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and %hell Internationale Petroleum Maatschappij, P.O. Box 162, 2501 AN, The Hague, The Netherlands 
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Abstract-A model is presented to estimate the lifetime under hydrogen attack (HA) conditions. The first 
ingredient is the Odette-Vagarali model to calculate the equilibrium methane pressure as a function of 
hydrogen pressure, temperature, and type and composition of the carbides and the alloy. The second 
ingredient is a model for the growth to coalescence of methane-filled grain boundary cavities, possibly 
under the presence of (applied or residual) macroscopic stresses. This model is based on recent detailed 
numerical studies of the growth of voids under simultaneous grain boundary diffusion and creep of the 
grain material. A new, accurate analytical approximate void growth relation valid for high stress 
triaxialities is adapted for application to HA. The model is used to perform a study of HA, including a 
computation of Nelson curves, in 2.25Cr-1Mo steels with different types of carbides and for various 
applied stress states. Finally, the results of the model are presented in a concise, non-dimensional form 
that reveals the key parameters that determine HA life times. 

1. INTRODUCTION 

At high temperatures, pressure vessel steels such as 

2.25Cr-1Mo exposed to hydrogen can be damaged 
by hydrogen attack (HA). Hydrogen diffuses into the 
steel where it reacts with the carbides. In the reaction, 
methane gas is formed which cannot diffuse through 
the material. Depending on temperature, hydrogen 
pressure and carbide stability, a high methane press- 
ure can be formed and voids start to grow from the 
degrading carbides. Void growth takes place prefer- 
entially on grain boundaries, and is enhanced by 
macroscopic stresses due to e.g. the applied loading 
or residual stresses. Once the voids have grown so 
large that they coalesce, intergranular microcracks 
are formed. These microcracks degrade the material 
properties and may result in failure of the pressure 
vessel wall. 

For carbon, MO and Cr-Mo pressure vessel steels, 
safe operating temperatures and safe hydrogen press- 
ures in order to avoid HA are given by the so-called 
Neslon curves [I]. The curves, which form the bound- 
ary between the temperature-hydrogen pressure re- 
gion where failures have occurred and the region 
where safe operation is assumed, are empirical curves 
based on past service experience. The attractiveness 
of the Nelson curves-their simplicity and general- 
ity-is at the same time an important weakness. This 
is demonstrated for instance in case of the OSMo 

tTo whom all correspondence should be addressed. 

steels: after more than 20 years of service experience 
with the 0.5Mo steels, the Nelson line for the 0.5Mo 
steels had to be lowered to the curve of carbon steel 
due to failures in the temperature and pressure regime 
below the original 0.5Mo line. However, at the same 
time there is a vast amount of 0.5Mo equipment in 
service, which has been functioning satisfactorily over 
many years at temperatures and hydrogen pressures 
above the carbon steel line in the Nelson diagram. 
Due to the generality of the Nelson diagrams no 
distinction can be made between 0.5Mo steels that are 
apparently resistant and those that are susceptible to 
HA. Furthermore, Nelson curves are of limited use 
when new steel, such as modified 2.25Cr-lMo, 
2.25Cr-lMo_V or 3Cr-lMo_V, are introduced. 
Since there are no Nelson curves available for these 
steels, only accelerated short term exposure can be 
used to determine if the steels will be resistant to HA. 
At this moment, no proven techniques or models exist 
to extrapolate the short term test results to normal 
operating times and conditions. Also Nelson curves 
cannot be used in a “fitness for purpose” analysis of 
a steel that does exhibit HA damage. A better 
understanding of HA and more sophisticated models 
or assessment techniques are therefore needed for this 
purpose. 

In order to develop a more fundamental under- 
standing of HA and to be able to predict the limiting 
operating conditions of pressure vessel steels, several 
attempts have been made in the past to develop HA 
models. The basis of HA models has been the devel- 
opment, through the years, of several void growth 
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models based on diffusional and creep mechanisms. 
In their study [2] of HA, Shih and Johnson modeled 
void growth to be caused by two independent 
sources: growth by creep and growth by grain bound- 
ary diffusion. For the latter they adopted the model 
developed by Hull and Rimmer [3]. The possibility 
of synergistic effects due to the interaction between 
creep deformation and diffusional flow were not 
considered. Furthermore, their analysis essentially 
applied only to situations where the macroscopic 
stresses are negligible compared to the internal cavity 
pressure, so that the possible interaction with 
macroscopic creep deformations is also ignored. 
Parthasarathy [4] extended the void growth model of 
[2] by accounting also for surface diffusion; but, he 
too neglected the possible influence of macroscopic 
stresses. Shewmon [5] seems to have been the first to 
incorporate the interaction between HA and macro- 
scopic stress. His void growth estimate is based on 
coupling grain boundary diffusive growth [3] to creep 
of the background material. 

A few years before Shewmon’s work [S], Needle- 
man and Rice [6] had performed a very detailed study 
of cavity growth due to creep flow and diffusion along 
the grain boundary. Aiming at applications in the 
field of creep rupture, they assumed that void growth 
was driven by the (macroscopic) stresses remote from 
the void, which itself was not pressurized. By actually 
solving the coupled creep-diffusion problem, Needle- 
man and Rice [6] demonstrated the possible inter- 
action between creep and diffusive void growth which 
appears as a reduction of the actual diffusive path 
length due to local deformations. Sham and Needle- 
man [7] extended this study into the range of higher 
triaxialities of the remote stress state, typical for creep 
crack growth conditions. They also managed to 
capture their numerical (finite element) results by an 
analytical expression for the void growth rate. These 
two works constitute the most accurate modelling of 
the problem until today. However, the results cannot 
directly be applied to HA conditions as the high 
internal methane pressure implies a much higher 
stress triaxiality than considered in [6] and [7] (as will 
be pointed out later in this paper, internal cavity 
pressure only would correspond to an infinite stress 
triaxiality). Therefore, Van der Giessen et al. [8] 
extended the work in [6] and [7] to essentially all stress 
triaxialities. They also proposed an extension of the 
analytical approximations to the computed growth 
rates that covers the entire stress triaxiality regime, 
and showed that these relations give a fairly accurate 
representation of the numerical results. 

These relations proposed in [8] will be used in this 
paper to model void growth under HA conditions. 
However, they are expressed in terms of stresses 
remote from the (stress-free) cavity, whereas in HA 
situations the methane pressure acts on the cavity 
surface. In the next section we shall discuss how the 
necessary modification is carried through by way of 
a superposition argument. 

The internal methane pressure in the cavities, being 
the primary driving force for void growth, is an 
important parameter in any HA cavity growth model. 
The methane pressure is controlled by the tempera- 
ture, the hydrogen pressure and the stability of the 
carbides. The stability of the carbides is determined 
by the crystal structure of the carbide, the carbide 
composition and the alloy composition of the press- 
ure vessel steel itself. Also, due to the high pressures 
(up to lo3 MPa), the non-ideality of the methane gas 
has to be taken into account. All these effects have 
been incorporated in the present calculations, based 
on existing thermodynamic equations from [9] and 

[lOI. 
In the subsequent section, the void growth model 

modified for HA will be used to predict the Nelson 
curves of a 2.25Cr-1Mo steel. The calculations will be 
carried out for three different types of carbides that 
may be present in the steel. The influence of macro- 
scopic stresses caused by applied loads will be inves- 
tigated. Finally, the results of the model will be 
presented in a dimensionless way. This singles out the 
controlling nondimensional groups of parameters in 
the model and casts the information in the most 
general form. 

2. MODEL 

At high temperatures and high hydrogen pressures, 
hydrogen molecules dissociate into hydrogen atoms 
and are absorbed to the steel surface. A number of 
the absorbed atoms form hydrogen molecules again 
and the molecules escape in the surrounding atmos- 
phere. Other absorbed hydrogen atoms are absorbed 
into the steel. The hydrogen atoms readily diffuse 
over the interstitial sites (tetrahedral sites in case of 
ferritic steels, octahedral sites in austenitic steels) 
through the steel. At large discontinuities in the steel 
matrix, such as carbides, grain boundaries, or in- 
clusions, hydrogen atoms can associate again and 
form hydrogen molecules. At high temperatures and 
hydrogen pressures, hydrogen gas can react with the 
carbides in the matrix, and methane gas is formed by 
the following chemical reaction: 

M,C,+2yH,+yCH,+xM 

with x the number of metal atoms (M) and y the 
number of carbon atoms (C) in the carbide. This 
reaction takes place preferentially at the least stable 
carbides. The methane molecules are much larger 
than the hydrogen atoms and cannot diffuse through 
the steel. Thus, a methane presssure builds up, 
determined by the equilibrium reaction above. 

The equilibrium reaction consists of two con- 
secutive reactions, i.e. carbide dissolution and for- 
mation of methane gas. The equilibrium constant of 
the total reaction can be expressed in terms of the 
Gibbs free energy of the carbides 1111, the Gibbs 
energy of formation for methane gas, as well as in 
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terms of the activities of all the reacting atoms and 
molecules [9]. By equating these two expressions the 
methane fugacity can be calculated. However, due to 
high pressures inside the voids, the methane behaves 
as a non-ideal gas and therefore the methane fugacity 
is not simply equal to the methane pressure. The 
methane pressure can be calculated by using the 
simplified solutions of Odette and Vagarali [lo], 
which are based on the equation-of-state for methane 
gas given by McQuarrie and Katz [12]. Appendix A 
summarizes the basic relations used in determining 
the methane equilibrium pressure pCH4. In the calcu- 
lation of the methane pressure, time dependent effects 
during cavity growth are neglected. The rate of 
supply of carbon (from the carbides) and hydrogen 
(from the surrounding metal) is neglected in the 
model. The methane pressure pCH4 is assumed to be 
always in equilibrium with the hydrogen pressure pH2 
and the carbides present in the steel. Also, the 
assumption has been made that only the carbides 
react with the hydrogen gas, whilst it may be possible 
that dissolved carbon in the steel react directly with 
the hydrogen (see, e.g. [2]). 

The reaction of dissolved hydrogen with the car- 
bides on a grain boundary leads to a grain boundary 
cavity containing a methane-hydrogen mixture at a 
relatively high pressure, determined by the partial 
pressures pCHl and pH2, respectively. The total press- 
ure in this non-ideal mixture, p, is approximately 
given by 

Pm = PCH4 + PH2 (1) 

In most works, e.g. [2,4, 51, the hydrogen pressure 
has been neglected, since in many practical conditions 
it was assumed to be negligible compared to the 
methane pressure. As we will see later on, this is true 
for relatively less stable carbides, but not necessarily 
so for the more stable carbides. Hence, we shall use 
the total gas pressure according to equation (1) as the 
internal pressure in the cavity. 

The carbides along the grain boundary are as- 
sumed to be identical and to be uniformly distributed, 
so that all cavities on the facet develop equally. It is 
assumed that all cavities are nucleated at the same 
instant, and that no new cavities nucleate afterwards. 
Let a be the cavity radius, 2b the spacing between two 
cavities, and $ the tip angle of the spherical-caps 

t- 
_i_ 

lb 2b -i 

*t 

* 

t ts )- t 
Fig. 1. Spherical cap-shaped cavities on a grain boundary 

facet. 

shaped cavity (see Fig. 1). Then, the volume of a 
single cavity can be written as 

v = $ca%(~), (2) 

where h($) is the cavity shape parameter defined by 

h($)=[(l +cos$))-icos$]/sin$. 

As discussed in detail by Chung et al. [13], the cavity 
tip angle $ is determined by the surface free energy 
of the cavity relative to the corresponding energy of 
the grain boundary. To study the growth of these 
grain boundary cavities, it is appropriate to confine 
attention to a unit cell consisting of a cylinder with 
radius b containing a single cavity with radius a. The 
length of the cylinder is of the order of the grain size, 
and is assumed to be much larger than its radius b. 
A local coordinate system is introduced for each 
grain boundary facet with the x,-axis normal to the 
facet. 

At temperatures typical for HA, the cavities grow 
by grain boundary diffusion (along with surface 
diffusion) and by creep of the adjacent grain material 
(elastic deformations are neglected in this analysis). 
For determining the growth rate of a single void, we 
adopt the results of detailed studies by Sham and 
Needleman [7] and, more in particular, by Van der 
Giessen et al. [8]. They have used numerical methods 
to investigate the growth by simultaneous creep and 
diffusion of a traction-free void in a long cylindrical 
unit cell subject to remote axisymmetric states of 
stress. It turns out that the accurate numerical results 
for the volumetric growth rate of a void can be 
approximated well by coupling relatively simple re- 
lationships for growth by creep and by diffusion. 
Thus, the total volumetric growth rate 3 is split up 
into a volumetric growth rate due to creep flow in the 
adjacent grains, vc’,,, and a contribution resulting 
from the diffusion of matter along the cavity surface 
into the grain boundary, pd’,,: 

In order to be able to apply these relationships to 
HA, we need to account for two differences with the 
problem considered in [8]. First, we have to account 
for the internal gas pressure in the void. Second, 
we have to make a modification in order to ac- 
count for the possible presence of surface tension 
effects, as being distinctly different from the surface 
energy effects that were already considered in [8]. We 
shall first briefly discuss how these aspects can be 
incorporated in the two distinct growth rate contri- 
butions separately, before discussing how the result- 
ing contributions determine the actual total void 
growth rate. 

In HA situations, the cavity contains methane- 
hydrogen gas under a hydrostatic pressure p, and is 
also subjected to a remote stress state. The latter is 
assumed here to be axisymmetric and characterized 
by a remote stress S normal to the grain boundary 
facet and a remote transverse stress T in the plane of 
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Fig. 2. (a) Schematic of the stress situation for a unit cell containing a single cavity under HA conditions; 
(b) hydrostatic stress state that is superimposed on the stress state in (a); (c) the resulting stress state for 

the cavity with a stress-free surface. 

the facet, as shown in Fig. 2(a). To apply the Van der 
Giessen et al. [8] relation for the growth rate due to 
creep on the present HA problem, we have to express 
the stress situation around the cavity surface, includ- 
ing the internal gas pressure along with the sintering 
stress, to the remote stress situation considered in [8]. 
The procedure to do so (see Fig. 2) makes use of the 
incompressibility of the grain material. The surface 
tension (i.e. surface stress) T, is equivalent to a 
hydrostatic tension on the surface of 2T, sin $/a. 
By superimposing a hydrostatic stress of p =p,,, - 
2T, sin $/a, so that the traction on the cavity surface 
vanishes, we obtain a remote stress situation that is 
characterized by remote (axisymmetric) stresses 

cr;=S+p,--2T,sin$/a, 

Note that all other components of the remote stress 
tensor a; with respect to the local grain boundary 
base vectors are zero, ~;a2 = a: = a; = 0. Also note 
that these stresses remote from the cavity should be 
clearly distinguished from the actual local (highly 
nonuniform) stress distribution in the vicinity of 
the cavity. The remote mean stress a:, defined 
by Q,,, = okk/3 (summation over repeated indices im- 
plied), is 

aa=i(S+?T)+p,-2:sin$, (3) 

and the remote effective stress oe = J&Q?, in 
terms of the deviatoric stress components 
si, = err/ - a,&/3, is 

m- e, - IaG - a$] = ]S - TI. (4) 

Assuming the grains to deform by ideal or sec- 
ondary creep according to the Norton power-law 
with creep exponent II, the creep strain-rates ir 
and the effective creep rate t$ due to these remote 
stresses are given by 

3s Cpo=i”-I 
‘I e 202’ 

6,” = ((0) 
( > 

$ “. (5) 

Here, a, is a reference stress parameter, and i(0) 
is a temperature dependent reference strain-rate 
parameter. 

Now the volumetric growth rate relations for creep 
proposed in [8] expressed in a:, a,” and sign 
(S - T), can be used for creep in HA situations. 
When the stress triaxiality ]a,“/a,” ( is relatively low, 
or when the porosity level a/b is relatively small, the 
volumetric growth rate of the cavity due to creep 
flow, r’,“,, can be approximated well by 

v’,“, = 2ai,a3h($)sign(a,“) 

ri,“, = 2nt’,a3h($)sign(a,“) 

if ]a,” /a,” I 2 1; (6) 

if ]a,“/a,“] < 1, (7) 

where i, is is a short hand notation introduced by 

con 

i,,,=i(O)2 I I 
(“sign” denotes the sign of its argument). The con- 
stants CI, and 8, in (6) and (7) are defined by 
c(, = 3/(2n) and & = (n - l)(n +0.4319)/n*. When 
T > S and a,” > 0, or T < S and a,” < 0, then /?, 
should be taken as j, = (n - 1) (n + 0.403 1)/n’. How- 
ever in the calculations we only used the first ex- 
pression for /$, which involves only a minor error. 
The relation (6) first derived by Budiansky et al. [14], 
is based on a cavity in an infinitely large creeping 
matrix, while (7) is an extension proposed by Tver- 
gaard [15]. Elimination of i, in favor of CF (a,” # 0) 
reveals that (7) is a linearization in a,“/aF of the 
normalized growth rate P,L,/ip according to (6) so 
that continuity in volumetric growth rates is assured. 
The normalization by i, instead of by ip ensures that 
the relationships (6) and (7) remain to be valid even 
if a,” = 0 in case of remote hydrostatic tension (for 
instance, when S = T = 0 and pCHI # 0). 

Van der Giessen et al. [8] have demonstrated that 
this void growth mode is changed rather abruptly at 
increasing stress triaxiality or increasing porosity a/b 
to another creep deformation mode. In that case, the 
volumetric growth rate due to creep 3: is found to 
be approximated well by 



VAN DER BURG et al.: HYDROGEN ATTACK IN 2.25Crr1Mo STEELS 509 

v: = 2rri,a3h($)sign(a,“) 
1 

1 - (0.87a/b)3’” 

if ]o~/a,“J>l; (9) 

I? = 2%a3h($)stgn(oZ) 
1 

1 _ (0.87a,b)Xjn 

“0: n-1 )I1 I -z cm 
if ]o~/a~l<l. (10) 

The derivation of (9) and (10) is described in [8], with, 
again, the solution for lower stress triaxialities (10) 
being a linearization of (9) in terms of a,“/a$ . Note 
that although the derivation in [8] was confined to 
stress states with S > T, the expressions (6)+0) are 
now also properly formulated for S < T using the 
symmetry properties outlined in [8]. 

The cavity grows not only by creep flow but also 
by diffusion of matter from the cavity surface into the 
grain boundary. This process was first modelled by 
Hull and Rimmer [3] based on the assumption that 
the grain material is rigid. To use the according 
volumetric growth rate relation in our HA situation, 
the diffusive driving stress has to be modified to 
account for the internal pressure P,,,, the free surface 
energy ys and the surface tension T,. An early adap- 
tation of the Hull-Rimmer model to internal void 
pressure is due to Raj et al. [16], and has been used 
subsequently in [2]. Needleman and Rice [6] pointed 
out however that the void growth rate expression in 
[16] contained an incorrect factor 1 -J Furthermore, 
Raj et al. [ 161 assumed y, = T,, while Herring [17] had 
indicated that, although this is true for fluids, surface 
free energy ys and surface tension T, need not be the 
same for solids. In fact y, is always positive, whereas 
T, may have either sign. Therefore, in the main body 
of [16] and subsequent works (e.g. [7, 151) T, has 
been put to zero. Needleman and Rice [6] briefly 
discuss the case with different values of ys and T,, and 
when that result is modified for the presence of 
internal void pressure pm according to (l), one obtains 
(see Appendix B) that the volumetric growth rate due 
to diffusion vdidirr is given as 

X S +A, - (1 -SPY, sin $/a -fzT, sin $/a. 
ln(l/f) -;(3 -fl(l -fl 

(1 1) 

Here, the grain boundary diffusion parameter is 
defined by g(O) = &6,R/kO, where D,6, is the 
boundary diffusivity, CI is the atomic volume, and k@ 
the energy per atom measure. The parameterfin (11) 
is determined by 

where Ldia is the diffusion path length. For the rigid 
grain assumption, the diffusion path length is effec- 
tively equal to the cavity half-spacing b, so that 

f= (u/b)’ as in the Hull-Rimmer model [3]. How- 
ever, if creep cannot be neglected, interaction between 
diffusion and creep occurs. As pointed out by Needle- 
man and Rice [6], this results in a path length for 
diffusion that is significantly shortened, as creep 
locally accommodates the diffusional flow of matter 
in the vicinity of the cavity. This interaction then 
results in an increase of the volumetric growth rate. 
The two creep deformation modes mentioned above, 
involving growth rates P,“, and r’,“,, respectively, will 
give different interactions with diffusive void growth, 
leading to two diffusive growth rates 3ki, and v&, 
respectively. The numerical studies in [8] have shown 
that the interaction between creep flow and diffusion 
during cavity growth only leads to a significant effect 
on the volumetric growth rate in case of the defor- 
mation mode associated with the creep relation v’,“, in 
(6) or (7). As shown already by Sham and Needleman 
[7], the associated volumetric growth rate r’ti, is 
approximated well by taking the diffusion path length 
to be the minimum of a + 1.5L or b, where L is the 
parameter 

L = (%,“/c:)“’ (cr? # O), (13) 

introduced by Needleman and Rice [6]. For the 
second creep mode, the interaction between diffusion 
and creep also exists, but the regime of interaction 
has been found to be relatively small. Van der Giessen 
et al. [8] demonstrate that by keeping the diffusion 
length equal to b, thereby neglecting this interaction 
all together, the subsequent error on the cavity 
growth rate r’$ remains negligible. Thus, 

With reference to (1 l), note that both the surface 
free energy ys and a positive surface tension T, tend 
to sinter-close the cavity. Only if S +p,,, exceeds the 
sintering stress crs, defined as 

6, = (1 -f)2y, sin $/a +f2T, sin $/a, (14) 

is the diffusive growth rate positive. Also note that 
the surface tension effects enter creep growth through 
0; according to (3). 

Finally, as shown by Van der Giessen et al. [8], the 
total volumetric growth rate of the cavity can be 
obtained as 

P = max[l P’,“, + v&& 1 tiz + V&/]. (15) 

Surface diffusion along the void surface will also 
occur, and this process is assumed to be so rapid 
compared to the other mechanisms of matter trans- 
port that the spherical-caps shape of the cavity is 
maintained at all times. Experimental observations 
[18, 191 of the cavity morphology for the material to 
be studied later on supports this assumption. Based 
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on the above volumetric growth rate relations, we can 
follow the evolution of the cavity size in time by 
integration of 

ti = 3/[47ca%(lC/)], 

with ri according to (15), starting from the initial 
cavity radius a,. 

The average creep strain-rate i, in the plane of the 
grain boundary causes a change of the spacing 26 
between cavities given by b = bi, . Because of axisym- 
metry and incompressibility, the in-plane strain-rate 
is determined by i, = i$ = ig = --fig with the re- 
mote normal creep strain-rate i; = sign(S - T)i; 
according to (5). 

The cavities grow until coalescence occurs by fail- 
ure of the ligament between cavities. In this study, 
coalescence is assumed to occur at a/b = 0.9; but, it 
is noted that the time to coalescence is not affected 
much by the precise critical value for coalescence. As 
cavitation is assumed to be uniform along a grain 
facet, cavity coalescence occurs at the same time 
everywhere along the facet, thus leading to instan- 
taneous formation of a full-facet microcrack. Fur- 
thermore, following [2,4, 51, we shall assume that the 
time to cavity coalescence is effectively used as an 
estimate of the ultimate time to failure. 

The rate of cavity growth is strongly determined by 
temperature because of the strong temperature de- 
pendence of (i) the formation of methane and there- 
fore the methane pressure (see Appendix A) and (ii) 
of the creep and grain boundary diffusion processes. 
This latter dependence is incorporated through the 
temperature dependence of the reference creep strain- 
rate parameter i(0) in (5) and of the diffusion 
parameter gt 
form 

i(0 

3) in (11). They are written here in the 

=&,:exp[$(i-A)], (16) 

=g.zexp[$($-A)]. (17) 

Here, i, and g,, are the values of the reference creep 
strain-rate parameter and the boundary diffusion 
parameter, respectively, at the reference temperature 
O,, Qv and QB are the respective activation energies, 
and R is the gas constant. Following Needleman and 
Rice [6] and Frost and Ashby [20], the reference creep 
strain-rate parameter i, and the boundary diffusion 
parameter g,, are taken to be given by 

where A is a creep constant, subscript V refers to 
volume (or lattice) diffusion, subscript B refers to 
boundary diffusion, p is the elastic shear modulus, 

b is the length of the Burger’s vector and k is 
Boltzmann’s constant. 

There are a number of essential differences between 
the present model and earlier investigations as in Refs 
[2], [4] and [5]. The main differences are in the void 
growth model. In the models of Shih and Johnson [2] 
and Parthasarathy [4], the contribution to cavity 
growth due to creep is based on the analysis (see, e.g. 
[21]) of a thick-walled sphere under internal pressure, 
while the interaction between creep void growth and 
diffusive void growth is neglected all together. The 
influence of remotely applied stresses is not taken into 
account. Shewmon’s [5] model, on the other hand, 
does account for the effect of remote applied stresses. 
The diffusive contribution to void growth in his 
model is also based on the Hull-Rimmer [3] model as 
here, and for the additional contribution by creep he 
follows a more simple approximate approach by 
Edwards and Ashby [22]. The numerical model re- 
cently used by Van der Giessen et al. [8] has provided 
much more detailed insight in void growth under high 
triaxialities, and the void growth relations (6x15) 
based on [8] are significantly more accurate than 
those in [5]. It should be noted that Parthasarathy [4] 
actually takes into account the contribution of sur- 
face diffusion to cavity growth, based on consider- 
ations by Chuang et al. [13] for cavity growth 
controlled by surface diffusion. However it is re- 
ported in [4] that grain boundary diffusion, as con- 
sidered in our model, rather than surface diffusion is 
the controlling mechanism for diffusive void growth 
in 2.25Cr-1Mo steels. 

3. RESULTS FOR 2.25Cr-1Mo STEELS 

The model will be applied to investigate HA of 
2.25Cr-1Mo steels under different loading con- 
ditions. We have taken the following material par- 
ameters. The initial half-spacing b, between cavities is 
taken equal to the average half-spacing between 
carbides mentioned in [4], b, = 8 x 1O-6 m. The initial 
cavity radius is taken to be a, = 0.05 x 10m6 m in most 
computations, just as in [4]. The equilibrium cavity 
tip angle $ is taken as $ = 78.5” (cf. [13]). The surface 
energy is estimated by Parthasarathy and Shewmon 
[9] as ys = 1 J/m*. As mentioned above, the value of 
the surface tension T, at grain boundary cavities is 
largely unknown. In order to get an indication of the 
effect of surface tension, we shall either take the same 
value as the surface energy (cf. [16]), i.e. T, = 1 J/m*, 
or neglect it, T, = 0, as in [6]. The diffusion par- 
ameters are taken from Parthasarathy [4], where the 
grain boundary diffusion coefficient is given as 
go = 1.7 x 10m3’ mS/Ns at 0 = 725 K, and the corre- 
sponding activation energy is Q, = 206 x lo3 J/mol. 
The creep parameters are taken from Kleuh [23]: 
n = 6.5 and i, = 3.8 x 10-60s-’ at 0 = 727 K when 
the reference stress is taken as o, = 1 N/m*. For the 
corresponding activation energy for creep we have 
used Q, = 25 1 x lo3 J/mol from [20]. It is emphasized 
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that accurate values of most of these parameters are 
difficult to obtain; the above-mentioned values serve 
merely as representative values. 

Literature from various sources (e.g. [24]-[33]) 
shows that 2.25Cr-1Mo steels, depending on the 
composition and the thermal history of the steel, can 
contain the following five carbide types (in order of 
increasing stability): M,C, M,C, M,C,, M,,C, and 
M,C. The absolute stability of the carbides formed, 
depends not only on the crystallographic structure, 
but also on the alloy content of the carbides them- 
selves. The carbide stability increases with increasing 
Cr, MO and V content. In the present study, void 
growth calculations are carried out for M,C, M,C, 
and M,,C,. The presence of the M,C carbides is 
neglected as these carbides do not play a role in the 
HA of the steel due to their stability. The reaction of 
hydrogen with the small M,C carbides has not been 
modelled as no information was readily available on 
the thermodynamic properties of these carbides. 

The cited literature shows that, as an indication, 
the different carbides in a 2.25Cr-1Mo pressure vessel 
steel have carbide compositions as stated in Table 1. 
In calculating the carbide stability, both the Cr 
content and the MO content in the carbide has to be 
taken into consideration. However, thermodynamic 
data on carbides containing MO were not available, 
and therefore the influence of MO on the carbide 
stability has been neglected in the calculations. The 
thermodynamic data used in the calculations have 
been taken from Lundberg et al. [II] and 
Parthasarathy and Shewmon [9]. 

As mentioned before, temperature effects are cru- 
cial for HA. On the one hand, creep and diffusion 
processes are strongly enhanced by increasing tem- 
perature [cf. (16) and (17)]. However, on the other 
hand, it should be noted that when the temperature 
increases, the methane pressure pCHl decreases for 
thermodynamic reasons. This is illustrated in Fig. 3 
where isopressure lines of pCH4 are shown as a func- 
tion of temperature 0, ranging from 0 = 550 to 
800 K, and hydrogen presure pH2, ranging from pH2 = 
1 MPa to pHZ = 20 MPa. The generated methane 
pressures differ significantly among the different car- 
bide types. Comparison between the methane pres- 
sures of the less stable carbide M,C in Fig. 3(a), and 
those of the more stable M,C, in Fig. 3(b) shows that 
they can differ by an order of magnitude. The pres- 
sures generated by M,, C, carbides [Fig. 3(c)] are even 
lower at the same hydrogen pressure and tempera- 
ture. Figure 3 also shows that the sensitivity of the 

Table 1. Composition of the carbides M,C, 
M,C, and M,,C, 

(E) (E, ;> 

M,C 30 69 I 
MA, 60 36 4 
Mn C, 50 28 22 

1 5 10 15 20 
P~~W'~) 

Fig. 3. Methane pressure pCH4 as a function of temperature 
0 and hydrogen pressure pHI for: (a) M,C carbides; 

(b) M,C, carbides; and (c) M,,C, carbides. 

methane pressure to the hydrogen pressure decreases 
with increasing hydrogen pressure. 

The growth of cavities is studied for the three types 
of carbides specified above. For each type of carbide, 
different values of the sintering stress in (14) are 
considered by taking either ys = T, = 1 J/m2, or 
ys = 1 J/m*, T, = 0, or by completely neglecting the 
sintering stress. In the absence of any macroscopic 
stress (S = T = 0), the internal void pressure pm must 
exceed the sintering stress in order that cavities can 
develop. The results of the cavity growth calculations 
are depicted in Fig. 4, where the time to failure t, is 
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10 15 20 
P~,W’Q 

1 5 10 15 
PH, u-a) 

20 

1 5 10 15 20 
pH2 OfPa) 

Fig. 4. Time to failure r, as a function of temperature 0 and 
hydrogen pressure pH2 for: (a) carbide M,C; (b) carbide 
M,C, ; and (c) carbide M,,C,. Growth is driven solely by 
the internal methane-hydrogen pressure p, (S = T = 0). 

The dotted lines correspond to cases where y. = T, = 0. 

plotted in Nelson curves as a function of temperature 
and hydrogen pressure. The calculations have been 
carried out for a 20 x 26 grid of hydrogen pressure 
and temperatures; the discrete nature of that grid is 
responsible for the “zig-zags” in Fig. 4 and sub- 
sequent figures. The times to failure when yS = 1 J/m2 
for T, = 0 or 1 J/m* are nearly identical, as shown by 
the solid contour lines in Fig. 4. In those cases, there 
is a region in each of the Nelson curves where cavity 
growth is prevented by the sintering effect. The failure 

times in the absence of sintering stress are drawn by 
dashed lines. It is seen that, if cavitation occurs, the 
ultimate times to failure are not influenced by the 
sintering stresses due to surface free energy or surface 
stress at the cavity surface. The explanation for this 
is that, according to (1 l), the sintering stress 6, is 
relevant only in the initial stages of cavitation when 
the cavity has still a small radius a. When the cavity 
radius a increases, the influence of the sintering stress 
decreases rapidly. In view of the fact that diffusive 
cavity growth according to (11) is very fast when 
a/b < 0.1, the influence of the sintering stress on the 
time to coalescence is negligible. According to (3), the 
surface tension affects creep growth as well; but, the 
creep contribution to cavity growth tends to become 
significant only when a/b is sufficiently large, and the 
influence of the surface tension has become negligible 
by then. 

Consistent with the observations in Fig. 3 regard- 
ing the stability of the three types of carbides, the 
results in Fig. 4 show that the failure times depend 
sensitively on the type of carbide. For the ranges of 
temperature and hydrogen pressure considered here, 
the less stable carbide M,C can lead to failure within 
typical lifetimes of components, whereas the pre- 
dicted lifetimes for M2,C6 carbides are two orders of 
magnitude longer. 

In Fig. 4 we have also made an attempt to identify 
the dominant cavity growth mechanism. The cri- 
terion used for that, is based on the value of the ratio 
of the growth rate PC,, due to creep and the total 
growth rate p = vc’,,+ pdidiff at the instant where 
a/b = 0.2. If ri,,/v > 0.67 at a/b = 0.2, growth is 
said to be “creep controlled”, while the “diffusion 
controlled” regime is taken to correspond to 
vcr,,lr’ < 0.33. Coupled growth is said to take place in 
the intermediate regime 0.33 < PC’,,13 < 0.6. It is em- 
phasized that this classification is not at all a strict 
one, particularly since it is based on instantaneous 
growth rates at an admittedly rather arbitrary instant 
(a/b = 0.2). In fact, the computations commonly 
indicate that diffusive growth dominates during the 
very early stages of growth, while in the course of the 
process, it is taken over by creep void growth. 
Nevertheless, the classification is useful when com- 
paring the different cases in Fig. 4 (as well as in Fig. 5 
and Fig. 7 later on). 

The experimental determination of the initial cav- 
ity size and spacing is not very accurate. Therefore, 
we have used the model to get some insight in the 
influence of the initial cavity radius a, on the time to 
failure. It is found that for values a, < 0.4pm, the 
resulting contours of time to failure in the Nelson 
diagrams do not differ significantly from those in 
Fig. 4. This is consistent with findings of Shih and 
Johnson [2]. However, reducing the initial cavity 
radius a, increases the initial sintering stress, leading 
to an enlarged region in the Nelson diagrams where 
cavities cannot open. 

Based on the cavity growth relations (5H14), it is 
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expected that the growth of methane-filled cavities 
will be enhanced by applied remote stresses S and 
T. As an example, Fig. 5 shows times to failure 
for the case of a (constant) applied uniaxial stress 
S = 50 MPa (T = 0). This stress is below the allow- 
able design stress for 2.25Cr-1Mo steel in the tem- 
perature range investigated here [34]. Since the 
applied stress is larger than the (initial) sintering 
stress in this case, all cavities will open and grow. 
Figure 5 mainly shows times to failure for M,C 
carbides; for the other two types of carbide, only the 
isochronous failure lines of lo6 hrs are plotted. En- 
hancement of the void growth by the applied stress 
occurs especially in the low hydrogen pressure-high 
temperature regime of the Nelson diagram, where, as 
shown in Fig. 3(a), the methane pressures are rela- 
tively low. In that regime, lifetime is reduced signifi- 
cantly as compared with the case S = 0 in Fig. 4(a). 
On the other hand, for lower temperatures and higher 
hydrogen pressures, the methane pressures are high 
[Fig. 3(a)] and the influence of the remote stress 
applied here is completely negligible. It should be 
noted however that the influence of the remote 
uniaxial stress is significant even in tempera- 
ture-hydrogen pressure regimes where the methane 
pressure pCH4 is more than five times larger than S. 
This is to be attributed to the highly nonlinear 
dependence of the creep growth rates on mean and 
effective stress in (6)<10). As a consequence, the 
regime where growth is diffusion controlled has 
shrunk relative to that in Fig. 4(a). Evidently, as the 
methane pressure differs among the carbide types, the 
influence of the applied stresses also differs. This is 
strikingly clear when comparing the lo6 hrs-contours 
in Fig. 5 for M,C3 and M2,C6 carbides with the 
Nelson curves corresponding to S = 0 in Fig. 4(b) 
and (c), respectively. 

In Fig. 5, the applied stress S has a constant value 

am 
0 = diffusion controlled ??= creep cona~lled 

750 

e(K) 

700 

5 10 15 7.0 
P~,(MP~) 

Fig. 5. Time to failure tt as a function of temperature 0 and 
hydrogen pressure pH2 for carbide M,C. Cavity growth is 
driven by the internal pressure and by a remote normal 
stress of S = 50 MPa, T = 0. The isochronous failure lines 
of lo6 hrs for the M,C, carbide and the M,,C, carbide are 

also plotted. 

irrespective of the hydrogen pressure. For many 
engineering components, however, the remote 
stresses are basically proportional to the hydrogen 
pressure pH2. For instance, in a high-temperature 
pressure vessel where the radius of the vessel is, say, 
10 times the wall thickness, the hoop stress is of the 
order of 10 times the vessel pressure, thus leading to, 
e.g. S = 10pHz. Based on the previous observations 
relating to Fig. 5, one should expect that when such 
proportional remote stresses become of the same 
order of magnitude as the internal gas pressure pm, 
the lifetime can be diminished significantly compared 
to when the applied stresses are neglected all together. 
To trace the potential areas in 0 - pHZ space, Fig. 6 
shows the ratio of generated methane pressure and 
hydrogen pressure, for the three types of carbides. 
Next, as an example, we investigate the influence of 
proportional remote stresses by taking S = lop,, 
(T = 0). In this case, enhanced cavity growth due to 
the remote applied stress will take place in regimes in 
Fig. 6 where pCHl/pH2 < 10 roughly, so that S exceeds 
the methane pressure pCHl. For M, C, in Fig. 6(a), this 
is only when the temperature is sufficiently high, say 
above 700 K, more or less irrespective of pN2. For 
lower temperatures, the M,C methane pressures are 
mostly so high that the applied stresses can be 
neglected. By contrast, according to Fig. 6(b), en- 
hancement of cavitation for M,C, carbides can be 
neglected only at sufficiently low temperatures, while 
for the least aggressive carbide Mz3C, in Fig. 6(c), 
the applied stress will enhance growth in the whole 
range. The times to failure for M,C, corresponding 
to Fig. 6(b) with S = lop,, are depicted in Fig. 7. 
Comparing Fig. 7 with the corresponding Nelson 
curves in the absence of applied stress [Fig. 4(b)] 
shows a drastically different picture (note that 
ys = T, = 0 has been taken in Fig. 7 so that all cavities 
will develop). While M,C, carbides were seen in this 
latter figure to be quite resistant to cavitation under 
the mere influence of methane pressure, Fig. 7 shows 
that realistic levels of additional, remote stresses can 
reduce the lifetimes significantly. In fact, for hydro- 
gen pressures below 5 MPa, the three carbides show 
the same time to failure. For higher values, M,C, 
and MIjC, behave virtually the same while M,C 
give around one order of magnitude shorter life- 
times. 

4. NONDIMENSIONAL RESULTS 

The results presented in the previous section show 
that, due to the highly nonlinear processes involved, 
the predicted Nelson curves for a particular Cr-Mo 
steel depends strongly on the carbide types, on the 
compositions of these carbides, and on the presence 
of additional macroscopic stresses (either stresses due 
to the applied loading of the component or residual 
stresses). This implied that Nelson curves, for a given 
macroscopic stress state, are only valid for steels with 
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Fig. 6. Ratio of methane pressure and hydrogen pressure, 
PCHJPH2 > as a function of temperature 0 and hydrogen 
pressure pa, for: (a) carbide M,C; (b) carbide M,C,; and (c) 

carbide M,, C, 

identical compositions and identical heat treatments. 
Deviations from the alloy composition and the nor- 
mal heat treatment may result in the formation of 
slightly different carbides, and therefore in a signifi- 
cantly different resistance to HA. 

Rather than performing an enormous parameter 
study for a range of carbide types, loading conditions, 
material properties, etc., we here present the predic- 
tions of our model in a more general yet concise way. 
We shall do so by first reducing the set of governing 
parameters by the introduction of nondimensional 

groups. Careful examination of the void growth 
expressions (6)-(15) reveals that the dimensionless 
volumetric growth rate P/(a3i,) can be given in the 
following form: 

@ Qv-Qe da T& ->-,n,$, -,- , 
00 3RO, a,” a; > 

(18) 

where the carbide dependent methane pressure is 
contained in 0,” according to (1) and (3). In (18), L, 
is the value of the parameter L, defined by 

L, = (B/o,” j/i,)“3, (19) 

at the reference temperature Oo. It relates the rates of 
diffusion and creep similar to the parameter L in (13) 
but is based on the remote mean stress cr,” instead of 
the remote effective stress 0,” (this is useful for HA 
since crp can become zero). This parameter has the 
physical dimension of length and can be normalized 
by another typical length scale in the problem, such 
as the cavity size a or the half cavity spacing b. Note 
however, that a physical interpretation for L, is 
lacking, as discussed also in [8]. 

For the evolution in time, a time scale is introduced 
by defining a reference time t,r as 

where, as before, the subscript I indicates the initial 
value. This reference time tref is based on the rate of 
diffusion at the reference temperature 0,. Most of the 
nondimensional groups in (18) are assumed to be 
constant during the process. First, the temperature is 
assumed to be constant, so that also the methane 
pressure for a given carbide type and hydrogen 

0 = diffusion controlled ??= creep controlled 

Fig. 7. Time to failure tf as a function of temperature 0 and 
hydrogen pressure pH2 for M,C, carbides. Cavity growth is 
driven by methane-hydrogen pressure and by a normal 
stress of S = lop,, , T = 0. The isochronous failure lines of 
lo6 hrs for the carbide M,C and the carbide Mz3C6 are also 

plotted. 
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pressure are constant during the process; thus, 0,” 
and a: can be regarded as given constants. The ratio 
a/b increases continually and the sintering stresses 
decrease with increasing cavity radius a. As men- 
tioned in the previous section, the initial cavity radius 
a, does not affect the total time to coalescence 
significantly when (a/b), < 0.05, nor does the value of 
the surface energy and surface tension (as long as 
the cavity can grow). Hence, it follows from (18) that 
the time to failure t, with respect to the reference time 
trel is determined by the following nondimensional 
parameter set: 

ff if CT 

ref ( P _=- - 
t 4ef G’ 

sign(S - T), 4, n, $ 

> 

. (20) 
m 

Note that the temperature dependence of creep and 
diffusion is implied in b, /L,, and in the reference time 
tref. As the process is virtually independent of the 
initial cavity radius a,, we have normalized the length 
parameter L, in (20) by the initial half spacing b, 
rather than a,. 

For simplicity, we shall confine attention in the 
following to a typical cavity tip angle * of 78.5” [13]. 
Furthermore, we shall presume that a,” is always 
positive under HA conditions; the stress state depen- 
dence of the failure time according to (20) reduces 
to a dependence on (cz/az)sign(S - T). Thus, we 
are left with just three-nondimensional parameters 
determining the time to failure, 

2 

b, 
1% jy 

c 1 m 

0 

(21) 

namely C, defined through 

S-T 
~=(~~iC)~ign(~-T)=(S+2T),3+p,,,9 (22) 

the ratio of creep and diffusion rates expressed 
through b,/L,, and the creep exponent n. Note 
that the axisymmetric stress state 2 follows from 
substitution of the expressions (3) and (4) into 
(aF/az)sign(S - T). 

The results can be represented by surfaces of 
constant value of tf/tref in the three-dimensional space 
spanned by these three parameters. In Fig. 8, we 
present three orthogonal cross-sections of this space. 
The stress state dependence of failure times is scanned 
by considering reciprocal stress triaxialities ranging 
from X = - 1.5 (corresponding to pure axisymmetric 
transverse tension), via hydrostatic loading Z = 0, to 
a state characterized by C = 3 (corresponding to 
uniaxial tension). The value of b,/L, is taken to run 
over eight decades from log(b,/L,) = -4 to 
log(b,/L,) = 4, while the creep exponent n ranges 
from n = 4 to 9. Figure 8(a) shows a cross-section at 
a fixed stress state specified through X = 0.5. Figure 
8(b) presents a cross-section for n = 6, and finally, 
Fig. 8(c) corresponds to log(b,/L,) = 2.5. 

In Fig. 8 the dominant void growth mechanism is 
identified in a similar way as in the previous sec- 
tion: void growth is termed “creep controlled” if 

Fig. 8. Normalized time to failure tf/tXr as a function of the three (nondimensional) parameters: stress 
triaxiality Z, the ratio of diffusion and creep rates b,/L,, and the creep exponent n. In (a), the stress 
triaxiality is Z = 0.5, in (b) the creep exponent n = 6, and in (c) log(b,/L,) = 2.5. The dashed lines in each 

figure indicate how the three cross-sections (axe) fit together. 
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vcr,,iv > 0.67 at a/b = 0.2, while the “diffusion con- 
trolled” regime is taken to correspond to fc’,,/ti < 
0.33. It is seen in Fig. 8(a) and (b), that when 
log(b,/L,) = 1 or lower, cavity growth is mostly 
determined by diffusion. It is interesting to note that 
Needleman and Rice [6] in their study of creep 
rupture under uniaxial tension (no internal void 
pressure) used the parameter a,/L to indicate when 
creep contributed to void growth. A noteworthy 
conclusion from Fig. 8(a) is that t,/t,,, as a function 
of b,/L, is virtually independent of n; but, it should 
be realized that the creep exponent is implicit in b[/L, 
[see (8) and (19)]. In Fig. 8(b) when Z = - 1.5, there 
is no grain boundary normal stress in the model (only 
axisymmetric transverse tension), and hence no grain 
boundary diffusion occurs [cf. (1 l)]. In the creep 
controlled regime where the value of b,/L, is small, 
the creep rate drops sharply and therefore the failure 
times tf/tref become relatively high. With increasing 
value of E, the grain boundary normal stress rapidly 
becomes more important, and diffusion becomes 
dominant at sufficiently low values of b,/L,. The 
time to failure in the diffusion controlled regime is 
nearly independent of b,/L,, as is also clear in 
Fig. 8(a). 

A dependence of the lifetimes on the creep expo- 
nent n will only appear when creep contributes 
significantly to growth. Therefore in Fig. 8(c), a 
section is shown for log(b,/L,) = 2.5, where growth 
is creep controlled. Again we see that, despite the fact 
that the creep exponent n is an independent group 
determining the failure time in (20), its influence is not 
large. Apparently, the failure time is mainly deter- 
mined by rate of creep compared to the rate of 
diffusion, which is expressed in b/L, rather than by 
the value of n itself. However note in Fig. 8(c), that 
with increasing n, also the sensitivity of the lifetime 
on the stress state increases. 

Of course, these nondimensional plots can be used 
to construct Nelson curves for a specific material and 
a specific remote loading state, as in Figs 4, 5 or 7. 
Since the latter figures were all for n = 6.5, Fig. 8(b) 
is particularly convenient. Knowing the methane 
pressure and the remote applied stresses, as well as 
the material parameters for any temperature, the two 
dimensionless parameters Z and b,/L, can be com- 
puted and the normalized time to failure is read from 
the plot. 

5. CONCLUSION 

In this paper, we have discussed a model for HA 
based on a combination of an equilibrium reaction 
model for the hydrogen-to-methane reaction and a 
recent model for the growth of cavities due to creep 
and diffusion. One key improvement of the model 
over currently existing models is the accuracy of the 
void growth model for the entire range of internal 
methane-hydrogen gas pressures relative to macro- 

scopic (applied or residual) stresses present remote 
from the cavities. This is of substantial importance in 
view of the fact that the growth rate of cavities in a 
creeping matrix is very strongly dependent on the 
overall stress triaxiality, or in other words for HA, 
the parameter C defined in (20). Indeed, Van der 
Giessen et al. [8] have shown that other void growth 
models may predict growth rates that are several 
orders of magnitude in error, depending on the stress 
triaxiality and the porosity level. 

The application of this model to 2.25Cr-1Mo steel 
has shown that the time to failure is very sensitive to 
the type and composition of the carbides in the 
material, since these determine their reactivity and 
thereby the equilibrium methane pressure. A similar 
sensitivity should be expected for other materials. It 
also implies a possibly strong sensitivity to the actual 
heat treatment (see also Ref. [24]). Unfortunately, 
these kinds of information are not available in the 
standard, empirical Nelson-curves. This predicted 
sensitivity may also provide one possible explanation 
for the fact that some 0.5Mo steels show an inferior 
resistance to HA than others. 

Another aspect that has become clear from this 
study is that the presence of-what we have called 
macroscopic-stresses (S, T) remote from the cavity 
may significantly influence the time to failure. This is 
an effect that has not gained much attention in the 
HA literature (other than, as far as we know, [4]), nor 
is this accounted for in the traditional Nelson curves. 
Such stresses could be either due to the applied 
loading or may be present as residual stresses. Their 
relevance in HA depends primarily on their value 
relative to the methane pressure pcH4 through the 
triaxiality parameter E, and secondly, through the 
length parameter L,. It is clear that this effect is 
coupled with the mentioned sensitivity to carbide 
type and composition. Hence, we conclude that close 
attention should be paid not only to stress concen- 
trations in components but particularly to weldments 
and/or heat affected zones where the carbide compo- 
sition may be expected to deviate from that in the 
base material and where residual stresses will be 
present. 

It should be mentioned at this point that in the 
present considerations, we have tacitly assumed that 
the stresses (S, T) remote from the cavity are equal to 
the actual macroscopic stresses. As has been first 
pointed out by Dyson [35] for creep rupture, this need 
not be the case when the growth rate of the cavities 
would be considerably faster than the creep rate of 
the surrounding material. This may arise, for in- 
stance, when the rate of diffusion is much larger than 
the creep rates, or when the cavities are subjected to 
different internal methane pressures. Because of com- 
patibility, internal stress redistributions will then have 
to take place in the material which may lead to the 
stresses around the cavities differing considerably 
from the applied macroscopic stress state. The results 
presented here for the influence of macroscopic 
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stresses should therefore be considered merely as a 
qualitative illustration. A more elaborate study of 
these aspects, in the spirit of the multi-grain work in 
[36], is currently being carried out and will be re- 
ported elsewhere. 
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APPENDIX A 

At high temperature and pressures the non-ideality of the 
methane gas has to be taken into account. Odette and 
Vagarali [lo] derived an equation of state for methane, and, 
based on this equation-of-state, they derived approximate 
solutions for three different fugacity ranges. The fugacity of 
methane can be converted to methane pressure using 

f,,, = pcH4 eccnpcH4 

where 

C(T) = 0.005 MPa-’ for fc,, i IO3 MPa 

1.1875 
C(T) = T + 3.0888 x lo-’ MPa-’ 

for lo3 MPa <fcHI c: lo4 MPa 

C(T) = y + 1.1776 x 10m3 MPa-’ 

for f& > lo4 MPa 

which can easily be solved numerically. 
The methane that generates HA is considered in this 

paper to be formed by the reaction of hydrogen with a 
carbide. The reaction of hydrogen with a mixed (alloy) 
carbide is given by 

(M;, M;,),C, + 2yH, P yCH, + xy, M’ + xy,M2 (A2) 

with M’ the metal, x the number of metal atoms and y the 
number of carbon atoms in the carbide and y, and y, are the 
concentration parameters of metal M’ and M*, respectively 
(Y, +y*= 1). 

The reaction constant of the reaction (A2) for one mole 
of metal atoms depends on the Gibbs energy of formation 
for the carbide AG~M,,MZI)cy,x, and the Gibbs energy of 
formation of methaneYA&cHdr as, 

K(T) = e (sow), M$2Cy;r - wx)AGcH4)l(Rn (A3) 

The Gibbs energy of formation of the alloy carbide is not 
known. However Lundberg et al. [ll] developed an ex- 
pression for the Gibbs free energy of alloy carbides in terms 
of the Gibbs free energies of the pure carbides: 

%l,,I~,c,,~ = Y,@+~ +YzGR+ 

+RTLy,lnCy,)+~zlnCy,)l+~,~,A,. 

The Gibbs free energies of the pure carbides depend on the 
type of carbide, the kind of metal atoms in the carbide and 
on the temperature. The Gibbs energy of formation for the 
carbide AC&, M; Ijcv,x, is 

AG~MbIM~2~C,ix = Y, (CRxY,x -CL, - (y/x)G;) 

+YZ(G.,+ - CR> - oJIx)G:) 

+ BTlv, lnOt,) + y2 M&l 

+y,y,A,. (‘44) 

For Fe and Cr carbides the Gibbs energies of formation of 
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the carbides M,C, M,C, and M,,C,, where M’ can be either 
Fe or Cr (in J/mol metal atoms), are 

Go,c,,, - Gre - 1/3GF = 13320 - 64.72OT + 7.4834T In(T) 

GOFeC,,, - GFe - 3/7Gy = 16730 - 12.42T 

G&z, - GFc - 6/23GF = 5760 - 5.01 T 

G&c,,, - G$, - 1/3G$ = -850 - 14.58T 

G&a/, - G& - 3/7Gp = - 16000 - 7.62T 

G&4,11 -Gzr-6/23GF= -13100-3.333 (A5) 

with Tin K, AGe+M;2)cy,r in J/mol, G&cy, the Gibbs free 
energy per metal atom of the MkC, carbide, G$, the Gibbs 
free energy of M’ inj = a or y, and GF the Gibbs free energy 
of carbon in graphite. The constant A, has the value 

A, = 1790 J/mol metal atom in case of MJ, M:,Cm 

A, = 750 J/mol metal atom in case of Mi, M:* C,,, 

A, = 1110 J/mol metal atom in case of Mk, M;zC,,,, 

w4 
By inserting (A5) and (A6) into (A4) the Gibbs energy of 
formation of the alloy carbide is obtained. The Gibbs energy 
of formation of one mole of methane from carbide and 
hydrogen gas is given by [9, 111 as 

AGCHI = -69120 - 65.35T + 51.25T”log(T). 

By inserting both Gibbs energies in (A3), the reaction 
constant for dissolution of the alloy carbide in methane can 
be calculated. The equilibrium constant of the reaction (A3) 
can also be written in the standard manner in terms of the 
activities aM, and aMz of the metals in the matrix, the activity 
acM, M~ jc ,r of the carbide, and the fugacities fcHl and fH2 of 
met’ha<e ‘and hydrogen gas, respectively. The hydrogen 
fugacity is equal to the hydrogen pressure for the tempera- 
ture and pressure range of interest to this paper. Values for 
the activity coefficients Q,, M+jcy,rr are and a,, have been 
taken from [9]. The activity coefficient of the alloy carbide 
is set to unity, Raoultian behaviour is assumed for a-Fe, and 
the activity coefficient of Cr in a-Fe is taken to be 10, thus 

a(M;, M; 2 KY ,x = 1, aFe = 1 -ccc, a, = lOc,,, 

where ccr = Cr/(Cr + Fe) atom percent in steel. The tem- 
perature dependence of the activities has been neglected. 
From (A3), the methane fugacity can now be expressed in 
the Gibbs energy of the reaction and the activities as follows: 

Together with (Al), this result (A7) can be used to calculate 
the equilibrium methane pressure pcH4 in a void, depending 
on temperature, hydrogen pressure, carbide type, carbide 
composition and the alloy composition of the matrix. 

APPENDIX B 

The formulation of the volumetric growth rate expression 
(11) for growth by grain boundary diffusion in the presence 
of internal void pressure and for distinct values of the 
surface energy and surface tension has been the subject of 
some confusion in the literature (see discussions in [16] and 
[6]). It seems worthwhile, therefore, to briefly outline the 
derivation of (11). As discussed in detail in [6] and [13], the 
diffusional transport of matter along the grain boundary 
z = 0 (see Fig. Bl) is governed by 

Fig. Bl. Schematic of the axisymmetric problem of grain 
boundary diffusion away from a cavity of radius a. 

@I) 

(W 

P =Po--~,, (B3) 

expressing conservation of matter, the kinetic diffusion 
equation and the chemical potential along the stressed grain 
boundary, respectively. Here, j is the volumetric flux of 
matter, u, and ezz are the normal velocity and normal stress 
along the grain boundary and n is the chemical potential per 
atom, all being functions merely of the radial coordinate r. 
The boundary conditions for the differential equations 
(Bl)-(B3) are 

j=O at r=b; 

> 
at r = a, (B4) 

where the latter stems from the chemical potential along the 
curved void surface due to the specific free energy content 
pm - 2y, sin $/a of the surface (y, is the surface free energy, 
andp, is the void pressure). Adopting the Hull and Rimmer 
[3] assumption that the grain material is undeformable, so 
that u, is the same for all r, these equations can be readily 
solved to give the following relation between u, and the 
normal stress distribution: 

Buzz(r) = -%Qm - Zy,sin */a) 

+~z[b21n(~)-~(r2-a2)] (B5) 

(9 = D,G,S2/kO). This stress distribution is linked to the 
remote stresses S and T, and the internal pressure pm by way 
of the vertical equilibrium condition 

s 

b 
nb2S + (p,,, - 2T, sin +/a)xa2 = 2n c,,(r)r dr, (B6) 

0 

where in the second term the surface tension T, is accounted 
for. It is emphasized that for solids, yr and T, are not 
identical, as they are for fluids ([6, 171). Making use further- 
more of the balance of mass leading to v = 2v,nb2, one finds 
from (B5) and (B6) that the volumetric growth rate P is 
given by 

B=4ag 
S+p,-(1 -f)2y,sin+/a -flT,sin+/a 

ln(l/j) - f(3 -j)(l -j) ’ 
with f = (a/b)2. 


