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A novel approach to incorporating oxide formers into ferritic ODS production has been developed using the co-
precipitation technique. This method enables the tailored design of complex nano-oxides, integrated during
Mechanical Alloying (MA) and precipitated during Spark Plasma Sintering (SPS) consolidation. Findings illus-
trate that co-precipitation effectively produces nano-powders with customised compositions, enriching Y, Ti, and
Zr in the ferritic grade to condition subsequent oxide precipitation. While the addition of Y-Ti—Zr—O nano-oxides
did not prevent the formation of Y-Al-O and Al-containing nano-oxides, these were refined thanks to the
presence of well-dispersed Zr. Additionally, the Spark Plasma Sintering (SPS) parameters were optimised to tailor
the bimodal grain size distribution of the ODS steels, aiming for favourable strength-to-ductility ratios.
Comprehensive microstructural analyses were performed using SEM, EDS, EBSD, and TEM techniques, alongside
mechanical assessments involving microtensile tests conducted at room temperature and small punch tests
carried out at room temperature, 300 °C, and 500 °C. The outcomes yielded promising findings, showcasing
similar or better performance with conventionally manufactured ODS steels. This reinforces the effectiveness and
success of this innovative approach.

1. Introduction

ODS ferritic steels are among the leading candidates for nuclear
energy applications, especially for those components exposed to higher
operating temperatures. Their good mechanical properties result from
the high oxide dispersion into the ferritic matrix, whose pinning effect
and high-temperature stability improve the creep behaviour [1-3].
Hence, higher precipitates densities in these steels convey an improved
mechanical performance at high working temperatures. Traditionally,
the precipitation of these oxides is enabled by adding one oxide pre-
cursor (Y203) and some pure elements such as Ti and Zr in the milling
process. In this way, during the subsequent consolidation, a dense
population of nanoclusters and nano-oxides precipitate (around 1023
oxides/mg) [4]. The competition established by the different oxides
precursors depends directly on their oxygen affinity, quantity, and

distribution, producing various oxides with uncertain stoichiometry.
Nonetheless, the problem appears in the Al-containing ODS steels
where Al is introduced to optimise the oxidation behaviour by forming
Al;O3 layers [5-7]. Undoubtedly, part of the this Al reacts with Y203
forming Y-Al-O oxides during the consolidation step, even in the pres-
ence of Ti [8]. These oxides could precipitate as coarse and incoherent
oxides, becoming less effective at blocking dislocations and limiting the
mechanical response of the steel under high-temperature conditions
compared with their analogous without Al [6,8-13]. Usually, these
materials’ precipitates density (Np) is reduced to 102°-102! oxd/m?,
while the precipitates’ mean size could vary from 10 to 30 nm [14-16].
Over the last years, this phenomenon has been solved through
different techniques continuously under development and research. On
one side, various studies used Zr or Hf (as a pure element or as an oxide)
since their affinity with Y and O is more significant than Al, developing
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Y-Zr-O or Y-Hf-O nano-precipitates and leading to an improvement of
the mechanical properties maintaining the amount of inserted Al [12,
17-23]. This phenomenon is mainly related to the binding energy of
Y-Zr-O and Y-Hf-O, which is far superior to Y-Al-O when those com-
pounds are formed in a Fe BCC matrix [19,20,23-27]. On the other side,
other authors have been using different nanoparticles developed in an
ex-situ way and inserted in the material through mechanical alloying. L.
Wang et al. [28,29] demonstrated that inserting YTioO7 nanoparticles
reduces the interaction with Al attaining a better response under me-
chanical requirements.

Following these lines, the innovative aspect proposed in this research
is to produce a complex Y-Ti-Zr-O nano-oxide using a co-precipitation
method [30]. The idea behind adding the oxide formers elements (Y, Ti,
and Zr) as a complex oxide formed by these elements is to generate
nanoparticles that would be incorporated into the steels during the
mechanical alloying (MA) step. Being nanoparticles, higher dispersion
of these elements in the Fe matrix could be expected, resulting in more
small environments enriched in Y, Ti and Zr. Thus, during Spark Plasma
Sintering (SPS), significant precipitates’ densities will be achieved, as
studied in Ref. [31], where other ODS steels incorporated the oxides
formers following the mentioned strategy. Once the precursor oxide has
been synthesised, the development of the ODS steels proceeds by ho-
mogeneously mixing these Y-Ti-Zr-O nano-oxides with a prealloyed
steel powder (Fe-14Cr-5A1-3W) by using MA and then consolidating
the material by SPS.

Furthermore, in previous works, the influence of the selected SPS
parameters on the grain microstructure has been studied [22]. These
parameters play a strong role by tailoring the formation of ultrafine and
micrometric grain regions achieving improved strength/ductility ratios.
Thus, the influence of the applied heating rate and sintering temperature
are also reported, in an effort to find a competitive ODS steel using this
new production method.

Hence, initially to study the effect of the nano-complex oxide addi-
tion and the influence of the SPS-parameters, the mechanical behaviour
of the processed ODS steels will be tested at room and high tempera-
tures. The alloys will be compared to the SPS-consolidated prealloyed
powder and previous 14A1-ODS-Ti' without Zr, in order to evaluate the
effect of the Zr addition, [32]. Meanwhile, to understand the effect of
adding the oxide former elements as a complex nano-oxides,
14A10DS-Zr600 will be used as a reference” [22]. Finally, to analyse
the materials’ behaviour at high temperatures, the results will be
compared to those obtained from the ODS steel obtained in the GETMAT
project (high-performance ODS steel obtained by hot extrusion) [33,34].

2. Experimental procedure

Gas-atomised prealloyed powders with the ferritic matrix composi-
tion, Fe-14Cr-5A1-3W (in wt.%, dso = 30 pm, Sandvik Osprey Powder
Group) and the co-precipitated complex oxide nanoparticles, Y-Ti-Zr-O
(aggregates of Yj ¢Tig9Zr; 6072 nanoparticles around 20 nm in size,
composition in atomic fraction measured from EDS point analyses per-
formed in several zones of the compound), which contained the ele-
ments responsible of forming the nano-oxides during the consolidation
stage were the starting raw materials. This complex oxide was syn-
thesised in-house through a co-precipitation reaction (process described
in Ref. [31]), and its amount (0.96 wt%) was calculated to keep the level
of Y in 0.20 wt% (analogous to 0.25 wt% of Y503 addition) [22,23,32].

The MA was performed in a horizontal ZOZ attritor Simoloyer CM01
type under a highly pure Ar atmosphere (99.9995 vol%) after 3 previous
vacuum purges to control the quality of the atmosphere. The balls-to-
powder ratio was 20:1, and the rotation speed was set up to 800 rpm
with an effective milling time of 50 h. XRD characterised milled powders

1 Y,05 and pure Ti were added.
2 Y,03 and pure Ti and Zr were added.
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Table 1
SPS parameters of processed alloys.
Fixed parameters Heating rate Temperature Labelled
(°C/min) cQ samples
Pressure: 57 MPa, dwell 100 1100 YTiZr100-T1
time: 3min 1150 YTiZr100-T2
1200 YTiZr100-T4
300 1150 YTiZr300-T2
1180 YTiZr300-T3
1200 YTiZr300-T4
500 1150 YTiZr500-T2

Fig. 1. MA powder after high energy milling of 50 h to introduce the
Y-Ti-Zr-O nano-oxides.

to check it was correctly performed by monitoring the evolution of
crystallite size (L) and microstrain values (¢) with milling time (calcu-
lations based on applying the Scherrer method in the most intense XRD
peak [35]). The interstitial composition (C, O and N) of the powders
before and after the MA was determined using LECO TCH 600 and LECO
CS230 to control the level of contamination induced in the powders
during the MA. A particle size analyser (LA950, Horiba, Japan) with a
laser beam was used to measure the particle size distribution. The MA
powder morphology was also studied by FEG-SEM (FEI Teneo) and was
compared with 14AlODS-Zr milled powders (ODS steel produced
through the same route but with the addition of Zr as a pure element)
developed in previous studies [22].

SPS was performed in an FCT Systeme GmbH varying the sintering
temperatures and heating rates (Table 1). To this end, the ODS powders
were introduced into a 20 mm cylindrical graphite die and sintered in
vacuum (10*2—10’3 mbar). Additionally, a high-purity (>99.97%)
tungsten foil (25 pm thick) was used as a diffusion barrier during the SPS
process to avoid graphite contamination from the die to the powders
[20]. The steels’ relative density was studied using image analysis with
free software JMicrovision® (after taking several SEM images at
different magnifications in each steel, the pores were identified and by
taking them as a region percentage, porosity percentages were assessed
and transformed in relative densities).

The final microstructure was evaluated by SEM (FEI Teneo), and
TEM FEG S/TEM (Talos F200X, FEI, USA) operated at 18 and 200 kV,
respectively. For the TEM analysis, the specimens were polished as
mirror-like surfaces and then electropolished at —60 °C and 22 mV in a
solution of 5% perchloric acid in methanol.

Finally, the material’s mechanical properties were evaluated by
different techniques. Micro-hardness tests were performed applying a
load of 200 g (ZwickRoell microhardness). Tensile tests were conducted
using miniature dog bone shape specimens at room temperature [36].
The crosshead displacement was used to calculate the strain and the
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Table 2
Particle size and crystallographic parameters for prealloyed and MA powders.
dio dso doo L e (%)  pais Gdis
(m)  (m)  (m)  (am) m™) (MPa)
Preal.14Al 12 30 62 43.1 0.217 1.07-10° 713
powder
MA powder 49 93 182 12 0.758  1.30-10'® 2491
Table 3
Carbon, nitrogen and oxygen analysis of the MA powders (LECO).
%C %N %0 %Ex.O
Preal.14Al powder 0.012 0.007 0.029 -
MA powders 0.094 0.051 0.316 0.06

tensile load was applied with a rate of 2 pm s~!. Small punch tests were
performed at a displacement rate of 0.3 mm/min at different tempera-
tures (room temperature, 300 °C, and 500 °C) to evaluate the mechan-
ical response of the steels to this parameter. Discs of 3 mm diameter and
0,250 mm thickness were prepared from the transversal section to the
press direction of SPS and were finished as mirror-like surfaces to
evaluate the fracture mode and ductility.

3. Results
3.1. Characterisation of the mechanically alloyed powder

After the prealloyed ferritic powder and the synthesised Y-Ti-Zr-O
nano-oxides were mechanically alloyed, the powders displayed an
irregular morphology and bigger particle size (Fig. 1). After checking in
Table 2 the djg, dso, and dgp parameters (values used in particle size
distribution analysis, representing the particle diameter below which a
certain percentage of particles fall) the MA process resulted in a coars-
ening of the particle size, which was expected since particles
deformation-fracture-welding processes occur during the milling pro-
cess. A bimodal grain size distribution in the SPS-ed steels could provide
them with a higher strength-ductility ratio, and to accomplish this, high
microstrain levels (¢) and low crystallite sizes (L) must be achieved in
the MA powders. Hence, the milling procedure was stopped once the &
and L parameters varied and reached a steady state, as explained in
Ref. [22] for similar steels (Table 2).

To study the dislocation hardening effect, the next equation was used
as a measure of the degree of plastic deformation achieved during MA. In
this case, M was considered as the Taylor factor (3.06) [37], ag as a
constant (1/3) [38], while pgjs is the dislocation density:

Gais = 0gMGb,/ Pam)

To use it, the dislocation density of the milled powders (values shown
in Table 2) was calculated using the following equation (b is the Burger’s

Eq. 1
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vector, equal to 0.252 nm, assumed for a perfect Fe lattice):

2
o =1445

is » Eq. 2

An increase in dislocation density can introduce additional defects
into the material, such as stacking faults or sub-grain boundaries, which
can act as diffusion pathways or sinks. These defects can enhance
diffusion during sintering and so improve the densification during the
SPS process. Additionally, they determined the degree of recrystalliza-
tion that can be achieved following the sintering process.

As an indication of the quality of the powder, after MA process, it is
important to measure the level of interstitials in the powder to ensure
that it has been properly protected and that contamination has been
minimized. In this case, a low level of interstitial elements was achieved
and reported in Table 3. The excess of oxygen parameter (Ex.0.) [39]
has been determined to check if the oxygen content would be able to
promote the formation of the different nano-oxides, while limiting this
value to 0.1% as a higher Ex.O. value could reduce the final precipitates’
density [40], diminishing the steel’s precipitation strengthening.

3.2. Characterisation of the consolidated material

3.2.1. Effect of parameters, heating rate and temperature on the
densification of the material

The different parameters used in SPS, such as maximum temperature
or heating rate, determined the final microstructure and the attained
densification. The effect of the maximum SPS temperature on the den-
sity was estimated when the other parameters remained constant, i.e.
pressure, holding time and heating rate (HR) (Fig. 2, left). Once a
minimum thermal activation was reached, the final density level
depended on the heating rate [41]. By increasing it from 100 to
300 °C/min, the densification level increased from 96% to an almost
fully dense level, 99%. This effect is clearly seen when a constant SPS
temperature was selected (1150 °C) and the HR was changed from 100,
300-500 °C/min (Fig. 2 right).

Regardless of the used SPS conditions, the desired bimodal micro-
structure was achieved in all the steels just like in previous works [22].
Fig. 3 evinced microstructures with large micrometric grains and ul-
trafine (UF) grains colonies for the different SPS-ed steels. The addition
of the co-precipitated nano-powders (Y-Ti-Zr-O) also influenced on the
nano-oxides precipitation (i.e. size, place and composition), and so, the
ability of the nano-oxides to retain the grain growth and the stability of
the fine microstructure.

Fig. 3 also showed, on one side, the effect of the HR (300-500 °C/
min) when maintaining the same sintering temperature of 1150 °C
(YTiZr300-T5 and YTiZr500-T5). Analogously, the effect of the sintering
temperature was determined on the samples by keeping constant the HR
(YTiZr300-T3 and YTiZr300-Ty4) [42,43].

In relation to the heating rate and sintering temperature, it should be
noted that in these steels, a HR of 300 °C/min had no effect on the

100

Density (%)
&

920

T T T T T
100 200 300 400 500
Heating rate (°C/min)

Fig. 2. (Left) Density vs temperature and heating rate. (Right) Density vs heating rate when SPS is performed at 1150 °C.
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Table 4

UF area fractions, average grain size of micrometric and UF grains, and dislo-

Area fraction (%)

0.1

~—UFG—
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Fig. 3. Inverse pole Figure maps (Y direction) and grain area fraction distribution on the SPS-ed ODS steels.

cation densities of the ODS steels.

YTiZr500- YTiZr300- YTiZr300- YTiZr300- 14A10DS-
T, T, Ty T4 Zr600
[22]
UF area 43+23 14.4 + 6.1+19 1.8+ 0.5 32+13
fraction 5.1
(%)
UF grain 0.31 0.31 0.32 0.40 0.30
size (um)
Micrograin 2.36 2.17 2.40 2.10 1.51
size (pm)
Pdislocation 5.09-10'*  4.40.10*  3.82.10'*  9.07.10%*
(m™?)

regions of UF grains. Furthermore, specimens processed up to 1180 °C
(T3) at 300 °C/min suffered a decrease in the amount of UF grain col-
onies. As expected, no texture was observed on the consolidated
samples.

In terms of microstructure, these steels are comparable to the ones
previously processed in Ref. [22] (see Table 4). In both UF and micro-
metric zones, the average grain size is analogous, and the final dislo-
cation density is determined by the temperature of the process when the
heating rate is kept constant. However, a clear drop in the ultrafine
regions (UF area fraction%) can be observed when compared with the
14A10DS-Zr600 steel from Ref. [22] although this steel does not follow
the same processing route nor does it have the same composition. In this
last steel the added wt. % of Zr is considerably higher than in the steels
developed in this work, which in return, promotes a higher denisity of
precipitates in charge of blocking the grain boundaries and so, pro-
moting the formation of more UF regions that strengthen the steel by
grain size strengthening.
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Micrometric grain analysis Overall observation

Ultrafine grain analysis

)

Relative frecuency (%
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Fig. 4. STEM characterisation on YTiZr500-T5: (left) STEM Images, (right) oxide diameter distribution.

Because all the contrasted steels were fabricated through the same
powder metallurgy route (MA + SPS), their grain microstructures have
comparable grain morphologies, and none exhibit any principal crys-
tallographic directions (no texture). Thus, the effect of the matrix
texture has not been considered for this study.

3.2.2. Characterisation of the nano-precipitates

The characterisation of the composition, size, morphology, and dis-
tribution of the oxides is shown in Fig. 4. The precipitates density (Nj, ~
102! oxd/m®) was in the same order of magnitude as other ODS steels
processed by SPS without Zr [8,44] and similar ranges of other ferritic
ODS steels with Zr developed by Gao et al. [18]. A total amount of 2000
nano-oxides were measured to obtain the final size distributions, where
the average oxide diameter varied from 8.4 to 11.2 nm.

The distribution of nano-oxides with respect to grain size has been
investigated separately in the micrometric and ultrafine zones (Fig. 4).
Considering the micrometric grains, a total area of 2:10° nm” containing
693 oxides was analysed. The precipitates size distribution is centred at
9.3 nm, and the total density of precipitates measured is 3.45-102! oxd/
m® which provided a volumetric fraction of 0.14%.

A\GigIV\CoRIT.EEN 53.64 649 0.68 16.57

Y-Zr-Al-O, Type 2 731 141 31.52

Y-Al-O, Type 3

gy a3 28.51

Y-Zr-O, Type 4 11.77 6.71 5.98 10.29

Fig. 5. Oxides detected on YTiZr500-Ts:
different precipitates by EDX on TEM.

Average composition (wt.%) of the

Ultrafine regions were also investigated to observe if the composition
or the density of oxides had changed in these smaller grains. A total area
of 3.2:10° nm” was analysed in which the oxide size distribution was
centred at 8.4 nm. Moreover, in these regions the density of precipitates
increased to 7.14-10%! oxd/m? (frequency of 0.22 %) which can explain
the lower local grain growth in contrast to the micrometric area.
Certainly, EDX by TEM exposed oxides containing the elements that
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Type 1

Type 2

Type 3

Fig. 6. EDS Mapping of YTiZr500-Ts.

boundaries, exhibiting sizes from 10 to 30 nm (displaying a white

Table 5 . i . : contrast) even when only a few of them ranged between 30 and 90
Total number of analysed nano-precipitates and their fractions of Y, Zr, Ti and .
Al nm. From 30 to 90 nm, precipitates presented a black colour contrast
. even if the composition had not changed.
(total n of Y Zr Ti Al Type 2 (Y-Zr-Al-0): With sizes between 9 and 30 nm and a white
precipitates) o .
contrast, they were located inside the grains.
108 99 86 62 78

Type 3 (Y-Al-O): Their sizes were in the range of 15-45 nm and
were situated inside the grains and at the grain boundaries.

Type 4 (Y-Zr-0): Sizes ranging from 8 to 20 nm, mainly located
were previously precipitated in the complex oxide, Y-Ti-Zr-O. Four inside the grains.

types of precipitates were detected (summed up on Fig. 5), namely:

(91.6%) (79.6%) (57.40%) (72.22%)

These oxides were clearly appreciated on Fig. 6, where the compo-

Type 1 (Y-Ti-Zr-Al-0): These precipitates were the most common sitional mappings were in accordance with the previous classification.
in the steels and were located both inside the grains and in the grain Although elements with higher oxygen affinity were introduced to
500 00
100 °C/min 300 °C/min 500 °C/min
4004 400 1
300 4 300
-
3
= o
200 + 200 -
100 H 100 4
T T ’ d T T T T T 0-— T T T T T T T T T T
1100°C 1150°C 1200°C -~ 1150 °C 1180°C 1200°C 1150°C \,Y\ /{\/ ¥ i~ S % S S N « §
;oS § & s & EE
& & § 4 g & g ¢
¢ £ ¥ ¢
&

Fig. 7. Microhardness evaluation depending on different SPS parameters and comparison with Zr600 from Ref. [22], free Zr ODS (14Al-ODS-Ti), free ODS ferritic
steel (Prealloyed 14Al) and ODS steels from the literature.



A. Meza et al.

Nuclear Engineering and Technology xxx (xxxx) xxx

12005 ——YTizr 500-1150°C
——YTizr 300-1150°C
YTiZr 300-1180°C
{000} —— ;i YTiZr 300-1200°C
©
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o
=
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Fig. 8. Comparison of engineering tensile stress-strain curves for the steels, ODS Zr free (14Al-ODS-Ti) and free ODS ferritic steel (Prealloyed 14Al).

minimise the Y-Al-O oxides formation, the higher Al content of the base
prealloyed powder promoted the presence of these. Still, the formation
of complex oxides such as Y-Ti-Zr-Al-O (type 1 oxides), with more
refined diameters than Y-Al-O, was observed, representing the highest
volume of the precipitated oxides. Moreover, from the whole analysed

700 L

600 4

500 4

oxides, 80% has Zr, as it is shown in Table 5. This is due to the addition
of the Y-Ti-Zr-O compound, which increased the formation of type 1

nano-oxides.
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Fig. 9. Small punch test at RT and 500 °C and maximum load values achieved at different temperatures. Graphs show the comparison between F-ODS-II alloys, Zr600

(14ZrODS) and GETMAT steel (processed by HE [33,34]).
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YTiZr300-T,

25 °C

500 °C
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14Al-ODS-Ti

Fig. 10. Small Punch fracture specimens.

3.3. Mechanical response on F-ODS-II materials

3.3.1. Room temperature behaviour

The capability of the material to withstand plastic deformation was
evaluated by microhardness testing (Fig. 7).

Because of the lower densification of the samples consolidated at
100 °C/min (relative density of 96%) the microhardness values have the
highest deviations, but the values remain comparable to those obtained
at higher HR (300 and 500 °C/min). As a result of improving the density
by increasing the HR, the values became more stable and repeatable.

Regarding their comparison with other ODS steels from the litera-
ture, it should be noted that YTiZr300-T, has achieved a comparable
value to 14Al-ODS-Zr600, even if this last one showed higher pre-
cipitates density values and lower regions of UF grains. Therefore, the
SPS-ed steels from this work produced an oxide more effective at
blocking dislocations than the one produced in 14Al0ODS-Zr600 [23].
Besides, as expected, these steels with more refined oxides improved
their hardness with respect to the one developed without Zr [32], and
the other steels reported in Refs. [45,46].

A microtensile test was also performed on alloys with densities
greater than 98% (Fig. 8). Despite the SPS conditions, all materials
showed outstanding UTS values as well as proper toughness levels. The
YTiZr300-T2 alloy had the best balance of tensile properties, corre-
sponding to one with a significantly high precipitates density value and
the highest percentage of ultra-fine grain colonies.

The effect of HR is negligible in this case, since both alloys
(YTiZr500-T2, YTiZr300-T2) reached similar temperatures. As HR
increased, the differences in density did not represent a notable
improvement in tensile strength, and the YTiZr500-T2 alloy has less
ultrafine grain colonies, which are probably responsible for its lower
strength.

In view of the bimodal grain size, the processed ferritic ODS steels
could be considered heterogeneous materials with notable differences in
ductility or strength between the micrometric and UF grain colonies.
Thus, during the microtensile tests, both areas behaved differently. Once
the ductile area overcame the elastic deformation, the harder one (ul-
trafine colonies) remained elastic, limiting the further, plastic defor-
mation of the ductile areas. Therefore, an increase in the macroscopic YS

of the material was measured. On the other hand, for higher stress levels,
the softer micrometric grains sustained much harder strain, and there-
fore the material’s toughness was improved. The formed nano-oxides
effectively blocked the dislocation movement, which resulted in an
enhanced UTS.

The amount of UF grain colonies decreased when SPS was performed
at 1200 °C and 300 °C/min (YTiZr300-T4), which explained the reduc-
tion in the UTS. Once again, the ODS steels developed in this investi-
gation have achieved properties comparable to 14A10DS-Zr600 [22].

3.3.2. High-temperature evaluation

The results obtained by Small Punch tests are represented through
the load-deflection curves (Fig. 9). The microstructures promoted by the
nano-complex oxides and the dual grain size achieved make the differ-
ence with respect to the benchmark 14AI1-ODS-Ti [31] composition (ODS
steel without Zr) tested in the same conditions. However, as it was
observed in tensile tests at room temperature, no difference was noticed
between the reference alloy 14A10DS-Zr600 [22] and the processed
Y-Ti-ZrXO00 alloys from this work. Regardless of how Zr was included in
the composition, this element seems to be the key factor in the
improvement of mechanical properties. Proposed alloys can be
compared to GETMAT in terms of maximum load at high temperatures
(300 and 500 °C). At 300 °C, the developed alloy maintains the
maximum load obtained at room temperature and only drops slightly at
500 °C.

The overall appearance of the fractured surfaces was observed to
provide insights into the fracture mode (Fig. 10). The proposed alloys
present ductile-brittle fracture mode with cracks open and circum-
ferentially oriented (like 14AlODS-Zr600). The energy absorption
capability found in the Zr-free ODS alloys (14Al-ODS-Ti) was improved,
as in these last ones the fracture mode was brittle with radial cracks.

4. Discussion

4.1. Influence of complex oxide addition on the composition of nano-
precipitates

The composition of precipitates in free Al ferritic ODS steels has been
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Table 6
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Yield strength values for the processed ODS steels calculated theoretically vs. experimentally obtained YS (in MPa).

YTiZr500-T,

YTiZr300-Ty YTiZr300-T3 YTiZr300-T4

Strengthening contribution Ogh 189
st 493
op 122
Calculated YS Oy calc 891

Experimental YS Oy experimental 815

226 193 191
492 458 427
122 122 122
927 861 829
841 793 735

studied in other works and demonstrated that additions of Zr, Ti and
Y203 formed Y-Ti-Zr-O type nano-precipitates. The presence of this
type of precipitates favours their stability on the attained microstructure
[47,48].

The reaction of the solute elements with oxygen leads to the pro-
duction of precipitates with specific compositions. When Y, Ti and Zr are
in a free state, and not in the ferritic matrix, their interaction with ox-
ygen is guaranteed and their binding energy with O follows the next
trend Zr-O > Y-O > Al-O. However, Y, Zr, and Al are highly influenced
by the environment/structure in which they are inserted (in this case,
the BCC Fe structure), and their behaviour changes along the following
trend Y-O > Zr-O > Al-O. This phenomenon is explained in Ref. [49]
through the formation energy of the solute element in the Fe matrix
since there is a relationship between the formation of the different
precipitates with the binding energy between the oxide formers, the
vacancies, the surrounding BCC matrix and the oxygen. Under these
conditions, the precipitation trend would be Fe-Y > Fe-Zr > Fe-Al, i.e.,
Y and Zr are more likely to precipitate than Al.

The high concentration of vacancies promoted during MA, also de-
termines the formation of nanoclusters (or nano-oxides), as reported in
Refs. [50-54]. These investigations show the relationship established
between the different solutes with the vacancies considering the binding
energy and their affinity, reaching the conclusion that the binding en-
ergy when a solute atom interacts with a vacancy follows the trend Y
{ If the presence of oxygen is included, they show that
the maximum binding energy for Zr-O-{"} is higher than Al-O-{} [47].
This explains why Y-Zr-O, Y-Al-O, Y-Zr-Al-O, or Y-Zr-Ti-O represent
almost the totality of the nano-precipitates formed in the ODS steels of
this work whereas Zr-O, Y-O, Ti-O, Al-O, ZrY, or TiY were not
identified.

It was impossible to avoid forming type 3 Y-Al-O oxides due to the
high Al content in the composition (5%). Besides, in the BCC matrix, Al
has a diffusion rate similar to Fe. As a result, the formation of Y-Al-O is
facilitated by a shorter diffusion distance to react with O, like what has
been reported by Unocic et al. in Ref. [24]. Thus, Al would be more
likely to react than the other elements.

4.2. Heating rate effect on the final consolidation of material

A parameter studied to improve the density of SPS samples is the
heating rate. According to two main theories over the last few years, this
improvement in densification can be explained by two factors [41-43,
55]. Some authors argue that changing this parameter can affect the
Joule effect, since the intensity of the current affects the temperature
gradient [56]. The surface of the particles has a higher activation to form
sintering necks since higher temperatures are reached [57,58]. At the
same time, the high density of lattice defects limits the thermal con-
ductivity and so, creates a shell/core distribution of temperatures, with a
gradient from the surface to the centre of the particles. Thus, porosity
between particles is reduced more effectively while limiting excessive
grain growth inside the particles. Other works have indicated that the
main responsible of enhanced densification is an overheating of the
entire mass of powder (up to 100 °C) as the intensity of the current is

3 The [} symbol represents a vacancy.

increased when the H.R. is increased [59,60].

4.3. Mechanical behaviour: room temperature conditions

The Zr addition is crucial to attain proper mechanical properties
since improvements are observed with respect to free Zr ODS ferritic
steel (14Al-ODS-Ti). To explain why, it is possible to analyse the yield
strength (oy) of ODS steels, which depends on different mechanisms as
reported in Ref. [61].

6y =00 + Oy + Oy, + 1/ 0uis> + 0,°

In this equation 6 and o are constants representing the friction stress of
a single pure Fe crystal (53.9 MPa as reported in Ref. [62]) and the
strengthening by solid-solution strengthening (following the work of
[22], 140 MPa) respectively. Grain boundary strengthening, dislocation
and dispersion strengthening are dependent on the processing route and
composition and can therefore vary with the developed microstructure.
Using the same formulas as in Ref. [22] allowed to obtain the results
from Table 6.

The dislocation density strengthening and oxide strengthening pro-
vided the largest contribution to the calculation of oy [63-65]. In-
crements in the sintering temperature involved a decrease in grain
boundary strengthening, which could explain the variation in the
calculated oy of ODS steels. Even though the experimental and theo-
retical values differ, the relative magnitude of the oy is maintained be-
tween manufactured ODS steels.

Clearly, the increment order of non-constant strengthening contri-
butions is 64is > 6gp > 0p. Therefore, yield strength is primarily influ-
enced by dislocation and grain boundary strengthening, which account
for about 75% of the strength.

(eq 3)

5. Conclusions

A new method to accomplish the addition of oxide formers in the
production of a ferritic ODS has been developed. Thanks to the co-
precipitation technique it is possible to design and tailor complex
nano-oxides that can be introduced during MA, and later precipitated
during the SPS consolidation. It was demonstrated that:

e Co-precipitation could be an effective method to obtain nano-

powders with a tailored composition. Enriched environments of Y,

Ti and Zr were produced on the ferritic grade by adding a unique

compound of oxide formers, which in the end conditioned the later

oxide precipitation.

The addition of Y-Ti-Zr-O nano-oxides did not avoid the formation

of Y-AI-O (type 4) or Al-containing nano-oxides (Type 1 and type 2).

SPS conditions can be optimised to obtain a fully dense material. The

heating rate was the key factor that enabled full densification of the

steels when the applied pressure was 50 MPa.

e A bimodal grain size distribution was obtained for all the consoli-
dated samples. The oxides produced, were effective in retaining
grain growth. The sizes of the ultrafine colonies depended on the
maximum temperature achieved on SPS.

e The evaluated mechanical properties have shown the proper
behaviour of the produced ODS steels by this new method. Small
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punch tests at high T showed promising results at 300 °C and 500 °C
where the steels achieved optimum values, similar to the ones ob-
tained by traditional methods of production.
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