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ABSTRACT

A theoretical model of the crack growth is proposed in terms
of physical mechanics of a real crystal with provision for the
hydrogen environment effect on metals, microfracturing peculi-
arities, physical aspects of hydrogen interaction with atoms
of the crystal lattice and crystal structure imperfections,
real elasto-plastic situation at the macrocrack interface.
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INTRODUCTION

The problem of hydrogen effect on fracture resistance of metals
is a matter of scientific interest of different specialists:
physicists, material scientists, engineers, designers, - all
those who work to ensure serviceability of machinery and equip-
ment. The needs of contemporary practice and future prospects
in development of technology contribute to this interest. The
reason for this is the development of "hydrogen economy" which
is supposed to solve a number of technical, economic zné ecolo-
gical problems as it allows to produce, store, transport and
consume energy with the aid of hydrogen.
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Among hydrogen effects on various mechanical properties of me-
tals - tensile strength, plasticity, fatigue characteristics,
etc. - the initiation and propagation of cracks induced by hy-
drogen in deformed metals is worth a most profound interest.
This proceeds from a well known fact, that in machine parts
and structures it is impossible to guarantee absolute absence
of cracklike defects or imperfections likely to cause cracks
in the process of operation. Due to the hydrogen influence the
defects, usually negligible, may become dangerous and cause
accidental brittle failure of machine parts. Hydrofen ~ffects
metals in such way that stirength of solids becomes dependent
primarily on the crack growth behavicur in a given material.
So, the studying of the hydrogen effect on the crack propaga-
tion process in metals becomes @ jproblem of paramount impor-
tance.

The problem of the hydrogen-induced crack growth in metals re-
quires @ complex of arproaches, which allows to obtain solu -
tions of a series of fundzmental and specific problems, studi-
ed by respective sciences. Basing on a general sequence of pro-
cesses and events cocncerned in the metal - environment system
(lloroz, Chechurin, 1967; Nelson, 1974), the following problems
should be pointed out as of paramount importance:
- environmental reactions of hydrogen production and
transport to metals;
- surface interaction and hydrogen entry into metnl;
- state and behaviour of hydrogen inside metalj;
- hydrogen effect on fracture initiation and propagation
in metals.

The last uvroblem has certain crosspoints with the protlem of
sufacial interactions in terms of the metal - environment sys-
tem. But, the surface processes affect the fracture processes
through the formation and development of deformed structures,
but not involving their intrinsic properties and limiting cha-
racteristics. The hydrogen effects in the core of fracture on
the formation of fracture pilots and their limit equilibrium
state are concerned within this case.
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The material strength science has acquired numerous data on

the strength of materials by now. A series of hypotheses and
concepts of the mechanism of hydrogen effect on the fracture
process has been put forward. All these concepts explain the
hydrogen induced fracture of materials by one (or several) of
the following factors: 1)molecular hydrogen pressure in micro-
cavities; 2)decohesion in the crystal lattice of metal; 3)in-
teractions with dislocations; 4)formation of hydrogen-contain-
ing phases (hydrides, etc.); 5)surfacial influence (chemisorp-

tion).

l'any sclentists contributed to the cdevelo: renu cf this problemn:
Bernstein, Cherepanov, Johnson, Karpenko, Kolachev, lkarichev,
Oriani, Rice, Tetelman, Thompson, Troiano, ‘.ei, williams and
others. Such a number of hypotheses proposed is accounted for
both by a complicated character of hydrogen - metals interac-
tion and complications in the very process of fracture. Bach

of the hypotheses usually explains the embrittlement by one
only of the named factors and it is very often in such cases
that very important results in physics and mechanics of defor-
mation and fracture are not taken into account.

The stage of preceeding investigations of the problem may be
described as analytic one, for it includes the designaticn of
basic hydrogen effects on metals and each of the effects was
investigated separately. Recently, this approach gives way to
a synthetic one in studying the hydrogen induced fracture,
when the factors of embrittlement are considered not serarately
but in their interconnection with the fracture process as a
wvhole.

Here we shall illucidate the problem as a whole, for it is too
manysided to be described in one report, we shall concern our-
selves with only some of its aspects.

ANALYSIS OF THE HYDROGEN-INDUCED CRACK GROWTH
BEHAVIOUR IN METALS ON THE BASIS OF THE BRITTLE
FRACTURE CONCEPT
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The hydrocgen-induced crack growth behaviour in metals is conven-
tionally studied basing on the fracture mechanics results. In
such case it is usuzlly accepied the concept of the stress
intensity factors (SI) tuken as jorameters unanimously de:L
termining the material mechanical stute in the [fracture ;roéesr
zone at the crack front, regardless of the mode of loading hndq
geometry of a cracked solid. inalysing the phenomenoclogy oi the
hydrogen effect on fracture in metals it igs not diffic:1t to )
arrive at some conclusions (Nelcorn, 1974) which seem Lo be so
common that nre ascumed as axioms belonging tc the theory of
the hydrogen-induced crack growth in metals. They lead to the
general concert that hydrogen-assisted crack growth in metals
is controlled not only by the properties of the materials, but
nlso by the processes of transrortation and collection of'hy -

drogen in locnl areas of the fracture process zone.

It tollows from what has been stated, that for the case ¢f the
hydrogen-induced crack growth in metals the Griirfith-Irwin
trittle fractuie theory, being under =<1l ccndition: < basic
concept for the macrocrack developme: 't study, does noe it the
described rreccess ndequately. Thigs is determined by the fact,
that such mode® is based on the concept of only two cruck states
—.propaguting and nen-propagating - and correspondingly of a
cirvfie critical paramcter, which marks the interface between
these two states. In the case of hydrogen embrittlemet many
authors already distinguish between three crack states and ;or—
respondingly, three SIF ¥, ranges (Telson, 1974; williams, 1973
we speak of the first statz, when the physico-chemical charac-
t?ristic of a system at a given load level do not provide con-
éltions cufficient for the crack growth to start. This state

is accompanied with a corresponding SIF range KfLK 5
where K1th is the thrshold 5IF value. The second state i;tgha—
racterized by hydrogen transport controlled subcritical crack
growth at K1th‘:K1< ch , when the crack growth is delayed by
the processes of the hydrogen transportation into the rracture
c?re. And, finally the third one is the state of the post-cri-
t%cal crack growth at K]ZK1C , when the crack propagaiion at a
given type of hydrogen distribution in the system is assisted
by 2 purely mechanical factor i.e. the loading level, there is
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no need for any hydrogen redistribution. This crack state is

gimilar to the crack state in testing under static loads and
conventional conditions. The corresponding critical parameter
is usually the same as the conventional crack propagation re-
sistance (fracture toughness) Kic (Johnson, 1976; Chaplja and
others, 1979; Kobayashi and others, 1981).

Let us now consider the problem of the crack growth resistance
of materials characterization in the presence of hydrogen and
try to point out the parameters permitting to connect the la-
boratory specimens behaviour under testing and behaviour of

materials in real-size structures. Ve shall discuss this pro-

blem in terms of the previously outlined crack growth behavi-

oure.

Concerning quantitative characteristic of the hydrogen-affec-
ted crack growth resistance of metals, numerous authors (Aly-
mov and others, 1976; Capeletti, 1976; Kolachev, MNal'kov, Se-
dov, 1975; Jablonskii, 1979) used a short-term fracture tou-
ined with a standard procedure (ASTM stan-

ghness parameter obta
Soviet standard and other gimilar pro-

dard, British standard,
cedures (Panasyuk, Andrejkiv, Kovchik, 1977a; Srawley, 1977),

writing K1c for this parameter on analogy with the conventio-
nal fracture toughness parameter. In this paper let K1QH denote
this parameter with provision for its principal difference

from the critical characteristic K1c’ A great sensitivity of
the K parameter to hydrogen was stressed and it was assumed
to be1%Ee measure of the hydrogenation sengitivity of the ma-

terials.

It should be mentioned that conventional concept (i.e. Grif -

fith-Irwin concept) used in brittle fracture mechanics do not
satisfy the demands of the study of the considered effect in
case of hydrogen embrittlement of metals and do not allow to
obtain the parameter characterizing the behaviour of the mate-
rial, but not of a manufactured specimen. A study contributing
to this concept and treating the origin and properties of the
parameter K1QH as those of the invariant characteristic of the
material, was performed within our Institute by Chaplja and
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others (19279). Ilamely, the conraralive fracture tests were car-

ried out under normal cenditions and in goseous hydrogen envi-

rcernment with » conventional jrocedure of fracture toughness
evaluation. The typical test resulte are given in rfig. 1. The
tests were carried out in parallel with ractographic analysis

>

of the specimens. For testing in hydrogen environment the

"load - displaccment™ dingram proves ta be nonlinear. The 5%
gecant line jrocedure was spplied to obtain the K,. .. wvalue.
The ¥ value ccerresponding to the slow-to-unstable fracture

1A
transition dencted with & roint 4 in diagram Psznnd with the
interface line A at the fracture surface was algo obtained. It
comes out in this case, that the value of K1A equals the SIF
critical value K1c’ obtiined in the absence of hydrogen. Be-
sides, the h?,y valuc wag jroved to be only cne ol the SII
values from the K!th<i'?( h?c range, corresgyonding to the
stage of the slow crack growth1. In this case it determnines
only the behaviour of a certain cracked specimen, but can hard-
ly demand tc be a parameter characterizing the behavicur of
materiol under given conditions. In fact, the K1'H value, de-
termined by the 5 cecant line ;rocedure, i.e. by ' increment
in the crack length (Srawley, 1977), igc dejendent not only con
the loading conditiong (the SIF value alteration rate £.) the
zverage crack grewth rate Va_v in the interval from /ﬂ ta);-/-Af
( Zbis the initinl crack length), but on the calculated crack
increment value Af:aﬂ%i.e. or. the specimen dimensions and even
on the initial crack leugth in it. Such degendence in the
first approximation 1s expressed by
o
420# = A;ét’LA;/Z“a4//”ﬁV)- ()
This causes doubt about the comparability of the data obtained
in thc described way and limite the pogsibilities of their
comparative application in evaluating the quality of the mate-
rials and rredicting the crack behnviour in structures.

In recent studies cf the hydrogen nscisted crack growth cha-
racteristics in metals an appyroach based on the crack growth
rate béyﬁgétf dependence on the &SI value have been widely

1, A - <
A similar study was later ;erformed by Japanese researchers

3

sr internsl hydrogen embrittlement (Kebayashi and others, 1981)
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used. This dependence may be plotted on diagrams giving the
most comparable and complete information on the crack growth
resistance properties of materials affected by hydrogen and
consequently used to evaluate growth of cracks in structures
(Johnson, 1976; Wei, 1967). It is obvious, that all the experi-
mentally obtained parameters and dependencies characteristic of
fracture resistance of any "metal - hydrogen" system, are either
included into these kinetic diagrams as K ., K1c or may be cal-
culated on their basis, as e.g. the diagrams of delayed failure
in the coordinates of "applied load (the initial SIF valuek;i)

ar

versus time to failureéf "(wWei, 1967).

It explains the great interest to their theoretical investiga-
tion and development of the diagrams in terms of certain theo-
retical concepts. Considerable success has been achieved in

this sphere due to the studies conducted by Cherepanov (1974),
Gerberich, Chen, John (1975), van Leeuwen (1974a, 1974b, 1975),
Fishgoit, Kolachev (1981), see also review Andrejkiv, Panasyuk,

Kharin (1978).

But known theoretical concepts of the hydrogen assisted main
crack propagation in metals are, to our mind, somewhat schema-
tic as they include, in full measure, neither the results of
studying of elementary effects of interaction of hydrogen in de-
formed metals with atoms of the crystal lattice and structural
imperfections, nor the achievements in physics of microscopic
processes of deformation and fracture. These being phenomenolo-
gical in crigin do not present a description of the crack growth
kinetics in materials in closed form. That is why it has become
prospective to develop a theory of the hydrogen-induced crack
propagation in metals with provision for the true elasto-plastic
situation at the macrocrack contour, physical microscopic effects
of hydrogen interactions with defects of metals structure and
fracture origins, following macroprocesses.

ON THE THEORY OF THE HYDROGEN-INDUCED CRACK
GROWTH IN METALS

The problem of the critical condition (fracture criterion)is the
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basic one for the theory of the hydrogen-induced crack growth
in metals. In terms of this problem the intensity of mechanical
effect on the macrocrack front in metal (determined by the SIF
value) must be associated with the quantity of the hydrogen
collected in the core of fracture at the moment, when the limit
of the stable deformation of the material in the vicinity of
the crack tip is reached.

The length of the potential fracture initiation zone 1g compa-
rable viith the crack tip opening disglacement 7R T i H
one may use the formula of the tyrye (Chereparov, 7197
king 1977):

by = kP E6y) (2)
vhere & is Young's modulus, 8, -yleld strength of the material,
&K -numerical coelficient (-1). In accordance with lhe avai -

lable data on the 3IF values n!l which the hydrogen-induced

crack growth in various steels with different ultimate slrength
values ic observed (e.g. dota of LicIntyre, " alkor (1976, wnd
Loginov. Thelrs (7375,) cre direnticns ot tle Tracture initi-
ation zcne have the order ol -nitude ol 1 - TQCfun, AL o dinter-
vals of guch length in the vicivity ol the crocl ti, the diuo-

tribution of hydrogen ray have a rather non-unicerm character.
The dimensions of the fracture crigin nay be evaluated by the
dislocational microcrack size, whichk has the order of C.01 -
O.1um for metals (Grigor'jeva, opov, Losyreva, 136%; Vladi-
mirov, 1976). Thus, it followus that ithe fracture initintion is
associated with the peculiarities of the hydrogen distribution
in the fracture zone. lLeanvhile, the available e:rerimental
techniques to analyze the local hydrogen content allow toc de -
termine its total amount only in regions vwith a 100 - 300 wum
diameter (Dikii and others, 1981: Smiyan, 1980). Thus, it is
rather difficult at jresent to cbtain the desired criterial re-
lation experimentally. This problem calls for a more detailed
theoretical study and development oi techniques for indirect
evaluation of the criteriocon in terms of available experimental
data.

In this connection may the folloving be noted. The potential
fracture zone limit state criterion should be selected with
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provision for the condition, that depending on the hydrogen
distribution the points of the given zone become differently
related to the fracture causing stress - strain state and al-
most any of them may become the critical one. This criterion
should be formulated as condition when hydrogen concentration
C reaches its critical value Ccr in point X . The critical va-
lues are determined by the stress Gk and strain échomponents,
which are the functions of K, and the point location. The gene-
ralized form of the fracture criterion is:

C(X)=Cop (K X) o  Kiep=Kiep ¢ X).
It is assumed, that the stable deformation limit of the mate -
rial at the crack tip is reached in case, when condition (3)
has been realized in any point of the fracture process zone.

The phenomenological approach does not allow the right-hand
part of the criterial equation (3) to be defined concretely. It
is possible to solve this problem basing on the determination
of relations between hydrogen and metal interaction and reac -
tion of materials to mechanical actions. In this case it is
needed to use some additional physical results and ideas, which
constitute the model of the hydrogen-induced fracture mechanism

for metals.

For almost forty years of intensive studies on the problem of
hydrogen affected fracture of metals, beginning with the stu-
dies by Zapffe, a great number of models for the mechanism of
this phenomenon has been proposed (they have been widely dis-
cussed by Kolachev (1966), Noroz, Chechulin {1967), Pokhmurskii
Shved, Yaremchenko (1977), Smialovski (1962) and others). Some
of these studies go only as far as qualitative explanation of
some effects of hydrogen embrittlement in metals, the other
studies present theoretic concepts proved by quantitative ana-
lysis. But common theoretic concepts are usually limited to on-
ly some of the nembrittling " factors (decohesive hydrogen ef#£
fect, hydrogen dislocation interactions or others) which are
considered without provision for the real sequence of events in
the core of fracture. In this report the model of hydrogen-in-
duced fracture is formulated as a component of the theory of
macroscopic crack growth in metal.
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Qualitative lModel of Hydrogen-Induced Macrocrack Growth in
Metals

The case of crack propagation in rather plastic metals, subjec-
ted to hydrogen-containing environments is considered. ‘ie as-
sume the metal to be practically free of hydrogen. We do not
consider conditions and materials with a possible hydrogen-
induced degradation of metal of chemical origin (hydrogen cor-
rosion, hydride brittleness, etc.).

As far as hydrogen-induced macrocrack in metal is concerned, it
is possible to state, that its tip zone structure does not dif-
fer from the case, when there is no hydrogenation. The charac-
teristics of the macrocrack in the given cases are the follo-
wing:

1. The profile of the macroscopic crack is formed through shear,
the stress value in the vicinity of the inevitably blunted

crack tip are in all cases substantially smaller, than the ide-
al lattice strength (Viadimirov, 1976; Vladimirov and others,
1981; Mcheeking, 1977; Yemaletdinov, khananov, 1977).

2. The crack tip is surrounded with the zone of plastic defor-
mation of a considerable inhomogeneity caused by its discrete
dislocation nature. This is a source oi local overstresses in
the precracking zone. Besides, at the crack tip there is an
adjoining region free from dislocational discontinuities and
overstresses (Vladimirov, 1976; Vladimirov and others, 1981).

V'hat has been stated means, that the overcoming of the occuring
barriers is the determinative stage of the macrocrack propaga-
tion. The process of such a crack propagation is unlikely to

be associated with the surfacial sharp microcrack initiation at
the blunt macrocrack tip. This process may be caused by the
fact, that due to hydrogen the lattice cohesive strength in the
surfacial layer of the metal at the blunted crack tip decreases
up to the level of mechanical stresses observed in this place.
Thus, the given tyre of the macrocrack propagation depends on
the hydrogen ability tc cause a considerable reduction in cche-
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sive strength of the metallic lattice (by some orders of magni-
tude (NcMahon, Briant, Banerji, 1978). The available experimen-
tal data (Au, Birnbaum, 1978; Flis, Smialovski, 1979: Kamdar,
1974) show, that hydrogen does not affect the fracture of me -
tals even under extreme conditions of their interaction, but
only if in metals there exists no factor that could cause micro-
localization of plastic deformation.

Taking into account what has been set forth above together with
some general physical concepts (Finkel', 1970; Vladimirov, 1973,
1976) it is possible to represent the qualitative aspects of the
macrocrack growth in metals, affected by hydrogen-containing
environments, in the following way (Fig. 2).

VWhen loading a solid with a macroscopic blunt crack, a zone of
intensive plastic deformation is formed in the vicinity of the
crack tip long before the limit equilibrium state is reached at
K, = This plastic zone exhibits local non-uniformity,
which gives rise to excessive dislocation groups of the same
sign. Being interlocked with obstacles (grain boundaries, phase
boundaries, etc.), they form retarded dislocation arrays, cause
high local overstresses and create structures, which may lead
to dislocational cracks. These possible fracture nucleations
may occur at a distance from the crack tip, which is not smaller
than the one depending on the dislocation structure parameters,
such as the size of the dislocation source, etc. (Vliadimirov,
Khannanov, 1970). Hydrogen, entering the metal has no time to
pile up in the potential fracture zone during load rising in
the quantity sufficient to affect the fracture pilots nuclea-
tion considerably. After a period of time, if the process of
loading is continued, the stability of the dislocations arrays
in the precracking zone is disturbed. A dislocational micro-
crack, coming from the opposite direction occurs, and is ab-
sorbed by the main crack, thus permitting the main crack growth
to be continued. This occurs when the stress intensity factor
reaches the K1c value.

If the loading is limited by the K1<:K1c level equilibrium dis-
location arrays occur in the precracking zone before the col-
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lected hydrogen amount is enocugh to produce any practically
significant effect. As hydrogen enters the metal this equili-
brium may be disturbed and the relaxation of the dislocation
configuration may occur, i.e. its transformation into a dislo-
cational microcrack. This happens due to the microscopic ef -
fects caused by the hydrogen presence in metals (alteration of
the interatomic bonds or effects of the hydrogen interactions
with dislocations, or others). The growth of the macrocrack by
joining with microcrack is arrested some distance away from the
initial position of the crack tip, where the metal is not suf-
ficiently saturated with hydrogen. In the vicinity of the newly
formed crack tip a precracking zone appears again preceded by
dislocational fracture pilots. Hydrogenation of metal is repe-
ated through the surface at the opened crack tip and so on.
Thus, the macrocrack growth occurs in the form of successive
jumps. The average period At of the "pilot appearing - hydrogen
accumulation - relaxation of the nonequilibrium dislocational
configuration™ cycle is the time of the jumps repetition and
together with the jumps average length,AZdetermines the ave-
rage macroscopic macrocrack growth rate V =AZ/A t.

The proposed concept is quite realistic, which is proved by the
facts verifying the basic principle of the model, consisting

in disturbance of the fracture pilots - dislocation arrays
equilibrium by the hydrogen entry into metal, which makes the
dislocation array fall into dislocational cracks. Such facts
are observed by Oriani and Josephic (1979, 1981): splash-like
acceleration of the stress relaxation in a deformed specimen or
creep in a loaded specimen at ambient temperature during hydro-
genation which could be explained by a shift of the formerly
retarded dislocation arrays. The consequence of the assumed
disturbance of the dislocation arrays and their shift as hydrogen
enters the metal, should be delayed local plastic deformarion.
This effect have been really observed experimentally in the
vicinity of the crack tip in the metal subjected to hydrogen
containing environments Chu, Hsiao, Li, 1979). Finally, numero-
us experimental results show that plasticity localization is
the factor affecting the hydrogen sensitivity property of me -
tals, and the most brittle fracture modes, when studied in de-
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tail, proved to be bound up with local plastic deformation out-—
bursts (Thompson, 1978; Thompson, Bernstein, 1978).

Frecture Model and Criterion of Local Instability in a Hydroge—

nated Naterial near the Macrocrack Tip

To describe the process of nucleation and development of frac-—
ture in overstressed elements of a solid it is necessary to con-
sider both the structure of the leading dislocation core and

the discretness of the heading part of the dislocation array.

In this respect let us consider a combined discrete - continu-
ous model of a blocked dislocation array presented in Fig. 3.

Let the dislocations array contain n number of dislocations of
Burgers vector b, let it be located in the normal stress field
Gn and let stress ‘Z% press it to some barrier. In this array
two leading dislocations are considered to be discrete and the
rest of the array is considered in continuum manner. For the
first two dislocations we introduce a core model similar to a
mechanical model of cohesive forces adopted in the microscopic
crack concept (Panasyuk, 1968). The core is treated as a wedge
shape cavity, located in elastic continuum with its sides con-
tracted by forces of atomic planes interaction and the stresses
at the wedge tip are equal to the ideal lattice strength?m .
Without going into details of the performed analysis we shall
note the following (Panasyuk, Andreikiv, Kharin, 1982; 1983).

The dislocation core structure appreciably affects the disloca-
tions interaction force. Proceeding from the assumed disloca -
tion core structure, we arrive at a conclusion that, with small
L values of distance between dislocations, the force appreci-
ably differs from the classical dependence of 1/L type (dashed
line in Fig. 4). In particular, the mutual repulsive force F,,
for dislocations B1 and B2 grows to some extreme value as they
approach each other, but then this force decreases rapidly due
to dislocation cores interaction (solid line in Fig. 4). This
causes the situation, when the repulsive force F12 cannot pre-
vent the dislocations from being brought together, which leads
to the instability of the B2 dislocation with its further join-

AFK VOL 1-0
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ing with heading dislocation B1 of the array, i.e. the mergence
of the dislocations with the following formation of a super
dislocation of the Burgers vector of 2b value. For this case
the instability condition for dislocational structure will
take the form (Panasyuk, Andreikiv, Kharin, 1982; 1983):

n(ty -7 )= 030 (F*-6,.), G
where ¢i is the resistance of lattice to the slip of disloca-
tion, f"‘:;&f ym , whereZf is the coefficient of the atomic
interaction forces dying down, 3/4< ¥ < 1.

Note, that there is no interaction between the sides of a super-
dislocation with Burgers vector 2b in iron, according to compu-
tations of Altynbayev, Khannanov (1977) i.e. a superdislocation
may be assumed to be a nucleation of a microcrack. Thus, con-
dition (4) becomes a condition for a nucleation of fracture at
the head of the dislocations array.

Considering in the same way the dislocation configuration for-
med after condition (4) is satisfied, with provision for the
superdislocation (crack) properties we obtain the condition
for the nucleational crack growth due to the dislocations of
the array joining the crack (Panasyuk, Andreikiv, Kharin, 1983):
N2, ~7;) = 35 (1- 25006,E (32 ) (9 /- 6,) . (5)
It is interesting to note, that the instability of the dislo-
cation which is nearest to the leading superdislocation (crack)
constitutes the condition for instability of the whole array
(Vladimirov, 1973; Vladimirov, Khannanov, 1969), which slips
after condition (5) is fulfilled, into an expanding disloca-
tional crack.

Now the time has come to analyze the hydrogen effect. Hydrogen
facilitates fracture in an array of dislocations, as it reaches
the array. There are two ways for this process to occur: either
the reduction of the friction resistance of the lattice Z; .
or the reduction of the cohesive properties of the lattice in
the dislocation core, i.e.;ﬁn-value reduction. As far as the

first factor is concerned, the controversy in numerous results
(Bernstein, 1974; Cornet, Talbot-Besnard, 1977, 1978; katsumo-
to, Eastman, Birnbaum, 1981; Pokhmurskii, Shved, Yaremchenko,
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1977; Shved, 1981) leads to the conclusion that the given fac-
tor influence may be refered to the specific properties of
particular alloys, both to those promoting and impeding frac-
ture of the type under consideration. Comparing these facts
with knowledge that hydrogen causes harmful effects of a uni-
versal character, one feels doubtful about the decisive role
of the given factor in hydrogen environment embrittlement.

As for the hydrogen-affected reduction of the cohesion in the
dislocation core zone, it is now a well grounded phenomenon
and there is no doubt in decohesion of the electronic
nature (i.e. associated with alterations of the electronic
structure of metals due to hydrogen presence) (Losch, 1979;
Troiano, 1960; Watanabe, 1977). With due regard for the fact,
that the dislocation core zone is the region of the most likely
hydrogen atoms localization, it is possible to speak of the co-
re as the center of cluster formation and of possible (Walker 4,
Walker T., Kelly, 1972) metal-hydrogen hydride-type bonding lo-
calization. Both of these effects may be taken for sources of
specific decohesion which is associated with individual alon-
gation of some particular metal-metal bonds (Fujita, 1976;
Gehlen, Markworth, Kahn, 1976) with reduction of the corres-—
ponding interaction forces. Thus, as for the dislocation core,
it is only natural to speak of effective decohesion as a sum
of three previously denoted effects of electronic, hydride and
cluster origin. It is obvious, that the total decohesive effect
is more universal than each of the components. With this in
mind the further discussion of the mechanism of hydrogen effect
on fracture will be based on the concept of effective decohe-
sion in the dislocation core zone. This dislocation-decohesion
concept of hydrogen embrittlement will, thus, generalize the
conventional decohesive Troiano-Oriani concept (Troiano, 1960;
Oriani, 1972).

In terms ot this concept we describe the following sequence of
events for an array previously free of hydrogen. The hydrogen,
entering the metal, collects first of all in places most suffi-
cient in terms of binding energy. Dislocation cores, with hy-
drogen atomic concentration reaching unit or even excessing it
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also belong to such places (Heady, 1978; Hirth, 1980). This is
accompanied by reduction of the effective core cchesion para-
meter, which is the function of the hydrogen amount in the dis-
location core zone‘QZ(Qyi)(yi is the number of hydrogen atoms
per the distance of the lattice parameter along the dis-
location line. On account of lack of more precise information

we take it as is usually done (Oriani, Josephic, 1974) in line-

ar form
x — O¥

N A Tt 278
Viith provision for equation (6) the hydrogen-assisted fracture
nucleation criterion takes the form of

fl(izf-?z;) =238 /;%F - 1%7/22— 655) 7
and the dislocational crack propagation criterion is presented
by:

z-C.)=

MG~ G) 9351 0. 20068/ G kN W (G o )75~ 6], (®)
wﬁere Nt determines the number of hydrogen atoms associated
with the atomically sharp microcrack tip.

Values N;Land Nt are associated with equilibrium hydrogen con-
centration in a regular lattice of metalé’. This relation is
expressed with a well known linear dependence containing a pro-
portionality factor of the ﬂ/ﬂ(lg/,éﬁtype, where V£ is binding
energy of a hydrogen atom with the corresponding defect,ﬂ: is
the Boltzman constant. The value of Y, for an atomically sharp
microcrack is unknown, though it is possible to assume that it
is located between the binding energies of the hydrogen atom
with the dislocation core and the free metal surface. Taking
into account, that the described values do not differ appreci-
ably (Hirth, 1980), we may say, that V,,=}, and, consequently
N, =N =N - & 4L ,
t L o
In Fig. 5 with provision for the latter equality the criterial
conditions for the microcrack initiation and propagation (7),
(8) are represented. In this case it is interesting to note,
that the latter is the evaluation from above for a real condi-
tion, including the pressure effect of the gaseous hydrogen,
entering a microcrack with dislocations. But, basing on calcu-
lations (Panasyuk, Andrejkiv, Kharin, 1982), the gaseous H
pressure in a defect may be neglected for the hydrogen confent
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in metal of order of several ppm, causing no harm to a precise

process description.

The specially developed averaging procedure (Panasyuk, Andrej-
kiv, Kharin, 1983) allows transition from microscopic to macro-
scopic variables in terms of criterial dependencies (7) and (8).
As a result we obtain the fracture initiation and propagation
criterion in the material point subjected to hydrogen effect
in terms of continuum (macro-) mechanics of elastic-plastic so-—
lids
A (CpiT)=g*-K,C- 67, L@

A E:(Cax “Z: )= 11~ ajﬂ/@”’g’/[;ﬁ—@ﬁ){/[@m'%ﬂz/i—@‘ /£10)
where A}— equivalent plastic strain, g;‘" A""— maximum shear
and tensile stresses. In this case A, Ar, Kg are phenomenologi-
cal constants in a certain way associated with corresponding
microscopic parameters (the graphic representation of the des-
cribed conditions is obtained from a microscopic analogue with
the corresponding alteration of the scale in coordinate &xes,

Fig. 5).

Wwith due regard for the fact, that the £, is associated with
reduction in area of a smooth specimen yj, it becomes obvious,
that in Fig. 5 the section of the criterial surface with the
6/:5;{/[3) surface ( 6';( being macroscopic true fracture stress)
represents the main characteristic properties of the experimen-—
tally obtained dependence y/=§9/27(Moroz, Chechurin, 1967;
Pokhmurskii, Shved, Yaremchenko, 1977; Smialovski, 1962). This
suggests the possibility to use the experimentally obtained
using uniformly stressed and hydrogenated specimens dependen-
ciesé":@[é’} and @ =@(C) to determine the parameters of
criterial equations for given material (though, in this case
some error can be achieved due to complications, associated
with the necessity to provide unifcrm hydrogen distribution in
a specimen, etc.). In principle, together with the data on the
stress and strain distribution in the vicinity of the crack tip
in an elasto-plastic material, the dependencies (9), (10) de-
termine the criterion (3) of the limit equilibrium state of the
material in the vicinity of the crack tip. In this case it is
necessary to use the solutions expressing the peculiarities of
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the stress-strain state of the fracture initiation zone with
maximum truth. These are solutions in terms of geometrically
nonlinear models of elasto-plastic media, and such is the so-
lution by McMeeking (1977).

Kinetics of Hydrogen Accumulation in the Fracture Process Zone

As it follows from the stated above, the potential fracture
nucleation zone is located inside the metal, in front of the
macrocrack. For this reason the analysis of the hydrogen entry
into the fracture nuclei should be based on the study of the
hydrogen diffusion in the stress field at the macrocrack front.
We attempt to analyze this problem in such a way taking into
account the peculiarities of the real stress-strain state of
the solid in the vicinity of the crack tip.

If we approximate the numerically obtained by McMeeking (1977)
stress distribution in the crack plane with a piece-wise-line-
ar dependence, the equation of hydrogen diffusion in the stress
field is reduced in our study (Panasyuk, Andrejkiv, Kharin,
1981) to an equation with piece-wise-continuous coefficients
LGt = D%/ Ox? - Al % x)Dy;, (6, -6 YR 7x, )/ (1)
with the conditions of the hydrogen concentration and flux con-
tinuity at X = Xm . Here X-coordinate is the distance from the
crack tip into the metal; Xm is the abscissa of the hydrostatic
stress 6 maximum point; D and Vh - diffusion coefficient and
partial molar volume of hydrogen in metal; 6;;:: 6'(,\(”‘), 6;_—6'/0)
H(¢) is the Heavyside function.

For a zero initial condition and boundary conditions of con-
stant concentration at the surface of the metal at the crack
tip £ = , the problem was reduced to a procedure of the
Laplacex?gaﬂZform inversion. A closed approximated solution
was obtained with the method of asymptotically equivalent fun-
ctions in the form of (Andrejkiv, Kharin, 1982):

LG e (o 1 € 1™ B g+ g (2L, (12)
wheref-—x/xﬂ , Z—-.Dﬁ/(:, m= %‘;ﬁ,}l is the parameter of asymptotic
equivalency obtained from the solution of some minimax problem.
Fig. 6 shows the hydrogen concentration distribution at the
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macrocrack tip region, calculated using formula (12) with the
parameters values, corresponding to steels: Vi = 1.96 cm3/mol
(Beck, Subramanyan, Williams, 1971), Oy = 869 IPa( steel 4147)
and O, = 1450 NPa (steel 4340) at T = 295K (such steels were
tested by McIntyre, Valker (1978) and bty Loginov, Phelps (1975}
Therewith to evaluate the real timescale the t scale is given
at X = 1.2 K2 / (86,) (hcMeeking, 1977) for K, = 40 HPVE ,

p =107'° &?/s, B = 201 GPa, & = 1450 LPa.

Mathematical Description of the llacrocrack Growth Kinetics

In accordance with general qualitative concepts of the hydro-
gen-associated macrocrack growth in metals on the basis of de-
veloped mathematical relations the system of equations of the
subcritical crack kinetics may be cbtained in the following
way. The condition for fracture to occur in some crtical point
X =X is:
: C/E:XL'/’(MI ?:DAZ/[X;V)) = L’cﬁ/’(zf Xc) (13)

(it is taken into consideration, that t =43Z7 v ).

The critical point itself is determined by the critical frac-
ture condition satisfied for the first ti?e i.e.

L) F=Xe Ko s 2=Dal(xfyv )= Zm,/@,xcj.(14)
Pinally, the length of the crack jump‘4[ is determined by the
extent of the overhydrogenated (compared with concentration
level at X ) region:

olealii,, 2=DabllxEv )= CanlReiXe). i5)
The system of equations (13) - (15) gives a closed description
of the subcritical crack growth in metals due to hydrogen ef -
fect (here to the right- and left-hand parts correspond the
functions (3) and (12) respectively). In some cases, depending
on particular alloy properties the precracking zone critical
state may be caused either by a critical strain or stress va-
lue and this may lead to considerable simplification of equa-
tions (13) - (15). For alloys of not too low plasticity, such
as numerous steels, the first possibility is preferable. In
this case the critical point position becomes determined apri-
ori, and it allows to exclude equation (14) and to present the
right-hand parts of the remaining equations through function

Gl s Ccr(K‘i)‘ The critical conditions (9), (10) were already
cr
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pointed out to be associated with the dependencies of mechani-
cal characteristics of smooth specimens on uniform hydrogen
concentration in them. With consideration for this fact, the
relations between common mechanical characteristics and the
crack propagation resistance parameters, determined in terms of
known continuum - structural models (see review by Romaniv,
Tkach (1977)), allow the direct transition from criterial condi-
tions expressed with (9), (10) to a dependence of type Cop =

= Ccr(K1) to occur.

Applying the dependence (Panasyuk, Andrejkiv, Kovchik,1977b)
between the local strain at the crack front, SIF value and de-
formation at a smooth specimen fracturing, §=/n/j- gd)"{, it is
possible to express the criterial condition in the following

way : -
Koo O)=YZEC 2, () =Y Ey Loy [ g Z)] %,  (16)

where d is the parameter determined by the material structure
and constraint in the stress - strain state at the crack tip.
As a result we obtain an equation of the crack
growth rate on the SIF value dependence:

L/ by, DEC ek v Y Lar (), “7)
where the solution of the equation of the hydrogen diffusion in
a stressed field (12) constitutes the left-hand part and the
inverse function to the one, expressed by equation (16) consti-
tutes the right-hand part.

Relations (12), (16), (17) through mechanical characteristics
of material ( ﬁ;ﬁ’ ), constants of hydrogen permeation and other
type interactions with metal (D,V,, Cs) allow to simulate a ki-
netic diagram for metal cracking, in case the dependence for
reduction in area of a previously uniformly hydrogenated speci-
men on the hydrogen concentration at the smallest cross sec -
tion at the moment of failure yl[Qz) is obtained experimental-
ly. The above mentioned concentration in general differs from
the concentration of hydrogen uniformly distributed in the me-
tal after precharging, and it is rahter difficult to give it an
equivalent determination. As for utilizing the hydrogenated
specimen plasticity dependence on the initial average hydrogen
concentration in the specimen for the theoretical description
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of the crack growth kinetics, it is clear, that in the given

lculated crack growth values should be in some but
ith those, >that could be ob -
lasticity on the amount of

case the ca
not so large error as compared w
tained with the true dependence of p
hydrogen in the failured cross section.

The performed calculations (Andrejkiv, Kharin, 1981; Panasyuk,
Andrejkiv, Kharin, 1981; 1982: 1983) in terms of the desctlbed
that the structure and character of the

concepts demonstrated, - °
criterial relations allow to obtzin a result perfectly reflec

S . ot e .
ting the essential characteristics of the experimentally

tained dependencies (see Fig. 7). Due to lack of the necessary

data on the governing characteristics of the process it is im-—

possible to compare the calculated curves with the experinen-
tally obtained results. That 1

qualitative conformity between the stated

s why we may syeak only of the
theoretical concepts

and practice.

CCRCLUSICNS

trhe hydrogen corntaining envirorment ef—
s in metals a theoretical

Considering the case of
fect on the propagation of macrocrack :
model of the phenomenon is proposed with provision for certa%n
microscopic fracture processes, rhysical effects of interaction
of hydrogen with atoms of crystal lattice and crystal.structure
defects and peculiarities of elasto-plastic deformation at the
macrocrack front. A dislocation - decokesicn concept is formu-
lated for the hydrogen influence on mechanical behaviour ?f me-—
tals, vhich brings about an association of the hydrogen ?ifect
on fracture of metals with its influence on the dislocatlon?
core structure in blocked dislocation arrays. This allowst in
particular a more precise formulation in terms of the solid
state physics of the problem of the hydrogen role in fra?ture
initiation with provision for dislocation peculiarities in
atomic configuration and electronic structure. The problém ?f
hydrogen diffusion in a stress field at the macrocrack tip 1s
given a solution with consideration of the stress state c?arac—
teristics at large strains. A closed system of equations 1S de-
duced tc describe the kinetics of the macrocrack growth.

AFR VUL 1-0%*
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Although, at present no success has been achieved in obtaining
a complete set of governing parameters from the available ex-
perimental data to characterize conditions of fracture initi-
ation and propagation quantitatively, a proper qualitative con-
formity between thearetical concepts and experimentally obtai-
ned results has been achieved. This enables us to believe the
given description of the phenomenon to be a realistic one.
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events at the crack tip.
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1 of the blocked dislocation array. force (repulsive) be-
tween dislocations B1

and B2 of the array.
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Fig. 5. Schematic diagram of the conditions for
fracture initiation and propagation in terms of

micro(macro) variables.
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Fig. 6. Hydrogen concentration alteration (a)
at £ = 1(x = x) and (b) at Z = 5.0 (1 - 4340
steel, 2 - 4147 steel, 3 - diffusion equation

solution with no provision for mechanical stress
effect).
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Fig. 7. Theoretical simulation of kinetic dia-
gram for metal cracking: a - criterial curve

¢ = ?’ (C) (solid 1line) and dependence (16)
(dotted line); b - kinetic diagrams for metal
cracking for 4340 (1) and 4147 (2) steels
(circles - experimental data of McIntyre, Walker
(1978) and Loginov, Phelps (1975)).
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