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Abstract

Oxidation-resistant iron-chromium-aluminum (FeCrAl) alloys demonstrate better performance in
Loss-of-Coolant Accidents, compared with austenitic- and zirconium-based alloys. However,
further deployment of FeCrAl-based materials requires detailed characterization of their
performance under irradiation; moreover, since welding is one of the key operations in
fabrication of light water reactor fuel cladding, FeCrAl alloy weldment performance and
properties also should be determined prior to and after irradiation. Here, advanced C35M alloy
(Fe-13%Cr-5%Al) and variants with aluminum (+2%) or titanium carbide (+1%) additions were
characterized after neutron irradiation in Oak Ridge National Laboratory’s High Flux Isotope
Reactor at 1.8-1.9 dpa in a temperature range of 195-559°C. Specimen sets included as-received
(AR) materials and specimens after controlled laser-beam welding. Tensile tests with digital
image correlation (DIC), scanning electron microscopy-electron back scatter diffraction analysis,
fractography, and x-ray tomography analysis were performed. DIC allowed for investigating
local yield stress in the weldments, deformation hardening behavior, and plastic anisotropy. Both
AR and welded material revealed a high degree of radiation-induced hardening for low-
temperature irradiation; however, irradiation at high-temperatures (i.e., 559°C) had little overall
effect on the mechanical performance.
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Highlights:

e Weldments of oxidation-resistant FeCrAl alloys were irradiated in a temperature range of
195-559°C to ~1.8-1.9 dpa.

e Mechanical behavior was investigated before and after irradiation for nonwelded and
welded samples.

o Local yield stress (LYS) and true stress—true strain curves are presented and discussed.
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1. Introduction

Further improvements in nuclear power plant safety and performance call for materials [1,2] that
can successfully withstand extreme environments, including elevated temperature, high
mechanical stresses, and corrosive attack [3-6]. Additionally, acceptable price [7], radiation
tolerance, and ability to survive off-normal conditions (e.g., loss-of-coolant accidents [LOCA])
[3,6] have also become important material performance metrics. lron-chromium-aluminum
(FeCrAl) alloys show promise as robust materials for use in nuclear power production
applications. These alloys have shown excellent environmental compatibility [3,4,8], including
compatibility with molten heavy metals [9] and high-temperature water, oxidation resistance in
high-temperature air [10] and steam [6,11], and low radiation-induced swelling [12,13]. FeCrAl
alloys have also been proven to be tolerant to LOCA conditions [6]. Thus, this aggregate of
beneficial properties makes the FeCrAl alloy class promising for further optimization for nuclear
power applications [14].

At the same time, good weldability [15], high weldment performance, and weld reparability [16]
often are mandatory options for materials to be considered by the nuclear power industry.
Advanced modern materials often have highly tailored microstructures and microchemistry that
enhance their performance. The high-heat input from fusion-based welding leads to the localized
melting of the material and inevitably the destruction or, at a minimum, degradation of the
tailored microstructure and microchemistry at and near the weld. Even in regions outside the
fusion zone, localized heating can be above critical temperatures (e.g., the critical temperature
for recrystallization), stimulating negative changes and degradation of microstructure [17].
Welding may compromise the in-reactor performance by leading to an accelerated property
degradation or switching phenomena originally suppressed by the highly tailored microstructures
prior to welding and irradiation.

Thus, a critical need exists to determine the performance of irradiated FeCrAl weldments and the
controlling factors in their performance. In particular, resulting microstructure and
postirradiation mechanical properties should be studied and determined. There is limited
information on the performance of nonirradiated FeCrAl weldments [14,18], and very limited, if
any, literature on the irradiated ones. Although FeCrAl alloys have primary been targeted for
light water reactor fuel applications [19], the present work seeks to understand fundamental
aspects on the radiation tolerance of FeCrAl alloys and their weldments. Thus, the current work
broadens the scope to analyze the fundamental aspects of neutron irradiation at low damage dose
(~2 dpa) on the properties and structure in the temperature range of 200°C to 550°C on various
advanced FeCrAl alloys and alloys with laser-beam weldments.

2. Investigated Materials and Experimental Methods

2.1. Material fabrication and composition

The present work focuses on mechanical performance of the irradiated weldments of
Generation Il FeCrAl alloys [18], Table 1. Nonirradiated Generation | FeCrAl alloy weldments
are discussed in [14]. Regarding Generation 11, the alloying strategy, the material production
routes, and element composition were presented in detail in [18], and only a brief overview of
the fabrication and composition of the alloys is presented here. Alloy production included
casting, homogenization at 1200°C in an argon gas atmosphere for 4 h followed by air cooling,
and hot forging at 800°C with a 50% reduction in thickness (~25-~12.5 mm) to make plate-



shaped samples. The plates were then hot rolled at 800°C, with an additional ~40% reduction in
thickness, and annealed at 800°C in laboratory air for 1 h. The final step consisted of warm
rolling at 300°C with a 90% thickness reduction and annealing at 650°C for 1 h in the air [18].

Table 1. Composition (wt.%0) of the investigated Generation Il FeCrAl alloys

Short
Alloy ID composition Fe Cr Al Y Si Nb C 0] N P Ti
notation
C35M Fe-13Cr-5Al | 79.43 | 13.06 | 5.31 | 0.053 | 0.13 | <0.01 | 0.001 | 0.0012 | 0.0003 | 0.007 <0.01
C37M Fe-13Cr-7Al | 77.49 | 13.01 | 7.22 | 0.081 | 0.19 | <0.01 | 0.001 | 0.0026 | 0.0002 | 0.004 <0.01
C35M10TC 5F,2I113'Cr:|rc 78.82 | 1295 | 5.14 | 0.01 | 0.2 | <0.01 | 0.18 | 0.0012 | 0.0007 | <0.002 0.71

In all alloys, the amount of Mo is 2%. All other elements (Zr, B, Hf, V, W, Ce, Co, Cu, La, Mn, and Ni) were measured at or below
<0.01; S < 0.0003.

An alloy designated as C35M (Fe-13Cr-5Al, in wt.%) was used as the reference material for this
study. The C37M alloy was included to explore the effects of aluminum addition on welding-
induced cracking and o' phase stability. Regina et al. [20] established a composition-based
cracking boundary for FeCrAl alloys when using Gas Tungsten Arc Welding or Gas Metal Arc
Welding techniques. Their data, presented in [20] and further discussed in [18], show that the
base alloy, C35M, exists close to the proposed welding-induced cracking boundary. C35M also
sits nearly on the phase boundary for the formation of the Cr-rich o' phase at moderate to low
temperatures (<475°C) [21]. The formation of the Cr-rich o' phase is detrimental because its
presence has been linked to significant hardening and embrittlement of the alloy after aging or
after high-flux neutron irradiation [22,23].

Note that the phase boundary offered in [21] and discussed in [18] was based on a change in the
hardness of diffusion couple—like experiments after thermal aging at 475°C. Additionally, the
compositions studied in [21] did not include Mo, which has been shown to increase hardening
via o' precipitation [24]. Thus, it is possible that the phase boundary is not completely accurate
at different conditions (e.g., temperature, radiation, minor alloy additions) and that the o—a'
regime is larger (or smaller) than presented in [21], depending on exact conditions. Decreasing
the end use/application temperature, such as the typical operating temperatures of light water
reactors (~320°C), would also cause a shift in this boundary [25]. With this decreased
temperature, it is predicted the C35M alloy would not be fully immune to precipitation of o'
while in service. Hence, the inclusion of the C37M alloy in the test matrix enables the
exploration of the delicate balance between the phase boundary and the weld-induced cracking
boundary. The C37M alloy may exist outside the o—a' regime while still being resistant to
welding-induced cracking.

The material with TiC addition (i.e., C35M10TC alloy) was introduced as a candidate alloy, as it
is predicted the dispersion of TiC particles in the matrix may form efficient hydrogen trapping
sites. These sites (i.e., small carbide or Laves phase particles) have been shown initially to
reduce welding-induced cracking [20]. They could also act as pinning sites during
recrystallization [26] or welding [15]; however, the effect of this addition on the in-reactor
performance is unclear. Also, in the modified alloys, yttrium was added to enhance the oxidation
resistance at elevated temperatures [27]. Molybdenum was kept at 2 wt.% to provide solution
hardening of the body-centered cubic (bcc) matrix, which promotes strengths at elevated
temperatures [19].




2.2. Laser-beam welding

Welding trials were completed using autogenous, bead-on-plate welding [18]. In all cases, the
welding direction was transverse to the rolling direction (Figure 1). A pulsed laser welding
machine was used to perform the welding. No preheating of the parts was conducted. Full
penetration welds were accomplished using a 7 ms pulse length, with 7 pulses/s, and a 2.12 mm/s
welding speed. Lamp energy was maintained near 100 W for the duration of the welding. All
welds were performed with an argon shield gas covering both the top and bottom of the piece
being welded. No post-weld heat treatment(s) were performed. More details on the welding
procedure are given in [18].

The weldment surfaces and heat-affected areas were analyzed for porosity, visible nonmetallic
inclusions, and cracks using an optic microscope with magnification up to 200x. No voids, rough
inclusions, cracks, or other welding defects were observed at the surface. Several weldment
cross sections per alloy were prepared for additional analysis using scanning electron
microscopy-electron back scatter diffraction (SEM-EBSD); no cracks or pronounced porosity
were observed on these cross sections. Using the described methods, all analyzed welds were
determined to be free of superficial cracks or other weld-induced defects.

X-ray computed tomography (XCT) was used to characterize the microstructures in 3D,
particularly to detect the presence of pores and internal cracks, if any were present. The
measurements were performed using a Zeiss Xradia Versa 520 operated at 140 kV, 9W. A total
of 3,201 projections were collected through a 360° rotation along the vertical axis witha 1 x 1
binning, yielding a 0.5686 pum pixel size on the collected images. Data visualization and
segmentation were performed using Dragonfly PRO v3.0 software.

The grain structure of the material prior to and after welding, Figure 2, was analyzed using SEM-
EBSD to provide more precise measurements of the grain size, texture (i.e., orientation), and
grain shape compared with traditional optical microscopy [14]. All samples investigated were
carefully polished using standard metallography procedures to produce a defect-free, mirror-like
surface. Colloidal silica polishing was used as the last preparation step. EBSD analysis was
conducted using a JEOL JSM 6500F SEM with a field emission gun equipped with an EDAX
EBSD system. The accelerating voltage was 20 kV, and the working distance was 12—-17 mm.
The step size of the EBSD maps varied between 0.5 and 3.0 um depending on the resolution
needed for microstructural assessment. The camera was operated in a 2 x 2 binning mode at
around 90-100 frames per second.

2.3. Irradiation

Tensile specimens—SS-J type with a gauge size of 5 x 1.2 x 0.5 mm and SS-Mini type with a
gauge size of 3.55 x 0.8 x 0.4 [28]—were loaded into irradiation capsules designed to meet
nominal target temperatures of 200°C, 330°C, and 550°C at a damaging dose of ~2 dpa. SS-J
type specimens were designated for testing at a shielded hot cell facility, and SS-Mini type
specimens were intended for advanced mechanical testing at the Low Activation Materials
Development and Analysis (LAMDA) facility housed at Oak Ridge National Laboratory
(ORNL) [29]. At least two specimens per alloy and condition (i.e., welded and nonwelded) and
specimen type were contained within each irradiation capsule. Irradiations were conducted for
the full duration of Cycle 465 in the High Flux Isotope Reactor (HFIR) at ORNL using the



central flux trap facility. Since no active temperature control was employed, determination of
final irradiation temperatures was completed by dilatometric analysis of passive SiC
thermometry samples. The dilatometric analysis was conducted up to a maximum temperature of
600°C at a constant ramp rate of 1°C/min and a cooling rate of 2.5°C/min using a Netzsch 402
CD dilatometer and methodology described in [30].

Nominal irradiation temperature for each specimen was determined from SiC thermometry
specimens contained within the same radial and axial stack of specimens within the capsule.
Typically, SS-J type specimen stacks within the irradiation capsule ran at slightly lower
temperatures (~30-40°C) compared with the SS-Mini tensile specimen stacks within the same
capsule, a result predicted in [28]. This variance can be attributed to the higher average thermal
contact resistance between the stack configuration of the SS-Mini type specimens over the SS-J
type specimen stacks. The capsule mean irradiation temperature (CMIT) was determined from
the mean of all thermometry tested within each capsule; radial and thermal gradients are not
reflected in this value. The full details including final irradiation dose, neutron flux, and neutron
fluence for each capsule are provided in Table 2. Variances in irradiation conditions are a
by-product of the different positions of each capsule within HFIR’s core.

Table 2. Summary of FeCrAl capsule irradiation conditions

e | | W |0 | E | o |
E>0.1 MeV E>0.1 MeV
FCAT-01 LT 194.5+£37.9 1.9 9.8 x 107 1.10 x 101 2.17 x 102
FCAT-02 MT 363.6+£23.1 1.8 9.3x 107 1.04 x 101 2.05 x 10%
FCAT-03 HT 559.4+28.1 1.9 9.8 x 107 1.10 x 10% 2.17 x 10%

*LT: low temperature, MT: middle temperature, HT: high temperature

2.4. Mechanical test details

Tensile specimens, both SS-J and SS-Mini, were produced from the welded plates using an
electric discharge machine (EDM). The fusion zone was in the center of the welded specimen
gauge. After EDM cutting, the specimen blanks were mechanically ground to the final thickness.

Uniaxial tensile tests for the SS-J type specimens were completed within a shielded hot cell
facility on an Instron universal test machine using remote operation. Shielded facilities were
needed to complete testing due to the high level of radioactivity of the larger SS-J type
specimens (>>100 mrem/h at 30 cm) at the time of this study. All tests used shoulder loading and
a nominal strain rate of 10 s. Cross-head displacement was digitally recorded to determine
engineering strains. All tests were performed in ambient air. Due to the limited number of
specimens available at the time of this study, only one specimen per configuration (i.e., welded
and nonwelded) and irradiation condition was completed for the SS-J type specimens. A JEOL
JSM-6010LA SEM, located in the shielded hot cell facility and remotely operated, was used to
investigate the fracture surfaces of the SS-J type tensile specimens. Fractography was completed
using a 5 kV beam at a 10 mm working distance.



Figure 1. Tensile specimen geometry (SS-Mini type with 0.4 mm thickness) design for the
present work (left) [28] and appearance of the weldment on the specimen surface (right).
The specimen is shown prior to the final mechanical grinding. SS-J type specimen
geometry is also described in [28]; RD and WD labels show rolling (tensile) and welding
(transverse) directions, respectively.

Tensile tests with irradiated and nonirradiated SS-Mini type specimens (Figure 1) were
performed at ORNL’s LAMDA facility on an MTS Insight 2-52 one-column tensile screw
machine with a 2 kN load cell. This geometry was developed for the present work [28] to
conduct out-of-hot cell testing of the irradiated welded specimens. It was important to evaluate
the properties of the irradiated weldments in detail using advanced experimental approaches like
digital image correlation (DIC) (see below), and, as believed, the SS-Mini type specimen
geometry suited this goal well enough. The tensile specimens (one irradiated and three to

five nonirradiated specimen per alloy and condition) were shoulder loaded and tested at room
temperature with a nominal strain rate of 103 s,

SS-Mini type specimens were designed to mimic the behavior of the SS-J type specimen
geometry [28]; engineering mechanical properties defined by using these geometries are close
enough for bulk, nonwelded material [28]. However, for the welded specimens some deviation
may be expected depending on the geometry. This aspect is discussed in detail in [31] for
nonirradiated weldments.

Before the tensile tests, the SS-Mini type specimens were painted with a random speckle pattern.
The surface speckle pattern allows for optical, noncontact strain measurements using a DIC
approach [32]. This method is now a common research tool employed by many research teams
[33-38] for strain measurements, visualization of deformation bands, and necking analysis;
however, at the moment there is limited literature for irradiated materials. Regarding weldment
performance analysis, DIC provides for the possibility of measuring the local yield stress (LYS),
retrieving local strain values [17,37,39], and calculating local true strain—true stress curves. The
features and limitations of DIC are widely described in the literature [32] and will not be
discussed here.

A high-resolution Allied Vision GX3300 camera equipped with a telecentric lens was used in the
experiments reported here; the lens provided a resolution of around 5 um per pixel. Strain fields
and true stress—true strain curves were calculated using VIC-2D commercial software and a
custom application. The DIC data were used to calculate LYS values along the specimen gauges;
the LY'S values show strength level at a particular location and are especially useful for welded
specimens [37,39] with property gradients. The analysis of LYS is a relatively new concept; its
advantages and possible issues are analyzed by a number of authors [37,39]. Strain rate maps
were employed to investigate the distribution and evolution of localized deformation. This
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approach [40] allows for the compact and efficient representation of a large amount of data; yield
stress initiation, necking, and strain localization may be easily seen in a color-graded image [40].
DIC results were employed to estimate the plastic anisotropy degree [41,42] of the as-received
(AR) and welded specimens before and after irradiation.

3. Experimental Results and Discussion

3.1. Structure of the nonwelded and welded alloys prior to irradiation

Figure 2 shows the typical microstructure and texture of the AR alloys and the microstructure of
the weldments. The AR alloys showed a microstructure consistent with warm-rolled material
conditions, with a mix of deformed (i.e., nonrecrystallized) and recrystallized grains. All alloys
exhibited strong texturing near the [101] corner of the unit triangle with respect to the warm-
rolling direction, which was also the tensile direction. The recrystallized grains, as a rule, had a
close-to-random texture, with the C37M alloy being the best example (Figure 2, middle row).
However, sometimes the chains of recrystallized grains had a similar orientation (see color in
inverse pole figure [IPF] map). Such chains could potentially lead to decreased mechanical
performance. A similar case, with detrimental texturing and ridging due to the presence of
coarse-grain chains (i.e., “streams”), was discussed in [43] for a ferritic steel with 11 wt.% of Cr.

The recrystallization degree varied for the investigated AR materials of a nominally identical
processing route. The C35M alloy experienced moderate recrystallization, whereas C37M
demonstrated an almost fully (>90%) recrystallized structure with well-shaped grains (Figure 2).
Recrystallization was less pronounced in the C35M10TC alloy with the TiC additions, compared
with the other investigated alloys. The size of the recrystallized grains was significantly smaller
in this alloy, when compared with C35M and C37M, suggesting the TiC has a positive effect on
grain refinement. Small variations in the composition may lead to significant changes in the
recrystallization kinetics [44] and final grain size of these alloys (e.g., C35M vs C37M, as shown
in Figure 2).

EBSD maps across the length of the weldment were generated and then stitched together to
provide a full field of view of the weldment grain structure. Figure 2 shows the structure of the
investigated alloys’ weldments. For the C35M and C37M alloys, welding led to the formation of
relatively large grains of irregular shapes near the weldment centerline. This feature was
complemented by elongated or columnar grains that appeared roughly 200-300 pum away from
the centerline. The width of the columnar grain area was around 300 um. Distinct areas of
coarse, round-shaped grains were observed nearly 600 pm away from the centerline.

The welded C35M10TC alloy had a distinctly different microstructure in the fusion zone
compared with other materials. The grain size of the fusion zone was significantly reduced and
was on the order of 3-5x% smaller. The grains near the weldment centerline had specific
morphology with torturous boundaries (Figure 2). The columnar grain area was also smaller, and
grains appeared to be more elongated. Additional details may be found in [18].
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Figure 2. The structure and texture of the as-received (AR) alloys (left) and microstructure
of the weldments (right). The IPFs are colored, and the texture plot for the AR specimens is
oriented in the tensile direction. Note the larger magnification level in the IPF maps at the
left.
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Figure 3. (Top row) Scanned gauge of the nontested C35M alloy tensile specimen (left) and
voids appeared in the XCT data set; the arrows show the approximate location of the
weldment centerline. (Bottom row) 2D slice showing the specific distribution and
dimensions of some of the largest voids (left) and the void volumes presented as a function
of their relative frequency, obtained from the segmented data.

The XCT results from the C35M alloy are presented in Figure 3. The 3D reconstruction of the
scanned part is shown on the top row, with the segmented voids highlighted in the image at top
right. The two arrows show the approximate location of the weld line. The voids are thought to
be the gas porosity introduced during welding. A sliced 2D image showing some of the largest
voids observed is presented at bottom left, with the longest dimensions marked. The calculated
void volumes as a function of their relative frequency (obtained from the segmented data) are

presented at bottom right, indicating most of the pores were below 100 um?3 (or less than ~10 pm
in size).

3.2. Engineering tensile curves and mechanical properties before and after
Irradijation
Representative engineering tensile curves for the investigated alloys in the irradiated and

nonirradiated conditions are shown in Figure 4. Nonirradiated, nonwelded specimens of all
alloys showed nearly identical tensile behavior: a smooth transition from elastic to plastic
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deformation, sometimes with very weak force drop near the yield point, moderate deformation
hardening, and pronounced necking. Strength and ductility level were comparable for all
nonirradiated alloys, and the SS-Mini type test results agreed well with the more common SS-J
type specimen geometry, as discussed in detail in [28].
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Figure 4. Raw engineering tensile curves for irradiated and nonirradiated specimens of the
investigated FeCrAl alloys (SS-Mini type geometry). LT, MT, HT: low, middle, and high
temperature; AR: as-received material; W: welded specimens. See Table 2.

Nonirradiated weldments had slightly lower yield stress and significantly lower ductility;
however, the difference in ductility came not from the weldment properties but from the fact that
the welded specimen is a complex object with multiple different property areas [39]. Welding-
induced softening was caused by altering the warm-rolled structure and grain growth during
solidification within the fusion zone of the weldment [18]. While yield strength of the
nonirradiated welded specimens varied slightly among the materials investigated here, the
ductility response demonstrated more pronounced changes. In particular, the C37M alloy
specimens showed lower ductility, compared with other alloys, and very weak necking. Earlier,
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the C37M alloy revealed strongly decreased ductility of the weldment [18], most likely due to
preexisting defects.
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Figure 5. Mechanical properties—yield (YS) and ultimate tensile (UTS) stress, uniform
(UE) and total (TE) elongation—for the investigated alloys as a function of the individual
specimen irradiation temperatures. Open and closed symbols show data points for SS-J
and SS-Mini type specimen geometries, respectively. Blue: as-received (AR) or parent
material; red: welded specimens. Thin horizontal lines at the left and labels with P-prefix
represent the baseline data for the AR and welded specimens prior to irradiation. The tests
were performed at room temperature. Spline fits added to aid the eye of the reader.

Neutron irradiation led to pronounced changes in the strength and ductility of tested materials
(Figure 4). Low-temperature (LT) irradiation—CMIT of 194.5+37.9°C—eliminated uniform
elongation for nonwelded specimens; however, pronounced necking still developed. The impact
of the LT irradiation on the welded specimens was more severe. Both uniform and localized
deformation practically disappeared, and the tensile curve showed mostly elastic deformation.
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The moderate-temperature (MT) irradiation had a modest ductility decrease (i.e., embrittlement)
and a hardening effect on the parent (i.e., nonwelded) specimens but led to embrittlement of the
welded ones. The welded C35M alloy specimens still demonstrated some plasticity, but other
alloys revealed severe degradation of full and total elongation.

In contrast to the LT and MT conditions, the high-temperature (HT) irradiation revealed very
weak radiation hardening effects, with only C35M10TC demonstrating some increase in the
stress levels, and did not show degradation in the ductility when compared with the nonirradiated
specimens.

Figure 5 shows mechanical properties of the investigated alloys in the AR conditions and after
welding as a function of the irradiation temperature. The results are plotted as a function of the
irradiation temperature determined for each tensile specimen based on the closest irradiation
temperature value defined from an individual SiC thermometry specimen. Thus, the actual
irradiation temperature for different tensile specimens varied slightly from CMIT values (Table
2) due to the axial and radial thermal gradients under irradiation. Using the individual specimen
irradiation temperature spreads the data points along the x-axis, and instead of three nominal
irradiation temperatures, one had up to six temperatures per irradiation capsule (i.e., three SS-Js
and three SS-Minis), allowing for more detailed and accurate analysis of the role of irradiation
temperature on mechanical performance.

Results show that pronounced radiation hardening and embrittlement exist for LT irradiation
(below 250°C) for all alloys; uniform elongation values dropped practically to zero for all
specimens. Welded specimens also had close to zero total elongation. It is important to
emphasize, when the irradiation temperature was similar for the SS-J and SS-Mini type
specimens, these geometries, as a rule, delivered comparable results for nonwelded specimens;
the largest deviation was observed for the MT range, most likely due to the irradiation
temperature fluctuations.

Interestingly, welded specimens of C35M and C37M alloys showed smaller radiation hardening
(i.e., an increase in the yield stress) during LT irradiation, compared with AR material. This
effect is most likely due to varying kinetics in o' precipitation and dislocation loop formation
between the large random-oriented grains within the fusion zone versus the more fine and
textured grains within the parent material. For example, both the grain boundaries and the
dislocation networking have been shown to influence the ratio of dislocation loop types

(e.g., Burgers vectors of a/2 (111) or a(100)), the local size of the dislocation loops, and the
number density [45]. Additionally, Capdevila et al. [46] investigated the precipitation kinetics of
a' in an as-hot-rolled and recrystallized FeCrAl and showed faster o' phase accumulation kinetics
within the as-hot-rolled microstructure. Changes in the number density and size of both
dislocation loops and o' have been determined to have significant influence on the hardening
behavior of FeCrAl alloys [47]. Here, it is speculated that a similar effect is occurring where
faster Kinetics in o' precipitation in the base metal promotes greater hardening within the parent
material when compared with the fusion zone of the weldments, but further characterization is
needed to conclusively determine if this is indeed the case.

The MT irradiation (300-400°C) showed some radiation hardening and a modest decrease in
ductility in the three FeCrAl alloys. Hardening in the C35M specimens was more pronounced
compared with the C37M specimens, likely due to the differences in the o' phase formation
under irradiation. At the same time, the C37M and C35M10TC alloy weldments demonstrated
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more severe embrittlement, compared with the C35M alloy. The HT irradiation (>500°C) did not
show any visible radiation hardening for C35M and C37M alloys, with a weak increase in stress
level for C356MTC10 alloy. Analyzing the ductility changes in Figure 5, one may see the
tendency of radiation embrittlement disappearance if irradiation temperature exceeds ~380-
400°C. These results agree well with the literature data for some bcc materials; for example, for
ferritic steels, like F82H, radiation effects reducing ductility become negligible if irradiation and
test temperature exceeds ~380°C [48].

3.3. Analysis of the deformation behavior using DIC data
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Figure 6. (Left) local strain distribution (von Mises strain, Green-Lagrange strain tensor

definition) along the irradiated specimen gauge at different global strain levels. (Middle)

Engineering tensile curves; C35M alloy specimens irradiated at MT range. (Right) Strain
rate maps depicting local strain rates along the gauge during the experiment.

Figure 6 shows the DIC results for several irradiated specimens: local strain distribution along
the gauge at different “global” strain levels [39] and local strain rate maps. One may see that near
the yield stress point (curve #1), mostly elastic uniform strains are present in the specimen. As
strain and stress is increased, uniform deformation is developed (curve #2) in the nonwelded
specimen. Near the ultimate tensile stress (UTS) point, a small inhomogeneity in the strain
distribution appeared (curve #3), with slightly larger strains at the left side. After that, necking
developed (curve #4 in Figure 6, top left). The strain rate map shows uniform deformation as an
“orange” area (strain rate ~0.001 s1); no visible strain occurred below the yield stress limit.
Close to the UTS, deformation localized in the neck, with local strain rates being ~3-5 times
larger compared with the nominal value.
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This kind of behavior—initial close-to-uniform straining with final necking—was observed for
all nonwelded specimens. After irradiation, uniform strain might have disappeared; if this had
occurred, the strain rate map would have demonstrated only necking (i.e., fast local straining).
However, in the present study, the welded specimen demonstrated a completely different
behavior. After yield stress (point #1), one may expect some uniform deformation, judging from
the tensile curve shape. However, welded specimens consistently revealed a bell-like (or delta-
like) strain distribution with strain maximum at the weldment centerline. As deformation
progressed, curves #3 and #4 in Figure 6 (bottom left) show that necking always developed at the
weldment center. Strain rate maps for the welded specimens show increased strain rates in the
weldment center. In other words, most of the plastic strain was isolated within the fusion zone of
the weldment, whereas neck and fracture locations were random in the parent AR material.

3.4. Plastic anisotropy before and after irradiation

Plastic anisotropy is rarely discussed with respect to a material’s deformation behavior.
However, this parameter may be important for the final products, for example, for nuclear fuel
cladding tubes and ducts, reflecting the ratio between thinning (i.e., the change in wall thickness)
and shortening (i.e., the decrease in tube length) during ballooning or burst behavior [41,42].

Plastic anisotropy is usually defined as follows. If the specimen is being loaded above yield
stress in the x-direction, it will experience elongation (i.e., plastic strain) in the x-direction
(defined as ex) and contraction in the y- and z-directions (i.e., ey and e, respectively); see Figure
7 inset. For the perfectly isotropic material, ey = &, but this is not always the case.
Crystallographic texture and/or a limited number of slip systems may lead to the anisotropic
behavior (gy # €z) of the sheet or tubular product [41,42,49]. One may speculate that neutron
irradiation can also change the plastic anisotropy of the material by limiting the number of active
slip systems and stimulating deformation localization via dislocation channel formations.

Several approaches describe plastic anisotropy, including the Lankford coefficient (Rx=¢y/e;) and
the R- and P-parameters [42]. In the context of the present work, since DIC data were available,
it seems reasonable to discuss the ey and &, values as a function of tensile strain, ex. Engineering
strains (or Cauchy strains, AL/Lo) in the tensile (ex) and transverse (ey) directions are natural
outcomes of the tensile test if DIC is employed. To ensure reliable results, it is important to make
sure the shear strains are small, the specimen experiences no rotation, and deformation bands are
absent or weak. Then, if the volume remains constant during plastic deformation [i.e., (1+ &x) X
(1+gy) % (1+e2) = 1], one may express the strain across the thickness as g, = 1/((1+ &x)(1+ &y)) —
1. If the Hencky strain (or natural strain) definition is employed, an even simpler relationship
may be used, 5; = —(dx+dy).

Figure 7 shows values for the gy (i.e., transverse strain) and e (i.e., strain across the thickness) as
a function of the strain in the tensile direction, &, for C35M specimens prior to and after
irradiation. The elastic strain was not excluded, but it was small enough (<~0.005). One may see
that the nonirradiated specimens had strong anisotropy; strain value across the thickness (&) was
significantly large compared with the &y, which may be explained by the texture in the material
(see Section 3.1). Irradiation did not change the general behavior but slightly changed the ratio
between ¢; and gy.
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Welding led to the decrease of plastic anisotropy, most likely, because the preexisting texture
disappeared after welding. The irradiated weldment did not reveal strong plastic anisotropy when
compared with the nonirradiated weldments. One may conclude that, for the investigated dose
range (1.9 dpa), the preexisting texture is the main factor controlling plastic anisotropy.
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Figure 7. Plastic anisotropy—the gy and g strains as a function of the ex strain—for the as-
received (AR) and welded specimens of C35M alloy before and after MT irradiation.
Negative strain values reflect a contraction in the y- and z-directions. Curves for different
specimens are shifted along the x-axis to improve image readability. The inset at bottom
right defines the axes, where the x-axis corresponds to the tensile direction.

3.5. Fracture mechanisms in the irradiated specimens

Figure 8 shows the typical fracture surfaces for the irradiated AR and welded SS-J type tensile
specimens; because the behavior of the alloys tested was very similar, only the C37M alloy data
set is shown. The nonirradiated AR specimens of all alloys demonstrated a ductile fracture
mechanism during tensile testing [18]; after irradiation at 1.9 dpa, the AR specimens also
revealed a ductile fracture mechanism (Figure 8). Ductility is likely to change with increasing
damage doses, as mechanical property data on similar model FeCrAl alloys showed that
irradiations performed between 320 and 382°C at doses below 7 dpa are still within the transition
regime for mechanical performance [47]. Irradiation temperature played a secondary role at the
investigated damage dose; however, LT-irradiated AR specimens often revealed small secondary
cracks (Figure 8, white arrows at top left).

After welding, the C35M alloy demonstrated mostly ductile fracturing prior to irradiation, as
discussed in [18]; no cleavage spots were observed. In contrast, after irradiation, the alloy had
completely brittle fractures; only cleavage surfaces were observed. Welded C37M alloy revealed
brittle fracture before [18] and after irradiation (Figure 8); no ductile dimples were detected.

Interestingly, the cleavage fracture mechanism (Figure 8) did not interfere with the high local
ductility and neck development for the welded specimens prior to irradiation and after HT
irradiation (Figure 5 and Figure 6). One may speculate that fractures occurred only after reaching
some stress level threshold. In other words, below some critical stress level, the material should
reveal acceptable performance. Additionally, an interesting aspect is the complex character of the
fracture and the appearance of multiple secondary cracks in the welded specimens. In some
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cases, small particles and debris are clearly visible in the SEM images (Figure 8, black arrows at
top right).

C37M
AR, Tir=169.2°C Welded, Tir=143.4°C

/
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Figure 8. SEM images of the fracture surface of SS-J3 type specimens. Irradiation
temperature is given for every object. One may see brittle fracture for the welded
specimens. White arrows show secondary cracks for LT-irradiated specimens. Black

arrows point to debris particles. AR: as-received material.

3.6. True stress-true strain curves for the nonirradiated and irradiated
specimens
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To investigate the behavior of the weldment and the bulk material in more detail, the local
mechanical behavior was analyzed in terms of true stress—true strain curves using DIC data for
the welded and AR specimens. True stress—true strain curves were calculated using common
approaches [37] to assess the material behavior prior to and after welding, as well as prior to and
after irradiation. This type of curve has no UTS point or uniform elongation limit, and the true
curves end at specimen fracture. During the experiment reported here, the maximum strain value
was limited to some degree due to limitations inherent in the experimental method used to
retrieve the true curves. For example, with the DIC approach as the main tool, inaccuracy
increases when necking begins or when a complex stress state forms [39]. It is possible to
overcome this limitation and get a true stress—true strain curve for the neck by combining DIC
and finite element modeling [36]; however, this option is difficult to use with the welded
specimens [39]. Additionally, detailed analysis of the true curves usually includes some
constitutive equations [50] or modern approaches based on the physics of plasticity [51], but this
aspect was outside the present work scope.
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Figure 9. True stress—true strain curves for C35M alloy. Only plastic strain is shown;
elastic deformation was excluded. AR and W: as-received and welded specimens,
respectively. LT, MT, HT: low, moderate, and high temperature.

Figure 9 shows the calculated true strain—true stress curves for the C35M alloy before and after
irradiation. The curves were calculated for the bulk AR material and the fusion zones (i.e.,
~300 um central areas of the weldments). A wide range of curves may be obtained for the grain
growth area and heat affected zone (HAZ), reflecting a smooth transition of properties from
weldment center to the parent material. However, for the sake of simplicity, only ultimate cases
(AR bulk material vs weldment center) will be analyzed.

For the nonirradiated specimens, welding of the AR material shifts the true stress—true strain
curves to lower stress levels. The kinetics of strain-induced hardening remains almost unaffected
by the welding, and the difference between the AR and welded specimens is practically the same
(~200 MPa) through the studied strain range. HT irradiation did not lead to any significant
changes in the appearance and shape of the true stress—true strain curves.
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MT irradiation led to the radiation hardening for both the AR and welded specimens. The curve
for welded specimens appears to have shifted in the high-stress area at ~180 MPa; however, its
shape remains similar to the curve for nonirradiated specimens. At the same time, the AR
specimen demonstrated different behavior. As stress increased, the deformation hardening rate
decreased and became close to zero at ~0.10 of plastic strain. Saturation of the deformation
hardening was not observed in the nonirradiated or HT-irradiated specimen in the studied strain
range, 0-0.2.

LT irradiation led to pronounced radiation hardening, with yield stress reaching ~1300 MPa for
the AR material. The welded specimen demonstrated strong embrittlement, and the maximum
plastic strain value did not exceed ~1% (0.01). The most interesting case was the AR specimen:
It revealed strain-induced softening (i.e., decrease in the true stress) starting at strain levels of
~0.015.

Generally, the true stress—true strain curves contain several stages. In the small strain area
(roughly, 0 to ~0.01), one may observe strain-induced hardening for all specimens. After that,
the strain-induced processes were sensitive to the irradiation temperature, softening for

LT irradiation and hardening for MT and HT irradiation). Additionally, one may speculate that
being continued to the large strain area, the curves eventually saturate at some stress level

(e.g., ~1000-1100 MPa). Further analysis of strain-induced processes should include evaluation
of the structure; the focus should be on the o' phase formation and its interaction with
dislocations. This aspect will be addressed in the future.

3.7. Local yield stress evolution under irradiation

As mentioned above, a miniature welded specimen is a complex object with multiple domains
(e.g., weldment, HAZ, parent material; see Figure 1). These domains are expected to have
different properties [39,41]. In most cases, if no aging occurs, yield stress calculated from the
engineering tensile diagrams (Figure 4) represents the strength of the weakest location, which is
usually but not neccessarly the center of the fusion zone, and misrepresents the overall plastic
behavior of the tested specimen. If data analysis is limited by engineering curves only, the
properties of other areas like the HAZ remain unexplored. In some cases, local mechanical
properties of the weldment and the HAZ may be studied if one tests miniature specimens
extracted, for example, directly from the weldment [52]; however, it is difficult to do for the
narrow (~1.5 mm) weldments used here (Figure 1).

In the present work, LY'S distribution curves were calculated for the tested irradiated and
nonirradiated specimens using DIC data. The procedure used here was close to the approach
offered and evaluated in [17,39]. To retrieve the LYS curves, the approach evaluates the
transition from purely an elastic behavior to an elastic—plastic behavior for each point [17,39]
along the specimen gauge, using DIC images collected during the test [37].
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Figure 10. LYS distributions along the specimen gauge centerline. The zero position on the
x-axes (black dashed line) corresponds to the center of the weldment, which is also gauge
center. Gauge length is 3.55 mm for this specimen geometry; the portions of the LYS
curves adjacent to the gauge ends were cut to avoid head influence. The welded specimen of
C37M alloy demonstrated brittle fracture without any signs of plastic deformation.

Figure 10 shows the distribution of the LYS along the specimen gauges. As shown in the data, in
all cases, the minimum LYS values correspond to the weldment center with the largest grains.
The presence of small voids (Figure 3) in the weldment center may be an additional factor
decreasing LYS at this location. The LY'S curves had a specific “U”-like shape, and LYS values
in most cases increased with distance from the weld centerline. Weak fluctuations on the curves
were caused, most likely, by local variations in the grain size.

The LT-irradiated specimens demonstrated plastic deformation in a narrow, very limited area;
specimen fracture prevented the plastic strain from spreading along the gauge. In this case, DIC
data contained mostly elastic strain information, and it was not possible to calculate LYS curves
for the whole gauge.

If a specimen with a long enough gauge had been tested, the LYS curves would demonstrate the
smooth transition from the soft material in the weldment center through HAZ with the moderate
strength to the parent material, unaffected by welding [17]. However, in the specimen geometry
employed here, the small 3.55 mm gauge contained only a weldment and some portion of the

HAZ. Thus, LYS curves did not reach the values obtained for nonwelded specimens (Figure 5).

Irradiation did not change the shape and appearance of the LYS curve but shifted them along the
y-axis, reflecting the local radiation-induced hardening. Interestingly, the radiation hardening
(i.e., the difference between the LYS curves for the reference nonirradiated specimen and the
irradiated one) appears to be insensitive to the initial local strength of the material.

4, Summary and conclusions

FeCrAl alloys are promising materials for nuclear applications due to their better performance
during LOCAs, compared to Zr-alloys. In the present work, advanced Generation 11 FeCrAl
alloys were investigated before and after neutron irradiation. Laser-beam welded and reference



20

tensile specimens were irradiated at ~1.9 dpa in ORNL’s HFIR for a wide temperature range,
from ~200 to ~560°C. All nonirradiated alloys revealed good weldability and were free of
welding-induced cracking. Small voids were detected via x-ray tomography, but void density and
size were small enough to be of limited concern. Weldment ductility and fracture behavior
before irradiation strongly depended on the alloy composition. Whereas the C35M alloy
weldment had a good ductility level, the Al content increase, from ~5% in C35M to ~7% in
C37M, was detrimental even prior to irradiation leading to the ductility drop.

LT neutron irradiation (~200°C) led to the strong embrittlement of the weldments for all alloys;
however, the AR materials still had ductility and pronounced necking. MT irradiation (~360°C)
revealed strong embrittlement for the C37M and C35M10TC alloy weldments; it appears that Al
and TiC additions were detrimental to the overall mechanical performance of the irradiated
weldments. However, C35M alloy weldments still had ductility after MT irradiation. HT
irradiation (~560°C) had little effect on the properties, which remained virtually unchanged
except for C35M10TC alloy; it showed some weak radiation hardening. The summary results on
the mechanical behavior suggest that a ductile-to-brittle transition occurs at ~380—400°C for all
alloys, most likely due to the o' phase formation during irradiation below this temperature.

The present work results are also an important milestone in evaluating and comparing the
specimen geometry performance. Ultraminiature specimen geometry (i.e., SS-Mini) was offered
to perform out-of-hot-cell-instrumented mechanical testing soon after neutron irradiation to
eliminate or reduce the postirradiation cool-down time; in the future, SS-Mini type specimens
will be employed for in situ testing. There was, in general, good agreement in the mechanical test
results between the common SS-J type and newly proposed geometry for the nonwelded
irradiated specimens. A visible difference was observed for the ductility values for the welded
specimens due to their complex structure and presence of multiple different property areas within
the gauge. Thus, the pilot results for the irradiated weldments of advanced FeCrAl alloys showed
the fruitfulness of the instrumented mechanical testing approach, justifying further efforts in this
direction.

Additionally, out-of-hot cell testing allowed for the performance of deformation experiments
using the DIC approach. Noncontact strain measurements via DIC allowed for development of a
unique data set for irradiated FeCrAl alloys: true stress—true strain curves, LY'S distribution
within the irradiated weldments, and plastic anisotropy. DIC tests conducted with new geometry
specimens revealed that plastic strain tends to localize in the weldment center, which was the
weakest location for all alloys under the irradiation conditions in this study. The plastic
anisotropy was weakly sensitive to the irradiation but was heavily affected by welding.
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