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Potentiostatic pulse technique to determine the
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A potentiostatic pulse technique was used to determine the efficiency of hydrogen entry and trapping
in two precipitation-hardened (Inconel 718 and Incoloy 925) and two work-hardened (Inconel 625
and Hastelloy C-276) nickel-base alloys in an acetate buffer (1 M acetic acid/1 M sodium acetate)
containing 15 p.p.m. As,O;. The data were examined as a function of charging time and overpotential.
The trapping efficiency increases with charging time (¢.) and is linearly dependent on (z,)'? for
sufficiently short times. The range of linearity is determined by the apparent trapping constant for the
alloy. The entry efficiency is independent of charging time but it can vary with overpotential depending
on the value of the charge transfer coefficient («) for the hydrogen evolution reaction. In the case of
Inconel 718 and Hastelloy C-276, the value of « was 1.4, which is consistent with a mechanism for

hydrogen evolution involving fast discharge followed by slow electrochemical desorption.

1. Introduction

The susceptibility of an alloy to hydrogen embrittlement
is strongly influenced by its hydrogen ingress charac-
teristics. Two key characteristics are the efficiency of
hydrogen entry and the efficiency of hydrogen trapping.
The entry efficiency is represented by the amount of
hydrogen entering the alloy relative to the total
amount formed cathodically on the alloy surface.
Some of the hydrogen that enters the alloy is trapped
at structural heterogeneities and this component of
the absorbed hydrogen defines the trapping efficiency.
The traps are classified as reversible or irreversible
depending on the binding energy of the hydrogen
atom at the heterogeneity. In the case of an irrever-
sible trap, the binding energy is high enough that the
rate constant for release of the hydrogen is considered
negligible whereas a reversible trap can release hydro-
gen, often sufficiently fast to permit local equilibrium
between lattice and trapped hydrogen.

Both the entry and trapping efficiencies can be
determined using a diffusion/trapping model to analyse
anodic current transients obtained by a potentiostatic
pulse technique [1-3]. An electrode of the test metal
or alloy is charged with atomic hydrogen at a con-
stant potential (E;) for a time (¢,). During charging,
adsorbed hydrogen is transferred across the metal
surface and diffuses into the bulk. The electrode
potential is then stepped to a more positive value, E,
(5-10mV negative of the open-circuit potential, E),
producing a current transient associated with the oxi-
dation of hydrogen atoms after they diffuse back to
the metal surface.

In the diffusion/trapping model, the effect of trap-
ping is taken into account mathematically by modify-
ing Fick’s second law of diffusion [1-3]. The approach
is to include a trapping term, k, ¢, in which the rate of
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trapping is assumed to be proportional to the con-
centration, ¢(x, ) of diffusing hydrogen at point x:
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This equation has been solved analytically for two
cases under conditions imposed by the pulse tech-
nique: (1) diffusion control, in which the rate of
hydrogen ingress is controlled by diffusion in the bulk
metal; and (2) interface control, in which the rate of
ingress is controlled by the flux across the interface.
For all alloys studied so far, the interface-control form
of the model was found to be applicable. Hence, data
for the anodic charge are analysed as a function of
charging time to evaluate the flux of hydrogen atoms
entering the metal (/) and the apparent trapping con-
stant (k,) measured for irreversible traps in the
presence of reversible traps.

The charge (gr) irreversibly trapped under con-
ditions of interface control is given in nondimensional
form [1] by

O: = [R'"™ — 1/2R"] erf (R)'? + exp (—R)/n'?
2

The nondimensional terms are defined by Q7 = g1/
[FT(t,/k,)'*] and R = k,t, where g, is the dimen-
sionalized charge in Cm 2, Fis the Faraday constant,
and Jis the ingress flux in molm~?s~!. Thus, values of
k, and J can be used to calculate g;. The charge
associated with the entry of hydrogen into the metal
(¢in) also can be determined from its nondimensional
form of Q,, = (R)"” by using the value of k,. The data
for g, g1, and the cathodic charge (¢.) can then be
used to obtain two ratios: (a) g1/g;,, corresponding to
the fraction of hydrogen in the metal that is trapped;
and (b) gi,/q., representing the fraction of charge
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associated with hydrogen entry during the charging
step.

The technique and model have been applied to a
range of metals and alloys including steels, nickel-base
alloys, and titanium. The values of &, and J obtained
for these alloys have been given elsewhere [3-5]. In
this paper, the hydrogen ingress characteristics for
two precipitation-hardened alloys (Inconel 718 and
Incoloy 925) and two work-hardened alloys (Inconel
625 and Hastelloy C-276) are analysed in terms of the
entry and trapping efficiencies as represented by g+/q;,
and ¢;,/q.. The extent of hydrogen ingress is deter-
mined by the surface coverage of adsorbed hydrogen,
which in turn depends on the mechanism of the
hydrogen evolution reaction. Hence, the entry effic-
iency was further examined in relation to the hydrogen
evolution mechanism.

2. Experimental procedure

The composition of each alloy is given in Table 1.
Inconel 718 and Incoloy 925 were used in the as-received
condition with yield strengths of 1238 and 758 MPa,
respectively, whereas Inconel 625 and Hastelloy C-276
were cold-worked 17 and 27%, respectively, to obtain
their final yield strengths of 1195 and 1237 MPa.

Details of the electrochemical cell and instrumenta-
tion have been given previously [3]. The test electrodes
of each alloy consisted of a 5cm length of rod. press-
fitted into a Teflon sheath so that only the planar end
surface was exposed to the electrolyte. The surface was
polished with SiC paper followed by 0.05 um alumina
powder. The electrolyte was an acetate buffer-(1 M
acetic acid/1 M sodium acetate) containing 15 p.p.m.
As,0; as a hydrogen entry promoter. The electrolyte
was deaerated with argon for 1 h before measurements
began and throughout data acquisition. The poten-
tials were measured with respect to a saturated cal-
omel electrode (SCE). All tests were performed at
22 + 2°C.

The test electrode was charged with hydrogen for
times from 0.5 to 50's. Anodic current transients were

Table 1. Alloy composition (wt %)

Element  Inconel 718 Incoloy 925 Incomel 625 Hastelloy C-276

Al 0.60 0.30 0.18

C 0.03 0.02 0.03 0.002

Co 0.16 0.83

Cr 18.97 22.20 22.06 15.27

Cu 0.04 1.93

Fe 16.25 28.96 4.37 5.84

Mn 0.10 0.62 0.17 0.48

Mo 3.04 2.74 8.70 16.04

Nb + Ta 5.30 3.50

Ni 54.41 40.95 60.33 57.5

P 0.009 0.012 <0.005

S 0.002 0.001 0.001 <0.002

Si 0.11 0.17 0.38 <0.02

Ti 0.98 2.11 0.27

Other 0.003 B 390 W
.12V

obtained for each charging time over a range of over-
potentials (n = E, — E,.). The open-circuit potential
of the test electrode was sampled immediately before
each charging time and was also used to monitor the
stability of the surface film; reduction of the film was
evident from a progressive shift of E,. to more nega-
tive values with each ¢, at a sufficiently high charging
potential. The potential, E, , was offset negative to the
open-circuit potential to avoid significant metal dis-
solution. In practice, the presence of a small, constant
current due to metal dissolution does not matter since
the net steady state current is added as a correction to
the current in the H oxidation transient.

3. Results
3.1. Trapping behaviour

3.1.1. Model. The effect of trapping constant on the
trapping efficiency was modeled by varying k, over a
wide range (0.005-0.5s""). The variation in gr/q;, is
shown as a function of charging time in Fig. 1. At low
values of k,, gr/q;,, follows an approximately linear
dependence on (z,)'?, although the reason for this
relatively simple relationship is not apparent from the
complex dependence of ¢ on .. Some deviation from
linearity occurs at long charging times, which is to be
expected in view of the quite different 7, dependence of
gr and g;,. As k, increases, the linear region is restricted
to shorter charging times with the subsequent non-
linearity becoming more pronounced at high ¢..

The slope (m) of the linear region is proportional to

- (k)'"? (Fig. 2) and is given by

m = 0.69(k,)'" + 0.002 3)
The constant contributes <4% for k, > 0.005s57!, so
that qT/qin = 0'69(ka tc)l/z' Clearlya qT/qim unlike qin/qc>
is independent of potential because each component
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Fig. 1. Dependence of ¢1/q;, on charging time for different values of
k,: (C1) 0.005, (@) 0.010, (a) 0.025, (M) 0.050, () 0.100, () 0.200,
(4) 0.500s™". :
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Fig. 2. Effect of k, on the slope (i) obtained from the dependence
of gr/g;, on (t.)"

of the trapping ratio has the same dependence on the
entry flux.

3.1.2. Alloys. The apparent trapping constants reported
earlier for each alloy are summarized in Table 2.
These values were used to calculate the particular
trapping efficiencies for the alloys of interest. The ratio
of ¢r to gy, in each case is shown as a function of ¢, in
Fig. 3. The fraction of hydrogen trapped for the two
nickel-base alloys (Inconel 625 and Incoloy 925) with
low trapping constants is found to vary approxi-
mately linearly with (z,)" apparently due to the rela-
tively low influence of trapping on hydrogen ingress.
In contrast, the effect of the higher trapping constants
for Inconel 718 and Hastelloy C-276 is observed in the
non-linearity of ¢r/g,, over longer charging times.

3.2. Entry behaviour of alloys

The charging current and therefore the cathodic
charge (g,) were low for Incoloy 925 and Inconel 625,
so it was not possible to determine reliable values of
gim/qg.. However, in the case of Inconel 718 and
Hastelloy C-276, the cathodic charge was somewhat
higher, which reduced the excessive sensitivity observed
in g;,/q. for the other two alloys.

The fraction of hydrogen entering Inconel 718 is
essentially constant with #, for overpotentials from
—0.15to —0.25V (Fig. 4). However, ¢;,/q. increases
almost linearly with ¢, at —0.10V and varies slightly
even at —0.15V. For a given charging time, ¢,,/q.

Table 2. Apparent trapping constants

Alloy k, (57"

Inconel 718 0.031 + 0.002
Hastelloy C-276 0.025 + 0.003
Incoloy 925 0.006 + 0.003
Inconel 625 0.004 4+ 0.002

0.8 v T —r— T T ™
|
0.6 B .
®
o
] [ ]
S 04rF o ° b
-
o @ o
&
°
-] ° Iy
® o . &
°
- a 5
0.2 g i R
-
g 2
0-0 3 § I A, 1 i i
0 2 4 6 8

vz 12
(s™9)

(te) [

Fig. 3. Dependence of ¢/g;, on charging time for each alloy. The
apparent rate constants are given in parentheses for the particular
alloy: (00) Inconel 718 (0.031); (O) Incoloy 925 (0.006); (a) Inconel
625 (0.004); (@) Hastelloy C-276 (0.025).

decreases with increasing overpotential, as shown
more clearly in Fig. 5. The entry efficiency for Hastelloy
C-276, like that for Inconel 718, is largely independent
of ¢, at higher overpotentials (Fig. 6) and decreases
with increasing overpotential (Fig. 7). The decrease in
entry efficiency for the Inconel and Hastelloy indicates
that the rate of hydrogen desorption increases relative
to the rate of hydrogen entry.

4. Discussion

4.1. Trapping efficiency

The trapping efficiency of an alloy as a function of
charging time is determined essentially by the trapping

constant for the alloy; that is, the ratio does not
depend on any other parameter such as ingress flux.
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Fig. 4. Dependence of g,,/g. on charging time for Inconel 718 at
various overpotentials: (0O0) —0.10, (0) —0.15, (W) —0.20, (@)
—0.25V.
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Fig. 5. Dependence of ¢;,/q. on overpotential for Inconel 718 at a
charging time of 20s.

Hence, the alloys fall into two groups according to
whether their apparent trapping constants are high
(=0.025s ")y or low (< 0.010s™"). Clearly, due to the
similarity in apparent trapping constants, the alloys in
each group have similar trapping efficiencies despite
having quite different thermo-mechanical treatments
and types of irreversible traps. For example, in the
case of Inconel 718 and Hastelloy C-276, hardening is
achieved by aging and cold-working, respectively, and
the principal irreversible traps appear to be carbo-
nitride particles and grain boundary phosphorus,
respectively [4, 5], but there is little difference in the
trapping efficiency of the two alloys.

The reason for the lack of difference is that the
apparent trapping constants used to calculate g, and
g, reflect both irreversible trapping and reversible
trapping, according to Equation 4:
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Fig. 6. Dependence of g,,/g. on charging time for Hastelloy C-276
at various overpotentials: (0) —0.10, (0) —0.15, (@) —0.20, (@)
—0.30, (&) —0.35V.

Fig. 7. Dependence of g;,/g. on overpotential for Inconel 718 at
charging times of 20s (0) and 405 (®).

where £ is the irreversible trapping constant and X, is
an equilibrium constant for reversible traps. Hence, k,
accounts for the effect of the appropriate irreversible
trap modified by the reversible trapping behaviour
asociated with microstructural heterogeneities. In par-
ticular, defects such as grain boundaries and dis-
locations that vary with the amount of thermo-
mechanical processing can generally be characterized
by K., so k, is able to represent the overall trapping
behaviour of alloys having different compositions and
microstructures.

4.2. Entry efficiency

4.2.1. Effect of charging conditions. The entry effic-
iency can be expressed by

[ e

Gnlqe = FJtc/f

0

i dt (5)
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Fig. 8. Logarithmic dependence of ¢,(g, on overpotential for
Inconel 718 at a charging time of 20s.
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Fig. 9. Logarithmic dependence of ¢,,/g. on overpotential for
Hastelloy C-276 at a charging time of 20s.

where i, is the charging current. If i, is invariant with
time, then g, = i.f,, so that g, /q. is given by FJ/i..
The entry efficiency should therefore be independent
of ¢, for a constant charging current. However, the
surface coverage, and therefore J, as well as i, may
vary with overpotential, depending on the mechanism
of the hydrogen evolution reaction.

In the diffusion/trapping model used to analyse the
pulse data, the layer of adsorbed hydrogen is assumed
to adjust very rapidly to a potential step. Under this
condition, the dependence of g;, /g, on overpotential is
given by (see Appendix):

In (gin/q) = Y — (w — aF|RT (6)
where the values of Y and w depend on the type of
mechanism for hydrogen evolution. The variation in
the entry efficiency with overpotential is clearly depen-
dent on the charge transfer coefficient («) and w. For
mechanisms involving fast discharge, w can have a
value of 0.5 in the case of activated Temkin adsorption
of 1 in the case of Langmuir and non-activated
Temkin adsorption. If & = w, ¢,,/g. will be indepen-
dent of overpotential. However, if o > w or <w,
gin/g. will decrease or increase, respectively, as the
overpotential is made more negative.

4.2.2. Nickel alloys. The entry efficiencies for Hastelloy
C-276 and Inconel 718 behave similarly. The ¢;,/q.
ratios for both alloys are essentially independent
of charging time at overpotentials < —0.15V and
—0.20V, respectively, and therefore follow the pre-
dicted behaviour at sufficiently negative overpotentials.
The dependence on z, observed at low overpotentials
suggests that i, decreased enough during each charg-
ing time to be considered time-dependent. As pre-
dicted from Equation 6, g;,/q. for both alloys is expo-
nentially dependent on overpotential (Figs 8 and 9).
The lack of change in ¢,,/g, for the Hastelloy between

—0.3 and —0.35V is probably due to the surface
coverage reaching saturation at the corresponding
charging potentials. The term (w — o) was evaluated
from the variation of g, /g, with overpotential and was
found to be 0.4. Hence, the value of « could be either
0.9 if activated Temkin adsorption were involved or
1.4 if Langmuir or non-activated Temkin adsorption
occurred.

The kinetics of hydrogen evolution have been
analysed by McBreen and Genshaw [6] for different
mechanisms with both Langmuir and Temkin adsorp-
tion of the hydrogen atoms formed during discharge.
The value of 1.4 obtained for a from the experimental
data corresponds most closely to the theoretical value
of 1.5 for a mechanism involving fast discharge and
slow electrochemical desorption with either Langmuir
or non-activated Temkin adsorption.

The other experimental value of 0.9 in the case of
activated Temkin adsorption is assumed to reflect
mechanisms with a theoretical value of 1.0, but the
two mechanisms involving fast discharge followed by
slow desorption (chemical in one case and electro-
chemical in the other) both have the appropriate value
of « [6]. However, slow desorption typically leads to
relatively high surface coverages, and so tends to
favour the electrochemical route. In addition, hydrogen
evolution on nickel is known to occur by rapid proton
discharge followed by rate-determining electrochemi-
cal desorption [7]. Hence, although the type of adsorp-
tion (Langmuir or Temkin) cannot be distinguished,
both values of « for the Hastelloy and Inconel indicate
that the mechanism involves fast discharge-slow elec-
trochemical desorption. Moreover, this mechanism is
consistent with that found for nickel.

5. Summary

(i) The trapping efliciency is approximately given by
0.69(k,t.)'* for sufficiently short charging times.
The magnitude of the apparent trapping constant
determines the maximum charging time to main-
tain the square root dependence of ¢¢/g,, on ¢,.

(i1) The entry efficiency is independent of charging
time but it can be an exponential function of
overpotential depending on the values of the charge
transfer coefficient (o) and another mechanism
parameter (w). If & = w, g;,/q. is independent of
n but if @ > w or <w, the ratio decreases or
increases, respectively, as the overpotential is
made more negative.

(iii) The entry and trapping efficiencies behave simi-
larly for Hastelloy C-276 and Inconel 718. The
gin/q. ratios, as predicted, are independent of
charging time (except at low overpotentials) and
are exponentially dependent on overpotential.

(iv) The value of « for these two nickel alloys in the
acetate-As, O, electrolyte is 1.4, which is consist-
ent with a mechanism involving fast discharge
followed by slow electrochemical desorption.
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Appendix: Dependence of entry efficiency on
overpotential

If the charging current is assumed to be constant, the
entry efficiency can be expressed as

qin/qc = FJ/zc [Al]
The charging current is given by
i, = Iyexp[—aFn/RT] [A.2]

where i, is the exchange current density, o is the charge
transfer coefficient, #; is the conventional overpoten-
tial defined as (E, — E,), and E, is the reversible
potential for the overall H*/H, reaction. In this work,
n is represented by (E, — E,..). Therefore, #; can be
written as (n — E;) where E] = E, — E,_.

The potential dependence of the surface coverage,
and consequently the flux, is determined by the mech-
anism of the hydrogen evolution reaction. The surface
coverage is assumed to respond rapidly enough
to changes in potential so as to maintain a quasi-
equilibrium. Therefore, only those mechanisms that
involve fast discharge need to be considered.

Langmuir adsorption

Under Langmuir conditions, the flux can be related to
the surface coverage (6) by

J = do [A.3]

where d is a generalized rate constant and the occu-
pancy of interstitial sites immediately below the sur-
face of the metal is assumed to be very low [6]. The
surface coverage is given by the following isotherm [8]:

_ Kexp [—Fn/RT]
(1 + Kexp[—Fn/RT)

] [A.4]
where K is a constant at a given pH. At sufficiently
low potentials, K exp (— Fn;/RT) < 1, and therefore
0 ~ Kexp (—Fn/RT). Hence, the entry efficiency
can be expressed as

FdK exp [—nF/RT]

: = A.S
Rewriting Equation [A.5] in terms of # gives
FdK exp [(1 — a)E/F/RT]
: = A.6
Wl = T ep 10— anrirr] .
and therefore
In (qn/q.) = X — (1 — oF|RT  [A]

where X is a constant given by In (FdK/i,) +
(1 — «)E/F/RT.

Temkin adsorption

Two cases can be considered:

1. Non-activated adsorption for which the flux is
assumed to be given by

J = dexp (r6/RT) [A.8]

where r = fRT and fis a free energy parameter. The
surface coverage term can be expressed as [8]

exp (r6/RT) = K exp[—Fn/RT] [A.9)]
where K’ is a constant.
Hence, the entry efficiency can be written as
wlte = orTTan —momRn M0
or
In (gnlq.) = X" — (1 — ayF/RT [A.1]]

where X’ is a constant given by In (FdK'/iy) +
(I — «)E/F[RT.

2. Activated adsorption for which the flux is assumed
to be given by

J = dexp («r0/RT) [A.12]

where o is a symmetry factor and will normally
be close to 0.5 for the case of activated adsorption
[8]. The charging efficiency is obtained by using
Equation [A.9] to yield

FdK'™ exp [— o' Fne/RT]
iy exp [—aFn/RT]

Gnlg. = [A.13]

Therefore,

FdK'™
iy exp (¢ — a)Fn;/RT

Gnlq. = [A.14]

If o is assumed to have its usual value of 0.5, then
Equation A.14 can be rewritten as

FdK"*3
g exp [(0.5 — o) (n — E)F/RT]

Ginlqe = [A.15]

and therefore

In (gy,/q9.) = X" — (0.5 — a)yF/RT [A.16]

where X” is a constant given by In (FAK'%/i,) +
(0.5 — W)E/F/RT.
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