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The tensile properties of a 14 wt pct chromium nanostructured ferritic alloy (NFA) are assessed
as a function of attrition time. Small angle X-ray scattering results show quantitatively that the
number density of precipitated oxides increases as a function of milling time. This difference in
oxide density alone is not enough to describe the tensile behavior of the NFA as a function of
temperature. As a result, a previously proposed root mean square strengthening model is
applied to the current study where direct dispersion strengthening, grain boundary strength-
ening, dislocation forest hardening, and matrix hardening are all considered. When an opti-
mization routine is conducted, the fitting results suggest that the precipitated oxides are soft
obstacles to dislocation motion.
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I. INTRODUCTION

NANOSTRUCTURED ferritic alloys (NFAs) have
seen a tremendous amount of work over the last decade
for their potential applications in the nuclear power
industry as an irradiation damage resistant material.[1–5]

This high irradiation damage resistance is a result of a
dense dispersion of sub 10 nm oxides (NFs) that result
from high energy milling, or attrition, processing. This
processing step is critical to achieving both the desired
irradiation damage resistance as well as the required
structural properties.

It has been shown experimentally that well-processed
NFAs result in the full dissolution of the starting
yttrium oxide into the metal matrix during high energy
attrition.[1,6,7] Upon hot consolidation, complex oxides
comprising titanium from the matrix as well as yttrium
and oxygen, precipitate intra- and inter-granularly.
This precipitation creates a homogeneous dispersion
strengthening network and sets NFAs apart from
conventional oxide dispersion strengthened (ODS) steels
where full dissolution of the initial oxide does not occur.
As a result, conventional ODS materials typically
feature coarser oxides that exist more predominantly
on grain boundaries or prior particle boundaries.[8–10]

These differences in oxide character and location result
in reduced mechanical properties for conventional ODS
materials when compared to NFAs.[1,4,11]

Given the importance of attrition on the final NFA
properties, this study seeks to isolate this variable and
quantitatively assess the effects of attrition time on NF
distribution and tensile properties. Identical consolida-

tion processing was used to produce NFA forgings of
varying milling times. Milling trials and tensile tests
were repeated to build statistical confidence for differ-
entiation. The measured mechanical property differences
are related to the microstructure through scanning
electron microscopy (SEM), transmission electron
microscopy (TEM), and small angle X-ray scattering
(SAXS) characterization. A model for tensile yield
strength based on the experimentally determined micro-
structural features is then applied, enabling strengthen-
ing mechanisms to be ascertained.

II. EXPERIMENTAL PROCEDURES

The NFA used for this study has a nominal compo-
sition in weight percent of Fe-14Cr-3W-0.4Ti-0.25Y2O3.
The ferritic matrix powder (Fe-14Cr-3W-0.4Ti) was
argon gas atomized by Carpenter and sieved to a mesh
size of �150/+325 prior to attrition. The Y2O3 powder
used was purchased from Alfa Aesar and had a quoted
D50 of 1.2 lm. A particle size distribution showed that
the primary particle size was 1 lm while most particles
were weak, 10 lm agglomerates following ultrasonica-
tion.

A. Processing

The attrition for all trials with Y2O3 was carried out
by Zoz GmbH in a CM-20 mill at their facility in
Wenden, Germany. The CM-20 mill was loaded with
3 kg of prealloyed and Y2O3 powder and a 30 kg charge
of 100Cr6 milling media. Milling occurred under argon
and no de-agglomerate aid was added. Milling condi-
tions were held constant for all CM-20 trials with
rotational speeds alternating between 200 and 450 rpm
in 30 s intervals and milling times were varied between 4
and 40 h. An additional milling trial (Baseline-20) that
excluded the addition of Y2O3 was done in a smaller,
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Zoz CM-01 mill at GE Global Research. The milling
speeds in the CM-01 were changed in order to approx-
imate the kinetic energy achieved in the larger mill.
Table I shows the lot name, milling time, and Zoz mill
used for the five lots of powder that were investigated.

The milling times sampled cover a significant range of
those reported in the literature, which can extend up to
80 h. However, it is not possible to directly compare
milling times to those reported in the literature, as the
kinetic energy imparted to the powder is a function of
mill size, mill speed, and powder/milling media ratio.
Following attrition, the powder was discharged into
containers under inert gas. The inert gas cover was
preserved by packing as-milled powders into hot iso-
static pressing (HIP) cans in an argon-filled glovebox.
The HIP cans were evacuated and degassed at room
temperature and then at elevated temperature before
being sealed and HIPed for 4 hours at 1200 K (927 �C)
and 207 MPa.[12] Following HIP consolidation, the
5 billets were then forged at identical conditions. Forg-
ing was completed to 75 pct engineering strain at
1200 K (927 �C) on an open die press controlled at a
displacement rate of 1 mm/s.[12] The forging platens
were heated to 1173 K (900 �C) during forging to reduce
billet cooling during the forging operation.

A small amount of as-milled powder was removed
and air exposed for chemical analysis. Interstitial
elements were measured via combustion infrared detec-
tion or inert gas fusion according to ASTM E1019-11.
All other elements were measured via direct current
plasma emission spectroscopy according to ASTM
E1097-12. A scan was done for trace elements, and all
elements that exist in excess of 0.01 wt pct are reported.

B. Tensile Tests

Buttonhead tensile bars were extracted perpendicu-
larly to the forging direction. The straight section gage
length was 9 mm and the gage diameter was 2.5 mm.
Tensile tests were conducted on a closed loop servo
controlled hydraulic test frame at a constant displace-
ment rate of 0.0085 mm/s. The elevated temperature
samples were heated in a resistive furnace and soaked
for 10 min at the test temperature prior to beginning the
test. An extensometer was not used and the final
reported yield strength values are corrected for machine
compliance.

C. Microscopy

High resolution backscattered electron (BSE) imaging
was performed with a Hitachi SU70 FEG-SEM. Images
were acquired with an yttrium-aluminum garnet (YAG)
scintillator detector. The high sensitivity of this detector
enables imaging with a relatively low beam current to
improve resolution without compromising signal. Accel-
erating voltages ranged from 10 to 15 kV. Lower
voltages were used to reduce the beam-sample interac-
tion volume in an attempt to increase spatial resolution
for imaging ultrafine grains in BSE mode. Transmission
electron microscopy analysis was performed using a
Tecnai F20 S/TEM with a Thermo NSS EDS system
and a Tecnai Osiris S/TEM with high brightness X-FEG
electron source and integrated Super-X EDS system plus
an integrated FS-1 EELS spectrometer. Both field
emission microscopes were operated at 200 kV. An on-
axis BF/DF detector was used for STEM imaging.
Phase contrast atomic resolution TEM images were
captured with a bottom-mounted Orius camera and
converted to FFT’s using Gatan DigitalMicrograph.
Grain size determination for each milling time sample

was made using five high-resolution BSE images taken
from randomly selected areas within the metallographic
mount. The magnification was selected to allow both the
fine- and coarse-grains to be rated on the same image. A
circle was digitally imposed on the microstructure and
intersections were counted and converted to a grain size.
The variation in grain size resulted in a lower than
typical magnification which, in turn, resulted in a larger
number of intersections than recommended by ASTM
standards.

D. Small Angle X-ray Scattering (SAXS)

Thin slices for SAXS experiments were cut from the
buttonheads of selected tensile specimens. The slices
were further ground into thin foils with a thickness of 25
to 50 lm. Room temperature SAXS measurements were
conducted at beamline 15-ID-D at the Advanced
Photon Source, at Argonne National Laboratory. The
X-ray energy was tuned to 30 keV with a sample-to-
detector distance of 1.8 m, which covers a Q range of
0.02 to 0.7/Å. Measuring up to 0.7/Å is necessary to
ensure that the flat background is well captured for
accurate determination of the nanofeature (NF) volume
fraction. A 200 9 200 lm2 beam was utilized, which
provides good statistics on the ultrafine NFs. Eight
random spots on each sample were measured to evaluate
the microstructure homogeneity within a single sample.
Specimens taken from duplicate tensile bars were
measured to evaluate the microstructural difference
among tensile bars extracted from different locations
of the forging. The local sample thickness at the detected
spots was derived from the measured transmission and
the calculated linear absorption coefficient. This allowed
scattering data to be reduced to absolute intensity scale
via the Nika macro based on the measured glassy carbon
standard for absolute intensity correction, silver behe-
nate standard for sample-to-detector distance correc-
tion, dark current for transmission, and empty for

Table I. Milling Details for NFA and Baseline Samples

Sample Name Mill Mill Run Time (h)

NFA-4 CM-20 4
NFA-20A CM-20 20
NFA-20B CM-20 20
NFA-40 CM-20 40
Baseline-20 CM-01 20

NFA samples were milled in 3 kg batches in a larger Zoz mill for
milling times varying from 4 to 40 h. Baseline was milled in 150 g
batches in a smaller Zoz mill with speeds altered to match the kinetic
energy input of the NFA runs.
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scattering from scotch tape.[13] Quantitative analysis of
NF size distribution and volume distribution was
performed on the absolute intensity spectra using the
maximum entropy method built in the Irena macro.[14,15]

Detailed descriptions of this methodology were reported
elsewhere.[16,17]

The absolute scattering intensity is a function of
scatter morphology, size distribution, number density
(or volume fraction), scattering length difference, or
scattering contrast governed by chemistry of matrix and
scattering particles, and is given by

I Qð Þ ¼ jDqj2
Xrmax

rmin

jF Q; rð Þj2V2 rð ÞNP rð ÞDr ½1�

where Q is the scattering vector, r is the characteristic
length (radius for spherical particles), Dq is the
scattering contrast, F(Q,r) is the scattering form factor
for a single particle determined by morphology, V(r) is
the particle volume, N is the total number of scattering
particles, and P(r) is the probability of occurrence of
particle at size of r. Equation [1] assumes that there are
no interparticle interference effects. The maximum
entropy method generates a histogram size distribution
with a defined range of particle size and a fixed number
of bins, as a solution to Eq. [1]. There is no assumption
of the functional form of the size distribution (i.e.,
Gaussian or log normal). Particles within the fitting size
range are assumed to have the same scattering contrast
and morphology. The scattering contrast between the
Fe-14Cr-3W matrix and NFs used in the model fitting is
2.3 9 1012/cm2, based on the assumed NF chemistry of
Y2Ti2O7. This assumption is supported by TEM results
in the current work and literature and is the same
assumption that has been adopted by Olier et al.[18] for
small-angle neutron scattering (SANS) work completed
on a similar NFA composition.

III. RESULTS

Chemistry analysis of the five lots of mechanically
alloyed powder is shown in Table II. The consistent gas-
atomized starting powder and the low major element
contamination during milling result in excellent chem-
ical uniformity across the five compositions. The oxygen
levels reported in Table II are in excess to that added
through Y2O3. Thus, oxygen is incorporated into the

powder through both the milling process and the
addition of Y2O3.
The tensile results for all forgings are shown in

Figure 1. The bars were not heat-treated prior to being
tested as the HIP and forge consolidation path allowed
for significant strain relief. The assessment of strain
relief was based on the large drop in dislocation density
from the as-milled powder to the as-consolidated
powder seen in TEM, the minimal intragranular orien-
tation contrast variation seen in BSE SEM, and the
tested tensile ductility in excess of 10 pct even at room
temperature. A room temperature ductility in excess of
10 pct is greater than that most often reported in the
literature. Each NFA data point consists of a minimum
of three individual tests. Where error bars are not seen,
they are smaller than the marker size. All data points for
the sample milled without Y2O3 (Baseline-20) are
plotted.
The two individual 20 hour lots of NFA are grouped

together as a single population because t-tests conducted
at a 95 pct confidence level on the mean yield strength
and plastic elongation to fail values showed that a
statistically significant difference could not be found
between the two lots at all test temperatures. An
ANOVA analysis conducted at a 95 pct confidence level
on the yield strengths for the three milling time
populations at each of the temperatures indicates a
significant difference is found. The larger scatter present
in the plastic elongation to fail values results in no
significant differences being found.
Figure 2 shows representative high resolution BSE

SEM images of forged samples NFA-4, NFA-20B, and
NFA-40, respectively. Micrographs are taken on a plane
parallel to the forging direction. In the micrographs,
color variation from grain to grain is due to differences
in channeling contrast with crystallographic orientation,
and not due to chemistry variation. Variations in
contrast within a grain qualitatively indicate the level
of retained strain.
It can be seen in Figures 2(a), (c), and (e) that all

samples show a range of grain sizes. While the majority
of grains are ultrafine grains with minimal retained
strain, a distribution of larger, more highly strained,
grains is present. The contrast in the large grains is
continuous across the grains and does not change
according to boundaries that could be associated with
finer grains. A Monte Carlo simulation run in Casino
V2.42 based on sample density and beam accelerating
voltage shows that the electrons are not expected to

Table II. Chemical Analysis of As-milled Powder Lots in Weight Percent

Sample Fe O N C Cr W Ti Y Si Mn Ni Cu

NFA-4 bal. 0.17 0.01 0.03 13.6 3.2 0.34 0.22 0.44 0.37 0.02 0.04
NFA-20A bal. 0.10 0.01 0.02 13.6 3.1 0.32 0.21 0.40 0.37 0.04 0.03
NFA-20B bal. 0.09 0.01 0.02 13.8 3.2 0.31 0.20 0.39 0.35 0.02 0.04
NFA-40 bal. 0.10 0.02 0.04 14.0 3.1 0.36 0.19 0.35 0.37 0.04 —
Baseline-20 bal 0.01 <0.01 0.01 13.3 2.9 0.35 — 0.37 0.34 — —

The first four samples had Y2O3 included in the mill during attrition. The fifth lot was milled without the inclusion of Y2O3. The oxygen levels
reported include oxygen in excess to that added through Y2O3.
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escape from a depth greater than 200 nm. This length is
significantly less than the micron-sized large grains
where the orientation contrast is most evident. Thus, the
contrast within the large grains is attributed to the
coarse grains and not sub-surface grains. The average
grain size of each of the samples, taking into account all
grain size populations is shown in Table III, as mea-
sured through the line intercept method discussed in
Section II–C. The grain size of the sample milled
without Y2O3, Baseline-20, is also shown for compar-
ison.

Figures 2(b), (d), and (f), show a series of second
phase particles decorating prior particle boundaries.
Diffraction, electron energy loss spectroscopy (EELS),
and EDS analysis (via TEM) show that these particles
index to an MX, FCC structure, and they are rich in
titanium, carbon, oxygen, and nitrogen. The interstitial
elements (carbon, oxygen, nitrogen) were picked up
during the milling process. These particles form during
the elevated temperature consolidation of the powder
and are similar to those that have been reported
elsewhere.[19]

TEM images of the NF distribution in samples NFA-
4 and NFA-20B are seen in Figure 3. Sample NFA-4
shows an inhomogeneous distribution of NFs. As shown
in Figure 3(a), alignment of NFs after forging was
evident in some grains. Additionally, grains devoid of
NFs were also routinely found. In contrast, Figure 3(b)
shows a more homogenous distribution of NFs is
present after 20 hour of milling (Sample NFA-20B).
NFs were observed in all grains sampled. After 40 hour
of milling (Sample NFA-40), a similar, homogenous
distribution is observed, as compared to 20 hour of
milling.

Insight into the NF character was obtained via TEM
EDS on thin foils, extraction replicas, and TEM high-

resolution microscopy combined with Fast Fourier
Transform (FFT) analysis. Figure 4 shows TEM EDS
analysis conducted on an NF suspended above the thin
foil hole to reduce matrix contributions. This analysis
shows a roughly one-to-one yttrium-to-titanium atomic
percentage ratio. Figure 5 shows a high-resolution TEM
image of an NF sitting within the BCC ferritic steel
matrix. The NF is crystalline and there are few, if any,
misfit dislocations with the matrix indicating that the
particle is incoherent with respect to the matrix. An FFT
analysis of the NF atomic planes produces a pattern that
matches a simulated diffraction pattern for stoichiom-
etric Y2Ti2O7. Additional high resolution TEM was
performed on oxides as small as 4 nm in size. While an
FFT analysis was not completed, the smaller oxides
showed that they were also crystalline with no evidence
of misfit dislocations at the oxide/matrix interface.
Despite experimental evidence to support an NF

chemistry of Y2Ti2O7, TEM EDS and FFT analysis
could not definitively show that all particles analyzed
were Y2Ti2O7. The question of NF crystal structure and
composition is still a highly debated topic in the
literature. Williams et al.[20] have provided a summary
of the various NF oxides reported, including Y2Ti2O7,
Y2TiO5, YTiO3, or a mixture of these oxides. In
addition to the various oxides cited by William et al.,
Hirata et al. have reported that the NFs in 14YWT are
titanium-yttrium oxy-nitrides.[21]

Quantitative analysis of the NF distribution in these
samples is made via small angle X-ray scattering (SAXS)
analysis.Given the uncertainty in exactNF character, this
work uses the scattering contrast between the Fe-14Cr-
3W matrix and an assumed stoichiometric Y2Ti2O7 NF
based on the above TEM results that support Y2Ti2O7.
Prior to analyzing the SAXS results as a function of
milling time, several experiments were performed to

Fig. 1—Tensile (a) 0.2 pct yield stress data showing that increased milling time statistically increases the material yield strength and (b) plastic
elongation to fail showing no statistically significant difference for compositions with Y2O3 included.
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assess variability. The variability in scattering intensity
for a single location, when measured multiple times, was
shown to be negligible in prior work. As a result, only
multiple locations on multiple foils were measured to

assess variability. An example of this is shown in Figure 6
where eight distinct locations on a 40 hour milled sample
were measured. The resulting absolute scattering spectra
show minimal variation indicating that there is a homo-
geneous NF distribution on this length scale.
The SAXS scattering intensity spectra for NFA alloys

milled for 4, 20, and 40 hour are presented in Fig-
ure 7(a), in addition to the alloy milled without Y2O3.
The power law slope at high Q is caused by particle
scattering from grain boundaries, while the scattering
intensity beyond this slope at high Q is caused by NFs.
With the presence of Y-Ti-O NFs, NFA-4, NFA-20,
and NFA-40 alloys, all show much higher scattering
intensity compared to the baseline alloy containing no
NFs. As milling time increases, the scattering intensity
grows in the Q range of 0.05 to 0.3/Å, which indicates an
increased number density of NFs.

Fig. 2—BSE SEM images of the NFA milled for 4 h (a, b) 20 h (c, d), and 40 h (e, f).

Table III. Grain Size Values for All Milling Conditions

Sample

Average
Grain Size

(lm)

Grain Size
Standard Deviation

(lm)

NFA-4 0.9 0.1
NFA-20A 0.6 0.2
NFA-40 0.5 0.1
Baseline-20 3.6 0.5

Grain sizes were obtained from five different images for each
milling condition.
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With the assumption of the stoichiometric Y2Ti2O7

NF chemistry and the experimentally measured scatter-
ing contrast, the size and volume distribution of NFs are
obtained from model fitting, as shown in Figure 7(b). It
is evident that the NF size decreases slightly and the NF
volume fraction increases dramatically as milling time
increases. A bimodal or trimodal size distribution is
found for each milling time with the majority of NFs
having a diameter below five nm. The volume fraction
and number density of NFs reported here are integrated
within the diameter range of one to five nm. Additional
GE Global Research TEM results demonstrate that sub
5 nm NFs act as strong pinning sites for dislocation
motion agreeing with previous reports.[22] Thus, inte-
grating over the 1 to 5 nm particle range captures the
microstructural features driving the material response.

By comparing the SAXS scattering curves and NF
size distribution results, the microstructural variability
at different locations within each specimen has been
evaluated for all the samples. Table IV summarizes the
average, standard deviation, minimum, and maximum
values for NF volume fraction and number density
among eight measured spots. Paired t tests and an

ANOVA analysis indicate that when a 90 pct confidence
interval is considered, there is no statistically significant
difference seen in (1) tensile bars extracted from the
same forged lot and (2) materials from NFA-20A and
NFA-20B.

IV. DISCUSSION

The tensile yield strengths achieved by NFAs are a
combination of several strengthening mechanisms
including direct dispersion strengthening (rD), grain
boundary strengthening (rk), dislocation forest harden-
ing (rq), and matrix hardening (rm). Kim et al.[23] have
recently proposed a root mean square (RMS) summa-
tion model for the superposition of these mechanisms to
predict the tensile strengths of several dispersion
strengthened materials, including the NFA 14YWT
having a uniform grain size and NF density. The NFA
in the current study is compositionally very similar to
the 14YWT NFA studied by Kim et al. However, the
consolidation practice in the current work is different.

Drrms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr2

q þ ðrD þ rk þ rmÞ2Þ
q

½2�

Unlike a linear superposition model, the RMS model
takes into account the high probability of interacting
mechanisms given the common underlying dislocation
motionand interactionmechanisms that are active inNFAs.
While many model parameters were taken directly

fromKim et al. and applied to the current NFA, both the
NFAmicrostructures and tensile properties shown in the
current work are significantly different than those
reported by Kim et al. Kim et al. report a uniform grain
size of approximately 200 nm and a maximum assumed
NF number density of 4 9 1023 1/m3. This resulted in a
room temperature tensile strength of approximately
1600 MPa and a strain to fail of approximately 3 to
4 pct.[24] In the current work, the 4 hour milled sample
(14YWT-4) has an average NF number density of
3.63 9 1023 1/m3 inhomogeneously dispersed with a wide
grain size distribution and a mean grain size of 900 nm.
This results in a room temperature strength of approx-
imately 800 MPa, but a plastic strain to fail value in excess
of 20 pct. Thus, microstructural differences lead to
significant changes in bulk tensile properties. Given the
differences in properties, grain size, and measured NF
number density seen in the currentNFAalloy,Kim et al.’s
model is applied to this material to understand how the
four defined strengthening mechanisms are interacting.
The dispersion strengthening behavior was evaluated

for both an Orowan mechanism, in which NFs act as
hard, impenetrable barriers to dislocation motion and a
dispersed barrier hardening model, in which the NFs are
shearable by propagating dislocations.[25,26] The Oro-
wan mechanism is not fully discussed as the resulting
predictions are significantly higher than the experimen-
tal data, as also reported by Kim et al. In addition, there
is no TEM evidence of NFs being surrounded by
dislocation loops to indicate an Orowan mechanism is
taking place.

Fig. 3—Bright field STEM images showing NF distribution in (a)
NFA-4 and (b) NFA-40. The NF distribution after 4 h of milling is
inhomogeneous, with large areas of no precipitation. Milling for 20
and 40 h results in a homogeneous distribution.
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The dispersed barrier approach is described by

Drdbh ¼
0:8MaðrÞGb

k
½3�

aðrÞ ¼ 0:27 log
r

2b

� �
½4�

whereM is the Taylor factor (2.7),G is the shearmodulus,
b is the burgers vector (0.2474 nm), and k is the mean
planar interparticle spacing. The shear modulus was
calculated as a function of temperature based on the
experimentally measured dynamic modulus determined
by sonic resonance (ASTM E1875) and an assumed
Poisson’s ratio as shown in Table V.[27] The shear
modulus is the only temperature dependent term for the
direct dispersion hardening term. The burgers vector is
kept constant because the effect of the coefficient of
thermal expansion is minimal. The interparticle spacing
was determined according to Sekido et al.[28] and used the
SAXS determined NF diameters and volume fractions.
The a(r) parameter is a barrier strength coefficient that is
intended to represent the strength of the NFs. Alinger
et al. showed via interpolation that Eq. [4] provided a
good fit to the available NFA experimental data and this
results in an a(r) equal to 0.13 for the NFA in the present
work.[1] This is slightly lower than the value used by Kim
et al. and indicates that the current work is treating the
NFs as even softer particles.
The grain boundary strengthening component of the

overall strength is provided via Hall-Petch strengthen-
ing.[24] Because the current work has a convolution of
grain size and nanofeature density changes, the Hall-
Petch parameters were taken directly from Kim et al. as
a function of temperature. As a result, the same decrease
in yield strength is predicted above 227 K (500 �C) due
to a drop in the Hall-Petch parameter.
The dislocation forest hardening strengthening com-

ponent is given by

rq ¼McGb
ffiffiffi
q
p ½5�

where q is the dislocation density and c is a material-
dependent constant. While Kim et al. used a c value of
0.38, the current work uses a value of 0.27. This value

Fig. 4—(a) TEM bright-field image showing a nanofeature protruding into the hole of a thin foil sample. (b) EDS from this nanofeature with
minimal matrix contribution.

Fig. 5—(a) Atomic resolution TEM image of a nanofeature. The
FFT from the nanofeature (b) was analyzed using a matrix FFT (c)
as an internal standard. The nanofeature FFT matches the simulated
(110) zone axis diffraction pattern for Y2Ti2O7.

Fig. 6—Absolute scattering spectra of NFA-40 measured at eight
distinct locations randomly selected on a single SAXS sample. The
results show nanofeature homogeneity within one sample.
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was chosen based on the dislocation densities utilized by
Kim et al. in his work which have units of m/m3.
Dislocation densities measured as a length per volume
have roughly twice the density reported for dislocation
densities reported as intersection per unit area. As a
result, the c value is a factor of approximately 1.4
higher.[29] The current work initially uses the dislocation
densities reported by Kim et al. with no changes as a
result of increasing NF density.

The grain matrix hardening as a function of temper-
ature was also taken directly from Kim et al. While the
current work did complete a set of experiments without
oxides present, the material was milled prior to consol-
idation resulting in a finer grain size. Thus, the Hall-

Petch component cannot be completely ignored from
the current work’s resulting strength.
Figure 8(a) shows the RMS strength model predic-

tions compared with the experimental data. At the four
temperatures where there is experimental data, scatter
bands have been plotted for the RMS model prediction.
These scatter bands are the result of predictions cover-
ing the grain size standard deviation measured. In
general, the model correctly predicts the strength change
that results from the change in grain size and NF density
as a function of milling time and test temperature.
However, the strength model over predicts the strength
for the 4 and 20 hour milling trials over the entire
temperature range, even when considering the scatter

Fig. 7—(a) Absolute scattering spectra of 4, 20, and 40 h milled alloys compared to NFA-20. Data in the Q range of 0.05 to 0.3/Å are vertically
adjusted to show curvature and magnified in the insert figure to emphasize the trend. (b) Volume distribution as a function of size distribution
obtained from model fitting.

Table IV. Fitting Results of SAXS Specimens Including Average Value, Standard Deviation (STD), Minimum Value and Maxi-
mum Value of Nanofeature Volume Fraction and Number Density (ND)

Sample Name
Avg

(vol. pct)
SD

(vol. pct)
Min

(vol. pct)
Max

(vol. pct)
Avg ND
(1/m3)

Std ND
(1/m3)

Min ND
(1/m3)

Max ND
(1/m3)

NFA-4 0.39 0.028 0.34 0.43 3.6 9 1023 4.9 9 1022 2.7 9 1023 4.2 9 1023

NFA-20A 0.58 0.052 0.53 0.68 6.7 9 1023 8.6 9 1022 5.6 9 1023 8.3 9 1023

NFA-20B 0.64 0.049 0.60 0.74 7.2 9 1023 4.0 9 1022 6.6 9 1023 7.8 9 1023

NFA-40 0.97 0.028 0.93 1.01 1.3 9 1024 9.3 9 1022 1.1 9 1024 1.4 9 1024

The number density of nanofeatures increases as a function of milling time.

Table V. Calculated Values for Young’s Modulus and Shear Modulus Obtained from Experimental Longitudinal Velocity
Measurements

Temperature [K (�C)] Assumed Poissons Youngs Modulus (GPa) Shear Modulus (GPa)

297.1 (23.9) 0.28 229.2 89.5
477.6 (204.4) 0.29 211.1 81.8
699.9 (426.7) 0.30 189.1 72.7
755.4 (482.2) 0.30 181.9 70.0
811.0 (537.8) 0.31 173.0 66.0
866.5 (593.3) 0.31 171.2 65.4
922.1 (648.9) 0.31 169.3 64.6
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due to the grain size variation. The model does a better
job predicting the high temperature 40 hour experimen-
tal data, but is unable to provide a good prediction at
room temperature. This change in predictability seen
only across the 40 hour temperature range suggests that
a material parameter that has been held constant across
all three milling times is not correct and should vary as a
function of milling time. When the TEM micrographs of
the 4, 20, and 40 hour milling trials are examined, it
qualitatively appears that there is greater retained strain,
and thus a greater dislocation density present following
the 40 hour milling cycle. This is reasonable as there is
more strain energy in the powder and there is a greater
density of NFs to trap dislocations during the consol-
idation process. A quantitative assessment of dislocation
density was not made.

In order to obtain a better fit between the model and
experimental data, a(r) for all milling times and a
coefficient on Kim et al.’s reported dislocation density
values for the 40 hour trial were allowed to vary. The
square root of the sum of the squares of the residuals
was calculated and an optimization routine was run to
minimize this value. This resulted in an a(r) value of
0.056 and a 40 hour dislocation density increase of
3.3 over what is used for the 4 and 20 hour milling trials.
The fit a(r) value is lower than the value used by Kim
et al. and Alinger et al.; however, it is still in the range
considered to be reasonable.[1,23] The new model results
are shown in Figure 8(b) and they show a better fit to
the experimental data. The updated model results
suggest that the NFs are softer obstacles than what is
reported by previous authors. This would indicate that
the NFs are shearable. To date, however, TEM micro-
graphs have not shown any definitive evidence of
sheared NFs in strained materials.

V. CONCLUSIONS

The tensile properties of a 14Cr NFA are directly
associated with the microstructural variations that arise
fromattrition processing changes.Attrition times that are
too short result in an under-milled condition, whereby the
NF distribution is inhomogeneous. Longer milling times
result in more homogeneous NF distribution and an
increasing density ofNFs as quantified by SAXS analysis.
The quantified change in NF density alone is not enough
to fully describe the change in NFA tensile strength as
function of temperature. Grain boundary strengthening,
dislocation forest hardening, and matrix hardening all
need to be considered. Based on the currently described
root mean square strength model, NFs need to be
considered as ‘‘soft’’ particles to achieve the best fit with
experimental data. Further TEM investigations are
needed to assess whether this is correct.
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