcracksvéloﬁg the o' plates form ih this région. As

the material between the microéfacks fractures, thebmicrocracks édalesce
and connect up with the msain crack. Slow crack growth, therefore,
consists of digcontinuous jumps as the microcracks join the adﬁéncing
main crack. The time between each juﬁp is the observed secondary incu-
bation time. |

Figure 5 consists of scanning electron microscope (SEM) fractographs

of SEN specimens loaded in 15 psig H The fracture surface regions of

e
slow crackvgrowth as shown in Fig. 5 appear very_siﬁilar to regions of
slow-créck growth in TRIP sfeel tensiie specimens'that.were céthodically
'charged or thaf Were ﬁesteq in H2. | |
A teﬁtative explénation is now offered as to why the cathodically

charged TRIP steel SEN’specimens failed to exhibit significant slow

crack growth as was exhibited by the SEN specimens tested in H2.'
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Followiﬁg-g.cathodic chgrge, éniyithe'sﬁfface 1aygr'and thé'area ahead
of thelérack tip contain‘a ieiéti&ély\high conéehtratibn of hydroéen.
‘The area ahead of the crack tip contalns a hlgher hydrogen concentratlon
.because of a small amount of marten51te formed in thlS region durlng
fatlgue_precracklng prior to charg;ng.zl When a charggdstN‘spe01men
.is lbaded,in tension, the a' formed in_the sﬁfface lgyer and shead of
fhe cfack tip is embrittled whiéh:results in surface craéks and a_slight
.extensiop bf fhe main'crackg Unlike a specimen tesfed in H2 whiéh has
.ah:abundanf supply ofvhydrogén dlways available_ét the‘crack tip, é'

: chérged spegiﬁen has a very limited hydfogenvsupply; Besides the fact .'
'f-that_the éréckvgfows ou£ of.the regiqn of higher hydrogen'conteht after
some-iniﬁial cracking, the Stress gradient in the materialvnear thev 
érécked a':plates at the crack tip is greatly reduced. Hence, the’
hydrogen cohtained in'this maﬁeriai‘has a much smaller afiving force'
for'diffusion inward ahead ofvthe crack tip. Beéause,of'these effeéts;
'not’enqﬁgh'hydrogen canvbuild up in thé“fééion'of maxiﬁum ﬁriaxiaiify
tb resuitkin‘the further embrittlement of the a'_and.further slow craqk
growth is impossible. | |

'B. Comparison of a Phénbmenological:Expression for -
Crack Growth.Rate-with Experimental Results

Gerberlch, et 1.22 23,26 investigated the crackvgrowth process in

‘SEN_spec;mens‘of a‘hlgh-stréngth tempered marfensitic steel tesﬁed in_thé
’céthodicaliy charged”condition .in”distilled watér and in combination,'
From SWE analy51s coupléd with fracture mechanics they developea a

model for. the crack growth process c6n31st1ng of. dlscontlnuous steps, 

each with an average jump size of
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‘,Q\E_.j(Ku— K_. 12

o o 'm:_f ¥ en-qysééif : | (3
whéfe
_ :2\%vé»£ﬁé%}éticél ¢fack.tip aisplacément"
€p 7 ffdéture stréip |
Kgcg = thréshold stress inteﬁsiﬁy.factor for slow crack growth
'q&8.= tenéile yield étféss | |
E = modulus of elasticity

Also the_time between stress waves or‘crack Jumps, the secondary incu-
bation time, Ats, was found to remain nearly constant. Assuming the
vdiffusion of hydrogen from one crack site to the ﬂext_is the controlling

a7

mechanism, then

ot~ S - . W
_ where - :
d ='cleévage-fécet size
Y_ID = hyd£6géh.diffusi§ityv¥.Doe-Q/RT
= a constant |

c

‘ThuS'the crack growth,ratecan~be appréximétéd by -

. - 2
da _ 1% (K ~ Kscg) D : S c (5) S
LA Aty org Ee,Cde o
: ys f :

To test this crack growth rate_equation againsﬁ'the experimental'
‘results obtained for TRIP steel SEN specimens tested in H, in this
investigation as shown in Fig. 3, the following values were used in

Eq.’ (5).
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.k .= 25aksi-in.l/2
o scg -
|0, = 220 ksi (from Table IT)
E=30 10° psi |
ep ™0l |
= 3.2 x 10-7_cm2/sec:(for martensitic steel at room temperature
» o ffomiﬂobson28)
2 25 % 1of8 in.?

. stress intensity of about 10 ksi-in.

cd
| Prior to calculation, it is approp¥iate to diécuss thé bases of
these choiées. :Fifst, copgidér thé'tﬁreghold.sfress intehsity, Kscg'
Undefalimited—fime condiﬁions of_thevpresent investigati¢n, no'leW'

1/2

érack'growth-was observed for stresé intensity levels below 40 ksi-in.”™" %,

 On the other hand, a similar TRIP steel26 was found to have a threshold

under fatigue conditions. There--

1/2

.fore, an estimate of 25 ksi-in.”’ © for static loading conditions wbuldq
e a.reasonable‘first appro#imation,‘v

Considering the fracture ductility, the value for the TRIP steel
in Table IV is seen to be similar to the 4340 steel when tested in Hy. o
The appropriate Vaiue is the true'fracture strain.af thevtip of the
cragk{ Depeﬁdingvon thé deéree'of plane_strain'conditions,'thié valug

can be about 1/3 to 1/2 of thé tensile situation, or in the case of

the 15 psig test, would raﬁge from 0.095 tovO,lh; _Thet is,

—1 =~
‘1 - R.A.

€ ~ = 1n

f(tensile)

~

E .
f(crack)‘

0.10

w -
Wi+

(6)

,é E With{respect'to'hydrogen‘diffusivity; the value of D as taken from"‘
iqbservations in a totally martensitic Structure_might be high for an

austenite-martensite mixture unless the strain-induced martensite
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‘_répresénté a relatively coﬁtinuoue path for hydrogeh diffusiohvat fhe::_

tip of a‘crack. Ae,mentiqned.earlier;ﬁhe ?olume.fraction of.martenéite

close to'the’crack tip abproaches unify.( Slnce the hydrogen source

would be at and/or behlnd the crack - tlp where the martens1te content

' would be large,-the-present assumptlon of D is not too unreallstlc. of

_¢Ouree,'queeubstantially mo?e steble'meteetable austenites, this analysisj

.'Qoﬁldvrequire modificetion. o | |
Finally,'eﬁ‘exact'value of Cdz'is not possible‘to ascertain.v.Neverf

theless, én,estimafe can be mede based upen the size.of:fracture nucleation

vsites.noﬁed in figB:Sﬁ,-which on the average are ebdgt'hu or 1.57 X 10—h in.

Since the value of the cohstant. C, corresponding to the cathodicaliy-,

charged case can range from two to twenty,26 a value.pf 10 is ﬁsed here

giving cd 25 x 10 -8 in;;g. -

Thege Yaluesvin cenjunctioﬁ'with Eq. (5) give:

' K(ksi—in.l/?) g—-(mlls/mln)”
. : . dt )
60 o _ 3.5
80 . - 8.6
100 161

_'These.p01nts plotted es ¥ in Flg 3 are seen to’ lle’near.the experlmental
‘curve at room temperature. Although the data are about a factor of two
iow compared to‘the observations, slightly different_but plausible
v.choices foer, ef and Cd2 could easilj accountnfor thisvrelatively sﬁell o
7 deviation. The fact that a model deriyed,for eathodieallj charged

steel gave a reasonable correlation to data obtained from gaseous

hydrogen embrittlement was either Very*fortuitous or indicative that
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both gaseous hydrogen and cathodically charged H E mechanlsms are based
upon the bulk dlffu31on of hydrogen.

C. Camparison of Experimental Results
with Other Published Results

This 1nvest1gat10n found an activation energy of 10 lOO cal/g-atom
for ‘the slow crack growth in TRIP steel tested in 15 psig H around
room temperature. This value falls very close to the 9500 to 9800 cal/

25 29 32 as characteristic of

) g~atom range found by other 1nvest1gators
beither hydrogen diffu51on or the measurable quantities related to H E.
'vin high—strength martensitic steels, listed in Table I of Johnson.?0
'MoreOVergifrom measurementsvof the embrittling temperature for TRIP
_steel tensile specimens“tested'at various strain rates, Gold and KoppenaalY
determinedvat activationhenergy of'9900 cal/g?atom.r Also Birat33 has
recentlynreported:an activation energy of lO,EQobcal/géatom for the crack'
growth rate for TRIP steel SEN specimens fatigued in distilled water. .
Thevaetiyation energy for hydrogen diffusion in fccvsteel.has been
reported to be around.l3;000 cal/g-atom.12 Thus, it.is concluded that

the slow crack growth in gaseous hydrogen involves the diffusion of

.'»_hydrogen through the o' phase of the TRIP steel.

19 1nvest1gated the embrittlement of hl30 steel

'Williams and Nelson
by low;pressure gaseous hydrogen. They explaln their results by ‘means
:of an. adsorpt1on mechanism for the slow crack growth in which hydrogen
vadsorption is the rate controlling:step; vMoreover, they state, ", ._Q_no
bulk_hydrogen difquion.isvrequired_for gaseous hydrogen“embrittlement;

Therefore, no 'incubation time' should'be'requiredffor gaseous hydrogen -

embrittlement." However, Gerberich.and_Hartbower23 found from SWE



-

Studies of cathodicélly.chéfééd'maftensitic steel épééimens Which had
'beeﬁ fatigue precracked that a)‘s;ow crack grow#h was diséontiﬁuOuS'and
b).secqndary»incubaﬁipn fimés-during slow crack growth were not appreciably
 differeht-from-thb}ffiﬁary incubation timé.(prior to slbw crack gfowth).

As described éarliér, the SWE study in this investigation on a TRIP steel

SEN specimén tested'in.H reveagled that the,slow'crack_growth was dis-

2
 ¢ontinuous and‘eihibited secondary incubation times.

- These results'added with the activation.energy obtained in this
study suggest that a bulk transpbrt'mechanism might.be controlling in

the case of gaseous hydrdgen embrittlement, at least in metastable -

austenitic steels.

&
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V. CONCLUSIONS AND SUMMARY
.The concluslons regardlng the H, E. characterlstlcs of TRIPrsteels.
-based upon the experlments in thls 1nvest1gatlon are:
, 1. In the austenltlc state TRIP steels are relatlvely immune to _
H. E. It is the o' phase which,is embrittled.

2. Suﬁsequent to yielding in tensile tests, thé émbrittled ' leads
tq‘ﬁreméture fsilures ﬁhichsexhibitRless elongation as'éither thé'
severity of.the cathsdic charge erfhe H2 pressure is insrsaséd and as
“the strain raté-isAdecréssed. | |

3. In TRIP steel SEN specimens under fixed loads in H , slow crack

2
growth occurs when the stress intensity level exceeds a threshold level
Kscg‘ ofvabout 25 ks:‘L—in.l/2 and the growth rate varies approximately

_as the 2.5 power of K.
Iﬁu‘.Ihe activatioh energy'for.tpis sloﬁ cfack-groﬁth is about
10;600 cal/g~atom, the.approximafé;acfivaﬁion enefg& for hydrogehIdiff
'fusidn‘in a'. . | | |
‘Finally, tRe p?essnt Iﬁvesﬁigstibﬁ sfronglysindicatss'tﬁat"a'H._E.
méchanisﬁ based upon bulk hydfogen diffusion in the o' phase best'explains

“the present data, at least in the case of metastable austenitic steels.
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n " Table I. .ComposiinnS’and Proéessingxiféatments.

Composition, Wt. Percent

‘Processing Treatment

Solution Tempered or
_ Type _ : , : - {Treatment | Quench Warm Rolled
Alloy Steel c Cr Ni Mo Mn Other (°c) Medium (°c)
c TRIP 0.25° 8.8 | 8.3 | 3.7 2.1 | 2.08i | 1175 for Ice Rolled 80%
o : : _ ' ' 1 hr Brine at 425
4340 | Tempered | 0.0 | 0.8 | 1.8 | 0.25| 0.7 | 0.381 | 1000 for | Water | Tempered at 550
' 1/2 hr for 2 hr + 2 hr

Martensite'

-le-

. fﬂ.}

e



Table II. Rooin"I-‘empe_rature'Tehsile Properties.

08—

. - 0.2% Y.S.
 Alloy (ksi)

U.Y.P* U.T.S. " Elong.

(ksi) (ksi) - (%)

~t
DR

C.

43ko P12

219 2ko. : 41
248 - 6.3

Lo

5k

¥J.Y.P. is the stress

at the upper yield point.
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Table. III.
” Tests on SEN Specimens of Alloy C.
.'Cathodic Charge Conditions
. Cross- :

: - Current - - Hp head . Kér
Type Time Density Pressure Speed - _ er 1/2 da 1/2)
Test Specimen |Electrolyte* (min). (amp/in.2) (psig) | (in/min) | (ksi-in.”™" %) | (mils) | (ksi-in.

C-11 0.20 169
C-3 0.0k 166
Air. : :
C-k 0.0k 172
C-17 0.00L 167
_ c-1 A 50 0.125 0.0k4 162
Cathodic ' . _ : ‘
Charge c-2 B 50 0.125 0.04 - 170
C-19 A 60 ‘1.2 0.002 163
C-10 - 30 0.20 169
H, C-16 30 0.00k 133 60 164
c-18 15 0.002 143 55 170

% . . : _ . . —
Electrolyte A consisted of one liter of L4 wt % HoSO) and five drops

dissolved in 10 ml of CS,. Electrolyte B consisted of 2 normal HpSO) (9.4 wt %) with 3 ppm arsenic.

of a poison composed of 0.5 g of white phosthrus



Table IV. Conditions and Results of H. E. Tests on Tensile
' Specimens at Strain Rate of 0.002 Min'l.

 Cathodic Charging | |
Conditions - Room temperature tensile properties
: : : : » Current H2 - -
Type _ Time Density 5 Pressure | 0.2%Y.S. U.Y.P. U.T.S. Elong. R. A.
Test Alloy | Electrolyte | (min) | (amp/in.%) | (psig) (ksi) (ksi) . (ksi) (%) (%)
¢ |- o AU . 225 27 %0.1  36.2
air | k3o | | 0] 209 243 4.8 26.9
Cathodic c B 60 1.2 | e 219 219 5.3 23.5
Charge | 43k0 ‘B 60 1.2 | ; | 56 | 5.3
c | : ' ] 15 215 215 10.5 - 25.0
H, - c - | - b 30 220 220 2.8 15.6
h3ko | : : o ~ 30 205 2k2 2.9 19.2
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'VOLUME PERCENT MARTENSITE
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XBL719-7262

Fig.v 1 Stress-strain curves for TRIP steel tensile specimens with dif-

ferent cathodic charging times in electrolyte B at l.2_amp/in;2.
Strain rate was'O}OOQImin*l. Volume percent o' martersite data

3k

from Bhandarkar.
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Fig. 2 Ductility,ahd temperature rise of TRIP steel tensile specimens

_‘tested in air or in 30 psig,H2_as a function of strain rate.
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Fig, 3 Crack growth rate of TRIP'stéel SEN specihens‘tested,in 15 psi

H2 as a function of K and T.
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XBB 719-4366

SEM fractographs of slow crack growth area of TRIP steel SEN
specimens held under static load in 15 psig H.. In (A), (B),
and (C) fatigue crack region is on the left and slow crack
growth region is on the right. (D) is slow crack growth area
at a higher magnification.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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