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Kinetic aspects of slow crack growth in the
gaseous hydrogen embrittiement of steels
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An explanation of the slow crack-growth phenomenon in gaseous hydrogen
embrittlement is suggested on the basis that chemisorption is the rate-limiting step.

The basis of the analysis is the existence of a mobile adsorbed species which is a
prerequisite to the occurrence of slow crack growth. The disappearance of the mobile
species with increasing temperature results in the observed crack-velocity dependence on
temperature. The analysis is able to account qualitatively for the observed dependence of
crack velocity with pressure in the different temperature regions of crack growth.

1. Introduction

In our discussion of the slow crack-growth
phenomenon in the gaseous hydrogen embrittle-
ment (ghe) of steels we will be concerned with the
identification of those processes responsible for
determining the rate of crack growth. Generally,
the overall transport processes involved in an
embrittlement effect will be dependent upon the
source of the embrittling species. That is, the rate-
determining step in an embrittlement process will
depend upon whether hydrogen originates in the
environment surrounding the metal or is present
in solution within the metal lattice. Thus it is
necessary, when considering the kinetics of hydro-
gen embrittlement to restrict the discussion in this
manner.

The kinetics of ghe are usually investigated
experimentally via the sustained load slow crack-
growth test. Specimens used are typically fracture
mechanics compact tension type which have been
fatigue precracked. Often the precracking is
accomplished in an environmental chamber which
can be evacuated. Following precracking, the
chamber is backfilled with hydrogen gas to the
desired test pressure. Subsequently, a load is slowly
applied until the first detectable sign of cracking
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occurs. Once this condition is obtained the load is
maintained at a constant value. The data are dis-
played as the logarithm of the crack velocity as a
function of the stress intensity factor K. Observable
growth occurs at a stress intensity value defined as
the threshold stress intensity, K'py,. At low K levels
the crack velocity is heavily K dependent (stage I);
at intermediate K levels the crack-growth rate is
approximately constant and K independent
(stage IT); and at still higher K levels crack accel-
eration occurs resulting in unstable fracture as K
approaches K¢ (stage III). It is generally accepted
that the crack acceleration in stage I is due to a
combination of chemical and mechanical effects,
whereas stage II growth rates are chemically
controlled, and stage I crack acceleration is mech-
anically controlled. At present there exists no
explanation which can either quantitatively or
qualitatively account for the observed ¢ (K,P,T)
in any of the three stages of crack growth.

There seems to be, in the literature on this
subject, general agreement that the following
transport processes are involved in the ghe of
steels and may be represented by the following
series of consecutive steps: (a) physisorption, (b)
chemisorption (this may include a molecular

2703



chemisorption followed by surface migration and
dissociative chemisorption); (c) absorption (sol-
ution); (d) lattice diffusion. Since there is no
a priori way of telling which of these transport
steps is rate determining, in the next section, we
refer to certain critical experimental observations
to aid us in its identification. This is accomplished
by further restricting the discussion to stage II
crack growth where it is assumed that dy; = a(P, T).

2. Observed kinetics

There have been a number of recent investigations
exploring stage Il crack-growth kinetics in steels
during ghe. Williams and Nelson [1] investigated
the embrittlement of 4130 steel. They found that
in the temperature range of 80 to 25° C the crack-
growth rate increased with decreasing temperature,
and in the range of 0 to — 80° C the rate decreased
with decreasing temperature. Their results at a
single pressure are illustrated in Fig. 1, and may
be expressed for other pressures in the general
form, ¢ & P, where n is equal to 0.5 in region A,
1.0 in region B, and 1.5 in region C. Of course,
relations of this form are meaningful only if the
crack velocities are taken from the stage I portion
of the log a—K curve where approximate K inde-
pendence is observed, However, their work was
done at constant X (using a tapered double canti-
lever beam specimen) so that it is not clear as to
whether or not the K value at which the testing
was done corresponded to stage II growth. Wei
and co-workers [2, 3] have investigated crack-
growth kinetics in the ghe of 18 Ni (200) and 18
Ni (250) maraging steels. Their results, definitely
for stage I, are in agreement with the low-tempera-
ture (region A) results of Williams and Nelson. For
region B, Wei and co-workers found 0.8 <n < 1.2,
and for region C no slow crack growth was observed
at all. On the other hand, Kerns and Staehle [4],
Johnson [5]. and Sieradzki and Ficalora [6] have

TEMPERATURE °C

o2 80604020 0 -20 -40 -60 -80
=T 1 T 1 T T T T
T
is
&
5§ 03} ]
=]
o4 ] 1 ! A1 ] ] L
22 26 30 34 38 42 46 50 54

Figure 1 Temperature dependence of the slow crack-
growth rate in 4130 steel (after Williams and Nelson [1]).

reported results in region B which are in close
agreement with those of Williams and Nelson.
The general state of affairs of the kinetics in ghe
is described in Table I, which indicates that region
A and region B behaviour may be represented by

axPf ; n == 1 (stage 11 region B)
a =Py’ (stage 11 region A). )

The occurrence of the fractional exponents
reported by some investigators (Table I)is discussed
at the end of this section.

Table I contrasts vario s transport processes
with respect to their feasibility as serving as the
rate-controlling step in ghe in terms of critical
experimental observations. For example, if the
crack velocity in stage Il is exarmined as a function
of temperature, a rather sharpmaximum is observed
as illustrated in Fig. 1. If diffusion were rate limit-
ing, a monotonic increase in crack velocity with
temperature (in the range —80°C <7< 80°C)

TABLE I A summary of kinetic investigations for the ghe of steels

Investigator(s) Materials Temperature dependence

Region A Region B Region C
Williams and Nelson [1] 4130 Steel ac ”: d o Pﬁ2 = py?

2
Hudak and Wei 2] 184200) and do Pﬁ’; dwx Pﬁ2 No slow crack growth
Gangloff and Wei [3] 18-(250) 0.8<n<1.2 observed
Maraging Steel .

Kerns and Staehle [4] 4335 Steel - as Py -
Johnson [5] H-11 Steel — q«x Pﬁz -
Sieradzki and Ficalora [6] 4340 Steel - do P -
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TABLE II Contrasting transport processes as rateimiting steps in the ghe of steels

Rate-imiting step/experimental

No observed incubation

Crack velocity behaviour Activation energy

observation with temperature for crack growth
Adsorption Consistent ? Consistent
Lattice diffusion Consistent (Rice [8]) Inconsistent Consistent

would be expected. Since this does not occur,
lattice diffusion cannot serve as the rate-limiting
step. A comparison of the activation energies for
adsorption and diffusion with that of the crack
velocity turns out not to be informative with
respect to the identification of the rate-limiting
step. Srikrishnan and Ficalora [7] have pointed
out that the activation energies for adsorption and
diffusion in the H,/Fe system are too close to
allow for a definitive conclusion based on such
evidence. The lack of an observed incubation period
does not serve to differentiate between adsorption
and diffusion either. As Rice [8] has pointed out,
required diffusion distances may be quite small (~
twice the crack-tip opening displacement) resulting
in what may appear experimentally as no incu-
bation period.

Tien ef al. [9] have developed a kinetic model
for hydrogen transport in ghe first proposed by
Bastien and Azou [10]. This concept invelves
hydrogen transported in the form of Cottrell
atmospheres on moving dislocations. They argue
that this is the rate-determining step in the ghe of
steels. According to their model, hydrogen trans-
ported this way can be deposited when moving
dislocations intersect a void or when moving dis-
locations annihilate. In this manner they postulate
that hydrogen may precipitate at discontinuities
leading to substantial non-equilibrium pressures
for purely kinetic reasons. Oriani and Josephic {11,
12] have emphasized that ghe behaviour is observed
if specimens are first preloaded and subsequently
subjected to a gaseous hydrogen environment.
Although the arguments of Oriani and Josephic are
meant to apply to K threshold or equilibrium con-
ditions (in terms of possible mechanisms for ghe),
transport processes must still be operative for
cracking to occur. This seems to preclude the opera-
tion of the model suggested by Tien ef al. Johnson
and Hirth [13] have analysed such kinetic pressure
models in terms of hydrogen transport via moving
dislocations. They conclude that only very small
pressure increases (~ 1%) over the external hydro-
gen test pressure can occur. Furthermore, they show
that the model predicts that dynamic pressure

increases are directly proportional to the strain rate
and point out that hydrogen embrittlement effects
increase with decreasing strain rates.

In an indirect way the evidence strongly suggests
that a surface process is rate limiting during sus-
tained load cracking. Fig. 1 indicates that there is a
temperature dependent change occurring in the
rate-controlling step. In region A the crack-growth
process is activated; whereas in region B the crack-
ing process becomes non-activated. If a surface
process is rate controlling, this transition in the
rate-limiting step should be a function of both
temperature and pressure. Indeed, some results of
Gangloff and Wei [3] schematically illustrated in
Fig. 2, indicate that this is the case. For each press-
ure, three regions of temperature dependence were
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Figure 2 Schematic illustration of the Py -7 effect on
crack-growth rate (after Gangloff and Wei [3]).
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observed. In the next section we discuss the strong
parallelisms which exist between ghe and the
adsorption of hydrogen on iron. We also show how
a knowledge of this adsorption leads to the quali-
tative crack velocity—pressure relations observed
in stage II.

We return now to the matter of the fractional
pressure exponents as observed by some investi-
gators in region B. Gangloff and Wei [3] have pre-
viously addressed this issue. Fig. 2 illustrates that
unique values of the pressure exponent (n) may be
expected only when the isothermal lines intersect
curves (defining stage II crack growth) -such
that the points belong to a common region of tem-
perature dependence. The crack velocities in
relations of the type & <Py, (for any region) are
restricted in that all the growth rates must be lim-
ited by the same rate-controlling step. Strictly this
may preclude the comparison of crack velocities
over large pressure ranges at the maxima (or in
region B) along an isotherm. If, however, one
chooses to use isotherms in describing region B
behaviour then the maximum at the highest and
lowest pressures can serve as temperature limits for
the isothermal lines. The isotherm defined by the
maximum at the highest pressure may pass through
C regions of the lower pressures leading to pressure
exponents # 2 1. On the other hand, the isotherm
defined by the maximum at the lowest pressure
may pass through A regions of the higher pressures
leading to 1 >n > . Over smaller pressure ranges,
the two “limiting” isothermal lines approach each
other and n approaches unity from both sides. In
general, the temperature difference (A7) between
the isothermal lines will be a function of the
material investigated. For some materials (over
small enough ranges in pressure) a negligible AT
may occur so that pressure exponents equal to
unity may be observed in region B. We expect this
to have been the case for the materials tested (at
the pressures tested) by Williams and Nelson [1],
Kerns and Staehle [4], Johnson [5] and Sieradzki
and Ficalora [6] (Table I).

3. Adsorption as the rate-limiting step
Information regarding the nature of the adsorption
of hydrogen on ironis very important in the under-
standing of the sustained load cracking results
described in Table 1.

Hydrogen is known to chemisorb readily on an
iron surface from temperatures of at least 500 to
600K down to liquid nitrogen temperatures [14,
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16]. Porter and Tompkins [17] have found that
the adsorption of hydrogen on iron obeys a Temkin
isotherm and these results have been confirmed by
Pecora and Ficalora [16] . An investigation concern-
ing the effect of gaseous additives (SO,, O,, CO,,
N,0, and H,S) on hydrogen adsorption was
performed by Srikrishnan and Ficalora [7]. Their
results clearly indicate that there exists a strong
parallelism between the effects of impurity gases
on hydrogen adsorption and crack-growth studies
performed in a hydrogen environment with the
same gaseous impurities. Using a magnetization
technique developed by Selwood [18], Artyukh
et al [19] and Pecora and Ficalora [16] have
investigated the adsorption of hydrogen on an iron
surface. Above room temperature, the magnetiz-
ation change, which is proportional to the amount
of hydrogen chemisorbed, was found to increase,
and below room temperature a decrease was
observed. This behaviour was attributed to two
different types of adsorbed species; a low tempera-
ture H* or H} species, and a high temperature H™
species which compete to produce no net change
in magnetization at room temperature. These
results have recently been duplicated using a dif-
ferent magnetization technique [20] (i.e. vibrating
magnetometer).

This evidence indicating two different types of
adsorbed species of hydrogen, finds much support
in the literature. The low temperature or type C
adsorbed state, (not to be confused with the label-
ling of regions in Fig. 1), which we identify as the
H; or H* species, desorbs rapidly with increasing
temperature. This species has a very low activation
energy for adsorption £5 ~0kJImol™ , and a heat
of adsorption, AHg ~—25 to —30kImol™" [21,
22]. At higher temperatures, the type A adsorp-
tion, which we equate to the H™ species, predomi-
nates. It is characterized by an activation energy
E4 ~25 to 38kJmol™ [17] and a heat of
adsorption AH% ~—126kImol™ [21]. Owing
to the large differences in the heats of adsorption,
the C species may be considered mobile while the
A species is rather immobile.

The adsorption of hydrogen on iron can be sche-
matically represented by the following reaction,

K.

X, B S
Py, — [Hy] vpw —» X [Hxlec —=2[H]4;
kl k2
1<X<2 @)

where K; and K, are equilibrium constants and



k, and k, are rate constants. Molecular hydrogen
in the gas phase rapidly forms a Van der Waals
(VDW) type physisorbed state. It is followed by a
type C adsorption (surface reaction) which is
followed by a type A adsorption at rates dependent
upon temperature and pressure. We have chosen to
designate the C species as [Hx] to indicate that
this species is either an H* or a stretched Hj
(chemisorbed) species. The subscript X should be
interpreted as beingequal to or very close to unity.
The activation energy for C adsorption is very small

and the heat of adsorption is such that coverage

can be maintained at low temperatures (and at
pressures relevant to ghe studies) so that € ~1,
The types C and A adsorptions will in general occur
on physically distinct sites, so that §€ =1 rep-
resents fully occupied C sites. At these same tem-
peratures 84 <1 since £4 is large and the rate
of adsorption (or migration) to A sites is governed
by the Boltzmann factor. At temperatures near
room temperature the activation energy for desorp-
tion from the C sites (~ 25 kJ mol™ is low enough
to permit rapid desorption and migration to A sites
governed by the exponential in the equation for
desorption. This means that € <1 and thereis a
slower uptake (capture rate) from the gas phase
to the C sites at these temperatures.

The A species with its high heat of adsorption is
relatively immobile on the surface and is postulated
to be the embrittling species. It is the mobility of
the C species through which the type A forms
which allows the build up of high enough concen-
trations of [H™]  at the crack tip region such that
an observable embrittling effect is produced. Even
though [H™] o forms well above room tempera-
tures, the adsorption does not proceed via the
mobile precursor state (type C) so that large enough
concentrations of [H™] o will not necessarily exist
at critical regions, for slow crack growth to occur.
This phenomenon manifests itself in the decrease
of crack velocity with increasing temperature
(region C) in sustained load slow crack-growth
testing. The weaker embrittlement occurring at
these temperatures relates to the poorer mobility
of the A species and the gradual disappearance
(with temperature) of the C species.

We assume that for a particular material and at
a particular value of stress intensity, K, the frac-
tional coverage,§ #, must reach a value correspond-
ing to a critical concentration at the crack tip region
before crack growth occurs. The crack growth rate
may then be expressed as

3
crit
At low temperatures (Fig. 1, region A) the rate
of formation of the A species, d8*/dz, is governed
by the reaction

2
— [Hg]c —2[H"
= il —=2[H ],

2

and the adsorption of the VDW layer and the type
C species is rapid so that

[H:lvpw = KiPy,
and,
Hxe = (K, [Hy]vow)™”
~ (K1K,Pu,)'?;

)
X =1

The rate of chemisorption of the A species is given
by

k, (K1K2PHZ)”2

or %)
0% = K'PY? exp (—E,/RT),

so that we obtain a relation of the form

dopy? region A (6)
? stage I1.

At higher temperatures (region B) we are con-
cermned only with the A species which forms via
the mobile C state, since the mobility of the C
state is assumed to be a prerequisite to slow crack
growth. At these temperatures the filling of the C
sites becomes rate determining so that the rate

of chemisorption is
kl Kl PH2 >

and

. region B
ac Py son

(7
stage I1.

Equations 6 and 7 are to be compared to
Equation 1. The activation energies predicted by
the analysis are consistent with those observed in
regions A and B during sustained load cracking
[1-3].

The analysis also allows us to make some
interesting observations. For typically B and C
temperature regions the activated step may become

2707



rate determining if the hydrogen pressure is high
enough. The increased pressure will tend to keep
the C sites full and counteract the effect of tem-
perature which tends to empty the C sites. Con-
verseley, for typically A temperature regions the
H; ) S2[H*]¢ reaction could become rate
determining at very low pressures (<1 Torr)
since the filling of the C sites is again difficult
under these conditions. This is probably not
relevant to ghe since at these lower pressures and
temperatures no cracking is likely to occur due to
the difficulty in maintaining large concentrations
of the A species under these conditions.

4. Conclusions

We have suggested that in ghe, sustained load
cracking in stage I1 may be represented by a func-
tion of the forma « Pfi | where n has unique values
(0.5 in region A and 1.0 in region B) under a pre-
scribed set of conditions. This further supports
experimental results first reported by Williams and
Nelson [1]. The analysis presented provides strong
evidence that a surface process is crack-growth rate
limiting in that a consistent picture in terms of
pressure functionalities and activation energies
results.

Perhaps the most interesting concept incorpor-
ated in to the analysis is the required presence of a
mobile species for slow crack growth to occur. This
concept could be tested by studying embrittiement
with other gases which adsorb strongly enough on
iron so that the ad-atom can be considered immo-

bile. Unfortunately, such an approach involves the
intrinsic assumption that the embrittlement mech-

anism not change from one gas species to another.
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