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ABSTRACT

In studies on stress corrosion cracking caused by hydrogen embrittlement
of metals, it has been observed that within the high temperature range the
Arrhenius activation energy is negative. This is quite unusual since ther-
mally activated crack growth processes are controlled by positive appar-
ent activation energy.  The understanding of this effect is of interest to
design and maintenance engineers. The study demonstrates, with a syn-
thesis method, a physically rigorous and rational kinetics of thermally
activated processes of some aspects of environment assisted crack growth.
It is show that the observed crack growth behavior may be described by
single barrier kinetics with forward and backward activations.

INTRODUCTION

The deleterious effect of hydrogen on the mechanical properties of metals
is a well known problem in the area of environment-sensitive mechanical
behavior of materials. This phenomenon, commonly termed hydrogen
embrittlement, is of concern over a broad technological range, including
production, manufacturing and service. Common processes, such as steel
making, welding, electroplating, pickling and corrosion are potentially
embrittling since all are capable of liberating detrimental hydrogen under
certain conditions.

The widespread occurrences of service failures due to hydrogen
embrittiement has provided the impetus for numerous investigations ot
the problem over the past sixty years. According to the studies, fracture
under hydrogen environment is characterized by the simultaneous action
of degrading chemical changes (duc to internal or cxternal hydrogen
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embrittlement) and the mechanical load. Crack growth often occurs under
a stress that would not cause fracture without the chemical changes at the
crack tip. The load my be sustained (as for stress corrosion cracking) or
ffuctuating (as for corrosion fatigue). Both are controlled by a very com-
plex combination of elastic and plastic deformation, chemical reactions,
and diffusive or convective transport processes. Temperature or thermal
fluctuation may also be of significant concern as observed in the operation
of nuclear reactors [1,2].

A typical example of fracture under hydrogen environment was observed
in the operation of the Canadian Heavy Water Reactors (usually referred
to as CANDU). Cracks appeared and slowly propagated in zirconium
alloy pressure tubes. Investigations revealed that this was caused by dif-
fusion assisted hydride nucleation and growth, followed by cracking [3-
6]. Specimens were prepared and subjected to mechanical and thermal as
well as environmental effects that simulated the service conditions. The
observed behavior is represented in Fig. | (a) and (b). According to con-
ventional observations, increasing temperature increases the crack veloc-
ity. Fig. 1 (b) demonstrates that this behavior is observed in hydrogen
diffusion assisted cracking in the zirconium alloy pressure tubes. In the
high temperature zone, however, the opposite behavior occurs. The ap-
pearance of a limit crack velocity is of interest. While this is not com-
monly reccognized, the phenomenon is not confined to nuclear reactor en-
vironment. Figure 2 shows that a similar behavior was observed in austenite
and ferritic stainless steels subjected to hydrogen embrittlement [8,9] as
well as in other alloys [10].
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Fig. 1: a) The temperature dependence of crack velocity in hydride Zr -
2.5 pct Nb alloy [7], demonstrating conventional behavior observed when
the specimen was heated to the test temperature. b) The behavior observed
when the specimen was cooled to the test temperature. ¢) A schematic
representation of the stress intensity dependence of crack velocity. Re-
gion Il is either dependent (dashed lien) or independent of the stress inten-
sity. At the threshold, K = Ky, and the crack velocity goes to zero. d) The
crack velocity versus stress as observed in Zr - 2.5 pct Nb alloy [7]. e) The
crack velocity versus stress as observed in Ferralium 255 [L] steel [8,9].
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Fig. 2: The effect of temperature on the crack velocity in Region II

for AISI austenitic stainless steel tested in hydrogen gas at
108 kPa [8,9]. '

It is the purpose of this communication to bring attention to a mechanism
which leads to this type of crack growth. While other processes may also
be effective, the proposed mechanism is fundamental and, therefore, al-
ways present at the physical conditions described here. The paper consid-
ers the behavior shown in Figs (1) and (2), in general, without restriction -
on the material; only the physical conditions set the framework. For the
specific CANDU reactor conditions, behavior, and processes, the refer-
ences can be consulted [3-7]: these report the results of extensive investi-
gations and the important conclusions that were obtained for the operating
procedures which significantly improved the safety and service life of the
pressurc tubes. For nuclear reactor conditions the present report aims to
supplement the specific knowledge reported in the cited references and to

further confirm their validity from a general statistical mechanics synthe-
sis argument.

DISCUSSION

All crack growth processes occur by step-wise, discrete, breaking of atomic

bonds [1,2]. For thermally activated crack growth, the frequency of these
steps is expressed as
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AG(W)

k =vexp[—
pl =

1 (1)

where k is the elementary rate constant or the number of bond breaking
steps per unit time, v is a frequency factor for which a detailed expression
was derived from statistical mechanics [2], and for the present purpose the
value of v = 6x1012 s-1 can be taken; g is the Boltzmann constant and T
is the absolute temperature. The apparent activation energy AG (W) is
defined by the relation

AG(W) = AG* — W(K) @)

Where AG+ is the activation energy needed to break the bonds and re-
arrange the atoms while the crack grows by one step, W is the mechanical
energy contributed by the load, a function of the stress intensity factor, K
or its fracture mechanics alternative (COD, J- integral, etc.) so that, for
instance, W = (¢K.

The energy term AG+ and the work factor, express the etfect of the com-
position of the material and its microstructure as well as the specific mecha-
nism of crack growth. Eq. (2) implies that AG(W) is the thermal energy
needed to produce one step of crack growth, as follows from the first law
of thermodynamics [1].

Environment assisted crack growth is a thermally activated process and
hence Egs. (1) and (2) describe the crack velocity, V. In the simplest case
the crack velocity is described as

V =0k E (3)

where, for the present purposes, § combines in a single expression the
distance by which the crack travels at each activation; that is at each step,
and the effects of the chemically active agent such as hydrogen. Eq. (3)
describes the simplest crack growth mechanism that occurs only in the
forward direction over the energy barrier.

It is a fundamental principle of statistical mechanics that processes do oc-
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cur in backward as well as in the forward direction at the submicroscopic,
atomic level. The macroscopically observed behavior is the sum of the
rates in the two directions. When the forward activation rate is greater
than the backward, crack growth is observed. At the threshold, both rates
are equal and the crack appears stationary at the macroscopic level, while
at the atomic level a very high frequency in the forward (bond breaking)
and backward (bond healing) fluctuations proceeds. Near the threshold
behavior, the properties are described accordingly as will be shown later.

Consider the single barrier mechanism shown in Fig. 3. The crack cannot
shrink from the first valley because the atomic structure would require a
great rearrangement and this, in turn, requires a high increase in the en-
ergy. It can grow by one step, of size Ax, as shown in Fig. 3(b), or shrink
back by one sep into the first valley by bond healing, with the correspond-
ing rates p and p as shown in Fig. 3(a). No change results in the crack size

Ajh Fig. 3 (a)
- Fig 3(b)

Fig. 3: a) The energy barrier condition of the incipient crack when no load
is applied. b) Crack positions corresponding to the respective points in
Fig. 3 (a).

because according to the Boltzmann condition the ratio of the number of

cracks p. with size x; with respect to those ol of size x 1s

Pr _ exp=AGs +AGL . =AG,

ol KT kT

Uhandisi Journal Vol. 18 No. 2 December 1994 87



A1 Fracture Kinetics Analysis of Hydrogen Embrittlement

The net rate of flow over the energy barrier is given by the expression

Rate = p,k, — Pk,

= p,[ex =G CXJ_AG;+A L ex —AG;
= PREXP T o KT P

=0

and, therefore, no macroscopic crack size change is observed.

When a load is applied the energy barrier changes. With increasing stress
the barrier becomes symmetrical in height, with AGy(W) = AGp(W). The
number of cracks in the two valleys is equal and still no macroscopic crack
size change is observed. When the load is further increased the crack
grows slowly with a velocity

' AGb(W) AGh(W)
V= 6bkb - 6hkh — 6bv.cxpL—T] - ﬁhv.cxp[—T] (4}
where,

AG, (W)= AG; ~o,K,  AG,(W)=AG; + o, K

and § depends on the crack concentration density, the environment, hy-
drostatic pressure, etc. [ 1,2] as noted before. Figure 4 shows schematically
the resultant behavior.

In Fig. 4(a) the thin lines show the effect of each term in Eq. 4. The bracket
(T) identifies the corresponding temperature. The pivot, at which the ex-
ponent of each term is zero is at

AG"
a
(it is negative for healing) and the velocity is 1§ . The threshold is at Ky,

B

where 5,,/(,, = 5,1/(,, or at the intersect of the y§k lines. The heavy
outlined curves represent the resulting crack velocity.
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Fig. 4: a) A schematic representation of the stress intensity dependence of
crack velocity at two temperatures. The constant temperature lines (thin)
pivot clockwise about » with increasing temperature for pKp and in the
opposite direction for Ky due to the decrease of the exponent. The thick
lines (curves) represent the behavior predicted by Equation (4).b) The crack
growth velocity measured in AISI 301 austenitic stainless steel in hydro-
gen gas at 108 kPa [8,9]. The measured behavior is identical to the pre-
dicted behavior shown in Fig. 4(a). The corresponding temperature de-
pendence is shown in Figure 2.
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The behavior was observed in AISI 301 austenitic stainless steel [7,8] as
shown in Fig. 4(b) (see also Fig. 1 (d) and (e)). The temperature depend-
ence is shown in the log versus 1/T plot and from Eq. 4. Typical experi-
mental results are shown in Figures 1(b) and (2).

This behavior corresponds to Region I and Region II of stress corrosion
cracking when Region II is stress-independent. Often, however, stress
independent Region II is observed, as shown in Fig. 2(d) for zirconium
alloy. In this case the rate of breaking activation which is always transport
process controlled, is

+

AG
k, = v.exp[- K]f’ ]

The healing activation rate may be associated with a thermally activated
transport process, or with a non-transport mechanism. In either case it is
stress dependent. The crack velocity is then

AG) 5 oxp (AGE T 0K

KT KT

V =v[d, exp(— (5)

The temperature dependence is shown in Fig. 6 while the stress depend-
ence is shown in Fig. 7.
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Fig. S: A schematic representation of the temperature dependence of the
crack velocity. The constant stress intensity lines (thin) pivot about the
points shown as . With increasing K the breaking line rotates counter
clockwise because the slope, AGL(W) = AGpt - pK decreases with in-
creasing work. The bond healing lines (thin) rotate clockwise-because
AGRrH(W) = AGp*+ + K. The intercept of pky with pky is at the threshold
where the crack velocity goes to zero. The thick lines (curves) represent

the behavior predicted by Equation 4. The predicted behavior is identical
to the measured behavior, as shown in Fig. 2.
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Fig. 6: Sschematic representation of the temperature dependence of crack
velocity. a) The predicted behavior when ky, is independent of the stress
and ky, is stress dependent. b) The predicted behavior when both ky and kp

are independent of the stress and AG+ = AG; .
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Fig. 7: Schematic representation of the predicted stress dependence of
crack velocity when Region II is independent of the mechanical energy.

The bond breaking activation pivot at infinity because K = AG; /o,
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CONCLUSION

The study has demonstrated with a synthesis method a physically rigorous
and rational kinetics of thermally activated processes of some aspects of
environment assisted crack growth. A purely mathematical demonstra-
tion is obviously feasible - but Icss visible. Other mechanisms may also
lead to similar behaviour. The study has just scratched the surface: the
process of hydride cracking is complex indeed.
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