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The proposed ODS ferritic steel alloyed with (Y-Ti-Zr-Al) was produced by mechanical alloying (MA) and
spark plasma sintering (SPS) to obtain a complex nanostructure. To densify the material, a sintering cycle
by SPS was performed at 1100°C using fast heating rates (from 100 to 600 °C/min). During the attrition of
MA powders, the uneven distribution of deformation level and of alloying elements has produced an inho-
mogeneous recrystallization during the consolidation step. Influence of processing condition was studied by
modifying the heating rate of SPS to promote a heterogeneous material with bimodal grain size distribution.
The final microstructures were characterized by X-ray diffraction and electron microscopy (SEM and TEM).
The mechanical behaviour at R.T. was characterized by means of the Vickers microhardness and micro tensile
tests. The good balance obtained between ductility (~22-26%) and yield stress (800-910 MPa) at room tem-
perature is provided by the bimodal grain size distribution. To predict the experimental values depending on
the processing conditions, a yield strength model is presented. This model covers the contribution of differ-
ent strengthening mechanism from solid solution, grain size, dislocation density and oxides precipitation. The
model indicates the dislocation density as the major strengthening contribution. In addition, small punch (SP)
tests were performed to analyse the response of the material at high temperatures where remarkable properties
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have been achieved.

©2019.

1. Introduction

One of the most valuable structural material candidates for severe
service conditions are the ODS ferritic steels, especially for nuclear
energy applications and particularly for components exposed to higher
operation temperatures. Their mechanical properties result from the
combination of the high density of nano-oxides dispersed into the fer-
ritic matrix, whose pinning effect and high stability at high tempera-
ture increase the creep behaviour, and from the effect of the dual grain
size distribution.

The composition of ODS ferritic steels is one of the key issues
needed to obtain high performance materials. In this work, Cr and Al
are selected to fulfil the corrosion requirements, while W is necessary
to maintain these properties at high temperatures through solid solu-
tion strengthening. To develop stable nano-oxides with a variable sto-
ichiometry dispersed into the ferritic matrix, Y,05 Ti, and Zr are in-
cluded in the composition. These nanoprecipitates are used to block
the movement of dislocations, improving the mechanical behaviour at
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high temperatures [1,2]. Traditionally, Y,0O; was the main ingredi-
ent used to produce nano-oxides [3]. Previous works [4,5] observed
that the addition of Ti provided a particle size refinement, develop-
ing non-stoichiometric Y-Ti-O nanoclusters whose nature and size in-
creased the performance of the ODS alloys. The bonding energy of
Zr-Y-O can be assumed to be far superior to that of Y-Al -O when
those compounds are formed in an Fe matrix. That means that initially,
Y-Zr-O should form more easily and be more stable than Y-Al-O or
Y-Ti-O [6]. Moreover, the presence of Zr could lead to a refinement of
the nano-oxides when Al is present, which leads to an increase in the
high temperature behaviour, while the corrosion resistance is not mod-
ified [7-12]. Further, Zr addition into ferritic ODS steels alloyed with
high Al content increases the irradiation damage resistance [13-15]
because the newly promoted oxides have superior thermal stability
and irradiation tolerance [7]. Moreover, Zr has a small thermal neutron
capture cross-section. To understand the effect Zr on the processed
microstructure, the materials obtained were compared to others ODS
alloys produced in previous works, where the prealloyed powder was
consolidated without oxide formers to be used as a reference, or was
MA with 0.4 Ti and 0.25 Y,0; wt.% (14A1-ODS-Ti). Both samples
were consolidated by SPS using a heating rate of 100 °C/min [16].

On the other side, ODS steels are traditionally obtained by hot iso-
static pressing (HIP) or hot extrusion (HE) [17,18]. As an alternative
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Table 1

Composition, in wt.%, and theoretical densities, py, and p,..x (g/cm®)), of the processed
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ferritic ODS alloys (powder label: P: Prealloyed, E: Elemental).

Prealloyed
Tag Fe-14Cr-5A1-3W Ti Y,0;  Pain
14ZrODS Balance” 0.4° 025 721

i The theoretical density of the ODS is calculated by two approximations: the mixing
rule (1) and the density of a compact free of porous (2).pmax= Ywipi (1)

Poin = L/Z0wi/ pi) (2).

Table 2
SPS cycles modifying the heating rate.

Cycle Sample Label
1100°C, 80MPa, 5min 100 °C/min Zr100
200 °C/min Zr200
400°C/min Zr400
600 °C/min Zr600
10
i
4 |
L,
| t ............ 4
Y ~
R
0.5 !

Fig. 1. Tensile bone sample geometry that assures uniform deformation, cross section
of 1x 1 mm? [26].

to consolidate the ferritic ODS steel, the use of field assisted sinter-
ing techniques (FAST), including Spark plasma sintering (SPS), have
been also considered where the powder placed in a graphite die is si-
multaneously uniaxially pressed and heated by the Joule effect pro-
vided by pulses of high intensity current [19-21]. The fast genera-
tion of internal heat increases the sintering kinetics giving a mini-
mal grain growth and a rapid densification if a proper final tempera-
ture is selected. The uneven characteristics of processed milled pow-
ders have provided an heterogeneous recrystallization that lead to a bi-
modal grain size. In this work it has been studied the effect on final
microstructure of the SPS heating rates and the consequences on me-

Microstrain (%)

chanical properties. Besides, to qualify the material for the use un-
der high temperature, materials, tested using small punch, were com-
pared to GETMAT material project [22,23]. Finally, the strengthening
mechanisms contributions at room temperature have been discussed
based on strengthening calculations to identify the dominant ones.

2. Experimental procedure

A ferritic ODS steel was obtained by MA and SPS with the com-
position displayed in Table 1. The starting raw materials were a gas
atomized prealloyed powder Fe-14Cr-5A1-3W (wt.%) provided by
Sandvik Osprey, pure elemental Ti powder from Gfe mbH, Y,0,
nanopowder from TJ Technologies & Materials Inc., and pure elemen-
tal Zr powder from Good Fellow.

The MA process was performed in a horizontal attritor (ZOZ
CMO1) under a constant flow of highly pure Ar atmosphere
(99.9995 vol%) with a previous vacuum purge to control the quality of
the milled atmosphere. High energy milling was done at 800 rpm with
an effective milling time of 2h. The ball to powder ratio was 20:1. Be-
fore the MA process, the powder mixture was mechanically blended
for 2h at 200 rpm.

To monitor the crystallite size and microstrain values evolution
(calculated by the Scherrer method) with milling time, the milled pow-
ders were characterized by X-ray diffraction. The diffraction patterns
were collected on an X'pert Phillips using Cu Ka radiation, with a step
size of 0.02° and 7.6's per step.

To determine the powder shape, morphology and particle size dis-
tribution, SEM and laser particle size analyser (Mastersizer 2000)
were used.

To consolidate the samples into dense specimens, the processed
powders were sintered by Spark Plasma Sintering (SPS) (FCT System
GMBH,HPD25,Germany) placed in a graphite die of 20 mm diameter
with a final temperature of 1100 °C and a dwell of 5 min under 80 MPa
from R.T. The process was done under low vacuum ( 1072-10 > mbar)
to avoid oxygen enrichment. A tungsten foil (25pum thickness) was
used to cover the die walls and punches to prevent carbon diffusion
from the graphite dies/punches into the steel [12,24,25]. The heating
rate was modified from 100 to 600 °C/min to tailor the grain size dis-
tribution and optimize the densification (Table 2). The temperature
was controlled by using a pyrometer in the upper punch. Image analy-
sis (by Jmicrovision®™ software) was selected for measuring the density
of the sintered specimens (at least an area of 868980 pm2 was consid-
ered).
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Fig. 2. 14ZrODS powder detail after 50h of MA, ds,=77 pm (left side). Microstrain and crystallite size evolution during the milling time calculated by Scherrer method on the peak

(110) of Fe (right side).
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Fig. 3. Microstrain (%) and crystallite size (nm) values in prealloyed/milled powders and after consolidation by SPS at different heating rates.
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Fig. 4. Zr100 (Left side) and Zr600 (Right side) of the Y IPF (SPS compression direction). Grain size distribution depending on heating rate.

The microstructure was evaluated by SEM (Philips XL-30 and FEI
Teneo) and FIB FEG-SEM dual beam microscope coupled to EDX
and EBSD detectors (Zeiss Crossbeam 1540). EBSD acquisitions in
the transversal section with respect to the compression direction were
performed using a step size of 80nm with a tolerance angle of 2° to
determine the grain size distribution.

To assess the mechanical properties, Vickers microhardness HV ,
was measured (200g load) at R.T (Zwick/Roell ZHVp model), to
evaluate the entire dual microstructure random measurements (20 in-
dentations) were done. R.T tensile response was characterized by
miniature specimens (Fig. 1) [26] in a micro tensile machine (Kamm-
rath & Weiss micro machine) with a displacement rate of 2 pm/s, ten-
sile direction is normal to the press direction. To understand the frac-



4 Journal of Nuclear Materials XXX (XXXX) XXX-XXX

Table 3
Average grain size, particle size, volume fraction of nanoparticles and dislocation den-
sity of the different steels consolidated with different heating rates.

Nomenclature Zr100 Zr200 Zr400 Zr600
Ultrafine area fraction 19+8 18+6 27+4 32+13
UF grain size (um) 0.40 0.40 0.39 0.30
Micrograin size (um) 1.57 1.50 1,51 1.51
Microstrain (%) 0.17 0.15 0.18 0.20
Dislocation density (m=2)  6.5510'*  5.1010'*  7.34-10'*  9.07-10"

ture behaviour, an in situ SEM observation of microtensile test was
also carried out.

To evaluate the mechanical response with temperature, small
punch tests were performed at a displacement rate of 0.3 mm/min from
R.T. to 500°C. Discs were prepared from the transverse section to
the press direction of the SPS. The specimens (3 mm diameter and
0.250mm thickness) were finished as mirror-like surfaces to evaluate
the fracture mode and ductility.

3. Results
3.1. Characterization, as-milled powder

With the goal of developing nanostructured material after consol-
idation, it is necessary to start with an MA powder. During MA, the
collisions of the grinding media with the initial powder mixture pro-
vide the transfer of kinetic energy needed to modify the characteris-
tics of the powder. Subsequent process of plastic deformation causes
repeated particles fracturing and cold welding that will condition the
progression of the alloying. In this case, after 50h of effective milling,
the powders reached an irregular shape with a diameter (Ds,) of 77 pm
(see Fig. 2 left).

100

Structural defects or modifications produced during milling, such
as solid solution formation, vacancies, dislocations, and stacking
faults, will induce an inhomogeneous strain into the crystalline struc-
ture. As a result, the lattice distortion increases and the crystalline co-
herence zone decreases and therefore the crystallite size is reduced
[27]. To obtain a nanostructured powder it is necessary to ensure a
high microstrain level and low crystallite size as milling time pro-
gresses, as show in Fig. 2, right. The minimum crystallite value after
50h of milling is close to that reported in Ref. [28] for pure Fe, where
the minimum average grain size possible by milling was calculated.

The microstrain level will determine the final grain size of the con-
solidated powders, since the minimum average grain size achieved can
be attributed to the balance between the density of dislocations and its
recovery by thermal processes, as stated in Ref. [29]. Once a critical
level of microstrain is achieved, the crystallite size remains stable, at-
taining a steady state with milling time. During SPS, the thermal ac-
tivation will be used first in reducing the strain of the crystallite and
then the grain will grow. At the end of MA, even if a steady state is
achieved, the plastic deformation stored on each particle is different,
as the alloying degree achieved does. In addition, the difference in par-
ticle size will have a strong influence on the way in which the material
recrystallizes during SPS consolidation.

3.2. Characterization of consolidated samples: effect of heating rate
on the final sample

Comparing processed samples with milled ODS powders after the
SPS consolidation, the crystallite size and microstrain level change
as result of recrystallization during the thermal activation, and conse-
quently the crystallite size increase while the internal strain decreases
(Fig. 3) [30]. At the end, the values are close to those obtained for the
starting prealloyed grade powder, which has a fine grain microstruc-

I 100 °C/min B 200 °C/min |

|400 °C/min [ 600 °C/min |

AR |

i
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Area fraction (%)
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0.08-0.2 0.2-04 0.4-0.6 0.6-0.8 0.8 1-3 3-5 5-7 >7

Ultra fine grain size

Micrometric grain size

Grain size (um)

Fig. 5. Grain size distribution by using different heating rates: ultrafine grain size (from 0.08 to 0.8), and micrometric grain size (from 0.8).
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Table 4
Samples densities using different heating rates (%).

Nomenclature Zr100 71200 Zr400 Zr600

Density (%) 99.4£0.5 99.2£0.5 98.7+0.2 98.6+0.1

ture due to the fast cooling rate applied during the gas atomization
process.

In the course of the sintering process, independently of the heating
rate, each individual powder particle recovers and recrystallizes in a
different degree, following an inhomogeneous recrystallization. As a
consequence, the sintered ODS steel evolves into a dual grain size mi-
crostructure comprising colonies of ultrafine (UF) grains and colonies
of micro size grains. As the heating rate increases, the area taken up by
the ultrafine colonies is greater and, at the same time, the mean grain
size decreases (Fig. 4).

A total area of 9000 um® per SPS sample was considered for the
statistical analysis. The effect of the heating rate on the extension of
the ultrafine grain areas is especially clear for heating rates above
400°C/min (Table 3).

Higher heating rates have a direct effect not only on the presence
of ultrafine areas in the material but also in the average grain size in-
side those areas, reducing them as soon as the heating rate is increased.
On the other hand, the micrometric grain is also affected. The average
micrometric grain size in this region is also reduced, or at least main-
tained, when the heating rate is increased (Fig. 5). Fine grains com-
bined with micrometric grains could demonstrate a special mechanical
behaviour, providing good toughness without strength loss [31].

To evaluate this phenomenon dislocation density was calculated by
using X-ray diffraction through the next equation (1):

2
£

Trying to perform a more accurate measurement the microstrain
(e) was calculated by means of Williamson-Hall equation [32]. Higher
dislocation densities were achieved when 600 °C/min heating rate is
selected (Table 3).

In the literature, it is reported how the heating rate could also have
an effect on the final densification of the material, increasing it as
soon as the heating rate is increased [33,34]. In this case, the equilib-
rium achieved between temperature and pressure has the largest effect
on the final consolidation. The final densities achieved are almost the
same independent of the heating rate used (Table 4).

3.3. Evaluation of mechanical properties

3.3.1. Microhardness

The materials’ resistance to local plastic deformation was tested by
microhardness. Fig. 6 shows how the consolidated ODS steels with
Zr additions have reached a level comparable to ODS RAF consoli-
dated by a more complex processing route (HIP plus thermomechan-
ical treatment) [35]. The reduction of the grain size, the precipitation
of new nano-oxides and the efficient solid solution strengthening leads
to an increase in the hardness obtained. These values are of the same
order as those reported in the literature [17,36].

Considering the relationship between hardness and strength, where
HV ~3 o (transfer HV to Pa) [37] it is possible to estimate the yield
strength of these ODS sintered steels (assuming ¢ as oy) since they
have exhibited strain hardening (Table 5).
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Fig. 6. Microhardness of different ODS steels.
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Table 5
Yield Strength evaluated by microhardness.

Nomenclature Zr100 Zr200 Zr400 Zr600

6, (MPa) 1163 1132 1172 1226

3.3.2. Tensile performance

Independent of the heating rate used, 14ZrODS steels have demon-
strated extraordinary UTS values (Fig. 7) particularly when Zr600 is
considered. This ODS has shown the higher fraction area of ultrafine
grains and the lower grain size distribution inside them. Values ob-
tained by the previous estimation using microhardness data (Table 5)
show the same trend obtained by tensile tests especially on the Yield
Strength.

Toughness is essentially affected by the final density and by the
balance of ultrafine grains to micrometric grains as well. Although all
the consolidated materials, from Zr100 to Zr600, present a good equi-
librium between toughness and UTS, the higher results are achieved
again for the material processed at 600°C/min which exhibit the
largest area of colonies with ultrafine grains.

14ZrODS

Engineering stress (MPa)

The in situ tests help to understand the mechanical behaviour of
these ODS steels (Fig. 7). Cracks appear at 45° with respect the load
applied. This phenomenon, together with the necking on the sample in
the gauge section, proves the ductility of the material.

3.3.3. Small punch test

The results of the SP tests are represented in the load-deflec-
tion curves (Fig. 8). The mechanical behaviour of the material is
clearly determined by the Zr addition. The bimodal microstructure
obtained by the 14ZrODS, together with the pinning effect of the
nano-oxides presented on the material, makes the differences with the
14AI1-ODS-Ti steel (Zr-free).

It is worth mentioning the effect of heating rate, the Zr600 ODS
steel maintains the maximum load until 300 °C, at which point it starts
to descend. The response of this processed material Zr600 in terms
of ductility (deflection) and maximum load (F,,) is comparable to that
observed for the hot extruded ODS steel analysed in GETMAT project
(Fig. 8).

Fractography of the SP tested specimens has shown two differ-
ent behaviours (Fig. 9) regardless the processing conditions. A typi-
cal ductile-fragile fracture mode with open and circumferentially ori-

0 T T T T Y T Y T ¥ 1
0 5 10 15 20 25 30
Engineering strain (%)
uTS (MPa) YS (MPa) Toughness (MPa) Total Deformation (%)
Zr100 976 £ 14 811%15 197 £10 25023
Zr200 9603 802t6 207+2 258+0.3
Zr400 973+9 832+10 192+9 236+1.1
Zr600 1040 + 10 910 + 10 195+9 224+08

Fig. 7. Comparison of engineering tensile stress-strain curves for the SPSed ODS steels. SEM micrographs showing the cracks formed during the tensile test of Zr200 ODS steel

depending on tensile deformation.
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Fig. 9. Small Punch fracture specimens.

ented cracks for the 14ZrODS group, and a fragile fracture mode with
radial cracks in the case of Zr-free ODS steel —14A1-ODS-Ti [23,38].

4. Discussion
4.1. Influence of processing conditions

The sintered ODS steel evolves into a dual grain size microstruc-
ture comprising colonies of ultrafine (UF) grains and colonies of mi-
cro size grains. Three parameters control the grain growth [20]. First,
the nano-oxide precipitation, which produces a strong pinning effect
on the grain boundaries that will transform into an abnormal growth,

which affects the final microstructure [39]. Second, the unequal plastic
deformation and alloying distribution achieved during the MA will de-
termine the stored energy and the ability of recrystallization [39-41].
Finally, faster heating rates involve the increase of the current inten-
sity. Therefore, the heating generated by the Joule effect on particles
increases as well. At the same time, the high density of lattice de-
fects decreases the conductivity of the initial powder, limiting the pen-
etration depth of the Joule effect. Consequently, there is a tempera-
ture gradient on the former particle. Hence, grains close to the particle
surface have higher probability to recrystallize, leading into abnormal
growth [42—44].
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Table 6
Yield strength value experimentally obtained and strengthening calculated by theoreti-
cal contribution (in MPa).

Nomenclature Zr100 Zr200 Zr400 Zr600
ogh 268 271 288 339
odislo 559 493 592 657
op 205 205 205 205
Oy,cale 1057 999 1108 1221
811 802 832 910

Oy,experimental

This uneven recrystallization was also observed when the MA
powder is consolidated by HIP, which implies higher thermal acti-
vation and longer consolidation times. (i.e. 1150°C, 200 MPa, 2—4h)
[20,45]. Differences of SPS and HIP consolidation arrive when ultra-

fine colonies are measured, in case of SPS they covers larger areas
[46], further, the grain size distribution inside those ultrafine colonies
is smaller. The shorter thermal history when samples are heated at
600°C/min has a strong effect on the final microstructure achieved
(Fig. 4) keeping higher dislocation density than the others processed
ODS.

Consolidation time and temperature directly affect the grain
growth, so limiting the time for sintering selecting SPS could be a
key-factor.

4.2. Strengthened mechanisms

Changes produced on the microstructure are not clearly observ-
able on the final mechanical properties achieved and only when the

[

% 800- / 7 7 7

g 600- é ? % %
-~ N % Z
200- % / // /

Zr600 Zr400

Zr200 Zr100

Fig. 11. Experimental and estimated yield strength at room temperature.
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Table 7
Comparison of theoretical contribution (in MPa) considering two approach vs experi-
mental results.

Nomenclature Zr100 Zr200 Zr400 Zr600
0y cale =S (00s G5 Ogps Oiss 0) 1057 999 1108 1221
0} cate =/ (Cgbr Oais: 0p) 863 805 914 1028
Oy,experimental 811 802 832 910

heating rate selected is 600 °C/min, remarkable difference could be ap-
preciated. For this reason, to clarify the contribution of the different
strengthening methods is mandatory. For this purpose, equation (2) is
used following the reported results in other works [32,47-49]:

— 2
ay—0'0+0'SS+0'gb+\/0'dis+0'12) 2)

where o) is the yield strength of ODS steel and oy is the lattice friction
stress of pure iron whose value was taken as 53.9 MPa [49].

The oy 1s the solid solution contribution. First, the solid solution
strengthening can be divided into the interstitial strengthening and into
substitutional strengthening. In this work, it is assume that the input of
Ti, Al or Zr to solid solution strengthening or the one provided by C or
N due to the milling step are negligible, so it can be neglected. Cr and
W are the main alloying elements providing this strengthening. This
parameter is given by equation (3) [50]:

ffy; = 0.00689 ) K; - ¢! 3)

Where k is the strengthened coefficient and c; is the atomic percent
of the different substitutional elements, such as Cr or W. As it is stated
in Refs. [49,50] the value of Kj for Cr is 1400 and for W is 11000 and
for the substitutional elements the exponent z is equal to 0.75 as stated
in Refs. [32,47,48]. In this work, the atomic percentage of Cr is 14%,
and it is 0.83% for W, which gives a total value of 140 MPa.

The strengthening of grain boundaries can be described as a dual
material in which the different regions, depending on the grain growth,
are going to provide different levels of strength as a function of their
grain size, following equation (4) [S1]:

1 b
ffgb = f.(gG g) 4)

Equation (4) was slightly modified adding f which represent the
area faction covered by ultra fine or micrometric grain size, trying
to perform an accurate measurement as it was proposed in Ref. [48].
G is the iron shear modulus (85GPa) [52], b is the burger vector
(0.252nm). Tailoring the right microstructure has a direct effect on
this parameter.

The dislocation hardening was calculated by equation (5) [53]:

il = .aMGb1/j (3)

Where M is the Taylor factor (3.06) [54], oy is a constant (1/3) [51],
and p is the dislocation density. Table 3 summarizes all the parameters
necessary to perform this calculation.

Finally, the oxide contribution usually was estimated by the
Orowan bypass mechanism [32].However, this theory supposed that

the oxides particles are impenetrable without taken into account the
range of coherency of the different oxides. Chauhan et all [49] pro-
posed the use of another equation based on the formulation of Seeger
[55,56]:

o, =a,MGby/N,d, (6)

Where o, is the obstacle strength for oxide nanoparticles which could
vary from 0.1 to 0.5 (depending on the particle type and the degree
of coherency). Following the parameters used by Chauhan et all in
Ref. [49], o, was taken as 1/3. Besides, N) represent the density of
nano-oxides and dp is the mean particle diameter, which was deter-
mined by TEM observation (Fig. 10). In a ODS steel by refining the
size and increasing the oxide volume fraction is possible to increase
the contribution of that term o,,. As the heating rate does not show an
effect on the oxide precipitation, the system was simplified assuming
the same volume fraction and mean oxide diameters for each material.
If the mean oxide size is 5.5nm and the precipitation density is 1.63-
10%%m =3, then the volume fraction is 0.142%. This gives a contribu-
tion by precipitation hardening of 205 MPa.

The input of each term of eq. (2) is gathered in Table 6. The the-
oretical calculations highlight that the grain size has a small influence
on the final yield strength (see Fig. 11). However, the dual grain size
distribution has shown a greater influence for balancing the mechani-
cal response, allowing a higher strain level in the processed ODS steel.

The processed ODS material is specially conditioned by the hard-
ening produced by the dislocation density and particle pinning, which
plays the main role between the strengthening mechanisms.

The difference between experimental results and theoretical calcu-
lations could be due to the strengthened promoted by lattice friction
and solid solution hardening. Lattice fiction stress depends directly on
the type of dislocation slip system and temperature, for this reason,
friction stress value could suffer modifications [57]. Apart from that,
Crand W contents determine the solid solution strengthening term, but
both elements form carbides along the material which could lead to a
decrease of the real combined amount in solid solution [58]. Hence,
the o value could be lower. If these two terms are neglected and it is
only considered as dominant the contributions of o, 645, and 6, the
theoretical calculation has shown a superior exactitude with regards to
experimental data as stated in Ref. [49] (Table 7).

4.3. Evaluation of the material under high temperature

The results of the small punch tests suggest small differences with
the variation of the heating rate from room temperature to 500 °C,
making the grain refinement insufficient to be detected by this method
[59]. Independently of the heating rate used, all the materials
processed are hardened by dislocation density and oxides precipita-
tion. Both terms allow those materials to present a stable behaviour
under high temperature service. It is assumed from previous studies
performed at high temperature that until 400 °C, the contribution to
the strengthening produced by the dislocations is constant. Solid so-
lutions follow the same path but until 600°C [48]. This explain why
at 500°C there is a drop in the mechanical properties (F,,,) since
the dislocation density seems to be reduced at this temperature [48].
What is not clear is the effect of the precipitates at high tempera-
tures. Nano-oxides present high thermal stability, avoiding the coars-
ening at temperatures near to 0,87, where 7| is the solidus temper-
ature of the alloy [20]. If those oxides are refined by Zr addition
[7,9,11,60-64] and coherent oxides are obtained, the pinning effect at
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high temperature could be maintained and it allows the material to pre-
sent good properties under those conditions.

Then, the Zr addition is the key-factor in the improvement of the
mechanical properties at high temperature.

The SP results show how this ODS steel is comparable to the one
studied in the GETMAT project (manufactured under a more complex
route) at least in terms of yield behaviour [22,23].

5. Conclusions

In this research, an ODS steel has been developed by the addition
of Zr, and it has been successfully processed by using SPS as a con-
solidation technique. It is demonstrated that:

e The selection of the SPS processing conditions can modify the grain
size distribution. By fixing an optimum heating rate, a large effect
on the grain size is obtained. Higher heating rates increase the area
of ultra-fine regions and reduce the grain size inside these areas,
while the micrometric grain coarsening is reduced.

e The best values of microhardness and UTS are achieved for the
material consolidated at 600 °C/min. Although the grain refinement
contributes to the increase of these properties, it is not the main fac-
tor affecting the mechanical behaviour. Dislocation and oxide hard-
ening are the factors that determine the final mechanical properties.
Small punch tests demonstrate how Zr600 can keep the maximum
load until 300°C. However, at 500°C, Zr100 and Zr600 have al-
most the same behaviour.

e However, Zr addition has the strongest effect on improving the me-
chanical behaviour of the material, offering an extraordinary bal-
ance between toughness and UTS and also good properties at high
temperatures (500 °C).

e The analysis of the mechanical properties proves that SPS ODS
steels with Zr have similar characteristic to the ones obtained by tra-
ditional consolidation method such as HIP or HE.
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