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INTRODUCTION

The degrading influence of hydrogen upon the mech-

anical properties of many structural alloys continues to be a

major problem. In addition, it is now suspected by many that

hydrogen may be the causative agent in several important cases

of stress corrosion cracking, including austenitic stainless

steels.

The solution to many environmental cracking problems

in structural materials will require a deeper understanding of

the hydrogen brittleness mechanismt   Research under this con-

tract is directed to this goal. Specifically, the phenomenology

of hydrogen-induced cracking is under investigation, and a longer

range study designed to elucidate the mechanism of hydrogen

"trapping" is under study. Progress in specific areas is summar-

ized below.

FATIGUE CRACK GROWTH IN HYDROGEN AND
HYDROGEN-OXYGEN MIXTURES

Crack growth in medium to high strength steels under

static load is greatly eased, i.e., occurs at much lower stress

intensities, if the environment surrounding the crack is hydrogen

gas. This is observed in static crack growth even for hydrogen

pressures far below one atmosphere. It is equally striking that

very small concentrations of oxygen in the gas phase completely

eliminate the embrittling effect of hydrogen. These experiments
.

were conducted in static loading, and the question arises as to

whether or not the same behavior patterns are observed in cyclic

loading. The only previous work in this area, despite its practi-



cal importance, was a paper some years ago by Li and Wei which

indicated, for a single high strength steel, that oxygen was in-

effective in inhibiting the hydrogen accelerated growth of fatigue

cracks. This was interpreted to mean that the alternating plastic

strain at the crack tip prevented formation of a protective oxide

film.

In the current program fatigue crack growth rates are

measured in hydrogen and hydrogen-oxygen mixtures for 4340 steel

heat treated to strength levels ranging from 150 ksi to 230 ksi.

Since environmental effects are in general time dependent, the in-

fluence of load frequencies over the range .05-5 cps is also under

study.

The striking point that has emerged is that the ability

of oxygen to eliminate hydrogen-catalyzed crack growth is strongly

dependent upon the strength level. At the highest strength level

of 230 ksi oxygen is ineffective; but as the strength level is

decreased to 150 ksi the oxygen becomes increasingly efficient in

prohibiting hydrogen accelerated crack growth. It is probable

that this is related to the influence of strength level upon crack

tip geometry, such that protective films containing oxygen are

more easily disrupted by cyclic strain when present on the sharper

cracks characteristic of higher strength steels.

This portion of the research program will be a part of

the M. S. Thesis of Mr. Roger Rowlands, who will complete his

thesis research in the early summer of 1972.

HYDROGEN SOLUBILITY, DIFFUSIVITY, AND BRITTLENESS

The hydrogen brittleness of steels, and many environ-
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mental cracking phenomena, are most prominent in the temperature

range around 300°K, and the strain-rate dependence of hydrogen

brittleness strongly suggests that hydrogen diffusion may be an

integral feature of the brittleness mechanism. However, in this

low temperature range both the solubility and diffusivity of

hydrogen in iron show anomalous behavior. Upon comparison with

values obtained by extrapolation of classical higher temperature

data, the 300°K diffusivity is anomalously low and the solubility

anomalously high. These anomalies are thought to be caused by

"trapping" of hydrogen at unspecified structural features. Since

the solubility and diffusivity anomalies occur in the same temp-

erature range as the brittleness, it is suspected that they are

related.

Quantitative information on the anomalies.is scarce, no

doubt because of the experimental difficulties associated with

hydrogen in iron at low temperatures, and sensitive experimental

techniques are needed. For example, the lattice solubility is
-2estimated to be about 10 ppm at 300°K. Yet advances in the

understanding of hydrogen brittleness and some environmental crack-

ing phenomena cannot be expected without an understanding of the

anomalies, for they suggest a partitioning of the hydrogen be-

tween the lattice and various structural sites, and the possi-

bility that hydrogen is damaging only when in residence at

specific locations.

Because of the low lattice solubility and high lattice

diffusivity, the anomalies are best studied with a permeation

technique. With volume diffusion control, the effective diffu-

L                                                                                                                    1
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sivity can be obtained from the rise time for the permeation

flux, and the equilibrium lattice solubility at the input surface

from the measured diffusivity and the steady state flux.

The flux is measured with an electrochemical technique;

the exit  surface of the membrane is immersed in a hydroxide

solution, and maintained at a potential such that hydrogen ionizes

upon entering the solution. The hydrogen ions are then in essence

counted electronically. This technique is considerably more sen-

sitive than the usual pressure-rise methods; it is somewhat less

sensitive than spectrometric methods, but considerably easier to

use. It is well adapted to the rapid study of many specimens.

It is common to introduce hydrogen into the material

via electrochemical charging, with current density as the system

parameter indicating severity of charging. There is a serious

difficulty with this, since it is not possible to relate current

density to the effective concentration at the input surface, or

indeed to any thermodynamic aspect of the hydrogen input process.

In this respect gas phase charging is of greater value, since the

gas pressure effectively characterizes the hydrogen chemical po-

tential at the input surface.

With the electrochemical techni<ue, 'it is feasible to

measure fluxes resulting from gas phase charging at pressures well

below one atmosphere. This is a significant development, for it

allows investigation in the pressure-temperature regime of great-

est applicability to brittleness phenomena. For reproducible gas

phase charging it is necessary to plate the input surface with

palladium. This creates a reproducible surface, yet the palladium
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does not become a rate limiting site in the permeation process.

In using permeation measurements to measure solubility

and diffusivity, it is necessary to establish that volume dif-

fusion is indeed the rate limiting process. In connection with

this and with Sawicki's thesis a detailed analysis of hydrogen

transport at the input surface was carried out, and it was estab-

lished rigorously that a linear dependence of the steady state

flux upon the reciprocal membrane thickness is a suitable cri-

terion for volume diffusion content of the permeation process.

The analysis is given in the accompanying Technical Report, which

has been submitted for publication. Fig. 1 is an example of the

linear steady state flux versus reciprocal membrane thickness

plots that have been consistently obtained in this investigation.

The bulk of the experimental work to date with this

technique has been devoted to characterization of hydrogen trap-

ping behavior in iron. Candidate sites for hydrogen trapping are

dislocations, point defects, internal interfaces such as particles

or grain boundaries, and internal voids. In the current phase of

the program, emphasis has been upon plastic deformation as a

technique for creating traps, and annealing after deformation to

» study the elimination of traps.

Representative permeation curves for annealed and cold

worked irons, Fig. 2, illustrate the potent influence of plastic

deformation upon hydrogen transport. To interpret this behavior,

the analysis of McNabb and Fosterl is useful, for it shows that

1 A. McNabb and P. K. Foster, Trans. Met. Soc. AIME 227 (1963)
618-627.
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"trapping" leads to the following modification of the standard

diffusion equation,

ac+Nan= div (D grad c) (1)3t at

c = concentration of diffusing population

N = number of trapping sites per unit volume

n = fractional occupancy of trapping sites

D = lattice diffusivity -

Analysis of equation 1 shows that the time to attain

the steady state flux is influenced by both lattice and trapping

behaviors. Therefore, the "diffusivity" determined by, say, the

time for the flux to attain ninety per cent of the steady state

value, is an effective diffusivity, Deff.  It reflects trapping

behavior as well as lattice diffusion. The variation of D witheff

plastic deformation is indicated in Fig. 3.

An interesting feature of equation 1 is that the steady

state flux is not influenced by trapping behavior, as may be

seen by setting the left hand side of equation 1 to zero. The

steady state flux is then

C
00J = D -2

L ' (2)

00                                                                                                                                                                                                                                       ·

J  = steady state flux

D  = lattice diffusivity

C  = lattice concentration at the input surface0
L  = membrane thickness

and this result is independent of the trap density. From equation
00

2 the product (J L) should be unaffected by plastic deformation;

experimental confirmation is given in Table I for iron deformed
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and annealed at different temperatures.

TABLE I.
CO

Product (J L) For Deformed and Annealed Irons

Annealed at
Cold Work No
at 300°K Anneal 373°K 473°K 873°K 1073°K

mol H mol H mol H mol H mol H
cm-s cm-s cm-S cm-s cm-S

8% 1.26x10 2.62x10 2.79x10 5.05x10 3.89 x10
-13 -13 -13 -13 -13

40% 3.10 x10 4.24x10 2.62x10 3.70x10 3.22x10
-13 -13 -13 -13 -13

51% 2.39 x10 2.84x10 2.25x10 3.48x10 3.17x10
-13 -13 -13 -13 -13

62% 2.28x10 2.33x10 2.15x10 2.91x10 2.49x10
-13 -13 -13 -13 -13

-13 -13 -13 -13 -1375% 1.68x10 2.12 x10 1.73x10 1.85x10 2.16 x10

-13
From this the average J L= DC  may be computed as 2.73x10

mol H/cm-s; with a diffusivity of 10 cm /s, this yields a lattice
-5  2

-7concentration C at the input surface of 2.lx10 atomH/atomFe for0

the charging condition employed. This technique is clearly use-

ful for the measurement of very low hydrogen concentration, where

conventional analytical procedures fail.  The D of 10-5cm2/s was

determined from a rise-time analysis of the permeation curve for

a fully annealed specimen.

As a step toward identification of the trapping sites,

the effective diffusivity is under study for iron deformed at

300°K, and then annealed at various higher temperatures. Pre-

liminary results, Fig. 4, show that the trapping behavior anneals

out at rather low temperatures, well below the recrystallization

temperature for deformed iron. Analysis and interpretation of

these and other measurements is currently in progress.
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This research will comprise the Ph.D. thesis of Mr.

Albert Kumnick, who should complete all requirements for the de-

gree by early summer of 1972. This work will be presented at

the May, 1972 meeting of the Metallurgical Society of AIME.

DIFFUSION AROUND MOVING CRACKS

The diffusion field of a mobile solute in the vicinity

of a moving crack is of interest in environmental cracking

phenomena. This is particularly so when the external environ-

ment can provide hydrogen to the crack surface, and hydrogen is

suspected to be a causative agent in the cracking process. The

unusually high diffusivity of hydrogen, especially in iron-base

materials, may result in the penetration of hydrogen to a signi-

ficant distance ahead of the growing crack.

Simple estimates of the diffusion penetration distance

can be constructed from the following assumptions:

(1) Quasi-steady state crack propagation: This implies

a constant crack growth rate V, which in turn enables the use of

diffusion models in a reference frame moving at the same constant

velocity.

(2) Local equilibrium of the diffusing species, which in

practical cases will be hydrogen, at the interface between the

external environment and the solid material. The alternative is

interface control, which would decrease the penetration distance.

The local equilibrium assumption leads to a constant

concentration boundary condition, as long as the solubility is

taken to be insensitive to the elastic stress state or plasticity.

Within this framework three separate cases may be dis-

-3
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tinguished and analyzed:

(1) Local equilibrium is established all along the crack

profile; the limiting case would be a propagating semi-infinite

crack. The mathematics for this case are the same as for dif-

fusion controlled growth of a plate, either a precipitate or in

solidification, and the primary reference is

C. Atkinson, "Diffusion Controlled Growth of an
Array of Plates", Jrll. Appl. Phys. 42 (1971),
1994.

(2) Because of passivating reactions, solute ingress into

the solid occurs only at the advancing crack tip, perhaps as

fresh surface is exposed. This corresponds to a moving line

source. It has been treated mathematically for heat flow by

H. S. Carslaw and J. C. Jaeger, "Conduction of
Heat in Solids", Clarendon Press, Oxford, 2nd
ed., 1959,

and as applied to dislocation climb by

R. W. Balluffi and D. N. Seidman, "Diffusion-
Limited Climb Rate of a Dislocation: Effect
of Climb Motion on Climb Rate", Jnl. Appl.
Phys. 36 (1965) 2708.

(3) The ingress region extends for a finite distance be-

hind the moving crack front, and is limited there perhaps by

passivation reactions. This corresponds to a moving plane source,

and may be treated by integration of the source function for the

line source described above. Some discussion is given in Carslaw

and Jaeger.

In all three cases the important physical parameters

are the crack growth rate and the solute diffusivity. Numerical

evaluation of these three cases is in progress. Comparison with

measured values of diffusivity and crack growth rate should pro-

J
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vide information on the physical behavior of mobile solutes in

the vicinity of a moving crack.

The numerical work is being carried out by Mr. Gordon

Tang, a Teaching Assistant in the department for 1971-72.

HYDROGEN AND AUSTENITIC STAINLESS STEELS

An initial effort is underway to study hydrogen trans-

port through austenitic stainless steels, with the thought that

this may contribute to clarifying the stress corrosion cracking

problem. Hydrogen entry into austenitic stainless steel is often

impeded by surface processes which may be associated with the

protective films. To circumvent this, a hydrogen gas discharge

system has been designed and constructed, and it is hoped that

this will eliminate the surface impedance to hydrogen entry.

Preliminary testing is in progress, but it is not yet known if

this approach will be successful.

This work is being carried out by Mr. Nathaniel Quick,

a 1st year Fellowship student in the Department of Materials

Science and Engineuring.

PUBLICATIONS & TALKS

(1) A portion of V. Sawicki's thesis appeared as

V. Sawicki and H. H. Johnson, "The Effective
Area Concept, Permeation, and Hydrogen Gas
Crack Growth Kinetics", Met. Trans. 2 (1971)
3496.

The experimental part of V. Sawicki's thesis is in

preparation for publication.

(2) An analysis of transport at the input surface during

permeation was completed, CHO-3166-1 and submitted for publication.
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(3) The Principal Investigator gave invited talks on this

subject at the ASTM Annual Meeting and the Fall Meeting of the

Metallurgical Society.

--_3
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