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DEUTERIUM PROFILEMETRY AND DIFFUSION COEFFICIENT

IN ELECTROCHARGED STAINLESS STEEL*

M. B. Lewis and K. Farrell MAS“R

Metals and Ceramics Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

The method of nuclear microanalysis using the reaction D(d,p)T is used
to measure concentration-depth profiles of deuterium in austenitic type
310 stainless steel electrocharged in 1 N D,SO, with arsenic poisomn at
room temperature. The influence of aging after charging is examined. A
near-surface density of 0.6 deuterium atoms per metal atom (i.e., 38 at. %)
is found for the initially charged condition. Associated with this high
gas concentration is considerable microstructural damage. An analysis of
the deuterium depth profiles yields a room-temperature diffusion coefficient
for deuterium of 1.4 x 10-16 m?s-! at high concentrations which is consistent
with extrapolation of higher-temperature data available from other techniques
for annealed material. At lower deuterium concentrations, <1072, in the
aged material the extracted diffusion coefficient is a factor of three
higher, implying a dependence on concentration. At concentrations <1073,
diffusion may be hindered by dislocation trapping.
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. Introduction

In hydrogen embrittlement and hydriding studies of metals, the hydrogen
is frequently introduced by cathodic charging in aqueous acid solution.
Usually a poison such as arsenic or-sulfide ions is added to the electrolyte
to boost hydrogen uptake (1). Under these conditions it is expected that
the hydrogen concentration in the surface layers of the cathode will be
large in accordance with the expectedly-very high fugacity of hydrogen at
the surface. Once absorbed, ingress of hydrogen proceeds by diffusion, the
rate of which may be different from that measured for the usual gas permea-
tion conditions because of hydrogen-hydrogen interaction imposed by the high
concentration of hydrogen, and from trapping or pipe diffusion at micro-
structural damage (2—-8) cointroduced during charging. Knowledge of the
hydrogen concentrations and diffusion associated with cathodic charging is
therefore needed to provide a better understanding of hydrogen behavior in
metals. We have measured these parameters for an austenitic stainless
steel cathodically charged in a poisoned electrolyte.

Procedure

Specimens were cathodically hydrogenated and their concentration pro-
files were determined by nuclear microanalysis using a probing beam of ions
from a particle accelerator. Details of the principles and practice of
this technique are available elsewhere (9-11). The particular conditions
used in the present experiments are described in Ref. 10. Briefly, a mono-
energetic beam of ions impinges at a known angle on a target surface where
it penetrates the surface and undergoes a nuclear reaction with the impurity
in the target. The reaction products are scattered and a fraction of them
are emitted from the target and captured in a detector which measures the
yield of reaction ions, Y(E), and their energy, E. The yield is related to
the concentration, C, of the specific target element, and their emergent
energy is a function of the depth, x, at which the nuclear reaction occurred.
Thus, a concentration-depth, Cy, profile can be obtained. The depth of
measurement of the profile is limited to the penetration of the probing
ion (of the order of 1 um in the present studies). If the target element
is mobile, the shape of the profile will change with time and temperature,
and small shifts of less than 0.1 pym are readily detected; analyses of these
shifts in terms of Fick's diffusion laws gives an effective diffusion

coefficient.

We used deuterium instead of hydrogen in order to utilize the well-
characterized D(d,p)T reaction, where D denotes the target atom, d the
probe ion, and p and T the measured reaction products. The targets were
S-mm diam disks, 0.3 mm thick, of type 310 stainless steel (21.1 wt % Ni,
23.4 Cr, 2.1 Mn, 1.0 Si, 0.06 C) anncaled at 1050°C in helium. Four disks
were mechanically polished on Syntron lapping wheels to a 0.1 um diamond
finish and were spot welded on their edges to a cross of nickel wires. This
assembly was suspended in the electrolyte such that the polished face of
each disk was equidistant from a surrounding cylindrical platinum anode.
The electrolyte was 1 N DySO, poisoned with 2.5 g metallic arsenic per cubic
meter.* The bath was maintained at 24°C and was stirred gently with a
plastic-coated magnetic paddle.. The DC current density was 1 kA m? at 3V,

and the charging time was 6 ks.

*With no arsenic in the electrolyte, deuterium uptake in the cathode is
significantly reduced.
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Immediately after electrocharging, the specimens were washed in water
and alcohol. One was quickly transferred to the ion scattering chamber
which was then pumped to a pressure of less than 1073 Pa to allow accurate
energy and particle current measurements. The minimum time between cessa-
tion of charging and beginning of probing was usually 480 s. The time re-
quired for analysis was 60 to 300 s. The remaining specimens were allowed
to age for periods up to several hours at room temperature and pressure.
For specimens that were probed twice during the experiment, care was taken
to insure that the beam spots never overlapped in order to avoid defects
introduced by the ion beam from affecting deuterium egress (10). While
defects are introduced during measurement, the measuring time is too short

to affect the results.

Data Analysis and Results

The data from the nuclear reactions are pulses or counts (yield} per
measurement channel (energy) and are stored in a computer. They must be
converted to concentration-depth data which are then analyzed through suit-
able diffusion expressions to obtain diffusion coefficients.

Concentration-Depth Profiles

Simple concentration-depth data, Cy, are derived from the yield-energy
data by the method of convolution integrals (12). A computer code estimates
energy losses, straggling, multiple scattering, and other relevant kinematic
information then calculates the convolution integrals

Y(E)/AE = K A Pincxbpoutds (1)

where Y(E)/AL = the yield of reaction product,
K = the normalizing constant including beam flux on the target,

P = the Gaussian functions whose widths are determined by the
overall resolution,

b = the nuclear reaction cross section, and

S = the space of energy and volume over which the reaction takes

place.

The stopping powers are taken from Ref. 13, and Bragg's rule (9) is used to
estimate stopping powers in the target. Cross sections are given by Ref. 14
To extract Cy, an analytic form for Cx, such as the error function, may be
chosen and the appropriate error function parameter from Eq. (1) may be ad-
justed to fit the Y(E)/AE data. Alternatively, Cyx may be factored out and
soived for directly via a deconvolution procedure.
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For the above analytic method, the gas distribution is assumed to be
described by the usual diffusion laws such that the profiles should follow
the aging pattern depicted schematically in Fig. 1. Here the boundary con-
dition assumed during charging is

C = Co for x = 0,t; >0, (2) t
where C is the concentration (expressed throughout this work as gas atoms

per metal atom) and t; is the charging or ingress time. The solution for
Fick's laws satisfying this condition would then be

ot

C(x,t;) = C, erfc [x/2(Dt3)1/2], . (3)
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Fig. 1 - Schematic illustration of
expected concentration pro-
files near the specimen sur-
face at points in time during
electrocharging and three
points in time during re-
lease (decay) after a fixed
electrocharging time.

during the electrocharging process,
where D is the diffusion coefficient
and x is the distance below the sur-
face along the surface normal. As

can be seen in Fig. 1, if the charging
time is long compared to the time for
release or egress, the region near the
specimen surface can be assumed rela-
tively uniform in concentration Cq
when the charging ends (i.e., when
the specimen is removed from the
electrolytic bath). This point in
time becomes t_ = O for the process

0.00t
° of deuterium egress with boundary

conditions

0.5 1.0
DEPTH{m)

C =Co for ty = 0; C=0 for x = 0,tg >0, (4

for which the solution satisfying Fick's laws is
C(x,tg) = Cq erfx/2(Dtg) /2] . (5)

This gives the aging curves which show that on cessatic~ of charging, the
front of the profile continues spreading inwards but the deuterium in the
immediate surface layers escapes to the atmosphere; the maximum concentra-
tion declines and moves inwards. Only for very long charging times compared
with release times is the maximum concentration, approximately equal to the
original immediate sub-surface concentration, C;. Because of the delay be-
tween charging and measurement in the present work, deuterium release is

significant.
measured profile.

An example of results for the analytic method is given in Fig. 2 for a
specimen electrocharged for 6 x 103 s and probed 660 s later.
specimen surface is at the right-hand side in the yie
the left-hand side of the concentration-depth plot.
gives the closest fit to the data and provides the concentration-depth curve

in the upper part of the figure.
and this is reflected in the curve at shallow depths, <0.5 um, where much of

the deuterium has escaped.
When the decdnvolution method is used, the resulting C(first-order
approximation) becomes the first trial function which is then renormalized

to fit the yield data (more exactly, a second-order approximation).
tration profiles obtained this way for the aged specimens are given in Fig. 3.

These ion beam measurements are quantitative in concentration and dcpth
to an accuracy of 5-20%. .

=
Nevertheless, Coy can be extracted by normalizing Eq. 5 to the =
-
(¢
=
tn

Note that the

ld/channel plot and at

A value of vDt = 0.28um

This curve is for an aging period of 660 s,
-

Concen-
=
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Fig. 2 - Data and calculated fits Fig. 3 - Deuterium depth profiles
for a D(d,p)T reaction as a function of egress
spectrum from a 0.45-MeV time following a 100 min
deuterium beam incident on electrocharge. Data shown
310 stainless steel electro- hatched to indicate
charged with deuterium for uncertainty.

100 min and aged 11 min
before probing. The cor-
responding concentration
profile is shown above the
data. The right-hand edge
of the spectrum corresponds
to the surface of the
specimen.

Diffusion Coefficient

The best-fit value of vDt = 0.25 um for Fig. 2 gives a diffusion coef-
ficient for deuterium in austenite at 25°C of 1.4 x 11-15 p2s-1,  This is
based on the assumption that the initial deuterium concentration (to = 0)
in Fig. 1 is uniform so that the analytic form erf(x/2vDt) is an appropriate
description of the concentration profile. While this may be satisfactory
for short aging times, it will not be valid at longer times, te 3 103 S,
and the diffusion cquations must be solved more exactly to portray the true

deuterium loss. To do this we substitute

C(x,te = 0) = C, erfc[x/2(Dtj) /2] . . -(6)
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With this condition, we have solved numerically the equation

aC B2 -
F T (7

assuming the same diffusion constant for ingress and egress.

The solutions were obtained with the use of the differential equation
solver GEARB (15), utilizing 150 grid points. The boundary condition 3c/3x=0
was applied at an internal point of 12 um, sufficiently deep for the longest
times to avoid interference in the 0—1 um region from any "back reflected”
deuterium. The corresponding diffusion coefficients are shown on the egress
curves in Fig. 3 and are further considered in the discussion section,

The Initial Deuterium Concentration

When the solutions to the differential equation are adjusted to fit the
data in Fig. 3, two parameters, Co and D are determined. The overall nor-
malization is Cy, the immediate subsurface concentration during electro-
charging. This parameter is of special interest because it describes the
local concentration of deuterium present in the steel during the charging.
For the curves in Fig. 3, the appropriate C, value is 0.50 * 0.15 gas atoms/
metal atom. For Fig. 2, Co = 0.60 * 0.15,

Discussion

This work illustrates the usefulness of nuclear microanalysis to gas/
metal studies. 1In particular, the technique provides fast and quantitative
information on near-surface concentrations and migration of hydrogen (deu-
terium) which is unavailable by other techniques. We find that the concen-
tration of deuterium introduced into 310 austenitic stainless steel during
cathodic electrolysis of sulphuric acid-D, containing small amounts of
arsenic poison is high, about 0.6 dcuterium/metal atoms or 37.5 at. %. This
is considerably greater than the values of 1 x 10-2 (Ref. 16) and 2.5 x 10°2
(Ref. 8) hydrogen atoms/metal atoms quoted for bulk analyses of similarly
charged materials which do not allow for a nonhomogeneous depth distribution
of the hydrogen. However, Smialowski and his colleagues have long claimed
high surface concentrations of hydrogen in a-iron (17) and nickel (18); in
the latter surface concentrations as high as 0.7 were attained, and an
unstable nickel hydride phase was identified (19,20). Other evidence sup-
ports high subsurface hydrogen concentrations in austenite charged under
cathodic conditions like ours. For example, Xx-ray measurcments show that
the vy lattice is significantly expanded (2,6,7); interplanar spacings are
reversibly increased by about 5% (Ref. 7). When this increase is compared
with the linear increase in the host unit cell with hydrogen concentration
in other single-phase fcc materials charged in high-pressure gascous hydro-
gen (21), it corresponds to a hydrogen/metal ratio of 0.62. Also, the cal-
culations and experiments of Atrens et al., (22) on rates of ingress and
egress of cathodic hydrogen in 310 steel, indicate a subsurface hydrogen
concentration of about unity. Qur measurements confirm these high hydrogen
levels, We have also done transmission electron microscopy studies of these
specimens and find that there was dense microstructural damage created in
the surface layers of our specimens. Details of this damage will be made
available elsewhere. Briefly, the damage consisted of intense bands of dis-
locations and faults on slip planes, with cracks at a few cf the slip bands
and at some annealing twins, grain boundaries, and inclusions. The cracks
were barely discernible by optical metallography but were easily revealed
by electron microscopy. This damage commenced in very short charging times
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as dislocation loops emanating from the specimen surface and later from
interfaces. With increasing charging time the damage moved slowly inwards
as a front. In 24 h it penetrated only A5 x 106 m; scrial sectioning and
further deuterium profiling showed that the deuterium concentration also
declined beyond this depth. We note, too, that if we use our extracted
diffusion coefficient of 1.4 x 1016 m2s-1, the penetration depth for a

24-h charge given by x = VDt is about 4 x 10-% m. Charging in unpoisoned
electrolyte, which induced lower deuterium levels, caused relatively little
damage. The implication is that the near-surface damage structure resulted
from the deuterium content or gradient exceeding some critical vazlue in
those regions. Such structures could develop from stress relief by disloca-
tion generation and shear at steep deuterium gradients between a near-surface
metal lattice expanded by deuterium and a relatively unexpanded substrate

lattice.

In the light of these findings, it is reasonable to suppose that the
plastic deformation, martensite formation and cracking observed by others
(2-8) at the free surface of austenite after cathodic hydrogenation in
poisoned electrolyte were also caused by very high hydrogen concentrations
similar to those measured here. These '"skins'" of damage may contribute to
the reported hydrogen embrittlement of 310 steel. In this alloy hydrogen
embrittlement is noted only for conditions of cathodic hydrogenation in
poisoned electrolyte (2,16,23,24) but not when charging is done in high-
pressure hydrogen gas or in unpoisoned electrolyte at 280°C (28).

The diffusion coefficients determined from Figs. 2—3 are in agreement
with the extrapolated values for a range of austenitic stainless steels
(Table I) at 25°C. This suggests that most of the deuterium remains in
atomic form even at concentrations of several atomic percent. A small iso-
tope dependence is consistent throughout the table. Agreement with the
literature despite the intense dislocation damage in our measurement area
implies that the dislocations are not interfering with the migration of the
deuterium at high concentrations. We take this to mean that there is suf-
ficient deuterium present to saturate any trapping sites presented by the
dislocations and to leave most deuterium free to migrate. The amount of
cracking observed by TEM is not enough to seriously affect diffusion.

Table I. Comparison of Diffusion Coefficients of Hydrogen =
and Its Isotopes in Austenitic Stainless Steels at 298 K =
Type Steel Isotope 2223212?522 (X?Of§§8m§}s) Reference ’
Range (K)
316, 304 T 298498 0.96 29
310, 309, 304 D 385-713 1.6 30
310 H/o 472-779 13.8/11.6 31
309 H/D 423-873 2.9/2.1 32 ~
304 T 373573 1.32 33
310 D 298 1.4 £ 0.2 this work C; ='0.10 .
4.2+ 1.0 this work Cy % 0.01 °




Other sources of interference might arise from barriers at the free
surface, and from deuterium interaction with impurities and with other deu-
terium atoms. We looked for evidence of deuterium blocked at the surface
and found only very slight amounts. Interference by other impurities, if
it occurred, is likely to be common to all the measurements in the table,
so it would not show as a discernible difference in our value. We did find
signs of a possible interaction between the deuterium atoms, as follows.
When the diffusion coefficient of 1.4 x 10-16 m?s-! was applied to the set
of curves in Fig. 3, good fits were obtained for the tg = 660 s and 2640 s
aging curves, but not for the curves for longer aging times. To fit the
te = 9600 s and 16,200 s data, it was necessary to increase the diffusion
coefficient by a factor of three. At these aging times the deuterium levels
were also considerably lower than for the shorter times. Such an increase
in diffusivity with decreasing concentration is observed in other hydrogen-
metal systems, as recently summarized by Volkl and Alefeld (34). The expla-
nation is that the effective diffusion coefficient has a concentration
dependence through the activity coefficient, y, thus (35)

D=D* [1 + 3(lny)/3(InC)] . (8)

With increasing concentration, the mutual interaction of atomic hydrogen in
a metal will lower its activity coefficient thus lowering the hydrogen dif-
fusivity D compared to the infinitely dilute case D* (sometimes referred to
as the '"'tracer" or Einstein diffusion coefficient).

At the longest aging time (8 x 10" s) and corresponding low concentra-
tions (610'3), we find the amount of residual deuterium is somewhat higher
than predicted. The most reasonable explanation of this is that at these
low deuterium concentrations transitory trapping by the dislocation damage
structure is being observed.

Conclusions

1. Nuclear microanalysis is a useful and fast technique for studying
the distribution and migration of deuterium (hydrogen) in metals.

2. The near surface concentration of deuterium introduced into 310
austenitic stainless stcel during cathodic charging in sulphuric acid-D;

poisoned with 2.5 mg/l arsenic at 24°C is 0.6 deuterium atoms per metal atom.

3. Concurrent with this high deuterium concentration, intensive micro-
structural damage is developed in the form of dislocations and cracks.

4, Egress of deuterium after charging does not appear to be affected
by the dislocation damage for egress times S10% s (i.e., deuterium 310-2)
and the diffusion coefficient at 25°C is 1.4 x 10-16 m2s-1, for C = 0.10,

5. At longer egress times (and lower deuterium content), the effective
di ffusion coefficient is increased threefold, compatible with a concentra-
tion dependence of the hydrogen activity coefficient.

6. At long cgress time and low deuterium level (510-3), the residual
deuterium is observed to be less mobile as if trapped by dislocations or

other defects.

7. Even at high concentrations most of the deuterium remains in
atomic form.
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