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            Microstructure and Mechanical Properties of Ultraﬁne-Grained Austenitic Oxide Dispersion Strengthened Steel XIAODONG MAO, SUK HOON KANG, TAE KYU KIM, SEUL CHAM KIM, KYU HWAN OH, and JINSUNG JANG 316L stainless steel based austenitic oxide dispersion strengthened (AODS) steel was fabricated by mechanical alloying (MA) and hot isostatic pressing (HIP). The AODS sample exhibited an ultraﬁne-grained (UFG) structure with a bimodal grain size distribution (large grains of about 1200 nm and ﬁne grains of about 260 nm). Two groups of oxide particles were observed; ﬁne Y 2 Ti 2 O 7 of about 7.7 nm and coarse Cr 2 O 3 particles of about 200 nm in diameter. Tensile tests of the hot-rolled AODS steel samples showed yield strength of up to 890 MPa at room temperature, which is nearly four times higher than that of conventional 316L stainless steel. Micro-indentation and hardness tests indicated even higher yield strength of up to 1200 MPa, which shows a good agreement with the calculated value by combining of the grain reﬁnement strengthening by the Hall–Petch relation and the dispersion strengthening by the Orowan mechanism. The lower strength from tensile tests should be attributed to the formation of micro-cracks at the interfaces between coarse Cr 2 O 3 particles and the matrix. Coarse Cr 2 O 3 particles were also frequently observed inside the fracture surface dimples of the creep ruptured sample at 923 K (650 °C) and 140 MPa. It is thus suggested that the yield strength and elongation could be further improved by controlling the coarse Cr 2 O 3 particles. DOI: 10.1007/s11661-016-3570-z Ó The Minerals, Metals & Materials Society and ASM International 2016 I. INTRODUCTION FERRITIC/matensitic oxide dispersion strength- ened (F/M ODS) steel is considered as one of the most promising candidate material for the fuel claddings of next generation fast reactors, [1,2] and have been under intensive development for more than a decade. [3–12] Austenitic steels, however, usually show better corrosion and oxidation resistance than F/M steels, and have been widely used as core structural materials of the pressur- ized water reactors or fuel cladding materials for fast reactors. Due to the high swelling rate of the austenitic stainless steels at high ﬂuence levels, face-centered cubic (FCC)-structured materials limit their applications at low or intermediate ﬂuence levels. [1,2] It is expected that austenitic steels could be a better candidate material for fuel claddings or core structural components if the swelling resistance can be improved by precipitation or grain reﬁnement. For instance, precipitation of ﬁne TiC or M 2 P precipitates in Fe-Cr-Ni austenitic steel with controlled Ti and P additions has been proved to extend the low-swelling transient regime up to 100 dpa. [13,14] Austenitic stainless steel with ultraﬁne grains also exhibits higher irradiation resistance than the conven- tional coarse-grained one. [15–17] Both methods are based on the high annihilation of point defects at the precip- itates or grain boundaries. However, dissolution of TiC under irradiation makes it not fully adequate for high irradiation dose applications. [18] UFG metals and alloys are subjected to rapid grain growth at elevated temper- atures due to the high volume fraction of the grain boundaries. [19] AODS steel with UFG microstructure could combine the advantages of those two cases, which makes it possible to signiﬁcantly enhance the swelling resistance of austenitic steels. Oxide particles in ODS steels exhibit extremely high resistance to irradiation even at high doses. [20–22] UFG structure could be stabilized by the highly stable nano-sized oxide particles on the grain boundaries even at extreme conditions. [23,24] There have been several reports on the fabrication, microstructure analyses, and mechanical properties of AODS steels. Wang et al. showed the presence of high tensile strength of up to 940 MPa as well as good ductility in 304-based AODS steel. [25] Addition of Hf or Zr was found to make a ﬁner oxide particle distribution, and that Y-Hf-O particles exhibited a cube-on-cube orientation relationship with the austenitic matrix. [26–28] XIAODONG MAO, Associate Professor, formerly with the Nuclear Materials Development Division, Korea Atomic Energy Research Institute, Daedeokdaero 989-111, Yuseong, Daejeon, 34057, Republic of Korea, is now with the Institute of Nuclear Energy Safety Technology, CAS, Hefei, China. Contact e-mail: jjang@kaeri. re.kr SUK HOON KANG, Senior Researcher, and TAE KYU KIM and JINSUNG JANG, Principal Researchers, are with the Nuclear Materials Development Division, Korea Atomic Energy Research Institute. SEUL CHAM KIM, Postdoctoral Researcher, formerly with the Department of Materials Science and Engineering, Seoul National University, 1 Gwanak-ro, Gwanak-gu, Seoul 08826, Republic of Korea, is now with the University of Colorado at Boulder, Boulder. KYU HWAN OH, Professor, is with the Department of Materials Science and Engineering, Seoul National University. Manuscript submitted January 31, 2016. Article published online June 1, 2016 5334—VOLUME 47A, NOVEMBER 2016 METALLURGICAL AND MATERIALS TRANSACTIONS A 
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Microstructure and Mechanical Propertiesof Ultrafine-Grained Austenitic Oxide DispersionStrengthened Steel
 XIAODONG MAO, SUK HOON KANG, TAE KYU KIM, SEUL CHAM KIM,KYU HWAN OH, and JINSUNG JANG
 316L stainless steel based austenitic oxide dispersion strengthened (AODS) steel was fabricatedby mechanical alloying (MA) and hot isostatic pressing (HIP). The AODS sample exhibited anultrafine-grained (UFG) structure with a bimodal grain size distribution (large grains of about1200 nm and fine grains of about 260 nm). Two groups of oxide particles were observed; fineY2Ti2O7 of about 7.7 nm and coarse Cr2O3 particles of about 200 nm in diameter. Tensile testsof the hot-rolled AODS steel samples showed yield strength of up to 890 MPa at roomtemperature, which is nearly four times higher than that of conventional 316L stainless steel.Micro-indentation and hardness tests indicated even higher yield strength of up to 1200 MPa,which shows a good agreement with the calculated value by combining of the grain refinementstrengthening by the Hall–Petch relation and the dispersion strengthening by the Orowanmechanism. The lower strength from tensile tests should be attributed to the formation ofmicro-cracks at the interfaces between coarse Cr2O3 particles and the matrix. Coarse Cr2O3
 particles were also frequently observed inside the fracture surface dimples of the creep rupturedsample at 923 K (650 �C) and 140 MPa. It is thus suggested that the yield strength andelongation could be further improved by controlling the coarse Cr2O3 particles.
 DOI: 10.1007/s11661-016-3570-z� The Minerals, Metals & Materials Society and ASM International 2016
 I. INTRODUCTION
 FERRITIC/matensitic oxide dispersion strength-ened (F/M ODS) steel is considered as one of the mostpromising candidate material for the fuel claddings ofnext generation fast reactors,[1,2] and have been underintensive development for more than a decade.[3–12]
 Austenitic steels, however, usually show better corrosionand oxidation resistance than F/M steels, and have beenwidely used as core structural materials of the pressur-ized water reactors or fuel cladding materials for fastreactors. Due to the high swelling rate of the austeniticstainless steels at high fluence levels, face-centered cubic(FCC)-structured materials limit their applications atlow or intermediate fluence levels.[1,2] It is expected thataustenitic steels could be a better candidate material for
 fuel claddings or core structural components if theswelling resistance can be improved by precipitation orgrain refinement. For instance, precipitation of fine TiCor M2P precipitates in Fe-Cr-Ni austenitic steel withcontrolled Ti and P additions has been proved to extendthe low-swelling transient regime up to 100 dpa.[13,14]
 Austenitic stainless steel with ultrafine grains alsoexhibits higher irradiation resistance than the conven-tional coarse-grained one.[15–17] Both methods are basedon the high annihilation of point defects at the precip-itates or grain boundaries. However, dissolution of TiCunder irradiation makes it not fully adequate for highirradiation dose applications.[18] UFG metals and alloysare subjected to rapid grain growth at elevated temper-atures due to the high volume fraction of the grainboundaries.[19] AODS steel with UFG microstructurecould combine the advantages of those two cases, whichmakes it possible to significantly enhance the swellingresistance of austenitic steels. Oxide particles in ODSsteels exhibit extremely high resistance to irradiation evenat high doses.[20–22] UFG structure could be stabilized bythe highly stable nano-sized oxide particles on the grainboundaries even at extreme conditions.[23,24]
 There have been several reports on the fabrication,microstructure analyses, and mechanical properties ofAODS steels. Wang et al. showed the presence of hightensile strength of up to 940 MPa as well as goodductility in 304-based AODS steel.[25] Addition of Hf orZr was found to make a finer oxide particle distribution,and that Y-Hf-O particles exhibited a cube-on-cubeorientation relationship with the austenitic matrix.[26–28]
 XIAODONG MAO, Associate Professor, formerly with theNuclear Materials Development Division, Korea Atomic EnergyResearch Institute, Daedeokdaero 989-111, Yuseong, Daejeon,34057, Republic of Korea, is now with the Institute of Nuclear EnergySafety Technology, CAS, Hefei, China. Contact e-mail: [email protected] SUK HOON KANG, Senior Researcher, and TAE KYU KIMand JINSUNG JANG, Principal Researchers, are with the NuclearMaterials Development Division, Korea Atomic Energy ResearchInstitute. SEUL CHAMKIM, Postdoctoral Researcher, formerly withthe Department of Materials Science and Engineering, Seoul NationalUniversity, 1 Gwanak-ro, Gwanak-gu, Seoul 08826, Republic ofKorea, is now with the University of Colorado at Boulder, Boulder.KYU HWAN OH, Professor, is with the Department of MaterialsScience and Engineering, Seoul National University.
 Manuscript submitted January 31, 2016.Article published online June 1, 2016
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Phaniraj studied the phase transition during the fabri-cation processes of AODS steel.[29,30]
 In this study, AODS steel with a UFG structure wasprepared and investigated. We focused on the effects ofthe microstructure, especially oxide particles with dif-ferent sizes, on the mechanical properties of 316-basedAODS steel that may contribute to the further opti-mization of the microstructure and mechanical proper-ties of AODS.
 II. EXPERIMENTAL
 AODS steel was fabricated by MA, HIP, and hotrolling. MA was carried out for the elemental metalpowders along with 0.3 wt pct of Y2O3 powder in aPulverisette-5 planetary mill which was run in a wellatmosphere-controlled glove box. The ball to powderratio was 15:1 and the milling was carried out at 200rpm for 12 hours under a high purity argon gasatmosphere. The MA process as well as the powderstorage and handling, was conducted inside a glove boxunder a high purity Argon gas atmosphere in which theO2 and H2O concentration was controlled under thelevel of 1 ppm. The mechanically alloyed powder wasfilled in a 304 stainless steel can, and was then degassedat 773 K (500 �C) for 1 hour under a pressure of10�3 torr. The MA powders were consolidated by HIPat 1423 K (1150 �C) under 104 MPa of pressure for4 hours. The as-HIPped rod was then pre-heated at1473 K (1200 �C) for 2 hours and hot rolled into a15-mm-thick plate, which corresponded to a reductionratio of about 50 pct. The samples were solution heattreated at 1423 K (1150 �C) for 1 hour, followed by aircooling.
 A micro-indentation test was performed using anAIS-3000� indentation test machine, which has themaximum load of 100 kgf and load/depth resolution of2.5 gf/0.1 lm. Using a Vickers micro-hardness testerunder the load of 500 N for 15 seconds, hardness wasmeasured nine times and averaged. Tensile specimenswere machined in parallel with the rolling direction withthe gage length of 25.0 mm, gage width of 3.7 mm, andthickness of 1 mm. Tensile test was performed at roomtemperature, and creep rupture test was carried out at923 K (650 �C) under 140 MPa. The fracture surfaces ofthe tensile tested specimens were observed by SEM(JEM5200 and JEM6500), and the microstructure of theas-received sample, tensile tested specimen, and thecreep tested specimen was examined by TEM.
 Phase determination was carried out by X-ray diffrac-tion (XRD) on a Rigaku 2000 diffractometer with a stepsize of 0.01 deg. The electron backscatter diffraction(EBSD) scans were performed using a JEOL FE6500FSEM with a step size of 25 nm. To prepare thetransmission electron microscope (TEM) specimens,small sample pieces were sectioned on the cross planeand polished into thin foil with a thickness of about60 lm. Thin foil TEM samples were prepared bytwin-jet polishing at 25 V and 253 K (�20 �C) with asolution of 5 vol pct perchloric acid and 95 vol pctmethanol. Carbon extraction replica samples were
 prepared to observe the oxide particles. TEM analyseswere performed using a JEOL FE2100F� operated at200 kV equipped with an energy-dispersive spectrometer(EDS).
 III. RESULTS
 The chemical composition of AODS steel sample ismostly within the type 316L stainless steel specifications(Table I). The excess oxygen (Ex.O) content was calcu-lated by subtracting the oxygen content contained inY2O3 powder from the total oxygen in the sampledetermined by chemical analyses. XRD analysis showsthat AODS steel has a fully austenitic matrix (Figure 1).No peaks from the oxide particles were observedprobably due to the small amount and the nanometricparticle size. The relative intensity of the major peaks fitswell with the standard pattern from the ICDD card,indicating that there is no obvious preferred orientationof the matrix.
 A. Microstructure Observation
 Figure 2(a) shows the EBSD image of the sample. Itexhibits a bimodal grain size distribution, with microm-eter-sized grains (MGs) with 1-2 lm in diameter andultrafine grains (UFGs) with 300 nm or smaller. Thegrain size distribution (Figure 2(c)) was generated fromover 2000 grains of three frames of EBSD images atdifferent locations of the sample. MGs have a muchlower number density compared to UFGs and onlyshow a hump peak in the distribution curve. The areafractions of the MGs and UFGs were measured to be
 Table I. Chemical Composition of the AODS Steel (Weight
 Percent)
 Fe Cr Ni Mo Ti Y C O Ex.O N
 Bal. 16.8 12.3 2.2 0.25 0.21 0.025 0.59 0.53 0.017
 Fig. 1—XRD pattern from the solution-treated AODS steel sample.
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around 17 and 83 pct, respectively. The grains weremostly equiaxed, and the grain size within each sizegroup was rather uniform. Nearly random textures wereconfirmed in the rolling direction (RD) inverse polefigure (Figure 2(b)). The distribution of grain boundarymisorientation angles is shown in Figure 2(d). Consid-ering all boundaries >5 deg, high-angle grain bound-aries (misorientation angle>15 deg) comprise 94 pct ofthe total grain boundary length, including twin bound-aries that has a fraction of 41 pct (with a misorientationangle of 60 deg from R3 coherent lattice twins).
 Figure 3(a) shows a typical TEM image of the sample.Fine oxide particles are uniformly distributed in thematrix, and a few large particles with sizes of over100 nm are located on the grain boundaries. A TEMimage of the particles taken from the carbon extractionreplica sample is shown in Figure 3(b). EDS analyses onnumerous particles indicated a relationship between theparticle size and composition. Fine particles with sizessmaller than 30 nm are Y-Ti-O, and large particles(100–300 nm) are Cr-O particles. The typical chemicalcompositions of two types of oxide particles are shownin Table II. A relationship between the size and
 composition of oxide particles was also reported inferritic ODS steels.[31,32]
 The selected area diffraction (SAD) pattern inFigure 3(c) was obtained by covering an area containingan abundance of oxide particles. The ring patternsmarked by ‘‘1, 2, 3, and 4’’ coincide well with the {222},{400}, {440}, and {622} diffraction from a FCC-struc-tured Y2Ti2O7 (PDF#: 73-1697). Figure 3(d) shows anHRTEM image of a Y-Ti-O particle. The fast Fouriertransformation (FFT) pattern of the HRTEM image isshown in Figure 3(e), which was indexed as a [001] zoneaxis diffraction of Y2Ti2O7. The SAD pattern of a Cr-Oparticle is shown in Figure 3(f), which was comparedwith the simulated patterns from all possible oxides with
 similar compositions and was indexed as the ½411� zoneaxis diffraction of rhombohedra Cr2O3 (PDF#: 38-1479).The size distribution of fine Y2Ti2O7 particles
 (Figure 4) was obtained by measuring over 1500particles from three frames of TEM images of thecarbon replica sample, giving an average particle sizeof 7.7±2.3 nm. The average size of the Cr2O3 particleswas estimated to be 200 ± 65 nm by averaging of over150 particles. The number density and inter-particle
 Fig. 2—EBSD analyses of the AODS steel sample: (a) representative EBSD image taken from the longitudinal section of the sample; (b) inversepole figure generated from a low magnification EBSD image; (c) grain size distribution; and (d) distribution of grain boundary misorientationangle (the blue line represents a random misorientation distribution for a cubic polycrystal) (Color figure online).
 5336—VOLUME 47A, NOVEMBER 2016 METALLURGICAL AND MATERIALS TRANSACTIONS A
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spacing of oxide particles were yielded from the BFTEM images of a thin foil sample (Table III), wherethe sample thickness was estimated based on thethickness fringes under a two-beam condition near theedge of the holes produced by coarse Cr2O3 particlesduring jet polishing (as shown in Figure 2(a)).
 B. Mechanical Properties
 Micro-indentation test gave high yield strength of upto 1180 ± 60 MPa, where the error bar indicates thestandard deviation. The measured micro-hardness valuewas about 3.74 GPa, and the room-temperature (RT)yield strength calculated from the hardness by therelationship of ry = 1/3Hv turned out to be 1246 MPa.An engineering stress–strain curve obtained by anunaxial tensile test at RT is shown in Figure 5 inparallel with that of a conventional hot-rolled 316L
 stainless steel plate (annealed at 1423 K (1150 �C) for1 hour after hot rolling) of the mean grain size of about21 lm. Creep rupture test of austenitic ODS sample wasconducted at 923 K (650 �C) under a stress of 140 MPa.Creep curve of the AODS steel sample is shown inFigure 6, and it reveals a kind of abrupt failure without a
 Fig. 3—(a) Typical BF TEM image taken from cross section; (b) TEM image taken from carbon extraction replica sample (Cr-O particles weremarked by the arrows); (c) SAD pattern from a large area covering abundant oxide particles; (d) HRTEM image from a fine Y2Ti2O7 particle;(e) FFT corresponding to the HRTEM image of the particle in (d); (f) SAD pattern from a coarse Cr-O particle (indexed as Cr2O3).
 Table II. Typical Composition of Different Types of Oxide
 Particles by EDS (Atomic Percent)
 O Cr Y Ti
 Cr-O 58.5 32.9 3.7 4.9Y-Ti-O 52.3 1.7 23.3 22.7
 Fig. 4—Size distribution of the Y2Ti2O7 particles in the solu-tion-treated AODS sample.
 METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 47A, NOVEMBER 2016—5337
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smooth transition to a tertiary creep region. It exhibits,however, a steady-state creep rate of 5.75 9 10�9 s�1
 that is lower than that of the corresponding conventionalstainless steel by an order of magnitude.
 C. Fracture and Free Surfaces of the Tensile TestedSample
 The fracture surface and free side surface mor-phologies of the tensile tested sample are shown inFigure 7, which reveal the crack nucleates from theouter free surface and propagates through the fracturesurface, making a typical shell-shape brittle fracture
 morphology. Figure 7(c), a higher magnificationimage in the central area of the fracture surface,displays coarse cleavage facets that are a typicalfracture surface from a semi-brittle fracture. However,Figure 7(d), a higher magnification image from thearea covered by the white square in Figure 7(c),exhibits a ductile dimple fracture pattern, with coarseoxide particles residing inside the dimples. Thisindicates that the tensile failure of the AODS steelsample is a complex semi-brittle ductile fracture mode.A similar fracture surface morphology has also beenobserved in 14YWT ferritic ODS steel.[33] Thisextraordinary fracture morphology can be explainedby a combination of a ductile matrix and the presenceof micro-cracks, which may lead to the rapid propa-gation of the main crack. Some coarse particles in thedimples are marked by arrows in Figure 7(d). EDSanalyses demonstrate that these coarse particles areCr-O particles.The free side surface of the tensile test sample was
 observed at different stress stages. Figure 7(e) shows themorphology of the free surface right after ‘‘yielding,’’ ataround the point indicated by the dashed circle ‘‘e’’ inFigure 5. It indicates that micro-cracks were formed atthe interface between coarse Cr-O particles and thematrix. Figure 7(f) shows the free surface morphologynear the necking area after a failure, at the point markedby the dashed circle ‘‘f’’ in Figure 5. Micro-cracks(voids) around the Cr-O particles are much larger thanthose observed in Figure 7(e). These micro-cracks havesizes ranging from 0.1 to 1 lm. The coalescence ofmicro-cracks appeared to have occurred between thecracks adjacent to coarse particles, resulting in evenlarger cracks. Thus, the main fracture cracking seems tobe induced by an allegation of some coarse oxideparticles (thus, large micro-cracks) on the free surface,where the maximum tension stress perpendicular to thecrack propagation direction can be obtained under auniaxial stress condition.
 D. Dislocation Structure in the Tensile and Creep TestedSamples
 Figure 8 shows typical STEM images of a microme-ter-sized grain (Figure 8(a)) and an area of UFGs(Figure 8(b)) of the tensile tested sample (after failure).A high density of dislocations can be seen in bothimages. The arrows marked by ‘‘1’’ indicate the dislo-cation pile-ups at the grain boundaries and thosemarked by ‘‘2’’ show the strong interactions betweenthe dislocations and oxide particles, which were enlargedand inserted in Figures 8(a) and (b), respectively. Thepiled-up dislocations are mainly straight and nearlyparallel to the grain boundaries, while the dislocations
 Table III. Mean Particle Size and Number Density Obtained by TEM
 Mean Size, Ø (nm) Number Density (m�3) Inter-particle Spacing, k (nm)
 Y-Ti-O 7.7 ± 2.3 3.2 ± 0.4 9 1021 58Cr-O 200 ± 65 1 ± 0.8 9 1018 935
 Fig. 5—Stress–strain curve of the AODS steel sample and conven-tional 316L stainless steel sample at room temperature (RT).
 Fig. 6—Creep curve of the AODS steel sample at 923 K (650 �C)under a stress of 140 MPa.
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inside the grains are curved and mostly attached to theoxide particles. This indicates that grain boundarystrengthening (contributes to the Hall–Petch relation)and oxide dispersion strengthening are effective in both
 the micrometer-sized grains and ultrafine ones. Thestraight and sharp grain boundaries in the UFG areaindicate that they are near the equilibrium state, asillustrated in Figure 8(b). This is consistent with the
 Fig. 7—Fracture surface observation of the RT tensile tested sample by SEM. (a) a low magnification fracture surface image, (b) crack sourcemorphology, (c) cleavages on the fracture surface, (d) ductile dimple feature at high magnification, (e) initiation of micro-cracks at the oxide/ma-trix interface observed on the free side surface of the sample tensile tested to point ‘‘e’’ in Fig. 5 at around the ‘‘yielding point,’’ (f) growth ofmicro-cracks at the oxide/matrix interface observed on the free side surface of the tensile tested sample after failure (point ‘‘f’’ in Fig. 5).
 Fig. 8—STEM images of the tensile tested AODS steel sample showing: (a) a large grain and (b) nano-sized grains. Dislocation pile-up at agrain boundary was marked by arrows and ‘‘1.’’ Dislocation/oxide particle interaction marked by ‘‘2’’ was enlarged and inserted in (a).
 METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 47A, NOVEMBER 2016—5339
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EBSD results showing that most grain boundaries arehigh-angle boundaries.
 The superior creep property of the AODS steelshould also be attributed to the effective pinning ofdislocations and GBs by nano-sized oxide particles, aswas revealed in the tensile tested TEM samples(Figure 7). This was further confirmed by observingthe creep ruptured sample. High density dislocationswere observed after creep test, with a strong interac-tion between dislocations and nano-particles, asshown in Figure 9. Nano-sized oxide particle disper-sion lead to an inter-connected dislocation network,and substantially reduced the creep rate. This isconsistent with the observation in ferritic ODS steelsuch as 12YWT and 14YWT.[4] It indicates that oxidepinning on dislocations is still effective at elevatedtemperatures.
 IV. DISCUSSION
 The strengthening of ODS steel is provided by acombination of solid solution strengthening, dislocationstrengthening, fine grain strengthening, and dispersionstrengthening.[34,35] Both the AODS steel sample andcommercial 316L stainless steel sample in this studywere annealed at high temperature, and thus dislocationstrengthening should not be significant.[36] Since AODSsteel has a very similar basic composition with 316Lstainless steel (same amount of the major solid solutionstrengthening element, Mo), the contribution of a solidsolution to strength would be similar in both materials.Therefore, the higher strength of the AODS steelcompared to that of conventional 316L stainless steelcould be attributed to the fine grain size and nano-sizedoxide particles. A previous study on Fe-40Al ODS alloyshowed that the strength can be expressed in terms ofOrowan hardening and Hall–Petch strengthening by alinear relationship compared to the base Fe-40Alalloy.[37]
 A. Fine Grain Strengthening
 It was found that the Hall–Petch behavior continuesto be valid down to a very fine grain size regime on theorder of 100 nm by Masumura et al., who explored anumber of experiments for many materials such as Cuand NiP.[38] A recent study indicated that evennanocrystalline (~40 nm) 316L steel still follows theHall–Petch relation extrapolated from the coarse-grained material.[39] The EBSD and TEM observationsin this study showed that the majority of grain bound-aries are high-angle grain boundaries (see Figure 2), anddislocation pile-ups at the grain boundaries were fre-quently observed in tensile tested samples (see Figure 8).Therefore, it is assumed that the grain boundarystrengthening (Hall–Petch relation) is valid in thisODS steel sample. The fine grain strengthening of theAODS steel is calculated by
 r ¼ r0 þ kd�1=2; ½1�
 with r0 = 71 MPa and k = 501 MPa lm1/2, whichwere adopted from a previous study on the Hall–Petchrelationship of 316L austenitic steel with grain sizesranging from 3.1 to 86.7 lm.[40] The effective meangrain size ‘‘d’’ is of great importance in determiningthe strength, especially for materials with a bimodalgrain size distribution. There have been many studiesconcerning the effect of a bimodal grain size distribu-tion on the mechanical properties of alloys, which indi-cated that the overall yield strength depended not onlyon the average grain size but also on the distributionof grain sizes.[41,42] Therefore, the effect of bimodalgrain size distribution on the effective mean grain sizeshould be considered when applying the Hall–Petchrelation. Zhao et al.[43] found that the yield strengthhad a good linear correlation with dA
 �1/2 (dA: volumeweighted mean size of ferrite) in a nano-sized cemen-tite particle precipitated ferritic steel with a bimodalgrain size distribution. dA was determined from theinverse average grain sizes by
 Fig. 9—(a) Cross section microstructure of the creep ruptured AODS sample at 923 K (650 �C) under a stress of 140 MPa and (b) disloca-tion/nano-particle interactions.
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d�1=2A ¼ fC � d
 �1=2C þ 1� fCð Þ � d
 �1=2F ; ½2�
 where fC and dC represent the volume fraction andmean size of coarse grains, and dF is the mean size offine grains. Gubicza[44] suggested that the yieldstrength of alumina-dispersed aluminum with a bimo-dal grain size distribution could be estimated using asimple rule of mixture,
 rY ¼ rUFGY VUFG þ rMG
 Y VMG; ½3�
 which appeared in good agreement with the experi-mental value. It can be deduced that these two calcula-tion methods are identical in nature. In this study, theHall–Petch relation was applied to the two ranges ofgrains, respectively, and summed up on the weight oftheir volume fractions, which were determined fromEBSD images,
 rtotal ¼ 0:83rUFG þ 0:17rMG ½4�
 The mean size of UFGs was determined using a linearintercept method from TEM images. For large grains,an equivalent circular diameter was calculated bymeasuring the grain lengths in two perpendiculardirections from EBSD images, since the linear interceptmethod could not be adopted due to the surroundingUFGs. The mean size turned out to be 1.2 ± 0.3 lm forlarge grains and 260 ± 25 nm for fine grains, where theerror bars indicate the standard deviations. The meangrain size was also estimated from the EBSD imagesusing a CHANNEL 5� software package, yielding237 nm in diameter. This value is very close to theresults obtained by a linear intercept method on theTEM images.
 Taking these values into the Hall–Petch Relation [1]and the Formula [4], the resulting yield strength of 316Lsteel strengthened by fine grains was found to be964 MPa, which corresponds to an effective mean grainsize of 315 nm given by [2]. Assuming that only HAGBis effective in contributing the Hall–Petch relation, thefraction of 94 pct (length fraction of HAGB in totalgrain boundary length) should be multiplied, whichgives 906 MPa.
 B. Dispersion Strengthening
 Dislocations can pass through the precipitates byeither the Orowan mechanism or a cutting throughmechanism[45] that would be dependent on the temper-ature, particle size, and interfacial properties betweenthe particles and matrix. Recent simulation work on thedislocation interactions with Y2O3 particles in ODS steelhas shown that the stress necessary for dislocations topenetrate the oxide/matrix interface is enormously highdue to the large surface energies of the iron–oxygeninterface, resulting in that the Orowan mechanism willbe dominant in ODS steels.[46] Experimental investiga-tion also indicates that the Orowan mechanism is themajor strengthening mechanism for 9Cr ODS steel thatcontains oxide particles of a comparable size with the
 present sample.[47] Dislocation–particle interactions inFigure 8 reveal roughly that the curvature of thedislocations is nearly equal to the radii of the interactedoxide particles, which indicates a typical Orowanmechanism.[48,49] For the Orowan mechanism,[49]
 rDS ¼ rOrowan ¼ 2mGb
 1:18 � 4p � ðk� /Þ ln/2b
 � �; ½5�
 where m is the Taylor factor (2.5), G is the shearmodulus (taken as 82 GPa), b is the burgers vector, /is the particle size, and k is the inter-particle spacingin the shear plane of the dislocation. In the present
 AODS steel, b =ffiffiffi2
 p=2a =2.55 A (taking lattice
 constant a as 3.60 A). / and k were estimated fromTEM images and are shown in Table III. The resul-tant Orowan strengthening contributions of twogroups of oxide particles were calculated to be about380 MPa for fine Y2Ti2O7 particles and about 30 MPafor large Cr2O3 particles. The total contribution of theoxide dispersion strengthening in the present AODSsteel can be as high as 410 MPa. This agrees well witha previous study by Susila et al., where it wasestimated that the contribution from dispersionstrengthening to the strength of Fe-18Cr-8Ni-2-W-0.25Y2O3 ODS steel was 347 MPa, with a meanparticle size of ~13 nm.[34]
 C. Comparison Between the Calculated Strength andExperimental Results
 Yield strength values from theoretical calculation,tensile test, micro-indentation test, and hardness test areexpressed in Figure 10. The linear summation of thecalculated values for fine grain strengthening (Hall–Petch relationship) and for dispersion strengthening(Orowan mechanism) gives a yield strength of1316 MPa, which is much higher than that from tensiletest, but close to those from micro-indentation andhardness measurements. The lower value from the
 Fig. 10—Comparison between experimental yield strength with thatcalculated from the strengthening mechanisms.
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tensile test may result from the crack initiation andpropagation at Cr2O3 particle/matrix interfaces beforeyielding. Large Cr2O3 particles can weakly contribute tothe strength by Orowan strengthening, while they alsoinitiate cracks, as shown in the SEM images on the freeside surface of the tensile test sample (Figures 7(e) and(f)).
 The effects of dispersion strengthening from fineparticles and of cracking initiation from coarse par-ticles can also be considered in terms of criticalactivation stresses for the two processes. These twoprocesses are competitive since they contribute inver-sely to the strength. If the critical stress for disloca-tions to pass through the fine particles by Orowanmechanism (designated as rO) is higher than that forcrack propagation (rC) around the coarse particles,crack propagation will occur before dislocationspassing through fine oxide particles (yielding). TEMstudy revealed that both fine oxide particles andcoarse ones were uniformly distributed throughout thematrix of the sample, so that both of them could beobserved in a small local area of the sample. Themaximum local stress (rM) will be the smaller onebetween rO and rC. Beyond the maximum local stress,either a dislocation will pass through the fine oxideparticle (rM = rO), or a crack around a coarseparticle will propagate (rC = rO). A dislocationpassing through a fine particle by Orowan mechanismis schematically shown in Figure 11. The dislocationsegment around the oxide particle decreases until itreaches its minimum, equal to the diameter of theparticle. At this point, the stress is the maximum andthe dislocation reaches a condition of instabilitybeyond that point. The critical stress for a dislocationto pass through a fine particle with a size of R byOrowan bowing is thus given by,[50]
 rO ¼ Gb=2R ½6�
 For crack propagation around a coarse oxide particle,according to the Griffith theory,[50] the stress needed fora micro-crack propagation is given by
 rC¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2cSEÞ=ðpaÞ
 p; ½7�
 where cS is the surface energy (taken as 2J/m�2 forc-FeCr,[51]), E is the Young’s modulus (taken of210 GPa for c-FeCr[50]), and a is the half length of thecrack. SEM observation on the surface of tensile testedsample in the necking area showed that lengths ofmicro-cracks around coarse oxide particles were equiv-alent to the size of oxide particles around which theyinitiated (2a � D), ranging from tens of nanometers to~1000 nm. Therefore, rC can be transformed to
 rC¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2cSEÞ=ðpD=2Þ
 p½8�
 Correlations of rO with the size of fine oxideparticles (d), and rC with the size of coarse oxideparticles (D) are plotted in Figure 11. rO increases withdecreasing fine oxide particle size (d), and rC decreaseswith increasing coarse oxide particle size (D). The localstress needed for a dislocation to pass through a fineoxide particle with a size of about 30 nm in diameterappear to be able to induce a micro-crack propagationaround a coarse oxide particle with a size of about180 nm as shown by the dashed lines in Figure 11.Fine oxide particles in the AODS steel sample in thisstudy are usually smaller than 30 nm while coarse Cr-Oparticles are mainly larger than 200 nm. Therefore itseems probable that micro-cracks around the coarseoxide particles would propagate before the dislocationspass through the fine oxide particles. It indicates thatcrack propagation could occur before the yieldingpoint, which might be the reason why the yieldstrength from the tensile test was much lower thanthe calculated value. It also assumes that as the coarseparticles decrease in size, the dispersion strengtheningby the fine oxide particles becomes more effective.
 V. CONCLUSION
 316L stainless steel based AODS steel was fabricatedand its mechanical properties were estimated with themicrostructure. The AODS steel is featured by itsultrafine-grained structure with a bimodal grain sizedistribution (1200 and 260 nm in diameter, respectively)along with the coarse (200 nm) Cr2O3 particles and theuniformly dispersed fine (7.7 nm) Y2Ti2O7 particles. TheAODS steel showed around four times higher yieldstrength than that of the conventional 316L stainlesssteel. The high yield strength of the AODS steel wasmainly attributed to fine grain strengthening and dis-persion strengthening by which yield strength of 1316MPa was estimated. It seems to fit well with themacro-indentation and the hardness test results. Alower tensile strength and ductility should be attributedto the formation of micro-cracks at the Cr2O3/matrixinterfaces that were confirmed by SEM observations onthe free side surface of the tensile tested sample.
 Fig. 11—Griffith stress for micro-crack propagation correlated withcoarse oxide particle size and Orowan stress for dislocation bypass-ing particles correlated with fine oxide particle size.
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Suppressing of the formation of coarse oxide particles(Cr2O3) appears to be an important issue for furtherimprovement of the mechanical properties of AODSsteel.
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