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Abstract
This study is to explore an economically attractive and technically feasible processing method for 
oxide-nanoparticle strengthened alloys for fusion reactor application. Despite many scientific 
merits of the advanced oxide-dispersion strengthened (ODS) alloys, such as the nanostructured 
ferritic alloy (NFA) 14YWT, the only viable production path for a high-quality NFA is the high-
power mechanical alloying process. This process is often a multi-day high-speed ball milling of 
alloy powder with a small quantity of yttria (Y2O3) powder, followed by the milled-powder 
consolidation using extrusion or other methods and additional thermomechanical processing 
(TMP) for property control. This complex production path, including the low-temperature 
mechanical alloying in particular, has limited technical advancement toward the cost-effective and 
scale-up production of ODS alloy components. To overcome such a practical limitation, we 
proposed to explore alternative low-cost processing routes using traditional thermomechanical 
processing (TMP) method only. A series of continuous TMP cycles, which were designed to 
impose high-temperature severe plastic deformation (HT-SPD) conditions to the consolidated 
powder mixtures, were applied to achieve the effective distribution of oxide particles in nanograin 
structure and thus desirable mechanical properties. Since the reduced-activation ferritic-
martensitic (RAFM) alloy powders (Fe-10Cr and Fe-14Cr alloys with various Y contents) are 
available in our inventory, we focused to utilize the new solid-state synthesis approach for 
controlling oxide (oxygen source) dissolution and nanoscale clustering in nanograin structure in 
those alloys. A combination of powder consolidation at 900 °C and continuous thermomechanical 
activation at 600 °C yielded two essential ODS alloy microstructure contents–nanograin structure 
and nanoparticle distribution–and thus demonstrated a good combination of strength and ductility.   



 

1. Introduction
Designing and building fusion power systems will require to overcome serious materials 
challenges  including significant degradation of materials properties in high temperature (>700 
°C), high dose (> 200 dpa), and high helium production irradiation conditions [1-3]. Highly stable 
nanoparticles such as fine oxides or oxygen enriched nanoclusters might be the most important 
constituent in the future fusion reactor structural materials to be exposed to the extreme fusion 
reactor environments. The well-known nanostructured ferritic alloy (NFA) 14YWT is an advanced 
oxide dispersion strengthened (ODS) ferritic alloy that can demonstrate excellent high-temperature 
tensile and creep properties, along with radiation tolerance due to its unique microstructure of 
ultra-small grains and high concentration (> 1×1023 m-3) of nano-size (~2–5 nm) TiYO-rich 
nanoclusters [4-13]. For example, the nanoclusters show remarkable high temperature stability at 
temperatures up to ~1400 ºC for short times and at ~800 ºC for ~7 years in the creep deformation 
[14,15]. In addition to their own thermal stability, the nanoparticles also stabilize the matrix grain 
stricture by acting as obstacles to boundary migration at high temperatures, which is a very 
important creep resistance mechanism [13,16]. In irradiation, the high interfacial area associated 
with these microstructural features can provide a high point-defect sink strength that is beneficial 
to radiation tolerance. The radiation effect studies using ion irradiation showed that the 14YWT 
experienced the lowest void swelling at high doses up to 500 dpa in the temperature range 400–
500 ºC among various steels and other ODS alloys [17]. Several He-ion irradiation studies have 
also demonstrated that these NFA microstructures can trap more He atoms and form high-density 
nano-size bubbles rather than coarse bubbles at grain boundaries [18-20]. 
Despite all the metallurgical advances in the development of highly radiation-resistant 
nanostructures achieved with the NFAs, so far, the only viable processing path for these materials 
has to include mechanical alloying (MA) process, which often involves days-long high-power ball 
milling of gas-atomized alloy powder mixed with a small quantity (~0.3 wt.%) of yttria (Y2O3) 
powder, followed by an extrusion or other consolidation process to produce solid products [11,12]. 
The TiYO-rich nanoparticles precipitate during this consolidation process. While the MA-based 
processing route for the advanced ODS alloys are well-established as a feasible production 
method, the cost for mass production of an NFA component through the processing route including 
an MA step might be prohibitively high and, in particular, the lengthy process route is unacceptable 
for practical applications. Without a breakthrough innovation to resolve these problems, the 
enormous merits of the unique nanostructure combining highly stable nanoparticles and 
nanograins [3,4] can be missing in the future advance of fusion reactor technology.
In the research, we pursue a solid-state ODS alloy synthesis approach consisting of (i) simple 
mixing of alloy and oxide powders, (ii) consolidation of the powder mixture, and (iii) continuous 
thermomechanical processing (CTMP). Both the consolidation and the CTMP are based on the 
traditional metallurgy principle of hot-working processes such as hot rolling and forging, and 
extrusion [1-3]. Specifically, we hypothesized that the severe plastic deformation (SPD) [4-7] at 
high temperatures above the softening temperature of the ferritic matrix (~500 ⁰C) can provide 
enough thermomechanical activation to refine the grain structure of steels and to fracture, dissolve, 
and redistribute oxide particles in the nanograin matrix, and therefore can be used as the solid-state 
alloying process replacing mechanical milling in the production of ODS alloys. This high-
temperature SPD (HT-SPD) process is a repeated application of any traditional TMP in a high 
temperature range, but well below the melting point of the alloy, which is contrasted to the high-
power mechanical alloying at room or warm temperature. 



 

In the production of ODS alloys, we aimed to control and select the solid-state processing route 
that can yield products with acceptable mechanical and microstructure properties. A series of 
alloy-oxide powder mixtures were consolidated at two different temperatures, 900 ºC and 1200 
ºC, and the CTMP process was applied to the consolidated products at various temperatures in the 
range 500–900 ºC. Uniaxial tensile testing at room temperature was performed for the materials 
produced and the tensile strength and ductility data were used as screening criteria for 
downselection of materials and further analyses. More detailed evaluation, including high 
temperature tensile testing and microscopy analysis was performed for a select set of ODS alloys. 
Both the processing details and the characterization results are described in this article.

2. Experimental
2.1. Processing of nanostructured ODS alloys
In the ODS alloy production, we aimed to create the nanograined ferritic alloy structures with 
nanoparticle dispersion hardening by effectively inducing the solid-state thermomechanical 
processing for oxide (oxygen source) fragmentation and dissolution, elemental diffusion, and grain 
refinement and for enhancing nanoscale clustering of oxygen and alloy elements with high oxygen 
affinity such as Ti and Y. That is, the CTMP schedules were designed to provide extreme 
metallurgical conditions to the unalloyed materials (e.g., mixture of oxide and alloy powders) 
including very high internal stress, high density mobile dislocations, and thermal energy. Further, 
the TMP temperatures were chosen to avoid any excessive coarsening of precipitate particles and 
grains, which was based on the past experiences in the production of advanced ODS alloys [8,9]. 
Achieving a nanograin structure by limiting processing temperature is particularly targeted as we 
understand that only the nanograin structure stabilized with stable oxide (and carbide) particles 
can deliver the desirable properties of advanced ODS alloys.
The first step of the ODS alloy production was a simple mixing of Fe-Cr base alloy powder with 
oxygen-source powder. As listed in Table 1, the ODS materials were named HR1 through HR4 
based on the combination of alloy powder (identified with its nominal composition) and oxide 
powder. Each powder mixture was canned into a thick-wall (2.5 cm at the minimum thickness 
portion) stainless steel container with a cylindrical inner volume of 0.17–0.25 liter and sealed with 
threaded plug. The second processing step was the consolidation process of powder mixture, in 
which the repeated hot-rolling cycles at 900 ⁰C or 1200 ⁰C (in air) were applied to the sealed 
containers with the powder mixtures.    
The third step, CTMP, is a simple but highly-controlled thermomechanical process consisting of 
repeated heating and hot-rolling cycles. As the long processing line for continuous heating and 
rolling was not available in the laboratory-scale facility, the heating-rolling cycles were repeated 
in each CTMP schedule using a set of heating furnace and rolling machine in the laboratory scale  
facility at ORNL. With various thermal and mechanical driving forces under the repeated TMP 
possibly in relatively low-temperature range (< 1000 ºC), the oxygen atoms can migrate fast while 
the heavy elements such as yttrium atoms can diffuse only within a short distance. It was assumed 
that the oxide fragmentation and internal oxidation process at 500–900 °C for steels (< ~0.7 
homologous temperature) can produce a high density of oxide nanoparticles in Fe-Cr steels, and 
therefore all CTMP schedules were performed in that temperature range. No post-rolling treatment 
was applied. Table 1 describes the details of powder mixtures, consolidation conditions, HT-SPD 
conditions, and the total plasticity amounts applied by the hot-rolling process for powder 



 

consolidation and by the HT-SPD process. It is noted that the processing details vary with 
materials, which depended on the available amounts of alloy powder inventories and thus the size 
of powder containers for hot-rolling treatments.   

Table 1. Summary of base materials and processes for production of ferritic ODS alloys (T1/T2 = 
consolidation temperature/CTMP temperature)
Materials ID Powder Mixture (in wt.%) Consolidation Process HT-SPD Process (CTMP) 

HR1(T1/T2) 14YWT alloy doped with Y 
& O: Fe-13.7Cr-2.9W-0.38Ti-
0.23Y-0.07O (no oxide powder 
addition)

Six hot-rolling cycles at 900 
⁰C for 80% plastic strain

Eight hot-rolling cycles at 
600–900 ⁰C for 220–310% 
plastic strain

HR2(T1/T2) 14YWT base+Fe2O3: Fe-
13.7Cr-2.9W-0.38Ti -
0.23Y+0.22Fe2O3

Four to six hot-rolling cycles 
at 900 ⁰C or 1200 ⁰C for 60–
80% plastic strain

Six to eight hot-rolling 
cycles at 600–900 ⁰C for 
220–310% plastic strain

HR3(T1/T2) 14YWT base+Y2O3: Fe-
13.7Cr-2.9W-0.38Ti-
0.12Y+0.3Y2O3

Six hot-rolling cycles at 900 
⁰C for 80% plastic strain

Eight hot-rolling cycles at 
600–700 ⁰C for 240% 
plastic strain

HR4(T1/T2) Fe-10Cr base+Y2O3: Fe-
9.7Cr-0.97W-0.15Ti-0.18V-
0.23Y+0.3Y2O3

Four to six hot-rolling cycles 
at 900 ⁰C or 1200 ⁰C for 60–
80% plastic strain

Six to eight hot-rolling 
cycles at 600 ⁰C for 220–
270% plastic strain

2.2. Mechanical property evaluation
Room-temperature tensile testing was performed for all of the newly produced ODS alloys, and 
the tensile property data such as the strength and ductility parameters were used as criteria for 
downselecting the processing routes and further characterization. Further characterization, 
including high temperature tensile testing up to 700 ⁰C and microstructure analysis, was performed 
for a selected set of materials only. For the uniaxial tensile testing, the SS-J2 type miniature tensile 
specimens were taken from the central portion of HT-SPD processed plates (i.e., the ODS alloy 
portion excluding the container material) using electrical discharge machining. The SS-J2 
specimens have a nominal gage section dimension of 5 × 1.2 × 0.5 mm (Figure 1), all of which 
were in the rolling direction of the hot-rolling process. 

Figure 1. SS-J2 miniature tensile specimen for shoulder loading (not to exact scale).



 

The uniaxial tensile testing for the SS-J2 specimens was performed by using a shoulder-loading 
cradle grip in two static mechanical testing systems: a TestResources system and an Instron system 
for room-temperature testing and elevated/high temperature testing, respectively. All tension tests 
were performed at a nominal strain rate of 5 × 10-4 s-1 (displacement rate = 0.15 mm/min for the 5 
mm gage section length of SS-J2 specimen) by using a shoulder loading grip [1]. Load-
displacement data up to failure were recorded during tensile testing and used to determine the 
common engineering strength and ductility parameters, including yield stress (YS), ultimate tensile 
strength (UTS), uniform elongation (UE), and total elongation (TE). If not specified otherwise, 
tensile testing and data analysis were performed by following the standard testing procedure in 
ASTM E8/8M and E21 [11,12]. 
2.3. Microstructure characterization 
Microstructural analysis was performed for the newly produced ODS alloys by using a TESCAN 
MIRA3 SEM equipped with an Oxford Instruments electron backscatter diffraction (EBSD) 
detector and an FEI Talos 200 keV scanning transmission electron microscope (STEM) equipped 
with a X-field emission gun high-brightness source, bright field (BF) and multiple annular dark 
field detectors, and a quadrupole FEI ChemiSTEM energy dispersion x-ray spectroscopy 
collection system. The EBSD images–the colored inverse pole figure (IPF) maps–for grain 
structures and high-resolution BF images that show subgrain and dislocation structures were 
obtained from the SEM and STEM equipment, respectively.

3. Results of Characterization
3.1. Room-temperature tensile properties
Demonstrating a high strength level of an ODS alloy over the room to operation temperature range 
is essential to the fusion reactor application. That is, to favorably replace the traditional quenched 
and tempered ferritic-martensitic (FM) steels which show limitations in high-temperature (> ~550 
⁰C) strength and creep resistance, the candidate ODS alloy should demonstrate both yield and 
ultimate strengths significantly higher than those steels [13-15]. Figure 2 compares the tensile 
strength parameters (i.e., YS and UTS) of the newly produced ODS alloys via various CTMP 
schedules. A variety of process dependencies are observed in the strength data: It is first noted that 
the final process temperature, i.e., the hot-rolling temperature in the CTMP schedule, is the most 
influential parameter to determine the strength of the product. The ODS alloys processed at the 
highest temperature of 900 ⁰C generally show relatively low strengths that are similar to those of 
traditional FM steels (i.e., ~400 MPa for YS and ~600 MPa for UTS). It is natural that those with 
the lowest TMP temperature (600 ⁰C), and thus with the lowest coarsening, demonstrate relatively 
higher strengths. The higher consolidation temperature, 1200 ⁰C, resulted in generally lower 
strengths regardless of base materials (alloy and oxide) combination. This might be due to the 
over-coarsened grains and particles during the repeated hot-rolling at such a high temperature. 
Consolidation temperature needs to be lower and the 900 ⁰C process resulted in satisfactorily high 
strengths. This agrees with the optimized consolidation (extrusion) temperature range (800–850 
°C) for the mechanically alloyed NFAs [8,9].
The HR2 and HR3 materials processed by 900 °C consolidation and 600 °C continuous TMP 
demonstrate high enough strengths: YS > 800 MPa and UTS > 1 GPa. These strength values are 



 

nearly twice those of the traditional FM steels and can be accepted as the desirable strength level 
of an ODS alloy aiming at high temperature fusion reactor application. The HR4 materials also 
show similar strengths after the CTMP step but the final TMP at a lower temperature is required 
for achieving more desirable strength level. Finally, the pre-alloyed (HR1) material shows high 
strengths regardless of processing route but cannot reach those of the HR2 and HR3 alloys after 
the same processing. In these cases, the oxide forming elements Ti and Y might have been overly 
segregated at some preferred sites such as grain boundaries during the gas atomization of the Y/O-
alloyed 14YWT. The tensile strength data indicate that further TMP steps could not reverse the 
segregation and formation of strengthening particle was limited.   

Figure 2. Comparison of strengths for the four alloys after various CTMP schedules

Figure 3 displays the uniform and total ductility data (UE and TE) for the four alloys after various 
HT-SPD processes. Except for the highest temperature consolidation/lowest temperature CTMP 
combination, relatively high ductilities were measured for their high strengths. In particular, the 
HR1(900⁰C/900⁰C) alloy demonstrates outstandingly high UE and TE (~25% and ~33%) although 
its strength is in the strength range of traditional FM steels. It is a highly desirable result that no 
embrittled or near-embrittled materials are produced by any of the TMP only processes tested in 



 

this research. This might indicate that the simply-repeated application of traditional TMT can 
efficiently weld the alloy/oxide powder particles while creating high strength microstructures. 
Such a relatively high ductility may allow for consolidation processing at a lower temperature such 
as 800 ⁰C. 

It is notable that both the highest strength HR2 and HR3 alloys processed in the (900 ⁰C/600 ⁰C) 
condition demonstrate significant ductility or UE and TE > 5%. Measuring such a good ductility 
level is an encouraging outcome since many of the NFAs have shown the prompt necking at yield  
behavior (or UE < ~1%) [14]. Since only those two alloys are considered to satisfy the criteria for 
advanced ODS alloys (YS > 800 MPa, UTS > 1 GPa, TE > 5%), they were downselected for 
further characterization.   

Figure 3. Comparison of ductilities for the four alloys after various CTMP schedules

3.2. Temperature dependence of tensile properties
The strength data of the ferritic ODS alloys after various TMP routes are compiled in the YS and 
UTS versus test temperature plots in Figures 4(a) and 4(b), respectively. As observed in many 
other FM steels and ferritic ODS alloys, the YS and UTS of these ferritic ODS alloys are relatively 



 

high at room temperature and decrease at various rates with increasing test temperature. It is 
observed that the highest strength ODS alloys–the HR2(900⁰C/600⁰C) and HR3(900⁰C/600⁰C) 
alloys showing high room temperature strengths of YS > 800 MPa and UTS > 1 GPa–maintain 
their YS and UTS quite well above 550 MPa up to 500 ⁰C but the decreases of YS and UTS 
accelerate above 500 ⁰C. The other HR2 and HR3 materials show much lower room-temperature 
strengths when compared to the strongest materials, and the large differences are retained until the 
overall strength differences among the tested materials become much smaller at the highest test 
temperature. 

It is notable that at the highest test temperature of 700 ⁰C the HR3(900⁰C/600⁰C) alloy retains the 
best strength among all the ODS alloys tested. This may be because the yttrium oxide supply is 
more effective in creating a more stable high-temperature microstructure compared to the addition 
of iron oxide to form the initial powder mixture (in HR2). In terms of the room-temperature 
strength, as plotted in Figure 2 and Figure 3, the high-temperature performance of the HR2 and 
HR3 alloys that were processed by either consolidation at 1200 ⁰C and/or CTMP at higher than 
600 ⁰C is significantly poor when compared with the strongest materials.  

(a)



 

Figure 4. Temperature dependence of strength in the HR2 and HR3 alloys: (a) YS and (b) UTS

The temperature dependence of ODS alloy ductility is summarized in Figures 5(a)  and 5(b), 
respectively, for UE and TE. In contrast to the relatively monotonic temperature dependencies of 
the strength parameters, the ductility parameters show rather complex temperature dependencies 
as these depend strongly on the processing route and thus on the strength of the materials. Some 
unique micromechanisms in ferritic steels, such as the dynamic strain aging (DSA), can also affect 
the strength of the steels in  some temperature range [16-19].
In general, the ranks of room-temperature strength parameters are approximately reversed in those 
of the ductility parameters. The temperature-dependent stress-strain curves of HR2(900⁰C/900⁰C) 
form either a monotonically decreasing line for the HR2(900⁰C/900⁰C) only or a concave-up curve 
with a minimum with the test temperature range. Figure 5(a) shows that the uniform elongation 
data are distributed over a wide UE range of 3.9–14.2% at room temperature and decrease with 
increasing test temperature up to 400–500 °C, where the strength minima are formed due to the 
DSA mechanism. A minimum UE of ~1 % is observed for the HR2(1200⁰C/600⁰C) within the 
DSA temperature range. After the ductility minimum, the UE values increase with temperature, 
except for the HR2(900⁰C/900⁰C) alloy. This material is believed to continue losing uniform 
ductility at high temperatures above 500 °C probably because the high temperature (900 ⁰C) SPD 
process has induced excessive segregation and coarsening at grain boundaries and thus reduced 
the work-hardening capability of the ferritic alloy.  
Figure 5(b) compares the temperature dependencies in the TE data. As the total elongation of an 
alloy represents its ability to resist failure, a temperature dependence curve of TE data can display 
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significantly different behavior from that of the uniform ductility. That is, the total ductility might 
represent generally more practical ductility characteristics of FM and ODS steels since these steels 
usually absorb more plasticity during necking deformation than during uniform deformation, and 
the TE data include both necking and final fracture information. Figure 5(b)  confirms, therefore, 
that, except for the lowest ductility case HR2(900⁰C/900⁰C), all processing routes attempted in this 
study can obtain at least 3% TE and the vast majority more than 10% TE. As indicated in the rapid 
reduction of strength in the temperature above ~500 ⁰C (see Figure 4), the total ductility increases 
significantly between 500 ⁰C and 700 ⁰C. Notably, the TE values at the highest test temperature 
of 700°C are higher than those at RT, with all TE data falling in the high ductility range > 20%.  

(a)



 

Figure 5. Temperature dependence of ductility in the HR2 and HR3 alloys: (a) UE and (b) TE

3.3. Grain structures and dispersion of particles
The SEM-EBSD images (IPF maps) for the four 14YWT based ODS alloys–the HR1, HR2, HR3 
alloys in the (900⁰C/600⁰C) condition, and the reference (mechanical alloying based) 14YWT [1]–
are presented in Figure 6, in which all EBSD images demonstrate very fine grain structures. The 
IPF maps of the HR1 and HR2 alloys show strong grain textures with preferred [001] and [111] 
orientations and large grain conglomerations containing large numbers of similar grain 
orientations. In these images many nanograins are observed while some of the grains are relatively 
coarser, as large as a few to several micrometers. Since the grains with the same or similar 
orientations and the resolution limit of EBSD imaging limit the clear revelation of some grain 
boundaries, the real nanograin features in an ODS alloy need to be revealed by a higher resolution 
TEM image.           

(b)



 

          
Figure 6. EBSD images showing grain size and orientation distributions in ODS alloys (a) HR1, 

(b) HR2, (c) HR3 in the (900⁰C/600⁰C) condition, and (d) reference 14YWT produced via 
mechanical alloying

Figure 7 compares a TEM bright field (BF) image from the newly produced ODS alloy HR2 
(900⁰C/600⁰C) showing a nanograin structure and a Ti map showing a high-density distribution 
of Ti-rich particles in the same area. The BF image (left) shows that the average interception length 
is less than 200 nm across the elongated grain width and is approximately 400–500 nm along the 
grain-elongation (hot-rolling) direction. In addition, the Ti-energy dispersion x-ray spectroscopy 
(EDS) map (right) image indicates that a high density of nanosized Ti-enriched particles is broadly 
distributed after the CTMP method. Further, along with the larger particles, very small Ti-rich 
particles are observed in the form of small dense particle ‘clouds’. Indeed, the number density of 
Ti-rich particles is considered to be high, and the small and large Ti-enriched oxide and carbide 
particles are believed to provide very high resistance to the high-temperature deformation. It is 
also noted that the Ti distribution is inhomogeneous as we observe some areas with little Ti content 
next to the ‘cloud’-like areas with both numerous fine and coarse particles. Some Ti distribution 
patterns also coincide with the grain structure features in the BF image, which indicates the Ti 
atoms distribute preferably in grain or subgrain boundary areas. 



 

 
Figure 7. Bright field (BF) image from a HR2 (900⁰C/600⁰C) alloy showing a nanograin 

structure and Ti map showing a high-density particle distribution

4. Discussion
4.1. Comparison of mechanical properties
The mechanical properties of an Fe-Cr alloy, with or without oxide-dispersion strengthening, are 
strongly dependent on the processing route taken for production of the alloy [2, 3]. A common 
behavior observed in the ODS ferritic steels and conventional FM steels is that the strength of an 
alloy is inversely proportional to the ductility (and toughness) of the alloy [2]. That is, an ODS 
alloy with a very high strength (YS or UTS >> 1 GPa) usually show a low ductility. Such an 
inverse-proportionality relationship can work in the elastic-plastic regime only and might become 
invalid once the material gets embrittled (to retain nil-ductility). In Figures 8 and 9, the tensile 
strength and ductility data of the newly processed alloys are compared with those of the ODS 
alloys produced via mechanical milling to test if the ODS alloys produced with and without 
mechanical milling still follow the inverse strength-ductility relationship. The ODS alloy group in 
comparison was selected such that their YS data spread over a large range of 500–2100 MPa. It is 
noted that the detailed descriptions on the mechanically milled and consolidated ODS alloys–
14YWT-SM10 (Fe-14Cr-3W-0.4Ti alloy), 14YWT-SM11 (Fe-14Cr-3W-0.4Ti alloy), 9YWTV-
PM1 ((Fe-9Cr-2W-0.4Ti-0.2V high-carbon alloy), 9YWTV-PM2 (Fe-9Cr-2W-0.4Ti-0.2V low 
carbon alloy), MA957 (Fe-14Cr-1Ti-0.3Mo alloy),  and ODS Eurofer-97 (Fe-9Cr-1W-0.2V 
alloy)–have been published in open literature [8,9,14,20-25] and that the nominal amount of oxide 
powder blended to these ODS alloys before processing was 0.3 wt.%.  
The comparison of tensile strength data in Figure 8 shows that the strength of some mechanically 
milled ODS alloys–14YWT-SM10, 14YWT-SM11, 9YWTV-PM1, and 9YWTV-PM2–are 
significantly higher than those of the HR1–HR4 alloys produced without mechanical milling. 
Meanwhile, the other two alloys produced by mechanical milling, MA957 and ODS Eurofer-97 
[24,25], have similar strengths as those of the HR-series alloys. The strength of these ODS alloys 



 

might be determined by microstructural parameters including the size and density of oxide (and 
carbide) particles and grain structures. The four higher-strength ODS alloys contain high densities 
of oxygen-enriched nanoparticles on the order of 1023/m3 or similar in nanograin (typically < 1 
μm) structures [20,26], which are thus called the nanostructured ferritic alloys (NFAs). The other 
alloys compared together in the two figures contain nanoparticles at relatively lower densities 
either in nanograin structures (the HR-series alloys) or in relatively coarser grain structures 
(MA957 and ODS Eurofer-97). Although little data is available, dislocation density might be also 
an influential factor in the strength of ODS alloys.          
The uniform and total ductility data for the ten ODS alloys are compared in Figure 9. As expected 
in the inverse proportionality relationship, the highest strength materials, 14YWT-SM10 and -
SM11, show the lowest ductilities; in particular, the UE values of these alloys are very small (< 
1%). The ODS Eurofer-97 demonstrates consistently high UE and TE values at both test 
temperatures, whose strength and ductility are similar to those of HR2(900⁰C/600⁰C). Some alloys 
including 9YWT-PM1, 9YWT-PM2 and HR3 show very low uniform elongations at 500 °C, while 
the other ductility data for these alloys are relatively high. These strength and ductility comparisons 
confirm that the strength of an alloy is inversely proportional to its ductility, at least, in the ten 
ODS alloy group. If an alloy group follows the inverse proportionality between strength and 
ductility, any processing route designed for a specific properties should not excessively sacrifice 
the other properties. It can be positively interpreted that the new ODS alloys, the 
HR2(900⁰C/600⁰C) in particular, show a good combination of strength and ductility, without 
sacrificing either of these properties.  

Figure 8. Comparison of yield and ultimate tensile strengths among the ODS alloys processed 
with or without mechanical milling



 

Figure 9. Comparison of uniform and total elongations among the ODS alloys processed with or 
without mechanical milling

4.2. Particle distribution 
The main microstructural factors in the ODS alloys required for desirable mechanical properties 
and radiation resistance would be a very fine grain structure and a proper distribution of 
nanoparticles [20]. Among the new ODS alloys, the ODS material HR2(900⁰C/600⁰C) is 
considered as the best alloy showing distributions of nanograins and nanoparticles. As shown in 
Figure 7, the alloy shows an inhomogeneous distribution of nanoparticles, where the Ti-rich 
particles can be either oxide or carbide particles. This section intends to display two 250 nm × 250 
nm elemental maps representing, respectively, the high oxide density and relatively high carbide 
density regions and to compare their elemental (particle) distribution characteristics. 
The elemental maps in the high oxide region of HR2(900⁰C/600⁰C) obtained using STEM are 
displayed in Figure 10. In the multigrain area (seen as the BF image) the TiY-rich oxide particles 
and TiWV-rich carbide particles coexist in a mixed distribution. Note that the carbon content, 
which was not intentionally alloyed in the powder but contained as an impurity element in 14YWT, 
is usually kept below 0.1 wt.% in 14YWT alloys while the oxygen content is added by the mixed-in 
oxide powder. A few of the W-rich particles coincide with the Ti-rich carbides, which indicates 
TiW carbides: the V and Mo distributions are relatively weak in these particles and sometimes W 
(or possibly W-C) tends to distribute on the surface of Ti-rich carbide or separately from the other 
carbides or oxides. Comparing the carbon and oxygen maps in detail, indeed, many of their 



 

distribution areas (i.e., particles) are not overlapping, which should indicate that the carbide and 
oxide particles are formed separately. It is also observed that some elements such as W and Ti are 
enriched in both large carbide and large oxide particles, which might because both elements have 
strong affinity with the carbon and oxygen atoms.

Figure 10. Elemental maps of oxide-rich grain area showing TiY-rich oxide (top) and TiWV-rich 
carbide (bottom) particles

A region with little oxide but a few carbide particles was mapped with the same elements as in 
Figure 10 and the TiWV-rich carbide containing region is displayed in Figure 11. Elongated 
carbides with a strong concentration of C, Ti, and W are shown in Figure 11. The V-concentration 
at these carbide particles is relatively low, and Mo-concentration at the elongated carbides is 
almost not detectable. As commonly shown in the bright field images in Figure 7, 10, and 11, the 
nanograin structure produced via the low-cost processing using CTMP only has a grain size 
(effective grain boundary intercept distance) range of ~100–500 nm and it is a semi-annealed 
structure with a high density of dislocations. These elemental maps show residual element 
segregation at some preferred features like grain boundaries and precipitates along grain 
boundaries. Carbides are formed both in matrix and at grain boundaries and often have relatively 
high aspect ratio (or elongated shape), showing clearly preferred formation at grain boundaries. 
Analysis of carbide particles also indicates the majority of carbides are within the size range of 
~10–50 nm while the oxide particles are smaller ( > ~5 nm). Note that larger (up to ~80 nm) oxide 
and carbide particles are also occasionally observed, which are considered to be fragmented from 
the pre-existing particles but not completely dissolved during the thermomechanical processing 
applied in the limited temperature range. Finally, the total density of oxide and carbide particles is 
estimated to be at least an order of magnitude lower than that of the well-developed 14YWT (i.e., 
< 1×1023 m-3) [20,26]. More number of samples need to be examined for more accurate particle 
density data. 



 

Figure 11. Elemental maps of carbide-rich grain area showing few oxide (top) and several 
TiWV-rich carbide (bottom) particles

5. Concluding Remarks
A solid-state processing approach using the TMP (hot-rolling) method only has been explored to 
find an economically acceptable production route for the ODS alloys. In the ODS alloy production, 
four different mixtures of alloy and oxide powders were consolidated by hot-rolling cycles at 900 
ºC or 1200 ºC and the CTMP schedules (repeated application of heating-rolling cycles) were 
applied to the consolidated products in the temperature range of 600–900 ºC. 
The solid-state processing route consisting of powder consolidation at 900 °C and CTMP at 600 
°C yielded both the nanograin structure and the nanoparticle distribution, and thus the best 
combination of strength and ductility among the processing routes attempted. The select TMP only 
approach demonstrated a good combination of high strength (YS > 800 MPa, UTS > 1 GPa) and 
significant ductility (UE and TE > 5%). The result of microstructural analysis also confirmed that 
nanocrystalline structure and distribution of nanoparticles (includes both oxides and carbides) were 
created in those ODS alloys. 
It should be an encouraging outcome that the traditional thermomechanical activation cycles only 
can create the ODS alloys with desirable nanostructures and mechanical properties. This low-cost  
ODS processing method might offer substantial flexibilities in manufacturing of ODS alloy 
components, without significant limitations in economical scale-up production. It is still 
recommended that the solid-state thermomechanical processing is further optimized for more 
desirable particle distribution characteristics with finer and higher-density oxide particles.
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