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HYDROGEN EMBRITTLEMENT STUDIES OF A TRIP STEEL 

R. A. McCoy and W. W. Gerberich 

Inorganic Materials Research Division, LawrenceBerkeley Laboratory and 
Department of'.Materials Science and Engineering, College of Engineering; 

University.of California, Berkeley, California 

ABSTRACT 

The conditions of cathodic charging, gaseous hydrogen environment, 

and loading for which a TRIP steel mey or may not be susceptible to 

hydrogen embrittlement were investigated. In the austenitic state, 

the TRIP steel appeared to be relatively immune to hydrogen embrittlement. 

It was shown that it is the strain-induced martensitic phase, a', which 

is embrittled. In TRIP steel single-edge-notch specimens under fixed 

loads in gaseous hydrogen, slow crack growth occurs when the stress 

intensity level exceeds a threshold level of about 25 ksi-in .1 / 2 

and the growth rate varies approximately as the 2.5 power of the stress 

intensity level. The activation energy for this slow crack growth was 

found to be about 10,000 cal/g-atom, the approximate activation for 

hydrogen diffusion in martensite. Thus it was concluded that slow 

crack growth in TRIP steel loaded in gaseous hydrogen involves the 

diffusion of hydrogen through the a' phase . 
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+_. :p~~QDIJCTIQN 

High.,.strength Jerrtttc ~d 111artensit:!..c :;>.teel$ a;-e notoriously 

susceptible to hydrogen.,.,induced ;fai:lure~-c-only- called hydrogen 

embri ttlement (H. E. l. Hydrogen can be acquired by these steels rela-

tively easily during steelmaking or processing; or from their environ

ment while in service •
1 

•2 •3 -The mechani.sm by which hydrogen embri ttles 

ferrite and martensite is still in dispute. Also, it is not well under-

stood why austenite is relatively immune to H. E. Because of the wide-

spread commercial use of high-strength steels and because insufficient 

knowledge of the influence of composition, processing, design, and 

environment continues to contribute to service failures, further study 

in the area of H. E. is of special technological importance. 

A new class of potentially useful high-strength steels, TRIP steels 

(TRansformation Induced Plasticity), obtain their high.elongation4 and 

fracture toughness 5 from the strain-induced austenite to martensite 

transformation. In 1969 Dulis and Chandhok6 reported that cathodically 

charged TRIP steel specimens were immune to hydrogen cracking. However 

during that same year, Gold and Koppenaal7 reported that TRIP steels could 

be embrittled under certain conditions of temperature and strain rate. 

At the outset of this study it was hypothesized that in the austenitic 

state, TRIP steels should be relatively immtine to H. E.; whereas, after 

the strain-induced transformation begins, adverse effects might be 

expected. 

Accordingly in this investigation, the following objective was 

sought: The determination and understanding of the conditions 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 experiments were designed and performed using tensile and 

. single-edge-notch (SEN} specimens which had been cathodically- charged 

with hydrogen or mechanically- tested in pure H
2

. 

':• · .. 
·· .. · 
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II. EXPERIMENTAL 

A. Material Selection and Preparation 

The compositions and processing of the steels tested in this inves-

tigation are listed in Table I. The thermomechanical treatment chosen 

8 for alloy C was considered to be optimal for this particular TRIP Steel. 

As .a check on the H. E. test procedures and for a comparison of H. E. 

properties with TRIP steel, alloy 4340, which is a tempered mar-

tensitic steel with yield and ultimate tensile strengths approximately 

equal to alloy C, was also evaluated. 

Tensile and SEN specimens were .machined from ro1led sheets of 

these alloys. Each tensile specimen contained a: gage section 1 in. long, 

1/8 in. wide, and 1/10 in. thick. The SEN specimen was 2 in. x 1 in. x 

1/10 in. with a side notch 0.27 in. long. The pin holes were located 

1/6 in. from the centerline on the notch side, resulting in approximately 

crack line loading. All specimens were longitudinal, i.e., the long 

direction of the specimen was parallel to the rolling direction of the 

material. Prior to hydrogen charging or testing each SEN specimen, a 

fatigue crack about 0.06 in. long was produced at the root of the notch 

by cycling the load on a tension-tension fatigue machine between stress 

intensity levels of 5 to 30 ksi-in. 1 / 2 for about 10,000 cycles. 

B. Fracture Mechanics for the SEN Specimen· 

For the SEN specimen, the relationship between the stress intensity 

factor K, the applied load P, and the specimen dimensions has been 

established by compliance experiments9 and by mathematical stress 

10 analysis procedures.· This expression is: 
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(1) 

where Y = a dimensionless factor which is a function of a/W 

a = crack length 

v = Poisson's ratio 

B - specimen thickness 

W, = specimen width 

If the load is increased until the crack begins to grow, i.e. 

becomes unstable, the critical load P and critical crack length a c c 

determine a critical stress intensity factor K from Eq. (1). Under cr 

dead-weight loading, the specimen would fail catastrophically upon 

reaching K cr At this critical point in the Instron testing machine, 

however, the load simply decreases as the crack grows. For any crack 

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

yield the same value of K as derived from Eq. (1). Thus, K can be used cr cr 

as a relative measure of fracture toughness of a material. As the 

thickness of a ~racture specimen increases, the value of K approaches cr 

the lower limiting value, the plane-strain fracture toughness Krc· 

Because the material near the sur~ace is nearly in a plane-stress con-

dition whereas the midthickness material is approximated by a plane-

strain condition, the measured K will be somewhat higher than the 
cr 

true K1c. However, because the dimensions of all the SEN specimens. 

t.ested iri this investigation were nearly the same, comparison of their 

K values relative to each other appears justified. cr 
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C. Hydrogen Charging Procedures 

Although the term H. E. has most often referred to embrittlement 

of steels containing "internal" or absorbed hydrogen introduced, for 

example, during cathodic charging, it may also refer to embrittlement 

of previously hydrogen-free steels which have been strained or loaded 

in gaseous hydrogen environments. Accordingly, to study H. E. of TRIP 

steels by both modes of hydrogen introduction, the following two 

techniques were employed in this investigation: 

1. Cathodic charging in an acid electrolyte. 

The entry of electrolytic hydrogen from an acid solution into a 

11 steel specimen acting as a cathode can be expressed as 

H+ + Fe + 

~l/2 H2 

e:........Fe-R ~ ads 
Fe•R 

abs 

t +Fe 

(2) 

where Fe-R d refers to adsorbed hydrogen on the metal surface and Fe-H b 
a s a s 

refers to absorbed hydrogen directly beneath the metal surface. The 

absorbed hydrogen atoms or ions occupy interstitial positions in the 

lattice. 12 Under the driving force of concentration and/or stress 

gradients, the hydrogen may diffuse to various locations within the 

13 metal. 

The electrolytic cell used to perform all the cathodic charging of 

specimens in this investigation consisted of a specimen to be charged 

as the cathode, a platinum anode, and a thermometer all immersed in 

an electrolyte. The charging temperature was maintained at the arbitrary 

value of 38°C. The electrolyte was dilute sulfuric acid with or without 

. . ! . . ~ .•. 

'.· .. ,· 
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the addition of a pois~n, either arsenic or white phosphorus.* The 

pois.on addition, the concentration of the acid, the current density and 

the charging time were left as charging variables. 

Because the diffUsivity of hydrogen is about four orders of mag

hft'l,lde less in fcc than in bee stee1,12 cathodic charging is a poor 

technique to introduce hydrogen into the austenitic TRIP steels. As will 

be discussed later, there was evidence that cathodic charging of TRIP 

steel resulted in a sharp hydrogen concentration gradient with a high 

concentration at the surface. Moreover, hydrogen analysis using a hot 

vacuum extraction method failed to indicate any significant increase 

in the average hydrogen content in TRIP steel due to cathod.ic charging. 

Because of these reasons, the major thrust of the investigation was 

turned away from cathodic charging and directed at testing the specimens 

in a pure hydrogen atmosphere. 

2. Mechanical testing in H
2

. 

Only in the last few years have studies of H; E. using a gaseous 

. 14-20 hydrogen env1ronment method been reported. With this method, 

gaseous hydrogen available at the crack tip is adsorbed onto the clean 

surface provided at the stressed crack tip. 20 Thus, the crack tip sur-

face acts. as an immediate and constant source of hydrogen which may 

readily undergo short range diffusion, driven by stress gradients, to 

the area of maximum triaxiality ahead of the crack tip. This manner 

of in:v-est.igating H. E. is not complicated by a number of poorly under-

stood phenomena which enter into electrolytic H. E. tests such as the 

permeation of hydrogen as a function of cathodic charging condition, 

* For the exact concentrations of the acid and poisons used, see the 
results section. 

., .j 
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composition, amount of co~d work, microstructure, etc. of the steel. 

Also avbided by using gaseous H. E. tests is the problem of performing 

an accurate analysis for the hydrogen content. 

For these gaseous H. E. tests, a special Lucite cylindrical chamber, 

2 in. O.D., 4 l/2 in. long, and l/8 in. wall, was constructed with an 

inlet and an outlet for introducing pure, dry hydrogen and purging the 

chamber of air. 0-rings on the specimen grips sealed in gas with pressures 

up to 60 psig* without leaking. Either tensile or SEN specimens could be 

.tested in the chamber. For testing a specimen in hydrogen at a temper

attire other than at room temperature, a steel housing for the Lucite 

chamber was constructed so that during the test the specimen-chamber-housing 

assembly could be immersed in a bath of water chilled or heated to a 

specific temperature. 

D. Mechanical Testing 

To be able to compare relative strength levels and ductilities, sev

eral alloy specimens were tensile tested on an Instron at room temperature, 

at a strain rate of 0.04 min-l These properties are shown in Tabl~ II. 

Additional tensile tests were performed incorporating various combina

tions of the following variables: a) severity of cathodic charge, 

b} testing atmosphere: air or H
2 

at various pressures, and c) strain 

rate. When the yield point on the stress-strain curve was not clearly 

defined, the stress corresponding to 0.2% offset in strain was reported 

as the yield stress. The elongation reported throughout this investi-

gation is total elongation within the l in. gage length. 

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

* psig means gage pressure aboye ambient pressure. 
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were peri'ormed on SEN specimens with a) severity oi' cathodic charge, 

b) testing atmosphere: air or 15 psig H2 , c) strain rates, d) stress 

intensity level, and e) temperature being the variables. 

·. 
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III. RESULTS 

A. CathodicallY Charged SEN Specimens 
Tested at Fixed.Loads 

This phase of the investigation has been reported in detail in an 

1 . bl" t" . 21 ear 1er pu 1ca 1on. In these reported tests as well as in several 

more recent tests, TRIP steel SEN specimens were given cathodic charges 

several orders of magnitude more severe than conventional cathodic 

2 20 charges. ' Subsequent to cathodic charging and cadmium plating, 

each specimen was held at a constant load corresponding to 80% K for · cr 

about 8 hours. In 13 tests on TRIP steel specimens, there were no 

instances of hydrogen-induced, delayed, brittle failures nor appreciable 

slow crack growth. 

Metallographic examination of the H. E. tested SEN specimens did, 

however, reveal a crack network near the specimen surface and within the 

21 plastic zone, shown in Fig. 2 of McCoy, et al. This C-shaped network 

extended about 0.05 in. ahead of the fatigue crack. After etching, it was 

evident that the cracks followed along paths of martensite plates formed 

during loading. This observation supports one of the initial hypotheses 

of this investigation that while the a' martensite can be hydrogen em-

brittled, the surrounding austenite cannot. Near the midthickness of the 

specimens , the amount of cracking occurring in the hydrogen-bearing 

martensite was far less than at the surface. This ~maller amount of 
' . 

cracking at the center may be due to a smaller amount of martensite and/or 

to a lower level of hydrogen concentration. 
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B. Cathodically Charged SEN Specimens 
Tested Under Pynamic Loading 

Charged and uncharged SEN specimens of alloy C were tested in the 

Instron at various crosshead speeds, as shown in Table III. If H. E. 

were occliff:-ing during the test, subcritical slow crack growth would be 

expected •. '.Hence at slow crosshead speeds, the crack would grow and 

lower the apparent K which was calculated using the maximum load for 
cr . 

P and the initial crack length for a in Eq. (1). This initial crack 
c c 

length was measured at the midthickness after fracture and included a 

plastic zone of 0.04 in. However, the results showed no appreciable 

drop inK for the charged specimens, indicating that no slow crack 
cr 

growth due to an embrittling process had occurred. 

c. Cathodically Charged Tensile Specimens 

Tensile specimens of alloy C and of 4340 ~ere charged in electrolyte 

B (2 normal H
2
so4 with 3 ppm arsenic) at 1.2 amp/in. 

2 
for one hour and 

subsequently tensile tested at room temperature. The resulting tensile 

properties are shown in Table IV. Figure 1 shows that the embrittlement 

in the cathodically charged TRIP steel tensile specimens is evidenced as 

premature failure which curtails the elongation usually gained by the 

TRIP spenomenon. The basic ductility of the steel as measured by the 

R. A., however, remains nearly constant at about 60% of the R. A. of the 

uncharged specimens as the charging time increases. Figure l suggests 

that by increasing charging times and hence with a greater amount of 

diffusive hydrogen available, less time is required to build up to the 

critical hydrogen concentration needed for the embrittlement process. 

The cathodically charged 4340 specimen failed while in the elastic 
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region at a stress level about one quarter of the yield strength. This 

fact added to the negligible elongation and 5% reduction of area demon-

strates clearly the effectiveness and severity of the cathodic charging 

procedure. 

To determine whether the cathodic charging procedure produces any 

permanent structural damage to the specimen, two specimens of alloy C 

were charged in electrolyte B for 6 1/2 hours at 1.2 amp/in. 2 . Before 

testing, one specimen was baked 16 hours at 200°C. Then both specimens 

were tensile tested at a strain rate of 0.002 min -l.. The unbaked specimen 

was embrittled after an elongation of 2.5% and R. A. of 20%. Notably 

different, however, was the baked specimen with the ductility expected 

of an uncharged specimen: elongation of 42% and R. A. of 38%. Appar-

ently the baking process removed all of the damaging hydrogen. Demon-

strated also was that the H. E. was reversible and the charging procedure 

caused to permanent structur.al damage to the specimen. 

D. Tensile Specimens Tested in H
2 

Tensile specimens of alloy C were tested in air and in 30 psig H2 

at various strain rates and the resulting ductility and temperature rise 

due to adiabatic heating are shown in Fig. 2. When tested at slow strain 

rates in H
2

, the loss of ductility was quite severe--a loss of elongation 

of 94% and a loss of R. A. of 57% relative to the same test run in air. 

E. SEN Specimens Tested in H
2 

Under Dynamic Loading 

The conditions and results of testing SEN specimens of alloy C in 

hydrogen at several strain rates are shown in Table III. While at the 

fast crosshead speed, there was no drop in the K 
cr At slower crosshead 
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speeds, however, there was a significant drop in the K indicating · cr 

that slow ernck growth had occurred. An approximate value for the slow 

crack growth D.a was measured using a traversing microscope during the 

test. Calculating K' based upon the i:hi tial crack length plus D.a resulted 
cr 

in values close to the K of the other specimens which deomonstrated no cr 

slow crack gi-owth. Thus it appears that the critical stress intensity 

factor for.unstable rapid crack growth is a basic property of the material 

and remains unchanged, whether preceded by slow crack growth or not. 

F. SEN Specimens Tested in H
2 

at Fixed Loads 

Slow crack growth. rates of SEN specimens of alloy C in 15 psig H
2 

were measured with the traversing microscope at numerous stress intensity 

levels and at three different temperatures. These results are plotted 

in Fig. 3. Although the curves for the three temperatures appear to be 

nearly parallel, the slopes increase slightly as the temperature increases. 

At room temperature, the slopes correspond to a relationship of 

If the thermally activated process is assumed to be of the Arrhenius 

type, i.e. 

da = Ae-Q/RT 
dt' 

then the activation energy Q can be computed from. the slope of the curve 

. for log ~~ versus 1/T at a specific stress intensity level. At K = 50 

ski-in. 112 , an activation energy of 10,100 ± 250 cal/g-atom was obtained, 

as shown in Fig. 4. At higher stress intensity levels, higher 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 shif't in the embrit-

tling mechanism. Although Q mey have a slightly lower value for K below 

50 ki'd-in. 112 , the value of·Q = 10,100 cal/g-atom will be considered 

most representative of the activation energy of the slow crack growth 

of alloy C around room temperature. 

The slow crack growth of. one of the alloy C specimens in H
2 

was 

monitored with stress wave emission (SWE) equipment. From the stress 

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

crack growth was discontinuous, 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 Chare;ed Versus Gaseous Hydrogen Embrittlement 

i>r~1P steel specimen tensile tested in 15 psig H
2 

(see Table IV) 

has apprbximately the same loss of ductility as a specimen cathodically 

charged about 45 minutes in electrolyte B. Tests on the alloy 4340, 

however, show that with a tempered martensitic steel, the H2 environment 

results in much less loss of ductility than the cathodic charge, as 

shown in Table IV. Remember that this cathodic charge is several orders 

of magnitude more severe than that used in conventional H. E. tests on 

tempered martensitic .steels. 2 ' 20 

A plausible explanation of the observed differences in.behavior 

between tensiJe specimens of TRIP steel and tempered martensite is based 

upon the fact that the hydrogen diffusivity in fcc is about four orders 

of magnitude slower than that in bee. During cathodic charging of the 

austenitic TRIP steel, only the surface layer builds upon hydrogen. 

Hence, when a.'' starts to form during the tensile test, only the a.' in 

the surface layer becomes embrittled. This embrittlement is first 

evidenced by microcracks forming at the embrittled a.' plates followed 

by the coalescence of these microcracks into a macrocrack, thus resulting 

in slow crack growth from the surface inward. If the a.' below the surface 

contains an insufficient hydrogen concentration, the cracking will stop, 

leaving cracks only in the surface layer. In TRIP steel tensile specimens 

if the cathbdic charge is severe enough, slow crack growth will progress 

far enough as to appreciably reduce the effective load carrying cross 

sectional area. This causes a higher stress on the remaining material 

resulting in a premature but ductile failure which precludes much of the 

usual elongation derived from the TRIP process. 
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On .the other hand, for the tempered martensitic steel in which 

hydrogen diffusion is relatively rapid, the cathodic charging procedure 

easily and quickly supplies hydrogen throughout the specimen. A 4340 

steel charged 5 minutes in 4% H2so4 with a phosphorus poison at 0.01 

amp/in. 2 (two orders of magnitude less than that used in this investiga

tion) results in considerable embrittlement. 2 Thus, the severe embrittle-

ment resulting from a 60 minute charge in electrolyte B (9.4% H
2
so4) at 

1.2 amp/in. 2 of the 4340 specimen shown in Table IV is not surprising. 

Specimens tested in H2 adsorb hydrogen onto their surfaces followed 

by at least sortie degree of short range diffusion inward. Oriani13 

suggests that the adsorption of hydrogen upon a clean metal surface 

results in a full monolayer of atomic hydrogen on the surface and that 

the concentration of hydrogen drops off sharply in distance inward 

from the surface. If the time involved, hydrogen diffusivity, and · 

driving force (concentration and/or stress gradients) are greater enough, 

long range diffusion may be considerable. But because of the relatively 

low hydrogen diffusivi ty in austenite, it is quite probable that for 

TRIP steel specimens in H
2 

only the material very near the surface would 

contain relatively high concentrations of hydrogen. As with the· cathod-

ically charged specimen when the a.' begins to form during the tensile. 

test, only the a' near the surface is embrittled. Thus, one would 

expect and indeed finds that the resulting properties of this specitnen 

are similar to those of a specimen that had been cathodically charged. 

Comparison of the fracture surfaces of TRIP steel tensile specimens 

representing both modes of hydrogen entry verifies that in each case 

slow crack growth originated at the surface. 
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For TRIP steel SEN specimens tested in H2 , the surface layer 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 
~''; .·: ···. 

zone cdn't:l3,±ning a.' is formed ahead of the crack tip. Since this parti-

cular TRIP'steel is relatively unstable at room temperature, the volume 

fraction of martensite near the crack tip approaches unity. 24 Therefore, 

the strain-induced martensite 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 layer diffuses under the driving force of a stress 

gradient through the a.' to the region with the highest triaxial stress 

state13 ,25 (hydrostatic tension) located a short distance ahead of the 

crack tip. Microcracks along the a.' plates form in this region. As 

the material between the microcracks fractures, the microcracks coalesce 

and connect up with the main crack. Slow crack growth, therefore, 

consi.sts of discontinuous jumps as the microcracks join the advancing 

main crack. The time between each jump is the observed secondary incu-

bation ti:me. 

Figure 5 consists of scanning electron microscope (SEM) fractographs 

of SEN specimens loaded in 15 psig H2 . The fracture surface regions of 

slow crack growth as shown in Fig. 5 appear very similar to regions of 

slow crack growth in TRIP steel tensile specimens that were cathodically 

charged or that were tested in H
2

. 

A tentative explanation is now offered as to why the cathodically 

charged TRIP steel SENspecimens failed to exhibit significant slow 

crack growth as was exhibited by the SEN specimens tested in H
2

. 
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Following a cathodic charge, oniY'.the surf'ace la,ye,r and the area ahead 

of the crack tip contain a xelatiyel~ high concentration of hydrogen. 

The area ahead of the crack tip contains a higher hydrogen concentration 

because of a small amount o~ martensite ~armed in this region during 

. 21 
fatigue precracking prior to charging. When a charged SEN specimen 

is loaded in tension, the a' ~ormed in the surface layer and abead of 

the crack tip is embrittled which resUlts in surface cracks and a slight 

extension of the main crack. Unlike a specimen tested in H2 which has 

an abundant supply of hydrogen always available at the crack tip, a 

charged specimen has a ve'IfY lilni.ted hydrogen supply. Besides the fact 

that the crack grows out of the region of higher hydrogen content after 

some initial cracking, the stress gradient in the material near the 

cracked a' plates at the crack tip is greatly reduced. Hence, the· 

hydrogen contained in this material has a much smaller driving force 

for diffusion inward ahead of the crack tip. Because o~ these effects, 

not enough hydrogen can build up in the region of maximum triaxiality 

to result in the ~urther embrittlement of the a' and ~urther slow crack 

growth is impossible. 

B. Comparison of a PhenomenologicalExpression for 
Crack Growth Rate with Experimental Results 

G b. . h t l 22 •23 •26 . t' t d th h . er er~c , e a . · ~nves ~ga e . e crack growt process ~n 

SEN specimens of a high-strength tempered martensitic steel tested in the 

cathodically charged condition, in distilled water, and in combination. 

From SWE analysis coupled with fracture mechanics they developed a 

model ~or the crack growth process consisting of discontinuous steps, 

each with an average jump size of 
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2 v - the'Oretical crack tip displacement 
c 

e:f = fracture strain 

K = threshold stress intensity factor for slow crack growth 
scg 

a = tensile yield stress ys 

E - modulus of elasticity 

(3) 

Also the time between stress waves or crack jmnps, the secondary incu-

bation time, 6t , was found to remain nearly constant. Assmning the 
s 

diffusion of hydrogen from one crack site to the next is the controlling 

mechanism, 27 then 

where 

d = cleavage facet size 

D = hydrogen diffusivity 

c = a constant 

6t 
s 

= 

D 

D e-Q/RT 
0 

Thus the crack growth rate can be approximated by 

da R-* 
dt = 6t = 

s 

(K -

21T a ys 

K )2 
scg D 

To test this crack growth rate equation against the experimental 

results obtained for TRIP steel SEN specimens tested in H
2 

in this 

investigation as shown in Fig. 3, the following values were used in 

Eq •. ( 5). 

(4) 

(5) ' . 
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K ~ ·. sJ.-J.n. scg 
25 k . . 112 

a = 220 ksi ys (from Table II) 

E 30 
6 = 10 psi 

€f ~ 0~1 

D = 3.2 x 10-7 cm2/sec (for martensitic steel at room temperature 

28 from Hobson ) 

Prior to calculation, it is appropriate to discuss the bases of 

these choices. First, consider the threshold stress intensity, K . · scg 

Under limited-time conditions of the present investigation, no slow 

' b d f t . t •t 1 1 b 1 40 k ; . l/2 crack growth was o serve or s ress J.n ensJ. y eve s e ow sJ.-J.n. • 

26 ' 
On the other hand, a similar TRIP steel was found to have a threshold 

stress intensity of about 10 ksi-in. 1
/ 2 under fatigue conditions. There-

f ~ t· t f 25 k · · 112 f t t· 1 a· a·t· ld . ore, an es J.ma e o sJ.-J.n. or s a J.C oa J.ng con J. J.ons wou 

he a reasonable first approximation. 

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 H
2

. 

The appropriate value is the true fracture strain at the tip of the 

crack. Depending on the degree of plane strain conditions, this value 

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

the 15 psig test, would range from 0.095 to 0.14. That is, 

1 1 c. · ~-c. ~-ln 

f (crack) · 3 f (tensile) 3 1 - R.A. ~· 0.10 
1 (6) 

With respect to hydrogen diffusivity, the value of D as taken from 
. ~ .· 

observations in a totally martensitic structure might be high for an 

austenite-martensite mixture unless the strain-induced martensite 
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represents a relatively continuous path for hydrogen diffusion at the 

tip of a crack. As .mentioned earlier the volum.e fraction of .martensite 

close to the crack tip approaches unity. Since the hydrogen source 

would be at and/or behind the crack tip where the .martensite content 

would be large, the present assu.mption of D is not too unrealistic. Of 

course, for substantially more stable metastable austenites, this analysis 

would require modification. 

Finally, an exact value of Cd2 is not possible to ascertain. Never-

theless, an estimate can be made based upon the size of fracture nucleation 

sites noted in Fig. ,5i), which on the average are about 411 or 1.57 x 10-4 in. 

Since the value of the constant, C, corresponding to the cathodically 

26 charged case can range from two to twenty, a value of 10 is used here 

. . Cd2 
g~YJ.ng 10

-8 . ...:2 
~ 25 x 1n. 

Thel3e values in conjunction with Eq. (5) give: 

K(k . . 1/2.) sJ.-J.n. . 

60 

80 

100 

da ( "1 I . ) .· .· dt ml. s ml.n 

3.5 

8.6 

16.1 

These points plotted as * in Fig. 3 are seen to lie near the ex:pe:rimental 

curve at room temperature. Although the data are about a factor of two 

low compared to the observations, slightly different but plausible 

2 choices for D, £f and Cd could easily account for this relatively small 

deviation. The fact that a model derived. for cathodically 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. mechanisms are based 

upon the bulk diffusion of hydrogen. 

C. Comparison of Experimental Results 
with Other Published Results 

This investigation found an activation energy of 10,100 cal/g-atom 

for the slow crack growth in TRIP steel tested in 15 psig H2 around 

room temperature. This value falls very close to the 9500 to 9800 cal/ 

g-atomrange found by other investigators25,29- 32 as characteristic of 

either hydrogen diffusion or the. measurable quantities related to H. E. 

. 20 
in hi~h-strength martensitic steels, listed in Table I of Johnson. 

Moreover, from measurements of the embrittling temperature for TRIP 

steel tensile specimens tested at various strain rates, Gold ~d Koppenaal7 

determined at activation energy of 9900 cal/g-atom. Also Birat33 has 

recently reported an activation energy of 10,200 cal/g-atom for the crack 

growth rate for TRIP steel SEN specimens fatigued in distilled water. 

The activation energy for hydrogen diffusion in fcc steel has been 

. 12 reported to be around 13 ,000 cal/ g-at om. Thus, it is concluded that 

the slow crack growth in gaseous hydrogen involves the diffusion of 

hydrogen through the a 1 phase of the TRIP steel. 

Williams and Nelson19 investigated the embrittlement of 4130 steel 

by.low-pressure gaseous hydrogen. They explain their results by means 

of an adsorption mechanism for the slow crack growth in which hydrogen 

adsorption is the rate controlling step. Moreover, they state, " .•. no 

bulk hydrogen diffusion is required for gaseous hydrogen embrittlement. 

Therefore, no 'incubation time' should be.required for gaseous hydrogen 

embri ttlement." However, Gerberich and Hart bower 23 found from SWE 
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studies of cathodically charged martensitic steel specimens which had 

been fatigue precracked that a) slow crack growth was d:j.scontinuous and 

b) secondary incubation times during slow crack growth were not appreciably 

different from the· primary incubation time (prior to slow crack growth) • 

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

SEN specimen tested in .H2 revealed that the. slow crack growth was dis-

continuous and exhibited secondary incubation times. 

These results added with the activation energy obtained in this 

study suggest that a bulk transport mechanism might be controlling in 

the case of gaseous hydrogen embrittlement, at least in metastable 

austenitic steels. 

.•'-i 

' ' 
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Y. CONCLUSIONS AND SUMMARY 

The conclusions regarding the H. E. characteristics of TRIP steels 

·based upon the experiments in this investigation are: 

l. In the austenitic state, TRIP steels are relatively immune to 

H. E. It is the . a' phase which is embrittled. 

2. Subsequent to yielding in tensile tests, the embrittled a' leads 

to premature failures which exhibit less elongation as ~i ther the 

severity of the cathodic charge or the H2 pressure is increased and as 

the strain rate is decreased. 

3. In TRIP steel SEN specimens under fixed loads in H
2

, slow crack 

growth occurs when the stress intensity level exceeds a threshold level 

K of about 25 ksi-in. 1/ 2 and the growth rate V?-ries approximately 
scg 

as the 2. 5 power of K. 

4. The activation energy for this slow crack growth is about 

10,000 cal/g-atom, the approximate activation energy for hydrogen dif-

fusion in a 1 
• 

' Finally, the present investigation strongly indicates that a H. E. 

mechanism based upon bulk hydrogen diffusion in the a' phase best explains 

the present data, at least in the case of metastable austenitic steels. 
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Table I. Compositions and Processing Treatments. 

I 
Composition, Wt. Percent Processing Treatment 

Solution Tempered or 
Type Treatment Quench Warm Rolled 

Alloy Steel c Cr Ni Mo Mn Other (°C) Medium (OC) 

c TRIF' 0.25 8.8 8.3 3.7 2.1 2.0Si 1175 for Ice Rolled 80% 
l hr Brine at 425 

434o· Tempered 0.40 0.8 1.8 0.25 0.7 0.3Si 1000 for Water Tempered at 550 
Martensite l/2 hr for 2 hr + 2 hr 
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I 
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Table II. Room Temperature Tensile Properties. 

" 0.2% x.s. U.Y.P* U.T.S. Elong. R.A. 
Alloy (ksi) (ksi) (ksi) (%) (%) 

c 219 240 41 54 
.. 

4340 ; .212 248 6.3 42 

*U.Y.P. is the stress at the upper yield point. 
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Table III. Conditions and Fesults of Dynamic H.E. 
Tests on SEN Specimens of Alloy C. 

Cathodic Charge Conditions 
Cross~ 

Current H2 head K Type Time Density Pressure Speed cr 
Test Specimen Electrolyte* (min) (amp/in. 2 ) (psig) . (in/min) (k . . 1/2) s:L-J.n. 

C-11 0.20 169 

C-3 0.04 166 
Air 

c-4 0.04 172 

C-17 0.004 167 

C-1 A 50 0.125 0.04. 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 

H2 C-16 30 0.004 133 

C-18 15 0.002 143 

. 
' 

!J.a 
(mils) 

60 

55 

OL 

' 

K' cr 
(k . . 1/2) SJ.-J.n. 

164 

170 

I 
1\) 
\0 
I 

* Electrolyte A consisted of one liter of 4 wt % H2S04 and five drops of a poison composed of 0.5 g of white phosphorus 
dissolved in 10 ml of cs2 . Electrolyte B consisted of 2 normal H2S04 (9.4 wt %) with 3 ppm arsenic. 
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Type 
Test Alloy 

c 

Air 4340 

Cathodic c 

Charge 4340 

c 

H2 c 

4340 

Table IV. Conditions and Results of H. E. Tests on Tensile 
Specimens at Strain Rate of 0.002 Min-1 . 

Cathodic Charging 
Conditions Room temperature tensile properties 

Current H2 
Time Density 

2 Pressure o.2%Y.s. U.Y.P. U .. T.S. Elong. R. A. 
Electrolyte (min) (amp/in. ·) (psig) (ksi) (ksi) (ksi) (%) (%) 

225 247 40.1 36.2 

209 243 4.8 26.9 

B 60 1.2 219 219 5.3 23.5 

B 60 1.2 56 5·3 

15 215 215 10.5 25.0 

30 220 220 2.8 15.6 

30 205 242 2.9 19.2 
-------------

.. . .( .. . ' 

I 
w 
0 
I 
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Fig. l Stress-strain curves for TRIP steel tensile specimens with dif-
... 

ferent cathodic charging times in electrolyte Bat 1.2 am.p/in.
2

. 

--1 Strain rate was 0.002 min . Volume percent a' martensite data 

from Bhandarkar. 34 



~ 
z 
w 
(.) 

a:o wo 
n. -_w 

. en 
<(-.a: 
a:w 
a: a: 
0~ 
~ 

z<r 
oa: 
-w 
~-n. 
<(::!: 
<!:lw 
;s~ 
...J 
w 

-32-

0 

0 

• 

.6,..----
./ 

A 

I 
/ 

/ 
/6. 

R.A. 
IN AIR 

IN Hz 

0~------------~~------------~~--------~--~-------------J 
10-4 1o-2 ro-1 

STRAIN RATE, MIN-I 

XBL719-726.3 

Fig. 2 Ductility and temperature rise of TRIP steel tensile specimens 

tested in air or in 30 psig H
2 

as a function of strain rate. 
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Fig, 3 Crack growth rate of TRIP steel SEN speci!ens.tested in 15 psi 

H
2 

as a function of K and T. 



-34-

. 200~:------~----~~------~--------r-----~ 

oj-"C"C 

w 
~· 
a: 
:t: ..... 
~ 
0 
a: 
(!) 

·~ 

u 
<£ 
a: 
u 

K, ·. 

KSI-IN 112 

Q 

CAL/G-ATOM 

5L--------~~-----~-----J_---~--------~~------~ 
3.0 3.1 3.2 3.3 3.4 3.5 

INVERSE TEMPERATURE; ~, I03 x°K-I 

XBL719-7266 

Fig. 4 Arrhenius plot for .slow Grack growth of TRIP steel SEN specimens 

tested in 15 psig H
2
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XBB 719-4366 

Fig. 5 SEM fractographs of slow crack growth area of TRIP steel SEN 
specimens held under static load in 15 psig H2 . 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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r------------------LEGALNOTICE--------------------~ 

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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