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Abstract: The US code of Federal Regulations mandates regular inspection of centrifugally cast
austenitic stainless steel pipe, commonly used in primary cooling loops in light-water nuclear power
plants. These pipes typically have a wall thickness of ~8 cm. Unfortunately, inspection using
conventional ultrasonic techniques is not reliable as the microstructure strongly attenuates ultrasonic
waves. Work is ongoing to simulate the behavior of acoustic waves in this microstructure and
ultimately develop an acoustic inspection method for reactor inspections. In order to account for
elastic anisotropy in the material, the texture in the steel was measured as a function of radial distance
though the pipe wall. Experiments were conducted on two 10 x 12.7 x 80 mm radial sections of
a cast pipe using neutron diffraction scans of 2 mm slices using the HIPPO time-of-flight neutron
diffractometer at the Los Alamos Neutron Science Center (LANSCE, Los Alamos, NM, USA). Strong
textures dominated by a small number of austenite grains with their (100) direction aligned in the
radial direction of the pipe were observed. ODF analysis indicated that up to 70% of the probed
volume was occupied by just three single-grain orientations, consistent with grain sizes of almost
1 ecm. Texture and phase fraction of both ferrite and austenite phases were measured along the length
of the samples. These results will inform the development of a more robust diagnostic tool for regular
inspection of this material.

Keywords: cast austenitic stainless steel; non-destructive evaluation; texture

1. Introduction

Centrifugally cast austenitic stainless steels (CASS) have historically been used in
primary cooling loop piping and components (e.g., pump housings) in light-water reactor
nuclear power plants. CASS piping and components are very difficult to inspect using
traditional non-destructive evaluation techniques, such as conventional ultrasonic testing
methods, due to their microstructure [1]. The pipes are heavy gage (up to ~100 mm
wall thickness) and welded end to end, to elbows, valves and pumps as appropriate. The
centrifugal and static casting methods cause directional solidification; as the metal solidifies,
it does so outward from the mold surface, which is below the liquidus temperature, into
the melt, with grains growing preferentially in low-energy crystallographic directions.
This results in a highly oriented (textured), coarse-grained and often inhomogeneous
microstructure [2]. This presents a problem for conventional UT inspection methods since
CASS grains have anisotropic elastic moduli, hence anisotropic ultrasonic velocity, which
results in attenuation and a low signal to noise ratio [3]. In conventional austenitic stainless
steel components with randomly oriented, fine-grained microstructures, the materials are

Quantum Beam Sci. 2021, 5, 12. https://doi.org/10.3390/qubs5020012

https:/ /www.mdpi.com/journal /qubs


https://www.mdpi.com/journal/qubs
https://www.mdpi.com
https://orcid.org/0000-0002-8207-573X
https://orcid.org/0000-0001-9973-2030
https://orcid.org/0000-0002-3121-6053
https://orcid.org/0000-0003-2049-0361
https://doi.org/10.3390/qubs5020012
https://doi.org/10.3390/qubs5020012
https://doi.org/10.3390/qubs5020012
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/qubs5020012
https://www.mdpi.com/journal/qubs
https://www.mdpi.com/article/10.3390/qubs5020012?type=check_update&version=2

Quantum Beam Sci. 2021, 5, 12

20f 15

effectively elastically isotropic due to averaging of the ultrasonic wave velocity over a large
number of randomly oriented small grains and, as a result, are relatively easy to inspect
using ultrasonic testing. In CASS, the microstructure is inhospitable to ultrasonic waves
and the macroscale elastic anisotropy produces a large magnitude of ultrasonic attenuation
and scattering, effectively reducing the signal to noise ratio for conventional ultrasonic
inspections [3]. As such, the nuclear industry has had a technology gap in the inspection of
CASS piping and components for the last 30+ years. Alternative approaches to inspection of
CASS, including methods to characterize microstructural changes associated with reduced
resistance to stress corrosion cracking and thermal embrittlement, are being pursued.

Title 10 of the US Code of Federal Regulations mandates that primary loop piping
and components be inspected at regular intervals. Nuclear plant operators are directed
to use techniques listed in American Society of Mechanical Engineers (ASME, New York,
NY, USA) Boiler and Pressure Vessel Code Section XI Appendix III [4]. Examiners have
often noted that the current Appendix III techniques may not be well suited for detecting
flaws in highly attenuative material such as CASS [1]. Despite the impeccable service
history of CASS components, this gap in inspection requirements has been a concern to
regulators and licensees throughout the world. Due to their microstructure, which strongly
attenuates ultrasonic waves, a suitable and reliable inspection method does not currently
exist and utilities have to petition for Relief Requests from the US Nuclear Regulatory
Commission to continue operating. Extensive work is necessary to improve the reliability of
CASS non-destructive evaluation techniques or to develop alternative inspection methods.
Knowing the crystallographic texture of the castings a priori may allow development of
ultrasonic inspection methods to account for the elastic anisotropy and get a usable signal
through the bulk of components to cracks in primary loop piping and components by
tailoring ultrasonic signals to behave in a predictable way in the material. However, due
to the considerable wall thickness of the steel components, spatially resolved data on the
microstructure (texture, phase fractions), including gradients along the wall thickness
(solidification direction), are sparse.

Neutron diffraction was chosen in this study as the characterization technique to ana-
lyze our CASS steels samples due to the large penetration depth of neutron in comparison
to electron and X-ray diffraction techniques. The large penetration depth and relatively
large beam diameter allow for large sample volumes (up to several cm?) to be studied that
are more representative of bulk sample properties in comparison to x-ray diffraction and
electron backscatter x-ray diffraction, which are primary surface techniques [5]. Neutron
diffraction is uniquely well suited for large-grained materials as it allows for a statistically
significant number of grains to be probed. Neutron diffraction has often been used for
the study of steels in the literature [6-8]. Material properties including preferred crystal-
lographic orientation (texture), phase fraction and lattice parameter can all be derived
from neutron diffraction data through the use of Rietveld refinement. This process fits
a theoretical line profile to the experimental data using a least squares approach until it
agrees with the data profile. A detailed description of Rietveld texture analysis can be
found elsewhere in the literature [9-11].

In this work, time-of-flight neutron diffraction was used to characterize the crystallo-
graphic texture in a section of CASS pipe removed from service on the High-Pressure / Preferred
Orientation (HIPPO) neutron diffractometer [5] at the Manuel J. Lujan Neutron Scattering
Center at the Los Alamos National Laboratory. The results of the diffraction experiments can
be used as inputs for simulations of microstructural features and ultrasonic wave propaga-
tion in CASS components with similar microstructure to the specimen characterized using
the HIPPO diffractometer. Due to the variability of CASS microstructures from component
to component, it is anticipated that further texture characterizations will be carried out in
the future to provide a knowledge base that facilitates qualification of a non-destructive
inspection method.
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2. Materials and Methods

Two 10 x 12.7 x 80 mm centrifugally cast austenitic stainless steel samples were cut
from a centrifugally cast, uncontaminated plant vintage CF3 grade pipe [12-14]. Austenitic
stainless steel pipe sections with an 8 cm wall thickness were provided by the Electric
Power Research Institute (EPRI, Washington, DC, USA). The composition of the steel was
(Fe-Bal) Cra0.69 Nig 57 Mng g9 Mog .14 Si1.10 Cug.1 Cop.03 Vo.04 Po.023 Co20ppm S30ppm O53ppm
N572pppm-

Metallography was performed, using an optical microscopy to visualize the grain
structure of both steel samples. The surface of each sample was prepared via grinding,
polishing and etching. Samples were etched with a solution of 90 mL H,O (distilled)
with 10 g of oxalic acid followed by 10 min of electrochemical etching at 6 V. The sample
surfaces were imaged using a Zeiss Axio Imager.M2m at multiple magnification. High-
magnification images were stitched together using Axio Vision SE64 software to image the
entire face of each steel sample.

The two steel samples were glued on a standard HIPPO sample holder consisting
of aluminum alloy rods with a flat surface and wrapped in a cadmium sheet to avoid
diffraction signals from the holder. The samples were loaded in the automated sam-
ple changer [15] on the High-Pressure/Preferred Orientation (HIPPO) neutron time-of-
flight diffractometer [5,16] at the Manuel J. Lujan Neutron Scattering Center at the Los
Alamos Neutron Science Center (LANSCE). At LANSCE, 270 ns wide (base-to-base) proton
pulses of 800 MeV protons generate spallation neutrons that are subsequently thermal-
ized [17]. The HIPPO diffractometer is a time-of-flight (TOF) diffractometer utilizing a
high flux/medium-resolution moderator, resulting in a flux of 2 x 10" n/s/cm? on sample
at 100 pA proton current [18]. The 1200 3He half-inch detector tubes are arranged on
45 detector panels on five rings arranged at multiple 2-theta angles, resulting a coverage
of ~22.4% of 4  around the sample [19]. The 10 mm diameter beam spot was collimated
with a ~2 mm Cd slit, thus interrogating the sample in slices of ~2 mm, similar to studies
by Takajo et al. [6] and Savage et al. [20]. The robot was programed such that diffraction
measurements were taken at 5 mm increments along the entire length of each sample.
At each increment, diffraction data were collected at three different axial rotations of the
samples (0°, 67.5°, and 90°) with respect to the initial orientation of the sample. These
three rotations result in a coverage of the HIPPO detector panels of 51.7% of 4 7. Several
studies comparing ND results with other techniques, such as EBSD and XRD, show that
this coverage is sufficient to determine the ODF [21,22]. More recently, several studies have
determined ODFs from single-angle experiments making data collection at three angles a
conservative approach [23,24]. The count time for each sample orientation was equivalent
to 10 min of count time at a proton current of 100 pA, thus compensating for proton current
fluctuations in the linear accelerator. A d-spacing range from 0.5 to 0.25 A was used for
the analysis, resulting in ~15 diffraction peaks analyzed per slice. A total of 20 slices or
datasets were collected for each sample.

Rietveld refinement of the steel dataset was completed using Materials Analysis Using
Diffraction (MAUD) using procedures described in detail elsewhere [25,26]. However, since
a total of 40 datasets needed to be analyzed, the analysis was automated using the MAUD
Interface Language Kit (MILK) currently under development at LANL. The toolkit consists
of several scripts that enable the user to script a step-by-step custom refinement procedure
that can be applied to all datasets and produces text files with results (e.g., Rwp values and
weight fractions), texture data for further processing, as well as graphical representations
of the fit agreement with the diffraction data. This automation toolkit is ideal for use with
large datasets that require the same refinement strategy be applied to many diffraction
patterns. In addition, it is more versatile than the “Maud batch” automation that is built
into MAUD [27] in that all refinement parameters can be varied individually, and in any
order the user desires: whereas in the graphical user interface the user is confined to the
Refinement Wizard strategies in the batch method built into MAUD. A template file was
first created adding in .cif files for «-Fe and y-Fe phases from the structure database that
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comes with MAUD. The Bjs, parameters describe the atomic displacement due to thermal
motion of the atoms, and affect the diffraction peak intensities. As a result, B;s, parameters
for each phase were initially fixed to the values for each phase reported in Peng et al.
for 300 K; 0.3328 and 0.571 for «-Fe and y-Fe, respectively [28]. The refinement strategy
used for the steel samples is as follows in accordance with standard Rietveld refinement
procedures [9]:

1.  Three background parameters and one scale parameter were fit for each histogram.

2. The phase fraction of alpha was fixed at 10 at% as an initial guess and E-WIMV
representation of the orientation distribution function (ODF) was applied with a
resolution of 3.75. The instrument parameters describing the conversion from time-of-
flight to d-spacing, so-called DIFC, [29] were also refined during this step. To break
the corrleation between the DIFCs and lattice parameters, the DIFC of select high-
angle histograms were fixed. This processes identifies peak positions and essentially
recalibrates the sample position for each slice to compensate for slight misalignment
of the sample while simultaneously producing high-quality lattice parameters.

3. Scale factors were fixed in the third step and an arbitrary texture model (LeBail fit) was
utilized while refining the background, lattice parameters, microstrain and crystallite
size parameters.

4. In the final refinement, histogram scale factors, background parameters, and phase
fractions were varied and the E-WIMYV texture model was again introduced at a
resolution of 3.75. Isotropic atomic displacement parameters (Bis,) for o and y phases
were also refined at this time.

The pole figure data refined by MAUD were exported in the XPC data format and
processed by MTEX [30,31]. MTEX is a software package written in MATLAB [32] that
allows texture analysis. The ODF for each dataset was calculated from the imported pole
figure data from which reconstructed pole figures and texture component information are
plotted in Section 3.

3. Results
3.1. Metallography

High-magnification optical microscope images of the entire face of each steel sample
were stitched together into a composite image of the sample, as shown in Figure 1. Contrast
was enhanced through typical steel etching and polishing procedures. The dendritic ferrite
(dark phase) and austenite (light phase) are seen throughout the entire sample. Image] [33]
was used to estimate the phase fraction of ferrite from the optical micrographs to check
consistency with the diffraction measurements. The area fraction of the two phases was
calculated using standard segmentation and thresholding techniques [34] and using the
“analyze particles” function within Image]. The pixel count of the selected ferrite grains
was divided by the pixel count of the entire image to calculate the area fraction. A full
microstructural analysis is beyond the scope of this research, but the ferrite percentage
calculated from the images was 16.1% =+ 4.8%. This is in agreement within the phase
fraction data derived from neutron diffraction data, probing the entire sample volume,
where ferrite composition was shown to be between 5 and 13 (4% and 10% Sample 2)
percent in both samples.
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Direction

Figure 1. High magnification of CASS steel Sample 1 along the entire length of the sample. Dendritic ferrite in an austenite
matrix appears throughout the sample. The square patterns in the photograph are an artefact of the stitching process.
Segments are displayed in higher magnification below with the original area highlighted.

3.2. Texture Analysis

Diffraction data collected from the HIPPO diffractometer were analyzed using the
MAUD software for Rietveld refinement. The quality of the refinement was determined
by overall quality of fit indicators such as Rwp values as well as graphically by how well
the fit agreed with integrated data and observed intensity variations for different detectors
were captured in 2D plots of the refinement [35]. Representative plots of diffraction spectra
fits and 2D intensity plots are shown in Figures 2 and 3. Specifically, Figure 2 shows that
the experimental peak intensities, peak widths and peak positions are well described by
our Rietveld analysis model. Figure 3 shows that the relative intensity variations due to
the texture of the sample observed experimentally (bottom of Figure 3 labeled “data”) are
also well captured by our analysis model (top of Figure 3 labeled “fit”). Such graphical
comparisons of experimental data and fit enable judging the quality of the data analysis
and the good agreement shown in the figures lends credibility to the reliable determination
of the microstructural parameters that are part of the analysis model. Following refinement
of raw data pole figures and ODF, analysis was performed using the MTEX toolbox
in MATLAB.

=
pY

Intensity [Count]=,
o) =
o o
I

10 15
d [Angstrom]
Iron-gamma e e 11 | |
Iron - alpha Irrrrer | | | |

Figure 2. Example diffraction pattern (black) for one measurement taken on CASS steel and the
corresponding Rietveld refinement fit (red) with the difference curve below and calculated peak
positions for both phases shown as tick marks.
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Figure 3. Example of a two-dimensional contour plot from the 40° detector bank for the first rotation
on HIPPO showing clear indication of texture as variation in the intensity of neutrons collected by
different detector panels. The Rietveld refinement fit (top) shows good agreement with experimental
data (bottom).

During refinement, substantial mismatch between some y-phase peaks and the ex-
pected peak position was observed as seen in Figure 4. As only some peak positions
were misplaced, and because this mismatch was observed in the spectra of individual
detectors, this observation would normally signify significant anisotropic lattice strains in
the material. However, apparent strains of this sort are known to also occur when sam-
ple displacements are greater than 0.1 mm [36]. The large beam diameter used in HIPPO
(~10 mm) certainly allows for this sort of error to occur for mm-sized highly oriented grains
located on opposite sides of the sampling volume as different hkl reflections detected in a
detector originate from different grains with their center of volume, or effective diffraction
volume, separated by several millimeters. In the example data shown in Figure 4, the y-Fe
peak that is expected to occur at 1.797 A is shifted to 1.802 A. It is important to note that
the pattern shown in Figure 4 represents the data from a single detector and that most of
the calculated y-Fe peaks line up well with the data. The peak shift is equivalent to an
apparent strain of 0.28% strain using equation 1 [36]. The values for Iy and 1; on HIPPO are
8.85 m and 0.854 m, respectively. Assuming that the separation of the two grains can be
approximated as a sample displacement, following the equation 1 the separation between
the two grains in this extreme case is ~27 mm. While this estimated value is larger than
the sample diagonal (16 mm), the agreement allows to conclude that this effect is indeed
the explanation for the observed peak shifts. Potentially, thermal residual stresses may
also contribute to the observed peak shifts, but such detailed analysis is beyond the scope
of this paper. However, the evidence of grain sizes of several mm indicates that other
texture measurement techniques such as EBSD and XRD are not suitable for this material,
underlining the value of the unique results obtained in this neutron diffraction study.

(d—do) ADIFC _ [A(g+1)

€= 4 T~ DIFC = |+ TAfcotd )
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Figure 4. Spectra from the 90 degree detector on HIPPO. Good agreement with the fit and most y peaks is observed.
However, a large peak shift is observed for the y (200) peak at ~1.8 A, while the position of the (111) peak at ~2.08 A is

well matched.

Since this effect affects the accurate determination of lattice and peak width parameters,
we omit reporting the lattice parameters and parameters derived from the peak width.

The (100) pole figures for the austenite phase for all measurements on Sample 1 and
Sample 2 are shown in Figures 5 and 6, respectively. Strong textures consistent with few
large grains, with their (100) poles aligning in or near the center of the pole figure (sample
radial direction), dominate the (100) pole figures. The resulting textures appear to be
composed of relatively few texture components, resulting in the observed very strong
textures. The ferrite phase pole figures from all measurements on Sample 1 and Sample 2
are shown in Figures 7 and 8, respectively. The ferrite phase is also highly textured, with the
(100) poles aligning in the radial direction of the sample and also resulting in large textures.
This implies that the collections of dendrites that appear in the metallography images in
Figure 1 share the same crystallographic orientation. The ferrite phase is significantly less
prevalent than the austenite phase, as shown in Figure 9a, composing approximately 5 to
13% by volume.

Analysis of the ODF texture components was performed in MTEX. The volume
fraction of the three most intense texture components is plotted for all measurements
performed on both samples in Figure 9b. This graph shows that the three most intense
texture components account for 25 vol.% to 75 vol.% in each probed slice of the material.
Since each slice has a volume of 10 x 12.7 x 2 mm = 254 mm?, this indicates millimeter-
sized grains or regions of homogenous texture. As is evident in the pole figures, several
grain orientations are almost identical for probed slices 5 mm or in some cases even 10 mm
apart, indicating that the grains along the axis are essentially the same. This would indicate
a columnar grain structure along the radial axis. No clear trend is observed in the volume
fraction of the three most intense texture components over the length of both samples. The
number of texture components composing greater than 10% of the measured volume is
plotted against measurement position in Figure 9c. This graph shows that the number of
major components in both samples varies from one to four. The volume fraction of the
largest y-Fe texture component is shown in Figure 9d. The largest component accounts for
10% to 53% of the observed texture in our measurements. The largest texture component
(53% of the probed volume) observed was at 65 mm in Sample 1. The associated (100) pole
figure with this point also has the strongest texture of 41 MRD. This is an indication that the
resulting textures originate from a small number of single crystals with crystal orientations
aligning the (100) axis close to the radial direction of the material.
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Sample 1 (100) y-Fe Pole Figures

(100) (100)
Y Y 25 mm Max:

13

0 mm

Max: Max:

Figure 5. Variation in y-Fe (100) pole figures over the length of Sample 1.
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Sample 2 (100) y-Fe Pole Figures

100) (100)

0 mm

Figure 6. Variation in y-Fe (100) pole figures over the length of Sample 2.
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Sample 1 (100) a-Fe Pole Figures

(100) (100)
Y, Y,

Max: - 25 mMm Max:
6.2 1

Figure 7. Variation in «-Fe (100) pole figures over the length of Sample 1.
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Sample 2 {100) a-Fe Pole Figures
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Y Y

0Omm

Figure 8. Variation in «-Fe (100) pole figures over the length of Sample 2.
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Figure 9. Texture analysis by measurement depth showing (a) the volume phase fraction of «-Fe in
both samples, (b) the volume fraction of the three most intense largest y-phase texture components
in both samples, (c) the number of y-phase major texture components composing greater than 10%
volume, and (d) the largest y-phase component volume fraction for both samples.

4. Discussion

The dendritic nature of the ferrite in both steel samples revealed by metallography
is consistent with established literature. While most CASS steels commonly exhibit two
distinct regions, one with large columnar grains and another with a finer equiaxed struc-
ture, Ramuhalli et al. showed that at high magnification, both columnar and equiaxed
microstructures are composed of highly oriented primary dendrites that may appear as
single grains [3].

Analysis of neutron diffraction data revealed that, even though a fine dendritic mi-
crostructure is present, the material is highly oriented with (100) poles oriented in the radial



Quantum Beam Sci. 2021, 5, 12

13 of 15

direction of the sample. This is consistent with the study by Ramuhalli et al., using EBSD
to show that both columnar and equiaxed regions of the sample were highly textured [3].
They showed that, with respect to CASS pipe that the samples were taken from, (100)
poles were oriented approximately 38° from the radial direction for grains in the columnar
and equiaxed regions, respectively. Our results support this conclusion, as we observed
almost single-crystal behavior over much of the sample, indicating very strong austenite
textures throughout the entirety of the samples. We do not, however, observe a texture
offset of 38 degrees from the radial direction: as is evident in the (100) pole figures for the y
phase in Figures 5 and 6, the (100) poles in almost all cases are less than 10° misaligned
from the radial direction in the center of the pole figures. We also observed somewhat
weaker texture in measurements near the edge of the sample, likely due to more randomly
oriented grains in the “chill zone” of the austenitic pipe. Phase composition of the sample
varied slightly along the length of each sample. Results of this study, showing highly
oriented textures throughout the samples in CASS will help further the development of
non-destructive ultrasonic techniques for these materials. While a detailed discussion of
our results in the context of quality control methods, such as acoustic methods, is beyond
the scope of this paper, our dataset can be used to model, e.g., the acoustic response of the
material (see, e.g., Evans et al. and Wenk et al. for detailed descriptions of bulk neutron
texture results to predict and interpret material response in acoustic measurements) [37,38].

The presence of millimeter-sized grains, resulting in millimeter-sized regions of the
same texture, violates the powder diffraction assumption used in Rietveld refinement. As a
result, the fit produces parameters derived from peak positions, such as lattice parameters,
peak width, crystal size and microstrain; and to some extent, parameters derived from
peak intensities, such as phase fractions for ferrite and austenite, are affected by systematic
errors. In addition, diffraction from different grains from different locations within our
sampling volume leads to significant peak shifts within a single-detector measurement.
To correct for this would require 3D resolution of individual grains, as was performed by
Cereser et al. [39]. However, that is beyond the scope of this paper.

5. Conclusions

For the first time, bulk textures were obtained from two samples cut along the radial
direction from the walls of pipes of cast austenitic stainless steel historically used in the
primary cooling loops of nuclear power reactors. Strong textures with (100) poles aligned
along the radial direction of the pipe were observed. These textures were shown to be
dominated by several large grains on the length scale of several millimeters to ~1 cm. The
neutron diffraction results did not reveal any significant gradients along the radius of these
materials for the texture strength or phase fractions of ferrite and austenite. Metallography
of the samples revealed a fine dendritic structure of ferrite in an austenite matrix, consis-
tent with previous studies. The results of this study will help improve non-destructive
evaluation techniques such as ultrasonic testing of these materials in the field.
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