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Abstract: Ferritic ODS 14Cr steels are one of the options for future nuclear and non-
nuclear energy applications, in particular for components exposed to higher operation
temperatures. In order to better exploit the potential advantages of ODS ferritic
steels, such as improved creep strength and damage tolerance (with respect to non-
ODS high-chromium steels) along with excellent oxidation resistance, a broader
scientific and technical background is required. The present collaborative approach
aimed to contribute to this background with respect to both fabrication issues and
nano-/microstructurally based understanding of the resulting properties. In particular,
the feasibility of ODS steel fabrication by means of spark plasma sintering on a semi-
industrial scale was to be demonstrated. Parameter variations related to mechanical
alloying, consolidation and thermal/mechanical treatments were covered. Hot
extrusion was successfully applied to produce a 2.5 kg batch of ODS steel. Spark
plasma sintering was scaled up towards semi-industrial 0.5 kg batches. A set of
characterization techniques including Small-Angle Neutron Scattering, Transmission
Electron Microscopy, Atom-Probe Tomography, Electron Probe Micro-Analysis,

Electron Back-Scatter Diffraction and Transmission Kikuchi Diffraction as well as
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mechanical testing were applied to characterize the materials at different scales and
stages of the fabrication process and to underpin the findings, such as a pronounced
bimodality of grain size distributions, by observation-based understanding.

KEY WORDS: ODS steel, mechanical alloying, hot extrusion, spark plasma sintering,

microstructure, mechanical testing



1 Introduction

High-Chromium oxide-dispersion strengthened (ODS) steels with oxide particles in
the low nm-range are candidate materials for future applications in nuclear energy
systems [1-4] for both nuclear fission [5] and fusion [6,7]. The key point is a promising
combination of properties including favorable resistance against corrosion [8], creep
and swelling [5] as well as good irradiation damage tolerance [9]. The standard
powder metallurgy (PM) route of fabrication of ODS steels consists of gas
atomization of a pre-alloy, mechanical alloying (MA), consolidation and
thermal/mechanical treatment. It is expensive in comparison with conventional ingot
metallurgy routes; details of the individual steps of the PM route are not yet well
understood with the consequence of both scatter and limited reproducibility of the
quality of the end product; scaling-up of the process steps towards an industrial scale
may pose problems. The challenges required to overcome these drawbacks are
addressed in current worldwide research efforts. For instance, advanced techniques
of gas atomization lead to an increased efficiency of powder production [10]. A
number of parameter studies aim at understanding the roles of composition [11],
milling parameters [12], details of the consolidation process and post-processing on
the quality in terms of inhomogeneity [12], anisotropy [13], reproducibility and
properties [11-14] of the ODS steel. In [11] it was shown that, although Y,0O3-added
alloys display the best performance in terms of tensile behavior, stable oxides other
than Y,03 are able to form fine ODS-patrticles in ferritic steels. The first effort to apply
spark plasma sintering to produce ODS Fe-Cr model alloys was reported in [12]
indicating a suitable combination of initial powders and parameters of both
mechanical alloying and consolidation. Work reported in [13] was focused on the
effect of microstructural anisotropy on the mechanical properties of extruded bars of
an ODS Fel4Cr-based steel. Alternative fabrication routes including ingot
(melting+casting) metallurgy [15] and hybrid techniques [14] have been suggested

but are beyond subject of the present investigation.

As conclusion from the literature review and the resulting identification of knowledge
gaps it was decided to concentrate on selected subjects within the collaborative
research effort. These include variations of the parameters of the MA process, the

consideration of the relatively new consolidation process of spark plasma sintering



(SPS) along with the more classic processes of hot isostatic pressing (HIP) and hot
extrusion (HE) as well as selected methods of thermal/mechanical treatment
including hot rolling (HR) and hot cross rolling (HCR). It was also decided to start
from commercially available gas atomized steel powders and yttria powders (except
for an individual study, where the powder particle type was varied). In order to reduce
the number of variables further, a composition close to Fe-14Cr-1W-0.4Ti was
selected, meaning that the work was focused on ferritic ODS steels and the range of
possible microstructures was confined with respect to the entire field of

ferritic/martensitic ODS steels.

Since each of the individual efforts cannot be fully detailed here, this report is aimed
to focus on the following aspects:

- The chain based on MA, consolidation via HIP and HE and treatments by
means of HR and HCR was to be realized on an industrial (weight >1000 g) or
semi-industrial (weight ~500 g) scale.

- Consolidation by means of SPS was to be optimized on the laboratory scale
and to be transferred to the semi-industrial scale.

- Nano- and microstructural techniques as well as mechanical testing were to be
adapted and applied to characterize the features required to describe and
understand the quality of the fabricated batches of ODS steels.

- Conclusions were to be drawn about the rationalization of the resulting
microstructures and about the most promising set of parameters for each

fabrication route.

The composition of the materials, the details of the applied PM processes and the
characterization techniques will be introduced in the experimental section. The
results section will give an overview of some important results achieved in the
framework of the project. For further results on selected aspects, we refer to the
published literature. Progress achieved by the contributing partners will be elaborated

in the discussion section. The conclusions are aimed to highlight new insight.

2 Experiments

2.1 Materials and PM process



Composition
Steel powders produced by means of gas atomization were provided by

Aubert&Duval, France, and Nanoval, Germany. In order to reduce the number of
degrees of freedom, the nominal composition of the steel powders was specified
beforehand to approach the composition Fe-14Cr-1W-0.4Ti-0.3Mn-0.3Si-0.15Ni
(wt%). This corresponds to one of the candidate compositions for the application of
ODS steels for cladding tubes in future sodium fast reactors [5]. Moreover, a Cr
content of 14 wt% guarantees the formation of a fully ferritic microstructure and,
therefore, eliminates complications caused by mixed ferritic-martensitic
microstructures. The composition of the Nanoval steel powder used by HZDR is
specified in Table 1. The yttria nano-powders used by the contributors were produced
by Plasma & Ceramic Technologies (PCT) Ltd., Latvia, and in one case by Sigma
Aldrich. The same batch of PCT yttria powder was shared by the contributors in order
to reduce the number of variables. Amounts of 0, 0.3 or 0.6 wt% Y,0O3; were added
except for one series of trials, where 0.3 wt% La,03, ZrO,, Ce,O3 or MgO were
introduced into the powder mixture instead of Y,Oj3 to study the effect of the type of
oxide [11].

Table 1 Analysis of one of the gas atomized steel powders (steel2).

Fe Cr W Ti Si Mn Ni C N O
(Wt%) | (Wt%) | (Wt%) | (Wt%) | (Wt%) | (Wt%) | (Wt%) | (ppm) | (Ppm) | (Ppm)

bal. 14.1 0.99 0.32 0.18 0.34 0.17 <60 2.7 4.9

Mechanical alloying and consolidation

The blended powders were mechanically alloyed using attritor or planetary ball mills.
In selected cases, the milling speed and time were varied systematically in order to
study the effect of the milling conditions on the milled powders or compacts. Such a
subset of powders milled using a Fritsch Pulverisette 5 planetary ball mill is
summarized in Table 2, where the values of yttria content, milling time and milling
speed are specified. These powders were later compacted using SPS. Another
subset of powders (KIT) was milled using a ZOZ Simoloyer CMO01 attritor ball mill
operating at 800/1200 rpm (revolutions per minute) for 24, 48 and 80 hours prior to
compaction using HIP. Additionally, a larger-scale horizontally rotating low-energy




dry-ball miller manufactured in house at CSM with a capability of about 6 dm® was
used by one partner. In this case it was possible to charge the jar (with vacuum-
proof-device) with more than 2 kg of matrix powders per batch added with 0.3wt% of
Y,03. The rotation speed was of about 60-80 round per second (about 3600 rpm)
with a jar diameter of about 200 mm that allowed enough energy to promote
mechanical alloying. In this case, mixed Ar-H environments have been introduced to
reduce oxygen pick-up during the mechanical alloying process. The powder-to-ball
weight ratio was 1:10 for all the subsets of powders. An alternative way of introducing
the yttrium into the material was evaluated by one partner. Namely, a powder
consisting of the intermetallic compound FezY was added to further reduce the
oxygen content of the materials.

Three consolidation methods were employed, namely hot isostatic pressing (HIP),
hot extrusion (HE) and spark plasma sintering (SPS). Some focus was put on SPS as
an alternative technique capable of reducing the exposure time to high temperatures
and, therefore, potentially inhibiting grain growth. Successful applications of SPS
were reported before for Fe-based alloys [16,17] and, in particular, for ODS alloys
[12,18]. In some cases, the samples for further investigation were taken from the as-
consolidated compacts, in other cases, additional hot rolling (HR) or hot cross rolling

(HCR) was performed, the latter in order to reduce rolling-induced anisotropy.

An extract of the set of fabricated ODS steels is specified in Table 2. Details on the
composition, the mechanical alloying (MA) process (type of mill, atmosphere, milling
speed and time), consolidation (type of consolidation, temperature, time, pressure)
and thermal/mechanical treatment including HR and HCR are given. HR (Fig. 1) was
performed at 1100°C with a thickness reduction from 40 mm (diameter of the as-
HIPed compact) to 6 mm (thickness of the rolled plate) in six steps.

For in-depth investigations on selected special aspects, we refer to the literature
published during the project phase [11,19-22]. Standard or sub-sized specimens
were cut from the pieces of material for mechanical testing. Samples for
microstructural analyses were also prepared taking into account types of anisotropy

expected in particular for extruded or rolled products.



Fig. 1. Snap-shots of ODS steel fabrication via HIP (left) and HR (middle and right).

Table 2 Selected batches of ODS steels and model alloys fabricated in the

framework of the MATTER project.

Batch Composition * MA Consolidation Mass
speed/time temperature/time/pressure
(Wt%) (rpm/h) (°C/min/MPa) (9)
KIT1 steel1+0.3Y,03; | Ar 1000/24 HIP 1150/60/100 ~500
KIT2 steel1l+0.3Y,03; | Ar 1000/48 HIP 1150/60/100
KIT3 steel1+0.3Y,03; | Ar 1000/80 HIP 1150/60/100
KIT4 steel1+0.3Y,03 | Ar 1000/80 HIP 1150/60/100 + HR
KIT5 steell+1.3FezY | Ar 1000/80 HIP 1150/60/100 + HR
KIT6 steell+1.3FezY | Ar 1000/80 HE ~1000
KIT7 steell + different types of oxides [11]
HZD1 steel2, no Y,03 | Ar 150/20 SPS 1050/10/70
HZD2 steel2, no Y03 | Ar 250/30 SPS 1050/10/70
HZD3 steel2, no Y03 | Ar 250/50 SPS 1050/10/70 20
HZDA4 steel2+0.3Y,03; | Ar 150/20 SPS 1050/10/70 200’
HZD5 steel2+0.6Y,03 | Ar 150/20 SPS 1050/10/70
HZD6 steel2+0.6Y,03 | Ar 250/30 SPS 1050/10/70
HzZD7 steel2+0.6Y,03 | Ar 250/50 SPS 1050/10/70
HZD8 Fe-14Cr + 5% Y,03 to observe by means of X-ray diffraction structural
changes of Y,03 during milling [22]
CEAl steel3+0.3Y,03 | ** HIP 1160/180/100 1500
CEA2 steel3+0.3Y,03 | ** SPS 850/5/60
CEA3 steel3+0.3Y,03 | ** SPS 1150/2/60
CEA4 steel3+0.3Y,03 | ** SPS 1150/20/60 15
CEA5 steel3+0.3Y,03 | ** SPS 1150/200/60
CEA6 steel3+0.3Y,03 | ** SPS 1150/2/76
CEA7Y steel3+0.3Y,03 | ** SPS 1150/5/76 450
CEA8 steel3, no Y,O3 | Ar-/12 SPS 1150/5/76 450
CSM1A | steel2+0.3Y,03; | vacuum -/48 | HIP 1150/45/125
CSM1B | steel2+0.3Y,03; | vacuum -/48 | HIP 1150/45/125 + HCR 1000
CSMI1C | steel2+0.3Y,03 | vacuum -/48 | HIP 1150/45/125 + HE -3000
CSM2 steel2+0.3Y,03; | vacuum -/80 | HE
CSM3 steel2+0.3Y,03 | Ar+H -/100 HE + diff. annealings

* Powder composition of steell (wt%): 13.35 Cr, 0.87 W, 0.21 Ti, 0.18 Si; composition of
steel2: see table 1; Composition of steel3 after MA: 14.6 Cr, 0.99 W, 0.32 Ti, 0.19 Si.

** High energy attritor under hydrogen atmosphere (Plansee), 12 hours as trade-off
between fragmentation and contamination, batches of 10 to 13 kg.




2.2 Characterization

Microstructure

Along with basic quality control such as porosimetry, the following microstructural
characterization techniques were applied to powders and/or compacts according to
the needs of the individual subtasks of the project:

- optical microscopy (OM),

- scanning electron microscopy (SEM) also in combination with energy
dispersive X-ray spectroscopy (EDX) and electron back-scatter diffraction
(EBSD) or transmission Kikuchi diffraction (TKD),

- electron probe microanalysis (EPMA) on powder fills and compacts,

- transmission electron microscopy (TEM),

- atom probe tomography (APT),

- small-angle neutron scattering (SANS) on as-milled powder, shown to be
applicable before [23], and on compacts.

These techniques are comparatively well known except for TKD [24], which is a
transmission version of EBSD (Fig. 2). Using a SEM equipped with TKD, higher
resolution than known from EBSD can be achieved, which means that smaller grains

can be visualized, an essential feature in the field of advanced ODS steels.
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Fig. 2. Path of electron beam and sample in EBSD and TKD.



Mechanical properties

In order to estimate the mechanical properties of the materials listed in Table 2,
nanoindentation, Vickers hardness, tensile testing and impact testing using standard
or sub-sized specimens, according to the volumes of material available, were
performed. It is important to note that the aim of mechanical testing was to explore
the role of fabrication parameters within each subset of materials. Any ranking from
subset to subset or from manufacturer to manufacturer was beyond the scope of the

project.

3 Results

Batches KIT1-KIT6

In the first phase of the project experiments focused on standard 13Cr-ODS alloys

were carried out (KIT1-3). Based on an already existing set of parameters, the milling
time was varied and experimentally validated by means of microtomy and TEM
examinations of the mechanically alloyed powders [19]. The milled powders were
then exposed to HIP, HIP+HR and HE.

Impact tests were performed using V-notched KLST specimens of dimensions

3 x 4 x 27 mm?® and L-T orientation. The resulting temperature dependence of the
impact energy is compared in Fig. 3 for as-HIPed, HIPed+rolled and as-extruded
materials. It is found that the behavior of the as-extruded material is favorable in the

present case.
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Fig. 3. Temperature dependence of impact energy for 13Cr ODS steels
consolidated via HIP, HIP+HR and HE.

For the results obtained for batches KIT7 covering varying types of oxides, we refer
to [11]. It is demonstrated that stable oxides other than Y,Oj3 are able to form fine

ODS-patrticles in ferritic steels.

Batches HZD1-HZD7

The variation of yttria contents and milling parameters performed for batches HZD1-

HZD?7 resulted in different microstructures. Most interestingly, a distribution of oxide
particles in the low-nm range was observed by means of SANS (powders and
compacts) and APT (compacts) not only for the Y,O3 containing materials but also for
Y-free materials. This is clearly seen in the SANS results in Fig. 4 obtained for milled
powders. The difference scattering curves displayed in Fig. 4(a) were obtained by
subtracting the lower-bound Q dependence of the measured magnetic scattering
cross section from the cross section itself. In this way, the scattering caused by nm-
scale particles is separated from the background caused by scattering at coarser
microstructural features. The fitted curves in Fig. 4(a) represent, as an indicator of the
goodness of fit, the Fourier transforms of the reconstructed size distributions in Fig.
4(b). Fig. 4(b) shows that the total volume fraction of nanoparticles, i.e. the area
under the curves, for Y-free powder is almost as high as for the powder milled after
Y,03 addition. Further SANS experiments on SPS-compacted samples reported

elsewhere indicate that the total volume fraction of nanopatrticles in the Y-free



compact does not increase with respect to the powder, whereas there is a dramatic

increase for the compacted Y,03-containing powder for a milling speed of 250 rpm
(but not for 150 rpm).
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Fig. 4. Magnetic difference scattering curves (a) and reconstructed size
distribution of oxide particles (b).

EBSD and TKD measurements revealed pronounced bimodalities of the grain size
distributions for all SPS compacts, both HZDx and CEAX. Fig. 5 displays a TKD
inverse pole figure map (right subfigure) recorded in the ultrafine-grained area
marked in the color-coded ARGUS image (left subfigure). It is interesting to note that,

using conventional EBSD, it was impossible to resolve the grains in the ultrafine-
grained region.

overview
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ARGUS MAG: 6000 x HV: 21,5 kV WD: 11,4 mm Px: 24 nm

Fig. 5. TKD image of a SPS-compacted sample taken from batch HZD7.



Scanning nanoindentation (Fig. 6) indicates that homogeneity of the SPS compact is
poor on the um scale after 20h/150rpm of MA. The hardness variations decrease
significantly towards 30 h/250 rpm and then marginally towards 50 h/250 rpm.
However, the homogeneity is still poor compared to ODS 14Cr bar extruded at

1100 °C (extrusion ratio 10) followed by annealing at 1050 °C/1.5 h [5,13] shown for
comparison. MA of the powder for extrusion was performed in a vertical attritor under

hydrogen atmosphere.
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Fig. 6. Scanning nanoindentation applied to characterize spatial hardness variations
on the 10 um scale, (a) SPS compacts of the present work, (b) extruded bar material
from previous work [5,13].

Batches CSM1-CSM3
The industrial-scale batches CSM1 and CSM2 were produced successfully by means
of HIP (1A), HE (2) as well as of combinations of HIP + HCR (1B) and HIP + HE (1C),

see table 2. However, hardness measurements indicated that these batches did not

reach the anticipated levels of hardness. Therefore, the milling parameters

(atmosphere and milling time) were once more modified to reach higher hardness.

Mechanically alloyed CSM samples were characterized by means of TEM. The
typical microstructure is reported in Fig. 7(a). The grain size distribution was found to
be bimodal with larger grains of dimension of about 1-2 um and smaller grains of size
smaller than 0.5 um. An example of in-situ precipitated nm-sized particles is given in
Fig. 7(b). The EDX analysis of a single particle shown in Fig. 8 reveals a complex

structure of a Y-Si-Ti oxide.
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Fig. 7. TEM images of microstructure (a) and nano-precipitates (b) in sample CSM3.
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Fig. 8. Complex diffraction spectrum of particle P2 in Fig. 7.

The hot extruded batch CSM3 was then exposed to annealing treatments and tensile
tests in the temperature range from RT to 800°C. The tensile test results are
summarized in Fig. 9, where they are compared with data obtained for a stainless
steel tested under identical conditions. 70 mm long tensile round bars according to

ASTM EB8, one per temperature, were tested for each material.
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Fig. 9. Ultimate tensile stress as function of test temperature for as-extruded and
extruded and annealed material.

The ultimate tensile stress of about 1200 MPa at 400°C obtained for a more than
2.5 m long extruded bar of ferritic Fe-14Cr ODS steel with a weight of about 2.5 kg is
an encouraging result under the aspect of industrial scale ODS steel fabrication.

Moreover such results have been obtained on standard ASTM E8 specimens, not on

sub-sized specimens.

Batches CEA1-CEAS8

The composition of the mechanically alloyed powder and a compacted sample

obtained by means of EPMA is summarized in Table 3. Given the composition of the
initial steel powder according to the nominal composition of Fe-14Cr-1W-0.4Ti-
0.3Mn-0.3Si-0.15Ni (wt%) and similar to the analysis in Table 1 as well as the yttria
addition, this is a reasonable result. Worth noticing is that oxygen content did not

significantly increase with consolidation.

Table 3 Mean composition (wt%) of the MA powder and the SPS-consolidated
sample (1150 °C) measured by means of EPMA (balance Fe).

Element | Cr W Y O Ti Si
Powder |14.6+0.1 | 0.99+0.02 | 0.16+0.02 | 0.15+0.01 | 0.32+0.02 | 0.19+0.01
Compact | 14.5+0.1 | 1.01+0.02 | 0.16+0.02 | 0.15+0.06 | 0.32+0.03 | 0.18+0.01




The powders were compacted by means of SPS using the parameters given in Table
2 and using heating rates of 500 K/min and cooling rates of 200 K/min for batches
CEAZ2 to CEA6. Sample CEA7 with slightly lower heating rate of 300K/min was tested
for scaling-up the process [25]. The measured relative densities are listed in Table 4

in terms of percent of the theoretical density.

Table 4 Measured relative density after SPS consolidation using different process
parameters.

Batch CEA2 | CEA3 | CEA4 | CEA5 | CEAG6 | CEATY | CEAS8

Relative density (%) | 84+1 | 95+1 | 97+1 | 98+1 |99+1 | 98+1 |99+1

As mentioned above, a pronounced bimodality of the grain size distributions was also
observed for the samples from batches CEA2 to CEA7 (Fig. 10) consolidated by
means of SPS. Based on the calculation of the stored energy at each step of the
consolidation process, the appearance of this structure was explained by the initial
heterogeneous spatial distribution of stored energy due to high-energy attrition of the
MA powder [21]. The plastic work due to milling can be the cause of the so-called
abnormal growth. The heterogeneous microstructure is then stabilized by the nano-

precipitation described above.
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Fig. 10. EBSD map of the bimodal microstructure obtained on CEA7.

In order to investigate the stability of oxide nanoparticles, samples taken from
batches CEAL1 (HIP) and CEA7 (medium scale SPS) were exposed to annealing
treatments at 1100°C for 1 h and 16 h each. SANS was applied to derive the size
distribution of oxide nanoparticles in samples consolidated by means of HIP (CEA1)
and SPS (CEAY7). Scattering curves obtained for samples consolidated from powders
without yttria addition (CEA8) were taken as reference (Fig. 11). The results are
summarized in Table 5. It is important to note that the yttria-free samples may also
contain nanoparticles as shown in Fig. 4 above. Therefore, the data in Table 5
characterize only the population of those oxide nanoparticles formed due to the
addition of yttria powder. The A ratio of SANS (A=1+M/N, where M and N are
magnetic and nuclear scattering intensity, respectively) of 2.3 is in agreement with
the assumption of Ti-containing Y-Ti-O nanoparticles but not with Ti-free yttria [26].

The volume fraction is slightly higher than the value expected from the amount of
added yttrium and does not show an obvious trend. The mean radius increases

significantly as a function of annealing time, but only for the SPS samples.
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Fig. 11. Scattering intensity of samples with and without oxides after SPS

Table 5 Mean radius, ry, and volume fraction, fy, of oxide nanoparticles as function of
consolidation process and annealing time at 1100°C.

Scattering vector q [nm-1]

consolidation.

Batch/consolidation | Annealing time (h) | ry (NM) fv (%)
CEA1/HIP 0 1.6 1.1+0.2
1 1.6 1.0+0.2
16 1.6 1.1+0.2
CEA7/SPS 0 1.4 1.5+0.4
1 1.6 1.0+0.2
16 1.8 1.0+0.2

A summary of high-temperature yield strengths of ODS steels produced by SPS is
given in Fig. 12. It is found that the ODS material consolidated at 1150 °C exhibits a

reasonable trade-off between strength and ductility. For the full tensile behavior at

high temperatures, we refer to [20].
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Fig. 12. Room- and high-temperature yield strengths of ODS steels produced by SPS
and HIP (references [Sun, Auger, Oksiuta] correspond to [27-29]).

4 Discussion

The present investigation covered several technological steps of the powder
metallurgy route towards ODS steels including mechanical alloying, consolidation
and thermal/mechanical treatment. The common starting point was commercial gas
atomized steel powders of similar nominal compositions of the type Fe-14Cr-1W-
0.4Ti-0.3Mn-0.3Si-0.15Ni (wt%) and commercial yttria powder.

The MA parameters were systematically varied within particular parts of the study or
fixed according to former experience within other parts, the latter in order to reduce
the number of parameters. Variations of the MA parameters in terms of milling time
confirmed that there is a trade-off between optimum powder characteristics and
oxygen entry. It has been observed on the basis of batch HZDS8 that the Y,03 is
fragmented and becomes partially amorphous upon milling due to the grain
refinement of Y,Oj3 during the milling process [22]. This ultrafine distribution can be
considered as the starting situation for the formation of complex nm-sized Y-Ti-O

nanoparticles upon consolidation as documented in Table 5. It was shown on the



basis of batch KIT6 that replacement of Y,O3 by other types of nano-powders is a

future option [11].

Three technigues of powder consolidation were covered in the study, these are HIP,
HE and SPS. Each of these techniques was successfully applied, after MA and
proper selection of consolidation parameters, to produce dense compacts with
relative densities of typically 98% or better. The application of SANS, TEM and APT
indicated oxide nanoparticle characteristics that are sufficiently uniform with respect
to the spatial distribution (Fig. 7) and near optimum [4] with respect to the size
distribution in the low-nm range (Table 5) and the resulting effect on hardening. The
application of EBSD, TKD and TEM showed that the grain size distributions exhibit a
pronounced bimodality in particular in the case of SPS consolidation (Fig. 5). Bimodal
grain size distributions were also reported in other studies on SPS consolidated ODS
Fe-Cr based alloys, e.g. [30,31]. It is not yet clear, if bimodality is an inherent feature
of this consolidation technique or rather a consequence of MA. Occasionally,
bimodality was also reported for other consolidation techniques such as HIP [21,32].
A rationalization of bimodal grain size distributions based on the consideration of
abnormal grain growth is reported in [33], to which the present study contributed. The
guestion, under which conditions bimodal grain size distributions are advantageous
[30], may depend on application and, in any case, poses a future challenge. An
important outcome of the present study was the successful scaling-up of SPS
consolidation from the lab scale (weights of 15 and 20 g) towards a semi-industrial
scale of 200 and 450 g, e.g. [25]. Similarly, a 2.5 kg batch of hot extruded bar with

superior mechanical properties (Fig. 9) was produced.

Hot rolling (from 40 to 6 mm thickness) and hot cross rolling of HIP compacts were
applied successfully. While hot rolling is known to produce elongated grains, rolling
textures and anisotropic properties, hot cross rolling bears the potential to reduce in-
plane anisotropy. Any optimization of thermal, mechanical and thermo-mechanical
treatments with respect to the final properties was, however, beyond the scope of the

present study.

A broad spectrum of micro- and nanostructural characterization techniques was

applied. A fairly complete characterization including composition mapping, grain



structure, texture and distribution of nm-scale particles was achieved in selected
cases. Recent technical developments such as TKD and scanning nanoindentation
were introduced into the study. Application of TKD allows resolving grain sizes up to
a lower limit of about 50 nm. Scanning nanoindentation allows automated mapping of
hardness at the mesoscale with um-scale resolution. Mesoscale spatial homogeneity
with respect to hardness (Fig. 6) was introduced as a quality criterion, e.g. for the

purpose of optimization of PM process parameters.

Microstructurally based rationalizations of heterogeneous nucleation, grain boundary

pinning [21] and hardening mechanisms were proposed.

Mechanical testing performed so far was focused on hardness measurements,
tensile tests in a broad range of temperatures and impact testing. Tensile testing
revealed superior strength at elevated temperatures, e.g. Figs. 9 and 12 and [21]. In
particular, a 2.5 kg batch of hot extruded bar exhibited an ultimate tensile strength of
about 1200 MPa between room temperature and 400°C. After an annealing
treatment at 800°C for 4 hours, values larger than 700 MPa up to 400°C were
maintained indicating a high stability of the oxide nanoparticles shown in Fig. 7(b).
These nanopatrticles are responsible for the thermal stability of the ultrafine grained
zone, which also account for the tensile strength of ODS steels. A drastic decrease of
strengths was, however, observed at temperatures higher than 500°C. This indicates

a competition in plasticity mechanisms, as suggested in [34].

Impact testing indicated minor increases of the absorbed energy of HIP samples after
hot rolling, whereas hot extrusion gives rise to substantially higher values of the
absorbed energy (Fig. 3).For follow-up activities, a parameter pre-selection according
to the specifications of batches KIT4, CEA7 and CSM3 in Table 2 can be suggested
for the semi-industrial consolidation by means of HIP, SPS and HE, respectively. In
the case of MA using a planetary ball mill, the milling parameters according to the
specification of batch HZD7 (Table 2) were shown to be favorable. Small punch
testing and fracture mechanics testing of samples taken from selected batches of the

present study are in progress.



5 Summary and conclusions

The joint effort was successful in identifying and combining European resources in
the fields of fabrication and characterization of ODS Cr steels for nuclear
applications. The work was focused on MA, consolidation by means of HIP, HE and
SPS as well as thermal/mechanical treatment of ferritic 14Cr-1W-0.4 Ti with typically
0.3 wt% Y,03 addition. The transfer from laboratory scales towards more industrial

scales was also within the scope.

A number of results can be summarized as highlighted below:

- ODS 14Cr-1W-0.4Ti steels were fabricated via different combinations of MA,
consolidation and thermal/mechanical treatment.

- One lab succeeded to produce batches of about 2.5 kg weight with an ultimate
tensile stress of about 1200 MPa up to 400°C.

- The consolidation technique of SPS was scaled up to weights of 0.2 to 0.5 kg.

- Superior oxide nanoparticle sizes in the low nm-range were identified by
means of SANS, TEM and APT.

- Nanostructured aggregates of grains were observed by means of EBSD/TKD
and TEM. In some cases, in particular after SPS consolidation, bimodal grain
size distributions were found.

- It was possible to rationalize special features such as abnormal grain growth

and hardening in terms of nanofeature-based models.

One major insight is that the microstructures of ODS ferritic steels do not strongly
depend upon the process used to consolidate the powder. Most of ODS ferritic steels
exhibit abnormal structures, even after very short consolidation cycles using SPS.
The relatively poor kinetic effect can be explained as follows:

- The strong pinning effect of nano-sized particles is efficient on ultrafine
grained zones, in a large range of consolidation temperatures and times.

- Specific grain boundaries exhibit an extremely high mobility that may induce
drastic growth of some grains at the expense of the others, most likely in a
very short time. This was recently illustrated by in situ synchrotron X-Ray
diffraction on selected ODS ferritic steels [33,35].



Another insight is that the initial nanostructure obtained after mechanical alloying
plays a major role on the microstructural behavior during high-temperature
consolidation. This nanostructure can contain various levels of heterogeneities,
including local plastic deformation, as well as local variation of solute compositions
[22]. A clean and efficient milling process is a necessary condition to achieve

homogeneous and reproducible microstructures of ODS ferritic steels.

Special aspects such as fracture mechanics testing are addressed in ongoing work.
Moreover, an industrial-scale effort of ODS-steel fabrication by means of HE based
on the alloy composition and consolidation parameters specified for batch CSM3 has
been undertaken in the meantime. This will allow reproducibility of the fabrication
process, homogeneity at different length scales, mechanical properties, the effect of
thermal or thermomechanical treatments, and the irradiation behavior to be

investigated in more detalil.
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