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On Methane Generation and Decarburization in Low-Alloy
Cr-Mo Steels during Hydrogen Attack

SABINE M. SCHLOGL, YVONNE VAN LEEUWEN, and ERIK VAN DER GIESSEN

Low-carbon, low-aloy Cr-Mo steels may fail by hydrogen attack when they are exposed to high
hydrogen pressures at elevated temperatures. During this process, the dissolved hydrogen reacts with
the carbides of the stedl to form methane in grain boundary cavities. The methane pressure inside
these cavities depends on the microstructure of the used steel, which consists of a ferritic matrix and
dloy carbides such as M,Cs;, Mx3Cg, MgC, and M,C. The different phases in the multicomponent
system Fe-Cr-Mo-V-C are modeled with the sublattice model. Their Gibbs energies are then used to
calculate the equilibrium methane pressure as a function of the microstructure. Driven by the methane
pressure, the cavities grow due to grain boundary diffusion and dislocation creep, which is described
by analytical relations. This leads to progressive development of damage inside the material but, at
the same time, to a decrease of the carbon content in the steel. This reduction depends on, among
other factors, the methane pressure and the damage state. As the carbon content also affects the creep
parameters, this process of decarburization may accelerate the cavity growth. Model calculations are
used to obtain insight into the influence of this decarburization process on damage evolution and the

fina lifetime.

[. INTRODUCTION

L OW-CARBON, low-alloy steels are often used in
power plants or in the petrochemical industry. These steels
mainly contain Cr, Mo, or V as significant alloying elements
and their desired microstructure is a bainitic one (ferritic
matrix plus aloy carbides). In case of hydrotreating and
hydrocracking processes and similar applications, these
steels are in contact with hydrogen and sometimes suffer
from hydrogen attack (HA). This is a typical intergranular
failure phenomenon caused by high hydrogen pressures at
elevated temperatures. The hydrogen molecules in the gas
atmosphere dissociate and the hydrogen atoms diffuse into
the steel. Some get trapped at discontinuities occurring
mainly between grain boundary carbides and matrix. There,
the hydrogen reacts with the carbon in the steel to generate
methane. The methane molecules are too large to diffuse
through the steel, so they are captured inside the nucleated
cavities. Consequently, an internal pressureis built up in the
cavity, which drives growth of the cavity. The deformation
mechanismsinvolved during cavity growth are grain bound-
ary diffusion and dislocation creep. The cavities grow until
coalescence, when micro cracks are formed along the grain
boundaries, which link up and finally lead to intergranular
failure.123

It has been long recognized that knowing the methane
pressureis of crucia importance for predicting HA lifetimes
as this is the main driving force for cavity growth. The
susceptibility to hydrogen attack is determined by the micro-
structure of the steel, especially by its aloy carbides M,C,.
The equilibrium methane pressure can be calculated by ther-
modynamics. As a first approach, the activity of carbon ac
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can be fitted™ or measured.[®” A more insightful approach
is to derive the carbon activity using the Gibbs energy of
the aloy carbides. So far, only (Cr, Fe)sC, (Cr, Fe),Cs, and
(Cr, Fe),3Cs have been considered in HA models,'5"8 and
these carbides were described by the regular solution model
using the thermodynamic data given in Reference 9. The
Cr-rich carbides M;C; and M,3Cs of a 2.25Cr-1Mo stedl
also contain Mo, which has not yet been addressed. Another
missing element of these models are the Mo-rich carbides
M4C and M,C, which also occur in 2.25Cr-1Mo.1 Further-
more, Cr-Mo steels are often modified with VV (for example,
modified 2.25Cr-1Mo and modified 3Cr-1Mo), which has
also not been taken into account in these HA models.

The thermodynamic data used in the former HA models
are 20 years old.l! In the meantime, sublattice model g0
have been established and thermodynamic parameters deter-
mined. In particular, the relevant carbide types (including
the Mo-rich carbides) in the five-component system Fe-Cr-
Mo-V-C have been modeled by sublattice models, and their
thermodynamic parameters are available in the literature. In
this article, we take the thermodynamic parameters from
various sources > and use them to calculate the methane
pressures for different microstructures. A further improve-
ment over previous HA modelsis that we derive the partial
Gibbs energies of the metals Cr, Mo, V, and Fe in the ferritic
phase from a two-sublattice model for ferrite instead of
simply assuming or estimating the activity coefficients for
Fe, Cr, Mo, and V.

Once the equilibrium pressures are known, estimates of
the HA lifetime can be made by using models to describe
the growth of voids. Previous work,[38118 however, has
neglected the fact that as methane is being generated inside
the cavities, the average carbon content of the steel
decreases. Asthe C content affects the creep resistance, this
process of decarburization may have an effect on the growth
of a cavity and therefore on the lifetime under HA. In an
attempt to quantify this effect, we exploit the information
in the thermodynamic description to develop a model in
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this article that includes the influence of decarburization on
cavity growth.

Section |1 describes how to calculate the methane pressure
for different carbides. Section 11 gives the relations for the
reduction of the carbon content as a function of methane
pressure, damage state and grain size while Section 1V sum-
marizes the void growth relations used here. In Section V,
the relations from Sections |l through 1V are applied to
compute methane pressure, evolution of the carbon content,
and cavity growth in various microstructures. All thermody-
namic data available at this stage are summarized in the
Appendix for the convenience of HA modelers.

Il. METHANE PRESSURE

The methane pressure stems from the reaction of carbides
with the hydrogen and depends on the various phasesin the
steel. In the case of an aloy carbide M,C, containing Cr,
Mo, V, and Fe, the chemical reaction is of the type

(Crye Moy, Vy Fey )Cy + 2yH;
2 yCH, + xyoCr + xymoMO + xywV + XyeFe

(1

where Yer, Ymo Yv» @nd Yee are the concentration parameters
of Cr, Mo, V, and Fe, respectively, in the carbide M,C,
(Yor T Ymo W + Yre = 1).

The chemical reaction can be characterized by its AG,
which is the Gibbs energy on the right-hand side minus that
on the left-hand side of the reaction equation. If AG < 0,
there is a driving force for methane formation. If AG > 0,
the reactions goes in the opposite direction. If AG = 0, the
system isin equilibrium, which, in the case of Reaction [1],
meansthat no additional methaneisgenerated. The condition
for equilibrium at a constant temperature and a constant
pressure is given by

Yiuch, T XYeriter T XYmottmo T XYy v
+ XYreltre — ZyMHZ -

where u, denotes the chemical potential of the component
X. The chemical potential w, of H, in the gas phase is
determined by its partial pressure py, in the following way:

(2]
My = 0

PH
pr P T) = uf(T) + RTIn "5 [3]
or to simplify the notation,
Hp = MP, T RTIN py, [4]

with uf,, representing the chemical potentlal of 1 mole H,
inthe standard state (wherepy, = p° = 1 atm). Under usual
hydrogen attack conditions, the methane behaves as a noni-

deal gas. Therefore, we express its chemical potential
Mch, 1IN terms of the fugacity foyy, by

Mon, = uen, T RTInfey, (5]

According to Reference 19, one can approximate the equa-
tion of state for methane through the expression

PcH,Vim
RT

for the molar compressibility Z(pcp,, T), where V,, stands

Z(Pch, T) = 1+ C(T)pe, = (6]
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for the volume of one mole of methane. Then, fc,, can be
directly related to the methane pressure pcy, by

fens = Pen, €XP { C(T)Pch,} [7]

The values for the temperature-dependent coefficient C(T)
are aso taken from Reference 19, and are given in the
Appendix.

The metals Cr, Mo, V, and Fe do not form separate phases
but are dissolved in the ferritic matrix. Therefore, we cannot
simply employ their standard Gibbs energies. We have to
derive the partial Gibbs energies (equivalent to the chemical
potentials) of Cr, Mo, V, and Fe in the ferrite (bcc), which
contains the substitutional elements Cr, Mo, and V and the
interstitial alloy element C. The starting point is the Gibbs
energy of the ferrite in the Fe-Cr-Mo-V-C system, which
can be described with a two-sublattice model.'? It is
assumed that Fe, Cr, Mo, and V substitute each other on a
metal sublattice and carbon and vacancies (Va) on an intersti-
tial sublattice. One formula unit for bcc contains one site
on the metal sublattice and three sites on the intergtitial
sublattice. The sublattice model yields the following Gibbs
energy GX¢ for 1 mole of the formula unit
(Fe,Cr,Mo,V)(C,Va):>~19

G = YorYva *G&%va + Yor¥c “C&C + YmoYva “Cligva +
YmoYc “GRfec + YwWva "G + Ywyc “GUR +
YeeYva GRS + YeYe %GR + RT[yer Inyer +
Ynmo INYmo + v INW + Yee IN Yre +
3(ye Inye + YvaInWa)] + YeeYor(yclBeere + (8]
WalBerva) + YreYmol Yol Pivoc +
WalBvova) + YeeWw(YelBc + WalBva) +
YeWa( Yerl&eva + YmolRiscva T WLV va
+ Vel B va) + Gineg

The variable y; denotes the site fraction of component i in
a particular sublattice of the ferrite. The sum of the site
fractions in each sublattice is defined to be equal to unity:
Yor + Ymo T W + Yre = 1and yo + Wva = L. 0GX; is the
Gibbs energy of the pure component i in the hypothetical
bee-nonmagnetic state and °GPE is the Gibbs energy for the
hypothetical bcc-nonmagnetic state where all interstitial
posmons are filled with carbon. The parameters L% and
LP% describe the mutual interaction between the elementsi
and j (k and |, respectively) when the other sublattice is
fully occupied by the element k (i). The components on
the different sublattices are separated by a colon, while the
comma separates components that interact in the same sub-
lattice. Unfortunately, not all interaction parameters are
known. Therefore, in Eq. [8], only those interaction parame-
ters are included for which data are available. The used
data are given in the Appendix, together with the magnetic
contribution Gy to the Gibbs energy according to the model
described in Reference 20. The value of G,y depends on
the critical temperature of magnetic ordering Tc and 3, which
is related to the total magnetic entropy.
From Eq. [8], we derive the partial Gibbs energies of the
substitutional elementsi (= Cr, Mo, V, or Fe) in ferrite as
defined for a phase with several sublattices:!'!

METALLURGICAL AND MATERIALS TRANSACTIONS A



IGR" IGK® 9GRS

= Gbcc 4+ —M
H " Y % Hu IYm Wva [9]
G
R 2y M = Cr,Mo,V,Fe | =C, Vg
| |

The resulting equations for ucy, pmo, v, @Nd uee are given
in the Appendix in terms of v;, °Gi.c, °G;.v. and the other
thermodynamic parameters used in Eq. [8].

The Gibbs energy of the reacting carbide depends on its
crystal structure, composition, and temperature. M,C; can be
model ed with the two-sublattice model. Thefirst sublatticeis
occupied by Cr, Mo, V, and Fe (site fractions Ye;, Yvor Yw
and Vg, respectively), while the second one is completely
filled with carbon. If it isassumed that during HA the compo-
sition of the carbide does not change, the chemical potential
of the carbideis equal to the Gibbs energy of 1 mole formula
unit (Cry Moy, Vy Fe,.)-Cs; .12

Hnzcs = G = yor °GEE + Yo "Ghing + v GRES +
Yre OGang:%B + 7RT(yCr In Yer + Ymo In Ymo + [10]

W INW + Ve INYra) + YorYeel & c

M23Cs is modeled as a stoichiometric compound with three
sublattices.[*21 On the first sublattice, there are only sites
for Cr and Fe, while on the second sublattice, one can find
Cr, Mo, V, and Fe; the third sublattice is fully occupied with
carbon. The Gibbs energy for MCq as well as for M¢C
and the necessary thermodynamic data can be found in the
Appendix. MgC ismodeled by four sublattices with an occu-
pation ratio of 2:2:2:1.1*% The first sublattice is fully occu-
pied by Fe, the second one by Mo, the third one by Fe, Mo,
Cr, and V, and the fourth fully by carbon. The hexagonal
carbide M,C is not necessarily stoichiometric, which means
that not all possible sites for carbon are actually occupied
by carbon atoms. Because the M,C carbides in the ternary
subsystems Fe-Mo-C and Fe-V-C were found to be ailmost
completely stoichiometric,?Y wetreat M,C as a stoichiomet-
ric compound with two sublattices, where the first one con-
tains Mo, Cr, V, and Fe and the second one C.'*¥ More
details can be found in the Appendix.

If the actual composition of the carbide and the ferritic
matrix, the hydrogen pressure, and the methane pressure are
known, one can substitute them together with the thermody-
namic data (given in the Appendix) in Egs. [4], [5], [9], and
[10] to obtain the chemical potentials of H, and CH, in the
gas phase, of Fe, Cr, Mo, and V in the solid solution ferrite,
and of the carbide. Knowing these values, one can calculate
AG, the driving force for the methane generation (Eq. [1]).
The compositions of the carbides and of the ferrite of the
exposed steel can be measured. As there is a surplus of
hydrogen in the surrounding atmosphere and the hydrogen
atoms diffuse very quickly, the partial pressure of hydrogen
inside the cavity will correspond to its pressure outside.
The methane pressure inside the cavities is not accessible
experimentally and has to be calculated. In generdl, this is
a formidable, coupled problem for which no solution is
available at thismoment. A useful approximation isobtained
when one asks at which methane pressure the reaction will
stop when the carbides and the ferritic matrix possess the
measured composition (which may deviate from the equilib-
rium composition). This means that we calculate the chemi-
cal potentias (partial Gibbs energy) of Fe, Cr, Mo, and V

METALLURGICAL AND MATERIALS TRANSACTIONS A

in the ferrite and of the carbide by inserting their actua
compositions into expressions [9] and [10], caculate wy,
by inserting the partial hydrogen pressure py, into Eq. [4],
assume that local equilibrium has been achieved and use
the equilibrium condition [2] to determine the equilibrium
methanefugacity fc,, and with that calculatethe equilibrium
methane pressure pcy, from Eq. [7]. This does not necessar-
ily mean that this methane pressure has really built up in
the cavity, but we thus arrive a a conservative estimate. In
this approach, we neglect kinetics and also apossible change
of the composition of the ferrite due to dissolution of
carbides.

For a better comparison with previous calculations of the
methane pressure®®7l we also use the relations mentioned
previously to derive the carbon activity ac. The chemical
potential uc of C is given in terms of its activity ac by

uc = °G¥2 + RT In ac [11]

where graphite (gra) is defined as the standard state of C.
Theterm °Gg2 standsfor the Gibbs energy of 1 mole graphite
at atemperature T and is equivalent to the standard chemical
potential °ud? We demonstrate the calculation of ac for
the case that the carbon comes from the carbide
(CryMoy,, Vi, Fe,)7Cs. Then, the carbon activity ac can
be calculated by

ac = exp (Tumqcy — ertter — TYmoMmo
— Tywiry — Tyrettre — 3 °GE9)/(3RT)

The same procedure as mentioned previously is repeated
here: computing the individual chemical potentials of Cr,
Mo, V, and Fe with Eqg. [9] and that of the carbide with Eq.
[10] and inserting them into Eq. [12].

(12]

I11. DECARBURIZATION

Hydrogen attack isacomplex physical-chemical-mechan-
ical phenomenon, involving anumber of processes. Simulta-
neous with hydrogen diffusion and cavity nucleation,
carbides dissolve and carbon atoms diffuse to the cavities
where they react with the hydrogen to form methane. Due
mainly to the methane pressure, the cavities grow by grain
boundary diffusion and dislocation creep. It is generally
assumed®4 that all steps involved in the methane reaction
are much faster than the cavity growth process. Then, the
methane pressure can be treated as being decoupled from
cavity growth and pcyy, can be computed as an equilibrium
pressure as described in Section Il. However, at least one
potentially important coupling remains: due to the methane
formation, the carbides partly dissolve, resulting in adecarb-
urization of thegrain material, which may significantly affect
the creep resistance against cavity growth. Therefore, in this
section, we consider this decarburization in closer detail.

Sufficiently many carbon atoms have to react with the
hydrogen atoms to build up the equilibrium methane
pressure pcp, in a cavity. The necessary amount of carbon
per cavity, n&V, is related to the volume of the cavity, V&,
by n& = V|V, (moal). Its mass m& is equal to n&' M,
with M¢ being the molecular weight of carbon. Using Eg.
[6], we can calculate m& as follows:

Per, VY Mc

T = RT( + OT) Poy)

(13]
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Fig. 1—Schematic view of agrain with an average facet radius of R, before
and after hydrogen attack. Its average carbon content cc originating from
carbides and ferrite is visualized by the gray scale. During HA, carbides
dissolve and carbon atoms diffuse to cavities with an average spacing of 2b.

In the neighborhood of the cavity, some carbides dissolve
and their carbon atoms diffuse through the ferritic matrix to
the cavity to react with the hydrogen. Therefore, the carbon
content in the neighborhood of a cavity decreases and so
doesthe average carbon content of the grain material. Before
the stedl is attacked by the hydrogen (Figure 1), a grain
occupying a volume V, and total mass m’ = pV, contains
acertain mass of carbon, mg, determined by the steel compo-
sition ¢: Mg = pcdVy (p is mass density and c the initial
carbon content of the steel). If it is assumed that the grain
is attacked uniformly along its facets (cf. References 1 and
17), the number of cavities per grain, N, is the same on
al facets and all cavities belonging to this grain have the
same volume V* and the same methane pressure pcy,. The
mass of the carbon atoms that have to diffuse from the grain
to its facets to build up the methane pressure there is equal
to mg = AN, Therefore, the average carbon content
cc of auniformly attacked grain decreases to

me — e _ pedVy — SN e
m— e Vg — IN®

To be more specific, we approximate the shape of the
grains by truncated octahedraof the same size.’?? When such
atruncated-octahedral grain with an average facet radius R
istaken to be attacked uniformly with an average half-cavity
spacing b (Figure 1), it can be shown that the number of
cavities N of one grain and the volume of a grain V, are
related to the average facet radius R by the following
relations:

Cc = [14]

N = 14 E'—j and V, ~ 23.8R} [15]
In the results to be presented, these relations have been
employed in Eq. [14] to obtain the actual carbon content of
the grain.

Equations [14] and [15] show how methane pressure
Pch, and cavity volume V' determine the average carbon
content of a grain. Section IV will discuss how the cavity
volume evolves during the HA process in response to the
methane pressure, thus allowing monitoring of the accompa:
nying decrease of the carbon content. Because the carbon
content in 2.25Cr-1Mo steels significantly affects the creep
properties,?3 the creep resistance will evolve during HA.
As we will see subsequently, a closed-loop coupling arises
because of the void growth being dependent on creep.
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Fig. 2—Spherical cap-shaped cavities on a grain boundary facet with tip
angle ¢. The radius of the cavity is a and its spacing to the neighboring
cavity is 2b.

IV. VOID GROWTH RELATIONS

It has long been recognized (e.g., Reference 17) that the
cavitiesfilled with the hydrogen-methane gas mixture grow
by two simultaneous mechanisms: (1) surface and grain
boundary diffusion and (2) creep of the grain material. Early
works on HA damagel®1"18l have essentially combined the
classical Hull-Rimmert? model for cavity growth by grain
boundary diffusion with a ssimple ad hoc correction to
account for the contribution by creep. Morerecently, Van der
Giessen et al.”! have performed a more thorough analysis
of void growth under internal pressure using a numerical
technique to solve the coupled grain boundary diffusion-
creep problem. This duly accounts for the possible interac-
tion between creep and diffusive cavity growth due to the
reduction of the diffusion path length due to loca creep.
They aso proposed a set of approximate, yet closed-form,
expressionsthat accurately capturetheir numerical solutions.
These relationships have been used in the present study. The
following is a brief summary for the sake of completeness;
further details can be found in References 8 and 25.

For simplicity of the analysis, it is assumed that al grain
boundary facets are attacked in an identical way, so that we
need to consider only a single family of cavities with a
radius a, a tip angle ¢, and a spacing of 2b (Figure 2).
Available experimental evidence for 2.25Cr-1Mo steels
shows?8l that cavities retain a near-equilibrium shape with
atip angle that is maintained at roughly the same value by
virtue of surface diffusion on the inner surface of the void
being much faster that grain boundary diffusion. The volume
of any cavity, given by

cav — ﬂ.
Ve = 2 mah(y),

[16]
h(y) = [(1 + cos ¢) ! — %cos z//]/sin W

is then directly related to the void size a, so that the rate of
change of the cavity size can be immediately expressed in
terms of the volumetric growth rate V according to

a = V&/(4ma’h(y)) [17]

According to Reference 25, the volumetric growth rate can
be split up into avolumetric growth rate due to the diffusion
of matter into the grain boundary, V&, and a contribution
resulting from creep flow in the adjacent grains, Vg":

Ve = @y 4\ [18]

where the two contributions depend on the cavity geometry
and the driving stresses for void growth.

METALLURGICAL AND MATERIALS TRANSACTIONS A



We here consider cases only where the interna gas pres-
sure py, inside the cavity,

Pm = PcH, T PH, [19]

presents the dominant loading state (the study in Reference 8
a so accountsfor theinfluence of additional stressesresulting
from some remote loading). In this particular case, interac-
tion between creep and diffusive contributions is negligi-
ble.™ The volumetric growth rate due to diffusion is then
given by

— (1 —f)2y.sin yla— f2T,sin yla
In(Uf) — 3@ —f)(L - 1)

with f = (a/b)?. Here, @ isthe temperature-dependent diffu-
sion parameter, defined by 9 = Dgdg{V/KT in terms of the
boundary diffusivity Dgédg and the atomic volume ). The
expression [20] accounts for the effects of surface energy
vs and of surface tension T,

The creep contribution V& is taken to correspond to the
growth of a hole in an incompressible power-law creeping
solid. That is, grain anisotropy is neglected and the grain
material is assumed to behave according to the power law

e = Bo", B = gy/oj [21]

VY = 479 Pm [20]

when subjected to a uniaxial stress . The creep exponent
nisassumed to beaconstant, but B istemperature dependent.
Growth of a hole by creep depends sensitively on the stress
triaxiality in general. Inthe present case of purely hydrostatic
interna pressure p,, (corrected for the surface tension Ty),
the volumetric growth rate expressions of Reference 8 sim-
plify to

V& = 27e,, a®h(y) [22]
1

sign ("m)[l ~ (0.87alb)

with
Om = Pm — 2Ts8n Yla, e, = Bof, an = 3/(2n)

The relative contributions of diffusion and creep to void
growth are conveniently weighted through the length
parameter!?]

L = [Dpnfen] ¥ [23]

Large values of L,,, compared to, for instance, the cavity
spacing b indicate that growth is dominated by diffusion,
while smaller values correspond to increasing contributions
by creep deformations.

Following earlier work,[®® we assume that nucleation of
the cavities takes place in the beginning of the HA process
over atime scale that is much shorter than the total lifetime.
Hence, the half-cavity spacing b can be taken as a constant.
Given the hydrogen and methane pressure and the current
cavity size a, we can then compute the instantaneous growth
rate of a cavity from Eq. [17] by substitution of the volumet-
ric growth rate expressions [18] through [22]. The complete
evolution from some initial cavity radius a is simply
obtained by time integration until a critical value of a/b at
which cavity coalescence takes place (here taken to be
alb = 0.7).

METALLURGICAL AND MATERIALS TRANSACTIONS A

Tablel. Composition in Atomic Percent and Relative
Volume Fractions of Carbides Found in Standard
2.25Cr-1Mo Stedl According to Reference 7

M 7C3 M 23C6 M 5C M 2C

Average composition: Fe 35pct 55pct 45 pct 3 pct
Cr 60 pct 39pct 13 pct 27 pct
Mo 5 pct 6pct 42pct 70 pct
Relative volume fraction 40pct 25pct 10pct 25 pct

V. RESULTS
A. Methane Pressure

We apply the thermodynamic rel ations and data described
in Section Il and in the Appendix to calculate the methane
pressurein a standard 2.25Cr-1Mo steel with bainitic micro-
structure at 720 K, which is about the maximum operating
temperature of reactors filled with hydrogen. To obtain the
methane pressure, we need the composition of the carbides
and the ferritic matrix as input data. We will take advantage
here of a microstructural investigation performed by Chao
et al.[ on standard 2.25Cr-1Mo steel with 2.5 at. pct Cr,
0.6 at. pct Mo, and 0.6 at. pct C (0.13 wt pct C). Table
| shows the results of their carbide characterization. Four
different types of carbides have been found in this sted,
namely, M,Cs, M23Cs, M¢C, and M,C. Furthermore, they
measured a chromium content in the ferrite of 1.7 at. pct.
Unfortunately, the molybdenum content is not reported.
However, one can estimate the composition of the ferrite.
Due to the low solubility of carbon in ferrite, the ferrite
will contain nearly no carbon atoms, and will therefore be
neglected for the sake of this anaysis. First, the relative
volume fractions of the carbides given in Table | are trans-
ferred into relative mole fractions by means of the volume
V per metal atom of M,C,. We use the following values
for V per metal atom: 13.75 A3 for M,C,,?1 13.13 AS for
M23C6,[27’28] 18.44 A3 for M2C,[27'28] and 15 A3 for MGC
(estimated). Applying these values, we obtain the following
relative mole fractions of the carbides: 32 pct M,C5, 6 pct
M23Ce, 9 pct MgC, and 53 pct M,C. By knowing the mole
fractions of the carbides relative to each other and their
composition, one can calculate how much Cr and Mo is
bounded in the carbides when all carbon of the alloy is
consumed by the carbides. These amounts of Cr and Mo
are then subtracted from the alloy composition. In this way,
we estimate a Cr content of 1.8 at. pct and a Mo content of
0.3 at. pct. As the estimated Cr content is close to the
measured one (=1.7 at. pct), we have faith in the estimated
Mo content. So, the following values for the site fractions
of ferrite in standard 2.25Cr-1Mo steel are substituted into
Eq. [9]: Yor = 1.7 at. pct, ymo = 0.3 at. pct, and yc = 0.0
at. pet.

Figure 3 shows the equilibrium methane pressures at 720
K calculated with these data for the various carbides with
compositions according to Table | when they are exposed
to different hydrogen pressures. Among the four different
carbide types, M,C; is the most unstable one, leading to a
methane pressure of 210 MPa at a hydrogen pressure of 20
MPa. As explained in Section I, one can also calculate the
involved carbon activity ac. In the case of M,Cs;, we find
ac = 0.026, while MgC and M»3Cg have a carbon activity
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Fig. 3—Computed equilibrium methane pressure for carbides found in
standard 2.25Cr-1Mo steel at 720 K. The ferrite contains 1.7 pct Cr and
0.3 pct Mo and the compositions of M;Cs, M3Cs, MeC, and M,C are given
in Teble I.
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Fig. 4—Computed equilibrium methane pressure for carbides found in
standard 2.25Cr-1Mo steel at 873 K. The ferrite contains 1.7 pct Cr and
0.3 pct Mo and the compositions of M;Cs, M3Cs, M¢C, and M,C are given
in Table I.

of 0.021 and 0.013, respectively. The lowest methane pres-
sure is predicted for M,C, with an activity of just 0.003.

To investigate the susceptibility to HA, autoclave tests
are often performed at higher temperatures. Therefore, we
repeated the calcul ationsfor 873 K and the resulting methane
pressures are shown in Figure 4. Comparison with Figure
3 shows that the methane pressure decreases with increasing
temperature, while the stability of the carbides relative to
each other changestoo. At 873 K, MC is the most unstable
carbide (ac = 0.33), followed by M,C (ac = 0.10) and
M-C; (ac = 0.09), while M ,3Cg now gives the lowest meth-
ane pressure (ac = 0.06). Chao et al.[”! also measured the
carbon activity of their steel at 823 K and found a value of
approximately 0.13. Our calculations predict similar carbon
activitiesfor a50 deg higher temperature. Parthasarathy and
Shewmon!® investigated the carbon activities of standard
2.25Cr-1Mo steels with different tempering conditions. At
823 K, the measured activities range from 0.35 to 0.07.
Nomura and Sakail® applied carbon activities of 0.1 and
0.04 in their model. Furthermore, they assumed the carbon
activities to be temperature independent.

The resulting methane pressures are known to be quite
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Fig. 5—Computed equilibrium methane pressurefor MC found in standard
2.25Cr-1Mo steel at 873 K in dependence of the Mo content in the matrix.
The composition of Cr in the matrix is fixed to 0.17 pct.

Tablell. Composition in Atomic Percent and Relative
Volume Fractions of Carbides Found in Modified 2.25Cr-
1Mo Steel According to Reference 29

M-Cs M,C MC
Average composition: Fe 33 pct 8 pct 22 pct
Cr 55 pct 18 pct 15 pct
Mo 6 pct 48 pct 19 pct
\% 6 pct 26 pct 44 pct
Relative volume fraction* 75 pct 10 pct 15 pct

* Estimated.

sensitive to the composition of the ferrite,[® especially when
Mo carbides (M¢C and M,C) are involved. Therefore, we
demonstrate the effect of various Mo compositions of the
ferrite for the reaction of MgC with hydrogen at 873 K.
Figure 5 shows the computed methane pressures for aferrite
with 1.7 at. pct Cr but with the Mo content varying from
0.3t0 0.6 at. pct. Due to dissolution of MgC during HA, the
Mo amount can increase from its initial value (0.3 at. pct)
and approach the aloy composition 0.6 at. pct. According
to Figure 5, the methane pressure at a hydrogen pressure of
20 MPa then drops from 210 to 80 MPa. Consequently, it
is important to know the actual composition of the ferrite.

New stedl grades are often modified with V in order to
improve their resistance to HA and creep. Therefore, we
study the effect of adding V to a 2.25Cr-1Mo steel on the
methane pressure. A modified 2.25Cr-1Mo steel contains
the carbides M,Cs;, M,C, and MC with the composition given
in Table 11.12°1 In the same way as described previously, we
estimated the matrix composition of the modified steel with
the alloy composition of 2.54 at. pct Cr, 0.6 at. pct Mo, 0.3
at. pct Ve and 0.55 at. pct C. For MC, we use the value
V = 18 A3?1 We then obtain the following relative mole
fractions: 41 pct M,C;, 15 pct M,C, and 44 pct MC, and
the estimated composition of the ferriteisy, = 2.0 at. pct,
Ymo = 0.5 at. pct, yy = 0.17 at. pct, and yc = 0.0 at.
pct. Figure 6 shows the resulting methane pressure for the
carbides M,C; and M,C at 720 K. Due to the addition of
V, the methane pressure decreases, which can be seen when
we compare Figure 6 with Figure 3. The carbon activity
decreases from 0.026 to 0.017 in case of a V containing
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Fig. 6—Computed equilibrium methane pressure for carbides found in
modified 2.25Cr-1Mo steel at 720 K. The ferrite contains 2.0 pct Cr, 0.5
pct Mo, and 0.17 pct V and the compositions of MC; and M,C are given
in Table I1.

M-Cs;, and from 0.003 to 0.001 for M,C. This confirms that
V improves the resistance to HA.

All results presented so far refer to the case that the ferrite
possesses no carbon (yc = 0). We have chosen to adopt this
approximation because the ferrite possesses a low solubility
of carbon and we do not know the actual value of yc. The
relationships given in Section Il and in the Appendix do
depend on yc, which allows us to study the influence of yc
on the methane pressure. For yc = 1.5 X 1074, the methane
pressures increase less than 5 pct compared to the ones for
yc = 0 presented in the Figures 3 through 6. In fact, yc =
1.5 X 107 corresponds to 0.01 wt pct of C dissolved in
ferrite, which is probably too high to be reached in the type
of steels considered here.

B. Decarburization Coupled with Void Growth

As aready explained in Section A, the methane pressure
is calculated independently and serves as an input parameter
in the void growth relations. We study the void growth of
the standard 2.25Cr-1Mo steel with ¢ = 0.13 wt pct C at
a hydrogen pressure of 18 MPa at 720 K. Under these
conditions, M,C; is the most unstable carbide. As shown in
Figure 3, the methane pressure is 192 MPa, so that void
growth is driven by an internal gas pressure p,, of 210 MPa.
To be able to calculate the carbon content with Egs. [13]
and [14], we need the values of the molecular weight of
carbon M and the density p of Fe; we take M = 12.01
g/mol and p = 7.87 X 10° g/m®. The cavity tip angle ¢ is
78.5 deg.®!l The grain boundary diffusion parameter %(T)
istakenas1.32 X 107¥m%(N s) at T = 720 K. Following
References 6 and 26, avalue of 1 Ym? is used for s, while
Tsistaken to be 0. The creep parameters of 2.25Cr-1Mo for
Eq. [22] are determined by Klueh,[?® who performed creep
tests on 2.25Cr-1Mo steels with 0.009, 0.030, 0.12, and
0.135 wt pct C. We can reproduce the measured creep rates
of 2.25Cr-1Mo steels for different amounts of C quite well
by assuming oy in Eq. [21] to depend on the logarithm of
the average carbon content cc as oy (Cc) = 985.7 + 170.9
log cc (MPa), while the other parameters are kept constant:
n=85ande = 5.5556 X 107 8stat T = 720 K. Because
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Fig. 7—Dependence of B on the carbon content cc, normalized by the
value B™™ a ¢z = 0.13 wt pct. The dashed line is a blowup of the
bottom regime.

only theratio B = €y/of isrelevant, Figure 7 shows the used
dependence of B on cc, normalized by the value of theinitial
(undamaged) microstructure B™™ = B(c2 = 0.13 wt pct).
The dash-dotted line signifies the region (cc < 0.009 wt
pct) where we extrapolate beyond the experimental data of
Klueh!Z! by using the described function oy(cc) until values
for B are reached, which are comparable to the creep data
given in Reference 30.

As mentioned in Section 1V, we assume that all cavities
are present from the beginning. Thisassumptionis consistent
with the findings by Lopez and Shewmon!?® of the presence
of submicron voids of 0.04 um after tempering of 2.25Cr-
1Mo steel. Based on this, we use a value of 0.02 um for
the initial radius of the cavities. The half-cavity spacing b
ranges from 4 to 8 um.l®! First, we investigate the damage
process for the case that b is equa to 4 um. We use the
void growth relations [18] through [22] to calculate the
change of the radius a with time t. While the volume of the
voids increases, the carbon content in the grain decreases
and the creep resi stance decreases in accordance with Figure
7. According to Egs. [14] and [15], the actual carbon content
cc of the attacked grain depends on its size, which scales
with the average facet radius R. We vary R, (16, 24, and
32 um) while keeping b constant (4 um), which leads to
different degrees of decarburization resulting in different
creep properties. Figure 8 shows the simultaneous time evo-
lution of void radius a and carbon content cc for the various
R. The three void growth curves are signified by B(cc) to
emphasize that the creep properties depend on the changing
carbon content cc. The void growth curves of R = 24
pum and of R = 32 um amost coincide and also the one
corresponding to R = 16 um only deviates a little in the
latest damage stage. Because small-grained material pos-
sesses relatively more facets, the decarburization increases
with decreasing grain size, but this hardly influences the
void growth. When instead, we leave the creep properties
unchanged during void growth (B = B™™), we obtain the
same void growth curve as shown for R = 32 um. In
order to get a feeling for the maximum possible effect of
an enhanced creep capacity dueto decarburization, we repeat
the analysis with creep parameters that correspond to a steel
without carbon, from the beginning on. The resulting curve
is referred to as B(0) in Figure 8. It only deviates from the
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Fig. 8—Void growth of cavitieswith ahalf-spacingb = 4 um and evolution
of the carbon content ¢ for cavitated facets with an average size R, of 16,
24, and 32 um at 720 K due to an internal cavity pressure of 210 MPa.
The curves marked by B(cc) arefor cases where the creep properties depend
on the current carbon content. For B(0), the creep properties correspond
to those of the totally decarburized steel during the entire process.
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Fig. 9—Void growth of cavitieswith ahalf-spacingb = 8 um and evolution
of the carbon content ¢ for cavitated facets with an average size R, of 16,
24, and 32 um at 720 K due to an internal cavity pressure of 210 MPa
The curves marked by B(cc) arefor cases where the creep properties depend
on the current carbon content. For B(0), the creep properties correspond
to those of the totally decarburized steel during the entire process, while
for B(c®), the creep properties remain the ones of the initial microstructure.

other curves near the later damage states. This tells us that
cavitation is effectively dominated by grain boundary diffu-
sion and that the deformation mechanism dislocation creep
plays an unimportant role. At the early stages of cavitation,
grain boundary diffusion is always the faster deformation
mechanism, but, depending on the material parameters and
the conditions, creep may accelerate the growth significantly
during later stages. Earlier studies®?® have shown that cavi-
tation is completely diffusion dominated when log (b/L,,)is
smaller than —2 or so, while values greater than +2 lead
to creep dominated cavitation. With the creep parameters of
the initial microstructure (c = 0.13 wt pct), one obtains a
value of —0.01 for log (b/L,,), while it increases to 0.82 at
Ccc = 0.0 wt pct.

Figure 9 shows the result of a similar study but with a
larger cavity spacing b of 8 um. Additionally, we plot the
curve B(c) where the creep parameters are not updated
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Fig. 10—Void growth of cavities with a half-spacing b = 8 um and evolu-
tion of the carbon content c for cavitated facets with an average size R
of 16, 24, and 32 um at 720 K due to an internal cavity pressure of 210
MPa until the carbon content is equal to zero. After total decarburization,
the methane pressure is decreasing as no new methane can be generated
anymore.

during void growth. Now, decarburization is more pro-
nounced because the voids have to grow much larger before
they coalesce. Due to an increase of log (b/L,,) of 0.30,
creep issomewhat moreimportant than in the previous cases,
which is revealed by the difference between the two curves
B(0) and B(c®) shown in Figure 9. Therefore, the change of
the creep properties according to the actual carbon content
now does affect void growth, which can be seen in Figure
9. Especiadly, the cavities on smaller grains (R = 16 um)
grow faster at a later stage of the process.

A closer look at Figure 9 reveals that accelerated growth
only becomes significant after total decarburization. How-
ever, one has to be careful with the interpretation of this
result because these calculations are performed with a con-
stant cavity pressure during the entire damage process. When
all the carbon of the steel has already reacted and the cavities
till continue to grow, no new methane can be generated
and due to the larger volume of the cavity, the methane
pressure will decrease. Because we know the amount of
carbon inside the cavity after total decarburization (m& =
2m2 /N ), we can compute the subseguent methane pressure
as afunction of the cavity volume by solving pcy, from Eq.
[13]. Using this procedure, we have repeated the cases shown
in Figure 9. The results shown in Figure 10 show that total
decarburization still occurs first in the material with the
small grain size, but that the rapid void growth does not
continue as in Figure 9. This is caused by the fact that the
methane pressure decreases quite quickly. While the cavity
grows from 3.9 to 4.5 um, the methane pressure decreases
from the original 192 to 92 MPa, which significantly slows
down further void growth. For larger grains, total decarburi-
zation and the decrease of the methane pressure occur at a
later damage state. Then, however, the contribution of creep
is higher because the creep contribution V& in Eq. [22]
scaleswith a®. Thisisalso the reason why Figure 10 predicts
coalescence first for the larger grains with R, = 32 um.

It follows from expressions [13] through [16] that the
amount of decarburization of the grain material depends on
R, b, and a. Figures 8 and 9 illustrate the influence of R,
at constant b. The larger the grain size, the smaller is the
amount of decarburization. Because the volume increases
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with the third power of R, while N only scales as R?, cc
described by Eq. [14] increases with R,. The influence of
the half-spacing b while R is held fixed can be seen by
comparison of Figure 8 with Figure 9. When we make the
comparison for the same void radius a, a bigger spacing b
leads to less decarburization because there are fewer cavities
at the grain boundaries (Egs. [14] and [15] with N* propor-
tional to b=2). When we are interested in the decarburization
at the same damage state characterized by a/b, the picture
changes. Then, decarburization increases with increasing b
due to the fact that a is proportional with b at the same
damage state (Egs. [14] and [15] with N mE& proportional
to (a/b)?a). It has to be noted that the expressions [13]
through [16] are based on the assumption that all grain facets
are cavitated homogeneously. If cavities only occur at some
facets, the overall decarburization should be expected to be
less. However, this cannot be quantified with the present
model, because inhomogeneous cavitation requires internal
stress redistribution, so that the local stress state does not
need to be hydrostatic as is assumed in the void growth
model in Section IV (cf. References 4 and 31).

VI. CONCLUSIONS

The modeling of hydrogen attack requires the knowledge
of the methane pressure, which is determined by the
operating conditions and by the microstructure of the steel.
As Cr-Mo steels modified with V are in service in many
installations, the five-component system Fe-Cr-Mo-V-C is
of significant practical interest. The phases in such steels
can be described with the sublattice model. The analysisin
this article has used thermodynamic data of the carbides
M3C, M;C;, M,3Cy, MgC, and M,C as well as of ferrite
available in the literature. Then, we have derived the rela-
tions for the chemical potentials (partial Gibbs energies) of
Fe, Cr, Mo, and V in ferrite and have written them as a
function of the ferrite composition in order to provide a tool
for hydrogen attack modelers. The developed thermody-
namic model is suitable to compute the methane pressure
in standard and modified 2.25Cr-1Mo steels. The resulting
equilibrium methane pressures are predicted to be quite sen-
sitive to the carbide type and to the composition of carbide
and ferrite.

The computed methane pressure for 18 MPa hydrogen
pressure in standard 2.25Cr-1Mo steel at 720 K (pcp, =

192 MPa) has been employed as an input parameter in a
model for void growth due to grain boundary diffusion and
dislocation creep. The model developed here incorporates a
conservative estimate of the influence of decarburization
through its effect on the creep resistance. Decarburization
isdueto the continued supply of carbon atomsto thegrowing
cavity in order to maintain the equilibrium methane pressure.
This is particularly relevant during the later stages. The
results, however, suggest that for arange of practically rele-
vant material properties and conditions, decarburization has
only a minor influence on cavity growth and therefore on
the fina lifetime.

Theanaysescarried out inthisarticlearein the same spirit
as most previous HA model calculations®4 in assuming
that void growth and methane generation can be treated
as decoupled processes with void growth being the rate
controlling one. Kinetics, diffusion of carbon, and reduced
availability of carbon for the methane formation are not
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accounted for. The present results suggest that this decou-
pling may not always be justified. In some studied cases,
all the carbon available in the steel has to react to maintain
the calculated equilibrium methane pressure. This implies
that due to accelerated void growth before coalescence, dis-
solution of carbides and the reaction of C with hydrogen
are required to occur very rapidly, but it is not clear if this
is possible. Furthermore, the predicted severe decarburiza
tion has not been observed in standard 2.25Cr-1Mo steels.
This seems to indicate that the methane pressure cannot be
kept constant during void growth. Instead, dissolution of
carbides, diffusion of carbon to the cavity and their reaction
are likely to become controlling, especialy in the later dam-
age state. To confirm this, a much more elaborate investiga-
tion is reguired in which the various processes involved in
hydrogen attack are considered as coupled.

APPENDIX

In this Appendix, all used thermodynamic relations and
data are summarized to allow HA modelers to trace back
the data easily. First, each phase ¢ is characterized by its
Gibbs energy Gg, per mole of formula unit, which depends
onitssitefractionsy;, onthe°G values, and ontheinteraction
parameters L. Then, the values of °G and L are given in
Jmol as a function of the temperature T. All numbers are
in Sl units with R = 8.31451J(mol K). All the °G values
arerelated to the enthalpy H of selected reference states for
the elements at 298.15 K. This state is denoted by SER
(stable element reference). Most values are taken from the
literature. In cases where we could not find any references
(eg., ‘GI’®), we caculated the value of °G with
MTDATA..[* For these cases, we sel ected threetemperatures
of interest, 670, 720, and 873 K, cal cul ated the corresponding
9G values with MTDATAI® and give these three values a
%G (670 K), °G(720 K), and °G (873 K).

Methane CH,:[619

Gibbs energy of formation of 1 mole CH,:

&, — 2pf, — °G¥* = —69,120 — 65.35T + 51.25Tlog T

where °GZ* is the Gibbs energy of 1 mole graphite at a
temperature T.

fens = Pen, exp {C(T)Pch, )
witht19
C(T) = 0.005 MPa* for fcy, < 10° MPa
1.1875

c(T) = + 3.0888 X 1073 MPa 't

for 10% < fey, < 10* MPa

c(T) = %75 + 1.1776 X 1073 MPa !

for fep, > 10* MPa

Ferrite bcc:[12-19]
Two sublattices, sites 1:3
Constituents: Cr, Mo, V, Fe: C, Va

G = YorWva °G&%va + Yarye “GEC + YmoYva “Ciigva

+ YmoYe “GRSc + Ywyva °CY%a + Ywyc OGU%
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+ Yeeva "CRRva + YreYc "GRG Ye(2yc — 1) E yum Lifeva +
+ RT [Yor InYer + Yo INYwo + W INYy
+ Yee InYee + 3(Yc INYe + Yva IN W]
+ YeVor (Yel®ere + Ya LPGrva)

+ YeeYmo [V LEMac + Ya (CLEMova

+ 1LE%CM0'Va (yFe - yMo))]

RTf(D)[In(B+ 1) + (U(B+ 1))(—B— 0.008 —
0.85yre + 0.85ycryre + 2.26YreYy (1 — 2yc)]
Mo — OGR/(I:cc):Va + yc(OGMo c— Ellogzva)

- YC% ym (CGREE — OGRESa) + RTINYwo +

+ Yreyv [Ye CLERc + 'LESvc (Yre — W) 3in(ye = DI+ ¥ell ~Ye
+ Yoa (L2 va + L2 va (Vee — V)] + Ymo(2Ye — 1] *LeSova + Yed (1 — o)
+ YWa (Yel&eva + YmolWecva + Whiva (Yre — 2Ymo0) + Ymo( Yre — Ymo) (3Yc — ] 'LE&wova+
+ Ve B ) + G Yre(1 = 2Ymo)YclBinoc +
with YeeYor [(2Yc — 1) Lierva — 2YclPerc] +
Gieg = RTIn (B + Df(7), 7= T/T¢ YeeWv [(2yc — 1) LB va +
for (3yc — D(Yre — W) LB vva — 2V LR c —
7< 1 f(r) = —0.90537 ! + 1.0 — 0.1537° 3yl Yee — W) LES] +

—68X103%7” —153x 107375
TC = 1043y|:e - 3115YCr + yCryFe [1650 +

ye(1 = Ye) LifScvat+ Ye(2ye — 1) E Ym LS va +

550(yer — Yed] + YeYa (2ve — 1) [335 + RTH(A[IN(B+ 1) + (U(B+ 1))(— B+ 0.85ycyre +
526(Yre — Yuo)] + [—110 + 3075(ye — W) + 226y (1~ 25c)]
808(yre — W) — 2169(ke — )T Ye(L — yo) AV T OVt YeCGVE —°GV
B = 222e(Yc + Yue) — 0.008%c: (Ye + Yue) Yo 2 Y ("Gife — "GRita) + RTlINYy +
— 0.85ycryre(Ye + Yva) — 2.26Yref\Yva 3In(ye — D] + Yee[1 = Yo + W(2yc — 1)] °LES va
The site fractions y; are related to the mole fractions x; in + Ved (1 = Vo) (Vre — 200) +

the following way:

— 1
Vor =X (L= X)) Yoo =Xuo! (L= %), Y = X/(1 = Yo) W(Yre = W)(EBYc — 2)] LRRva +

Yre=Xeel(1= %)  With Yo, + Yo + Y + Ve =1 el = 20)¥e i
ye=(U3x/(1—x) and Yo+ Wwa=1 YeeYol (Yre(1 — 3y) + W(Byw — 2)] 'LESc +
Gbcc Gbcc aGkee 9Gbee YeeYmol (2ye — 1) L uova +
=GR Bl E Yu vy 8y\/a B Z l 8)2] ' 3y — 2)(Yre = Ynmo) ‘LPSmova — 2YVc L] +
M=Cr,Mo,V,Fe, |=C,Va YreYorl (2Vc — 1) LBcrva —
leading for i = Cr, Mo, V, and Fe to the following chemicel 2Ye L] + Vel — yo) L9% va +
potentials w; (Yva is substituted by (1 — yo)):
o = OG0 + Y °ORE: — G, Ye(@e = 1) 2 Lifeya +
—Yc % ym CGiie — %GRf%a) + RT[IN Y, RTH(D[In(8+ 1) + (V(B + 1))(—B + 0.85ycryre —

2.26yre(1 — Ye) + 2-26yFeyV(1 — 2y0)]
= OGPSa + V(PG — “GESa) — Ve E ym OGRfe

+3In(yc — D] + el —yc
+ Yer (2¥c — 1] LBerva + Yre(1 — 2Yer) Yo LG

+ YeeYmo [(2¥c — 1) "L ova %GM%a) + RT[INYee + 3In(yc — 1] +
+ (3Yc — 2)(Yre — Ynmo) "LEova — 2Vl Pvoc] Yell = Yo + Yre(2yVc — 1)] LEerva +
+ Vel [(2¥c — 1) °LESvva + (Byc — 2) Yel1 = 2yre)yc LEGrc +

(Yee = W) "L vva — 2Yc LR /c — Ymol1 = Ye + Yre(2ye — 1)] Liova +
3yc(Yre — W) 'LBR/c] + Vel — Yo) LEeva + Ynmol (1 = Ye)(2Yre — Ymo) +

134—VOLUME 31A, JANUARY 2000 METALLURGICAL AND MATERIALS TRANSACTIONS A



Yre( Yee — Ymo)(3Yc — 2)] "LESmova +

Ymo(1 — 2¥re)yc LBSwoc +

W1 — Yo + Yre(2yc — D] LEva +

W = Yo)(2Yre — W) +

Yee( Yee = W) (3Ye — 2)] LR va +

WL = 2¥re)yc LR c + YWYl (Yre(2 — 3yre) +
W(BYre — D] LB + Vel — Yo) LeSeva +
Ye(2ye — 1) 2 Ym Lifeva +

RTf(AD[In(B+ 1) + (U(B+ L1)(—B+ 222+
0.85Ycr(Yre — 1) — 2.2600(1 — ¥c) +
2.26yre YW(1 — 2yc)].

oGkee, — 0GRS, = 39GZ2 + 322,050 + 75.667T

0GR, — 0Gs,. = 3 9GZ? + 416,000
0GR . — 9GRE,,, = 3°GZ® + 331,000 — 75T
0Ghee — 0Gbee, = 3 9G¥ + 108,449

LFg,:Cr:Va = 20,500 — 9.68T,
LP%.c = — 1,750,000 + 940T
OI—Ik%?e(,:Mo:Va = 36,818 — 9.141T,
1P ova = — 362 — 5.724T
LP%Syec = — 1,750,000 + 940T
OLPKva = —23,674 + 0.465T, LPX,.., = 8283

OLESR,.c = —23,674 + 0.465T, LEX,.c = 8283

I—Fe:C,Va = —190T, Ll():?(::C,Va = —190T,
I—E/ICS:C,Va = —190T, L\b/(::(C::,Va = —297,868

Cementite:[1219]
Two sublattices, sites 3:1
Constituents: Cr, V, FeC

5= Yor 'GER + W °GRE + Ve 0GEEE
+ 3RT(Yer InYor + W INW + Ve IN Vi)
+ YerYre L& Rec T YWYre LVFec
OGEL — 3HER — HER = 3GHSERCR
+ GHSERC — 39,744 — 18.08T
0GED — 3HFR — HER = —156,971

+ 601.922T — 100.438T In T + 765,557T 1

0GEN, — 3HER — HEER = —10,745
+ 706.04T — 120.6TIn T
= 29,260 — 16.63T
—45873 — 12.414T

I—Cr FeC —

I—V, FeC —

METALLURGICAL AND MATERIALS TRANSACTIONS A

M,Cy;[1215.16]

Two sublattices, sites 7:3
Constituents: Cr, Mo, V, Fe:C

— m7c3 — 0rm7c¢c3 0rm7c3
imacs = GR'® = Yor "GEE + Ymo “Glioc

OGm7C3 _ 7H%|I§R —

OG\r??CCS _

o~m7c3 _
GFe;C 7HFe

+ W 0GUE + Yre "GHE + TRT (Yo In Yo
+ Ymo INYmo + Y INYy + Yre IN Yre)

+ Yor Yee L&

3HER = 209,752

+ 980.29T — 170.5T In T — 0.0690921T?
7HER — 3HER = — 454,245

+ 1518.48T — 250.981T In T + 2148691T !
— 3HZER = 7TGHSERFE

+ 3GHSERC + 113,385 — 78.37T

OGka (T ) -[16]

OGI(670K) — THR
OGIT4(720K) — THFE

— 3HZER = —301,000
— 3HZER = —319,000

OGIIE(873K) — THSER — 3HFR = —380,354
L = —10,465

M3Ce: [12,15,16)]
Three sublattices called s, t, and u, sites 20:3:6
Constituents: Cr, Fe:Cr, Mo, V, Fe.C

(Crye Moy, Vi, Feye)25Ce
- (Crg Feg)o(CriMoy, Vi Feyt )sCo

— m23c6 — 0rm23c6 0m23c6
Hoacs = G® = YRe( Vie GRER: + Yor "CREE

+ Yino "CléMoc + W 'GRERR) +

yer( Yee OGTA: + Yor "GEEET

+ Yio "Gioc + W °GERR) +
RT[20(y?e IN YFe + Y2r IN V&)

+ 3(the In the + thr In thr + tho In tho +
ytV In ytV)] + YIS:ey%rthethrLEg%??Fe,Cr:C

Yee = Yre/(Yre + Yor)

y%r = yCr/(yFe + yCr)!
tho =

W = (2313)w

(23/3)Ymos the = Yee (1 — tho - ytv),

thr =y (1- tho - ytv)

0m23c6 SER
Gn(;r:C?:C - 23HCr -

0(>m23c6 SER _
G Fe:Fe:C 23HFe

BHER = —521,083
+ 3622.24T — 620.965T In T — 0.126431T2
BHSER = —5/3GHSERC
+ 23/3(—10,745 + 706.04T — 120.6TInT)
+ 66,920 — 40T
OGS — 23HEER — BHEER = —990,367
+4330.63T — 728.829T In T + 5,003,425T ~*
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%G rec = 20123 OGIH2EE. + 3/23 'S,
OGRS = 20123 GRS + 3123 °GER%
IGEERR = 20123 "GEEs: + 3/23°GURe
OGm2_3c6. (T):[16]
OGEERG.c(670 K) — 20HRER — 3HT" —
IGEERRG.c(720 K) — 20HRER — 3HiS' —
OGERe.c(873 K) — 20HRER — 3HFT —
OGm2_306_ (T):[16]
OGS c(670K) — 20HZ — 3HRT —
0GH236 (720K) — 20HER — 3HFER —
0GERfec(873K) — 20HZR — 3HRG: —
OGm23g6 (T) -[16]
IGERR(670K) — 20HE" — 3HFR —
OGERR(T20K) — 20HZER — BHFR —
0GM236(873 K) — 20HEER — 3HSER —
LFe,Cr:Fe,Cr:C = —252,350 + 80.4T

M5C1[13'16]
Four sublattices called s, t, u, and v, sites 2:2:2:1
Congtituents. Fe:Mo:Fe, Mo, Cr, V:C

(M0y,,Crye, Vi Feye)eC
- Fe;Moy(Moy, Crye ViwFep),C
Mg = GR® = Ve "GEiorec +
Yo "GEfomoc + Y "Clfiacrc +
W °GEefov:c + 2(Yie INYie + Yiho INViho +
Y& InyE + W In W) + YEWho LEMoremoc
Yre=3Yre = 1, Yio= 3ymo — 1,
Yer =3yorn W =3Ww
GERorec — 4HEER — 2HVS — HER = 4GHSERFE
+ 2GHSERMO + GHSERC + 77,705
—101.5T
OGS 1omo.c — 2HEER — 4HFRR — HER = 2GHSERFE
+ 4GHSERMO + GHSERC — 122,410
+ 30.25T
OGES0.crc(T):1
OGP 10.cr-c(670K) — 2HER — 2HFER — 2HER = — 195,000
OGES10:orc(720K) — 2HEER — 2HFRR — 2HER = —214,000
OGES 0.cr-c(873K) — 2HER — 2HFER — 2HER = — 276,320
OGERtov:c(T):11

GFeMovc(670 K) — 2HEER — DHSER —

7HER = —660,100
THER = —726,800
THER = —949,460

7THER = —1,030,000
THZER = —1,090,000
7THER = —1,284,035

THZER = —827,000
7HZER = —889,000
THER = —1,096,992

2HFFR = —316,200
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OGRS ov-c(720 K) — 2HER — 2HFER — 2HSFR = —333,000
OGRS, ov-c(873K) — HEER — 2HFER — 2HTFR = —389,247
L?GGIRAOIFQ,MOZC = —37,700

Hcp (M,C):[131516]

Two sublattices, sites 1:0.5
Constituents Mo, Cr, V, Fe.C

MMCys = GIP = Yo “Giibc + Yy "GUR +
Yor °GEe + Yre "G + RT (Yuo IN Yo +
W inyy + Yer Inyer + YeeINYre) +
YreYvo LEoc T Yre W LER/c
0.5HSER = GHSERMO
+ 0.5GHSERC — 24,150 — 3.625T — 163,000T ~*
0GR — HSER — 0,5HSER = — 85,473 + 182.441T
—30.551TInT — 0.00538998T2 + 229,029T ~*
0GhP. — HSER — 0.5HER = GHSERFE + 0.5GHSERC
—1462.4 + 8.282T — 1.15TInT
+ 6.4 X 1074T2+ 52,905 — 11.9075T
0GIGR(T):116
G670 K) — HE

Othp _ H'\S/E)R _

— 0.5HEER = —45,500
GheP(720 K) — HER — 0.5HEER = —48,500
Ghep(873 K) — HER — 0.5HER = —58,700
LIy oc = 13,030 — 33.8T,
LiR,c = —15,201 — 4.138T
wmbol S [12,13,15]
GHSERFE = °G%,, — HEER = 1224.83 + 124.134T
— 235143TInT — 0.00439752T2
—5.89269 X 10~8T3 + 77,358.5T ¢
GHSERCR = °G&%,, — HER = —8851.93 + 157.48T
— 26.908TInT + 0.00189435T2 —
1.47721 X 107673 + 139,250T
GHSERMO = GBS, — HSER = —7747.247 + 131.9197T
— 2356414TInT — 0.003443396T2
+5.662834 X 10~ 7T3 — 1.309256
X 1071074 4 65812.30T
GHSERV =GB, — HSER = —7930.43 + 133.346053T
— 24.134TInT — 0.003098T2 + 1.2175
X 107 7T3 + 69,460T
for 298.15< T < 790K
GHSERV =GB, — HSER = —7967.842 + 143.291093T
—25.9TINT + 6.25 X 1075T2
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—6.8%X10° T3 for790 < T < 2183K
GHSERC =9G¥%— HER = —17,369 + 170.73T

—243TINT—4.723 X 10 *T?

+ 2,562,600T 1 — 2.643 X 10°T 2

+1.2X 1073,
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