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I. INTRODUCTION

The aim of this report is to describe the framework necessary for extrapolating literature data for
permeability, solubility, and diffusivity of hydrogen isotopes in stainless steels to conditions of
high (>35 MPa) gas pressures. Experimental measurements are typically made under conditions
of ideal gas behavior, however design of high-pressure hydrogen gas systems necessitates tools
that incorporate real gas behavior. In addition, we want to address inconsistencies in data and
make specific recommendations for permeability, solubility, and diffusivity relationships for the
temperature range near ambient and high pressure. As will be shown below, deviations from
ideal gas behavior are important when extrapolating low pressure “ideal gas” experiments to
engineering analysis of real high-pressure systems. Permeability data is derived at low pressure
where ideal gas behavior is a valid assumption, however at pressures of engineering interest for
hydrogen storage, on the order of 100 MPa, deviations from ideal behavior can be large.

1. BACKGROUND

2.1 Equation of State: Gases

The equation of state describes the thermodynamic state of a system and for gases this requires
knowledge of two variables such as the pressure and temperature of the system. Ideal gases are
described by a simple relationship:

Ve =RT4 (1)

where V. is the molar volume of the ideal gas, P and T are the absolute pressure and absolute
temperature of the system respectively, and R is the universal gas constant equal to

8.31434 Jmol™ K. Real gas behavior is often characterized by the compressibility factor

Z =PV, /RT, where Vp, is the molar volume of the real gas. The compressibility factor is one for
the ideal gas and generally shows a positive deviation (Z > 1) at high pressure.

From basic thermodynamic relationships, the chemical potential of any system can be expressed

as:
(3] v, @
dP /;
For an ideal gas, this relationship can also be written in the form
(de). =RT(dInP). . (3)

This is the familiar form of the chemical potential where the pressure can be thought of as the
“activity” of the ideal gas. It should be noted also that the pressure term has no units since it
represents dP/P.



Deviations from ideal behavior are important due to the finite volume of the gas and electronic
interactions between the molecules for example. This is particularly apparent at high pressure
and low temperature, thus the fugacity f is introduced. The form of the fugacity is chosen for
convenience to have a form analogous to that of the ideal case, that is

(du). =RT(dIn f). (4)

Fugacity is often described as an effective pressure or as the activity of the real gas. It is
generally assumed that all gases behave ideally at infinitely low pressure, therefore as P — 0
then f — P. With knowledge of the fugacity the thermodynamics of real gases can be
rigorously treated. By combining equations 1—4 and integrating, the fugacity can be related to the
equation of state and the properties of the ideal gas

1“(%)‘1“(%J= ar I (Vs — Vi )P (5)

where f, and P, are the fugacity and pressure respectively at some reference pressure. Using the
limiting behavior of fugacity (f0 ->P - O) and the equation of state for an ideal gas,

equation 1, the fugacity can be expressed in the form
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Equation 6 is the fundamental relationship between the equation of state and the fugacity, which
is sometimes referred to as the definition of fugacity. Theoretically, f has no units, but it must be
expressed in the same units as pressure since f, — P_, therefore it is convenient to attach
pressure units to fugacity.

There are numerous models and empirical relationships that account for the nonideal behavior of
gases, however these are often complicated transcendental equations that cannot be easily
manipulated analytically [1-5]. The Abel-Noble equation of state, on the other hand, is a single
parameter relationship of the form

_RT

Vm
P

+b (7)

where b is a constant. The simplicity of this relationship is notable when compared to other
equations of states for real gases, such as virial equations, which may include upwards of ten
parameters, many of which are themselves functions of temperature [1-3]. At pressures of
general engineering significance (< 200 MPa) and temperatures near ambient the Abel-Noble
equation tracks the compressibility factor,

Z =1+ Pb/RT (8)



of a number of real gases to better than a few percent [6]. Other equations of state can better fit
real gas behavior by empirically fitting data with additional parameters, although in the literature
equations of state are fit to data over a wider range of pressure, but sacrificing correlation at
relevant engineering pressure [1-4].

Substituting the Abel-Noble equation of state, equation 7, into the “definition” of fugacity,
equation 6, the fugacity can be expressed as a simple function of pressure and temperature:

f=P exp(:—_?] 9)

The ratio of the fugacity to the pressure is often called the fugacity coefficient. This simple
closed form of the fugacity allows for analytical determination of thermodynamically dependent
phenomena such as permeability and solubility while accurately incorporating the real behavior
of the gas phase. This is particularly useful for treating the thermodynamics of high-pressure
gaseous systems, since extrapolating low pressure “ideal gas” experiments to engineering
analysis of real high-pressure systems requires understanding the nonideal behavior of real gases.

2.2 Solubility

In this section, we develop the relationship for solubility K assuming equilibrium between the
diatomic hydrogen molecule and hydrogen atoms in the material:

»H, <H (10)

Although we assume hydrogen in this analysis, these relationships are general for any diatomic
gas, including isotopes of hydrogen. At equilibrium, the chemical potential of the gas must be
equivalent to the chemical potential of dissolved hydrogen in the material: ) 14, = 14,. We

assume that atomic hydrogen dissolved in the material behaves as a dilute solution (Henrian
standard state), and that the nonideal behavior of the hydrogen gas must be considered, therefore

%(ygz+RT1nf)=y;+RT1nZ (11)

where y is the equilibrium concentration of hydrogen dissolved in the metal, the superscript 0
refers to the standard state. The difference in chemical potential between the standard states is
related to the heat of solution of hydrogen atoms AH,and the entropy AS;:

(4 = o145, )= AH = TAS, (12)

Combining equations 11 and 12 the concentration of dissolved hydrogen in equilibrium with the
hydrogen gas can be expressed as

y =Kf'"? (13)



where

K=K, exp(_AH%TJ (14)

Equation 13 can also be written directly by following basic procedures for expressing chemical
equilibrium of the reaction shown in equation 10, where K is the equilibrium coefficient. This
relationship is equivalent to Sievert’s Law in the limit of ideal gas behavior ( f — P) in which
case K is the so-called Sievert’s parameter. Sievert’s Law is a special case of chemical
equilibrium in the limit of ideal gas behavior, while equation 13 is the more general form.

Equation 13 relates the equilibrium concentration of atoms from a diatomic gas in a metal y to
the fugacity (pressure) of this diatomic gas f. It is important to make the distinction between
solubility and concentration: the solubility K of a species from a gas is independent of the
fugacity (pressure) but a function of temperature (equation 14), while the concentration y
depends on the fugacity (pressure) as in equation 13 and temperature. Often in the literature the
term solubility is incorrectly used to refer to concentration. Solubility of a gas in a solid should
always have a pressure unit associated with it.

Data fit to this Arrhenius relationship for solubility is commonly reported in the literature for
materials exposed to hydrogen gas and its isotopes: deuterium and tritium. Care must be
extended in comparing data from the literature as in some cases the heat of solution may be
reported per mole of hydrogen gas (H, < 2H), which requires a factor of two to be expressed in
the denominator of exponential term in equation 11 [7].

2.3 Diffusion and Permeability

Permeability of hydrogen and its isotopes is generally defined as the steady state diffusional
transport of atoms through a material that supports a pressure difference. Assuming steady state,
an infinite plate, and Fick’s first law for diffusion J =-D(dc/dx), we can write

\]sz(Z+lO) (15)

where J.. is the steady state diffusional flux, D is the diffusivity, ) is the concentration just under
the surface on either side of the plate and t is the thickness of the plate. Using chemical
equilibrium (equation 13) for nonideal gas and assuming that the hydrogen partial pressure is
negligible on one side of the plate, the diffusional flux can be expressed as

:%fl/Z

I,
t

(16)

where the product DK is defined as the permeability ®. Equation 16 is sometimes called
Richardson’s Law. There are numerous conditions under which this relationship may not be
valid (under very high vacuum, at very high pressure or temperature; see Ref. [8] for an



extensive discussion of permeation); however, under most engineering conditions, this
relationship is well established [9].

The majority of studies on permeation use a direct measurement technique to determine the flux
of hydrogen or deuterium permeating through a membrane or disk of the material of interest. In
one manifestation of this technique, a constant pressure of hydrogen (or deuterium) is maintained
on one side of the membrane and a vacuum on the other side. The rate of hydrogen escape on the
vacuum side of the membrane is measured at steady state with a leak detector or other suitable
method. Diffusivity in the membrane material is determined by analyzing flux transients and
back calculating a diffusion coefficient from solutions to the flux equation [10].

Both permeability and diffusivity are thermally activated processes, thus they feature an
Arrhenius-type dependence on temperature and, like solubility, they can be expressed in the

general form:
®=a,exp Mo | (17)

D=D,exp Mo/ (18)

respectively.

Since @ = DK, solubility is determined from the ratio of the direct measurements of
permeability and diffusivity as

CI)O - Hd) - HD
K =Foexp[ ( %TJ (19)

The solubility can be thought of as the pressure-normalized equilibrium concentration of
hydrogen within the metal crystal lattice. This method for determining permeability, diffusivity
and solubility assumes that hydrogen transport is governed by diffusion in the bulk; therefore,
care must be taken to ensure that surface chemistry or other phenomena do not intervene as rate
limiting processes.

Hydrogen concentrations measured by other techniques such as hydrogen extraction are also
commonly referred to as solubilities. In general, however, these measurements do not represent
the lattice hydrogen that drives diffusion. In many materials, hydrogen can be trapped at
microstructural features (e.g., point defects, line defects, and surface defects) and does not
contribute to the transport of hydrogen across the membrane. Hydrogen extraction measures the
total concentration of hydrogen, which is the sum of trapped and lattice hydrogen. Therefore,
hydrogen concentrations determined by techniques that do not distinguish between hydrogen that
diffuses through the lattice and hydrogen trapped in the microstructure should not be used to
determine solubility; rather the term solubility should be reserved for a measure of lattice
hydrogen. Incidentally, being related to the lattice, the solubility (as well as permeability and
diffusivity) should be viewed as a physical property of the material and, to a first order



approximation, should be independent of microstructure. Like all physical properties, however,
these properties can be dependent on composition.

2.4 Mass/Isotope effects

It is commonly assumed that the ratio of diffusivity of hydrogen isotopes is equivalent to the
inverse ratio of the square root of the masses of the isotopes:

—H- "o (20)

where D and m are the diffusivity and mass of the respective isotope, and the subscripts H, D,
and T refer to hydrogen, deuterium and tritium respectively. Similar expressions can be written
for trittum and can be simplified as D, = V2 Dy= \3 D; . These relationships between isotopes
stem from classical rate theory, which relates diffusivity to atomic vibrational frequencies and
these frequencies are inversely proportional to mass. The activation energy for diffusion is also
assumed to be independent of the mass of the isotope. Diffusion data at subambient temperatures
do not support equation 20 for a number of metals [11], however, permeability data at elevated
temperatures generally support the inverse square root dependence on mass for nickel [12] and
stainless steels [13-16]. For the purposes of this report we assume that equation 20 is a good
approximation for both permeability and diffusivity; implicitly then the solubility is assumed to
be independent of the mass of the isotope.

111. DISCUSSION

3.1 Equation of state: hydrogen and its isotopes

Assuming that the Abel-Noble equation of state provides a good prediction for hydrogen and its
isotopes, the compressibility factor should be a linear function of pressure (equation 8).
McLennan and Gray [3] plot data for hydrogen and deuterium from Michels at al., which indeed
appear linear for temperatures in the range of 273 K to 423 K, and for pressures from ambient to
200 MPa, 1.e. high pressures of engineering relevance. As part of this work, all of the hydrogen
data of Michels et al. [17] for temperature > 273 K was fit to the Abel-Noble form of the
equation of state. The constant b was determined to be 15.55 cm® mol™ for hydrogen in good
agreement with the report of Chenoweth for deuterium [6]. The compressibility factor from
measured data Zpegs 1s plotted in Figure 1 as a function of hydrogen pressure and temperature for
data from Michels et al. [17] and Vargaftik [18]. The lines in Figure 1 represent the calculated
compressibility factor Zac for the given temperature from equation 8 with b = 15.55 cm’/mol.
Figure 2 shows a plot of the ratio of the calculated to measured compressibility factor

(Z 510/ Zneas) Tor data of Michels et al. [17] and Vargaftik [18], showing that the Abel-Noble
equation of state provides a good representation of real hydrogen gas behavior in the temperature
range from 273 K to 423 K for pressure < 200 MPa, as well as at elevated temperature, although
for somewhat lower pressure. There is data to support this equation of state to pressures as high
as 100 MPa at temperature of 800 K and for pressure up to 50 MPa at temperature of 1000 K.



For all of the plotted data the calculated values of Z are within 1.2% of the measured values and
generally within a fraction of a percent of the measured values of Z.

The range of applicability quoted above for elevated temperature are limited by the available
data, however, based on trends for real gases, it is expected that the Abel-Noble equation of state
with b equal to 15.55 cm® mol™ can be applied to significantly higher pressures at elevated
temperature, probably as high as 200 MPa for temperature from ambient to 1000 K. A relatively
large divergence of Z,,./Z,.... Was noted for pressure >250 MPa at near ambient temperature;
thus an upper bound on pressure of 200 MPa was chosen for fitting the Abel-Noble equation of
state. No attempt was made to fit data at low temperature (< 273 K) or to quantify the Abel-
Noble relationship at these low temperatures. It is, however, clear from the plots of McLennan
and Gray [3] that Z begins to diverge from linearity at subambient temperature.

The constant b is expected to be appropriate for deuterium and tritium as well. Indeed, the value
of 15.55 cm’/mol determined here is in good agreement with the report of Chenoweth for
deuterium [6]: Chenoweth reports a value of 15.5 cm®/mol, which was determined using the data
of Michels et al. [17]. McLennan and Gray plot the data of Michels et al. for hydrogen and
deuterium [3] showing that the compressibility of these gases is essentially the same for most
conditions (for temperatures in the range of 273 K to 423 K and pressures from ambient to

200 MPa). Differences in compressibility between hydrogen and deuterium decrease as
temperature is increased, but increase with pressure. For pressures of engineering relevance
(<200 MPa), however, the differences between hydrogen and deuterium are small for
temperatures > 273K; divergence between the compressibility fractors of hydrogen and
deuterium is apparent at lower temperature [3]. The Abel-Noble equation of state with

b =15.5 cm®/mol is expected to provide a good estimate of real behavior of tritium gas (as well
as hydrogen and deuterium) over these same pressure and temperature ranges.

3.2 Effect of Pressure and Temperature

Experimentally, temperature and pressure are varied in permeability studies over some range to
determine the Arrhenius temperature dependence and confirm the square root dependence of
fugacity as predicted by chemical equilibrium (square root dependence of pressure, i.e., Sievert’s
law, for the special case of an ideal gas). The square root dependence on fugacity is often
assumed, however. Under some conditions, such as low pressure (on the order of 10 Pa) or
specific surface chemistry, the square root dependence on fugacity has been found to be
inappropriate [8] [19], thus studies at low pressure or without careful consideration of the
exposed surfaces should be viewed critically. It has been shown that permeability data can be
extrapolated with confidence to at least a pressure of 25 MPa for nickel [12], and solubility data
to a pressure of 50 MPa at 773K for stainless steel [20]. Permeation at higher pressures has not
been confirmed.

In general, permeability studies are performed at temperatures and pressures significantly
different from conditions relevant to gaseous hydrogen distribution and storage in engineering
applications. Tests are typically performed at pressures near ambient (or lower) and temperatures
greater than 200°C, while pressurized systems for the storage of gaseous hydrogen operate near



ambient temperature and at pressures potentially up to 138 MPa. The experimental conditions are
necessitated by the desire to make measurements in a safe and efficient manner, thus low
pressure and high temperature respectively. The measured relationships are then extrapolated to
the engineering conditions of interest. Nevertheless, the mechanisms of lattice transport are not
expected to change in these ranges of temperature and pressure; additionally, the square root
dependence of fugacity on hydrogen transport is expected to be a good approximation for all
pressures above ambient and temperatures where thermal dissociation of hydrogen can be
neglected, i.e., temperature less than about 1273K [8].

As shown from first principles, the fugacity should be rigorously applied in solubility and
permeability rate calculations, but this has only rarely been acknowledged in the literature in the
context of hydrogen effects on material properties [21-23]. The real gas behavior of hydrogen
(and its isotopes) becomes apparent in the fugacity function at modest pressures and ambient
temperature, although real gases tend toward ideal behavior (fugacity tends toward the pressure)
as temperature is increased. Thus at elevated temperatures and relatively low pressures ideal
behavior is a good engineering approximation and for this reason, most studies on permeability
and solubility have not accounted for fugacity. For pressures as low as 15 MPa at ambient
temperature, however, the fugacity is about 10% greater than pressure. In terms of permeability
and solubility it is the square root of this value that is relevant, which implies a rather modest
correction for real gas behavior near ambient temperature and pressure < 15 MPa. Consequently,
while it is not surprising that the real gas behavior of hydrogen has not been addressed in
permeability and solubility studies, when extrapolating these studies to high-pressure gaseous
hydrogen, the fugacity must be considered. At 273 K and a pressure of 200 MPa, for example,
the fugacity is almost four times the pressure. For a comparatively modest pressure of 35 MPa
(~5000 psi) the fugacity-pressure ratio is 1.25 at 298 K and the square root of this ratio is 1.12.
The fugacity of hydrogen is plotted in Figure 3 as a function of pressure for several temperatures
and assuming the Abel-Noble equation of state with b equal to 15.55 cm’® mol ™.

3.3 Oxidation and Surface Effects

By definition, permeability and solubility are independent of surface condition as these
parameters are defined in terms of diffusion of hydrogen through the lattice. In practice,
however, experimental measurements are strongly influenced by surface condition. Oxides have
been proposed as diffusion barriers for austenitic stainless steels in first wall fusion reactors [24,
25]. These oxides, in some cases, have been shown to significantly reduce the apparent
permeability [14, 26]. When these oxides are very thin, the oxide is thought to reduce the
kinetics of hydrogen dissociation on the surface creating a process that is not rate controlled by
diffusion and thus not a true permeability. The permeability of oxidized stainless steel was
recovered in one study by coating with palladium after oxidation [14]. The palladium catalyzes
the dissociation of hydrogen eliminating this kinetic barrier and establishing conditions of
diffusion-controlled transport of hydrogen. The implication of this observation is that the
diffusivity through the oxide is similar to that in the metal. One the other hand, the permeability
is relatively unaffected by thick oxides; the interpretation being that once the oxide layer reaches
a critical thickness the layers crack exposing metal surface [14, 25, 26]. It should be emphasized
as well that when surface conditions modify the kinetics of hydrogen transport, the square root



dependence of pressure is often lost [14, 26]. Very low pressure (< 10 Pa) also precludes the
square root dependence on pressure and diffusion-controlled transport [9].

While oxides and surface films have been reported to reduce the apparent permeability in some
metals, it should not be assumed that these surface conditions would persist under different
environmental conditions. Most permeability tests are conducted at pressure on the order of

1 kPa, while the significantly higher fugacity of hydrogen at 100 MPa for example may result in
reduction of the oxide and loss of the barrier effect [25, 26]. Moreover, the apparent changes in
hydrogen transport appear to be the result of changing the rate-controlling step from lattice
diffusion to some surface chemistry such as adsorption and dissociation, thus surface layers do
not change the intrinsic hydrogen permeability of the material.

Oxides and surface films may not have a strong effect on steady-state hydrogen transport, in
some cases [26], but may presumably have a substantial effect on hydrogen transport transients
and thus diffusivity determinations. In addition, the diffusivity determination will be
significantly affected by the specific method of determination, that is whether the flux transients
are used to fit solutions to the diffusion equations, or whether a single characteristic time is used
to calculate a diffusion coefficient. The former method offers some intrinsic averaging of the
signal over a range of fluxes, while the latter method is susceptible to signal noise. In either case,
these transients are likely to be more sensitive to surface conditions than the steady-state
permeability determination.

A number of studies on austenitic stainless steels have attempted to correlate solubility with
surface finish and resulting hydrogen embrittlement phenomena [27, 28]. As described above,
the surface condition by definition cannot affect the solubility of the lattice material, since
solubility assumes thermodynamic equilibrium between the lattice and the gas phase. The
condition of the surface can, however, affect the kinetics of surface reactions, which will affect
the establishment of equilibrium in the lattice. In addition, plastically deformed surfaces (e.g., by
machining) can induce phase changes in some alloys (martensite in 304 stainless steel, for
example, and n-phase in A-286), which will affect the surface kinetics as well as equilibrium.

In summary, the surface condition can have a profound impact on the measured quantities in
permeation studies. The nomenclature established in any given study should be carefully
considered before interpreting and using results. For values that are true materials properties, the
pressure dependence should be established and the surface chemistry should be controlled such
that the process of hydrogen transport is indeed controlled by lattice diffusion.



3.4 Effect of Microstructure and Hydrogen Trapping on Transport

Hydrogen can be trapped at numerous microstructural features including grain boundaries, phase
boundaries, second phases such as hydrides, and dislocations [10, 23]. Trap sites are generally
categorized by the thermal energy required to remove the hydrogen atom from the trapping site,
e.g., "weak" or "strong" traps. The concentration of hydrogen in traps is dictated by the trap
binding energy, number of trapping sites, and temperature.

Several studies on austenitic steels have shown that hydrogen transport and solubility are
independent of whether the microstructure is annealed or heavily cold-worked [27-29], as should
be expected if dislocations are weak traps and the lattice solubility is high. There are occasions,
however, when hydrogen transport and solubility may appear to depend on the microstructure of
the alloy. Steel phases with a body-centered cubic (BCC) crystal structure, such as ferrite and
martensite, have significantly higher hydrogen diffusivity and substantially lower hydrogen
solubility than the face-centered cubic (FCC) austenitic phase. In relatively unstable austenitic
stainless steel such as 304, cold-work can induce martensitic phase transformations, which then
cause the effective transport properties, as well as solubility, to be substantially different from an
annealed 304 stainless steel that is free of martensite [30, 31]. Ferrite is also common in
austenitic stainless steels, particularly in high-chromium 300-series, and can have a significant
effect on hydrogen transport properties if the ferrite is highly oriented, as in long thin stringers,
or in high enough concentrations, as for duplex alloys. With the exception of conditions where
second phases are present, solubility determined from permeability measurements and from
hydrogen extraction techniques should provide similar results in austenitic stainless steels, since
they are characterized by weak hydrogen trapping and high lattice solubility.

In contrast to austenitic stainless steels, strong traps and low lattice solubility characterize plain
carbon and low alloy steels (indeed any steels with a BCC crystal structure). The measurement
technique (e.g. permeation or gas analysis), as well as the hydrogen trapping characteristics of
the microstructure and density of the traps, will strongly influence the apparent hydrogen
concentration. It is important to consider the measurement technique when considering the
hydrogen concentration in these alloys, and to use the value relevant to the phenomenon of
interest. For example, for diffusive related processes the solubility is of interest, while in studies
of hydrogen embrittlement the total hydrogen concentration or trapped hydrogen concentration
determined by hydrogen extraction could perhaps be of more interest.

3.5 Permeability

LeClaire reviewed permeability data [9] and found that the majority of data for stainless steels is
within factors of 1.5 and 1.5 of an average curve. Given that permeability changes of six orders
of magnitude are predicted between ambient temperature and 673 K, the coincidence of
permeability data for many austenitic alloys from many studies is rather remarkable, especially
considering surface effects as described above. Other reviews of data on stainless steels [7]
found similar consensus on permeability data (although the units quoted in Ref. [7] are believed
to be incorrect, see appendix). Arrhenius relationships with the lowest activation energy terms



are recommended for use for two reasons: (1) as discussed by Louthan and Derrick [27],
hydrogen transport through a material is affected by the surface condition, however, the
activation energy should approach a minimum in the limit that permeation is purely governed by
lattice diffusion through the bulk; and (2) lower activation energy leads to higher extrapolated
permeability at ambient temperature, thus providing an upper bound to the permeation rate a low
extrapolated temperature.

Average permeability relationships determined in studies that considered several austenitic alloys
are summarized in Table 1. The permeability relationship of Louthan and Derrick [27], marked
by circles in Figure 4, appears to be a good average relationship for austenitic stainless steels,
particularly since it was generated from data of several alloys in both annealed and cold-worked
conditions; three of the alloys were variants of type 304 stainless steel. The Louthan-Derrick

relationship is for deuterium, but it has been corrected here for hydrogen by multiplying by N2,
The average relationship of Sun et al. was also generated from six alloys in several conditions
(solutionized, annealed and cold-worked) [29] and is marked with triangles in Figure 4. The
other lines represent permeability determined for type 316 stainless steels from a number of
studies [15, 16, 32-36].

For the unstable austenitic stainless alloys, such as 304 and 321, strain-induced martensite may
form during thermomechanical processing or by deformation at low temperature [30, 31].
Martensitic phases have permeability and diffusivity several orders of magnitude greater than the
austenitic phases. It has been observed that the presence of martensitic phases in austenitic
stainless steel, for example as a consequence of cold-working the alloy, will greatly increase the
permeability and diffusivity of hydrogen in the alloy [30, 31]. Cold-working stable austenitic
alloys, such as 316 and 310 stainless steels, however, does not significantly affect the rate of
hydrogen transport [29, 31].

3.6 Diffusivity

Measured values of hydrogen diffusivity in austenitic stainless steels are somewhat less
consistent than permeability: Figure 5 shows the hydrogen diffusivity relationships for several
316 stainless steels determined from permeation studies (hydrogen permeability for these same
studies are plotted in Figure 4, although not all studies that report permeability also report
diffusivity). While permeability is commonly determined from a steady-state condition and thus
can be time-averaged, diffusivity requires analysis of transient data and this leads to larger
intrinsic uncertainty in the determination. Additionally, transient data are likely to be more
sensitive to surface condition adding further uncertainty, as described above. These
considerations explain the large scatter in diffusivity data, which is translated to solubility data,
since solubility is determined from the ratio of permeability to diffusivity.

Studies that report the highest diffusivity share a common feature: special precautions were not
taken to remove surface oxides or films. The relationships from these studies [15, 34, 35] are
plotted as dotted lines in Figures 5 and 6. High diffusivity implies low solubility (K = ®/D), and
since diffusivity and permeability are similar in magnitude over a wide range of temperature,
small differences in diffusivity appear as large relative differences in solubility, Figure 6. The



relative solubility then provides a indirect indication of the accuracy of the diffusion
determination. If we neglect the studies that result in low solubility [15, 34, 35] and only
consider the studies where the solubility determinations cluster at the highest values [29, 32, 36],
the hydrogen diffusivity relationships are in good accord with one another. The relationship of
Louthan and Derrick [27], Table 1 and marked by circles in Figure 5, appears to represent a good
average of diffusivity for austenitic stainless steels.

Variables that have second order effects on permeability determinations, such as alloy
composition and perhaps microstructure, appear to have a greater effect on diffusivity. Sun et al.,
for example, noted that the hydrogen permeability of six austenitic stainless steel alloys were
nearly indistinguishable, however, the alloys clustered into two groups with respect to hydrogen
diffusivity [29]. Similar trends can be observed from other studies. For austenitic alloys it
appears that hydrogen diffusivity may scale with the inverse of the chromium content, although
the trend is certainly not a simple function of chromium only as discussed in the following
section. Hydrogen diffusivity relationships that distinguish between specific austenitic alloys,
such as 300-series stainless steels and the Cr-Ni-high Mn stainless steels, are discussed in the
following section, since they are determined based on differences in hydrogen solubility. The
role of second phases is also important, especially when those phases change crystal structure as
BCC (ferritic) transformations in a FCC (austenitic) matrix, and can markedly change the
apparent diffusivity as described above.

3.7 Solubility

Hydrogen solubility determined from permeation studies depends on the quality of the hydrogen
diffusivity determinations, which can be compromised by inattention to surface kinetics and
appropriate treatment of diffusion transients. For example, hydrogen diffusivity of type 316
stainless steel determined from a number of studies show significant inconsistency, Figure 6. A
number of studies cluster near some upper bound in hydrogen solubility, while low values are
scattered and generally have a steeper slope (higher heat of solution). The low solubility
determinations correspond to high diffusion measurements, and are suspect as described in the
previous section. As with permeability and diffusivity, the solubility relationship established by
Louthan and Derrick provides a good estimation that appears to be conservative (high) at low
temperature (Louthan and Derrick used deuterium in their study).

While the solubility at high temperature is certainly of interest, for many engineering
applications the solubility at ambient temperature is of more concern. As the extrapolations in
Figure 7 show for the data clustered at high solubility, the heat of solution (slope of the
Arrhenius plot), has a strong impact on the extrapolated solubility. For studies that measured
approximately the same solubility, the difference in heat of solution causes values extrapolated to
ambient temperature to differ by an order of magnitude. The relationship with the lowest heat of
solution will provide an upper bound on the extrapolated solubility and provide an upper bound
to the amount of hydrogen present in the material. In addition, as described above, the theoretical
minimum in the energy terms should be approached as surface effects are reduced, providing a
scientific basis for choosing relationships with the lowest energy terms, such as that proposed by
Louthan and Derrick for austenitic stainless steels [37].



The relationships of Louthan and Derrick, however, have been criticized for averaging the data
for several austenitic alloys. Other evidence in the literature suggests that the solubility of 304
stainless steel is significantly less than 21Cr-6Ni-9Mn (21-6-9) [29]. Hydrogen concentration
data from hydrogen extraction measurements of Caskey (Table 2) and within our own laboratory
(Tables 3—7) also support the observation that the solubility of hydrogen in 21-6-9 and 22Cr-
13Ni-5Mn (22-13-5) is greater than in 304 and 316 stainless steels for the same pressure and
temperature, Figure 8. Caskey proposes two solubility relationships based on hydrogen
extraction data and fitting tritium diffusion profiles to solubility and diffusion relationships.
However, Caskey’s solutions are not unique and no clear justification for the choice of energy
terms is given. These relationships distinguish between 304 and 21-6-9 well enough but do not
capture all of his own data. The deuterium data of Caskey, in particular, appears to be
consistently low [20] and is not considered further here. In addition, the relationships generated
by Caskey do not take into account real gas behavior, i.e., the fugacity. We have taken the
hydrogen concentration data reported by Caskey (Table 2) in Refs. [20, 28] as well as our own
data (Table 3 & 5) and used the lowest energy term (5.9 kJ mol™, Ref. [27]) along with the
fugacity function determined in previous sections to generate solubility relationships for 304 and
21-6-9 respectively. The quantities for the hydrogen solubility relationships that have been
determined here are give in both Table 1 and Table 8, as well as plotted in Figure 8 with average
values for solubility for a number of austenitic alloys determined from hydrogen extraction data
(from Tables 2—7). In addition, the differences in hydrogen diffusivity for these two alloys can be
estimated by dividing the permeability (as measured from Louthan and Derrick for example) by
these solubility relationships. The diffusivity for 304 and 21-6-9 as determined by this procedure
are given in Table 8.

The lower heat of solution term determined by Louthan and Derrick, compared to Caskey and
others, represents a lower limit and is believed to be the most appropriate value for austenitic
stainless steels; in addition, from the view of extrapolation it represents an upper bound on
hydrogen concentrations. Considering that the data represents two laboratories and in our case
numerous hydrogen saturation trials, the fit is satisfying. The major assumption in constructing
these relationships is that trapping can be neglected for austenitic stainless steels, such that the
solubility can be approximated by hydrogen extraction data. The construction of alloy specific
solubility relationships is motivated by the desire to express the hydrogen solubility as a function
of temperature (between ambient and a few hundred degrees centigrade) to within 10 to 20%,
compared to diffusivity and permeability, where a factor of two is generally sufficient since these
values vary by many orders of magnitude over narrow temperature ranges.

Data for 316 and 22-13-5 stainless steels were not used to construct these improved solubility
relationships but follow the predictions for 304 and 21-6-9 respectively. This adds further weight
to these relationships as data from both permeation experiments (for hydrogen diffusivity) and
hydrogen extraction studies indicate that the austenitic alloys seem to cluster into two groups
[29]. The precipitation-strengthened austenitic stainless steels (A-286 and JBK-75, which are
treated as a single alloy for this analysis due to the relatively small amount of data) appear to
show a different solubility depending on whether the alloy is annealed or aged. In the annealed
condition a “modified A-286” [28] (presumably JBK-75) was found to have a hydrogen
concentration similar to 304L, while in the forged condition (and presumably aged) the alloy



features a significantly lower hydrogen concentration. Our own measurements on peak aged A-
286 and JBK-75 alloys (Table 7) also show a lower hydrogen concentration than measured for
304L (Table 3) and 316L (Table 4) under the same conditions. Thus, data for the precipitation-
strengthened austenitic alloys are used to determine a solubility relationship and a diffusivity
relationship (Table 8) in the same manner as described above for 304L and 21-6-9. Permeability
studies on JBK-75, however, have shown very little effect of aging on hydrogen diffusivity in
this alloy, although hydrogen permeability appears to be slightly higher in the solution heat
treated condition, which translates to a higher hydrogen solubility in the solution heat treated
condition [38].

Alloy composition is generally believed to be the source for differences in between the 300-
series and the nitrogen-strengthened alloys. Nitrogen as well as high manganese and high
chromium have been implicated since these are distinguishing characteristics of 21-6-9, 21-9-9
and 22-13-5 all of which appear to have significantly higher solubility than the 300-series alloys.
Nitrogen-strengthened 300-series alloys, 316N and 304LN, however do not display higher
solubility than their counterparts without nitrogen [27, 29]. High chromium and manganese may
explain some alloys, but type 321 stainless steel has high solubility and relatively low chromium
and manganese (and no nitrogen). Titanium has been implicated to explain type 321 stainless
steel. This does not explain, however, the relatively low solubility of hydrogen in A-286 and
JBK-75 (Figure 8) as these alloys have among the highest chromium, nickel and titanitum
contents of all the alloys that have been discussed. Further study is necessary to clarify these
ideas.

IV. RECOMMENDATIONS AND CONCLUSIONS

The Abel-Noble equation of state provides a simple analytical relationship that describes the real
gas behavior of hydrogen for conventional engineering pressures above ambient (0.1 MPa <

P <200 MPa) and temperatures near ambient (273 K < T <423 K). The real gas behavior of
deuterium is nominally equivalent to hydrogen for the same range of pressure and temperature
and tritium is expected to follow the same relationship. This equation of state is appropriate to
higher temperature (< 1000 K) for pressures to at least 50 MPa and is probably accurate to
pressures of 200 MPa or higher; however, experimental validation is lacking. The Abel-Noble
parameter b was determined to be equal to 15.55 cm® mol™ using data previously published for
hydrogen.

The fugacity of hydrogen should be used in thermodynamic relationships in place of the
pressure. Assuming the Abel-Noble equation of state, the fugacity has a simple analytical form

f=P exp(:—_?j 9)

which can easily be incorporated in permeation, diffusion, and solubility calculations. The ratio
of fugacity to pressure (often called fugacity coefficient) is about 1.1 at 15 MPa and 298 K, thus
even at relatively modest pressures the real behavior of the gas can be important. The fugacity
coefficient decreases as temperature increases.



The permeability measurements for austenitic stainless steels that have been reported in the
literature are generally quite consistent. These reports show that for single-phase austenitic
stainless steels the permeability is independent of the alloy and the microstructure; second
phases, such as strain-induced martensite, however, can substantially increase permeation. The
relationship of Louthan and Derrick is recommended as a good relationship for extrapolation to
ambient temperature [27]. Diffusivity, on the other hand, appears to depend on the alloy; in
addition, there may be considerable errors in reported values due to the role of surface condition.
The nitrogen-strengthened, high-manganese stainless steels, such as 21Cr-6Ni-9Mn and 22Cr-
13Ni-5Mn, for example, have lower diffusivity of hydrogen and higher solubility for hydrogen
than the 300-series stainless steels (while the permeability is the same for the two alloy groups).

Since the permeability is essentially the same for all stainless steels, the accuracy of the
solubility measured from permeation experiments will depend on the accuracy of the diffusion
measurement, which generally has large uncertainty. For stainless steels the total hydrogen
concentration in the lattice can be approximated by the lattice solubility since hydrogen is not
strongly trapped and equilibrium lattice concentrations are very high. Therefore, hydrogen
extraction techniques provide good estimates for solubility. In this report, hydrogen extraction
data was used, taking into consideration fugacity, to determine solubility relationships for 304L
and 21Cr-6Ni-9Mn. Similar hydrogen extraction data for 316 and 22Cr-13Ni-5Mn correlate well
with these relationships for 304L and 21Cr-6Ni-9Mn respectively. These relationships were
developed to provide conservatively high solubility when extrapolated to ambient temperature
and to account for the pressure and temperature dependence of real gas behavior. Appropriate
diffusivity relationships for these two alloy groups can be determined using D = ®/K. The
recommended relationships for permeation, diffusion and solubility are given in Table 8.
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APPENDIX A. Units

The units that are used for permeability and solubility of hydrogen vary substantially in the
literature, often leading to confusion. Solubility units are a measure of concentration normalized
by the square root of pressure. Permeability units are more difficult to visualize: flux normalized
by a characteristic distance (thickness) and the square root of pressure. The flux is concentration
per time per surface area. The concentration unit varies according to the motivation of the
disciple making use of the information. For relatively low concentrations of interstitial atoms, the
metallurgist prefers parts per million (ppm) and to complicate matters, two variants are
commonly used: atomic ppm and weight ppm. Systems engineers, on the other hand, prefer
standard gas volumes (cubic centimeters or liters) per volume of material. Others in the scientific
community have settled on moles of H, gas per volume (cubic meter) of material. It must be kept
in mind when converting between these units that two atoms make a molecule of hydrogen gas,
but when dissolved in the lattice of a metal the hydrogen exists as atomic hydrogen, therefore a
factor of two is necessary when converting between atoms of hydrogen dissolved in the material



and the equivalent amount of hydrogen gas. In addition, gas equivalence requires a standard
reference state, standard temperature and pressure, but in practice there is no universal definition
of standard temperature and pressure. When not stated we assume standard temperature and
pressure to be 273 K and 0.101325 MPa. Older studies typically used atmospheres for pressure
units, but recent studies have settled in on the megapascal (MPa). The recommended units for
solubility and permeability are then

mol H .
WP;_I/Z SOIUblllty
mol H, .
_ ermeabilit
m-s- MPa"? P y

Table A provides conversion factors for a number of commonly reported units.

There are several inconsistencies in the data reported by Caskey. The pressure units reported in
Ref. [7] for permeability and solubility are believed to be incorrect; /MPa should be replaced
with /atm (i.e., the values reported by Caskey have units of mol m" s atm™? and

mol m™~ atm™” for permeability and solubility respectively). In Ref. [20], Caskey quotes
hydrogen precharging temperature as 740 K, while plots seems to indicate that then temperature
was in fact 470 K as described in another reference [28].



Table 1. Permeability, diffusivity and solubility relationships: average values determined for several austenitic stainless steels.

Permeability Diffusivity Solubility
Temperature | Pressure | 2= Po exp(-H, /RT)| D =D, exp(-H, /RT)| K =K, exp(-AH, /RT)
Alloy Range Range o, H, D, Hp K, AH | Ref.
(K) (MPa) ( mol H, J ( kJ j (ﬁ) ( kJ j ( mol H, J ( kJ J
m-s-4/MPa/ [\mol S mol m’ - 4YMPa mol
Averai‘fl(‘)’iseveml 423-700 0.1-03 | 12x10* | 598 | 6.6x107 | 54.0 179 59 | [27]°
Average of six alloys 473-703 0.1 2.81x10* |62.27]576x107| 53.62 488 8.65 [29]
Based on >20 studies on 4
12 austenitic alloys B B 3:27x 10 65.69 B B B B ]
Average of four alloys 1x10™ 4 7
(301, 302, 304, 310) 373-623 0.03 0.535x 10 56.1 [2.01x10 49.3 266 6.86 [30]
304L 203 75 | [20]
21-6-9 345 75 | [20]
This
304L Determined from hydrogen extraction techniques 135 39 study
This
21-6-9 222 5.9 study
A-286 / JBK-75 aged 104 5.9 This
& ' study

* from deuterium data: permeability and diffusivity corrected to hydrogen by multiplying by the square root of the mass ratio: 2.




Table 2. Measured hydrogen concentration after thermal precharging stainless steels in high-
ressure hydrogen gas; all precharging performed at 197°C. Data from [28].

Measured Precharging Fugacity Solubility
Material [H] Pressure (MPa) [ mol H, J
(ppm) (MPa) m’ - YMPa
304L annealed 72 69 91 29.6
304L annealed, EP 81 69 91 33.3
304L CW 71 69 91 29.2
304L CW, EP 81 69 91 33.3
304L HERF 71 69 91 29.2
304L HERF, EP 79 69 91 32.4
Average + standard deviation 31.1£2
21-6-9 annealed 118 69 91 48.5
21-6-9 annealed, EP 126 69 91 51.7
21-6-9 CW 126 69 91 51.7
21-6-9 CW, EP 127 69 91 52.2
21-6-9 HERF 119 69 91 48.9
21-6-9 HERF, EP 126 69 91 51.7
Average + standard deviation 50.8+2

modified A-286 annealed 80 69 91 33.0
modified A-286 annealed, EP 81 69 91 334
modified A-286 HERF 51 69 91 21.0
modified A-286 HERF, EP 55 69 91 22.7
Average, all 27.5
Average, annealed 33.2
Average, HERF 21.9

EP = electropolished, CW = cold-worked, HERF = high energy rate forged




Table 3. Measured hydrogen concentration after thermal precharging 304 stainless steels in high-
ressure hydrogen gas; all precharging performed at 300°C.

) Measured [H] Precharging Fugacity Solubility
Material (ppm) Pressure (MPa) ( mol H, J
PP (MPa) m’ - vVMPa
304L annealed 62 34 38.6 39.1
304L 140 138 216 37.3
304L LENS 140 138 216 37.3
304L annealed 37 7 7.1 54.5
304L forged 150 138 216 39.9
304L annealed 130 138 216 34.6
304 base 130 138 216 34.6
304 base 130 138 216 34.6
304/308 weld 130 138 216 34.6
304/308 weld 130 138 216 34.6
Average + standard deviation 38.1+£6

Table 4. Measured hydrogen concentration after thermal precharging 316 stainless steels in high-
ressure hydrogen gas; all precharging performed at 300°C.

Prechargin . Solubility
Material Measured [H] Pressfre ¢ Fuﬁ‘; ity ( mol H, ]
316 heat 1, CW 140 138 216 37.5
316 heat 1, annealed 140 138 216 37.5
316 heat 1, CW 140 138 216 37.5
316 heat 1, annealed 140 138 216 37.5
316 heat 4, CW 130 138 216 34.8
316 heat 4, CW 130 138 216 34.8
316 heat 1, CW 150 ° 138 216 40.2
316 heat 1, annealed 140 ° 138 216 37.5
316 heat 4, CW 130 ° 138 216 34.8
316 heat 1, CW 140 138 216 37.5
316 heat 2, CW 130 138 216 34.8
316 heat 4, CW 120 138 216 32.1

Average + standard deviation 36.4+2

CW = cold-worked
* repeated analysis on material stored at —20°C for 8 months



Table 5. Measured hydrogen concentration after thermal precharging 21-6-9 stainless steels in
high-pressure hydrogen gas; all precharging performed at 300°C.

. Measured [H] Precharging Fugacity Solubility
Material (ppm) Pressure (MPa) ( mol H, ]
(MPa) m’ - MPa
21-6-9 HERF 270 138 216 71.3
21-6-9 forging 270 138 216 71.3
21-6-9 HERF 280 138 216 73.9
21-6-9 HERF 280 138 216 73.9
21-6-9 forging 270 138 216 71.3
21-6-9 forging 280 138 216 73.9
21-6-9 forging 280 138 216 73.9
21-6-9 forging 200 138 216 52.8
21-6-9 forging 210 138 216 55.5
21-6-9 annealed 230 138 216 60.7
21-6-9 annealed 230 138 216 60.7
21-6-9 weld 230 138 216 60.7
21-6-9 annealed 230 138 216 60.7
21-6-9 annealed 240 138 216 63.4
21-6-9 base 210 138 216 55.5
21-6-9 base 210 138 216 55.5
21-6-9 forging, FN~0 230 138 216 60.7
21-6-9 forging, FN~2 220 138 216 58.1
21-6-9 plate/bar 190 138 216 50.2
21-6-9/308 weld 150 ° 138 216 39.6
21-6-9/308 weld 150° 138 216 39.6
Average + standard deviation 63.4+8
21-6-9, Ref. [39] | 65 | 10 | 10.3 78.5

FN = ferrite number, determined with magnetic gauge

a

not included in average




Table 6. Measured hydrogen concentration after thermal precharging 22-13-5 stainless steels in
high-pressure hydrogen gas; all precharging performed at 300°C.

) Measured [H] Precharging Fugacity Solubility
Material (ppm) Pressure (MPa) ( mol H, J
bp (MPa) m’ - YMPa
22-13-5 annealed 140 69 86.3 59.0
22-13-5 heat 1, SHT 140 69 86.3 59.0
22-13-5 heat 2, SHT 140 69 86.3 59.0
22-13-5 bar 120 69 86.3 50.5
22-13-5 HERF (770 240 138 216 63.9
22-13-5 HERF (650" 250 138 216 66.5
22-13-5 forging 230 138 216 61.2
22-13-5 HERF (770 200 138 216 53.2
22-13-5 HERF (650% 180 138 216 47.9
Average + standard deviation 57.8+6

* yield strength (MPa)

SHT = solution heat treated, HERF = high energy rate forged

Table 7. Measured hydrogen concentration after thermal precharging A-286 and JBK-75

stainless steels in high-pressure hydrogen gas; all precharging performed at 300°C.
Precharging : Solubility
Material Mea(surren(; [H] Pressure F‘é%?;;gy mol H,
PP (MPa) m’ - VMPa
JBK-75 110 138 216 294
JBK-75 110 138 216 29.4
A-286 heat 1 120 138 216 32.1
A-286 heat 1, re-aged 120 138 216 32.1
A-286 heat 2 110 138 216 294
Average + standard deviation 30.5+1
JBK-75, Ref. [40] 25 10 \ 10.3 30.6




Table 8. Recommended permeability, diffusivity and solubility relationships for austenitic
stainless steels.

Permeability Diffusivity Solubility

® = ®, exp(—H, /RT)| D = D, exp(~H,, /RT)| K = K, exp(~AH, /RT)
Alloy @, H, D, H, K, AH, | Ref.

( mol H, J(ij (ﬁj (ﬁj (mole J (ij

m-s-4/MPa/ [\mol S mol m> - 4/MPa mol
All austenitic 12x10% | 598 — — — — | 7
stainless steels
300-series — — [ 89x107| 539 135 59 | Ihis
study

21Cr-6Ni1-9Mn 7 This
O 13NLAMn — — | 54x107| 539 222 59 | study
A-286/ JBK-75 — — | 12x10°| 539 104 s9 | Ihis
aged study




Table A. Unit conversions for quantities commonly encountered in permeability, diffusivity and
solubility studies. Note that a number of conversions require knowledge of the physical
properties of the material (density, molecular weight) or a clear definition of the standard state
chosen for the gas, therefore some of the conversion below are not universal.

To convert from To Multiply by
atm MPa 0.101325
mol H, g 2.016
mol H, cm’ 22414°
Energy
eV kJ mol”! 96.486
cal mol™ J mol 2184
Solubility
mol H mol H
o atm” o7 MPa” 3.14153
3
cm mol H, )
cm’ - atm'? o MPa” 140.16
gH mol H b
& MPa” ' MPa” 39x10
wt ppm H mol H, .
_MPal”_ w' MPa” 39
at ppm H mol H b
MPa"? ISRy 0.0718
MPa m® - MPa
Diffusivity
o5~ m’ s’ 0.0001
Permeability
mol H, mol H,
m-s-atm’? m-s MPa"? 3.14153
3
cm mol H, ]
om-s-atm” s MPa” 0.014016
m’ - MPa'? m® - MPa"?
mol H, mol H,
m’ - atm"” m® - MPa"? 3.14153

* at STP, standard pressure and temperature: P =0.101325 MPa, T=273.15K
® assumes density of solid to be 7.9 g cm™ (stainless steel), and limit of small H content
¢ assumes equivalent molecular weight of solid to be 55 g mol™ (stainless steel) , and limit of

small H content
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Figure 1.
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Figure 3. Fugacity as a function of pressure using the Abel-Noble equation of state.
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Figure 4. Permeability of 316 stainless steel alloys. Circles: average of several different
austenitic stainless steels [27]. Triangles: average of six austenitic stainless steels [29]. Other
full lines: [15, 16, 32-36].



10-82"'I"'I"'l"-l---u---u---|
10° [ ]
10'1°f_

10 _

Diffusivity (m? s™)

1012 _

108 _

10-14 i 1 1 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

Temperature, 1000/T (K™
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austenitic stainless steels [27]. Full lines: [29, 32, 36]. Dotted lines represent relationships
from studies that feature low solubility, same studies dotted in Figure 6 [15, 34, 35].
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Figure 6. Solubility of 316 stainless steel alloys. Circles: average of several austenitic
stainless steels [27]. Full lines: [29, 32, 36]. Dotted lines represent relationships that display
low solubility [15, 16, 34, 35], same studies dotted in Figure 5.
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Figure 8. Solubility fit to hydrogen extraction data: open symbols, data from Tables 3-7,
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