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ARTICLE INFO ABSTRACT

The microstructure of a 9Cr ODS tube (supplied by CEA) obtained by a powder metallurgy route followed by hot
extrusion and cold pilgering of the final cladding, has been investigated by means of scanning and transmission
electron microscopy. The alloy presents a weak fiber texture and a bimodal grain size distribution. Three dif-
ferent families of precipitates have been identified: isolated and large Ti-Al oxides, Cr rich precipitates placed
preferentially at prior austenite grain boundaries and martensitic lath boundaries and a fine distribution of Y-Ti
nano-oxides within grains. In order to correlate this microstructure with the mechanical properties, 3 mm dia-
meter discs drilled from the tube wall were tested by small punch technique at room temperature, 300 °C and
500 °C to reproduce the load system to which the claddings will be subjected under service conditions. Changes
in the slip character and failure mode as temperature increases were observed. At low temperatures the alloy
exhibited a wavy slip character and a quasi-ductile fracture mode. At high temperature, 500 °C, the fracture
tended to be more brittle, what may be attributed to an intergranular deformation mechanism leading to the
weakening of grain boundaries.
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1. Introduction

Ferritic/martensitic oxide dispersion strengthened (F/M ODS) steels
have been considered an alternative to austenitic steels for cladding
application in the sodium fast reactors (SFR) for generation IV program.
Since F/M steels have shown good irradiation behavior such as low void
swelling, with regard to mechanical properties, their creep strength at
high temperature, above 650 °C, is not good enough for fuel pin ap-
plications [1,2]. A way to improve high temperature mechanical be-
havior and the radiation resistance of F/M steels can be conducted by
inserting a fine dispersion of hard nano-oxide particles in the matrix,
making them good candidates for cladding material in Generation IV
nuclear reactors [3-7]. These nano-oxide particles enhance mechanical
properties at high temperature as they act as effective barriers to dis-
location motion, holding deformation and limiting grain growth. Con-
cerning radiation resistance, nano-oxide particles act as a sink for ir-
radiation induced defects [1,8].

The fabrication route of ODS materials for fast reactor fuel cladding
applications is critical. Extrusion and cold rolling processes normally
lead to elongated grains parallel to the deformation direction that are
detrimental for mechanical properties under hoop stress to which the
cladding will be subjected under service conditions [9-11]. Extensive
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research into the use of intermediate heat treatments allows controlling
the final microstructure, which is strongly linked to the chemical
composition of the alloy. Thus, in the case of 9Cr ODS tube, reversible
phase transformation from ferrite-martensite to austenite during heat
treatments, leads to a reduction of the crystallographic and morpho-
logic anisotropy [12-15].

The aim of this work is to analyze the microstructure of a 9Cr ODS
tube supplied by CEA within the European Union funded MatISSE
project [16] and correlate the mechanical properties estimated by small
punch tests at room temperature (RT), 300 °C and 500 °C. Finally, the
analysis of the tested sample surfaces will help to elucidate the possible
slip character and failure mechanisms at different temperatures.

2. Materials and methods

The tested material was a 9Cr ODS (CEA code: K49) tube supplied
by CEA within the MatISSE project. The cladding was obtained by a
powder metallurgy route where the master alloy was mechanically al-
loyed with 0.3 wt% Y,03 under a hydrogen atmosphere in a vertical
attritor mill. The raw tube was obtained by hot extrusion at 1100 °C,
and finally the cladding was cold formed by a sequence of High
Pressure Tube Reducer (HPTR) cold pilgering rolling passes [17] with
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Table 1
Chemical composition (wt.%).

Cr Ni Si w Mn Ti C N o Y

K49 91 020 0.23 1.05 0.29 0.20 0.109 0.022 0.12 0.19

intermediate heat treatments performed in the austenitic domain at
1050 °C followed by slow cooling to reduce stresses, obtaining cladding
tubes with 10.73 mm outer diameter and 0.5 mm wall thickness. The
final heat treatment was a normalization at 1050 °C followed by tem-
pering at 750 °C for 1 h [18]. The final composition of the tube is given
in Table 1.

The microstructure of the as received tube was analysed using
Scanning Electron Microscopy/Electron Back Scattered Diffraction
(SEM/EBSD) in the longitudinal direction using Channel 5 EBSD soft-
ware on a Hitachi SU6600 field emission gun scanning electron mi-
croscope (FEG-SEM) equipped with an Oxford Instruments HKL Nordlys
detector. The samples analysed were 3 mm discs drilled from the tube
wall and polished up to the desire thickness of 0.1 mm with a final
electrolytic polishing with 5% perchloric acid and methanol at —60 °C
as surface preparation method. The small size of the sample allows
reduction of the amount of ferromagnetic material, which decreased
sample drift during measurements. The initial microstructure was also
studied by transmission electron microscopy (TEM), on specimens
prepared by electrolytic polishing using a mixture of 5% perchloric acid
and methanol at —60 °C. TEM analysis was carried out using standard
imaging methods of Bright Field (BF) and Weak Beam Dark Field
(WBDF) in a TEM JEOL JEM-2010 with LaBg filament operating at
200keV available at CIEMAT. Furthermore, Energy-Filtered
Transmission Electron Microscopy (EFTEM) was employed to obtain
nanometer resolution chemical maps using the JEOL 2200 MCO field
emission gun TEM/STEM available at the Department of Materials of
the University of Oxford. The microscope and its capabilities are de-
scribed in [19]. For EFTEM analysis, thin lamellas of the material were
prepared by focused ion beam (FIB) in the same department using a
Zeiss NVision FIB-SEM microscope. Multivariate statistical analysis
(MSA) was applied to the dataset to produce a “‘noise-free” re-
construction [19].

Grain size was estimated by image analysis techniques based on
EBSD maps. In order to use this method it was necessary to define
grains drawing the border between high and low angle boundaries and
set the input values for the EBSD post-processing software. In the case
of ODS tubes, after processing there was a large amount of stored en-
ergy within grains in the form of highly deformed microstructure
leading to a wide range of misorientation angles that were analysed to
establish the border between low and high angle grain boundaries
(HAGBs). Following this method, HAGBs were considered above 10°
misorientation angle between two grains. The results were adjusted to a
LogNormal function to estimate the mean grain size value. Size and
distribution of the different families of precipitates found in the alloy
were measured using SEM images for the larger ones and TEM images
for the nano-particles employing JMicroVision software [20]. In the
latter, more than 1500 precipitates were measured in 20 images being
the total analysed volume 6.2 x 107 nm®. Number density was obtained
by counting precipitates in the TEM images and divided by the analysed
volume. Thickness measurements were done employing Convergent
Beam Electron Diffraction (CBED) method [21]. Finally, Energy Dis-
persive Spectroscopy (EDS) for TEM was used to analyse the composi-
tion of the precipitates present in the alloy.

Small punch (SP) tests were used as a screening method to evaluate
the mechanical behavior of 9Cr ODS tube. In addition, these type of
tests can reproduce the biaxial stress mode the cladding will be sub-
jected to under service conditions. 3 mm diameter curved specimens
were drilled from the 9Cr ODS wall tube with 0.50 mm thickness. Plane-
parallel specimens were obtained by polishing both sides of the 3 mm
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discs until 0.250 mm thickness was reached. The tests were carried out
in the small punch testing machine designed and available at CIEMAT
at a displacement rate of 0.3 mm/min at RT, 300 °C and 500 °C, using a
punch of 1 mm diameter. Two specimens were tested per each tem-
perature condition.

In the case of small punch tests, the results are not directly com-
parable with those obtained with traditional uniaxial tests due to the
transient stress state. The test result is a load vs deflection (displace-
ment) curve where the main parameters of the curve are described in
the European Code of Practice for Small Punch Testing for Tensile and
Fracture Behaviour [22]:

e P, [N] — maximum load recorded during SP test,

e P, [N] - load characterizing the transition from linearity to the stage
associated with the spread of the yield zone through the specimen
thickness (plastic bending stage),

e d,,, [mm] - displacement corresponding to maximum load m F,

e ESP [J] - SP fracture energy obtained from the area under the load
punch displacement curve up to maximum load.

3. Results
3.1. Microstructure

Fig. 1(a) shows the SEM image of the 9Cr ODS tube in the long-
itudinal direction (LD). A distribution of Cr rich carbides (identified by
EDS analysis), decorating prior austenite grain boundaries and packet
boundaries (dash white arrow in Fig. 1(b)) were visible. Most of them
have a polygonal shape and the size distribution was estimated and
adjusted to a LogNormal function with mean value 90 = 1nm
(Fig. 1(c)) ranging from a few dozens of nanometers to more than a half
micron. The volume fraction was measured in the same images and
corresponds to a 3% of the total volume of the alloy. Isolated Ti-Al
oxides (identified by EDS analysis) occasionally nucleated either at
grain boundaries or within grains with sizes ranging between 500 nm
and 2 pm were visible. The Al present in the alloy comes from con-
tamination during the milling process as has been previously reported
[23]. At higher magnification (Fig. 1(b)) smaller Cr rich carbides that
nucleated at lath grain boundaries (white arrow) were observed with
sizes ranging from 20 nm up to 100 nm measured along the long axis.

Fig. 2(a) shows an inverse pole figure (IPF) map of the 9Cr ODS tube
in the longitudinal direction. The alloy had an almost random grain
orientation distribution (weak texture) and a bimodal grain size of
coarse and deformed grains together with regions of small and re-
crystallized grains in between (white circles in Fig. 2(a)) occupying
19.8% of the total area measured (9.5 x 10° um?). A diagram of the
misorientation angle and grain size distribution is presented in Fig. 2(b)
and Fig. 2(c), respectively. Those with a misorientation above 10° have
been considered HAGBs, and included in the grain size analysis. Grain
size analysis was completed considering two distinct families: coarse
and deformed grains ranging from 1 to 10 um; and small grain regions,
where the grain size ranged from 100 nm to 1 pm. Those boundaries
with a misorientation between 2° and 10° have been considered low
angle grain boundaries (LAGBs) and the bulk of them were con-
centrated from 2° to 5°.

Fig. 3(a) and (b) shows the microstructure of the 9Cr ODS tube
examined by TEM. As per the SEM analysis, a grain structure of packets
of martensitic laths and a small number of ferritic subgrains within
prior austenite grains were visible. Dense networks of dislocations were
present within grains, an indication of the internal stresses induced by
the fabrication process. A fine dispersion of nano-oxides was observed
within the matrix (Fig. 3(c)). The fine microstructural observations
showed that the dislocations were pinned at several points (white ar-
rows in Fig. 3(c)). The size distribution of the nano-oxides was mea-
sured and the results adjusted to a LogNormal distribution (Fig. 3(d)). A
wide distribution ranging from 1.5 up to 20 nm was obtained being the
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Fig. 1. (a) SEM image of 9CrODS tube in the longitudinal direction, (b) mi-
crostructure after processing: packets with martensitic laths within prior aus-
tenitic grains and (c) precipitate size distribution.

mean value (4 = 1) nm. The same regions were used to estimate the
nano-oxide number density, obtaining a value of
(1.3 % 0.2) x 10* particle/m?>.

EDS was used to analyse the composition of the precipitates and
nano-oxides present in the alloy. The results shown in Fig. 4(a)-(c)
indicated the presence of three distinct families according to size and
composition. The larger precipitates (500 nm up to ~2 um) were con-
firmed as Ti-Al oxides (Fig. 4(a)). Ti-Al oxides are isolated and formed
either in the matrix and/or at grain boundaries. The second family of
precipitates were Cr rich carbides (Fig. 4(b)) preferentially located at
prior austenite grain boundaries and also found intra-laths with sizes
ranging from 20 to 500 nm. Finally, the finest precipitates were iden-
tified as nano-oxides, with a mean size value of 4 nm, composed of O, Ti
and Y (Fig. 4(c)). The analysis of at least 20 nano-oxides was used to
calculate the Y/Ti ratio, obtaining values ranging from 0.5 to 1.8. This
results are plotted in Fig. 4(d) where Y/Ti ratio increases up to sa-
turation around 1.4 as particle size increase up to 15 nm.

Low-loss (10-80 eV) EFTEM maps are presented in Fig. 5 following
MSA "“"noise free” reconstruction. Some nano-oxides with sizes ranging
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Fig. 2. (a) IPF map of 9CrODS tube in the longitudinal direction, (b) grain
boundary misorientation angle and (c) grain size distribution.

from 2 nm up to 12 nm were analyzed, showing, in the case of the larger
particle (12nm), a Y-Ti rich core with a shell of ~2nm enriched in Cr
and a decrease of the Fe signal compared with the one from the matrix
that has been previously reported in other ODS materials [24-26]. In
the large, 12 nm, particle the Ti demonstrated local intensity variation,
with significant difference between the core and the shell. Y and Ti
were co-located in some particles, though the finest particles were again
confirmed to have a higher Y fraction.

3.2. Small punch tests results

The load vs the displacement results for the small punch test for the
9Cr ODS tube at room temperature, 300 °C, and 500 °C are given in
Fig. 6. The curve morphologies are similar for the different samples. A
decrease in the small punch energy (ES), measured as the area under
the curve, was visible as the test temperature increased indicating a
decrease in the ductility of the material according to CWA 15627 [22].
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Fig. 3. (a) TEM bright field images of 9CrODS tube where martensitic laths and (b) ferritic grains are visible. (c) A detail of the dislocation-nano-oxides interaction

and (d) nano-oxide particle size distribution.

Also, the alloy tested at 500 °C showed the weakest response to de-
formation with a maximum load around 280 N.

The maximum load (P,) and yield strength (P,) dependence with
temperature has also been represented in Fig. 7(a) and (b) respectively.
P,, decreased slightly from 500N to 280N as temperature increased,
whilst P, was similar at RT and 300 °C, around 80 N, only decreasing at
500 °C to 50 N, suggesting a change in the yielding mechanism at the
higher test temperature.

The SEM analysis of the surface of the deformed small punch spe-
cimens was carried out to provide new tools to better understand the
failure mechanisms at the different temperatures. The tested samples
for the three different temperatures are shown in Fig. 8. At room
temperature, a circumferential crack separates the cup from the rest of
the specimen (Fig. 8(a) and (d)) which is an evidence of a ductile failure
[27]. On the other hand radial cracks start to appear at 300 °C (black
arrows in Fig. 8(b), and are clearly visible and more numerous at 500 °C
(Fig. 8(c) and (f)) suggesting a change of the failure process from quasi-
ductile fracture at low temperature to brittle fracture at high tem-
perature. Slip bands are visible at higher magnification in all the sur-
faces of the tested specimens. At RT and 300 °C a rumpling surface is
observed while at 500 °C planar offsets are visible on the surface.
Overall, Fig. 8 and the results of small punch tests presented in Figs. 6
and 7 suggest that rising temperature led to a change in the deformation
and fracture behavior indicating a transition from quasi-ductile to
brittle failure mode.

4. Discussion

A 9Cr ODS tube was studied after powder metallurgical processing,
identifying characteristic microstructures. Small punch tests were car-
ried out at room temperature, 300 °C, and 500 °C and the resulting
deformed surfaces of tested specimens studied, giving evidence of a
change in the deformation mechanisms in operation at the different
temperatures.

As previously remarked, ODS fabrication routes play an essential
role to obtain suitable mechanical properties. In this case, the final
tempering heat treatment of 1 h duration resulted in a bcc structure
with a weak texture consisting of retained martensitic lath structure and
small interspersed ferritic grains. This kind of bimodal grain size
structure is desirable to achieve high strength without loss of ductility
[28]. Martensitic laths will contribute to hinder crack formation and/or
propagation of intergranular cracks during deformation and also to
enhance ductility while the small ferritic grain regions will provide high
strength and hardness. Furthermore, during intermediate heat treat-
ments, the complete transformation from ferrite to austenite takes place
reducing the crystallographic and morphologic texture [15,17,29-31],
which was desirable to reduce grain boundary sliding among elongated
grains during deformation.

Besides the final grain microstructure, the precipitates present in the
alloy play an important role in the evolution of the microstructure and
the mechanical properties of the material. Different families were
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Fig. 4. EDX analysis results: (a) Ti-Al oxide, (b) Cr rich carbide, (c) Y-Ti oxide and (d) Y/Ti ratio vs frequency and particle size.

identified during microstructural analysis. The coarser particles, larger
than 500 nm, are inclusions composed mainly of Ti-Al-O, as shown
Fig. 1(a). These precipitates were isolated and in a very low volume
fraction, therefore it is not expected that they have a significant influ-
ence in the mechanical behavior of the material. On the contrary, a high
volume fraction of Cr rich carbides (that most probably corresponds to
M,3Ce carbides, as it has been widely analyzed in literature and in
accordance with the phase diagram [14,32,33]) were found to be
homogeneously distributed at prior austenite grain boundaries, packets
and martensitic laths boundaries. Those located at the prior austenite
boundaries were the larger ones and were likely to have formed during
the austenitizing heat treatment, having therefore, enough time for
diffusion and growth. Other authors attribute this coarsening of the Cr
rich carbides to an enhanced diffusion along the Prior Austenitic Grain
Boundaries (PAGBs), increasing the coarsening rate [34-36]. These are
high angle grain boundaries (HAGBs) and the diffusion rates are faster
than those for low angle grain boundaries (LAGBs) such is the case of
martensite lath boundaries. Carbides located within grains (Fig. 1(b))
are hypothesized to have precipitated intra-lath during tempering, with
less time for growth due to slower diffusion rates associated with
LAGBs, as has been explained above, resulting in them being smaller.
Although these precipitates do not contribute to the dispersion hard-
ening within grains, Cr rich carbides located at grain boundaries can
play an important role in the mechanical properties at high temperature
enhancing sub-boundary hardening, hindering the migration of laths
and blocking grain growth and grain boundary sliding. Furthermore,
those placed within grains will contribute to mechanical properties as
obstacles to dislocation movements during deformation but not as ef-
ficiently as nano-oxides [37,38].

Finally, a homogeneous distribution of nano-oxides particles and a

high interaction with dislocations was observed within grains, which is
the principal responsible of the dispersion hardening of the material
and contributes to sub-grain hardening stabilizing laths boundaries
[34]. The size and distribution of nano-oxide particles are key factors in
the evolution of the microstructure and hence the mechanical proper-
ties during deformation. In our case a fine dispersion of nano-oxides
was observed with a mean size value of 4 nm, in accordance with the
results obtained by Toualbi et al. [18]. The Y/Ti ratio estimated allows
knowing the stoichiometry of the particles according with Sakasegawa
et al. [39] who observed that this ratio increased with increasing par-
ticle sizes up to a saturation value of 1.4 for stoichiometric Y,Ti>O,
composition. This value is achieved when the particle size is above
around 15nm. Below this size, these particles are non-stoichiometric
and the Y/Ti ratio is <1.

The consequences of this microstructure were a particular me-
chanical behavior. Small punch results shown that the key change in
the mechanical response takes place as test temperature increases,
especially in the case of yield strength drop between 300 °C and 500 °C.
Understanding of the previous microstructure and analysis of the frac-
ture samples after small punch tests provided the necessary information
to identify the slip character and the possible fracture and deformation
mechanisms that could be operating at different temperature ranges
and explain this behavior.

First of all the presence of a fine dispersion of nano-oxides within
the matrix and a high interaction with dislocations can provide insights
of what happens during deformation. It is well known that the de-
formation mechanisms in ODS material are controlled by the interac-
tion of dislocation with the obstacles present in the matrix. At room
temperature the main features observed for the 9Cr ODS tube are
clearly slip lines and a surface rumpling, indicating that there is a
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Fig. 5. EFTEM elemental maps after MSA “noise-free” reconstruction from the low-loss dataset: (a) matrix (Fe My 3), (b) Cr My 3, (¢) Y Ny 3, and (d) Ti My 3.
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Fig. 6. Load vs displacement curves at RT, 300 °C, and 500 °C for 9CrODS tube.

P1, P2, P5, P6, P7 and P8 correspond to the different small punch tests carried
out.

homogeneous deformation of the material. This was in agreement with
the fine dispersion of nano-oxides in the as-received material shown in
Fig. 3(a). During deformation dislocations are pinned at nano-oxides
and cannot reach grain boundaries. Additionally, macro-crack appear-
ance agrees with a ductile failure mode, with a circumferential crack
propagation path [40].

As temperature increases thermal activated mechanisms can start to
operate, dislocations can move easily to lath and block boundaries,
overpass obstacles reaching and accumulating at grain boundaries and
weakening them as was suggested by Praud et al. after in situ TEM
deformation experiments [41]. At some point the stress arising at grain
boundaries reach a value that leads to an intergranular fracture. This is
in accordance with the SEM analysis of the deformed samples at 500 °C.
Planar shear offsets were visible on surfaces, indicating that disloca-
tions remain in planar arrays. Furthermore, radial cracks start to appear
in the tested disc at 300 °C and are obvious at 500 °C indicating less
ductile fracture at 500 °C than at 300 °C, in close agreement to the loss
of ductility and changes in the fracture behavior as observed elsewhere
in ODS steels at high temperature [36,41,42]. At 500 °C cracks may
initiate more readily and propagation is along grain boundaries due to
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for 9CrODS tube.

the growth and coalescence of microcavities. This embrittlement at
high temperature leads to a reduction of the yield strength and max-
imum load observed in Fig. 7(a) and (b).
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In this sense, the change of the crack patterns observed for the three
specimens, RT, 300 °C and 500 °C can be associated to a change of the
fracture mechanisms from quasi-ductile and wavy slip character at RT
towards a brittle intergranular failure mode and planar slip character
with increasing temperature. Although the failure modes may depend
on the testing and hence, do not represent the likely cladding failure
behavior, small punch testing has been used as screening criteria to
assess temperature effects.

5. Conclusions

Microstructural and mechanical behavior analysis by means of
SEM/EBSD, TEM and small punch testing was undertaken for a 9Cr ODS
tube. The main points that may be drawn are:

- The 9Cr ODS tube studied in this work presents a bimodal grain size
distribution and a weak texture desirable to hinder grain boundary
sliding during deformation at high temperature.

A homogeneous distribution of Cr rich precipitates was identified at
prior austenite and martensitic boundaries as well as a fine disper-
sion of Y-Ti nano-oxides within grains responsible for the dispersion
hardening of the alloy.

Small punch has been successfully used to assess temperature ef-
fects. Results suggest a change in the mechanical behavior with
increasing temperature. At 500 °C there is a drop in the small punch
energy showing decreasing ductility.

There is a change from quasi-ductile and a wavy slip character at
RT, where dislocations are pinned at nano-oxides and cannot reach
grain boundaries, to a brittle failure mode and a planar slip char-
acter as temperature increases due to the activation of new de-
formation modes, reducing the energy requirement for dislocations
to overpass obstacles and accumulate at grain boundaries.
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Fig. 8. SEM images of small punch fracture for 9CrODS tube at (a), (d) RT, (b), (e) 300 °C and (c), (f) 500 °C.
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