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Abstract: Two plates of nanostructured ferritic alloy NFA-1 were processed by ball milling atomized
Fe-14Cr-3W-0.4Ti-0.2Y (wt.%) with FeO powders, canning, and hot-extrusion at 850 ◦C, followed by
annealing and multipass cross-rolling at 1000 ◦C. This produces a severe (001) brittle cleavage texture
on planes running parallel to the plate faces. In the first plate (P1), pre-existing microcracks (MCs)
formed on the cleavage planes during cross-rolling. The second plate (P2) contained far fewer, if any,
MCs. Here, we compare the tensile data for out-of-plane (S) and in-plane (L) tensile axis orientations,
at temperatures from −196 ◦C to 800 ◦C. We also assess the tensile property differences between P1
and P2, and the effect of specimen size. The L-orientation strength and ductility were excellent; for
example, the room temperature (RT) yield stress, σy ≈ 1042 ± 102 MPa, and the total elongation,
εt ≈ 12.9 ± 1.5%. In contrast, the S-orientation RT σy ≈ 708 ± 57 MPa, and εt ≤ 0.2%. These
differences were due to cleavage on the brittle (001) planes. Cleavage leads to beneficial delamination
toughening, but is deleterious to deformation processing and through-wall heat transfer. Therefore, it
is important to quantitatively characterize the pronounced NFA-1 strength anisotropy due to severe
crystallographic texturing and cleavage fracture.

Keywords: nanostructured ferritic alloy; 14YWT steel; microcracks; strength anisotropy; tensile
properties

1. Introduction

Nanostructured ferritic alloys (NFAs), which are a variant of oxide dispersion strength-
ened (ODS) steels, possess a unique combination of properties like remarkable irradiation
tolerance, high strength, outstanding thermal stability, and corrosion resistance [1–6].
Therefore, they are promising candidates for advanced nuclear fission and future fusion
reactor applications [1,3,6]. As part of an Oak Ridge National Laboratory ORNL), Los
Alamos National Laboratory (LANL), and University of California Santa Barbara (UCSB)
collaboration, a 55 kg best practice heat of NFA-1 was processed by first ball milling Fe-
14Cr-0.25Y-3W-0.35Ti (wt.%) gas atomized powder with FeO powder to dissolve the Y,
and provide a proper balance of Ti and O. The mechanically alloyed powders were then
canned, degassed, hot extruded at 850 ◦C, and annealed and cross-rolled at 1000 ◦C to form
≈ 8–10 mm NFA-1 plates. NFAs, with 14% Cr are fully ferritic bcc alloys, lying outside
the gamma loop of Fe-Cr steels [1,2,4–6]. Background and further details on NFA-1 are
reported elsewhere [6–9].

As noted above, NFAs have a set of outstanding static tensile, creep, and fatigue
properties [1–9]. NFAs are dispersion strengthened by an ultrahigh density of nm-scale
complex oxides like Y2Ti2O7, which precipitate during high-temperature processing. Along
with fine grains and high dislocation densities, the nano-oxides not only contribute
to high strength, but they also imbue NFAs with a uniquely high irradiation damage
tolerance [1,6,9]. This is especially the case for fusion applications since the nano-oxides
trap high concentrations of transmutant helium in harmless nm-scale interface bubbles,
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otherwise, the high helium would lead to the scourges of void swelling and embrittle-
ment [1,6,9]. One exception to the remarkable properties of NFAs is their low fracture
toughness [1,6,9–13]. The low toughness is due to both the high NFA strength and crys-
tallographic texturing following deformation processing [1,6,9]. Texturing can result in
brittle cleavage plane orientations, leading to both micro- and macro-cracking during the
fabrication of product forms such as tubes and plates [1,6,9]. In addition, while the texture
anisotropy leads to toughening in some orientations [8], the responsible delamination
would degrade high in-service heat flux transfer and deformation processing damage.
Thus, the objective of the work reported here was to measure the tensile properties in
loading directions normal to the cleavage planes (out-of-plane orientations) and to com-
pare the resulting failure stresses and strains to those previously reported for directions
parallel to the cleavage planes (in-plane orientations). Such quantification is needed for
a myriad of modeling applications from NFA processing to in-service performance and
lifetime assessment applications. The results reported here will also add to our fundamental
understanding of cleavage fracture, but these topics were beyond the scope of this paper.

Two NFA-1 plates were examined in this study. Tensile specimens from the first NFA-1,
Plate 1 (P1), were fabricated in both the out-of-plane (S)- and in-plane (L)-orientations, as
shown in Figure 1a. The 3-D electron backscatter diffraction (EBSD) inverse pole figure (IPF)
maps in Figure 1b show that cross-rolling produced a severe (001) brittle cleavage system
texture in S-orientation planes parallel to the plate faces [8,11]. Upon cooling, residual
stresses resulted in the formation of a population of microcracks (MCs) on the cleavage
planes in P1.
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Figure 1. (a) NFA-1 specimen orientations labeled with respect to the extrusion, cross-rolling, and
plate thickness directions; (b) 3-D EBSD inverse pole figure (IPF) maps showing strong <001> texture
along the extrusion and cross-rolling directions, and (001) plane grains lying parallel to the LT plate
face; (c) SEM image showing the grains and microcracks (MCs); (d) the MC length distribution.

The majority of NFA-1 P1 grains were fine and nearly equiaxed in the LT plate face
direction, with an average diameter of ≈0.64 ± 0.45 µm [7]. There was also a small fraction
of 1–10 µm grains, along with a few that were even larger. Viewed from the plate front
(TS) and side (LS) directions, the grains were roughly football-shaped, with dimensions of
≈0.8 ± 0.6 × 0.3 ± 0.1 µm, again, along with fewer grains up to 10 µm in length or more [7].
P2 was nominally processed in the same way; however, while the microstructures were
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similar, few, if any, pre-existing MCs were observed in P2. The reasons for these differences
are not understood.

The TS and LS P1 views in Figure 1c show a large number of MCs lying on the (001)
planes, normal to the out-of-plane (plate thickness) S direction. The average MC crack
mouth opening was ≈ 250 nm, and the average crack separation distance was ≈16 µm
(Figure 1c and Ref. [7]). Figure 1d shows the corresponding P1 MC length distribution,
which ranged from ≈ 2 µm to 105 µm, averaging ≈ 12 ± 9.5 µm. Roughly, 75% of the MCs
were below 15 µm. The average crack area density in P1 was ≈ 2.4 × 109/m2. No cracks
were observed in the LT plate face view. Further details of the microstructure, texturing,
and MCs as well as their formation mechanisms are reported in [7,8,11].

Here, we investigated the properties of S-orientation P1 tensile specimens over a
wide range of temperatures from −196 ◦C to 800 ◦C. Tensile tests were also carried out
on S-orientation tensile specimens, taken from the similarly processed plate, P2, between
−150 ◦C and RT. Our objectives were to compare: (i) the S-(new, in this study) and L-
orientation (previously reported in [7,8]) tensile properties fabricated from the same NFA-1
P1; (ii) the S-tensile property variations between P1 and P2; and (iii) the specimen size
effect on the S-tensile properties in P2 as well as between P1 and P2.

In summary, the key results show that due to the presence of brittle, cleavage system
texturing, and MCs, the NFA-1 tensile properties were highly anisotropic. The in-plane L-
orientation had very high strength and ductility over a wide range of temperatures [7,8]. In
contrast, the strength and ductility of the out-of-plane, S-orientation tensile properties were
much lower, fracturing elastically with zero ductility below a brittle to ductile transition
temperature (BDT) of around 100 ◦C.

2. Materials and Methods

The processing and characterization methods employed for NFA-1 were briefly noted
above, and have been previously reported [7,13], so will not be reiterated here. Processing
resulted in 10 mm (P1) and 8 mm (P2) cross-rolled NFA-1 plates, respectively.

Uniaxial tensile tests, with loading in the short-thickness (S) direction, were performed
on two different dog-bone-shaped, sub-sized coupon specimens, as shown in Figure 2. So-
called SSJ2 type specimens [7], with a nominal gauge section length, width, and thickness
of 5.0 × 1.2 × 0.5 mm, as shown in Figure 2a, were fabricated by electrical discharge
machining (EDM) samples from both NFA-1 P1 and P2. Smaller micro-tensile specimens
(µ-SSJ2) were fabricated from P2, which was slightly thinner than P1 (≈14.4 mm vs. ≈15.8
mm with the can). The nominal gauge section dimension of the µ-SSJ2 specimens were
2.2 × 0.86 × 0.5 mm, as shown in Figure 2b. These tests were used to characterize the 0.2%
offset yield (σy) and ultimate engineering (σu) tensile stresses as well as the corresponding
uniform elongation (εu), total elongation (εt), and reduction in area (RA), measures of
ductility. All specimens were sanded down to 1500 grit to remove surface contamination,
minor cracks, and any residual EDM stresses. The in-plane SSJ2 L-orientation specimens
were all fabricated from P1. Tensile tests, at a strain rate of ≈10−3/s, were conducted in a
clam-shell resistance heating air furnace or a cooling chamber for tests above and below
RT, respectively. Heated specimens were held at the target temperature for 10 min before
testing. The specimens for tests below RT were cooled by controlled LN2 spraying in an
atmospheric chamber and held for 30 min at the target temperature. Except for the small
specimen sizes, the tensile properties were determined in accordance with ASTM Standard
E8M-15 [14]. Except for the P1 conditions with only one test at 100, 400, and 600 ◦C, two to
fifteen tests were performed on all of the others. The S-tensile properties were similar for
the specimens taken from both the TS (front) and LS (side) plate locations [7]. All specimens
tested in this study were from the TS location (Figure 1a). Since only P1 SSJ2 tests were
carried out above RT, the results are presented separately in Sections 3.1 and 3.2 for lower
(≤RT) and higher (≥RT) temperatures, respectively.
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3. Results
3.1. P1 Tensile Properties at and Below RT

Table 1 summarizes the average and standard deviations of the tensile properties
for all of the P1 SSJ2 specimen tests. Representative 23, −100, and −196 ◦C engineering
stress-strain (σ–ε) curves for the P1 S and L-orientations are shown in Figure 3a–c, and σy,
σu, and εt are plotted in Figure 3d–f for all of the tested temperatures from 23 to −196 ◦C.
At and below RT, all of the S-orientation specimens failed elastically, at a low fracture stress
(σf) less than σy, which generally decreased with decreasing temperature. This decrease in
σf was due to the corresponding increase in the P1 matrix strength, coupled with a decrease
in the cleavage fracture toughness, which is a topic of ongoing research. Here, the intrinsic
strength refers to that observed in the absence of MC damage and a cleavage orientation
texture, which can be approximately measured by tests in the L-orientation. Indeed, the
L-orientation tests experienced extensive plastic deformation, with σy decreasing with
increasing temperature from 1555 ± 121 at −196 ◦C to 1042 ± 102 MPa at RT. As a result of
brittle cleavage, the corresponding RT σf for the S-orientation P1 tests was 730 ± 92 MPa,
which was much less than the corresponding L-orientation average σu = 1133 ± 100 MPa.
While the S-orientation tensile specimens fractured elastically with no ductility, the average
L-orientation εt was ≈ 13 ± 5% at −150 ◦C, decreasing to 7.9 ± 0.7% at −196 ◦C. Again,
the lower failure stress and ductility in the S- versus L-orientations were associated with
brittle cleavage versus ductile fracture, respectively, as further discussed below.

Table 1. Room (≈23 ◦C) to liquid nitrogen (−196 ◦C) temperature tensile properties of S- and
L-orientation SSJ2 NFA-1 P1.

Test Temp.
(◦C)

Specimen
Orientation

σy or σf,
MPa

σu,
MPa

εu,
%

εt,
%

RA,
%

23
S 708 ± 57 730 ± 92 0.2 ± 0.3 0.2 ± 0.3 4 ± 2

L 1042 ± 102 1133 ± 100 3.8 ± 3.7 12.9 ± 1.5 56 ± 8

−50
S 550 ± 8 550 ± 8 0 ± 0 0 ± 0 0

L 1073 ± 65 1183 ± 76 6.9 ± 4 15.7 ± 0.7 50 ± 4

−100
S 368 ± 107 368 ± 107 0 ± 0 0 ± 0 0

L 1162 ± 54 1293 ± 62 5.7 ± 6 14.8 ± 1.8 56 ± 14

−150
S 316 ± 43 316 ± 43 0 ± 0 0 ± 0 0

L 1332 ± 69 1453 ± 103 6 ± 6.5 13 ± 5 51 ± 3

−196
S 372 ± 23 372 ± 23 0 ± 0 0 ± 0 0

L 1555 ± 121 1643 ± 112 1.0 ± 0 7.9 ± 0.7 31 ± 6
σy = yield stress, σf = fracture stress, σu = ultimate tensile stress, εu = uniform elongation, εt = total elongation,
RA = reduction in area.



Crystals 2024, 14, 439 5 of 16Crystals 2024, 14, x FOR PEER REVIEW 6 of 20 
 

 

 
Figure 3. Engineering tensile stress–strain (σ–ε) curves for the P1 S- and L-oriented NFA-1 speci-
mens at (a) 23 °C, (b) −150 °C, (c) −196 °C. The corresponding tensile properties are shown in (d) σy, 
(e) σu, and (f) εt, respectively. 

Figure 4 shows representative SEM fractographs for the P1 S- and L-orientations for 
tests from RT to −196 °C. All the S-orientation specimens had flat, cleavage faceted fracture 
surfaces (Figure 4a–e). It appears that in most cases, cleavage initiated at the un-
precracked ligament edges and corners, as indicated by the red arrows in Figure 4a–e. In 
contrast, the L-orientation fracture surfaces were dominated by periodic delaminations, 
which split the tensile gauge section into thin, knife-edge ruptured segments with shallow 
ductile dimples on their tops (Figure 4f–j). The L-orientation delaminations occurred on 
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(e) σu, and (f) εt, respectively.

Figure 4 shows representative SEM fractographs for the P1 S- and L-orientations for
tests from RT to −196 ◦C. All the S-orientation specimens had flat, cleavage faceted fracture
surfaces (Figure 4a–e). It appears that in most cases, cleavage initiated at the un-precracked
ligament edges and corners, as indicated by the red arrows in Figure 4a–e. In contrast, the
L-orientation fracture surfaces were dominated by periodic delaminations, which split the
tensile gauge section into thin, knife-edge ruptured segments with shallow ductile dimples
on their tops (Figure 4f–j). The L-orientation delaminations occurred on cleavage planes
running parallel to the loading direction. The L-orientation delaminations and necking
(indicated by the red dashed lines) were observed down to −196 ◦C (Figure 4e,j).
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Figure 4. (a–d) Low magnification SEM fractographs for the S-orientation tests at (a) 23 ◦C,
(b) −100 ◦C, (c) −150 ◦C, and (d) −196 ◦C, (f–i) show the corresponding images for the L-orientation
tests. (e) shows a fracture surface at higher magnification for a P1 S test at 23 ◦C, with likely cleav-
age initiation sites indicated by the red arrows; (j) shows a higher magnification SEM image for
an L-orientation test at −196 ◦C, revealing ruptured delamination blades with ductile dimples on
the tops.

3.2. P1 Tensile Properties at and above RT

Figure 5a,b show examples of RT (repeated) to 800 ◦C engineering stress–strain (σ–ε)
curves for the S and L orientations, respectively. The corresponding average strength and
ductility properties are plotted in Figure 5c–f, and are summarized in Table 2. While the
S-orientation tests at 100 ◦C showed a small amount of yielding and strain hardening, the
fracture was still predominantly brittle cleavage (Figure 5a). There was significant plastic
strain and strain hardening at 200 ◦C, with εt ≈ 8.6 ± 1.6% (Figure 5a,e). While σy remained
nearly constant up to 400 ◦C at ≈ 700 MPa, it decreased rapidly at higher temperatures,
falling to 192 ± 12 MPa at 800 ◦C (Figure 5c). The corresponding σu increased from 730 ±
92 at RT to a peak of 911 ± 8 MPa at 200 ◦C due to the corresponding increase in ductility
(Figure 5d). The σu remained near the peak up to 400 ◦C, then also decreased rapidly to 201
± 12 MPa at 800 ◦C. The εu peaked at 200 ◦C, but then steadily decreased to 0.7% at 800 ◦C
(Figure 5e). The εt for the S-orientation followed a BDT trend between RT, with εt ≈ 0%,
and 200 ◦C, with εt ≈ 9%. In contrast to εu, εt continued to increase approximately linearly
with temperature, up to ≈ 16% at 800 ◦C (Figure 5f). Again, the BDT σy ≈ 1000 ◦C was
associated with a combination of increasing cleavage fracture toughness and decreasing
intrinsic NFA-1 strength at higher temperature.
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Table 2. Room (23 ◦C) to high (800 ◦C) temperature SSJ2 tensile properties of the S- and L-orientation
NFA-1 tests.

Test Temp.
(◦C)

Specimen
Orientation

σy,
MPa

σu,
MPa

εu,
%

εt,
%

23
S 708 ± 57 730 ± 92 0.2 ± 0.3 0.2 ± 0.3

L 1042 ± 102 1133 ± 100 3.8 ± 3.7 12.9 ± 1.5

100
S 705 912 2.3 2.3

L - - - -

200
S 706 ± 9 911 ± 8 5.4 ± 1.2 8.6 ± 1.6

L 982 ± 25 1106 ± 21 4.8 ± 1.5 10.4 ± 1.5

400
S 680 759 3.2 10.7

L 882 ± 21 960 ± 34 4.5 ± 1.3 9.2 ± 1.7

600
S 484 529 1.7 13.5

L 584 ± 35 630 ± 35 2.3 ± 1.0 16.5 ± 3.9

800
S 192 ± 12 201 ± 12 0.7 ± 0.0 16.2 ± 0.3

L 251 ± 6 278 ±1 3.4 ± 0 17.3 ± 0.4
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The in-plane L-orientation σy decreased slightly between RT and 200 ◦C, primarily
due to the corresponding decrease in the shear modulus [7]. The σy transitioned to a more
rapid drop above 400 ◦C, where deformation is increasingly affected by viscoplastic creep,
even at relatively high strain rates (≈10−3/s) [7,15]. Despite the decrease at the higher
temperature, the L-orientation strength remained reasonably high, with σy ≈ 584 ± 35
MPa and σu ≈ 630 ± 35 MPa at 600 ◦C, and σy ≈ 251 ± 6 MPa and σu ≈ 278 ± 1 MPa at
800 ◦C (see Table 2). Thus, in all cases, the L-orientation strength remained higher than
for the S-orientation, although they tended to converge with increasing temperature (see
Figure 5c,d). The lower strength of the S-orientation at higher temperatures may, in part,
be due to the MCs, which reduce the intact gauge section area of the tensile specimens.

Low-magnification SEM gauge section side views for the S-orientation, between 100 ◦C
and 600 ◦C, are shown in Figure 6a–d. Figure 6e–h shows the corresponding SEM images of
the fracture surfaces. Figure 6i–l shows low-magnification SEM images of the L-orientation
fracture surfaces. Figure 6a,e clearly show that at 100 ◦C, the S-orientation fracture surfaces
were very flat, without any necking or a reduction in area (RA). The side view in Figure 6b
shows a small amount of necking at 200 ◦C. Here, about 75% of the fracture surface was flat,
while the remaining ≈ 25% appeared to shear off. The corresponding 200 ◦C fracture surface
in Figure 6f showed a collection of small, cleavage facet-bottomed dimples enclosed in
larger flat regions, which failed by ductile rupture of the surrounding ligaments. It is likely
that the facet-bottomed dimples are the pre-existing cleavage MCs, arrested at the grain
boundaries, while the larger enclosing features resulted from the propagation, arrest, and
blunting of the MCs at grain boundaries. Figure 6g,h shows that similar features occurred,
albeit with a rapidly decreasing frequency up to 600 ◦C. The important implication of these
observations is that cleavage, or what might be better described as quasi-cleavage [16], can
occur in the S-orientation of NFA-1 P1 up to very high temperatures. Unfortunately, the
fracture surfaces for S-orientation at 800 ◦C were too oxidized for reliable observations.
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i). The frequency of delaminations decreased at higher temperatures and were completely 

Figure 6. Low magnification SEM side profile images (a–d) and fracture surfaces (e–h) for the S-
oriented tensile specimens tested at (a,e) 100 ◦C, (b,f) 200 ◦C, (c,g) 400 ◦C, and (d,h) 600 ◦C and the
fracture surfaces for the L-oriented specimens at (i) 200 ◦C, (j) 400 ◦C, (k) 600 ◦C, and (l) 800 ◦C,
respectively. The scale bars are shown at the bottom of each column.

As noted previously, the RT and lower temperature L-orientation fracture surfaces
were dominated by periodic delaminations that split the tensile gauge sections (Figure 4f–i).
The frequency of delaminations decreased at higher temperatures and were completely
absent at and above 400 ◦C (Figure 6i–l). However, the corresponding pre-existing MCs,



Crystals 2024, 14, 439 9 of 16

which did not propagate to form delaminations at high temperature, were visible up to
800 ◦C.

The higher magnification SEM image of the S-orientation fracture surface in Figure 7a,
again showed that cleavage was dominant at 100 ◦C, with only a few small areas of ductile
features (shown in the black box in the top right of Figure 7a, and at much higher magnifi-
cation in Figure 7b). Figure 7c–e shows higher magnification SEM fracture surface images
for the S-orientation at 200, 400, and 600 ◦C. Again, at 200 and 400 ◦C, the fracture surfaces
were dominated by flat-bottomed dimples covering a wide range of sizes, extending over
dimensions of a grain to several grains. As noted above, these features are believed to be
cleavage facets, arrested at higher toughness grain boundaries. The ligaments failed by
knife edge rupture, again representing a type of quasi-cleavage. While regions of classical
ductile dimple fracture increased with temperature, a decreasing fraction of flat-bottomed
facets was observed up to 600 ◦C. Unfortunately, here, the fine fracture surface details were
obscured by oxidation. Highly oxidized surfaces also obscured the mix of fracture mech-
anisms at 800 ◦C (not shown). Figure 7f shows that the L-orientation fracture surface at
200 ◦C was again characterized by out-of-plane, loading direction delamination cracks, sur-
rounded by near knife edge ruptures with ductile dimples on their tops. The L-orientation
delaminations were absent at and above 400 ◦C, as shown in Figures 6j and 7g,h. Oxidation
was again an issue in the L-orientation tests at and above 600 ◦C.
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3.3. Specimen Size and NFA-1 Plate Variation for the S-Orientation Tensile Tests

The S-orientation SSJ2-tensile specimens were fabricated from two NFA-1 plates (P1
and P2). Smaller µ-SSJ2 tensile specimens were also fabricated from P2 (see Figure 2). The
P2 specimens were tested between −150 ◦C and RT. The average and standard deviations
for all of the low-temperature tensile test data are summarized by color-code in Table 3.
The corresponding average and standard deviations of σf are plotted in Figure 8. While
they were processed in a similar manner, the MC density in P2 was much lower than in
P1. Indeed, a closely examined 30 mm2 area of P2 contained no visible MCs, while the
equivalent area of P1 would be expected to contain ≈ 72,000, based on the P1 average MC
density cited above. Note, however, that there were many areas of P1 where visible MCs
were not observed, while very small MCs may be closed and thus could be invisible in P2.
However, while the relative numbers could not be precisely established, it is clear that P1
contained many more pre-existing MCs than P2. Furthermore, evidence of such differences
was provided by their respective σf as well as their fracture surfaces, as discussed below.

Table 3. Room to liquid nitrogen temperature tensile properties of S-oriented NFA-1 as a function of
specimen type and plates.

Test Temp.
(◦C)

NFA-1
Plate

Specimen
Type

Specimen
ID

σy,
MPa

σu,
MPa

εt,
%

23

P1

SSJ2 ST-01 765 832 0.5

SSJ2 ST-02 707 707 0

SSJ2 ST-13 652 652 0

P2

SSJ2 ST-14 777 1020 3.6

µ-SSJ2 ST-15 1074 1074 0

µ-SSJ2 ST-16 1100 1100 0

−50
P1

SSJ2 ST-L1 544 544 0

SSJ2 ST-L8 555 555 0

P2 µ-SSJ2 ST-L38 717 717 0

−100

P1
SSJ2 ST-L2 443 443 0

SSJ2 ST-L9 292 292 0

P2

SSJ2 ST-L11 551 551 0

SSJ2 ST-L12 749 749 0

SSJ2 ST-L13 538 538 0

SSJ2 ST-L14 428 428 0

SSJ2 ST-L15 686 686 0

SSJ2 ST-L16 625 625 0

SSJ2 ST-L17 586 586 0

SSJ2 ST-L18 423 423 0

µ-SSJ2 ST-L20 781 781 0

µ-SSJ2 ST-L21 605 605 0

µ-SSJ2 ST-L22 734 898 3.2

µ-SSJ2 ST-L23 658 658 0

µ-SSJ2 ST-L24 486 486 0



Crystals 2024, 14, 439 11 of 16

Table 3. Cont.

Test Temp.
(◦C)

NFA-1
Plate

Specimen
Type

Specimen
ID

σy,
MPa

σu,
MPa

εt,
%

−150

P1
SSJ2 ST-L3 285 285 0

SSJ2 ST-L10 346 346 0

P2

SSJ2 ST-L5 458 458 0

SSJ2 ST-L6 410 410 0

SSJ2 ST-L19 524 524 0

µ-SSJ2 ST-L25 553 553 0

µ-SSJ2 ST-L26 249 249 0

µ-SSJ2 ST-L27 393 393 0

µ-SSJ2 ST-L29 342 342 0

µ-SSJ2 ST-L30 414 414 0

µ-SSJ2 ST-L3 335 335 0

µ-SSJ2 ST-L32 474 474 0

µ-SSJ2 ST-L33 298 298 0

µ-SSJ2 ST-L34 277 277 0

µ-SSJ2 ST-L35 365 365 0

−196 P1
SSJ2 ST-L4 388 388 0

SSJ2 ST-L7 356 356 0
Black: P1 SSJ2; Red: P2 SSJ2; Blue: P2 µ-SSJ2.
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tests, (b) SSJ2 versus µ-SSJ2 specimens, and, (c) SSJ2 P1 versus P2 tests.
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The RT, −100 ◦C, and −150 ◦C SSJ2 tests of the σf P2/P1 ratios averaged 1.40, 1.56, and
1.47 times higher, respectively. The average σf ratio of 1.47 was consistent with different
(a) MC populations or (2) cleavage initiation mechanisms. The corresponding σf ratios for
P2 µ-SSJ2/SSJ2 were 1.06, 1.19, and 0.8, averaging only 1.02. This size-dependent ratio
might be expected to be larger, since the gauge section volumes of the µ-SSJ2 and SSJ2
specimens were 1 mm3 and 3 mm3, respectively. This may suggest that in the absence of
large pre-existing MCs, the collective effect of other regions of stress concentrations (small
MC, dislocation pile-ups, polycrystalline crystal plasticity effect, trigger particles) activates
multiple cleavage sites.

All of the S-orientation fractographs for the P1 and P2 SSJ2 tests at RT and −100 ◦C in
Figure 9 showed cleavage fracture. However, the P1 fracture surfaces in Figure 9a,b were
much flatter than in the case of P2, as shown in Figure 9c,d. The flat P1 fracture surface
topology and river patterns suggest that in P1, fracture involves the propagation of one
or a few MCs, often (but not always) initiating at the edge or corner of the precracked
ligament, as indicated by red arrows. This pattern is attributed to the dominant effect of
the larger pre-existing MCs. In contrast, the P2 fracture surface suggests that multiple sites
of cleavage crack initiation are located throughout the un-precracked ligament. The P2
fracture surfaces were rough, with packets of cleavage regions at different heights. Again,
as noted above, this may indicate, in the absence of large pre-existing MCs, the collective
effect of a population of small, perhaps invisible, regions of stress concentrations that
activate multiple cleavage sites in rapid succession.
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Figure 9. SEM fractography for the P1 versus P2 SSJ2 S tensile specimens: (a,b) P1 at 23 ◦C and
−100 ◦C, respectively, (c,d) P2 at 23 ◦C and −100 ◦C, and (e,f) corresponding higher magnification
images for P2 at 23 ◦C (e), and −100 ◦C (f). The right-column images are the same magnification as
the left-columns.

To further explore the fracture statistics, a larger number of both SSJ2 and µ-SSJ2 tests
were carried out on P2 at −100 ◦C and −150 ◦C. These datasets provide an opportunity to
carry out a Weibull-type statistical analysis, analogous to what is conducted for weakest
link microcracked ceramics [17–19]. Figure 10a,b show the Weibull plots of ln(−ln(1−F))
versus ln(σf). Here, the failure probability, F, is defined by ranking the σf in increasing order
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(i = 1 to N) and assuming Fi = (2i−1)/2N, where N is the total number of data points [18–20].
The fit line slope is the Weibull modulus (m), ranging from m ≈ 4.8 to 9.2. However, since
there were only three SSJ2 data points at −100 ◦C, the m = 9.2 is not very reliable. The
Weibull stresses at F = 0.5 (σF0.5) for P2 were respectively 658 MPa and 354 MPa for µ-SSJ2
at −100 ◦C and −150 ◦C, and 569 MPa and 458 MPa for SSJ2 P2 at −100 ◦C and −150 ◦C.
Thus, while at −100 ◦C, the σF0.5 was larger for the smaller specimens as expected, this was
not the case for tests at −150 ◦C. A normalized Weibull distribution for all four cases for
P2 is plotted in Figure 11. The normalization was based on dividing the σf by σF0.5. The
Weibull modulus (m) for the normalized σf was 5.4.
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4. Discussion

The tensile data reported here will support a broader ongoing effort to understand the
BDT in bcc metals and alloys, and to model the invariant shape of the master toughness–
temperature curve for steels [21,22]. However, further discussion of these topics was
beyond the scope of this paper. Rather, our focus was on the profound anisotropy in the
tensile properties and fracture mechanisms operating in a deformation-processed NFA-1
plate. Note that NFA-1 is representative of a broader class of nano-oxide-strengthened steels
(NFA, aka ODS). NFAs are leading candidates for advanced fission and fusion applications
and a host of other technologies [1–6].

Figure 12 summarizes all of the σy and σu data measured in this study. The most
important result reported here is that cross-rolling an extruded NFA bar led to a dominant
(001) cleavage system texture anisotropy, resulting in an out-of-plane loading axis direction
(S) parallel to the plate thickness direction, with low, brittle, elastic σf. This is in contrast
with the normal ductile deformation and fracture processes observed in the in-plane L-
orientation. Again, the mechanism leading to the markedly different behavior was cleavage
on the (001) planes, which lie parallel to the plate faces. Below RT, the fracture was
100% cleavage. The corresponding σf decreased with decreasing temperature due to a
combination of increasing intrinsic (defect-free) NFA-1 strength and decreasing cleavage
fracture toughness. The BDT of P1 for the S-orientation was ≈ 100 ◦C. The corresponding
ductile σy at the BDT was ≈ 1000 MPa. Note that the L-orientation had no BDT or it was
less than −196 ◦C, our lowest testing temperature.
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Figure 12. (a) σy and (b) σu of all S- and L-tensile specimens over a wide range of temperatures.

At higher temperatures and lower strength, cleavage became increasingly infrequent.
Nevertheless, cleavage still formed flat-bottomed faceted features at or above 200 ◦C, which
subsequently underwent ductile rupture of the surrounding ligaments. Remarkably, it
appears that limited regions of cleavage occurred up to 600 ◦C, and perhaps even higher.
Since the intrinsic P1 σy at the BDT was ≈ 1000 MPa, it follows that the corresponding BDT
temperature increased with increasing NFA strength, associated with either a particular
alloy or in-service irradiation hardening. Note that in the absence of large pre-existing
MCs, the BDT in P2 may be slightly less than 100 ◦C. Alternatively, the intrinsic P2 strain-
hardened 100 ◦C BDT stress, the σu at σf at a 100 ◦C BDT, could be higher. Additional
elevated temperature P2 tests are needed to confirm these conclusions.

Another important result shown in Figure 12 is that at and below RT, σf depends on
the plate (P1 vs. P2). The average σf at −100 ◦C and −150 ◦C was 368 ± 107 and 316
± 43 MPa for PI SSJ2 and 573 ± 115 and 464 ± 57 MPa for P2 SSJ2. The plate-to-plate
differences are likely due to the fact that P1 contained a large population of pre-existing
MCs, while P2 had few if any, at least ones that were observable. Larger MCs would
reduce the σf relative to a gauge section that is uncracked. Furthermore, the net intact
gauge section stresses would be larger than the nominal value in the presence of extensive
microcracking. The ‘+’ symbols in Figure 12 are intended to approximately account for



Crystals 2024, 14, 439 15 of 16

such net section stress differences by adjusting the P1 S σf, σy, and σu data by a factor 1.25,
which results in approximately the same L- and S-orientation stresses at and above 400 ◦C
for σy and 100 ◦C for σu. This adjustment also resulted in a somewhat better alignment of
the low-temperature P1 and P2 σf.

The large variations in low-temperature S-orientation σf can be described by the
weakest link Weibull statistics with a relatively low modulus m ≈ 5.4 ± 0.6. This compares
to the typical moduli for microcracked ceramics of m = 10 to 20 [23]. Assuming the same
size distribution, the approximate effect of variations (P1 and P2) in MC density (N1,2) on
σf is given by σFP2/σFP1 = (NP2/NP1)1/m

.
For the average ratio P1 and P2 σfP2/σfP1 = 1.47, an m ≈ 5.4 is consistent with an

NP2/NP1 ≈ 0.125. Since the actual ratio appears to be much less than this, it seems likely
that P2 represents a near upper bound on σf.

5. Summary and Closing Remarks

Tensile tests were performed from −196 ◦C to 800 ◦C on the out-of-plane, S-orientation
of cross-rolled NFA-1. Elastic cleavage fracture occurred from ≈ −196 to 100 ◦C at a σf
that decreased with decreasing temperature. In contrast, previously reported in-plane
L-orientation tensile tests showed normally increasing σy and σu with the decreasing
temperature, accompanied by significant ductility with εt ≈ 8%, even at −196 ◦C. The
S-orientation behavior was due to severe texturing following cross-rolling, resulting in
(001) cleavage system planes running parallel to the plate faces. Higher-temperature S-
orientation tests showed gradually increasing ductility with εt ≈ 16.2 ± 0.3% at 800 ◦C.
However, the S-orientation σy remained roughly constant up to 400 ◦C, decreasing rapidly
at higher temperatures, while σu decreased more slowly due to increased ductility. Thus, the
S-orientation P1 BDT was ≈ 100 ◦C, consistent with the cleavage fracture surfaces. Remark-
ably, however, while increasingly isolated, cleavage regions of the S-orientation fracture
surfaces were observed up to 600 ◦C. In contrast to the divergence of low-temperature
strength and ductility, the S- and L-orientation tensile properties tended to converge above
600 ◦C. The plate-dependent tensile properties can be, at least qualitatively, rationalized
based on different cleavage initiation mechanisms depending on the presence or absence of
pre-existing MCs.

While plate processing can lead to extensive microcracking, the differences between P1
and P2 show that this can be avoided. However, additional research will be needed to clarify
the underlying reasons. Nevertheless, even in the absence of MCs, the tensile S-orientation
BDT is at or above RT. Of course, the macroscopic notch or precrack fracture toughness BDT
with large local stress concentrations would be much higher. Finally, the results reported
here will be of direct use in modeling a variety of important phenomena in NFA such
as defect-free deformation processing paths, delamination toughening, heat transfer, and
thermal shock resistance. For example, even modest delaminations could degrade through-
wall heat transfer, which plays a major functional role in complex energy conversion
systems. More generally, the results reported here will also add to our understanding
and modeling of the cleavage fracture, the BDT, and the invariant shape of the fracture
toughness temperature curve.
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