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EXECUTIVE SUMMARY

As one of the pressurized water reactor (PWR) internal components, baffle-former bolts
(BFBs) are subjected to significant mechanical stress and neutron irradiation from the reactor core
during the plant operation. Over the long operation period, these conditions lead to potential
degradation and reduced load-carrying capacity of the bolts. In support of evaluating long-term
operational performance of materials used in core internal components, the Oak Ridge National
Laboratory (ORNL), through the Department of Energy (DOE), Light Water Reactor Sustainability
(LWRS) Program, Materials Research Pathway (MRP) has harvested two high fluence BFBs from a
commercial Westinghouse two-loop downflow type PWR. The two bolts of interest, i.e. bolts 4412
and 4416, were withdrawn from service in 2011 as part of a preventative replacement plan. No
identification of cracking or potential damage was found for these bolts during their removal in 2011.
However, the bolts required a lower torque for removal from the baffle structure than the original
torque specified during installation. Irradiation displacement damage levels in the bolts range from 15
to 41 displacements per atom. The goal of this project is to perform detailed microstructural and
mechanical property characterization of BFBs following in-service exposures. The information from
these bolts will be integral to the LWRS program initiatives in evaluating end of life microstructure
and properties. Furthermore, valuable data will be obtained that can be incorporated into model
predictions of long-term irradiation behavior and compared to results obtained in high flux
experimental reactor conditions.

This report documents the completion of the post-irradiation examination of selected
specimens from the two high fluence BFBs. Electron microscopy and microhardness characterization
were performed. The radiation-induced defects in the material of this study are not considerably
different from neutron-induced defects in 304/316 grades of stainless steels (SS). Results from this
study fill the current knowledge gap in radiation-induced microstructure and mechanical property
changes for type 347 austenitic SS after high fluence commercial PWR irradiation. Main findings of
this study are:

1. Dislocation loops with average sizes in the range of 11-16 nm and number densities in the
range of 3-5x10%*/m? were observed from the retrieved BFB 4416.
2. From bolt head to the end of the thread section, cavity size increased whereas the cavity

number density decreased. The swelling of the BFB 4416 was insignificant with maximum swelling
of less than 0.02%.

3. Radiation-induced segregation (RIS) for BFB 4416 resulted in enrichment of Ni, Si, and P on
grain boundaries but depletion of Fe, Cr, Mn, and S. In addition, Ni-Si clusters were observed in the
matrix.

4. Radiation-induced microstructural features for BFB 4416 were more developed from the
middle shank to the end of the thread section, e.g. larger dislocation loops, cavities, and coarser
precipitates, indicating higher irradiation temperatures in those regions than in the bolt head.

5. Microhardness measurements did not show a clear effect of neutron fluence on hardness
values or any specific spatial irradiation hardening pattern for BFBs 4412 and 4416.

X1
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1. INTRODUCTION

As one of the pressurized water reactor (PWR) internal components, baffle-former bolts
(BFBs) are subjected to significant mechanical stress and neutron irradiation from the reactor core
during the plant operation. Over the long operation period, these conditions lead to potential
degradation and reduced load-carrying capacity of the bolts. The BFB has been a particular concern for
the industry since the first observation of failed bolts following the investigation of flow-induced
vibration of fuel rods in elements on the core periphery observed in French 900 MW plants in the 1980s
[1]. In the United States, the first degraded BFBs were observed in 1999. In support of evaluating long-
term operational performance of materials used in core internal components, the Light Water Reactor
Sustainability (LWRS) Program has pursued the retrieval of aged structural components for the study
of the microstructure, mechanical, and corrosion-related properties including stress corrosion cracking
(SCC) and irradiation-assisted stress corrosion cracking (IASCC) initiation and growth. To this end,
the program has actively worked over several years to retrieve high fluence BFBs.

In this work, the Oak Ridge National Laboratory (ORNL), through the U.S. Department of
Energy (DOE) LWRS Program, has obtained specimens machined from two high fluence BFBs
retrieved from a commercial Westinghouse two-loop downflow type PWR. The objective of this project
is to provide information that is integral to evaluating end of life microstructure and properties as a
benchmark of international models developed for predicting radiation-induced swelling, segregation,
precipitation, and mechanical property degradation. In the initial study, electron microscopy
characterization was performed on one of the two retrieved BFBs to evaluate radiation-induced
damages, such as dislocation loops, cavities, segregation, precipitation, etc. In addition, microhardness
measurements were performed from different regions of both bolts to evaluate the irradiation-induced
hardening. Results from this study fill the current knowledge gap in radiation-induced microstructure
and mechanical property changes for type 347 austenitic stainless steels (SS) after high fluence
commercial PWR irradiation.



2. EXPERIMENTAL
2.1 MATERIALS

The retrieved BFBs are two of the highest fluence bolts available from the original type 347
austenitic SS bolts used in the reactor. Both bolts showed no indication of cracking during the
ultrasonic inspection and in visual inspection following removal from service. However, the bolts
required a lower torque for removal from the baffle structure than the original torque specified during
installation. Figure 2.1 shows images of the bolt heads of two retrieved BFBs. No indication of surface
cracking was observed in the transition region between shaft and head, although some surface debris
scale flaked off from the bolt body. The shiny portion of the bolt head was due to electric discharge
machining when the bolts were removed from the baffle wall. The ID number for the bolts follows a
4-digit code with the first number being the quadrant location in the reactor, then the associated baffle
plate number, the column location of the bolt associated with the particular baffle plate number, and
finally the former plate location where the bolt originated. While the exact elemental compositions of
the two retrieved BFBs were not available at the time of preparation of this report, Table 2.1 shows
compositions of three heats of type 347 SS used for the construction of the reactor in comparison with
the material specification. The compositions of all three heats met the type 347 SS specification. Table
2.2 provides information on the range of fluences and estimated displacement damage along the length
of the two bolts. The displacement damage values for the two bolts range from 15 to 41 displacements
per atom (dpa) assuming a fluence to dpa conversion value of 6.7x10?° n/cm?, E>1 MeV per dpa [2].
Other important information for the two retrieved bolts not available at the time of preparation of this
report includes the irradiation temperature profile and flux both of which require more complicated
modeling and calculation and they can vary within each power cycle and from cycle to cycle.
Nonetheless, calculations [3] from Point Beach Unit 2, which is another Westinghouse two-loop type
PWR, showed that the irradiation temperature and flux for a BFB from a region next to the bolt 4416
studied in this work varied in the range of 323-344°C and 7.5x10'%-1.8x10'* n/cm?-sec (E>1 MeV)
along the length of the bolt, respectively. It is worth noting that Point beach Unit 2 was originally a
Westinghouse downflow two-loop PWR, but was converted to upflow in Nov 1986 [3].

Figure 2.1 Images of bolt heads for bolt #4412 in (a) and bolt #4416 in (b) [4]



Table 2.1 Compositions of three heats of type 347 SS used for the construction of the reactor in
comparison with material specification (wt%)

Element Heat A Heat B Heat C UNS S34700 spec.
Fe Bal. Bal. Bal. Bal.
Ni 10.46  10.68 9.80 9.00-13.00
Cr 18.10 17.95 18.64 17.00-19.00
Mn 1.63 1.34 1.83 2.00 max
Nb 0.96 0.70 0.81 10 x C min, 1.00 max
Si 0.75 0.55 0.75 1.00 max
C 0.05 0.06 0.07 0.08 max
P 0.03 0.03  0.023 0.045 max
S 0.026 0.02 0.018 0.03 max

Table 2.2 Fluence and displacement damage distributions for two retrieved BFBs

Fluence (10* n/cm?, E>1 MeV)/Estimated dpa

Bolt #

Head Mid-shank Mid-thread
4412 2.78/41 2.27/34 1.46/22
4416 1.91/29 1.56/23 1.00/15

The specimen machining plan and the schematic for specimen ID are shown in Figure 2.2 and
Figure 2.3, respectively. For each BFB, four bend bar specimens and seven thin slice specimens have
been machined. The bend bar specimens are planned for future fracture toughness and fatigue crack
growth rate studies, whereas the thin slice specimens are planned for subscale tensile and
microstructural analyses. Specimens were machined from different fluence regions of each bolt,
allowing for studies of the effect of fluence on the microstructural and mechanical properties of BFBs.
Three thin slice specimens were machined from the high-stress concentration region, i.e. the transition
between the bolt head and shank, of each bolt to allow for further investigation of possible crack
initiation sites. The IDs of specimens characterized in this study are summarized in Table 2.3
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‘ 0.750£0.005 0.75040.005 0.02+0.005
> > ‘—TE’T (0.5 mm thick)
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0.25 x0.75 x 0.04 (~1.0 mm) thick slice

0.125 x 0.25 x 0.75 £0.005 inch bars

Dimensions in inches, unless otherwise shown.

Figure 2.2 Machining diagram for the BFBs showing the color-coded sample types (red: 0.5 mm slices,
black: 1.0 mm slices, light orange: bend bars, and light blue: remaining collar materials) [5]
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Key:

-—-: bolt number, €S: collar slice, CA & CB: remaining collar materials, MS: middle slice, BS:
bottom slice, MTS: middle thick slice, BTS: bottom thick slice, TBA & TBB: top bend bar, BBA &
BBB: bottom bend bar

Figure 2.3 Schematic for sample IDs from machined BFBs [5]

Table 2.3 IDs of specimens characterized in this study

Type of characterization .BOlt 4412 . .BOlt 4416 .

Head Mid-shank Mid-thread Head Mid-shank Mid-thread
TEM* - - - CSl1 MS BS
STEM/EDS** - - - CSl1 MS BS
Microhardness CS2 TBA BBA CS2 TBA BBA

*TEM: Transmission electron microscopy
**STEM/EDS: Scanning transmission electron microscopy/ Energy-dispersive X-ray spectroscopy

2.2 METHODS

Transmission electron microscopy (TEM) characterizations were performed on the thin slice
specimens prepared by focused-ion-beam (FIB). In detail, after mechanically polished to mirror-surface
conditions, thin slice specimens were loaded into an FEI Versa3D FIB/scanning-electron-microscope
(SEM) DualBeam™ system, where lamella-type samples were lifted-out from the specimens for TEM
characterizations. The TEM sample preparation followed the procedures of initial trenching, cutting,
and thinning to 200 nm with 30 keV Ga ion beam, rough polishing to 100 nm with ion beam energy
gradually reduced from 16 keV to 8 and 5 keV, and fine polishing with 2 keV ion beam to remove most
FIB-induced damage. Immediately before loading into the TEM, samples were always cleaned with a
Fischione 1020 Plasma Cleaner for 3 to 5 mins.

Conventional TEM characterization of radiation-induced dislocation loops and cavities were
conducted using a JOEL 2100F field-emission-gun TEM operated at 200 keV. Dislocation loops were
imaged using the rel-rod dark-field (DF) technique [6]. Cavities were identified by comparing
underfocused and overfocused images from the same area. This method provides high fidelity for
quantification of cavity size and distributions.

Scanning transmission electron microscopy (STEM)/Energy-dispersive X-ray spectroscopy
(EDS)-based mapping was performed using a Thermo (formerly FEI) Talos F200X



scanning/transmission electron microscope equipped with the SuperX 4-sector X-ray energy dispersive
spectrometer. Beam conditions were ~1-2 nA and 200 keV. X-ray spectrum images were acquired and
then maps of the relevant X-rays lines were extracted via post-processing [7].

Microhardness testing was performed using a Mitutoyo HV 120 hardness tester in the hot cell
environment. The test procedures were based on the ASTM E384 standard [8] using 0.5-1kgf load and
15 sec dwell time. To evaluate the fluence and other potential effects, such as the variation of irradiation
temperature, stress, etc. on materials irradiation hardening behavior, hardness measurements were
performed across the entire surface area of each specimen. The detailed hardness measurement patterns
are summarized in Figure 2.4.

Figure 2.4 Hardness measurement patterns for 4412 CS2 and 4416 CS2 in (a) and 4412 TBA, 4412
BBA, 4416 TBA, and 4416 BBA in (b). At least three measurements were made at each marked location

[4]



3. RESULTS
3.1 TEM CHARACTERIZATION

TEM characterization revealed dislocation loops in 4416 CS1, MS, and BS samples. Figure 3.1
presents the images and statistics of dislocation loops in the three samples. Similar size distributions of
the loops were observed for CS1 and MS samples. The loops grew larger in the BS sample, as
demonstrated by the higher frequency of loops with a diameter larger than 24 nm shown in Figure
3.1(f). By analyzing more than 80 loops per sample, obtained from different areas, the average sizes
and densities of loops were calculated and listed in Table 3.1. The sample thicknesses were measured
using the electron energy loss spectroscopy (EELS) technique. In Table 3.1, the uncertainties in the
size data are the standard deviation; the uncertainties in the density data are the standard deviation
accounting both the variances in measured densities and thickness. The changes in loop density along
the bolt length profile were insignificant compared with experimental errors. Lastly, no NbC was
observed in the TEM characterization which may be due to the small size of FIB-prepared samples.

ol (@ (A

I~

330

< 20 ‘

[

i .. ... SRR

16 24 32 40 0 16 24 32 40 16 24 32 40

Loop Size (nm) Loop Size (nm) Loop Size (nm)

Figure 3.1 DF images of dislocation loops and their size distributions for 4416 CS1, MS, and BS
samples presented in (a-b), (c-d), and (e-f), respectively

Table 3.1 Statistics of dislocation loops observed in TEM characterization of bolt 4416

Sample Size (nm) Density (10*/m?)

CS1 11£5 3+1
MS 12+6 4+£2
BS 16 £8 5+1

Besides dislocation loops, TEM characterization also revealed cavities in 4416 CS1, MS and
BS specimens. Figure 3.2 shows cavities imaged at a focus of -400 nm and Table 3.2 summarizes the
statistical results of cavities. From the bolt head towards the thread end, the average cavity size
increased with a decrease in cavity density. Most cavities observed in the 4416 CS1 sample had sub-



nanometer sizes, which led to a very low swelling level, as shown in Table 3.2. On the other hand,
cavities with diameters larger than 5 nm were observed in both 4416 MS and BS samples, with the
latter showing a higher frequency of larger cavities. The overall swelling levels for MS and BS samples
were similar and larger than that of the CS1 sample.

2=

Figure 3.2 Cavities observed at an underfocused condition for the 4416 CS1 (a), MS (b), and BS (c)
samples. Some of the cavities are marked with black arrows

Table 3.2 Statistics of cavities observed in TEM and the calculated swelling levels of bolt 4416
Sample Size (nm) Density (10**/m®)  Swelling (%)

CS1 0.9+£0.9 45+1.5 0.003+0.002
MS 1.4+£1.0 3.1+0.5 0.02 +£0.01
BS 1.8+1.3 1.8+0.5 0.02 £0.01

3.2 STEM/EDS CHARACTERIZATION

STEM/EDS-based composition maps were acquired for 4416 CS1, MS, and BS samples. As
shown in Figure 3.3 to Figure 3.5, grain boundary (GB) segregation was observed in 4416 CS1 and
MS, but not in 4416 BS, whereas fine precipitation was observed in all three samples. Intragranular
precipitates with considerable densities showed enrichment in Ni and Si. For 4416 CS1 and MS
samples, Fe, Cr, Mn, and S were observed to be depleted from GBs, while Ni and Si were observed to
be enriched on GBs. The segregation of P in the CS1 sample showed a dependence on GB characters.
For example, the vertical GB in Figure 3.3 did not show P segregation, whereas P segregated on the
vertical GB but not the horizontal GB in Figure 3.6. For the MS sample (Figure 3.4), P segregation was
observed in all studied GBs. No NbC was observed in STEM/EDS maps which may be due to the small
size of FIB-prepared samples.



Figure 3.4 STEM/EDS-based composition maps for the 4416 MS sample. Arrows point to a GB



70 nm

Figure 3.6 Segregation of P on the vertical GB, but not the horizontal GB of the 4416 CS1 sample

3.3 MICROHARDNESS

Microhardness results are combined with measurement coordinates to evaluate the spatial
variation of hardness across the specimen surface. The results are shown in Figure 3.7 and Figure 3.8
for the bolt head thin slice and bolt shank and thread section bend bar specimens, respectively. Despite
the spatial variation of hardness measurements for each specimen, no specific variation pattern was
observed. Comparing hardness statistics results (Figure 3.9) reveals that for bolt 4412, hardness
increased from the bolt head (high fluence region) towards the end of the thread section (low fluence
region) whereas for bolt 4416, hardness variation was relatively small across the length of the bolt.
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Figure 3.7 Microhardness maps for 4412 CS2 in (a) and 4416 CS2 in (b)
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4412 TBA
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4416 TBA
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Figure 3.8 Microhardness maps for 4412 TBA in (a), 4412 BBA in (b), 4416 TBA in (c), and 4416
BBA in (d)
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4. DISCUSSION

Frank loops rather than network dislocations were observed in 4416 CS1, MS, and BS samples.
This agrees with changes in the microstructure of austenitic SS irradiated between 300 and 400°C as
reported by Chopra [2] and Maziasz [9]. The size of dislocation loops is also within but close to the
high end of 4-20 nm range in the work of Bruemmer et al. [10] for austenitic SS neutron-irradiated at
temperatures higher than 300°C. The observed number density of dislocation loops is lower than the
reported value for types 304 and 316 SS irradiated in a boiling water reactor (BWR) at 275-300°C
[11]. In general, an increase in irradiation temperature would increase the loop size while reducing
their densities [12]. This confirms the irradiation temperature for bolt 4416 should be higher than
300°C. In addition, the change of irradiation temperature during different reactor cycles can lead to
microstructural changes not accounted for by simply considering a constant temperature [13]. Gamma
heating can also influence the variations in the temperature across the length of the bolt and over the
long service exposure time, this can create variations in microstructural features at the nano- to micro-
scale. However, data are still sporadic from samples examined from commercial reactors as well as
from research reactors. The variations occurring in the bolts that have been seen in this work and in
previous studies can be difficult to compare to each other due to uncertainty in temperatures/irradiation
conditions from both research and commercial reactor test data as well as error associated with data
taking. Lastly, the development of dislocation loops during irradiation can also be influenced by the
material initial microstructure and reactor operating conditions. For example, the cold work could
delay the growth of Frank loops [9] and the stress during service could increase the mean loop size as
well as their density under neutron irradiation [14].

Another distinctive microstructural feature after irradiation was cavity formation in 4416 CS1,
MS, and BS samples as shown in Figure 3.2. The observed cavities were larger in MS and BS samples
compared with the higher-dose CS1 sample, which was similar to the cavitation behavior of a cold
worked type 316 SS BFB extracted from the Tihange PWR [13]. In that study, the bolt shank positions
have higher irradiation temperatures in the range of 333-343°C than the irradiation temperature of the
bolt head at 320°C [13]. The evolution of cavities is believed to be governed by the interactions
between vacancies and gas contents of helium and hydrogen [13,15]. The coincidence in the growths
of dislocation loops and cavities in the BS sample is consistent with vacancy emission from loops as
an active loop growth mechanism [9], which led to a higher vacancy density in the matrix resulting in
cavity growth [13]. This is also consistent with previous observations in neutron-irradiated stainless
steels that the observed dislocation loops were interstitial loops [9]. Despite the cavities, swelling in
4416 CS1, MS, and BS samples was insignificant with maximum swelling of less than 0.02%. The
result is in line with a compilation of swelling measurements for PWR core internal components
subjected up to 80 dpa dose [2].

Radiation-induced segregation (RIS) was observed in GBs of 4416 CS1 and MS samples as
shown in Figure 3.3 and Figure 3.4. The segregated elements, such as Ni and Si, and depleted elements,
such as Fe, Cr, Mn, on GBs agrees with previously reported work [2]. However, RIS in GBs of the
4416 BS sample was not observed likely due to the small size of the FIB-prepared specimen. More
investigation is needed to evaluate the RIS behavior in GBs of the 4416 BS sample. In addition, RIS
of Ni and Si to sinks led to the formation of Ni-Si clusters in the matrix of 4416 CS1, MS, and BS
samples. The possible phases for Ni-Si clusters are y’ (Ni3Si) and G phase (MgNi;6Si7), which needs
to be confirmed by future study. In contrast to a common belief that minor elements, such as S, should
segregate to the boundary, depletion of S was observed on GBs for 4416 CS1 and MS samples in this
study. Additional work is needed to understand the mechanism for S depletion on GBs. Further, P has
the tendency to thermally segregate to GBs prior to irradiation. The segregation of P can be enhanced
by irradiation [16-17]. However, measurements of grain boundary P segregation in neutron-irradiated
SS have not yielded consistent results [2]. Indeed, in this study, P segregation on GBs was observed
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in the 4416 MS sample but only in one GB for the 4416 CS1 sample through the STEM/EDS survey
of at least two GBs for each sample. Given the different irradiation conditions between the two samples,
including but not limited to temperature, dose, gas content, stress [13, 15], and possible differences in
the character of observed GBs, it is hard to determine the governing factor for P segregation via the
current study. Future work to elucidate this topic will include quantification of segregation at more
GBs and characterization of GB misorientation angles.

Radiation doses for 4416 CS1, MS, and BS samples have exceeded the typical saturation dose
(~5 dpa) for dislocation loops and RIS [2]. The fact that MS and BS samples exhibited more developed
radiation-induced microstructural features, such as larger dislocation loops, cavities, and coarser
precipitates than the CS1 sample indicated that the MS and BS samples experienced higher irradiation
temperatures.

Lastly, materials irradiation hardening behavior was evaluated by microhardness
measurements. Despite the extensive characterization efforts, there was no clear effect of neutron
fluence on hardness values. The spatial variation of the hardness of each specimen also did not indicate
any clear trend. Based on Ref. [2], the yield strength of the 300-series SSs irradiated at approximately
300°C appears to saturate at a neutron dose of 5 dpa. BFBs studied in this work all exceeded that dose
limit and hence the effect of neutron fluence on hardness values may be limited and many other factors,
such as irradiation temperature, materials initial properties, in-service conditions, etc. may affect the
materials irradiation hardening behavior.
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5. CONCLUSIONS

Electron microscopy and microhardness characterization were performed on two high fluence
type 347 stainless steels (SS) baffle former bolts (BFBs) retrieved from a commercial Westinghouse
two-loop downflow type PWR. The radiation-induced defects in the material of this study are not
considerably different from neutron-induced defects in 304/316 grades of SS. Results from this study
fill the current knowledge gap in radiation-induced microstructure and mechanical property changes
for type 347 austenitic SS after high fluence commercial PWR irradiation. Main findings of this study
are:

1. Dislocation loops with average sizes in the range of 11-16 nm and number densities in the
range of 3-5x10?*/m’ were observed from the retrieved BFB 4416.
2. From bolt head to the end of the thread section, cavity size increased whereas the cavity

number density decreased. The swelling of the BFB 4416 was insignificant with maximum swelling
of less than 0.02%.

3. Radiation-induced segregation (RIS) for BFB 4416 resulted in enrichment of Ni, Si, and P on
grain boundaries but depletion of Fe, Cr, Mn, and S. In addition, Ni-Si clusters were observed in the
matrix.

4. Radiation-induced microstructural features for BFB 4416 were more developed from the
middle shank to the end of the thread section, e.g. larger dislocation loops, cavities, and coarser
precipitates, indicating higher irradiation temperatures in those regions than in the bolt head.

5. Microhardness measurements did not show a clear effect of neutron fluence on hardness
values or any specific spatial irradiation hardening pattern for BFBs 4412 and 4416.
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