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ARTICLE INFO ABSTRACT

Keywords: Microstructural analyses and micro-pillar compression were conducted on 14YWT nanostructured ferritic alloy
ODS (NFA) to compare different processing pathways: hydrostatic extrusion and Pilger processing with varying
14m . annealing temperatures into thin walled tubing, and after hot extrusion and cross-rolling into a plate. Hydrostatic
s[’;fz_i;;;fles extrusion at 815 °C resulted in the smallest grain sizes and highest yield strength of 1.20 GPa. Pilger processing
with annealing at 800 °C had fine grained regions and bands of coarse grains, leading to a large variation in yield
strength of 0.9-1.40 GPa. Higher annealing temperatures of 1200 °C after pilger processing significantly
increased the grain size and lowered the yield strength to 1.01 GPa. These tubes showed a stronger (111)
crystallographic texture in the normal direction and elongated grains in the extrusion direction. Characterization
of the nano-oxides using TEM reveals more numerous, smaller oxides present in tubing processed at lower
temperatures. This work shows NFA tubing after hydrostatic extrusion and pilger processing can lead to fine
grained microstructures and texturing leading to higher yield strengths at lower annealing temperatures (e.g.

800 °QC).

1. Introduction

Ferritic/martensitic oxide dispersion strengthened (ODS) steels with
high chromium content (>9% Cr) for ferrite stabilization are considered
for structural materials in Generation IV liquid metal fast reactors
operating at elevated temperatures with increased irradiation damage
[1-5]. These steels display higher radiation tolerance to void swelling
than austenitic steels [4]. To further enhance their structural stability
and strength, adding high densities of nanometer sized precipitates is of
interest as they pin grain boundaries and dislocations and provide sinks
for radiation produced defects [1,2,4]. Development of ODS steels has
led to a variety of nanostructure ferritic alloys (NFAs), designed with a
high density of Y-Ti-O nano-oxides (NOs). NFAs generally have ~12-16
wt% Cr, ~1-3 wt% W, and small quantities (<1 wt%) of Ti, Y and O
[1,2,6,7]. The NOs remarkably act as vacancy and self-interstitial atom
defect recombination centers while also trapping the radiation
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transmutation product helium into small bubbles at interfaces [4].
NFAs are targeted for application as fuel cladding, with extensive
research being conducted to optimize the thermo-mechanical processing
pathways that yield seamless tubing [8]. Current issues with NFAs
include anisotropic textures resulting in variations in mechanical
properties after hot consolidation and extrusion. This stems from the
NOs and grains aligning in the deformation direction during recrystal-
lization and grain growth [9]. The Zener pinning force of the NOs in the
transverse direction creates the anisotropic textures and bi-modal or
multi-modal grain distributions [10-14]. These bi-modal grain sizes can
have some advantages as the larger grains enhance ductility and the
smaller grains enhance strength [15,16]. The grain sizes result from the
distribution of second phase particles. Also, one of the drawbacks is that
the bi-modal grain sizes can result in inhomogeneous NO distribution
within different sized grains. Previous studies on NFAs show the density
of NOs in smaller grains is generally higher than in larger grains [17].
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Fig. 1. Hot extruded at 850 °C and crossed rolled plate at 1000 °C (a) TEM image (b) EBSD generated IPF map (c) grain diameter distribution (d) Pole Figures in the
ND and ED (e) ODF represented as sections through Euler space at constant ¢2 values of 0° and 45°.

Overall, the variation in grain sizes has shown improved mechanical
properties, although the different textures in extruded plates and tubing
can significantly affect the yield strength and creep strength [1,4,18,19].

An additional issue that occurs during processing is the formation of
cracks within plates after extrusion and cross-rolling, leading to brittle
behavior. Hot extrusion of NFAs into cross-rolled plates show micro-
cracks and radial through wall cracks [20]. These properties present
challenges in the fabrication of NFAs with minimal defects. Processing
methods generally incorporate heat treatments to reduce brittleness and
soften the alloy. A current processing path of interest is hydrostatic
extrusion that has been shown to process low ductility materials into net
shape with less anisotropic properties. Aydogan et al. [21] investigated
the differences between two processing methods, where hydrostatic
extrusion with plane strain and shear deformation resulted in weaker
textures with stronger a-001(110) and y-111<110> fibers, indicating
that this processing path results in a more desirable isotropic texture.
Pilger processing has also shown to produce a preferred texture in ODS
steels with 9%Cr [22,23]. Multiple cold rolling steps to reduce the tube
diameter and thickness with intermediate and final heat treatments
reduced the amount of elongated grains, as well as improved creep and
tensile strengths.

A direct comparison of different tubing processing paths on the
resultant properties for NFAs has yet to be reported. We study a specific
heat of NFA named 14YWT with a nominal composition of Fe-14Cr-3 W-
0.4Ti-0.2Y(wt%), which has been extensively studied due to its high
irradiation tolerance, strength, and toughness. Most investigations in
literature have focused on the effect of irradiation on the microstructure
[6,17,20] or tensile strength of extruded plates [24]. This current work
aims to investigate the effect of hydrostatic extrusion and pilger pro-
cessing methods with varying annealing temperatures (800 °C and

1200 °C) of a specific heat of 14YWT into thin-walled tubing, as well as
(non-tubing) hot extruded plate processing path. Here, we determine the
mechanical properties of the 14YWT alloys using micro-pillar
compression testing, which will serve as a baseline for future work
where similar testing will be conducted after ion-irradiation of the same
material. Micro-pillar testing was chosen since these test volumes are
complementary to the volumes of future ion-irradiation experiments,
which are typically limited by the beam energy to depths of sub-pm to
several pm [25].

This manuscript is organized as follows. We start with the electron
backscatter diffraction (EBSD) and transmission electron microscopy
(TEM) characterization of the 14YWT microstructure as well as the NOs.
Results from micro-mechanical testing using in-situ micropillar
compression experiments are discussed next. For each section the results
are described in terms of the processing path and in order of decreasing
final grain size in the microstructure after processing: hot extrusion
followed by cross-rolling, pilger processing with annealing at 1200 °C,
hydrostatic extrusion at 815 °C, and pilger processing with annealing at
800 °C.

2. Material and methods

The NFA 14YWT heat named FCRD NFA-1 was developed as part of
the DOE Fuel Cycle Research and Development Program with a nominal
composition of 14Cr-3 W-0.4Ti-0.21Y-Fe wt%, as a collaboration be-
tween Los Alamos National Laboratory, Oak Ridge National Laboratory
and University of California, Santa Barbara. ATI Powder Metals Labo-
ratory produced the precursor powder via gas atomization. To sol-
utionize Y into the Fe matrix, Zoz, GmbH mechanically alloyed the
powders with FeO additions (for added oxygen) for 40 h in an attritor
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Fig. 2. Pilger processed tubing annealed at 1200 °C (a) TEM image (b) EBSD generated IPF map (c) grain diameter distribution (d) Pole Figures in the ND and ED (e)
ODF represented as sections through Euler space at constant ¢2 values of 0° and 45°.

mill. The powders were sealed in stainless steel cans, backfilled with Ar,
and degassed at 400 °C. The canned powders were then hot extruded at
850 °C into a rod or a bulk plate to consolidate the powder [7,8]. This
work evaluates FCRD NFA-1 heat after different processing paths for a
bulk plate, along with tubing with a wall thickness of 0.5 mm. The bulk
plate material underwent hot extrusion at 850 °C and subsequent cross-
rolling at 1000 °C. For the hydrostatically extruded tube the starting ball
milled powder was canned and extruded into a rod form at 850 °C. Then
thick walled tubes were cut from the extruded rod. The hydrostatic
extrusion was applied once with a 4:1 area reduction at 815 °C at Case
Western Reserve University. Two other tubes underwent pilger pro-
cessing after hot extrusion into a rod. For the pilger processed tube at
Pacific Northwest National Laboratory (PNNL), the billets were canned
in copper and hot extruded to a final thick wall tube through a two-step
extrusion process. Following extrusion the thick wall tubes had an inner
diameter of approximately 0.200 in. and as extruded outer diameter of
0.375 in.. Sections of the thick wall tube were then processed through a
pilger rolling mill. The first tubing was pilger processed 4 times with
intermediate anneals at 800 °C for 1 h. Overall reduction of the tubes
was 82% from thick wall tube to the final 0.242 in. outer diameter and
0.200 inner diameter tube.

The second tubing was pilger processed with intermediate anneals at
1200 °C at the French Atomic Energy Commission (CEA). The me-
chanically alloyed powders were encapsulated in a 75 mm diameter soft
steel can and degassed at 400 °C. Then the cans are extruded at 850 °C.
Subsequently the steel claddings were manufactured using a three-roll
type high-precision tube rolling mill. Cold rolling passes and interme-
diate annealing at 1200 °C were repeated until reaching a 10.73 mm
outer diameter.

The microstructures were characterized by TEM and EBSD. 3 mm
disks were electro discharge machined (EDM) from the faces of the

cladding tubes. The TEM foils were prepared by mechanical polishing
followed by jet electropolishing using a solution of perchloric acid (5%)
and methanol at —40 °C with an applied voltage of 20 V until perforated.

The TEM studies were carried out on a FEI Tecnai F30 operating at
300 kV. EBSD with automated phase indexing was performed in a FEI
Scios™ dual beam scanning electron microscope (SEM)/focused ion
beam (FIB) with an EDAX TSL Hikari camera. The EBSD measurements
were carried out at 20 kV, current of 1.6 nA, and step size of 0.08-0.18
pm. Samples for EBSD and micro-mechanical testing were mechanically
polished to a thickness of ~100 pm, and then electropolished for ~30s
to remove surface damage. Grain size, misorientation, and texture were
analyzed using the TSL OIM Data Analysis 8 software package. The grain
size and aspect ratios were determined from relatively large scans
ranging from 45 x 60 pm in the finest grained tubing to 110 x 165 pm in
the largest grain tubing, as shown in S1, in the supplementary materials.
Higher magnification EBSD maps on the same scale are shown in the
following figures. The orientation maps and pole figures are shown with
their normal direction (ND) through the page, while the extrusion di-
rection (ED) is perpendicular. Orientation Distribution Function (ODF)
were created in MTEX. Points with a confidence index less than 0.05 are
displayed as black dots in the inverse pole figure maps shown in this
work.

The micropillars were fabricated in a dual beam FEI Scios™ SEM/
FIB, using a beam of Ga® ions to remove the material and shape it in
pillar form. Micro-pillars were fabricated on areas where EBSD maps
were collected, therefore the top surface grain size and orientation of the
pillars are known. All micro-pillars had height-to-diameter ratio of
around 2:1 (20 pm:10 pm) and around six degrees of vertical taper. Due
to the taper the diameter measured at the pillar top (the smallest mea-
surement) was used for stress calculations. The engineering stress-strain
curves were calculated from the load-displacement data and the 0.2%
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Fig. 3. Hydrostatically extruded tubing at 815 °C (a) TEM image (b) EBSD generated IPF map (c) grain diameter distribution (d) Pole Figures in the ND and ED (e)
ODF represented as sections through Euler space at constant ¢2 values of 0° and 45°.

offset yield stress was determined. 4-5 pillars of each processing con-
dition were tested in micro-compression. In-situ uniaxial compression
tests were conducted to capture the local microstructural evolution
during the course of deformation [25,26].

The in-situ testing was conducted in a nanomechanical instrument,
which is comprised of a nano-mechanical tester (Alemnis Indenter sys-
tem) inside of a SEM (FEI Scios™). The pillars were compressed with a
flat punch conductive diamond tip of 20 pm diameter, at a nominal
strain rate of 103/s. The continuously captured image scans were
recorded as a video file during the test.

3. Results and discussion
3.1. Grain structure

Deformation behavior in NFAs is complex and varies with the
deformation pathways. Previous work on 14YWT after compression
showed that the main texture types are a- and y -fibers with 001<110>
and 111<110> components, which are two of the common rolling
textures in bee metals [27]. All extrusion pathways investigated in this
work had elongated grains and the presence of y -fibers. The develop-
ment of the y fiber is also linked to better formability of steels with a high
Cr content, enabling the production of these tubes without cracking.

3.1.1. Hot extrusion followed by cross-rolling into a plate

The microstructure generated after hot extrusion at 850 °C and
subsequent cross-rolling at 1000 °C was analyzed in the normal direc-
tion perpendicular to the extrusion direction. The hot extruded and
cross-rolled plate (Fig. 1) displays a bimodal grain distribution with an
average diameter of 0.85 pm for the smaller grains and 6.5 pm for the
larger grains. Both grain sizes have a similar aspect ratio (dpin/dmax) of

0.6-1.0. The TEM images and the EBSD inverse pole figure (IPF) maps
display similar aspect ratio grains. A preferred (001) crystallographic
orientation texture is present. The ODF maps indicate a strong 0 fiber
along the {001} <110> orientation, as shown in [21]. These bimodal
grain sizes align with previous studies showing similar overall <001>
texture as well as a majority of small grains <1 pm in diameter and some
larger grains >9 pm in diameter [21,24].

3.1.2. Pilger processing with intermediate anneals at 1200 °C

Increasing the annealing temperature to 1200 °C after pilger pro-
cessing also results in a larger grain size as expected (Fig. 2). A bimodal
distribution shows smaller grains with 1.25 pm average diameter and
the larger grains with 7.5 ym average diameter, with their aspect ratios
ranging from 0.40-0.80. This is the largest grain diameter among all 3
tubing routes studied in this work. The grains either show a (111) or
(001) texture, with few intermediate textures. The ODF maps do not
reveal a strong fiber texture and a weak e-fiber is present at {112} <
111>. The development of a {112}(111) texture in 14YWT annealed to
1150 °C after deformation has been noted in [28]. Additional studies on
pilger processed ODS steels with 1050 °C annealing temperatures have
also reported bimodal grain sizes and weaker textures [23]. Further-
more, FeCrAl ODS after pilger processing and recrystallization at
1150 °C exhibited a similar grain aspect ratio and texture, but much
larger grain sizes with an average grain size of 98 pm [29].

3.1.3. Hydrostatic extrusion at 815 °C

In comparison, the hydrostatically extruded tube at 815 °C (Fig. 3)
displays a stronger <111> overall texture and much smaller, elongated
grains. Grains have an average 0.45 pm diameter and an aspect ratio
range of 0.15-0.30. These results follow previous microstructural
characterization of an NFA hydrostatically extruded tube having <111>
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Fig. 4. Pilger processed tubing annealed at 800 °C (a) TEM images (b) EBSD generated IPF map (c) grain diameter distribution (d) Pole Figures in the ND and ED (e)
ODF represented as sections through Euler space at constant ¢2 values of 0° and 45°.

texture and fine grains with an average 0.49 pm diameter [21]. The
presence of an « fiber is found in the ODF maps and the intensity of the
orientation is reduced compared to the extruded and rolled plate. A
stronger y -fiber at {111}(112) is present, as expected due to conven-
tional texture development in bcc materials, and after deformation the
{111}(110) texture component expands towards the {111}<112 >
component [28]. The main difference between this work and previous
reports in literature is the absence of bimodal grain sizes, which may be
attributed to differences in processing conditions [21,30]. The hydro-
statically extruded tube in this work was first hot extruded into a rod,
while previous work first cut a rod cut from a plate and subsequently
hydrostatically extruded into a tube. Variation in stress states between
these processing routes could have altered the resultant grain size
distribution.

3.1.4. Pilger processing with intermediate anneals at 800 °C

The pilger processed tube annealed at 800 °C displays bimodal grain
sizes as shown in Fig. 4 and the finest grain sizes. Fine grained regions
have an average diameter of 0.40 pm and a general <111> texture.
Bands of coarse grains have an average diameter of 5.0 pm. The pole
figures have a higher intensity than in the other processing paths,
indicating the greater degree of anisotropy. TEM images of different

regions reveal grains varying aspect ratios, showing a heterogenous
distribution of the grain shapes and sizes. As is common in deformed bcc
materials, a partial y -fiber at {111}<110 > is observed. Previous work
for pilger processed duplex steel after hot extrusion at 1100 °C also
showed a partial y-fiber in the ferrite phase that developed [27]. Pilger
processing of a similar NFA with 12% Cr, extruded at 850 °C, exhibited
similar grain sizes and aspect ratios with orientations closer to the (101)
direction [31].

In summary, hydrostatic extrusion and pilger processing yielded
more intense <111> orientation textures compared to the hot extruded
and crossed rolled plates. Annealing at lower temperatures of
800-815 °C (at 815 °C for the hydrostatically extruded tubes, and at
800 °C for the pilger processed alloys) resulted in smaller grain sizes,
while higher temperatures of 1000-1200 °C (for alloys generated after
hot extrusion at 850 °C and subsequent cross-rolling at 1000 °C, and
after pilger processing with intermediate anneals at 1200 °C) produced
larger average grain sizes. Most processing pathways resulted in
bimodal grain distributions, except for the hydrostatically extruded
tube. The differences in grain sizes and orientations is thought to be
linked to the stress state experienced during the processing in addition to
the NO distribution in the microstructure [15].



C. Harvey et al.

Materials Characterization xxx (xxxx) Xxx

o
Y,0,Ti [115)

Y,0; [110)

© du=0.2nm

Fig. 5. Representative TEM images with close up images of oxide particles with the corresponding FFTs. In the FFT images, the white circles are from matrix and
yellow dotted line circles are oxide particles as analyzed in Table 2. The arrows point to the spot measurement listed in Table 1. (a) Hot extruded at 850 °C and Cross-
rolled at 1000 °C, (b) Pilger processed tubing at 1200 °C, (c) Hydrostatic extrusion tubing at 815 °C, (d) Pilger processed tubing at 800 °C. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Measured and theoretical interplanar distances and angles for the particles
highlighted in the FFT images in Fig. 5.

d1Ad) d2A) d3(Ad) «l2() al3() a23(°)
5a 222) (G11) (13D
Measured 0.29 0.30 0.30 60.45  61.50  62.16
Y,Tip0s- 0.30 0.30 0.29 62.96 5852  58.52
[112]
5b (220) (462) (642)
Measured 0.36 0.14 0.14 79.86 7822 2284
Y,Tip0s- 0.36 0.13 0.13 79.11  79.11 21.79
[115]
5¢ (004) (222) (222)
Measured 0.51 0.18 0.20 67.19  88.00  20.80
Y,05-[011] 0.53 0.18 0.19 70.53  90.00  19.47
5d (002)  (442)  (440)
Measured 0.26 0.30 0.30 5404  56.34  69.25
Y,05-[011] 0.26 0.31 0.31 5474 5474  70.53

3.2. Nano-oxide characterization

TEM micrographs show a variation in the oxide particle distribution
and structure among the different processing methods. Small, generally
rectangular particles ranging from 3 to 9 nm in size to larger more
spherical particles ranging from 15 to 24 nm in diameter were observed.
Representative TEM images are shown in Fig. 5 for each processing
condition. Generally, higher processing temperatures show larger par-
ticles in the matrix. The tubing annealed at lower temperatures shows
more numerous smaller particles with some larger particles within the
matrix. The coherency between the smaller particles and the matrix is
greater than the larger particles, as observed in the images. These

observations align with previous investigations of 14YWT [30]. Fast
Fourier Transform (FFT) of high resolution TEM (HRTEM) of particles
was used to determine the oxide structure. The analysis follows that
described in [32], where the measured d-spacings and angles from the
diffraction spots in the FFT of oxide particles are compared to theoretical
values in Table 1.

In the hot extruded plate (Fig. 5a), the FFT indicates the oxide par-
ticles of ~9 nm in diameter are Y,TioO7 along [112] axis. In the pilger
processed tube annealed at 1200 °C (Fig. 5b), slightly larger particles of
~10 nm in diameter are more prevalent and are determined to be
Y,Tiy07 along [115] axis. The oxides in the hydrostatically extruded
tube at 815 °C (Fig. 5b) are smaller in size with an average 5 nm
diameter and the identified particles are shown to be Y203 along the
[011] axis. Similarly, the same particles are observed in the pilger
processed tubing at 800 °C (Fig. 5d).

Half the identified oxide particles possessed a Y;Ti;O7 pyrochlore
structure, which has been reported as the typical structure of small ox-
ides in NFAs [32,33]. Other studies employing TEM and atom probe
tomography also showed NOs to be Y2TiOs or YoTipO7 [34,35]. Y2Ti07
particles in NFAs were found to be smaller in size than other oxide
particles, and generally non-equiaxed and elongated in the deformation
direction. Similarly, in the NFA-1 tubing, larger oxide particles are more
circular in shape and less elongated than smaller particles. Since some
smaller particles were not able to be identified due to overlap with the
matrix, we can conclude Y—Ti rich oxide particles and Y oxide particles
are present in all processing paths.

3.3. Mechanical properties
Micro-pillar compression of 14YWT following the different process-

ing routes show that the yield strength generally increases with
decreasing grain size, representative engineering stress-strain curves are



C. Harvey et al.

Materials Characterization xxx (xxxx) Xxx

(a) —_— Pillger 800°(I2 (2 tests s'hown), (i) I
25 L~ Hydrostatic Extrusion 815°C, (ii)
___ . Plate: Extruded 850°C,
Cross-rolled 1000°C (iii)

— -==-:Pilger 1200°C (iv)
& 2.0
e
9]
7] o
S5t ) e
(7) .
o
=
:
21.0
D
=
w

0.5

0.0

0 0.02 004 006 0.08

0.1
Engineering Strain

Fig. 6. (a) Micro-pillar compression representative stress-strain curves for each processing path. The pilger processed tube annealed at 800 °C showed a wide range
of deformation responses under micro-pillar compression. i.i and i.ii show the higher and lower extremes of these varying responses (see also Fig. S2). (b) SEM images
show the corresponding deformed pillars. (¢) EBSD IPF maps show the area where the pillars were tested.

Table 2

Summary of microstructure and yield strength of 14YWT after different processing paths. *Bimodal grain size distributions were observed in all paths except in the

hydrostatically extruded tubing.

Processing path Final processing shape Processing institution Avg. grain Dominate 0.2% yield strength
Dia. (pm) texture(s) (average + standard
- ~2 deviation) (GPa)
pm pm
Hot extruded at 850 °C and cross-  Plate Los Alamos National Laboratory (LANL) 0.85 6.5 <001> 1.06 + 0.08
rolled at 1000 °C
Pilger processed and annealed at Tubing 0.5 mm wall thickness ~ French atomic energy commission (CEA) 1.25 7.5 <001>/ 1.01 £ 0.06
1200 °C <111>
Hydrostatic extrusion at 815 °C Tubing 0.5 mm wall thickness =~ Case Western Reserve University (CWRU) 0.45% - <111> 1.20 £ 0.01
Pilger processed and annealed at Tubing 0.5 mm wall thickness ~ Pacific Northwest National Laboratory (PNNL) 0.4 5.0 <111> 1.20 + 0.20

800 °C

shown in Fig. 6 and the yield strengths are given in Table 2. All engi-
neering stress-strain curves are shown in S2. Thus the plates hot
extruded at 850 °C and cross-rolled at 1000 °C, and the pilger processed
tubes annealed at 1200 °C with the largest average grain sizes have the
lowest average yield strength of 1.06 &+ 0.08 GPa and 1.01 + 0.06 GPa
(average + standard deviation) respectively. In the hydrostatically
extruded tubes with significantly smaller grain sizes and a strong <111>
texture, the yield strength increases to 1.20 £+ 0.01 GPa. These tubes
displayed a more homogeneous microstructure with no bimodal grain
distribution, leading to less variation between the results. The defor-
mation mode for all 3 pillar types mentioned above was primarily slip-
based and generally initiated from the top surface of the pillar (Figs. 6b-
ii to 6b-iv).

For all micropillar experiments, the pillar diameter was larger than
the grain size in the material, and hence multiple grains are expected to
be present within the pillar volume. Thus, while the grain orientation
and texture at the top of the pillar surface is known, the texture and grain
morphology within the deformed volume is difficult to ascertain.
Additionally, three of the processing routes studied in this work have a
bimodal grain size distribution (see Table 2). Such heterogeneity could
lead to a wide range in the mechanical properties measured in the micro-
pillar experiments. This contrasts macro-scale testing where the grain
sizes are significantly smaller than the test volume. Therefore, the larger
grains within the pillar volume have the potential to influence the

overall stress-strain response. This is evident in the tests conducted on
the pilger processed tubes annealed at 800 °C, as shown in Fig. 6 and
Table 2.

The micro-compression experiments on the pilger processed tubing
at 800 °C show a wide variation in their mechanical response, where
some pillars experienced a high yield strength of 1.20-1.39 GPa and
high strain hardening, and others failed at a much lower yield strength
of ~0.9 GPa. This variation is shown in Fig. 6a, which shows the higher
(Fig. 6a-i.i) and lower (Fig. 6a-i.ii) extremes of the behavior observed in
micro-compression (see also Fig. S2). The post deformation images of
the lower yielding pillars in the pilger processed and annealed at 800 °C
material also show an unusual bulging at the midsection the pillars
(Fig. 6a-i.ii). We speculate that bands of coarse grain regions within the
pillar volume, which have lower strengths and hence could have yielded
earlier than their finer grained counterparts, are possibly contributing to
this unusual deformation behavior and the large variation in properties.
Our TEM study (Fig. 5) also indicated that the larger grains possessed a
generally lower NO density and the EBSD maps (Figs. 1-4) showed a
slightly different texture in the larger grains, both indicating a possible
softer behavior in the larger grains upon loading. We note that the other
processing conditions with bi-modal grain size distributions (hot
extrusion, and pilger processing with intermediate anneals at 1200 °C),
and previous micro-pillar compression for ODS steels [36,37], do not
show these large variations. A larger statistical study is needed to study
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this effect further.

In general, more homogenous microstructures with no bimodal grain
sizes in the hydrostatically extruded tube display more uniform yield
strength between tests. Our results also match macro-scale tensile tests
on a hydrostatically extruded and cross-rolled 14YWT, which have
shown yield strengths of 0.97 to 1.1 GPa depending on the orientation
[24]. The variation in the macro-scale results was linked to differences
in texturing, grain sizes, and microcracks. A similar range in yield
strength is observed in this work between the different processing paths
and grain sizes. Table 2 summarizes the differences in microstructure,
texture, and yield strength of the different processing paths.

One noteworthy observation from Table 2 is that many of the alloys
studied in this work have a wide range of grain sizes. Hence the micro-
compression experiments in the regions with larger grain sizes could
have an overall lower response due to the presence of fewer grain
boundaries within the pillar volume. Such bimodal or multi-modal grain
size distributions are expected to be detrimental to the bulk properties of
these alloys. To effectively determine a bulk material response, larger
pillar volumes (possibly using macro-scale testing) are required.

4. Conclusions

This work investigated the effect of different processing paths and
annealing temperatures of a specific heat of 14YWT on the resultant
microstructure and mechanical properties. Hydrostatic extrusion and
pilger processing of 14YWT into thin walled tubing results in a stronger
<111> texture in the normal direction with elongated grains in the
extrusion direction, as well as the presence of y -fiber at <110>. Lower
annealing temperatures (800-815 °C) show fine grain sizes with average
diameters of ~0.4 pm and aspect ratios of 0.15-0.30. However, the
pilger processing resulted in bimodal grain sizes with bands of course
grains having an average diameter of 6.0 pm. Higher annealing tem-
peratures in pilger processing at 1200 °C led to grain growth to average
diameters of 1.25 pm for small grains and 7.5 pm for large grains. The
more extreme variation between the fine and coarse grains was observed
in the pilger processed tubing at 800 °C, resulted in a large variation of
yield strength observed in the micro-pillar compression (0.9-1.4 GPa).
In contrast, the hydrostatically extruded tubing at 815 °C exhibited the
lowest variation in yield strength of 1.20 £ 0.01 GPa. Processing paths
leading to larger grain sizes resulted in lower yield strengths of ~1.05
GPa. Higher processing temperatures also resulted in variation in the
oxide particle distribution, decreasing the number of oxides and
increasing the size of oxides within the grains. TEM analysis found both
Y,TizO7 and Y203 nano-oxides present after the different processing
paths. In summary, the hydrostatically extruded tube at 815 °C provided
the most homogenous microstructure and a tighter spread of mechanical
response among the four processing routes studied in this work. The
bimodal grain size distribution, and corresponding stress localization,
within some of the processing routes is a cause for concern, and needs to
be followed up with future macro-scale mechanical testing.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matchar.2020.110744.
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