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Abstract

This paper describes the microstructure and Charpy impact properties of 12-14 Cr ODS ferritic steels fabricated by mechanical alloy-
ing of pure Fe, Cr, W, Ti and Y,03; powders in a Retsch ball mill in argon atmosphere, followed by hot isostatic pressing at 1100 °C
under 200 MPa for 4 h and heat treatment at 850 °C for 1 h. Weak Charpy impact properties were obtained in the case of both types
of as-hipped materials. In the case of 14Cr materials, the weak Charpy properties appeared related to a bimodal grain size distribution
and a heterogeneous dislocation density between the coarse and fine grains. No changes in microstructure were evidenced after heat treat-
ment at 850 °C. Significant improvement in the transition temperature and upper shelf energy of 12Cr materials was obtained by heat
treatment at 850 °C for 1 h, which was attributed to the formation of smaller grains, homogenous in size and containing fewer disloca-
tions, with respect to the as-hipped microstructure. This modified microstructure results in a good compromise between strength and

Charpy impact properties.
© 2007 Published by Elsevier B.V.

1. Introduction

Ferritic steel is a term usually applied to a group of
stainless steels with Cr contents in the range of 12-
30 wt%. These steels are essentially ferritic in structure at
all temperatures. Ferritic steels have a bec structure and a
microstructure mainly composed of dislocation cells, in
comparison to the martensite laths encountered in mar-
tensitic steels [1]. Oxide dispersion strengthened (ODS)
ferritic steels are usually obtained by introducing yttrium
oxide (Y;03) nano-particles in the aim of improving the
creep strength and radiation resistance at elevated temper-
atures [2]. One of the possible routes to produce fine
grained ODS ferritic steels is the consolidation of a
mechanically alloyed (MA) powder by hot isostatic press-
ing (hipping). Hipping consists in the simultaneous applica-
tion of heat and pressure and it is an excellent method to
develop near-net-shape materials, to homogenise the com-
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position of alloys and to close the micropores in cast alloys.
It is also recommended as an alternative route to avoid
strong anisotropy of materials as observed after hot extru-
sion (HE) for instance. As the result of hipping a dense
material with very complex geometry can be obtained
[3-8].

The main goal of this work is to investigate the influence
of the consolidation parameters, annealing, chromium and
titanium contents on the density, microstructure, micro-
hardness and Charpy impact properties of reduced activa-
tion ODS ferritic steels that are candidate structural
materials for application in fusion power reactors.

2. Experimental procedure

ODS ferritic steel powders with the chemical composi-
tions given in Table 1 were prepared by MA elemental
powders in a Retsch ball mill in argon atmosphere,
followed by hipping. The parameters of milling were as
follows: rotation speed = 300 rpm, ball-to-powder weight
ratio (BPWR) = 8:1, milling time =42 h.
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Table 1

Chemical composition of Fe—(12-14)Cr-2W-0.3Ti-0.3Y,03 ODS ferritic steels (in weight percent)

Material C Si Cr w Ti Mn Mo Y (6] N
12Cr 0.086 0.028 11.8 1.86 0.25 0.12 0.007 0.25 0.47 0.033
14Cr 0.088 0.031 13.7 1.84 0.26 0.16 0.008 0.23 0.48 0.035

After MA the powders were sealed, degassed, and closed
in a stainless steel container under a vacuum of 102 Pa at
450 °C. Hipping experiments were performed in a SHIRP-
2000 hipping device. Various hipping pressures in the range
of 185-205 MPa and hipping times in the range of 3-5h
were investigated. The hipping temperature of 1100 °C
was applied to avoid important coarsening of the nano-
sized oxides. The cooling rate was 20 °C per minute. After
hipping the ingots were heat-treated (HT) at 850 °C for
1h in vacuum and furnace-cooled slowly to ambient
temperature.

The microstructure of the specimens was investigated
using scanning electron microscopy (SEM, Leo, Gemini
2000) equipped with an energy dispersive spectrometry
(EDS) system, and transmission electron microscopy
(TEM, Joel 2010). Samples for TEM were prepared by
electrolytic thinning using a TENUPOL device. Vickers
microhardness tests were performed at room temperature
using a Vickers diamond pyramid (JENOPHOT 2000)
and applying a load of 0.98 N for 15s. Each result is the
average of at least 20 measurements. The relative density
of the specimens after hipping was measured by means of
the Archimedes method using a laboratory analytical bal-
ance KERN ARJ 220-4M. Charpy impact tests were per-
formed using an instrumented Charpy impact machine
with an energy capacity of 30J at temperatures ranging
between —100 °C and 300 °C. V-notch KLST specimens
(3 x4 x27mm?®) for Charpy impact tests were machined
parallel to the main axis of cylindrical ingots (20-22 mm
in diameter, 27 mm in height). The ductile-to-brittle transi-
tion temperature (DBTT) was determined at the half-
value of the upper shelf energy (USE) minus the lower
shelf energy. Chemical analyses were performed using
wavelength dispersive X-ray fluorescence spectroscopy
(WD-XRF) as well as LECO TC-436 and LECO IR-412
analysers for detection of O, N and C contents, respec-
tively.

3. Results and discussion
3.1. Powder consolidation

From results of chemical analyses of hipped ODS fer-
ritic steel ingots, as reported in Table 1, it can be seen that
these materials contain a high oxygen amount (about
0.48 wt%), which originates from the surface of powder
particles and the MA atmosphere, and a relatively high car-
bon amount (about 0.087 wt%) that comes from the grind-
ing media. Typical optical microscopy (OM) images of
ODS ferritic steel ingots are shown in Fig. 1. The micro-

structure of the 14Cr ODS steel consists of a ferritic struc-
ture containing fine, equiaxed, prior particle boundaries
(PPB), small pores and oxides (Fig. 1). The typical duplex
(martensite plus a-ferrite) microstructure of the 12Cr mate-
rial is observed. SEM observations of the ODS specimens
revealed the presence of very fine, isolated pores, spherical
in shape, that are decorated with the PPBs. The spherical
shape of these voids suggests that they are gas micropores
coming either from the oxygen layer of particles and/or
from argon used in MA [9].

In general, a residual porosity was observed in all ODS
ferritic steel ingots, even after hipping under a pressure of
205 MPa for 5h. More than 99% of theoretical density
(TD) was achieved when the specimens were consolidated
under a pressure of 200 MPa for 3 h. Table 2 shows the
influence of the hipping pressure on the density of the spec-
imens. With increasing the hipping pressure the density of
specimens also increases. However, no significant differ-
ences in density were measured for the specimens with
different titanium contents.

TEM images of specimens of hipped Fe—(12-14)Cr-
2W-0.3Ti-0.3Y,03 ODS ferritic steels are presented in
Figs. 2 and 3. After hipping, the microstructure of the
14Cr material consists of a-Fe matrix with two types of
grains (Fig. 2(a)): small, about 500 nm in diameter, and
coarse, about several pm in diameter, with oxide and

B
Fig. . OM image of the 14Cr-2W-0.3Ti-0.3Y,03 ODS ferritic steel after
hipping at 1100 °C under 200 MPa for 4 h.

Table 2
Effect of hipping pressure, at 1100 °C for 4 h, on the density of ingots of
the ODS ferritic steel 14Cr-2W-0.3Ti-0.3Y,0;

Pressure (MPa) 185 195 205
Relative density (%) 95.8 98.2 99.5
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Fig. 3. TEM bright-field image of the as-hipped 12Cr-2W-0.3Ti-0.3Y,03
material.

carbide impurities. The dislocation density in this material
varies from dislocation-free areas to very dense dislocation
tangles located especially at the fine grain boundaries.
Moreover, TEM investigation revealed three different
kinds of precipitates (Fig. 2(b)): oxide particles, about
100 nm in size, chromium carbides with an average size
of about 50 nm and a chemical composition roughly
analysed by EDS as 60Cr-25Fe-15W (wt%), and a high
density of fine Y-Ti—O nano-clusters with a size in the
range of 2-5 nm. After HT at 850 °C for 1 h no changes
in the microstructure of the 14Cr ODS material have been
observed.

The microstructure of the hipped 12Cr material consists
of typical martensite laths (Fig. 3), despite the relatively
low cooling rate. Some areas of a-Fe were also observed.
Oxides and carbides, as well as spherical Y-Ti—O nano-

clusters with a size in the range of 5-20 nm, are also pres-
ent. The nano-clusters appear less homogeneously distrib-
uted and larger in size than in the 14Cr material. HT at
850 °C for 1 h yields the formation of tempered martensite
made of smaller grains, homogeneous in size, a decrease of
the density of dislocations and the formation of second
phase precipitates (carbides) located inside the grains and
at the grain boundaries (Fig. 4).

3.2. Microhardness measurements

Results of Vickers microhardness measurements are pre-
sented in Fig. 5. As they are related to the microstructure of
the investigated material, it is easy to predict that the high-
est microhardness value after hipping should be obtained
for the 12Cr materials, as confirmed by the value of 574

Fig. 4. TEM image of the 12Cr-2W-0.3Ti-0.3Y,0;3 material after HT at
850 °C for 1 h.
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Fig. 5. Vickers microhardness of ODS ferritic steels after hipping and HT
at 850 °C for 1 h.

HV, ; measured for the 12Cr-2W-0.3Ti-0.3Y,0O3 material.
An austenitization process takes place in 12Cr materials at
the hipping temperature, and the austenite transforms into
martensite during cooling. As reported by Mukhopadhyay
et al. [10] a minimum Cr content of 13.5 wt% is required to
get a fully ferritic structure. It seems that carbon, oxygen
and nitrogen have also a strong influence on the stabiliza-
tion of the y-phase at the hipping temperature.

In agreement with the observed modifications of the
microstructure of 12Cr materials after HT at 850 °C for
1 h, an important decrease in their microhardness is also
observed after HT, indicative of a softening phenomenon.
The higher microhardness value obtained after HT for
the 12Cr0.5T1 material is probably due to the higher tita-
nium content.

HT at 850 °C for 1 h has no significant impact on the
microhardness of 14Cr materials, in agreement with the
thermal stability of their microstructure. In addition,
the titanium content has a minor influence on the micro-
hardness of 14Cr materials.

3.3. Charpy impact tests and analysis of fracture surfaces

Charpy impact tests were performed on specimens of
ODS ferritic steels with a density in the range 99.2-99.5%
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TD. Results of Charpy impact tests are reported in Figs.
6 and 7 and in Table 3. In general, all specimens were
broken into two pieces in the full range of temperatures.

The 14Cr materials exhibit after hipping a very low USE
and a high DBTT value (Fig. 6(a)). When the titanium con-
tent is increased from 0.1 to 0.5 wt%, the DBTT and USE
slightly increase from 58 °C to 99 °C and from 1.3J to
1.5], respectively. Heat treatment yields a significant
increase in the DBTT of 14Cr0.1Ti materials, from 58 °C
to 145 °C, while it seems to have a negligible influence on
the DBTT and USE of other 14Cr materials (Fig. 6(b)).
This may be attributed to the formation of smaller Y-Ti—
O nano-clusters at higher titanium contents, which stabilize
the microstructure during HT. However, it is difficult to
draw a definitive conclusion, due to the very weak Charpy
impact properties exhibited by these materials.

After hipping the 12Cr materials exhibit a very low USE
of about 0.75 J (Fig. 7(a)). This is due to the features of the
martensitic structure: martensite laths and high dislocation
density. Therefore, 12Cr materials are high strength mate-
rials (69 > E/150, ¢y = yield strength, £ = Young’s modu-
lus), as confirmed by the results of microhardness
measurements (Fig. 5), with very low fracture toughness:
brittle fracture occurs over a wide range of temperatures.
A significant improvement in the impact properties of
12Cr0.3Ti materials is obtained after HT at 850 °C for
1 h. As shown in Fig. 7(b), after HT the DBTT is about
0°C and the upper shelf energy is about 3.3J. This
improvement in impact properties is due to the microstruc-
ture of tempered martensite, which is made of equiaxed
grains instead of martensite laths and contains a lower dis-
location density than the original martensitic microstruc-
ture. In the case of the 12Cr0.5Ti material heat treatment
results in a slight increase in the DBTT and USE values
from 0 °C to 44 °C and from 0.75] to 1.6 J, respectively.

SEM observations of the fracture surface of Charpy
impact specimens showed that the fracture modes of
12Cr and 14Cr materials are similar. At testing tempera-
tures corresponding to the lower shelf energy region (e.g.
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Fig. 6. Results of Charpy impact tests on 14Cr materials: (a) as-hipped and (b) after HT at 850 °C for 1 h.
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Fig. 7. Results of Charpy impact tests on 12Cr materials: (a) as hipped and (b) after HT at 850 °C for 1 h.

Table 3
Charpy impact properties before and after HT at 850 °C, 1 h, vacuum

Specimens Before HT After HT at 850 °C
USE (J) DBTT (°C) USE (J) DBTT (°C)
14Cr-2W-0.1Ti 1.31 57.9 1.36 144.7
14Cr-2W-0.3Ti 1.47 121.6 1.35 93.9
14Cr-2W-0.5Ti 1.54 98.7 1.35 83.4
12Cr-2W-0.3Ti 0.71 0.3 3.36 0.7
12Cr-2W-0.5Ti 0.74 -7.2 1.82 43.8

—100 °C), river patterns can be seen, which are indicative
of brittle fracture mode. Porosity and oxide inclusions
are also observed, which are responsible for initiation of
micro-cracks. Both cleavage and ductile fracture modes
can be seen at testing temperatures corresponding to the
DBTT region. At testing temperatures corresponding to
the USE region (e.g. 200 °C), ductile microvoids are
observed. However, singular cleavage facets are also visi-
ble. It appears that void nucleation and growth and crack-
ing of specimens occur at the level of the pre-existing pores.

Fig. 8(a) and (b) show SEM images of fracture surfaces
of heat-treated specimens of Fe-12Cr-2W-0.3Ti-0.3Y,03
following Charpy impact testing at temperatures corre-
sponding to the lower shelf energy region, the DBTT

region, and the USE region, respectively. A transgranular,
quasi-cleavage fracture mode is observed at temperatures
corresponding to the lower shelf energy region (e.g.
—100 °C) (Fig. 8(a)). As the grains are very small, it is dif-
ficult to determine the origin of cleavage cracks in this
material. Both cleavage and ductile fracture modes are
observed in the temperature range corresponding to the
DBTT region (e.g. 0°C). At 0°C brittle fracture takes
place near the notch of the specimens, due to three-dimen-
sional stress conditions, while ductile fracture occurs in the
remaining areas of the specimens. A typical example of
ductile fracture at 200 °C is shown in Fig. 8(b). At low
magnification, cups and cones are observed similar to the
fracture features evidenced after uniaxial tensile tests.

On the basis of such observations it appears that the
fracture mode of materials produced by powder metallurgy
depends on porosity, oxide and carbide distributions, grain
shape and size distribution and density of dislocations. In
particular, the pores affect the fracture properties in the
USE region where ductile failure of the specimens takes
place. Oxygen increases significantly the DBTT. Carbon,
which precipitates as carbides at the grain boundaries, pro-
motes the propagation of cleavage cracks and decreases the
USE. The grain size also influences the DBTT value [12].

Fig. 8. SEM images of fracture surfaces of the heat-treated 12Cr-2W-0.3Ti-0.3Y,03 material after Charpy impact testing at (a) —100 °C and (b) 200 °C.
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The mechanism of stress concentration at the grain bound-
aries resulting from pile-ups of dislocations during defor-
mation is well documented [11-13]. It is the probably
worst situation when the microstructure consists of coarse
grains surrounded by smaller sub-grains and/or by brittle
precipitations, as it is observed in the case of 14Cr ODS fer-
ritic steels (see Fig. 5(a)). This may lead to stress concentra-
tion, easy initiation of microcracks in the brittle particles,
further crack propagation through the grains, and cleavage
fracture over a wide range of temperatures [13]. On the
contrary, the improvement in the Charpy impact behaviour
of the 12Cr materials after HT seems to be due to the for-
mation of a microstructure made of small, equiaxed grains,
homogeneous in size, containing fewer dislocations than
the original martensitic microstructure, made of martensite
laths containing a high dislocation density, which results in
a good compromise between strength and impact
properties.

It is well known from the literature [2,14,15] that ODS
ferritic or ferritic/martensitic steels are materials with high
temperature strength but inferior impact properties (DBTT
and USE) with respect to conventional ferritic or ferritic/
martensitic alloys. Moreover, ODS steels possess a very
low impact energy after hipping due to the existence of
pores at the boundaries of sintered particles. However,
forging or hot extrusion (HE) after hipping significantly
improves the Charpy properties of these materials. This
indicates that the USE and DBTT values of ODS steels
strongly depend on the manufacturing conditions (micro-
structural state). It has been reported [16] that the
MAO957 ODS steel presents after HE very attractive DBTT
and USE values of —100 °C and 7.7 J, respectively. After
recrystallization, however, the DBTT increases up to
60 °C while the USE is increased by about 20%. The com-
mercially available PM2000 ODS steel [17] has an USE
twice higher (6.47J at 300 °C) than that of the 12Cr
ODS ferritic steel discussed in this work, but its DBTT is
about two orders of magnitude higher (123 °C).

In general, the commercially available ODS ferritic
steels exhibit at least twice higher USE values than the
ODS materials presented in this paper but DBTT values
are comparable. However, it is difficult to compare the
impact properties of all ODS alloys due to the differences
in chemical composition (different Cr, W, Ti, Y,03 and
O contents), manufacturing route (mechanical alloying,
compaction) and parameters of final heat treatment. The
data presented in this paper are preliminary results and
more tests will be conducted in the aim to improve the frac-
ture properties of 12-14Cr ODS ferritic steels.

4. Conclusions

The microstructure and mechanical properties of 12—
14Cr ODS ferritic steels were examined after hipping and
HT. The following general conclusions can be drawn from
the obtained results:

1. More than 99% of theoretical density was achieved
when the ODS ferritic steel powders were consolidated
at 1100 °C under 200 MPa for 3 h.

2. Residual porosity was observed in all compacted ODS
ferritic steel ingots, even after hipping at 1100 °C under
205 MPa for 5 h.

3. All ingots contain a high density of Y-Ti—O nano-clus-
ters, with a size in the range of 2-5 nm in 14Cr materials
and in the range of 5-20 nm in 12Cr materials.

4. Porosity, oxide and carbide distributions, grain shape
and size distributions as well as density of dislocations
strongly influence the Charpy impact properties of
hipped materials.

5. Low impact properties were obtained in the case of 14Cr
ODS ferritic steels due to bimodal grain size distribution
and heterogeneous dislocation density between the
coarse and fine grains. Coarse grains are almost disloca-
tion-free, whereas fine sub-grains are surrounded by tan-
gles of dislocations.

6. 14Cr ODS ferritic steels seem to be unaffected by HT at
850 °C for 1 h. No significant changes in microstructure,
microhardness and Charpy properties were evidenced.

7. Significant improvement in the DBTT and USE of 12Cr
ODS ferritic steels was obtained after HT at 850 °C for
1 h, which is attributed to the formation of smaller,
equiaxed grains, homogeneous in size, containing fewer
dislocations, with respect to the as-hipped microstruc-
ture made of martensite laths containing a high disloca-
tion density. This modified microstructure yields a good
compromise between strength and impact properties.
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