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Abstract 
Ferritic-martensitic ODS steels are one of the candidate materials for Gen-IV nuclear fission 
and fusion reactors. Residual ferrite was often found in the microstructure of 9Cr ODS steels. 
This constituent was reported to be responsible for the superior creep and high-temperature 
strength. Using optical microscopy of an air-cooled batch of ODS EUROFER, inhomogeneous 
regions in the microstructure have been found with similar appearance to previously 
reported residual ferrite. In order to avoid a potential misinterpretation of inhomogeneous 
regions as residual ferrite, detailed microstructural investigations have been carried out on 
the inhomogeneous regions using site-specific nanoindentation, scanning electron 
microscopy including electron backscatter diffraction, and transmission electron microscopy. 
It is demonstrated that the inhomogeneous regions are free of oxide nanoparticles, which 
possibly form due to imperfect mechanical alloying. These regions also exhibit lower 
hardness which is attributed to the absence of nanoparticles and a lower dislocation density. 
It is concluded that optical microscopy alone is insufficient to distinguish beneficial residual 
ferrite from undesired particle-free regions. Our findings are underpinned by the consistency 
between the calculated theoretical yield strength, the yield strength converted from the 
indentation hardness and the yield strength obtained from tensile testing. 
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Highlights 

• Inhomogeneous regions of an air-cooled batch of ODS EUROFER were investigated 
using electron microscopy and site-specific nanoindentation 

• Inhomogeneous regions are not residual ferrite as they exhibit lower hardness than 
the matrix and contain no oxide nanoparticles 

• The absence of nanoparticles and a lower dislocation density are mainly responsible 
for the lower hardness of the inhomogeneous regions 

• Optical microscopy alone is insufficient to identify inhomogeneous regions as being 
residual ferrite 

• Reasonable consistency in the yield strength obtained from different methods is 
achieved 

  



1 Introduction 

Among ODS steels, which are candidate materials for use as cladding tubes in Gen-IV nuclear 
fission reactors and as blankets for fusion reactors, two classes draw major attention. The 
first is the 9-12 wt.% Cr ferritic-martensitic variant of ODS steels and the second is the 12-20 
wt.% Cr ferritic variant. With respect to the first class, active research has been conducted in 
the US [1–3] and in Japan [4–10]. In Europe, ODS EUROFER, a reduced-activation ferritic-
martensitic (RAFM) 9% Cr ODS steel, was developed as a candidate material for advanced 
breeding blankets in fusion reactors. Several versions of ODS EUROFER were produced as a 
result of systematic development of RAFM steels in Europe [11]. One of these versions is the 
air-cooled EU batch of ODS EUROFER which is investigated in the present work. 

Residual α-ferrite, the phase which remains untransformed during austenitization, was often 
reported in the microstructure of 9% Cr ODS steels [4,9,10,12–15]. Residual ferrite is 
frequently identified as bright, smooth and sometimes elongated regions in a dark matrix 
using optical microscopy (OM) [4,8,10,13–19]. Residual ferrite contains a high number 
density of oxide nanoparticles, which are even smaller than the nanoparticles in the 
tempered martensite matrix. Residual ferrite phase is reported to be responsible for 
providing superior creep and high-temperature strength to ferritic-martensitic ODS steels 
[4,13,20–22]. The amount of residual ferrite in the microstructure can be controlled by 
varying the amounts of Ti, Cr, W, C, Y2O3 and excess O in the material [8,10,13,15,17,23]. 
Improvements in creep and high-temperature strength of 9% Cr ODS steels have been 
achieved by careful control of the composition. 

Recently, Fu et al. found similar looking bright regions by optical microscopy in ODS 
EUROFER and reported them as residual ferrite [16]. Contrary to this, Lucon et al. for a batch 
of ODS EUROFER suspected such bright regions to be zones which were not mechanically 
alloyed with Y2O3 [24]. However, in references [16], [24] and other publications, detailed 
microstructural investigations were not undertaken to ascertain the nature of these 
inhomogeneities.  

The present study focusses on avoiding a potential misinterpretation of inhomogeneous 
regions as residual ferrite due to their similar appearance under the optical microscope. It 
has been shown that residual ferrite phase is important for the creep strength of ferritic 
martensitic ODS steels. Therefore, the presence or absence of residual ferrite phase along 
with its correct interpretation is important as it affects the mechanical properties. In this 
work besides OM, scanning electron microscopy (SEM), electron backscatter diffraction 
(EBSD), transmission electron microscopy (TEM) and site-specific nanoindentation are 
combined to facilitate a clear distinction. In order to check the consistency of these 
observations, the yield strength converted from the indentation hardness is compared with 
both the yield strength directly measured by tensile testing and the theoretical yield 
strength calculated on the basis of microstructure-informed strengthening contributions. 

2 Materials and methods 

2.1 Material 

The European reference RAFM steel is denominated as EUROFER; its nominal composition 
(in wt.%) is 8.9Cr, 1.1W, 0.2V, 0.14Ta, 0.42Mn, 0.06 Si, 0.11 C and Fe for the balance [25]. 



The air-cooled EU batch of ODS EUROFER was prepared in order to optimize the creep 
strength and fracture toughness. The production route involved mechanical alloying (MA) of 
steel powder with 0.3 wt.% 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 temperature (RT) followed by re-austenitization at 1100 ˚C 
for 30 min with air-cooling to RT and tempering at 750 ˚C for 2 h. Even though the material 
was not water quenched, the cooling rate after austenitization was still high enough for 
martensite formation. The composition of the air-cooled EU batch is presented in Table 1. 
Tensile testing of samples with gauge length parallel to the rolling direction indicated a yield 
strength of 886 MPa at room temperature. 
 
Table 1 Composition of the air-cooled EU batch of ODS EUROFER in wt% 
Cr W V Ta Mn Si C Ti Fe Y2O3 
9.2 1.14 0.19 0.03 0.38 0.03 0.086 0.0003 88.5 0.312 
 

2.2 Microscopy 

Optical microscopy (Leica REICHERT MEF4) was used to investigate the bulk microstructure. 
The samples were etched for 10 minutes using picric acid with ammonia washout. For SEM 
investigation, the sample were etched using 50 ml distilled water, 15 ml hydrochloric acid 
and 2.5 g iron (III) chloride. The purpose of the etching was to highlight the carbides and the 
grain boundaries. A Zeiss EVO 50 SEM equipped with a tungsten electron cathode was used 
for secondary electron (SE) and back scatter electron (BSE) contrast imaging.  

To obtain information about the grain distribution, EBSD was applied in a Zeiss NVision 40 
CrossBeam (SEM and focused ion beam (FIB)) equipped with a field emission electron 
cathode (FEG) and a Bruker EBSD acquisition system including an e- Flash HR+ detector. 
Sample preparation for SEM and EBSD consisted of grinding and (as the last step) of 
mechanical polishing using an oxide polishing suspension (OP-S) consisting of amorphous 
silica, water and 1,3-butanediol. For all EBSD measurements an acceleration voltage of 15 kV 
and a step size of 0.08 µm were used. 

In addition to the Bruker EBSD software, an in-house written EBSD evaluation software was 
applied for the correction of unindexed points, determination of grain boundaries and to 
plot internal misorientation (for any measured pixel) with respect to the corresponding 
average grain orientation. The minimum misorientation angle for the grain reconstruction 
was arbitrarily fixed at 10°. Only grains consisting of 5 or more than 5 mapping pixels (≡ 
equivalent diameter of 0.2 µm) were considered in the evaluation.  

TEM investigations were performed using a Talos F200X FEG-(S) TEM (FEI) operated at 
200 keV to obtain details on the included particles. Samples were prepared by means of 
electro-polishing in a TenuPol-5 (Struers) in 5% perchloric acid in methanol at -60 °C applying 
a voltage of 23 V. Additionally, in order to clarify local inhomogeneities, a TEM lamella was 
prepared by FIB using the above-mentioned Zeiss CrossBeam FIB system. Scanning 
transmission electron microscope (STEM) micrographs and diffraction patterns using 
selected area diffraction (SAD) of grains which were oriented with the beam direction 
parallel to <001> were recorded. 



2.3 Nanoindentation 

The microstructure was analysed using site-specific nanoindentation in order to investigate 
the inhomogeneous regions. Nanoindentation testing was performed using the Universal 
Nanomechanical Tester (UNAT, Advanced Surface Mechanics GmbH, now Zwick GmbH) 
equipped with a Berkovich indenter. Indentation loads in the range from 1 to 50 mN were 
applied. The measuring cycle consisted of loading for 250 s, a creep segment for 20 s, an 
unloading segment for 8 s, a holding segment for 60 s and a final unloading segment of 1.6 s. 
The calibration of the indenter area function and the instrument stiffness was based on 
measurements on two reference materials (fused silica, sapphire) with known elastic moduli. 
Data correction included zero point correction which was done assuming Hertzian contact 
for the first several 10 nm of the loading curve.  

A thermal drift correction was not necessary due to the short duration of the measuring 
cycle. Additionally, the system was equipped with thermal insulation and allowed to 
equilibrate for at least 45 min prior to the measurements. Data analysis was done by means 
of a method developed by Doerner and Nix [26] and improved and adapted to pyramidal 
indenters by Oliver and Pharr [27,28].  

3 Results 

3.1 Characterization of the bright stripes 

Optical microscopy on etched samples of the air-cooled EU batch of ODS EUROFER reveals 
some inhomogeneous regions which appear as “bright stripes” elongated along L (rolling 
direction RD) and T (transverse direction TD). These are marked with dashed white ellipses in 
Fig. 1. Their thickness (along S, normal direction ND) ranges from a few µm up to 10 µm. The 
area fraction of the bright stripes is roughly estimated to be approximately 4%. It is 
interesting to note that, for a random two-phase microstructure, the area fraction coincides 
with the volume fraction. However, the present arrangement of the bright stripes deviates 
from randomness, meaning that the volume fraction may deviate from 4%. The rest of the 
microstructure appears homogenous in optical microscopy with many dark spots. These dark 
spots are identified as areas around pre-dominantly Cr, W and C rich precipitates of the 
M23C6 type. These carbides are preferably located at grain boundaries with an average size 
of 0.23 μm and a number density of 8.3 x 1018 m-3. Additionally, SEM BSE contrast images 
indicate lower carbide number density within the bright stripes as compared to the matrix 
resulting in slightly darker appearance in the BSE contrast of the SEM (Fig. 2). 

 

 
Fig. 1 The microstructure of the etched air-cooled EU batch of ODS EUROFER using optical microscopy. The 
bright stripes (inside dashed ellipses) seem to be elongated in the L and the T directions. 



 
Fig. 2 A BSE contrast image with a bright stripe and adjoining matrix regions. The carbides appear bright and 
prefer grain boundaries. The number density of carbides is less inside the bright stripes as compared to the 
matrix. 
 
EBSD reveals high angle grain boundaries (HAGBs) inside these bright stripes belonging to 
coarser grains in comparison to the surrounding matrix (Fig. 3). Applying the line intercept 
method locally, the average grain size in the bright stripe is measured to be about 1.7 μm 
while the average grain size in the matrix is 0.9 μm. Most of the grains inside and outside 
these bright stripes exhibit a noteworthy internal misorientation as can be seen from Fig. 3c.  
 
FIB was used to cut a lamella which included both the bright stripe and the matrix region 
(Fig. 4a and b).  As demonstrated by STEM, nanoparticles in the size range of 10 nm or below 
were not observed in the bright stripe region (Fig. 4c, Fig. 5d and Fig. 5e ) while the matrix 
region exhibited many nanoparticles (Fig. 4d, Fig. 5a and Fig. 5b). For both, the matrix and 
the bright stripe region, the corresponding selected area diffraction (SAD) patterns do not 
present any additional reflexes (Fig. 5c and f). Due to their small size and their small volume 
fraction, the nanoparticles do not contribute to the SAD pattern. This was previously 
observed by Ribis et al. [29]. Additionally, by comparing Fig. 5a and Fig. 5d, it is obvious that 
the dislocation density is much lower in the bright stripe region. The flecks observed in the 
bright stripe region are artefacts caused by the FIB preparation and not nanoparticles, as 
was confirmed by local energy dispersive x-ray spectroscopy measurements (not shown 
here). 
 
Small angle neutron scattering (SANS) of the bulk microstructure has already been 
performed on the air-cooled EU batch of ODS EUROFER [30]. The nanoparticles exhibit a 
crystalline structure of almost spherical shape and are enriched in Y and O in the ratio 2:3 
with minor amounts of Fe, Cr and Si [30]. The average diameter of the nanoparticles is 
3.8 nm with a number density of 11.5 x 1022 m-3. 



 
Fig. 3 a) EBSD pattern quality map of the air-cooled EU batch of ODS EUROFER highlighting a bright stripe, b) 
Grain boundary map showing HAGB (grain boundary misorientation angle ≥ 15˚) as red lines and low angle 
grain boundaries (grain boundary misorientation angle between 5˚ and 15˚) as blue lines and c) Internal 
misorientation (for any measured pixel) with respect to the corresponding average grain orientation: white 
colour for zero, fading to blue with increasing internal misorientation. Points exceeding 15˚ internal 
misorientation are coloured red. HAGBs and low angle grain boundaries (LAGBs) are coloured blue and red, 
respectively. 

 
Fig. 4 a) A SEM micrograph showing the FIB lamella taken out from the etched air-cooled EU batch of ODS 
EUROFER including areas from a bright stripe and the adjoining matrix region, b) a STEM dark field image of the 
lamella including both the regions, c) a STEM bright field image from the bright stripe region and d) a STEM 
bright field image from the matrix region 



 
Fig. 5 Matrix region: a) STEM bright field image, b) STEM dark field image and c) selected area 
diffraction (SAD) pattern from the same grain. Electron beam is parallel to <001> direction. Bright 
stripe region: d) STEM bright field image, e) STEM dark field image and f) SAD pattern from the same 
grain. Electron beam is parallel to <001> direction. The little flecks in d) and e) are artefacts caused 
by the FIB sample preparation. 

3.2 Nanoindentation 

Nanoindentation was performed on two different bright stripes (with respect to optical 
microscope images) on the LS plane and also on two different adjoining matrix regions 
(darker regions in optical micrographs) of the air-cooled EU batch of ODS EUROFER. An OM 
and a BSE SEM image are presented in Fig. 6 for one of these bright stripes after 
nanoindentation. An average load displacement curve is calculated from the single corrected 
curves of more than 8 indents in the matrix and more than 4 indents in the bright stripe 
which were placed in a regular array with a spacing of 30 μm to avoid interference by 
neighbouring indents. To calculate the average curve, the load or holding time in case of the 
holding segment, is divided into intervals. The data points of all curves within this interval 
are averaged. The standard deviation of load and displacement is calculated for each interval 
and used for the calculation of the statistic errors in the subsequent analysis. 

A reference depth of 400 nm was chosen in order to eliminate the uncertainties associated 
with low load measurements [31] and also to not exceed the thickness of the bright stripe. 
The average indentation hardness values measured at the reference depth of 400 nm for the 
matrix is 4.28 ± 0.26 GPa while it is 2.82 ± 0.29 GPa for the bright stripes. Clearly, the bright 
stripes are softer than the matrix. 



 
Fig. 6 The nanoindented region including the bright stripe and the matrix using a) OM, b) SEM BSE mode and c) 
a graph indicating indentation hardness as a function of contact depth 

4 Discussion 
In this section, we discuss about the appearance, origin, microstructure and the indentation 
hardness of the inhomogeneous regions (bright stripes). Values from indentation hardness 
testing are also compared with values from conventional tensile testing and a theoretical 
yield strength model based on strengthening mechanisms. 

4.1 Investigation of the bright stripes 

The reason, why the stripes appear bright, is believed to be due to the lower number density 
of carbides in these regions and to the resulting etching behaviour.  

4.1.1 Comparison with residual ferrite 

The bright stripes in the optical micrographs (Fig. 1) look similar to the residual α-ferrite 
phase which forms during the incomplete reverse transformation of α-ferrite to γ-austenite 
during the austenitization at 1100 ˚C step due to the blocking of α-ferrite/γ-austenite 
interfaces by nanoparticles in the matrix [4,8,10,13–19]. Some researchers also report the 



presence of δ-ferrite which forms at temperatures close to 1200 ˚C [32]. However, in the 
present work, δ-ferrite can be ruled out due to lower austenitization temperature. 

The following arguments prove that the bright stripes in the microstructure of the air-cooled 
EU batch of ODS EUROFER are not residual ferrite: 

Internal misorientation 

If the bright stripes comprised only of a purely ferrite phase, then it would be expected that 
these regions contained grains without any internal misorientation. A rather globular grain 
shape would also be expected assuming the ferrite forms by a reconstructive transformation 
(diffusion of iron atoms) [33]. However, in the present work, EBSD reveals grains inside the 
bright stripes exhibiting a noteworthy internal misorientation and are coarser in comparison 
to its surrounding matrix (Fig. 3). The grains are also slightly elongated and non-globular 
which indicates that these bright stripes underwent a martensitic transformation at some 
stage during its thermo-mechanical treatment history. The microstructure essentially is 
tempered martensitic. 

Oxide nanoparticles 

The residual ferrite phase exhibits a high number density of fine oxide nanoparticles 
[4,7,9,13,22,34]. However, the bright stripes in the air-cooled EU batch of ODS EUROFER do 
not exhibit any nanoparticles in contrast to the surrounding matrix regions as can be seen 
from the TEM micrographs (Fig. 4c, d and Fig. 5). The rolling process resulted in a plaque 
shape of the particle-free zones in the L-T plane, thus forming stripes in the L-S and T-S 
planes (Fig. 1). The absence of nanoparticles enhances the grain and phase boundary 
mobility leading to a larger grain size in the austenitization process. A larger grain size is 
equivalent to a smaller grain boundary length per unit volume and, consequently, to a lower 
number density of grain boundary carbides (Fig. 2). 

Hardness 

Residual α-ferrite is known to exhibit higher hardness than tempered martensite due to the 
presence of a higher number density of finer oxide nanoparticles, which obstruct dislocation 
motion [4,8,22,34]. However, the bright stripes in the air-cooled EU batch of ODS EUROFER 
exhibit lower indentation hardness than the matrix as demonstrated in Fig. 6. This is 
consistent with the absence of oxide nanoparticles observed by TEM and, therefore, 
confirms the interpretation of the bright stripes as particle-free regions instead of residual 
ferrite. 

Composition 

Many ODS steels which reported the presence of residual ferrite contained higher contents 
of ferrite stabilizers such as Ti, Cr and W [13,15,17,23] as compared with the air-cooled EU 
batch of ODS EUROFER. They also contained slightly higher Y2O3 content which results in 
higher residual ferrite formation [10]. A decrease in C content leading to a higher residual 
ferrite phase was reported in [8] while a high excess O content (> 0.11 wt.%) was reported to 
have a detrimental effect on the creep and high-temperature strength by reduction of the 
residual ferrite phase [15]. 

In comparison, the air-cooled EU batch of ODS EUROFER contains lower W, C, Y2O3 and a 
negligible amount of Ti (Table 1). This contributes to the absence of the residual ferrite 
phase. The lower amount of C is able to provide enough driving force for the reverse 



transformation of α-ferrite to γ-austenite as most of the C remains in the solution without 
strong combiners such as Ti in the material. 

4.1.2 Comparison with retained austenite 

Retained austenite phase was reported in the microstructure by Zilnyk et al. for a similarly 
manufactured ODS EUROFER [35]. The suspicion that the bright stripes can be retained 
austenite phase is eliminated, as the applied EBSD system can distinguish between bcc and 
fcc phases. No fcc steel phase was detected in the microstructure. 

4.1.3 Formation postulation 

Bright stripes are most probably formed due to improper mechanical alloying. Similar 
findings were reported by Lucon et al. [24]. During the thermomechanical treatment 
procedures, recrystallization takes place and may change the distribution of the oxide 
particles. However, two arguments lead to the conclusion that recrystallization is likely not 
responsible for the existence of bright stripes: 

1. Shape of the bright stripes: Generally, recrystallization would include grain boundary 
migration in all directions leading to rather globular or only slightly elongated 
particle-free zones. However, the shape of the presently observed particle-free zones 
has a very high aspect ratio (typically >> 2). Therefore, their pan-cake shape (Fig. 1) 
must have been finally influenced by the geometry of the rolling process and 
remained unaffected by dynamic recrystallization during HR and the following re-
austenization. 

2. Size of the particle-free zones: Particle-free zones of thickness close to 100 nm are 
expected when they are formed due to a moving grain boundary [36]. However, in 
the present work, particle-free zones of thickness an order of magnitude higher have 
been found. 

4.2 Yield strength estimation of different regions 

This section aims to check the consistency between values of the yield strength based on 
direct measurement (tensile test), converted from nanohardness measurements, and 
calculated on the basis of strengthening mechanisms. 

4.2.1 Hardness-converted yield strength and comparison with tensile testing 

The indentation hardness HIT measured at a reference depth of 400 nm has been converted 
into yield strength σy,IT using Eq. 1 (units of GPa) [37]. 
 

𝜎𝜎𝑦𝑦,𝐼𝐼𝐼𝐼 = 0.44 (𝐻𝐻𝐼𝐼𝐼𝐼 − 1.96)   (1)  
 

The indentation hardness values for the bright stripes and matrix were both averaged from 
the available results given in section 3.2. The yield strengths converted according to Eq. 1 are 
presented in Table 2 and compared with the yield strength of the bulk material obtained by 
conventional tensile testing. As expected, the bulk value lies between the values 
representing the two components (bright stripes and matrix) of the material and is closer to 
the value obtained for the matrix. This is consistent with the fact that the volume fraction of 
the bulk material is dominated by the matrix. 
 



Table 2 The yield strength of the individual components of air-cooled EU batch of ODS EUROFER in comparison 
with the yield strength of bulk materials 

Material/region Type of measurement Yield strength 
(MPa) 

Bright-stripe region of ODS EUROFER 
(this work) 

Converted from 
nanohardness 

378 ± 126 

Matrix region of ODS EUROFER  
(this work) 

Converted from 
nanohardness 

1021 ± 113 

Air-cooled batch of ODS EUROFER  
(this work) 

Tensile test 886 

EUROFER-97 [38] Tensile test  520 

 
The hardness-converted yield strength obtained for the bright stripes, which were found to 
be free of nanoparticles, can be compared with the yield strength reported for a suitable 
non-ODS material. EUROFER-97, having the same basic composition, is a candidate material 
for this kind of comparison. The yield strength at room temperature reported for EUROFER-
97 is provided in Table 2 [38]. Consistent with our expectation, this value is not far from the 
value observed for the bright stripes.  

4.2.2 Theoretical yield strength and comparison with hardness-converted yield strength 

The theoretical yield strengths representative of bright stripes and matrix were calculated 
using the empirical strengthening model by Chauhan et al., Eq. 2 [39]. 

𝜎𝜎𝑦𝑦,𝑡𝑡ℎ = 𝜎𝜎𝑔𝑔 +  �𝜎𝜎𝑑𝑑2 +  𝜎𝜎𝑝𝑝2   (2)  

Here, σy,th is the theoretical yield strength and σg, σd and σp are contributions from Hall-Petch 
strengthening, dislocation forest strengthening and nanoparticle strengthening, respectively. 
It is important to note that the number density of carbides is roughly four orders of 
magnitude less than the number density of oxide nanoparticles, meaning that the 
strengthening contribution of carbides can be ignored in σp, and consequently in Eq. 2 as 
compared with the strengthening contribution from nanoparticles. The formulas and 
constants used to calculate the strengthening contributions are those reported in [39] to 
properly reflect the behaviour of a number of ODS and non-ODS Fe-Cr alloys including ODS 
EUROFER. Appropriate values of the grain size, the diameter and number density of 
nanoparticles, and the dislocation density are presented in Table 3 for the bright stripes and 
the matrix along with the calculated contributions to the theoretical yield strength. The total 
yield strength according to Eq. 2 and the yield strength converted from indentation hardness 
are compared in this table. Nanoparticle strengthening is assumed to be negligible in the 
bright stripes where no nanoparticles were observed.  

  



Table 3 Hardness-converted (σy,IT) and theoretical yield strengths (σy,th) with contributions from Hall-Petch 
strengthening (σg), nanoparticle strengthening (σp) and dislocation forest strengthening (σd) 

Region 
Grain 
size 
(μm) 

𝜎𝜎𝑔𝑔 
(MPa) 

Nano-
particle 

size 
(nm) 

Number 
density 

(1022 m-3) 

𝜎𝜎𝑝𝑝 
(MPa) 

Dislocation 
density  

(1014 m-2) 

𝜎𝜎𝑑𝑑 
(MPa) 

𝜎𝜎𝑦𝑦,𝑡𝑡ℎ 
(MPa) 

𝜎𝜎𝑦𝑦,𝐼𝐼𝐼𝐼 
(MPa) 

Bright 
stripes 1.7 

(this 
work) 

205 0 0 0 

7  

[39,40] 
569 774 

370 
Bright 
stripes 
(mod) 

0.7 

(assumed) 
180 385 

Matrix 
0.9 

(this 
work) 

282 
3.8 

[30] 

11.5 

[30] 
449 

7 

[39,40] 
569 1007 1030 

 

As the results in Table 3 demonstrate, the calculated theoretical yield strength and the 
hardness-converted yield strength reasonably agree for the matrix. This confirms the 
applicability of the applied procedure. For the bright stripes, the calculated theoretical yield 
strength is smaller than the theoretical yield strength of the matrix, which is understandable 
due to the missing strengthening contribution from nanoparticles, but still essentially larger 
than the hardness-converted yield strength. The one and only candidate to explain the latter 
discrepancy is the dislocation density in the bright stripe region. Indeed, during tempering 
the lack of pinning by nanoparticles presumably leads to stronger recovery as compared to 
the matrix region resulting in a lower dislocation density as compared to the matrix. This is in 
agreement with our STEM investigations (Fig. 5). If we assume a dislocation density of the 
bright stripe regions as one tenth of the matrix (Bright stripes (mod) in Table 3), similar 
theoretical and hardness-converted yield strengths are obtained. Consequently, both the 
lack of nanoparticles and a lower dislocation density are significantly contributing to the 
reduced yield strength of the bright stripes. 

5 Conclusions 
Inhomogeneous regions in the microstructure of an air-cooled EU batch of ODS EUROFER 
were characterized using electron microscopy and site-specific nanoindentation. Although 
the inhomogeneous regions, in the form of bright stripes, in the air-cooled EU batch of ODS 
EUROFER look similar to residual ferrite when using optical microscopy, evidence is provided 
that these regions are not residual ferrite in the present case. In fact, bright stripes are 
formed due to imperfect mechanical alloying resulting in the absence of nanoparticles in 
certain regions. This gives rise to higher grain boundary mobility, larger grain size and a 
lower number density of grain boundary carbides, which finally is believed to result in the 
distinct etching behaviour as observed by optical microscopy. It was demonstrated that 
optical microscopy alone is insufficient to identify bright stripes as residual ferrite and 
additional investigations using SEM, EBSD and TEM are needed. An extension of the MA 
period during manufacturing should lead to a homogenous microstructure [41], eliminating 
particle-free regions which are not expected to contribute to the creep and high 
temperature strength of ODS steels. 



The conclusion drawn above is consistent with the observations based on nanoindentation 
indicating that bright stripes are significantly weaker than the matrix. The consideration of 
microstructure-informed strengthening contributions shows that this is mainly due to both 
the absence of nanoparticles and a lower dislocation density in the bright stripes. For both 
the bright stripes and the matrix, a reasonable agreement is found between the calculated 
theoretical yield strength, the yield strength converted from indentation hardness and the 
yield strength obtained from tensile tests of bulk materials. 
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