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Introduction

It is well known that the absorption of hydrogen, whether introduced by
electrochemical or gas phase charging, leads to the intergranular embrittlement
of polycrystalline nickel and some nickel-base alloys (see Ref. 1 for a general
review). It is also observed that intergranular separation occurs over distances
in bulk specimens that are far larger than the depth of penetration expected
from lattice diffusion of hydrogen: for example, the full cross section of
2 mm diameter specimens strained in tension at & » 10~" sec™! and cathodically
charged with hydrogen at 25°C has been observed to intergranularly embrittle
in a matter of minutes (2). There is, however, evidence to suggest that grain
boundary segregates (particularly metalloid impurities) may play a role in
hydrogen absorption at grain boundaries as first proposed by Latanision and
Opperhauser (2). At the inception of this program, however, there was little,
if any, direct evidence to suggest short circuiting diffusion via grain boundaries,
dislocation pipes or rapid transport of hydrogen by other means that might account
for the observed extent and degree of embrittlement. On the other hand, serrated
yielding has been observed in nickel single crystals which were simultaneously
charged with hydrogen and deformed in tension at ambient temperatures (3). The
latter is an indication of (mobile) dislocation - solute (hydrogen) interactions
and suggested the possibility that dislocation transport of hydrogen may be
involved in the embrittlement process.

Direction and Results of This Program

Given the above, research proceeded along two principal directions in this
program: Firstly, electrochemical hydrogen permeation experiments were conducted
on specimens of polycrystalline nickel and nickel-base alloys in order to
investigate whether the transport of hydrogen by mobile dislocations may have
contributed to the ingress of hydrogen during experiments such as those described
earlier. Secondly, we wished to examine, by both electrochemical permeation
techniques and ion-microprobe analysis, the possibility that grain boundary
transport might occur during cathodic charging.

The results of these studies have been described in earlier technical
reports and publications. Kurkela (4,5) has observed transport rates far
in excess of lattice diffusion in his work on specimens of nickel and nickel-base
alloys undergoing plastic deformation during cathodic charging. The effects of
strain rate, grain size, coherent precipitates, and other metallurgical parameters
on permeation transient behavior are compatible with dislocation transport
of hydrogen in the form of core atmospheres. It must be mentioned that concern
has been expressed by Otsuka and Isaji (6) that some aspects of the transient
behavior on nickel specimens undergoing plastic deformation may arise from
Joule heating effects. While there can be no doubt that Joule heating may
occur when a current passes through a conductor (whether metal electrode, electro-
lyte or at the metal-electrolyte interface), we consider that much of the
phenomenology that has been observed on straining membranes is best understood
in terms of hydrogen permeation and not Joule heating effects (7). In short,
while there may be some reservations regarding the details of the
analysis of permeation transients on straining electrodes, there can be no
doubt that cathodically charged hydrogen enters nickel, induces serrated
yielding and leads to intergranular embrittlement at depths well beyond that
expected if lattice diffusion were the only active hydrogen transport mechanism.
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Perhaps a more relevant issue is to determine how to separate the contributions
of thermal or Joule effects from dislocation transport, in cases when both are
significant transient phenomena. This effort is continuing.

A In the context of the question of dislocation transport of hydrogen,

: Appendix A describes recent experiments performed in order to study the influence

: of plastic deformation on hydrogen transport in a 2% Cr-1Mo steel (8). In

‘ short, the results of this work suggest that dislocations act as traps for
hydrogen and decrease the rate of transport. Such behavior, it should be noted,
is in contrast to that observed in nickel-base alloys, described above, which

indicates that mobile dislocations significantly increase (apparent) hydrogen

1 diffusion rates.

s Appendix B deccribes work which we believe provides evidence for grain

" boundary diffusion of hydrogen in nickel. In this case, both electrochemical
hydrogen permeation techniques and Ion Microprobe Analysis were used to study
grain boundary transport. This work (9) indicates that the grain boundary

diffusivity was on the order of 60 times faster than lattice diffusion of
hydrogen in nickel.

i

The required index of technical reports and index of publications are given

A
e in Appendices C and D.
{
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Appendix A

INFLUENCE OF PLASTIC DEFORMATION ON HYDROGEN
TRANSPORT IN 2 1/4 Cr-TMo STEEL

M. Kurkela, G.S. Frankel, and R.M. Latanision
Department of Materials Science and Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139

and

S. Suresh and R.0. Ritchie
Department of Materials Science and Mineral Engineering
University of California
Berkeley, CA 94720

Introduction

The role of hydrogen in influencing the fracture characteristics of metals has been a
subject of detailed investigations for many years. Although the precise nature of the
hydrogen embrittlement process is not clearly understood, many current theories consider
the transport of hydrogen from possible external sources into the bulk of a metal or from
various internal sources to critical locations as being an important step in the embrittle-
ment mechanism, :

It was first suggested by Bastien and Azou (1) that mobile dislocations carry hydrogen
in the form of Cottrell atmospheres. Frank (2) reported the first experimental evidence of
enhanced outgassing of hydrogen in mild steels due to plastic deformation. Tritium release
(3) and slip plane decoration (4) measurements have suggested the possibility of hydrogen
transport by dislocations in a number of materials. Quantitative models for dislocation-
aided transport of hydrogen have been discussed by Tien et al. (5) and by Johnson and
Hirth (6,7). Recent studies by Kurkela and Latanision (8,9) show that hydrogen transport
associated with dislocation motion in nickel may occur at rates considerably greater than
those due to lattice diffusion. On the other hand, experiments by Berkowitz and Heubaum
(10) on 4130 steel undergoing simultaneous hydrogen charging and plastic deformation reveal
slower hydrogen permeation rates dues to plastic strain. It has been suggested that this
may be due to dislocation-enhanced trapping of hydrogen rather than transport.

The objective of this paper is to present results on the effect of plastic deformation
on hydrogen transport in a 2 1/4 Cr-1Mo low strength pressure vessel steel. Hydrogen
permeation experiments have been carried out over a range of strain rates using electro-
chemical techniques modified to allow plastic deformation. The results are interpreted to
reflect trapping of hydrogen due to dislocations and the possible reasons for the differences
in hydrogen transport behavior between b.c.c. ferrous and f.c.c. nickel-base alloys are
discussed.

Experimental

The steel used in the present investigation is a fully bainitic 2 1/4 Cr-1Mo pressure
vessel steel, ASTM A542 Class 3 (hereafter referred to as SA542-3). The chemical composition,
heat treatment and ambient temperature mechanical properties of this steel are listed in
Table I. The material was available in the form of a thick plate (300x175x140 mm) from
which tensile specimens 1.52 and 0.76 mm in thickness were machined with a gage length of




TABLE 1
i) Chemical composition (wt%)
c Mn o Si N cr Mo Cu P 3 ‘S
0.12 0.45 0.21 0.1 2.28 1.05 0.12 0.014 0.015
1i) Heat treatment

a) Austenitize 5 1/2 hr at 954°C + water quench
b) Temper 8 hr at 663°C

¢) Stress relieve 15 hr at 593°C
22 hr at 649°C
18 hr at 663°C

111)  Mechanica) properties

Viél?ngggength ?ﬁ:&?' Elo?ggtion Reductio?z;n Area
496 610 25 77
Charpy impact energy ch KIscc
(9) (MPa/m) (MPa /i)
197 295 >85

50.8 mm and reduced section width of 19.1 mm. For permeation studies, the specimens were
polished with emery paper (up to 500 grit finish) and the gage section of the anodic side
was coated with palladium by electroless deposition from a Pallamerse* solution.

The hydrogen permeation experiments were carried out using the electrochemical
technique of Devanathan and Stachurski (11), modified to allow plastic deformation of the
specimen and simultaneous charging. Details of the experimental set-up have been described
elsewhere (8). The specimen was mounted between two electrochemical cells with the
specimen-cell assembly positioned between the crossheads of an Instron tensile testing
machine. The anodic side containing 0.1N NaOH was potentiostated at -50mV SCE while the _
cathodic side containing 0.1N HpS04 + 10 mg NaAsO2 (per liter) was galvanostatically ’
controlled. Hydrogen charging was performed at a current density of 1.0 mA/cm2. Specimens
were deformed over a range of strain rates varying from 1.67 x 10-5 to 1.67 x 10-4 sec-
and the permeation currents and Toad were recorded as a function of time. A1l experiments
were performed at ambient temperatures.

Results

Fig. 1 shows the permeation transient for SA542-3 steel tested in the unstrained
condition. It is found that the diffusion coefficient of hydrogen, Dy, is (5.1 0.3) x
10-7 cmé/sec and the steady state permeation flux (45.0+1.5)uA/cm2. Both numbers are the
mean values from four experiments. The magnitude of Dy obtained in the present study is in
agreement with the available data for steels having a similar composition (12).

To study the effect of plastic deformation on hydrogen transport, two types of experi-
ments were conducted. In the first case (type 1), a steady-state permeation current through
the specimen was initially established without any deformation, after which the specimen was
plastically deformed, with charging continued during straining. In the second case (type 2),
the specimen was strained initially and once the background current (which increases
initially due to deformation) stabilized, hydrogen charging was begun.

The results of an experiment of the first type (for strain rate ¢ = 1.67 x 10-5 sec~1)
¥ Trademark




T SA542-3
© 50 Thickness 0.152 ¢cm
<
K
T “of
e
3 0o}
s FI1G. 1
= l_ Hydrogen permeation in 2
E 20 unstrained SA542-3. . ;
s
0. 0} :
1 —l i . 1
100 200 300 400 ‘
Time (min) :
are shown in Fig. 2. First, a steady state permeation current is established without any ]
applied stress. Now, as the specimen is deformed, a drastic reduction in hydrogen permeation :
current is observed at the yield point. The results also indicate an inverse relationship ;

between the permeation flux and the flow stress (Fig. 2). This qualitatively agrees with B
the findings of Berkowitz and Heubaum (10) for 4130 steel, with the decrease in hydrogen
permeation, however, being more pronounced in 2 1/4 Cr-1Mo steel.
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Hydrogen permeation in SA542-3 during Normalized permeation flux (J¢/d.) vs. time
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plastic deformation (type 1). strain curve as a function of strain rate.
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The reduction in hydrogen permeation flux in the plastic region is given as a functio:
of time in Fig. 3 for four different strain rates. The permeation flux is plotted in the
normalized form, J¢/J. where Jo is the steady-state permeation flux prior to deformation
and Jy the flux at any time t. It is noted that the initial decrease in permeation flux
occurs at shorter durations of plastic deformation at higher strain rates. Also, for the
three highest strain rates, there is a sharp increase in permeation flux after the initial
drop, the enhancement apparently being a function of strain rate. Upon reaching the peak
value, the permeation current starts to decrease, the rate of decrease again being a function
of the strain rate. The results of an experiment of the second type are illustrated in
Fig. 4. At the onset of plastic deformation, the anodic current initially increases to
reach a steady state value. At this point, hydrogen charging is begun while deformation
is continued throughout the test. The value of diffusion coefficient Dy, calculated from
the resulting permeation transient, is 2.6 x 10-7 cm2/sec, which is about half of the value
obtained before (Fig. 1) for an unstrained specimen of SAS42-3. It is considered that the
difference between the two values of Dy is due to the traps created by plastic straining.

Discussion

The significant drop in permeation current at the onset of plastic deformation (Figs.
2 and 3) suggests that the increase in dislocation density due to plastic strain creates
traps which act as "sinks" for hydrogen and decrease the rate of hydrogen transport. The
continuous decrease in hydrogen permeation during deformation seems to indicate that the
rate of trap creation exceeds the rate of trap filling. An overall trend of decreasing
permeation flux with plastic deformation is observed, despite the small peaks in the Jt/J=
versus time plots. Although the precise mechanistic reasons for the occurrence of such
peaks are currently not understood, it is conceivable that such secondary effects are
associated with the relative changes in the rate of trap creation (i.e., dislocation
generation) and the rate of trap filling. The dependence of peak height on strain rate
is consistent with such an explanation. The role of strain rate in accelerating the rate
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of decrease of hydrogen permeation (Fig. 3) indicates that dislocations are the main
trapping sites for hydrogen. The overall behavior observed for SA542-3 steel is in accordance
with that reported by Berkowitz and Heubaum (10) for 4130 steel, with only the magnitude of

reduction in hydrogen transport rate due to trapping being much greater for the present
2 1/4 Cr-1Mo steel.

The results of experiments in which the tensile specimen was first deformed without
being charged (type 2) indicate that the effective diffusivity, in fact, decreases as a
result of plastic deformation. This is contrary to the observed role of dislocations in
hydrogen permeation for nickel and nickel-base alloys (8,9), where plastic deformation has

been found to result in hydrogen transport several orders of magnitude faster than that in
unstrained samples.

Thus, it is found that while dislocation-aided enchancements in hydrogen permeation
occur in nickel-base alloys, hydrogen trapping plays a dominant role in ferrous alloys. In
light of this, it is interesting to consider the works of Oriani (13) and Thomas (14) on
hydrogen trapping in b.c.c. ferrous alloys and in f.c.c. nickel and stainless steels,
respectively. In ferritic alloys, the binding energy of hydrogen to dislocations is several
times higher than the bulk activation energy for diffusion (0.4 eV versus 0.1 eV) (13). In
f.c.c. materials, such as Ni and stainless steels, the opposite effect is observed: the
binding energy of hydrogen to dislocations is several times smaller than thediffusional
activation energy (i.e., 0.1 eV versus 0.4-0.5 eV) (14). Moreover,the form in which hydrogen
is associated with dislocations (i.e., localized core atmospheres or diffuse Cottrell
atmospheres) and the interaction distance for such atmospheres may depend on the lattice
structure (6) and could influence the transport rate of hydrogen.

In summary, hydrogen interactions with dislocations and other traps are strong in
ferritic steels, whereas interactions in f.c.c. alloys are weak. This difference may explain
why dislocations transport hydrogen in one case and trap it in the other.

Conclusions

Hydrogen permeation experiments on a 2 1/4 Cr-1Mo steel undergoing simultaneous hydrogen
charging and plastic deformation indicate that dislocations act as traps for hydrogen and
decrease the rate of hydrogen transport. Such reductions in hydrogen permeation are found
to be inversely related to the strain rate and are more pronounced at higher strain rates.
The present results are in contrast to the behavior observed in nickel-base alloys where
mobile dislocations significantly accelerate hydrogen diffusion rates.
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Appendix B

GRAIN BOUNDARY TRANSPORT
OF HYDROGEN IN NICKEL

T. Tsuru and R.M. Latanision
Department of Materials Science and Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139

Introduction

The intergranular, hydrogen-induced embrittlement of nickel has been widely discussed
and the role of various phenomena such as solute (particularly metalloid) segregation (1),
hydrogen transport by lattice diffusion as well as by mobile dislocations (2?, hydrogen-
induced plasticity (3), etc., has been considered. Birnbaum (4) has recently reviewed the
hydrogen related fracture of metals. Grain boundary transport of hydrogen has been
considered less likely and previous gas phase (5) as well as electrolytic (6) permeation
measurements have failed to produce evidence of grain boundary diffusion. Recent ion
microprobe (IMA) experiments suggest that hydrogen (duterium) segregation occurs at grain
boundaries in Nb and Ni (4). The object of this communication is to report evidence of
grain boundary diffusion of hydrogen in nickel using IMA and electrochemical methods.

Experimental

Strips of Ni 270 (99.97% Ni) were cold rolled to thickness ranging from 0.15 to 0.06
mm. After a mechanical polish, the specimens were annealed at 1050°C for 3 min and then
water quenched. To induce the segregation of impurities, some specimens were aged at 600°C

for 24 hr under an argon atmosphere and then water quenched. The grain diameter of these
specimens was 50 to 150um.

The method developed by Devanathan and Stachurski (7) was used for the measurement of

hydrogen permeation rate. 0.1N-HpSO4 and 0.I1N-NaOH were used as catholyte and anolyte,
respectively.

Initially, anodic polarization in 0.IN-NaOH at 0.1V (SCE) was performed for more than
24 hr. When the anodic current decayed to less than 10 nA/cmg and the current transient
became neglible, the catholyte was filled into the cathod1c compartment of the cell and
galvanostatic cathodic polar1zat1on (6.6 or 1 mA/cmé) for hydrogen charging started
immediately. Subsequent increase in anodic current was attributed to the permeation flux
of hydrogen It should be noted that Pd was not plated onto the anode surface, as is often
the case, in these experiments in order to achieve low background anodic current densities (8]

For IMA measurements, the anodic side of specimen was polished with 0.3um alumina paste
and covered by a lacquer. After hydrogen charging for a certain period from the uncoated
cathode side, the specimen was wrapped in aluminum foil and kept in a liquid nitrogen vessel.
Just before IMA (CAMECA) analysis of the anode side, the lacquer was dissolved off in

acetone. This was intended to avoid contamination and minimize the escape of hydrogen from
the anodic surface.

Results and Discussion

A typical result of the electrolytic permeation measurement is shown in Fig. 1. The
‘rmeation flux due to lattice diffusion increased over a period of several hours depending
1 yon the specimen thickness and then reached steady state after more than ten hours. In the
c3arly stages of permeation, a very small incremental increase in the anodic or exit current
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occurred after a few minutes and reached a steady state current within 10 to 20 min, as b
shown in Fig. 1. Since this increment was a few nA/cm¢ which corresponded to about one
thousandth of the permeation flux through lattice diffusion, it was presumably buried in
the noise in some earlier measurements (6) and sensitive to the surface preparation. It
is presumed that this small transient corresponds to a grain.boundary diffusion flux.
%;?ilar observations have been made recently in gas phase charging experiments by Fidelle

The diffusion constant was calculated from the breakthrough time t,, and the lag time
' tlag as follows (7):
' L2 L2
S Wepgp - [ ad tigg s 55— (2
where L is the thickness of the specimen and D is the diffusion constant. It has also been

shown (7) that the plot of log (P, - Pt)/P, against time, for the rise transient, is a
straight line with a slope 1/ty, where

| to, = L2/22D [3]

Fig. 2 shows those plots for the lattice diffusion and the early stage of permeation which
presumably corresponds to grain boundary diffusion.

Both lattice and grain boundary diffusion constants were independent of the sample
thickness, which affected only the steady state fluxes. .Similarly, the addition of a i
promoter for hydrogen absorption, 3 mg/1 of NaAsO;, increased the steady state flux but ;
did not sensibly affect the diffusion constants.

The mean values and standard deviations of measured diffusion constants are given in
Table 1. The lattice diffusion constant compares well with that determined by gas phase
charging (5). The grain boundary diffusion constant was approximately 60 times (between
20 to 100) larger than that corresponding to lattice diffusion. This is not as large
differences as may be expected but may be reasonable for intestitial hydrogen. Notice in




TABLE 1
Measured Diffusion Constants

Lattice DEffusion Grain Boundary Diffusion
D 14t {cm¢/sec) ng(cmz/sec)
Annealed (3.52 + 1.02) x 10710 (2.05 + 1.50) x 1078
(1050°C) n=11 n=>5
Annealed + Aged -10 8
(Aged at 600°C/24 hr) (3.38 + 0.91) x 10 (2.13 + 0.93) x 107

S|

4 n=2

n = number of independent measurements

Table 1 that both lattice and grain boundary diffusion constants were only slightly affected
by thermal treatment (aging) intended to induce grain boundary segregation of sulfur.
Similarly, Birnbaum (4) has observed (thermally charged) hydrogen accumulation at grain
boundaries both in the presence of segregated sulfur and in its absence. It is. of course,
possible that an alternate thermal treatment might give rise to the segregation of other
species and to a quite different response. The influence of thermal treatment is still
under study.

Since the average grain size of the specimen wai around 100um, we can roughly estimate
the length of grain boundary lines as 200 cm in 1 cm® surface of the specimen. Assuming
a grain boundary width which is effective for the rapid grain boundary diffusion as 10 A
(10), the effective area of grain boundary, Sgp, is considered as 2 x 10-5 cm? per unit
surface area. So the grain boundary and lattice fluxes per unit surface area can be written
as

where k is a constant. Since the ratio of the diffusion constants was abouE 60 and the
steady state flux through lattice diffusion was measured to be about 2uA/cm®, the steady
state flux through grain boundary diffusion should be around 2.4nA/cmé. This rough esti-
mation agrees fairly well with experimental results.

An IMA measurement was made on a specimen of 0.12 mm thickness which corresponds to a
breakthrough time for the lattice and grain boundary diffusion of about 8 hr and 8 min,
respectively. The specimen was charged with hydrogen for 2 hr; in short, the charging time
is long enough for hydrogen to permeate the specimen by grain boundary transport but not by
lattice diffusion. The result of a step scan analysis of 60N,-+ and 1y+ (10um each step and
13um resolution) is shown in Fig. 3 in which three hydrogen peaks can be seen. This suggests
that there were spots where the concentration of hydrogen was very large compared with the
matrix. Fig. 4 shows the sputtered surface where the IMA measurement was performed and the
line of circles which corresponds to the trace of the IMA spot measurements. These peaks
correspond to the points of intersection of the IMA scan direction vector with grain
boundaries in the specimen as shown in Fig. 4. In essence, the concentration of hydrogen
at grain boundaries was found to be very larae compared to background hydrogen. Notice as
well that the nickel signal is little affected in crossing grain boundaries - i.e., the ratio
]H+/50Ni+ increases significantly. We consider these observations to be consistent with the
suggestion of grain boundary diffusion that emerged from the electrolytic permeation
experiments described earlier.
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FIG. 3 FIG. 4
IMA data showing the increased hydrogen IMA scanning direction superimposed on the
concentration at grain boundaries on the optical micrograph of the surface corre-
exit surface of a nickel specimen cathod- sponding to Fig. 3. The hydrogen peaks in
ically charged for 2 hours at the opposite Fig. 3 correspond to grain boundary inter-
or entry surface (cathode). sections.
Conclusion

The present experiments suggest that the grain boundary diffusion constant for hydrogen
inpure nickel is larger than that for lattice diffusion. Both lattice and grain boundary
diffusion constants appear to be independent of the specimen thickness, the segregation of
sulfur and the presence of promoters of hydrogen absorption in the electrolyte. IMA
measurements are compatible with the rapid diffusion of hydrogen along grain boundaries.
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