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ADVANCES IN THE THEORY OF DELAYED HYDRIDE CRACKING IN ZIRCONIUM ALLOYS

San-Qiang Shi and M.P. Puls

Value and Implications

This paper provides a concise summary of the recent advances made in the theory of delayed hydride
cracking. The work is valuable in collecting together the most important findings of the theory. The
results show the extent of the modelling which has been carried out and the success of the theory in
predicting experimental results. The results show that significant progress has been made in explaining
and predicting DHC initiation and propagation.

�4
M.P. Puls

Manager, Materials & Mechanics Branch

Materials and Mechanics Branch
Whiteshell Laboratories

Pinawa, Manitoba ROE ILO
1994



RC-1295
COG-1-94-449

Advances in The Theory of Delayed Hydride Cracking
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San-Q. Shi and Manfred P. Puls

Abstract

Recent theoretical advances in understanding the phenomena of delayed hydride cracking (DHC)
in structural materials such as zirconium alloys used in nuclear reactors are reviewed. The
criteria for the Initiation of DHC are established in terms of the thermodynamics of hydride
formation, the micromechanics of hydride fracture, and the diffusion-controlled growth of a
hydride at a flaw tip. Theoretical models for the critical hydride size for DHC initiation, threshold
stress Intensity factor at a sharp crack (or threshold maximum notch-tip stress at a blunt notch),
diffusion-limited maximum hydride length, hydride thickness at a flaw, and DHC Initiation and
arrest temperatures during temperature transients are examined and compared to experimental
observations. In the area of DHC propagation, computer simulation methods for the time-
dependent hydride growth and fracture at a flaw have been developed and applied to study the
effects on DHC velocity of temperature (and/or load) transients, mechanical properties of the
hydride and matrix materials, hydrogen content and stress state.
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1. Introduction

For hydride forming metals and alloys, an Important mechanism for hydrogen related fracture is
due to the stress Induced formation and subsequent fracture of hydrides at stress concentrators
(such as at cracks and blunt notch tips) [1, 2]. In this phenomenon, hydrogen in solid solution
diffuses to the tensile stress region at the flaws. If the hydrogen concentration in this region
reaches (or exceeds) the hydrogen solid solubility limit (or terminal solid solubility, TSS), hydrides
will start to form and grow. When the flaw-tip hydrides reach a critical size, cracking through this
hydrided region will occur. The crack front jumps to the end of the hydrided region, and the
whole process repeats Itself. This intermittent fracture process has been observed directly by
transmission electron microscopy for niobium [3], titanium [4], vanadiam [5] and zirconium [6].

Many names have been used to describe this phenomenon In the literature, such as 'Hydrogen
Induced Delayed Cracking" (HIDC) [1], 'Hydrogen Induced Slow Crack' [7, 8], 'Delayed
Hydrogen Crackinge [9], and 'Hydride Embrittlement' [2]. In this paper, we use Delayed Hydride
Cracking, or DHC, which Is the most commonly used expression In the Canadian nuclear
industry.

Extensive experimental studies in the last three to tour decades have clearly established the
basic mechanism of DHC. Two important examples are given here. Figure 1 shows
schematically the relationship between DHC velocity (defined by the ratio of total DHC jump
distance, Involving many jumps, to total time) and stress intensity factor for mode I fracture (K1)
under Isothermal conditions. Three distinct stages are observed. In stage 1, the crack velocity Is
very sensitive to K1. There Is a threshold stress Intensity factor, KIH, below which DHC velocity Is
vanishingly small (even If stress induced hydride formation at the crack tip Is possible). Another
name, KTH, has also been used In the literature [8, 101. In stage I the critical hydride length for
DHC is generally longer than the plastic zone size at the flaw tip. In stage 11, the DHC velocity is
relatively Insensitive to K1, and the critical hydride length Is generally smaller than the plastic zone
size. Stage III describes the unstable crack growth determined by the fracture toughness of the
metal matrix. Figure 2 illustrates schematically the temperature dependence of the DHC velocity
as it is controlled by thermal history. On heating a component under DHC conditions from T1, the
DHC velocity Increases until the temperature reaches T2 above which it decreases. At and
above T3, DHC stops. T4 Is the temperature to which the component has been heated prior to
cooling. On cooling from T4 there Is no DHC until the temperature reaches T5 below which DHC
velocity increases and reaches a maximum at T6. Below T6 crack velocity decreases with
decrease In temperature. There Is a considerable hysteresis between heating and cooling. As
described later in this paper, theoretical efforts have been made to predict KIH, and temperatures
T3 and T5.

In recent years, It has been found useful to separate the analysis of DHC Into the 'initiation' and
'propagationo phases. 'Initiation' Is concerned with the conditions for starting DHC.
'Propagation' is concerned with the factors that control the DHC velocity.

The earliest models focussed mainly on DHC propagation. These modelling efforts showed that
the DHC velocity Is controlled by the hydrogen diffusion process and the hydrogen solubility limit.
Although the general solution to hydrogen diffusion under stress and/or temperature gradients
has been studied In the literature (see, e.g., [11, 12]), the boundary conditions and the method of
converting hydrogen diffusion rate to hydride growth rate required special treatment for the DHC
problem [13-15]. Using fixed hydrogen boundary concentrations at crack-tip and far field
hydrides, Dutton and Puls [14] found an analytical solution of the steady-state type for DHC
velocity. A recent review by Eadftnd Smith 6] summarizes the various developments of this
model while Puls [17] analyzed and extended the model to property account for the effects of
crack tip stress state and hydride matrix interaction stresses. The steady-state model Is
inadequate In quantitatively describing the variation In DHC velocity during temperature (or load)
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transients. This has led to the recent development of non-steady-state models. In these models,
a particular numerical solution is obtained by solving the time dependent, Fick's second law using
either finite difference [18, 19] or finite element techniques [20].

In modelling DHC initiation, although it was recognized to be very important from both a practical
and a theoretical point of view, significant efforts were only made from the late 70's. Dutton and
co-workers [21] suggested a strain model for hydride cracking at cracks in zirconium alloys. This
model assumes that fracture of the crack-tip hydride occurs when the strain in the hydride
exceeds a certain critical value. This model realized some key features of the DHC initiation
mechanism, but did not go beyond the inception stage. Based on a hydrogen -olubliycriterion,
Moody and Gerberich [8, 22, 23] proposed a model for KIH for titanium alloys. Missing in this
analysis is a criterion for the critical hydride size. There is strong experimental evidence that the
flaw-tip hydrides have to reach a certain size before DHC initiates (see, for example, [4, 7] for
titanium and [1, 24] for Zr alloys), particularly when K, is close to KIH (i.e., in stage 1). Various
attempts [25-27] were made to determine this critical size based on an energy balance concept.
In this approach, it is assumed that when the strain energy released during the cracking is equal
to the surface energy of the fractured hydrides, DHC can initiate. Amouzouvi and Clegg [26]
applied the energy balance concept to hydride cracking in zirconium alloys. Ignoring the plasticity
at the crack tip, they derived a simple expression for the critical hydride size for DHC initiation.
This simple model can explain experimental data in a qualitative way. By using a sophisticated
finite element technique, Zheng and co-workers [27] recently proposed a method which is able to
account for the crack-tip plasticity. A drawback of this finite element approach is that the physical
relations between material properties are less transparent. It has been pointed out [28, 29] that,
although the energy balance is a necessary condition for any natural process to proceed, it may
not be a sufficient condition for the instability of a crack. Experimental studies by Simpson [30],
Puls [31, 32], Choubey and Puls [33] on Zr alloys, and Shih and co-workers [341 on Ti to
determine the conditions required to fracture hydrides, suggested crack initiation models based
on a critical stress criterion. Smith, and Shi and Puls developed general crack initiation models
according to these results - with specialized features to apply to the different types of initiation
sites. In these models it is assumed that the hydrides would fracture only if thelea 3>Io
stress at the hydrides is higher than a critical value. Shi and Puls [35, 36] quantified this idea by
applying-elastFinclusion theory [37] to describe the stress field associated with a three
dimensional hydride (usually in disc form to simulate hydride platelets in zirconium), and then to
super-impose this stress field with the externally applied stress field to find the local stress inside
the hydride. By using this method, Shi and co-workers [35, 36, 38] have been able to establish
quantitative models for KIH and for the critical hydride size for DHC initiation at flaws. Smith [39-
42] used the solution for the stress field of a super-dislocation to represent the stress field
produced by a two-dimensional hydride disc, and obtained similar results. The benefits of these
stress models are that the results are relatively simple and the physical relationships between
various material parameters are more transparent.

In this paper, we summarize the progress made in recent years on the theoretical modelling of
DHC initiation and propagation (mainly from the stress modelling point of view) and make
comparisons with experimental observations whenever possible. It should be noted that, so far,
most of the quantitative modelling studies have implicitly assumed a mechanically isotropic
matrix. Although it is generally not the case for Zr alloys, this assumption may be valid when the
6crystal grain sizes of the materials are much smaller than the critical hydride sizes (such as for

(zirconium pressure tube material used in CANDUTM nuclear reactors), or, when the knowledge of
average properties in the direction of the material concerned is sufficient. Although the models
described here are deterministic in nature, in practical situations it is ultimately desirable to
combine these deterministic models with statistical analyses, which would take account of the
statistical distribution of many of the material properties.
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Major modelling results are presented In the next section for DHC Initiation under isothermal
conditions and in section 3 for DHC Initiation during temperature transients. In section 4, recent
developments In non-steady-state modelling of DHC propagation are summarized.

2. DHC initiation under Isothermal conditions

2.1 Criteria for DHC initiation

It has been suggested that three basic conditions must each be met for DHC initiation at flaws to
be possible [38]:

* The hydrogen concentration in solution In the flaw-tip region must reach the hydrogen
solubility limit for hydride formation (Cf );

* The maximum tensile stress (coga)) in the flaw-tip region must be greater than the fracture

strength of the flaw-tip hydrides ((Syh);

* The flaw-tip hydride must be able to grow along the crack plane to a critical length (Lc)
required for fracture.

Due to the large phase transformation strains when a hydride is formed - resulting in significant
plastic deformation - hydrogen solubility in hydride forming metals often shows a multi-valued
behavior. For example In zirconium alloys at a given test temperature, hydrogen solubility for
hydride dissolution (Cd) Is significantly lower than hydrogen solubility for hydride formation (Cf)
[43], see Figure 3. As well, the hydrogen solubility for the hydride formation process may change
due to different thermal and/or mechanical treatments of the specimen 143]. This results in a
solubility band (see Figure 3) with a lower (Cf ) and an upper (Cf ) bound. Therefore, it Is

important to use a proper value of Cf when establishing whether the first criterion for hydride
cracking given in the foregoing is met.

The fracture strength of a hydride platelet ( If) is an important parameter in these models. The
fracture strength likely depends on the microstructure and local properties of the material, and
perhaps also on the hydride size and phase. In addition, the unknown variation of residual stress
within a specimen may result In Inaccuracies In determining of from experimental
measurements. Therefore it Is important to evaluate this parneter under conditions which are
close to those of practical concem. The best estimate o1( i date for radial-axial hydride

platelets (average size > 25 lim) In zirconium pressure tube aterial used In CANDU reactors,
was determined to be 650.8 - 0.09096xT(OC) + 45 MPa [44].

2.2 Critical hydride length (Lv) for DHC initiation at flaws

The intermittent nature of the DHC process is often evidenced by striation marks on the fracture
surfaces. These are often best seen when viewing the fracture surface at low magnifications,
see Figure 4 as an example. For zirconium alloys it has been Indirectly shown [45]-that each
striation spacing (or DHC jump distance) corresponds to a critical hydride length (Lc). This Is
supported by recent theoretical analysis from Smith (39]. By super-imposing the maximum
applied stress at the hydride (asn") with a hydride transformation stress (determined by applying

elastic Inclusion theory), Shi and co-workers [35, 38] established quantitative models for the
critical hydride length. For a blunt notch, Lc Is given by
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(1-v )E* (o -ae.L ) (1)

where a is a factor related to th ape of the hydride and the image effect, E is Young's
modulus, v is Poisson's ratio T is the total hydride thickness at the notch root, and cl is the
hydride stress-free strain normal to the hydride platelet. Lb given in (1) was found to be
consistent with experimental observations for Zr alloys [46].

For a sharp crack, relation (1) is still valid, provided that a,,, = y, -(1- 2v)-l for plane strain
(Cays is the yield stress of the material) and that a also depends on the stress intensity factor, K,
[35]. In stage 11 (Fig.1), however, a is not sensitive to K, and (1) can be used directly for L0.
Figure 5 compares the calculations using equation (1) to the experimental measurements [21] of
striation spacings as a function of temperature for Zr-2.5Nb alloys. In stage 1, a numerical
method was suggested for estimating a as a function of K, [36]. An example is given in Figure 6
in which Lc is calculated as a function of K, for Zr alloys in stage 1.

2-K4H

From Figure 6, it is evident that there is an ultimate threshold stress intensity factor, KH, at
which L -4 °°. Physically, this means that, no matter how long the crack-tip hydride can grow,
DHC is impossible. This ultimate K7H has been estimated as [35]

4. ,~~~.. (Km")2 ~ 1 h (2)
82E8(I- 2)2.( ).J---- > .

E Y '~~~~~~~~~~ 12v a X la /4-j V-

From (2), one can see that increasing the yield stress of the materiarWoUldf decrease KIH- (This'"
is consistent with experimental results [47].) Also, a higher KIH value is expected for a thicker
hydride platelet. Experimental evidence for this is still needed, but this result suggests that
microstructures or textures which favour globular hydrides over thin platelets at flaw tips would
result in higher KIH values. Another important conclusion from (2) is that, if awy decreases faster (o jf

than ah as the temperature increases (this is the case for Zr alloys, i.e., ays = 1088 - 1 .02T(K) 1

MPa [35]), then tah will be larger than " (y maximum tensile stress at the crack tip), whichf ~~~1- 2v
means DHC will not be possible at high temperatures, even if massive hydrides are present in
the matrix and at the crack tip. Such a result has been observed for zirconium alloys [48].

Figure 6 also reveals that, if for some reason, the crack-tip hydride can only grow to a finite
length, then the threshold stress intensity factor (KIH) for DHC would be higher than KTH. (A
method of estimating this KIH is given in [36]). An example is when the hydrogen concentration
in solution limits the size of the hydride at the crack tip. As has been experimentally observed
and theoretically analyzed [36], the threshold stress intensity factor for DHC can be a function of
hydrogen concentration in solution, (see Figure 7) because the combination of a low hydrogen
concentration in solution and crack-tip hydrostatic stress field has limited the hydride length to a
certain maximum value (see next section). The length of crack-tip hydride may also be limited by
the microstructure and texture of the material, which results in a higher KIH (and lower DHC
velocity) [49-51]. The theoretical model for KIH is based on the assumption that the fraction of
hydride coverage at the front of the crack tip (0 is 100%. Usually, the theory predicts lower
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values than what Is observed. In practical situations (f < 1), an approximation for KIH iS
{f.KIH(teory) +(1 -f). Kic), where Kjc Is the fracture toughness of the matrix. For a blunt flaw,
one may find a threshold, maximum flaw-tip tensile stress level for DHC initiation by using
relation (1), if the flaw-tip hydride size is known.

2.4 The maximum hydride length at a flaw controlled by hydrogen concentration and stress field

The hydride size at a flaw tip is largely controlled by the hydrogen concentration and hydrostatic
stress field around the flaw. If the hydride size Is smaller than a critical value for a given load
condition, DHC is not possible. For DHC In stage 1, In which case the critical hydride length is
larger than the plastic zone size (and regardless of possible microstructural reasons), Shi and
Puls [36] suggest that the maximum length (1-ma, to which the hydride can grow at a sharp crack
tip under plane strain may be estimated by

4=_ 1 J VH 2.(1+v)-K
2idRT 3 In C(3)

CO-

where CO is the average hydrogen concentration in solution in the material, R Is the gas constant,
T Is the temperature (K), and Vie is the molal volume of hydrogen atoms In solid solution. It is
clear from (3) that a smaller K1 or a smaller CO will result in a smaller Lma. For a blunt notch, a
conservative assumption for 6Lm is that the notch-tip hydride should have no preference for
growing (as compared to other bulk hydrides) at a distance from the notch tip where the
hydrostatic stress reaches the bulk level (i.e., the hydrostatic stress gradient vanishes) [38, 46].

2.5 The thickness of flaw-tip hydrides

As can be seen from relations (1) and (2), the hydride thickness ('c) at a flaw Is an Important
parameter for DHC analysis. c is defined as the sum of all the hydride thicknesses, If a multi-
layered hydride platelet cluster, 4s is often the case at blunt flaws, has formed at the flaw tip.
The amount of information on c from experiments Is rela1vely all. For a blunt notch, I seems
that ' increases as a'B increases [46]. It has been speculated [38] that, for plane strain

'7

E ce1 a axA , A0(1- F. <Ma .A p2 °

-L (~~~~~~~~~~~~~~~~4)
15(l - ) rv (4)

where A Is the length along the notch root over which the tensile stress maintains Its maximum
value (yaxm'), and rpz is the plastic zone size along the crack plane. Umited experimental data

[46] shows promising agreement with this speculation.

For sharp cracks, there are some experimental Indications that T decreases as p,3 Increases

[52, 20]. (Equation (4) also promises the same trend for a blunt flaw through roJ. Dutton and co-
workers 152] assumed that r Is equal to the crack opening displacement (COD), although later
experimental work for Zr alloys showed that the hydride thickness at the crack tip Is less than the
prediction [16]. Nevertheless, one may still assume that 'z Is proportional to COD, I.e.,
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X E= (5)

where , is an adjustable constant. More studies are needed for both blunt flaws and sharp
cracks to improve the theory for c.

3. DHC initiation during temperature transients

Experimentally it has been shown that DHC initiation and propagation depend on the direction of
approach to temperature [53, 54]. Attempts [55] have been made to theoretically predict the
temperatures defined in Figure 2 - in particular the temperatures T5 and T3.

For DHC in stage I (low load), there is no simple solution to this question, although a
sophisticated diffusion calculation can be made (see section 4). For DHC in stage 11, however,
since the critical hydride size is within the plastic zone where the hydrostatic stress reaches a
maximum, one may assume that the crack-tip hydride can always reach its critical length, as long
as the hydrogen concentration in solution within the plastic zone region reaches the hydrogen
solubility limit for hydride formation (Cf ). Based on this idea, models for T5 and T3 (denoted as
Tc and TA in ref. [55], respectively) were proposed, to yield

T Qf +VH Pm..x (6)

[C.]

and -Q _ VH P7
R.1n[B]

LA

where Pmax is the maximum hydrostatic stress in the plastic zone which is also a function of
temperature through mechanical properties of the material. Two relationships were used in
deriving (6) and (7), i.e., Cf = A * exp(-/f IRT) and Cd = B * exp(Qd /RT). where A and B

are pre-exponential factors related to entropy, and Qf and Q are free enthalpies per mole
hydrogen for hydride formation and dissolution, respectively. Since C'and Cdgenerally depend
on the rate of temperature transient, so might T5 and T3. In the case when A = B, equation (7)
should be replaced by Q - Q -- - P. = 0. These models showed good agreement with
experimental data 155], see Figure 8, for example, for T5.

Experiments on zirconium pressure tube material also showed that, if DHC is initiated by cooling
to T5, slightly increasing the temperature from Ts will not stop DHC until a temperature Th is
reached, where Th is a few degrees higher than T5. It is suggested [55] that this phenomena is
caused by the difference in hydride formation free enthalpies between hydride nucleation and
hydride growth. The hydrogen solubility is increased by the extra contributions to the total free
enthalpy per mole hydrogen (denoted by Qf ) for hydride formation during nucleation due to large
surface energy and elastic work terms, as compared to smaller ones for hydride formation during
growth (for which the total enthalpy per mole hydrogen is denoted by Qf ). This leads to the
relation
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Q; = X (8)
TS Th

Reasonable agreement was observed when compared to experimental results [55].

4. DHC propagation: the non-steady-state models

The primary concern here is with determining the DHC velocity (the rate of DHC propagation).
The steady-state model (based on Ficis first law) has been successful In describing many DHC
properties under constant temperature (or constant temperature profile) and constant load
conditions for unirradiated and Irradiated materials [47]. As the effect on DHC velocity of
temperature and load transients has become more and more important for practical reasons,
progression from the steady-state to the non-steady-state model (based on Fick's second law)
has become necessary.

Diffusion solutions based on finite element techniques have been shown by Metzger and Eadie
[20] to be a powerful tool In solving three dimensional hydrogen diffusion problems at a flaw
under temperature (and/or load) transient conditions, Figure 9 for example. It Is noted from this
figure that a faster cooling rate shifts T5 to a lower temperature. One of the most important
benefits of using this technique Is that the transfer of hydrogen between solid solution and
hydrides can be taken into account everywhere in the material during temperature transients. In
this type of simulation, the hydrogen diffusion rate to the flaw region is converted to hydride
growth rate by postulating the formation and growth of a crack-tip hydride of specific dimensions.
By combining with a critical hydride length criterion, the hydride growth rate (averaged over many
DHC steps) is converted to the DHC velocity. Good agreement with experimental DHC velocity
data can be obtained.

In contrast to the finite element methods, a less sophisticated non-steady-state DHC computer
model has been constructed recently [191. This model is based directly on the Dutton and Puls
steady-state model [14] In which the crack-tip stress field is simplified to a cylindrically symmetric
field. Therefore, finite difference types of numerical techniques can be used to solve a moving-
boundary diffusion problem (due to the hydride growth). In this model, the DHC velocity Is
defined as the ratio of the critical hydride length to the total time required to grow such a hydride.
An example of DHC velocity results obtained by this model Is given In Figure 10 and compared to
experimental data [56]. In this example, for simplicity, the critical hydride length Is assumed to be
a constant (30 jlm) for all applied K, values. Despite the difference between experiment and
theory at high K1 (which may be caused by the assumption of constant critical hydride length), the
model predicts very well a KIH which is hydride-length dependent. Effects of hydrogen
concentration, yield stress and temperature on DHC velocity have also been studied using this
model [19].

*5. Conclusions

Recent advances In the theory of DHC Initiation and propagation at flaws In zirconium alloys are
briefly reviewed. The theory Is based on Idealized representations of the physical situation and
its success depends on how close these Idealizations represent reality. In the area of DHC
initiation, a stress criterion has been used to establish simple quantitative models for the most
important parameters. Predictions of the models for the critical hydride length and KIH generally
agree with the limited experimental observations, while predictions for the maximum hydride
length and thickness at a flaw tip are qualitatively consistent with limited experimental results.
The predictions of the models for DHC initiation during temperature transients show good
agreement with respect to the experimental data on unirradiated materials, but more
experimental data on irradiated materials are needed to help establish the range of validity of the
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models. In the area of DHC propagation, recent non-steady-state models have been developed
in order to incorporate the hydride fracture criterion. These models are quantitatively capable of
simulating the DHC process during temperature and/or load transients, but require further
validation and modification of the modelling of some key input parameters.

All of these models are highly idealized and in need of further refinement. We still know very little
about the effects of microstructure on DHC initiation. Future development of DHC velocity
models should address the effect of two phases in an alloy such as Zr-2.5Nb. More experimental
data on irradiated materials are required. A group of parameters influencing the predictions of
the theoretical models, are the sizes, shapes and distributions of the hydrides in front of the flaw
tip. Results of properly designed experiments are needed to help guide the choice of these and
other key input parameters. From an application point of view, extension of these deterministic
models to take account of statistical distributions of some key parameters, is highly desirable.
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Figure 4 Striation marks on the fracture surface of a Zr-2.5Nb
specimen (from R. Dutton of AECL Research)
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