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ABSTRACT

The electrochemical potentiokinetic reactivation (EPR) test technique was
applied to the determination of sensitization in a neutron-irradiated (420°C, 10 dpa)
titanium-modified austenitic stainless steel. Miniaturized specimens (3 mm diam by
0.25 mm thick) in solution-annealed and 25% cold-worked conditions were tested= The
degree of sensitization (DOS) was calculated in terms of the reactivation charge
(Pa). Results indicated the occurrence of radiation-induced sensitization when com-
pared to control specimens thermally aged at the irradiation temperature. Post-EPR
examination of the specimen surfaces showed etching across the face of each grain as
well as at grain boundaries. This indicates that the Pa value normalized by the
total grain boundary area, which is an accepted EPR-DOS criterion, cannot be
directly used as an indicator of the DOS to determine the susceptibility of this
irradiated material to intergranular stress corrosion cracking (IGSCC). Further
investigations are necessary to correlate the results in this study to the IGSCC
susceptibility of the irradiated stainless steel.
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INTRODUCTION

Irradiation-assisted stress corrosion cracking (IASCC) is considered one of the
major environmental degradation mechanisms of austenitic stainless steels in water-
cooled nuclear power systems.1"3 IASCC has been observed in type 304 stainless
steel which was exposed to fast neutron (E > 1 MeV) fluence greater than ~5 x 1O20

n/cm1 and has bee.* manifested in the form of intergranular stress corrosion cracking
(IGSCC).1 It has been suggested that changes in grain boundary composition caused
by radiation-induced segregation (RIS) played an important role in increasing the
IASCC susceptibility of stainless steels.3~1S Chromium depletion from grain bound-
aries is one of the major phenomena caused by RIS*»1O~X* and has been suggested as
a contributor to IASCC.13~IS The chromium concentration at grain boundaries can be
reduced by RIS to below 12 wt %, the minimum chromium level required to form a pro-
tective film on austenitic steel surfaces.11>12 In the case of water-cooled stain-
less steel components for fusion reactors, IASCC will also be a degradation
mechanism.1*»17 In this case, RIS characteristics of materials may be different
from those in light-water reactors because of the harder neutron spectrum and higher
neutron flux (viz., higher damage rate and helium production).18

An electrochemical characterization system was developed to evaluate the degree
of sensitization associated with chromium depletion along grain boundaries in
neutron-irradiated austenitic stainless steels.19 The system was designed to use
miniaturized disk-type specimens, 3 mm diam by 0.25 mm thick, because of limited
space for specimens in irradiation facilities, the need for low radiation exposure
of personnel who handle specimens and do testing, and its ease of use for TEM analy-
sis. Since the electrochemical testing is nondestructive, the microstructural anal-
ysis can then be conducted on the same specimen following the testing and, thus,
electrochemical properties can be directly related to microstructures. Thermally
•induced sensitization in titanium-modified austenitic stainless steel specimens of
this geometry was successfully detected using the electrochemical potentiokinetic
reactivation (EPR) technique.19 In the present study4 the EPR technique was applied
to the evaluation of radiation-i 'duced sensitization in a candidate austenitic
stainless steel, PCA, designed for use in fusion reactors.

EXPERIMENTAL PROCEDURES

The material used in this study was a titanium-modified austenitic stainless
steel developed by the U.S. Fusion program, designated as PCA. The chemical com-
position of the steel is shown in Table 1. Disk specimens, 3 -mm in diameter, were
punched from 0.25-mm-thick sheet of the material and solution annealed at 1100°C for
30 min. Specimens in the 25% cold-worked condition were also prepared.

The specimens were irradiated in the Materials Open Test Assembly (MOTA) of the
Fast Flux Test Facility (FFTF) in Hanford, Washington, at a temperature of 420°C to
a level of 10 displacements per atom (dpa). Control specimens were thermally aged
at 420°C for 5000 h and then water quenched to simulate the thermal history of the
irradiated specimens.

The EPR testing system consists of the electrochemical characterization appara-
tus and the surface preparation equipment designed for handling radioactive speci-
mens and waste. A detailed description of the testing system was given elsewhere.19
Prior to the EPR test, specimens were electropolished with a vertical jet-type
polishing apparatus to remove surface oxide films and to obtain smooth surfaces with-
out grain boundary etching so as to obtain the maximum electrochemical sensitivity.19
Single loop EPR tests were performed following the test conditions recommended by



W.~ L. Clarke et al.20 A summary of the test conditions is given in Table 2. The
degree of sensitization (DOS) was determined by calculating the normalized reac-
tivation charge (Pa).20

Observation of the specimen surfaces after EPR testing was accomplished with
an optical microscope and a scanning electron microscope (SEM).

RESULTS

EPR Test

Reactivation curves of the irradiated and thermally aged control specimens are
shown in Figure 1. The reactivation current density peak appeared at approximately
-120 mV vs SCE for all the specimens. However, the peak current densities for the
irradiated specimens were approximately two-orders-of-magnitude higher than those of
the thermally aged specimens for both the solution annealed and cold worked con-
ditions. There was only a slight difference between the reactivation curves for the
solution annealed and the cold worked conditions. The Flade potential - that is,
the potential at which the current started increasing -was substantially higher for
the irradiated specimens (by approximately 75 and 125 mV for the annealed and the
cold worked conditions, respectively).

The normalized reactivation charge [(Pa) (coulombs/cm2)] was calculated for
each specimen and the results are shown in Table 3. The Pa values of the irradiated
specimens were two orders-of-magnitude higher than those of tha thermally aged con-
trol specimens for both the solution annealed and cold worked conditions. There was
no significant difference in the Pa value between the solution annealed and cold
worked conditions. The Pa values of two specimens in each condition were in good
agreement.

Surface Examination

Optical micrographs of the specimen surfaces after EPR testing are shown in
Figures 2 ?nd 3. The thermally aged specimens did not show etching in either the
annealed or the cold-worked condition [Figures 2(a) and 3(a)]. On the other hand,
the irradiated specimens were apparently etched in both conditions [Figures 2(b) and
3(b)]. For the irradiated annealed PCA, the grain boundaries appeared to be weakly
etched and the grain faces also had a very finely etched structure [Figure 2(b)].
The cold-worked PCA showed similarly etched grain boundaries and etched slip lines
[Figure 3(b)].

SEM micrographs of the specimen surface of the irradiated annealed PCA are
shown in Figure 4. The grain boundary etching was discontinuous and the width of
the etching was not uniform [Figure 4(a)]. The finely etched structure observed
over the grain faces [Figures 2(b) and 3(b)] resulted from corrosion-induced
dimpling with an average dimple diameter of 0.5 ym [Figure 4(b)]. The depth of
etching associated with dimpling was much less than the depth at the grain bound-
aries. The width of the etched grain boundaries was approximately 1 urn at the
widest portion, and it narrowed to less than 100 nm near the botton [Figure 4(c)].
A SEM micrograph of the irradiated cold-worked PCA is shown in Figure 5. The grain
boundary etching was similar to that of the irradiated annealed specimen. Dimpling
over grain faces was also observed.

DISCUSSION

Microstructural observations revealed that the grain boundaries of irradiated
PCAs were apparently etched after EPR testing. This indicates that sensitization



associated with chromium depletion along grain boundaries was induced by the neutron
irradiation, as previously reported by Taylor for 20Cr-25Ni-Nb stabilized steel irra-
diated up to 5.5 dpa at 350 to 52O°C.1S This also suggests that radiation-induced
sensitization was detectable by the EPR test technique in the same manner as ther-
mally induced sensitization.19 The narrow width of the etched grain boundaries
indicates that RIS, which has been reported to be effective over distance less than
100 nm (refs. 11,12), is one of the possible mechanisms for the sensitization.

The reactivation charge [Pa (time integral of current density)] is convention-
ally used as a criterion to determine the DOS. Good correlation between intergranu-
lar stress corrosion cracking (IGSCC) susceptibility of austenitic stainless steels
(type 304) and the Pa value has been demonstrated.20"22 The Pa value is generally
normalized to represent the charge per unit grain boundary area under the assumption
that most of the reactivation current comes from the grain boundaries.20"22 It has
been suggested that IGSCC can occur when the Pa value exceeds about 2 coulombs/cm2
for type 304 stainless steels.21 The Pa values of irradiated PCAs (Table 3) are an
order-of-magnitude higher than this critical value. However, as shown in Figures
2(b) and 3(b), both the grain boundaries and the grain faces were etched during the
reactivation process. Since the grain faces apparently contribute to reactivation
current, the normalized Pa value per unit grain boundary area overestimates the
actual reactivation charge associated with the grain boundaries.

: If it is assumed that the reactivation current is uniformly distributed between
the grain boundaries and faces, the Pa value can be normalized to represent the
charge per unit grain boundary area using the total tested area of the specimens
•instead of only that of the grain boundaries. The results of these calculations are
shown in Table 4. These Pa values possibly underestimate the contribution from the
'grain boundaries based on the relative deep etching at the grain boundaries as com-
pared to the dimples in the grain faces. Nevertheless, the Pa values of the irra-
diated specimens are still an order-of-magnitude higher than those of the thermally
,aged specimens and close to 2 coulombs/cm2, the critical value for the suscepti-
bility of type 304 stainless steels to IGSCC. For molybdenum-containing austenitic
^stainless steels (e.g., type 316), reported Pa values were lower than for type 304
Tor the same degree of thermally induced sensitization (as determined by the Strauss
^ e s t 2 3 ) . Therefore, a lower critical value of Pa, as compared to type 304, may be
.required for molybdenum-containing austenitic stainless steels to be susceptible to
;IGSCC. We suggest that the neutron irradiation at 420°C up to 10 dpa could have
increased the DOS of PCA to the level at which IASCC could occur. However, radia-
tion induced sensitization and thermally induced sensitization are substantially :
different processes, and direct application of the EPR-DOS criterion for thermally i
jsensitized materials is not valid. The post-EPR microstructure shown by the irra- ]
jdiated specimens apparently differs from that of thermally sensitized specimens with
jSimilar Pa values (an example is shown in Figure 6). For the irradiated specimens,;
grain boundary etching was narrower. Therefore, smaller initial flaw size may exist
•for the irradiated material. Changes in the mechanical properties by the irradia-
(tion (e.g., matrix hardening and decrease in ductility2*"2*) may also affect the
susceptibility of the irradiated PCA to IGSCC. Further investigations, including
stress corrosion cracking tests on the same irradiated materials, are necessary to
.correlate the EPR test results of this study to the IGSCC susceptibility.

Figure 7 shows an optical micrograph of irradiated PCA after EPR testing was
^interrupted half-way to the peak current density. The initiation of fine etching
,was observed. The dimple-shape etching of the grain faces apparently results from
(the continuing increase in density of this fine etching. Under the irradiation con-
dition used in this study, small-scale voids (10-20 nm in diameter) were formed in
_the grain interiors.27 It has been demonstrated that, under irradiation, chromium
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depletion can occur at microscopic free surfaces in grain interiors (e.g., voids) as ;
well as at grain boundaries21. Therefore, the dimple-shaped etching on grain faces
could be caused by RIS of chromium away from voids.

CONCLUSIONS

Radiation-induced sensitization of the neutron-irradiated titanium-modified
austenitic stainless steel was evaluated by the EPR test technique using miniatur- i
ized specimens. The following conclusions were obtained:

1. Significant changes in electrochemical properties of titanium-modified [
austenitic stainless steel due to irradiation at 420°C up to 10 dpa were detected byi
the miniaturized EPR test technique. j

2. EPR test results and resulting grain boundary etching indicated the j
occurrence of radiation-induced sensitization. j

3. In addition to grain boundaries, grain faces showed shallow dimple-shaped
etching after EPR testing. Therefore, the reactivation charge normalized by total
grain boundary area, which is an accepted EPR-DOS criterion for the IGSCC suscep-
tibility of thermally sensitized stainless steels, was not directly applicable to
radiation-induced sensitization for the condition investigated.

; 4. For this irradiation condition, 25% cold work did not have significant
effects on the EPR test results.
l

I 5. Further investigations are necessary to correlate the results in this study
to the IGSCC susceptibility of the irradiated stainless steel.
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TABLE 2
EPR TEST CONDITIONS

Solution 0.5 M HZSO» + 0.01 M KSCN

Temperature, °C 30

Passivation 2 min at +200 mV vs SCE

Reactivation scan, V/h 6

TABLE 3
REACTIVATION CHARGE VALUE

(NORMALIZED BY TOTAL GRAIN BOUNDARY AREA)

Pa, coulombs/cm2
Steel

Aged* Irradiated

PCA Solution Annealed 0.14 64.1
59.9

PCA 25% Cold Worked 0.24 53.0
54.0

*Average value of two specimens aged at 420°C for 5000 h.



TABLE 4
REACTIVATION CHARGE VALUE

(CALCULATED USING TOTAL TESTED AREA)

Steel Pa, coulombs/cm2

PCA Solution Annealed

PCA 25% Cold Worked

1.85
1.73

1.53
1.56
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FIGURE 1 - Reactivation curves of PCA.



FIGURE 2 - Optical micrographs of solution annealed PCA after EPR tests.
(a) ThermaUy aged, (b) neutron irradiated.
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FIGURE 3 - Optical
••---••- (a) Thermally aged,
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FIGURE 4 - SEM micrographs of irradiated annealed PCA after EPR test*
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FIGURE 5 - SEM micrograph of irradiated 25% cold-worked PCA after EPR test.
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FIGURE 6 - Optical micrograph of thermally sensitized annealed
PCA a.rter EPR test (Pa « 1.64 coulombs/cm2).
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FIGURE 7 - Optical micrograph of irradiated
annealed PCA after EPR test - interrupted
half-way to the peak current.
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FIGURES

FIGURE 1 - Reactivation curves of PCA.

FIGURE 2 - Optical micrographs of solu-
tion annealed PCA after EPR tests, (a)
Thermally aged, (b) neutron irradiated.

FIGURE 3 - Optical micrographs of 25%
cold-worked PCA after EPR tests, (a)
Thermally aged, (b) neutron
irradiated.

FIGURE 4 - SEM micrographs of irra-
diated annealed PCA after EPR test.

FIGURE 5 - SEM micrograph of irradiated
25% cold-worked PCA after EPR test.

FIGURE 6 - Optical micrograph of ther-
mally sensitized annealed PCA after EPR
test (Pa = 1.64 coulombs/cm2).

FIGURE 7 - Optical micrograph of irra-
diated annealed PCA after EPR test -
interrupted half-way to the peak
current.


