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ABSTRACT

The effect of microstructural parameters on the microstructure, tensile properties from room
temperature to 800°C and creep properties at 650°C has been investigated in a 14%Cr oxide dispersion
strengthened (ODS) steel. Combining a control of oxide addition, consolidation route and thermo-
mechanical processing, the different parameters of the microstructure have been varied systematically,
namely the size and volume fraction of oxide nano-precipitates, the grain size and the dislocation
density.

The volume fraction of nano-precipitates is shown to influence the tensile strength throughout the
temperature range, whereas a change in precipitate size influences only the low temperature behavior.
The effect of grain size is shown to be similar to that of precipitation strengthening. A recrystallized
microstructure is shown to improve the ductility of the ODS steel while not degrading the strength or
creep resistance. The material processed by hot extrusion presents improved strength and reduced
creep rate as compared to that consolidated by hot isostatic pressing. This difference is attributed to
the long-range internal stress resulting from the high dislocation density, stabilized by the oxide nano-
precipitates.

A strength model is presented, and validated on every material using the quantitative microstructural
parameters obtained by combination of electron back-scattered diffraction, transmission electron
microscopy and small-angle X-ray scattering.

Keywords: ODS steel, Microstructural parameters, Tensile tests, Creep tests, Modeling

1. INTRODUCTION

Oxide dispersion strengthened (ODS) steels have received considerable attention in the last 10 years owing for
their exceptional stability at high temperature and very good resistance to high temperature creep. In particular, the
combination of creep resistance in the 500-700°C temperature range and low swelling under irradiation of ferritic /
martensitic ODS steels makes them attractive candidates for the cladding fuel of sodium cooled fast reactors [1].

The nanometer size oxide particles providing these properties are obtained through a powder metallurgy

process. The steel powder is milled with (Y,Ti) oxide powder under protective atmosphere [2], which drives Y, Ti
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and O in solid solution in the ferritic matrix. Then, the powder milled is canned and consolidated, using Hot
Extrusion (HE), Hot Isostatic Pressing (HIP) or Spark Plasma Sintering (SPS) [3].

The microstructure resulting from the consolidation process is very complex. The combination of high-energy
ball milling with the presence of a large volume fraction of nanometer-scale particles results in a very small grain
size, partly sub-micrometric [4] and frequently bi-modal [5]. In addition, a residual large quantity of dislocations
can be present after consolidation, particularly after hot extrusion, due to low rates of recovery [6]. The two main
phases usually considered in (Y+Ti) added steels are Y,Ti,0; and Y,TiOs, and a consensus is rising about the
dominant role of the pyrochlore phase [7-9]. The variety of microstructures depending on material composition and
processing route leads to a wide range of mechanical properties and their evolution with temperature [10-12].

Different studies have evaluated the effect of microstructural parameters, such as the volume fraction of
nanoparticles [13-15] or the nature of chemical elements present in solid solution [16-17], on the mechanical
properties. These studied materials were processed by hot extrusion, with a resulting very strong morphological and
crystallographic texture oriented along the extrusion direction (o fiber) [18-19]. This anisotropy coupled with the
complexity of steel microstructures complicates the understanding of the influence of each microstructural
parameter on the mechanical behavior. Although a number of models have been proposed to evaluate the
microstructure / properties relationship both at room and at high temperature [11, 20-23], there is still a lack of
quantitative understanding of the effect of the specific nature of the ODS microstructure and a clear description of
the mechanical behavior as a function of temperature is also missing. In particular, the respective role of precipitate
size, volume fraction, grain size on the low and high temperature strength and creep resistance remain unclear.

In this context, the aim of the present paper is to present an evaluation of the microstructure and mechanical
properties of several model ODS steels where a particular effort has been made to change independently the
different parameters of the microstructure. In order to simplify the microstructure, the materials have been mostly
consolidated by hot isostatic pressing, which ensures an isotropic morphological and crystallographic texture. They
are all based on the same composition, with 14%Cr and 1%W, ensuring a fully ferritic microstructure. The volume
fraction of oxide particles has been varied by adding different amounts of Y, Ti and O. The size of particles has
been varied at constant volume fraction by heat treating the consolidated material at high temperature. The grain

size has been varied at constant precipitate size by applying the same heat treatment, with a prior cold deformation
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that induces recrystallization. In addition, a comparison has been made with a material processed by hot extrusion
with a similar oxide particle distribution, thus containing a higher density of dislocations.

The different parameters of the microstructure of these different materials have been quantified by a
combination of experimental methods. The grain size distribution has been evaluated by Scanning Electron
Microscope (SEM) observations coupled with an Electron BackScatter Diffraction (EBSD), and for the smallest
ones using Automated Crystal Orientation Mapping (ACOM) in a Scanning Transmission Electron Microscope
(STEM). The dislocation density has been evaluated by Transmission Electron Microscopy (TEM). The precipitate
size and volume fraction has been evaluated by Small-Angle X-Ray Scattering (SAXS) and TEM.

The mechanical properties have been studied by performing tensile tests from room temperature up to 800°C. In
addition, creep tests have been performed at 650 and 700°C. Based on the microstructure evaluation, a model for

the low temperature strength and a rationalization of the high temperature strength will finally be presented.

2. MATERIALS AND METHODS

The ferritic ODS steels were produced by mechanical alloying of the mixture of a pre-alloyed powder and Y,0;
and TiH, powders. A Union Process SDO1 attritor has been used for ball milling under argon atmosphere for 10h.
The ball-to-powder ratio was 15:1. On the contrary, the as-received pre-alloyed powder used for the un-
strengthened ferritic steel has not been milled to avoid any residual contaminations of Y or Ti. Powders, whether in
a ball-milled state or in an atomized state, were canned and annealed to reduce oxygen content (2h at 300°C-400°C
under secondary vacuum). Then, they were consolidated at 1100°C under two different processes: hot isostatic
pressing (HIP) (1900 bars, 2h) and hot extrusion (HE) with a 13:1 reduction section in cross-sectional area and an

extrusion rate of 25 mm.s. Then, the extruded rod was annealed at 1050°C for 1h.

The alloys’ compositions are given in Table 1. The base alloy composition is common to every alloy, namely
approximately 14% Cr and 1% W. To study the effect of the volume fraction of nanoparticles, four different steels
have been elaborated using the HIP consolidation: an un-strengthened material (US) with no addition of Tior Y, a
low strengthened material (L.S) with a low addition of oxides, a reference material (Ref) with an addition of oxides
typical of most studies of the literature and a high-strengthened material (HS) with a higher amount of oxides

addition. Two other materials have been obtained based on a recent study [24]: a material with coarse precipitates



O J o U WD

OO U UTUIUTUITOUTOTOTOT S DB DD DD DDA DWWOWWWWWWWWWNNNNMNNONNMNNNNNNERERRRRR R RPREe
R WNFRFOW®O-JdNT D™ WNROWVW®O-JAUDWNROW®OM-JONUBRWNROWOWTNUB®WNREOWOOW-TI0U NS WNR OO

(CP) having the same addition of Ti, Y and O than the reference material but with a heat treatment subsequent to
HIP of 1h at 1400°C, and a recrystallized material (R¢) having the same addition of Ti, Y and O than the reference
material but based on the HE consolidation route, with a cold deformation of 40% by compression followed by a
heat treatment of 1h at 1400°C. Finally, a hot extruded material (HE), containing the same amount of addition as

the reference material, was elaborated to study the effect of dislocation density, since this consolidation route is

expected to provide a higher dislocation density [25-26] as compared to the HIP route.

Cr W Ti Y Al o
US 13.78 £0.25% 1.00 +0.25% - - 0.01 =0.005% 0.059 +0.003%
LS 14.25 £0.25% 1.06 +0.03% 0.08 £0.01% 0.06 £0.01% 0.042 £0.005% 0.103 +0.005%
Ref 14.51 £0.25% 0.93 £0.02% 0.22 £0.01% 0.16 £0.01% 0.049 +0.005% 0.081 +0.003%
HE 14.18 £0.25% 0.95 £0.02% 0.26 £0.0/1% 0.18 £0.01% 0.046 +0.005% 0.078 +0.003%
HS 13.94 £0.25% 0.75 £0.02% 0.91 £0.02% 0.65 £0.02% 0.034 £0.005% 0.25 +0.10%
Re¢ 14.18 £0.25% 0.95 +0.02% 0.26 £0.01% 0.18 £0.01% 0.046 +0.005% 0.078 +0.003%
CP 14.51 £0.25% 0.93 £0.02% 0.22 £0.01% 0.16 £0.01% 0.049 +0.005% 0.081 +0.003%

Table 1. Content (wt%) of the different elements by several destructive chemical analysis (spectrometry and absorption measurements) for
the different steels. Fe is in balance.

EBSD analyses were realized with a Field Emission Gun SEM JEOL JSM-7001FLV apparatus with a voltage of
20 kV. Orientation maps were taken with a step of 0.374 um. Samples for EBSD were mechanically mirror
polished followed by electropolishing, using an electrolyte containing 70% of ethanol, 20% of ethylene glycol
monobutyl ether and 10% of perchloric acid, used at 5°C with a tension of 27 V during 30 seconds.
TEM investigations were carried out on a JEOL 2010F microscope operating at 200 kV, on disks prepared by
conventional mechanical polishing followed by double-jet electropolishing with the same electrolyte as for the
EBSD preparation. The tension for TEM thin samples is 30 V with an intensity of 170 mA. Automated Crystal

Orientation mapping (ACOM) in a TEM was made using the ASTAR system in scanning mode [27].

SAXS measurements were performed on foils of thickness in the range of 30-70 um. The X-ray source was a
rotating anode, working with the wavelength K, of molybdenum. The X-ray signal was detected using a 2D
PILATUS detector, whose settings allowed the removal of the constant fluorescence background from Cr and Fe.

The sample-to-detector distance, 1.276 m, was chosen to cover the range of scattering vectors (0.215 nm™ to 6.14

nm™"). The scattering vector is given by q = 4771 X sin 8 with A the wavelength and @ the half scattering angle [28].
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Tensile tests have been carried out in air at temperature ranging from the room temperature to 800°C. They

1

were strain controlled with a strain rate of 7.10* s in an Instron tensile machine with a load cell of 2kN and

equipped with a radiation furnace. The specimen temperature was measured by thermocouple. The tensile

specimen geometry has a 6 mm gauge length and a 1.5 mm x 0.75 mm square section.

Constant-load creep tests were carried out in air at 650°C and 700°C using three geometries of cylindrical
specimens of respective gauge / diameter dimensions (in mm): 4 / 20, 3 / 15 and 2 / 7. Creep samples of the HE

material have been machined in the hot extrusion direction.

3. RESULTS

3.1 Microstructural characterization

3.1.1. Grain size distribution

Fig. 1 shows EBSD maps for each material. Out of these materials, the US material has a specific
microstructure related to its consolidation, which was made directly on the atomized powder (no milling), and does
not contain any oxide nanoparticles. The resulting grain size is large, and in addition a significant fraction (~ 19%)
of non-indexed areas are present at this scale. EBSD maps at higher magnification showed that these areas are
constituted from martensite blocks. The origin of this martensite is related to the content of nitrogen and carbon,

present in solid solution and which were not trapped by titanium or chromium to form carbides or nitrides.

As shown in Fig. 1, the grain structures of all ODS steels present similar features. These low resolution EBSD
maps evidence the presence of a wide grain size distribution, with the presence of relatively large grains of size
larger than 10 um, and non-indexed areas. These areas are made of very small grains, which have been
systematically imaged at higher magnification for the evaluation of grain size distribution as shown in Fig. 2 for the
specific case of the Ref alloy. High-resolution EBSD and ACOM-TEM maps show the presence of grains of size
well below 1 um, in the range 100-300 nm. Such a bi-modal grain size distribution is expected in ODS steels after
ball-milling and consolidation [29-32]. For the alloys consolidated by HIP, the overall grain structure is isotropic,
with very little crystallographic texture, although locally some elongated large grains can be observed, e.g. for the
LS material, probably inherited from the ball milling at powder grain scale. In contrast, the alloy consolidated by

hot extrusion presents a much more oriented microstructure, consistent with the literature [24]. This material has a
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strong texture, which has been presented elsewhere [24]. As expected, when the amount of oxide forming elements
is increased, the relative fraction of small grain population increases, confirming that the presence of these grains is

related to the Zener drag exerted on the grain boundaries by the nanometer-size oxide particles.

The material containing coarse precipitates (CP) has been heat-treated 1h at 1400°C, so that it is necessary to
evaluate how much this heat treatment has changed its grain microstructure. As discussed in more details in [24]
and illustrated in Fig. 1, the grain microstructure is little affected by this heat treatment, which illustrates the
remarkable stability of the sub-micrometer size grains in these materials. However, a difference on the average
grain size can be noted compared to the Ref material, which is related to the fact that the CP material is not from
the same batch as the Ref material. However, this difference being small, it will be possible to evaluate specifically
the role of the size of oxide particles without interference with a major change of grain size. Last, the recrystallized
material (Re) was consolidated by hot extrusion, cold deformed by 40% and heat treated also for 1h at 1400°C. As
illustrated in Fig. 1 this procedure makes it possible to achieve a recrystallized microstructure with a grain size of
the order of 10 um, while the oxide precipitates have a size similar to that in the CP material, making it possible to
evaluate the effect of grain size independently from a change of precipitate characteristics, although some texture

change has occurred as shown in [24].

From EBSD maps realized at different scales, grain size distributions have been measured with grain boundaries
defined by a misorientation angle higher or equal to 5°. They are shown for all materials in supplementary material,
and the average grain size calculated from these distributions is given in Table 2. The calculated mean grain size of
the HIPed and the recrystallized materials equates to an equivalent diameter. On the contrary, the mean grain size
of the HE material has been estimated using a line-intercept method due to the anisotropic grain morphology. Thus

the mean grain size of the HE material given in Table 2 corresponds to length x width.

3.1.2. Precipitation state

The different alloys contain some large particles with a mean radius of the order of 100 nm that were observed
by TEM in the different model materials. As summarized by Sakasegawa et al. [33], the chemistry of these coarse
precipitates varies between Ti-O and Al-O depending of the material.

In this study, we focused the characterization on the precipitates at the nanometer scale, which are controlling

the mechanical properties. These precipitates were studied using SAXS and TEM. Fig. 3a and b show TEM images
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for two alloys (Ref and Re). In the Ref material, a homogeneous fine-scale distribution of precipitates is evidenced.
Observations in large and very small grains did not show evidence of a significant difference in precipitate size
distribution. In the Rec material, the heat treatment at 1400°C results in a size increase of the precipitates,
accompanied by a shape change from cubic to cuboidal. Similar shape and weak size difference of precipitates
were observed in the CP material. These cubic or cuboidal shapes are not expected to affect the modeling results.

Fig. 4 shows the SAXS curves for every alloy in Kratky representation after subtraction of a constant scattering
contribution and of the contribution of the asymptotic contribution of large particles and crystalline defects (q™
contribution with n between 3 and 4). In these Kratky plots, the integrated area (integrated intensity Q,) is directly
related to the volume fraction of nanometer-scale precipitates through a contrast factor, and the position of the
maximum is inversely proportional to the average precipitate size [34]. The data before subtraction of this large
particle contribution can be found in supplementary material.

As expected, the lack of small precipitates is evidenced on the US SAXS signal. The LS material shows only a
small contribution of nano-scale precipitate. The Ref and HS material show a strong signal from nanoscale
precipitates which is, as expected, much more intense in the HS material. The HE material presents a similar
behavior as that of the Ref material, however with a much stronger contribution at small scattering vectors, which
arises from the higher dislocation density. In fact, after subtraction of the q™ contribution, the nanoscale precipitate
contributions of the Ref and HE materials are almost identical (Fig. 4). Both the CP and Re¢ materials show a
SAXS signal at smaller scattering vectors, illustrating the oxide coarsening. The nanoscale precipitate distribution
is close in these two materials, despite the prior deformation and recrystallization phenomenon in the Re material.

Following the procedure explained in details in [28] the SAXS signal was modeled using the combination of the
low-q contribution arising from the large particles present in the microstructure, a log normal distribution of
spheres, and a constant background. In this way, the mean radius of the precipitates and the dispersion parameter,
which corresponds to a measurement of the width of the particle size distribution [28], has been obtained. A very
good agreement between the SAXS-determined precipitate size and that obtained from TEM measurements has
been found. A complete description of the comparison between SAXS and TEM results can be found in the
supplementary material. For comparing the different materials, we chose in the following to consider the mean

radius determined by SAXS (see Table 2) due to the more statistical nature of the measurement.
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The integrated intensity of the hardening precipitates was obtained by integration of the contribution of the
nanoscale precipitates to the SAXS intensity, and converted to volume fraction in the same way as in [28]. In order
to do so, the contrast in electron density between the matrix and the precipitates needs to be known. As discussed
by [35], Y,Ti,O; and Y,TiOs have almost the same electronic density, so that they do not have to be distinguished
for their contribution to the SAXS intensity. In the following, we chose to consider a mixture at 50% of both
phases, and the resulting volume fractions are given in Table 2.

The table shows that the current alloy design strategy was successful in changing separately the precipitate
volume fraction and the precipitate size. In the materials with different additions of oxide forming elements, we
obtain large changes in precipitate volume fraction, with moderate changes in precipitate size. The HE and Ref
materials have very similar precipitate characteristics, whereas the 1400°C heat treatment, with or without prior
cold work, changed the precipitate size at almost constant volume fraction. The small difference between volume
fraction of HE and Rc materials is probably due mostly to uncertainties of SAXS measurements. A small increase
of the volume fraction towards the equilibrium state (Gibbs-Thomson effect) could be induced by the Ostwald
ripening mechanism. Still, as expected, the material with the highest amount of oxide forming elements shows the

smallest precipitate size, and this effect will have to be taken in consideration for modeling.

3.1.3. Dislocation density

For every material, the average dislocation density (p) has been determined by using the line-intercept method
in the same way as in [36] on bright field and dark field TEM pictures. The average dislocation density for each
material is given in Table 2.

The dislocation densities of LS, Ref and HS materials are nearly the same. On the contrary, the HE material
presents a higher dislocation density, which is due to the 13:1 section reduction during hot extrusion. Concerning
the CP material, the dislocation density is low following the annealing at 1400°C. Due to recrystallization, the
dislocation density of Re material should be negligible. However, small grains, which have not recrystallized, still
contain dislocations. Thus, the dislocation density of the Re material has been estimated using the ratio of
remaining small grains (10% with a mean dislocation density of 5.5 10™° m™).

Table 2 also shows that the dislocation density of the US material is very low compared to the HIPped ODS steels.
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US LS Ref HE HS CP Rc
Mean grain size 27.6 £0.5 43+05 6.5+12 12x04 1.8 +0.05 4.5+1.0 9.5+06
(um) £11x0.8
Mean radius (nm) - 1.56 £0.34 1.27 £0.03 1.31 +0.09 09=+0.1 3.1x05 2.55+045
Dispersion - 0.4 0.24 021 0.5 032 0.32
parameter
-6 0.079 = 0.082 + 0.156 + 0.082 +
Q, (A - 0.05 = 0.005 008 o s ons 0.097 +0.01
Volume fraction (%) - 0.31% +0.03 | 0.52% +0.05 | 0.53% +0.05 | 1.03% +0.1 | 0.53% +0.05 | 0.62% +0.06
Dislocation density 510" 110" 9.710" 510" 2.510" 110" 510"
(m'z) £2107 £4 107 £3.9107 £210" 710" £4 107 £210"

Table 2. Average grain size, particles size, volume fraction of nanoparticles and dislocation density of the different ODS steels.

3.2.  Tensile properties at room temperature

The room temperature tensile properties of the model materials, including 0.2% yield strength (YS), ultimate
tensile strength (UTS) and elongation-to-failure (&), are listed in Table 3. The room temperature tensile curves

tested at a strain rate of 7.107* s

are presented in Fig. 5a. As expected, the presence of oxide nanometer-scale
precipitates drastically increases the strength of the alloy, from about 260 MPa without oxide precipitates to 1650
MPa for the largest amount of precipitates. This increase of yield stress comes along with a large reduction in

ductility. In the LS and Ref materials the ductility is still reasonably large, between 15 and 20%, however the HS

material presents a brittle character at room temperature.

Concerning the effect of particles size, the comparison between the Ref and CP materials shows a large loss of
yield strength when the nanoparticles growth while the ductility does not seem to be impacted. The comparison
between the Re and CP materials, allowing to understand the effect of grain size, shows no difference on YS, UTS
or &. This suggests that there is no significant effect of grain size in this size range. However, Table 2 shows that
the CP and Rc materials do not have exactly the same precipitate volume fraction, resulting in a different strength
contribution from the precipitates, so that the similar yield strength observed between the Re and CP materials may

result from a compensation of differences in precipitate volume fraction and grain size.

As discussed in more details in [32, 37] and illustrated in Table 3, the HE material, tested in the axial direction,
shows a higher YS, UTS and ¢ value than the Ref material. This difference may result from the morphologic and
crystallographic texture. Furthermore, Table 2 shows a high dislocation density for the HE material, which

increases the forest dislocation and internal back stress hardening.
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US LS Ref HE HS CP Re
YS (MPa) 263 +5 809 +5 1085 +5 1182 +5 1646 +5 736 +5 739 +5
UTS (MPa) 459 +5 1059 «5 1171 5 1257 5 1646 =5 887 +5 904 =5
£ (%) 30 £0.5 1905 17 0.5 21 +05 1+05 16 0.5 17 0.5

Table 3. Room temperature tensile properties of studied materials.

3.3.  Effect of temperature on the tensile properties

All materials have been tested in tension in the temperature range 20-800°C. Fig. 5b shows the stress-strain
curves at the different temperatures, at a strain rate of 7.10* s, for the Ref material. From room temperature to
400°C, the material looses about 20% of yield strength, but the general shape of the stress-strain curve is not
changed. Above 500°C, the yield strength continues to drop, and the stress-strain curves become completely flat.
At 800°C, the yield strength becomes smaller than 200 MPa. The ductility is observed to follow a non-monotonic
evolution with temperature. It goes through a maximum from 500 to 650°C before dropping sharply at 800°C.

The evolution of yield strength with temperature is summarized for every alloy in Fig. 6a. All alloys show
qualitatively the same evolution as that observed in the Ref material, namely the yield strength drops slowly
between room temperature and 400°C, then more sharply between 500 and 650°C, and then again more slowly
until 800°C. At all temperatures, the order between the HS, Ref, LS and US materials remains the same, namely
the higher the volume fraction of oxide precipitates, the higher the yield strength. However, the ratio between these
yield strengths has a tendency to decrease with increasing temperature. A different situation is observed for the
effect of precipitate size. The Re and CP materials, containing larger precipitates, have a significantly lower yield
stress at room temperature than Ref, but this difference cancels at 650°C and even slightly inverts at 800°C,
showing that large precipitates may actually be favorable at higher temperature. The grain microstructure does not
appear to play a major role on the yield stress as the Re and CP materials show similar values throughout the
temperature range. The most striking behavior is observed when comparing the Ref material to the same material
processed by hot extrusion (HE). This last material shows a much lower decrease of the yield stress with
temperature. Actually, the difference in yield strength (about 100 MPa) between the two materials is rather constant
with temperature up to 800°C, where the HE material has the highest yield strength of every material studied.

The evolution of total elongation is given in Fig. 6b. Out of all materials, the US material shows the most

specific evolution with temperature. Namely, its ductility increases monotonically with temperature, in accordance
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with the material becoming softer. In contrast, every oxide reinforced material shows a non-monotonic evolution of
total elongation, with a maximum of ductility ranging between 500 and 650°C. This maximum is most pronounced
for the LS material which shows the highest elongation at 650°C, and for the HS material, whose brittle behavior
changes to a relatively high ductility also at 650°C. The two materials with larger precipitates show a much less
pronounced ductility peak. At the highest temperature of 800°C, all oxide containing materials show a low ductility
(not more than 10%), but it is worth noticing that the recrystallized material (Rc) shows a significantly higher
ductility than the other materials containing the same volume fraction of precipitates, actually more representative
of the LS material. If we now evaluate the effect of the processing route, we can see that the HE and Ref materials

show the same evolution, contrarily to that seen for yield strength.

3.4.  Creep tests results

Finally, all materials were tested in creep. The temperature of 650°C was chosen, being typical of an upper
temperature for the application of these materials in future fast neutron nuclear reactors. The secondary creep rates
are shown in Fig. 7a. The unreinforced material shows a classical 5 exponent for the stress dependence of creep
rate, as expected from a material free of hardening precipitates. All other materials show much higher exponents,
ranging from 10 to 23. These apparent exponents are typical of precipitation-reinforced alloys [38] and correspond
to the transition from a threshold stress below which the creep rate falls to zero. Even though the range of stresses
investigated was not sufficient to measure with reasonable precision the threshold stress for the different materials,
a qualitative evaluation can be made by extrapolation with a secondary creep rate of 10"* s (Table 4). This
threshold stress clearly increases with increasing volume fraction of oxide precipitates, from less than 40 MPa for
the LS material to more than 100 MPa for the HS material. The three materials with identical volume fraction of
oxide particles and similar processing route (Ref, Rc and CP) show similar results (Fig. 7a), within experimental
uncertainty, suggesting that the volume fraction of the oxide precipitates is the main controlling parameter, more
than their size or the grain size. However, the HE material shows a very different behavior, namely it presents
creep rates comparable, even better, than the HS material, about four orders of magnitude lower than the Ref
material. Translating into a difference of threshold stress, that of the HE material is about 100 MPa larger than that
of the Ref material, which incidentally corresponds quite well with the constant difference of yield stress that was

measured as a function of temperature (see Fig. 6a).
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|  Ls Ref Ccp Re HS HE

Threshold stress (MPa) | 325 48 +5 80 =10 54 10 102 =5 154 =5

Table 4. Estimation of the threshold stress of each material.
It is also of interest to evaluate the effect of microstructure, not only on the creep rate, but also on the lifetime
under creep, which depends also on the strain to failure. The Larson Miller parameter (LMP) is a useful way to
represent the lifetime [39] as a function of the applied stress. This representation is made in Fig. 7b for creep tests
realized at 650 and 700°C. This figure shows that the materials can be separated in three groups; the lowest
lifetimes at a given stress are observed for the US material, which means that the high ductility of this material is
not sufficient to compensate the much higher creep rate. In the second group one finds every oxide reinforced
material except the HS and HE material, due to their particularly low creep rate. Again, a difference of 100 MPa is
observed between the Ref and HE materials for a constant lifetime. Among the second group, the Re material
shows a higher lifetime as compared to the other materials. Since this material experiences a comparable creep rate
as compared to the other materials with the same fraction of oxide precipitates, this means that under creep
conditions too, this material presents an improved ductility, as has been observed for the tensile tests. The test
performed on the Re material at 145 MPa is still ongoing. The recording of the strain being not accurate, it does not

allow estimating the secondary creep rate.
4. DISCUSSION

4.1.  Effect of the microstructure on tensile properties and creep resistance

Six model materials have been elaborated to understand the influence of microstructural parameters (grain size,
nano-particles state, dislocation density) on the tensile properties in a wide temperature range (from room
temperature to 800°C) and on creep resistance at 650°C.

The first result that needs to be discussed is the effect of the addition of nanometer-sized oxides (NOs) on the
microstructure. In this study, only the un-strengthened material (US) presents martensitic areas. The presence of
martensite has been observed in Fe-14Cr based alloys in some studies [40, 41]. It is due to the weak content of C or
N, which impacts on the width of the y and on the a +y domains [42]. However, despite this presence of

martensite, the US material constitutes a baseline for the impact of the other microstructural parameters.
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The first effect of adding yttrium and titanium oxides is to drastically reduce the grain size and generate a bimodal
(or multimodal) grain structure. As expected the proportion of small grains is highest when the fraction of NOs is
highest, which corresponds to a more efficient pinning of the grain boundaries [5, 43-44].

Similarly to ref [13-14], the addition of yttrium and titanium oxides drastically improves the tensile properties
however inducing a reduction of the total elongation, even reaching a brittle behavior for the HS material at room
temperature. This effect of volume fraction of particles on the tensile properties has already been observed on ODS
steels EUROFER 97 [45-46].

The effect of the volume fraction of NOs at comparable NO size can be evaluated by comparing the LS, Ref and
HS materials. Whatever the temperature, yield strength evolves monotonically with volume fraction, with a ratio
between the three materials remaining roughly constant. Concerning creep results, the three materials show a high
apparent stress exponent, suggesting that the major effect of changing the NO volume fraction is a change in
threshold stress. The situation for creep fracture time is more interesting, since the LS material, thanks to a higher
ductility, shows a comparable dependence with stress as the Ref material, while the HS material stands higher in
stress for a given time for fracture.

The effect of particle size of NOs can be evaluated by comparing the Ref and CP materials, with a doubling of the
NO average size (and therefore a decrease by 8 of the NO density). At room temperature, the larger precipitate size
induces a lower strength by about 300 MPa. However, this difference strongly decreases at 600°C to vanish and
even invert at 800°C. Thus, even though the NOs have been shown to still be efficient obstacles at high
temperature [47-48], these results show that aiming for an extremely small NO size may not be required for
performance above 600°C. In terms of creep results, the Ref and CP materials also show comparable behaviors.
The effect of grain microstructure at comparable NO structure can be evaluated by comparing the CP and Re
materials. At room temperature, the two materials present similar yield strength, suggesting that the difference in
average grain size is compensated by a small change in precipitate microstructure. At high temperature, the
difference remains negligible in terms of yield strength. This may appear surprising since it is known that grain
boundary sliding is activated at high temperature in the ODS steels presenting sub-micrometer size grains [48-50],
which should be favoured in the CP material as compared to the Rc material. However, the tensile tests
investigated here were realized at a relatively high strain rate, which probably prevents a control of yield strength

by grain boundary sliding. Besides, the Rc material shows a significantly higher ductility at temperatures above
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500°C, with a total elongation up to twice that of the CP material. It has actually been shown that different types of
impurities and large precipitates can be present on the grain boundaries of ODS steel and promote damage
accumulation during deformation at elevated temperatures [51-53]. This improvement is therefore likely related to
the escape of the grain boundaries from these regions prone to damage formation during the recrystallization
treatment. This behavior is similarly observed in creep: the CP and Rc materials show the same creep law, but the
time to fracture in creep is larger in the Re material. Thus, a recrystallized material may be a good candidate for
improving the ductility during high temperature creep while maintaining a low creep rate.

Finally, the last parameter that needs to be discussed is the difference between the Ref (HIPed) and HE materials at
comparable NO microstructure. At all temperatures, the HE material is observed to be stronger. The striking
feature is that the difference in yield strength is constant with temperature (about 100 MPa). Thus, while at room
temperature this difference amounts to less than 10% of the strength, it represents more than a factor of 2 at 800°C.
The strength of the HE material even becomes higher than that of the HS material at this high temperature. Such a
constant difference as a function of temperature (of the same order of magnitude, 100 MPa) has actually been
observed by Serrano et al. [54] when comparing a HE material in the longitudinal and transverse directions,
although Steckmeyer et al. [53] found a smaller difference for a similar study. As discussed by [53], the difference
cannot be explained by the crystallographic texture only. Although we cannot rule out some effect of the
morphological texture linked to the large grain present in the microstructure, both materials in our study (Ref and
HE) present a large fraction of equiaxed sub-micrometer size grains, so that this difference has to be related to the
change in dislocation density, which is still very high following the hot extrusion process [6], while it is low after
hot isostatic pressing [55-56]. The contribution of forest dislocations is expected to decrease with increasing
temperature because of thermally activated obstacle passing [57-58], and become small above 400°C, in
contradiction with our results. Moreover, forest dislocations would affect strength equally in all directions, which
would also be in contradiction with the anisotropy results of Serrano et al. [54]. However, the contribution of
dislocations to yield strength is not only related to forest hardening, but it is also expected that the dislocation
network, being the result of high temperature annealing (after processing), should be organized in such a way that

most of the dislocations participate to long range internal stresses [59]. According to Kuhlmann-Wilsdorf [60], this

. . . . b S
internal stress scales as p'?, as for forest hardening, but with a smaller magnitude At ~ g—n \/5 Considering the
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dislocations densities in Table 2, the internal stress for the Ref material would be 95 MPa and that of the HE
material 213 MPa. The difference is actually extremely close to the difference of strength observed between the
two materials. As discussed in detail by Hervé [61], this internal stress cannot be overcome by thermal activation,
so that its contribution should be constant with temperature, provided that the dislocation network does not
experience recovery. Since hot extrusion occurred at 1150°C, it is likely that the remaining dislocation structure,
stabilized by the presence of the NOs, is then stable over the complete temperature range from room temperature to
800°C. This explanation also supports the results of Serrano et al. [54] because these internal stresses are
necessarily oriented, so that a strain path change from hot extrusion to tensile testing can be expected to be less
influenced by the internal stresses as compared to testing in the same direction. This difference of the level of long-
range internal stress between the HE and Ref materials, not only changes by the constant 100 MPa the strength
over the complete temperature range, but also changes by the same amount (approximately) the creep stress at
constant strain rate, the creep threshold stress, and the creep stress at constant time to fracture.

The best mechanical properties are exhibited by the HE material tested on the axial direction (parallel to the hot
extrusion direction) with a good compromise between ductility and mechanical properties at high temperature.
However it is known that extruded materials show poor mechanical properties in the transverse direction [54]. The
second material which shows a good compromise between ductility and high temperature mechanical properties is
the recrystallized ODS steel (Re). Despite a decrease of mechanical properties at low temperature due to a larger
precipitate mean radius, the mechanical properties are interesting at high temperature, and in particular under creep.
Taking into account the results of the recent study of recrystallization of ODS steels [24], the mechanical properties
of the Rc material could be further improved at lower temperature by avoiding the coarsening of NOs during the

recrystallization process, using a larger rate of cold deformation and a lower recrystallization temperature.

4.2.  Modeling of the yield strength at room temperature

All microstructural parameters contribute to the yield strength. Nanoparticles and dislocations are usually
considered to be point obstacles. Thus, they are often described by a quadratic summation in a hardening model,

contrary to the other microstructural parameters which are added linearly [62-63].

— n n 1/n .
Jy =0y + Oss + 0GB + (O-Disloc + aParticles) / Eq“atlon 1
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where n=2, with a,, the yield strength, o, the Peierls-Nabarro’s force, gy, the solid solution contribution, ogp the
contribution of grain boundaries, op;s0c the dislocation forest hardening and opgriicies the contribution of
nanoparticles. However, a quadratic addition law is oversimplified in the general case [64]. A recent study [65] has
provided a phenomenological description of the dependence of the summation exponent n with the breaking angle
of a dislocation pinned by point defect such as particles and dislocations.

n =1+ e B@D1ct$20°(@1c-¢20)*™ Equation 2

where 8, § and m are adjusted parameters respectively equal to 0.1, 1 and 1 [65] and, ¢, and ¢, are the breaking
angles corresponding to the two types of obstacles (¢1. < ¢,.). In the present study the nanoparticles are
considered to be impenetrable obstacles, whereas dislocations are relatively weak obstacles. Although the first
hypothesis cannot be formally validated in all materials, its validity will be indirectly assessed by the success of the
strength description. Considering the breaking angle of nanoparticles to be 5° (¢;.) and the breaking angle of
dislocation interactions to be 141° (¢,.) [66], the summation exponent value n of equation 2 is equal to 1.24.

The Peierls-Nabarro stress (lattice resistance) is commonly expressed by the following equation:

_ 2Mu -2ma .
J0 = 77, €XP (b(l—v)) Equation 3

where p and v are the shear modulus and the Poisson coefficient respectively, b the Burgers vector, M the Taylor
factor and a the lattice parameter of pure iron.

Classically, the solid solution contribution ogg is estimated by the following form:
oss = X K;.¢;” Equation 4
With K; a hardening constant and c; the atomic fraction of the element i. The hardening parameters K of
substitutional element such as W and Cr are estimated from [67]. According to Lacy & Gensamer and Susila et al.,
the exponent z is equal to % for substitutional solid solution [68-69].

The Hall-Petch effect 055, describing the contribution of grain boundaries, is generally inversely proportional to

kcp

the square root of the mean grain size oz = 7

where k;p is a microstructural parameter and D the mean grain

size. Each oxide reinforced materials of this study shows a bimodal (or multimodal) microstructure. To get a more
physical approach about the grain size strengthening, we used an extended Hall-Petch model, as done by

Srinivasarao et al. [70]. This Hall-Petch modified model considers the material as a composite model with regions
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of different strength as a function of their grain size and therefore corresponds to a summation weighted by the

surface fraction (fs) of each grain size (based on the surface distributions obtained with EBSD analyses). Thus:

k .
ocg = X fsi LDBL_ Equation 5

The forest dislocation hardening has been described by Taylor [71] with the following equation:
Opisto = Maub \[ppisio Equation 6
Where « is a constant and pp;s;, is the dislocation density determined by TEM observations. At room temperature,
we will consider that the internal stress contribution of the dislocation strengthening is included in this term.
Finally, the contribution of NOs was estimated with the Orowan modified equation proposed by Martin [72]:

2 [Er
_081Mub In(—-) .
Oparticles = 17 Gm Equation 7
2m(1-v)2 (/ﬁr)

Where r and f are the mean radius and volume fraction of nanoparticles listed for each model material in Table 2.
Using the equations of each of the above specified hardening contributions and the different parameters reported
in Table 5, a very good agreement can be observed on Fig. 8§ between the experimental yield strength and model
result, taking into account the experimental uncertainties on the microstructural parameters. The histograms of Fig.
8 exhibit the contribution of each microstructural parameter. The contributions of dislocations and precipitates are
their respective weight in the power-law addition of equation 1. As expected, one can note that the contribution,
due to interaction between dislocations and nano-particles, increases with volume fraction of nano-particles.
Indeed, it represents 379 MPa for LS material versus 959 MPa for HS. If we compare histograms of Re¢ and CP,
one notices a significant difference of grain boundary strengthening. However, as observed on the tensile results

(Fig. 5a), the histograms show that this difference is compensated by a difference in nano-particles strengthening.

Parameters a v b M U kg K, Ky a
nm - nm - | GPa | MPa.\/m | MPa.at%3/* | MPa.at%~3* | -

References | [73] | [74] | [48,74,75] | [75] [76] [67] [67] [48]

Value 0.287 | 0.366 0.248 3 84 0.307 9.95 75.79 0.33

Table 5. Fixed parameters used for the strengthening model of every material.

4.3.  Modeling of yield strength at elevated temperature

Because of the complexity of the microstructure and of the changes in deformation mechanisms that can occur in

the different temperature ranges investigated here, we cannot expect to reach the same level of modeling for the
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description of the evolution of mechanical properties with temperature. However, it is of interest to evaluate if a
common framework can satisfactorily describe the evolution of yield stress with temperature in the different
materials that we have investigated, which present a wide range of microstructures. The first parameter that varies
with temperature is the elastic modulus. Since all equations describing strength contribution are directly
proportional to the shear modulus, this variation accounts for part of the temperature dependence of yield strength.
The evolution of Young’s modulus with temperature is taken from [77] and shown in Table 6.

Based on the study of Alinger [57] and He [58], we then make the approximation that the contribution of forest
dislocations is constant until 400°C and then equal to 0, and that the solid solution contribution follows the same
trend but with a transition temperature of 600°C. Although these are clearly oversimplifications, these contributions
are sufficiently limited so that uncertainties in these variations should not change the major conclusions of the

current description. The grain boundary strengthening, however, is considered constant with temperature.

20°C 400°C 500°C 600°C 650°C 800°C
Fe-14Cr-1W steel 213 +5 188 +5 179 £5 164 +5 155+5 132 +5
Fe-14Cr-1W ODS 230 +5 205 +5 188 +5 1755 163 +5 132 +5

Table 6. Young’s modulus of ferritic steel and ODS based Fe-14Cr-1W.

The most complicated temperature dependence to estimate is that of the precipitates. However, its evolution can be
accessed experimentally by comparing the HS material, whose precipitation strengthening is largest, to the US
material. Above 400°C, where the contribution of forest dislocations has cancelled, the difference between the HS
and US materials is simply related to their difference in precipitation strengthening and grain size strengthening:
Ols — Oys = O(T)HS—Particles T Oys_gB — Ous—-GB Equation 8

At room temperature, the difference becomes slightly larger to account for the difference in dislocation
strengthening. From this strength difference, and taking into account the temperature variation of the Young
modulus, it is possible to calculate the relaxation parameter k of the precipitation strengthening contribution

proposed by Rosler and Arzt [78]:

— |1 — 2 3
O(T)Particles = 1-k Oparticles

Based on this comparison, Table 7 gives the relaxation parameter estimated at the different temperatures. Now, it is
possible to apply this relaxation parameter, along with the other strength contribution variations. The result of this

evaluation is given in Fig. 9. This figure shows that a satisfactory description of every material is reached using this
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description, with a slightly lower description quality when a large change of precipitate size occurs (CP and Re
materials), illustrating the fact discussed above that these larger precipitate containing materials outperform at

higher temperatures the materials with smaller precipitates.

500°C 600°C 650°C 800°C
| K 045 0.92 0.96 0.99

Table 7. Relaxation factor k estimated using the Rosler & Arzt model.
This temperature dependent hardening model is a first approach whose purpose is to reproduce the main changes
observed between the different materials. A more precise evaluation would require a much more detailed analysis,
including progressive changes of all strengthening mechanisms as a function of temperature, and inclusion of strain
rate dependence and internal stress. Particularly, as it is known that at slow deformation rates these ODS steels are
susceptible to grain boundary sliding due to the presence of sub-micrometric grains [49-50], such a model would

need to explicitly include a temperature and strain-rate dependence description of this phenomenon.

5. CONCLUSIONS

Using 7 model materials consolidated by HIP or HE, we have studied the influence of microstructural
parameters (grain size, precipitation state, dislocation density) on the mechanical properties. We have shown that:
(1) The mechanical properties (creep and tensile) increase with the volume fraction of nano-particles however the
ductility decreases and brittle behavior was observed at room temperature for the highest amount of particles.

(i1) The influence of nano-particles size is not very important above 600°C.

(ii1)) The recrystallized material presents good tensile properties at high temperature. Furthermore, the creep
properties of the Re material are very interesting due to their low creep rate and good ductility.

(iiii) The difference of internal stress between HE and Ref materials explains the constant difference of yield
strength over all the temperature range.

Using the microstructural and mechanical characterization, a hardening model has been proposed to estimate the
yield strength at room temperature. Taking account the evolution of deformation mechanisms with the temperature,

this model has been extended for a large temperature range.
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Fig. 1. EBSD maps of each model material and the standard triangle indicating correspondence between colors of the orientation imaging
microscopy maps and crystallographic orientation.
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Fig. 3. TEM bright field images of precipitates state in the Ref material (a) and the Re material (b)
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Fig. 4. Corrected SAXS intensity I vs the scattering vector q (a) and Kratky plot L.q? vs q for all materials.
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strength while the square symbols draw yield strength estimated from the hardening model.



