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Abstract 
Ferritic martensitic ODS steels are one of the candidate structural materials for future Gen-IV 
nuclear fission and fusion reactors. The dependence of fracture toughness on microstructure 
was investigated by comparing three 9Cr ODS EUROFER steels manufactured through differ-
ent thermo-mechanical processing routes. Quasi-static fracture toughness testing was per-
formed with sub-sized C(T) specimens and microstructural characterization was carried out 
using scanning electron microscopy, electron backscatter diffraction, and transmission elec-
tron microscopy. It was found that at lower test temperatures (-100 to 22 °C), the fracture 
toughness was primarily controlled by crack initiation at sub-micron particles and by produc-
tion of secondary cracks during fracture. At higher temperatures (above 100 °C), fracture 
toughness was predominantly controlled by the matrix ductility and the grain boundary 
strength with a relatively ductile coarse-grained alloy demonstrating higher fracture tough-
ness compared to high-strength fine-grained alloys. These results and discussion show that 
variations in thermomechanical treatments can produce significant differences in micro-
structure and fracture toughness behaviour of ferritic martensitic ODS steels. 
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Highlights 

• Three 9Cr ODS EUROFER steels are compared with respect to microstructure and 
fracture toughness 

• Secondary cracking induced by residual ferrite improves fracture toughness at lower 
temperatures 

• Matrix ductility predominantly controls the fracture toughness at temperatures be-
tween 100 ˚C and 500 ˚C 

• Above 500 ˚C, the grain boundary strength predominantly controls the fracture 
toughness 

• Variations in thermo-mechanical history lead to significant differences in microstruc-
ture and fracture behaviour 

 

 

  



1 Introduction 

Systematic development of reduced activation ferritic-martensitic (RAFM) steels as structur-
al material for nuclear applications in Europe resulted in several alloys, one of which was the 
9% CrWVTa alloy EUROFER [1]. This alloy exhibited good resistance against irradiation in-
duced swelling and high-temperature creep and was capable of withstanding operating 
temperatures up to 550 ˚C [2]. In order to increase the capability of the material to with-
stand operating temperatures up to 650 ˚C and to further improve its high-temperature 
creep strength and resistance towards irradiation induced effects, oxide particles were dis-
persed in the microstructure. This variant came to be known as oxide dispersion strength-
ened (ODS) EUROFER. In general, ferritic martensitic ODS steels with 9-12 wt.% Cr, like ODS 
EUROFER, are considered as candidate materials for blankets in fusion reactors [3–20]. ODS 
EUROFER batches were manufactured via different thermo-mechanical routes and hence 
developed slight variations in microstructure. The fracture toughness is directly related to 
the microstructure, and is an extremely important parameter affecting the loading capacity, 
machinability and formability of a material [21,22]. Therefore it becomes important to study 
the impact of variation in microstructure on the fracture toughness of 9Cr ODS EUROFER 
steels. 

The initial mechanically alloyed and hot isostatic pressed version of ODS EUROFER was 
known as “first generation ODS EUROFER”. It exhibited good tensile and creep properties 
but poor impact properties [3,8,14]. The second generation ODS EUROFER, which was de-
veloped through optimization of hot-rolling and thermo-mechanical treatments, exhibited 
comparable tensile and creep strength, and higher fracture toughness as compared to the 
first generation ODS EUROFER [1,3]. Later, a new version of ODS EUROFER, denominated 
“EU batch”, was developed. This batch exhibited somewhat lower fracture toughness than 
the second generation ODS EUROFER but significantly higher than the first generation ODS 
EUROFER [3,8]. Still later, the heat treatment of the “EU batch” was modified by replacing 
the water quenching performed directly after the austenitization with air cooling. 

The mechanical properties of these ODS EUROFER steels alongside with some microstructur-
al data have been reported in several previous publications [3,9,11,15,18,23,24]. However, 
regarding the newer ODS EUROFER batches (i.e. second generation and the EU batch), it re-
mains unclear how changes in thermo-mechanical treatment explain differences in fracture 
properties. In order to improve this understanding, in the present work, three non-irradiated 
ODS EUROFER steels with similar composition but different thermo-mechanical treatment 
were compared with respect to their microstructure and fracture toughness. 
 
Fracture toughness testing was performed by sub-sized compact tension specimens (0.25T 
C(T)) in the temperature range of -100 ˚C to 600 ˚C and detailed microstructural characteri-
sation was performed by means of scanning electron microscopy (SEM), electron backscatter 
diffraction (EBSD) and transmission electron microscopy (TEM). In this work, we highlight 
how fracture toughness is affected by microstructural variations resulting from different 
thermo-mechanical processing. 



2 Materials and methods 

2.1 Materials 

The nominal composition of EUROFER, the European reference RAFM steel, is (wt.%) 8.9Cr, 
1.1W, 0.2V, 0.14Ta, 0.42Mn, 0.06Si, 0.11C and Fe for the balance [14]. Second generation 
ODS EUROFER was produced in cooperation between Karlsruhe Institute of Technology (KIT), 
Germany, and Plansee. Some of this material was sent to Oak Ridge National Laboratory 
(ORNL) in the USA for irradiation in the High Flux Isotope Reactor (HFIR) and testing [15]. The 
present investigation on second generation ODS EUROFER is based on the material provided 
by D. McClintock from ORNL to Helmholtz-Zentrum Dresden-Rossendorf (HZDR). The pro-
duction route involved mechanical alloying (MA) of steel powder with 0.3% Y2O3 followed by 
compaction using hot isostatic pressing (HIP). After this, the material was thermo-
mechanically treated including hot-rolling (HR) at 1150 ˚C and then cooling to room temper-
ature (RT) followed by re-austenitization at 1100 ˚C for 30 min with water quenching to RT 
and tempering at 750 ˚C for 2 h [3,9,15,18]. This material is designated herein as 
“ODS_WQ_RT”.  
 
The EU batch was produced by Plansee and subsequently delivered to KIT in the form of 
6 mm thick hot-rolled plate. Some material was also provided to the Belgium nuclear re-
search center SCK-CEN. A small piece of this material was provided by R. Chaouadi (SCK-CEN) 
to HZDR for microstructural investigations. This material is designated herein as 
“ODS_WQ_450”. The thermo-mechanical processing history of ODS_WQ_450 was similar to 
ODS_WQ_RT except that the water quenching after the austenitization process ended at 
450 ˚C [3,23].  
 
A slightly different version of ODS_WQ_RT, designated herein as ODS_AC_RT, was provided 
by R. Lindau (KIT) to HZDR. Here, after the austenitization step at 1100 ˚C, the 6 mm thick 
plate was air cooled instead of water quenched to RT. Even though the material was not 
water quenched, the cooling rate was still high enough for martensite formation. The details 
of the manufacturing processes for all the three ODS EUROFER materials in this work are 
compiled in Table 1. The composition of ODS_AC_RT is presented in Table 2 which is similar 
to the other two ODS EUROFER batches. 
 

Table 1 Manufacturing methods and heat treatments of the three ODS EUROFER batches 
Batch Name Manufacturing Method and Heat Treatments References 

ODS_WQ_450 
MA + HIP + HR 1150 ˚C + austenitization 1100 ˚C/30 mins 

+ water quenching to 450 ˚C  
+ tempering 750 ˚C/2 h 

[3,23] 

ODS_WQ_RT 
MA + HIP + HR 1150 ˚C + austenitization 1100 ˚C/30 mins 

+ water quenching to RT  
+ tempering 750 ˚C/2 h 

[3,9,15,18] 

ODS_AC_RT 
MA + HIP + HR 1150 ˚C + austenitization 1100 ˚C/30 mins 

+ air cooling to RT  
+ tempering 750 ˚C/2 h 

[25] 

 
  



Table 2 Composition of ODS and non-ODS EUROFER steels 
Wt. % Cr W V Ta Mn Si C Fe Y2O3 

ODS_WQ_450 [23] 8.9 1.11 0.19 0.08 0.41 0.11 0.07 bal. 0.3 
ODS_WQ_RT [18] 9 1 0.2 0.1 0.44 0.1 0.07 bal. 0.3 

ODS_AC_RT 9.2 1.14 0.19 0.03 0.38 0.03 0.086 bal. 0.312 
9% CrWVTa  

EUROFER [23] 9 1.1 0.19 0.13 0.44 0.07 0.12 bal. - 

2.2 Microscopy 

Microstructure characterization 

Optical microscopy (Leica REICHERT MEF4) was used to investigate the inhomogeneities in 
the microstructure. The samples were etched using the following procedure: ODS_WQ_450 
for 6 minutes using 5% HNO3, ODS_WQ_RT for approximately 30 seconds in 50 ml distilled 
water + 15 ml hydrochloric acid + 2.5 g iron (III) chloride and ODS_AC_RT for 10 minutes in 
picric acid with ammonia washout. SEM was then used to investigate the bulk microstruc-
ture, especially with respect to the bigger sub-micron particles; a Zeiss EVO 50 SEM 
equipped with a tungsten electron cathode was used for secondary electron (SE) imaging. 
The samples for SEM investigations were etched similarly like for optical microscopy except 
ODS_AC_RT, which was etched for approximately 30 seconds using 50 ml distilled water, 
15 ml hydrochloric acid and 2.5 g iron (III) chloride. 

To reveal the grain structure, samples were characterized via EBSD with a Zeiss NVision 40 
CrossBeam (Focused ion beam (FIB) and SEM) equipped with a field emission electron cath-
ode and a Bruker EBSD acquisition system with an e- Flash HR+ detector. Sample surface 
preparation for EBSD included grinding on wet SiC paper and (as final step) mechanical pol-
ishing with an oxide polishing suspension (OP-S) consisting of amorphous silica, water and 
1,3-butanediol. All EBSD measurements were done using an acceleration voltage of 15 kV 
and a step size of 80 nm resulting in indexation rates of at least 95%. 

For EBSD data evaluation, an EBSD software developed at HZDR was used which corrects 
outliers and unindexed points (down to five indexed neighbours) and facilitates advanced 
analyses such as discrimination by grain size. Since high-angle grain boundaries (HAGBs) as 
opposed to low-angle grain boundaries (LAGBs) generally play a dominant role in fracture 
[26], the misorientation angle for grain reconstruction was arbitrarily set to 10° for all three 
ODS alloys. Only grains consisting of 5 or more mapping pixels (corresponding to an equiva-
lent diameter d of 0.2 µm) were considered in the evaluation. Subsequently, the re-
constructed grains were subdivided into ultra-fine grains (defined here as d ≤ 1 μm) and 
coarse grains (d > 1 μm). 

To obtain details on all included particles, TEM investigations were performed using a Talos 
F200X FEG-(S) TEM (FEI) with 200 keV acceleration voltage. For all three ODS steels, thin 
3 mm disks were electro-polished with a TenuPol-5 (Struers) in 5% perchloric acid in metha-
nol at -60 °C applying a polishing voltage of 23 V. Sub-micron particles were visualized by 
scanning transmission electron microscope (STEM) imaging in combination with a high-angle 
annular dark-field (HAADF) detector and analysed by energy-dispersive X-ray spectroscopy 
(EDX). Thickness determination was done via convergent beam electron diffraction (CBED) 
using a comparison between experimental and simulated CBED patterns obtained by the 
software TEMStrain by A. Morawiec [27]. Additionally, in order to clarify local inhomogenei-
ties in ODS_WQ_RT, a TEM lamella was produced by FIB on a specific area (selected by SEM) 
with the above-mentioned Zeiss NVision 40 Cross-Beam. 



Fracture surface characterization 

The C(T) specimens were heat tinted after testing and then the halves were mechanically 
separated after cooling it in liquid nitrogen to permit visual access to the fracture surfaces. 
Stereoscopic microscopy and SEM SE imaging was performed on all primary fracture surfaces 
to understand the fracture mechanisms. 

2.3 Tensile tests 

Tensile tests were carried out by KIT on miniature cylindrical tensile specimens of 
ODS_AC_RT as sufficient material was not available for larger specimen testing. The speci-
men was 2 mm in diameter and 7.6 mm in nominal gauge length parallel to the rolling direc-
tion. The tests were performed in air with a crosshead speed of 0.1 mm/min in the tempera-
ture range from RT to 700 ˚C. The resulting initial strain rate was 2.38 x 10-4 s-1. One speci-
men was tested at each temperature. The procedures and specimen design in the test were 
adherent to ASTM E8. 

2.4 Quasi-static fracture toughness testing  

Sub-sized compact tension C(T) specimen of 6.35 mm thickness (0.25T) were machined from 
ODS_WQ_RT and ODS_AC_RT in the L-T orientation. The cutting scheme of the specimen 
can be seen in Fig. 1. All the C(T) specimens were 20% side grooved and fatigue pre-cracked 
at RT with 14 MPa√m as the nominal cyclic stress intensity at the end of fatigue pre-cracking 
stage (Kend). A crack length to width ratio (a/W) of 0.5 was obtained using a resonance test-
ing machine. 

 
Fig. 1 Cutting scheme of the 0.25T C(T) specimens from ODS_WQ_RT and ODS_AC_RT in the L-T orientation 

The unloading compliance method [28] was used to carry out quasi-static fracture toughness 
tests according to ASTM E1820-13 [29]. A 25% load drop and a 30 s relaxation time were 
associated with each unloading. Single tests were performed in air at temperatures of -100, 
22, 100, 200, 300, 400 and 600 ˚C for ODS_WQ_RT. For ODS_AC_RT, the same testing tem-
peratures, except 300 ˚C, were used. Unloading steps between 0.005 mm and 0.015 mm 
were used with a crosshead speed of 0.1 mm per minute. After approximately 2 mm crack 



propagation, the tests were stopped and specimens were heat tinted to identify the crack 
growth region. The tests performed at or above 400 ˚C required no additional heat tinting 
due to the oxidation at high test temperatures. Optical microscopy was used to measure the 
initial and the final primary crack lengths at the fracture surfaces according to the nine point 
standard ASTM E1820-13 method. The crack opening displacement (COD) measurements 
were performed at the front face. Therefore, the compliance and the displacement values 
were converted to the load line values [30]. Finally, the fracture toughness evaluation was 
performed according to ASTM E1820-13.  

2.5 Nanoindentation 

The inhomogeneous microstructure in ODS_WQ_RT was analysed using site-specific 
nanoindentation in order to investigate the different regions. A universal nanomechanical 
tester (Zwick GmbH) equipped with a Berkovich indenter was used to perform nanoindenta-
tion testing. A maximum indentation load of 50 mN was applied. The measurement cycle 
consisted of loading for 248 s following a quadratic function with a dwell time of 3 s, a creep 
segment at 50 mN for 20 s with a dwell time of 3 s, an unloading segment for 8 s where the 
load was reduced to 5 mN following a quadratic function, a holding segment for 60 s and a 
final unloading segment for 1.6 s. Two reference materials (fused silica, sapphire) with 
known elastic moduli were used for the calibration of the indenter area function and the 
instrument stiffness. Hertzian contact was assumed for the first several 10 nm of the loading 
curve for the zero point correction.  

The short duration of the measuring cycle meant that a thermal drift correction was not 
necessary. Additionally, the system was allowed to equilibrate for at least 45 min prior to the 
measurements and was equipped with thermal insulation. Data analysis was performed us-
ing a method developed by Doerner and Nix [31], adapted to pyramidal indenters by Oliver 
and Pharr [32,33].  

3 Results 

3.1 Microstructure characterization 

3.1.1 Optical microscopy 

ODS_WQ_450 looks homogeneous under optical microscope with many sub-micron particles 
(size: 100 nm – 1000 nm) (Fig. 2a). Bright stripes parallel to the rolling direction were ob-
served in ODS_WQ_RT (Fig. 2b) which were claimed as insufficient mechanically alloyed re-
gions devoid of nano-particles [34]. The rest of the etched microstructure appeared homo-
geneous with many large sub-micron particles. It was reported previously that the micro-
structure of ODS_AC_RT too contained inhomogeneous regions appearing as “bright stripes” 
parallel to the rolling direction in bright-field optical microscopy images (Fig. 2c) [35]. It was 
found that these regions were insufficiently mechanically alloyed and were devoid of oxide 
nano-particles. 



 
Fig. 2 Optical microscope images of the etched bulk microstructure of a) ODS_WQ_450, b) ODS_WQ_RT and c) 
ODS_AC_RT 

3.1.2 SEM 

SEM SE images of the etched specimen highlight the “larger” sub-micron particles which ap-
pear as bright dots primarily along grain boundaries in all the three alloys (Fig. 3). These sub-
micron particles are pre-dominantly Cr, W and C rich precipitates of the M23C6 type as identi-
fied by STEM-EDX and SAD (shown later in Fig. 9 and Fig. 11, respectively).  

 
Fig. 3 SEM SE micrographs in the etched LS plane highlighting the sub-micron particles of a) ODS_WQ_450, b) 
ODS_WQ_RT and c) ODS_AC_RT 

3.1.3 EBSD 

The grain boundary maps of all the ODS steels obtained from EBSD measurements are pre-
sented in Fig. 4 for the LS plane. ODS_AC_RT and ODS_WQ_RT exhibit bimodal grain struc-
ture with more than 80 % of the grains in the ultra-fine grain (UFG) regime (below 1 μm in 
size) together with coarse grains; these ultra-fine grains exhibit an average size of 0.45 μm 
and 0.47 μm, respectively, in the two materials. Grains above a micron are classified as 
coarse grains. The coarse grains exhibit an average size of 1.56 μm and 1.63 μm for 
ODS_AC_RT and ODS_WQ_RT, respectively. The grain aspect ratios of both the materials are 
similar and not too high, as shown in Table 3 with the presence of elongated zones contain-
ing coarser grains arranged parallel to the longitudinal direction. In ODS_WQ_450, the ultra-
fine and the coarse grains are more evenly distributed with sizes of 0.59 μm and 1.87 μm, 
respectively. The grains are more or less equiaxed with no specific arrangement in any par-
ticular direction. A detailed statistical grain size analysis of the ultra-fine and coarse grains in 
terms of equivalent circular diameter (the diameter of a circle with the same area as the 
grains), corresponding grain aspect ratio (GAR), number and area fraction are presented for 
all the materials in Table 3.  

Typically, in ODS_WQ_450, there was no internal misorientation within the grains (Fig. 5a). 
Those grains that appeared to have some internal misorientation were mostly due to arte-



facts caused by the LAGBs between some of the grains. ODS_WQ_RT and ODS_AC_RT both 
exhibited a high internal misorientation within the grains (Fig. 5b and c). 

Table 3 Grain size analysis for ultra-fine and coarse grains for the three ODS steels in the LS plane 

Material 

Ultra-fine grains (d ≤ 1 μm) Coarse grains (d > 1 μm) Average 
grain 
size 

(μm) 

Average 
size 
(μm) 

Number 
fraction 

(%) 

Area 
fraction 

(%) 
GAR 

Average 
size 
(μm) 

Number 
fraction 

(%) 

Area 
fraction 

(%) 
GAR 

ODS_WQ_450 0.59 48.9 8.3 2 1.87 51.1 91.6 1.8 1.24 

ODS_WQ_RT  0.47 81.6 27.1 2.2 1.63 18.4 72.9 2.4 0.68 

ODS_AC_RT 0.45 85.5 33.4 2 1.56 14.5 66.6 2 0.61 

 

 
Fig. 4 EBSD grain boundary maps of a) ODS_WQ_450, b) ODS_WQ_RT and c) ODS_AC_RT specimens. HAGBs 
(grain boundary misorientation angle ≥ 15°) and LAGBs (grain boundary misorientation angle between 5° and 
15°) are coloured red and blue, respectively. 

 
Fig. 5 Internal misorientation of a measured pixel with respect to the corresponding average grain orientation 
of a) ODS_WQ_450 b) ODS_WQ_RT and c) ODS_AC_RT. White colour indicates zero misorientation, transition-
ing towards blue with increasing misorientation. Red coloured points exceed 15° internal misorientation. 

3.1.4 TEM 

Eiselt et al. reported Y and Ti enriched nano-particles with their size ranging from 6 nm to 
40 nm with a peak at 12 nm for ODS_WQ_450 [24]. For ODS_AC_RT, small angle neutron 
scattering (SANS) and TEM characterization of the nano-particles was performed [36]. The 
nano-particles had an approximately spherical shape and were enriched in Y and O, with a 



Y:O ratio of 2:3 with minor amounts of Fe, Cr and Si. The average diameter of the nano-
particles was 3.8 nm with a number density of 11.5 x 1022 m-3. 

In order to investigate the nano-particles in the bright stripe and the matrix region of 
ODS_WQ_RT using TEM, a FIB lift out was performed on ODS_WQ_RT to obtain a thin lamel-
la that contained areas of both the bright stripe and the adjoined matrix (Fig. 6a). It was 
found that the bright stripe region contained finer nano-particles (size range: 1 - 4 nm) with 
a higher number density compared to the matrix which contained nano-particles in the size 
range 2 - 12 nm (Fig. 7). A similar TEM investigation has already been performed on 
ODS_AC_RT (Fig. 6d) where it was found that the bright stripes were devoid of oxide nano-
particles (Fig. 6e) presumably due to insufficient MA, while an appreciably higher number of 
nano-particles were observed in the matrix (Fig. 6f) [35]. Their similar appearance under op-
tical microscopy, as demonstrated in Fig. 2b and c, illustrates the necessity of an advanced 
study of these areas by means of TEM and nanoindentation in order to make a clear distinc-
tion. 

 
Fig. 6 SEM micrographs showing FIB lamella taken out from etched a) ODS_WQ_RT (nanoindents are visible) 
and d) ODS_AC_RT including areas from a bright stripe and the adjoining matrix region. (b and e) represent a 
STEM bright field image from the bright stripe region and (c and f) represent a STEM bright field image from 
the matrix region for ODS_WQ_RT and ODS_AC_RT, respectively. White and black arrows are used to indicate 
some of the nano-particles in ODS_WQ_RT and ODS_AC_RT, respectively. The two almost straight lines in e) 
are dislocations. 



 
Fig. 7 Size distribution of the nano-particles in the bright stripe and matrix region of ODS_WQ_RT where n is 
the number of nano-particles examined. 

With respect to the investigation of the sub-micron particles, the largest were found in 
ODS_WQ_450 followed by both ODS_WQ_RT and ODS_AC_RT in which these particles were 
similar in size (Fig. 8). In all the three materials, the bulk alloy predominantly consisted of 
many large Cr, W and C enriched sub-micron particles with a few smaller sub-micron parti-
cles enriched with Mn, V and O (Fig. 9). A detailed analysis of the size, number density, vol-
ume fraction along with the major and minor sub-micron particle enrichments for all the 
three materials can be found in Table 4. The longest and shortest size of the particles was 
measured in the sample area. The volume fraction of the sub-micron particles was obtained 
by assuming them as spheroids with half the longest dimension as the major axis and half 
the shortest dimension as the minor axis. In STEM-EDX, for the analysis of a particular sub-
micron particle, the analysed volume contained not only the sub-micron particle, but addi-
tionally, a part of the matrix (many particles are smaller than the sample thickness, which 
was typically of order 200 nm). Therefore, the values given in Tables 4 and 5 indicate the 
general enrichment in the sub-micron particle composition and do not necessarily present 
the true composition. 

The enriched sub-micron particle compositions (the largest examined) and the bulk composi-
tions, found using STEM-EDX, are presented in Table 5 for all the materials. ODS_WQ_450 
contained large sub-micron particles additionally enriched with O. The STEM-EDX spectra 
from the bulk and a sub-micron particle of ODS_WQ_450 presented in Fig. 10 distinguishes 
the C and O peaks at low energies. Similar C peaks were also observed for sub-micron parti-
cles in ODS_WQ_RT and ODS_AC_RT, but no O enrichment was found in them. 



 
Fig. 8 Bright field STEM image of a) ODS_WQ_450 along with HAADF-STEM images of b) ODS_WQ_RT and c) 
ODS_AC_RT showing the sub-micron particles along with their size distributions. 

 
Fig. 9 STEM-EDX element mappings of a) ODS_WQ_450, b) ODS_WQ_RT and c) ODS_AC_RT showing sub-
micron particles predominantly enriched with Cr, W and C (maps were not normalizedto enhance contrast 
between elements) with additional minor enrichments in O, Mn and V (shown in normalized maps). 
 



Table 4 Sub-micron particles in all the three ODS steels found using STEM-EDX. The Cr maps of all the materials 
are used for obtaining the statistics on the larger particles. 

 Material 
Particle enrichment Average 

longest size 
(μm) 

Average 
shortest 
size (μm) 

Number 
density 

(1019 /m3)  

Volume 
Fraction Major Minor 

ODS_WQ_450 

all 0.3 0.13 0.67 0.0175 

C, W  Cr, O 0.31  

  
C, O  Cr, W 0.29  

O, Mn V, Cr 0.22  

V  O 0.13  

ODS_WQ_RT 

all 0.15 0.09 1.26 0.0084 

Cr, W - 0.16  

  C  W, Cr 0.15  

O Mn 0.07  

ODS_AC_RT 

all 0.14 0.08 1.32 0.0062 

Cr, W - 0.17  

  C W, Cr 0.15  

V Cr 0.11  

 
Table 5 A comparison of the bulk composition and the enriched sub-micron particle compositions. The term 
enrichment is used here, since the analysed volume may contain the matrix along with the sub-micron particle. 
The bold values indicate the particle enrichments. 

Element (wt. %) 
ODS_WQ_450 ODS_WQ_RT ODS_AC_RT 

Bulk C, W, Cr, O C, O, Cr, W Bulk Cr, W C, W, Cr Bulk Cr, W C, W, Cr 

C 0.45 2.3 3.3 0.4 0.1 2.9 0.3 0.2 2.8 

O 0.38 1.0 2.1 0.3 0.7 0.5 0.6 0.6 0.6 

V 0.21 0.3 0.2 0.2 0.3 0.2 0.2 0.4 0.3 

Cr 7.94 23.9 18.7 7.1 29.6 19.3 6.7 34.1 20.3 

Mn 0.69 0.9 0.8 0.6 1.0 0.8 0.6 1.1 0.9 

Fe 89.3 68.1 72.6 90.4 64.1 73.3 90.6 58.8 72.1 

W 1.07 3.5 2.3 1.0 4.1 2.9 1.0 4.8 3 



 

 
Fig. 10 STEM-EDX spectra represented by counts per second (cps) versus energy plots from a) the bulk and c) a 
C, O, Cr, W enriched sub-micron particle of ODS_WQ_450. b) and d) shows the spectrum at low energy values 
to distinguish the C and O peaks in the bulk and the sub-micron particle, respectively 

Fig. 11 presents a SAD pattern obtained for ODS_AC_RT. Apart from diffraction rings that 
correspond to the iron grains, several diffraction spots were observed. To obtain the lattice 
constant from all spots, the evaluation was done relative to the iron spots in order to gain 
the best possible accuracy. Assuming the presence of M23C6 carbides with a face cubic cen-
tred (fcc) structure and a lattice constant of 1.06 nm and an iron lattice constant of 
0.286 nm, many of these spots can be indexed, as demonstrated by green circles in Fig. 11. 
However, there are additional spots that are not in agreement with this assumption; several 
examples are marked by red circles in Fig. 11. Most of these additional spots cannot be ex-
plained by possible diffraction from larger Y2O3 particles, assuming a bcc lattice and a lattice 
constant of 1.065 nm for Y2O3. Consequently, there are likely different types of particles in-
side the diffraction volume, which is in agreement with the EDX analysis. 

In the other two ODS alloys, diffraction patterns indicate similar result (patterns had inferior 
quality and hence are not presented here): diffraction spots from fcc M23C6 carbides and 
some unidentified additional particles were present. Applying SAD, the amount of diffraction 
spots from a chosen area is limited, and therefore, completeness cannot be guaranteed. 
While SAD provides evidence that all three ODS alloys contain M23C6 carbides, SAD is insuffi-
cient to determine whether the additional spots (and particles) are the same for all three 



ODS steels. A careful X-ray diffraction analysis (not done here) may provide additional infor-
mation; however, this characterization is beyond the scope of the present work. 

 

 
Fig. 11 Subset of a selected area diffraction (SAD) pattern recorded in ODS_AC_RT. The contrast is artificially 
increased to visualize the weaker diffraction spots. Blue arrows point to the 110 and 200 diffraction rings of the 
iron grains. Green circles correspond to reflections from M23C6 carbides, red circles indicate particles with lat-
tice constants different from M23C6 

3.2 Nanoindentation 

Nanoindentation was performed on the bright stripes and matrix region of ODS_WQ_RT. 
Two series of indentations were performed on multiple bright stripes containing 7 and 13 
indents, respectively while one series of 9 indents was performed on the matrix. An average 
load displacement curve was calculated from the single corrected curves of several indents, 
with a spacing of 30 μm in the matrix and with a spacing of 10 μm in the bright stripes, 
placed in such a manner to avoid interference by neighbouring indents. To calculate the av-
erage curve, the load or holding time in case of the holding segment, is divided into intervals 
and the data points of all curves within this interval are averaged. The standard deviation for 
load and displacement was calculated for each interval and was used to calculate the statis-
tical errors in the subsequent analysis. 

A plot of indentation hardness variation with the contact depth for ODS_WQ_RT can be 
found in Fig. 12a along with the a similar plot for ODS_AC_RT in Fig. 12b (data obtained from 
[35]). It is clear that the bright stripes in ODS_WQ_RT were slightly harder than the matrix, 
which was opposite of what was observed in ODS_AC_RT (Fig. 12b) [35]. A reference depth 
of 400 nm was chosen to eliminate the uncertainties associated with low load measure-
ments [37] and not exceed the thickness of the bright stripe. In ODS_WQ_RT, the average 
indentation hardness values measured at the reference depth of 400 nm for the matrix was 
4.14 ± 0.40 GPa while it was 4.48 ± 0.33 GPa for the bright stripes. 



 
Fig. 12 Plots indicating indentation hardness as a function of contact depth for a) ODS_WQ_RT and b) 
ODS_AC_RT (data obtained from [35]) 

3.3 Tensile tests 

Yield strength (σy) and total elongation (εt) are presented in Fig. 13 for ODS_AC_RT for tem-
peratures ranging from RT to 700 ˚C and the tensile test data can be found in Table 6. Tensile 
data for ODS_WQ_RT from McClintock et al. [15] and Byun et al. [18] and for ODS_WQ_450 
from Chaouadi et al.[23] are also plotted in the same figure for comparison. The tensile test 
conditions (strain rate, sample size etc.) were similar for all materials and the same can be 
stated about the observed trends. The yield strength values of the different alloys decreases 
gradually up to ≈ 400 ˚C. At temperatures above ~400°C, the yield strength drops at a steep-
er rate. ODS_WQ_RT exhibited the highest yield strength values at all temperatures. This is 
followed by ODS_AC_RT which exhibited higher yield strength than ODS_WQ_450 up to 
400 ˚C. ODS_AC_RT and ODS_WQ_450 exhibited similar yield strength values above 400 ˚C.  

The total elongation values remained relatively stable for all alloys up to 400 ˚C, above which 
it increased, reaching a maximum value above 600 ˚C. Up to 500 ˚C, the total elongation of 
ODS_WQ_450 was the highest followed by ODS_AC_RT and ODS_WQ_RT. Above 500 ˚C, 
ODS_AC_RT exhibited the highest total elongation values. 

 
Fig. 13 a) Yield strength (σy) and b) total elongation (εt) as a function of temperature for ODS_AC_RT in the 
longitudinal direction. For ODS_WQ_RT, the tensile test data has been obtained from McClintock et al.[15] & 
Byun et al. [18] and for ODS_WQ_450, it has been obtained from Chaouadi et al.[23]. 



Table 6 Tensile test data for ODS_AC_RT 
Temperature 

(˚C) 
Yield 

Strength 
σy (MPa) 

Ultimate tensile 
strength 
σUTS (MPa) 

Uniform 
elongation 

εu (%) 

Total 
elongation 

εt (%) 
RT 886 1066 3.5 16.4 

300 727 913 2.5 15.5 
400 741 840 1.9 14.8 
500 537 685 1.5 22.9 
600 330 428 2.9 37 
700 163 247 15.3 36.8 

3.4 Fracture toughness tests 

The fracture toughness for ODS_WQ_RT and ODS_AC_RT is plotted as a function of temper-
ature in Fig. 14. Fracture toughness is represented by JQ values which are provisional JIC val-
ues determined by the intersection of the J-R curve with a 0.2 mm offset line. Additionally, 
the fracture toughness values are provided in Table 7; samples that exhibited unstable crack 
propagation are suffixed with “U”. Insufficient ODS_WQ_450 material was available to per-
form experiments similar to the other two ODS steels, therefore the fracture toughness val-
ues from Chaouadi et al.[23] in the temperature range of 300 ˚C to 650 ˚C were used for 
comparison. At -100 ˚C and RT, the fracture toughness of ODS_WQ_450 are taken from Lu-
con et al. [3,38]. A dotted line in Fig. 14 is used to connect the two set of values for 
ODS_WQ_450.  Differences due to size effects and different experimental setups were not 
assumed to be significant as most of the tests were performed on similar reduced sized 
specimens (6 mm thickness). Only the tests at -100 ˚C and RT of ODS_WQ_450 (from Lucon 
et al. [3,38]) were performed with specimen sizes smaller than the rest of the test specimens 
(3 mm thickness). Hence these fracture toughness values are expected to be higher (grey 
symbols in Fig. 14). 

At -100 ˚C, ODS_AC_RT experienced unstable fracture and exhibited low fracture toughness. 
At and above RT, the fracture toughness increased above JQ = 45 kJ/m2 (represented by a 
dashed line in Fig. 14) and reached its highest value at 100 ˚C. Byun et al. [18] considered  
JQ = 45 kJ/m2 (KJQ ≥ 100 MPa√m) an acceptable limit of fracture toughness for ODS steels for 
engineering applications. At 200 ˚C and 400 ˚C, the fracture toughness decreased and at 
600 ˚C, the fracture toughness dropped back to low values.  

ODS_WQ_RT exhibited higher fracture toughness than ODS_AC_RT at lower temperatures  
(-100 ˚C and RT) while above 100 ˚C, the fracture toughness values for the two alloys were 
similar (Fig. 14). ODS_WQ_450 in comparison exhibited the lowest fracture toughness at 
lower temperatures (-100 ˚C and RT). Even though the fracture toughness decreased above 
300 ˚C, ODS_WQ_450 exhibited significantly higher fracture toughness at temperatures be-
tween 300 ˚C and 500 ˚C compared to the other two ODS steels. Above 500 ˚C, the fracture 
toughness of ODS_WQ_450 is only slightly higher than the other two ODS steels. 
  



Table 7 Fracture toughness (JQ) values for ODS_WQ_RT and ODS_AC_RT at various temperatures for the L-T 
orientation 

Temperature 
°C 

ODS_WQ_RT 
JQ (kJ/m2) 

ODS_AC_RT 
JQ (kJ/m2) 

-100 79.2 5.3U 
22 120.2 59 

100 103.6 102 
200 118 96.8 
300 107.9 - 
400 47.1 60.8 
600 5.9 12.8 

 
Fig. 14 Fracture toughness comparison over a wide temperature range for ODS_AC_RT and ODS_WQ_RT along 
with ODS_WQ_450 (taken from Chaouadi et al.[23]). For ODS_WQ_450, the results for -100 ˚C and 22 ˚C are 
taken from Lucon et al. [3,38] (grey symbols). A dotted line is used to connect the two set of values for 
ODS_WQ_450. The dashed line indicates the acceptable fracture toughness value of JQ = 45 kJ/m2 
(KJQ = 100 MPa√m) [18] 

3.5 Fracture surfaces 

From the macroscopic stereo microscope images it was clear that ODS_WQ_RT exhibited 
significant amount of secondary cracking from -100 ˚C to 100 ˚C (Fig. 15). The amount of 
secondary cracking reduced as the temperature increased. ODS_AC_RT on the other hand 
exhibited a featureless flat fracture surface at -100˚C, a fracture surface with partial second-
ary cracking at RT, and a fracture surface without secondary cracks at 100 ˚C. At and above 
200 ˚C, both the materials exhibited no secondary cracking. 

On a microscopic level, the primary crack growth region (heat tinted darker regions of 
Fig. 15) consisted of dimples from -100 ˚C to 400 ˚C for ODS_WQ_RT (Fig. 16). This was also 
true for ODS_AC_RT but for a temperature range of RT to 400 ˚C. At -100 ˚C, ODS_AC_RT 
exhibited a flat fracture surface with multiple facets. At 600 ˚C, both the materials exhibited 
particle like features on the fracture surface devoid of any dimples. 

For ODS_WQ_450, dimples were observed by Chaouadi et al. [23] for fracture surfaces test-
ed between 300 ˚C and 550 ˚C while particle like features were observed for the fracture 
surface tested at 650 ˚C. 



 
Fig. 15 Stereo microscope macroscopic images of fracture surfaces of ODS_WQ_RT and ODS_AC_RT at different 
temperatures  

 
Fig. 16 SEM SE images of fracture surfaces of ODS_WQ_RT and ODS_AC_RT at different temperatures 

4 Discussion 

4.1 Microstructure characterization 

ODS_WQ_450 was austenitized at 1100 ˚C and then water quenched to 450 ˚C, which is 
above the martensite start temperature (MS ≈ 350 ˚C [11]). Further tempering and cooling 
leads to ferrite formation. Hence its microstructure consists only of globular ferrite grains 
and no martensitic packets, sub-grains or laths were observed (Fig. 8a). The internal misori-
entation in the grains was very low (Fig. 5a) which confirms a ferrite phase formed by phase 
transformation via iron diffusion. 

Klimiankou et al. reported martensitic grains, characterized by a lath structure and a high 
dislocation density for ODS_WQ_RT [9]. The lath structure was corroborated by the TEM 
image (Fig. 8b) while the internal misorientation map (Fig. 5b) confirmed the presence of 
multiple LAGBs formed due to dislocations introduced via the martensitic transformation. 
For ODS_AC_RT, it was reported that the air cooling rate was high enough to form marten-
site [35] which was corroborated by both the TEM image and the internal misorientation 
map (Fig. 8c and Fig. 5c). In the following, a possible sequence of the microstructure evolu-
tion during the manufacturing of these two materials is suggested: 



1. Shortly before and during the hot-rolling process at 1150 ˚C, austenitization already 
begins, due to the high driving pressure in ferrite. Due to the large deformation and 
high temperature, dynamic recrystallization sets in at certain parts of the plate, re-
sulting in a bimodal microstructure. 

2. Afterwards, a separate heat treatment at 1100 ˚C for 30 minutes completes the aus-
tenitization process. As carbides begin to dissolve, equiaxed austenite grains start to 
form at the carbide-ferrite matrix interfaces [7]. Due to the pinning effect by the 
nano-particles in the microstructure, the prior austenite grains (PAGs) are fine sized 
(of the order of a few μm). A similar fine-grained microstructure was reported in [11]. 

3. Subsequent water/air cooling to RT leads to the formation of martensite inside the 
PAGs. Precipitation of carbides rich in Cr, W and Fe takes place at the PAG boundaries 
and the lath boundaries. Similar results were also reported in [10]. 

4. Tempering at 750 ˚C for 2 hours leads to diffusion and recovery resulting in the par-
tial transformation of martensite lath boundaries to sub-grain boundaries along with 
formation and coarsening of the M23C6 carbide precipitates at grain boundaries. The 
SEM SE image of the etched bulk material in Fig. 3 also shows these coarsened car-
bides at grain boundaries. A similar microstructure was reported in previous publica-
tions [9,10]. 

The tempered martensite grains formed from PAGs are bimodal in nature with a continuous 
harmonic structure, which consists of coarse grained islands in a matrix of ultra-fine grains. 
Such microstructures were reported for several pure metals and alloys [39–42] and were 
found to provide a good balance of a high yield strength and high ductility, both of which are 
beneficial for fracture toughness.  

A non-intuitive microstructural difference between ODS_WQ_RT and ODS_AC_RT is that 
although the elongated inhomogeneous regions or the “bright stripes” in both these materi-
als look identical under optical microscopy (Fig. 2b and c), they are not the same. Residual α-
ferrite forms during the incomplete reverse transformation of α-ferrite to γ-austenite during 
the austenitization step at 1100 ˚C due to the blocking of α-ferrite/γ-austenite interfaces by 
nano-particles in the matrix [6,19,20,43–49]. This phase is reported to be responsible for 
providing superior creep and high-temperature strength to ferritic-martensitic ODS steels 
[6,44,50–52]. Residual ferrite was reported to be harder and contains finer and higher num-
ber density of oxide nano-particles than the matrix [6,7]. Indeed, the results indicate that the 
bright stripes in ODS_WQ_RT are residual α-ferrite phases as they are harder than the matrix 
(Fig. 12a) and contain finer and higher number density of oxide nano-particles than the ma-
trix (Fig. 6a-c and Fig. 7). The residual ferrite phase cannot fully be expected to be free of 
internal misorientation as in the case of recrystallized ferrite grains, due to strains intro-
duced by neighbouring grains which underwent the martensitic transformation and there-
fore may contain LAGBs. Indeed, a noteworthy internal misorientation was observed in 
these bright stripes (Fig. 5b). 

On the other hand, it was reported by Das et al. that the bright stripes in ODS_AC_RT were 
were softer than the matrix (Fig. 12b) and were devoid of oxide nano-particles (Fig. 6e) [35]. 
Due to the lack of oxide nano-particles, the α-γ transformation was not blocked during aus-
tenitization and thus residual ferrite can be ruled out in the bright stripes. The likely explana-
tion for the formation of these bright stripes is imperfect mechanical alloying which results 
in the absence of nano-particles in the bright stripes. This leads to higher grain boundary 



mobility, larger grain size and lower number of grain boundary carbides which results in the 
distinct etching behaviour of these regions [35]. 

4.2 Microstructure – fracture toughness correlation 

General considerations 

Some of the fracture toughness tests conducted at lower temperatures (especially at -100 ˚C 
of ODS_AC_RT) resulted in transgranular cleavage fracture which typically produces a multi-
faceted flat fracture surface (Fig. 15 and Fig. 16). Brittle cleavage fracture is dependent on 
material parameters such as sub-micron particle size, volume fraction, matrix ductility and 
grain boundary strength. It is especially sensitive to the size and distribution of carbides in 
the microstructure [53,54].  

At higher temperatures (100 ˚C ≤ T ≤ 500 ˚C), the fracture surfaces predominantly exhibit 
dimples indicative of transgranular ductile fracture (Fig. 16). The fracture toughness in the 
ductile regime also depends on the factors mentioned above but is predominantly sensitive 
to the matrix ductility or the strain hardening ability of the material. 

At T > 500 ˚C, the fracture surface morphology changes from dimples to particle like features 
indicative of grain boundary decohesion (Fig. 16). Similar features on the fracture surface 
were also observed for other ODS steels [12,55–59]. Due to these observations, it is thought 
that at elevated temperatures the fracture toughness of these ferritic martensitic ODS alloys 
is predominantly controlled by the grain boundary strength. 

Fracture toughness of a material, in general, is dependent on the following parameters over 
a wide range of temperatures: 

4.2.1 Sub-micron particle size 
At low temperatures, large sub-micron particles can fracture and initiate crack propagation 
causing brittle fracture [60]. At higher temperatures, ductile fracture occurs, where a void 
can be nucleated by sub-micron particle cracking or by its decohesion with the matrix. The 
interfacial strength between sub-micron particles and the matrix depends on the local chem-
ical composition. Most studies indicate that void nucleation occurs at the larger sub-micron 
particles [61,62], which therefore control the fracture toughness of a material. Particles be-
low 100 nm typically do not contribute to void nucleation directly but can contribute indi-
rectly [62]. The nano-particles block dislocation motion which results in an increase of the 
yield strength. An increase in the yield strength is usually associated with a decrease in duc-
tility and fracture toughness. 

4.2.2 Sub-micron particle volume fraction 

The fracture toughness of a material decreases with an increase in the volume fraction of 
sub-micron particles. This was reported experimentally by Lee et al. [63] for brittle fracture 
in reactor pressure vessel steels and by Edelson and Baldwin for ductile fracture in two 
phase alloys [64]. Additionally, Srivastava et al. [65] and Gao et al. [66] using simulations of 
ductile fracture reported the same trend. 



4.2.3 Secondary cracking 

Secondary cracks propagate in a plane perpendicular to the primary crack plane and are 
formed due to constraint-induced stress. Constraint induced stress acts in a direction per-
pendicular to the primary stress and exists in thick samples where, due to high stresses close 
to the crack front, the material nearby the crack front tries to contract but is resisted by the 
bulk material surrounding it (plain strain in the centre of the sample). Secondary cracking has 
been observed in various hot-rolled ODS steels due to microstructural anisotropy [55,57,67–
72] and, experimental data and 3D finite element analysis has shown that they can increase 
energy absorption hence increasing the fracture toughness [55,73,74]. 

4.2.4 Matrix ductility 
Fracture toughness is dependent on the ductility or the strain hardening ability of the mate-
rial [75], which, in general for ductile materials, tends to decrease with increasing yield 
strength [76]. The yield strength of a material can be influenced by a number of factors, pre-
dominantly including the nano-particle type, size, and number density; dislocation density; 
and grain size.  

4.2.5 Grain boundary strength 

In the brittle regime, grain boundary strength can reduce due to segregation of impurities at 
the grain boundaries while in the ductile regime; it does not play a major role in controlling 
the fracture toughness. At relatively high temperatures (T > 500 ˚C), grain boundary strength 
controls the fracture toughness. Grain matrix deformation and grain boundary sliding were 
reported as the dominant deformation mechanisms [58] which occur due to weakened grain 
boundaries [59]. Some works suggest a higher dislocation activity at weakened grain bound-
aries as the primary cause for grain boundary strength reduction [12,58,77] while others 
attribute it to the segregation of solute atoms at the grain boundaries [57,78]. This leads to 
cavities at the grain boundary [79] and a shallow plastic zone [55] that lowers the fracture 
toughness. Materials with finer grains exhibit higher grain boundary area per unit volume, 
and hence are more prone to intergranular fracture at high temperatures. 

4.3 Comparison of the ODS EUROFER steels 

4.3.1 ODS EUROFER vs non-ODS EUROFER 

Using sub-size KLST (kleinstprobe) specimens, Lindau et al. reported that non-ODS EUROFER 
exhibited higher upper shelf energy and a lower ductile to brittle transition temperature 
(DBTT) as compared to different batches of ODS EUROFER [1]. Master curve testing at a low-
er temperature range (below RT) [3] and fracture toughness testing at higher temperatures 
(300 ˚C to 650 ˚C) [23] also confirm higher fracture toughness for non-ODS EUROFER steels. 
This can be attributed to the higher ductility of non-ODS EUROFER steels as compared to 
ODS EUROFER steels [3]. The higher ductility in non-ODS EUROFER is a direct consequence of 
lower yield strength. Additionally, ductility is enhanced by the coarse grain structure in non-
ODS EUROFER in which an average PAG size close to 15 μm was reported by Zilnyk et al. [11]. 
In comparison, the reported PAG size in ODS EUROFER is almost an order of magnitude 
smaller due to pinning of PAG boundaries by nano-particles. Furthermore, it was reported 
that the amount of retained austenite was higher in non-ODS EUROFER in comparison to 
ODS EUROFER which also contributes towards its ductility [11]. 



4.3.2 ODS_WQ_RT vs ODS_AC_RT 

At temperatures close to the ductile to brittle transition regime of the two materials (-100 ˚C 
and RT), where brittle fracture plays a major role, ODS_WQ_RT exhibits higher fracture 
toughness and more stable fracture behaviour as compared to ODS_AC_RT (Fig. 14). This is 
not intuitive as the volume fraction and sizes of sub-micron particles, which are critical pa-
rameters for crack initiation in brittle fracture, in both these materials are similar (bold val-
ues in Table 4). The primary reason for the higher toughness observed in ODS_WQ_RT is the 
occurrence of higher amount of secondary cracking (Fig. 15), which is a by-product of the 
delamination phenomenon in the crack-divider geometry [80]. Secondary cracking occurs 
due to microstructural anisotropy however, in this work, most of the microstructural anisot-
ropy is eliminated, due to the phase transformation of the 9Cr ODS EUROFER steels. Only 
elongated inhomogeneous regions (bright stripes) are left in both of the materials. In this 
case, the extensive secondary cracking in ODS_WQ_RT may be explained by the mismatch of 
mechanical properties between the elongated hard residual ferrite phases (Fig. 12a) contain-
ing finer nano-particles (Fig. 7) and the soft tempered martensite matrix. The constraint-
induced stress deforms the softer matrix more than the harder residual ferrite phases result-
ing in secondary cracks at the interface of these two regions. It was also reported that sec-
ondary cracks were beneficial for preventing cleavage fracture [2,74] and for the stabiliza-
tion of primary cracks [72]. Indeed, this was observed in the present work where secondary 
cracks in ODS_WQ_RT at low temperatures prevented unstable fracture and supported the 
formation of a ductile primary crack growth region (heat tinted region in Fig. 15). On the 
contrary, ODS_AC_RT exhibits no secondary cracking at -100 ˚C resulting in unstable brittle 
fracture and exhibits partial secondary cracking at RT resulting in stable fracture but lower 
fracture toughness. The inhomogeneous regions in ODS_AC_RT are softer than the matrix 
(Fig. 12b) and hence both the regions deform similarly with the constraint induced stress 
which may explain why ODS_AC_RT is less prone to secondary cracking as compared to 
ODS_WQ_RT. 

At temperatures between 100 ˚C and 500 ˚C, both the materials exhibit more or less similar 
fracture toughness (Fig. 14). Here, the fracture toughness is primarily controlled by the ma-
trix ductility of the material. The similar value of total elongation of the two materials in this 
temperature range confirms this (Fig. 13b). With the data presented in Fig. 14, a discussion 
of minor differences between ODS_WQ_RT and ODS_AC_RT with respect to the measured 
fracture toughness values above 100 °C is not meaningful, assuming that the statistic exper-
imental error of JQ is typically of the order 10 kJ/m² and measurements were not repeated. 
The lack of significant differences is understandable, as both alloys have very similar micro-
structural parameters that are important for fracture toughness; microscopic analysis 
showed the grain size, grain shape, volume fraction and size distribution of the sub-micron 
particles as well as their composition are similar for both alloys (with the exception of the 
bright stripe regions). 

At temperatures above 500 ˚C, the total elongation of ODS_AC_RT becomes higher than 
ODS_WQ_RT (Fig. 13b). However, this is not reflected in the fracture toughness curves which 
indicate similar reduced fracture toughness values for the two materials (Fig. 14). This can be 
explained by a shift in fracture mechanism at this temperature range from transgranular 
ductile to intergranular fracture. At these elevated temperatures matrix ductility no longer 
predominately controls the fracture toughness and grain boundary weakening plays an im-
portant role leading to intergranular fracture as shown in Fig. 16 at 600 ˚C. 



4.3.3 ODS_WQ_450 (ferritic) vs others (martensitic) 

At lower temperatures (-100 ˚C and RT), ODS_WQ_450 exhibits the lowest fracture tough-
ness (Fig. 14). This is likely because it contained the largest sub-micron particles (Fig. 8 and 
Table 4). There could also be a detrimental effect of larger sub-micron particles enriched 
with C and O on the brittle fracture behaviour of ODS_WQ_450 (Table 5); similar oxide parti-
cles were also reported in [8]. No information about the occurrence of secondary cracks on 
the fracture surfaces could be obtained from [23]. 

At higher temperatures (300 ˚C ≤ T ≤ 500 ˚C), ODS_WQ_450 exhibits the highest fracture 
toughness which can be explained by its higher matrix ductility (confirmed by the total elon-
gation in Fig. 13b). This can qualitatively be attributed to its coarser ferritic grains with high-
er strain hardening ability and a lower dislocation density relative to the lower matrix ductili-
ty exhibited by the hard martensitic matrix of the other two materials. 

At temperatures above 500 ˚C, the total elongation of ODS_WQ_450 is lower than 
ODS_AC_RT. However, this is not reflected in the fracture toughness curves which still show 
higher fracture toughness values of ODS_WQ_450 (Fig. 14). This can again be explained by a 
change in fracture mechanism from transgranular ductile to intergranular fracture. The 
coarse grained ODS_WQ_450 performed better at higher temperatures in terms of fracture 
toughness as it contained lower grain boundary area per volume of material. 

5 Conclusions 
• Three batches of 9Cr ODS EUROFER with varying thermo-mechanical processing his-

tory were investigated with respect to the effect of changes in microstructure on the 
fracture toughness. 

• At lower temperatures (-100 ˚C and RT), ODS_WQ_RT exhibited the highest fracture 
toughness due to secondary cracking induced by hard residual ferrite phases. The 
least fracture toughness was exhibited by ODS_WQ_450 due to the presence of large 
sub-micron particles enriched with O.   

• At higher temperatures (100 ˚C ≤ T ≤ 500 ˚C), ODS_WQ_450 exhibited the highest 
fracture toughness due to a ductile ferrite matrix, while both the martensitic ODS 
steels exhibited similar lower fracture toughness due to lack of matrix ductility. 

• At T > 500 ˚C, weakening of grain boundary strength predominantly controls the frac-
ture toughness resulting in higher fracture toughness for the ferritic steel 
ODS_WQ_450 due to its coarse-grained microstructure and results in lower fracture 
toughness values for both finer-grained martensitic steels. 

• These results demonstrate that the thermo-mechanical processing route is an ex-
tremely important consideration for ferritic martensitic ODS steels, asvariations in 
heat treatment lead to significant differences in microstructure and fracture tough-
ness. 
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