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Abstract

Employing a basic, gas phase-permeation measurement procedure and modern, ultra-high vacuum technology, measurements were
made of the hydrogen permeability and diffusivity in a commercialy available Co based superaloy. The transport parameters were
determined over a pressure range of 0.013-1.2x10° Pa and temperature range, 490—1150 K. The hydrogen solubility was estimated from
the relationship between the permeability and diffusivity. The solubility obtained from these measurements is compared with published
data for the equilibrium hydrogen solubility in pure Co. Similar anomalies are observed in both solubility measurements.
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1. Introduction

The successful development of advanced aerospace
propulsion systems based on hydrogen—oxygen fuels is
dependent on the development of materials capable of
successfully containing the high temperature, high pressure
hydrogen. Studies have shown that cobalt based alloys
appear to have higher resistance to mechanical property
degradation in hydrogen environments compared with iron
or nickel based aloys [1]. However, only recently were
measurements initiated to determine the macroscopic
transport parameters (permeability, diffusivity and solu-
bility) for hydrogen in any Co based aloy system [2]. The
aloy studied, Haynes 188 [3], is a commercially produced
Co—Cr—Ni—-W superalloy, whose measured composition is
shown in Table 1. It is, anticipated that the macroscopic
transport parameters for this, as well as any alloy, may be
influenced by the microstructure and chemical phases
present in the alloy [4].

In the present report, a comparison is made between the
hydrogen solubility in the cobalt alloy determined from the
transport parameters and the equilibrium solubility in pure
Co. The equilibrium solubility in Co was measured by
Stafford and McLellan using the equilibrate-quench-vac-
uum extract method [5]. The solubility observed in their
work has a non-Arrhenius temperature behavior which

Table 1

Measured composition of Co aloy (Haynes 188) in atomic percent

Co Cr Ni W Fe Other Non-
metallic metallic

44.0 24.6 231 4.6 17 0.9 12
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they interpret as hydrogen trapping on grain boundaries.
Hydrogen trapping is known to promote serious degra
dation of mechanical properties in iron and nickel based
aloy systems [6].

Pure Co is known to undergo a structural phase transi-
tion from the low temperature hcp phase to a high
temperature fcc phase at about 690 K [7]. The Haynes 188
alloy, which has an fcc crystal structure, is not reported to
have any structura (or other) phase transformations [8]. It
might be expected that the hydrogen solubility in the Co
alloy would be comparable to the solubility observed at
high temperature in pure Co, since they would both have
the same crystal structure.

2. Experimental

In isothermal permeation studies involving metals, it is
usually assumed that molecular hydrogen is dissociatively
chemisorbed on the entrance side of a membrane of the
material being studied. The chemisorbed hydrogen then
diffuses through the bulk of the membrane as dissolved
hydrogen. The dissolved hydrogen recombines on the exit
side of the membrane to form molecular hydrogen which
desorbs into the exit side volume where it is detected. For
most experimental conditions, it is safe to assume that the
surface processes (adsorption and desorption) occur rapidly
compared to the time to diffuse through the membrane [9].

In the current study, the permeability, &, was obtained
from measurements of the isothermal steady-state flux of
hydrogen through the membrane, whereas the diffusivity,
D, was obtained from a conventiona lag-time analysis of
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the flux's transient response [10]. The solubility, S is
calculated using the measured permeability and diffusivity
and the relationship, S=®/D [9]. The detals of the
hydrogen permeation apparatus and the general experimen-
tal procedures used in the present work are discussed
elsewhere [2]. Only those elements important to the
present discussion will be reviewed herein.

The permeation measurements were carried out in an
ultra-high vacuum apparatus which could be baked out at
high temperature to reduce impurity gases (the adsorption
of which may affect the surface processes) and minimize
the ever present hydrogen background, permitting permea-
tion measurements at lower temperatures. The background
pressure at the end of the bake-out period was typically
1-3x10"° Pa with the specimen at temperature. During
the measurements, the exit side volume was continuously
evacuated at a constant pumping speed so that the hydro-
gen partial pressure in the exit volume would be directly
proportional to the flux of molecules permeating the
membrane. The partial pressure in the exit volume was
determined using a sensitive quadrupole mass anayzer.
The permeation measurements were calibrated by compar-
ing with independently calibrated leak sources traceable to
NIST standards’.

The Haynes 188 aloy permestion specimen was in the
form of a closed-end cylinder, with the exterior surface of
the cylinder being the exit side for the permeating hydro-
gen. The wall thickness of the cylinder in the gauge
(membrane) section was 0.51x10~% m (0.020 in.) with an
interior radius of 4.76x10°° m (3/16 in.). The gauge
section was heated by an rf induction heater positioned
over the gauge section. The temperature was measured
with a thermocouple placed inside the specimen tube and
contacting the interior wall in the center of the gauge
section. The length of the isothermal region was 19.1X
10~% m (0.75 in.). The surfaces of the gauge section were
mechanically polished and cleaned, both chemically and
by repeated high temperature vacuum processing. The
procedures employed produced repeatable data on a con-
sistent basis as evidenced by the reproducibility of in-
dividual datum acquired randomly with some temperatures
revisited months after the initial datum was acquired. In al
the measurements the specimen was first heated under
vacuum (both surfaces) to about 1073 K and held at
temperature for 2—3 min to thoroughly outgas the gauge
region. The gauge section was then allowed to cool to a
temperature about 50 K below the target temperature
before increasing to the target measurement temperature.
The time record of the membrane temperature, entrance

'The calibrated H, leaks were manufactured by Vacuum Instruments
Corp., Ronkonkoma, NY and had values of 3.26x107° (at 23.3°C) and
7.85X107° (at 25.0°C) atm-ccs ™.

side pressure, and exit side hydrogen partial pressure were
digitally recorded during each measurement. The data were
analyzed using the appropriate equations for permeation
through a cylindrical membrane geometry [11].

3. Results and discussion

The data were obtained over a broad temperature range
of 490-1150 K and an entrance side hydrogen pressure (p)
range of 1.3x10° Pa to about 1.2X10° Pa. Except at the
lowest temperatures, where pressure variation measure-
ments were not performed, the permeation flux was
observed to be proportional to V/p. This result is demon-
strated for data taken at high and moderated temperatures
in Fig. 1. At lower temperatures, the time and signal
sensitivity necessary to acquire adequately data becomes
prohibitive. About 610 K was the lowest temperature
where permeation flux data at multiple pressures could be
reasonably acquired. These data scale with \V/p as shown
by the two permeability data points at 1/T~1.7x10 > K *
in Fig. 2. The result shown in Fig. 1 indicates that the
subsurface hydrogen concentration in the cobalt aloy
obeys Sievert's Law for the indicated conditions of tem-
perature and pressure. This correspondence was not estab-
lished in the earlier work on the equilibrium solubility of
hydrogen in Co where measurements were made only at a
constant pressure of 1 atm (1.01x10° Pa) [5].
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Fig. 1. The variation of the hydrogen flux permeating a Co alloy
specimen (Haynes 188) as a function of the entrance side H,, pressure, p,
a two different temperatures, 822 K and 932 K.
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Fig. 2. The temperature dependence of the permeability, @, and diffusivi-
ty, D, of hydrogen in a Co alloy (Haynes 188).

31. Permeability and diffusivity

The temperature dependence of the permeability (&) is
shown as an Arrhenius plot in Fig. 2. The permeability
data is accurately described by a single activation energy
Arrhenius relationship over the entire temperature range,

@ =2.4x10" exp(—64.6/RT), H,/m—s— (Pa"'* (1)

The gas constant R is in units of kJ/mole-K and T is the
temperature in Kelvin.

The diffusivity (D) was determined from an analysis of
the “‘lag-time’” where the ‘‘lag-time’ is the time axis
intercept of the straight line, long time behavior of the time
integral of the permeation flux [11]. The flux data was
acquired for a time period exceeding 4-5 times the *‘lag-
time"’ to insure adequate accuracy. The temperature depen-
dence of the diffusivity is presented as an Arrhenius plot in
Fig. 2. Unlike the permeability data, the diffusivity cannot
be accurately fitted by a single activation energy Arrhenius
relationship. The data indicates that the magnitude and
temperature dependence of the diffusivity changes abruptly
at about 690 K. Above and below the transition tempera-
ture, the diffusivity is represented by the following:

D =46x10"" exp(—42.3/RT), m*/s, for T > 690 K
and

D =2.0% 10" ° exp(—28.4/RT), m*/s, for T < 690 K.

3.2, Solubility

The hydrogen solubility was calculated using the
thermodynamic relationship, S=@®/D. In determining S
the permeability and diffusivity data points were not
always acquired at the same temperature, so the accurate fit
to the permeability data, Eq. (1), was used to estimate the
@ value at each diffusivity datum temperature. The
solubility values generated by this procedure are presented
as an Arrhenius plot in Fig. 3. To be consistent with the
equilibrium solubility data of Stafford and McLellan for
Co [12], shown aso in Fig. 3, the Co aloy solubility has
been evaluated for one atmosphere hydrogen pressure
(1x10° Pa).

As can be seen from Fig. 3, the hydrogen solubility in
the Co aloy and Co are very similar in terms of their
temperature dependence, magnitude and the presence of a
high—low temperature transition. For the Co alloy, the
solubility can be accurately fitted to the following:

S(1 atm) = 1.47 X 10°° exp(—21.1/RT), H,/m?,
for T > 690 K

and

(1 atm) = 21.1 X 10°° exp(—33.1/RT), H,/m?,
for T <690K.

Stafford and McLellan concluded that the anomalous
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Fig. 3. The temperature dependence of the solubility, S, of hydrogen at
one atmosphere (1X10° Pa) in a Co dloy (Haynes 188) and pure Co (
[12]).
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behavior observed in the equilibrium solubility for hydro-
gen in Co was due to the trapping of dissolved hydrogen,
possibly at grain boundaries. Such transitions, however,
are quite gradual and not as abrupt as implied by their data
[6,11]. Crystallographic phase transitions, on the other
hand, do show abrupt transitions similar to the cobalt data
[13]. The solubility transition for Co, however, occurs at a
temperature higher than the a—p transition temperature,
see Fig. 3.

There are no reported bulk phase transitions for the Co
aloy, nor is evidence of any transition present in measure-
ments of various physical parameters [8]. It is possible,
however, that a transition is occurring at the grain
boundaries which act as a source of trapping sites. In the
Ni—C system, for example, there is a sharp temperature
transition for the segregation of C from the bulk to a free
surface; below the transition temperature, C is present on
the free surface with a fixed concentration and above the
transition temperature, the C nearly completely dissolves
in the bulk [14]. If the surface C was acting as a grain
boundary hydrogen trap in Ni, then evidence of trapping
would abruptly appear at temperatures below the transition
temperature. The temperature dependence of the equilib-
rium solubility of hydrogen in polycrystalline Ni [5] does
exhibit the same abrupt temperature transition as observed
in Co and the Co aloy. The transition is absent in
equilibrium solubility studies using Ni single crystals [5].
In single crystals, the absence of grain boundaries (except
at the free surface) would be expected to significantly
reduce the effectiveness of a surface transition-trapping
mechanism.

If the solubility anomaly in the Co aloy is caused by
trapping, then it can be inferred that the trapping process
may be more activated than for the lattice diffusion
process, i.e. the activation barrier between the dissolved
state and the trapped state is larger than between adjacent
dissolved states. The Co alloy datain Fig. 3 implies that as
the temperature decreases, the solubility approaches values
obtained by extrapolation from the high temperature data.
This suggests that the traps are losing their effectiveness at
lower temperatures. This is consistent with thermal activa
tion being required to initially populate the traps. At the
lower temperatures, the dissolved hydrogen does not have
enough energy to cross the additional activation barrier and
reach the trap. Confirmation of this hypothesis requires
additional measurements at lower temperatures. Such
measurements are in progress along with surface studies to
investigate the possibility of a surface phase transition in
the Co dloy.

4. Summary
The hydrogen permeability and diffusivity have been

measured in a cobalt based alloy (Haynes 188) over a
temperature range of 490-1150 K and a pressure range of

0.013-1.2X10° Pa. The permeating hydrogen flux was
found to be proportional to Vp, where p is the entrance
side hydrogen pressure indicating that the Co aloy obeys
Sievert's Law.

The hydrogen permeability can be accurately fit over the
entire temperature range to the following Arrhenius rela
tionship: @=2.4x10"" exp(—64.6/RT) H,/m-s-(Pa)"'>.
Here R is in units of kJ/mole-K and T is the temperature
in K. The temperature dependence of the diffusivity which
was obtained from measurements of the *‘lag-time,”” shows
a discontinuity and cannot be fit to a single activation
energy. The high temperature component of the diffusivity
should represent the lattice diffusivity of hydrogen in the
Co dloy. It is postulated that the low temperature dif-
fusivity results from an activated trapping process associ-
ated with a grain boundary carbon solubility phase transi-
tion. The lattice diffusivity for temperatures greater than
690 K is represented by the following; D=4.6x10"'
exp(—42.3/RT), m*s™ .

The solubility derived from the permesbility and dif-
fusivity is in reasonable agreement with the equilibrium
solubility obtained elsewhere for Co, including the pres-
ence of a temperature dependent discontinuity. The high
temperature component of the solubility should be repre-
sentative of the lattice hydrogen solubility in the Co aloy
and is represented by the following: S=4.6x10"
exp(—21.1/RT), H,/m*-(Pa"? for temperatures greater
than 690 K.
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