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Executive Summary

This volume discusses the effects of hydrogen on the six candidate materials for the metal containers
to be used in disposing of high-level radicactive waste. Three of the candidate materials are iron- to
nickel-based austenitic materials: Types 3041 and 316L stainless stecls and Alloy 825. The other three are
copper-based alloys: CDA 102 (oxygen-free copper), CDA 613 (Cu-7Al), and CDA 715 {Cu-30Ni). These
materials, particularly the copper alloys, are used extensively in marine environments. The austenites are
used extensively in the nuclear industry.

Radioactive waste will be sent to the prospective repository at Yucca Mountain, Nevada, for disposal.
Disposal containers can undergo several forms of degradation during their lifetimes in the repository.
The selection of the candidate material that is adequate for repository conditions will be based on three
tasks: a literature survey, corrosion testing, and predictions from modeling. Lawrence Livermore
National Laboratory has responsibility for all three. This volume surveys the literature on the effect of
hydrogen on the candidate materials. Other volumes address phase stability, general oxidation and cor-
rosion, localized corrosion, and stress corrosion cracking.

Scction 1 is an introduction to the high-level radioactive-waste project at Yucca Mountain. The
goamma radiation field from the decay of the high-level waste may promote radiolytic decomposition of
waler to hydrogen.

Sections 2 through 5 discuss the effect of hydrogen on the copper-based alloys. In copper, the delete-
rious effect caused by hydrogen is the formation of cavities on grain boundaries. These cavities are
formed by the reduction of cuprous oxide (Cu;O) at grain boundaries. The voids are stabilized by the
water vapor molecules and grow as more cuprous oxide is reduced along the same grain boundary.
Cuprous oxides can be formed in copper during casting and welding. These oxides are not wetted by
molten copper and are therefore swept to grain boundaries during solidification. Brittle failure and losses
in plasticity of over 50% have been reported. This effect occurs at an oxygen concentration as low as
22 atomic ppm. These problems may be alleviated by the use of a deoxidizer.

The solubility, diffusivity, and permeability of hydrogen in copper are reviewed in Sec. 3. These
properties are usually obtained at high temperatures because of their extremely low values near room
temperature. Therefore, extrapolation to repository-relevant temperatures is usually required. Hydrogen
is most soluble in copper-nickel allays.

Tests have shown that the hydrogen charging of copper and copper-aluminum alloys without inter-
nal oxides reduces the fracture strain by about 5%. No data were found for copper-nickel alloys.

[n terms of resistance to the detrimental effects of hydrogen, the following ranking is proposed for the
copper-based alloys: CDA 715 {best) > CDA 613 > CDA 102 (worst).

Sections 6 through 10 discuss the effects of hydrogen on the austenitic materials. Because of the lim-
ited solubility of hydrogen under normal conditions, severe cathodic charging conditions have often been
employed. Hydrogen primarily degrades thesc materials by causing a loss in ductility, i.e., the failure be-
comes brittle. Losses in ulimate tensile strength and 0.2% yield strength are noted but are not as large as
the losses in ductility. Recovery of the mechanical properties has been observed after aging in hydrogen-
free atmospheres. The mechanism of hydrogen embrittlement of the austenitics is not known.

There is significant documentation to show that Type 316L stainless steel is less susceptible than
Type 304L stainless steel to hydrogen embrittlement at room temperature. Sensitized alloys and coarse-
grained alloys are more susceptible to hydrogen embrittlement, although the susceptibility of fine-
grained Type 216L stainless steel is the same whether it is sensitized or not. Little documentation exists
for hydrogen embrittlement of Alloy 825, but what does exist suggests that it is about as susceptible as
Type 316L stainless steel.

Some studies have indicated that Type 3(4 stainless steel is less susceptible to cracking at elevated
temperatures. Slow crack growth in hydrogen gas was reported at 25°C but not at 160°C. In addition,
losses in ductility after hydrogen charging were 50% at 0°C but negligible at 107°C.

Section 8 documents the diffusivities and solubilities of hydrogen in Type 304 stainless steel and
nickel. The properties of hydrogen arc generally the same in similar austenitic stainless steels, Since no

vii



studies have been performed on Alloy 825, data for hydrogen in nickel are presented 1o show the effect of
larger nickel concentrations.

In terms of resistance to the detrimental effects of hydrogen, the following ranking is proposed for -
the austenitic alloys: Type 316L stainless steel = Alloy 825 > Type 304L stainless steel.
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Survey of Degradation Modes of Candidate Materials
for High-Level Radioactive-Waste Disposal Containers

Volume 6: Effects of Hydrogen in Austenitic and Copper-Based Alloys

Abstract

Six alloys are being considered as possible materials for the fabrication of containers
for the disposal of hign-level radioactive waste. Three of these candidate materials are
copper-based alloys: CDA 102 (oxygen-free copper), CDA 613 (Cu-7Al), and CDA 715
(Cu-30Ni). The other three are iron- to nickel-based austenitic materials: Types 304L
and 316L stainless steels and Alloy 825. Radioactive waste will include spent-fuel
assemblies from reactors as well as waste in borosilicate glass and will be sent to the
prospective site at Yucca Mountain, Nevada, for disposal. The waste-package containers
must maintain substantially complete containment for at least 300 yr and perhaps as
long as 1000 yr. During the first 50 yr after emplacement, the containers must be re-
trievable from the disposal site. Shortly after emplacement of the containers in the
repository, they will be exposed to high temperatures and high gamma radiation fields
from the decay of high-level waste. This radiation will promote the radiolytic decom-
position of moist air to hydrogen.

This volume surveys the available data on the effects of hydrogen on the six candi-
date alloys for fabrication of the containers. For copper, the mechanism of hydrogen
embrittlement is discussed, and the effects of hydrogen on the mechanical properties of
the copper-based alloys are reviewed. The solubilities and diffusivities of hydrogen are
documented for these alloys. For the austenitic materials, the degradation of mechani-
cal properties by hydrogen is documented. Some instances of property recovery are
noted. The diffusivity and solubility of hydrogen in these alloys are also presented.

For the copper-based alloys, the ranking according to resistance to detrimental ef-
fects of hydrogen is: CDA 715 (best) > CDA 613 > CDA 102 (worst). For the austenitic
alloys, the ranking is: Type 316L stainless steel = Alloy 825 > Type 304L stainless steel
(worst).

1. Introduction

The Nuclear Waste Management Program
(NWMP) at Lawrence Livermore National
Laboratory is responsible for the development of
the waste-package design to meet the Nuclear
Regulatory Commission licensing requirements
for the containment of high-level waste. Waste
will include: (1) spent fuel from civilian nuclear
power plants, namely, fucl assemblies and consol-
idated fuel pins from pressurized-water reactors
(PWRs) and boiling-water reactors (BWRs), (2)

commercial high-level waste (CHLW) in the form
of borosilicate glass in which commercial spent-
fuel reprocessing wastes are incorporated, and
{3) defense high-level waste (DHLW), also
incorporated in borosilicate glass. The waste
package is being designed for eniplacement at a
repository in the Topopah Spring Member of the
Paintbrush Tuff at the Yucca Mountain site in
Nevada. The reference horizon is located 350 m
below the ground surface and 20 m above the



static water table. The composition of the gascous
phase and the vadose water makes the repasitory
conditions slightly oxidizing.

Selecting the materials to be employed in the
waste-package container is the responsibility of
the Metal Barrier Selection and Testing Task
Group of the Nevada Nuclear Waste Storage
Investigations (NNWSI) Project. Six candidate
materials are currently under consideration.
These materials include three iron- to nickel-
based austenitic materials and three copper-based
alloys. The austenitic materials are Types 304L
and 316L stainless steels and Alloy 825. The cop-
per-based alloys are CDA 102 (oxygen-free cop-
per), CDA 613 (Cu-7Al), and CDA 715 (Cu-30Ni).
Some of the criteria for the selection of the final
metal-barrier material will relate to the stability of
these materials in the repository environment.

The design criteria for the metal barricr re-
quire that the waste container maintain mechani-
cal integrity for a period of about 50 yr after em-
placement to permit retrieval of the nuclear waste
during the preclosure phase of repository opera-
tion. The waste packages are requircd to provide
substantially complete containment of the waste
for a period of 300 to 1000 yr. The metal barrier is
part of the engineered barrier system. During the
containment period, the metal barrier will be ex-
posed to a varying environment. A few years
after emplacement, the surfaces of many of the
containers will reach a maximum temperature of

about 250°C. This temperature will decay to
about 150°C within about 100 yr following
emplacement. Other containers will reach lower
temperatures becausc of lower heat cutput. This
early time period will also include the highest
gamma radiation field from the decay of the
high-level waste. This radiation will promote
radiolytic decomposition of the moist air near
the container surfaces. The hydrogen evolved by
this radiolysis process has the potential to sig-
nificantly alter the metallurgical behavior of the
container material.

This volume is one of eight that make up the
survey of degradation modes [1]. The purpose of
the survey is to characterize the candidate materi-
als. The other volumes in the survey address oxi-
dation and corrosion, stress corrosion cracking,
localized corrosion, phase stability, and effects of
welding on container intogrity.

This volume addresses the possible effects of
hydrogen on the candidate materials. It summa-
Tizes our review of the literature, highlighting ar-
eas in which significant data and results exist and
also identifying areas in which very little data
was found. The candidate materials are ranked
with respect te degradation in a hydrogen
environment.

A discussion of the methodology and extent
of the literature search can be found in the
Overview*

2. Copper-Based Candidate Alloys

The copper-based candidate alloys that have
been selected for consideration by the NWMP are
CDA 102, CDA 613, and CDA 715. A representa-
tive composition of these materials is given in
Table 1(2). The alloy CDA 102 is oxygen-free
copper, and both CDA 613 and CDA 715 are
essentially two-component alloys. The mechani-
cal properties of the latter alloys are generally en-
hanced in comparison with those of the pure cop-
per material. For purposes of comparison, Table 2
lists certain mechanical properties [0.2% yield
stress (YS), elongation, and ultimate tensile
strength (UTS)] at room temperature [3]. A re-
view of the basic metallurgy of CDA 613 and
CDA 715 is presented here to highlight the advan-
tages and disadvantages of each material.

2.1 Basic Metallurgy of the Copper-
Based Candidate Allays

CDA 102 is essentially pure copper and will
exhibit few, if any, metallurgical changes in me-
chanical properties under repository conditions.
The mechanical strength of CDA 102 is primarily
dependent upon the thermomechanical history of
the specific part. The higher the degree of cold
work, the greater the yield stress and creep

*J. C. Farmer,R. D. McCright, J. N. Kass, Survey

of Degradation Modes of Candidate Materials for High-Level
Radicactive-Waste Disposal Containers, Overview,
Lawrence Livermore National Laboratory, Livermore,
California, UCID-21362 Overview (1988).
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Table 1. Compositions of the copper-based candidate alloys (wt%).

Alloy Cu Ni Al

Mn Sn Fe Zn Other

CDA 102 99.95 _ —

CDA 613 90.82 0.005 6.75

CDA715 69.18 29.60 —

0.16 0.20 246 0.01

0.51 — 0.53 0.07

Pb <0.001
Cd <0.001
§<0.0018
Hg < 0.0001
P <0.003

<0.001

Pb < 0.01
Co < 0.01

Fb,0.01
P, 0.002
C, 004
S, 0.01

resistance. The impurity element that affects this
material the most is oxygen in the form of Cu0
precipitates. These precipitates are not wetted by
molten copper and hence are found predomi-
nantly on the grain boundaries of the as-cast ma-
terial. These oxide precipitates will be examined
in greater detail in Sec. 3.

Figure 1 shows the copper-aluminum equi-
librium phase diagram [4]. This binary system
exhibits a number of interesting phase transfor-
mations between about 10 and 30 wt% aluminum.
Naote thata cutectoid decomposition occurs at
565°C and approximately 12 wt% aluminum,

This is a martensitic transformation at slow cool-
ing rates, where the § phase transforms to ¢ and
v phases. This transformation may prove impor-
tant when considering the conditions that will oc-
cur in the heat-affected zone (HAZ) of a closure
scal. Figure 2 [5] shows a partial phase diagram
for the copper-aluminum system in the region

Table 2. Mechanical properties of the copper
alloys at room temperature [3].

UTS? 0.2% Y53 Percent
Alloy  (103psi) (103psi)  elongation
CDA 102 32-66 10-53 554
CDA 613 70-85 30-58 42-35
CDA 715 54-75 20-70 45-15

2Softest to hardest commercial forms.

around 2 to 16 wt% aluminum in copper. This
figure extends the lower temperature of the phase
diagram to 0°C and highlights the complex phase
transformations that take place in these materials.
The effects of phase stability and transformation
on the mechanical properties of the copper-
aluminum sysiem are dealt with in detail
elsewhere [1].

The copper-nickel equilibrium phase dia-
gram exhibits sclid-solution behavior throughout
the entire composition range, as shown in Fig. 3
(6]. This means that no precipitate phases are
present under equilibrium conditions. This fea-
ture may have advantages when considering the
HAZ at the closure seal of the container.

The mechanical properties of the anncaled
copper-based candidate alloys are an important
factor in determining the final design geometry
and material requircments of the container. A
comparison of the tensile strength as a function of
temperature for the copper-based candida‘e ma-
terials is given in Fig. 4 (7]. Note that at high
temperatures, CDA 715 has significantly higher
tensile strength than CDA 613 or CDA 102.
Above about 177°C, the tensile strength of CDA
715 surpasses that of CDA 613. Under repository
conditions (25°C < T < 250°C), CDA 613 and CDA
715 have significantly higher tensile strengths
than CDA 102. These mechanical properties are a
baseline for comparison of the effects of hydrogen
on the mechanical and microstructural behavior
of these materials in a repository environment.
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3. Effects of Hydrogen

Numerous articles in the technical literature
review the effects of hydrogen on metals.
McLellan and Harkins [8] completed an extensive
review of the interaction of hydrogen with most
metals, providing data from work compieted
through the mid 1970s. Previous reviews by
Smith [9] and Mackay [10] summarize the extent
of knowledge of the interaction of hydrogen with
metals from the 1940s to the early 1960s, respec-
tively. The degradation of the mechanical proper-
ties of copper and copper alloys exposed to a
hydrogen environment has been extensively
documented with respect to hydrogen and loss of
ductility. A significant body of work addresses
the mechanical properties of electrolessly
deposited copper [e.g., 11, 12] and copper joined
by various techniques [e.g., 13, 14]. These studies
are of interest when considering joining tech-
niques for the closure of the container.

A significant volume of work has been com-
pleted by the Europeans [15-20]. Beginning
with the early investigations of Mattsson and
Schiuckher [15], the effects of hydrogen on me-
chanical properties and microstructure have been
extensively documented.

3.1 “Hydrogen Sickness”

The mechanism of embrittlement of copper
exposed to hydrogen was initially called
Wasserstoffkrankheit or “hydrogen sickness” by
the Germans. The degradation of high-purity
copper exposed to a hydrogen environment is
due to the formatior: of cavities on the grain
boundaries. The mechanism, initially proposed
by Ransley [21), was experimentally verified by
Mattsson and Schuckher [15]. This mechanism
describes the formation of cuprous oxide (Cuz0)
in the moiten copper as the metal is cast. Since
CuyC s not wetted by molten copper, the oxide is
swept to the grain boundaries during the solidifi-
cation process. The Cuy0O is not an extremely
stable compound, with a Gibbs free energy of
formation (AGg) of —34.9 kcal/mole at 25°C. When
the cast material is exposed to a hydrogen envi-
ronment, the hydrogen dissociates on the surface
of the metal, and diffuses along grain boundaries
and throughout the matrix. This atomic hydrogen
reduces the CupQ, forming water vapor (AGy =
—57.796 keal/mole at 25°C) and metallic copper.
Since the density of metallic copper is signifi-

canlly greater than that of Cuz0, a void space is
readily formed at the site where the CuzO reduc-
tion occurred. This void is stabilized by the water
vapor molecule and begins to grow as more Cu-0O
reduction occurs along the same grain boundary.

This process leads to the “beaded microstruc-
tare” observed at the grain boundaries in nearly
all cases in which hydrogen sickness has been
documented. The formation of cavities on the
grain boundaries quickly leads to a significant re-
duction in the ductility of the copper and ulti-
mately to brittle intergranular fracture. The ef-
fects of hydrogen sickness have been noted in
“pure” copper with an oxygen content as low as
22 atomic ppm [22]. The stoichiometry of the re-
action indicates that twice as much hyvdrogen as
oxygen is required. Under appropriate condi-
tions, as little as 44 atomic ppm of hydrogen
could thercfore cause hydrogen sickness.

There are a number of methods used to pre-
vent the degradation of copper by hydrogen sick-
ness. The addition of small amounts of alloying
elements such as zirconium, boron, phosghorus,
or magnesium can tie up the oxygen in the form
of stable oxides. These oxides cannot be reduced
by hydrogen, so the formation of water vapor
molecules is prevented within the copper matrix.
Another advantage of these oxides is that they are
wetted by molten copper. This wetting prevents
the segregation of oxides to the grain boundaries
during solidification of the melt. The resulting
copper alloy ccz:izins impurity oxides dispersed
throughout the metal matrix, which can provide
strengthening of the alloy.

3.2 Degradation of Mechanical
Properties

The formation of cavities filled with water
vapor along the grain boundaries in copper has a
significant effect on the mechanical properties.
Kotova et al. [23] completed an extensive study of
the degradation of mechanical properties of pure
copper after it was annealed in a hydrogen atmo-
sphere at temperatures between 600 and 90)°C.
Significant reduction in plasticity was noted for
all specimens annealed in hydrogen and then
tested to failure in a tensile testing device. The
greatest loss of plasticity was noted for specimens
tested to failure at temperatures between 200 and
500°C. Over this temperature range, the plastic
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behavior of the copper decreased from 90% plas-
ticity for copper containing no hydrogen to 40%
plasticity for copper annealed in hydrogen at
850°C. Plasticity is defined by Kotova et al. to be
the percentage reduction in cross-sectional area
after fracture. Substantial loss of plasticity could
lead to brittle failure, which might affect retriev-
ability of the containers.

Kotova et al. also determined the hydrogen
concentration as a function of anneal temperature
for copper annealed in 1 atm of hydrogen und al-
lowed to cool in the furnace under an atmosphere
of hydrogen. Figure 5 shows the concentration of
hydrogen as a function of anneal temperature.
The plot has been expanded to illustrate the tem-
perature range of interest to the NWMP.

The variation in mechanisms of penetration
of hydrogen into copper from Hz in the gas phase
can be observed from the data provided by
Kotova et al. Figure 6 shows the effect of anneal-
ing time on the uptake of hydrogen by copper at
850°C. Below an anncaling time of 1 hr, the con-
centration of hydrogen that enters the copper is
determined by one mechanism. Between 1and
about 25 hr, there is a transition region. Beyond
about 25 hr, the concentration of hydrogen in

copper is limited by another mechanism. These
mechanisms were not addressed by Kotova et al.
Potential rate-limiting steps include dissociation
of hydrogen on the surface of the metal, grain
boundary diffusion, and/or bulk diffusion. The
three regimes that are illustrated in Fig. 6 suggest
that great care must be taken when applying
experimental data from the literature to potential
repository conditions. At different experimental
times and temperatures, the mechanism of
hydrogen entry and migration through copper
can vary significantly.

3.3 Solubility, Diffusivity, and
Permeability

Copper is one of the many metals that dis-
solve hydrogen endothermically. The trausport
of hydrogen in copper also requires a significant
driving force. The mechanism of hydrogen trans-
port through copper, which was described previ-
ously, has been experimentally verified in a num-
ber of studies [15, 24-28]. Data from the literature
have been reviewed and plotted throughout the
temperature range of interest to the NWMFP.

2.0 T T T
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X}

0.4 L. L

l L ‘ L

400 600

800 1000 1200

Temperature (K)

Figure 5. Retained hydrogen concentration vs temperature for high-

purity copper [23],
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Figure 7 is a plot of the solubility of hydrogenin
copper vs reciprocal temperature. The tempera-
ture range has been extrapolated down to 227°C
to illustrate the extremely low solubility of hy-
drogen in copper under repository-relevant con-
ditions. At227°C, the solubility of hydrogen in
copper is approximately 0.02 atomic ppm.
Another important physical parameter that
will significantly affect the response of copper to
hydrogen in a repository environment is the dif-
fusivity of hydrogen in copper. Hydrogen's dif-
fusion rate wiil determine its distribution in the
bulk. Several studies {24-27] have been com-
pleted to determine the diffusivity of hydrogen in
copper. Figure8 shows a plot of diffusivity of
hydrogen in copper vs reciprocal temperature
for the temperature range 25 to 825°C. Recent
work by [shikawa and McLellan [25] determined
the diffusivity of hydrogen in copper at room
temperature. These data justify previous ex-

trapolations of the diffusivity data to lower
temperatures.

The ultimate measure of the transport of hy-
drogen through a copper component is the per-
meability. Begeal {28] completed an extensive
study of the transport of hydrogen through cop-
per and copper alloys. Figure 9 is a plot of the
permeability of hydrogen through pure copper.
Note that at the temperature of interest (1/T =
0.003, T = 225°C), the permeability of hydrogen is
extremely low (K = 10-" mole/s - m - VPa). For
1 atm hydrogen at 225°C, the time required for
hydrogen to reach its solubility limit at 1 mmis
approximately 100 yr. Begeal also studied the
effect of additions of alloy on the permeation of
hydrogen through copper materials. He noted
that the additions of alloying elements such as
aluminum, beryllium, and silicon form an oxide
laver on the surface, which further reduces the
permeability of hydrogen.
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[t is interesting to note that the data pre-
sented in Figs. 7 through 9 are self-consistent.
When variations in experimental conditions, in-
cluding pressure of the hydrogen gas during the
experiment, are considered, the product of the
solubility data from McLellan (experiment com-
pleted at 1 atm hydrogen pressure) and the diffu-
sivity data from Fig. 8 (experiments completed at
1 atm hydrogen pressure} yields a curve similar to
the permeability data presented by Begeal in
Fig. 9 {experiment completed at 0.1 atm hydrogen
pressure).

3.4 Hydrogen Trapping in Copper
The precipitation and trapping of hydrogen

in copper have been of significant interest to the
fusion-reactor-materials community. The trans-

port of hydrogen from a fusion plasma into the
copper elements of containment magnets, with
the ensuing degradation of mechanical properties,
has inspired a number of studies of the precipita-
tion and trapping of hydrogen in copper [20, 21,
29-30]. The endothermic nature of the dissolution
of hydrogen in copper implies that small varia-
tions in temperature can produce significant su-
persaturation conditions. This phenomenon re-
sults in the precipitation of hydrogen in the form
of bubbles in the metal matrix.

Wampler et al. [30, 31] developed models to
explain the precipitation of hydrogen in a copper
lattice. These models suggest that the increase in
bubble volume during growth is due to plastic de-
formation of the copper lattice near the bubble.
Wampler et al. also concluded that the precipita-
tion of hydrogen in copper is a diffusion-limited
process. Experiments completed by Wampler
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Figure 8. Hydrogen diffusivity in copper as a function of temperature [25-27.

etal. [30, 31] and Caskey and Pillinger [29] sub-
stantiate the model described above. Wampler
measured changes in resistivity in hydrogen-
saturated copper during isochronal anneals to
determine the energy of solution of hydrogen.
Wampler et al. noted that the hydrogen began to
precipitate from the supersaturated solid solution
at about room temperature. Untrapping of the
hydrogen was substantially complete at about
50°C {323 K). Caskey and Pillinger measured the
permeation of hydrogen through thin foils of
copper and compared the relative permeation
rates of annealed and cold-worked materials.
Both studies noted an increase in hydrogen trap-
ping with increasing concentrations of impurity
and increasing level of cold work.
The direct application of these experimental
results to repository-specific conditions is not rec-
-ommended. To achieve the supersaturation con-
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ditions necessary to complete these experiments,
the copper samples were subjected to extremely
high hydrogen pressures (30-80 atm) and
quenched froin very kigh temperatures (1000°C)
to very low temperatures (-150°C). The partial
pressures of hydrogen and the temperature
changes that will be present in the repository en-
vironment should be orders of magnitude less.
Thus, determination of the hydrogen trapping
and precipitation in the repository on the basis of
these experimental data is impossible.

3.5 Effects of Hydrogen in Copper
Alloys

A number of studies have been completed
on the effects of hydrogen in copper-aluminum
alloys similar to the candidate alloys under
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consideration by the NWMP. Recent work by

J. G. Byme and others [32-35] employed trans-
mission electron microscopy (TEM), scanning
electron microscopy (SEM), mechanical testing,
and positron annihilation to study the effect of
hydrogen on copper and copper-aluminum al-
loys. In previous work, Himmler {36, 37] studied
the solubility of hydrogen in copper alloys asa
function of solute concentration.

Kim and Byrne [32] used the Doppler broad-
ening of positron annihilation radiation o detect
the trapping of hydrogen at dislocations within
the metal matrix. They also used this technique
to study the effect of additions of solute alu-
minum on the stacking fault energy of the alloy.
Subscquent studies by Byrne and others [33-35]
investigated the effects of cathodic charging,
thermal charging, and variation in solute concen-
tration on the microstructure and mechanical
properties of copper-aluminum alloys. The re-

0.0018 6.0022

1T (1/K)
Figure 9. Hydrogen permeability in copper as a function of temperature [28].
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sults of these studies indicate that hydrogen
charging of the copper and copper-aluminum al-
Toys studied (Cu-4Al, Cu-8Al) reduced the frac-
ture strain by abont 5% in all cases They also
noted a concurrent increase in microhardness
with hydrogen charging. The effect of the addi-
tion of aluminum solute atoms was to lower the
stacking fault energy. Since the reduction in frac-
ture strain was uniform for all alloys tested, the
reduction in stacking fault energy in the copper-
aluminum system appears to have no effect on
the observed embrittlement characteristics. The
trapping of hydrogen in the copper-aluminum ai-
loys was noted to begin at a temperature of about
60°C, and detrapping occurred above about
110°C. This result is slightly different from the re-
sults noted by Wampler et al., in which detrap-
ping was complete at about 50°C in pure copper.
The embrittlement mechanisms in the copper-
aluminum alloys were assumed to be similar to



the model of hydrogen trapping and precipitation
proposed by Wampler et al. [30, 31].

There was very little information in the litera-
ture on the effects of hydrogen on the copper-
nicke! alloy system. The only work that was
identified was that completed by Himmler
[36, 37). Himmler studied the effects of variation
in solute concentration on the solubility of hydro-
gen. A summary of Himmler’s results is shown
in Fig. 10. This figure is a plot of the hydrogen
concentration in a copper alloy as a function of
concentration of solute atoms. Note that for
additions of solute atoms of aluminum, tin, and
gold, the solubility of hydrogen decreases with

increasing solute concentration. The addition of
silver solute atomns appears to have little effect
on the solubility of hydrogen in copper. The ad-
dition of platinum solute atoms increases the
solubility of hydrogen in copper slightly. The
most dramatic increa<c ir Brdrogen solubility is
noted for the addition of nickel solute atoms to
the alloy. The addition of up to 25 wt% nickel
appears to more than double the solubility of
hydrogen in the alloy.

In light of the resuits presented by Himmler,
the lack of data in the literature documenting the
effects of hydrogen in copper-nickel alloys is not
surprising. There is most likely little noticcable
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Figure 10. Hydrogen solubility in copper alloys as a function of
alloying element content (wt%) at 1225°C. Note the increase in
hydrogen solubility with increasing nickel content [36].
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degradation in the mechanical or microstructural
properties of copper-nickel alloys in a hydrogen
environment. This would make the copper-
nickel-hydrogen system uninteresting to study.
However, an experimental effort to define the lim-

its of hydrogen degradation of copper-nickel
alloys is recommended to provide conclusive
data verifying that the effects of hydrogen in the
copper-nickel alloy would pose no problem for
metal-barrier materials at repository conditions.

4. Summary of the Effects of Hydrogen in Copper-Based Alloys

A review of the literature has been com-
pleted on the effects of hydrogen on the candidate
materials CDA 102, CDA 613, and CDA 715.
There is a significant body of data documenting
the effect called “hydrogen sickness,” which is the
reduction of CuyO impurities located on the grain
boundaries. This reduction results in the forma-
tion of water molecules and a void space that is
stabilized by the water vapor. The interconnec-
tion of these cavities results in significant degra-
dation of the mechanical properties of the metal
and subsequent brittle failure, which are observed
experimentally. This phenomencn will occur
with as little as 22 atomic ppm oxygen and, in the
worst case, with just enough hydrogen to titrate
the oxygen, that is, 44 atomic ppm.

In reviewing the literature, the solubility of
hydrogen in copper was documented and the
data were plotted over the temperature range of
interest for repository applications. The diffusiv-

ity and permeability of hydrogen in copper were
also documented over the same temperature
range. Theoretical models and experimental evi-
dence of the trapping of hydrogen in copper and
copper-aluminum were noted. The detrapping
temperatures varied stightly for pure copper
{50°C) and the copper-aluminum alloy (110°C).
The direct application of these models and data to
repository conditions is not suggested because the
hydrogen charging and trapping methods em-
ployed in these studies were very extreme.

There are very few available data on the ef-
fects of hydrogen in the copper-nickel alloy sys-
tem. The results that are available indicate that
the solubility of hydrogen increases with increas-
ing nickel concentration. This result, coupled
with the lack of data in the literature, suggests
that there is probably little observable effect of
hydrogen in the copper-nickel system.

5. Ranking of the Copper-Based Candidate Alloys

Considering the effects of hydrogen alone on
the three copper-based alloys, the following
ranking is proposed:

1. CDA715

2. CDA 613

3. CDA 102
This ranking considers the solubility and docu-
mented response of each alloy system to a hydro-
gen environment. The most catastrophic material
degradation was that of hydrogen sickness, that
is, the formation of internal water from copper
oxides. Since this has been noted in copper with
as little as 22 atomic ppm oxygen content, it is ap-
parent that some means of mitigating this effect is
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necessary for a repository material. The addition
of deoxidizers is strongly recommended in

CDA 102. The work of Byrne and others showed
that both copper-aluminum and pure copper suf-
fer degradation because of absorbed hydrogen.
This degradation includes a 5% decrease in frac-
ture strain. The increase in hydrogen solubility
with increasing nickel content in the copper-
nickel system may prove to be most advanta-
geous. However, experimental verification of the
response of CDA 715 to hydrogen under reposi-
tory-relevant conditions is suggested prior to
selection of this material for use in the NWMP
containers.



6. Austenitic Candidate Alloys

The austenitic alloys being considered are
Type 304L stainless steel, Type 316L stainless
steel, and Alloy 825. They are candidate materials
for the nuclear-waste isolation containers because
of their relatively high strength and generally
good corrosion propertics. For purposes of com-
parison, Table 3 lists certain mechanical proper-
ties [0.2% yield stress (YS), elongation to fracture,
and ultimate tensile strength (UTS)] for each of
the alloys at room temperature [3, 38). Table 4
lists the elemental composition ranges in wt% for
each of the alloys [3, 38]. Alsoincluded in Table 4
are the compositions of Types 304 and 316 stain-
less steels. The “L” grade restricts the alloys to
less than 0.03 wt% carbon. In addition, it also re-
quires an increase in nickel content for the Type
304L stainless steel.

The low-carbon stainless steels have been
chosen for their enhanced stress corrosion resis-

Table 3. Mechanical properties of the alloys at
room temperature {3, 38].

UTs 0.2% YS Percent
Alloy  (10®psi) (10°psi) elongation

tance over the alloys of higher carbon content.
Sensitization of stainless steels of high carbon
content occurs during thermai aging for

500°C < T < 800°C in timne periods as short as

15 min [39-41]. Sensitization is the precipitation
of metal carbides (M33Cg), usually chromium car-
bides, on the grain boundaries, accompanicd by a
reduction in the concentration of the metal
{chromium) in the region adjacent to the grain
boundarics [42, 43]. Hydrogen and other corro-
sive species cause the sensitized alloys to stress-
corrode more casily than the unsensitized alloys.
Although they are more resistant, sensitization
has been reported in Types 3041 and 316L stain-
less steels, and Alloy 825 139, 44-47).

In addition to enhancing resistance to sensiti-
zation, the lower carbon content in the steels re-
duces the possibility of the formation of methane
(CHj) within the steel [48). Internal methane em-
briitles stects by forming high-pressure gas in
grain boundarics. The internal stresses are suffi-
cient to cause rupture. Also, under external loads,
the internal methane can cause premature failure.

The resistance of the austenitic stainless steels
to hydrogen-induced (-assisted) fracture has been

304 95 is 65 correlated by Briant {49] with the relative stability
316 85 a7 65 of the austenite against martensite transformation.

In fact, Briant [49] claims that embrittlement in the
825 100.5 437 43

austenites is caused by martensite formation. An

Table 4. Elemental composition of the austenitic candidate alloys (wt%).

Stainless steels
Element 3 304L 316 316L Alloy 825
C 0.08 0.03 max 0.08 0.03 max 0.05 max
Mn 2.00 2.00 max 2.00 2.00 max 1.0 max
Si 1.00 1.00 max 1.00 1.00 max 0.5 max
Cr 18.0-20.0 18.0-20.0 16.0-18.0 16.0-18.0 19.5-23.5
Ni 8.0-10.5 8.0-12.0 10.0-14.0 10.0-14.0 38.0-46.0
P 0.045 0.045 max 0.045 0.045 max —_
) 0.03 0.03 max 0.03 0.03 max 0.03 max
Cu —_ — — — 1.5-3.0
Ti — — — — 0.6-1.2
N 0.10 0.10 0.10 0.10 —
Mo —_ _ 2.0-3.0 2.0-3.0 3.0
Fe Bal. Bal. Bal. Bal. Bal.
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austenite stability is bounded by a low strain-
induced martensite transformation temperature,
Myso. Angel [50] has correlated Myag with
elemental composition in wt% for austenitic
stainiess steels:

Myzp (°C) = 413 — 462IC + NJ - 9.2[Si]
-8.1IMn] - 13.7[Cr] - 9.5[Ni] - 185[Mo]

The lower the value of Mq3p, the more stable
the alloy is against the martensite transformation.
On the basis of this general correlation, the
higher-alloyed Type 316 stainless steel should be
more resistant than Type 304 stainless steel to hy-
drogen embrittlement.

7. Processes of Hydrogen Embrittlement

Although a number of mechanisms have
been proposed to explain the embrittlement of
austentic alloys by hydrogen, there appears to be
no consensus with respect to any one mechanism.
This section reviews experimental data available
in the literature that addresses many of the pro-
posed mechanisms. Numerous papers have been
written on the subject of hydrogen embrittlement
of Types 304 and 316 stainless steels. A large
number of these papers have been catalogued
with respect to the alloy, the type of experiment
performed, and the experimental findings. This
cataloguing is presented in the Appendix. Only
representative findings about hydrogen embrit-
tlernent will be presented in this section. Unfor-
tunately, only one published study on the effects
of hydrogen in Alloy 825 was found. Fortunately,
that study makes a direct comparison between
Types 304 and 316 stainless stecls [51]).

Before discussing hydrogen embrittlement, it
should be mentioned that most studies were per-
formed using cathodic charging of the hydrogen.
Because of the low solubility and diffusivity of
hydrogen in the austenites, this form of charging
results in high near-surface hydrogen concentra-
tion gradients. The bulk concentration of hydro-
ren is then uncharacterized for this type of exper-
iment. These experiments are useful, though, to
characterize trends. (Note: hydrogen solubility
and diffusivity are discussed in the following
section.}

The deleterious cffects of hydrogen in the
steels result primarily either from the hydrogen
reacting with carbon to form internal methane or
from bulk hydrogen itself degrading the mechan-
ical properties of the metal. The methane formed
builds up internal pressure and can cause fracture
with or without external loads. The formation of
intermal methane in steels is usually restricted to
those having high carbon contents (>0.1 wt%) [48]
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and has not been documented as a problem in the
low-carbon austenitic materials.

High concentrations of hydrogen have
been found to be deleterious in the austenitics.
Extremcly high concentrations of hydrogen can
be formed in near-surface regions during high-
fugacity cathodic charging of Types 304 and
316 stainless steels. These large hydrogen
concentrations inducc surface cracking in the pure
austenitic materials 52, 53]. This surface cracking
is primarily intergranular and results from hy-
drogen-induced strain fields. Stable martensite
formation has often been reported to accompany
surface cracking in Type 304L stainless steel [54,
55] ana Type 316L stainless steel [56). Surface
cracking can be eliminated in Type 34L stainless
steel if some of the austenite has been trans-
formed to martensite by cold working [57].
Unfortunately, martensite itself degrades the
mechanical properties of the metal, as explained
below.

The degradation of mechanical properties
of the austenitics has been shown to occur at rela-
t:vely low bulk hydrogen atom concentrations.

In general, though, tensile testing of Type 3161
stainless steel [40, 44] and Type 304L stainless
steel [39, 44, 58-60] in hydrogen for various
charging conditions primarily shows degradation
of ductility (elongation) with little change in the
YSand UTS.

Graver [51] has studied the effect of low hy-
drogen concentrations on the clongation, UTS,
and YSin ali three austenitic alloys of interest.
The hydrogen was cathodically charged for peri-
ods of 2 to 32 days. His findings are presented in
Figs. 11 through 13. As can be seen from the fig-
ures, degradation of the YS and the UTS is small,
while that of the elongation is much larger. The
loss of clongation (ductility) means that the frac-
ture is becoming more brittle. Elongation losses
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Figure 11. Eiongation vs hydrogen concentration for Types 304 and 316
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Figure 13. YS (0.2%) vs hydrogen concentration for Types 304 and 316 stainless

steels {51].

at about 30 ppm hydrogen are greatest in Type
304 stainless steel (30% reduction) and somewhat
less in Alloy 825 (16%) and Type 316 stainless
steel (5%). The absolute magnitude of the percent
elongation is less for Alloy 825 than for Type 304
or 316 stainless steel, but the tensile strength is
greater for Alloy 825 than for Type 304 or 316
stainless steel. [t should be noted that the loss

in ductility occurs at hydrogen concentrations of
the order of a few parts per million. In agreement
with the above study by Graver, other combined
studies of Types 304L and 316L stainless steels
[40, 44] have shown that hydrogen charging of the
steels primarily degrades the metal’s ductility
and that hydrogen embrittlement is much greater
in Type 304 stainless steel than in Type 316
stainless steel.

Degradation in other mechanical properties
has also been measured using high-fugacity ca-
thodic hydrogen charging. Reductions in the
UTS by 21 and 8%, respectively, for unsensitized
Types 304L and 316L stainless steels have been
measured by Minkovitz and Eliezer {44]. The ac-
companying reductions in elongation were 44
and 34% in Type 304L and Type 316L stainless
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steels, respectively. For Type 304L stainless steel,
Holzworth [59] has also measured a reduction in

UTS of about 30% afier sevcre cathodic hydrogen
charging.

Mirkovitz and Eliczer {43} have also studied
the effect of grain size and sensitization on the
hydrogen embrittlement of Types 304L and 316L
stainless steels. Sensitizing conditions were se-
vere: 650°C for 24 hr. Their results are repro-
duced in Table 5. Under all test conditions, Type
3(ML stainless steel is more severely embrittled
than Type 316L stainless steel. Coarser grain sizes
and sensitization result in higher degradation of
mechanical properties for both metals. In the
worst case (coarse-grain and sensitized Type 304L
stainless steel), this alloy showed a 77% reduction
in elongation and a 44% reduction in UTS. In the
best case, fine-grained Type 316L stainless steel,
whether sensitized or annealed, showed a 34%
reduction in elongation and less than an 8% re-
duction in UTS. Table 6 lists the mode of failure
of the alloys under the test conditions. The fine-
grained Type 316L stainless steel failed primarily
by ductile fracture whether annealed or sensi-
tized. At the other extreme, the coarse-grained



Table 5. Percent reduction in mechanical properties
of Types 304L and 316L shainless steels [44]. Samples
were tested while undergoing cathodic polarization.
Properties are compared with those of uncharged sam-
ples. Note: ASTM 8 is a grain diameter of about 25
um, and ASTM 6 is a grain diameter of about 50 jun.

Percent reduction in properties

Heat treatment
and grain size YS uTS Elongation
Type304L

Annealed

ASTM 8 7 16 37
Sensitized

ASTM 8 6 20 54
Anneaied

ASTM 6 8 21 44
Sensitized

ASTM 6 7 44 77

Type 316L

Annealed

ASTM S 0 8 34
Sensitized

ASTM S 0 7 k1]
Annealed

ASTM 6 0 5 3s
Sensitized

ASTM ¢ 0 12 42

Type 3(4L stainless steel failed by intergranular
fracture when sensitized and by transgranular
fracture when anncaled.

The presence of «” martensite has been
shown to have a varied cffect on the mechanical
properties of Type 304 stainless steel. Hanninen
and Hakkarainen [61] studied the effect of 10 and
23% o martensite on the mechanical properties of
"Type 304 stainless steel. Their results are repro-
duced in Table 7. The smaller amount of marten-
site appears to improve the mechanical properties
over those of the solution-annealed material,
while the larger amount definitely has a deleteri-
ous effect on the mechanical properties. It is in-
teresting to note that brittle fracture accurred in
all their samples, probably because of the very se-
vere hydrogen cathodic charging conditions and
the very high strain rate in the tensile test (see the
Appendix).

Eliezer et al. (62, 63] have performed an ex-
tensive study of the slow crack growth (SCG) of a
notched tensile sheet (1.6 mm thick) of Type 304
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stainless steel for a variety of charging solutions.
Their results are reproduced in Table 8. In an at-
mosphere of hydrogen gas, the appearance of
SCG was dependent on the testing temperature.
Hydrogen-induced SCG occurred in 16 psi H; at
80% of maximum load (55 ksi} at 25°C, but no
S$CG was recorded when the testing temperature
was 160°C. Under more severe hydrogen charg-
ing conditions at room temperature, SCG oc-
curred at lower loads than those used in hydro-
gen gas. Itis interesting to note that the authors
also studied the SCG in a more stable austenitic
alloy, Type 310 stainless steel, and found no SCG
under any of the hydrogen charging experiments.
As mentioned previously, most studies have
used high-fugacity cathedic charging of hydrogen
because of the low solubility of hydrogen in the
austenites. With this technique, substantial
concentrations of hydrogen can be obtained.
Holzworth [59] has studied the recovery of the
tensile properties of Type 304 stainless steel with
aging in a nonhydrogen atmosphere. Figure 14 is
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Table 6. Fracture modes of tensile-tested Types (ML and 316L stainless
steels [44]. Samples were tested while urdergoing cathodic polarization.
Note: ASTM 8 is a grain diameter of about 25 um, and ASTM 6 is a grain
diameter of about 50 pm.

Fracture mode (percent of surface)

Heat treatment Microvoid
and grain size coalescence [Intergranular Transgranular

Type 304L
Annealed
ASTM 8 15 —_ 85

Sensitized

ASTM 8 30 70 —
Annealed

ASTM 6 — —_ 100
Sensitized

ASTM 6 —_ 100

Type 316L
Annealed
ASTM 8 85 15 —

Sensitized
ASTM 8 85 15 —

Annealed
ASTM 6 85 —_ 15

Sensitized
ASTM ¢ 50 45 5

Table 7. Mechanical properties of Type 3(4 stainless steel
tensile specimens tested at room temperature after hydrogen
charging [61}.

Percent

YS UTS elongation
Condition {ksi) (ksi) to fracture
Uncharged 452 70.1 k]
Solution- 30.6 30.6 0
annealed
10% o’ 44.7 44.7 0
martensite
23% o 10.2 10,2 g
martensite




Table 8. Summary of results from the Type 304 stainless steel SCG study of Eliezer et al. [62].
Minimum time for crack growth is 3 hr.

Test temperature
Test conditions Q) Observations
16 psi Hy 25 SCG at > 80% maximum load (55 ksi)
in air ; 4.5% o' at brittle fracture surface
160 NoSCG;no o’

Air after charging 10 3 25 No SCG; 4.3% o at ductile fracture surface
days in H2SO4 at 25°C
Air after charging 2 to 3 25 SCG at 75% max load (55 ksi); 11% o at brittle
days in KHSOy at 300°C fracture surface
Stress while charging in 25 SCG at 65% maximum load; 4% o at brittle fracture
H»S04 surface
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Figure 14. Recovery of elongation for Type 304L stainless steel with aging at room

temperature after hydrogen charging at room temperature and 100°C. Charging
conditions: 1N H;S0; and 0.1¢ A/cm2[59].
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a plot of his data for the elongation of the metal as
a function of room-temperature aging for two
charging temperatures. It is evident fr.-m the plot
that the adverse effects of the hydrogen charging
are reversible even at room temperature. Other
studies have shown similar recovery of mechani-
cal properties following aging in nonhydrogen
atmospheres [64].

Since the containers in the repository will be
at elevated temperatures for most of the recovery
period, the effects of hydrogen on the alloys at el-
evated temperaturcs are of interest. Caskey [65]

has performed such a study on bar samples of
Type 304L stainless steel at temperatures up to
110°C. The samples were loaded with hydrogen
at 200°C and 10 ksi for 1500 days. The results for
the percent reduction in elongation vs test tem-
perature are plotted in Fig. 15. There is no loss
in ductility at 110 and -195°C. The largest degra-
dations of elongation occur at 0 and -75°C. These
results correlate well with thosc of Eliezer et al.
162, 63], where SCG in Type 304 stainless steel
was found at 25°C but not at 160°C.
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Figure 15. Percent reduction in elongation as a function of testing temperature for Type 304L
stainless steel [65). Note: at each temperature, the hydrogen bulk concentration is

approximately 2 x 104 mol/cm?®,



8. Diffusivity and Solubility of Hydrogen

Experimental evidence indicates that hydro-
gen transport [58, 65, 66] and concentration [51]
are critical in the embrittlernent of the austenites.
This section will examine the solubility and diffu-
sivity of hydrogen in the candidate container
materials. The values of these properties under
storage conditions, 25 to 275°C, will be empha-
sized. Although there are no specific data for
Type 316 stainless steel, it has been found in gen-
eral that the properties of hydrogen vary little
among the various austenitic stainless steels [67].
Therefore, the propertics of hydrogen will be as-
sumed to be the same in all the austenitic stainless
steels. Unfortunately, there is no published

literature on the properties of hydrogen for Alloy
825. The properties of hydrogen for nickel will be
presented as a first approximation to those for the
nickel-based Alloy 825.

The diffusivity of hydrogen in Type 304
stainless steel has been measured for 200°C < T <
350°C, and the best-fit equation is given by [67]:

D (cm?/s) = 7.69 % 102 exp[-12,700 cal/mol)/RT|

This diffusivity has been extrapolated to the tem-
perature range of interest to the Nuclear Waste
Management Program (NWMP) and is plotted in
Fig. 16. In the temperature range relevant to
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Figure 16. Hydrogen diffusivity for Type 304 stainless steel [67] and nickel [69),
and the best-fit equations to the experimental data.
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storage conditions, the hydrogen diffusivity is
extremely small: 4 x 10712 cm?/s at 25°C and
7 x 108 cm?/s at 275°C. These values are in
agreement with other reported values [68].

To illustrate the slow hydrogen diffusion
rate, the mean time (yr} required for hydrogen to
diffuse 1 cm is plotted in Fig. 17. The diffusion
time is calculated assuming random-walk condi-
tions, that is,

t=x2/4D

where # is time (s), x is distance (cm), and D is dif-
fusivity (cm?/s) [87). At25°C, the calculated time

for 1 cm of diffusion is approximately 2000 yr,
and at 225°C it is about 0.5 yr.

The best fit to hydrogen-diffusivity data in
nickel (see Fig. 16) for numerous studies has been
determined by Cermak and Kufudakis [69] and is
givenby:

D (em?/s) = 7.77 x 107 exp((-9860 cal/mol) /RT]

These data should be considered as an upper limit
to the diffusivity of hydrogen in Alloy 825, since
alloying with iron should decrease its diffusivity.
Nickel has a face-centered cubic structure, as does
Alloy 825. Under conditions reievant to the
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Figure 17. Time for hydrogen to diffuse 1 cm in Type 304 stainless steel as a function

of temperature {(see text).
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repository, the diffusivity of hydrogen in nickel
ranges from 5 x 10710 cm2/s (27°C} to 9 x 107
cm/s (277°C). These values are significantly
higher than those for the austenitic stainless
steels, but again, they are probably an upper limit
to the actual diffusivity.

Absorption of hydrogen is endothermic in
both the stainless steel austenites and nickel.
Therefore, the solubility of hydrogen increases
with increasing temperature. For solubility of
hydrogen, just as for diffusivity, there is little
variation among the stainless stecl austenites [67].
Figure 18 is a plot of the best-fit equations of hy-
drogen solubility vs temperature for Type 304
stainless steel |67] and nickel [70]. For 200°C <

T < 350°C, the variation of hydrogen solubility in
Type 304 stainless steel with temperature and
pressure is given by:

S (atomic ppm) =
2.1 expf(~1100 cal/mol}/RT}] (Pa)-1/2

where Pa is the pressure in pascals. For 350°C < T
< 1400°C, the variation of hydrogen solubility in
nickel with temperature and pressure is given by:

S (atomic ppm) = (0.5 log Pa) - 2.00 - 870/T

Enhanced transport of hydrogen by dis-
locations is thought to be critical for hydrogen
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Figure 18, Plots of the best-fit equations to the experimental data for hydrogen
solubility in Type 304 stainless steel [67] and nickel [70]). Note: experimental
data are in the temperature range of 200 to 350°C.
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embrittlement in the austenites [58, 66], though
this is not the mechanism accepted by all [71].
The accelerated transport of hydrogen during
plastic deformation has been documented for
both nickel and Type 304L stainless steel [72]. If
the dislocation transport of hydrogen is critical in
embrittlement, then the concentration of
hydrogen on dislocations is important. Caskey
and Sisson [73] have calculated the concentration
of hydrogen on dislocations, Cy, relative to that in
lattice sites, Cy, for a severely cold-worked
austenite (dislocation density 10'2 em/cm?):

Ca = (13.15 x 10~ expl(4400 cal /mol)/ RT]

The ratio Cg/Cy is plotted vs 1/T in Fig. 19.

Itis interesting that at temperatures greater
than 0°C, most of the hydrogen resides in lattice
sites rather than dislocation sites. In terms of the
dislocation transport model, it is expected that
embrittlement would be less severe at high tem-
peratures because of the lower concentration of
hydrogen dislocations. Caskey [65] has, in fact,
observed this result (sce Fig. 15). (The ductile
fracture at =195°C can be explained by nonequi-
librium distribuion of hydrogen. That is, hydro-
gen is trapped in lattice sites after cool-down from
the high-temperature charging. This occurs be-
cause of hydrogen’s very low diffusivity at
-195°C.}
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9. Summary of the Effects of Hydrogen
in Austenitic Candidate Alloys

A review of the literature has been completed
on the effects of hydrogen on the austenitic can-
didate materials Types 3041 and 316L stainless
steels and Alloy 825. There is significant docu-
mentation to show that Type 316L stainless stecl
is less susceptible than Type 3(4L. stainless steel to
hydrogen embrittlement at room temperature. In
general, both stainless steels are less susceptible to
hydrogen when they have finer grain sizes and
arc not sensitized. However, the differences in
the cffects of hydrogen between sensitized and
nonsensitized fine-grained Type 316L stainless
steel are negligible.

There is a definite lack of literature on the cf-
fects of hydrogen in Alloy 825. The only pub-
lished data indicate that Alloy 825 may be slightly
more susceptible to hydrogen than Type 316
stainless steel. In the same study, it was shown
that concentrations of hydrogen of the order of
tens of parts per million were sufficient to cause
degradation of the mechanical properties of ali
three alloys.

Some studies of hydrogen embrittlement in
Type 304 stainless steel show that the alloy is less
susceptible to degradation at elevated tempera-
tures. In one study, no SCG in a hydrogen envi-
ronment was reported at 160°C. In another study,
no losses of ductility due to hydrogen were re-
ported at 107°C. There were no reported studies
at clevated temperatures for cither Type 316
stainless steel or Alloy 825.

Solubilitics and diffusivities of hydrogen in
Type 304 stainless steel and nickel were docu-
mented. At room temperature, selubilities are
of the order of parts per million and diffusivitics
are of the order of 10710 to 10712 ¢em?/s in both
materials. There are no dalta for Type 316 stain-
Iess steel, but the solubility and diffusivity of
hydrogen are reported to be similar for different
members of the austenitic stainless steel family.
There are no data for hydrogen in Alloy 825, so
data for pure nickel were presented as a first
approximation.

10. Ranking of the Austenitic Candidate Alloys

Considering the effects of hydrogen alone on
the three austenitic alloys, the following ranking
is proposed:

1. Type 316L stainless steel, Alloy 825

2. Type 304L stainless steel
This ranking is based on phenomena of embrit-
tling at room temperature, where many studies
show that Type 3041 stainless steel is more
severely embrittled by hydrogen than is Type
316L stainless steel. The equivalent ranking of
Type 316L stainless steel and Alloy 825 is based
solely on Graver's work, where only small differ-
ences between the alloys were observed. There is
a definite need for more experimental work on

Alloy 825 to better characterize its susceptibility
to hydrogen embrittiement.

If susceptibility to hydrogen embrittlement at
higher temperatures is the critical criterion, then
the ranking is not clear. There is definitely a lack
of experimental results for all three alloys at cle-
vated temperatures. But the experimental evi-
dence that does exist for Type 304 stainless stecl
indicates that it is not as susceptible to embrittling
at high temperatures as it is at room temperature.
The degradation of the mechanical properties due
to hydrogen at elevated temperatures may turn
out to be indistinguishable among the three
alloys.
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13. Appendix: Catalog of Studies on the Effects of Hydrogen in
Types 304 and 316 Stainless Steels
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Table A1, Studies of the effects of hydrogen in Types 304 and 304L stainless steels.

Type| Sample Charging  [Hydrogen| Grain Test Sample treatment| o, Leduction Fracture mode [Ref,
preparation | conditions cone. size
(ppm) 0.2%]UTS|Elong-!
YS ation
304L H2 gas phase 300-325 tensile ancaled 26 3 37 [britile IG umpled surface| 39
87 psi; 600°C 0.1 cm/min
304 [1100°C 1 hr WQ [continuwous cathodic tensite 1) anncaled mixed ductile & britle 41
1IN H2504 2) sensitized 650°C 24 h] mostly IG
40 mAjem2
304L continuous cuthodic ASTM 8 [iensile 1) annealed 7 16 37 |TG with some ductile 4
IN H2804; RT 0,005 cm/min 2) sensitized 650°C 24k 6 0 54 |IG with some ductile
50 mA/em2
304L  continuous cathodic ASTM 6 |[tensile i) anncaled B 21 4 |16 4
1N H2804; RT 0.005 cnymin 2) scnsitized 650°C 24hg 7 a4 7 HG
50 mA/em2Z
a4 cathodic tensile 17 surface cracking 5
RT
0.5 A/em2
304L | i monilpr microstructure surface forms martensite | 54
1N H2804 RT and expands austenite
0.5 AJem?2 latice
3041 [1100°C 1hr WQ |cathodic monitor microstructure surface forms martensite 55
IN H2504; RT
0.1 A/em2
304L H2 gas phase Secfee tensile at RT 0 1 55 58
10 ksi; 100°C
30 days
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Table Al. (Continued)

ype] Sample Charging  [Hydrogen| Grain Test Sample treatment| o Yednction Fracture mode (Ref.
preparation | conditions cone, size
(ppm) 0.2%|UTS|Elong-
YS ation
e
UL T3 gas phase tensile ETIN TR S 58 |
10 ksi; RT
3041 cathodic tensile -7 33 76 59
1N H2504 0.03 cm/min
0.1 Ajem2; 24 hr
304L 1720°C 16 hr H2 gas phase 70 tensile at RT amealed 0 55 60
10 ksi; 200°C
2 months
304 [1100°CWQ cathodic tensile 1) soln annealed 33 56 100 |brittle 61
varied alpha’ 1N H2504; 80°C S em/min 2) 10% alpha' a 36 100
martensite by cold S0 mA/cm2; dhr 3) 23% alpha' 7 | 8 100 |quasicleavage
working
304 [1100°C 2 hr WQ |continuous cathodic SCG; amealed 25°C; SCG for > 36ksi 62
1N H2S04; RT 3 hr min time for TG with ductile fracture
40 mAfom2 growth after crack initlation
304 [1100°C 2 hy WQ |H2 gas phase 5CG; annealed 25°C: SCG for > 43.5 62
16 psi 3 hr min time for ksi; TQ fracture a1 55 ksi
growth
160°C: no SCG
304 [1100°C 2 WQ [cathodic SCG; anncaled; tested at RT 25°C: SCG for > 41 ksi | 62
KHS04; 400°C 3 hr min time for TG with ductile fracture
40 mA/jem2; 2-3 growth after crack iniliation
days
304L H2 gas phase tensile 1) 107°C K] 7 -1 ductile 65
10 ksi; 200°C 0.05 era/min 2)0°C 5 25 50 |]brittle
1449 days 3)-75°C -8 19 k1) brittle
4) .195°C -10 q 21 |ductile
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Table A1, (Continued)

Type| Sample Charging [Hydrogen] Grain Test Sample treatment| o reduction Fracture mode [Ref.
preparation | conditions conc., size
(ppm) 0.2%|UTS]Elong-
YS ation
304L H2 gas phase tensile 13 9 76
10 ksi; RT
304L |1100°C AC cathodic surface cracking with n
1IN H2504; 303°C Alpha’ mastensite formed
or 100°C
304L continuous H2 gas 76 tensile 0 12 64  jquasi-cleavage with 78
phase microns surface cracking
10 ksiz 155°C
3041 [1000°C WQ H2 gas phase 450 20 monitor alpha' o ephancement of K
1 atm; 830°C; 2 hr j ite during tensil ite during tensile
tests test
304 ]1100°C WQ H2 gas phase slow sirain rate 1) minealed sensitized: IG for slow 80
25 psi; RT 1.2 em/min 2) sensilized: 650°C 24 e (40-60%)
0.05 cm/min hrs unsensitized: 1G 1%
304 [1060°C 20 min  |cadwxdic monitor microstructure |cold working  form ite i 81
wQ 1N H2504 martensite surface cracking
50 mA/em2; 2he
3041 H2 gas phase ASTM 7 |tensile 0 hydrogen has no effecton| 82
10 ksi; 350°C ASTM 6 }0.051 em/min YS
ASTML
304 | cathodic monilor micTostructure surface marlensite 8
RT fe i
0.2 Afem2
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Table Al. (Continued)

Type| Sample Charging  [Hydrogen| Grain Test Sample treatment] o, Leduction Fracture mode [Ref.
preparation | conditions cone, size
(ppm) 0.2%|UTS]Elong-
YS ation
34 cathodic monitor microstructure phase transformation of 84
fracture surfaces
304 cathodic monitor microstructure phase transformation of 85
Ermcture surfaces
304L |1050°C 1 hr WQ |cathodic tensile RT 1)200°C charged 39 §6  |brile 86
molten salt baths 0.05 em/min 2)300°C charged 23 35  |mixed brittle and ductile
WQ,  water-quenched
RT, room temperature
TG, transgranular
1G, intergranutar
SCG, slow crack growth

AC,

air-cooled
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Table A2, Studies of the effects of hydrogen in Types 316 and 316L stainless steels.

Type] Sample Charging ~ [Hydrogen| Grain " Test Sample treatment | o Teduction Fracture mode [Ref.
preparation | conditions cone. size
(ppm) 0.2%|UTS]Elong-
YS ation
316L H2 gas phasc 300325 | ASTM 11 |wnsile @ RT }sensilized 600°C 170 hr -7 -B 22 ductile with TG on 39
87 psi; 600°C 0.1 em/min sample edges;
170 hr surface cracking
9.8% vol martensite
316L |1 hr 1100°CWQ |cathodic tensile 1) smealed 0 1] 8 1) MVC a0
1N H2804; RT 0.00S cm/min 2) sensitized 650°C 24he| O 0 21 [2)IG with some MVC
15 days
216L |1 hr 1100°C WQ [continuous cathodic tensile 1) mnealed 0 s 21 [1)ducile 40
1N H2504; RT 0.005 em/min 2) sensitized 650°C 24 e 0 10 a9 IDIG
50 mA/cm2
316L continuous cathodic ASTM B |wnsile @ RT 1) annealed none 8 34 1)MVC.85;1G-15 44
1IN H2504: RT 0.005 cmfmin 2) sensitized 650°C 24 hr | none 7 34 2) MVC-85; IG-15
50 mA/em?2
316L continuous cathodic ASTM 6 fiensile @ RT 1) annealed noe | 5 38 |1)MVC-85 TG-15 44
1N 12504 RT 0.905 cmimin 2) sensitized 650°C 24Te | none | 12 42 |2) MVC-50; 1G-45;
50 mA/em?2 TG-5
316 continuous cathodic ASTM 9 [rensile 1) ancaled 0 [] 59 K]
1N H2S04; RT 0.005 cm/min 2) sensitized 650°C 24 he| 3 15 48
50 mA/em?2
316 continuous cathodic ASTM 7 [tensile 1) annealed 0 2 46 [1)mix TG and MVC 2
1N H2504; RT 0.005 cm/min 2) sensitized 650°C 24| O 2 54 |2) mosily IG; some TG
50 mA/em2 surface cracking
316 continuous cathodic ASTM 11 [tensile 1) mnealed 4 11 55 [ ductile with some TG| 52
IN H2504; RT 0.005 em/min 2) sensitized 650°C 24 he | 2 9 52 |2) ductile with some TG
$0 mA/em?
316 |1 he 1200°CWQ hodi epsilon cpsilon martensite 56
1N H2504; RT mantensite formation formed on surface

100 mA/em2; 1 hr

)
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Table A2, (Continued)

Type]  Sample Charging  [Hydrogen]| Grain Test Sample treatment % reduction Fracture mode [Ref.
preparation conditions cone, size
(ppm) 0.2%|UTS|Elong-
YS ation
316 H2 gas phase small tensile ammealed 0 [) [] 58
{continuous
10 ksi
316 [1hr 1100°C WQ  |cathodic tensile 1RT 100 [1) mostly TG some 1G | 64
1N H2804; 80°C S em/min 2) outgas 5 days 100°C 50  |2)duciile fracture w/
50 mAjem2; 18hr surface cracks
|no martensite formed
3161 H2 gas phase tensile @ RT 1) anncaled 3 3 1) mostly ductile 4
RT: 70 psiz 170 hrs 0.1 em/min 2) sensitized 600°C 170hf 3 5 2) mostly ductile with
600°C; T0psis some surface cracking
170 hrs
316L |2 he 1100°C WQ  feontinuous cathodic slow crack growth edge: TG; center: ductiley] 75
IN H2504; RT precracked no alpha’ martensite
S0 mAfcm2 tconstant load
316 H2 gas phase tensile 0 4.2 %
10,000 psi
WQ,  water-quenched
RT, room kemperature
TG, transgranular
1G, intergranular
MVC, microvoid coalescence
YS, yield stress
UTS,  ultimate tensile strength
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