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Abstract

A cold worked 316SS baffle bolt was extracted from the Tihange pressurized water reactor and sectioned at three

different positions. The temperature and dose at the 1-mm bolt head position were 593 K and 19.5 dpa respectively,

whereas at two shank positions the temperature and dose was 616 K and 12.2 dpa at the 25-mm position and 606 K and

7.5 dpa at the 55-mm position. Microstructural characterization revealed that small faulted dislocation loops and

cavities were visible at each position, but the cavities were most prominent at the two shank positions. Measurable

swelling exists in the shank portions of this particular bolt, and accompanying this swelling is the retention of very high

levels of hydrogen absorbed from the environment. The observation of cavities in the CW 316SS at temperatures and

doses relevant to LWR conditions has important implications for pressurized water reactors since SA 304SS plates

surround the bolts, a steel that usually swells earlier due to its lower incubation period for swelling.

� 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Cracking of both replaceable and non-replaceable

components in the core of light water reactors (LWR)

continues to be an important issue for the nuclear in-

dustry. Examples of replaceable components include

instrument tubes, springs, bolts, guides and fasteners,

whereas core shrouds and the upper guide structures

represent examples of non-replaceable components that

have experienced cracking. Much of the cracking is en-

vironmentally-induced by a process known as irradia-

tion-assisted stress corrosion cracking (IASCC), which

has recently been reviewed by Bruemmer et al. [1].

IASCC occurs in both boiling water and pressurized

water reactors (BWR and PWR, respectively) at irradi-

ation temperatures typically around 561 K, and in cer-

tain locations outside the reactor core can extend up to

643 K. Outside the reactor core, substantial gradients in

the temperature and dose rate occur over just a few

centimeters. The microstructural evolution and the

concomitant changes in mechanical and physical prop-

erties are not well understood under these irradiation

conditions, particularly in relation to how they affect

IASCC susceptibility.

The baffle-former plate structure in the core of PWRs

is an example of a structure where significant gradients

exist in the neutron dose rate and irradiation tempera-

ture. These plates are either welded or bolted together

depending on the reactor type, and the bolted structures

have been found to exhibit cracking after being in re-

actor for several years. Cracking of the bolts in these

structures was first detected in French CPO series plants

by non-destructive examination in 1989 [2,3] and later in

the Tihange 1 plant [4]. The inspections of the Tihange 1

baffle bolts between 1991 and 1995 revealed a significant

increase in positive indications of cracks [4,5]. This led to

a decision to replace 90 bolts with reportable ultrasonic
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indications as well as some with inconclusive ultrasonic

indications in 1995. A small number of these extracted

bolts were retained for metallographic examination and

other tests. The cracks in these bolts occurred at the

junction between the head and shank positions.

The focus of this paper is the characterization of a

bolt removed from the Tihange 1 plant in 1995. This

bolt, identified as 2K1R5, was removed from the mid-

plane of the former at level 5. Although there was an

ultrasonic indication, no cracks were found in this par-

ticular bolt during visual examination. The following

sections present the details of the microstructure, mi-

crochemistry, transmutation and hardness evaluation

along the length of the baffle bolt, preliminary results

from which were reported earlier by Edwards and co-

workers [6]. The irradiation conditions (temperature and

dose rate) vary considerably over the length of the bolt,

producing different microstructures that highlight the

sensitivity to the irradiation conditions. The results will

be compared to previous work by Edwards and co-

workers [7,8] documenting the microstructural evolution

in 304 and 316SS irradiated at 560 K in a BWR.

2. Experimental details

The baffle-former bolts of Tihange 1 were fabricated

from a single heat of cold-worked 316SS with a yield

strength of 513 MPa, ultimate tensile strength of 670

MPa, and 34% total elongation. The chemical compo-

sition of this heat is shown in Table 1. Installation of the

baffle-former bolts was carried out to a specified torque,

each bolt being tightened, then relaxed and finally

tightened again. This procedure leads to baffle-bolt pre-

loads ranging between �20 and 37.5 kN after taking

into account the effects of stress relaxation arising from

primary creep occurring during the first rise in temper-

ature to the operating value [5].

The three positions examined for bolt 2K1R5 are

shown in Fig. 1. Based on neutronics calculations for the

full plant history on a nominally comparable bolt, the

estimated doses experienced by the 2K1R5 bolt head

were �19.2, 12.2 dpa at the 25-mm position and 8.5 dpa

at the 55-mm position as measured from head of the bolt.

Such calculations are considered to be most accurate for

positions closest to the reactor core, with less confidence

expected for positions away from the bolt head.

An independent experimental assessment of the

neutron flux-spectra and dpa levels for this particular

bolt was obtained from a process called retrospective

dosimetry. In this technique levels of radioactivation,

transmutation and/or isotopic ratios of various elements

in the bolt itself can be used to determine the integrated

neutron flux-spectra. In this case it was sufficient to

measure the activities of 60Co and 54Mn by gamma

spectroscopy at each of the three bolt positions of

Fig. 1. Three different positions were examined along the length of the bolt. Cracks were found to occur at the junction between the

head and shank in some bolts.

Table 1

Bulk composition (wt%) of the Tihange baffle/former bolt as manufactured

Heat C Cr Ni Si Mn S P Mo Cu Co N

AA016 0.028 16.70 12.36 0.72 1.89 0.018 0.020 2.64 – 0.080 0.042
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interest, as well as the 4He content by isotopic dilution

mass spectrometry. Energy dispersive X-ray fluorescence

(EDXRF) measurements were also required to measure

the Fe content and residual Co content of each specimen

since the exact post-irradiation composition of the bolt

must be known for confident prediction. A detailed de-

scription of the retrospective dosimetry method is pro-

vided in reference [9] by Garner and coworkers.

The thermal neutron fluence is proportional to the
60Co produced from the 59Co (n; c) reaction, and the fast

neutron fluence will be proportional to the 54Fe (n; p)

reaction. The ratio 60Co/54Mn is therefore proportional

to the thermal-to-fast neutron ratio, but this ratio is very

time-dependent because both isotopes are decaying

continuously, but at different rates. When the detailed

power history of Tihange was used to correct the mea-

sured activities to saturated reaction rates at the time of

removal from the reactor, a completely independent

estimate of neutron exposure was determined. One ad-

vantage of this technique is that the relative dose expe-

rienced by different positions on the bolt is very

accurately determined, since all positions on the bolt had

exactly the same residence time in reactor and identical

decay history. The retrospective technique yielded 19.5

dpa for the 1-mm position, in excellent agreement with

the calculated value of 19.2. The retrospective technique

shows that the dose falls off somewhat faster with dis-

tance along the bolt compared to that predicted by the

calculations, being 7.5 dpa compared to 8.7 dpa calcu-

lated for the 55 mm position. The dose estimates from

the retrospective dosimetry are used throughout the rest

of the paper and are listed in Fig. 1.

Indicated temperatures are estimates from a similar

bolt position in a French CPO plant at mid-cycle with

600 appm boron remaining in the water. The bolt tem-

perature increased throughout the cycle as the boron

was depleted from the water, increasing the thermal

neutron population toward the end of the cycle and

thereby increasing the local gamma heating rate. The

25-mm position corresponds to the calculated peak tem-

perature position along the length of the bolt. Taking

the gamma heating variation into account over the en-

tire cycle, the temperature at the 25-mm position is es-

timated to increase from 605 to 627 K each reactor cycle.

The microstructure was characterized by performing

scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) on 3-mm disks punched

from slices obtained from the regions indicated in Fig. 1.

TEM specimens were electropolished using a 5% per-

chloric electrolyte in methanol cooled to 233 K.

Stringers of sulfide and oxide particles led to specimen

preparation problems because numerous small holes

formed where inclusions dropped out. This was a par-

ticular problem at the 1-mm position. In an attempt to

improve the specimen quality, these specimens were

further thinned by ion milling to enlarge the thin area.

This yielded thin areas for microstructural character-

ization, but no grain boundaries of suitable orientation

were found in the 1-mm position for microchemical

analysis. The 25- and 55-mm positions responded better

to the electropolishing, but these samples also required

ion milling to increase the thin area.

A JEOL 2010F and a JEOL 2000 were used for

the characterization. A JEOL 840 SEM was used for the

characterization of the grain size and inclusions in the

material. Microchemical analyses at internal interfaces,

primarily high-angle grain boundaries, were carried out

using the JEOL 2010F field emission gun TEM. The

microchemical analysis data were obtained from energy

dispersive X-ray spectroscopy (EDS) using a high-effi-

ciency link analyzer and detector. A minimum of two

grain boundaries was analyzed for each material with

multiple measurements on each boundary. Complete

compositional profiles across the boundary into the

matrix were recorded out to a distance of �5 nm in

0.5–1 nm steps, and to �20 nm in larger steps. Specific

profile steps were selected to map individual boundaries

based on observed composition changes. Matrix com-

positions in each grain (corresponding to boundaries

analyzed) were obtained in both point mode and area

mode at a distance of �50 nm from the boundary.

Profiles were taken from regions less than 50 nm in

thickness. The background from radioactive decay had

to be subtracted from each spectra to yield the correct

composition. Mn X-rays produced by the decay of the
55Fe activation product precluded accurate composi-

tional analysis of Mn. Profiles were not obtained from

the 1-mm bolt head position because grain boundaries

of suitable orientation were not found.

Hardness at room temperature was measured on all

samples using a Tukon Model 300 microhardness tester

at a load of 500 g. All specimens (typically 3-mm discs)

were given a consistent metallographic surface prepa-

ration to a 6-lm finish using SiC paper.

The He content from the three positions was deter-

mined by isotope-dilution mass spectrometry following

vaporization in a resistance-heated graphite crucible

[10]. Hydrogen release at 1200 �C from separate small

pieces of the same specimens used for He analysis was

measured as a function of time using a quadrupole mass

spectrometer [11]. A minimum of two specimens from

each position were analyzed for He and H; for the

25-mm position, four measurements were made for the

hydrogen to assess the range of hydrogen content.

3. Results

3.1. Microstructural characterization

SEM showed the general grain microstructure of the

Tihange bolt to be essentially identical at each position.
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Backscatter electron images revealed an equiaxed grain

size ranging from 10–30 lm, with heavy twinning due to

the initial cold work. Inclusions were found throughout

the bolt in the form of stringers and individual particles

in the grain interiors, but no visible grain boundary

precipitation was observed. EDS analysis indicated that

some of the particles were MnS inclusions whereas

others contained predominately Al and O with some Si,

Cr, Ti and Mn. Although the number of inclusions was

somewhat variable from area to area, the SEM micro-

graphs yielded an estimated volume fraction of 0.005 for

these inclusions.

Higher resolution TEM revealed the microstructure

contained faulted dislocation loops, cavities and fine-

scale precipitation. No grain boundary precipitation or

denuding of defects along the grain boundaries was

observed at any position. The primary type of disloca-

tion defect that evolved during irradiation was the

Frank loop, a faulted dislocation loop lying on the

{1 1 1} planes with a Burgers vector 1/3a[1 1 1]. Exam-

ples of these loops for each of the three positions are

shown in Figs. 2–4, as well as a comparison of the size

distributions in Fig. 5. A more detailed discussion of the

analysis technique used to image the Frank loops was

provided previously by Edwards et al. [7,8]. A summary

of the average sizes and densities of the loops is provided

in Table 2. The range of densities was similar within

experimental error and suggested little difference be-

tween the three positions. The size distributions indi-

cated that the Frank loops in the 1-mm position

possessed a smaller average size than those measured in

the other two positions. Each size distribution was

asymmetrical, with a narrow peak around 4–6 nm and a

broader tail extending up to 30 nm. The loop size dis-

tribution for the 55-mm sample revealed that a second-

ary peak was present at a diameter of �16 nm.

Cavities were clearly observed at all positions but

their size and density differed considerably. A summary

of the cavity characteristics are included in Table 2 along

with the void swelling as determined from measurements

of cavity density and mean size. Examples of the cavities

at each position are shown in Fig. 6 along with size

distributions and densities for the 25- and 55-mm posi-

tions in Fig. 7. The cavities in the 1-mm position, which

Fig. 2. Frank loops imaged using their rel rods near a g ¼ 113 2-beam condition are shown in (a). A bright field image obtained near a

g ¼ 200 2-beam conditions is shown in (b), illustrating the complex strain fields that result.

Fig. 3. Rel-rod images of the Frank loops from the 25-mm position are shown inclined in (a) and on edge in (b). A dark field image

using a g ¼ 200 2-beam conditions gives the complex image in (c).
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might be either bubbles or very small voids, were not

distributed homogenously throughout the grain interi-

ors. Many areas were completely free of cavities whereas

other areas tended to have loose clusters of cavities. The

small number of cavities at the 1-mm position did not

allow any size distributions with meaningful statistics to

be obtained. Note that many of the cavities at the 25-

and 55-mm positions were typically faceted in appear-

ance, which identifies them as voids as opposed to

pressurized He bubbles. The cavities stood out in strong

contrast because of the Fresnel fringes around the edge

of the void or bubble. According to Jenkins and Kirk

[12], for cavities over 5 nm in diameter it is best to

measure the diameter from the center of the dark Fres-

nel fringe on each side of the cavity. Cavities smaller

than 5 nm become more difficult to measure accurately,

and in fact below 2 nm they cannot be sized accurately

from TEM images. All measurements of the diameter of

the cavities were taken from images near the h011i zone

axis along the g ¼ 200 condition, but tilted to a kine-

matical condition.

Fine-scale precipitation was found to be present in

the shank positions and tentatively in the 1-mm bolt

head position. At the shank positions it was confirmed

that c0 precipitates existed on a very fine scale, appearing

to form on the pre-existing dislocation network, as re-

ported by Gelles [13] at higher irradiation temperatures.

Examples of the c0 precipitates found at the 25-mm

position are shown in Fig. 8(a) with the associated dif-

fraction pattern (Fig. 8(c)). The c0 precipitates were

present in a density of � 0:6 � 1023 m�3 with an average

size of �3 nm. An additional precipitate phase was ob-

served in the microstructure (Fig. 8(b)) at a lower den-

Fig. 5. Size distributions are shown for the Frank loops ob-

served in each position. All size distributions are asymmetric,

and there is evidence of a second peak in the distribution of

loops from the 55-mm position.

Fig. 4. Rel-rod images of slightly inclined Frank loops are shown in (a) along with a matrix dark field image in (b) using a g ¼ 200 2-

beam condition. The bright field does not allow clear imaging of the individual loops in a manner that allows for their quantification.

Table 2

Density and average sizes of loops and cavities for each position

Position

(mm)

Dose (dpa) Irradiation

temperature (�C)

Frank loops Cavities Swelling (%)

Density

(� 1023 m�3)

Average size

(nm)

Density

(� 1022 m�3)

Average size

(nm)

1 19.5 320 0.92 6.9 <1020 <2 <0.01

25 12.2 343 0.85 9.5 0.61 8.6 0.20

55 7.5 333 1.2 12.5 1.0 7.7 0.24
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sity of �0:2 � 1023 m�3 with a larger average size of �8.5

nm. The extra reflections present in the diffraction pat-

tern shown in Fig. 8(d) could not be matched conclu-

sively with any particular phase. Neither type of

precipitate was observed to coincide with either the

voids or the Frank loops.

3.2. Grain boundary microchemical characterization

3.2.1. 25-mm position (12.2 dpa, 616 K)

Compositional profiles for two grain boundaries are

presented in Fig. 9. Both grain boundaries were depleted

in Cr and Fe, while enriched in Ni and Si. The profile

shapes reveal that the radiation-induced segregation

(RIS) width was approximately �6 nm for most ele-

ments except Cr, which is slightly wider. Grain bound-

ary #1 exhibited larger levels of segregation compared to

the other grain boundary. Both grain boundaries were

depleted to levels of �10–12%, but the Cr profile in Fig.

9(a) indicates additional structure, with a secondary

minima at 15% Cr approximately 4 nm from the

boundary. The Fe was depleted at the boundaries by

10–12 wt%, with evidence of a slight enrichment �4 nm

from the boundary. The Ni composition exhibited the

Fig. 6. Examples are shown in (a) and (b) of the small cavities (encircled) present in a low density in the 1-mm bolt head position.

Larger cavities are present at the 25-mm position as shown in (c) and (d), and at the 55-mm position as shown in (e) and (f). The level of

swelling in the bolt head was estimated to be less than 0.01%, and up to �0.2% in the two shank positions.
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greatest change, enriching at the boundary to levels 24–

27 wt%, more than double the average matrix compo-

sition of 11 wt% Ni. Silicon reached levels of �4.5 wt%

at boundaries in comparison to less than �1 wt% in the

matrix. Molybdenum was depleted at grain boundaries,

but considerable scatter was observed in the measure-

ments. Minimum interfacial Mo levels ranged from 0.6

to 1 wt% versus measured matrix concentrations of �2.2

wt%. Phosphorus was detected in a few grain boundary

analyses, but only at trace levels.

3.2.2. 55-mm position (7.5 dpa, 606 K)

Compositional profiles from two high-energy grain

boundaries in the 55-mm position sample are presented

in Fig. 10. Each boundary was depleted in Fe and Cr and

enriched in Ni, but to different degrees. Grain boundary

#1 showed very little Fe depletion and a small amount of

Cr depletion. The second grain boundary exhibited a

more clearly defined depletion profile for both elements.

The largest difference between the two boundaries was

for Fe with significant depletion in boundary #2 (�6%)

and essentially no depletion in boundary #1. As in the

case of the boundaries from the 25-mm position, there

was a slight enrichment of Fe and perhaps Cr in the 6-nm

regions adjacent to the boundaries. Nickel was enriched

to higher levels in the second grain boundary, reaching a

peak at �21% compared to �16% Ni for the first grain

boundary. There was also a slight depletion in Ni im-

mediately to either side of the boundaries.

Attempts to quantify Si and Mo concentrations at

or near grain boundaries in this sample were not suc-

Fig. 7. Size distributions for the cavities in the 25- and the 55-

mm position are shown. The small peak at �4 nm may be

remnants of the He-bubbles.

Fig. 8. Precipitates of the c0 phase are shown in (a), while the dark field image in (b) shows precipitates of an unidentified phase. The

cube-on-cube orientation relationship between the c0 phase and the austenitic matrix is shown in the diffraction pattern given in (c). The

diffraction patterns in (d) show the extra reflection used to image the small, unidentified phase in (a).
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cessful. Slight Si enrichment was found in all areas,

probably arising from insufficient rinsing following

electropolishing. Measurements did indicate some Si

enrichment at grain boundaries (up to �2 wt%) above

that in the matrix. Considerable scatter was again ob-

served in the Mo concentrations and conclusive evidence

of grain boundary depletion could not be established

for these two boundaries. Because of these problems

with Si and Mo, neither of these elements was included

in the analyses for the major alloying elements. Sev-

eral additional samples were prepared from the 55-mm

position to improve on the data set, but none con-

tained adequate boundaries for high-resolution EDS

analysis.

3.3. Composition at void surfaces

A check was made of the segregation to the void

surfaces at the 25-mm position. The void surfaces were

depleted in Fe and Cr and enriched in Ni. Chromium

was found to be consistently depleted whereas the Ni

was enriched to levels well above matrix levels. The

measured Si and Mo concentrations where too variable

to draw any firm conclusions, but there did appear to be

an indication of enrichment of Si at the void surfaces.

For example, a void surface with 19.5% Ni also included

�3 wt% Si. It is possible that the degree of segregation

depends on the size of the void, leading to the variability

observed in the RIS measurements.

3.4. Hardness testing

Hardness testing at room temperature revealed av-

erage hardness levels of 378, 355, and 366 kg/mm2 at the

1-, 25- and 55-mm positions, respectively. The bolt head

position, which contains a distribution of smaller Frank

Fig. 9. Profiles of two grain boundaries from the 25-mm po-

sition are provided illustrating the depletion of Fe and Cr from

both boundaries while Ni and Si are enriched.

Fig. 10. Profiles of two grain boundaries from the 55-mm po-

sition are provided illustrating the depletion of Fe and Cr and

the enrichment of Ni at both boundaries.
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loops and cavities, is therefore the hardest compared to

the shank positions.

3.5. Helium and hydrogen measurements

The helium and hydrogen measurements for each

position are summarized in Table 3. The bolt head

contains the highest level of helium at 71 appm, whereas

the 25- and 55-mm positions contain roughly 50 appm

He. The low density of cavities in the bolt head position

indicates that much of the helium is still in solid solution

or in very fine, unresolvable cavities. On the other hand,

the higher irradiation temperature at the 25- and 55-mm

positions leads to the formation of voids and possibly a

smaller distribution of helium bubbles.

The 25- and 55-mm positions contain concentrations

of hydrogen 3–7 times higher than that measured at the

1-mm position. Variations in the hydrogen levels existed

not only along the length of the bolt, but also from

specimen to specimen taken from each position.

4. Discussion

4.1. Evolution of loops and cavities

Much of the literature regarding IASCC phenome-

non in austenitic stainless steels pertains to irradiation

temperatures below �573 K. This temperature repre-

sents annealing stage V, above which vacancy clusters

and loops begin to lose their thermal stability and emit

vacancies into the lattice [14]. Below this temperature the

microstructure is composed primarily of small disloca-

tion loops and clusters of vacancies and interstitials.

Recent work by Edwards et al. [7,8] demonstrated

that the small, visible defects that form in commercial

austenitic stainless steels irradiated at 560 K are pri-

marily Frank loops (faulted dislocation loops that lie on

the {1 1 1} planes) and partially-dissociated Frank loops,

both of which extended down to sizes less than 1 nm, a

size regime normally described as �black spot� damage.

Other defects such as vacancy-type stacking fault tetra-

hedra were observed only in high purity 304 and 316SS,

but these comprised just a few percent of the total defect

population. Based on the fact that the Frank loops were

the dominant defect, Edwards and coworkers [7,8]

concluded that the visible loops at this irradiation tem-

perature were likely both vacancy- and interstitial-type

Frank loops. However, the details of how each popu-

lation evolved relative to each other and as a function of

neutron dose remains unclear. This conclusion differs

from the literature in the sense that many researchers

considered Frank loops to be strictly interstitial-type

loops, and the vacancies tied up separately in black spots

defects that are distinct from the Frank loop micro-

structure. The presence of both vacancy- and interstitial-

type Frank loops is important given that the stability of

the two types of loops will likely be different as a func-

tion of irradiation temperature and loop size. The most

convincing evidence of this follows from the observation

that at higher irradiation temperatures (Tirr > 673 K),

only interstitial-type Frank loops are observed and the

vacancies are partitioned into cavities [14–16]. The im-

port of this difference in loop stability is related to the

fact that the Tihange bolt was irradiated at a tempera-

ture above which vacancy-type loops are normally

considered to lose their stability.

As the irradiation temperature is raised above �573

K, additional defect types begin to evolve due to a

change in the stability of the vacancy-type defects. The

vacancy-type Frank loops and clusters do not survive

long enough to grow to large sizes, instead they disso-

ciate and emit vacancies into the lattice. Interstitial-type

Frank loops remain stable up to much higher tempera-

tures, and therefore can continue to grow depending on

the relative flux of interstitials and vacancies. The release

of the vacancies from previously stable clusters increases

the vacancy concentration, leading to the nucleation and

growth of gas-stabilized cavities, namely He bubbles and

voids. Void formation is extremely sensitive to the ir-

radiation temperature, dose rate, and He production

rate, as well as microstructural variables such as material

composition, prior cold work level and the presence of

second phases [15]. Although no evidence of voids has

ever been reported for irradiation temperatures below

�573 K in austenitic stainless steels, Maziasz [16] and

Zinkle et al. [14] did report that a high density of ultra-

fine He bubbles was observed at irradiation tempera-

tures below 573 K. Porollo and coworkers [17,18] have

shown that there appears to be a lower temperature limit

of �578 K for void formation at PWR-relevant dis-

placement rates in the Russian equivalent of AISI

321SS, even at doses approaching 56 dpa.

In the Tihange bolt, the irradiation temperature is

always above the critical temperature throughout the

length of the bolt, leading to a microstructure composed

of cavities in addition to the Frank loops. As described

earlier, the microstructure exhibits different characteris-

tics depending on the location along the length of the

bolt. From this study is not possible to derive the rela-

tive importance of gradients in the dose rate versus the

irradiation temperature. The influence of dose rate ver-

sus temperature may be difficult to discern since the loop

Table 3

Helium and hydrogen concentrations in the Tihange baffle bolt

2K1R5

Position (mm) 1H (appm) 4He (appm)

1 493, 743 71

25 720, 1260, 3660, 3710 52.7

55 1840, 3740 48.8
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microstructure has reached such a saturated state that

the differences become minimal above a certain dose. It

seems likely, particularly given the differences in the

cavity microstructure along the bolt, that irradiation

temperature plays the larger role since it can affect the

stability of the vacancy-type defects so strongly as well

as the overall kinetics. While dose rate changes may

affect the details of the Frank loop and cavity evolution,

this will be masked by the changes in the irradiation

temperature along the length of the bolt as well as

during the individual irradiation cycles.

Edwards et al. [7,8] presented size distributions for

Frank loops obtained from a solution annealed 316SS

(labeled 316-K) irradiated in the core of a BWR at �560

K at a displacement rate considerably higher (approxi-

mately a factor 10 higher) than in the case of this bolt.

The Frank loop microstructure was imaged in the same

manner as in this study, providing a useful comparison

with the data presented here. The size distributions for

the shank positions of the Tihange bolt are compared in

Fig. 11 to that measured for the 316-K irradiated to 5.7

and 13.3 dpa. The most noticeable difference is that the

loop size distributions extend to larger sizes (40 versus

20 nm) in the Tihange bolt shank compared to the loops

in the 316-K. The densities appear to be lower in the bolt

shank positions, though these differences are close to

being within the factor of two experimental error.

Comparing the size distributions from the 1-mm posi-

tion and 316-K at 13.3 dpa in Fig. 12 presents a different

case. The average size of the loops is smaller and slightly

lower in density in the bolt head than in the 316-K, in

addition the density peaks at a smaller size than in the

316-K.

A comparison of the differences between the Tihange

bolt and the 316-K is complicated by the fact that the

Tihange bolt was irradiated in a cold-worked condition.

As shown previously [14–16], the dense dislocation

structure introduced by cold-working can slow the mi-

crostructural evolution under irradiation because of the

high sink strength for the radiation-produced defects.

Recovery of the dislocation structure occurs during ir-

radiation, but this recovery is dependent on irradiation

dose and temperature. The lower temperature at the bolt

head may have slowed the recovery of the cold-worked

dislocation structure, which coupled with the slower

kinetics for vacancy emission and the different dis-

placement rate, may be responsible for the finer-scale

microstructure found in the bolt head compared to the

bolt-shank positions.

The different sensitivity of the cavities and loops to

the irradiation conditions is further illustrated by com-

paring these results with those obtained by Pironet and

coworkers [4] on a different bolt. The bolt Pironet et al.

characterized had a lower dose (same irradiation time,

lower displacement rate) than the bolt examined in this

study, and they limited their characterization to the bolt

head. While their observations revealed no evidence of

cavities, the loops exhibited a size range and density

comparable to that measured in this study for the bolt

head. This may change as the dose continues to increase

and void swelling and precipitation begin to occur.

Fig. 11. The size distributions for loops in the 25- and 55-mm

position are compared to loops from 316-K irradiated at 560 K

to 5.7 dpa [7,8]. Despite the higher irradiation temperatures and

doses in the bolt shank positions, there are only subtle differ-

ences in the loop distributions.

Fig. 12. The size distributions for loops in the 1-mm position

are compared to loops from 316-K irradiated at 560 K to 13.3

dpa [7,8]. The loop microstructure shows a small average size

and lower density than found in the 316SS irradiated at 560 K.

The size distribution of loops in the bolt head position peak at a

smaller size than found in the 316-K. The differences may be

due to the fact that the bolt was in a cold work condition prior

to irradiation.
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Irradiation to higher doses may eventually lead to more

discernible differences over the temperature range of

�560 to �673 K as void growth, loop unfaulting and

precipitation begin to change the sink strengths and

stability of various microstructural features.

A final point to consider is that the irradiation

temperature does in fact change during a given reactor

cycle due to changing boron levels in the coolant water.

The maximum in the temperature fluctuation is near the

end of the reactor cycle and is estimated to produce a

temperature at the 25-mm position as high as �623 K.

This fluctuation in temperature may lead to changes in

the microstructure not accounted for if simply consid-

ering a constant irradiation temperature. Given that the

bolt is being irradiated in the sensitive temperature re-

gime just above the threshold for swelling, periodic

fluctuations in the irradiation temperature may alter the

nucleation and growth of cavities and precipitates, and

eventually lead to changes in the loop microstructure

not predicted based on constant temperature irradiation

experiments.

The observation of measurable swelling in this bolt

raises a potential concern in that the cold-worked 316SS

bolts are surrounded by annealed 304SS former and

baffle plates. Considerable research has demonstrated

that annealed 304SS has a much shorter incubation

period for swelling than cold worked 316SS [14]. Based

on this, Garner and coworkers [19–21] predicted that the

304SS in PWR baffle-former assemblies may swell to

significant levels in certain positions where the gamma

heating leads to high enough temperatures. This swelling

will be accelerated by the lower displacement rate, as

recently shown by Garner [22], Bond et al. [23] and

Okita and coworkers [24,25]. The variation in irradia-

tion temperature during a given irradiation cycle may

further alter the swelling characteristics and overall mi-

crostructural evolution.

4.2. Radiation-induced segregation and precipitation

Radiation-induced depletion of Cr and Fe occurs at

the grain boundaries and void surfaces in the baffle-bolt

samples along with Ni and Si enrichment. This seg-

regation behavior is generally consistent with the

well-documented RIS results after LWR irradiations at

560–563 K [1]. As noted above, Mo is also depleted at

the boundaries (down to �0.6 wt%) and Si enriched (up

to �4.5 wt%) in the baffle bolt samples. Even though

quantitative measurements could not be made at both

positions, general indications from the 25-mm results

suggest that the RIS of these minor alloying elements is

consistent with that seen after LWR irradiations at 560–

563 K in similar steels. There appears to be no single

variable that dominates grain boundary RIS as a func-

tion of position in the baffle bolt. Rather the variations

in local irradiation conditions are small enough and tend

to be of opposite influence that the net effect on RIS is

relatively small. The RIS at void surfaces will likely

continue to change if the cavities grow larger and/or

increase in density as the doses increases. Although not

measured in this study, RIS of Ni and Si to Frank loops

was found earlier by Kenik and Hojou [26] and more

recently by Edwards et al. [8], so RIS likely occurs to the

finely dispersed Frank loops as well.

The c0 precipitation and the evidence for a possible

additional precipitate phase indicate that phase insta-

bilities do exist at these irradiation temperatures, which

was unexpected since most of the published work indi-

cates precipitation is non-existent at temperatures <623

K [1,14–16]. Hashimoto et al. [27] recently provided

evidence of precipitation in 316SS irradiated with neu-

trons at 333 and 573 K, but the precipitates were ten-

tatively identified as small carbides, not the c0 observed

in this study. Bond and coworkers found that fine M23C6

carbides form in annealed 304SS when irradiated at

PWR-relevant dose rates and temperatures [23]. The

identity of the second precipitate phase may be some

type of carbide, but further work is needed to clarify the

fine-scale precipitation that occurs in the different posi-

tions along the bolt. Precipitation could alter the rate of

microstructural evolution and swelling rate, as well as

lead to a further decrease in the ductility and toughness.

The apparent segregation at the void surfaces and per-

haps the Frank loops raises another issue for concern

since removal of enough nickel and silicon can alter the

phase stability of the base metal.

4.3. Radiation hardening

The measured hardness from 355–378 kg/mm2 was

roughly constant over the length of the bolt up to 55

mm, which correlates well to the observation that the

loop microstructure does not vary significantly. Given

their size and density, it is thought that the cavities are

not significant from a hardening standpoint, however,

the precipitation may contribute to some degree and

cannot be discounted until it is better characterized and

understood. The hardness levels in this bolt were fairly

close to that reported earlier by Pironet [4] for the bolt

head of Tihange bolt 1E1R1. For the 1-mm position

they reported an average hardness level of 410 kg/mm2,

with lower average hardness levels of 340 and 325 kg/

mm2 for the 25- and 55-mm positions, respectively. Al-

though they observed a scatter of �25 kg/mm2 over the

length of the bolt, the general trend was that the hard-

ness decreased from the bolt head to the shank posi-

tions. The hardness results further support the idea that

for the dose range in this bolt, the loop microstructure is

in a saturated state and there are no significant differ-

ences over the length of the bolt.

The hardness of the Tihange bolt head is similar to

that of the 316-K at �6 dpa reported by Edwards et al.
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[7,8]. The differences along the length of the bolt are

minor in comparison to each other, but are generally

lower than that measured for the 316-K for a compa-

rable dose. This is illustrated in Fig. 13, showing a

comparison of the room temperature hardness at each

position along with the hardness data obtained from the

316SS heats (316-P is similar to the 316-K and is de-

scribed in references [7,8]). The hardness results appear

to agree qualitatively with the longstanding premise that

loops control the strength in the material, so therefore

the lower hardness in the Tihange bolt is a consequence

of the lower density of similar sized loops compared to

the Frank loop microstructure in the 316-K at compa-

rable doses.

4.4. Helium and hydrogen

For the Tihange bolt, the thermal flux variation over

the length of the bolt can explain the differences in he-

lium concentrations at the different positions within the

bolt. To understand this, predictions of the He-genera-

tion rate were made based on the fast and thermal

neutron spectrum for a typical bolt in the Sizewell B

reactor, a reactor of similar design. As shown in Fig. 14,

the predictions show that simply altering the thermal

flux by factors of 0.85, 1.1 and 1.6 reproduces the helium

levels in a consistent manner for the three positions

within the bolt. Because of the variation in thermal-to-

fast neutron spectrum along the length of the bolt, each

data point lies on a separate and non-linear curve

through the origin as illustrated in Fig. 15. The higher

He-generation rates at the lower dpa levels signals that

the thermal-to-fast ratio is higher at these positions,

thereby increasing the He/dpa ratio. In addition, it can

be deduced from such agreement that the original boron

content (unknown) of the steel was less than 5 appm.

These predictions also demonstrate that the hydrogen

content is too large to have been generated strictly by

transmutation reactions, which produce at most a few

hundred ppm of hydrogen for the doses experienced by

the Tihange bolt. Rather the hydrogen is the result of

exposure to the PWR coolant and the transmutation

reactions are a negligible contributor.

The retention of so much hydrogen raise two issues

that bear further study. It has been proposed [28] that

He-nucleated cavities and voids in general may allow the

storage of hydrogen at LWR-relevant temperatures, al-

though the mechanism is not yet understood. As shown

earlier, �0.2% swelling exists in the 25- and 55-mm

Fig. 13. Room temperature hardness data show no substantial

differences over the length of the bolt. Compared to the two

316SS irradiated at 560 K (316-K and 316-P), the bolt is slightly

lower in hardness for a comparable dose.

Fig. 14. Changes in the thermal-to-fast ratio over the length of the bolt lead to significant differences in the He/dpa rate. The calculated

levels of H formed by the transmutation are relatively small compared to the several thousand appm measured in the shank positions.

The thermal-to-fast neutron ratio has little effect on H production.
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positions where the hydrogen content is highest, but in

the bolt head where much less swelling exists there is

significantly less hydrogen. The 316 and 304SS irradi-

ated at 560 K [7,8] contained no discernible cavity

structure (bubbles or voids) and showed no retention of

hydrogen that could be measured above background

levels, lending support to the idea that the cavities in the

shank positions are effective at storing hydrogen in some

form. It is not clear what role, if any, the hydrogen re-

tention has on void nucleation or growth. The other

issue is the relatively large range of hydrogen levels for

repeated measurements at the same position on the bolt.

The origin of this variability has not yet been identified,

but may be a consequence of either an inherent local

variability in the microstructure or possibly that the

hydrogen generation and retention rates are dependent

on the radial position within the sample. No attempt

was made to maintain a record of where the individual

samples were located on the slice taken across the bolt.

5. Summary and conclusions

The characterization reveals that the cavity and loop

components of the microstructure exhibit a different

sensitivity to the varying irradiation conditions along

the length of the bolt. The loop microstructure is a less

sensitive indicator of changes in the irradiation con-

ditions along the length of the bolt, exhibiting rather

minor variations among the three different positions

characterized. The cavities, however, show a noticeable

difference in that measurable void swelling exists in the

higher temperature shank regions, whereas only small

bubbles in a low density are present in the cooler bolt

head region. This temperature and dose dependence of

the cavity microstructure indicates that a better under-

standing is needed of the growth and stability of vacancy

versus interstitial-type loops, the cavities that eventually

form, and ultimately how their interaction affects

swelling and microstructural evolution.

One of the more striking consequences of the void

swelling is that the shank regions appear to be very ef-

fective in retaining hydrogen from the environment,

though the mechanism for this remains unclear. The

levels of segregation and depletion due to RIS were

similar to levels measured at 560 K for other 316 and

304SS, possibly due to the competing effects of higher

irradiation temperature and lower dose rate in the bolt.

The onset of precipitation was identified in the bolt, but

further work is needed to fully understand the precipi-

tation and their influence on swelling, hardening and

RIS. The hardening levels across the bolt revealed no

substantial differences, and are thought to be mostly

related to the loop microstructure with some contribu-

tion for the precipitation.

The observation of cavities in 316SS at temperatures

and doses relevant for LWR conditions has important

implications. While the degree of swelling at these doses

remains low, the life extension plans for current oper-

ating reactors does raise the issue that the swelling may

become more important at higher doses. In addition, the

fact that a CW316SS bolt can swell at the doses and dose

rates that apply to this component illustrates that the

surrounding SA304SS plate may have more significant

swelling due to its known shorter incubation period.
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