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SUMMARY 

Three papers are attached highlighting some recent progress in the 
development and testing of Oxide Dispersion Strengthened ferritic steels 
in tube and plate form. Aydogan et al. (2016) and Alam et al. (2016) 
papers summarize testing and characterization that has been performed on 
plate and tube materials. In the Alam et al. paper it was noted that after 
cross-rolling plate material of 14YWT, microcracks were formed. This 
resulted from an (001) texture in the plane normal to the plate causing 
cracking microcracking within that plane. Such microcracking affects low 
temperature tensile properties up to 200C. It was not seen in tube material 
produced by hydrostatic extrusion. In the Aydogan et al. (2016) paper 
characterization was performed on tubes produced from the ODS material, 
14YWT. Tubes were formed through hydrostatic extrusion of plate 
material and hydrostatic extrusion of spray formed tubes. It was noted that 
strong texture on {001}<110> was formed in the plate material while 
shear deformation during hot extrusion produced a strong <111> ll ND 
texture component. In the Aydogan et al. (2017) paper detailed analysis 
was performed on the change in oxide size with ion irradiation to doses 
>500 dpa at 450C. The results show strong stability for the 2-4 nm oxide 
particles with a reduction in size ~25% after 270 dpa and an increase in 
density. 
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A new larger heat of a 14YWT nanostructured ferritic alloy (NFA), FCRD NFA-1, was synthesized by ball
milling FeO and argon atomized Fe-14Cr-3W-0.4Ti-0.2Y (wt%) powders, followed by hot extrusion, an-
nealing and cross rolling to produce an ≈10 mm-thick plate. NFA-1 contains a bimodal size distribution of
pancake-shaped, mostly very fine scale, grains. The as-processed plate also contains a large population of
microcracks running parallel to its broad surfaces. The small grains and large concentration of Y–Ti–O
nano-oxides (NOs) result in high strength up to 800 °C. The uniform and total elongations range
from E1–8%, and E10–24%, respectively. The strength decreases more rapidly above E400 °C and
deformation transitions to largely viscoplastic creep by E600 °C. While the local fracture mechanism is
generally ductile-dimple microvoid nucleation, growth and coalescence, perhaps the most notable fea-
ture of tensile deformation behavior of NFA-1 is the occurrence of periodic delamination, manifested as
fissures on the fracture surfaces.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The success of advanced nuclear fission and future fusion en-
ergy sources depends on the development of new, high perfor-
mance structural materials that can sustain extended component
lifetimes in extremely hostile irradiation environments. Nanos-
tructured ferritic alloys (NFAs), which are leading candidates for
these applications, have high tensile, fatigue and creep strengths
over a wide range of temperatures, as well as outstanding irra-
diation tolerance and unique thermal stability up to 900 °C [1–3].
The outstanding properties of 12–14%Cr NFAs are derived from the
presence of submicron (�500 nm) grains, high dislocation den-
sities (0.5�2�1015/m2) and an ultrahigh population (1023�1024/
m3) of nanometer scale (2–4 nm) Y–Ti–O rich multifunctional
nano-oxides (NOs). The NOs retard dislocation climb and glide,
stabilize grain and dislocation structures, and trap helium in fine
bubbles that retard swelling and grain boundary embrittlement
[1–7]. Unlike some high strength materials, NFAs often exhibit
significant ductility and in some cases reasonable fracture tough-
ness in standard test orientations [8–12].

NFAs are typically described by a number designating their Cr
content followed by YWT indicating their primary micro-alloying
Alam).
elements, Y, W and Ti. A new 14YWT NFA, named FCRD NFA-1,
with a nominal composition of Fe-14Cr-3W-0.4Ti-0.2Y (wt%), was
developed in a collaboration between the University of California,
Santa Barbara (UCSB), Los Alamos National Laboratory (LANL) and
Oak Ridge National Laboratory (ORNL). The objective was to
achieve a good combination of strength, ductility, toughness and
irradiation tolerance in a larger heat of NFA. Processing NFA-1
involved an alternative path that involved including Y in the melt
prior to gas atomization and rapid solidification. Many small lab
heats of precursor NFA, with different processing and composi-
tional variants, were first explored to identify the best practice
path [3,10,13–16]. This culminated in the final production of an
extruded and cross-rolled heat known as 14YWT-PM2 (PM2) [17].
NFA-1 is larger-scale heat (55 kg), processed by the same route as
PM2, in the form of an ≈10mm thick plate [18].

Characterization of NOs, dislocations and grain structures of the
NFA-1 are described elsewhere [18]. Here we focus on the basic
tensile deformation and fracture properties of NFA-1. Companion
studies of fracture toughness, texturing and the underlying mi-
cromechanism of deformation and fracture are reported elsewhere
[19,20]. Unlike most previous results, a special effort is made here
to characterize the effects of orientation of the test specimens with
respect to the plate geometry and primary deformation processing
directions. Further, the combined effect of prior plate micro-
cracking and subsequent delamination during testing, are sys-
tematically explored for the first time. Tensile tests were carried
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Fig. 1. (a) NFA-1 plate section views and tensile specimen orientations with respect to the extrusion, cross rolling and thickness directions; and, (b) the dimensions of the
SSJ-2 dogbone tensile specimen.

Table 1
Grain morphology and microhardness of FCRD NFA-1 for the different plate sections.

Planes Long, l (lm) Short, s (lm) Av, d¼(lþs)/2 (lm) Aspect ratio Microhardness, Hv, (kg/mm2)

LT (Face) 0.76770.566 0.51770.355 0.64270.450 1.570.4 376718
LS (Side) 0.79270.638 0.30170.108 0.54670.343 2.771.6 368725
TS (Front) 0.79970.833 0.29670.180 0.54870.482 2.771.3 352739

Table 2
The average size, grain aspect ratio, number and area fractions of grains for dif-
ferent section views of the NFA-1 plate.

Planes Range
(lm)

Length, l
(lm)

Aspect
ratio, r

No. freq. of
grains, (%)

Area frac-
tion, (%)

LT (Face) 0–1 0.5770.20 1.570.4 80 60
1–10 1.5770.80 1.670.4 20 40
10þ – – – –

LS (Side) 0–1 0.6070.19 2.270.7 79.3 64.6
1–10 1.4270.50 4.572.0 20.5 33.2
10þ 11.3 15.8 0.2 2.2

TS
(Front)

0–1 0.5670.22 2.270.9 79.3 59.5
1–10 1.5970.94 4.171.5 20.5 37.9
10þ 12.94 10.0 0.2 2.6
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out in air from room temperature to 800 °C. Scanning electron
microscopy (SEM) was used to examine grain size, coarser oxide
features, microcracks, fracture surfaces, and the deformation pat-
terns at the point of material separation. Electron backscatter
diffraction (EBSD) was used to characterize grain texturing and
grain boundaries, while limited transmission electron microscopy
(TEM) was used to identify the micromechanisms of microcrack
formation.
2. Materials and methods

2.1. Processing NFA-1

NFAs are typically processed by ball milling Fe–Cr–Ti–W and
Y2O3 powders to mechanically alloy the Y and O into solid solution.
The powders are then consolidated by high temperature hot iso-
static pressing or extrusion [1,5]. The NOs precipitate during hot
consolidation, at sizes (d) and number densities (N) that depend
on alloy composition and temperature [14]. The consolidated NFA
is then typically deformation processed, both to achieve better
properties and a final near net shape. In the case of NFA-1, Y was
included in the melt prior to gas atomization and rapid solidifi-
cation. This was intended to explore the possibility of minimizing
the ball-milling step and to produce more uniform distributions of
NOs. ATI Powder Metals (Pittsburgh, PA) provided the atomized
Fe-14Cr-3W-0.4Ti-0.2Y powders with a controlled range of O
contents. However, the Y was found to be phase-separated after
atomization, hence, the powders required extensive ball milling
for 40 h that was carried out by Zoz GmbH (Wenden, Germany) in
a CM100b attritor mill, with a ball mass-to-charge ratio of 10:1
and ball size of 5 mm. After ball milling the Y was uniformly dis-
tributed. The final Zoz milling was carried out on a low oxygen
powder. In order to optimize the composition, the atomized
powders were milled with 10 mesh FeO powders to yield
E0.125 wt% O. The powders were then sealed in a 100 mm dia-
meter mild steel can, degassed at 400 °C, and hot extruded at
850 °C through a 64x30 mm2 rectangular die. The extruded bar
was annealed for 1 h and then hot cross-rolled to an E50%
thickness reduction, both at 1000 °C, to form an E15 mm thick
section including the can, containing an ≈10 mm NFA-1 plate.

2.2. Characterization of the grain structure and coarse scale micro-
structures in NFA-1

The grain structure of the NFA-1 was evaluated in the three
plate sections, designated as LT (face), LS (side, parallel to the
rolling direction) and TS (front, perpendicular to the rolling di-
rection), as illustrated in Fig. 1. The characterization toolkit pri-
marily included: a) SEM on an FEIx30, equipped with energy
dispersive spectroscopy (EDS); b) SEM on a dual beam Scanning
Electron Microscope/Focused Ion Beam (SEM/FIB) FEI Helios 600;
and, c) electron backscatter diffraction (EBSD) on an FEI Quanta
400F SEM. Typical sample preparation steps included 1500 grit
grinding and polishing with 20 nm colloidal silica. Some of the
polished samples were etched with Kroll's reagent (92% distilled
water, 6% nitric acid, and 2% hydrofluoric acid). The longest (l) and
shortest (s) dimensions of minimum 500 individual grains were
tabulated from the SEM and SEM/FIB micrographs using ‘ImageJ64’
software. The nominal grain size was taken as d¼(lþs)/2 and the



Fig. 2. NFA-1 microstructures for various plate sections: (a) SEM at lower magnification; (b) SEM/FIB at higher magnification. Fig. 2c and d show the corresponding
distribution of grain size, and aspect ratio, respectively.

Fig. 3. (a) EBSD IPF map and intensity projection (bottom right insert) for the plate side section (LS) show a strong o1104 fiber texture in the extrusion direction; and,
(b) FIB lift-out bright field TEM image of a crack initiation region (top-left insert) shows a microcrack running along a subgrain boundary on a {001} plane and in ao1104
direction. Top-right insert is the selected area diffraction (SAD) pattern using the (002) reflection.
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aspect ratio as r¼ l/s. EBSD (parameters: voltage: 20 KeV, spot size:
4, step size: 0.05 mm and working distance: 10 mm) was used to
characterize the textures induced by hot extrusion and cross-
rolling. SEM and TEM, both equipped with EDS, were used to
characterize the coarser-scale precipitates and microcracks
[20,21]. SEM was also used extensively to characterize the fracture
surfaces, tensile deformation, cracking patterns, and delamination.
2.3. Mechanical testing

Vickers microhardness measurements (Hv) were performed on
polished surfaces of the various plate sections at a 500 g load using
a LECO M-400A semi-automated testing instrument. A total of 10–
15 indents were made in all cases in accordance with ASTM test
standard E384-11e1 [22].



Fig. 4. Engineering stress-strain curves as a function of temperature and orientation for: (a) LT and TL; and, (b) LS and TS.

Fig. 5. NFA-1 strength and ductility as a function of temperature for: (a) the 0.2% yield stress, sy; (b) the ultimate tensile stress, su; (c) uniform elongation, eu; and, (d) total
elongation, et. Red square: LT, blue square: TL, green triangle: LS, and black triangle: TS orientations, respectively.
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Table 3
A tabulation of the tensile properties of NFA-1 as a function of temperatures and orientation.

Temp. (oC) Orientations sy (MPa) su (MPa) eu (%) et (%) RA (%)

20 LT 1144721 1253725 5.071.5 10.672.0 5272
TL 110276 117571 3.970.2 8.471.4 5173
LS 103976 114877 8.170.1 21.871.5 74713
TS 96676 105374 6.670.1 18.170.8 7176

200 LT 982725 1106721 4.871.5 10.471.5 5672
TL 940 1043 3.5 9.3 54
LS 903 1021 7.2 19 57

400 LT 882721 960734 4.571.3 9.271.7 49
TL 876 930 4.0 8.0 50
LS 844 913 5.5 16.4 47

500 LT 766714 840714 3.870.3 12.270.7 51
TL 758 793 2.0 11.4 42

600 LT 584735 630735 2.370.1 16.573.9 62
TL 570712 604711 1.170.1 14.472.2 4773
LS 53976 58773 1.970.2 24.371.6 5272
TS 52278 55275 1.570 20.572.8 4670

700 LT 37972 40976 2.170.7 17.372.4 31
TL 366 379 0.7 13.7 35

800 LT 25176 27871 3.470.0 17.370.4 30
TL 221 249 4.4 19.0 31
LS 213 242 6 24 42

sy¼yield stress, su¼ultimate tensile stress, eu¼uniform elongation, et¼total elongation, and RA¼reduction of area.

Fig. 6. True stress-true plastic strain curves as a function of temperature and orientation for: (a) LT and TL; and, (b) LS and TS.
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Tensile tests were performed on dog bone shaped and sub-
sized flat specimens with a nominal gauge section of
5.0�1.2�0.5 mm3 [23] in four different orientations designated
as LT, TL, LS and TS, as illustrated in Fig. 1. Here the first letter
designates the tensile axis orientation parallel (L) or transverse
(T) with respect to the extrusion direction; while the second letter
designates the plane of the plate that the specimen was extracted
from – either the broad face (L or T) or short plate thickness S front
or side. Thus there are 4 specimen orientations designated as LT
and TL (for the face), and LS and TS (for the side). The tensile
specimens were cleaned with 1500 grit paper to remove surface
oxidation and damage caused by the electrical discharge ma-
chining (EDM). A MTS 810 servo-hydraulic universal testing ma-
chine equipped with a clam shell furnace was used to conduct the
tests in air at temperatures ranging from ambient (E22 °C) to
800 °C. Note, the TS orientation was tested only at ambient tem-
perature and 600 °C. The specimens were heated to the target
temperature and held for 10 min before loading at a displacement
rate of 0.30 mm/min, or a strain rate E10�3/s. A high temperature
extensometer, with ceramic arms extending into the furnace, was
used to measure grip-to-grip displacement. Tensile properties
were generally determined in accordance with ASTM test standard
E8M-13 [24].
3. Results and discussion

3.1. Microstructural characterization

The dimensions of the grains and their distribution from dif-
ferent sections (i.e. LT - face, LS - side and TS - front) of the ex-
truded and cross-rolled NFA-1 plate are shown in Tables 1 and 2
and Fig. 2. Figs. 2a and b show the low magnification SEM, and
high magnification SEM/FIB images, respectively, of the as-



Fig. 7. Images of NFA-1 tensile specimens tested at ambient temperature: (a–b) low magnification macro views of a fracture surface; (c–d) macro (insert) and higher
magnification views of a tensile specimen side surface, marked by the boxed; (e–f) schematic of the microcracks in the two orientations; and, (g–h) high magnification
images of ductile fracture surfaces for LT and TL, as well as LS and TS, orientations. Note that all the inserted macro-views show the length (horizontal direction), and width
(vertical direction), as well as the fractured edge, of the tensile specimen.

M.E. Alam et al. / Materials Science & Engineering A 675 (2016) 437–448442
fabricated and pre-test NFA-1 for different planes. The plate faces
(LT) are crack-free, with nearly uniform, equiaxed, ultrafine grains
(see Table 1). In contrast, the side (LS), and front (TS) sections
reveal a large number of microcracks on planes parallel to the
plate faces and normal to the short thickness direction. The cor-
responding grains are pancake-shaped and elongated in the ex-
trusion (LS) and cross-rolling (TS) directions. A bimodal grain size
distribution (most are in sub-micron range, others are in micron
size range with a small number of grains larger than 10 mm) is also
observed (see Table 2 and Fig. 2c). The pancake-shaped grain as-
pect ratio (GAR) varies from E 2-16; the GAR distribution is
shown in Fig. 2d. The fraction of submicron grains is E 80%, re-
presenting E 60% area fraction (see Table 2). A through-thickness
grain size variation is also observed, with thinner grains found
near plate faces and relatively thicker grains in the middle. Most
as-fabricated NFAs exhibit bimodal grain size distributions, espe-
cially at higher processing temperatures. In some cases large
grains can indicate a low number density of NOs. In this alloy,
however, the Y is uniformly distributed, likely due to inclusion
during the atomization step, and high number densities of NOs are
observed in both the nano- and micron-sized grains. The precursor
alloys to NFA-1 have also shown this behavior and large grains
with NOs have also been observed by other research groups [25].

Coarse Ti- and Y-rich oxides stringers are also observed
(Fig. 2b). Examination of 150-270 oxide particles showed that they
ranged in size from E10 nm to 260 nm, averaging E60 nm. These



Fig. 8. The 0.2% yield strength of various NFA steels as a function of temperature
compared to NFA-1 [1,4,5,10,11,13,17,28,29,34,35].
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coarser oxides are predominantly located at or near prior particle
grain boundaries (Fig. 2b). Such features are common in NFA/ODS
alloys [26]. Fig. 2 also shows the presence of microcracks running
normal to the plate thickness direction in both the side (LS) and
front (TS) plate views. The average opening, at the presumed in-
itiation point roughly at the crack center, is E250 nm. The crack
separation distance in the short thickness direction is E16 mm.
The crack lengths range from 2 to 105 mm averaging E10 mm (side
section) to 15 mm (front section). Detailed descriptions of the
statistics of the coarser precipitates and cracks are reported else-
where [21].

Fig. 3a shows an EBSD inverse pole figure (IPF) map for a sec-
tion of the LS (side) surface. The map is color-coded to show the
grain orientation texturing in the extrusion direction. As expected,
most of the grains have a near o1104-fiber texture in the ex-
trusion direction. This texturing is also shown in the IPF intensity
projection in the bottom right insert of Fig. 3a. The EBSD map also
shows one large and one small crack parallel to the extrusion di-
rection, although they may be linked below the surface.

The texturing is accompanied by the development of {001}
planes normal to the thickness direction. Notably the resulting
{100}o0114 texture represents the most brittle cleavage system
in BCC Fe. The {001}o0014 sessile dislocations are formed by
the reaction of o1114 type dislocations and produce sessile low-
angle subgrain boundaries on {100} planes. Further deformation
results in dislocation pile-ups at the subgrain boundaries, creating
local stress concentrations and opening displacements that form
microcracks for the brittle {100}o1104 cleavage system (Fig. 3b).
The bright field (BF) TEM image of a FIB lift-out lamella (Fig. 3b),
prepared perpendicular to the crack initiation front (top-left insert
of Fig. 3b), shows dislocation tangles around the crack and a mi-
crocrack running along a subgrain boundary on a {001} plane in
ao1104 direction. Microcrack propagation is also partly driven
by residual stresses that develop during deformation. The detailed
mechanisms of texturing and microcrack formation in the NFA-1
plate are discussed elsewhere [20].

3.2. 14YWT strength

Vickers microhardness (Hv) data for NFA-1 is summarized in
Table 1. The Hv averages 376718, 368725 and 352739 (kg/
mm2) on the plate face, side and front, respectively. The differ-
ences, of up to �6%, are probably not statistically significant.
However, the higher standard deviation and lower value of Hv for
the plate front and side is likely due to delamination, which is
discussed below.

Engineering stress-strain or s(e) curves for the various or-
ientations over a wide range of temperatures are shown in Fig. 4.
The average values of the engineering yield (sy) and ultimate (su)
stresses are plotted in Fig. 5a and b, respectively, while the cor-
responding uniform (eu) and total (et) elongations are shown in
Fig. 5c and d, respectively. Table 3 summarizes the average and
standard deviations of the tensile properties as a function of
temperature and orientation. Note sy was determined at the
standard nominal 0.2% offset. Note the differences in s(e) in the
elastic regime are due to temperature-dependent compliance of
the specimen and fixture coupling and the initial low load dis-
placements. Fig. 6 plots the true stress (s) versus true plastic strain
(ε) curves starting at the nominal 0.2% offset.

The LT orientation at ambient temperature (AT) exhibits the
highest syE1144721 MPa and suE1253725 MPa, accompanied
by euE5.071.5% and etE10.672.0%, respectively. The TL or-
ientation generally showed similar strength and ductility. How-
ever, the sy and su in the LS and TS orientations are slightly lower
(E10%), while their corresponding et values are much larger.
These differences arise from a combination of texturing, varying
grain dimensions and the presence of microcracks and
delamination.

As illustrated in Fig. 7a, the LT and TL orientations delaminate,
forming splits in the dog bone coupon specimen thickness di-
mension, propagating parallel to the gauge section width. In the
case of the LS and TS orientations multiple delaminations split the
width of the gauge section, propagating parallel to the thickness
dimension as seen in Fig. 7b and d. One effect of the 90° delami-
nation LT/TL and LS/TS rotation is to lower the lateral stresses,
perhaps reducing slightly any triaxial constraint effects. Indeed the
s(e) curves in Fig. 4b show possible reductions in the necking
constraint in the width direction. Fig. 7e and f show a schematic of
the microcracks in the two cases. The higher magnification SEM
images of fracture surface in the plate face orientation (LT or TL)
show large flat-bottomed features, separated by shear lips
(Fig. 7g). In contrast, Fig. 7h shows more classical, fine scale duc-
tile-dimple fracture surfaces. The scale of the damage is related to
the geometry of the microcracks and specimen width versus
thickness. When the microcrack planes are parallel to the gauge
section width (LT – broad faces) the scale of damage appears
coarser, while the corresponding scale appears finer when the
microcracks are parallel to the gauge section thickness (LS or TS -
thin faces).

Thus, while the s(e) curves are primarily controlled by the ac-
tual intrinsic material properties of NFA-1, pre-existing microcrack
damage and extrinsic factors, like the dog bone coupon tensile
specimen geometry, also play a role. Better understanding of how
the mix of texturing, damage and extrinsic factors govern tensile
deformation of NFA-1 will be investigated in future studies. These
studies will be based on finite element simulations, which we
routinely use to extract post-necking true s(ε) constitutive laws
[9,27] from tensile test s(e) data. The future simulations will treat
all of the extrinsic factors noted above. However, further discus-
sion of this complex topic is beyond the scope of this paper.

As is common with NFAs and other steels, the sy and su de-
crease relatively slowly between ambient temperature and
E400 °C. This is primarily due to the corresponding decrease in
the shear modulus [1,28,29]. The strength of NFA-1 is controlled
by contributions from: (a) Hall-Petch grain boundary strengthen-
ing; (b) dislocation pinning by NOs; (c) network dislocation and
subgrain structures; and, (d) solid solution matrix hardening



Fig. 9. Images of NFA-1 LT (left) and LS (right) tensile specimens tested at 200 °C showing: (a–b) macro views of a fracture surface; (c–d) macro (insert) and higher
magnification views of a tensile specimen side surface; and, (e–f) high magnification images of ductile fracture surfaces. See text for a discussion.
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[1,5,26,30]. The sy and su decrease more rapidly above 500 °C due
to a variety of thermally activated processes, including dislocation
bypass mechanisms associated with de-pinning from the NOs.
Above 600 °C deformation is dominated by viscoplastic creep,
even at relatively high strain rates [1,29–31]. Creep is indicated by
the almost constant true s seen in the post-transient s(ε) curves
in Fig. 6. In the creep regime, the stress at an imposed strain rate (ε
′) and given temperature is governed by a threshold stress (st)
power law dislocation mechanisms as [5,32]

( )ε σ σ′ = − ( − )Cexp Q /RT .c t
n

Here Qc is the creep activation energy. The st is a significant
fraction of the dislocation obstacle-strengthening component of
the static sy. A more detailed discussions of NFA creep properties
and processes can be found elsewhere [1,5,33] and will be de-
scribed for NFA-1 in future publications. Again this paper focuses
on nominal strain rate (E10�3) quasi-static tensile properties.

In spite of the strength decrease above 400 °C, NFA-1 remains
strong at higher temperatures, with sy and su of 584735 MPa and
630735 MPa at 600 °C and 25176 and 27871 MPa at 800 °C,
respectively (Table 3 and Fig. 5). Notably, NFA-1 retains E22% of
its ambient temperature strength up to �2/3 Tm, hence qualifies
as a ferritic superalloy [1].

Fig. 8 compares the sy of NFA, ODS and RAFM steels at different
temperatures for the LT orientation [1,4,5,10,11,13,17,28,29,34,35].
The sy for NFA-1 falls roughly in the middle of the strength band
for the broad class of NFA representing a wide range of deforma-
tion-heat treatment conditions. It is noted that a series of earlier
SM plates produced at ORNL range from slightly stronger to much
stronger than NFA-1. A Japanese 12WYT also shows higher
strength than NFA-1.

Along with high sy and su, NFA-1 maintains good tensile duc-
tility over a wide range of temperature, as summarized in Table 3
and Fig. 5. The eu is highly anisotropic, generally being highest in
the LS orientation, where it ranges from E1.9-8.170.1% with a
minimum at 600 °C. The eu is lowest in the TL orientation, with a
minimum at 700 °C of 0.7% and a maximum of 4.4% at 800 °C. A



Fig. 10. Images of NFA-1 LT (left) and LS (right) tensile specimens tested at 400 °C showing: (a–b) macro views of a fracture surface; (c–d) macro (insert) and higher
magnification views of a tensile specimen side surface; and (e–f) high magnification images of ductile fracture surfaces. See text for a discussion.
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generally similar pattern is observed in the et, although the
minimum occurs at 400 °C in this case, and the total strain varies
less with temperature, ranging from a minimum of 8.0% (TL at
400 °C) to the maximum of 24.3% (LS at 600 °C).

3.3. Tensile fracture deformation, cracking and fracture surface
observations

The room temperature tensile fracture surfaces shown in Fig. 7
reveal different morphologies for LT and TL versus LS and TS or-
ientations. In all cases, the fracture surfaces are dominated by the
delamination. As seen in Fig. 7a, one deep delamination crack
forms in the middle of the gauge section thickness in the LT and TL
orientations, along with some smaller cracks that are observed on
the TL fracture surface. A profile gauge section view in Fig. 7c
shows that the fracture surface is flat and is associated with only a
modest reduction in width. However, both the LT and TL orienta-
tions thin extensively in the thickness direction forming two ap-
proximately knife-edge-type features surrounding the mid-section
out-of-plane delamination. Together these deformation patterns
yield a significant reduction in area (RA) of E5272%. In contrast,
as seen in Fig. 7b and d, multiple delamination cracks are observed
that split the width of the LS and TS specimens. In this case,
necking occurs in both the thickness and width directions, leading
to a larger RA of 74713%. Qualitatively, the reduction in strength
and increase in ductility correlates with the number and orienta-
tion of the delaminations. This correlation could be due to re-
laxation of a multi-axial stress state, although it is difficult to
understand in the context of a uniaxial loading prior to necking.
Thus, as noted previously, more detailed finite element simula-
tions of the tensile test are needed.

Further discussion of deformation and fracture mechanisms
will focus on LT and LS since they show similar behavior to their
respective TL and TS counterparts. Fig. 9 shows the fracture sur-
faces and profiles for tests at 200 °C. The results are generally very
similar to those at ambient temperature, except for the notable
absence of major delamination. The absence of delamination is
due to a brittle-to-ductile transition (BDT) for microcrack cleavage
fracture toughness that occurs in the 23 to 200ºC temperature
interval. The DBT will be addressed in future publications, in-
cluding one on tensile tests in the short plate thickness orientation
where loading is normal to the microcrack planes [36]. Both eu and
et decrease when increasing from ambient temperature to 200 °C,
with a RA of E5672% for LT and 57% for LS. Note, the RA at
200 °C in all the orientations are quite similar in the absence of
delamination.



Fig. 11. Images of NFA-1 LT and TL (left), and LS and TS (right) tensile specimens tested at 600 °C showing: (a–b) macro views of a fracture surface; (c–d) macro (insert) and
higher magnification views of a tensile specimen side surface; and (e–f) high magnification images of ductile fracture surfaces. See text for a discussion.
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Fig. 10 shows the fracture characteristics of LT and LS at 400 °C.
The LT orientation again behaves in a very similar manner to that
at lower temperatures, and again with no sign of any delamina-
tion. Fracture in the LS orientation occurs by double shear, as
shown in the profile view, along with a single shallow out-of-
plane arrested crack. Necking occurs in both the thickness and
width directions, resulting in E47% RA. The fracture surfaces are
similar to those at lower temperature in both cases. The et is
minimum at 400 °C, and again higher in the LS orientation. In
contrast eu is minimum at E700 °C. The observed temperature
trend marks the transition to viscoplastic creep, starting above
400 °C. There is a generally similar eu and et in both orientations,
and the differences are smaller for eu.

Fig. 11 shows the fractography results for tests at 600 °C. No
delamination is observed and necking occurs in both directions,
with up to E62% RA. The fracture surfaces again appear to be
similar to those at lower temperatures. Side surface cracking
normal to the loading direction near the fracture surface is still
observed especially in the LS orientation. Note the side surface
cracking evolves from being parallel to the loading direction at RT,
a mix of 45° and normal cracks at 200–400 °C, and normal at or
above 600 °C. The eu is near minimum at 600 °C.

The specimens are too oxidized to clearly observe the fracture
surfaces in detail at 800 °C. However, overall observations show
that there is little necking in the tertiary creep regime, but the
substantial eu and et ductility is due to the extensive plastic strain
in the minimum creep regime. The oxidized fracture surface ap-
pears to show a mix of smaller and larger dimple features. The



Fig. 12. Images of NFA-1 LT (left) and LS (right) tensile specimens tested at 800 °C showing: (a–b) macro views of a fracture surface; (c–d) macro (insert) and higher
magnification views of a tensile specimen side surface; and (e–f) high magnification images of ductile fracture surfaces. See text for a discussion.
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sidewalls of the larger features are filled with smaller dimples
(Fig. 12e and f inserts).
4. Summary and conclusions

A summary of the conclusions that can be drawn from our
tensile test deformation and fracture study of 14YWT NFA-1 is the
following:

1. Deformation processing produces a bimodal distribution of
pancake-shaped grains that are nearly equiaxed when observed
on the plate surface and flattened and elongated as seen in the
side sections. Small sub-mm grains are dominant, but represent
only E60% of the grain area fraction.

2. A large population of microcracks form on planes parallel to the
broad plate surfaces during extrusion and cross rolling. A more
detailed description of the micro cracks and their formation
mechanisms are reported elsewhere [20].

3. The microcracks lead to extensive, geometrically mediated de-
lamination during tensile testing at lower temperatures.

4. The absence of delamination at 200ºC and above is due to a
brittle-to-ductile transition for microcrack cleavage fracture
toughness.

5. NFA-1 is a very strong alloy. The average ambient temperature
NFA-1 microhardness ranges from 352 to 376 kg/mm2 on the
various plate faces. The ambient temperature sy and su range
from 966 to 1144 MPa and 1053–1253 MPa, respectfully. The
absolute strength difference decreases with increasing
temperature.

6. The tensile ductility parameters (eu, et and RA) are much more
anisotropic and temperature dependent with a minimum in eu
at E700 °C and in et at E400 °C. However, there is substantial
RA in all cases except at 800 °C.

7. Delamination, and some extrinsic factors, play a moderate role
in NFA-1 strength, and a somewhat stronger role in tensile
ductility. The ductile fracture patterns are strongly affected by
delamination cracking , but this decreases with increasing
temperature.
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a b s t r a c t

Texture and microstructure of tubes and plates fabricated from a nanostructured ferritic alloy (14YWT),
produced either by spray forming followed by hydrostatic extrusion (Process I) or hot extrusion and
cross-rolling a plate followed by hydrostatic tube extrusion (Process II) have been characterized in terms
of their effects on texture and grain boundary character. Hydrostatic extrusion results in a combination of
plane strain and shear deformations which generate low intensity α- and γ-fiber components of
{001}o1104 and {111}o1104 together with a weak ζ-fiber component of {011}o2114 and
{011}o0114 . In contrast, multi-step plane strain deformation by hot extrusion and cross-rolling of the
plate leads to a strong texture component of {001}o1104 together with a weaker {111}o1124
component. Although the total strains are similar, shear dominated deformation leads to much lower
texture indexes compared to plane strain deformations. Further, the texture intensity decreases after
hydrostatic extrusion of the alloy plate formed by plane strain deformation, due to a lower number of
activated slip systems during shear dominated deformation. Notably, hot extruded and cross-rolled plate
subjected to plane strain deformation to �50% engineering strain creates only a modest population of
low angle grain boundaries, compared to the much larger population observed following the combina-
tion of plane strain and shear deformation of �44% engineering strain resulting from subsequent hy-
drostatic extrusion.

Published by Elsevier B.V.
1. Introduction

Nanostructured ferritic alloys (NFAs) are leading candidates for
structural components in nuclear reactors due to their exceptional
irradiation tolerance, high strength and resistance to oxidation/
corrosion under extreme conditions of temperature and stress [1–
6]. There has been substantial progress on optimizing the pro-
duction of larger heats of NFAs consolidated by hot extrusion (HE),
and in some cases, hot isostatic pressing (HIP) [7]. Recently, an NFA
with an approximately uniformly distributed population,
�7�1023 m�3, of �2.5 nm Y-Ti-O rich nano-oxides (NOs) has
been developed by Los Alamos National Laboratory (LANL), Oak
Ridge National Laboratory (ORNL) and University of California
Santa Barbara (UCSB) in collaboration [8]. The presence of
coarsening resistant NOs, along with predominantly fine grain size
(o1 mm) and high dislocation densities imbue NFAs with higher
strength and remarkable thermal stability compared to conven-
tional ODS alloys. Moreover, the NOs help to recombine displace-
ment damage and trap neutron irradiation transmutation product,
He, in extremely small bubbles, thereby supressing void swelling
and grain boundary embrittlement [2,4,9,10].

Although significant progress has been made, some major is-
sues associated with HE NFAs include: severe texturing (the dis-
tribution of grain orientations) as well as anisotropic micro-
structures and properties; and, bimodal grain size distributions
[11–19]. The primary detrimental consequences of these char-
acteristics include low fracture toughness and low creep strength
in directions parallel to, and transverse to the HE axis, respectively
[3,7,12,19–22]. Additional deformation processing steps to im-
prove properties and/or fabricate shapes are also severely im-
pacted by these characteristics of the HE condition. For example,
HE cross-rolled plates develop microcracks [23] and deformation
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processed tubes experience radial through-wall cracks [24]. Ex-
tensive research in Japan and France have identified semi-opti-
mized processing paths for tubing that differ in detail, but in both
cases involve a series of cold-pilgering steps to reduce the wall
thickness, with intermediate and final heat treatment softening
schedules [5,25,26]. This general processing path has been most
successful with lower 9Cr transformable steels [7], but 14YWT
ferritic stainless NO strengthened alloys remain difficult to process
into thin-walled tubing.

Recent studies have suggested that material with low ductility
can effectively be processed to a near net shape using hydrostatic
extrusion. It can also produce the final product with enhanced and
more isotropic mechanical properties, as well as high powder
consolidation densities [27–29]. For example, a recent review [30],
and related research on hydrostatically extruded NiAl [31], re-
vealed improved properties and beneficial changes in texture [32]
due to the shear dominated stress state generated in hydrostatic
extrusion. One hydrostatic extrusion path uses a high-pressure
fluid in a die chamber to impose compressive stresses that lower
ram pressures and temperatures, resulting in better formability
and surface finishes [30–33].

In this study, the effects of different processing routes on tex-
ture and grain boundary characteristics of as processed 14YWT
NFA tubes have been investigated using neutron and electron
diffraction techniques.
2. Experimental procedures

The composition of the NFA tested in this study is 12.8 wt%Cr-
2.95W-0.38Ti-0.22Y-Fe for both tubes. In order to understand the
effects of different processing methods on the resulting texture
and grain boundary characteristics, 14YWT tubes were produced
by two different initial routes followed by a novel hydrostatic
extrusion process to produce tubes that were processed to full
density. Process I utilizes the initial processing method of thermal
spraying while Process II uses a conventional mechanical alloying
method followed by hot extrusion. Fig. 1 shows that Process I is the
combination of gas atomization reaction synthesis of Fe-based NFA
precursor powders, deposited by high velocity oxy-fuel (HVOF)
thermal spray methods on tubular pre-forms, followed by hydro-
static extrusion to process the tube to final dimensions. A “mother
tube” was manufactured through HVOF deposition on an Al
mandrel with Fe-based NFA precursor powders (20–53 mm dia.).
The fugitive Al mandrel was removed from the deposit section
with a phosphoric acid etching treatment and initial machining
was performed to remove the interior (�250 mm) layer of inter-
metallic phase (FeAl or Fe3Al) that appeared to form during the
deposition process. The samples were then heat treated at 1000 °C
for 5 h under vacuum following thermal spray deposition to pro-
mote the oxygen exchange reaction and Y-Ti-O dispersoid forma-
tion within the coating. Finally, hydrostatic extrusion was applied
two times with a 4:1 area reduction (�44% engineering strain) at
815 °C by using a solid support mandrel plus external can to create
a beneficial stress state for extrusion.
Fig. 1. Processing ste
The schematic for Process II is shown in Fig. 2. Powders were
first produced by gas atomization method by ATI Powder Metals
Laboratory (Pittsburgh, PA). After atomization, the Y phase sepa-
rates and requires ball milling to create a more homogenous
chemistry. So, the nominal 14 wt%Cr-3W-0.35Ti-0.25Y iron alloy
powder was ball milled by Zoz, GmbH (Wenden, Germany) with
the addition of FeO powder for 40 h in a CM100b attritor mill. The
powders were sealed in cans backfilled with Ar to remove any
atmosphere contamination and degassed at 400 °C. The canned
powders were then hot extruded at 850 °C to create a solid billet.
After extrusion, the alloy was annealed for 1 h at 1000 °C and then
hot cross-rolled at 1000 °C to a �50% of thickness reduction (50%
engineering strain) resulting in a final thickness of �10 mm. The
solid billet was then electro-discharge machined (EDM) in the
direction perpendicular to hot cross-rolling direction to produce a
tube. This tube was then hydrostatically extruded at 815 °C using
the same process described for the thermally sprayed tube. Fig. 3
shows the tubes with a final wall thickness of 0.5 mm and outer
diameters of �8 mm and �3.5 mm for Process I and Process II,
respectively.

Grain boundary characteristics were investigated by orienta-
tion imaging microscopy (OIM) while texture analysis was im-
plemented using both OIM and neutron diffraction methods. OIM
by electron backscatter diffraction (EBSD) using a scanning elec-
tron microscope (SEM) was used to examine the grain boundary
characteristics and texture of the plate and tubes. It should be
noted that EBSD is limited to the grain size studies down to 60 nm
[34,35]. Here, EBSD was carried out in an FEI Inspect FEG SEM
equipped with TSL EBSD detector. All the experiments were per-
formed by tilting the sample at 70° from the horizontal, at an
acceleration voltage of 20 kV and aperture size of 50 mm. The sizes
of the scanned regions was either 60 mm�90 mm or
240 mm�320 mm, where the step size for the data collection was
chosen based on the grain and substructure dimensions. Samples
for the EBSD scans were obtained from the tube and plate faces
that were prepared to achieve very smooth surfaces by standard
metallographic techniques followed by jet electropolishing using a
solution of perchloric acid (5%) and methanol at �40 °C with an
applied voltage of 20 V.

Bulk texture measurements probing the grain orientation dis-
tribution function over the complete volume of each sample were
collected on the HIPPO instrument at the pulsed neutron spalla-
tion source at LANSCE [36]. The samples were located �9 m from
the neutron moderator and diffracted neutrons were detected by
1240 3He tubes arranged on panels distributed over five conical
rings with scattering angles ranging from 2θ¼40–150°. Samples
were glued on standard HIPPO holders, with their tube axis par-
allel to the holder axis, and then loaded into the robotic sample-
changer. The entire �10 mm long tubes were centered in a 10 mm
diameter beam, thus capturing the entire sample volume. Dif-
fraction patterns were collected over �20 min for samples rotated
around the vertical axis at 0, 67.5 and 90°. The diffraction data was
analyzed by simultaneous Rietveld analysis of 135 diffraction
patterns using the E-WIMV texture algorithmwith a 10° resolution
of the orientation distribution function.
ps of Process I.



Fig. 2. Processing steps of Process II (RD: rolling direction, TD: transverse direction, ED: extrusion direction).

Fig. 3. Photos showing the final dimensions of the tubes produced by: a) Process I, and b) Process II.
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Orientation distribution function (ODF) analysis and pole figure
plotting for both electron and neutron texture measurements
were performed using the MTEX package [37]. The EBSD data was
analyzed using the TSL OIM Analysis 7 software.
3. Results

3.1. Tube processing by Process I

The only deformation that occurs in consolidation by Process I
is by hydrostatic extrusion and the corresponding microstructures
isolate the unique effects of this processing path. Fig. 4a shows the
orientation distribution of the grains obtained by the OIM analysis
of the 14YWT sample produced by Process I. Even though the
physical extrusion direction is shown in a diagonal direction in the
map, the coordinates of the map have been rotated in such a way
that the extrusion direction is into the page in order to determine
the grain orientations in the extrusion direction. Consequently,
predominantly existing green color infers that most of the grains
are oriented with a (101) plane normal that is parallel to the ex-
trusion direction. The band contrast map in Fig. 4b together with
Fig. 4c show that Process I results in wide grain area fraction
distribution as a function of size. However, there are many more
small grains that yield a corresponding average diameter of
�2 mm. Fig. 4d shows that hydrostatic extrusion results in a large
fraction (�53%) of low angle boundaries (LABs) with misorienta-
tion angles between 2°oθo15°.

Fig. 5 shows the pole figures of the sample produced by Process
I as determined by both neutron diffraction (Fig. 5a) and EBSD
(Fig. 5b). Even though data processing functions and probed
sample volumes are greatly different for neutron diffraction and
EBSD, both produce similar pole figures with only a slight
difference in the texture intensity. From the pole figures it is ob-
vious that the hydrostatic extrusion to 44% strain produces a ty-
pical α-fiber texture o1104 ǁED, generally common to de-
formation processed ferritic alloys [38,39].

The ideal orientations of texture components in bcc materials
are shown schematically for φ2¼0° and 45° ODF sections in Fig. 6
and Table 1 [40]. For bcc steels, the important fiber textures are the
α-fiber (o1104‖RD), ε-fiber (o0114‖TD), γ-fiber
(o1114‖ND), η-fiber (o1004‖RD), θ-fiber (o0014‖ND), and
ζ-fiber (o0114‖ND) [41,42] where RD, TD and ND stand for
rolling direction, transverse direction and normal direction, re-
spectively. It should be noted that ‘RD’ will be replaced by ‘ED’
throughout the paper.

Although EBSD might not give fully representative results be-
cause of its limited probed volume, Fig. 5 confirms that the probed
area on the tube surface using OIM analysis represents the bulk
texture obtained by neutron diffractionwell. However, there might
be a texture gradient through the thickness of the tube wall. In
order to further examine and represent the bulk texture, detailed
analyses of ODF plots and inverse pole figures were obtained using
the neutron diffraction method. It is worthwhile to point out that
while neutron diffraction probes a much larger volume than OIM,
all spatial information is lost. Hence, while the detailed texture
analyses were employed using neutron diffraction, only OIM can
provide grain misorientation angles and orientation maps.

Fig. 7 shows the neutron diffraction resulted ODF maps for the
14YWT sample produced by Process I at constant φ2¼0° and
φ2¼45°. Comparing these maps with Fig. 6 shows that the
dominant texture is α-fiber at o1104 having the strongest in-
tensity on {001}o1104 . Furthermore, weaker γ-fiber component
of {111}o1104 and ζ-fiber on {011}o2114 and {011}o0114
can be observed. The overall texture index was calculated as
2.6 using ODF neutron diffraction data indicating a moderate



Fig. 4. An OIM showing a) the crystallographic orientation of the grains; b) the corresponding band contrast gray scale map of the grain structure; c) the grain area
distribution as a function of the grain size; and, d) the grain boundary misorientation angle distribution in 14YWT samples produced by Process I. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article.)
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texture strength relative to a texture index of 1 for a perfectly
random texture and infinity for a single crystal.

3.2. Tube processing by Process II

Fig. 8 shows EBSD measurements on the 14YWT intermediate
tube, EDM-cut from the hot extruded and cross-rolled plate, with
information analogous to that shown in Fig. 4 for the tube, only
hydrostatically extruded in Process I. Note the tube is micro-
structurally identical to the cross-rolled plate, differing only in its
geometric reference orientation. Since this alloy condition was
characterized before the final hydrostatic extrusion step, as illu-
strated in Fig. 2, it is designated as being “intermediate”. Fig. 8a is
an orientation distribution map. The arrows indicate the initial hot
extrusion (ED) and the transverse cross-rolling directions (RD).
The predominantly red color infers that most of the grains are
oriented with (100) plane normal parallel to the tube wall thick-
ness. Fig. 8b–d show that the intermediate tube has a tri-modal
grain size distribution and fewer LABs (�32%) compared to the
tube produced by Process I (53%).

Since the intermediate tube was cut from the cross-rolled plate,
the coordinates of the plate were transformed into the tube co-
ordinates as shown in Fig. 9. There is a common extrusion
direction (ED) for the plate and tube. Radial wall thickness direc-
tions of the tube are designated ThD and directions corresponding
to the normal and rolling directions are designated as ThND and
ThRD, respectively. However, the tube surface ED is only parallel to
that for the plate surface at 0° and 180° around the circumference,
while it is parallel to the plate sides at 90° and 270°.

Fig. 10 shows the pole figures of the intermediate tube de-
termined by both neutron diffraction (Fig. 10a) and EBSD (Fig. 10b)
at 0° (or 180°). The pole figures calculated by both methods are
again similar, with slight intensity differences observed. Based on
the coordinate system defined above, pole figures indicate that the
intermediate tube has texture of both o1104ǁThRD and
o2004ǁThND. Moreover, as it must, the intermediate tube RD
shares the o1104 α-fiber texture with the cross-rolled plate. As
discussed elsewhere [24], (100)-type planes lie parallel to the plate
faces as well as to the tube surface at 0° and 180°, while they are
normal to the tube surface at 90° and 270° as illustrated in Fig. 9.
The {001}o1104 system is oriented for brittle cleavage fracture
leading to microcracking in the plate [24] and radial tubing cracks,
especially at 90° and 270°. The intermediate tube has a strong
neutron diffraction texture index of 10.1.

Fig. 11 shows the sections of the neutron diffraction resulted
ODF maps in Euler space for the intermediate 14YWT tube at



Fig. 5. Pole figures of 14YWT samples produced by Process I and obtained by a) neutron diffraction and b) EBSD techniques. (ED: extrusion direction). (For interpretation of
the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 6. Schematic illustration of the important texture components in bcc materials (Reproduced from Ref. [40]). (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)

Table 1
Important fiber textures and orientations for bcc materials [40].

Fiber name Fiber axis Components

α o1104ǁRD {001}o1104 , {112}o1104 , {111}o1104
ε o0114ǁTD {001}o1104 , {112}o1114 , {111}o1124 ,

{011}o1004
γ o1114ǁND {111}o1104 , {111}o1124
η o1004 ǁRD {001}o1004 , {011}o1004
θ o0014ǁND {001}o1004 , {001}o1104
ζ o0114ǁND {011}o1004 , {011}o2114 , {011}o1114 ,

{011}o0114
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constant φ2¼0° and φ2¼45°. When compared with Fig. 6, it can
be seen that intermediate tube has strong θ- and ε-fiber on
{001}o1104 together with a weak γ-fiber on {111}o1124 . It
should be noted that the main deformation axis is considered as
the axis for all tubes, which is the extrusion direction. However, as
shown in Fig. 10, intermediate tube has a stronger texture in
rolling direction through the wall thickness (at 90° and 270°),
which is transverse to the extrusion direction. Since the rolling
direction was taken as the transverse direction during ODF cal-
culations, the corresponding plots of the intermediate tube, by



Fig. 7. The neutron diffraction produced ODF, represented as sections in Euler space, for the 14YWT tube produced by Process I at φ2 values of 0° and 45°. (For interpretation
of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 8. EBSD characterization of the intermediate tube showing a) an orientation map of the crystallographic distribution of the grains; b) a band contrast map of the grain
structure in gray scale; c) the grain area distribution as a function of size; and, d) the grain boundary misorientation angle distribution. (For interpretation of the references
to color in this figure, the reader is referred to the web version of this article.)
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reference frame definition, exhibit θ- and ε-fiber texture
(o1104‖TD) rather than α-fiber (o1104‖RD) which is a typical
texture for ferritic steels, as found in the plate. Again, the actual
microstructures are identical in both cases.

Fig. 12a shows the orientation map of the grains in the ex-
tracted tube after final hydrostatic extrusion as described in Fig. 2.
The coordinates of the map have been rotated in such a way that
the radial direction of the tube (normal direction-ND) points
through the page. Consequently, the predominantly existing red
color infers that most of the grains are oriented with (100) plane
normal parallel to the sample normal direction. The band contrast
map in Fig. 12b and grain size plot in Fig. 12c show that very small
and very large grains exist, suggesting a bimodal grain size
distribution with an average grain size of �0.5 mm. Fig. 12d shows
that fraction of LABs increases from 32% to 46% after hydrostatic
extrusion.

Fig. 13 shows the pole figures of the tube after hydrostatic ex-
trusion derived by both neutron diffraction (Fig. 13a) and EBSD
(Fig. 13b), yielding different results in this case. While the neutron
diffraction indicates a broken fiber texture of o1104ǁED, both
the EBSD orientation map and pole figures show a maximum
texture index in o2004‖ND. However, the difference between
the bulk texture obtained by neutron diffraction and surface tex-
ture determined by EBSD is the result of the position of the EBSD
sample on the SEM stage. Since the data shows the maximum
texture on o2004 rather than o1104 , the EBSD reflects a



Fig. 9. Coordinate system of the intermediate tube transformed from the plate
form.
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region that is aligned 45° to the extrusion direction. Since the
samples are tubes, their orientation reference frame determines
the nominal texture that must be considered in reaching any
conclusions or in making comparisons.

The neutron diffraction data shows that the initial processing
steps of hot extrusion, annealing and hot cross-rolling, leads to
discontinuity in the fiber texture as shown in Fig. 13a. The overall
texture index was calculated as 8.6 using neutron diffraction. The
texture index decreased from 10.1 to 8.6 after hydrostatic extru-
sion with 25% strain in the intermediate tube, since the principal
deformation direction is in the opposite to that for the hot cross-
rolling. These results in combination with those observed for
Process I, indicate that hydrostatic extrusion produces relatively
weak textures.

Fig. 14 shows the neutron diffraction resulted ODF maps of the
14YWT final tube produced by Process II at constant φ2¼0° and
φ2¼45°. If they are compared with Fig. 6, it can be seen that α-
fiber has the maximum intensity on {111}o1104 along with a
weak discontinuous γ-fiber on {001}o1104 . For φ2¼0° there is a
Fig. 10. Pole figures of intermediate 14YWT tube obtained by: a) neutron diffraction, and
reader is referred to the web version of this article.)
very weak ζ-fiber texture on {011}o2114 and {011}o0114 .
4. Discussion

Large-scale deformation behavior of polycrystalline Fe is quite
complex since it activates a number of different slip planes like
{110}, {112} and {123}, and unlike fcc materials, is not confined to
only closed packed planes. Depending upon various factors like
mode of deformation, processing history (strain path), composi-
tion, initial microstructure and orientation of the grains, de-
formation involves different combinations of these slip systems.
These multiple factors also affect the dislocation substructure and
local misorientations between sub-grains. The result is the pro-
duction of a wide range of possible textures in the final micro-
structure [43]. In the present study two different large deforma-
tion processing methods were used to fabricate tubes. Both Pro-
cess I and II create microstructures with a strong o1104‖ED
texture with various grain sizes.

Rolling and extrusion are usually regarded as plane strain de-
formations. However, a gradient in the stress state exists in the
through thickness of a rolled or extruded plate. Deformation in the
near surface region, in contact with the die, is dominated by a
shear component. The center of the plate experiences compressive
stresses and deformation occurs under plane strain conditions
[44]. In contrast, during hydrostatic extrusion of a thin-walled
tube the outer layer is dominated by a state of compressive stress,
while the central layer is deformed by a dominant shear stress
component [45].

It is observed that both hydrostatic extrusion and conventional
hot extrusion processes produce a strong texture on
{001}o1104; however, there are remarkable differences in the
texture intensities. The tube produced through hydrostatic extru-
sion in Process I shows maximum texture index of 2.6, whereas
the tube produced at the intermediate step in Process II which
experienced a similar amount of deformation shows a much
b) EBSD techniques. (For interpretation of the references to color in this figure, the



Fig. 11. ODF, represented as sections through Euler space, of the intermediate 14YWT tube at constant φ2 values of 0° and 45°. (For interpretation of the references to color in
this figure, the reader is referred to the web version of this article.)

Fig. 12. a) Orientation map showing the crystallographic distribution of the grains; b) band contrast map showing the microstructure in gray scale; c) grain size distribution
plot; and, d) grain boundary misorientation angle distribution in 14YWT final tube produced by Process II. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)

E. Aydogan et al. / Materials Science & Engineering A 661 (2016) 222–232 229
stronger texture index of 10.1. Pal et al. [24] has investigated the
inverse pole figures of the Process II produced intermediate plate
before EDM cutting tubes from it as well as after hydrostatically
extruding the intermediate tube. The texturing found here is
generally consistent with their study; while the textures in the
plate and the hydrostatically extruded tube are similar in the ex-
trusion direction, the maximum texture intensity changes from
o1004to o1114 in the tube thickness normal direction as a
result of the hydrostatic extrusion. This rationalizes the observa-
tion that while the intermediate plate exhibits an extensive
amount of microcracking, the hydrostatically extruded final tube
with a texture on o1114‖ND resists such cracking in Process II
[24]. Similarly, comparing the inverse pole figures of the hydro-
statically extruded final and intermediate tubes shown in Fig. 15
reveals that while hydrostatic extrusion develops a texture of a
mixture of o1114 and o1004 along the ND,o1004 is more
profound along the ND of the intermediate tube. Hot working of
the bcc steels results in cold rolling textures if the material does
not undergo any kind of ferrite to austenite transformation or
complete recrystallization [44,46]. Since 14YWT steels are fully
ferritic and do not recrystallize during the present hot-working
conditions, the observed texture differences can be explained in
terms of cold rolling textures. Raphanel et al. [47] predicted the
cold rolling texture of bcc steel based on a relaxed constant



Fig. 13. Pole figures of 14YWT final tube after hydrostatic extrusion obtained by: a) neutron diffraction, and b) EBSD techniques. (For interpretation of the references to color
in this figure, the reader is referred to the web version of this article.)
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modification of Taylor theory. Simulations by reducing ε13 and ε23
shear strain components increases the intensity of {001}o1104
texture and produces an elongated pan-cake shaped grains, as was
observed in the cross-rolled plate and intermediate tube. Conse-
quently, formation of high volume fraction of {001}o1104 tex-
ture components in the intermediate tube orients the {001} plane
normal along the tube thickness normal direction (shown in
Fig. 15b).

Our results show that after hydrostatic extrusion of the inter-
mediate tube in Process II, the texture index is weakened from 10.1
to 8.6. Raabe [48] also reported that the shear stress weakens the
texture relative to the pre-deformed condition. This is simply at-
tributed to a lower number of activated slip systems during pure
shear deformation. The major texture component originating un-
der simple shear deformation of a bcc steel is the ‘Goss’ texture
component {110}o0014 . However, the ‘Goss’ texture component
is not very stable, and can easily transform to the stable compo-
nents of {001}o1104 of α-fiber or {111}o1104 of γ-fiber de-
pending upon the relative strength of each fiber [48]. This is re-
sponsible for the origin of weak shear texture components of
{111}o1104 and {001}o1104 producing a partial o1114‖ND
texture.
Fig. 14. ODF, represented as sections through Euler space, of the 14YWT final tube after
references to color in this figure, the reader is referred to the web version of this articl
The compressive part of the stress in hydrostatically extruded
tubes introduces the common α-fiber. The nature of the de-
formation process is further corroborated using the number frac-
tion vs. misorientation angle plots in Fig. 16. The hydrostatically
extruded tubes contain large fraction of LABs indicating the as-
sociation of shear deformation and high amount of local reor-
ientation [43], which in turn produces a continuous spread of or-
ientation along α-fibers rather than developing a sharp texture.
The effect of hydrostatic extrusion is more drastic when the
starting material possesses a pre-existing texture (due to hot
cross-rolling and extrusion), completely changing the texture. In
this case, the maximum texture intensity is observed on the
{111}o1104 component of γfiber due to the restriction of acti-
vated slip system and activation of high Taylor factor shear planes.
Development of strong γ-fiber has been reported to be good for
deep drawing form ability of high chrome ferritic steels [48]. It
also supports the finding that the hydrostatically extruded final
tube in Process II can be produced without cracking as reported by
Pal et al. [24].
hydrostatic extrusion at constant φ2 values of 0° and 45°. (For interpretation of the
e.)



Fig. 15. Neutron diffraction produced inverse pole figures of a) hydrostatically extruded final tube in Process I, b) intermediate tube in Process II and c) hydrostatically
extruded final tube in Process II. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 16. Grain boundary misorientation angle distribution of three different tubes
produced by Process I and II. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article.)
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5. Conclusions

In this study, the effect of different processing routes on texture
and grain boundary characteristics for 14YWT NFA tubes have
been investigated. Hydrostatic extrusion which introduces a
combination of plane strain and shear deformations results in α-
and γ-fibers on {001}o1104 and {111}o1104 as well as weak
textures of ζ-fiber on {011}o2114 and {011}o0114 . On the
other hand, hot extrusion and cross-rolling processes result in
plane strain deformations in the case of intermediate plate and
tube in Process II, leading to a strong texture on {001}o1104
together with weak texture on {111}o1124 . While both con-
ventional hot extrusion and innovative hydrostatic extrusion
produce a pronounced texture on {001}o1104 , shear deforma-
tion introduced during hydrostatic deformation produces
o1114‖ND texture component. Furthermore, hydrostatic extru-
sion results in weaker textures compared to the hot extrusion and
rolling textures. Even though the final tube produced by Process I
and the intermediate tube in Process II are exposed to similar
amounts of deformation, the former has a texture index of
2.6 while the latter has a texture index of 10.1. Similarly, when the
intermediate tube is hydrostatically extruded, its texture index
decreases to 8.6. Together with a decrease in the texture index, α-
fiber on {001}o1104 weakens and γ-fiber on higher Taylor factor
planes, {111}o1104 , strengthens as a result of a reduced number
of activated slip systems during shear deformation. Moreover, the
effect of hydrostatic extrusion on the grain boundary character-
istics is quite strong. Local reorientation during shear deformation
results in high fractions of LABs compared to the intermediate
tube produced by plane strain deformation.
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a b s t r a c t

A nanostructured ferritic alloy (NFA), 14YWT, was produced in the form of thin walled tubing. The sta-
bility of the nano-oxides (NOs) was determined under 3.5 MeV Feþ2 irradiations up to a dose of ~585 dpa
at 450 �C. Transmission electron microscopy (TEM) and atom probe tomography (APT) show that severe
ion irradiation results in a ~25% reduction in size between the unirradiated and irradiated case at 270 dpa
while no further reduction within the experimental error was seen at higher doses. Conversely, number
density increased by ~30% after irradiation. This ‘inverse coarsening’ can be rationalized by the
competition between radiation driven ballistic dissolution and diffusional NO reformation. No significant
changes in the composition of the matrix or NOs were observed after irradiation. Modeling the exper-
imental results also indicated a dissolution of the particles.

Published by Elsevier B.V.
1. Introduction

Advanced nuclear systems can provide enhanced energy gen-
eration efficiency, safety and reliability, but some reactor designs
require improved radiation tolerance of more than 200 displace-
ments per atom (dpa) at high operation temperatures up to 1000 �C
[1]. Nanostructured ferritic alloys (NFAs) are attractive materials for
Generation IV reactors because of their excellent high temperature
strength, thermal stability, creep resistance and radiation tolerance,
provided by a high density of Y-Ti-O (<5 nm) nano-oxides (NOs)
[2e4]. Atom probe tomography (APT) studies have been inter-
preted to suggest that NOs are nonstoichiometric phases with low
O/(Y þ Ti) ratio, while transmission electron microscopy (TEM) and
X-ray diffraction (XRD) studies have shown that most NOs are
pyrochlore Y2Ti2O7 structure having Y/Ti z 1 [5e7].

NOs can pin grain boundaries and dislocations, leading to high
strength and superior structural stability [2e4]. Moreover, they
may act as recombination centers for both point defects created
from neutron damage and trapping sites for helium atoms created
by transmutation reactions [2e4]. Overall, NFAs have remarkable
radiation tolerance, but the stability of the enabling NOs under
extreme irradiation conditions needs to be systematically tested.

The stability of NOs has been studied extensively under both
neutron and heavy ion irradiations, but most of these previous
studies were limited to moderate damage levels (< 200 dpa). In a
brief summary, Yamashita et al. reported that small oxides dissolve
under neutron irradiation in 11Cr and 13Cr alloys irradiated in the
experimental fast reactor JOYO up to ~20 dpa at 450e561 �C [8].
Yamashita et al. also found that NO density decreases in MA957
after neutron irradiation at 500 �C up to 100 dpa [9]. However,
Mathon et al. reported that NOs are stable at 325 �C up to 5.5 dpa in
neutron irradiated MA957 [10]. Similarly, Gelles found no signifi-
cant changes in the NO distribution in MA957 irradiated in the
FFTF/MOTA at 420 �C to 200 dpa [11]. Ribis et al. showed that the
diameter of the NOs in MA957 are almost the same after neutron
irradiation up to 50 and 75 dpa at 412 and 430 �C in the same alloy

mailto:aydogan@lanl.gov
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Fig. 1. SRIM-calculated depth profiles of damage and implanted Fe atoms for 1100
peak dpa irradiation in pure Fe. Shaded area shows the sampling depth region from
400 to 600 nm.
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[12e14]. For the same alloy, Bailey et al. reported that, while the
diameter and number density of NOs remain almost the same at
550 and 670 �C, the diameter of the NOs decreased just slightly and
density increased considerably at 412 �C after ~110 dpa irradiations
in FFTF-MOTA [15]. The NOs in 9Cr and 12Cr ODS alloys were also
reported to be stable under neutron irradiations at 330e500 �C up
to 15 dpa [16]. Similar to the neutron irradiations, NOs were found
to be stable after ion irradiation up to 10 dpa at 300 and 500 �C in
12YWT and 19Cr-ODS steels [17,18]. The same behavior was
observed in various ferritic ODS alloys for 20 dpa ion irradiations at
200, 500 and 700 �C, as well as for 60 dpa at 650 �C, and for 150 dpa
at 670 �C [19e21]. In contrast, Allen et al. concluded that the
diameter of the NOs decreases while their density increases at the
temperatures 500e700 �C under Ni ion irradiations up to 150 dpa
in 9Cr ferritic/martensitic alloys [22]. Parish et al. [23] and Certain
et al. [24] reported that at low temperatures (below 300 �C) the NOs
dissolve under heavy ion irradiations as a result of ballistic mixing,
while at and above 300 �C they are either stable or slightly
increased in diameter in 14YWT and 9Cr ODS alloys. On the other
hand, He et al. [25] reported that while the size and density of the
NOs decrease at 300 �C, NOs are stable at higher temperatures in
14YWT, Ni ion irradiated to 100 dpa.

A significant difference between various studies is that neutrons
in test reactors are typically at a damage rate of 10�6-10�8 dpa/s,
while ion irradiation studies are usually at 10�2-10�4 dpa/s. In
addition to the dpa rate, temperature, and the size and composition
of the NOs are the factors affecting their stability under radiation
[26,27]. While there may be a number of heats of MA957, the
literature shows that they closely resemble one another as well as
the 14YWT alloys with respect to Y-Ti-O NOs with some variability
expected for slightly different compositions and processing routes
[28]. In this particular case, TEM and APT studies show that the NOs
in the 14YWT tubing are very similar to those in MA957.

The references cited above were conducted at different damage
rates and with slightly different NO compositions and sizes, thus
the issue of NO stability has not been resolved, especially at the
temperatures above 300 �C and doses greater than ~200 dpa. In
contrast to previous studies, here we examine the irradiation
response of a NFA 14YWT under extreme radiation damage levels
up to ~585 dpa at 450 �C at a comparable damage rate with the
above cited references. Notably, the NFA studied here is in the form
of an extruded tube targeting an actual application as fuel cladding.

2. Experimental

The 14YWT heat called FCRD NFA-1, with a nominal composi-
tion of 14Cr-3W-0.4Ti-0.21Y-Fe wt.% was developed in an extensive
collaboration between Los Alamos National Laboratory, Oak Ridge
National Laboratory, University of California, Santa Barbara and
Case Western Reserve University. In this work, we examine NFA-1
in the form of tubing that was fabricated by hydrostatic extrusion
of amandrel mountedmother tube cut from an extruded and cross-
rolled plate. Further details can be found in Ref. [29].

Samples extracted from the tubes were irradiated at the Texas
A&MUniversity Ion Beam Laboratory by 3.5 MeV Fe2þ ions to reach
peak displacement damage levels of 500, 700, 900 and 1100 dpa at
450 �C. The corresponding ion fluences are 4.9 � 1017, 6.9 � 1017,
8.8� 1017 and 1.1� 1018 cm�2 for 500, 700, 900 and 1100 peak dpa,
respectively. The 6 � 6 mm ion irradiated area was achieved by
defocusing rather than rastering the beam, since the latter has been
shown to suppress void swelling [30e33]. The beam current was
controlled at ~200 nA to minimize local heating. The sample tem-
perature was monitored and controlled by a thermocouple moun-
ted on the face of the hot stage that provided feedback to the heater
controller. Temperature fluctuations during the irradiation were
less than ±5 �C. The peak displacement rate was 1.7 � 10�3 dpa per
second.

Fig. 1 shows the calculated damage and Fe implantation profiles
for 1100 peak dpa irradiation, obtained from SRIM 2013 code [34].
The SRIM calculations used the Kinchin-Pease model with an Fe
displacement energy of 40 eV. The projected range (Rp) of 3.5 MeV
Feþ2 ions is ~1.2 mm, while the dpa peaks at ~1.0 mm. The injected Fe
atoms exceed 10 at.% at depths beyond 700 nm for the 1100 peak
dpa irradiation. Therefore, in order to minimize the effects of
injected interstitials, the microstructural characterization focused
on a sampling depth region from 400 to 600 nm, shown by the
shading in Fig. 1. At this depth interval, the concentration of
injected atoms, even at 1100 peak dpa, is less than 3 at.%. The
average local doses in the sampled region for 500, 700, 900 and
1100 peak dpa were ~270, 375, 480 and 585 dpa, respectively.

The microstructures prior to and after irradiation were charac-
terized by Transmission Electron Microscopy (TEM) and Atom
Probe Tomography (APT). Samples were punched in 3 mm disks
from the faces of the cladding tubes. Pre-irradiation 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. Those foils were thinned down to
electron-transparent thickness. Both TEM and APT studies were
conducted on those 3-mm electron-transparent TEM foils. On the
other hand, the foils for the irradiations were jet electropolished on
one side for ~30 s in order to clean the surface, while avoiding
forming a deep dimple. After irradiation, standard FIB lift-out
techniques, followed by low energy cleaning at 1 kV, were used
to prepare the electron transparent TEM samples in an FEI Helios
Nanolab 600 dual beam focused ion beam (FIB) instrument. The
TEM studies were carried out on a FEI Tecnai F30 TEM operating at
300 kV; a Gatan image filter (GIF) was used for energy filtered TEM
(EFTEM) foil thickness measurements. A subset of data was imaged
both in EFTEM and bright field (BF) TEM modes and the two
techniques agreed with each other within ~10%. However, since BF
methods are convenient and have been widely used to image the
NOs [35,36 as examples only] (which are a diffracting phase with a
lower density than the ferrite matrix), this technique was adopted
for characterization of the full test matrix. Notably BF TEM also
yields results that compare well with APT data (see below).

APT specimens were prepared from the electropolished foils
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using the FIB lift-out technique. Atom probe needles pre-mounted
on Si stubs were sharpened via annular milling using decreasing
voltage and beam current with a final 2 kV voltage and 28 pA beam
current to minimize the surface Ga ion damage. The APT mea-
surements were carried out using a Cameca Local Electrode Atom
Probe (LEAP) 3000�HR at 50 K in voltagemodewith 200 kHz pulse
repetition rate, 0.5e1% evaporation rate, and a 20% pulse fraction.

The 3DAPT reconstructions were performed using a commercial
Cameca Integrated Visualization and Analysis Software (IVAS)
package. The identification of NOs and the corresponding compo-
sition analyses were conducted using the maximum separation
method for Y, Ti and O ions, as well as their complex ionic forms of
TiO and YO [37]. Mass to charge ratio of the time of flight spectrum
was used to identify the various ion species associated with the
constituent elements in the NFA alloy. NO diameter and composi-
tion estimates based on nominal IVAS reconstruction positions
have artifacts introduced by trajectory aberrations, and in the case
of oxygen due to surface diffusion on the tip. Therefore, an alter-
native method proposed by Cunningham et al. [38] was used to
calculate the NO diameter. The diameter estimates are based on the
number of solute atoms in the Y2Ti2O7etype phase, corrected for a
detector efficiency of 37%. Furthermore, Fe and excess Cr, nominally
located in the NO clusters by IVAS, were removed, since they are
believed to be an APT artifact associated with the trajectory aber-
rations. It should be noted that trajectory aberrations are signaled
by non-physical high local atom densities that are higher by up to a
factor of 3 times that for bcc Fe [39e43]. This procedure may
slightly underestimate the Cr content of the features, but this is not
expected to have a significant effect on the overall results. The APT
reconstructions reveal lower Y/Ti and O/(Ti þ Y) ratios in the
embedded NOs compared to bulk pyrochlore Y2Ti2O7. This may be
partially an APT artifact, and partially due to a Ti-rich NO shell [39].
Notably, more recent TEM studies have shown that those NOs are
Y2Ti2O7 particles with Y/Ti z 1, but with Cr and/or Ti enriched
shells [40,43,44].

Statistics were obtained from 200 to 250 NOs for TEM and 200
to 400 NOs for APT studies. The total volume sampled per condition
is ~15 � 10�18 m3 and ~3 � 10�20 m3 for TEM and APT studies,
respectively. The error in the data is calculated as the standard
deviation of the mean value.
Fig. 2. Distribution of particles before irradiation. (a) Low magnification BF TEM image s
distribution. Arrows point the NOs.
3. Results

3.1. Microstructure before irradiation

The micrograph in Fig. 2a shows a low magnification BF TEM
image of the typical microstructure of 14YWT (heat NFA-1) con-
taining finely distributed NOs together with larger particles. The
larger particles are Ti-Si-O-N rich phases with trace amounts of Y
[45]. As shown in Fig. 2a, the number density of large particles is
quite low compared to that for the NOs. Fig. 2b shows a higher
magnification BF TEM image of NOs. The average diameter and
density of the NOs in the unirradiated 14YWT were estimated to be
~2.8 ± 0.7 nm and ~4.3 ± 0.7 � 1023 m�3, respectively.

Due to their small diameter, it is extremely difficult to establish
the detailed structure, composition and interface character of the
small NOs. A recent paper byWu et al. [28] reported the presence of
Y2Ti2O7, consistent with much of the literature that generally
involve larger NOs. Notably, however, Fast Fourier Transform (FFT)
power spectra for large matrix regions containing many small NOs
produced extra diffraction spots consistent with defected pyro-
chlore Y2Ti2O7. It has been shown that one large and one smaller
NOs have a clear cube-on-edge orientation relationship. Detailed
through focus exit wave analysis found a pyrochlore structure in
the larger NO, with a 5 � 7 near coincidence site lattice interface. It
has been reported by many authors that there is a relationship
between NO diameter and their corresponding coherency with the
matrix. Small NOs are often reported to be coherent, as expected,
while transitioning to semicoherent, or even incoherent interfaces
as the diameter increases. It was also found by Wu et al. [28] that
coherency/semicoherency strains increased with decreasing
diameter.

Detailed NO diameters, number densities and compositions
were obtained by 3D APT studies. 3 to 10 tips were investigated for
each condition, depending on the variability of the microstructure.
For instance, the distribution of the NOs in the unirradiated con-
ditionwas relatively less homogenous for the tips in this study, thus
requiring 10 tips to obtain good statistics. On the other hand, the
samples irradiated to various dpa do not seem to show as large
microstructural variations, therefore, only 3e4 tips were investi-
gated. Each condition has an average count of ~4 million atoms.
Fig. 3 is a representative APT reconstruction for the unirradiated
14YWT showing the solute distributions and NO clusters. Note the
howing both larger particles and NOs (b) high magnification image showing the NO



Fig. 3. APT 3D reconstruction of unirradiated 14YWT samples showing the distribution of various elements, ions and NO clusters.

Table 1
Compositions (at.%) of the matrix and NOs in unirradiated condition as determined
by APT analyses.

Element (at.%) Matrix composition NO composition

Fe 83.92 ± 0.15 z0 (nominal)
O 0.13 ± 0.01 29.86 ± 9.43
Cr 14.72 ± 0.13 18.00 ± 8.82
Ti 0.12 ± 0.01 38.13 ± 6.97
Y 0.02 11.74 ± 4.74
Si 0.06 0.40 ± 0.59
W 0.92 ± 0.01 0.82 ± 1.57
Mn 0.02 0.11 ± 0.29
C 0.04 ± 0.01 0.43 ± 0.69
Al 0.01 0.45 ± 0.63
Y/Ti/O e 13/45/42
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oxygen distribution associated with the NOs is relatively diffuse,
which is likely an APT artifact [40]. The APT reconstructions show
that the NO distribution is somewhat inhomogeneous in the grains.
The NOs and alloying elements often lie on and segregate to grain
boundaries. The APT average diameter and number density of the
NOs are ~2.1 ± 0.5 nm and ~6.2 ± 1.5 � 1023 m�3, respectively.

The APT compositions of the matrix and NOs are summarized in
Table 1. Even after composition correction, the NOs still contain a
considerable amount of Cr. It is not possible to reliably determine if
the Cr is located in the NO core or segregated in the matrix at its
interface, as widely reported [44,46]. Although TEM and XRD
characterizations in the literature show that the small NOs are
mostly Y2Ti2O7 [5e7], APT characterization in this study measures
Y/Ti/O ratio as 13/45/42. A composition deficiency of Y and O has
been reported by many authors and partially attributed to the
trajectory aberrations and O surface diffusion, as noted previously
[38]. It should also be noted that the composition of the matrix is
quite consistent for different tips while the compositions of NOs
show large variations from cluster to cluster.

3.2. Microstructures after irradiation

BF TEM micrographs of irradiated samples at various dpa levels
are shown in Fig. 4. While irradiations up to 480 dpa result in
similar oxide diameters and distributions, as seen in Figs. 4aec,
visual inspection qualitatively suggests that 585 dpa irradiation
refines the NOs with smaller diameters and larger number den-
sities as suggested in Fig. 4d. The average diameter and number
densities of the NOs obtained by TEM are summarized in
Supplementary Table S1 in Appendix A. The TEM measurements
show that diameter of the NOs decreases, while their number
density increases, with increasing dose at 450 �C. Specifically, the
NO diameter decreases from an unirradiated average of
~2.8 ± 0.7 nm to ~2.1 ± 0.6 nm after the irradiations at 270, 375 and
480 dpa irradiations, and further decreases to ~1.7 ± 0.4 nm after
the 585 dpa irradiation. The corresponding NO number density
increases from ~4.3 ± 0.7 � 1023 m�3 in the unirradiated condition
to ~8.3 ± 1.6 � 1023 m�3 at 585 dpa. The NO volume fraction also
increases from the unirradiated value of 0.53% to 0.69%.
Supplementary Table S1 also summarizes the corresponding APT
results, which are further discussed below.

Figs. 5aec show the representative APT reconstructions of 270,
480 and 585 dpa irradiated conditions. The particle distribution
after the irradiations appears to be somewhat more homogenous
compared to the unirradiated condition. The NO diameter and
density tabulated in the Supplementary Table S1 are broadly
similar to the TEM results. The APT data also indicate that the
diameter of the NOs decreases slightly after irradiation, while their
number density increases. While there are moderate differences at
lower dpa, the TEM and APT data are remarkably consistent in the
585 dpa condition. Similar to the previous findings [22,47e49],
even if initially slightly refined, NOs are more stable above a certain
damage level.

Fig. 6 compares the NO diameter distributions obtained by APT
and BF TEM analyses. The differences between TEM and APT results
are somewhat more apparent than reflected in the average diam-
eter and number density values. However, in both cases before
irradiation, the NOs have a broader diameter distribution up to
~5 nm; in contrast, the diameter distribution of NOs after irradia-
tion is narrower and limited to diameters below 4 nm (TEM) and
3 nm (APT) at the highest two dpa. There is also a corresponding
increase in the NO diameters below 1.5 nm. The most significant
change in the diameter distribution occurs at the lowest dose
(270 dpa), especially for the TEM data, but is reasonably stable
thereafter, especially for the APT data. Clearly, TEM gives slightly
larger diameters compared to APT, likely due to a lower resolution
limit. Thus it is notable that TEM observes the same diameter and
similar number density in the case of the 585 dpa condition. It
should be noted that 375 dpa APT data was not acquired due to
limited time and instrumental availability. However, the overall
APT trends in NO size and number density are established by higher
and lower dpa data and that is reasonably consistent with the TEM
data trends.

The standard deviations in the TEM data are larger than that of
the APT results, and in most cases they are more than the absolute
differences at various dpa. The APT data are probably more reliable,
but the sampling volume is very small. On the other hand, TEM
gives 2-dimensional data while APT provides 3-dimensional data.
However, it is still possible to statistically test the hypothesis by
plotting the variations in the mean data. Fig. 7 plots the trends in
NO diameter and number density. Fig. 7a shows the diameter as a



Fig. 4. BF TEM images of samples collected from the depth region of 400 nme600 nm, after irradiation to (a) 270 dpa (b) 375 dpa (c) 480 dpa and (d) 585 dpa at 450 �C.
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function of dpa and Fig. 7b shows the corresponding number
density plot for both APT and TEM data. If the fit includes data from
the unirradiated condition, the slopes are negative for size and
positive for number density, for both the TEM and APT data. The
magnitudes of the slopes are larger for the TEM-based data points.

The changes in the size (diameter) distribution of NOs are also
subtle but may be evenmore significant. Fig. 8a plots the fraction of
NOs larger than 3 nm for the TEM data and 2.5 nm for the APT data
as a function of dpa. Fig. 8b plots the corresponding fraction of NOs
less than 2 and 1.5 nm. While somewhat ad hoc, these ‘larger than
and smaller than’ fractions are concrete metrics of the effects of ion
irradiation on the tails in the distribution of NO sizes. Both APT and
TEM indicate that there is a clear and statistically significant trend
towards refinement of the NO size distribution.

Thus in spite of the data scatter for the particular conditions, and
the expected variability in each sample, region-to-region as well as
sample-to-sample, the results lend significant statistical support to
the hypothesis that self-ion irradiations at 450 �C with dose rates
significantly higher than neutron irradiation cause some dissolu-
tion of the NOs as indicated by a change in NO size and number
density and a sharpening of the size distribution. It should be noted
that on average the largest change in size and number density oc-
curs between 0 and 270 dpa and the changes after this condition
seem to be quite small. This may support the conclusion that after
an initial transient, the NOs are approaching a quasi-steady state
between NO dissolution by ion mixing and self-healing.
The compositions of the matrix and NOs before and after irra-

diation are summarized in Table 2. Following irradiation, the Cr
content of both the matrix and NOs decreases slightly. This is
shown in Fig. 9, where Figs. 9a and b show the composition changes
in NOs and matrix, respectively. Fig. 9a shows that Cr decreases, O
increases, and Ti and Y vary but with no systematic trend. Fig. 9b
shows that the Cr decrease is balanced by an Fe increase, as ex-
pected. The matrix Fe fraction increases due to the injected in-
terstitials which can reach up to ~3 at.% at the depth of
400e600 nm for the 585 dpa irradiation condition. There may also
be some segregation of Cr at grain boundaries. Table 2 shows that
the nominal NO Y/Ti/O ratio of the sample is unaffected by irradi-
ation, with average of 13/45/42 for unirradiated condition and 13/
44/43 following irradiations. It should be noted that the low Y/Ti
ratio is likely, in large part, due to an APT artifact. Thus the APT
results are consistent with the TEM analysis showing that the
crystal structure of small NO cores below 5 nm are a cubic pyro-
chlore Y2Ti2O7 complex with some possible Ti (and Cr) rich sur-
rounding shell [40,43,44].
4. Discussion: stability of NOs under irradiation

The stability of NOs under irradiation can be predicted from
Nelson-Hudson-Mazey (NHM) precipitation model, which



Fig. 5. APT 3D reconstructions showing the distribution of various elements, ions and NO clusters in 14YWT samples irradiated to (a) 270 dpa (b) 480 dpa and (c) 585 dpa at 450 �C.
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considers both shrinkage and growth, due to ballistic collision
induced dissolution and thermal diffusion induced recovery of
precipitates [50]. In agreement with the observations, the model
predicts that large NOs shrink and small ones grow under irradia-
tion, reaching an equilibrium diameter which depends on various
irradiation parameters. The simple NHM model assumes that the
solute flow as a result of ballistic effects is only from particle to the
matrix and it ignores the solute fluxes from matrix as a result of
dissolution of other particles. This assumption seems to be
reasonable as the average mean free distance between the NOs is
~25 nm. Moreover, it ignores the local equilibrium solute concen-
trations at the solute/matrix interfaces and it does not consider the
effects of interface coherency. Chen et al. [47,51] suggest that small
NOs are dominated by coherent and semi-coherent interfaces,
while the large oxides are incoherent. Since the NOs in the present
study are relatively small (less than 5 nm as shown in Fig. 6), the
complexity in interface energy changes due to transition from
incoherency to coherency is ignored. If the unirradiated interface is
coherent, irradiation produces a roughened diffuse interface lead-
ing to an increase in the corresponding surface energy along with
the solubility of the various NO constituents, while their stability
would decrease. However, this can be approximately accounted for
in the simple model parameterization. Hence the decay and growth
competition can be described by Refs. [52,53]:

dr
dt

¼ �GJþ 3D0c
4prp

(1)

Here r is the NO radius, G is defect production rate, J is the
ballistic dissolution parameter, D0 is irradiation enhanced diffusion
coefficient, c is the atomic concentration of solute in solution, and p
is the solute atom fraction in the NO. The first term on the right side
of the equation describes the dissolution rates and the second term
describes the reformation kinetics. Both dissolution and growth are
largely limited by Y and Ti dissolution and diffusion. Substitutional
atoms diffuse by a vacancy diffusion mechanism, hence Y and Ti
diffusivity scales with the vacancy supersaturation. In contrast, O



Fig. 6. NO diameter distribution in unirradiated and various dose irradiated samples obtained by (a) APT and (b) TEM analyses.

Fig. 7. Linear regression fits to (a and b) NO diameter and number density vs. dpa for both the TEM and APT data.
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atoms are fast interstitial diffusers, and can quickly migrate to
accommodate any precipitate changes. D0 can be approximated by
the diffusivity of Y atoms, described by Ref. [36];

D0 ¼ C0
v

Ceq
v

Dth (2)

where C0
v is non-equilibrium concentration of vacancies under

irradiation; Ceq
v is equilibrium concentration of vacancies; Dth is the

Y (and Ti) thermal diffusivity under equilibrium condition.
Determination of C0

v requires solving the defect balance equa-
tions, which consider defect generation, matrix interstitial-vacancy
recombination and defect annihilation or recombination at sinks
and trapping sites. At the temperatures where defect diffusion is
possible and in the presence of a high density of NOs, the numerical
solution leads to a quasi-steady state of vacancy concentration
Cv 0 ¼ G=ðkvsCsÞ, where G is defect creation rate, kvs is vacancy
annihilation rate per NO, and Cs is the NO sink concentration.
Further details on the numerical calculation to obtain Cv 0 can be
found in Ref. [53]. Note, herewe assume themain vacancy sink sites
are precipitates that act as fully efficient trapping sites for recom-
bination (since TEM does not observe significant voids and dislo-
cation sink strengths are relatively low). Cs is the NO density. The
vacancy-NO reaction rate can be calculated by kvs ¼ 4prDV , where
r is NO radius and DV is vacancy diffusivity. Based on these ap-
proximations, equation (2) can be rewritten as;

D0 ¼ K
�
4prDVNC

eq
V

��1
Dth (3)



Table 2
Compositions (at.%) of the matrix and NOs in unirradiated and irradiated 14YWT samples at 450 �C up to 270, 480 and 585 local dpa doses at the depth of 400e600 nm.

Element (at%) 0 dpa 270 dpa 480 dpa 585 dpa

Matrix NO Matrix NO Matrix NO Matrix NO

Fe 83.92 ± 0.15 0 (nominal) 84.52 ± 1.91 0 (nominal) 86.67 ± 4.14 0 (nominal) 88.32 ± 2.07 0 (nominal)
O 0.13 ± 0.01 29.86 ± 9.43 0.19 ± 0.08 35.63 ± 4.84 0.10 ± 0.03 36.76 ± 5.36 0.14 ± 0.05 35.04 ± 4.87
Cr 14.72 ± 0.13 18.00 ± 8.82 13.98 ± 1.96 7.23 ± 8.20 11.93 ± 4.36 11.52 ± 9.46 10.31 ± 2.24 12.11 ± 9.94
Ti 0.12 ± 0.01 38.13 ± 6.97 0.20 ± 0.02 37.93 ± 6.40 0.15 ± 0.05 40.69 ± 7.08 0.19 ± 0.06 39.30 ± 6.30
Y 0.02 11.74 ± 4.74 0.03 ± 0.01 16.52 ± 9.02 0.01 8.84 ± 6.04 0.02 11.54 ± 5.63
Si 0.06 0.40 ± 0.59 0.05 ± 0.01 0.48 ± 0.78 0.02 ± 0.02 0.47 ± 1.04 0.03 ± 0.01 0.59 ± 1.08
W 0.92 ± 0.01 0.82 ± 1.57 0.91 ± 0.06 0.15 ± 0.88 1.03 ± 0.20 0.16 ± 0.76 0.88 ± 0.08 0.09 ± 0.35
Mn 0.02 0.11 ± 0.29 0.02 0.08 ± 0.33 0.01 ± 0.01 0.13 ± 0.47 0.01 0.08 ± 0.33
C 0.04 ± 0.01 0.43 ± 0.69 0.05 0.37 ± 0.67 0.03 ± 0.01 0.86 ± 2.08 0.07 ± 0.03 1.13 ± 1.96
Al 0.01 0.45 ± 0.63 0.02 ± 0.01 0.43 ± 0.71 0.03 ± 0.02 0.83 ± 1.22 0.02 0.38 ± 0.91
Y/Ti/O e 13/45/42 e 15/44/42 e 11/44/45 e 13/45/42

Fig. 8. Changes in the fractions of sizes under irradiation for NOs (a) larger than 3 nm for TEMmeasurements and 2.5 nm for APT measurements; and, (b) smaller than 2 nm for TEM
measurements and 1.5 nm for APT measurements.

Fig. 9. Graphical representation of composition changes in (a) NOs (b) matrix.
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Dv ¼ aa2y exp
�
� Emv
kBT

�
(4)

From APT characterization, we can obtain an average NO radius,
r, and an average number density, N. The vacancy (and interstitial)
generation rate of 9.7 � 10�4 dpa/s was obtained from SRIM cal-
culations. However, Stoller found that the effective dpa rate is about
1/3 of defect generation rate due to the in-cascade recombination
in iron [54]. The vacancy diffusivity DV is calculated by using pre-
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exponential entropy and correlation factor, a ¼ 1, a jump attempt
frequency, n ¼ 1013 s�1, and vacancy migration energy, Emv ¼ 0.7 eV
[53,55].

The equilibrium vacancy concentration Ceq
V is taken as

Ceq
v ¼ Nexp

 
Ef
v

kBT

!
where N is the atomic density and Efv is the va-

cancy formation energy, 2.2 eV in bcc Fe [55]. The thermal diffu-
sivity of Y is taken as Dth ¼ 10�5 � expð�3:25eV=kBTÞ m2/s [56].
Note these parameters are not individually rigorous. For example,
the slow diffusion rate of Y assumed here has been contradicted by
both first principles calculations, limited measurements and
atomistic models fit to NO precipitation and coarsening data [57].
However, use of the cited parameter set is within the spirit of the
simple model presented here.

Under a quasi-steady state of NO growth, the growth and
dissolution reaches a balance with dr/dt ¼ 0 in equation (1). The
present experimental study shows that after the radiation damage
of 270 dpa and beyond, the mean diameter of NOs is saturated to
about 1.7 nm and the average dispersoid density is saturated to
about 8.5 � 1023m�3. Substituting these two values into the above
stated equations for T ¼ 450 �C, we calculate the dissolution
parameter J to be 1.5 � 10�12 m.

Once the dissolution parameter is known, the equation of steady
state equilibrium (dr/dt ¼ 0) can be found as

r2N ¼ 1:69� 106 exp
�
�4062

T

�
. Fig. 10 plots Nr2 vs. T, with the solid

line representing the equilibrium condition when growth and
dissolution are in balance. The curve is obtained by using the J
value determined as described by the previous discussion. For the
region above the curve, dissolution dominates and the NOs will
shrink until r and N evolve to the steady state condition specified by
the line. Below the curve, NOs grow under ion irradiation. In Fig. 10,
Nr2 value of the as-received sample is shown and the arrow shows
the trajectory of NO changes under given irradiation conditions.

Fig. 10 is in agreement with previous experimental studies
showing that NOs shrink under ion irradiation and, as a function of
ion irradiation temperature, the final equilibrium diameters will
increase with increasing temperatures, as shown by Chen et al.
recently on 12Cr ODS alloys [47,51]. The irradiation parameters J
and K depend on specific experimental conditions. Hence the
equilibrium curve will shift under different irradiation conditions.
On the other hand, if parameter difference and their conversions
under different conditions, such as accelerator ion irradiation vs.
reactor neutron irradiation, are known, in principle the prediction
on stability of NOs is possible from accelerated testing at higher dpa
rates. In addition to the fact that the current model does not
consider the role of interface coherency, the effects from void
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Fig. 10. Nr2 vs. T plot showing the behavior of the NOs in the present study.
swelling are ignored since even for the highest dpa, we barely see
small bubble formation [45]. For other ODS systems which have
much more void swelling, such as MA956, the discussion on sink
strength must consider vacancy-void interactions. Therefore, the
current model presents a simplified approach to predict NO
stability.

Slight increase in the density of the NOs after irradiation might
indicate that the dissolved atoms form new NOs instead of growing
the previously existing ones. Similar ‘inverse coarsening’ behavior
was first observed by Frost and Russell [58] due to the radiation
induced ejection of solute atoms from the particles into the matrix,
and diffusion of this solute back to and away from the particle. Li
et al. [59] reported that in thermally-aged CF8 steels irradiatedwith
1 MeV Kr ions, the size of the G-phase precipitates decreased while
their density increased. Moreover, Tan et al. [60] found that the
ejected atoms from original TaC nanoscale precipitates by
displacement cascade led to a reduction in the size of the original
carbides and provided matrix solutes to nucleate new precipitates,
thereby increasing their corresponding density. However, un-
certainties in both the data itself, and simplicity of the model and
its approximate parameterization, do not support rigorous quan-
titative conclusions. The most important result by far, is the
remarkable stability of the NOs even at very high dpa levels and at
high dpa rates.

5. Conclusions

14YWT NFA-1 in tube formwas irradiated to very high doses up
to ~585 dpa at 450 �C and the stability of NOs have been investi-
gated via TEM and APT techniques. The results from these analyses
suggest that self-ion irradiations result in ~25% decrease in the NO
diameter coupled with ~30% increase in their number density. On
average the largest decrease occurs over the initial dose increment
from 0 to 270 dpa. This behavior has been rationalized by the ‘in-
verse coarsening’ phenomena due to the disruption of balance
between irradiation induced ejection of solute atoms out of the NOs
and thermal diffusion of this solute back to the particle, consistent
with the simple steady-state model prediction. The calculations
predicting an increase in the NO density and the decrease in their
diameter indicate some degree of dissolution and re-precipitation.
However, NOs were found to be extremely stable even under very
high dpa levels at 450 �C.
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