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ABSTRACT

In addition to presenting work performed in this quarter, a brief summary
is given of accomplishments to date on the corrosion failure modes of Grade-12
titanium in simulated rock salt brine at 150°C. 1In this work, immersion
tests and surface analyses have been used to identify the existence of crevice
corrosion. Electrochemical studies have provided quantitative data on the
classical four-stage crevice corrosion process. Based on this information,
simple calculations are performed to give guidelines for long term prediction
methods. Repassivation of crevice surfaces is characterized by the observed
loss of corrosion current. Hydrogen embrittlement is identified by tensile
testing and quantitative information is obtained from slow crack growth tests
at various temperatures. Revised hydrogen diffusion models are developed and
used to obtain the threshold stress intensity for crack propagation to provide
long ternm prediction of container failure. Grade~12 titanium is found to be
immune to stress corrosion cracking in brine. Small changes at the surfaces
of stress-corrosion samples are more likely to be caused by internal hydrogen
effects, rather than aqueous corrosion. Gamma radiolysis is probably benefi-
cial with respect to crevice corrosion but may cause hydrogen embrittlement.
Caustic environments can also cause enhanced hydrogen uptake and uniform cor-
rosion rates although it reduces the crevice corrosion rate. Passive disso-
lution of metal during uniform corrosion is responsible for the continuous
loss of Grade-12 titanium over extended periods. Pitting is observed in the
presence of crevice corrosion. Welds generally have less corrosion
resistance.

Work has been initiated on the evaluation of corrosion failure for low-
carbon steel exposed to basaltic groundwater. Initial studies are directed at
measuring the rate of hydrogen uptake in simulated Grande Ronde basaltic water
at 150°C under gamma radiolysis conditions.

‘ . iii






o

CONTENTS

ABSTRACT ¢ & v o o o o o o o o o o oo o o o s ava o o o s o s o o
FIGURES '« v ¢ o o o o o o o e o o o @ o s o o o o o o o:0 o s « o
TABLES v ¢ ¢ o o o o o o o o o o o o o s o o o6 o o o o o o o o o o
ACKMOWLEDGHENTS '+ & & 4 & o o o o o o o o o o s o o o o s o o o o &

1,

2.

INTP‘ODUCTJIOI]. L] . L] -* .. . L] - . ,. L] L2 :. . . . e * * -* . L] L] L] . L]
CREVICE CORROSION OF GRADE-12 TITANIUM. . . « ¢ ¢ o + v ¢ o & &
2.1 Electrochemical and Morﬁhoibgical Charééteristics. « o e s
2.2 Chemical Analysis of ,the Crevice Corrosion Products. . . .
2.3 Predictive Models forf;he Initiation of Crevice Corrosion.
2 4 Conc lusions. o L] L] L] [ ] L] * L] - - L] L] L] L .’ L] .. - . L . L] .
2.5 References . o« « s ¢ ¢ o o s o ¢ o o o o o ¢ s o ¢« o o o o

HYDROGEN EMBRITTLEMENT OF GRADE-12 TITANIUM . . ¢ ¢« ¢ ¢« ¢ « ¢ &

3.1 Slow-Crack-Growth TestsS. . « ¢« o s o ¢ o o ¢ o o o« s o o &
3.2 Calculated Crack Growth Kinetics and Long Term Prediction.
3.3 Feasibility Study of In Situ Deformation of Hydrogenated

Thin Foils of Grade-l12 Titanium. . . ¢« « + & ¢ o o & o o &
3.4 Hydrogen Uptake Efficiency . « ¢« ¢ ¢ ¢ ¢ o o ¢ o o o « o &
3.5 ConclusionSe o o « o o o ¢ ¢ o o o s o ¢ o o o o o s o o o
3.6 References o« ¢ o« ¢ ¢ o o ¢ o o o o o o s o o s ¢ s ¢ o s

Appendix 3-1 - Parameters Used in the Calculation of
Hydrogen Embrittlement . ¢ « o o« ¢ ¢ o ¢ « o o &

STRESS CORROSION OF GRADE-2 AND GRADE-12 TITANIUM . . . « « « &
4.1 References o« o« o« o o o o o o ¢ o o o o o o s o o o o o o o
GAMMA RADIOLYSIS OF BRINE , &« ¢ & s ¢ o ¢ o ¢ o o o 2 o ¢ o o o
CAUSTIC COPROSION OF GRADE-12 TITANIUM. « ¢ « & ¢ o ¢ o o o o &
6.1 References . . o o« ¢ ¢ o o« o o o o o o o s o o o o o o o o
UNIFORM CORROSION OF GRADE=12 TITANIUM. . ¢ o ¢ ¢ o o « s o o o
PITTING CORROSION OF GRADE-12 TITANIUM. + 4 o« o o o o o o o o
B.1 References o+ o o ¢ o o o o o o ¢ o o o ¢ o ¢ s ¢ o o o o o
WELD CORROSION EFFECTS: « o o o ¢ o o s o o o s s o s o 3 o o o

9.1 Referente . o ¢ o o ¢ o o o o o s s o o o o o o o s o o @

iii
vi
viii
ix

~N

-
PO~

18
25

30
31
31
32
35
37
37
38
39
39
40
42
42
43

43



CONTENTS (Continued)
10. HYDROGEN UPTAKE BY LOW CARBON STEEL IN CONCENTRATED BASALTIC
GROUNDWATER UNDER GAMMA IRRADIATION . ¢ o ¢ ¢ ¢ o o ¢ o o s o o o
10,1 References . . o « ¢ o o o o o o s o o o o s s s s s o v s
11. REPORTS ON GRADE-12 AND GRADE-2 CORROSION IN BRINE ENVIRONMENTS .

APPENDIX A - A Technique for Characterizing Crevice Corrosion
Under Hydrothermal Conditions.

APPENDIX B - Prediction of Long Term Crevice Corrosion and

Hydrogen Embrittlement Behavior of ASTM Grade-12
Titanium,

vi



FIGURES

Time dependence of current and potential for Grade 12 titaniun
in one hundred times diluted Brine A. The closed and open
circles represent uncoupled potentials of the freely exposed
cathode disk and the anode’ assembly, respectively., The steady
state temperature is ~150°C. ' The ‘broken line between 90 and

110 hours on the potential curve represents the period during
which the potential overshot the recorder scale e e o s_ o s o o @

The Grade-12 titanium pH-anode”after the test in one hundred .
times diluted Brine A. (a) Showing severe corrosion and the

TiO; corrosion product. , (b) Showing the oxide scale typical.

of early stages of corrosion.ﬁ This side had tuo snall wells to‘
colleét‘the crevice solution’,f_. T R R SN
Time dependence of current and potential for Grade 12 titaniumdf
in neutral Brine A. The steady state temperatures is ~150°C .

Auger profiles of the corrosion products in Grade-12 titanium
crevices exposed to aerated Brine A for two weeks e o s e o o o o
Rutherford backscattering profiles of the corrosion products‘

in Grade-12 titanium crevices exposed to aerated Brine A for

two weeks . L] L] L 4 * . KJ L] ’... '. L] ‘. .‘ .‘ . L] . L] L] . . . L] - LI 1 . L]

Experimental potential (Open circles) and’ calculated potential
(solid line) of coupled ‘Grade-12" titanium crevices in aerated
neutral Brine A at 150°C . .:.l. e e b s e v e e e e e e e e

37

Calculated concentration profiles in ‘the crevice of Grade 12
titanium in aerated neutral Brine A at 150°C . . . . . . ¢ « .+ .

Calculated innunity donain ‘of crevice corrosion of Grade 12
titaniur in aerated neutral Brine A at 150°C ". . . . . . . . . .

Crack length ~ time curve observed in the beginning of crack
growth for extended times. This curve is from a test on an
as-received Grade-12 sample at 209C . . . ¢ ¢ ¢ ¢ o o o ¢ « o & @

Crack length ~ time curve observed in the final stage of crack
growth. This curve is from a test on an as-received Grade-12
sample a t 50°c L] . . L] - L] L] . L] . L] L] . L] L . L] L] L] * . L] . - .

Striations observed in the fracture surface of as-received
Grade-12 titanium tested at temperatures varying from 20 to
148°C, The upper view is an enlargement of a flat region

in the lower PICLUTE & « « o o o « o o o o o o o o s o o o o o o

vii



3.4

3.5

3.6

3.7

3.8

3.9

FIGURES (Continued)

A schematic of crack growth as the crack front passes through the
alpha and beta regions . . . ¢ ¢ v « ¢ ¢ ¢ ¢ 4 s 0 4 e 0 6 o o @

The measured slow crack growth rates of as-received Grade-12
titanium for K = 60 to 80 MPa m at various temperatures . . . . .

Slow crack growth rates of as-received Grade-12 titanium at room
temperature. Solid circles represent the steady state (1l and 3
in Figure 3.4) and open circles represent the transient state

(2 In Figure 3.4) ¢ v ¢« ¢ o o o o o o o o o s ¢ o s o o o o o o o

A schematic of hydride growth at crack tip: (a) stage I,

(b) stage II, (c) hydrogen concentration in front of a growing
hydride. Cy {s the hydrogen concentration at the interface

due to the formation of a concentration profile. D is the
hydrogen pipe diffusivity. The rest of the parameters are

given in Appendix 3-=1 . . ¢ . 4 ¢ o ¢ ¢ e o s e e 4 e e o s o o

Calculated slow crack growth rates of as-received Grade-12
titanium controlled by hydrogen pipe diffusion for all K values
at various temperatures. The Q factor is a ratio of activation
energy of pipe diffusion to that of lattice diffusion . . . . . .

Calculated crack growth rates of as-received Grade-12 titanium
assuming hydrogen pipe diffusion kinetics plus nucleation
kinetics (triangles). For nucleation control, four triangles

.are for K = 42, 56, 80, 127 MPa m, respectively, at 120°C and

three triangles are for 42, 56, 80 MPa m, respectively, at 90°C,
Open triangles are for Q = 0.70 and solid triangles are for

Q = 0.80 ® ® 8 e o & s &6 o s o s o o ® o s & o e e o o o e o o

Long term weight loss data of single and welded coupons of
Grade-lz 8nd Grade-z Ti 1n Brine A at 150°C e o e e s e o e e s =

viii

22

23

24

26

28

29

41



2.1

3.1

3.2

" TABLES

Calculated limiting chloride concentrations 'in the crevice of
Grade-12 titanium in aerated neutral Brine A at 150°C and

1nfini te tine - .': L] . L) * * L] . - }0 Q L ] . O . - - - * - o * > * *
Estimated minimum safe flaw size of as-received Grade-lZ
titanium at 150°C at various applied Stresses o« « « « « « o o o &

Hydrogen concentration allowed in the alpha phase for safe

performance of as-received Grade~12 titanium at 150°C for
various applied stress intensities . . . . . . & ¢« 4 ¢« o 4 s e

ix

11

30

30



ACKNOWLEDGMENTS

The authors gratefully acknowledge the assistance of R. Jones and
C. Anderson in the technical parts of the program. Special thanks are ex-
tended to R, Sabatini for electron microscopy, G. Campbell for polarization
study, A. L. Hanson for Rutherford Backscattering and INCO for Auger Analysis.
Also, they would like to thank G. Searles and M. McGrath for their patience
and skill in the typing and preparation of this report.



1. INTRODUCTION

In addition to presenting work performed in. this quarter, ‘we sufimarize in
this report all data and analyses carried out to date (FY81-82 and FY82- 83)
since the work on Grade-12 titanium 1s scheduled for conpletion at the end of
fiscal year 1983. 3 .

We have determined that crevice corrosion and hydrogen embrittlement are
the major failure modes in the Grade-12 titaniun/brine system. Extensive work
on stress corrosion has also been pursued along with radiation effects, caus-
tic corrosion and uniforn corrosion. Relatively small efforts have been given
to weld evaluation. B

Efforts to study carbon steel corrosion in basaltic groundwater environ-
‘ment were initiated this quarter._ A brief description of accomplishnents to
date is given.



2. CREVICE CORROSION OF GRADE-12 TITANIUM

2.1 Electrochemical and Morphological Characteristics

The experimental details of the electrochemical test cell and general
observations on the crevice corrosion of Grade-12 titanium in Brine A at
~150°C are described in a paper to he published in an ASTM Special Technical
Publication.l The abstract of the paper is given in Appendix A. In addi-
tion to the results described in previous quarterly reports, this paper de-
scribes the sequence of crevice corrosion in neutral 1:10 diluted Brine A.
Since a significant amount of corrosion was observed after dilution, a test
was also conducted in neutral Brine A which was diluted by a factor of one
hundred. The electrochemical behavior of the crevice during this test is
shown in Figure 2.1. It was noted that the incubation period starting from
the end of the solution heating period to the first breakdown of passivity is
approximately 55 hours. A more complete loss of passivity occurs after 70
hours. Figure 2,2 shows the two sides of the pH-specimen after the test.
There 1s considerable corrosion on one side (Figure 2.2a), but the opposite
side (Figure 2.2b) having the pH-wells shows only a corrosion film. There-
fore, the observed pH (4.5) of the solution is probably higher than what is
representative of the severe crevice corrosion conditions of this test. The
time dependence of current and potential for the crevice corrosion test in
neutral Brine A is shown in Figure 2.3. In this case the pH of the crevice
solution was found to be 3.2.

The general features of the variation of current and potential with time
are essentially the same for various test conditions, as described in Refer-
ence 1. However, in view of the later results shown in Figure 2.l we note
that although a negative current or the drop in potential starts with the
heating of the autoclave, it is not limited to the initial solution heating
period. Thus, this period of the test may not be characterized as simply a
response to the changing temperature, but may be a distinct stage within the
incubation period. During this stage the uncoupled potential of the cathode
shows a much larger change than that of the anode. The negative current is
then consistent with the fact that the cathode is at a lower potential than
the anode. At the end of this period, the crevice potential rises, the
cathode is once again at a higher potential than the anode, and the current
becomes negligible.

The common observations after the initial breakdown of the passive film
in all the tests are a decrease in current, and the presence of sharp peaks on
this slowly varying current. In the case of neutral and acidic Brine A, the
current reaches a negligible positive value. However, for the ten times di-
luted Brine A the final magnitude of the current is relatively large, and for
the hundred times diluted Brine A there appears to be a second major increase
in current. After the breakdown of the passive film the decoupled cathode
potential varies little (probably due to temperature fluctuations), and the
changes in crevice current or potential follow the changes in the anode poten-
tial (Figure 2.1). Therefore, a possible explanation for the decrease in cur-
rent is that the active dissolution of the anode is retarded due to its repas-
sivation, at least in part of the crevice. Glass? has recently shown that



50} -

401 -
< 301 =
3
2 20
o
x
3 10} o | -

Ces TiCODE-12
ol R DILUTE BRINE A (1/100)
cs

- 10 -
> 300~ -
E..
O 2001 7
o
<
~
& 100 -
v
2. i
a  OF _
s o°* ' .
= 2 e~ «CATHODE ]
@100 L g ° o ANODE
o = w
a I
. —— 1 1

Figure 2.1.

| ! ! 1 | | 1
-0 40 80 120 160 200 240 280 320 360 400

BTy

TIME, h

Time dependence of “current and potential for Grade-12 titanium in
one hundred times diluted Brine A. The closed and open circles

. represent uncoupled potentials of the- freely exposed cathode  disk

and the anode assembly, respectively. The steady state tempera-

ture is ~150°C. The broken line between 90 and 110 hours on

the potential curve represents the period during which the
potential overshot the recorder scale.



(b)

Figure 2.2. The Grade-12 titanium pH-anode after the test in one hundred
times diluted Brine A. (a) Showing severe corrosion and the
Ti0y corrosion product. (b) Showing the oxide scale typical of
early stages of corrosion. This side had two small wells to
collect the crevice solution.
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an active titanium surface in an acidic mediunm easily passivates if

NajMoO;, is added to the solution. This passivation occurs due to the

strong bonding of polymolybdate species on the metal surface. Such a mecha-
nism of repassivation is possible in the present tests if the molybdenun
present in the solution from the active dissolution of Grade-12 titanium
redeposits on the active surface. As mentioned in our earlier reports, an
enrichment of molybdenum was sometimes detected by the microprobe analysis
of the oxide scale obtained after a crevice corrosion test.

Ke11y3 has shown that a titanium surface actively dissolving in an
acidic medium to Ti*3 can be repassivated if the local concentration -of
Tit* ions exceeds a critical value which is determined by the properties of
the crevice solution. At present this critical concentration of Tit for
our test conditions is not known, but apparently this concentration is more
easily achieved in neutral Brine A than in a highly diluted neutral Brine A.
Also, the second increase in current in Figure 2.1 can be interpreted as a
result of the fluctuation in the concentration of Tit* which is a mobile
ion.

The present crevice corrosion tests were linited to a duration of two
weeks. Based on the information from such limited tests, it is very difficult
to accurately predict the life of a Grade-~l2 titanjum crevice in Brine A.
Nevertheless, several important conclusions are drawn, which will be included
in Section 2.4.

Limited efforts have been given to polarization studies*. The intent was
to find: (1) the active peak in acidified brine, (2) the overlapping of pit-
ting potential and active peak potential. A small active peak is observed,
generally at 90°C, in deoxygenated solutions while the pitting potential
drop was not significant as was also found by Sandia Hational Laboratories.”
From this study, it is clear that the potential drop inside the crevice is
accompanied by active dissolution. However, it is not known whether the ob-
served pitting results from the overlapping of the pitting and active poten-
tials or from a transient phenomenon caused by uniform dissolution at the
active peak.

2.2 Chenical Analysis of the Crevice Corrosion Products

Auger spectroscopy results**, shown in Figure 2.4, gave no indication of
Ni or Mo enrichment. Previously we have reported the enrichment of Mo in EDAX
analysis.6 To confirm these results, Rutherford Backscattering has also
been used***, The results again show that no Mo and Ni are present (Figure
2.5). Based on these results it is possible that the corrosion products orig-
inate from the hydrolysis of dissolved ions. The energetics of the hydrolysis
is known to be favorable for Ti and unfavorable for Ni, but the hydrolysis of
Mo depends on the pH of the solution.’ Therefore, local variation of pH may

* This work was performed by G. Campbell, an MIT senior, during his summer
work at BNL.

** Jork carried out by INCO.

***Jork performed by A. L. Hanson, Physics Department, BHNL.
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have resulted in Mo hydrolysis. Recently, the formation of other molybdenum
complexes has been suggested,2 as discussed in Section 2.1. However, it is
notzknown whether molybdate ions are formed in the crevice in addition to
to*? ions. . - -

2.3 Predictive Models for the Initiation of Crevice Corrosion

A paper describing a model for crevice corrosion initiation has been
~ submitted for publication in Corrosion '84.8 The abstract is given in
- Appendix B.

A summary will be given of the data fitting procedure using the basic
formulation proposed in the last quarterly progress report.9 A slight nod-
"~ ification of the formulation is used in the calculation. We have used the
initial values of current and potential as those measured at the tine when
* appreciable current flow (~1 pA range) is observed. :The anode potential in-
creases continuously during the growth of a barrier oxide (anatase form of
) TiOz) 1% until the maximum potential is reached. After the:naximum po-
tential, anatase starts to disappear or become unstable with the change in
solution chemistry. Probably, porous rutile is forming and dissolving contin-
uously in this stage. While the oxide is mainly responsible for the.electrode
potential, the potential change is also influenced by’ solution chemistry
changes, namely, (1) a potential drop caused by oxygen concentration i
change,i 3 (2) an ohmic potential drop;l4:15 (3) a:potential rise due to
pH change,13 (4) a potential rise due to excess proton generation. Contri-
bution (2) is approximately negated by contribution (3) based on calculations
for estimating the ohmic potentia1.1§ Also, contribution (&) .is, typically,
negligible. because of the conservation of charge neutrality. Therefore, below
the maximun potential, the net effects of oxide growth and oxygen depletion
are observed. : Lo {

After the maxinun potential is reached, the potential drop is determined
by complicated corrosion processes. The complicated potential drop may be ex-
plained by two hypotheses. The first hypothesis is that the potential drop
from the oxide thinning and subsequent transition to-a monolayer appears as
a Flade potential12 (the Flade potential is the potential before rapid decay
of passivity .to the active state). The second hypothesis is ‘that complete
. oxygen removal is a prerequisite for the potential drop.;ﬁ" As a consequence

of oxygen depletion, the oxide film starts to thin and dissolve due to the
 presence of chloride iomns 4 or chloride ions penetrate the oxide without
thinning the film first.ﬁ .Since the initial chloride ion concentration
and pH did not affect the.initiation time significantly, it is reasonable to
conclude that complete oxygen’depletion is an important factor for the initia-
tion of the passivity breakdown, This is accompanied by a significant poten-
tial drop in the anodic region.16 We adopt the second hypothesis for this
reason. This also eliminates the consideration of the complicated kinetic
process of monolayer formation at the Flade potential in pits (not on the
whole surface), which is not: formulated in" the current study. P

The best fit to our experimental data is shown in Figure 2.6 for 6 = 0.3
cm (effective distance of concentration gradient), Ip = 7.6x10-10 amp/cm2
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(passive current with oxygen reduction), ¢ = 2. 5x1077 cn/volt19,20 (a pro-
porticnality constant between oxide thickness and electrode potential), crev-
ice depth = 2,5¢ cn, crevice gap = 2 um, an oxygen diffusivity (em? /sec) of
0.0821 exp( 2640/T) a proton diffusivity (cm¢/sec) of 0.C2838 exg
(-1700/T),21 chloride diffusivity (em? /sec) of 0.0508 exp(-2327/T),

and an anatase ‘density of 3.84 gm/cc. Very little change occurs in Figure 2.6
with a current variation of 0.24 to 10 pA/cm? because the main potential

drop arises from oxygen effects. Figure' 2.7 shows the concentration profiles
in the crevice at various testing times for a current density of 10 uA/cnz.
Because the brine solution has a near saturated Cl1- ion concentration, the
calculated large value indicates the types of precipitates which may form.
Also, the low pH level -indicates that the actual pH at higher temperatures is
nuch lower than that measured at room temperature., .Two curves are shown for
oxygen concentrations. As expected, increased crevice gap size delays the
oxygen depletion time significantly.

As described in previous BNL work? the solution within a crevice will
tend to a limiting composition‘as corrosion time tends to infinity. From the
predictive equations developed it has been ‘shown that there is no limiting pH,
and this. paraneter can theoretically fall to extremely low values within the
crevice.. Table 2.1 uses the approach described in Reference 9 to compute the
liniting values of Cl1~ concentration within the crevice for assumed values

of pH. Note that these Cl~ levels are in excess of 106 ppm which is not
physically possible. However, the analytical approach serves to show that
extremely high levels of chloride will accunulate with time. Other anion
species have not been considered in this worl: because of their much lower
diffusivities compared to that for chloride fons.22

Table 2.1, Calculated limiting,chloride concentrations in the crevice of
Grade-12 titanium in aerated neutral Brine A at 150°C and
infinite time.

Limiting pH -1 0 1 2 i 3

Liniting Cl1~ . " ‘ . ’
‘Concentration (ppm) 3,690,560 3,279;590 2,815,420‘ 2,377,850 -+ 1,940,280

The initial c1- concentration is 190, 000 ppm. . A c1- concentration of more
than 106 ppm implies that there: is no’ theoretical limitation on chloride ion
accuniulation as time progresses. -

H]

The above outline of a crevice corrosion nodel may be. used as a basis for
long term corrosion prediction. Using pH = -1.19 in Figure 2.7 and the criti~
cal value of chloride ion concentration for passivity breakdown as 190,000 ppm
(near-saturation of brine with chloride ions) a map (Figure 2.8) is drawn in
the space of temperature and the initial chloride concentration Ci(Cl~)

necessary to attain the critical concentration at various times (detailed

1l
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equation is given in Reference 9). Such domains have been experimentally de-
termined in CP-Ti and Ti-Pd alloy.23 Therefore, our simple formulation is
promising. Further, this calculation permits the extrapolation to long term
behavior., Inside the unshaded area of Figure 2,8, crevice corrosion occurs
while the hatched area shows immunity to crevice corrosion. The boundary of
the two domains is also affected by the corrosion time. The domain for crev-
ice corrosion (unshaded area) is enlarged as corrosion times are increased.

At infinite corrosion time, the boundary becomes a straight line designated by
C¢hs below which crevice corrosion does not occur even at infinite corrosion
time. MNote that the curves in Figure 2.8 have been calculated on the basis of
a corrosion current which is independent of test temperature. VYhen the ten-
perature dependence of the current is considered the curves in this Figure
will be modified.ds8 Also, the model developed shows that there will be a
temperature limit, Typ, below which mass flow in the corrosion system

ceases. Since the calculated T} is lower than the freezing point of the

test solution, it does not have a significant meaning at low temperatures
where the solution becomes frozen.

2.4 Conclusions

e Crevice corrosion of Grade-12 titanium was identified at 150°C in
simulated rock salt brines. Lower pH accelerated the reaction rates
and deaerated solution gave less corrosion than aerated ones. Also,
increasing specimen size, decreasing crevice gap, the preoxidation of
the cathodic area gave more voluminous corrosion products. These re-
sults are consistent with those expected from macroscopic concentra-
tion cell formation which is accompanied by oxygen depletion, a
potential drop, and acidification inside the crevice.

e The results of oxide film analysis show that compact anatase crystals
are formed initially inside the crevice. As the macroscopic cell de-
velops, the anatase form will transform into rutile which grows fur-
ther by hydrolysis reactions. The corrosion products are depleted in
Ni while Mo is either enriched or depleted by local pH variationms.
This is consistent with the energetics for the hydrolysis of dissolved
ions.

e To quantify crevice corrosion, an electrochemical cell was developed,
which provides a very useful method to characterize crevice corrosion
of a metal under hydrothermal conditions, particularly in the situa-
tion when the crevice gap is minimized to accelerate the Grade-12
titanium corrosion process.

e By measuring the variation of current and potential with time, the
above technique shows the sequence of crevice corrosion under hydro-
thermal conditions. The measurement of pH inside the crevice along
with current and potential measurement quantify the initial simple
immersion test results.

e The crevice corrosion of Grade-12 titanium in Brine A at 150°C is
approximately three orders of magnitude smaller than that of Grade-2
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titaniun. However,;even after :100 times- dilution, Brine A:shows
crevice corrosion in Grade-12 titanium. :

The incubation time for the breakdown of passivity of a Grade-12
~titanium crevice exposed. to WIPP Brine A at 150°C is approximately

- two days.which, within the accuracy of the measurements, is the same
for various .diluted test solutions. In the case of Grade-2 titanium,
the incubation. period is. negligible as the metal starts corroding
during solution heating. - ,

The classical four-stage model of crevice corrosion seems to be ap-
plicable for Grade-12 titanium. Even though the variation. of current
and potential soon after solution heating is somewhat complex, there
is a consistent trend as observed in other systems. 24,25 Initially,
barrier oxide growth is accompanied by a potential rise and . the subse-
quent potential drop arises from the .solution chenistry change and
passivity breakdown.

Based on this'generallobservation, simple mass balance equations were
used to obtain the boundary between crevice corrosion and immunity as
a function of chloride concentration and temperature at infinite time.
The equations were solved using measured potential, current and pH and
by adjusting unknown physical parameters to obtain results consistent
with experimental data. This is an approach to provide a methodology
for long term prediction of crevice corrosion.

The domain of crevice corrosion is "enlarged as the corrosion time is
increased, resulting.in a threshold chloride concentration and a
threshold temperature at infinite time. There is a limiting solution
chemistry inside the crevice. Depending on the crevice geometry, the
liniting current may not-.allow .the onset of crevice corrosion. This
is because diffusion leakage. will prevent the critical chloride level
from forming within the crevice. -

After initial breakdown of passivity within a Grade-l1l2 titanium crev-
ice, the current and, therefore, the rate of corrosion decreases slow-
ly, primarily due to a Mo complex or Tit* formation (except in the
case of 100 times diluted Brine A where a second increase in current
is observed) , The implications ‘of this kind of repassivation of a
crevice in predicting the life of a container are important.- Consid-
ering the present two-week tests, the ability for repassivation cannot
. be . determined until the underlying mechanisms are completely under-

" stood. Unknown gamma radiation effects on the ‘stability of Mo com-
plexes or Tit* jons are such examples._ Furthermore, .the- production

of Ti0; corrosion products is shown to generate stresses which can
vintroduce cracks in the metal. 1In such cases, crevice corrosion can

- start at the newly formed netal ‘surface.

Gamma radiation effects possibly prevent crevice corrosion by increas~
. ing the pH inside the crevice as shown in Section 5. However, compli-
. cated irradiation effects on passive film formation may make gamma
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2.5

10.

11.

irradiation detrimental. The details of such processes are not known

at the present time.

¢ We have not considered the temperature variations in the repository
over extended periods. However, the estimation of the crevice cor-
rosion behavior at 150°C is probably a conservative analysis of
performance at lower temperatures for extended periods, since it is
generally accepted that the crevice corrosion mechanism does not

change as the temperature varies from room temperature to the solution

boiling point.26
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3. HYDROGEN EMBRITTLEMENT OF GRADE-12 TITANIUM

3.1 Slow-Crack-Growth Tests

We have continued to analyze slow crack growth rate data obtained for the
Grade-12 titanium/hydrogen system. The difficulties lie in identifying the
stage I and stage II crack propagation regimes since the internal hydrogen
embrittlement behavior in titanium based alloys does not give a_unique stage
II plateau region in the crack velocity-stress intensity curve.l Typically
for extended test times, two types of crack growth rate curves are observed as
shown in Figures 3.1 and 3.2. The accelerating growth rate section of the
curve in the latter Figure precedes sample fracture and is designated as stage
IIT crack growth. For the slower growth rates shown in the two figures, how-
ever, it is difficult to determine whether crack growth is in stage I (elastic
stress controlled) or stage II (plastic stress controlled). To clarify this
situation calculations were performed to compare the sizes of the plastic
zones and hydride particles at the propagating crack tips. It was determined
that the plastic zone size was typically larger than the hydride size (which
is equal to the crack striation distance separation shown in Figure 3.3)
showing that in most cases the crack tip Is subjected to plastic stress
conditions, i.e. crack growth is usually in stage II in our studies.

As discussed in the last quarterly report,2 we propose two types of
ecrack propagation jump, namely, (1) that associated with hydride fracture
resulting in striation formation (Figure 3.3) on fracture surfaces, (2) that
associated with the passage of the crack front through the alpha-beta inter-
face phase, as shown in Figure 3.4 schematically. In Figure 3.4, the zigzag-
ged line A shows that the crack path is either transgranular (regions 1 and 3)
in the alpha phase (white grain) or interfacial (region 2) in the alpha phase
adjacent to the beta phase (black area). For transgranular growth, crack
growth rates (regions 1 and 3) are steady and slower than those for inter-
facial growth which is associated with a crack jump (region 2) because of a
high hydrogen concentration in this region. In this work we have measured
crack growth rates on the specimen surface. However, the crack growth process
averaged over the sample thickness may not be the same because of the statis-
tical averaging of the crack growth behavior over many grains. A test is
being performed on crack growth rates as determined by potential difference
measurements made across the plane of the crack to clarify this point.

Figure 3.5 gives the temperature dependence of crack velocity obtained
from the solid circles in Figure 3.6 (open circles represent the fast stage II
transient crack growth stage in Figure 3.4) at stress intensity values from 60
to 80 MPaVm. This curve is for the same microstructure and hydrogen concen-
tration in the specimen (35-40 ppm). As expected, a maximum is observed. The
details will be discussed in the next section.
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Figure 3.1. Crack length - time curve observed in the beginning of crack
growth for extended times. This curve is from a test on an
as-received Grade-12 sample at 20°C." e
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Figure 3.2, Crack length - time curve observed in the final stage of crack
growth., This curve is from a test on an as-received Grade-12
sample at 50°C.
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Striations observed in the fracture surface of as-received
Grade-12 titanium tested at temperatures varying from 20 to
148°C. The upper view is an enlargement of a flat region in
the lower picture.

Figure 3.3.
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Figure 3.4. A schematic of crack growth as the crack front passes through the
alpha and beta regions.
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3.2 Calculated Crack Growth Kinetics and Long Term Prediction

Ue have nodified a crack growth kinetics model by incorporating disloca-
tion pipe hydrogen diffusion and hydride nucleation kinetics in the last quar-
terly report.2 The modification is based on a rationale that (1) the meas-
ured activation energy for crack growth is lower than the activation energy
for hydrogen diffusion in the alpha matrix, (2) there is a maximum temperature
above which crack growth rates are lowered. Figure 3.7 is a revised schenatic
of strain-induced hydride formation at a crack tip, with which the above modi-
fication has been performed. In stage :I crack growth (Figure 3.7a), the hy-
dride size (x) is greater than plastic zone size and, therefore, subject to an
elastic stress with-hydrogen transfer through the alpha-beta interface. On
the other hand in the stage II crack growth period (Figure 3.7b), hydride is
formed in the semi-cohesive zone through dislocation transport of hydrogen
inside the well-developed plastic Zone. Figure 3.7¢ shows the hydrogen con-
centration change in front of a growing hydride. Other parameters in this
Figure are defined in Appendix 3-1.

Additionally, we adopted the threshold stress intensity model by Moody
and Gerberich.3 Using the same parameters used in fitting the crack veloc-
ity vs temperature curve, “these threshold values are evaluated for long term
prediction purposes. 'In the regime of the threshold stress intensity value
(Kyy), the crack growth mode is in stage I. Also, when K approaches Ky,
hydride nucleation is the rate-controlling step because hydride nucleation
rates become much slower than hydrogen diffusion rates, and therefore, the
diffusion profile will disappear. To obtain Kth’ a hydrogen solubility
linit consideration has been’adopted for stage, I.3 In this the hydrogen
solubility in the™ presence'of hydride and an applied stress is given by:

CE = exp[(-AG° + Pg Vy - Vp ‘-,EKKW Vi -Pg) /RT] (1)

where

\

4 (l+v) K

3 (2")1/2 di/2 (2)

AG® is the free energy of hydride formation, v is Poisson's ratio, Up is
the plastic work done during hydride formation by dislocation movement, Eyy
is the stress free transformation strain,’ Vh is the partial molar vol-

ume of hydrogen in hydride. The concentration of hydrogen due to external
stress effects is given by:3 )

.L

D At b

CEx = Co exp(Pg Vy/RT) = 7 '~ ' (3)

Equating Equation (1). and Equation (3) gives the stress intensity at which the
‘crack tip hydrogen concentration reaches the solubility limit. At this K val-
‘ue, the incubation time2 for'hydride nucleation is infinite ‘because of the
zero driving force for nucleation (CE is equal to ng) - The Kyp, value

) obtained ‘this way 1s, therefore, the true threshold value at infinite time.
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However, there is a possibility that a K value slightly higher than K¢ may
still result in a very long incubation time for hydride nucleation. There-
fore, depending on the time considered, the practical threshold value can be
greater than the ideal K., value obtained from Equations (1) and (3). To
clarify this possibility, the K values have been varied above the K¢p values
until the incubation time for nucleation kinetics becomes negligible. This
enables us to determine K¢}, at a given canister service time.

13 * .

First, we address the data in Figure 3.5 (temperature dependence of crack
growth rates) using a previous formulation? and evaluate! Rth* The paran-
eters.used in the calculation are given in Appendix 3-1." Figure 3.8 gives the
calculated crack growth rates which are controlled by hydrogen pipe diffusion
at various temperatures (for all-K. values) to be compared with Figure 3.5 (L =
109/em2, Ep = 0.35 eV, ty = 1 sec, Q' = .0.65, 0.70, 0.75 and 0.80). ©

is the ratio of the activation energy for pipe diffusion-to that for lattice
diffusion. Figure 3.9 shows calculated crack growth rates which are control-
led by diffusion kinetics (the solid line is for L = 10ll/em2, Ep = 0.25

eV, ty = 1 sec, Q = 0.70 and 0.80). Nucleation kinetics are evaluated (tri-
angles) at 90°C and 120°C since significant decreases in- crack growth

rates -are present “in these temperature regimes. In Figure 3. 9 the kinetics
over the entire temperature regime are obtained by connecting a solid line to
a triangle indicated by an arrow mark. At 90°C, values of ¢ = 0.6 and 0 =

67 erg/cm2 are used while ¢ = 0,5 and o = 85 erg/cm2 are used ‘at 150°C

(see Appendix 3-1 for the definition of these parameters). The four triangles
are for K = 42, 56, 80, 127 MPaym at 120°C and the three triangles are for K
=42, 56, 80 MPa/m at 90°C. Open triangles are for O = 0.70 and solid tri-
angles are for Q = 0.80, A smooth curve (as in Figure 3.8) using one set of a
and 0 values in this temperature regime is not shown because the kinetics are
too sensitive to temperature variationm. Figure 3.8 shows a smooth decrease in
the crack growth rates at higher tenperatures ‘while Pigure 3.9 shows a sharp
drop from solid line to triangles either at 90°C or at 120°C which are

chosen arbitrarily for comparison. In reality, a combination of the behavior
shown in Figure 3.8 and the triangles in Figure 3.9 may explain the behavior
in Figure 3.5. -

.‘The threshold stress intensity, Ky}, is obtained using Equation (1) and
Equation (3), and the parameters used in obtaining Figures 3.8 and 3.9. At
150°C and C, = 35 ppm with a hydrogen accumulation factor of 2 in the
alpha phase adjacent to the beta phase,a 5 the K¢p value "is found to be
4.86 MPaYm., At and below K = Ki¢hy the incubation timeZ»6 for hydride
nucleation is infinity. As mentioned before, to check whether there are K
values greater than K¢y which give also very long incubation time, the incu-
bation time is calculated for.various K. values above the Ktﬁ value. If K is
increased to K¢, plus a maximum of 2 x 10767 of Kep, the incubation time
is reduced to be 85- 250 seconds within the parameter variations used in Figure
3.8. Therefore, there are no "such K values in practice and we may conclude
that the container will not fail when it is subjected to a stress intensity
below 4.86 MPa/~'at 150°C and. an initial hydrogen.concentration of 35 ppm
for.very extended time. periods._ Table 3.1 shows an estimated minimum crack
size allowed fron the K¢p values at various. applied stress levels. It is

P P . L -7(",-

27



da/dt (cm/sec)

-4
10 - L T ' -
_ -
N -
- i
L-. -
i Q FACTOR
0.65
1073 — -
- R
- ]
B -
- 0.70 _
|
-
1
10781
l 0"'7 | | 1
25 30 35

Figure 3.8.

I/T % 103 (°K)

Calculated slow crack growth rates of as-received Grade~12
titanium controlled by hydrogen pipe diffusion for all K values
at various temperatures. The Q factor i{s a ratio of activation
energy of pipe diffusion to that of lattice diffusion.
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Table 3.1, Estimated mininum safe flaw size of as-received Grade-12
titaniun at various applied stresses (at 150°C).

Stress, © YS 0.5 YS 0.1 YS 0.05 Ys 0.01 YS

Crack size, a (mm) 0.073 0.292 7.309 28,738 730.874

Yield strength (at 150°C = 320.6 MPavm, K.}, = 4.86 MPa/m
The calculation is based on K¢y = ovrma

Table 3.2. Hydrogen concentration allowed in the alpha phase for safe
performance of as-received Grade-12 titanium at 150°C
for various applied stress intensities.

Stress intensity
(MPavm) 0.39 1.23 3.87 12.25 38.74 122,51

Hydrogen ccnc.
(ppm) 42,2 40.7 36.37 25.42 8.20 0.23

seen that crack sizes less that 0.29 mm can cause fajlure at and above a
stress level of one~half of the yield strength. Also, an estimate has been
made from Equation (1) to obtain the maximum hydrogen concentration at 150°C
to avoid failure at various stress intensity levels using the same parameters.
At a given stress intensity, when the hydrogen concentration levels are below
the values in Table 3.2, the delayed failure will be avoided for an infinite
time according to this calculation.

There is ample evidence that L<101l/cm2,7 0.15Eg<0.5
eV,8 and 10<0<1000 erg/cmz.9 a and Q are known to be less than
unity.lo’ll The rest of the parameters quoted in Appendix 3-1 are for
either CP titanium, near alpha-beta titanium alloys or Grade-1l2 titanium.
Since the alpha phase is depleted of alloying elements, these parameters are
not unrealistic.

Conclusions for this work are also given in Appendix B.

3.3 Feasibility Study of In Situ Deformation of Hydrogenated Thin Foils of
Grade-12 Titaniunm

In the early stage of this project, we intended to deform hydrogenated
thin foils in a TEM to determine whether hydride formation at a crack tip is
responsible for crack initiation. Since there is ample evidence from exten-
sive fractographic studies that this is true,26 we have not pursued this
subject. Further, preliminary tests have shown that it might be difficult to
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.;Identify the hydride formation in the presence of beta phase and alpha-beta
interface phase where hydrogen solubiilty 1s very high and the interface
.structure is complex. ... P - . ‘

. 3.4 Hydrogen Uptake Efficiency

Limited efforts have been given on this subject since the ,as-received
‘Grade 12 titanium has 35-40 ppm hydrogen which is sufficient to cause delayed
. failure as discussed in the previous sections.. Since it is known that gamma
radiolysis of groundwater produces abundant hydrogen (see Section 5), we
should not eliminate the possibility of further hydrogen uptake in unshielded
waste packages. Also, colloidal sodium produced by gamma irradiation of rock
salt generates hydrogen when the salt is exposed to brine.2l Once passivity
. 1s lost, the hydrogen penetration into, the matrix will be. significant. Ve
have presented data on the: enhanced hydrogen uptake in alkaline brines?? and
in creviced .samples at 150°C.23 Even though, . the precise nechanism for
hydrogen uptake is not known, our conclusion is that there are many possibil-
ities of hydrogen uptake in repositories once the passivity is destroyed such
as in ‘crevice or other corrosion processes. This will enhance the probability
of delayed failure at smaller, applied stress levels.

I gF

- 3.5 Conclusions . ;:;‘ 1.: ;f - 14, o :: y.«, -:

) Internal hydrogen enbrittlement of Grade-lz titanium was identified at

room temperature by tension testing unnotched and notched samples

. which are cathodically or thermally charged with hydrogen. Cathodic-
ally charged smooth tensile specimens showed slow-strain rate embrit-
tlement (reduced elongation) with microcleavage features. Cathodic-
ally charged coupons showed impact enbrittlement in, buckling tests.
‘In the buckling tests, hydride fracture, interfacial separation and

. microcleavage were observed.. . In fracture testing of SEN (single~
,edged-notched) samples charged thermally, the embrittlement becomes
'significant as the hydrogen level is increased to 197 ppm., At 7187
ppm Hz; impact embrittlement was also observed. Hydrogen-induced
-alteration of the initial microstructure did not change the general
features of embrittlement.r";_, o

e An extensive comparison of fractographs with those for other alpha/
beta alloys results in the conclusion that hydride formation is
responsible for .the embrittlement of Grade-12 titanium at room temp-
erature, and hydride is probably formed in the alpha phase adjacent to
the interface phase.

. We have quantified the above results by measuring the slow crack
growth rates at various hydrogen concentration levels and tempera-
tures. The general mechanism obtained at room temperature is applic-
able at temperatures up to 150°C However, from the analysis.of

. activation energy the detailed Tate. deternining step at room .
©'= ' temperature is found to be different from that at high temperatures.

31



Based on the above observations and the results from other types of
alpha-beta titanium alloys, a rationale for a new crack growth formula
has been presented, and necessary new formulations have been devel-
oped. At lower temperatures, dislocation pipe diffusion of hydrogen
is responsible for the crack growth while hydride nucleation or dislo-
cation pipe diffusion with a large binding energy of hydrogen to the
dislocations is controlling the crack growth rates at higher temper-
atures. In stage I crack growth, hydride growth is controlled by the
elastic stress field while the plastic stress field is responsible for
the hydride growth in the semi-cohesive zone inside the plastic zone
in stage II,

Two types of crack jump were defined. One is associated with hydride
fracture and typically forms striations in the fractographs. The
other is from the movement of the crack front in the alpha phase ad-
Jacent to alpha-beta interface phase., These latter kinetics, observed
in surface crack measurements, were mathematically modeled.

The data fitting to the stage II crack growth rates vs temperature
plots determines the parameters used in the equations developed.
These parameters are used to estimate the threshold stress intensity
and hydrogen solubility limit at infinite container service time by
the calculation of incubation time for hydride nucleation. This value
gives a crack size below which container failure will not occur for a
given applied stress and hydrogen concentration, and a hydrogen con-
centration limit below which the container will not fail at a given
stress intensity. The threshold evaluation at infinite time is what
we propose for the long term prediction of hydrogen embrittlement for
extended periods such as 100-300 years. Once the crack starts to
propagate, the container probably will fail in a short period.

Radiation produces large amounts of hydrogen (see Section 5). When-
ever there is passivity breakdown, it tends to cause hydrogen uptake
in the metal, leading to effective degradation of the threshold stress
intensity. Such cases of passivity breakdown include those assoclated
with crevice corrosion and alkaline environments formed during the
interaction of gamma-irradiated rock salt with brine.
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APPENUDIX  3-1

PARANETEZRS USED Il THE CALCULATION OF HYDROGEL ENDRITTLENENT

Hydride Concentration in Hydride Phasel?2
¥ = 0.6580

The Average Initial Hydrogen Concentration
Co = 35 ppm. There will be an enrichment ‘factor near the beta
phase or grain boundary‘"5 (a factor of 2 is used).

Dislocation Densitv in Plastic Zonel3
L = 109/cm? (Figure 3.8), 1011/cn2 (Firure 2.9)

Burgers Vectorl4 “”"'"
B = 0.59 nm
o LRI
Binding Energy of Hydrogen to Dislocation Coreld
Eg = 0.35 eV (Figure 3.8), O. 25 eV (Figure 3 9)

Partial Molar Volune of llydrogen in Titaniun3
‘H = 1,68 en /nol )

Partial Molar Volune of Hydrogen in Hydride3
Vh = 12.50 cm /nol

Grain Size
d = 2 (experinéhtar)

Hydride Size oo P
£ = 0.67u (experimental)

Hydride Fracture Time
th, = 1 sec (adjustable)

Young's Modulusl®
Ey = 110.3 MPa

Free Energy of Hydride Formationl?
AG® = 18.6 KJ/mol

Plastic Vork Done During Hydride
Formation by Dislocation Movenment3
Wp = 0.67 KJ/mol

The Stress Free Transformation Strain3
Exkg = 0.24
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APPENDIX 3-1 (Continued)

Yield Strengthl®

g, (20°C) = 538 HPa
oy (40°9C) = 400 MPa
oy (60°C) = 386 NPa
oy (80°C) = 372 MPa
oy (100°C) = 359 HPa
oy (130°C) = 334 MPa

Poisson's Ratiol®
v = (0,33

Hydrogen Diffusivity in Dislocationl8
Dy = 0.06 exp(-0°-7200/T) em?/sec

Activation Energy for Hydride Hucleation on Nislocations
AG* = a 16 w 03/(3 G2)

where GV = '[CH VH + (1-C") VTi]-l
(TANT + GM + GMIN + AG°)

where TANT R T (C§-Cy) [2n Cy - 2n (1-Cy) + in (GAM)]

AN = 1/Cg expl[(1-Cg)*(4G°)/((C$-CE) R T)]
CHIN = 1/(1 + GAM)
cM = R T [(1-Cyx) n (1-Cq) + Cy 2n (GAM Cy)]

Cy is the hydrogen concentration at the end of semicohesive zone or hydride,
and has a similar expression for crack growth rates.?

@ is the ratio of nucleation barrier in dislocation to that in bulk
matrix.l0 - -

0 is the interfacial energy and Vpj is obtained from VH.19
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4. STRESS CORROSIOM CRACKING OF GRADE-2 AND GRADE-12 TITANIUM

,* The 'slow-strain-rate tests on Grade-2 and Grade-12 titanium in WIPP
Brine A and Brine B at 83°C have been- conpleted. These tests were con-
ducted in solutions with pH ranging from 1 to'll. 6, and at a strain rate of
3. 0x10'7/sec or l 5x10‘6/sec._ The stress corrosion susceptibility “of each
‘ alloy is evaluated by comparing the results obtained 'in brine with those
in heliunm.

In general, Grade-12 titaniun shows superior mechanical properties con-
pared ‘to Grade-2 titanium; it has’ appreciably higher values of maximun stress,
total elongation and reduction in area. ‘Most of the differences in the forn-
ation of necks, the stress- -strain curves, the strain hardening behavior, and
the fractographs of the two materials can be explained in terms of grain size
differences, additional alloying elements and the beta phase present in Grade-
12 titanium. leither Grade~2 nor Grade-12 titanium shows any evidence of
stress corrosion cracking. However, for both alloys there is a small loss in
ductility (reduction in area and/or total elongation) when tested in brine
solutions.

An examination of the fracture surfaces of Grade-12 titanium under an
SEN shows that the fracture plane near the edge is at approximately 45° with
respect to the macroscopic fracture plane. The edge area also shows some flat
features which are indicative of a cleavage {pe fracture mode. Similar ob-
servations were made earlier by Abrego et al.® who believed them to be
caused by the presence of the corrosive brine. However, in the present tests
the width of this quasi-cleavage zone does not correlate with the presence of
brine, and it is, therefore, probably related to some internal effects. A
detailed discussion on this observation and other results has been presented
elsewhere.
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5. GAMNMA RADIOLYSIS OF BRINE

The effects of gamma radiolysis have been studied in both neutral and
acidic brines. After a total gamma radiation dose of 109 rads (2.4x106
rads/h), the solution pH approaches the neutral value, suggesting possible
beneficial effects of radiation on the localized corrosion of metallic con-
tainers for use in nuclear waste disposal. In agreement with earlier investi-
gations, G (Hy) is found to be 0.3-0.4., Large amounts of this hydrogen,
however, will accelerate delayed failure kinetics. THe presence of oxygen and
solutes may have reduced the total molecular yield. There is also an indica-
tion of Cly; and H30; in the solution. The effects of such species on
the localized corrosion are not known at the present time. HNore detailed
information will appear in a future topical report.
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6. CAUSTIC CORROSION OF GRADE-12 TITANIUM

Caustic formation in a rock salt repository has’ been” discussed previ-
ously and some ‘data on- the corrosion of Grade-12 titanium’ have been re-
ported in the past quarterly progress report.2 The results of our last test
were obtained: for crevice corrosion in“alkaline brine. The pH of Brine B was
adjusted to'11.13 and 2x4 cm metal/metal crevice coupons were innersed for 21

" days at-150°C.- The black 'scale- typically observed ‘in neutral brine was not
detected. However, a blue and yellow colored film was observed, which is an

- indication of .an"early stage of crevice corrosion. Since passivity break-

~down in the crevice requires a critical pH (see Section 2) it takes more time
to.reach such conditions in a higher pH solution. .

The caustic corrosion data may be summarized as follows.>

° Uniforn corrosion ‘rates and" hydrogen uptake efficiency are increased
significantly.’

Sy

e Stress corrosion cracking is not observed.

° The kinetics of crevice corrosion are significantly retarded.

1

The detailed data will "be given in a future topical report.
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7. UNIFORM CORROSION OF GRADE-12 TITANIUM

Previous immersion tests showed that a significant amount of metal loss
will be produced during the long term immersion of passivated Grade-12 titan-
fum. This is attributed to slow oxide dissolution by the passive current.

To confirm this hypothesis, the samples were sandblasted to remove the oxide
formed. After sandblasting, the weight loss in each sample is the sum of (1)
oxide weight, (2) dissolved metal weight, and (3) underlying metal loss during
the sandblasting. Contribution (3) is of the order of contribution (1), even
though exact amounts are not known. Since the true corrosion kinetics are the
sum of (1) and (2), it is necessary to determine contribution (3). Assunming
that the sandblasting time for oxide removal is very short compared to that
for underlying metal loss, due to the easy spallation of oxide, an equal
amount of underlying metal is removed in each sample for the same sandblasting
time. Therefore, the measured weight loss is due to the uniform corrosion
plus a constant increment caused by sandblasting. Figure 7.1 shows that the
weight loss kinetics have a non-linear time dependence. Higher weight loss
was observed in welded samples.

The following conclusions may be made regarding uniform corrosion.

. The formation of a precipitate on the samples was observed upon solu-
tion heating. This precipitate was identified by X-ray analysis as
an amorphous compound of Mg and Si.

. During the long-term immersion test, a significant amount of metal

loss was observed. This has been attributed to slow oxide dis-
solution. The metal loss kineties appear to be non-linear.
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Figure 7.1. Long term weight loss data of single and welded coupons of
Grade-12 and Grade-2 Ti in Brine A at 150°C.
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8. PITTING CORROSION OF GRADE-12 TITANIUM

Earlier work in this program has shown that passivity breakdown in Grade-
12 titanium crevices starts with pltting.l However, there is uncertainty
whether the observed pitting is a true transpassive behavior or simply a trans-
ient phenomenon followed by active dissolution. To study these alternatives,
single coupons (2x2 cm) are currently being immersed in acidified Brine A
(pH = 1.1) for two weeks, The low pH is used in order ‘to simulate crevice
conditions for which pitting is encouraged.

Since the pitting on Grade-12 titanium in neutral brines has not been
observed unless crevice corrosion conditions are present, it appears that
pitting alone is not an important failure mode for the container. Within a
crevice it is possible that pits may penetrate the container even if the
average crevice surface has been repassivated. Therefore, determination of
the kinetics of pitting in a crevice environment represents an important area
for future study.

8.1 Reference

1. T. M. Ahn, B. S. Lee and P. Soo, "Identification of Crevice Corrosion in
Titanium Alloy TiCode-12 in Rock Salt Brine at 150°C," submitted for
publication in ASTM STP Titanium and Zirconium Industrial Applications,
1982.
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9. WELD CORROSION EFFECTS.-

Limited work was carried out on weld corrosion. In the immersion tests
for crevice corrosion at 150°C -in.Brine A, 1lx2 cm? sandwiched coupons
usually did not show crevice attack. However, when the coupons were electron
beam welded, they tended to show a black film both in the fused as well as in
the heat-affected zones. The- severity -of the attack, however, is less than
that for larger non-welded samples. |- S :

In uniforn corrosion tests, welight. loss kinetics are typically faster
than for simple coupons (see. -Section 7). Both crevice and uniform corrosion
phenomena may be attributed to the presence of Tij;Ni in the welded zone.
TisNi is known to enhance hydrogen reduction rates due to the presence of
Ni.l This may also lead to enhanced hydrogen uptake. Even from these
- linited data, it appears that welds will have significant deleterious effects
.on container corrosion resistance. . .-

9.1 Refetence

PO
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10. HYDROGEN UPTAKE BY LOW CARBON STEEL IN CONCENTRATED BASALTIC
GROUNDWATER UNDER GAMMA IRRADIATION

Presently, low carbon steel is specified as the principal reference mate-
rial for the container to be used in a basalt repository. There is very lit-
tle information on the stress corrosion behavior of this material under antic-
ipated repository conditions. Absorption of hydrogen produced by radiolysis
or corrosion, and the presence of some of the anions in groundwater are likely
to enhance the SCC susceptibility. Therefore, to evaluate this mode of fail-
ure under simulated repository conditions an approximately two-year long
program was i{nitiated during the last quarter.

The concentration of ionic species in basaltic groundwater possibly can
reach near saturation values when water vaporizes near the hot surface of the
container. Therefore, in the present experiment a concentrated form of Grande
Ronde basaltic water was prepared according to the composition given in Refer-
ence 1. Two solutions called A and B are prepared separately and then mixed
in equal amounts. Solution A contains the sodium salts of carbonate, sili-
cate, sulfate, -fluoride and hydroxide, whereas Solution B is acidic and con-
tains HCl and the chloride salts of potassium, calcium and magnesium. In our
preparation, one-half of the saturation limit of Solution A was first deter-
mined, and then Solution B was adjusted to the same dilution. However, when
the two solutions were mixed in equal volumes (to maintain the prescribed
relative ratio of various ions), some precipitation occurred. Therefore, each
solution was then diluted eight times and mixed in equal volumes. The
concentrated form of groundwater prepared in this manner and referred to as
1/8 saturation is being used in the first exploratory experiment.

The low carbon cast steel (Type 1017) used in the present test was pro-
vided by Battelle Columbus Laboratory. To evaluate stress corrosion suscepti-
bility as well as uniform corrosion, three U-bend specimens prepared from a
strip of this steel were immersed in the concentrated groundwater and then sub-
jected to gamma {irradiation at a dose rate of 1.3x10® rads/h. The stainless
steel capsule described earlier? in reference to the radiolysis of brine is
being used in this experiment with the addition of a furnace to maintain the
test temperature at 150°C. To avoid any galvanic effects the specimens are
insulated from other metallic parts with the help of quartz spacers. At the
end of one-month test period, there appears to be about 10 psi pressure in-
crease in the capsule. After two more weeks, this test will be terminated and
the gases In the capsule analyzed. The steel specimens also will be analyzed
for their hydrogen content. A parallel test is being conducted in an auto-
clave but with no radiation present. A comparison of the two tests will indi-
cate the effects of irradiation on the hydrogen uptake properties of steel
samples.
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ABSTRACT

A technique was developed to monitor crevice corrosion of
Grade-12 titanium in a high magnesium synthetic brine under
hydrothermal conditions. The current between the cathode and
anode, and the potential of the whole crevice assembly, provide
information on the various stages of corrosion. Occasionally,
the decoupled potential of the cathode and anode are measured to
give supporting information about the crevice conditions. A
parallel test is run on a specimen which has small wells to
collect crevice solution whose pH 1s determined at room
temperature.

The current/potential results show that the crevice corro-
sion incubation period for a Grade-12 titanium crevice formed
between two Teflon plates is approximately two days at 150°C.
Optical and SEM observations show that the corrosion starts as
isolated pitting which spreads along the surface as shallow pits.
The corrosion conditions change significantly as the Ti0p
corrosion product fills the crevice, and the rate of corrosion may
be greatly reduced after several days. The rate of crevice
corrosion of commercial purity (Grade-2) titanium under similar
conditions is approximately three orders of magnitude higher. 1In
this case, active dissolution of metal starts during the initial
heating of the autoclave and the incubation period is negligible.

KEY WORDS
Crevice Corrosion, Hydrothermal, Titanium and alloys, Brine, Pitting,

Electrochemical Techniques, Incubation Period.
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APPENDIX B

PAPER NUMBER 202 BNL-NUREG-33731R
To be presented at CORROSION 84, April 2-4, 1984, New Orleans, Louisiana

PREDICTION OF LONG TERM CREVICE CORROSION AND HYDROGEN EMBRITTLEMENT
BEIIAVIOR OF ASTM GRADE-12 TITANIUM*

T. M. Ahn and H. Jain
Brookhaven National Laboratory
Upton, NY 11973

ABSTRACT

Crevice corrosion and hydrogen embrittlement are potential failure modes
of Grade-12 titanium high level nuclear waste containers emplaced in rock salt
repositories. A method is presented to estimate the environment domains for
which immunity to these failure modes will exist for periods of hundreds of
years. The estimation is based on the identification and quantification of
mechanisms involved. Macroscopic concentration cell formation is responsible
for crevice corrosion. The cell formation is accompanied by oxygen depletion,
potential drop, anion accumulation and acidification inside the crevice. This
process is quantified by simple mass balance equations which show that the
immunity domain is a function of the time the container is exposed to the
corrosion environment. Strain induced hydride formation 1s responsible for
hydrogen asslisted crack inltlation. A siwple model for slow crack growth is
developed using data on growth rates measured at various temperatures. The
paramcters obtained in the model are used to estimate the threshold stress
intensity and hydrogen solubillty limit In the alloy at infinite container
service time. This value gives a crack size below which container failure
‘will not occur for a given applied stress and hydrogen concentration, and a
hydrogen concentration limit at a given stress intensity.

*This work was performed under the auspices of the United States Nuclear
Regulatory Commission.
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ABSTRACT

Low carbon cast steel is a candidate container material for high level
waste to be emplaced in a basalt repository. The current study is an evalua-
tion of potential hydrogen embrittlement and stress corrosion effects in this
steel which could be present in basaltic groundwater. In this quarter, Type
1017 low carbon cast steel was evaluated using constant extension rate tests
(CERT) in concentrated Grande Ronde basaltic water at 85°C for strain rates
usually in the range 1.33 x 107 to 3.28 x 10"7/sec. A cathodic hydrogen
charged sample showed a distinctive cleavage fracture and a sample tested in
moisture above the solution gave an indication of reduced elongation. Tests
at the open circuit corrosion potential also gave an indication of degradation
although less distinctive than the above two test conditions. Strain rate
effects were not significant in tests performed in air at strain rates of
1.72 x 10~7/sec and 1.69 x 10~%/sec.

Hydrogen uptake tests on Type 1017 low carbon cast steel were completed
after two months in concentrated Grande Ronde basaltic water at 150°C under
a gamma irradiation flux of 1.3 x 106 rad/h. No sign of stress corrosion
cracking or significant uniform corrosion was observed. After the tests the

‘welded specimen contained 10 ppm hydrogen and the unwelded specimen contained

19 ppm hydrogen. In contrast, tests without gamma irradiation showed severe
corrosion with an indication of pitting. Hydrogen produced by uniform corro-
sion was significant since welded and unwelded specimens absorbed significant

.quantities of the gas. For welded material, U-bend and flat samples contained

10 and 23 ppm hydrogen, respectively. For unwelded material the U-bend and

"flat samples contained 53 and 31 ppm of hydrogen. Gas in the plenum above the

test solution was mainly Hy with smaller amounts of 07 and CO.

Tests on Grade-12 titanium were finalized by analyzing the remaining sam-
ples. There was no indication of spontaneous pitting from immersion test on
coupons exposed to acidified brine at 150°C which simulates the crevice
solution condition. For slow crack growth measurements, a direct potential
change method was used to confirm the crack jump process observed in surface
crack measurements, Tensile test results for Grade-12 titanium were obtained
from tests performed at various temperatures and hydrogen concentratioms.
Lower strength values were obtained in as-received material compared with

‘values from the literature, which could be caused by differences in strain

rate or grain size.
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1. INTRODUCTION ' 5- . ,i L L e

The objective of this program is to identify and evaluate some of the’

'potential corrosion failure modes in low. carbon steel which is. the reference

container material for high level waste packages to be emplaced in basalt repos-
itories. Experimental work on ASTM Grade-12 titanium pertinent to behavior in

a salt repository was essentially terminated in Fiscal Year .1983. - However,
analysis of the data will continue for a short time, after which the work will
focus exclusively on carbon steel corrosion.

In the carbon steel program two-main-areas will -be emphasized. ~ One in-
volves an evaluation of hydrogen assisted embrittlement effects, and the other
is concerned with the measurement of hydrogen uptake in the presenée of ba-
saltic water and a gamma“ irradiation field. Preliminary results are described
below. '

2. SLOW STRAIN RATE TESTIN? OF CAST LOW CARBON STEEL

Low carbon cast steel ‘rod (ASTM A216-Grade WCA) was obtained from Axiom
Machine and Foundry, Inc. with the maximum composition given in Table. 1. The
composition is currently being determined by BNL. This steel was recommended
by Westinghouse Advanced System Division for their proposed waste package
design for a basalt repository.;‘ Specimens with the
1 were mac : ‘
strain rate tests. 'The gauge "lengths were po to 0.5 um alumina powder
and tensile tested at 85°C in air, moist air over concéntrated basaltic water
and approximately 7.7 times concentrated Grande Ronde groundwater.2 This
concentrated water composition is given in Table 2.

Table 1. Maximum composition of ASTM A216 WCA steel (weight percent,
balance is iron).

C Mn Si S P Cu Ni Cr Mo v

0.25 0.7 . 0.3 0.65 0.045  0.50 0.50 ~ 0,04 0.25 ~0.03 - °:

Preliminary CERT data are presented in Table 3. For the tests in the a-

queous solution, both open circuit .potential and cathodic:charging (-1.4" V SCE)

condi tions have been used in order .to:.evaluate the effects of hydrogen uptake
on strength and ductility. Figures 3 through 7 show fractographs obtainedffrom
failed specimens. Figure 8 is a reference cathodic polarization curve obtained

for the cast steel in the- concentrated groundwater. - Point (a) represents the

potential for which oxygen is reduced and point (b) gives the potential for -
which hydrogen is produced. Based on values for total elongation the moist air
environment gives the most embrittling condition. However, the large
reduction-in-area value indicates that there is high ductility compared €7
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to the other environments. The test will be repeated to confirm the
preliminary ductility data in Table 3. The fractured surface for the moist air
test given in Figure 7 shows that significant amounts of oxide are present.
This may be connected with a well-known effect in which water vapor condenses
in the capillary region of a crack tip to give the aqueous phase.3

Table 2. Concentrated Grande Ronde basaltic water composition¥*,

Ion Nominal Composition, mg/L
.

Na¥t 2774.5 LT e
K* 26.6 LA
cat? 21.5 ’
Mgt2 0.25
F- 258.9
cL- 2418.0
S0z2 1340.8
$10, 614.6

¥

"o 10.3

*2.95 g/L NayCO3 were dissolved initially to obtain the €072

concentration. However, C032 concentration varies during
test due to the loss of COj.

The next most severe environment was for the test in which the specimen
was at a cathodic potential. Under such conditions the effective hydrogen
fugacity fy is approximately given by:“

fy = exp(nF/ZRT)

where F is Faraday's constant, Z is a constant equal to 2 and n is the hydrogen
overpotential. At the present overpotential of -1.4 V SCE, the fugacity ap-
proaches 660 atms which is much larger than expected under repository condi-
tions. The fractographs for the test specimen show the presence of cleavage
areas as shown in Figure 6(b). '

The test performed in the aqueous solution at open circuit potential also
shows a small degradation in reduction-in-area even though the elongation does
not clearly indicate this. Currently, this test is being repeated. In the
fractograph for this specimen [Figure 5(c)] there is an indication of non-
ductile behavior. In order to evaluate whether crack propagation occurs by the
active path mechanism,5 a test is being carried out under an anodic
potential. : :

?
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fable 3. Results of cast low carbon steel CERT tests conducted at 859C in various environments.

. Sample

. Average "y
Straiq'Rate3 Tt
No. .° (/sec)

R

’Ehbifonment

4 Total.’
. Elongation.
. ‘(z)A.;

(%)

‘Reduction
In Area

(0.27% offset)
Yield
“Strength
- (MPa) -

“TenSilé'

. Fracture

Strength Strength Fracture

(MPg)'

(MPa)

Surface

SS1
SS5.
SS2

" 853

SS4

2,72x10°7
1.69x1074
1.33x10-7"
- 2.89x10°7
o - (Cathodic
.. Charging) -

3.28x10°7

Mr v

AMr

~ Solution . -
- ~(Open- Circuit . .
. Potential) o

Solution’

Moist air '
above solution

17,0
. '17,'0 - ,;.
18,5 -

15.0

13.0

58.0

I

. 57.0_',:

C 48,2

25,5 -

330
333
383

272 L

412

se)

556"

SPAVAR

578 .. -

1443

3

276

462 Figufé 5
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Figure 1, Initial microstructure of ASTM A216-Grade WCA cast steel rod.
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Figure 3.

0.5 mm

Fractograph of ASTM A216-WCA steel CERT specimen tested in
air at a strain rate of 2.72 x 10'7/sec, showing ductile
fracture.
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Figure

50 um

-

é.‘ Fracfogfaﬁh'of’ASTM“K216§WCA steel CERT specimen tested in'
air at a strain rate of 1.69 x'lO‘“/sec,?showing'ducti}e
fracture.
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/sec in concentrated Grande Ronde

Fractographs of ASTM A216-WCA steel CERT spec

Figure 5.
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(a) whole fracture surface,

showing mostly ductile fracture and (c) some localized

strain rate of 1.33 x 10~
basaltic water;
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(b) magnified view of
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5(c)

10 ym

Figure 6. Fractographs of ASTM A216-WCA steel CERT specimen tested at a
strain rate of 2.89 x 10~7/sec in concentrated Grande Ronde
basaltic water with cathodic charging at -1.4 volt SCE; (a) whole
fracture surface, (b) magnified view of 6(a) showing cleavage
fracture regions and (c) surface cracking on side of sample.
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Figure 7. Fractographs of ASTM A216-WCA steel CERT specimen tested at a
strain rate of 3.28 x 10~7/sec in moist air; (a) whole
surface covered with oxides, (b) magnified view of 7(a) show-
ing secondary cracking and (c) enlarged view of secondary
cracking,
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A potentially important observation for the air test data is that the
strain rate does not influence the ductility although the tensile and fracture
strengths are higher for the slow strain rate.

3. HYDROGEN UPTAKE AND RADIATION CORROSION OF CAST STEEL

In order to determine the rate of hydrogen uptake and corrosion of ASTH
A216-WCA steel under gamma irradiation conditions a series of flat coupons and
U-bend samples was prepared from a heat of material supplied by Battelle
Columbus Laboratories. Flat specimens measured 2 x 1 x 0.075 cm, U-bend
samples were made from similar coupons. Welded samples contained an autogene-
ous TIG weld along the axis of the largest dimension, The irradiation samples
were contained in a quartz liner together with the concentrated basaltic water
described above. The liner itself was enclosed in a stainless steel capsule
measuring about 20 cm x 2 cm in diameter which was inserted into the BNL gamma .
pool facility. A thin stainless steel tube was connected to the capsule to
record pressure changes and to take gas samples. In the first irradiation
schedule the samples were irradiated at 150°C at 1.3 x 10% rad/h for two
months under an air cover gas. Non-irradiation control tests were carried out
in a stainless steel autoclave, again under an air cover gas at 1l atm of
initial pressure. All samples were separated by suspension on quartz frames.
Additional experimental details were given previously.

The U~bend specimens at the end of the irradiation experiment showed no
signs of stress _corrosion_cracking and very little uniform corrosion. Only a
thin rust film was noticed on a small area at the inner part of a U-bend speci-
men; the rest of the sample was partially covered with a white layer which had
probably precipitated from the solution. From a microprobe analysis of the
surface of the sample, silicon was found to be the major constituent of this
precipitate with much smaller amounts of iron and oxygen.

The hydrogen content of one welded and one unwelded specimen was deter-
mined after testing by analyzing the gases evolved during heating to ~900-
950°C under vacuum. To reduce any loss of hydrogen, specimens were trans-
ferred quickly to the heating chamber soon after removing from the gamma pool
or they were stored at dry ice temperature until heating. A value of.10 ppm
(by weight) was obtained for the welded specimen whereas a larger value of 19
ppn was obtained for the unwelded sample., Further testing is needed to confirm
if this difference is due to the microstructural changes introduced during
welding or to differences in the surface conditions. Clearly, large amounts of
hydrogen are absorbed during the test_because as-received steel samples have W
typically less than one ppm hydrogen.7

In contrast to the steel specimens subjected to gamma irradiation, the
unirradiated specimens ghowed a thick dark brown layer of rust on the surface.
An SEM micrograph of the specimen cross-section shows that the thickness of the
oxide (rust) layer was in the range of one to several microns (Figure 9). The
spalling of rust from the metal surface is connected with the formation of
blisters (Figure 9) which were observed at several locations. The oxide layer

14
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was usually thicker under these regions. There is also some sign of pitting
under the present test conditions. Figure 10 shows the cross section across a
pit formed on the metal surface which is covered with a layer of rust.

The hydrogen contents of various specimens in this non-irradiation test
are given in Table 4. As in the case of .the radiation experiment, the hydrogen
concentration in welded specimens is smaller than in the as-received condition.
Also, the quantities of hydrogen are generally lower for the specimens which
were subjected to irradiation although a. significant amount of hydrogen was
generated during radiolysis.. This suggests that the hydrogen generated at the
metal surface during uniform corrosion is more readily absorbed than that
produced during the radiolysis of the solutiom.

Table 4, Hydrogen content of ASTM A216-WCA steel specimens ex-
'posed to.concentrated basaltic groundwater at ~150°C
for two months, - :

C : -Concentration b
Specimen Type = = ~ -(ppm by weight) t;%:)
(v
As-recieved flat- '~ - ¢ 5"""f"‘31:':} . 3
As-received 'U-bend "7 - ¢ © 7 53 gsm
Welded flat : 23

Welded Usbemd ~ - - 10

A chemical analysis of .a gas sample taken from the irradiation corrosion
capsule is given in Table 5. Apart from the N; originally present in the air
cover gas, the main radiolytic product is hydrogen. The oxygen level is much
less than the anticipated value for radiolysis, possibly indicating that it has
reacted with constituents in the groundwater to produce the silicon rich phase
described above. A significant quantity of CO; is also present and probably
originates from the decomposition of Na;CO3. . The gas pressure as a func-.
tion of time is given in Figure ll. The pressure shows an initial very fast
increase as the temperature of the capsule is raised to 150°C after which it
tended to stabilize _except for two small'abrupt increases.

The very low“corrosion rate under gamma irradiation may be caused by
passivation’ processes although preliminary anodic polarization studies using
non-irradiated solution indicate that a passive region is absent. A possible
explanation: of the low irradiation corrosion rate is that a radiolytic specie,
such as hydrogen, gives rise. to a reducing environment.

Some work by Westerman and other 8 Jon the corrosion of ductile iron and
2 1/2Cr-1Mo  steel in’ basaltic groundwater at’ 250°C-in" the " presence of a gamma
flux ‘of ‘about 2 x 107 rad/h -also ‘shows that irra_jﬁtion‘redu_es_the_nnifnxm
corrosion :ate.inx_teits_laﬁxigg_ggghggggp. After three months' immersion,
however, the corrosion rate is greater than for non-irradiation conditions; at

15



Figure 9. SEM micrograph of ASTM A216-WCA steel specimen exposed to
concentrated Grande Ronde basaltic water for two months.at
150°C, showing an oxide blister on the surface.

Figure 10, SEM micrograph of ASTM A216-WCA steel specimen exposed to
concentrated Grande Ronde basaltic water for two months at
150°C, showing a cross section through a pit.

16
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longer times, the rates for irradiation and non-irradiation conditions tend to
» converge. Additional work will be carried out at BNL to determine the reason
for the low irradiation-corrosion rate.

Table 5. Chemical analysis of the gas sample collected after radiolysis
of a 7.7 times concentrated Grande Ronde basaltic water at
150°C for two months. Gamma flux is 1.3 x 108 rad/h.

Gas Concentration (mol %)
Hy 44,23

Na 43.08

02 - (3860

Ar 0.57

co, 7.50

H,0 0.76

With respect to the gas composition obtained in the irradiation tests sim-
ilar results were obtained by Gray who irradiated normal strength Grande Ronde
basaltic water at 150°C in the presence of an iron sample.9 He detected 22
volume percent hydrogen; no oxygen was present., However, polymeric material
formed in the irradiated solution contained 1.2 percent oxygen.

4. GRADE-12 TITANIUM CORROSION

In the last quarter of Fiscal Year 1983, three coupons of Grade-12 tita-
nium were immersed in acidified Brine A (pH = 1.6) for two weeks to study the
susceptibility to pitting corrosion in a simulated crevice environment. None
of the specimens showed any pitting implying that previously observed pitting
in -the crevice® is obtained only when complete oxygen depletion is obtained.
As we have discussed before,6 oxygen depletion is a prerequisite for the
initiation of pitting in the crevice.

Studies were completed in the evaluation of oxide formation on Grade-~12
titanium crevice samples exposed to caustic environments at 150°C. Caustic.
environments could be formed in & salt repository if gamma irradiated salt con-
taining colloidal sodium interacts with brine inclusions. In this work 4 x 2
cm creviced specimens were immersed in WIPP Brine B, adjusted to pH 11l.13, for
a period of 21 days at 150°C. The black crevice scale normally observed for
neutral brine was not observed. However, a blue-yellow film was present which
indicates that crevice corrosion, if it is present, is at a very early stage
because of the greater time it would take to reach the required low crevice
solution pH for passivity breakdown. Using the SEM the main surface oxides in
the crevice were observed to be blocky shaped crystals which we have previously
identified as being of the anatase barrier type (Figure 12). A small amount of

18
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rutile in the form of needle shape crystals was .also detected (Figure 13).
Under neutral brine conditions rutile is the dominant oxide for the immersion
time studied here.® No evidence of pitting was found for the crevice
corrosion tests in alkaline brine. -

In prior work on crack propagation paths in hydrided Grade-~12 titanium we
have proposed that the crack follows a transgranular path through alpha grainms,
forming striations during each incremental jump.6 The crack growth rate
through the alpha phase is relatively slow compared to the rate when the crack
:reaches a beta grain when the crack propagates very quickly along the hydrogen-
rich alpha-beta interphase region. Crack propagation measurements carried out
on the surfaces of fracture mechanics specimens show a large step in the growth
rate at this time. Between the two crack propagation regions is a transient
with an intermediate crack growth rate.. To compare surface crack growth rates
with bulk (internal) growth rates, an.experiment was carried out in which the
potential across the plane of the crack was measured during the crack growth
process for an input current of 10 A. - Figures 14 and 15 show crack growth data
obtained by the potential change method for a single_specimen tested at room
temperature and stress intensity level of 15-20 MPay/m. In the early stage of
crack growth a "parabolic" rate is observed with small superimposed incremental
steps. Apparently, these are caused by the advance of small segments of the
crack front. As the crack accelerates (Figure 15) these incremental crack
propagation segments are not resolvable ‘and a smooth curve is obtained. Never-
theless, ‘the potential change ‘technique confirms that crack propagation indeed
occurs as incremental crack jumps along the crack front as predicted in the BNL
surface analysis work. . e

In order £0‘va11dete the ‘tensile mechanical property data obtained from
the literature,l® which were used in our earlier crack propagation analy-
sis,6 a series of tensile tests was carried out on Grade-12 titanium over a
range of temperature and dissolved hydrogen levels. Table 6 shows that for
as~-received material the yield and tensile strength at room temperature are
about 70 percent of the values from the literture.l0 The discrepancy may be
attributable to differences in strain rate or grain size. In general, the data
in Table 6 show that at 21 and 70°C the yield and tensile strengths are
little affected by hydrogen up to the concentrations studied. "However, there
is a marked loss in elongation with increasing hydrogen content, as expected.
At'120°C'§acuum-annea1ed and as-received material have similar tensile
properties but the yield strength for the 90 ppm hydrogen sample was greatly
reduced. The reason for this is’ not apparent at this time.
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Blocky shape anatase barrier oxide formed in a Grade-12

Figure 12,

titanium crevice sample exposed to caustic brine for two

weeks at 150°C,

~barrier oxide forming in a Grade-12

Needle shape rutile non

Figure 13

exposed to caustic brine for two

titanium crevice sample

weeks at 150°C,
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Early stage of crack growtﬁain hydrided.Grade~12 titanium
showing transient growth (parabolic) behavior and some
superimposed’ incremental crack jumps.
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CRACK LENGTH (arb.units)

(s4jun‘qio) 3NIL

Figure 15,

Crack growth in hydrided Grade-~12 titanium at high stress
intensity showing steady state growth.
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Table 6. Tension testing results for Grade 12 titanium (strain rate
~3,3 x 103 /sec) SR . : .

h

Test , Yield Tensile. . Fracture _ . .
Temperature Strength* Strength Strength ‘Elongation " ’

(°c) (MPa) (MPa) (MPa) (%) ©  Specimen Condition
21 600 700 550 28 Vacuum Annealed**
21 610 710 . 560 16 As-received**

21 570 . 700 . 560 14 130 ppm

7 465 545 410 25 Vacuum Annealed

70 ‘ 490 580 | 445 22 As-received

70 470 590 450 14 540 ppm

120 420 460 '330 . .22 Vacuum'Annealed
120 430 5000 . 380 .25 As-received
-120 220 420 " 360 30 90 ppm’

* Yield strength was obtained from upper yield point.
**As-received sample has about 35 ppm hydrogen concentration and vacuum annealed
. sample has about 5 ppm hydrogen concentration.
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ABSTRACT

Low carbon cast steel is a candidate container material for high-level
waste to be emplaced in a basalt repository. The current study is an evalua—
tion of potential hydrogen embrittlement and- radiation corrosion effects in
this steel which could be present in basaltic groundwater. '

Slow strain rates testing of Type ASTM A216-Grade WCA cast steel was per-
formed for hydrogen embrittlement evaluation under cathodic charging condi-
tions in a concentrated (x 7.7) basaltic groundwater at 80°C. As the strain
rate is decreased, the ductility loss becomes more pronounced as the cathodic
potential 1s increased. To interpret the cathodic potential in terms of ex—
pected repository conditions, a thermodynamic calculation was performed and
the calculated hydrogen overpressure was found to be realistic.

Hydrogen uptake by the cast steel was studied by immersion testing for
one week to obtain absorption kinetics. By incorporating previous two-month
test results into the analysis, it is found that hydrogen is continuously ab-
sorbed during the two-month period without saturation occurring. The reason
for the observed large hydrogen uptake was analyzed and we conclude that the
hydrogen 1is trapped internally.

Kinetics of uniform corrosion and pitting corrosion were obtained under

-irradiation and nonirradiation conditions. Generally, the corrosion rates are

higher than those obtained elsewhere for less concentrated solutions and de-
aerated solutions. The increased corrosion rates are attributed to the high
solution concentration (x 7.7) and air-saturated oxygen levels. The corrosion
products were amorphous under irradiation testing and crystalline under non-
irradiation conditions. To understand these results, D.C. polarization tests
were conducted. When a simulated radiolytic product (H50,) was added to the
solution, it was found that, (1) the corrosion potential is increased, (2) the
corrosion current is decreased, and (3) new cathodic reactions are operative.

Studies on hydrogen permeation, corrosion fatigue and uncertainty analy-

sis are also under way. A paper submitted during this quarter for publication
is included as an appendix.
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1. INTRODUCTION

The objective of this program is to identify and evaluate some of the
potential corrosion failure modes in low carbon steel, which is the reference
container material for high level waste packages to be emplaced in basalt re-
positories. The two main coacerns of this study are: :(1) to evaluate hydro-
gen assisted embrittlement effects and (2) to measure hydrogen uptake in the
presence of basaltic waters and a gamma irradiation field. This study also
addresses the problems of radiation corrosion and stress corrosion cracking.
The present report describes the results obtained in the third quarter of
fiscal year 1984,

2. MICROSTRUCTURAL CHARACTERIZAIION OF CAST LOW CARBON STEEL

In this ‘quarter, a second heat of cast low carbon steel rod was used for
slow strain rate testing. The initial microstructure of the heat, shown in
Figure 11 is very close to that of the first heat as described pre-
viously. »“ The chemical and mechanical characterization of the new
material are under way. ‘

3. CONSTANT EXTENSION RATE TESTING (CERT).OF LOW CARBON CAST STEEL

Until the last quarter, we concentrated on identifying the environmental
conditions for which stress corrosion cracking and hydrogen embrittlement take
place. 1In this quarter, we have concentrated on studying hydrogen embrittle-
ment under applied cathodic potentials.,’

Table lvshows ‘the results ‘of the constant extension rate tests (CERT) for
ASTM A216-Grade WCA cast steel under applied cathodic potentials in concen-
trated (x 7.7) basaltic groundwater at various strain rates. Three different
potentials were applied for each strain rate, namely, -1.4 V SCE, -1.0 V SCE,
and the open circuit potential for air-saturated solutions which is typically
-0.57 to -0.58 V SCE. The majority of the tests were conducted at strain . -
rates of 3.0 x 10~7/s, 6.0 x 10~%/s and 1.5 x 107 “/s for each potential. Test
results in an air environment are also included for the purpose of comparison.

The first group of tests in Table 1 (SSl SS6, §S2, SsS16, SS19, SS3)
shows that the ductility is significantly reduced for the ~1.0 V SCE and
~-1.4 V SCE potential. On the other hand, at the higher strain rate of
6.0 x 10~-%/s (5522, $s21, SS20, ss18), the reduction rates of the ductility
are more gradual for the potential changes applied. At the fastest strain
rate of 1.5 x 10~%/s (ss26, SS25, SS24, SS23), hydrogen effects are much less
pronounced. Figure 2 shows this behavior quite well from the plot of the re-
duction in area versus the applied potential. Compared to the reduction in
ductility, there was no systematic trend for other parameters such as strength
and solution pH versus the applied potential. ., The last group of specimens in
Table 1 (SS11, SS12, SS17) shows the ductility loss for the weld samples. 1In
this group, the weld effects are shown to be insignificant for both open-
circuit potential . and for.-1.4 V SCE comparedrto results  obtained on non-
welded samples.” As' was done previously,‘ the fractographs are.being ana-
lyzed. At the present time, we have not found any new fractographic features.
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Figure 1. Initial microstructure of a second heat, of ASTM A216—Grade WCA

cast steel rod. - :




Table 1. Results of ASTM A216-Grade WCA cast steel CERT tests under cathodic conditions at various strain rates.
Average
Strain Total Reduction 0.2% Offset Tensile Fracture Final
Sample Test Temp. Rate€ Elongation in Area Yield Strength Strength Strength Solution
No. Environment (°c). (sec™!) (%) @ (MPa) (MPa) _(Mpa) (pH)
v SS1 Afr’ 85  3.1x10"7  19.0 58.0 330 561 . 439 -
J 886  Air 80 3.0x10~7 21.0 53.8 324 537 " 413 -
J 882 Solution (o/c)d 85 3.1x10~7 21.7 48,2-50.4 383 578 . 467 10.0
v SS16  Solution (o/c) 80 - 3.1x10~7 17.6 41.3 346 504 397 4.6
J 8819  Solution (-1.0V)P 80 3.1x10~7 15.9 26.6 348 519 472 5.0 -
v 8§83 Solution (-1.4V) 85  3.1x10"7 15.0-15.9 24.6 272 443 325 10.5 .
o o - 5
» IR e - .
v 8522  Alr_. 80 © 6.0x10~% 21.4 68.0 333 4bh 286
v 85214 Solution (o/c) 80 5.9x10-% 20.8 55.2 310 508 . 388 9.1
v+ §520  Solution (-1.0V) 80 - 6.1x10"% 18,4 36.9 299 471 | 423 4.6
, SS18  Solution (-1.4V) 80 6.0x10~° 14.6 22.7 331 537 495 9.6
v 8826  Alr . 80 - 3.3x10™" 28.2 77.9 385 466 263 -
v$525  Solution (o/c) 80  1.5x10~%  21.4 67.9 346 442" 286 8.1
vSS24  Solution (-1.0V) 80 - 1.5x10~" 19.6 58,5 311 421 297 9.2
v 5523 Solution (-1.4V) 80 1.5x10~* 20.1 55.7 352" 443 313 4ol
SS11 S . .
(Weld) Air: 80:. 2.7x10~7  21.1 52.9 373 580 457 -
SS12 B . . ' . o not
(Weld) Solution (o/c) 80 " 3.2x10~7  22.9 47.2 327 553 430 measured
7 A .
(Weld) Solution (~1.4V) 80  3.0x10~7 15.6 20.1 307 524 500 9.7

80/c (open circuit potential) in air saturated solution at testing temperatures (typically -0.57 to -0.58 volt

SCE).

bpotential with respect to SCE.
CGauge length of 1.27 cm.
From specimen SS21 onward, the second heat of materials was used.




T I | ! .
100 }— STRAIN .RATES - "
0:3x1077/5
A:6x107%/s
80 X:1.5x1079/s -
9 -
o ®:3.3x1074/5
o %x X
<
z 60 |~ X -
> @ A - X
- O
: ;
Q
2 a0 - i
@ : a '
o
&
20 (— -
0 | | |
AIR o/C -l.oVv ~1.4vV

(1.8x10°8 MPa) (9.7x107! MPa)
CATHODIC POTENTIAL (V vs SCE) (EQUIVALENT GAS PRESSURE)

Figure 2. Reduction in areé versus applied potential in CERT tests for
" hydrogen embrittlement of ASTM A216-Grade WCA steel in concentrated
(x7.7) basaltic groundwater at 80-85°C. -



The cathodic potential has little useful application with respect to de-.
fining repository conditions. Therefore, it is necessary to correlate the
hydrogen overpotential to the effective hydrogen gas pressure present near a
container. Based on a previous literature search,” we have drawn the follow-
ing conclusions in the correlation.

The effective hydrogen’ fugacity, fn, is the activity of hydrogen atoms
adsorbed on the metal surface and may be expressed in terms of hydrogen over-
potential n, by

fg = exp(nF/ZRT) (1)
where F is Faraday's constant, Z is a constant equal to 2 and n is the hydro-

gen overpotential. Hydrogen atoms are in equilibrium with hydrogen gas mole-
cules according to the reaction

ka kg
_-Hz(gas)«ﬂz(ad)«Z(H-Fe) o v e St x - (2) . -
. kg k2 : oL A‘ A : - ~

where Hz(gas) is a. hydrogen molecule in the gas, Hz(ad) is a hydrogen molecule
adsorbed on the metal: surface,; H-Fe is 'a hydrogen-atom'on the sample surface,
and k,, kg, ki, and k, are.rare constants for each reaction in equation

(2). Therefore the overall equilibrium constant K for the reaction (2) is:

. 'ka k ‘ /""2‘ 1- '4 . _.:"-' - ..: T

where p, is the partial pressure of hydrogen gas.” .By substituting
equation2(l) into equation (3), we obtain: T S

There are data’ available to evaluate K value for pure iron at various temper-.wz

atures as shown' in’ Table: 2. "The overpotential n is estimated by the applied . .
potential minus the hydrogen evolution potential which 1is -0.96 V SCE for the ..
solution'of pH = 10.3 at '80°C. From .this evaluation, we determined that’ po— .
tentials of -l. 4 \'S SCE ‘and <1.0 V SCE are equivalent to hydrogen partial pres-,.
sures of 9.7 °x 10' ‘MPa’ (Qzéiatﬁb and 1.8 x 10' ‘MPa (1.8 x 10“ atm), .respec—
tively, at *80° C._ These ‘values’ ‘may. be' compared with hydrogen pressures "deve-.

loped under laboratory conditions.; For instance, the hydrogen pressure build- ;J

up by gamma radiolysis in this program was as high as 0,65 MPa ‘after two
months' exposure of the gr0undwater to a gamma flux of 1.2'x 10‘6 rad/h. |
This value is comparable to those calculatéd above. However, since the esti-
mation is based on data for pure iron, there may be a difference in the cal-
culated values for the present steel. Unfortunately, the K value for the pre-
sent steel 1s not available. Also, we have not considered the solution chem—
istry in the calculation of the equivalent pressure. Since it is possible
that the solution chemistry only affects the metal surface condition, which
determines the hydrogen uptake efficiency, the correlation of n and PH,

could be independent of solution chemistry itself,



Table 2. Rate conscants for Hz adsorption on iron for reaction®

Hay(gas) ¥ Xa Hy(ad) # K1 2(H-Fe)

ks
ka (Nm? sec™!) kd (sec™!) ki (sec™1). ko(sec™!)
3 x 102 11T eexp(~28.9/RT) |604 +T eexp(34.7/RT)|3.45x1013+T.exp(~87.9/RT)

R is in units of kJ/mole, and T is the absolute temperature.

4, HYDROGEN UPTAKE IN CAST LOW CARBON STEEL

In order to determine the rate of hydrogen uptake, specimens of the cast
steel and Ferrovac—-E were previously immersed in the concentrated basaltic water
at 150°C for two months under a gamma dose rate 1.3 x 10° rad/h. Control tests
without irradiation were: also performed. Previous quarterly progress- reports
show the details of the two- tests. » In this quarter, more test results were:

obtained for immersion test -lasting for one week. Tests for extended periods, -

such as six months', .are also under way at the present time. Tables 3 and 4 are
a summary of the hydrogen uptake data under irradiation and non—~irradiation con-
ditions. Generally, the hydrogen uptake under irradiation is higher. Also,
cast steel absorbs more hydrogen than Ferrovac-E. However, there was no system—
atic variation for weld structures and U-bend samples. From the results ob—-
tained for different test times, given in Tables 3 and 4, it is seen that the
hydrogen concentration does not reach a steady state (saturation) value.

There is a question whether the cast steel can absorb such a high level of
hydrogen. We have, therefore, attempted to determine the reason for such high
hydrogen concentrations. In order to check the variation of as-received hydro-
gen concentration in different samples, two more samples of as-received cast
steel were analyzed ‘and the results show hydrogen concentrations of 7, 2 and 22

ppm as shown in Table 5. The large scatter 1is attributed to the nonuniform dis—.

tribution of the pearlite structure, which is known to provide trap sites for .
hydrogen.5 Therefore, the significant variation in the original hydrogen con—
centration for as-received samples will depend on microstrucural variations.
'A possible reason for the high hydrogen levels centers on hydrogen trapping
in the oxide scale or in the silica which was found to deposit on immersed sam-—
ples:  Using data obtained by Shelby6 ‘and Lee,7 it was calculated that hydrogen
solubilities in these two phases was less than 1 ppm at 150°C and 1 atm of
hydrogen pressure. Therefore, such a trapping mechanism is not feasible.

J.
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Table 3. - Hydrogen éoncentration of ASTM A216-Grade WCA steel and
o Ferrovac-E specimens exposed to’ concentrated basaltic groundwater
at 150°C under a gamma dose rate of 1.3 x 10% rad/h.’

t

Coe t”"'”Concentration\(Pbm)

. -

o o One Week - e Two~Month Tests
- Material . j>'”i' .. . Tests - -~ Run 14 Run 2 - -
‘ ' | 25 - -not ©o20 ¢
Ferrovac-E : .7 (2-2=0) - determined (13-4-3)
As-Received o ST 19 7"+ 549 -
Steel Lo (0-3-1-1-2- = - (10-7-2) " (427-90-23-9)
. 0_1_0), R : - B N . .
Welded © =~ B - 54 - 10 - 215
Steel - S © - (17-4-3-5-6 ' (4-1-3-1) - (156-51-8)
- o T =3=2=3-1-1 L ' ' .
-3-2-1-1-1)
U-bend Steel 16
(as~received) - . o (4-9-2-1-1)
U-bend Steel : S
(welded) R 2220 D I

8The specimens were exposed to air during analysis. .
The values in parentheses indicate the increments of gas evolution
during sequential heating periods at 950 c.

Other studies to determine the reasons for the high levels of dissolved
hydrogen involved measurements of the hydrogen evolved during vacuum extrac—
tion tests. The data in parentheses in Tables 3 and 4, show the amouats of
hydrogen evolved during sequential heating ‘periods (one sample was heated sev-
eral times until complete’ removal of hydrogen was achieved). It was found
that. hydrogen evolution is quite gradual for high hydrogen concentrations (549
ppm, 215 ppm) If the majority of the hydrogen is in the oxide, or the silica
deposits as gas molecules trapped in the pores, then the hydrogen evolution -
should have been complete in the first heating stage since the oxides and
silica deposits are very porous. Therefore, from the hydrogen solubility ca1—
culation ‘mentioned above~and the slow release of hydrogen during heating, we
conclude that hydrogen_is. trapped in. the bulk metal.\..n,ﬂ . e

To determineé the mechanism’ by ‘which hydrogen is trapped ‘in the- matrix, ;
samples were mounted, polished, etched for:metallographic examinations.  Gen-
erally, Ferrovac-E and welded sample with martensitic (or bainitic) structures
did not show microcracks. On the other hand, the steel specimens showed
grain-boundary cracking (blistering or fissuring) or surface cracking under
both irradiation and non-irradiation conditions.’* ‘However, the: cracking is-
more severe under an irradiation environment. Typical examples of grain-
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boundary cracking and surface cracking are shown in Figure 3. Ferrovac-E is
so ductile that we could not detect cracking since the mechanical polishing
smears the metallographic surface as shown in Figure 4.

The results for welded samples may be understood in terms of hydrogen
solubility limits. It is known that martensite (or bainite) in the weld can
absorb several orders.of magnitude more hydrogen than ferrite. Therefore,
cracking may not be observed in welded samples. Cracking probably occurs in
the ferrite phase of non-welded samples, especially in surface areas where . K
hydrogen is enriched. "Also, we have found that the high hydrogen concentra-.’
tion does not seem to increase the density of cracking. For instance, above
200 ppm hydrogen, only a few cracks were observed. One probable reason for

~ high hydrogen uptake without forming extensive cracking is hydrogen trapping

in pearlite structures. In fact, for similar materials,“ the effective in-
crease in hydrogen concentrations can be several times the as-received concen-
tration because of the presence of trap sites.

Finally, it may be mentioned that the majority of hydrogen solubility
data in literature is from permeation test results. In such tests, oaly mo-
bile hydrogen is measured. Siance no trapped hydrogen can be detected, hydro-
gen levels are underestimated.

Table 4. Hydrogen concentration of ASTM A216-Grade WCA steel and Ferrovac-E
specimens exposed to concentrated basaltic groundwater at 150°C.

Concentration (ppm)

One Week Two~Month Tests
Material Tests Run 1 Run 23
Ferrovac—-E : 3 not 4
(3-1-0) determined (4-0)
As-Received 7 31 6
Steel ‘ (7-1) (26-5-1) (6-1-0)
Welded 2 23 17
Steel (1-1-0) (19-2-2-1) (10-3-4-0)
U-bend Steel , 3 53 5
(As~Received) : (2-1-0) (49-2-2-1) (5-1-0)
U-bend Steel _ . 2 10 not . B
(Welded) S (2-0) (8-2-1) determined

*»

AThe specimens were exposed to air during analysis.
The values in parentheses indicate the increments of gas evolution
during sequential heating at 950°C..

At the reqqeét of the NRC;prgbram manager,.wé haQe”included, in
Appendix A, details of our hydrogen analysis procedures.
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Table 5. -Hydrogen' concentration of as=received ASTM
SR ’A216-Grade WCA steel and Ferrovac-E

Jaos

‘Material - - ‘5~“1?7Concentration (ppmji .
Ferrovac-E ’ 0.4
As-Received Steel -~ i/ 7 2 22
R M T o g
Welded Steel S <O 5 e

To -quantify hydrogen uptake kinetics under irradiation conditions, a
hydrogen permeation cell was constructed. * Currently, the pressure change
caused by hydrogen permeation through steel sheét is being measured for
extended periods in the BNL gamma pool.._

5. RADIATION CORROSION OF CAST LOW CARBON STEEL ‘ ST
. j ‘

Preliminar corrosion results were reported in the previous quarterly ,
progress report for samples immersed in concentrated basaltic water for two -
months at 150°C. ' In this quarter,’the’oxides ‘or the:precipitates deposited on
the sample surfaces were removed by cathodic charging in ENDOX solution and
subsequent cleaning in an ultrasonic bath.‘ATypical charging conditions in’
ENDOX solutions were 250 mA/cm? for:30’seconds: and:the sample was cleaned
ultrasonically for over an hour. This procedure was repeated until complete
oxide removal was achieved. After removal of the oxide, the samples were”
weighed and the weight loss was normalized to’a’ standard surface area.

Table 6 -shows the corrosion rates for irradiation and non—irradiation
conditions.’ Generally, the irradiation corrosion rates are much lower than
the non-irradiation corrosion. _This is especially true for.the Ferrovac-E
which shows good corrosion resistance under gamma irradiation. This is con-
sistent with the visual observation of the coupon after testing, which showed
that- the :majority.of Ferrovac-E ‘surface was: shiny except in a small area adja-
cent to the-silica spacer.: For non-irradiation: conditions, the- cast: steel is:
more resistant. to corrosion than.Ferrovac-E.' However, for welded or’ U—bend

specimens, there were no’ systematic“difference. SRS A ‘_

f o e SR NS S S

.
Ly . 8 - B '
- R ah. . .n," 0 MU e . B .2 -~

Pitting corrosion rates were-also measured from the’ metallographic exami-f
nations. ‘Each:coupon was-sectioned, ‘mounted-and- polished for the measurément
of pit density.(number/cm;:using.two dimensionsal: measurements), average pit -
depth and:maximum.pit depth:; :The .results:of -the measurements:are listed 'in
Table *7 . and the:typical pit morphology 1s :'shown “in :Figure 5. .-For irradiation’

conditions, the:pitting is-less:severe 'compared to- non-irradiation condi—’“ - 1ﬁ”

tions. For non-irradiation:conditions; -déeper ‘pits:and:a higher pit density"
were observed for the cast steel compared to Ferrovac-E. Also, it was found
that the effects of U-bend configurations and welding are not significant.

11';



Corrosion products for irradiation and non-irradiations were analyzed by
x-ray diffractometer, and found to be amorphous for. irradiation corrosion and
crystalline for non-irradiation corrosion. Relevant data are shown in
Figure 6. The crystal structure of the corrosion products for non-irradiation
corrosion was not of any normal type of iron oxide. At this time it seems
that the corrosion products may be a compound of iron and silicon. However,
this has not been confirmed. -

Table 6. Corrosion rates of ASTM A216-Grade WCA steel and Ferrovac-E
in air saturated concentrated basaltic groundwater at 150°C
(1m/yr) (parenthesis in g/cm?)

Materials Non-Irradiation. Irradiation
One - Week Two-Month . Two—-Month.
-Tesgt Test ‘ Test
Ferrovac-E 1813 333 64
(2. 74x1o- Y (4.36x1072) (8.44x10"3)
As—-Received 1369 141 84 :
Steel (2.07x10"2)  (1.85x10~2) (1.10x10~2)
Welded Steel 1231 376 82
_ (1.89x10"2)  (4.93x10™2) (1.08x10"2)
U-Bend Steel
(As-Received) 1680 622 78
(2.54x10~2)  (8.15x10~2) (1.02x10~2)
U-Bend Steel
(Welded) , 1647 . not - 46
(2.49x10%)  determined (6.07x10-3)

. Limited efforts were given to D.C. polarization tests for the character—
ization of the.electrochemical behavior of the.cast steel for irradiation ‘and
non-irradiation conditions. In the last quarterly progress. report:,1 we pre—
sented the polarizatioa curves in the.anodic regime of cast steel at 80°C with
and without hydrogen peroxide additions, and correlated them with observed im-
mersion test results. - In this quarter, we confirmed the previous results
which showed aa increased corrosion potential, and decreased corrosion cur—
rent, with the addition of 36. cc H,0; to 800. cc concentrated basaltic solu-
tion. Also, we obtained the cathodic curved for the two solutions as shown in
Figures 7 and 8. Oxygen reduction and hydrogen evolution are clearly seen in
the solution without hydrogen peroxide, while an entirely different cathodic
curve 1is shown in the solutions with hydrogen peroxide.

12
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Table 7. Pitting corrosion of ASTM A216-Grade WCA steel and Ferrovac-E in air saturated concentrated (x7.7)

basaltic groundwater at 150°C.

Material - - Non—-Irradiation Irradiation
K - ...One Week. Tests- - : -. Two=Month Tests - Two-Month Tests
‘QQeragé makimuﬁ - plt average ‘maximum pit average "makimum ’ pit
plit depth pit depth density pit depth pit depth density pit depth pit depth density
(pm) - (ym) (number/ecm)  (m) - (um) (aumber/cm) (um) - (um) ~ (number/cm)
Ferrovac-E ' 7.1 & A I | S 3 11 18 6
As—Receivééz S K L A , | : L
Steel a0 5. 14 13 . 17 .. - 32 . .20 11 21 -10°
Welded - . B o | L
Steel S 15. 46 23 : 26 71 47 7 7 .5
U-Bend Stééi ' , | o '
(As-Received) 16 - 50 23 40 . 129 66 10g 'Ei - ,LS;
. ' : —_— : ‘ ! .2
U-Bend Steel ) K _ ' :
(Welded) - 40 AT S -a a~ a- a” .a~ ~a~
25 g3 54 [ 4o 186 a4 I 34 H
ANgt-deferfilneds” _ .
e —~ ) /—\ T /A e . s e, T o e, __ -
— — — —

v




‘

Figure 5. Pit morphbldgy" of welded ASTM A216-Grade WCA steel exposed to
concentrated (x7.7) basaltic groundwater at 150°C for two months.
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Figure 6. X-ray diffraction results for corrosion.products of ASTM A216-Grade
WCA steel exposed together with Ferrovac-E to concentrated (x7.7)
basaltic groundwater at 150°C for two months, (a) under a gamma
irradiation of dose rate 1.3 x 106 rad/hr; (b) without irradiation.
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From potentlial-pH diagrams,8 it appears that the cathodic reactions are
Hy0, + 2H' + 2e + 2H,0

Since most steel corrosion is cathodically cont:rolled,9 the corrosion rates

seem to be determined by this reaction. Also, Figure 8 does not show any in-
_ dication of oxygen reduction or hydrogen evolution; therefore, the above re-

action might be faster than the rates of oxygen reduction or hydrogen produc-
tion, leading to an increased corrosion rate. However, since we did not see

enhanced corrosion rates with irradiation, it appears that anodic inhibition

effects might be more significant when H30; is added to the solution.

6. OTHER ACTIVITIES

Corrosion fatigue tests are under way to obtain the cyclic stress—strain
conditions for corrosion fatigue in basaltic water environments at 80°C.
A Bayesian method for uncertainty analysis10 was initiated using a Weibull
distribution to obtain the 5 and 95 percentile values for failure. In this
quarter, an abstract was submitted for presentation in the Electrochemical
Society meeting this fall, The abstract is attached as Appendix B.

16
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Figure 7. : Cathodic polarization curve of ASTM A216-Grade WCA steel. in

.concentrated .(x7.7) basaltic water at 80°C. The scan.rate was
"0.2 mV/sec. :
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Cathodic polarization curve of ASTM A216-Grade WCA steel in 800 cc

of concentrated (x7.7) basaltic water and 36 cc H,0, at 80°C. The
scan rate was 0.2 mV/sec.
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Appendix A

EXPERIMENTAL PROCEDURES FOR THE HYDROGEN ANALYSIS OF CARBON STEEL
1. Coupon Preparacion

(0.7-1.0) x (2.0-3.0) x (0 05-1.0) cm coupons were mechanically polisghed
up to 600 SiC and immersed in 25 mL of basaltic water (for irradiation tests)
and 200 mL of basaltic water (for nonirradiation tests) The water is con—
tained in a silica lined autoclave. After immersion tests for one week one
month, two months and six months, with and without radiation (1.3 x 108 ' B3]
rad/h), the coupons were quenched in 1iquid nitrogen immediately after the
autoclave is opened: In later experiments, the coupons’ were mechanically pol-
ished up to 600 SiC to remove oxide formed. Typically it took 5 minutes to
remove the oxide before quenching the coupons in liquid nitrogen.

2. Vacuum Extractioan Method.

2.1 The samples submitted for H, analysis arrived frozen in liquid
nitrogen,  They are kept that way until ready for analysis. How-
ever, 1f this is not possible, they are packed in dry ice and stored
in a dry ice chest.

2.2 A schematic of the vacuum extraction facilities is given in the
figure.

2.3 A sample to be analyzed is placed in the combustion tube on the vac—
uum rack. Excess air is immediately pumped off; then a dewar con—
taining liquid nitrogen is placed around the tube to keep the sample
cold. , _

2.4 After the system has been evacuated to =5 x 10~5 torr, the stopcocks
to the vacuum pumps are closed to isolate ‘that portion of the system
used to collect the Hy. A liquid aitrogen dewar is placed over the
trap to freeze out Hy0 and other contaminants that may be released.

2.5 The sample in the combustion tube is then heated to 950°C by a fur—
nace that 1s controlled by a Honeywell temperature controller, using
a Pt/PtRh thermocouple. The Toeppler pump is switched on, and auto-~
matically pumps the H, from the combustion tube to the sample bulb.
If large amounts of H, are collected, a pressure reading can be ob-
tained on the Hg manometer. However, in most cases, the small
amount of Hp collected must be measured on the mass spectrometer. A
C.E.C. model 21-130 mass spectrometer is used for quantitative
analysis of the gas.

2.6 The sample bulb used to collect the gas is removed from the system
for analysis after one or two hours. The process 1s repeated until 3
the Hy yleld is about lug. Blanks have yilelded about 0.5 ug Hj.

20
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3. Representative Results (ppm Hydrogen) .

With Oxide Removal

‘Sample " Without Oxide Removal . Removal
(two month test) (one month test)

As—cast 31T . ] oo 48

Welded - 23 ST U 49 .

Note there is about 20 ppm variation in the original

samples. -

-

4, Source of High Hydrogen Concentration

4,1 Blistering and fissuring, which was observed experimentally

4.2 Hydrogen trapping at cementite—ferrite interfaces at 150°C

4.3

4.4
(1)

(2)

volume percentage (%)
of interface |

trap parameter

0.1
1.0

2
21

The trap parameter is the interface density times the exponential of
the binding energy of hydrogen ‘to interface divided by the gas con-
stant and temperature. 26.8 kJ for binding energy was used [W. M.
Robertson and A. W. Thompson, Met. Trans. 11A, 553 (1980)].

Hydrogen absorptiod in cementite

Carbide may have high hydtogen concentration as- observed in Niobium
Carbide (up to 16 atomic % hydrogen, I. E. Pavlov,-S. I. Alamovskii
and-'G. P. Shveikig, Inorganic Material, USSR, 14,:2202 (1978).
Literature on high»hydrogen concentration -

50-220 ppm for 308 and 310 stainless steels. .

N. F. Fiore and J. A. Kargol in Environmental Degradation of Engi-
neering Materials in Hydrogen, edited by M. R.:Louthan, Jr., R. P.

McNitt, and R. D. Sissor, Jr., Virginia Polytechnic Institute,
Blacksburg, 1981, p. 101.

44-63 ppm for 304 stainless steels.
H. Hanninen!’ S. P.  Hanninen' and’'Si Tahtinen, 1bid ref. (1) p.347.
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(3) 10-20 ppm for 4340 steel (up to 35 ppm for surface area) after
charging less than an hour.
J. A. Kargol and L. D. Paul in Current Solutions to Hydrogen
Problems in Steels, p. 91, edited by C. G. Interrante and G. M.
Pressouyre, ASM, 1982.

(4) 15 ppm for low alloy Cr-Mo-V steel
J. Koutsky, K. Splichal, J. Otruba, P. Novosad, and M. Brumovsky,
ibid ref. (3), p. 291. _ b

No appareant data on long-term test results comparable to the BNL 2-month
data. 4

To
Vacuum Pump

To Vacuum <&
Pump
® Moisture 1
Trap 1 Sample
S { . Bulb
® 1
Quartz 1
Combustion | ]
§
~ He
Manometer
Toeppler
Furnace Pump

a

Vacuum extraction apparatus for hydrogen analysis.
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Corrusfon of Low Carbon Cast Steel
(ASTH A216-Crade WCA) fn Concentrated
Basaltlic Croundwater at 80-150°C
" T. M. Ahn and P. Soo
Brookhaven National Laboratory
Upton, NY 11973

Currently in the United States, ASTH A216~Crade
WCA type low carbon cast steel is being considered
for use as a high level nuclear waste container to
be emplaced in a basaltic repository. 1 In this
paper, corrosion results are presented from tests
carried out at 80-150°C {n concentrated basaltic
groundwater, The steel has alloylng elements with
maximum permissible concentrationsa of 0.25% C, 0,7%
Mn, 0.04X P, 0.045% S and 0.6% Si. It also includes
residual elements such as Cu, N{, Cr, Mo and V
{totsl saxfmum 1Z). Concentrated basaltic water fa
expected to be present {n sealed repositories {f
dissolved solids which are depostted durlng early
groundwater bolling are redissolved by lnconming
cooler vater. The test solution chenmlstry consists
of 2774.5 Nat, 26.6 K+, 21.5 Ca 2,025
Mgt?, 258.9 F-, 2418.0 C1=, 1340.8 S$032
614.6 S107 (all in mg/L). It also inttl.lly cone
tains 2.95 g/L NajCOy which during testing will
form an equilibrium state with €032 and CO;.

CERT (constant extension rate test) tests were
performed at 80-85°C at an average strain rate of
o~ x 10°7/s in various environments with rod shape-
ed tensile specimens. Tests in the solutfon at the
open circuit corrosfon potentfal and at an anodic
potential (-0,2 V SCE) show an Indication of envi-
roamentally-{nduced mechanical degtada:lon, tnclud-
ing ‘specimen surface cracking. When s cathodic
potential was applied (-1.4 V SCE), there was a
severe decrease in ductility and the fracture sur-
face showed transgranular cleavage. Samples were
also tested in moisture environments over the solu-
tion. With the addition’ of HCO3 ilons to the
solution, degradation again became significant., The
cathodic polarization tests indicate that hydrogen
embrittlement s present. The other cracking phe~
nomenon are conaidered to be associated with stress
corrosion cracking because of different fracture
morphologies. In this study, weld effects were not
signifi{cant, and base and welded steel behaved
s{ailarly.

Coupon immersion tests were performed in the
concentrated solution to measure corrosion rates and
hydrogen uptake efficliency at 150°C under a gamma
trradlation flux of 1.36 x 105 rad/h. Stmilar
tests vere conducted without {rradiation. After two
montha' exposure under irradiation conditions, the
coupons were found to be covered with salt deposita
(mainly silicon oxide) and little attack occurred,
On the other hand, significant attack was seen under
non=-irradiation conditions. Parallel tecats on pure
tron (Ferrovac=E) showed that it was inert and no
surface deposits were detected, Among the possible
reasons for the corrosion retardation under radia-
tion conditions, anodic {nhibition of oxid{zers
formed during irrediation secms ta be most impor-
tant, Far non-irradiation conditions, uniform
corrosion ssema to be an important failure mode in
addition to localized: cﬁr:onlon processes, as

'deucrlbed above. "
From p-rallcl coupon experlmenzl, hydrogen
concentrations in the coupons were analyzed by a
vacuun extraction method. ‘Under gamma irradiation,
the hydrogen uptake uas several hundred- ppm for the

cast steel while 20 ppm vas observed for Ferrovac-L,

24
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The hydrogen uptake 1s considered to be from the &v
mole X hydrogen in the pases penerated Jduring solu-
tion radiolysis., Under non-irradiation condittonsz,
hydrogen uptake was significantly reduced i{n tne
range of 10-50 ppm. This hydrogen is apparently
from cathodic reactions since hydropen waa detected
{n the gas phase above the test solution, Welded
and U-bend samples dfd not ahow a sfgnificant dif-
ference {n the hydrogen uptake efficiency when
compared to non-deformed base metal apeclmens;‘

In summary, low carbon cast steel is suscept-
ible to stress corrosion cracking and hydtogen ea-
brittlement in concentrated basaltic vater at high
temperatures. Uniform corrosion rates are greatly
reduced under gamma irradiation, Local corrosion

-

may be an important failure mode under‘gnnmlfgrrndtn¥’

tion while uniform corrosion i{s a major fallure mode
under non-irradiation conditions. Hydrogen uptake
by the steel {s significant under gamma {rradiation
whila non-irradiation conditions only give a slight
i{ncrease in hydrogen levels,
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ABSTKACT

Low carbon cast steel is a candidate container material for high level
waste to be emplaced in a basalt repository. The current study is an evalua-
tion of potential hydrogen embrittlement and radiation corrosion effects in
this steel which could be present in basaltic groundwater. Other potential
failure modes are also addressed to a more limited extent.

Slow~strain-rate testing of ASTM A216-Grade WCA cast steel was continued
to confirm previous results on hydrogen embrittlement, stress corrosion crack-
ing, and moisture-induced cracking. The moisture-induced cracking and hydro-
gen embrittlement are more pronounced than stress corrosion cracking. Data
for hydrogen cembrittlement under various conditions are geuerally in a good
agreement with previous results.

Corrosion rates were obtained for ASTM A216-Grade WCA stecl in concen-
trated basaltic water of 150°C under gamma irradiation and non-irradiation
conditions. It was confirmed that radiation corrosion rates were lower than
the non-irradiation rates for oxic solutions. The reduced corrosion rateg are
attributed to the oxidizers formed, which act as inhibitors or lead to a new
cathodic reaction. Electrochemical results and the analysis of corrosion
products support this hypothesis.

The kinetics of hydrogen uptake by the cast steel were obtained at 150°C
for various test durations. Hydrogen solubllity tends to reach a saturation
value in a short period, such as one weck.

A fatigue test was also completed to help define environmental effects on
crack initiation and propagation. It was found that the steel is susceptible
to corrosion fatigue in concentrated basaltic water at a cycling rate of 30 Hz
for various stress levels.

Finally, a computer program was written to assess the uncertainties
associated with the fracture of low carbon steel.
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1. INTRODUCTION

The objJective of this program is to identify and evaluate some of the
potential corrosion failure modes in low carbon steel, which is the reference
container material for high level waste packages to be emplaced in basalt re-
positories. The two main parts of this study are: (1) to evaluate hydrogen
assisted embrittlement effects and (2) to.measure hydrogen uptake in the pres-
ence of basaltic waters and a gamma irradiation field. This study also ad-
dresses the problems of radiation corrosion, stress corrosion cracking, corro-
sion fatigue, and uncertainties assoclated with the experimental procedures.
The present report describes the results obtained in the final quarter of
Fiscal Year 1984,

2. CHEMICAL ANALYSIS OF CAST LOW CARBON STEEL

The chemistry of the second heat of cast low carbon steel was analyzed in
this quarter. The results are very close to those of the flrst hecat, as shown
in Table 1. . :

Table 1. Composition of the second heat of ASTM A216-Grade WCA cast
steel for CERT tests (welght percent, balance is iron).

Element First leat Second Heat

c 0.07 . 0.09

Mn 0.43 0.44

P ' 0.001 0.002

S 0.01 0.010

Si 0.10 0.09

Cu NoDo NoDo . . \ '
Ni 0.06 0.08 ' '“'f;”. R
Cr 0.06 0.09 B s
Mo 0.01 0.02

V N.D. ) N.D.

N.D.: - Not detectable
Analysis performed by New York Testing Laboratories

USRS N

3. CONSTANT EXTENSION RATE TENSILE (CERT) TESTING OF CAST LOW CARBON STEEL

Until the last quarter, we concentrated on identifying the environmental
conditions for which stress corrosion cracking, moisture-induced cracking, and
hydrogen embrittlement take place. In this quarter, we repeated some of the
experiments to check reproducibility.




Table 2 and Figure 1 show the results obtained in this quarter for vari-
ous environmental conditions. The first group of tests (SS33 and SS37) in
Table 2 is for a reference air environment. In the second group (SS27, SS34,

§529, SS30) there is no strong indication of environmental degradation at open:f '

circuit (o/c) potential in air saturated solution for strain rates of
6.0x10"%/s and 1.5x10""/s (827 and SS34). However, for moist air over solu-
tions containing HCO3~, the ductility loss was significant (5S529), and there
was severe dissolution at anodic potentials (SS30). The final group (SS28,
$s38, SS832, SS36, SS26, SS31, SS35) represents duplicate tests conducted under
cathodic potentials, and the results are in reasonably good agreement with
previous data.” Figure 1 also shows reduction in area values versus the
applied potential in CERT tests.

4, RADIATION CORROSION OF CAST LOW CARBON STEEL

In this quarter, one-week tests were repeated to check reproducibility. .
Other data for four—month tests were also obtained, as shown in Table 3. The
one-week test results show large differences compared to previous results
(1813 pm/yr for Ferrovac-E and 1369 m/yr for as-received steel).® From this
type of immersion test it seems that significant scatter 1s to be expected.

As reported previouslyl, the corrosion rates obtained from short term
tests are much higher than those from long term tests indicating that the uni-
form corrosion rate decreascs with time. 'Also, the corroslon rates under
irradiation are much lower than those under non-irradiation conditions. There
were no discernible indications of microstructural effects on the corrosion
rate, as shown in the results for U~bend and welded samples.

Usually, gamma irradiation is shown to enhance the rate of corrosion
because of the generation of oxidants in solution.? The current study, how-
ever, demonstrates that for oxic solutions the opposite behavior is present.
This anomalous bechavior requires detailed additional work to develop an
understanding of the irradiation corrosion processes present.

To interpret the test results, anodic polarization curves were obtained
for specimens immersed in solution purged with commerclal purity argon to re—
move dissolved oxygen, with and without addition of H,0, (36 cc to 800 cc con-
centrated solution) at 80°C. Open circuit potentials were also mcasured in
air-saturated solutions with and without similar additions of H,0,. Figure 2
(2-a, 2-b, 2-c, 2-d) shows the -anodic polarization curves for BCL cast steecl
and Ferrovac-E. For basaltic water only (2a, 2-c) both materials show a pas-
sive regime. On the other hand for basaltic water containing Hy0,, there is
no indication of passivity (2-b, 2-d). For all these cases, there is a ten-
dency for spontancous pitting as shown by the measured protection potentials.
Even though water alone shows passive regimes, there was no indication of the
growth of protective oxide during the measurement of open circuit potentials
(Figure 3). We discussed the probable reason for the reduced corrosion rates .
in the last quarterly progress report.- The lowered corrosion rates were at-
tributed to an anodic-inhibitor effect, caused by the H,0, addition and to a
new cathodic reaction with H;0,. The present results on polarization curves




Table 2. Results of ASTM A216-Grade WCA cast steel CERT tests conducted for various environmental
conditions at 80°C.

Average
Strain Total Reduction 0.27% Offset Tensile Fracture Final

Sample Test Rate Elongation® in Area  Yield Strength Strength Strength Solution

No. Environment (sec'l) %) (%) (MPa) (MPa) (MPa) pH
§S33  Air 6.0x10~6 18.1 68.6 365 457 321 —
SS37  Air 1.5x10~"% 23.6 70.8 366 430 261 —
$s27  Solution (o/c)2  6.0x10-° 18.9 60.8 395 567 413 8.2
§s34  Solution (o/c) 1.5x10-"% 17.4 74.5 386 505 325 9.3
$s30  Solution (-0.2 V)b 3.0x10-7 18.5 95.5 180d 193d N.D. 12.5
SS29  Moist air over 3.1x10~7 4.9 41.1 391 562 474 10.2

solution containing .
1.0 g/g NaHCO4

$S28  Solution (~1.0V) 3.0x10~7 21.0 41.9 343 527 466 9.2
SS38  Solution (-1.0V) 3.0x10~7 13.9 15.0 334 544 512 4.9
§S32  Solution (~1.0V) N.D. N.D. 44,2 N.D. 527 439 7.9
$S36  Solution (-1.0V) 1.5x10~" 18.4 61.5 312 57 277 9.4
§S26  Solution (-1.4V) 2.7x10-7 14.1 28.4 367 529 502 10.0
§S31  Solution (=1.4V) 6.0x10-5 16.0 27.2 351 536 492 9.5
$s35 Solution (-1.4V) 1.5x10~"% 18.6 46.8 314 430 291 9.0
N.D.: Not determined

3o/c (open circuit potential) in air-saturated solution at 80°C is typically -0.57 to -0.58 Volt SCE.
bpotential with respect to SCE.

CGauge length is 1.27 cn.

4Ca1cu1ated from the original sample cross sectional area.

-
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and open cifcuit potentials support part of this hypothesis by ruling out the
possibility of protective oxide growth.

Table 3. Corrosion rates of ASTM A216-Grade WCA steel and Ferrovac-E
in air saturated concentratcd basaltic groundwater at 150°C

(um/yr).
Non irradiation Irradiation
One-Week Four—Moﬂth . Four-Month

Material Test Test Test
Ferrovac-E 2870 22 20
As-Recelved 3083 . 41 10
Stcel
Welded Steel N.D. . 107 11
U-Bend, Steel N.D. 29 44
(As-Received)
U~Bend, Steel ' N.D. 25 26
(Welded)

N.D.: Not determined

Y .

In order to fully characterize the uniform corrosion mechanism the corro-
sion products were analyzed more cxtensively, TFigure 4 shows typical EDAX
results for both the non-irradiation and irradiation conditions. For non-
irradiation conditions, the majority of the arca shows the presence of Si, 0,
and Fe (Figure 4). A sulfur (S) peak is also seen occasionally. An X-ray
diffraction analysis (Table 4) shows the crystal structure is of the type,
FeSi0,, Fey03, or FeSO,.  On the other hand, for irradiation conditions, the .
majority of the area studied on-a macroscopic scale is amorphous as reported
previously, with Si, O and Fe present. ;. Microscopically, however, the corro-
sion products wereAf nd using scanning’ trausmission electron microscopy,to be
composed of very “Sual crystals, approximately 100A in diameter. These corro-
sion products were usually deposited on the bottom of the autoclave and,
therefore, they do not seem to be the type that would give a protective scale
on the steecl specimens.

A few of the lmmersion specimens from earlier tests were reexamined to
obtain additional pit growth kinetics. The results are summarized in Table
5. Similar data are currently being obtained for the specimens listed in
Table 3.
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Anodic polarization curves for Ferrovac-E and ASTM A216-Grade WCA
steel in argon-purged concentrated (x7. 7) basaltic water at 80°C.
The scan rate was 0.2 mV/second.

(a) BCL cast steel in concentrated groundwater

(b) BCL cast steel in concentrated groundwater + 20,

(c) Ferrovac-E in concentrated groundwater

(d) Ferrovac-E in concentrated groundwater + H205.
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Figure 3. Open circuit potentials of Ferrovac-E and ASTM A216-Grade WCA cast

steel in air-saturated concentrated (x7.7) basaltic water at 80°C.:
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(c) Ferrovac-E for both solutions.
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(a)

(b)

Figure 4. EDAX results on the corrosion products of ASTM A216-Grade WCA cast
steel exposed for two months to concentrated basaltic groundwater
at 150°C in (a) non~1rradiat%d solution (b) solution irradiated at

a gamna dose rate of 1,36x10° rad/h.
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Table 4. The'major peaks in X-ray diffraction patterns for corrosion
products of ASTM A216-Crade WCA stcel exposed with Ferrovac-BE
to concentrated (x7.7) basaltic groundwater at 150°C for two

months.,
d (A) Probable Corrosion Product
(a) Conventional X-ray
Diffraction 2.52 FeSiO0,,
1.48 Not known
2.80 : FeSi0,,
(b) STEM Results
Area 1 3.62 Fe,03, FeS0,
3.04 Not known
2.49 . FESiOq
Area 2 3.60 Fe203,FeSOI,
3.00 Not known
2,11 ‘ Not known

Table 5. Pitting cbrrosion of ASTM A216-Grade WCA steel U-bend speci-
mens in air—saturated concentrated (x7.7) basaltic groundwater

at 150°C.
Average Maxinum "~ Pit
Pit Depth Pit Depth Density* - &
Material (ym) (ym) - (number/cm) .-
U-Bend, As-Received Steel
2-month irradiation tests - 8 14 21
U-Bend Welded Steel
l1-week non-irradiation tests . 25 83 54
2-month non-irradiation tests 40 186 44
2-month irradiation tests 11 34 11

*Average number of pits along 1 cm of sectioned surf&ce.
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5. HYDROGEN UPTAKE IN CAST LOW CARBON STEEL

5.1 Gas Generation and Solution Analysis

Tables 6 and 7, and Figures 5 and 6 summarize the gas generation results
for basaltic water/metal systems at 150°C with and without gamma irradiation
present. The cover gas was alr at 1 atmosphere pressure and room tempera-
ture. In one-week tests, the hydrogen generation in the irradiated tests
becomes significant as shown by both the gas analyses (Table 7) and pressure
measurements (Figure 5). Tor a one-month test, the pressure after two days
dropped below the steam pressure even though the temperature remained at 150°C
and there was no significant amount of water loss. Results of gas analyses
from this test are, therefore, questionable but -are still given in Tables 6
and 7. In Figure 6, for the four-month test, the pressure remained constant
after approximately one day. Two probable pressure scales are drawn because
of the uncertainties in the input voltage to”ﬁ?essure transducer, There was
also a significant amount of water loss in this test, but the loss did not
seem to be due to leakage because the gas analysis (Table 7) shows abundant
hydrogen present. Certalnly more tests are desirable to confirm the above
results. Nevertheless, it is important to note that a significant amount of
oxidizers must have been formed to balance the hydrogen produced under gamma
irradiation. :

Solution pH was also measured in the corrosion testing. Table 8 shows
that the final pH values are lower than the initial value (10.5) for both the
irradiation and non-irradiation conditions.

5.2 Hydrogen Uptake

o%e Work continued to measure the hydrogen uptake by iron and steel exposed
Er=Duo=umoWER” to the concentrated groundwater at 150°C to determine how much
hydrogen was present in oxides or precipitates. In the hydrogen analysis, the
corroslon products or preclpitates were also analyzed scparately after removal
from the metal coupons, to determine their hydrogen uptake. The results
showed 5.5 pg of hydrogen in samples weighing ®1 g, which is relatively small
compared to the hydrogen concentrations in  metal coupons themselves. There-
fore, the corrosion products and precipita#es deposited in the solution trap
negligible amounts of hydrogen. : e

Even though hydrogen uptake in the corrosion products or precipitates was
found to be negligible, we removed the corrosion products or precipitates on
the test specimens before hydrogen analysis this quarter. The amounts for the
one-week and four-month tests were relatively low as shown in Tables 9 and 10,
compared to our previous results. However, the concentrations are still
higher than those for mobile hydrogen concentrations reported in the majority
of the literature, such as Reference 3. This is attributed to trapped hydro-
gen at grain boundaries or second phases, which 1s not determined by conven-
tional permeation tests for the measurement of mobile hydrogen concentra-
tions. There were no significant effects of microstructural variations
brought about by welding, on the rate of hydrogen uptake.

11



Table 6. Chemical analysis of the gas samples collected from autoclaves
containing concentrated basaltic water/metal systems at 150°C.

Concentration (mol %)

Gas One week! .One month - Four months!
H, 1.76 1.71 1.18 8.12 8.03
N, 79.99 79.68 80.31 ’ 88.12 89.07
0, 16.62 16.94 15.24 1.12 1.26
Co, 0.622 0.64 2.27 0.18 0.17
co N.D. N.D. N.D. 0.97 N.D.
Ar 1.00 1,02 0.79 1.19 1.20
H,0 trace trace - N.D. 0.29 0.27

Notes:

1. Duplicate results are for two separate samples taken from the

autoclave.

2. Not determined.

Table 7. Chemical analysis of the gas samples collected after gamma
irradiation of concentrated basaltic water/metal systems at
150°C. The gamma dose rate was 1.36x10° rad/h.

Concentration (mol %)

Gas One week! One month Four month81' 
1, 34.55 29,13 0.77 73.69  73.69
No 33.29 38.05 74,01 19.08 20.45
0, 20,12 18.48 21,42 0.06 0.03
co 1.042 1.36 N.D. 1.18 0.67 .
CHq N-Do N.D. N.D. 0.16 0.15
Ar 8.31 - 8.54 0.86 0.28 0.28
HzO 0044 0053 N.Do 0025 0040

Pressure Record See Figure 5 - See Figure 6

Notes:

l. Duplicate results are for two separate samples taken from the test

capsule.

2. Not determined.
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Figure 6. Gas pressure changes during the gamma irradiation of concentrated
basaltic water/metal systems at 150°C for four months. The dose
rate was 1.36x10° rad/h. Absolute values of pressure scales are

not known.
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Table 8. Solution pH after corrosion testing in concentrated basaltic
water/metal systems at 150°C. The gamma dose rate was 1. 36x10°

rad/h.
One Four
One Week1 - Month " Two Mont:hs1 Months
Non-irradiation 8.54  8.21  6.90 9,51 10.30 9.94
Irradiation 9.43 8.31 10.02 " 9,18 8.95 N.D.

N.D.: Not determined.
Note:
1. Results from duplicate tests.

Now, we consider why lower hydrogen concentrations were obtalned in the
samples with the corrosion products or precipitates removed. One probable
reason is due to the hydrogen loss during the removal process of corrosion
products or precipitates. A high hydrogen fugacity in the metal seems to be’
sufficient to give a rapid loss of hydrogen once the hydrogen overpressure in
the test vessel is lost during specimen removal.

When the kinetics of hydrogen uptake are considered (hydrogen concentra-
tions for different durations), it may be seen that the samples tend to be
saturated with hydrogen in about one week, as shown in Tables 9 and 10.

6. CORROSION FATIGUE OF CAST LOW CARBON STEEL

A fatigue test was performed to Investigate crack initition and crack
growth of ASTM A216-Grade WCA cast steel in the concentrated basaltic ground-
water at 30 Hz and 80°C. The sample configuration for the test is shown in
Figure 7. It is an hourglass sample used to measure the fatigue cycles to
fallure. Table 11 shoys the results obtalned to date. 1In alr, a sauple did
not fail after 3.4x10’ cycles at a mean stress of 138 MPa (the ratio of maxi-
mum stress to minimum sttess, R = 7.0), and 241 MPa (R = 2.5). However, sam-
ples failed at 1. 7x10% and 1.4x10 cycles in the solution for a mean stress of
241 MPa (R = 2.5). When the mean stress was reduced to 174 Mpa (R = 2,5), the
cycles to failure increased significantly to 1. 50x10 7 and 1.02x107. This is
consistent with the phenomenon of corrosion fatigue." However, when the R
value is decreased to 1.7 at the same mean scress level of 174 MPa, the
samples failed at shorter intervals of 1. 6x10° and 1.2x10° cycles. This
implies that the R value is an important parameter for this system in addition
to the mean stress. Since the present steel is susceptible to corrosion
fatigue in basaltic water, it may be related to the observed stress corrosion
cracking, if both are caused by crack tip dissolution or hydrogen
embrittlement.
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Table 9. Hydrogen concentration of ASTM A216-Grade WCA steel and
Ferrovac-E specimens exposed to concentrated basaltic water at
150°C under a gamma dose rate of 1.36x10° rad/h.

Concentration (ppm)

Materials One Week. One Month Four Months
Ferrovac-E 2(2-0) 5(0-1-4-0) 89(8-36-40-4)
As-received Steel 15(8~2-2-2) 14(10~3-1) 10(4-2-1-1-1)
Welded Steel N.D, 14 (4-1-3-1) 9(4-0-3-1-1)
As-received U-bend Steel N.D. N.D. . 2(2)

Welded U-bend Steel N.D. N.D. 9(8-1)

N.D.: Not determined.
The values in parentheses indicate the increments of gas evolution during
sequential heating periods at 950°C.

Table 10. Hydrogen concentration of ASTM A216-Grade WCA steel and Ferro-
vac-E specimens exposed to concentrated basaltic water at

150°c.
Concentration (ppm)

Materials One Week One Month Four Months
Ferrovac—E - 8(8-0) 9(8-1) 3(3-0)
As-received Steel - 43(8-9-26-1) 39(31-6-1) 11(7-1-2)
Welded Steel N.D. 49(6-0-3-5~ 2(2)

_ . 5-6-7-9-0-1)
As-received U-bend Steel " N.D. N.D. 19(18-1)

Welded U-bend Steel N.D. N.D. 9(9"'0)

N.D.: Not determined.
The values in parentheses indicate the increments of gas evolution during
sequential heating periods at 950°C.
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Figure 7. Corrosion fatigue specimen configuration of ASTM A216-Grade WCA
cast steel rod.

Table 1l. Corrosion fatigue results for ASTM A216-Grade WCA steel tested
in concentrated basaltic water at 80°C and a cycling rate of

30 Hz.
Mean Stress . Fallure Cycle
Environment (MPa) R* (x10~ %)
Air 138 7.0 230.8
Alr 241 2.5 234.0
Solution : 241 2.5 1.7
Solution 241 2.5 1.4
Solution 174 205 1500
Solution 174 2.5 10.4
Solution 174 1.7 106
Solution 174 1.7 1.2

*R is the ratio of maximum stress to minimum stress.
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7.

UNCERTAINTY ANALYSIS ON THE PROBABILITY OF FRACTURE

N. Z. Cho* has written a computer program for the analysis of uncertain-

ties associated with the fracture probabilites. The Appendix of this report
gives a detailed description of the work. This program can be used to analyze
our data on hydrogen embrittlement to obtain uncertainties associated with
them. An example is included in the Appendix.

8.

1.

2.

5.
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APPENDIX

BROOKHAVEN NATIONAL LABORATORY
MEMORANDUM

DATE: August 31, 1984
TO: T. M. Ahn
FROM: N. Z. Cho

SUBJECT: Bayesilan Uncertainty Analysis of Fracture Probabilities

Attached is a summary of uncertainty analysis on fracture probabilities
based on the Bayesian probabilistic method and the Monte Carlo sampling
technique. )

The computer programs developed or used in the course of this work are
available from the CDC 6600 permanent file system:

(1) ATTACH,WEIB,ID=AHN,
(2) ATTACH,SAMPLE, ID=AHN,CY=2,

NZC:ep
cc: R. Youngblood
R. Bari




August 31, 1984
Memo to T. M. Ahn
Page 2.

Bayesian Uncertainty Analysis of Fracture Probabilities

I. INTRODUCTION

Bayesian uncertainty analysis is based on the Bayes' formula (which can
be found in most books on probability and statistics, e.g., Reference 1) and
is being used increasingly in decision theory, in the design of experiments
and in reliability analysis, especially in the case of 1nsufficlent data
base. A specific field which uses the Bayesian analysis heavily is the
probabilistic risk assessment of nuclear power plants (References 2 and 3).

Bricfly, thc Bayesian analysis is to update a prior probability distribu-
tion of an uncertain variable by incorporating new evidence or specific data
in the analysis through the Bayes' formula:
Pr(oolI) Pr(Elob,I)

J Pr(ooll) P (E|0,,1) do,

P (o |E,T) = (1)

where
Pr(oo'E,I) = posterior probability of uncertain variable ¢
given new evidence E and prior information I,
Pr(°o|1> = prior probability of 9% given I,
Pr(Eloo’I) = probability (likelihood function) of E given 9, and I. -

The prior probability Pp(oy|I) is usually assessed from the generic infor-
mation about the variable o, before specific evidence or data is available.
For example, the general satistical data from other similar experiments or -
"information resulting from any "analysis" on the variables could be used in
assessing the prior probability.

The likelihood function Py(E|o,,I) is usually provided by the proba-
bilistic model (parametric in op) 'describing the process and mechanism of
interest, e.g., an exponential distribution in the case of a Polsson process
and a Weibull distribution in the case of a fracture process. '

The integration in the denominator in Equation (1) is simply a
normalization constant.
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II. TFRACTURE PRdBABILITIES AND THEIR UNCERTAINTIES

The method of Bayesian analysis briefly described in Section I was
applied to a set of fracture tests (Sample Nos. SS1 and SS6) reported in
Reference 4 to estimate the fracture probabilities and associated
uncertainties.

A well-established probabilistic model for fracture mechanism is the
Weibull distribution (Reference 5):

OFm A
Lorpmew (-G (2)

where Pp is the fracture probability, m the shape parameter, 0o the scale
paramcter, and op the fracture stress.

It 1s noted that at a specific value of op, Pfr will be an uncertain
variable since m and oy are uncertain variables.

The experimental results of Reference 5 were used as generic information
to assess the prior probabilities for oy and me. A linearization approxima-
tion to the nonlinear regression problem resulting from the method of least-
squares leads to the estimation of means and variances of fnoy, and m which
both follow normal distributions.

Since it is known (References 6 and 7) that the shape parameter m is
relatively constant across stress levels, m was not updated and only ¢, was
updated.

The prior distribution of o, was updated using the evidence of the test
SS1 (first—stage Bayesian procedure). The posterior distribution resulting
from the first—-stage Bayesian procedure was used, in turn, as the prior in the
second-stage Bayesian procedure to include the evidence of the test $S6. This
procedure can be repeated sequentially as long as the new evidence was not
used in the assessment of the previous priors.

Once the second-stage posterior distribution of ¢, was found, the dis-
tribution of Pp was calculated by the Monte Carlo sampling technique operat-—
ing on Equation (2) with the posterior distribution of o, and the
regression—-generated prior distribution of m.

The results are shown in Table I and Figure l. The fracture probabili-
ties and uncertainties (expressed as confidence levels) are those at of =
420 MPa. :
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Table I. Fracture probabilities at o = 420 MPa from Bayesian
analysis and Monte Carlo sampling*.

Confidence Level (percent) PF

1.0 3.89(-3)

5.0 9.67(-3)
10.0 1.63(-2)
30.0 4.67(-2)
40.0 6.95(-2)
50.0 9.77(-2)
60.0 1.37(-1)
70.0 1.90(~1)
80.0 2.87(~1)
90.0 4.81(-1)
95.0 6.58(-1)
99.0 9.08(-1)
Mean , 1.78(-1)

*Sample size of 4800 which assures 0.5 percent accuracy interval on o o
the 95% confidence level. . o L o "
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T . - ABSTRACT- -

.
.
a

Low -carbon -cast steel is a:.candidate container material for high level
waste to be emplaced in a basalt repository. The current study is an evalua-
tion of potential hydrogen embrittlement and stress corrosion effects in this
steel which could be present in basaltic groundwater. ;- Type -ASTM A216~Grade WCA
cast steel was procurred for this® purpose. . Chemical :analyses and microstruc-
tural characterization were performed for as-received as well as TIG welded
material. The compositions were within ASTM specifications. Welding caused
recrystalization and martensite formation in the ferrite and pearlite structure
of the as-received material. Work:continued on constant extension rate testing
(CERT) of steel in concentrated (7x) Grande Ronde basaltic water at 80-85°C
for strain rates of about 3 x 10"7/sec. An indication of environmental
degradation was observed for samples immersed in the solution and exposed to
the moisture over the solution. A cathodic hydrogen charged sample showed a
distinctive cleavage fracture. Testing at an anodic potential gave less degra-
dation than the cathodic charging condition. A solution with increased bicar-
bonate ion concentration caused a severe loss in mechanical integrity in a
speciment tested in the vapor/air phase above the solution.

Hydrogen uptake tests on ASTM A216-Grade WCA steel were repeated for a
two-month immmersion time in concentrated Grande-Ronde basaltic water at
150°C under a gamma irradiation flux of 1.3 x 106 rad/h. As-received and
welded samples absorbed 549 ppm and 215 ppm hydrogen respectively. On the
other hand, pure iron (Ferrovac-E) absorbed only 20 ppm. Under non-irradiation
conditions, the hydrogen contents varied over a wide range. The variations ap-
pear to be associated with large differences in the starting hydrogen levels
and with hydrogen loss prior to analysis,

The corrosion rates under gamma irradiation were significantly inhibited.
Cast steel coupons immersed in irradiated solutions were covered with deposits
of a silicon oxide while pure iron maintained a shiny surface. On the other
hand, the test performed under non-irradiation conditions caused severe corro-
sion., Currently the role of oxygen concentration and oxidizers formed under
irradiation are being investigated to explain this phenomenon.

For the quantitative evaluation of hydrogen uptake, two types of permea~
tion test cell were designed. A manometric method is being utilized in the
gamma irradiation environment while an electrochemical method is being used for
non-irradiation conditions. Preliminary data show an indication of radiolytic
hydrogen permeation through a l-mm thickness of steel after a few days'
immersion.

141
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1. INTRODUCTION

- The objective of this program is to identify and evaluate some of the
potential corrosion failure modes in low carbon .steel which is 'the reference
container material for high level waste packages to be emplaced in basalt re-
positories. Two main areas will be emphasized: onme involves an evaluation of
hydrogen assisted embrittlement effects, and the other is concerned with the
measurement of hydrogen uptake in the presence of basaltic water and a gamma
irradiation field. Radiation corrosion and stress corrosion cracking are also
addressed. This report describes the results obtained in ‘the second quarter
of the fiscal year and is a continuation of the work reported in -
BNL-NUREG-34220. (1) ) _—

2, CHEMICAL ANALYSIS AND MICROSTRUCTURAL CHARACTERIZATION OF CAST LOW CARBON

STEEL

Two types of low carbon cast steel (ASTM A216-Grade WCA) are being used
in this study. For the tests on uniform corrosion and hydrogen uptake, the
cast steel provided by Battelle Columbus Laboratory (BCL) was used. Pure iron
(Ferrovac-E), from a 'BNL stockpile, was also used in these tests in order to
help elucidate! the mechanisms controlling corrosion and ‘hydrogen uptake.
Mechanical testing work was conducted on cast steel rods purchased from Axiom
Machine and Foundry, Inc., NY. Chemical compositions of these materials are
given in Table 1. o _

In addition to the microstructural analyses reported in the last progress
report (1) the microstructures of welded samples were characterized Figure
1 shows the microstructure of welded cast steel provided by BCL, In the heat
affected zone (HAZ), 'grains tend to recrystallize, and acicular martensite
grains are formed in ‘the fused zone. The cast steel rods ‘were welded in a
longi tudinal direction.: Figure 2 shows a cross section through the rod show-
ing the microstructural variations in the welded zone. ‘Again, ecicular
martensite is formed. : ' :

-

3. SLOW STRAIN?RAfE TESTING OF CAST LOW CARBON STEEL

CERT (constant extension rate test) testing was continued in this quarter
using various environmental and sample microstructural conditions. Some of
the previous tests were repeated for confirmation, and there was some re-
analyses of previous results. Table 2 shows a summary of the CERT tests con-
ducted. Besides the- testslin aqueous and moisture environments, control data
were obtained for ‘air.’ These data were compared to the ASTM tensile require-
ments(2) for ASTM A216 Grade WCA steel at room temperature and high strain
rates, which are- given' in Table 3.  The test material properties fall within
the limits of the: requirements except for the’total elongation., This may be
attributed to the'different testing conditions such as a higher: temperature, a
slower strain rate "and a smaller gage length. Currently, tests at room tem-
perature and fast strain rates are being conducted so that a more direct com-
parison may be made of test material mechanical properties and required ASTM
values,
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Table 1. Composition of ASTH A2l6-Crude WCA cast steal for CERT tests (welght perc\eut. balance {a iron),

\
ASTH A2l6-Crade BCl-Supplied BNL A216- . New York Teating Ferrovac-ES
WCA Specification A216-Grade WCA  Crade WCA Laboratbry -AAnalyaia
Element (Haximum)(2) (coupon) (rod) of BNI.\cnlt steel
/L&a«w’\ Lo o
. \
c 0,258 0.18 . 0,09 0.07 0.003
Hn 0,70% 0.49 0.46-0,47 0.43.. trace
P 0,04 . 0,004 0,0067-0,0070 0.001 -
S. 0.045 0 002 not determined 0.01
st 0.60 0,30 <0,2 0.10 faint trace
Residual Elementab
Cu 0,30 0,006 0.29 - trace
N Nl 0.50 0,002 0,065 0,06 nll
Cr 0,50 0,007 0,039 0,06 : nil
Mo 0.20 -- 0,017 0,01 faint trace
v 0.03 0.000 <0.024 .- ntl
Total residual clencnud_ 1.00 . . .
* ’ f
Al . 0.10
0 0.012
. : 0.00018

N

%For each reduction of 0,01X below the specified maximum carbon content, an increase of 0,04X manganese abovae the
specified maximum will be permitted up to a maximum of 1.10ZX,

bIt 1s recognized that residual elements are unavoidable in steel, and, In the Interest of uniform welding, the
restrictions shown shall be complied with,

€Vacuum Hetals Corporation Report.
dNot applicable If Increased concentrations are required for weldability as specifled tn (a) and (b).
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Figure 1. Microstructure of welded ASTM A216- Grade wecA cast steel supplied by
o Battelle Columbus Laboratory. - - The microstrudture ‘of ‘base metal -
‘consists of’ferrite (light ‘area)’ and pearlite (dark areas), In the
N _ heat affected ‘zone, recrystallization ‘and martensite formation
"+ 07 (acicular: grains) are seen. In the" fused zone, martensite is
‘ predominant. - o : SE e
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Figure 2.

(a)

(b)

Microstructure of welded ASTM A216-Grade  WCA cast steel for con-
stant extention rate test (CERT) tests, (a) shows a cross section
through the rod which was given a longitudinal weld pass, (b) shows
the microstructure of base metal which consists of ferrite (light
areas) and pearlite (dark area), (c) shows the microstructure of
the heat affected zone. Acicular martensite and grain growth are
observed, (d) shows the microstructure of the fused zone. Fusion
was limited, and martensite formation, grain growth and
recrystallization are observed.
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Table 2

.

Results of ASTH A216-Grade WCA cast ateel CERT testa conducted at 80-H5°C {n varlous environments.

0,22 Offant

i

, Averageb Totalb Reduction Yield Tensile Fracture Finald
- Sample Test 7 7 7 Temp, “Strain Rate " Elongation in Area Strength  Strength  Strength Solution
“No ! Environment - (9¢) (sec~)) (2) (x) (HPa) (MPa) (HPa) (pit)
ss1 Alc S 85  3.1x10°7 19.0 58.0 330 . 561 439
$56 Alrx 80 . 3.0x10°7 21.1 33.8 324 537 413
AT n— ~ < P —~— N <> AT
ss Solution (open 85  d.ixto? 21,1 48.2-50.4 383 518
ciftuft_potential)® - a ) :
S§Sl6 Solution (ope - 80 3.1x10-7 17.6 41.3 397 4,6
circult potential)d S '
§s8 Solution (anodic 80 3.9x10™ 3 54.3 316 422 316 8.8
pounthl)‘l -
S§S83 Solutlo sthodic 85 3.1x10-7 15.0-15.9 25..5 2 443 325 10.5
——chaTglng)*® 24.6 ———
s59 Solution and molsture: 80  3.1x10°7 20,5 48.4 308 504 an
Ssslo Holsture 80 3,4x10°7 21.7 33.3 324 558 438
§87 Holature with HCO3 80 2,8x10°7 16,4 29.1 323 538 448
T 3.0 X187 19,5 39 56V 4
ssll Aly ' ' 80 2.7x10°7 21.1 52.9 N 580 457
(weld) .
$S12 Solution (open 80 3.2x10%7 22,9 47,2 327 553 430
(weld) civcult potential)® :
A0pen circuit potential in air saturated solution at teating temperatures (typlcnlly «0.57 to -0.58 volt SCE),
bclgc length of 1.27 cm.
SInitial solutlon pll {s 9.51 at room temperature, : .
40,2 volt SCE,"
%.1.4 volt SCE,
14 (_)

N Lo 2
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Taolep3. Tensile requirements for ASTM A216 Grade WCA cast steel at ‘
» room temperature and a standard strain rate. ' -

-

Minimum ’ A . 7 Minimum. A Minimum
Yield Strength?® _ Tensile Strength Elongationb'inf- " Reduction in
(MPa) - (MPa) = -~ 5.em (Z). Area (%)
— o~ A EILNL L
s 25 v @y T oy '
() g x o (=

P -
apetermined by either the 0. 27 offSEZ EZ hod- or the 0. 57 extension-
under-load method. ‘

byhen 1CI test bars are used in tensile testing as provided for in
specification A703 (ASTM), the gage length to reduced section
diameter ratio shall be 4 to 1. L

In the testlcarried out in 7-times concentrated Grande Ronde basaltic
water for various applied potentials (specimens SS2, SS3, SS8 and SS16),
several interesting observations were made, At open circuit potential (-0.57
to -0.58 volts SCE at 80°C at the beginning of the tests) a small decrease
in ductility seems to occur,. ‘compared to air-tested samples, Figure 3 shows
fractographs for samples SS2 and SS16. Small voids (or pits) are seen sur-

ounded by areas showing ductile deformation, Specimen SS16 showed some side
su?TEE;~Z%EEE::§)which could be indicative of stress-corrosion; specimen SS2,

however, did not show this effect. ..The-final -pH of the sample SS16 test solu- .

tion was found to have decreased to 4. 6.\ “The reason for’ this ‘is not known at
the present time. - L S

Specimen SSB deformed under an applied anodic potential of -0.2 volts
SCE, also showed a loss in. mechanical integrity compared to air-tested sam-
ples. There was a small loss 'in ductility, tensile. strength and fracture
strength, which could be- connected with®severe- pitting and/or void formation
on the specimen and fracture surfaces (Figures’ 4a, 4b, and 4c). Under the
anodic potential used, the specimen surface vas found to be heavily etched
(Figure 4d). - IR PP N

Specimen SS3, tested under a cathodic potential of -l.4 volts SCE,
displa¥ed the largest losses in ductility and strength,” as reported previ-
ously, There was severe side surface cracking and the fracture surface
showed planar facets surrounded. by,regions which® had undergone ductile
deformation (Figures 5a and’ Sb) S L 0

.



Fractographs for ASTM A216-Grade WCA steel CERT specimen tested in

80°C concentrated basaltic

10-7/s,
on frac

Figure 3,

groundwater at a strain rate of 3.1 x

(a) specimen side surface cracking, (b) voids and/or pits
ture- surface-and (¢) some flat facets on fracture surface.
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0.05 mm

(b)

R
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(c)

Figure 4,

(a)

10 um

Fractographs for ASTM A216-Grade WCA steel CERT specimen tested at
80°C in concentrated basaltic groundwater at a strain rate of 3.9
x 10~7/s. The sample was anodically polarized at -0.2 V SCE, (a) -
large voids and/or pits on fracture surface (low magnification),
(b) large voids and/or pits on fracture surface (high magnifica-
tion),.(c) pits on specimen:side surface, and .(d) etching om
specimen side surface.. ' -7 T - T L
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(d)

Fractographs for ASTM A216-Grade WCA steel CERT specimen tested in

85°C concentrated basaltic

10-7/s.

E
=
wn
o
.
[=]

groundwater at a strain rate of 3.1 x

The sample was cathodically polarized at ~1.4 Volt SCE,

(a) low magnification view, (b) severe specimen side surface

cracking) (c) flg;nf:acture regions,

Figure 5.
(a)
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Another category of tests was performed in the moisture/air environment .
above the concentrated basaltic water (specimens SS7,VSS9, and S§510)." The’
test on sample SS9 'was started- under aqueous ‘conditions but because of an in- .
advertant loss of solution, it was completed in a water vapor/air environment.jJ
The observed losses in ductility and strength (Table 2) prompted a more de-
tailed analysis of tests in the .vapor phase alomne. (specimens §S7 and SS10).
Figure 6 'shows a fractograph for 'specimen, SSlO tested "in the moist air above
the regular concentrated basaltic water. Large flat fracture{regions are seen::
surrounded by areas ‘of ductile’ deformation. No, indication of surface cracking'g
was observed Ain. this sample. 'In specimen SS9, which was exposed to water and
water vapor, the fractograph shows numerous coalescing crystallographic ",‘ .
facets. These may be indicative of stress corrosion effects o

R ‘_-",/ Cee 7 ‘.»,M.' Lo -~

Figure 6. Fractograph'of:ASTﬂtAfl63Gradé;WéA"steel CtRTrspeéimenntested at
80°C in moist air above concentrated basaltic groundwater at a
"Gstrain}rate:ofWS.a:xplO'z/s,‘showinglflat_surface”facets._

In a basalt repository it is expected that HC03 and CO3'2 ions
will exist in equilibrium, To evaluate ‘high concentrations of these ioms
on corrosion, a test solution was made in which 1.0 g/L of NaHCO3 was added
to the standard concentrated basaltic water., Specimen SS7 was tested in the
vapor above the solution., The specimen showed a large loss in ductility

13



ofs
%
.

although ‘the strength did not show much change (Table 2). Very severe side
,surface cracking was observed indicative of sttess-corrosion. Most of the
fracture surface’ showed ductile deformation with some discrete pit or void

type features (Figures 8a, 8b, and 8c)

A comparison of ‘the ductilities obtained for specimens SS7 ‘and 'SS10,

which were both tested in the moist air environment above the heat solutions, -

shows that specimen SS7 was more severely affected. The only difference in
the two testswas ‘the addition of NaHCO3 ‘to the solution for specimen SS7. .
It is not known if volatile constituents from the groundwater affect the mech-
anical behavior in the moist air test environment. . At this time we have no’

explanation for, ‘the loss of ductility in specimen SS7 which results from the =

NaHCO3 addition.'to the heated solution beneath the test specimen, but it
could be caused by a coz” /HCO3 rich water film on the sample.

Figure 7. Fractognapﬁjof‘ASTH'A216’Grade WCA steel CERT specimen tested in
80°C concentrated basaltic groundwater and moist alir at a strain
rate of 3.1 x 10~/ /s, showing crystallographic features
indicative of stress corrosion,
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pecimen tested at

groundwater con-
, (a) severe

Figure 8.

Fractographs for ASTM A216-Grade WCA-steel CERT s
80°C in moist air above concentrated basaltic’

f 2.8 x 10=7/s
(b) voids/pits on fracture surface)
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(e)

The final category of tests (sample numbers SS11 and SS12) was performed
using samples containing a partial-penetration longitudinal weld bead. The
microstructure of a specimen cross section is shown in Figure 2, The air test
results (SS11) are similar to the results for nonwelded samples (SS1 and SS6)
except for a slightly increased strength, probably due to the martensite
formed (Figure 2). At open circuit potential in concentrated basaltic water,
there was no eﬁvirqngental degradation. However, the fracture surface of the
sample shows pit-type features (Figure 9). This type of feature was only ob-
served in nonwelded samples when they were anodically polarized. The slight
decrease in strength compared to. air-test results seems to be due to the
presence of electrochemical effects.,

A summary gf the fract6gfabhic ;tﬁdieé,for all CERT tests is given in
Table 4. N ' ‘

In the last quarterly progress report,(;)'a-simple'éstibation was made
of the effective hydrogen gas pressure due to the. cathodically polarized con-
dition at a known overpotential. The calculated fugacity was far too high
compared to expected repository conditions. We examined more relevant liter-
ature(5,6) which showed that the effective fugacity is thefaétivity of hy-
drogen atoms adsorbed on the sample surface. To correlate:this value to the
hydrogen pressure build-up in the repository, it is necessary to incorporate
effects such as adsorption kinetics of hydrogen atoms on the steel surface.
Currently, this study is under way. :
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1)

Figure 9.

(a)

(b)

Fractographs for welded ASTM A216-Grade WCA steel CERT specimen
tested at 80°C in concentrated basaltic groundwater at a strain

rate of 3.2 x 10~7/s, (a) fracture surface at low magnification
(b) voids/pits on fracture surface (high magnification)
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Table 4. Summary of fracture surface morphology after CERT testing of ASTM A216-Grade UCA

cast steel,

Voids/pits on the

Fracture Surface and

Environment Surface Cracking Fracture Surface Sample Surface Morphology
© Adr. No .No Dimpled
Solution rYes (slight) Yes (moderate) _ Dimpled, some planar regions
Solution ) Yes (severe) No Planar and dimpled régions
" (cathodic charging) : ’ : :
Solution® .~ No- Yes (severe) ‘Voids/pits cover fractuie‘
(anodic charging) ' - surface, surface etching seen
Moisture. No Yes (slight) ;Dimbled, some’ planar regions
Moisture with HCO3 Yes (severe) Yes (severe) Voids/pits cover surface,
' ' SCC.indication on sample
surface
'Moisture and solution No Yes (slight) . - Dimpled, SCC indication on
L _ sample surface
Adr (weld) ' No No Dimpled
Solution (weld) No Yes (severe) Voids/pits cover gprfaﬁéfﬁ

8Cathodic and anodic potentials are with respect to air saturated solutions at the

test temperatures.
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4. HYbR'ocEN UPTAKE IN éAs'r LOW CARBON ‘STEEL " R A Y

RN

In order to determine the’ rate of hydrogen uptake,'specimens of “the ‘cast

steel provided ‘by BCL- and Ferrovac-E were immersed in "the concentrated basal-‘y

.....

tic water’at 150°C under ‘a ‘gamma dose” Tate 1. 3 x '106 ‘rad/h for ‘two months., =
The details of ‘the exper}mental procedures were" given in ‘the previous quar- '
terly progress report The two-month ‘test was repeated ‘and the results

A E———
are shown in Table 5. 1In the first run, the specimens were exposed to air for'

about three hours before hydrogen analysis. Apparently, there was a signifi-
cant loss of the absorbed hydrogen during this period.j‘Therefore, ‘the Tesults
from the second run are more reliable, since the samples were quenched quickly
in liquid nitrogen ‘after removal from the' gamma pool._.The 'results from run 2
show very high concentrations of hydrogen ‘for as-received cast 'steel and
welded cast .steel while those for Ferrovac-E are.relatively low. There.are
two possibilities :to explain the observed high hydrogen concentrations. The
first is that 'there is a large hydrogen uptake in salt deposited on the sample
surface (mainly a silicon oxide as will be described in the next section)

The second is -the possible presence of hydrogen blistering(s) formed by the
absorbtion of _large amounts of hydrogen.. .Currently,-metallographic techniques
are being utilized to study these possibilities.

Figure :10 shows the pressure build up during the two-month immersion test
under gamma irradiationm. T?ese may be compared with data obtained in a prior
run, reported previously.' Again the pressure change shows an initial
fast increase as .the.temperature.of the capsule.is raised to.150°C after .
which it tended to be stabilized. These results are quite consistent with
those obtained by Gray( who irradiated normal strength Grande Ronde basal-
tic water at 150°C in the presence of an iron sample. Table 6 shows results
of chemical analyses’ ‘of’ gas ‘samples ‘collected ‘after radiolysis of ‘the’ concen-
trated basaltic water. The reproduciblity of the data is quite satisfactory.
Apart from the Ny, originally present in the air cover gas,’ the main radio-
lytic product is hydrogen. The oxygen level is slightly less than the antici-
pated value, possibly indicating that it has reacted with constituents in the
groundwater, as will be described in the next section, or with the metal sam~
ples. A significant quantity of C02 is also present and possibly originates

[ Aed .
Ea) 1

Tests were also conducted to determine hydrogen uptake in the test
materials, under mon-irradiation conditions_(Table.7)... There was considerable
variation in the data for.the two runs made, with relatively low hydrogen
levels in the run 2 Specimens. "This was possibly caused by extended exposure
of the samples to room temperature:conditions prior to analysis. No system-
atic variation in hydrogen.levels -could-be.found . for welded.and non-welded
materials, nor in deformed and undeformed samples. Since the scatter in the
data could be caused by variations in the hydrogen concentrations prior to the
corrosion tests, samples of the starting materials were also analyzed for hy-
drogen using vacuum extraction techniques at 900-950°C. Table8 shows that
as-received steel from:-BCL contains 22.3 ppm of hydrogen whereas welded BCL
steel and Ferrovac-E each contained less than 0.5 ppm. The result for pure
iron is expected, and the welded steel most likely suffered hydrogen loss
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during the high temperature welding process. A comparison of the data,in
Tables 7 and 8, therefore, indicates that welded steel ‘and Ferrovac-E do in
fact pick up hydrogen, to some extent, during aqueous corrosion. In?the case
of ‘as- received steel, however,\it is difficult to draw such a conclusion since
there is a possible problem associated with large variations in the initial
hydrogen level. The high hydrogen levels for as-received steel in run 1.

(Table 7) may be an indication of a very high initial gas concentration. More .

data are needed to clarify this point.

,Table 5. Hydrogen content of ASTM A216- Grade WCA steel and
_Ferrovac-E specimens exposed to concentrated basaltic
'groundwater at 150°C under a gamma dose rate of
1.3 x 106 rad/h for two months..

Concentration
(ppm by weight)
Material 4 Run 12 . Run 2b
Ferrovac-E } c 20
As-received cast steel 19 549
Welded cast,steel . 1o . 215

_‘aThe specimens were. exposed to air for about three hours before
, hydrogen analysis.

bThe specimens were, stored in liquid nitrogen before hydrogen
.. analysis,

cNot determined ///‘ ’"'_““ig*\\

)Y,'.:.‘.’/ o . ~N

~ Table 6. ‘Chemical analysis of the gas ‘samples
collected after gamma radiation of concen-
trdted basaltic water/metal systems at
l§0°C for two months. The gamma dose
‘rate was 1.3 x 106 rad/h.

" Concentration (mol %)

Gas: | - : Run 1 ‘Run 2 ' %;fffi/(f g
PR : (Ref. 1) . : .

, “Hy 44,2 37.3
Ny 43.1 49,6

‘05 3.86 8.2

- €0y 7.5 2.1

H0 0.76 0.53

At 0.57 0.63

o .- -—- 1.53

CHy, --- 0.1

h— v -

20
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Figure 10. Gas pressure changes duriné‘gamma irradiation of concentrated
basaltic water. systems at 150°C for two, months. . The dose rate ..
was 1.36 x '10° rad/h'.' N o
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Table 7. Hydrogen concentrations of ASTM:A216¥Gfédg.WCA steel and Ferrovac-E
specimens exposed to concentrated basaltic groundwater at 150°C
for two months, The specimens were stored in liquid nitrogen before

hydrogen analysis.

Specimen Type

Concentration
(ppm by weight)

Run 1 Run Zb( -
;- L
{Ferrovac-E --a 4'
Steel (as-received flat) 31 6
WS}eel (as-received U-bend) 53 N 5
Steel (welded flat) 23 15
‘Steei (welded U-bend) 10 . -=a

aNot determined.

Low values for hydrogen content were probably caused by extended exposure .
to room temprature conditions before analysis.

Table 8. Hydrogen content of as-received ASTM

A216-Grade WCA steel and Ferrovac-E.

Type Concentration (ppm by weight)

As-Received Steel
Welded Steel

Ferrovac-E

22,3 4

<0.5

0.4

22
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5. UNIFORM CORROSION AND RADIATION CORROSION OF CAST LOW CARBON STEEL

Two sets of samples were. immersed for two months in concentrated
basaltic water at 150°C: one set with-and'the.other set without gamma
irradiation as described in the‘*previouslquarterly:progress-report'..1 The
samples consisted of flat coupons (welded steel, nonwelded steel and nonwelded
Ferrovac-E) and U-bend specimens (non-welded steel and welded steel). These

‘tests are duplicates of prior work -to check reproducibility.

Under gamma irradiation, very little uniform corrosion was observed.
Most of the surface area on the cast steel was covered with a white layer
wvhich had probably precipitated from the solution,:  The Ferrovac-E sample sur-
face was free of deposits and retained its initial surface polish, The precip-
itates on the steels were analyzed by x-ray microprobe analysis (EDAX systen
attached to a scanning electron microscope) and found to be composed mainly of
silicon and oxygen. - Figure 11 shows an oxygen map and the Si peak obtained
in the analysis. There was also an indication of traces of Ca, Na, Cr, Fe, Cl
depending on the position of . the deposited salt, While the majority of the
Ferrovac-E surface was shiny, there was a small area of attack, usually in the
area adjacent to the glass spacer. In this area, the corrosion product was a
shiny black color and showed surface cracking. 'Also, deep pits were observed
in this area, Figure 12 shows the corrosion product and pits in this area.

Welded and nonwelded steel samples did not show any significant differ-
ence in behavior. The majority -of the sample surface areas were covered with
the precipitate, and only 'small areas adjacent to the glass spacers, or the
inner part of a U-bend specimen showed preferential ‘attack. Typically, such
attack was accompanied by pit: marks ‘and the shiny black corrosion product, as
shown in Figures 13 .and 14. When the precipitate was removed by scratching,
the underlying metal was usually etched, showing the grain structure, as shown
in Figures ‘13 and 14,  In some cases, the etched area'is also pitted (Figure
l4-a). Apparently, the metal area is attacked by an acid, formed either by
solution radiolysis (recombination -of ‘gases) or by solution hydrolysis of com-
pounds such as dissolved MgCly. - In U-bend specimens the area beneath the
tightening 'bolt did not show any attack. This result i3 contrary to the
observation ‘of corrosion under the glass spacers.,

In contrast to the steel specimens subjected ‘to gamma irradiation,
unirradiated. specimens showed a thick dark brown layer of rust on the surface.
An SEM micrograph of . the. specimen cross- -section shows that the thickness of
the oxide layer varies from a’ few microns to several tens of microns (Figure
15). 1In the last quarterly progress report 1 , some pitting was also re-
ported butithe present’ samples did not show this effect., Apparently, pitting
seems to be the initial. penetration ‘mode, and subsequent pit coalescence gilves
a more uniform corrosion,- Currently, the corrosion rates are being measured
by removing the rust formed. S -
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Figure 11. Irradiation corrosion results for ASTM A216-Grade WCA cast steel !
exposed. for..two months to concentrated basaltic groundwater 'at
150°C and a gamma dose rate of 1.36 x 106 rad/h for two
months; (a) SEM micrograph of a flake from a. surface precipitate,

. (b) an oxygen mdp from EDAX probe, (c) EDAX probe result showing . ~°
silicon to be a major constituent. Traces of Na, Ca, Cl, Cr and
Fe were.also detected, . .
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Figure 12. -

(a)

.Surface morphology of Ferrovac-E immersed in concentrated basaltic :
"groundwater ‘at 150°C for two months under a gamma dose rate of

1,36 x 106rad/h. The majority of ‘the” exposed surface area was

" mot attacked and there was no salt deposition. Only two or three

spots were ‘corroded as “shown’ in (a) and (b), (a) pit mark and (b)
shiny black corrosion product. eEL -




(b)

1 o
1 ]

0.05 mm

Figure 13. Surface morphology of ASTM A216-Grade WCA cast steel after
~ immeTrsion in concentrated basaltic groundwater at 150°C for two
months under a gamma dose rate ofll.36~x‘10§'rad/h. The
.. majority of the exposed surface area was covered with a salt
o deposit and there was no significant corrosion except for a few '
spots adjacent to a glass spacer,. (a) - pit formation and
corrosion product in attacked area, (b) etching of metal
substrate beneath the: deposited salt layer.:
(a) ’
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Figure 14,

(a)

0.1 mm

Surface morphology of welded ASTM A216-Grade WCA cast steel after
immersion in concentrated basaltic groundwater at 150°C for two

- months under a gamma -dose rate of 1.36 x 106 rad/h. The major-
,-ity of the exposed surface area was covered with a. .salt deposit

and there was no significant corrosion. No welding effects on
corrosion were observed. When the salt deposit was removed by
scratching, pits and an etched metal surface were observed as
shown (a) and (b)e -+ o -
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(b)

Figure 15,

An’ SEM micrograph for an' ASTM A216-Grade WCA steel specimen,
exposed: to concentrated basaltic groundwater for two months at
150°C, showing a.very irregular oxide thickness on the base
metal. -/ - - " ff-; : f');‘x' o
i
i
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The reasons for the inhibition of corrosion under gamma irradiation need

to be addressed. here are about .five possibilities as described below. (1)
Oxygen consumption during salt layer formation: this.ls unlikely because

S§i07 is usually dissolved. in the solution in a hydrated form and it does not
need additional oxygen to form a precipitated silicon oxide. . :Even:though dif-
ferent amounts of solution were used in the two tests (25 cc for irradiation
corrosion and 200 cc for non-irradiation corrosion), there will be abundant
radiolytic oxygen (or oxidizers) to give corrosion in the irradiation environ-
ment. Besides the radiolytic oxygen, .the majority of the initial oxygen from
the air cover gas remained. This can: be shown by the ratio of oxygen concen-
tration to nitrogen concentration in ‘Table 6. (2) Passive film formation:
under gamma irradiation, oxidizers formed may produce passive surface films,
However, the observation of etching beneath the salt film allows this possi-
bility to be discarded. (3) Iron ion saturation: the irradited test solution
.may be saturated in iron due to its 1imited: volume, leading to decreased dis-
solution rates. However, the dissolved ions should easily react producing
oxides near to the metal surface, Therefore,.this possiblity is also un-
likely. (4) Hydrogen effects: hydrogen.gas produced by radiolysis tends to
form a reducing environment."lctually, 1t will retard the cathodic reaction
if hydrogen reduction occurs. In the presence of oxygen, however, oxygen
reduction would be the cathodic reaction, .(5) Anodic inhibitor effects: ..
Oxidizers: formed by radiolysis ma affect the anodic reaction.“ A classical
example of such a’ reaction iS° : ’

i, - A..- ~

2H202 > 2H+ + 0y + 2e”

When this reaction retards the metal disscolution rate, the corrosion rate is
also decreased, and the corrosion potential is increased as depicted in Figure
16. To test this hypothesis, a preliminary DC polarization test was performed
in an air-saturated solution, and in an air-saturated solution containing
H202. Reference polarization curves in deoxygenated solutions were Te-
ported p:reviously.(11 As shown in Figure 17, the corrosion potential is
increased and the corrosion:current seems to be decreased by the addition of
36 cc Hp03 (120 cc of 30% ‘concentration) in 80°C groundwater. Cur-
rently, this test is being repeated for confirmation. Among the five possi-
bilities given above, (1) and- (5) are- most probable.:_Moremwork<is being
carried out to test the two hypotheses, E”_W,/”_,,M 3 :
With respect to the corrosion resistance of Ferrovac-E under gamma
irradiation conditions, no detailed explanations can be given at this time.
More electrochemical work is necessary to explain this phenomenon.

6. HYDROGEN PERMEATION IN CAST LOW CARBONHSTEEL

To quantify hydrogen uptake during aqueous corrosion, it is necessary. to
obtain hydrogen permeation kinetics for iron and steels. "In this.quarter, we
have constructed two types of permeation equipment: (1) a gas phase
permeation cell and (2) an electrochemical permeation cell.

e e e e —_ - D QU
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Figure 16.

Figure 17,

A schematic ‘of polarization behavior in the presence.of an anodic
inhibitor. Vg . and Ve,a are the equilibrium potentials for ,
the cathodic and anodic reactions respectively. The corrosion
current Igiopy 1s decreased (AI ,p.) and the corrosion

potential Vf?fr is increased (AV.,..) by the addition of the

inhibitor.(
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Anodic polarization curve for ASTM A216-Grade WCA cast steel in
concentrated basaltic groundwater at 80°C (scan rate 1 mV/sec), .
(a) air saturated solution and (b) solution contains an addition °
of 120 mL Hy03 of 307 concentration,
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Figure 18 shows ‘a schematic of the hydrogen permeation test ce11 used in
the gamma irradiation work A 1.27 cm diameter. cylinder:, of the cast steel
(wall thickness 1.05 mm) was immersed -An the concentrated groundwater which is
encapsulated in a stainless steel bomb "1ined with a silica tube. The upper
part of the ast steel cylinder was plated with cadmium to minimize hydrogen
entry or loss. The cylinder was connected to a pressure transducer to monitor
the pressure change inside the cyliner. The outside of the cylinder was also
connected to a pressure transducer to monitor the pressure change. The as-
sembly was heated to 150°C 'in.a gamma flux of 1.3 x 106 rads/h while the
pressure changes were contiuously monitored. : The first run was not fully suc-
cessful because of the corrosion of the pressure transducer electrical connec-
tions. Neverthelss, Figure 19 shows pressure build-up in the outer container.
The build-up is gradual apparently because of hydrogen absorption in the test
cylinder. The data in Figure 20 show that there was some gas permeation
through the inner cylinder. The test will be repeated once more using an
improved system design.

The electrochemical test cell has been constructed and work in this area
will commence in the future. { P

7. OTHER ACTIVITIES : ,j o

In this quarter, 15 draft topical reports on titanium corrosion were
prepared and are being internally reviewed., A titanium corrosion paper was
presented at Corrosion/84 in New Orleans. . “In January, Dr. K. S. Lee, a
visiting scientist, developed a- hydrogen permeation test cell. There were two
information exchange meetings, one with the Corrosion Research Center of the
University of Minnesota and-.the ‘other with Battelle Columbus Laboratory.

ey
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.Figure 18. Gas permeation test cell for ASTM A216-Grade WCA steel tube, The

- e iy

shaded component is made of mild steel welded to the tube and
coated with Cd. Radiolytic gas (particularly hydrogen) is
expected to permeate through the tube.
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Figure 19. '
: -+ :irradiation of concentrated basaltic ‘water:at 150°C,
rate was 1.36 x '10% rad/h.: .The -open:circles are pressures
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measured after the termination of irradiation.

«Gas‘pressufe changes outside the cast steel tube during gamma . .:
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Figure 20. Gas- pressute changes inside the. cast steel tube of:the hydrogen -
‘ permeat;ion. cell. " The open circles are pressures measured after
the termination ‘of irradiation.
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