
Helmholtz-Zentrum Dresden-Rossendorf (HZDR)

The effect of composition and microstructure on the creep behaviour of 
14 Cr ODS steels consolidated by SPS

Meza, A.; Macía, E.; Chekhonin, P.; Altstadt, E.; Rabanal, M. E.; Torralba, J. M.; 
Campos, M.;

Originally published:

June 2022

Materials Science and Engineering A 849(2022), 143441

DOI: https://doi.org/10.1016/j.msea.2022.143441

Perma-Link to Publication Repository of HZDR:

https://www.hzdr.de/publications/Publ-34915

Release of the secondary publication 
on the basis of the German Copyright Law § 38 Section 4.

CC BY-NC-ND

https://www.hzdr.de
https://www.hzdr.de
https://doi.org/10.1016/j.msea.2022.143441
https://www.hzdr.de/publications/Publ-34915
https://creativecommons.org/share-your-work/cclicenses/


*Dr. E. Macía corporation’s email: eric.macia@acerinox.com 
 
 

The effect of composition and microstructure on the creep 
behaviour of 14 Cr ODS steels consolidated by SPS 
A. Meza1,2, E. Macía3, P. Chekhonin4, E. Altstadt4, M.E. Rabanal2, J.M. Torralba1,2, M. Campos2 

 
1 IMDEA Materials Institute, Eric Kandel, 2, 28906 Getafe, Madrid, Spain, 
juanalberto.meza@imdea.org, josemanuel.torralba@imdea.org 
2 Univ. Carlos III of Madrid & IAAB, Av. Univ. 30, 28911 Leganés, Madrid, Spain 
juanalberto.meza@uc3m.es, eric.macia@uc3m.es*, mariaeugenia.rabanal@uc3m.es, 
monica.campos@uc3m.es 
4 Helmholtz-Zentrum Dresden-Rossendorf (HZDR), Bautzner Landstraße 400, 01328 Dresden, 
Germany p.chekhonin@hzdr.de, e.altstadt@hzdr.de 

ABSTRACT 
There is a general need for alternative structural materials to improve power plants' efficiency 
and reduce CO2 emissions. Within this framework, two new compositions of temperature-
resistant sintered ODS ferritic steels (14Cr-5Al-3W), strengthened by a fine dispersion of 
precipitates (5·1022 ox. /m3), have been developed. This work focuses on creep properties and 
microstructure evolution. The creep resistance (at 650°C) could be improved by prior 
microstructural optimisation, thanks to the consolidation by spark plasma sintering and the 
tailoring of precipitates' nature when a single compound introduces the oxide-forming elements 
(Y-Ti-Zr-O) synthesised for this purpose. To this end, the initial pre-alloyed ferritic powder was 
mechanically alloyed with the synthesised compound and sintered by spark plasma sintering 
(SPS). Afterwards, EBSD and TEM characterisation were employed to study the microstructures. 
Small punch creep tests (SPCT) were performed on the steels to analyse their creep 
performance. These showed an exceptional enhancement of the creep resistance in the steels 
containing the Y-Ti-Zr-O additions. 

Keywords: 14Cr-ODS steel, fine grain, creep behaviour, SPCT 

1. INTRODUCTION 
High-efficiency power plants and the Gen. IV nuclear reactors are called to meet the ongoing 
energetic demand. Hence, the structural materials conforming these power plants must be 
excellent regarding security and thermal efficiency. The oxide dispersion strengthened (ODS) 
ferritic steels (FS) are valid candidates for these applications thanks to their fair distribution of 
nanometric oxides, which confer a notable mechanical behaviour at room and high 
temperatures. The oxides act as pinning points to the movement of the dislocations and the 
grain boundaries while providing irradiation resistance to the steels as they act as sinks for 
vacancies and other defects. 

Nevertheless, the creep phenomenon is an essential factor to consider, as it usually appears in 
the environments in which these steels must work. Thus, it is imperative to develop ODS FS with 
microstructures that grant an enhanced creep resistance and for that, selecting the adequate 
composition and processing is fundamental. 

In terms of composition, chromium and aluminium can provide proper oxidation and corrosion 
resistance to the steels, besides maintaining 14 wt.% Cr ensures their ferritic (BCC) 
microstructure. Adding tungsten to the steel deliver solid solution strengthening, especially at 
high temperatures (HT) [1]. For the dispersion of fine oxides, traditionally, yttrium oxide (Y2O3) 
has been used in conjunction with titanium (as oxide former), which is also responsible for the 
refinement of the oxides [2,3]; however, despite the presence of Ti, in Al-containing ODS steels, 

mailto:eric.macia@acerinox.com
mailto:juanalberto.meza@imdea.org
mailto:juanalberto.meza@uc3m.es
mailto:eric.macia@uc3m.es
mailto:campos@uc3m.es
mailto:p.chekhonin@hzdr.de


Y-Al-O type oxides form as coarse oxides that due to their nature and coherency do not reinforce 
the steels by precipitation strengthening as effectively, hence, the inclusion of zirconium helps 
in this matter as it promotes the precipitation of fine Y-Zr-O oxides and further refines and 
improves the oxides densities within the ODS FS [4]. Furthermore, including the oxide forming' 
elements (Y, Ti, Zr) as a whole unique compound can improve the precipitation of the oxides. 
Thus, enriched environments containing these elements will be produced and will develop more 
refined and distributed nanometric oxides [5]. 

Concerning the processing of these ODS FS, the powder metallurgy (PM) route provides various 
benefits. It involves more precise control of the final composition of the manufactured alloys, 
which in turn, gives rise to the attainment of microstructures that can equal or surpass the creep 
behaviour of other commercial ODS steels from the literature that, on the other hand, were 
developed through more complex routes that implicate additional processing stages than the 
one chosen in this investigation. Thus, competitive high-performance ODS FS were processed in 
this work by obtaining the powders through mechanical alloying (MA) followed by a spark 
plasma sintering (SPS) consolidation, providing the steels with a superior precipitates' 
strengthening that limits the formation of coarse Y-Al-O oxides. Furthermore, because SPS is an 
activated sintering process, grain growth will also be inhibited. Altogether, tailoring the steels' 
microstructure could adequately withstand the creep phenomena and make them valid 
candidates for their application in powerplants, in which the creep process is typical. 

In the end, the creep performance of the steels was studied through small punch creep tests 
(SPCT) that, although still a novelty in this field, gave in return critical information about the 
creep resistance and creep mechanisms in the steels. Lately, the SPCT has been attracting 
attention because of its ability to determine the creep properties of various metallic families 
using reduced amounts of material in contrast to the widely used uniaxial creep tests [6]. Thus, 
these tests are employed as an alternative approach to characterise the properties of the 
materials with small specimens. Hence, this work compares and discusses the differences in 
creep behaviour between the two new ODS FS compositions and another steel previously 
studied in the literature [7,8] as a reference. 

2. EXPERIMENTAL PROCEDURE 
The ODS steels compositions (Table 1) were manufactured from raw powders such as a pre-
alloyed grade Fe-14Cr-5Al-3W (Sandvik Osprey Powder Group), highly pure Ti powder (GFE mbH, 
Nuremberg, Germany), Y2O3 powder (TJ Technologies & Materials Inc., Shanghai, China) and 
pure B powder (Good Fellow Cambridge); additionally, a complex-oxide nanometric powder (Y-
Ti-Zr-O) containing all the oxides formers was synthesised as described in [5]. 

Table 1: Composition (wt.%) of the processed ferritic ODS FS, the Y-Ti-Zr-O compound was 
synthesised at the lab, and its amount was set to maintain an addition of 0.6 wt.% Zr. In this 
research, 14Al-Ti-ODS was considered as reference steel. 

 

 
Prealloyed (%) Oxide formers (%) 

Other alloying 
elements (%) 

 Fe Cr Al W Y2O3 Ti Y-Ti-Zr-O B 
14Al-Ti-ODS bal 14 5 3 0.25 0.4 - - 
14Al-X-ODS bal 14 5 3 - - 1.62 - 

14Al-X-ODS-B bal 14 5 3 - - 1.97 0.1 

To obtain the powders of each composition, the mixtures of starting base powders were 
mechanically alloyed (MA) by high-energy milling using a horizontal ZOZ Attritor mill (Simoloyer 



CM01 type) under a highly pure argon (Ar) atmosphere (99.9995 vol. %), running during all the 
processing time, once three purges were performed in the vacuum system. Balls of 5 mm 
diameter were used, keeping the ball-to-powder ratio at 20:1. The rotation speed was set at 800 
rpm, with a final effective milling time of 40 h for all compositions, to induce an equivalent level 
of plastic deformation through mass collisions in the three obtained ODS ferritic steels. 

The spark plasma sintering (SPS) technique was selected to consolidate and densify the milled 
powders while limiting the steels' grain growth. Samples were sintered using an SPS equipment 
FCT System GmbH. To avoid C contamination from the graphite dies, a high-purity (>99.97%) 
tungsten foil was used during the sintering process. Subsequently, the milled ODS powders were 
put into a 20 mm cylindrical graphite die and heated in a vacuum (10-2-10-3 mbar). Parameters 
related to the consolidation are given in Table 2. 

Table 2: SPS Consolidation parameters 
Parameter  
Sintering Temperature (°C) 1100 
Heating rate (°C/min) 400 
Pressure (MPa) 80 
Holding time (s) 300 

The microstructural characterisation of the processed ODS steels was developed for both the 
milled powders and the consolidated samples. SEM (FEI Teneo) was employed to study the 
powders' size and morphology. Furthermore, to analyse the crystallographic parameters 
involved in the MA, X-ray measurements were performed with X'Pert Phillips equipment using 
Cuα radiation with a step size of 0.02 degrees and a step time of 2.4 s. These examinations 
estimated the crystallite size (L) and the microstrain values (με) through the Scherrer and the 
Williamson-Hall equations, respectively. 

The sintered samples' relative density was measured from image analysis in several SEM images 
(FEI Teneo, 10000 µm2 for each ODS). Their grain microstructure was examined through EBSD 
(Zeiss Ultra 55 Plus SEM equipped with a System Channel 5 EBSD detector). The grains in the 
transversal section of the consolidated samples were analysed using step sizes of 150 nm. The 
evaluation was done with an in-house written software (P. Chekhonin); a misorientation 
threshold angle of 5 degrees was used for grain separation. TEM investigations were carried out 
with FEI Talos F200x TEM equipment using STEM, HAADF, BF or WBDF modes to precisely 
determine the main features of the nanometric precipitates within the consolidated ODS steels 
as their size and distribution. 

Microhardness measurements at room temperature were carried out in the non-ODS and the 
ODS steels with a load of 1.96 N using a Zwick Roell Microhardness equipment (by Indentec 
Hardness Testing Machines Limited, United Kingdom, UNE-EN ISO 6507-1:2006 standard). 
Samples were polished to achieve mirror-like surfaces. 

The SPCT were carried out at the Helmhotz Zentrum Dresden-Rossendorf institute, in Dresden, 
Germany. The conditions used to perform the SPCT were the following: a temperature of 650 °C 
was selected, and different loads (250 N, 275 N, 300 N) were applied in circular/disk shape 
samples with a diameter of 8 mm and a thickness of 500 µm. The lower and upper die had a ring 
shape and were connected via a thread to hold the exterior of the specimen statically during the 
test so that only the central area of the disc specimen would deform due to the creep process. 
A ceramic punch ball applied the load in contact with the centre of the specimen. A plunger rod 



was used to transmit a constant load to the punch ball. All these components were made of 
Al2O3. An electrical heater and thermal insulation surrounded the clamping device to ensure the 
temperature during the test. Pillars with ball-bearings guided the upper plate carrying the 
additional deadweight. The temperature was measured in the lower die directly under the 
sample. The displacement was measured by a capacitive sensor between the upper plate and 
the thermal insulation with an accuracy of ±1 µm. A load cell was placed between the upper 
plate and plunger rod. An electric spindle could lock the upper plate with the dead weight. This 
enabled the start of the loading on the sample after heating up and reaching the thermal 
equilibrium of the set-up. The experimental set-up was entirely covered by a sealed shell which 
was evacuated and flooded with Ar before the test. A schematic of the process is shown in Figure 
1. 

 

Figure 1: Schematic of the SPCT equipment 

3. RESULTS 
3.1. Consolidation of new ODS steels. 

Figure 2 shows the changing morphology of the powders as the different processing stages took 
place. The spherical pre-alloyed powder became irregular after the MA due to the heavy plastic 
strain applied to them during the milling stage for 40 h. 

  
Figure 2: SEM SE images of the steel powders: A) pre-alloyed powder, B) after MA for 40 h  

The MA step should reach a stationary state where both the cold-welding and fracture 
phenomena conclude into equilibrium. For that reason, the evolution of the crystallographic 
parameters was studied (Figure 3), precisely the powders' crystallite size (L) and microstrain 



levels (µε). A decrease of L and a rise of the µε were noticed once the MA was developed due to 
a significant increase in the dislocations density, strengthening the powders. 

Increasing the dislocations density in the powders is also an essential contribution to achieving 
adequate strengthening in the final ODS steels. It is necessary to limit the loss of dislocations 
during the consolidation stage, so methods that restrain diffusive phenomena but allow 
complete consolidation, e.g. SPS, must be chosen. 

 

Figure 3: Evolution of crystallite size (left axis, grey dotted line) and 
microstrain (right axis, blue segmented line) during manufacturing 

EBSD mappings were performed in the transversal section of the consolidated samples (Figure 
4) to analyse grain size distribution, and no texture was observed. Thus, the grains did not grow 
in a preferential crystallographic direction during the SPS consolidation. Besides, a bimodal grain 
microstructure was recognised, as coarse grains (> 1 µm) areas surround smaller ultrafine (UF) 
grains (< 1 µm) colonies (Table 3). 

Table 3: Relative density and grain distribution of the processed ODS steels 

 
Relative density 

(%) 

Mean size coarse 
grains 

(> 1 µm) 

Mean size UF 
grains 

(< 1 µm) 

UF area 

14Al-Ti-ODS 99.91 ± 0.01 3.03 µm 0.59 µm 5% 

14Al-X-ODS 99.81 ± 0.01 2.48 µm 0.26 µm 13% 

14Al-X-ODS-B 99.50 ± 0.02 2.83 µm 0.28 µm 16% 

This bimodal grain distribution arose due to the elevated microstrain levels induced during MA 
and the pinning effect of the nanometric oxides. These factors promoted that each powder 
particle had different stored energy and, thus, a distinct ability to recrystallise. So they recovered 
and recrystallised dissimilarly during the consolidation process. 



  

 

Figure 4: EBSD IPF maps (sample normal direction) of the transversal section of consolidated steels: A) 
14Al-Ti-ODS, B) 14Al-X-ODS, C) 14Al-X-ODS-B 

From the TEM micrographs, high dispersion of the nanometric oxides is observable (Figure 5). 

  



 

Figure 5: STEM BF images of the precipitates in the ODS steels: A) 14Al-Ti-ODS, B) 14Al-X-ODS, C) 14Al-
X-ODS-B  

The precipitates' sizes and densities of the ODS steels were calculated and compared in Table 4. 
A decrease in the precipitates' size and an improvement in the density were notable when the 
Y-Ti-Zr-O was added. This happened due to the inclusion of Zr, which was inherent in the 
complex compound; this element could refine the precipitates by partially avoiding the 
formation of Y-Al-O oxides type and precipitating Y-Zr-O nano-oxides with smaller diameters. 
The binding energy of Y-Zr-O is higher than that of Y-Al-O at the temperature these precipitates 
form during the consolidation in a Fe matrix [4,9]. Hence, the establishment of Zr-containing 
precipitates is favoured over the Al-containing ones, resulting in a decrease in the overall 
average size of the nano-precipitates. Likewise, the precipitates' density rose due to the higher 
amount of oxides' formers in the steels with Y-Ti-Zr-O. These features could lead to the steels' 
enhanced mechanical and creep behaviour. More information concerning the composition of 
the precipitates in these steels can be found in [5]. 

 
Table 4: Precipitates' sizes and densities for each processed ODS steel composition 

 Oxides’ formers wt. % 
Average precipitates’ 

size (nm) 
Precipitates’ density 

(precipitates/m3) 
14Al-Ti-ODS 0.60 9.80 ± 0.03 2.37·1022 
14Al-X-ODS 1.20 5.90 ± 0.04 5.48·1022 

14Al-X-ODS-B 1.44 8.14 ± 0.01 5.17·1022 

3.2. Mechanical and creep behaviour 

When comparing the microhardness measurements at RT of the steels (Figure 6), it is evident 
how the inclusion of the oxides in the steels increased the hardness. Furthermore, a significant 
increase was observed in the ODS steels containing the complex oxide Y-Ti-Zr-O with respect to 
the reference composition (14Al-Ti-ODS) due the higher precipitates' densities achieved. 



 

Figure 6: Microhardness measurements of the processed ODS steels 
compared with the steel without ODS 

The creep curves obtained after the SPCT were represented in Figure 7, and the main results 
extracted from them were compiled in Table 5. Three main stages were identified in the creep 
curves: in the primary stage, the strain increased with time, decreasing the strain rate 
simultaneously. This can be explained due to the creation of new dislocations that ultimately 
diminished the movement of the dislocations. Once the new dislocations induced by the applied 
load were compensated by the annealing and recrystallisation processes of other dislocations 
due to the elevated temperature of the system, the strain rate remained constant; this 
behaviour is typical of the steady-state creep stage. Finally, in the tertiary stage, due to the 
appearance of necking and stretching of the membrane, the strain rate accelerated and 
ultimately led to the creep failure of the specimens.  

Due to the bending deformation inherent in the SPC test, the curves' primary stages are usually 
sharper than conventional uniaxial creep curves. As in typical creep curves, the primary 
deflection stage and the continual deflection rate stage are reduced at a constant temperature 
and as the applied load increases. In addition, the rupture time also alters significantly by 
increasing the applied force. 
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Figure 7: SPCT creep curves of the ODS steels at 650 °C and different loads: 250 N, 275 N, 300 N 

The ODS compositions containing the complex compound Y-Ti-Zr-O and boron (14Al-X-ODS and 
14Al-X-ODS-B) exhibited improved creep resistance regarding the reference ODS steel. The 
increase of the precipitates' density and the enhanced ratio of micrometric and UF grains when 
the Y-Ti-Zr-O was included were the main reasons for this enhancement of the creep behaviour. 

Therefore, the effect of this addition was positive in enhancing their behaviour against creep. 
This fact was likewise supported by the lower minimum deflection rates and the higher times to 
rupture observed in the Y-Ti-Zr-O-containing ODS steels by comparing them with the reference 
material 14Al-Ti-ODS; the change in these values can be translated as a higher creep resistance 
of these steels. 

Table 5: Small punch creep results of the tested samples at 650 °C and different loads 

 Minimum disk deflection rate 
(µm/h) 

Time to rupture 

(h) 

250 N 275 N 300 N 250 N 275 N 300 N 

14Al-Ti-ODS 0.3 1.3 2.3 186.0 98.4 10.2 

14Al-X-ODS 0.1 0.5 0.3 826.2 182.5 35.5 

14Al-X-ODS-B 0.2 0.2 0.5 1314.1 443.8 63.2 

The creep behaviour in the processed ODS steels proved to be very satisfactory, especially the 
14Al-X-ODS and 14Al-X-ODS-B ODS steel compositions when their performance was contrasted 
with other published investigations where comparable test conditions were applied to materials 
developed for similar applications. Experiments in P92 steel (a martensitic 9 wt.% Cr steel) also 
using the SPCT developed by Zhao et al. [10] have obtained reduced creep values (280 h being 
the longest rupture time) when matched to the ones obtained with the steels of this 
investigation. In other studies on G91 steel (9wt.%Cr) with a specially modified microstructure 
to improve creep response by incorporating MX carbides and thermomechanical treatments, 
Vivas et al. [11] have shown that under the most extreme test conditions, the maximum time to 
rupture has not exceeded 150 hours. It can be noted how the developed ODS FS in this work 
have surpassed these results. Furthermore, comparing the manufactured Y-Ti-Zr-O-added steels 
from this investigation with other commercial ODS steels such as the MA956 (ferritic 20 wt.% Cr 
steel reinforced with Y2O3 nano-oxides) or the GETMAT steel (14 wt.% Cr, MA, extruded and 
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containing Y2O3 nanoparticles) showed an improvement in the creep time to rupture; (see the 
analysis developed by Bruchhausen et al. in [12]). 

To deepen the creep properties of the ODS steels tested by SPCT, an additional discussion was 
performed considering the relations between the minimum creep rate, the applied loads, and 
the time to rupture. In Figure 8, left, the minimum deflection rate was represented against the 
applied load in the SPCT performed at 650 °C. Again, the comparison between the reference 
ODS steel (14Al-Ti-ODS) with the Y-Ti-Zr-O-added ODS steels (14Al-X-ODS and 14Al-X-ODS-B) 
showed how these last steels exhibited lower deflection rates, displaying their better resistance 
against creep. This reveals the effectivity of the precipitates at pinning the dislocations' 
movement inside the steels, especially the ones derived from the Y-Ti-Zr-O that reduced the 
minimum deflection rates more actively and thus, developed in longer times to rupture. This 
fact was confirmed in Figure 8, right, where the load was outlined with the fracture times. It 
was proved how the retard on the onset of the tertiary creep state due to the interactions 
between dislocations and nano-oxides provoked the increase in the times to rupture. 

  
Figure 8: Stress dependence of minimum creep rate at 650 °C for the developed ODS steels (left), load vs 
time to rupture of the processed ODS steels at 650 °C (right) 

Additionally, to define the predominant creep mechanism involved during the creep process, it 
is necessary to calculate the so-called Norton stress exponent (n), which establishes this 
mechanism by correlating the applied load during the SPCT with the minimum deflexion rate in 
Norton's law (Eq. 1). 

𝛿𝛿𝑑𝑑 = 𝐴𝐴 · 𝐿𝐿𝑛𝑛 (Eq. 1) 

Where 𝛿𝛿𝑑𝑑 is the minimum deflexion rate, 𝐴𝐴 is the Temperature-dependent constant, 𝐿𝐿 is the 
applied load, and 𝑛𝑛 is the Norton exponent. Rewriting Norton's law (Eq. 2), it is possible to 
calculate this exponent through linear regression. 

𝑙𝑙𝑛𝑛 �
𝛿𝛿𝑑𝑑
𝛿𝛿250

� = 𝑙𝑙𝑛𝑛 �
𝐴𝐴(𝑇𝑇)
𝛿𝛿250

� + 𝑛𝑛 · 𝑙𝑙𝑛𝑛(𝐿𝐿) (Eq. 2) 

In this equation, 𝛿𝛿250 is referred to the minimum deflexion rate of the samples tested with the 
lower applied load in the SPCT, which in this work was equal to 250 N. Representing these 
natural logarithms of the load and the deflexion rates, the n stress exponent has been obtained 
as the slope of these lines, hence, providing information about the creep mechanisms associated 
with this exponent (Figure 9). 
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Figure 9: Assessment of Norton's stress exponent (n) in the ODS steels 

The ODS steels containing the Y-Ti-Zr-O compound (14Al-X-ODS and 14Al-X-ODS-B) exhibited n 
stress exponents close to 5, which meant that the predominant creep mechanism activated was 
the dislocation climb-glide creep; that is, the value of 5 implied that the creep was mainly 
motivated by the interactions that took place between the dislocations and the precipitates [13]. 
Some scattering in these calculations is observed and it could be due to the effect of the bimodal 
and heterogeneous grain size distribution, as some of the small tested samples may have 
exhibited higher or lower grain sizes and so their associated Norton exponent varied. Future 
small punch creep tests developed in similar conditions may decrease this scattering. 
Nonetheless, acknowledging that the Norton exponent is usually employed in characterising 
samples tested by uniaxial creep tests is relevant [24,25]; in these tests, the samples are 
stretched with homogeneous stress. In the SPCT, this equivalent stress varies as the deflection 
in the samples increases, so the n stress exponents obtained with the SPCT may not be the same 
as the ones obtained with the uniaxial creep tests. Nevertheless, it has been meaningful to study 
this Norton's exponent in the SPCT performed in this work. 

Finally, the Larson-Miller Parameter was calculated for the tested ODS steels in Figure 10. A 
value of 30 was selected for the constant C in the LMP calculations, which is in accordance with 
other works from the literature in which the creep properties are analysed in ODS steels [12,14]. 
The 14Al-X-ODS and 14Al-X-ODS-B present a significantly improved creep lifetime than the 
reference ODS steel (14Al-Ti-ODS) at 650 °C. Furthermore, when these LMP-related creep results 
are compared with other works that follow similar methodology from the literature like [15,16], 
it is evident how, although all the studied materials are heat-resistant steels, the ones developed 
in this investigation exhibit superior creep resistance. 
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Figure 10: Dependence of load on Larson-Miller Parameter of the processed ODS steels 

Focusing on the fracture mode of the tested samples, Figure 11 shows the samples tested with 
a load of 300 N and at 650 °C. From the fractography analyses, the steels Y-Ti-Zr-O show some 
dimples and deformed necks, proving their ductility before breaking. Furthermore, during the 
SPCT, two strain modes have occurred, the bending of the membrane and the stretching of the 
same. The first deformation mode of bending has been associated with the primary stage of the 
creep regime. In contrast, the stretching of the membrane takes place during the secondary and 
tertiary stages [17]. 

  

  

  
Figure 11: Fracture images of the tested samples by SPCT with a load of 300 N at 650°C 

4. CONCLUSIONS 
This research studied two ODS FS developed by PM in terms of microstructure and creep 
performance, varying their oxides' formers additions. The steels were processed using MA to 
obtain the initial powders, followed by an SPS consolidation. It was determined that: 



● The selected parameters in the steels' manufacturing were favourable to achieving 
microstructures that deliver competitive ODS steels. The MA strengthened and 
homogenised the powders properly, while the SPS consolidated the steels at nearly-full 
densifications avoiding excessive grain growth simultaneously. 

● The consolidated samples exhibited a bimodal grain microstructure composed of 
coarse-grain regions in conjunction with UF grain areas. 

● The inclusion of the Y-Ti-Zr-O positively affected the obtained microstructures, as it was 
able to refine the grain size at both coarse and UF grain levels. It increased the formation 
of more extended UF grain areas. Furthermore, it enhanced the precipitation of the 
nanometric oxides attaining more refined oxides and at higher densities. 

● The improved microstructures obtained by adding the Y-Ti-Zr-O complex compound 
revealed an exceptional creep performance on the ODS steels. The diminishing of their 
secondary deflection rates and the impressive increase in their times to rupture show 
the excellent creep behaviour of these compared with other candidate steels from the 
literature. 

● The predominant creep mechanism involved in the ODS steels was the climb glide creep, 
which is promoted by the interactions between the inner dislocations and the 
nanometric precipitates. 

● Overall, high-performance ODS FS was developed using a PM route that saved 
processing stages while achieving similar or better creep performance than other ODS 
steels.  
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