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Abstract

Doping with interstitials influences the grain badamny (GB) composition of metallic
alloys, enabling changes in elemental GB enrichmgnatin size, and mechanical properties or
even promoting nanoparticle formation. Yet, litdéforts on these doping effects have been
made in oxide dispersion-strengthened (ODS) stéldese, by combining advanced microscopy
techniques, we studied the impact of interstit@heentration and extrusion temperature on the
GB structure-dependent solute segregation, Y-Tia@ofeatures, and mechanical properties of
ferritic Fe—14Cr (wt%) ODS steels fabricated byl mailling. We found that doping with high
carbon and oxygen contents causes the GB to bealedowith the interstitials and promotes
nanoparticle formation along the GBs, thereby citay capillary-driven grain coarsening. This
effect performs twofold, through grain size refirmmand particle hardening. For samples with

low interstitial contents, altering the extrusia@miperature does not significantly change the



material’s mechanical properties and microstructarethe nonstoichiometric chemistry of
nanoparticles, which are highly stable at high terajures. Further, for all the samples, Y-AI
oxides in the initial precipitation stages rapitilgcome coarsened at high temperatures, as Al
weakens the thermal stability of nanoparticles,rehg transforming them to core-shell

structures with Y—Al-rich cores and Ti—O-rich slsailh the later precipitation stages.

Keywords: ODS ferritic steel; grain-boundary segregaticamaparticles; Atom probe

tomography.

1. Introduction

The growing interest in and demand for cleanerggnkas led to the development of high-
performance structural alloys exhibiting outstagdstability in severe environments. The core
components of advanced fusion and fission reactarst be able to withstand high levels of
radiation damage [1-4]. Oxide dispersion-strengtide(ODS) steels exhibit remarkable creep
and radiation resistance and hence provide enorrmpougise in meeting these requirements.
Moreover, the combination of an ultrafine ferritgtructure with highly dense Y-Ti-O
nanofeatures having <5 nm bridges allows theséssteeavithstand high-temperature stress and
high neutron dose environments expected in futuseoh and Generation IV reactors operating
at elevated temperatures.

In ferrite-based ODS steels, Y-Ti-O rich nanomsieed clusters (shortly, NCs) are
regarded as the key component for improving theernas mechanical properties. The
superiority of NCs over their non-NC counterparithwhe same matrix size has been discussed
earlier [5,6]. For example, the NCs enable selfihgaagainst radiation damage and trap any

insoluble helium produced during transmutation tieas, thereby suppressing void swelling



and loss of creep rupture strength [3,7]. It i®alsdely known that NCs are highly stable upon
high neutron irradiation doses [1].

ODS steels are fabricated via ball milling 14YWTogs, i.e., Fe-9 to 14 Cr-1to 3 W-0.1
to 0.4 Ti (wt.%) with Y03 oxide powders [1-6]. The 203 powders decompose into yttrium (Y)
and oxygen (O) atoms and are dissolved into thetiled4YWT steel’s matrix during ball
milling due to the generation of a large amounewérgy [8]. Subsequently, the concentrations
of dissolved Y and O in the mechanically alloyeavders is far greater than the concentrations
introduced during typical near-equilibrium soliddition processes [9]. During the hot
consolidation stage after ball milling [10], the ¥—0O rich NCs, which are highly stable at high
temperatures and high neutron doses, form vergisagiience, the choice of milling parameters,
especially milling environment and consolidatiomperature, influences the stability, structural,
and chemical states of highly dispersed and exisefime NCs because other impurities can be
incorporated, and as a result, affecting the machhnesponse of the materials [5,11,12]. For
instance, near-stoichiometric NCs with a cubic phitore structure of ¥Ti,O; have been
observed in ODS steels fabricated at consolidatenperatures 0£1000 °C [13]. On the
contrary, non-stoichiometric NCs have been obsemedDS steels fabricated at consolidation
temperatures of <85TC.

Despite such intensive studies on NCs, to dateongensus has reached its structure. The
transmission electron microscopy (TEM) results ¢ated that the NCs had a crystal structure of
cubic pyrochlore ¥Ti,O7 [3]. Wu et al. [10], who employed high-resoluti®&M, proposed a
size-dependent composition of NCs, i.e. NCs wittliaaneter of <5 nm showed only a near-
stoichiometric ¥Ti»O; structure. These efforts are in line with the sadf Ohnuma et al. [14]
and Hoelzer et al. [15] who performed fast Fouttansform (FFT) analysis on coarse NCs in
14YWT steels and identified them to have a pyro&M,Ti,O; structure. However, Brandes et
al. [16] reported that in 14YWT steels the NCs watldiameter of 2—-4 nm manifested a high
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degree of disorder and lacked an identifiable atystructure. Also, Hirata et al. [17,18] claimed

that in the same alloy the NCs consisted of smefiéated crystalline oxides with a NaCl-type

rock salt structure. It is noteworthy here that fihegoing observations on the crystal structure
of NCs is only relevant to intergrain NCs in 14YVgfeels, not to the NCs formed along grain
boundaries (GBs).

Less experimental efforts have been expended asiigating the NCs formed along GBs
(shortly, GB-NCs) and on revealing the GB segregatif alloying elements. The importance of
GB-NCs and associated solute GB decoration origgndtom a fact that interfacial regions
separating different grains in polycrystalline mtis, while occupying only a small fraction of
the total volume, largely control the material’operties, including mechanics and radiation
resistance [19,20]. Furthermore, the impact of @Bdlocking lattice dislocations has become
more important because of the Hall-Petch effeceréfore, an accurate determination of the
chemical composition of GB-NCs and of the GBs thelues is of great interest.

This study aims at revealing the influence of istigial doping content and different
extrusion temperatures on the GB structure-depémsidnte segregation, GB-NCs, intergrain
NCs, and mechanical properties of a series of Fewt®4 Cr ODS alloys. The ferritic steels are
fabricated by mechanical alloying at different eston temperatures. We subject the steel
samples to multi-scale analytical characterizatisimg TEM and atom probe tomography (APT).
Indeed, APT has been rapidly gaining prominencer die past decade as a key tool for
determining the chemical composition and crystadpgic orientation information of GBs and
nanofeatures of a range of material systems [21428]so offers near-atomic spatial resolution
and equal detection sensitivity for all alloyingmlents in ODS steels [16,24]. Moreover, for
studying GBs relevant to complex site-specific skengpeparation more accurately, transmission
Kikuchi diffraction (TKD) is performed jointly withAPT on the samples, with a focus on

identifying the structure and chemical compositioh&Bs and NCs or visually correlating them
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with APT reconstructions of the same steel samipleeasame GB position. Since TKD using an
on-axis detector provides higher lateral resolutimem electron backscatter diffraction (EBSD),
a combined TKD and APT analysis allows for a deepederstanding of the structure-
composition relations at GBs [25,26].

We expect that determining the precise solute caxaeypin GBs will provide insight into
the formation mechanisms of GB-NCs and into theedlythg mechanism responsible for solute
dissolution during ball milling, thereby sheddinghit on the hardening mechanisms of ODS

steels.

2. Experimental

A pre-alloyed metal powder with a chemical compositof Fe—14Cr—3W-0.4Ti (wt%)
prepared by gas atomization was supplied by Spbteédls. The pre-alloyed powder was mixed
with 0.3 wt.% Y,Os; powder with a crystallite size of 17-31 nm. Thie&kg batches of the
blended powder were ball milled for 40 h underistatr atmosphere using a Zoz Simoloyer
CMO08 machine. After several cycles of vacuum opemnatnd Ar gas purging, Ar gas was
supplied to the chamber, and the chamber was sasleg valves. The three 1 kg batches of ball
milled powder were blended together and filledhree steel cans (~0.75 kg of powder per can).
These cans were degassed at 300 °C in vacuum aled sBre-extrusion annealing at 850 °C for
1 h was performed on the three sealed cans. The ware then extruded at three different
temperatures, 850, 1000, and 1150 °C, using amgelar die to form bars, which were referred
to as SM85, SM100, and SM115, respectively. Tohrtstudy the effects of high interstitial
contents, such as C and O, on GB segregation, mtbesized a high C- and O-containing ODS
steel powder by applying a higher O partial presdaran Ar atmosphere during milling of

higher C containing pre-alloyed powder. The OD&Ispowder was extruded at 850 °C using
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the same process. The produced high C- and O-camga®©DS steel is referred to as SM85H.
The chemical compositions of all hot-rolled sampdes shown in Table 1. The host metallic
elements were determined by inductively coupledmioptical emission spectrometry (ICP-
OES), C content was analyzed by combustive analgsid O content was determined by inert
gas fusion.

Tensile strength tests were performed at room temype, 500°C, and 700°C using
screw-driven machines equipped with a high tempesatacuum furnace at a nominal strain
rate of 10°s ™. The vacuum level in the furnace was maintainedbmut 10* Pa during the
testing at elevated temperatures. Specimens wettecéo the target temperature at a heating
rate of 10 °C §, and the temperature was maintained for 10 minrbeksting. A sub-size flat
specimen with a gage section of 7.62 x 1.52 x tit6 was used for the tensile strength testing.
All specimens were machined such that their lengilection aligned with the extrusion
direction. Engineering strain was measured fronmsthake displacement.

Samples for TEM observation were fabricated by al-tteam focused ion beam (FIB,
Helios Nano-Lab) instrument to observe the micradtires of the specimens. A low-angle (4°)
and low-energy (5 kV) Ar-ion milling step was usiedremove the damage caused by the FIB.
TEM and scanning TEM (STEM) observations of thewéd samples were performed using a
JEOL 2010F microscope equipped with a Cs-aberrat@nector, operating at an accelerated
voltage of 200 kV.

Samples for TKD and APT analysis, taken from thes@Bthe four ODS samples, were
prepared by a combined method of focused ion b&dB) (nilling and TKD scans, as described
in detail by Babinsky et al. [25]. This was accoisipéd by a dual-beam FIB instrument (FEI,
Helios Nano-Lal$50i) equipped with a TKD system using an OPTIMWSKD detector head
(Bruker Nano GmbH, Quantax CrystAlign 400). The TKBans were recorded at a voltage of

20 kV in analytical mode, a working distance ofrtih, and a step size of 5 nm. The TKD data
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were post-processed using the Quantax Esprit saftwidne GBs with a misorientation angle
15° were defined as high-angle GBs, while a miswaigon angle < 15° for low-angle GBs.

After TKD observation on APT tips, APT was performed withoaal electrode AP
(LEAP 4000X HR) microscope in the voltage-pulsingpda, operating at 200 kHz pulse
repetition rate and 20% pulse fraction. Measurememre conducted at a base temperature of
50 K. The APT data were visualized using the IVA8ware. To determine the concentration of
the particles accurately, specific attention waisl pa identifying the overlapping mass peaks of
TiO™/0," at 32 Da and TiOFe,O"" at 64 Da using the peak decomposition algorithrtVafs.
This algorithm considers all the obtained APT dats to provide the compositional data. When
chemical compositions of the oxide particles wanalgzed, the total number of atoms for all
oxide particles in a given analyzed volume was ueedaverage composition calculation to
improve counting statistics. We used nearest-ne@ghdentification to extract clusters, and the
method given in [27,28] to determine a distadgg by performing repeated,.x analysis on the
original and a randomized (mass—charge redistibuteer the data points) dataset. This
procedure considered a wide rangalefc andNnmi, (the minimum cluster size) values to ensure
that the false-positive rate was below the selethedshold value, which was set to <0.01,
allowing for the computation of the maximum falsesjpive rate. Thus, parameters could be
selected as objectively as possible by minimizihg false-positive rate, as established by
Williams et al. [29] Further, the information lossuld be minimized by selecting a larygin
value. Consequently, for all APT data sets obtafioedhe SM115, SM100, and SM85 samples,
Omax = 0.8 nm and\y,in = 5 atoms were selected, whdgax = 0.4 nm andNmin = 5 atoms were

selected for the SM85H sample.

3. Results

3.1. Grain size and particle diameter



High-angle annular dark-field (HAADF) TEM microgtap of the SM85, SM100, and
SM115 samples and bright-field images of the SM&ithple are shown in Fig. 1. All the
samples have fine equiaxed grain structures. Wieeinnming dark-field imaging, GBs show a
bright contrast and NCs exhibit a dark contrase Ttean grain sizes of the SM85, SM100, and
SM115 samples possessing low O and C contentaaged similarly with 800~900 nm. On the
other hand, fine grains (mean size of 200 nm) aem $n the SM85H samples including high-C
and high-O contents, Fig. 1(d). Some GBs in the Si¥8ample are not pristine and appear to
be decorated with many dislocations and particlége grain size measurement on the four
different samples indicates that ferrite grain sizee irrespective of the employed extrusion
temperatures: instead, they depend on the steepasitions, especially interstitial doping
content. The GB-NCs with ~5 nm, as indicated byloyelarrows, are also visible in the
magnified HAADF-TEM images of all samples. Someg&arparticles with > ~10 nm are
identified as GiOsz or TiO,, which are not considered in this study. More riegéngly, the
particle size of GB-NCs and intergrain NCs congdedoes not seem to be much affected by
both extrusion temperatures and interstitial dogiagtents: rather, their number density in the
SM85H sample is higher than that of others samidesails of particle density measurement

will be addressed in the next subsection.

3.2 APT of GB concentration and nanofeatures

For analyzing the GB misorientation angles and rtredfects on the GB-NCs, a
correlative analysis using TKBnd APT was performed on the SM85 samples. Two &Bs
imaged using TKD in Fig. 2(a) and cross-correlatéth the solute decoration observed by APT
in Fig. 2(b). The TKD pattern, inverse pole figuasd misorientation angle maps from one APT
tip reveal that the two GBs have different misati@ion angles. The upper GB (GB #1)

corresponds to a low-angle GB with 13.8°, whilstigh-angle GB with 64.3° for the lower GB
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(GB #2). We imaged a set of Y-Ti—-O rich NCs hightied in terms of isoconcentration
enveloped in W reconstructions with a volume ofx380 x 180 nmi. In this study, 0.7 at.% Y
(magenta), 2.0 at.% Ti (green), and 1.5 at.% Oebimere chosen as the threshold values to
display nanoparticles. In the APT reconstruction€Q W, Y, Ti and O, the TKD-scanned GBs
are clearly visible with decoration of Cr (violet)y (black), and Ti (green), Fig. 2(b). More
fractions of NCs per unit volume are populated V@B #2 than with GB #1. As shown in Fig.
2(c), the compositional profiles probed along 2-diammeter cylinders across GB #1 and GB #2
quantify the GB segregation. To avoid edge effdais to the small precipitate sizes [30], 2-nm-
cylinders were chosen for all profiles. Figure 2¢tipws the resulting profiles of W, Ti and Cr,
demonstrating their accumulation along both GBge&hkey features are revealed: (i) GB #2
(misorientation angle of 64.3°) has greater accatiari of W, Ti, and Cr than GB #1
(misorientation angle of 13.8°); (ii) GB segregatimr other NC-forming elements, like Y and
O, is negligible; and (iii) more GB-NCs are presahthe GB #2, compared to those at the GB
#1. These results demonstrate that GB structuexrdates both solute composition at GBs and
number density of GB-NCs.

For the SM115 sample, one single GB is visible he APT result (Supplementary
Information Fig. S1). Also, despite no clear GB aation for Y and O, more Cr, W, and Ti
atoms are detected along the GBs than in the nai@rgspace. Considering the elemental
compositions at the high-angle GB for the SM85 danfigig. 2), the APT-observed GB for the
SM115 sample is likely to be a high-angle random @&Bhough the APT data sets considered
here were acquired from three or more APT tipshefdamples, we attained only one successful
APT result, including a single GB, for the SM11%ngde. Thus, the APT technique had a major
drawback: small sample volume.

For the high-C and high-O containing SM85H (grazes-200 nm) samples subjected to

hot extrusion at 850 °C, the high- and low-anglesGi8e clearly rendered by a combined
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analysis of EBSD or TKD with APT (Fig. 3). The EBSain distribution map in Fig. 3(a)
reveals that the area fractions of the high- anddagle GBs are 62% and 38%, respectively.
These values for the SM85H sample are identicahdse of the low-C and low-O containing
SM85 samples subjected to the extrusion at the stamgperature. In the corresponding
misorientation map, GBs with a misorientation arglib° are defined as high-angle GBs (blue),
and those with a misorientation angle < 15°, asamgle GBs (red). The high-angle GBs were
further analyzed to clarify the relation betweena BB structure and the chemical identities of
individual alloying atoms. Figure 3(b) illustratdge TKD results of the APT tip taken from the
high-angle GB (enclosed by the brown box in theoméntation map in Fig. 3(a)). In the TKD
grain map, the orientation of the red-colored grairtlose to the [001] orientation of ferrite,
while that of the blue-colored grain, to the [1btientation. Interestingly, the tip includes triple
GBs (denoted as GB #1, GB #2, and GB #3) consistihdnigh- and low-angle GBs, as
highlighted by the brown conical outline. TKD resuteveal that both GB #1 and GB #3 are
high-angle GBs, whereas GB #2 is a low-angle GBhwil5°. Furthermore, GB #3 has the
highest misorientation angle among the detected. BB=vident from APT reconstructions in
Fig. 3(c), most of Cr, C, W, and Ti atoms are det@cat all the GBs, rather than at the
intergrains. We imaged a set of Y-Ti-O rich NCs Hhighted in terms of isoconcentration
envelopes, which were superimposed to the W reaarigin with a volume of 40 x 40 x 150
nm®. This APT result clearly presents the distributarGB-NCs as well as intergrain NCs. The
compositional profiles in Fig. 3(d), which are dbtd along the 2 nm-diameter cylinders across
the GBs, reveal the greatest accumulation of Craid, C at the GB #3 among the detected GBs.
More importantly, this trend is also visible forettNC-formers, like Y, Ti and O. The high
concentration of the NC-formers at the GBs is belieto be responsible for the high number
density of GB-NCs in the SM85H samples. At the GBwith the lowest misorientation angle,

only Cr, Ti, and O are clearly distinguishable frtme intergrains, whereas the GB accumulation
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of W, C, and Y is negligible. Note that althoughlemmlar ions of CrO, YO, and TiO were often
detected in the APT data sets of ODS steels [B@)y fare, in this study, detected only at the

intergrains, not at the GBs (Supplementary InfaromaFig. S2).

3.3. Particle size and density distribution

Particle size measurements, determined from TEMy@sand APT data (Fig. 4), indicate
that the Y-Ti—O rich NCs at the intergrains (i.etergrain NCs) for all samples have a mean
diameter ranging between 2 ~ 6 nm. There is goodistency between the two analyses: for
SM85 and SM100, mean diameters of the NCs are nB,6while ~3.9 nm for SM115 sample
and ~3.6 nm for SM85H sample. This result confithed both different extrusion temperatures
and interstitial doping content lead to a minorrg®in the particle diameter.

Besides the particle size, the resulting particlenber density per unit volume is listed in
Table 2. From the results of TEM and APT, we codrtee number density of the GB-NCs
separated from the intergrain NCs for all samdtes.the low-C and low-O containing samples
(i.e. SM85, SM100, and SM115), the number dendit$B-NC is irrespective of the extrusion
temperatures. Also, although the density ratio &-MBCs to intergrain NCs in each sample
increases with increasing extrusion temperatusevatue remains below 12%. Interestingly, the
density ratio of GB-NCs to intergrain NCs is muggher (~23.0%) for the SM85H (grain size
of 200 nm) sample containing high C and O contdms for the SM85 (grain size of 827 nm)
sample (~3.3%), although both samples are prodatctt same extrusion temperature (835
This finding is consistent with the result from @imgham et al. [31] who reported that the bulk

O content is quite important for determining thaslgy of the NCs.

3.4. Compositional variation of nanoparticles
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To determine the atomic ratios of Y, Ti, and O Ihdetected NCs with respect to the
applied extrusion temperatures, we used the maxirseparation method of APT. Figure 5
shows the average Y/Ti/O atomic ratios inside atlbed NCs observed in all individual APT
data sets. The sum of Y, Ti, and O equals one.dHEt@ points on the Gibbs ternary triangle for
Y, Ti, and O, acquired from all of samples, repnt¢dbe individual cluster compositions with the
normalized O content along the left-hand edge, tighnormalized Y content along the bottom,
and with normalized Ti content along the right-hauldie. The outlined marker size by different
colors presents the number of solute atoms of 8chWe note that the Fe and Cr atoms are
detected inside the NCs, owing to the matrix atbeisg focused; this leads to overlapping of
their trajectories with those of the NC-forming mt [30], so that the Cr and Fe atoms are
extruded when calculating the Y/Ti/O atomic ratiber the SM115, SM100, and SM85 samples,
the resulting mean ratios of Y/Ti/O in the NCs racidpetween 11/21/58 and 10/26/64 (Fig 5(a)—
(c)). These values are not close to the stoichiometio of Y,Ti,O;. Also, the analyzed ratio of
Y/Ti/O in the NCs for the SM85H sample is remarkastattered (Fig. 5 (d)). Compared to the
measured Y/Ti/O ratios of the NCs for samples dairtg low C and O contents (SM85, SM100,
and SM115), three distinct features of the SM85kEa are revealed: (i) most NCs have a
much higher O fraction with a lower Ti fraction and significant change in the Y fraction; (ii)
the deviation between Y/Ti/O ratios of the NCs #mel stoichiometric ratio of Xi,07 is large;

and (iii) the compositional deviation of NCs becameore prominent with decreasing NC size.

3.5. Tensile properties

Uniaxial tensile stress—tensile strain curves @f pinesent steels, acquired at 25 °C, 500
°C, and 700 °C, are shown in Fig. 6. As expected,ténsile strength of all samples increases
dramatically with decreasing tensile loading terapges. This is the general mechanical

response for other metallic alloys, because alledipents to dislocation motion for the given
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materials are lowered by thermal activation. Margartantly, all stress—strain curves, in this
study, demonstrate the enormous effects of thesiitial doping contents rather than those of
the applied extrusion temperature. For the SM11@1@), and SM85 alloys including low
interstitials, similar values of the tensile strdrggat uniform elongations of 20-25 % are
estimated with respect to the different extrusemperatures, Fig. 6(a)—(c). These results are not
very surprising, when considering microstructuiadigrities such as grain sizes and interstitial
content for the three SM heats. On the contrarg, ltgh-O and high-C containing SM85H
materials show ultrahigh strength and poor dugtdit all tensile-tested temperatures (Fig. 6(d)).
Also, the strain hardening of the SM85H alloy isgligible, so that uniform elongation

measurements do not exceed 1.0% when mechanicatlgdl at room temperature and 500 °C.

4. Discussion
4.1. Effects of interstitial doping on GB segregatin and grain size

Despite applying the same extrusion temperatur@ (€ for the SM85 and SM85H
samples, APT analysis revealed that high-angle BBBke SM85H (Fig. 3) sample included
more Cr, O, and Y atoms than those in the SM85 &anfipig. 2). This compositional
discrepancy between the two sets of APT obsenaimprobably due to the difference in the C
and O contents doped on the two samples in the illednpowder state. Atomic-scale
observations of GBs show that doping with inteedst influences the grain sizes of the
considered steels as follows. The GBs are deconattd high concentrations of C and O.
Because of strong attractive binding energy betwée® or Cr-O, many O atoms readily
attract Y and Cr atoms to the GBs (Fig. 3(d)). Tiglo a great GB decoration of Y, Cr, and O
atoms, the energy barrier for the nucleation amavtyr of Y-Ti—O-rich NCs along the GBs can

be thermodynamically lowered. Such a conducive renment at the GBs promotes the
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formation of GB-NCs (see Table 2), thereby retagdime capillary-driven grain coarsening and
leading to grain size reduction.

Based on our results (Fig. 1 and Table 2), we fazutghe grain growth mechanism. We
found that the change in grain sizes of current G®ls is directly linked to the formation of
GB-NCs, but not intergrain NCs. This implies thaB-8Cs, mostly precipitated along high-
angle GBs during the pre-extrusion annealing orusikin stages, are more efficient for
preventing grain growth than intergrain NCs. Henweg suggest that the suppression of
capillary-driven grain coarsening via GB-NCs is m@referable for grain refinement than the
GB pinning effect (i.e., a pre-existing particle nifzers grain coarsening). Besides the
suppression effect of GB-NCs, we suggest that siodute drag effect” due to high segregation
of C and O at the GBs are effective in preventiigr@igration, thereby hindering grain growth
in the SM85H sample.

Further, TEM and APT analyses of the SM85, SM10@, 8M115 samples showed no
carbide precipitation along the GBs. While thisules reasonable for samples doped with a low
C content (0.03 wt%), carbide formation is expedaedhe GBs of the SM85H sample, which
contains 0.11 wt% C. This hypothesis is confirmgdabprevious study [32], where high C
content (over 0.06 wt%) led to precipitation offls-type carbide at the GBs of ODS steels. In
another study, Kim et al. [33] proposed that thgresgation of C at the GBs could weaken the
GB bonding because of carbide formation at the G#Bmnce, it is highly probable that the
carbide precipitation at the GBs of the SM85H sangaintributes to its enhanced yield strength

and low fracture toughness.

4.2. Temperature effects on GB segregation and grasize
Through combined TKD or EBSD and APT analysis & 8M115, SM100, and SM85

samples, the amount of Cr, W, and Ti accumulatetthetGBs of each sample is found to be
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independent of the extrusion temperature; on thdrany, the higher the GB misorientation
angle, the greater the accumulation of Cr, W, anith The given sample. Also, considering that
there are no significant changes among the tersdilengths and grain sizes of samples
containing low C and O contents, the variationhia tlensity ratio of GB-NCs to intergrain NCs
with respect to extrusion temperature (Table 2 iminor factor for improving a material’'s

tensile strength and modifying its grain size.

4.3. Variation of NCs with respect to interstitialcontent and temperature

We found that manipulating the interstitial (C a@yl doping content controls the Y/Ti/O
ratios of nonstoichiometric NCs at a given extrastemperature. This observation originates
from two effects: First, the compositional deviatican be attributed to the APT artifacts
resulting from either multiple evaporation eventsmeakly bonded elements such as Y and O
[10,23,34,35], leading to a decreased Y contettierNCs [27], or local magnification effect due
to the remarkable difference between the evapordiedds of the NCs and the ferritic matrix
[21]. Second, according to present APT findings pafrticle size-dependent deviation and
previous findings [15-17], it is plausible that yerfine NCs would have inherently
nonstoichiometric features with intrinsic defedisdeed, the nonstoichiometric Y-Ti-O NCs
were observed in a previous study by London ef38l, who mentioned that ~60 at.% O was
detected in ODS precipitates. Hence, it is highhpiobable that such a nonstoichiometric
feature would be attained by the APT artifacts @jorather, it is much more likely that the
nonstoichiometric chemistry of Y-Ti—O NCs is anuadtcharacteristic.

When focusing more on the compositional variationNCs in response to different

extrusion temperatures, the Y/Ti/O ratios in altedéed NCs of the samples containing low C
and O contents (SM115, SM100, and SM85) are idaintithe reason for this compositional

similarity is the high thermal stability of NCs atgiven temperature [37,38]. For further clarity,
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Y/Ti ratios of the NCs do not significantly changg&h NC locations (intergrain or GBs). For
example, the Y/Ti ratios of intergrain NCs and GBs\Nwere 0.47 and 0.40 and 0.44 and 0.39
for SM115 and SM85, respectively. Generally, GB-Nfase a slightly higher Ti concentration
than intergrain NCs. However, when clipping GB-Ng&#ng the APT software, it is difficult to
distinguish the GB-NC atoms from the GB atoms. €f@e, the Ti atoms detected in the GB-
NCs may inevitably contain Ti atoms decorated an@Bs without NCs, thereby increasing the
Ti concentration in the GB-NCs. Hence, a slightbyvér Y/Ti ratio of GB-NCs might be

partially due to the Ti segregation at the GBs.

4.4. Mechanical response

During tensile tests at elevated temperatures, itb@rstitial SM heats (i.e. SM115,
SM100, SM85 samples) exhibited the similar unifoetongations of 20-25%, while high-
interstitial SM85H materials showed ultrahigh sg#nand poor ductility below a uniform
elongation of 1.0% (Fig. 6). This mechanical regmdemonstrates that the high density of
interstitials at GBs and GB-NCs or, if presens®4-type carbides along the GBs could lead to
a lowering of GB bonding strength for the SM85H pén[31]. Indeed, microcracks easily
nucleate and propagate along the GBs of the SM&bhpke (Supplementary Information Fig.
S3). Hence, based on our result that doping wigih I& and O contents enables GB decoration
of C, O, and Y, the effect of the formation of ntshiometric NCs is threefold: grain size
refinement (resulting from GB-NCs), particle strérening (resulting from intergrain NCs), and
low tensile ductility (resulting from low GB bondjrstrength).

Several different kinds of obstacles, such as & hignber density of NCs and large area
of GBs, can hamper dislocation motion during ptasteformation of ODS steels [39]. The
proposed underlying strengthening mechanisms of Gf@8ls are GB strengthening (or Hall-

Petch strengthening), particle strengthening, datlon forest hardening, and matrix hardening

16



[40]. Nevertheless, according to our findings, th&location-related hardening and the matrix
hardening seem to be marginal. Previously, Kim lef40] suggested the root-mean-square

(RMS) method for summation of a large range ofrgjteening components (Eq. 1):

Aotot = \/(Aadisz + (doy, + Aogp, + Aoy, )? (1)

Ad, = 0.8V a(r)Gb/A, 2)

whereoiis the total yield strengtiay;s is the dislocation forest hardenindyg, is the particle
strengthening via highly dispersed NCAgy, is the GB strengtheningidony, is the matrix
hardening,M is the Taylor factor of 3.0G is the shear modulugy(r) is a barrier strength
coefficient representing the strength of defecstets as obstacles to dislocation motiors the
Burgers vector of 0.25 nm, andis the mean planar center to the distance beth&en Here,
Eq. 2 is based on the dispersed barrier hardeniadem41] which is established on the
geometrical relations between dislocations andaaibess. In principleg(r) is determined by the
angle between adjacent dislocation segments gidimé where the dislocation breaks free of the
obstacle. If the critical angle s, a(r) is a function of cog(/2). Alinger [42] found thati(r)
increases approximately linearly with lofb), by fitting the coefficient to the experimental

dataset of several ODS steels, and proposed tisidarofa(r) as follows:

a(r) = -0.017 + 0.374log(2b), 3)

wherer is the mean planar radius of the cross-sectiora qfarticle. Agyis is expressed as
Mch\/E, where c is a material-dependent constant reported asfor3®lycrystalline iron, and

p is the dislocation densityBentley et al. examined the dislocation densityaofl4YWT
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specimen after tensile tests at room temperatude780 °C. The room-temperature specimen
has a dislocation density okZ0™ m/m®, while the 700 °C specimen presented a value<b®'?
m/m®. The termdo,, includes both solid solution hardening and inftnattice resistance to slip.
Kim et al. [40] experimentally derived the data eétdo,, as a function of temperature from
Fe-14Cr-3W-0.4Ti (wt%) bulk samples containing n@sNinside. From this, doy, of 255
MPa was obtained at room temperatukzr, can be best expressed by the Hall-Petch
relationship Acg, = knpxd /. The Hall-Petch paramety,was also derived as a functiondf?
[40]. In their work, excellent agreement betweemeriment and calculation was observed,
because the RMS method is preferred for alloy syst&ith a large range of strengths and high
densities of different obstacles.

In the present work, théo values of SM85 and SM85H were calculated and coatpa
using an approach suggested by Kim et al. [40].vidhees obtained from the experiments (TEM
and APT) in this study were employed for evaluating microstructural factors. It is assumed
that only intergrain NCs contribute to particleesigthening. The values ddgs, kn,, and4on
were adopted directly from Ref. [40], because @& thicrostructural similarity in the grain
matrix and dislocation density between the studiatiples. Table 3 is a summaryAuis, Acp,
Ady,, and Aoy, values of SM85 and SM85H. The calculat@dicay values are well matched
with experimentally obtained onedgiexp) at room temperature and 500. In the SM85H
sample, thedogyy/ AGiexp) ratio is around 50%, whereas that of SM85 is atodfi%. This
indicates that a fine grain size of GB-NC constitgeis very beneficial for the overall
strengthening of ODS steel. However, figqca)value at 700°Cis considerably higher than
the experimental value. This is because thermaliyvaed mechanisms start to operate actively
at this temperature. In practice, the temperateqgeddent factor in Eqg. (2) and (3) is only the

shear modulus, which is not very sensitive to tenatjpee change. Therefore, based on the Eq.
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(2), the calculated contribution of NC strengthgniio the total strengthening is somewhat

exaggerated, resulting in a higher valuelofycaycompared t@dioexp.).

4.5. Coarse intergrain particles with core-shell stictures

Representative APT reconstruction of the ferritraig interior of the SM85H sample
shows that the coarse intergrain NCs (with a siZenm) have a core-shell structure with Y-rich
(magenta) cores and Ti—O-rich (blue) shells (Fig.A magnified view of the NCs marked by
the purple box in Fig. 7(a) with respect to theiffedent projections and corresponding
compositional profiles for Y, Ti, and O across theerface between the matrix and the NCs are
shown in Figs. 7(b) and 7(c) [24], respectivelyeTrhajority of the APT reconstructions show a
wider lateral extent for O isoconcentration thantfe metal ions (Fig. 7(b)). Further, the probed
profiles intercepting the particles and orientedapel to the analysis direction reveal that the
analyzed Ti—O-rich shells of the intergrain NCsesxt generally toward the analysis direction
compared to the analysis of Y-rich core. These asgtric reconstructions in the analysis
direction are attributed to the APT artifacts,,iteajectory aberrations. The contribution of such
artifacts to the reconstruction of core-shell mdes has been previously studied [30], so we will
not repeat the information here. Based on the tesfilour study and those reported previously
[30], the length scale of the nanoparticles for toarse NCs possibly exceeds that of the
trajectory aberrations. Therefore, APT observatiohshe coarse NCs (especially, intergrain
NCs) having a Y-rich core and Ti-O-rich shell ardfisiently pronounced to represent real

effects, i.e., they are not APT reconstructionfacts.

4.6. Al effect on coarsening of intergrain NCs wittcore-shell structures
Besides the SM85H sample, we found the presenamarke intergrain NCs (size > 4

nm) comprising core-shell structures with Y-richr&® and Ti—-O-rich shells for samples
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containing low C and O contents. The magnified vigwthe APT results for the coarse NCs
with core-shell structures, embedded in the SMEM100, and SM85 samples, is provided in
Fig. 8. Two distinct features are observed: (ingigant Al (orange) incorporation in the coarse
NCs of the different alloys, but no Al incorporation the fine NCs (size < 4 nm) and (ii) more
Al atoms in the Y-rich cores than in the Ti—O-rishells. These atomic-scale observations
suggest that Al, which is mostly present in theecoggions of the coarse particles, leads to
different initial precipitation stages for the fife4 nm) and coarse (>4 nm) patrticles, forming
small NCs with a single structure and large NCshvabre-shell structures of Ti-O@Y-Al,
respectively.

Since Al is known to be a strong oxide-forming eds) its presence significantly
influences the coarsening of particles that exighe ferritic grains. The reason why only coarse
intergrain NCs have core-shell structures of Ti—O@V has been provided previously by
Sakasegawa et al. [34,43,44], who reported thatneghigible Al content was detected in all
Y ,Ti,O; particles. Similarly, other Al-containing NCs haveen observed in ferritic ODS steels
including both Al and Ti, where Y-Al complex oxidese preferentially formed over Y-Ti
complex oxides [45,46]. Hence, it is plausible thfa@ Al-containing Y—Al complex oxides
formed in the early precipitation stages can raplakcome coarse at high temperatures and
that Al weakens the thermal stability of NCs, thmreinducing core-shell structures with
Ti-O@Y-Al in the later precipitation stages duehe reduction in the interface energy between
the nonstoichometric core-shell NCs and the sudmgnferrite.

Among the several structures of Y—Al complex oxidegorted, it is plausible from a
thermodynamic point of view that intergrain NCs wiTi-O@Y-AIl, as observed by APT,
would have a YAl,Oq-type structure due to both low formation enthagmd low Al/Y ratio
once they adopt a crystalline structure. The foionagnthalpies of various oxide particles that

may be produced during mechanical alloying areedish Table 4. Most Al-containing oxides
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had a higher formation enthalpy than the Y-Ti—Cetgxides, except for JAl,Oq. In addition,
the AlL:(Y+O) ratio of Y;Al,O9 was the lowest (0.15) among all Al-containing @sdSince the
Al concentration in the alloy composition was véow, it is likely that Y;Al,Og with the least
Al content is most easily formed. Yet, determinthg exact crystal structure of the Y—AI oxides,
which can be formed at the very early stage of Bi@hation, is still unclear.

From assessments based on kinetics, we also propedermation mechanism of the
intergrain NCs comprising Ti-O@Y-AIl. Figure 9 shoves schematic illustration of the
Ti-O@Y-AIl formation. In the incipient stage (stalyef pre-extrusion treatment, the nucleation
of NCs can be initiated by solute clustering, speally O clustering with Ti, Y, Al, and Y
(vacancy) [4]. Laurent-Brocq et al. [47] reportdthtt pre-annealing at 80CC enhances NC
nucleation during the first few minutes. Howevéie toarsening rate drops notably after a few
minutes because a fast vacancy-based diffusionepsotowers the activation energy by the
annihilation of milling-generated vacancies. Thigp&thesis strongly suggests that the
coarsening of NCs is mainly affected by the anatioh rate of milling-generated vacancies.
Moreover, Fu et al. [48] proposed that the stroimgling energy between O and, késults in the
formation of an O-Ypair. The mobility of the O-Vpair is very low because the O and vacancy
must move together [4]. Instead, the Ti, Y, andsélute atoms will diffuse to the O\pairs to
form NCs because these atoms have very high affioitO. For the substitutional elements, the
calculated diffusion of Al in the bcc phase at 1280for 60 min is found to be much faster than
that of other species. The diffusivity and diffusiength of the alloying elements are listed in
Table 5.

Therefore, Al-enriched oxide can nucleate firstl &imen, the Y-—AlI complex oxide will
grow as the NC core (stage Il). Because of thedrighterface energies, the Y-Al complex
oxides grow faster than the Y-Ti—O oxides. The fation of the Y—AI oxides results in the

trapping of Al at the oxides. Because the initidkcAncentration of the matrix is extremely small
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(below 0.04 at%), the trapping could lead to Alldépn in the adjacent matrix. Therefore, the
growth of the Y—AI oxide core will stop soon aftaucleation. Instead, the surrounding Ti atoms
will diffuse more to the pre-existing Y—Al oxide @rbind to the surface O (stage lll). In this
manner, Al partitioned Y-Ti complex oxide particlesuld nucleate and grow.

Assuming that the initial Y=AI-O core has aAY,Oy (YAM) structure, coherent strain

can be deduced from the previous calculations [BEB)m the specific orientation relationship

between the YAM and the ferritic matrix, the cohgrstrainde = M —1 =~30% was
011

calculated using HRTEM analysis. Such a cohereainsis much larger than that fromy™,0-.
Since the interface energy of Y-Al-terminated oside much higher than that of Y-Ti oxide,
NCs having the Y—AI core can coarsen and grow fdsfeconsuming the Y matrix due to the
Gibbs-Thompson effect. Next, NCs having Y-AI riadres surrounded by Ti—O rich shells can
be formed based on the previous density-functighabry (DFT) clustering energy results
reported by Jiang et al. [9], who stated that thleteon energies for Ti were much lower than
those for Y. These DFT calculations possibly radi@e the present APT observations of the
core-shell NC structures with Y-AIl cores and Ti-iChrshells (stage V), because Ti or Ti-
terminated oxides would afford more favorably bahdaeterfaces with the Fe matrix as
compared to Y and YO [9].

Additionally, the GB structure and surrounding eomiment may influence the
coarsening of GB-NCs as well as intergrain NCs. Elav, we found that the coarse particles
(>4 nm) of the ODS samples were mostly observedienthe ferritic grains rather than at the
GBs (see Figs. 2, 7, and 8). Therefore, the afonéioreed calculations for the formation of
coarse particles with core-shell structures arerentrelevant to intergrain NCs. However,

further studies are required to fully understareldbarsening of GB-NCs.

22



5. Conclusions

By combining advanced microscopy techniques, weeiles how small variations in the

level of interstitial elements in the ball-milledyder could result in considerable changes in the

distribution, size, solute GB decoration, and cosmpan of NCs as well as the mechanical

properties of ODS steels subjected to different-exdtusion temperatures. The general

conclusions drawn in the present study are sumethbelow:

1.

High C and O contents at the high-angle GBsthef SM85H sample attract higher
concentrations of Y and O than that attracted atGBs of the SM85 sample. This effect
promotes GB-NC formation, leading to a much higiemsity ratio of NCs to intergrain NCs
for the SM85H sample. Hence, doping with high C &hdontents enables decoration of
GBs with C, O and Y, and the effect of this dopisighreefold: particle strengthening, grain
size reduction, and low tensile ductility.

The Y/Ti/O ratios of the nonstoichiometric N@s dependent on the interstitial doping
content, but are independent of extrusion temperadue to the high thermal stability of
NCs at high temperatures. More interestingly, algio NC-forming elements decorate the
GBs, the difference in the Y/Ti ratio between thB-BCs and the intergrain NCs is not
significant.

No distinct changes in mechanical propertiedjte GB decoration, and grain size were
observed in the low-C and low-O containing SM11M180, and SM85 samples. On the
contrary, the SM85H sample containing a high iniss content shows enhanced tensile
strength and lower elongation when mechanicallgléohat 25°C and high temperatures.
This mechanical response is the consequence ofyhsglgregated interstitials at GBs and

highly dispersed GB-NCs or possible carbide préafjon along the GBs.
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4. The atomic-scale observations suggest that tbeepce of Al at the core regions of coarse

particles leads to different initial precipitati@tages of fine (<4 nm) and coarse (>4 nm)
particles, forming small NCs with a single struetand large NCs with core-shell structures
of TIFO@Y—-AI, respectively. Based on formation eadffy calculations and kinetics, the Y—
Al complex oxide in the incipient stage of coarsteigrain NCs would energetically cause
particle coarsening, where Al weakens the thernaddility of the NCs and makes them core-

shell structure.
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Table 1. Results of chemical analysis of ODS steels, determined from ICP or inert gas fusion.

Composition (wt.%)

Fe Cr W Ti Y Al O C
SM85
SM100 Bal. 14.33 2.17 0.27 0.09 0.04 0.10 0.03
SM115
SM85H Bal. 14.20 1.90 0.24 0.12 0.05 0.22 0.11

Table 2. Average number density of NCs per unit volume, formed at the GBs or inside the
ferritic grains for the SM 85, SM100, SM115, and SM85H.

Ratio of GB-NCs

Samples GB'N%S intergrainzNCs to intergrain NCs
(per m%) (per m) (%)
SM85 2.2 x 104 6.6 x 10" 33
SM100 1.6 x 10" 2.4 x 10" 6.7
SM115 2.4 x 10" 2.0 x 10%° 12.0
SM85H 2.6 x 10" 1.1 x 10'° 23.0

Table 3. Calculated Adyis, A0y, ATy, Ao, and Ao (cal cul ated) values (in MPa) for SM85
and SM85H. Ao (calculated) was compared with Ad (experiment).

Temperature SM85 SM85H

. Ao 4ok . Ao Ao
( C) Aoais AOE) Ang Aa.m (Cal)ot (exp()3t AO&IS Aap Aa-gb Aam (CaI)Ot (expg)t

25 603 180 367 255 1003 1078 603 499 756 255 1626 1645
500 465 139 358 136 785 741 465 385 738 136 1342 1241
700 404 120 138 71 521 301 404 334 284 71 798 578




Table 4. List of oxides with their formation enthalpies, calculated by the DFT-based

calculator provided by Materials Project [50].

Oxide Formation enthal pies (eV/atom) Crystal structure
YAIO; -3.695 orthorhombic
Y 4Al1,0q -3.821 monoclinic
Y 3Al5012 -3.697 cubic
Y,TiOs -3.876 orthorhombic
Y, Ti,0; -3.769 cubic
TiAl,O3 -3.458 orthorhombic

Table 5. Diffusion coefficient and diffusion length of constituents in the bce phase at 1150 °C

for 60 min.
Element Diffusion coefficient (m’s ) Diffusion length (um)
Fe 1.7 x 10 [51] 50
Y 29x 10" [27,51] 0.79
Ti 3.7x10"[27,51] o8
0 1.5x 1070 [27,52] 1805
Al 1.7 x 102 [53] 206




Figure 1. Bright-field and corresponding HAADF-TEM images of inter-grain NCs, GBs, and GB-NCs for (a)
SM115, (b) SM100, (c) SM85, and (d) SM85H samples. Arrows (yellow) indicate the GB-NCs. The rolling

directions are also included. RD, hot rolling direction; GB, grain boundary; GB-NCs, nanoclusters formed
along GBs.
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Figure 2. Combined TKD and APT analysis for identifying (a) GB structure, (b) elemental distribution [24],
(c) concentration profiles probed along 2-nm-diameter cylinders, and (d) concentration profiles across
the GBs of the SM85 sample. Two GBs with different misorientation angles were imaged using TKD
and cross-correlated with the solute decoration observed by APT. In the TKD misorientation map of
the APT tip, the color scale with the local misorientation angles on the APT tip moved from blue, 0°, to
red, 90°. In the APT reconstructions, 0.7 at.% Y (magenta), 2.0 at.% Ti (green), and 1.5 a.% O (blue)
were chosen as the threshold values to display nanoparticles (violet, Cr; green, Ti; black, W). In the

reconstructions, Cr atoms were displayed only 20%. The concentration profiles across the GBs were
obtained from the 2-nm-diameter cylinders chosen for each GB.
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Figure 3. Combined analysis (a) EBSD maps of the SM85H samples, (b) TKD results of the APT tip acquired from

the prior-EBSD scanned GB, (c) the corresponding APT reconstruction of Cr, C, and W, and (d) the

corresponding concentration profiles of aloying elements. In IPF map of Fig. 3(b), the concave downward

line with brown color means APT analysis area. The 3D morphology of C atoms was tilted along the arrow

indication for better APT visualization of the amount of C segregation at the different GBs with two different

projections. Using isoconcentration envelopes of 0.7 at.% Y (magnet), 2.0 at.% Ti (green), or 1.5 at.% O

(blue), the nanoparticles were superimposed to the W reconstruction. All the concentration profiles across the

three GBs were obtained from 2 nm-diameter cylinders.
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determined from TEM (empty bars) and APT (patterned bars).



(a) SM 115 (b) SM 100
Y+Ti+0=1 Y+Ti+0=1

log10 (cluster size) 0.00 log10(cluster size)

0.00
l 0.90 1.00 ! 095 1.00

155

1.00

¥ , , ¥ . ¥ , »0.00 ) , VAN VA VA, VA V- 0.00
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Normalised Y Normalised Y
(c) SM85 (d) SM85H
Y+Ti+0=1 Y+Ti+0=1
log10(cluster size) 0.00 log10 (cluster size) 0.00
l 0.90 . 0.9 1.00
] 115
22
. 2.8 o %
35 . cg? '}%
& 0.50 %
é{‘\ 0 %'/\
= 2

1.00 \ / / \ 1.00

000 025 050 075 100 000 025 050 0.75 1.00
Normalised Y Normalised Y

Figure 5. Gibbs triangles determining the stoichiometric ratio of Y:Ti:O within individual NCs for (a)
SM115, (b) SM100, (c) SM85, and (d) SM85H samples. The integral sum of Y, Ti, and O ratios
is 1. The dot size corresponds to the number of solute atoms detected in Y-Ti-O-rich NCs. The
color scales are logarithmic (grey, low density; black, high density).
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Figure 6. Tensile engineering stress-engineering strain curves of (a) SM115, (b) SM100, (c) SM85, and (d)
SM85H [26], with respect to loading temperatures of 25 °C, 500 °C, and 700 °C.
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