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INTRODUCTION

The brittleness induced by hydrogen in many structural

alloys, parti cularly at high strength levels, is a prominent and

poorly understood problem.  It is widely encountered, since

hydrogen is a constituent of many natural and industrial environ-

ments. In addition, some of the power generation concepts now

under study, such as CTR, will require a substantial contact be-

tween hydrogen isotopes and structural materials.

The approach to the problem under this contract is on

two levels; the first is to improve the characterization of the

phenomenology of hydrogen-induced cracking in structural materials,

and the second is measurements of the fundamental parameters which

are essential to an interpretation of the cracking mechanism.

Since hydrogen brittleness is closely related to hydrogen trans-

port through the microstructure, a detailed characterization of

the diffus.ivity and solubility behavior in the brittleness temper-

ature range,is essential.

Progress on both levels in 1972-73 is summarized below.
-

FATIGUE CRACK GROWTH IN STEELS IN
· HYDROGEN AND HYDROGEN-OXYGEN MIXTURES

The fatigue crack growth characteristics in 4340 steel

i exposed to hydrogen and hydrogen-oxyge.i mixtures is strongly de-

pendent upon steel strength level, as described in detail in the
t

accompanying report, Mr. Roger Rowland's M.S. thesis. This was
.-

a phenomenological study, designed to improve understanding of the

macroscopic pdrameters which influence hydrogen-induced cracking.
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The primary results and conclusions are listed below.

i) Hydrogen accelerates fatigue' crack growth in quenched

and tempered steels, and.fatigue cracks will initiate at lower

stress intensities.

ii)  The fatigue crack growth behavior in hydrogen is strongly

dependent upon strength level in the 150 to 215 ksi range, with the   :

more severe effects encountered at the higher strength level.

iii) There is a pronounced effect of load frequency upon

fatigue crack growth rates at the higher strength levels, with

faster crack growth rates at the lower frequencies. This is con-

sistent with a model which postulates that hydrogen penetration

ahead of the crack tip by diffusion is a precursor to an increment

of crack growth. There is little if any measurable effect of load

frequency upon fatigue crack growth rates at the lowest strength

level. However, the hydrogen still accelerates fatigue crack

growth in comparison to an inert environment.

iv) Small oxygen additions to hydrogen completely eliminate

the accelerated fatigue crack growth associated with hydrogen at

the two lower strength levels, but only partially so at the_highest

strength level.  This demonstrates that the protective influence

of oxygen is strength level dependent; it is not known at present

if higher oxygen concentrations would provide complete protection

at the higher·strength level, but the evidence in the literature

implies that the answer is no.

v)  It is probable that the protective effect of oxygen re-
0    .--

sults from formation of a film which is not permeable to hydrogen;

on this interpretation, the strength level must influence the film

rupture and re-formation characteristics, presumably because of
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  an influence of strength level upon the local deformation pattern

at the crack tips.

Vi) It is clear that oxygen is inert with respect to fatigue

crack growth in steel; this is in contrast to the situation with

aluminum alloys, where oxygen has been shown to accelerate fatigue

crack growth.

vii)  The deleterious influence of hydrogen persists to lower

strength levels in cyclic loading than static loading.

viii)  Approximate calculations suggest that hydrogen may

diffuse in advance of the crack tip, perhaps to the distance of

the estimated elastic-plastic boundary.

HYDROGEN DIFFUSIVITY AND SOLUBILITY

IN IRON NEAR 300°K

It is suspected that the gradual disappearance of

hydrogen brittleness as the temperature is raised above 300°K is

most probably due to the thermal release of hydrogen from micro-

structural traps, a view which implies that hydrogen trapping is

an essential step in the brittleness sequence. Further, the
-

strain-rate dependence of hydrogen brittleness suggests that

hydrogen transport through the microstructure, perhaps to traps

created by deformation, is an essential step.

Further interpretation and quantification of these  4

concepts requires a detailed characterization.of hydrogen trap-

ping in iron and steels, and that information is just not available.
-

The experimental difficulty is that the hydrogen solubility near

300°K is very low, essentially not detectable by conventional
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techniques.

An initial study of hydrogen-trapping in iron was 1

1 completed during the contrast year 1972-73; this was the Ph.D.

thesis of Mr. A. Kumnick, contained in the accompanying report,

C00-3166-3.  A sensitive permeation technique was used, as

described in last year's report and the accompanying thesis. The

primary conclusions are

i)  Hydrogen trapping is extremely sensitive to the entire

detailed thermal and mechanical processing history of the iron.

This may be connected with the notorious difficulty in reproducihg

hydrogen brittleness and stress corrosion behavior in iron and

steels.

ii) In the Armco Iron HP studied, two types of traps are

induced bydeformation; one type (2) is removed by annealing at

low temperatures in the recovery range, the second (1) does not

appear to be removable by annealing.

iii)  Type 2 traps are associated with some feature of the

dislocation structure produced by deformation; measurements of

the trapped hydrogen concentrations suggests that jogs on disloca-
tions may be the traps.  However, this suggestion can only be -

evaluated from an improved knowledge of the dislocation density

and morphology produced by deformation.

iv)  In agreement with trapping tKeory, the permeation flux

at steady state is not a function of the microstructure or condi-

tion of the material, but is determined solely by the product of
. ..„

the lattice diffusivity and lattice sc,lubility.

i v)  Puzzling anomalies reported in the literature on a
1
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thickness dependence of the diffusivity in annealed iron are

rationalized by the interpretation that all aspects of prior

1

deformation are not removed by annealing, even at very high temDer-

atures. Strong supporting evidence for this view comes from a

comparison of permeation results on samples reduced by rolling

and chemical thinning prior to annealing. The chemically thinned

specimens showed much higher diffusivities after annealing, in

agreement with the concept of deformation induced damage that is

not removed by annealing.

A considerable effort in the past few months has been

devoted to an improved understanding of trapping theory as applied

to permeation experiments. From the analysis of McNabb and

Fosterl, the trapping equations

3CL     3n        2- +N- =D V C ell
3 t      3 t      L   L  '

DL = lattice diffusivity

CL = lattice concentration of diffusing population

N = density of trapping sites

n = fractional occupancy of traps, and

an                                                . (2)at     kcL(1-n) - pn

k = transition probability for motion from lattices
to trap

p = transition probability for motion from trap
to lattice

has an exact Lolution, under permeation boundary conditions:, for
9-

lA. McNabb and P. K. Foster, Trans. Met. Soc. AIME 227 (1963)i

i 618-627.

1
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the measured permeation time lag of  :

j 1  4.  a
1

t   =    D·- -1 3   .    2.8   +    2   -    3    (1+B)    1 n    (1+ B )     .                          (3)

a = jump distance

a = N k/p = trapping parameter

B    =     C Q     k/p    =     .-L   =     "a c t i v i t y"     o f    t r a p    s i t e s1-n

CQ = lattice concentration at input surface of the
permeation membrane

There are several interesting limiting cases of this

equation; it is probable that they can be used to characterize

trapping parameters ,much more accurately than has heretofore been

recognized.

i)  traps sparingly occupied, B << 1, whereupon the experi-

mentally measured effective diffusivity becomes

D    = DL (1+a)-1eff

In this limit D does not depend upon the lattice input concen-eff

tration, and hence should be independent of the charging pressure

or current density. Further, the same effective diffusivi:tyi

should be measured by both absorption and evolution techniques.

This effective diffusivity should vary with temperature

according to

3 1 n D      E      Eeff = _m a b.
3(1/T) k  - ITS F

Em = lattice energy of motion
-

Eb = binding energy to trap

When the trapping parameter is large, the effective activation
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energy will approach the limit

E - E   +Eeff =  m    b

and for small a

E -E + a Eeff =  m     b                                -

ii)  traps heavily occupied, B >> 1, and the experimental

effective diffusivity is now

=        D L         (1        +        ·N)-1Deff
0

which is dependent upon CQ, which in turn is controlled by the

charging pressure or current density. A re-analysis of Kumnick's

data suggests that this is indeed so, and the relation may be

used to estimate the trap density as follows. Rewriting

F    =    e D L 1    ,

o    eff

and when DL/Deff „ 1, as it often is, then

N = 1 CoDL = 1 J°°L3 D 3 Deff eff

J°°  = steady state flux

D    = measured effective diffusivityeff

Both J- and D are measured quantities, and the trap density
eff

may be computed from them.  A furthericonsequence of the CQ

dependence of D is that different effective diffusivities
eff

should be measured by absorption and evolution techniques,-and

this also is apparent in Kumnick's data.

1

The temperature dependence of the effective diffusivity in

1
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this limit is

3 1 n D        E          Eeff m 3N s
3(1/T)  = - E-- C +3N E-0

Es = energy of solution of hydrogen in iron

Again, this has two limits, for 3N >> C 0

E    - Em + Es = Eeff - P

E  = activation energy for permeation

i This is a quite remarkable result, since it sets an upper bound

for an effective diffusion activation energy associated with trap-

i           ping, and that upper bound is dependent only on lattice quantities,

not on the binding energy for trapping.  When C  >> 3N

3N
Eeff s Em + E- Es

0

By appropriate experiments and the use of these various

limiting expressions, a very accurate experimental characteriza-

tion of basic trapping parameters should be feasible.

In more recent experimental work, attention has been

directed to the existence of trapping in the annealed iron -

studied by Kumnick. It could be most helpful to work with an

annealed iron that showed only lattice diffusion, and no trapping.

A somewhat higher purity iron has been obtained, with a different

melting and processing history, and i:r preliminary experiments it

does not show trapping. This iron will be studied further, and a

detailed structural comparison with the iron studied by:, Ku.m:nick

will be undertaken.
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DIFFUSION NEAR A MOVING CRACK

The calculations outlined in last year's Progress Report

 

have been completed. From dimensional analysis, the distance of

  hydrogen penetration ahead of a moving crack should depend on the

ratio D/V, where D is the effective diffusivity and V the crack

velocity.  The exact functional form depends upon the boundary

conditions assumed at the crack surface; thus cases of potential

physical interest were described in the previous report.

Hydrogen penetration of up to several hundred Angstroms

in advance of the crack tip are calculated for reasonable values

of diffusivity and crack velocity.  The diffusivity is the most

difficult parameter to estimate, since the diffusion is occurring

in the plastically deforming region ahead of a crack, and

substantial trapping effects are present. Nevertheless, signifi-

cant. hydrogen penetration is to be expected.

The boundary conditions, i.e., whether hydrogen enters

only at the crack tip or also along the crack flanks, influence

the penetration curves mainly at high concentrations near the

crack tip. The low concentration regjon of the concentration

profile, which corresponds to the deepest penetration, is quite

insensitive to the boundary conditions. This is to be expected,

since the hydrogen which penetrates the most no doubt enters right

at the crack tip.

GAS PHASE PERMEATION SYSTEM

A prototype gas phase permeation system is now in ,operation.
It was constructed to enable permeatic,n measurements to be made

i

i
«
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outside the temperature range in which the electrochemical tech:-

nique is usable.  This is necessary to obtain the lattice permea-

bilities and ;solubilities for the iron and steels under study,

and also to fully explore the temperature limits of the effective

diffusivity described earlier.

The system is also to be used for a study of hydrogen

permeation through austenitic stainless steels, if a satisfactory

technique for removal of the oxide film can be developed. The

present approach is to sputter the oxide film off with krypton

ions, and then vapor deposit palladium before the film can

re-form. Consistent and reproducible results have not yet been

attained. It appears that improved temperature control and

recording capability will be necessary.

TIME ALLOCATION

The principal investigator has devoted 20% of his time

to the project during the academic year, and will continue to do

so for the remainder of the contract year.
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