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SUMMARY

This program is focused on the corrosion, stress corrosion

and corrosion fatigue behavior of Type 316 stainless steel

(316ss) at 50, 90, and 130°C in high-purity water. Irradiated

solution tests are performed using high-energy photon radiation.

The purpose of this work is to determine the effects of

radiolysis products on the environmental stability of 316SS in

support of the ITER first wall/shield/blanket design.

Preliminary results suggest that irradiation of pure water at

50°C results in a shift in the electrochemical potential of 316SS

of approximately 100mV in the active direction and nearly an

order of magnitude increase in the passive current density as

compared to non-irradiated conditions. This proposal outlines a

three-year program to develop corrosion design criteria for the

use of 316SS in an ITER environment.

HISTORICAL BACKGROUND AND MOTIVATION

The International Thermonuclear Energy Reactor (ITER)

currently utilizes water as the coolant for the first wall,

shield and driver blanket components. Type 316 austenitic

stainless steel (316SS) has been selected as the structural

material for these components.
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The ITER coolant and structural material will be subjected

to an intense radiation field (neutrons and photons). According

to Allen[l] and Pikaev[2], irradiation of water produces primary

and secondary radiolysis products including: e-aq, H, H2, OH,

- H + and OH-. Of these, e-aq , H, H2, and HO 2H202, HO 2, 02 , 02 , ,

are reducing species, while OH, H202, 02, 02- are oxidizing

species. Marsh et al.[3] noted that these species generally

balance each other in a closed, single phase system so that there

is no net oxidizing or reducing effect. However, if the system

is open to a gas space where gaseous species can escape, a net

oxidizing or reducing environment can be produced depending on

the gas composition. The oxidizing or reducing power of the

solution environment will have a marked effect on the potential

of a meta], or alloy exposed to the solution.

Several investigators have observed noble shifts of the

potentials of Type 304 and 304L stainless steels under gamma

irradiation of aqueous solutions[3-6]. In tests simulating

boiling water reactor (BWR) environments, Saito et al.j6]

reported a noble shift in the potential of 304SS under normal

water chemistry (NWC) conditions. This observation was

attributed to the resulting oxidizing radiolysis environment.

An active potential shift was observed under hydrogen water

chemistry (HWC) conditions, which the authors attributed to a net
J

reducing environment. NWC conditions are characterized by a

dissolved oxygen concentration (DO) of approximately 200 ppb

compared to HWC with DO of approximately 15 ppb[6]. Hydrogen gas
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ultimately acts as an oxygen scavenger. These shifts in

corrosion potential can result in either increases or decreases

in the general corrosion rates of stainless steels from that

observed in un-irradiated solutions.

It has also been postulated that Fe-Ni-Cr alloys may become

susceptible to accelerated stress corrosion cracking (SCC) if the

potential lies in or above potential ranges of passive film

kinetic instability (at the active-passive transition and

transpassive ranges)[7]. Conditions which may shift the

potential into the critical potential ranges include oxidizing

species (e.g. H202, 02, 02-), specific ions (e.g. CI-, F-), and

conditions such as galvanic coupling or crevice effects which may

locally polarize the alloy. The existence of critical ranges for

SCC susceptibility is a fundamental consideration in the slip-

dissolution model for SCC, which is applicable to both

transgranular and intergranular stress corrosion cracking

(IGSCC) .

A principal concern in ITER water-cooled components is that

radiolysis products will shift the electrochemical potential of

316SS into a range of increased SCC susceptibility• Moreover,

the ITER components will be welded structures, using solution

annealed 316SS. Thermal sensitization in the structural welds is

possible• Additionally, accumulated damage from the high-energy

neutron flux may lead to radiation-induced sensitization and

solute segregation in the stainless steel• Inazumi et al.[8]

investigated radiation-induced sensitization at temperatures of
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interest to ITER. According to Staehle[7], "the intergranular

SCC of stainless steels depends critically on some combination of

sensitization, grain boundary segregation, applied stress,

dissolved oxygen, other environmental contaminants, and

temperature.." Recent studies[6,9,10] of 304SS and 316SS in

fission reactor environments have shown that the alloys are the

most susceptible to IGSCC in the sensitized condition with

appreciable dissolved 02 in solution. In view of the complex

nature of IGSCC, it is important to study the SCC susceptibility

of sensitized and solution annealed 316SS under conditions

relevant to ITER, with the electrochemical potential fixed in the

critical ranges for SCC susceptibility.

In addition to the SCC considerations, the oxidizing or

reducing radiolysis products may enhance the corrosion rate of

316SS. This is particularly undesirable if the general corrosion
%

losses exceed the allowable limits for the design lifetime of the

fusion reactor. From the health physics viewpoint, increased

corrosion rates result in higher activated corrosion product

(crud) levels in coolant passages. Recent work[ll,12] on 316SS

and 304SS under conditions of solution irradiation has shown that

the corrosionproduct release is dependent on the electrochemical

potential.

Still another consideration is the role of the environment,

and radiolytically induced shifts in electrochemical potentials,

on the fatigue resistance of 316 stainless steel. It can be

anticipated that a fusion reactor will be subjected to vibratory



loads (high cycle fatigue) and lower frequency thermally induced

fluctuating loads, which may induce corrosion fatigue (CF) crack

initiation and growth.

PROGRESS TO DATE

The conditions relevant to the ITER. coolant blanket are

neutral, high purity water at 50, 90 and 130°C. If

electrochemical potential shifts due to irradiation result in

corrosion and/or stress corrosion cracking enhancement, it may be

possible to adopt the hydrogen water chemistry schemes currently

being utilized to control IGSCC in boiling water reactors[13].

The work to date has been directed at developing a database

of electrochemical measurements on 316SS in non-irradiated and

irradiated higll purity water at 25, 50, 90, and 130°C. The

water is deaerated with hydrogen gas (H2). The dissolved

hydrogen concentration (DH) is approximately 1500 ppb at 50°C.

In order to obtain solution conductivity required for

electrochemical measurements, 0.0005 mole/liter potassium sulfate

(K2S04) is added to the high purity water. Laboratory results

obtained in this program, at Rensselaer, have shown that this

concentration of K2SO 4 does not affect the corrosion behavior of

316SS in deaerated solutions.

Electrochemical measurements are being performed in

irradiated solutions at the RPI linear electron accelerator

(LINAC). Laboratory simulation of the irradiated conditions is

underway, using a radiolysis code[14] to approximate the

chemistries produced by irradiation of the water. These
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simulated solutions will be used in SCC and CF tests.

SCC susceptibility is being tested using the slow Strain

rate technique (SSRT) at fixed potentials. The probable critical

potential ranges for SCC susceptibility are being determined from

the electrochemical data.

CF resistance, with particular reference to crack initiation

is being evaluated utilizing a closed-loop test system (crack

propagation tests are being performed at the Argonne National

Laboratory (ANL)). As with the SCC tests, the critical variables

will be solution test temperature and solution chemistry.

APPARATUS

The corrosion test apparatus tobe used in this test program

consists of a conventional, 2 liter solution volume,

electrochemical cell. The electrochemical data are generated

_hrough potentiodynamic polarization scans and open circuit

)lotential versus time tests, utilizing automated potentiostats.

The LINAC high-energy electron beam, striking a tantalum

t_rget, produces photons via the Bremmstrahlung process. The

electrochemical cell is subjected to gamma energies of 60 MeV

m_ximum and 20 MeV average. The average dose rate is 340

k'ad/hour.

The radiolysis code was developed by Khalak[14] for fusion

re _ctor applications. This code has been used in recent work[10]

to model radiolysis product yields for SCC testing.

Slow strain rate experiments are being performed on a

con:_tant extension rate tensile testing machine. Strain rates of
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10 -8 to 10 -3 s-1 are possible. An environment cell has been

constructed which will allow the potential to be

potentiostatically fixed during the SSRT experiments.
.....

Corrosion fatigue tests will be performed on a conventional

fatigue test apparatus, with frequency capability from 0.01 - 20

Hz. The loading pattern will be in tension-tension with a

triangular wave form. An environment cell with fixed potential

capability is being designed.

RESULTS TO DATE

Upon irradiating the electrochemical cell at 50°C, the

electrochemical potential of 316SS is shifted by approximately

100mV in the active direction. This shift was observed in open

circuit potential versus time tests and in potentiodynamic

polarization scans. The potential shift can be seen by comparing

the zero-current potentials of the potentiodynamic polarization

scans shown in Figures 1 and 2. Reduction/oxidation (redox)

measurements on inert platinum show the same potential shift and

indicate that it is driven by the radiolysis products in the

solution.

Potentiodynamic polarization scans in 50°C, irradiated

solutions show nearly an order of magnitude increase in the

passive current density of 316SS compared to that observed under

non-irradiated conditions. This difference is noted in the

passive regions of the potentiodynamic polarization scans

(-0.200V to -0.400V vs. SSE) shown in Figures 1 and 2.

Potentiodynamic polarization data for redox reactions on inert

7



°

platinum in the irradiated solution do not show a proportionate

increase in current density.

DISCUSSION

In the present experiments, hydrogen gas is continuously

introduced into the irradiated electrochemical cell, and gaseous

radiolysis products are carried away. Marsh et al.[3] has noted

that the composition of the cover gas is critical to the net

yield of radiolysis products. With hydrogen cover gas, high

concentrations of H2 and H will persist in the solution and

preclude the build up of oxidizing species. An excess of

reducing radiolysis products (e-aq , H, H02) is formed, leading to

a net reducing environment. The observed active potential shifts

on 316SS can be attributed to a reducing environment produced via

radiolysis. This conclusion is consistent with Saito et al. J6],

for 304SS under HWC conditions, which showed a negative, or

active, shift in the open circuit potential of stainless steel.

Table I compares the experimental conditions of the present work

to that of Saito et al. J6].

Table I. Comparison of experimental conditions for stainless

steels under gamma irradiation.

°C DH ppb Dose rate,Alloy Temperature, ,

krad/hr
,_,,_....... _ .... ,, ,, , , ,,

316SS 50 1500 340

(present work)

304SS (ref[6]) 270 I00 140
0 H.

The increase in passive current density with irradiation of
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the aqueous solution for 316SS can be attributed to either: i) an

increase in the passive corrosion rate of the alloy; or 2) an

increase in redox reaction rates on the alloy surface. If

surface redox reactions are the cause, then one would expect a

proportionate increase in current density with irradiation on

inert platinum. Comparing the data for 316SS and platinum,

preliminary indications are that the increased current density

can be attributed to increased passive corrosion rates in the

irradiated solution. Corrosion rates calculated from the minimum

current densities of the polarization curves are shown in Table

II. One should note that corrosion rates taken from a

potentiodynamic polarization curve are "instantaneous" rates

which do not account for the protection the passive oxide film

provides once it has formed, and probably reflect a "worst case"

situation.

Ishikawa et al. [ii] also have studied corrosion of 316SS and

304SS in a gamma radiation field. The authors verified the

results of Hirayama et al. J12], showing that the corrosion

product release is dependent on the corrosion potential. Under

NWC (higher DO, low DH) the irradiated environment becomes more

oxidizing, shifting the potential towards the transpassive

region. Chromium complexes (Cr2072-, CrO42-) are more soluble in

the oxidizing environment, resulting in dissolution of chromium

oxide (Cr203) from the passive filmo For iron,the ferrous (Fe 2+)

ion is oxidized to ferric (Fe 3+) ion, which deposits on the outer

layer of the passive film. The Fe3+ ion is not dissolved due to
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its low solubility in the low DH (oxidizing) environment.

Under mC (low DO, higher DH) the irradiated environment is

reducing, with a corresponding negative shift in the

electrochemical potential. This envirorunent provides increased

solubility of iron, nickel, and cobalt ions. The authors point

out that these ions are readily transported through the oxide

film and released into solution because the low oxygen

concentrations are insufficient to maintain the film. Chromium

is not readily dissolved due to its low solubility in the low DO

(reducing) environment and it becomes concentrated in the oxide

film. Accordingly, under conditions relevant to ITER, the

specification of water chemistry may control the composition of

passive films as well as determine the soluble and insoluble

species in the aqueous solutions. While the present program is
I

j concentrating on HWC, future experiments also will examine NWC

conditions.

Table II. Calculated passive corrosion rates for 316SS, 50°C,

0.0005M.. K2SO4, deaerated with I-!.2 ....... . . , .

Environment I Corrosion rate (_m/yr)
t tltlt til

Non-irradiated I 5.8Irradiated 43, ,,, ,'
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PRELIMINARY CONCLUSIONS

Irradiation of 316SS at 50°C in an environment relevant to

the ITER water-cooled components results in the following

observations:

(I) A shift in the electrochemical potential of

approximately 100mV in the active direction. This shift

is attributed to the formation of a net reducing

environment via radiolysis.
!

(2) Nearly an order of magnitude increase in the passive

corrosion rate as compared to non-irradiated

conditions. Further testing on 316SS and platinum is

required to confirm this hypothesis.
%
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