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PURPOSE AND SCOPE OF STUDY 

A critical assessment of the literature has been undertaken to 

determine the relevance and reliability of existing theoretical models 

and test methods for predicting the initiation and subcritical growth of 

cracks leading to fracture over prolonged periods under stress and in 

the presence of various chemical environments, especially those contain

ing hydrogen. The evaluation of recent crack growth models for describ

ing hydrogen-induced fracture is an important first step in establishing 

a confident basis for predicting the resistance to delayed failure of 

titanium and iron-base alloys from the results of relatively short time 

tests. The conditions for hydrogen embrittlement in these two classes 

of materials are quite different since delayed fracture in titanium 

alloys depends on hydride formation and fracture at the tips of pre

existing flaws or cracks; whereas, iron-base alloys do not undergo 

hydride formation. The applicability of existing diffusion models for 

hydrogen embrittlement and the available test methods of fracture mech

anics to these two conditions of hydrogen embrittlement has been a major 

concern of this present study. 

The following specific topics have been considered within the pur

pose and scope of the assessment study. 

1. Critical assessment of the validity of crack growth rate calcu

lations based on recent models proposed for hydride-forming 

materials, including the expected complications due to environ

mental and microstructural considerations. 



2. Determination of the data required for the confident applica

tion of crack growth models in predicting the conditions for 

delayed fracture and crack growth rates. 
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3. Evaluation of available testing methods, and especially their 

potential usefulness for assessing the performance of titanium 

and ferrous alloys with respect to delayed failure over pro

longed time periods for the conditions of stress and chemical 

environment expected under nuclear waste containment condi

tions. 

4. Assessment of the environmental parameters expected to influ

ence the evaluation or calculation of growth rates from theor

etical models; specific parameters include H2 solubility, 

stress and temperature, all of which are important considera

tions with respect to nuclear waste canisters. 



ASSESSMENT OF RECENT LITERATURE RELATED TO HYDROGEN INDUCED 
DELAYED FRACTURE IN TITANIUM AND IRON-BASE ALLOYS 

Introduction 

The available literature records numerous investigations of the 

influence of hydrogen on the mechanical properties of metals; several 
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embrittlement mechanisms have been proposed, each of which is applicable 

to only a limited variety of materials and only a portion of the pub-

lished data. As indicated by Louthan and McNitt (1), " ... a review of 

the literature shows that all too often experiments are designed to 

infer weaknesses in one or more theories without providing solid support 

for any proposal." This view is shared, in general, by the present 

authors who have attempted to conduct a critical assessment of the 

recent literature related to hydrogen embrittlement models, crack growth 

kinetics, and predictive test methods for the evaluation of the crack 

growth resistance of metals over prolonged periods of time. 

Hydrogen Embrittlement Model 

Several major embrittlement mechanisms have been proposed to 

account for the effects of hydrogen in promoting the initiation or prop-

agation of fracture in metals and alloys. These mechanisms include the 

following: 

1. Internal pressure theory: This model proposed originally by 

Zapffe (2) requires hydrogen to enter the material and to build 

up pressure in internal voids or defects. According to this 

model which has been modified by several investigators (3-6), 



the apparent fracture stress is reduced due to the combined 

effects of applied stress and the internal pressure developed 

by hydrogen at internal defects. 
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2. Troiano model (7): According to this model, hydrogen in solid 

solution reduces the cohesive strength of the lattice, thereby 

reducing the fracture strength and causing brittle behavior; 

Oriani (8) has modified this model. 

3. Petch and Stables (9): This theory proposed that hydrogen is 

absorbed at the crack tip thereby leading to a reduction in the 

surface energy required for crack formation and modifying the 

Griffith condition for crack extension; the mechanism, first 

proposed by Petch and Stables, has been modified by several 

recent workers (10-11). 

4. Oislocation model due to Beachem (12,13): It has been proposed 

that hydrogen absorption can increase both dislocation motion 

and the generation of dislocations. This model differs from 

other proposals in that crack tip plasticity is enhanced by the 

entry of hydrogen into the matrix, and the resulting plastic 

deformation aids the entry of hydrogen into the critical crack 

tip region. 

5. Formation of hydrogen-rich phases (e.g. hydrides) (14): 

Embrittlement is associated with the formation and fracture of 

hydride particles nucleated at the region of stress intensifi

cation immediately adjacent to the crack tip. The fracture 

process is generally viewed as discontinuous since the mechan

ism depends on the diffusion of hydrogen followed by hydrogen-



rich precipitate formation, crack movement, precipitate re

dissolution, and redistribution of the hydrogen to the region 

ahead of the advancing crack to repeat the sequence. 
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6. Hydrogen-dislocation interactions (15-19): Although not 

included as a general embrittlement mechanism by many investi

gators, the association between hydrogen atoms and dislocations 

has been considered as a contributing factor to lattice embrit

t1ement by restricting the movement of dislocations or provid

ing an opportunity for localized hydrogen enrichment. 

The original theory proposed by Zapffe (2) requires internal pres

sure to act as a driving force for fracture after hydrogen has entered a 

metal and diffused some distance beneath the surface, thereby creating 

subsurface voids and openings. According to this model, repetitive sub

surface nucleation is expected to leave evidence of discontinuous crack 

growth on the fracture surface. This theory was modified by Tete1man 

(5) who concluded that the interfaces between nonmetallic inclusions and 

the metal matrix of various alloys provide favorable sites for the 

accumulation of hydrogen gas under high pressures. It has been further 

argued that such gas pressure accumulation can cause material failure 

even in the absence of an applied stress (20), except in those cases 

where the fracture mode involves microvoid coalescence. There has been 

limited fractographic evidence of discontinuous cracking as a result of 

cleavage and intergranu1ar failure mechanisms. For this reason, plus 

the argument that hydrogen-induced failure occurs under conditions of 

low external hydrogen pressure, the pressure theory of embrittlement has 
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received less attention in the recent literature as a plausible mechan

ism. 

The lattice embrittlement theory, proposed originally by Troiano 

(7) and modified later by Oriani (8), can be applied to both continuous 

and discontinuous cracking on both the macroscopic and microscopic 

scales. This model is also independent of whether the hydrogen is pres

ent in the material prior to the application of stress or whether it is 

introduced from the environment at a growing crack tip. The decohesion 

theory requires non-deformation atomic separation processes to occur; 

such a mechanism cannot be directly observed and must be inferred from 

observations of reduced ductility and the predominance of cleavage and 

intergranular fracture that is characteristic of many hydrogen-assisted 

cracking failures. A major disadvantage of the Troiano and Oriani 

models is the failure to account for the plasticity frequently observed 

on the fracture surface after hydrogen-induced failure. It can be 

argued, however, that decohesion leads to the initiation of fracture by 

the formation of microvoids and cracks between tear ridges prior to the 

occurrence of general failure due to overload. 

The crack tip plasticity theory proposed by Beachem (12) does not 

depend upon continuous or discontinuous cracking as a mode of failure. 

Furthermore, it is not dependent on hydrogen being either inside or out

side the matrix and does not require failure to occur by a classical 

cleavage process; it is therefore consistent with the usual observation 

of plasticity on the fracture surface of steels subjected to hydrogen

induced failure. A major weakness of the Beachem model is the fact that 

it does not account for the expansion or contraction of the matrix 

I 
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lattice, nor does it directly address the role of hydrogen solubility, 

diffusion, or internal friction effects. Furthermore, the model has not 

been related to the velocity of crack propagation and in its present 

form is designed to apply specifically to iron-base alloys. 

A number of recent investigations (21-30) described in an earlier 

report (31), together with important studies reported during the past 

year (32), associate the origins of delayed fracture in some materials 

with the diffusion of hydrogen to regions of high stress intensification 

and the subsequent precipitation of hydrides. These processes control 

hydrogen embrittlement and delayed fracture in a number of reactive 

metals that exhibit limited solubility for hydrogen and a strong tend

ency to form hydride compounds. Consequently, the fifth general mechan

ism described above provides an adequate description of the hydrogen 

embrittlement in a number of metals fall ing under the general category 

of hydride formers. 

Experimental observations indicate that the mechanism of hydrogen

induced failure may vary for different materials and is dependent on a 

variety of parameters including hydrogen, pressure, temperature, micro

structure, hydrogen solubility, compound-forming tendencies, and applied 

stress. It is apparent that no single mechanism or model can account 

for all of the hydrogen-assisted cracking phenomena observed in various 

metals and alloys. The factors influencing the kinetics of crack growth 

differ from one material to another, and any test methods developed to 

predict the resistance of materials to crack growth must necessarily 

account for environmental conditions as well as applying equally well to 

varying conditions of hydrogen interaction with the microstructure. The 



latter may be in the form of increased local pressure at internal 

defects, atomic decohesion, or the precipitation of second phases such 

as hydride particles resulting from hydrogen enrichment at regions of 

stress intensification. 

Diffusion Modelling of Crack Growth 

Hydride-Forming Metals--Hydrogen Flux 
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There are several mathematical model developments that are related 

to the hydride formers. The models have been published within the last 

10 years, and they will probably experience revisions over the coming 

years as experimental work progresses. Most efforts have been directed 

toward titanium and many of its alloys and toward the nuclear-related 

zirconium alloys. 

A key step in the models is a necessary assumption that can relate 

the flux of hydrogen, and thus the rate with which hydrogen arrives at a 

growing hydride precipitate, to the rate of crack propagation; these 

assumptions are discussed later. The various internal and external fac

tors that can affect the hydrogen flux have received the most attention; 

such factors include hydrogen content in the base metal, alloying con

tent, hydrogen solubility, internal constraints, external stress, local 

temperature, and temperature gradients. The developed flux equations 

are described below in approximate order of increasing complexity, and 

they are identified arbitrarily by the authors' names which appear most 

frequently on the relevant papers; also, the authors' original notations 

and definitions are generally given. 



A. Waisman-Sines-Robinson (25) 

Their equation for the flux of hydrogen in titanium alloys was 

discussed in our earlier report of 9 September 1980, and is repeated 

here: 

where 

J ;:: -0 [dC + 3 55 dNa _ (5.5 x 1O-4)c dOii ax . c dx T dx 

+ c(2676 - 294N a) dTJ 
T2 dx 

J = hydrogen flux in (PPM) (CM/SEC) 

c ;:: hydrogen concentration in PPM 

o ;:: hydrogen diffusivity in (CM2/SEC) 

X ;:: distance in CM 

Na = atom fraction of aluminum 

0-- ;:: sum of principal stresses in PSI 
11 

T = degrees K 
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This empirical equation assumes that each of the gradients (alumi

num content, stress, and temperature) contribute to the flux as a simple 

addition to or subtraction from the steady-state Fick's first equation 

for flux. Their equation was given as an example of the use of a more 

general equation; the constants were obtained from measurements of 

hydrogen gas pressures in equilibrium with various hydrogen contents in 

stressed CP Ti rods and Ti-6Al-4V tubing, assuming uniaxial stressing 

and for bodies with isotropic or cubic symmetry. Their general equa-

tion, for anisotropic symmetry is: 



where 

(J ). m 1 

3 

= - ~ DijCm 
j=l 

_ L (dC -RTl n 
RT dx. 

J 

(J ). = flux of mobile species m (hydrogen) in direction m 1 

am = activity of mobile species 

j = 1,2,3 refer to three orthogonal axes 

-RTln am = work done on the body per mole of addition of m by 
an arbitrary stress field 

Q* = heat of transport (thermal diffusion) 

concentration of stationary species 2 
( e . g ., alum inurn ) 
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The authors give a general equation for the variation of Cm with 

time (Fick's second equation), but do not give numerical examples. The 

predicted component of the flux due to spatial variations in the alumi-

num content would be negligible for homogeneous, single phase alloys, 

but the diffusivity of hydrogen must be expected to vary with solute 

content. 

B. Simpson-Puls-Dutton (33-36) 

The group at AECL has been concerned with hydrogen flux and crack 

growth rates in zirconium alloys. While acknowledging that the crack 

growth process often occurs in an intermittent fashion, their original 

formulation is for an average growth rate; this crack growth rate was 

.. 

II 
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assumed to be determined by the rate of hydride growth. The model does 

not consider hydrogen sources or paths (e.g., external hydrogen, traps, 

etc.); it is based on a flux biased toward a growing hydride platelet as 

a result of hydrostatic stress differences. Hydride precipitates in 

lower (tension) stressed volumes (removed from the advancing crack tip) 

are assumed to dissolve and supply hydrogen to the growing hydride. 

Recently, vanadium hydride dissolution following the passage of a crack 

has been observed directly in the TEM work of Koike and Suzuki (32). 

The flux equation published in 1977 (35) and modified in 1979 (34) is 

for steady state diffusion with a terminal solubility of hydrogen in 

solution (at zero applied stress at a given temperature) being modified 

by terms incorporating the difference in hydrostatic stress (1977) or by 

terms incorporating elastic strain energy (matrix/hydride misfit) and 

interaction energy of a hydride with an applied stress field (1979). 

The 1977 flux equation involves quantities which are in general 

more readily determined or estimated. It is assumed that all of the 

hydrogen entering a cylindrical region (centered on the crack tip) or 

'sink' of radius 1 precipitates at the existing, growing hydride; the 

radius t corresponds to the center of the plastic zone and is defined as 

the distance from the location of the maximum stress to the crack tip. 

The flux equation is: 
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where DH = hydrogen diffusivity in the matrix 

C~ = terminal solubility of hydrogen in stress free state 

p(L) = local hydrostatic stress at distance L, remote from advancing 
crack tip; L, taken as the mean interhydride distance in the 
matrix, corresponds to acyl indrica1 'source' of hydrogen 

p(t) = local hydrostatic stress at t ~ -2.4 x yield stress 

6p = p(t) - p(L) 

~ = molal volume of hydrogen in the hydride 

Q Zr = atomic volume of Zr (or Q Ti , etc.) in the matrix 

r = variable distance from crack tip 

L 

4l = f r-1 exp@(r)/RT)dr - 1n(L/t) 
t 

4l (r) 

2 2-(1 +2v )K I VH 
21TrE 

= interaction energy of hydrogen in solution with local stress 
field 

VH = molal volume of hydrogen in the matrix 

The model for the crack velocity was modified (36) with the hypothesis 

of a critical crack length, t c ' which was based on crack arrest fronts 

(striations) observed on fractographs. The crack-advance step (stria-

tion spacing) is taken as the critical hydride length and was found to 

increase with temperature. 

The flux equation was modified further in 1979 following more 

detailed observations of crack growth in Zr-2.5 Nb to: 



-inc where wt 

{ 
~nc ~ exp[wt (L)/RT] exp[wt(L)/RT] 

- exp[w~nc (Q.)/RT] exp[~(Q. )/RT~ 

= total molal elastic strain energy of the matrix and the 
hydride; positive in tension 

~ = molal interaction energy of a hydride with an applied 
elastic field, analogous to the previous P~ terms; 
negative in tension 
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The authors assumed, for purposes of their calculations, that the elas-

tic constants of the hydride and of the matrix are equal in order to 

-inc evaluate wt ; their numerical analysis of the available data shows that 

the only significant change from the earlier flux equation appears in 

the w~nc terms. These terms do not depend on applied stress but rather 

on the degree of misfit accommodated by elastic deformations; the calcu

lated values of w~nc were reported for several precipitate morphologies 

and orientations, with the plate precipitates having their plate normals 

parallel to <0001> being the most prevalent. ' 

It is not clear from the published information and data that the 

numerical values for the flux of hydrogen, as calculated from the 1977 

or 1979 versions are significantly different for the zirconium alloy. 

In both models the stress free solubilities are modified by the exponen-

tial terms, in accord with the observed appearance of hydrides in 

stressed material whose hydrogen content would normally not be adequate 

for isothermal, external stress-free precipitation; no consideration is 

given to the probability that the stress-free diffusivity, DH, is 

altered in a stress field. 
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The authors believe that the elastic constraints playa significant 

role in controlling the rate of hydrogen transport, and that the driving 

force is the increased tensile stress at the crack tip. 

C. Pardee-Paton (37) 

A much more detailed model for the flux of hydrogen and for sus

tained load cracking in titanium alloys is presented. The overall form 

of the analysis is similar to that of Simpson-Puls-Dutton. The mathe

matically more complex treatment by Pardee and Paton arises because of 

the description of anisotropic, two-dimensional, time dependent hydrogen 

diffusion near a crack tip and because of the relationship between the 

diffusion and a model for hydrogen solubility in an elastoplastic strain 

field. 

The model for hydrogen diffusion near the crack tip (taken to be 

under plain strain conditions) necessitates the introduction of a 'hy_ 

drogen pseudo-density' (spatially varying concentration) and a pseudo

diffusion coefficient in order to circumvent a mathematical difficulty: 

derivatives becoming singular at the elastic-plastic transition. 

The hydrogen solubility in a strain field is taken as the concen

tration at which hydride begins to form, which in turn is determined by 

equating the chemical potential of hydrogen in solution to that of 

hydrogen in the hydride. The formation of titanium hydride, which has a 

molal volume approximately 18% larger than the matrix, requires both 

elastic and plastic work on the matrix. 

14-17% volume expansion by comparison. 

Zirconium hydride exhibits a 

The presence of a crack will 

decrease the solubility because its stress field can provide part of the 

required work. The authors state that the solubility shift portion of 
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their model is "qualitatively reasonable and consistent"; many of the 

parameters, particularly the plastic work values, must be estimated. 

D. Koike - Suzuki (32) 

The direct observation of hydride behavior in vanadium was done 

with an HVEM equipped with a tensile stage, and the authors reported two 

types of crack behavior: 

Type 1: Intermittent cracking at an applied stress less than a 

critical stress 0c. The critical stress is determined by a resis

tive force, due to the presence of an atmosphere of hydrogen atoms 

in front of the crack, which suppresses the continuous advance of 

the crack. In spite of the resistive force, hydrides may be formed 

and cracks nucleated, but only in an intermittent fashion; the 

hydrides are believed to form by a phase decomposition similar to a 

spinodal decomposition in a homogeneous system. 

Type 2: At an applied stress geater than 0c' the crack propagates 

almost continuously, via hydride cracking, to the extremity of the 

hydrogen atmosphere. The atmosphere then reforms around the new 

crack tip position. Smaller hydride pre·cipitates are observed in 

this regime. 

The Type 1 and Type 2 crack behavior reported by the authors are 

analogous to the Stage I and Stage II behavior seen on plots of crack 

velocity vs. stress intensity K. The authors do not give a detailed 

flux equation for their Type 1, but for Type 2: 

J2 = -(DA/kT)(2CsRt ) 

h A = 4n t:, a (I-v) K 
were c a I+v 

c = volume concentration of H atoms 
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v ; Poisson's ratio 

Aa/a; fractional change in lattice parameter due to a hydrogen atom 
in an interstitial site 

Cs ; volume concentration of hydrogen in the hydride 

R ; variable radius of the hydrogen atmosphere; c ; Cs for radii 
less than R 

The critical stress 0c is not to be confused with or associated with a 

threshold K, but rather with a transition from Stage I to Stage II. 

E. Pressouyre (38) "Trap Theory" 

The theoretical work of Pressouyre is included here as it is re1at-

ed to hydrogen transport in both the hydride formers and the non-hydride 

forming metals. The premise of the theory is that both reversible and 

irreversible sites exist in metals; these sites either accept and give 

up hydrogen readily (reversible) or other types of sites (irreversible) 

tend to accumulate hydrogen. The specific character of a trap must be 

known, however, in order to apply the theory; that is, both the revers-

ib1e and irreversible trap densities must be known or estimated. Exam-

p1es of traps are grain boundaries, inclusions, and dislocations. 

The theory seems to be capable of explaining the different embrit-

t1ement characteristics that often are observed for specimens containing 

internal hydrogen and specimens exposed to gaseous hydrogen. 

As an example, Pressouyre cites two possible cases for the trans-

port of hydrogen from an external source: 

a. If the initial concentration carried by moving dislocations is 

constant, all traps act as sinks, reversible traps fill quick-

1y, and hydrogen penetrates deeply into the metal. 
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b. If the initial concentration of hydrogen carried by disloca

tions is decreasing, the reversible traps act as sources, and a 

concentration maximum is predicted at some level below the sur

face. 

If, on the other hand, the hydrogen is internal (precharged) all revers

ible traps act as sources of hydrogen and the effect varies with trap 

character and population. 

The present theory does not yet appear to be suitable for applica

tion to a reliable predictive model. 

Hydride-Forming Metals--Crack Growth 

As stated earlier, a key step must be made to relate the hydrogen 

flux to an actual cracking process, and the models generally attempt to 

give a crack growth rate that can be compared with experimental data. 

This key step involves an assumption regarding the relationship between 

the rate of hydrogen transport, and thus the rate of hydride growth, and 

the rate of crack advance. The discontinuous or intermittent crack 

growth observed at low stress intensities ha~ presented a problem to the 

modelers. 

The Simpson-Puls-Dutton model addresses the problem directly by 

equating the observed 'striation' spacing seen on fracture surfaces to 

the intermittent growth steps. A mechanical model is used wherein the 

growing hydride at the crack tip is considered to be 'hinged ' at the end 

away from the crack tip, experiencing a stress proportional to its 

length. At some critical length, the increasing moment leads to hydride 



18 

rupture. The number of hydrogen atoms per second arriving at a cylinder 

of radius r, along a unit length of crack, is given as: 

Assuming that the crack grows at the same rate as the hydride (a major 

assumption in the analysis), the average crack velocity is: 

where £ c 

v=~. ~c cJ ~; 
= the critical hydride length for rupture, taken as the 

striation spacing 

a = ratio of minor to major ellipse axes, assumed to be constant, 
related to the elliptically shaped plastic zone 

Cc = the average local concentration of hydrogen in the form of 
hydride at rupture 

By making a further assumption that the hydride MHx grows with a 

thickness equal to twice the effective crack tip radius, the crack 

velocity reduces to: 

v = ~ hydride dn 
x(2 £ *) dt 

where £* = the effective crack tip radius. 

The velocity equation then becomes: 

(0 CS ) 
_ Tr ~ hydride H H 

v - x ( £ * ) 1 n ( L h) ~M 
exp I The stress or I 

energy terms 

The velocity result is for Stage II cracking which is relatively 

insensitive to the stress intensity; Simpson and Puls suggest that Stage 

I does not exist in carefully preconditioned cracks, at least in their 

Zr alloys. 
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The critical hydride length in the Simpson-Puls-Dutton model was 

assumed to be the observed striation spacing (stretch zones) which was 

found to vary strongly with temperature and weakly with stress inten

sity. Koike and Suzuki (32) in the vanadium hydride TEM work, observed 

similar 'steps' on the opening crack surface which they attribute to a 

temporary blunting caused by the formation of a hydride at the crack tip 

and subsequent joining of this area with isolated microcracks just in 

front of the major crack. The latter investigators also found that the 

location of the hydrides, on one or both sides of a major crack, was 

dependent on the specific loading direction in a given grain. 

The utility of the Simpson-Puls-Dutton model is tempered with their 

own statement that "the criterion for the fracture of the crack-tip 

hydride is still not understood". 

Pardee and Paton (37) make the step from flux to crack growth in 

the same way as Simpson-Puls-Dutton: the velocity is equated with the 

rate of hydride length increase. The use of their model requires "tech

nically complicated techniques". They have shown that for Ti-Al alloys 

the model qualitatively predicts the observed maximum in velocity vs. 

temperature plots, but the quantitative results are not yet adequate. 

Also, the authors have predicted that the growth rate, at a constant 

temperature, is not constant for computations carried out to 10 hours; 

at 20°C, for example, the rate of growth in a 100 ppm hydrogen alpha 

titanium alloy is predicted to decrease and then to increase slowly with 

time. 

The velocity equations given by Koike and Suzuki for their two 

types of cracking are: 



V1 = - t (~~) (X O)-3/2 and 

v = _ .£ (DA) R -3/2 
2 1T kT 

where Xo is apparently the 'step' or 'striation' spacing on the crack 

surface, and the other quantities were defined earlier. The authors 

show that their calculated values of vl are in reasonable agreement 

with experimental data. 
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Moody and Gerberich (22) found that microstructure has a strong 

influence on slow crack growth in the Ti-6Al-6V-2Sn alloy when examined 

in terms of an effective stress intensity, Keff" The authors quantify 

the microstructural effect, which for their alloy was determined to 

reduce the stress intensity at the crack tip, and consequently modify 

the applied K to Keff . 

Moody and Gerberich developed a model for an effective stress 

intensity K, corresponding to incipient cracking or threshold. This 

model assumes that the strain induced hydrides form when the hydrogen 

concentration reaches the solubility limit. By equating these hydrogen 

concentrations and using mode I elastic stress solutions they give: 
.1 

K = [ ln (alC ) - (ll GO _ W)/RT] 3(21Tr)2 RT 
eff 0 4(1 +v)VH 

where: a = a solubility constant determined from experiment 

Co = the initial hydrogen content in the lattice 

llGo = the standard free energy of hydride formation 

W = molar strain energy 

VH = partial molar volume of hydrogen in the matrix 

r = taken as the average grain size 
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In a more recent paper, Moody and Gerberich (39) use this expres

sion in a slightly revised form to calculate Keff for the Ti-6Al-6V-2Sn 

alloy; they conclude that the revisions, which relate to plastic work 

done by dislocations during hydride formation, have only a small effect 

on the resulting Keff values. Of more concern, however, was their use 

of an enthalpy value for the free energy ~o; a re-evaluation may alter 

their conclusion. 

In summary, each of the models for predicting crack growth rates in 

the hydride-forming metals appear to suffer from some form of uncertain

ty. The 1977 version of the Simpson-Puls-Dutton model seems to be the 

most amenable with respect to the utilization of known or readily esti

mated quantities, but it, like the other models, is not capable of deal

ing with crack initiation or threshold conditions. The added complexi

ties of the Pardee-Paton model do not offer advantages over the AECL 

work at this time; extensive calculations involving estimated quantities 

appear to be necessary, and the results achieved are only qualitatively 

correct in agreeing with experimental data. Both of the above models 

assume that the crack wi 11 grow at the same r.ate as the hydride. The 

sparse data presented by Koike and Suzuki in support of their hydrogen 

atmosphere--disp1acive transformation model needs to be expanded; their 

work was based on thin foil TEM work specimens, and they acknowledge in 

their paper that additional experiments would be necessary with bulk 

specimens. 
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Non Hydride Forming Metals--Crack Growth 

Appendix I and Table I summarize the observations of a number of 

investigators (22, 30, 34, 40-48) relevant to hydrogen-induced slow 

crack growth as a function of applied stress intensity, hydrogen pres

sure, temperature, and strength level. The following general character

istics relate to the influence of hydrogen on the mechanical behavior of 

steels which are non-hydride formers: 

Exposure to hydrogen reduces the stress intensity for slow 

crack growth. 

There are at least three stages of growth, each having differ

ent dependencies of growth rate on the stress intensity. 

The influence of temperature and hydrogen pressure on crack 

growth rates differs for the different stages of growth. 

The fracture modes vary for different stages of growth. 

Crack growth in hydrogen may be modified at least to some 

extent by small quantities of oxygen and/or water vapor in the 

env ironment. 

Microstructural modifications due to alloy heat treatment as 

well as variations in hydrogen content will influence the crit

ical stress intensity for slow crack growth. 

The size of the plastic zone in samples exposed to hydrogen is 

larger than for those exposed to air for a given stress inten

sity and specimen thickness. 

From Appendix I and Table I it is apparent that relatively little 

attention has been devoted to the influence of microstructure on the 

threshold stress intensity and the processes of sub-critical crack 
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growth. Lessar and Gerberich (41) conclude that the crack growth kinet

ics in steels are diffusion limited and influenced by prior austenite 

grain size; which in turn has a mild effect on KTh and KISee values. 

Ooig and Jones (42) reported observing discontinuous cracking following 

an incubation period; they concluded that crack initiation depended on a 

critical hydrogen concentration that must be achieved over an unspeci

fied distance determined by the microstructure. In a recent paper, 

Akhurst and Baker (48) reported that cracks in steel advance by the 

repeated nucleation of microcracks just ahead of the main crack, and the 

discontinuous nature of the cracking rate was confirmed by acoustic 

emission techniques. These investigators reported that the crack path 

is often associated with prior gamma grain boundaries, inclusions, and 

lath boundaries. By employing a sensitive back face strain technique 

they were able to detect transient crack growth resulting from load 

increases just below KTh. Akhurst and Baker also developed an equa

tion relating the critical stress for fracture to hydrogen pressure; 

unfortunately, many of the parameters in the equation cannot be measured 

experimentally. 

The observation of crack growth in steels under static load condi

tions indicates that crack movement is apparently discontinuous for con

stant hydrogen pressure (49-51). It has been shown that self-arrested 

cracks can tend to propagate by simply increasing the hydrogen pressure 

(52) and that a propagating crack subjected to a change in gas pressure 

will experience a change in crack growth rate under conditions of either 

sustained load or alternating loads. There is uncertainty among various 

investigators as to whether or not the discontinuities in crack growth 
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are inherently associated with hydrogen embrittlement and the extent to 

which microstructural parameters are involved. 

Summary of Phenomenological Crack Growth Models 

Considerable attention has been recently given (40,41,43,47) to the 

mathematical modeling of crack velocity in many structural materials. 

Most of these models describe crack growth rate (da/dt) in terms of 

stress intensity (K), grain size, temperature, and hydrogen diffusivity 

The most detailed treatment of crack growth rates (da/dt) is 

reported by Gerberich, Chen, and St. John (43), where models for (da/dt) 

are given for Stage I, II, and III cracking. Stage I cracking was found 

to be elastically controlled, with the crack velocity given by 

da 
df) 

I 

2 (1 +\» CoDA VH K 
=-~;.:-------

3d372 RT (C -C) cr 0 

where v = Poisson's Ratio 

Co = initial hydrogen concentration 

DA = apparent diffusivity 

VH = part i a 1 molar volume of hydrogen 

d = grain size 

in iron 

(1) 

At relatively low stress intensities, intergranular or quasi-cleav-

age fractures were observed by Beachem (12); Gerberich et al. state that 

Stage I growth could then be associated with elastic loading where the 

plastic zone is very small. Here, the long-range hydrogen diffusivity 

I~ 
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would be controlled by the elastic stress distribution. The additional 

assumptions for the Stage I model are: 

a) The plastic zone is within a region less than the grain size. 

b) The crack nucleates at one grain. 

c) The hydrogen collects in this grain from the immediately sur-

rounding grains; (dp/dx)elastic < O. 

d) The crack grows intergranularly, one grain at a time. 

e) The growth step occurs when Co + Ccr . 

f) Short-time diffusion kinetics are applicable. 

The time between crack jumps, ~ts, is given by 

~t s (2) 

and the hydrogen pressure tensor, (dp/dx) = 2K(1+v)/9d3/ 2. Substitution 

yields equation (1) above. The salient features of this equation are: 

1) Stage I kinetics are linear with K. 

2) (da/dt)1 a (l/T) 

3) (da/dt)1 a (1/d3/ 2) 

4) (da/dt)I f f(yield stress) 

Conversely, Stage II kinetics are independent of stress intensity 

and vary linearly with yield stress and inversely with grain size: 

(da/dt)II (3) 
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Stage II was found to be plastically controlled, with the following 

assumptions: 

1) The plastic zone exceeds several grains. 

2) The crack tip blunts and a plastically constrained region 

forms. 

3) Hydrogen flows away from the crack tip to approximately a grain 

length in front; (dp/dX)plastic > O. 

4) Assumptions b) through f) for Stage I hold for Stage II. 

For this plastically controlled stage, (dp/dx)II = 30ys /2d, and 

substitution into equation (2) yields equation (3) above for Stage II 

kinetics. Once again, the most important feature of this relationship 

is the independence of the kinetics on stress intensity, and its linear 

dependence on yield stress. 

Stage III kinetics are plastically controlled as in Stage II, but 

the following assumptions are made: 

1) The distance the crack jumps in a single step is not controlled 

by grain size since the fracture mode changes to ductile rup-

ture at high K. 

2) The crack nucleates intergranularly, but the growth step occurs 

by ductile rupture. 

3) Other assumptions remain the same. 

Here, the crack jump distance is given by: 

Q, 
K2 

and (dp/dx) 
= 30ys 

cr - a E 2d ys 

,. 
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Substitution into equation (2) yields the expression for Stage III 

kinetics: 

(da/dt)III 
2Ed 2 RT (C -C) cr 0 

It is seen that Stage III kinetics revert to a highly stress-inten

sity dependent process, i.e. da/dt a K2. Also, the rate varies as 

d-2 and is again independent of yield stress. 

Landes and Wei (40) also found the crack kinetics to be strongly 

dependent on stress intensity, but only above KTh (no cracking below 

KTh ). However, at very high K values, they found (da/dt) to be indepen

dent of K, and reaching a limiting value. The rate limiting crack vel

ocity suggests that crack growth is controlled by a rate limiting pro-

cess, which Landes et al. propose to be a hydrogen permeation process. 

This three-step process consists of: 

1) A metal-water reaction or atmosphere which makes hydrogen 

available. 

2) Entry of hydrogen into steel. 

3) Diffusion of hydrogen to a highly stressed crack tip region. 

Besides finding a limiting value of crack velocity, Landes formed 

the following conclusions: 

a) K is relatively insensitive to temperature changes. 

b) Velocity is thermally activated with an apparent activation 

energy that depends on K. 
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c) KTh is independent of temperature. 

d) There is an incubation period at the onset of loading where 

growth rates are slower than expected. 

e) (dp/dx) is always negative, i.e., hydrogen always diffuses 

towards the crack tip. 

The last conclusion does not agree with Gerberich, et al., who 

found (dp/dx) to be negative only for Stage I elastic processes, and 

positive for Stage II and III. 

On the basis of measuring crack growth by electric potential (ep) 

methods, Landes found the crack length to be described by: 

f[v(r)]dr 

and 

a-a 
daep d J 0 da 
---- = -- (a- f[v(r)Jdr) --dt da 0 dt 

Solving for da/dt yields rates with a reported accuracy of better than 

+10%. 

Lessar and Gerberich (41) investigated grain size effects on crack 

velocity and found that increasing grain size decreases crack growth 

kinetics due to a diffusion limiting process (since the amount of fail

ure by tear did not increase as the yield stress decreased); this 

appears to be similar to the findings of Landes et al. In addition, 

Lessar investigated the effects of prior y grain size and concluded that 

it has a large effect on da/dt plus a mild effect on KISCC and KTh . 
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Stepanov et ale (46) took a slightly different approach and created 

a mathematical model for endurance time instead of crack growth rate. 

For static loading, the relationship is: 

T = TO exp [{UO - ycr )/KT] 

where Uo = activation energy 

cr = average stress 

T o = 10-13 c 

ycr = Vn cr, where 

n = coefficient of the overstress, and 

v = activation volume. 

Therefore, a small change in stress gives a large change in endur-

ance time. After investigating the effects of cyclic loading also, 

Stepanov proposed this relationship: 

n-l tn 
~ ~ dT/ To exp {[Uo-v{n i cr - a£n (t/to+l))]/KT) = 1 
i=o 0 

and T i = Ntn 

tn = time for load impulse. 

n. = coefficient of overstress at the beginning of the ith cycle. 
1 

t = loading time. 

to = initial loading time. 

Ti = endurance time for cyclic loading. 

After comparing static and cyclic loading, Stepanov states that for 

cyclic loading the failure probability for a given time is much greater 
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than for static loading. Also, failure during cyclic processes can be 

expected to occur at stresses where failure would not occur under static 

loading. 

Nakasa et a1. (47) also studied the effect of repeating loads on 

crack growth kinetics. After first stating that (da/dt) for delayed 

failure under a repeating load is smaller than that under static load-

ing, Nakasa gives the relationship: 

1/2f 

( da ) = 2f I 
dt 1 . cyc lC 

o 

f = frequency of repeating load. 

da (K) dt 
dt 

~~(K) = crack propagation rate under static load. 

and given this rationale: Repeating load changes the position of the 

region with triaxial tensile stress cyc1ic1y, and disturbs the concen-

tration of hydrogen atoms to the region. This delays the occurrence of 

hydrogen cracking. Furthermore, the generation of compressive retained 

stress or the change of microstructure near the crack tip due to repeat-

ing load will suppress the invasion and diffusion of hydrogen atoms. 

Crack growth rate is a complex function of "f" (frequency of 

repeating load) and "~K" (range of stress intensity factor). The incu-

bation time is also dependent on ~K, decreasing as ~K increases, because 

a repeating load promotes a continuing corrosion reaction on the notch 

surface due to the fragmentation of oxide films, and also facilitates 

adsorption and ingression of hydrogen atoms into the material. 
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Other conclusions by Nakasa et al. are: 

1) Incubation time decreases as K increases, and K increases with 

(da/dt) for static loading. 

2) Incubation time and K1SCC are decreased by the superposition of 

repeating load as ~K or f increase. The controlling mechanism 

of these behaviors is likely the promotion of a corrosion reac

tion on the crack tip by the repeating load. 

3) (da/dt) in delayed failure is decreased by the superposition of 

repeating load, and there are two valleys of crack propagation 

rate minima on the (da/dt)-f or (da/dt)-~K curves. 

Williams (53) described an alternative approach to Krh as a basis 

for establishing realistic failure criteria for components subject to 

environment induced crack growth. His method utilizes a fracture mech

anics analysis but does not depend on the assumption of a specific value 

of IIthreshold ll stress intensity. Williams assumed the usual idealized 

relationship between stress intensity and crack growth for conditions of 

constant environmental variables in which da/dt is strongly dependent on 

stress intensity level in Stage I, while in Stage II the crack growth 

rate is essentially independent of stress intensity. Considering only 

Stages I and II, and assuming the crack growth rate is determined by the 

slower of two rate processes operating in series, the following equation 

was developed for the time to fracture: 



a<pat+I .1 
a-a 2 a<pa~+l 

t 0 --- - ---r 

cIi~2 a<pa t a$a "2 

C2 e e 0 

where <p = mM ( 
_1T ) -21 

Q 

CI, m, and C2 are all undefined parameters which are independent of 

KI (and therefore of a) but which may depend on temperature and other 

environmental variables. 
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The equation was proposed as a basis for calculating instantaneous 

crack length, a, at a gross stress level for any specified time of 

exposure t and initial crack length, a ; or to calculate the more useful 
a .1 0 

parameter ( ~ )2 for specified values of t and ac ' The parameter 
a.l c KI" 

( aO )2 is equivalent to the ratio ~ at specified values of t and KIC ' 
c Ic 

Consequently, this approach attempts, by means of an analytical expres-

sion, to relate failure time for given environmental conditions to the 

initial crack length ao and the critical crack length a or a1ternative. c 

1y to the initial stress intensity and the plane strain fracture tough-

ness for a given material. Williams used experimental data for the 

hydrogen induced cracking of the Ti-5Al-2.5Sn alloy to verify the form 

of and to establish values of the constants in the analytical expres-

sion. He concluded that the predicted effects were in general agreement 

with the experimental results for this particular alloy and one parti-

cu1ar case of environment induced cracking. 
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RELEVANT FRACTURE TOUGHNESS TESTS 

Introduction 

The resistance of metals to hydrogen-induced embrittlement and 

delayed fracture is not reliably predicted on the basis of conventional 

short-term tensile testing methods. Materials exhibiting a reduction in 

ductility due to thermal or mechanical processing do not necessarily 

exhibit an increased susceptibility to slow crack growth, and conversely 

no change in conventional mechanical properties such as ductility is any 

assurance that a material will not exhibit slow crack growth. The very 

nature of hydrogen embrittlement processes, viz. the diffusion of hydro

gen to regions of high stress intensification, points to the importance 

of considering the failure process in terms of the conditions influenc

ing crack initiation and crack growth rates. As indicated in Table I, a 

large number of investigations conducted over the past decade have indi

cated that slow crack growth in steels and other materials pre-charged 

with hydrogen or containing residual concentrations of hydrogen can be 

studied by employing the methods of fracture mechanics. 

The prediction of material integrity for canister applications 

extending over a period of 500 to 1000 years imposes practical limita

tions on the test methods that can be employed for material evaluation. 

The limited sensitivity of crack growth measurement techniques makes it 

extremely difficult to detect sub-critical crack growth at stress inten

sities well below KIC. The long test times required for the accumu

lation of meaningful crack growth data at low stress intensities impose 

severe restrictions on this method as a basis for assessing the resist-
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ance to delayed failure; furthermore, important questions arise regard

ing the validity of using accelerated crack growth tests as a basis for 

predicting the long time behavior expected under much less severe load

ing conditions. Many workers have reported the existence of a threshold 

stress intensity KTh below which crack growth due to hydrogen 

increase or redistribution does not occur. The existence of a threshold 

stress intensity for hydrogen-induced cracking in both hydride forming 

and non-hydride forming metals indicates that the determination of the 

conditions required to completely exclude slow grack growth can be used 

to compare the resistance of various materials to delayed fracture. 

However, when applying the methods of fracture mechanics including the 

determination of KTh values, specimen geometry considerations become 

extremely important, especially in those cases where plane strain condi

tions do not exist, e.g., mixed mode and plane stress fracture condi

tions. The majority of the test data is based on specimen configura

tions that satisfy plane strain fracture conditions, and there is a 

paucity of information available regarding long term resistance to 

delayed fracture for specimens of low thickness where plane strain con

ditions do not exist. 

Crack Growth Measurement and the Threshold Stress Intensity KTh 

A number of recent investigators (e.g. 22,34,40,41,43,44,47,48) 

have examined the relationship between crack growth rate and stress 

intensity as a basis for defining the threshold conditions which yield a 

value of KTh. A variety of methods have been employed by different 

investigators to measure crack growth rates, transient effects and the 



35 

conditions corresponding to crack initiation and arrest. The time of 

testing is an important limitation in such methods, and tests consuming 

in excess of 1000 hours are not uncommon for the purpose of detecting 

extremely slow crack growth and for determining threshold critical 

stress intensity values. Table II is a compilation of the test methods 

for crack length measurement compiled by Deans and Richards (54). In

cluded in the list is a recently developed method employing strain gauge 

configurations on the back face of compact tension (CT) and T-type wedge 

opening loading (WOl) specimens. This method permits measuring crack 

length when the load is known or measuring load when the crack length is 

known; the technique is extremely sensitive and has been employed in a 

recent investigation by Akhurst and Baker (48) for examining sub-criti

cal crack growth close to the threshold stress intensity during hydro

gen-induced cracking in Ni-Cr-Mo-V steels. Table II also includes a 

brief description together with the advantages and disadvantages for 

each of the common methods of crack length measurement (55-70). 

The phenomenon of "crack tunnelling" has been a frequent observa

tion in the slow crack growth accompanying hydrogen-induced failure in 

titanium alloys. Table III summarizes a number of fracture mode obser

vations (21-30, 71-79), some of which were discussed in a previous 

report (31). Crack tunnelling observations are noted in several inves

tigations and point to the inadequacy of the free surface observations 

in monitoring the slow growth of cracks in specimens where there is a 

significant difference in crack advance between the mid-thickness and 

the outer surface. The observations listed in Table III were discussed 

in detail previously (31); it is evident from the tabulation that crack 
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propagation leading to delayed fracture is associated with hydrogen 

redistribution to points of high stress intensity. Furthermore, beta 

phase networks in alpha/ beta and near-alpha alloys worsen the situation 

by providing preferred paths for hydrogen diffusion; the results also 

reveal that cracking is generally initiated at or near the alpha/beta 

interfaces. The recent TEM study by Koike and Suzuki (32) on vanadium 

has clearly shown the dependency of step-wise crack propagation on the 

formation and cleavage of hydride particles in the vicinity of a crack 

tip. These investigators further suggest that ordered arrangements of 

hydrogen atoms on (110) due to long range elastic interactions can 

account for the slow crack growth process observed in iron and steels 

due to hydrogen effects. They have compared the role of such ordered 

arrangements comprising a few hydrogen layers near a crack tip to the 

formation of hydride precipitates in other metals such as vanadium or 

titanium. 

Table I which was introduced in a previous section of this report 

summarizes a number of recent observations pertaining to hydrogen-induc

ed crack growth leading to delayed fracture in a variety of alloys. 

Appendix I provides a more detailed summary and commentary on each of 

the investigations listed in Table I. Nearly all of the recent investi

gations have employed threshold stress intensity measurements as a basis 

for defining the conditions leading to hydrogen embrittlement and delay

ed fracture. Tables IV and V list some of the strengths and weaknesses 

of KTh as a criterion for predicting delayed fracture. The follow-

ing important conclusions can be drawn from the observations cited in 

Tables I, IV, and V, and Appendix I. 
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1) Under conditions of plane strain, crack growth is expected to 

occur only when KApplied is greater than KTh . 

2) The value of KTh depends on environmental conditions, 

microstructure, yield stress, notch radius, temperature, resid-

ual stresses, and textures. Specimen thickness is also an 

important consideration, especially in those cases that do not 

comply with plane strain conditions. 

3) Measurements of ~KTh have been proposed as a more conserva

tive basis by some investigators (46,80-83) for determining 

crack growth resistance. 

4) The kinetics of crack growth in the vicinity of the threshold 

condition have not been studied extensively; however, recent 

observations indicate that cracks may experience alternating 

fast and slow growth near the threshold condition, and the 

repeated nucleation of microcracks may occur ahead of the main 

crack front. 

5) The occurrence of transient crack growth following load 

increases below KTh has been suggested by Akhurst and Baker 

(48). 

Williams (53) and Wanhill and Van Leeuwen (45) commented on the 

questionable value of KTh as a parameter that can be considered a 

material property because it is not as well defined as is KIC due to 

its dependency on measurement sensitivity, the material, and the envi-

ronment. Williams proposed an alternative to the "threshold" criterion 

utilizing fracture mechanics concepts which relate the failure time for 

given environmental conditions to the initial crack length, ao' and 
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the critical crack length, ac , for plane strain failure, or alterna

tively to the initial stress intensity Kli and the plane strain fracture 

toughness K1C for a given material. His equation which is described in 

an earlier section of this report was proposed as an analytical basis 

for estimating fracture for conditions of time, pressure, and tempera-

ture beyond the range of readily available experimental data. Williams 

acknowledged that the application of his equation would require further 

experimental verification and that "the degree of realism of the predic-

tion would vary from system to system." Although Williams demonstrated 

the usefulness of the equation for describing the conditions for hydro

gen-induced cracking of the Ti-5Al-2.5Sn alloy, his approach does not 

seem to have been developed or applied by others in the recent available 

literature. 

Investigations of the influence of microstructure on the value of 

KTh have been limited to a few specific studies involving grain size 

effects and microstructural changes intended primarily to modify the 

yield strength. Lessar and Gerberich (41) investigated the effects of 

prior austenite grain size on the hydrogen embrittlement of 4340 steel 

and reported that increased grain size led to an increase in the value 

of KTh . They also developed a quantitative relationship in which the 

crack velocity is proportional to ~ (where d is the grain diameter). 
d 

Microstructural effects were also considered by Ooig and Jones (42) who 

reported that the threshold value KTh decreased as a result of heat 

treatment intended to increase the yield strength and increased with 

increasing notch radius. These latter investigators defined a critical 



distance (dc ) corresponding to a "microstructural feature associated 

with cracking." 
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Wanhill and Van Leeuwen (45) reported that the value of KTh 1n 

titanium alloys may be affected by "dwell cracking" and by crack micro

branching " thereby suggesting that the value of KTh is sensitive to the 

test procedures. The work of Nakasa et al. (47) on Ni-Cr-Mo steels 

points to the potential importance of test procedures involving repeated 

loads in determining the threshold conditions for delayed failure in 

steels. Their investigation revealed that crack propagation can be 

reduced by repeating loads and attributed this result to the changing 

position of the triaxial stress state and the generation of compressive 

retained stress in the region of the crack tip. The results of Nakasa 

et al. cast some doubt on the general usefulness of ~K test methods for 

determining the threshold condition without supporting information from 

sustained load measurements of KTh . 

Although most investigators acknowledge the importance of residual 

stresses and texture effects, the available literature does not record 

systematic investigations of these parameters. Simpson and Puls (33) 

have pointed out that the crack velocity can be altered by residual 

stresses or by crack blunting in zirconium-niobium alloys. Boyer and 

Spurr (30), in an investigation of Ti-6Al-4V alloys reported a strong 

orientation effect on the threshold conditions for hydrogen induced 

cracking. In both titanium-base and zirconium-base alloys, it is appar

ent from the work of Boyer and Spurr and that of Simpson and Puls that 

crack growth is controlled primarily by hydride precipitation; however, 
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hydride orientation and morphology may be important parameters affecting 

the crack growth rate. 

The limitations of existing detection methods such as those in Table 

II make it difficult to prove whether the complete arrest of cracks has 

in fact occurred and whether such arrest will persist over the prolonged 

periods involved in nuclear waste containment. The recent observations 

of Akhurst and Baker (48) indicate the need for a closer examination of 

the physical significance of experimentally determined KTh values. They 

obtained fractographic evidence of alternating fast or slow crack growth 

near KTh and interpret this as an indication that cracks advance by the 

repeated nucleation of microcracks at microstructural features ahead of 

the main crack. They also reported transient crack growth following 

increases in load just below the value of KTh and concluded that there 

is no simple transition from zero crack growth to sustained growth. In 

this respect the use of KTh values as a basis for material selection 

for long term resistance to delayed fracture will have to be considered 

with great caution. The reason for this conclusion is amplified even 

further by the observation of transient growth effects followed by 

arrest under conditions close to the KTh value. The uncertain sensitiv

ity of these transient effects to temperature, microstructure, and 

environmental conditions may prove to be very treacherous in employing 

KTh values as a basis for design. 

Plane Strain versus Elastic/Plastic Failure Conditions 

Most investigators have been concerned with plane strain conditions 

ln defining criteria for the onset of slow crack growth. The resulting 
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values of the threshold stress intensity are not expected to apply to 

those cases where elastic/plastic conditions exist. When comparing the 

threshold conditions for cracking in various materials, it is important 

to realize that quasi-elastic conditions are less likely to be satisfied 

as the yield stress is decreased; another important consideration is 

material thickness since components of small thickness may exhibit 

either mixed mode or even plane stress conditions in which plastic 

deformation assumes an important role in the fracture process. While 

elastic stress analyses have been highly developed and applied in the 

determination of KIC and KTh values, there has been more limited success 

in developing elastic/plastic analyses where fracture initiation and 

instability do not usually coincide. In the latter case, as the thick

ness of a plate is decreased, the notch toughness increases even though 

the metallurgical characteristics of the material are unchanged. 

For many structural materials and alloys, the flaw sizes required 

for catastrophic fracture are greater than those that might escape init

ial detection; however, under alternating loads initial cracks of sub

critical dimensions may undergo progressive growth and such conditions 

are particularly important in large welded structures or other fabricat

ed forms in which residual stresses of considerable magnitude exist. By 

employing the methods of fracture mechanics, it is possible to ensure 

that the number of cycles of loading required to grow a small crack to a 

critical crack dimension is greater than the design life of the struc

ture. The procedure described by Rolfe (81) for the analysis of crack 

growth behavior in steels and weld metals using fracture mechanics con

cepts is as follows: 
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1. On the basis of the quality of inspection, estimate the maximum 

initial flaw size ao present in the structure and the associ

ated KI relation for the member being analyzed. 

2. Knowing KC or KIC and the nominal maximum design stress, calcu

late the critical flaw size a that would cause failure by cr 

brittle fracture. 

3. Obtain an expression relating the fatigue crack growth rate of 

steel or weld material being analyzed; for example, conserva

tive estimates of fatigue growth per cycle of loading ~~ have 

been determined for martensitic steels as well as ferrite-

pearlite steels in a room temperature air environment. 

4. Determine KI using the appropriate expression for KI , the esti

mated initial flaw size ao' and the range of live load stress 

(cycle fatigue stress). 

5. Integrate the crack growth rate expression between the limits 

of ao (at the initiation of KI) and acr (at K1C ) to obtain the 

life of the structure before failure. 

The fracture mechanics approach also provides a quantitative method 

for analyzing material behavior under conditions of alternating stress 

in the presence of hostile environments. The progressive growth of 

small cracks during the life of a structure may be intensified by the 

presence of stress corrosion cracking conditions or hydrogen embrittle-

ment; such conditions can aggravate the effect of subcritical crack 

growth induced by fatigue loading conditions. The corresponding criti-

cal values of the stress intensity are identified as either K1SCC or 

KTh , as discussed in other sections of this report. The K1SCC value is 
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frequently used as a failure criterion rather than KIC when the former 

value is applicable to crack growth in a particular environment. How

ever, Rolfe (81) has pointed out that values of KISCC ' while they may be 

useful for certain specific applications "have not been used in general 

design applications because the long-range significance of KISCC values 

with respect to the service performance of structures has not been 

established." 

KIC values determined by linear elastic analyses are not applicable 

under conditions of general yielding where large plastic zones are 

formed in the region adjacent to a moving crack. Such conditions may 

exist in many low and medium strength structural steels where the sec

tion sizes are insufficient to maintain plane strain conditions under 

slow loading rates and at service temperatures above the ductile-brittle 

transition range. It is then necessary to employ extensions of the 

methods of linear elastic fracture mechanics (LEFM) such as the follow

ing: 

1. R-Curve analysis (31,81,82,84,85). This method permits the 

determination of Kc, the critical stress intensity factor for 

fracture under plane stress conditions. 

2. Crack opening displacement (COD) (82,84). This method involves 

a measure of the prefracture deformation that occurs at the tip 

of a sharp crack. 

3. J integral (82,84,86). This analysis involves a determination 

of the path dependent integral which is an average measure of a 

combined elastic/plastic stress strain field ahead of a crack. 
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Each of the above methods has been reviewed extensively in the lit

erature and were summarized in the earlier report (31); however, most 

researchers readily acknowledge that while the methods of elastic/plas

tic analysis offer considerable future promise in design, the current 

state of knowledge is relatively undeveloped in comparison to the con

cepts of linear elastic fracture mechanics. One of the major limita

tions relates to the difficulty of translating laboratory data to actual 

design situations. 

This point is illustrated clearly by the case of slow crack exten

sion in which the crack advances at first slowly when the local stress 

reaches a certain critical value, and as the local stress increases the 

rate of crack extension increases. In a thick plate the crack front 

penetrates more in the mid-thickness than at the surface in a manner 

typical of "tunnelling." This mechanism results in a more intense state 

of stress in the decohesion enclave which can eventually lead to catas

trophic fracture by "decohesion." Consequently, an increase in the 

observed size of a crack by crack movement is not the only important 

consideration, since increased severity of the stress system in the 

enclave at the midpoint of the specimen thickness can be the dominant 

factor in determining the susceptibility of a material to eventual 

catastrophic fracture. The importance of considering this point in 

dealing with the problem of slow crack growth was emphasized a number of 

years ago by Boyd (87). 

The application of the methods of fracture mechanics to analyze the 

fatigue life and crack growth resistance of structural components has 

also been limited by an inability to include in a quantitative way the 
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influence of combined cyclic loading and complex crack geometries, 

especially where the direction of crack growth is not obvious. This 

problem has been considered by Sih (88) who has proposed a method for 

predicting subcritical crack growth under conditions of fatigue loading 

where a crack can change its direction of propagation. This effect is 

an important consideration in a number of design applications involving 

aircraft, ships, containment vessels, etc., where the loading direction 

can vary with respect to crack orientation during service. 

Recommended Predictive Test For Plane Strain Conditions 

An adequate test for monitoring and predicting delayed failure due 

to hydrogen and stress corrosion cracking must provide the opportunity 

to examine the influence of a number of related yet clearly defined 

parameters, including the following: 

l. Exposure temperature 

2. Chemical env i ro nmen t 

3. Hydrogen content 

4. Crystallographic texture 

5. Applied load 

6. Prolonged exposure times 

The work of Boyer and Spurr (30) demonstrated the versatility and 

usefulness of the double cantilever beam (DCB) technique for examining 

crack growth processes that occur over long periods of time. This test

ing technique can be used to examine the six parameters listed above; 

Boyer and Spurr monitored crack growth over periods in excess of one 

year in DCB specimens of the Ti-6Al-4V alloy. 
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The specimens were fatigue precracked, following which they were 

pin loaded in an Instron test machine to the desired K levels. The load 

was then maintained by means of adjustable bolts, thereby creating a 

specimen in which the stress intensity decreases with crack extension. 

The stress intensity was calculated using the following standard 

formula derived from beam theory: 

where K = stress intensity 

~ = specimen deflection across loading center line 

E = Young's modulus 

h = specimen height 

a = crack length measured from bolt center line 

The change in crack length of pre-loaded specimens was monitored by 

means of an optical microscope. Al though thi s method is restricted to 

the observation of surface growth rates, it was argued that faster 

absolute crack growth rates due to tunnelling effects will also be mani

fested in the form of faster surface rates. Alternatively, there are a 

number of other techniques available for monitoring crack growth as sum-

marized in Table II. It is therefore possible to test a number of spec-

'imens simultaneously as a basis for examining crack growth under a vari-

ety of loading conditions or environmental parameters. For example, 

specimens can be pre-charged wi til varyi ng 1 evel s of hydrogen concentra

tion prior to loading and testing. Alternatively, specimens in a given 

condition of heat treatment can be loaded to a variety of predetermined 

II 



K levels and then subjected to selected environmental conditions for 

varying periods of time. 
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The specirnen configuration employed in this test is convenient for 

examining the effects of temperature variation and changing environment

al conditions on the rate of crack growth during the period a material 

is subjected to sustained load conditions. The technique offers several 

important advantages including relatively low specimen cost and the fact 

that mechanical testing facilities are only needed to pre-load the spec

imens. In this way it is possible to test a large number of specimens 

concurrently. 
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CONCLUSIONS AND RECOMMENDATIONS 

1. Significant progress has been realized in the development of dif

fusion models to predict crack growth rates in hydride forming 

metals, but each model appears to suffer from some form of uncer

tainty because of the assumptions and approximations that must be 

made. The 1977 version of the Simpson-Pu1s-Dutton model appears to 

be the most amenable with respect to utilizing known or readily 

estimated quantities, but like the other models it does not provide 

a means for predicting crack initiation or threshold conditions. 

The Pardee-Paton model requires extensive calculations involving 

estimated quantities; qualitative agreement has been shown with some 

experimental data. 

2. Recent observations by Koike and Suzuki on vanadium support the 

general assumption that crack growth in hydride forming metals is 

determined by the rate of hydride formation. Their hydrogen atmos

phere-displacive transformation model is of potential interest in 

explaining hydrogen embrittlement in ferrous alloys as well as 

hydride formers. This model merits continued investigation, especi

ally with respect to experiments on bulk specimens. 

3. The discontinuous nature of cracking due to hydrogen embritt1ement 

appears to depend very strongly on localized stress intensities 

(i.e. on a microstructural scale), thereby pointing to the impor

ance of considering the role of microstructure in influencing crack 

initiation, fracture mode and the crack path. Important microstruc

tural parameters include the grain size, the size, shape, and dis-



tribution of brittle second phase particles (including precipi

tates), and textures. 
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4. The initiation of hydrogen induced failures over relatively short 

periods of time can be characterized with fair reliability by 

employing measurements of the threshold stress intensity KTh or 

~KTh' the latter being determined under conditions of alternating 

load. The usefulness of these parameters for predicting material 

integrity over periods ranging from 500 to 1000 years is somewhat 

less reliable, especially under conditions where the redistribution 

of internal hydrogen or hydrogen pick-up can occur. 

The experimental conditions for determining KTh and tJ<Th are design 

ed to ensure plane strain conditions in most cases and do not neces

sarily model the problem at hand with respect to canister applica

tions. In particular, the stress levels expected under canister 

containment conditions are extremely low, and environmental condi

tions are subject to change over prolonged periods of time. How

ever, plane strain test conditions may be viewed as a conservative 

basis for predicting delayed failure. 

5. The physical configuration of nuclear waste canisters may involve 

elastic/plastic conditions rather than a state of plane strain, 

especially in those applications involving thin-walled vessels. 

Under conditions of elastic/plastic failure, alternative predictive 

tests may be considered, including COD and R-curve methods. 

6. The long test times necessary to accumulate meaningful crack growth 

data at low stress intensities currently limit the development of 

reliable tests for predicting delayed failure under nuclear waste 
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containment conditions. The double cantilever beam technique 

employed by Boyer and Spurr on titanium alloys offers definite 

advantages for examining hydrogen induced delayed failure over long 

periods of time. This test method permits a large number of speci

mens to be eva1 uated concurrently and at re1 ative1y low cost. 
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Table I. Summary of Experimental Observations 
Crack Growth and Crack Growth Rates 

Investigators 

Landes and Wei (40) 
1973 

Lessar and Gerberlch (41) 
1976 

Dolg and Jones (42) 
1977 

Gerberlch, Chen, and 
ST. John (43) 
1975 

Gerberlch and Chen (44) 

1975 

Material Observations 

4340 steel tempered - Crack growth occurs only for K>KTh • 
at 400°F - Crack growth In distilled water shows 

strong K dependence at lower values of 
K and reaches constant rate limiting 
value at higher K levels. 

- Rate limiting step not defined. 

4340 steel - Prior austenite grain size effects 

Steels (Austenitic) 

4340 steel 

4340 steel 

Maraglng and 
9N I -4Co stee Is 

studied. 
- Increased grain size (I.e. greater than 

plastic zone), Increased KTh • 1 

- ~~:~~ ~~!::!:~)~roportlonal to d2 (d Is 

- Crack growth kinetics affected mostly 
by diffusion limiting process related 
to either "size of grain boundary re
gion" or degree of retained austenite. 

- KTh decreased with Increasing yield 
strength. 

- KTh Increases with Increasing notch 
rad Ius. 

- ''Critical distance" dc defined by 
"microstructural feature associated 
with cracking." 

- KTh has lower limit with decreasing 
notch rad I us p that Is determl ned by 
length parameter dc • 

- For KAPPLIED = KTh an Infinite time re
quired for embrlttlement. 

- Stage I--stress Intensity dependent-
growth kinetics controlled by elastic 
stress field. 

- Stage II--nearly Independent of stress 
Intenslty--growth kinetics control led 
by plastic stress field. 

- During Stage I I decrease In crack· 
growth rate attributed to Increase In 
crack tip radius as stress Intensity Is 
Increased. 

- Prediction that H diffusion decreases 
with Increasing K during Stage I I. 

- Applied stress Intensity equals KTh 

when equilibrium concentration of H at 
the crack tip achieves the critical 
concentration required for embrittle
mente 
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InvestIgators 

Wanhlll and 
Van Leeuwen (45) 
1978 

Stepanov et al. (46) 
1979 

Nakasa, Takel, and 
Kldo (47) 
1977 

Boyer and Spurr (30) 
1978 

SImpson and Puis (33) 
1979 

MaterIal 

TI Alloys 

Steel-NICrMo 
quenched and 
tempered 

TI-6AI-4V 

Zr-2.5%Nb 
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ObservatIons 

Kapp < KTh -+ Ceq < Ccr and no crackl ng. 
Kapp > KTh -+ C > Ccr ,equilIbrIum not 

ach lev:il and crack I ng proceeds. 

- KTh InTI affected by "dwe I I crack
Ing"--sustalned load crackIng durIng 
hold or dwel I at maxImum load In fatIgue 
cycle Is followed by propagatIon durIng 
dwel I at lower stress IntensItIes. 

- KTh affected by crack "mlcrobranch
Ing" and KTh value sensItIve to test 
procedure. 

- For cyclIc loadlng--tallure probabIlIty 
for a gIven tIme Is much greater than 
for statIc loadIng. 

- Lower stresses for failure under cyclic 
load I ng. 

- Incubation time decreased by repeatIng 
loads as f:\K or f Increased. 

- Crack propagation rate decreases by 
repeat I ng load. 

- Two valleys of crack propagatIon rate: 
I) ChangIng posItIon of trIaxIal stress 

state. 
II) GeneratIon of compressIve retaIned 

stress near crack tIp. 

- Crack growth rates < 0.1 mm/day sta
bIlized. 

- Crack growth rate temperature sensitIve. 
- For fIxed T crack growth rate Increases 

wIth H content. 
- Strong orIentatIon effect suggestIng 

textures are Important. 
- Stress IntensIty above KTh does not 

assume an Important role suggestIng that 
once started, crack growth Is controlled 
by hydrIde precIpItates. 

- Crack velocIty sensItIve to crack tIp 
stress pattern. 

- Crack velocIty can be altered by resId
ual stress or by crack bluntIng. 

- Crack velocIty dependent on test temper
ature wIth respect to solubIlIty temper
ature. 

- HydrIde morphology may be an Important 
parameter affectIng crack growth rate. 

- Stage I velocIty vs. K very steep. 
- Stage I I relatIvely InsensItIve to K. 



Investigators 

Moody and Gerberlch (22) 
t 980 

Akhurst and Baker (48) 
1981 

Material 

TI-6AI-6V-2Sn 
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Observations 

da 
- Crack growth rate dt shows three-stage 

dependence on K. da 
- For K near K , - shows strong depend-

T.h dt ence on Kana T. 
(Exponential dependence on K with maxi
mum rate at 300oK. 

Steels 3.5% NICrMoV - Alternating fast and slow crack growth 
quenched and tempered near KTh• 

- Repeated nucleation of microcracks ahead 
of main crack. 

- Transient crack growth following load 
Increases below KTh • 

- Zero crack growth rate for K < KTh 
supported by cutoff In crack rate vs. K 
and clear distinction with Stage I. 

- Conclude equll i brlum arguments valid at 

KTh• 



Technique 

Optical 

Mechan I ca I, COD 

Mechanical, BFS 

Electrical, strain 
gage f II aments 

Table I I. Summary of Methods of Crack Length Measurement (54). 

Brief Description 

relies on microscopes or telescopes, 
often a I ded by etched or scr I bed 
markings; almost al I test piece 
geometries 

basis Is to measure the COD, usually 
between points along the loading 
line or, In the case of bend and 
wedge opening loading specimens, at 
the front face (55-601; displacement 
measured mostly by clip gages; for 
high temperature testing extension 
arms may be used to transfer the 
displacements to lower temperature 
regions for measurement; extension 
arms may be used via moving seals to 
measure displacements Inside auto
claves; any test piece geometry that 
behaves In a linear elastic manner 

strains measured on the back face of 
CT or T-type WOL specimens by strain 
gages or possibly- clip gages or 
transducers for large test pieces; 
possible use In slngle-edge-notched 
tension or three and four point bend 
specimens; all specimens must behave 
In a linear elastic manner ~ 

electrically conducting wires are at
tached to the specimen so that they 
are broken by an advancl ng crack, 
providing stepwise changes In re
sistance (61-631; can be used for 
all specimen geometries 

Advantages 

Inexpensive; does not require cali
bration; does not require speci
men to behave In a linear elastic 
manner 

cost depends on application and 
ranges from low cost I n room 
temperature air to moderately 
expensive In high temperature 
aggressive environments; does not 
require the specimen to be visu
ally accessible and can provide an 
average crack length figure; 
easily Incorporated In automatic 
systems 

cost depends on application and 
ranges from very Inexpensive In 
room temperature air tests to 
moderately expensive In high 
temperature aggressive environ
ments; does not require the speci
men to be visually accessible and 
can provide an average crack 
length figure; shows excellent 
characteristics for Incorporation 
In automatic systems 

low cost; eas I I Y adapted for auto
matic processes 

Disadvantages 

only gives surface readings and 
usua I Iy under est I mates average 
crack length because of crack cur
vature; not amenable to automa
tion and hence time-consuming; 
req u I res su r f aces to be access
Ible and In well-polished condi
tion 

calibration required In some cases: 
clip gages and to a lesser extent 
transducers not very robust 

calibration required for test pieces 
other than CT and T-Type WOL 
specimens 

only gives surface readings, not 
well suited for high temperatures 
and aggressive environments; dif
ficult to locate gages and ensure 
crack always and only breaks fila
ments when crack tip passes 
through 



Techn Ique 

Electrical, d-c 
potential drop 
(resistance) 

E I ectr I ca I, a-c 
potential drop 
(res I stance) 

E I ectr I ca I, eddy 
currents 

Table II (continued) 

Brief Description 

a constant d-c current is passed 
through a specimen so that a change 
In crack length alters the potential 
difference of suitably placed con
tact points, usually In vicinity of 
the crack tip [55,64-671; suitable 
for al I test piece geometries 

similar to d-c potential drop 

an eddy current probe adjacent to a 
cracked surface produces an elec
trical signal, Indicating the 
crack [681; can be used with a 
servo-system or stepping motor that 
moves the probe so that a nil eddy 
current signal Is maintained; 
used for center-cracked sheets but 
should be adaptable to other 
geometries. 

Advantages 

low cost; does not require any delI
cate Instrumentation attached to 
the specimen; high stability for 
long term tests and some relaxa
tion from linear elastic behavior 
easily accommodated; particularly 
wei I suited for automatic control 
and long term, high temperature 
testing; robust and simple; can 
give an average crack length value 

does not require any delicate 
Instrumentation attached to the 
specimen; some relaxation from 
linear elastic behavior easily ac
commodated; well su I ted for auto
matic control and can give aver
age crack length values; high sen
s Itlvlty 

eas I I Y adapted for automat I c pro
cesses 

Disadvantages 

some theoretical calibrations avail
able but usual to carry out cali
bration tests; some uncertainty In 
stress corrosion and corrosion 
fatigue studies over possible In
terference with electrochemical 
conditions adjacent to crack tip; 
for decreasing K, constant COD 
tests crack faces may short elec
trlcally, thus underestimating 
crack length; bridging of crack 
surfaces by corrosion products may 
produce erroneous crack length 
readings; In some cases the grips 
may have to be electrically In
sultated from the testing machine; 
not well suited for very large 
specimens 

moderate cost; wires have to be 
carefully placed and must not be 
moved during test; long-term sta
b I I I ty d I ff I cu I t to ach I eve; 
bridging of crack surfaces by cor
rosion products may produce er
roneous crack length readings; 
electrical Insulation required 

may only be useful for surface 
measurements; expensive 



Technique 

Ultrasonic 

Acoustic emission 

Table I I (continued) 

Brief Description 

Involves transmission and reception 
of a high frequency sound beam In
tersected by a crack (69); If probe 
is fixed the moving crack alters 
the proportion of the signal reflect
ed by crack and the opposite bound
ary of the specimen; a more accurate 
version Involves a stepping motor 
that moves the probe so that the 
strength of the signal reflected by 
the crack remains constant (701; 
used mal nly on \'K)L compact specimens 

involves attachment of sensing trans
ducer to test piece that oscillates 
at Its resonant frequency on receiv
Ing elastic stress waves from source, 
of deformation (651; detected emis
sions are then amplified, selectively 
filtered and conditioned, and then 
counted either on a periodic basis 
as a rate of emission or as a cumu
lative total; adaptable to any 
geometry 

Advantages 

can be adapted for automatic pro
cesses; I nterna I measurements of 
crack length; only method that can 
give crack profile; relaxation 
from linear elastic behavior 
eas I I Y accommodated 

can be very sensitive for detecting 
onset of cracking 

Disadvantages 

not we I I su I ted for sma I I, th I n 
specimens; expensive; cannot be 
used at high temperatures; not 
well suited to environmental test
ing; not a proven technique for 
specimens other than WOL compact 
specimens; difficult to achieve 
high resolution 

expensive, sophisticated equipment; 
filtering of extraneous noise from 
test machine and grips necessary 
during testing; poor correlation 
with crack length; signals are 
material-dependent 



Table I II. Hydrogen Embrlttlement of Titanium Alloys 
Fracture Mode Observations 

Investigators 

Refs. (21-30) 

Sandoz (71) 
1969 

Nelson et al. (72) 
1972 

Meyn (21) 
1974 

Paton and WI I Iiams (23) 
1974 

D.N. Wil Iiams (73, 74) 
1974, 1976 

Margolin (75) 
1976 

Koch et ale (76, 77) 
1977-78 

Boyer and Spurr (0) 
1978 

Peterson et a I. (78) 
1978 

Nazlmov et ale (27) 
1979 

Material 

Ct, Ct + S 

near Ct <T1-8-1-1) 

a, a + S 

a, a/S alloys 

TI-6AI-4V 
T1-4A I 
100 ppm H 

a IS alloys 

a + S 

near a <T1-8-1-1) 

Ti-6A 1-4V 

a/S 

TI and various 
alloys 

o bservat Ions 

- Evidence for H redistribution to regions 
of stress Intensification and hydride 
precipitation. 

- KTh < KIC for H contents from 15 to 50 
ppm. 

- KTh Increased by vacuum anneal. 

- Crack growth rates depend on external H 
pressure for cont I nuous S matr Ix, but 
not for continuous alpha. 

- B paths Identified for H diffusion In 
near a alloys. 

- KTh decreases as H Increases. 
- Cracking begins ata/S Interface. 
- Cleavage In alpha phase. 

- TEM observation of role of hydride 
particles. 

- Hydrogen enrichment at crack tip. 

- Observed crack "tunnel I I ng." 
- KTh dependent on H content and 

environment. 

- Applied stress plus H redistribution 
produces "critical strain" leading to 
crack nucleation •. 

- Strain rate sensitivity reported. 
- Similarity of fracture surfaces for 

stress corrosion and SSRHE. 

- Crack propagation associated with 
hydrldelmatrlx Interfaces. 

- Separation at a/S Interfaces. 
- Crack tunnel ling reported. 

- Auger analysiS showed H Induced crack 
growth In a phase, not at Interphase 
Interfaces. 

- Stresses < 0.6 x U.T.S. do not lead to 
fracture under sustained loads for 
times < 17,000 hours. 

- TI-AI offers Improved resistance over 
TI to H embrlttlement. 
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Investigators 

Kennedy, Adler and 
Schulte (26) 
1980 

Moody and Gerberlch (22) 
1980 

Hoeg et a I. (79) 
1980 

Kol ke and Suzuk I (32) 
1981 

Table I I I (continued) 

Material 

TI-6AI-4V 

T1-6AI-4V 

TI-6A 1-4V 

Vanadium 

Observations 

- Nuclear microprobe measurement of H 
concentration along fracture surface. 
(4-8 x bulk value for slow crack 
growth). 

- Fracture of hydrides with cleaved 
regions separated by ductile ligaments. 

- KTh depends on H content and solu
bility under applied stress. 

- Large quantities of H «500 ppm) do not 
degrade conventional tensile and tough
ness propert I es. 

- Fatigue resistance, stress corrosion and 
sustained load cracking are Impaired. 

- Two types of strain Induced precipitates 
observed In the plastic zone at the 
crack tip. 

- Stress Induced hydrides appear to be 
metastable. Stable Y hydride formation 
expected after longer times (e.g. 1-2 
years). 

- Non-Maxwellian distribution of hydrogen 
around crack tip with hydride formation 
due to a dlsplaclve transformation. 

- Cracks propagate In step-wise fashion 
by repetition of .formatlon and cleavage 
of hydride particles at crack tip. 

- Suggestion: In Iron and steels ordered 
a rrangement of H atoms on {II 0 } due to 
long range elastic Interactions. 

- Formation of few H layers near a crack 
tip resembles hydride precipitate situ
ation. 

- Crack growth mechanisms In Iron may be 
similar to hydride formers. 
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Table IV. Criticisms of KTh as a Fracture Criterion 

1. KTh is sensitive to a number of parameters, including hydrogen 
content, temperature stress-state, environment, and microstruc
tural variations. 

2. The dependence of KTh on cutoff time is crucial in the predic
tion of delayed fracture. 

3. It is difficult to detect the initial stages of cracking where 
extremely low growth rates are involved (e.g. incubation period 
and period of sub-critical crack growth). 

4. The confidence in KTh values is limited by observations of 
alternating slow and fast crack growth near KTh, suggesting 
that the repeated nucleation of microcracks occurs at microstruc
tural features ahead of the main crack front. (Akhurst and 
Baker). 

5. As the stress intensity is increased toward KTh there is no 
simple transition from stationary to sustained crack growth. 
Cracking may initiate, decelerate, and arrest under constant 
load. 
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6. Limitations of crack measurement techniques and the possibility of 
crack "tunnelling" make it difficult to detect transient cracking 
over long periods of time. Therefore, the complete arrest of 
cracks is subject to uncertainties requiring conservative design 
practice. 



Table V. Merits of KTh as a Fracture Criterion 
due to Hydrogen Embrittlement 

1. The crack velocity approaches zero as K is lowered to a limiting 
value defined as KTh. 

2. Crack growth rate increases as the stress intensity is raised 
above KTh. 

3. KTh and the time to failure are increased as the yield 
strength is decreased. 

4. Experiments have confirmed the redistribution of hydrogen by dif
fusion to regions of high stress intensity. 
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5. Higher stress intensities are required for crack growth at temper
atures where hydride nucleation is reduced because of increased 
hydrogen solubility. 

6. KTh is increased when the hydrogen content in titanium is 
reduced by vacuum annealing. 

7. The relation between stress intensity and crack growth rates 
depends on whether hydrogen is supplied internally or externally 
to the region of stress intensification. 





APPENDIX 

LITERATURE SUMMARIES 

CRACK GROWTH AND CRACK GROWTH RATES 



A-I 

LITERATURE SU~lNARIES 

CRACK GROWTH AND CRACK GROWTH RATES 

1. Landes and Wei (40) - 1973 

Summary: 

- Used A1Sl 4340 steel tempered at 400°F. Temperature range 

restricted to 10-75°C. 

- Cracks followed by electrical potential, compliance, and optical 

methods. 

Specimen in distilled water. 

- Also used H-11 tool steel, tempered at 950°C--tested only at 

room temperature. 

Used center-cracked and crack-line-loaded test specimen. "K" is 

constant for the latter test specimen. 

Calibration for center-cracked specimen is by the secant correc

tion (STP 410). 

- Calibration for crack-line-loaded by experimental compliance 

calibration method. 

Constancy of "K" for crack-line-loaded specimen is + 3%. 

Conclusions: 

Crack growth in distilled H20 is controlled by a thermally 

activated process with apparent activation energies that depend 

on "K." 

Activation energy is 8000 ~ 1000 cal/mole; this is similar to 

values reported for similar steels. 
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- This apparent activation energy corresponds to that for hydrogen 

permeation in A1Sl 4340, and lends support to the concept that 

the rate limiting process for crack growth in high strength 

steels exposed to water is that of hydrogen permeation into the 

crack tip region. 

Activation energies for crack growth in water and in gaseous 

hydrogen are different. 

- A transient or incubation time exists for specimens initially 

loaded to high K values. 

- During loading, above KTh, the growth rate quickly slows 

down to a steady-state rate. 

During loading, below KTh, the specimen showed a small 

amount of crack extension which subsequently stopped completely. 

- The above transient growths are only associated with loading, 

and this is not to be confused with the period of transient 

incubation growth discussed earlier. 

- During loading, there was a short period of transient crack 

growth which showed much higher growth rates than the sustained 

load rates. 

Growth rates in gaseous hydrogen are ten times higher than those 

in distilled water. 

Rate controlling process for crack growth in water is different 

than that for growth in gaseous hydrogen. 

- A variation of lOC in testing temperature causes a velocity 

change of 4%. A 5°C change causes a 30% velocity change. 
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Further Work: 

- Effect of tempering temperature should be investigated. 

Use a larger temperature range for testing (instead of just 

- The rate limiting step in the permeation process still needs to 

be defined. This is since the activation energies in water and 

in gaseous hydrogen are different. 

Critique: 

- The crack growth velocity is very dependent on testing tempera-

ture. A 1°C and 5°C change causes 4% and 30% velocity cnanges, 

respectively. Existence of a rate limiting process also report-

ed by Smith, et al (Eng. Frac. Mech, 1, 1969, pp. 123-128) and 

by Mostovoy, et al ("A note on SCC Rates," Materials Research 

Lab., Inc.) 

- Calibration compared to analytical calibration of Gross, et al 

(IiStress Intensity Factors for Crack-l ine Edge-crack Specimen, II 

NASA Technical Note 0-3820, 1967). 

- Landes and Wei show results close to those obtained by Gross' 

boundary collocation technique. 

- Accuracy of electrical potential method for crack growth is ~50% 

for crack velocities ~10-5 in/min., and +10% for velocities 

10-3 . / . 
~ ln mln. 

- Accuracy of compliance method for crack length determination is 

+0.005 in. 
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- At onset of loading, growth rates did not immediately reach 

expected values. There appeared to be a transient period where 

growth rates were slower and gradually increased to expected 

val ues. 

- Specimens initially loaded to high K values showed the transient 

or incubation time in both test specimen types. 

Reproducibility of growth rates in styrofoam chambers is +35%. 

- Crack growth rates less than 10-6 in/min hard to measure with 

any reliability. 

2. Lessar and Gerberich (41) - 1976 

Summary: 

- Estimated KTh by assuming that as (da/dt) +0, then K+ KTh . 

- Experimentally determined compliance curve to facilitate calcu-

lations of "K." 

Conclusions: 

- Crack kinetics are diffusion limited (which may be related to 

the size of the grain boundary region, or the degree of retained 

austenite) and are not due to an enhanced cohesive energy at the 

grain boundaries. 

Prior austenite grain size has a strong effect on (da/dt). 

- Prior austenite grain size has a mild effect on KTh and K1SCC . 

- The effect of increased grain size on decreased crack growth 

kinetics is diffusion limited. 

- Smaller qrain sizes displayed a greater amount of failure by 

tear. 

.. 
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- Impurity (sulfur, phosphorus) effects do not control hydrogen 

embrittlement processes. 

Increased grain size improves HE resistance if the grain diam

eter is significantly larger than the plastic zone. 

- Tests indicated discontinuous cracking. 

- KTh appears to first decrease and then increase with 

increasing grain size. 

Below 4~m, KTh is independent of grain size. 

KTh changes with grain size because of the effects of grain 

size on yield strength and fracture. 

- Grain size itself is not the only microstructural parameter con

trolling cathodically charged HE. 

- Failure mode is independent of crack length for a range of "K.II 

Further work: 

- Need a clear description of the IIdiffusion limiting process ll 

that controls crack kinetics. 

- What factors may affect this rate limiting process? 

- Can we manipulate these factors to adequately reduce crack 

growth kinetics to a point where lifetimes of ~10,OOO years are 

obtained? 

Critique: 

- The 20 fJ m gr a in -s i zed mater i a 1 does not fo 11 ow expected beh av

ior. This was attributed to one of these three possibilities: 



A-6 

1) There may have been a difference in the parameters control-

ling nucleation and growth. 

2) There may have been a difference in the amount of impurities 

segregated at the grain boundaries. 

3) Different degrees of retained austenite may have been 

obtained. 

- Heat treatments that produce the desired grain sizes may have 

also affected other diffusion-limiting processes other than 

grain structure. 

- Method of estimating KTh may lead to significant error. 

3. Ooig and Jones (42) - 1977 

Conclusions: 

- An incubation time precedes cracking. 

- Cracking is discontinuous. 

- H2 :t 2H at root of notch upon load i ng. 

- Diffusion coefficient (0) is independent of stress and concen-

tration. 

- For crack initiation, a critical hydrogen concentration (Cc ) 

must be achieved over an unspecified distance, (dc ), deter

mined by the microstructure. 

- Apparent threshold stress intensity (KATh ) is the intensity that 

allows Cc to be achieved over a distance dc . 

- KATh decreases with increasing yield strength . 
.1 

- KATh a p2 where p = radius of notch root. For mild notches 

(d «p). 
c 
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- KATh approaches a minimum for sharp notches (opening displace

ment and dc limitations predominate). 

- As Xc (peak stress position) increases for increasing KA, so 

the time to initiate cracking (ti) decreases. 

ti vs. K curve (Fig. 1 in O·J) is displaced to longer times 

with increasing values of KATh , p and decreasing values of VH. 

- Rate controlling step in HE is the bulk diffusion of hydrogen 

within the metal lattice. 

Other possible rate controlling mechanisms are: the disso

ciation of hydrogen molecules into atoms at the notch surface, 

the inhibiting effect of surface oxide films on the transport of 

hydrogen atoms to the metal surface; the nucleation of the HE 

crack. These last three mechanisms are shown to be non-rate 

controlling. 

- The critical hydrostatic stress is reached much sooner under 

conditions of plane strain rather than plan~ stress. 

HE will occur more readily in thicker sections (where we have 

plane strain conditions). 

- HE behavior is strongly dependent on stress distribution and on 

microstructure. 

Further Work: 

A study of the location of maximum stress (Xc) is needed. 

Ooes it exist at the elastic-plastic boundary or within the 

plastic zone? 

- Study effects of stress and concentration on the diffusion coef

ficient (0). 
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- Clarify the meaning of dc, the critical (unspecified) dis

tance. Also, how is dc affected by microstructure and other 

variables? 

Critique: 

Does Xc exist at the elastic-plastic boundary? Gerberich, 

Chen, and St. John (43) state that recent analyses have shown 

that the highest stress (Xc) and highest concentration exist 

within the plastic zone. 

- Is diffusion coefficient (D) really independent of stress and 

concentration? 

- dc term is ambiguous and needs clarification. Is it indepen

dent of everything except concentration and stress intensity? 

4. Gerberich, Chen, St. John (43) - 1975 

Summary: 

- Study employed 4340 steel tempered in a 200-500°C range. 

- Used grain diameter as a size parameter in estimating crack 

growth kinetics (since the actual grain size laid in the range 

of Xcr ). 

Conclusions: 

The hydrostatic stress field at the tip of a crack is a major 

component if not the controlling parameter in HE processes. 

- Stage I is bypassed at high tempering temperatures. 

- Stage III is bypassed at low tempering temperatures (since their 

low fracture toughness caused instability in Stage II). 
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- Stage I is ",,100% intergranular failure. 

- Stage II exhibits more ductile rupture as K increases. 

- Stage III is predominantly ductile rupture failure. 

The pressure tensor gradient (dp/dx) acts as a driving force for 

hydrogen diffusion, so diffusion may be into or out of the crack 

tip. 

(dp/dx) is negative for elastic behavior, so hydrogen goes to 

the c r ac k tip. 

(dp/dx) is positive for plastic behavior, and the hydrogen is 

driven away from the crack tip. 

- The maximum hydrogen concentration (as well as maximum triaxial 

stress) occurs at "Xcr ," the elastic-plastic boundary. 

The large decrease in (da/dt) as tempering temperature increases 

is due to tempering effects on DA (which could increase the 

number of traps or increase the ease of deformation at the crack 

tip). 

Suggests a grain by grain jump in cracking. 

Further Work: 

- Expand tempering range. 

- Isolate effect of yield strength on diffusion. 

- Examine the effect of "Xcr" lying in the plastic zone 

instead of on the boundary. This may change the plot of (dp/dx) 

vs. (distance in front of crack), as well as other subsequent 

developments. 
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- Systematic studies of permeation on tempered and cold-worked 

tempered structures are required for the elucidation of the tem-

pering-DA relationship. 

Further work on the nature of the actual fracture mechanism is 

needed. 

- Investigate the effect of II crack branching ll on Stage II kinet-

ics. 

Critique: 

- Tempering to obtain desired yield strength levels may have also 

affected other diffusion-limiting factors (such as grain size, 

segregation of impurities). 

- Recent analyses have shown that IIXcrll would lie in the 

plastic zone, and not at the boundary. This may well change the 

present theoretical developments which depend on Xcr exist-

ing at the boundary of the elastic-plastic regions. 

- The correlation between actual data and theoretical calculations 

is achieved mainly by the choice of the concentration-diffusiv

ity term. 

- The effect of tempering on DA is only speculative. 

- The overall understanding of the diffusivity and the actual 

fracture mechanism is lacking. 

5. Gerberich and Chen (44) - 1975 

Summary: 

- Proposes that Kappl = KTh when the equilibrium concentration 

reaches a critical level. 
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Conclusions: 

- The controlling mechanism is a critical concentration of 

hydrogen, its propensity to form being governed by yield 

strength, Co' state of stress, and temperature. 

- KTh = f (hydrogen concentration) 

- Hydrogen builds up around dislocations. 

K appl 

- K appl 

- K appl 

= KThl C = C eq cr 

> KThl 
Ceq > Ccr 

< K I Th C < C 
eq cr 

Further Work: 

cracks. 

no cracking. 

- Study effects of concentration on KTh. Compare data to 

calculations. 

- Investigate electrochemical and concentration gradient effects. 

- Method needed to evaluate Ccr for different materials and 

conditions. 

Crit ique: 

- Model does not include electrochemical or concentration gradient 

effects. 

- Little data on the concentration dependence of KTh exists to 

compare to theoretical results. 

Critical concentration of hydrogen not given. 

- What factors affect Ccr ? 
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6. Wanhill and van Leeuwen (45) - 1978 

Summary: 

- Applied fracture mechanics to ambient temperature sustained load 

fracture in structural materials. 

- Ratio Analysis Diagrams (RADs) interpret the fracture resistance 

of materials in terms of damage-tolerant design. RADs are based 

on the correlation between KIC and dynamic tear energy as 

functions of yield strength, and have been modified to include 

stress corrosion resistance and sustained load cracking resist-

ance of titanium alloys. 

- The high ratio region is where high stresses and large cracks 

are necessary to cause fast fracture or SCC. The low ratio 

region is where fast fracture or SCC can initiate from very 

small defects at moderate to low stress levels. 

Conclusions: 

- The most important and widespread failure mode in ambient tem-

perature sustained load fracture is stress corrosion cracking. 

- K should not be considered a material property, since it can 
ITh 

depend on measurement sensitivity, the material, the environ-

ment, temperature, stress-state, and cutoff time. 

- The time to failure consists of an incubation time and period of 

subcritical crack growth. 

The incubation time depends on KI and prior history. 
initial 

- Period for subcritical crack growth depends on specimen config-

uration and type of loading and the crack growth kinetics. 



A-13 

Cracking in Regions I and III is strongly dependent on stress 

intensity. Crack velocity in Region II in independent of stress 

intensity. 

- K should not be used as a design parameter because its long-
ITh 

range significance for service performance has not been estab-

lished. 

- K values do not necessarily provide safe levels of stress for 
ITh 

all crack sizes. 

- At low stress intensities and extremely low growth rates a true 

K for aluminum alloys has not been observed. 
ISCC 

- sce can occur below "KI II in specimens with very small flaws 
sec 

or no apparent flaws because other forms of corrosion can occur, 

thereby providing stress risers that could increase the effec-

tive stress intensity to levels sufficiently high to cause 

eventual failure. 

- Determination of inspection intervals based on Region II crack 

growth rates will be difficult or virtually impossible if the 

component geometry is complex, if stresses are relaxed as the 

crack grows, and if stresses are redistributed owing to perman-

ent displacement changes under service loads (e.g. slip of bolt

ed or riveted joints). 

Further Work: 

- Elucidation of the underlying mechanism of sustained load 

fracture. 

- Development of a valid fracture parameter for materials selec-

t ion. 
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- Development of reliable and reproducible tests for the above 

valid parameter. 

7. Stepanov, et al (46) - 1979 

Conclusions: 

Small change in stress gives large change in endurance time. 

- There exists an activation energy for cracking. 

At cyclic loading, the failure probability for a given time must 

be greater than that at static loading. 

- Cyclic failure can be probable at such low stress levels that 

static failure will not occur. 

Critique: 

- Large spread in data points--poor correlation. 

- No proof of the accuracy or validity of various mathematical 

relationships. 

Difficult to measure some of the parameters in the endurance 

equations. 

8. Nakasa, Takai, and Kido (47) - 1977 

Summary: 

- Studied the effect of superposition of repeating load on incuba

tion time and crack propagation rate. 

- Measure crack length optically. 

- Environmentally induced delayed failure under static load con-

sists of: 

• 

• 

• 



A-IS 

1) The adsorption and the invasion of hydrogen atoms to the 

mater i a 1. 

2) The diffusion and concentration of hydrogen atoms to the 

triaxial tensile stress state region ahead of crack tip. 

Conclusions: , 

- Incubation time increases as K decreases. 

- No crack propagation below KTh. 

- Crack propagation destroys the protective film on the crack tip, 

and so lowers KI . 
SCC 

Incubation time and K are markedly decreased by superposi-
ISCC 

t i on of L\ K. 

Increases in the frequency of loading cause decreases in incuba-

tion time. 

- Crack propagation rate in delayed failure under repeating load 

is smaller than that under static load and larger than the 

fatigue crack propagation rate (CPR) in air. 

- Crack propagation rate in delayed failure under repeating load 

cannot be estimated from those under static load. 

Fatigue crack propagation rate in corrosive environment cannot 

be expressed by a simple summation of both the fatigue crack 

propagation rate in air and the rate in delayed failure under 

s tat i c load. 

- When L\ K and frequency of loading are large (and the incubation 

time or the CPR in water is similar to that in air) the initia-

tion of crack growth and propagation occur by the mixture of 
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fatigue and delayed failure. Otherwise, crack growth and propa

gation are controlled by delayed failure alone. 

- Repeating load destroys the oxide film, and so facilitates the 

adsorption of hydrogen atoms into the material. 

- Repeating load generates the compressive retained stress or the 

microstructural change below the notch root which supresses or 

facilitates the initiation of crack growth in delayed failure. 

- Repeating load changes the position of the region with triaxial 

stress cyclicly, disturbing the concentration of hydrogen atoms 

to the region, and delays the occurrence of HAC. 

~ < 
dt 1 " cyc lC 

Further Work: 

da 
dI t t" s a lC 

- An in-depth clarification is needed of the effects of repeating 

load on hydrogen adsorption mechanism. 

- In what way does the compressive retained stress suppress the 

initiation of crack growth? Need data. 

- Exactly how is the triaxial stress state changed under different 

loading conditions? 

Critigue: 

Optical measurement of crack length is prone to large error. 

- Data correlation often poor. 

Many deductions made, and little proof given. 

- Vague on the manner in which the triaxial stress state is chang-

ed during repeating load. 

• 



9. Boyer and Spurr (30) - 1978 

Summary: 

A-I? 

Crack length in Ti-6Al-4V alloy monitored optically. 

- Carried testing out to long times (500 days). 

- Model based on hydride precipitation, where cracking takes place 

through creep, cleavage, or interfacial separation. 

Highest loaded specimens were the last to crack. 

Conclusions: 

SLC of Ti -6A 1-4V is si gnifi cant1y i nf1 uenced by exposure temper

ature, hydrogen content, and basal plane crystallographic tex

ture. 

- Crack initiation and crack growth are independent of K (except 

that there exists a minimum stress intensity level required for 

cracking). 

- Increasing hydrogen content raises the temperature at which SLC 

occurs and increases CGR (crack growth rate). 

- Observed crack tunnelling. 

- CGR below 0.1 mm/day stabilized; those above 0.1 mm/day contin-

ued growi ng. 

CGR increases as temperature decreases until it reaches a maxi

mum, and then it decreases with decreasing temperature. 

- Fracture is mixed mode. 

Above a critical temperature, nucleation of hydrides is the rate 

controlling mechanism. Below Tcr , diffusion becomes the 

rate controlling mechanism. 
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Further Work: 

- Study effects of temperature on CGR (extend testing range). 

- Examine more closely the crystallographic influences on SLC. 

Critique: 

Effect of temperature on CGR not given in detail. 

- Need a larger range of testing temperatures. 

- Crystallographic effects not studied in depth. 

- Optical monitoring of crack length may give large errors. 

10. Simpson and Puls (33) - 1979 

Summary: 

- Studied Zr-2.5Mo. 

- Measured crack velocity by the potential drop method. 

- Determined hydrogen flux (dn/dt) from crack velocity. Related 

the two by making several assumptions. 

- Resolved "stepwise crack propagation" problem by formulating a 

"hinged hydride" model. 

- Critical length for hinged hydride rupture is assumed to be 

equal to the striation spacing on the fracture surface. 

- Used an average K for the period of measurement. 

- Critical hydride length is strongly temperature dependent. 

- 24 hours set as crack-arrest criterion. 

Conclusions: 

- Found a two-stage (da/dt) vs. K relationship independent of 

temperature. 
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Formation of zirconium hydrides result in embrittlement and 

crack nucleation. The stress field at the crack tip is then 

capable of restarting the process, giving rise to stepwise crack 

propagation. 

- Determined flux of hydrogen atoms to the stressed crack tip as a 

function of K, T, and hydrogen concentration. 

Driving force is the difference in local hydrogen concentration 

between hydride platelets close to and remote from the crack 

tip. 

- This boundary condition is dominant due to large (14-17%) volume 

expansion accompanying hydride precipitation. 

- The solubility of hydrogen in the material must be exceeded for 

this mechanism to take place. 

Solubility is 1 mg/g at 20°C; this rises exponentially to 60 

mg/g at 300°C. 

- Stage I: velocity increases strongly with K once KTh was 

exceeded. 

- Stage II: velocity is weakly K dependent. 

- KTh increases with temperature. 

- Elastic crack tip stress field controls Stage I diffusion, and 

plastic zone stresses control Stage II. 

- Elastic constraints play an important role in controlling the 

rate of hydrogen diffusion to the crack tip. 

- Bulk hydrides dissolve before the crack tip hydrides, and so 

supply a source of hydrogen. 
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Further Work: 

- Investigate "stepwise propagation" more thoroughly, and refine 

"hinged hydride" model. 

- Determine accurately "K" at transition point and activation 

energy. 

- What is the role of hydrogen content? 

- Increase reproducibility of data. 

Explain why approaching test temperature from below gives very 

poor results, while approaching temperature from above gives 

better correlations. 

- Study hydride microstructure and deformation mechanisms. 

Critique: 

- Assumes continuous propagation, which does not account for the 

stepwise nature of crack propagation. 

Crack velocity-hydrogen flux relationship is dependent on sever

al assumptions--some of which are shown to be false. 

- Experimental uncertainty in determining the value of K at the 

transition point. 

- Model does not predict a threshold stress intensity. 

- Much scatter in KTh data--poor test-to-test correlations. 

- Activation energy has a 25% error margin. 

- Little is understood about the role of hydrogen content, except 

that the solubility limit must be exceeded for cracking. 
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- Only obtained reproducible values by approaching test tempera

tures from above. Approaching test temperature from below gave 

very poor results. This is not explained. 

Have insufficient information on the deformation mechanism for 

hydrides and on hydride microstructure. 

11. Moody and Gerberich (22) - 1980 

Summary: 

- Studied Ti-6Al-6V-2Sn. 

- Examined effects of hydrogen and temperature on KTh. 

- Uefine a K effective· 

- Used modified Dugdale-Baronblatt equation to relate Keffective 

to Kapplied. 

Conclusions: 

- KTh drops slightly as temperature drops from 300 0 K (diffusion 

control). 

- KTh increases significantly with decreasing T above 300 0 K 

(Hydride nucleation problem). 

- CGR a exp (k). 

- Microstructure has a strong influence on KTh. Hydrides form 

on specific crystallographic planes. 

- Crack growth exhibits a three-stage dependency on K 1· d. app le 

- Near KTh, CGR depends on both K and temperature. 

Average "sem icohesive zone" width = 40 ].lm. This is the crack 

front region. 
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- As K increases to values just above KTh, CGR accelerate rap

idly. Extensive cleavage is found here. 

- Rate limiting step is unresolved for alB alloys. 

Below 300 o K, the diffusion through the S matrix is the rate lim

iting step (from activation energy considerations). 

- Maximum CGR is at 300 o K. 

- Above 300 o K, diffusion through the S matrix no longer controls 

cracking rate--another unspecified factor or process governs HE 

at higher temperatures. 

Further Work: 

- Study of the "nucleation problem" for hydrides at T > 300o K. 

- Study of the "factor or process" that governs HE at T > 300 o K. 

Study transition area where nucleation-diffusion factors control 

rate. 

- Study HE processes at temperatures above 326o K. 

Critique: 

- Does temperature directly affect KTh , or does temperature 

influence yield stress and other material parameters, which in 

turn affect KTh? 

- Does not elaborate on the "nucleation problem" above 300o K. 

- What is the "factor or process" which governs HE above 3000K? 

- What happens in the transition area (at'V3000K) where diffusion 

control gives way to nucleation of hydrides as the rate limiting 

step? 

• 
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- Use higher temperatures to see if yet another process controls 

HE at very high temperatures. 

12. Akhurst and Baker (48) - 1981 

Summary: 

Transient crack growth is observed following load increases just 

below KTh. 

- Studied behavior of a tempered martensitic steel (3.5 NiCrMoV) 

in gaseous hydrogen. 

- Prior y grain size is ASTM #4. 

- Crack length was measured by the back-face strain technique of 

Deans and Richards. Sensitive to;;;O.025mm. 

- Temperature range for testing was 25-80°C at 307 KPa hydrogen 

pressure. 

- Pressure range was 169-514 KPa at 25°C. 

- Crack arrest is defined as no growth for a period of 30 min-

utes. 

Assumes hydrogen concentration has no effect on flow stress. 

- Model assumes: equilibrium levels of hydrogen are present 

beneath the crack tip at KTh. 

- This hydrogen reduces the critical load fracture 

stress in proportion to its concentration; this 

fracture stress must be exceeded over a critical 

di.stance. 
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Conclusions: 

- Crack advances by the repeated nucleation of microcracks just 

ahead of the main crack. 

KTh increases as temperature is increased or the pressure 

decreased. 

- Crack fronts were relatively straight. 

- Fracture was predominantly transgranular (some intergranular 

fracture also observed). 

Discontinuous cracking found by acoustic emission techniques. 

- Maximum stress (and highest hydrogen concentration) is some dis

tance in front of the crack tip. 

- Hydrogen may be carried on moving dislocations resulting in con

centrations above equilibrium levels at sites in the metal which 

block dislocation motion. This can lead to cracking at stress 

intensities below, but close to, KTh. This cracking will 

not be sustained without an increase in load. 

KTh increases with increasing temperature. 

KTh decreases with increasing hydrogen pressure. 

- The critical distance for HAC is considered to be constant for a 

given steel in a given condition. 

Crack path is often associated with prior y grain boundaries, 

inclusions, lath boundaries. 
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Further Work: 

- Study of environmental influences on KTh . 

- Study of the processes which control HAC. 

- Study of factors which may affect the critical distance for 

HAC. 

Development of techniques for measuring material variables used 

in equation 11 of the paper. 

Critique: 

- Little discussion on environmental influences on KTh. 

- Is the critical distance for hydrogen induced cracking really a 

material property? 

- Many parameters in the equation relating critical stress for 

fracture to hydrogen pressure (eq. 11) cannot be measured exper

imentally. 

- Difficult to gauge the influence of temperature on KTh with 

this model, since some of the material parameters are also tem

perature dependent. 

- Is flow stress truly independent of hydroqen concentration? 

- Can you alter one material parameter independently of the 

others? 

- Lack of tests to determine material parameters leads to diffi

culty in comparing calculated and experimental approaches to 

check validity of model. 
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