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ABSTRACT

The ODS steel, studied for more than thirty years, is an alloy characterized

by very high performances, and depending on the purpose, its composition is

changed in order to satisfy the requirements. In particular, the 12Cr ferritic ODS

steel is widely regarded as a candidate structural material for fusion reactor

and advanced next generation reactors. In this study, mechanical properties

of the alloy will be tested at different temperatures: their dependency on

the microstructure and on the temperature will be investigated, focusing the

attention on the anisotropy of the alloy and how it affects its performances.

Fracture surface analysis at room temperature will be also performed.
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1 Introduction

The energy has a very key role in our every day’s life. With the enhancing of the average

wellness also the demand of energy rises. From the first industrial revolution the mankind

had supplied to the energy demand mainly through the usage of coal and oil and in the

last decades also the usage of natural gas has increased. These kinds of energy resources

have some drawbacks:

• limited storage: they will exhaust within several decades, since their usage rate is

definitely larger than the natural regeneration of them through transmutation of

organic material in higher concentration of Carbon one.

• Among their reaction products there is the carbon dioxide, the main responsible

of the global warming; plus, they also release some other reaction products which

increase the pollution in the air

In the last decades many efforts have been made in order to solve the energy shortage

problems enhancing the transfer efficiency of fossils fuel, and also seeking new alternative

ways of producing energy, like sunlight, wind, geothermal heat, water (taking advantage of

waves, tides, potential energy) etc. Nuclear energy has been considered a valid alternative

for its high density power generation, its null gas emission and cost effective.
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1.1 Nuclear Energy

When we talk about nuclear energy we mean the use of the nuclear reaction to produce

heat to be converted in electricity afterwards; basically the nuclear reaction cause the

fission of heavy atoms, or the fusion of light ones.

1.1.1 Fission plants

So far, there are more than 430 fission plants in the globe, which are able to provide

⇠ 11.55% of the energy world demand. In the image below 1 [1] is shown the history of

the nuclear fission plants, starting from the Gen I reactors, until the today’s new designs

of reactors, much more efficient, economically competitive and with sensible reduction

of radioactive waste production thanks also to a better usage of the fuel. In table 1 are

shown the conditions the new design of reactors have to deal with, which are much more

aggressive than the ones of the already existing plants. These performances could be

guaranteed using material the peculiarity of which are reported below:

• Good geometry stability against thermal and irradiation creep, void swelling, etc

• Enhanced ductility, strength, creep resistance, fatigue

• High chemical inertia of the cladding and other materials with the coolant and fuel.

• Good irradiation resistance under high neutron flux, embrittlement.

• workability, economic aspects etc.
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Table 1: Reactor core conditions and material for Gen IV design [2] FM: ferritic martensitic

stainless steel, ODS: oxide dispersion strengthened steels

Systems Coolant Pressure [MPa] Tin/Tout [K]

Neutron

spectrum,

maximum

dose (dpa)

Cladding

GFR

Helium,

supercritical

CO2

7 673/1123 Fast,80 Ceramic

LFR

Lead or

Lead-

Bismuth

0.1 873/1073 Fast,150

High-Si

FM,ODS,

ceramics,

refractory

alloys

MSR Molten salt 0.1 973/1273 Thermal,200 -

SFR Sodium 0.1 643/823 Fast,200
FM or

FM ODS

SCWR
Supercritical

water
25 563/873

Thermal,

⇠ 30,

Fast,

⇠ 70

FM, ODS, etc

VHTR Helium 7 873/1273 Thermal, <20

SiC or ZrC

coating and

surrounding

graphite
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Figure 1: Evolution of the nuclear plant design [1]

1.1.2 Fusion reactor

It was said that for nuclear reaction we mean both fission and fusion reactions. The second

one can likely occur with light elements rather than the heavier ones because in terms of

energy gain in the first case is higher [3]. The fusion reactions studied and developed so

far are related to the hydrogen isotopes [4]:

D + T ! He4 + n + 17.6MeV (1)

D + T ! He3 + n + 3.27MeV (2)
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D + D ! T + p + 4.03MeV (3)

The energy gain from the reaction is partially converted in kinetic energy of the neu-

tron/proton (the majority of that, will be converted in heat and electricity afterward) and

the daughter (the remaining part, it will support the plasma).

Figure 2: Fusion cross section for the main reaction in

function of the energy of the reacting particles [6]

The first reaction is the one

with the highest energy release,

but also the most likely to occur in

terms of probability cross section

(figure 2) at the ”lowest” tempera-

ture of almost 150 million Kelvin

which correspond to an energy of

the reacting particles of several

keV [6]. In order to contain the

matter at this state – plasma, at

this temperature – a very strong

magnetic field is used. The heat

and the neutrons obtained from the reactions are absorbed by the first wall/blanket which

will transfer the heat to the external circuit to produce electricity. In figure 3 is shown one

of the designs developed to sustain the fusion reaction and to convert the energy from

heat to electricity.
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Figure 3: Schematic of the Tokamak model of fusion reactor in construction, ITER [5]

Due to the very high temperature of the plasma and the high energy of the neutrons,

the blanket need to be designed in order to stand such aggressive conditions, and still be

able to transfer the heat to the coolant: also in this case the materials need to have a high

strength at very high temperatures, good irradiation resistance, still being able to conduct

the heat (sufficiently good thermal conductivity), and also good compatibility with coolant

and breeders. To satisfy all the requirements already mentioned, some advanced alloys

have been studied: between them there are the Reduced Activation Ferritic (RAF) steels,

the Reduced Activation Ferritic-Martensitic (RAFM) steels (including also the ODS ones),

Vanadium alloys [7].

In table 2 [8] are reported the materials which should be used in the construction of the

first wall and the inner components:

6



Table 2: Candidate materials for first wall blanket and inner components [8]

Function First wall Breeding blanket Divertor

Plasma

facing

material

W-based alloy,

W-coated ODS

steel, flowing

liquid metal: Li

-

W-based alloy,

flowing liquid

metal: Li,

Ga, Sn, Sn-Li

Neutron

multiplier

material

- Be,Be12Ti, Be12V,Pb
W-coated

SiCf /SiC

Tritium

breeding

material

-

Li, eutectic Pb-Li,

Li-based ceramic

(e.g. Li2O, material

Li4SiO4 +2.5

wt% SiO2, LiTiO3,

Li2ZrO3, LiAlO2)

-

Structural

material

RAFM steel,

ODS steel

V-based alloy

SiCf /SiC

RAFM steel,ODS steel

V-based alloy,SiCf /SiC

ODS steel,

W-based alloy

Coolant -
Water, He

eutectic Pb-Li, Li
Water, He

7



1.2 Oxide Dispersed Steel (ODS)

1.2.1 Fabrication process

The ODS steel is a very performing alloy developed in the early 1980 with the purpose

to dispose, after their usage, wastes with lower activity [11]. In order to reach that goal,

elements with slow decay rate often used in the alloying process of the steel, such as Molyb-

denum and Niobium, have been substituted with Tungsten, Vanadium, and Titanium,

obtaining still good strengthening, but with elements characterized by higher decay rate [9,

10]. The studies performed have revealed that the ductile-brittle transition temperature

(DBTT) depends on the Chromium weight%, and also that the best compromise between

strength and toughness has been observed occurring with a Cr weight% of 9-10% [12].

They also found out a relationship between the Tungsten content in the alloy, and the

creep strength [13]: the creep strength increases quite linearly with the weight% of W up

to 2%, while with higher weight% they observed a possible increase of the DBTT since

some F2W might precipitate. The alloys developed so far allowed to increase the operating

temperatures up to ⇠ 823K [14, 15]. So it was thought to add oxide particle in the alloy

making it more stable, trough mechanical alloying [16] used already in the production

of Ni-based alloys characterized by uniform microstructure. The research on this aspect

increased rapidly, and some Ni-based and Fe-based ODS alloys have been developed:

more details are shown in table 3, [15].

In their work, Ukai et al [23] studied how the addition of Ti, Ni, V and Zirconium

influences the size distribution of oxide particles: the Ti addition hindered the growth of

oxide particles, allowing further creep rupture strength. The creep rupture strength of ODS

steel is not isotropic, since it is higher along the direction of the hot extrusion direction

rather than the transversal one [23].

8



In figure 4 is represented the general procedure in order to obtain an ODS Steel: after

being mixed together, the base powder and the nano scale oxides are milled in a can

with steel ball; afterward the mixture is consolidated through hot isostatic pressing or hot

extrusion (sometimes both of them).

Table 3: Weight% of the elements in the ODS steels composition [15]

Element MA956 MA957 PM2000 12Y1 12YWT

C 0.03 0.03 0.01 0.045 0.05

Mn 0.06 0.06 0.11 0.04 0.6

P 0.008 0.007 <0.002 <0.001 0.019

S 0.005 0.006 0.0021 0.002 0.005

Ni 0.11 0.13 0.01 0.24 0.27

Cr 21.7 13.7 18.92 12.85 12.58

Mo <0.05 0.3 0.01 0.01 0.02

Ti 0.33 0.98 0.45 0.003 0.35

Al 5.77 0.03 5.1 0.007 -

W - - 0.04 <0.01 2.44

N 0.029 0.044 0.0028 0.017 0.014

O 0.21 0.21 0.25 0.15 0.16

Y 0.38 0.28 0.37 0.20 0.16

Fe balance balance balance balance balance
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Figure 4: Manufacturing process of 12Cr ODS ferritic steel cladding [18]

As last step, the alloy is cold rolled and eventually annealed: these two steps can be

repeated more than once. In their work [20], Kimura et al. figured out how the corrosion

resistance at high temperature is influenced by the Cr content in the alloy: to have sufficient

corrosion strength, the Cr wt% should not be lower than 12%. They also found out that

above the 19% of Cr the DBTT changes significantly after aging at 873K, thus the optimum

from this point of view seems to be around 14-16% of Cr in the alloy.

10



1.2.2 Anisotropy of the microstructure

In the their work, Serrano et al. [21] studied the microstructure of the ODS steel, and

observed that the grains are different between the direction along the hot extrusion and

the transverse one: on the first case they were more elongate – 855nm x 533nm – while on

the second one they were more uniformly shaped – 417nm x 394nm.

The tensile properties (yield stress and ultimate strength) were not so different along

both the directions, the same could not be said for the hardness and the ductility: the

hardness test reported 362HV in the first case and 392HV in the second case; for what

concern the ductility, they found out that the alloy is definitely more ductile along the hot

extrusion direction rather than the transversal one, and this might be related to the grains

distribution in both the direction.

(a)
(b)

Figure 5: (5a) DBTT trends of the alloy on all the three direction [22]; (5b) Cold rolling

process and heat annealing for increase of the hardness [18].

In another study the DBTT of the alloy on different direction with respect to the

11



hot extrusion one was investigated [22]: in the Charpy tests Kasada et al. observed a

marked difference in the energy absorbed by specimen in L-R with respect to the other

two direction – figure 5a – thus also the DBTT was different, since the morphology of the

grains is different along the hot extrusion direction.

The anisotropy of the microstructure given by elongated grains along the hot extrusion

direction, is due to the mentioned process. Nevertheless the hot extrusion process enhances

the growth of elongated grains, the ODS microstructure is known to have fine grains, high

density dislocations and large concentration of nano-oxide particles.

In the work of Klueh et al. [15] about the 12YWT, the dislocation density was around

1015-1016, the particle size only few nm in diameter with a number density of the order of

1023/m−3, characterizing the alloy with a UTS larger than 1200MPa at room temperature

and a total elongation lower than 5%. Thus for this alloy it would be good to improve the

ductility, using process such as the cold rolling. The cold rolling is usually coupled with a

heat treatment – figure 5b [18] – since only that could enhance the formation of cracks in

the alloy.

1.2.3 Tensile and creep properties at high temperatures

In their works, Klueh et al. [15, 24] compared the properties of some experimental and

commercial ODS alloys with a non-ODS reduced activation steel – ORNL 9Cr-2WVT.

The tensile properties of the alloy without nanoparticles are lower than the ones of

the 12YWT (figure 6) within the entire range of temperature studied: this is due to the Ti

presence in the alloy (it leads to the Y-Ti-O complex oxides formation) and the uniform

distribution of W in the microstructure – both of them increase the yield stress of the alloy.

The same cannot be said for the 12Y1, performances of which drop after 600◦C. For what

12



concerns the comparison with the already commercialized alloys, the MA957 has the best

performances while the ORNL 9Cr-2WVT ranges between the other two trends.

Klueh et al. analyzed also the creep properties of the already mentioned alloys by

means of the Larson Miller parameter (LMP, used to predict the lifetime of a material

depending on the time before rupture, tr, and the working temperature ,T, as shown in the

equation (4), [26]).

LMP = T[C + log(tr)] (4)

(a) Experimental ODS steels vs steel

without nanoparticles

(b) Commercial ODS steels vs steel

without nanoparticles

Figure 6: Comparison on the yield stress of some experimental alloys and some already

commercialized with one alloy with no nanoparticles in the microstructure [15]

.
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Figure 7: Creep comparison among various alloys [15]

In figure 7 are shown the trends imposing a C=25 [15]: the ones of the experimental

alloys and of 9Cr-2WVT are pretty similar. The commercial alloys have shown similar

trends with the experimental ones only at high LMP, while they seem weaker at low LMP.

In their work [19], T. Hayashi et al. have analyzed the creep properties of the 14YWT at

800◦C, reporting a structure composed by fine grains and good creep resistance. According

to the results, it seemed no sensible sliding of grain-boundary occurred.

Brandes er al. [25] studied the microstructure of the alloy during creep experiments, and

they found out that dislocation glide was the main mechanism of deformation, and that

the microstructure was stable. Also, dislocation could be trapped by particles according to

their interaction with nanoclusters. They have also realized how nanocluster provided

enough strengthening owing to an attractive interaction with movable dislocations, thus

the driver of the creep was a stress-assisted thermal activation from nanocluster traps.

14



1.2.4 Irradiation effect on ODS steel

Considering the purpose with which the ODS steel are developed and studied – candidate

material for the cladding of new designs of fission reactors and also for the blanket of

the fusion reactor – it is important to investigate their reaction under radiation. Miller et

al. [27] investigated the MA957 studying how the alloy is affected by a neutron irradiation

of 3dpa (displacement per atom) at 600◦C though atom probe tomography: they did not

find any sensible changes on the size, number density and composition of the Y-Ti-O

dispersoids. In another work [28] it was observed that the He does not affect too much the

creep properties of the 14CrWTi ODS steel at 650◦C (only the creep rupture time has been

slightly reduced).

1.2.5 Microstructural stability

We have already understood how really good are the properties of the ODS steels, and

the main difference with the other steels is the presence of nanoparticles. Due to such

extraordinary properties they have conferred to the steel, a lot of studies have been

performed on them. They have found different types of nano-dispersoids, such as Y2O3

with cubic structure [29], Y2Ti2O7 with pyrochlore one [29, 30], Y2TiO5 with exagonal one

[31], or even orthorhombic structure [32], YTiO3[33], TiCr2O4[34], Ti(C,O,N) [35,36] and

M23C6[36]. These nanoparticles are able to:

• To increase the strength of the alloy hindering the motion of dislocation and grain

boundaries too.

• To absorb the irradiation effects acting as sink for point defects.

• To trap helium at the precipitate/matrix interface, and retard its formation [37, 38].

15



Thanks to the already mentioned dispersoids, the alloy gains toughness at low irra-

diation temperatures and increases its creep strength at high temperatures. According

to the studies made so far the great properties of the alloy are related also to its fabri-

cation process, which allows the formation of fine grains, high density of dislocation

and nanoparticle distribution: these three factors are considered the main responsible of

the performances of the alloy [38, 39, 40]. In these studies, researchers tried to develop

appropriate models in order to calculate the properties of the alloy and to compare the

results with the experimental data. In their work, Song et al. [38] focused their attention on

the mechanism of strengthening of grain boundaries and dispersoids on a 12Cr-ODS alloy.

It was also investigated the influence of the annealing process on the thermal stability of

the alloy. Schneibel et al. [41] studied the 14YWT ODS steel after a heat treatment of 30h at

1273K: they found out a decrease on the density of the alloy caused by an increase in the

pore formation during the annealing. Some others did not observed any significant change

on the motion of coarse oxide particle, with the addition of Ti in the matrix subjected to an

annealing treatment of 100h at 1473 K [42], and this matched with the diffusion-controlled

mechanism. Some other studies have been performed, but since most of them have focused

their attention on a certain annealing temperature, the coarsening kinetics was not fully

studied enough, and is still a not well clear phenomenon.
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1.3 Aim of this thesis

The ODS steel is a material developed to stand very aggressive conditions like those the

cladding of the fuel rods has to deal with in fast breeder reactors, or the blanket in the

first wall of the fusion reactor. Thus it should have very high temperature creep resistance,

good irradiation resistance as well. Nevertheless, it has also to be able to absorb sufficient

deformation in order to stand sharp temperature or pressure gradients than can occur

during working time, thus also its ductility has to be improved.

For the already mentioned requirements, the microstructure of the alloy should have

a large amount of nanoparticles and to be more or less uniformly recrystallized. Conse-

quently the alloying process has to be designed properly, even though, some stages give to

the alloy an anisotropic grain size distribution, characterized by more elongated grains

along the cold rolling direction and more uniform ones on the transversal direction.

The aim of this thesis is to study the behavior of a 12Cr ferritic ODS steel – the com-

position of which will be shown afterwards – at different temperatures and to observe

how its microstructure and the mechanical performances are affected by. Experiments

at room temperature, 400◦C and 600◦C will be performed, and then the sample fracture

surface and the data recorded by the machine will be analyzed. We need to keep in mind

that the alloying process characterizes the microstructure of the alloy, and this may lead to

different results of the data recorded by the machine and different fracture modality.
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2 Experiments

2.1 Material

The alloy with which the samples have been made, was fabricated by KOBELCO [43] and

its composition is shown in the figure 4. It was obtained through mechanical alloying of

the base metal with Y2O3 powder in a milling attritor under argon atmosphere; the attritor

worked at the speed of 250rpm for 48h. After that, the mixture was degassed for 3h at

673K in a low pressure environment(p<0.1Pa) and canned in mild steel. Afterward, in the

consolidation process the alloy is shaped into a 30-mm diameter bar by hot extrusion at

1423 K. The bar was hot forged at 1423K into a sheet, and annealed at 1373K for 1h. As

last step, the obtained sheet was cold rolled (along the same direction of the hot extrusion

process) in order to reduce its thickness up to 60% and re-annealed at 1323K for 1h under

air-cooling.

Table 4: Chemical composition of the 12Cr ODS steel in weight percentage [43]

Element Cr W Ti Y C N Fe

Composition 12.01 1.91 0.31 0.20 0.033 0.008 balance

2.1.1 Sample preparation

From the matrix sheet dog-bone shaped tensile samples with a gauge section of 5x1.2x0.25mm

have been obtained cutting it along the the rolling direction (henceforth RD) and along the
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transversal direction (henceforth TD). The samples are still not ready to be used, since they

need to be prepared before being tested: if they have any oxidation or scratches on their

surfaces, they have to be treated with sand-paper and polished in order to make them

shining and without scratches. At the end of the treatments, the sample will appear as

shown in figure 9

Figure 8: Original matrix shape

Figure 9: SSJ-type tensile specimen: 16x4x0.25 mm
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2.2 Microstructural and Mechanical characterization

In order to study the microstructure it has been used a JEOL JXA 8530 scanning electron

microscope (SEM), equipped with an electron backscatter diffraction device (EBSD) [43];

the samples have been tested using a SHIMADZU AG-XPlus tester.

For the experiments at room temperature, we have used 3 samples obtained from the

TD and 2 from the RD. During the tests the strain rate of the tensile machine has been

set as 0.03mm/min; since the tests are at room temperature, the chamber of the machine

doesn’t need to be depressurized. For the experiments at 673K and 873K, due to the lack

of time, only one sample for each direction has been prepared and tested. The data have

been recorded through two different type of measurements: the first method recorded

the displacement of the rod which tensiones the sample; the second one recorded the

elongation of the sample with two sensors on both sides. From the slope of each trend

the Young’s modulus has been calculated, and compared with the literature in order to

validate it.

In the work of Su et al.[65], the theoretical value of the Young’s modulus has been

evaluated according to the following equation:

E = a + b ⇤ T + c ⇤ T2 (5)

where the coefficients are, respectively, a=206.2, b=0.01148, and c=-1.162E-04, taking also

into account that the alloy has a bcc (body centered cubic) microstructure. According to

the equation (5), the Young’s modulus obtained are reported in table 5:

The value of the Young’s modulus obtained from the experimental data resulted is, in

most of the cases, sensibly lower than the theoretical ones. There are some reasons that

might explain such difference among experimental values and theoretical ones. First of all,
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Table 5: Theoretical [65] and experimental values of the Young’s modulus

Temperature

[K]

Theoretical

Young’s modulus

[GPa]

Experimental

Young’s modulus

[GPa]

(RD sample)

Experimental

Young’s modulus

[GPa]

(TD sample)

298 199.293 78.493 96.946

673.15 161.274 36.741 20.670

873.15 127.634 21.896 25.337

the evaluation of the slope of the stress-strain curve obtained from the tensile experiments

is not the proper method to calculate with a sufficient accuracy the experimental Young’s

modulus, but there are some other methods that involve different procedures, such as

the dynamic one [81], the wave propagation’s one [82] and some others. Also, among

the iron-based alloys, the ODS steel is one of those characterized by a Young’s modulus

lower than the calculated one despite its excellent tensile properties. In the end, since the

evaluation of the Young’s modulus is not object of this study, it seems reasonable to use

the comparison between experimental and theoretical Young’s modulus only as a criterion

to express a quantitative validation of the experimental data.
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3 Results

From the experiments we have recorded the trends of the stress-strain curve – shown in

figure 10 – and summarized the values of yield stress, ultimate tensile strength (UTS), and

total elongation in figures (11) and (12) and in table 6.

Looking at the behaviors of the stress-strain curves we can easily catch some differences.

The RD sample, in the average, reported a total elongation sensibly higher than the TD

ones – figure 12. For what concerns the yield stress and the UTS, at room temperature the

RD sample reported higher values of them; this feature becomes narrow with the increase

of temperature, until when, the performances of the TD sample overcome the RD ones (we

may also notice it in figure 11). Also, the strain hardening that leads to the UTS from the

yield point, and the softening before the necking process are influenced by the temperature:

there is a predominance of the first one on the second one at room temperature, but as the

experiment’s temperature increases, the hardening of the alloy becomes weaker, while the

softening process becomes dominant.
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Figure 10: Experimental results of the tensile tests
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Figure 11: Comparison about yield stress and UTS

Table 6: Experimental values of yield stress , UTS and total elongation

– RD samples – TD samples

Temperature

[K]

Yield

stress

[MPa]

UTS

[MPa]

Total

elongation

[mm]

298 1133.3±17.5 1229.0±23.2 0.186±0.012

673 798.3 903.8 0.463

873 534.3 574.0 0.807

Temperature

[K]

Yield

stress

[MPa]

UTS

[MPa]

Total

elongation

[mm]

298 1021.0±28.1 1083.9±32.6 0.117±0.057

673 773.8 854.0 0.277

873 520.6 582.30 0.335
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Figure 12: Comparison about total elongation
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4 Discussion

4.1 Microstructure

Figure 13 shows the inverse pole figures (IPF) of the micro-structure along the RD-TD plane

and the ND-TD plane: the characteristic microstructure in RD-TD plane was elongated

grains along along the RD direction surrounded by smaller and more equiaxed grains.

The grains were preferentially oriented to <001>(colored as red) and <111>(colored as

blue). The average size ranged from 1µm to 8µm. The annealing and the re-annealing

processes below 1383K were observed as trivially effective on the microstructrure (even

though the temperatures set were, still, enough high) thus the re-crystallization process is

not so relevant. In other words the nano-particles have functioned sufficiently to exhibit

reasonable integrity against the heat treatments. As a further demonstration of that, a

study was conducted with the purpose to investigate the microstructure evolution in an

as-fabricated 12Cr ODS steel, and to discuss the coarsening kinetics of Y-Ti-O nanoparticles

under annealing at temperature ranging from 1473K to 1673K [68]. It was shown that

nanoparticles were very stable during the annealing at 1473K. Also, no significant changes

were observed in the microstructure and the texture at 1473K, nevertheless, fully re-

crystallization were achieved during the 24h heat treatment at 1673K. They concluded

that the re-crystallization in the as-fabricated 12Cr ODS steel did not occur until the

dispersoids were still dissolving during the heat treatment. Thus we can esclude that the

heating process before the tensile test at 873K did affect the microstructure of the alloy and
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eventually its performances. In Figure [13b] we can observe how these grains emerged

or deformed in the transverse section, presenting a smaller size, tending to be relatively

equiaxed; also they seemed not to be elongated in a preferential orientation. The preferred

orientation of the grains is the <101>(colored as green).

Figure 14 [36] is EPMA analysis data which shows how the particles are distributed in

a inhomogeneous way, mainly along the RD direction.

(a) IPF image of the RD-TD plane (b) IPF image of the ND-TD plane

Figure 13: Inverse Pole Figure (IPF) of the microstructure

SEM characterization of the alloy obtained information about the precipitate morphol-

ogy and distribution in the matrix and the corresponding EPMA (electro probe microanal-

yser) map (14b, 14c, 14d) revealed that coarse particles were mainly composed by titanium,

carbon and oxygen; their analysis of the XRD (X-ray diffraction) spectra, combined with

the EPMA reveled that coarse precipitates were TiCxO1−x compound, probably due to

incomplete milling of Ti raw powders during the mechanical alloying, which reacted with
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(a) Precipitates (b) Carbon

(c) Titanium (d) Oxygen

Figure 14: EPMA elemental mapping of coarse precipitates [36]

O and C thanks to their high affinity. Their inhomogeneous distribution is likely due to

the hot extrusion and the rolling process.

4.2 Strengthening mechanism

The mechanical properties of the alloy are influenced by some mechanisms related to

the microstructure: the nature of the grains and their boundaries, sg, the distribution of

solid solutes, sss, the peculiarity of this kind of alloy – the nanoparticles, sp – and also the

density of dislocation, sdis. These microstructure’s characteristics affect the mechanical
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properties of the alloy in different ways, depending also from the working temperature.

Here below they are briefly introduced.

In first approximation the yield stress can be calculated as sum of the already cited

terms:

sy = s0 + sg + sss + sp + sdis (6)

In equation (6) the first term, s0, is the friction stress of single crystal, which should be

between 50MPa and 60Mpa [45]. The second term, sg is related mainly to the grains: if the

alloy is characterized by very fine grains, this type of strengthening is not so appreciable.

On the contrary if the microstructure is mainly characterized by coarse grains (shorter

length of grain boundaries), or there are a lot of impurities and precipitates at the grain

boundaries this effect is more relevant [47]. It is usually expressed through the Hall-Petch

formula [48,49].

Dsg =
DkHPp

D
(7)

The third term, sss, is due to the solid solution strengthening. Basically solute atoms

provide local strain of the alloy atoms in the host matrix and this hinders the dislocation

motion which results in an increase on the strength of the alloy. We can consider negligible

the contribution due to carbon and nitrogen because the titanium addiction in the alloy

limited the dissolution of carbon and nitrogen as interstitial atoms [43]. The same cannot

be said about the substitutional strengthening of chromium and tungsten, evaluated

as [50,57]:

sss = 0.00689kCn (8)
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where k is the strengthening coefficient and it is 1400 for chromium and 11000 for tungsten,

while the C is the equilibrium concentration of substitutional elements in atom in percent,

and n=0.75.

The term sp is related to the precipitates strengthening - in this work, yttria dispersoids.

The size distribution and volume fraction of the oxide dispersoids can control the grain

growth during consolidation and it can also have a relevant impact on the improvement on

the creep properties of the consolidated ODS alloys [51,52]. Thanks to their large (negative)

heat of formation and high melting point [53], these particles are, thus, very stable at

processing and working temperatures. In order to evaluate the sp term, the oxide particles

have been assumed as impenetrable and the Orowan by-pass mechanism have been used;

it is expressed by the Ashby-Orowan equation [54,55]:

sp =
0.8MGb

2pL
p

1 − n
ln

 q2
3 dp

2b

!
(9)

L =

r
2
3

dp

 r
p

4 f
− 1

!
(10)

where n is the Poisson’s ratio assumed to be 0.3, L is the average inter-particle spacing

length, f is the volume fraction and dp the average diameter of particles.

The last term, sdis, is about strain hardening which is enhanced by plastic deformation.

Thanks to the strain hardening the dislocation density increases, as well as their interaction:

this will make the dislocation motion much more harder occur and macroscopically will

be translated in an increase of the alloy strength at the expenses of the ductility. It can be

evaluated using the Bailey-Hirsch relationship [56]:

sdis = MaGb
p

r (11)
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where M is the Taylor factor estimated as 3.06 for the majority of polycrystalline bcc

metals [56], a is assumed to be equal to 0.38 [57,58], G is the shear modulus which for the

iron equals to 81.9GPa(44). The term b represents the Burgers vector, it ⇠0.14371nm, and r

is the dislocation density, ⇠6.8x1014m−2 , both of which have been evaluated by Shen et al.

in their work[43].

The already mentioned model is not the only one used to explain how the mechanical

properties of the alloy are affected by its microstructure characteristics. There are some

other models to express this dependency, one of which supposes to sum the terms related

to the strain hardening and nanodisperodoids through their mean square root. This is

reasonable, considering the large concentration of dislocation and nanoparticles in the

microtstructure [44]: a dislocation density of ⇠6.8x1014m−2 leads to a average dislocation

spacing of ⇠38nm, while the average interparticle spacing is ⇠44nm [43]. Since their

spacing lengths are similar, it means that both of them hinder the dislocation motion at the

same scale; also, considering that both of the spacing lengths are proportional to the -r1/2,

the effective spacing lengths can be expressed as:

1
L2

e f f
=

1
L2

dis
+

1
L2

p
(12)

Hence, they will be summed to the other terms through their mean square root:

s2
dis,part = s2

dis + s2
p (13)

and summed to the others, so the equation 6 will have the following form:

s = s0 + sg + sss +
q

s2
p + s2

dis (14)
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4.2.1 Room temperature analysis of the strengthening mechanisms, and comparison

with experimental results

At room temperature, each strengthening mechanisms has been evaluated quantitatively,

and they are shown below. We already said that s0ranges between 50MPa and 60Mpa,

and for iron lattice it has been calculated to be around 53.9MPa [43,46]. The second term,

the grain boundary strengthening has a value of 215MPa. The third term, the one due to

solute precipitates, sss, is equal to 68MPa for chromium and 51.8MPa for tungsten. The

fourth one, due to nanoparticles, is equal to sp=380MPa. The last one, due to the strain

hardening, sdis, at room temperature results to be the main contributor, and is equal to

615.8MPa. Each one of the aforementioned terms is summarized in the table 7, along with

the experimental results of the tests:

Table 7: Experimental and calculated yield stress [MPa] at RT

s0 sgr sss sp sdis sy,cal(Eq.(6)) sy,cal(Eq.(14)) sy,exp,TD sy,exp,RD

53.9 215 120 380 615.8 1383.3 1111.3 1021.2±28.1 1133.3±17.5

From table 7 we can understand a few things:

• The dominant factors on the strength of the alloy are a high concentration of dislo-

cation (mainly affected by the cold working) and also of yttria dispersoids in the

matrix.

• The equation (6) leads to a sensible overestimation of the yield stress of the alloy

(around ⇠ 30% of error), while equation (14) returns a much better estimation of the

experimental values.
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• The RD sample has reported a slight higher yield stress than the TD sample, and

the same can be said for the ultimate tensile stress (6). This has been confirmed also

by the Schmid factor analysis. Briefly, the Schimd factor is related to the slip system

of a lattice structure: the shear stress which causes the slip is proportional to the

uniaxial stress through the Schmid factor, m (it is the product of the cosine of the

angle between the normal to the slip plane and the axial stress, and the cosine of the

angle between the slip plane and the axial stress).

(a) Schmid factor graph for RD sample (b) Schmid factor values for RD sample

Figure 15: Schmid analysis for the RD sample

The shear stress is maximum when the slip plane is inclined at 45◦, and the Schimd

factor will be 0.5. The ODS ferritic steel’s lattice has a BCC (Body Centre Cubic)

structure, so the plane with the highest probability of slip to occur is the {110}<-111>.

Along that plane the Schmid factor for the RD specimen is 0.436 (15b), while for the

TD specimen is 0.452 (16b).

t = s ⇤ m (15)
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(a) Schmid factor graph for TD sample (b) Schmid factor values for TD sample

Figure 16: Schmid analysis for the TD sample

This barely means that even if the difference between the two Schmid factors is not

that high, macroscopically it is traslated in a higher external load applied, for the

RD samples, in order to cause slip than for the TD samples. Thus, the Schimd factor

analysis matches with the results shown in table 6.

4.2.2 High temperature analysis of the strengthening mechanisms

For what concerns the evaluation of the strengthening mechanisms at high temperature,

it will performed quantitatively, focusing the attention only on the type of dependency

rather than performing also a numerical evaluation.

We have already said that grain boundaries strengthening mechanism is related to the

Hall Petch effect. Usually, this effect is relevant at low temperature, and that is why most of

the studies about it are performed at room temperature. To be more precise, the Hall-Petch

effect is relevant at low homologous temperature (the homologous temperature is the ratio
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between the temperature of interest and the melting point of the alloy studied), T/Tm.

Materials with T/Tm<0.2 will deform athermally at room temperature [66] while for higher

homologous temperatures, we observe the Hall-Petch breakdown. Methods to stabilize the

grains size, and prevent their growth with the increase of the homologous temperature, do

exist, and one of them is to inhibit grain coarsening by pinning the grain boundaries with

small particles (precipitates by heat treatments, or dispersoids by mechanical alloying).

The alloy object of this study characterized by fine dispersed oxides, the Y2O3, it has a

melting point around 1800K [67], so at room temperature, the homologous temperature is

⇠ 0.165, thus the alloy behaves athermally. As already said before, no relevant changes

were observed in the microstructure neither re-crystallization occurred at 1473K so, it

may be assessed that the Hall-Petch effect is still relevant even at 873K, of course in a less

sensible way, since the homologous temperature would be ⇠ 0.43, but it is hard to expect

a drop of its strength because of the temperature set.

Speaking about the dispersed oxides, their influence on the strength of the alloy be-

comes more relevant at high temperatures since they do not coarsen at very high working

temperatures while other strengthening mechanisms have already become weaker. The

effects of nanoparticles on the dislocation motion depend on their size and strength; the

interaction is described by the Orowan mechanism and the Friedel effect. The formation of

precipitation is dependent of the temperature and time and usually occurs discontinuously:

while the alloy components first exhibit an irregular distribution, they start to accumulate

in preferred position in the matrix as the temperature increases, causing the formation of

local superposed structures such as short-range separation, clustering and straining the

lattice [74]. If the precipitate is small and not overly hard, it is sheared by the dislocation,

as per the Friedel effect to form an antiphase boundary, while if it is hard enough the
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dislocation line continues to bend around the particle according to the Orowan mechanism

until it is enclosed completely and the dislocation can move on, leaving a dislocation ring

around the bypassed particle – image [17]:

Figure 17: Schematic representation of the Friedel ef-

fect (upper sequence – shearing of precipitations) and

of the Orowan mechanism (lower sequence – bow-out

between precipitations

However the shearing stress

increases proportionally with the

square root of the particle’ size,

and it cannot be higher than the

Orowan stress tOW or the disloca-

tion would require less energy to

bow between precipitates.

As we can observe in figure 18,

there is a critical radius of the

particle that maximizes the shear

stress, and usually it ranges be-

tween 5nm and 30nm. It is clear

that the size of the dispersoids is

fundamental for this strengthen-

ing mechanism, and it depends

also on the heat treatments the al-

loy went trough. In the work of Shen et al. [68] they deduced an expression for the

coarsening of the dispersed oxides in function of the temperature and time of the heat

treatment.

dp =
h
1.5 ⇤ 1015e−

&
412±55
8.314T

’
t + d3

0

i1/3
(16)
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where T is in Kelvin, t represents the time interval of the treatment, in hours, and d0

represents the initial average diameter, in nanometer. In one of the heat treatments in their

experiments, the alloy was kept at 1473K for 1h: the size of the nanoscale oxides did not

changed sensibly and observable also in figure 19a and 19b.

(a) Average diameter (solid dark symbols) and

number density of nanoparticles (open blue sym-

bols) trends (b) SEM micrograph of the sample after 1h anneal-

ing at 1473K

Figure 19: Results obtained during the heat treatments performed in the study of Shen et

al. [68]

Acknowledged that the minimum temperature necessary to observe relevant changes in

the size of the dispersoids is way higher than the highest temperature set in the experiments

performed in this study – 873K – we can deduce that no sensible changes are expected

in the growth of the dispersoids. Also, the time interval requested to heat uniformly

the sample before the tensile test was around 15 - 20 minutes, (to be conservative we

may suppose a heating time of half of hour), so we have reason to think that neither the
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temperature nor the time interval of the pre-tensioning heating were not enough high and

long, respectively, to enhance the growth of the yttria dispersoids, hence to affect sensibly

the precipitates strengthening.

Figure 18: Orowan mechanism: governing

behaviors of the precipitation hardening [75]

Solid solutes strengthening is character-

ized by a size misfit of a solute atom in the

matrix, causing its strain. In order to de-

scribe the behavior of the phenomenon, it

is necessary a model which takes into ac-

count the actual strengthening effect of the

solutes (their concentration), but also the

temperature dependence [69]. Another im-

portant parameter to consider is the flexi-

bility of the dislocation line: two lines are followed in the work of Chandrasekaran, [70].

In the first one [71] a moving dislocation is supposed to go through a series of discrete

obstacles on the slip plan, the spacing length of which depends on the flexibility of the

dislocation line itself. The second one [72] supposes that resistance to dislocation motion

stems from an internal stress, causing the dislocation line to curve, once reached the equi-

librium. The discussion so far was made under the implicit assumption of no thermal

activation of the dislocation motion, which can occur only at 0 K. Above the absolute zero,

thermal activation of dislocation motion has to be considered. Chandrasekaran in its study

compared the discrete obstacle model and of two collective models [69, 73] in a graph

where the shear stress dependence on the temperature is normalized to the shear stress at

0 K.

The 12Cr ODS steel was tested in a range of temperatures that is not fully shown in
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figure 20, but even considering the solid line, its trend decreases way gradually at temper-

atures far from the absolute zero: this means that above room temperature, the strength

of solid solutes does not decrease sensibly. Moreover, the contribution of chromium and

tungsten at room temperature are 68MPa and 52MPa, less than one order of magnitude of

the yield stress of the alloy, thus, at higher temperatures, it would be harder to appreciate

their reduction.

Figure 20: Normalised stress s
t as a function of temperature as predicted by a Discrete-

Obstacle model – dashed – and two collective models, Butt-Feltham – dott dashed – [73]

and Kocks – solid line – [69]

At room temperature, the main source of strength of the alloy is represented by the

strain hardening, which causes an increase of dislocation density and it hinders the

dislocation motion. Alloys with BCC structure show strong dependence of the yield stress
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on the temperature and strain rate: in other words, the overcoming of Peierls-Nabarro

barriers is the principal mechanism. At the microscopic scale, the plastic deformation

is controlled by generation, motion and interaction of dislocations. Most of the time,

macroscopic deformation behavior can be obtained studying the temperature and strain

rate dependence of the flow stress, considering the properties of single dislocation [76].

Studies have shown that growth of dislocation density is nearly linear with regard to the

deformation in the first steps of the hardening process, independently of the temperature.

Then, recombination of dislocation is assumed to be proportionate with the dislocation

density itself [77, 80]. Dislocations are supposed to move with an average dislocation

velocity v [79] determined through thermal activation by overcoming local obstacles to

dislocation motion:

v = v0 ⇤ exp(− G
kT

) (17)

k is the Boltzmann constant, T the absolute temperature in K, and G is the shear stress-

dependent free energy of activation.

However, in metals, deformation beyond the elastic limit activates and moves its

dislocations through the crystal. Two types of obstacles prevent their motions: short-range

barriers (dislocation trapping, overcome by introducing thermal energy in the crystal),

and long-range barriers (due to the microstructure). Therefore the flow stress can be

decomposed in two components, a thermal one, and an athermal one:

s = sth + sath (18)

where the firsth one, sth is the thermal component, expressed as

sth = sts

"
1 −

 
b1T − b2T ln

ėp
˙ei
po

! 1
q
# 1

p

(19)
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where sts is the threshold stress at which the dislocations can overcome the barriers without

the assistance of thermal activation (sth = sts where G = 0.0), ˙ep is the equivalent plastic

rate, ˙ei
po is the one at the initial stage, b1 and b2 are parameters, and p and q are constants

evaluated by Kocks [78]. The athermal one, sath is expressed as:

sa = Ya + Ḃ
&
1 − exp(−kaep)

’
(20)

where Ya is related to the microstructure parameters (e.g. Dg, grain diameter), Ḃ is defined

as hardening parameter, and ka is the dislocation annihilation factor (it depends on both

temperature and strain rate). So the total flow stress for bcc metals can be expressed as

follow:

s = sts

"
1 −

 
b1T − b2T ln

ėp
˙ei
po

! 1
q
# 1

p

+ Ya + B̄
&
1 − exp(−kaep)

’
(21)

Experimental observations on BCC metals have shown strong dependence of the yield

stress by the strain rate and the temperature, while the temperature influence of the plastic

hardening and the elongation is weaker, in particular in a range of temperature far from

the melting point (it becomes more relevant with the increase of temperature though). As

we observed in figures (11) and (12) the yield stress of the alloy is more sensible to the

temperature, since it markedly changes as the temperature increases; the same cannot be

said with the total elongation, which has a weaker dependence from the temperature. Thus,

even though the experiments need of a more solid validation, in first instance we may say

that they quantitatively match with the theory. To summarize, the strain hardening which

mainly affects the yield stress, decreases visibly with the rising of the temperature, making

the alloy more ductile.
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4.3 Total elongation and fracture surface

4.3.1 Total elongation analysis

The tensile experiments have shown a sensibly different behavior of the specimens along

the RD and the TD in terms of elongation as evident in figure 10. In the case of the sample

parallel to the hot extrusion direction, the elongation recorded is larger than twice the one

of the TD sample, which thus is less ductile than the previous one. The explanation of

such difference could be found in the anisotropy of the microstructure, since the elongated

grains, parallel to the rolling direction, are able to better absorb the stress applied by the

machine and consequently being deformed; it was observed in another work (the one

made by Okada et al. [62]) that grain boundaries seem to slide likely along elongated

grains parallel to the cold rolling direction, so it could be a further explanation of such

marked difference in the elongation of the RD sample with respect to the TD one. Also,

the particles located at some grains boundaries of the elongated grains (as shown in the

picture 14a) could act as nucleation points of defects, promoting also the grains boundary

sliding in the RD, and limiting the elongation along the TD. Hence, the microstructure

characterized by elongated grains in the RD coupled with the presence of small particles

in the grain boundaries could justify such evident difference in the elongation of the RD

sample with respect to the TD one.

4.3.2 Fracture surface analysis

Both the specimen fracture surfaces have been studied; even from the images at low

magnification is possible to observe some difference between the specimens , as shown in

figure 21. On the top figure – TD sample – the necking process did not affect the width

of the specimen highly enough to cause an appreciable reduction of its cross section area,
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at lest if we compare this necking process with the one shown in the second line – RD

specimen. Even though the magnification is still low, it is clear that the TD specimen

presented a more brittle behavior than the RD one as we can also observe in the figure 23.

In the second case, both the thickness and the width of the sample appear significantly

reduced before the final rupture.

Detailed views of the samples revealed much more information about the phenomena

occurred during the necking process of both type of samples. A common thing observed

in the surface of the samples in both the directions is the anisotropic fracture behavior

and one of the factors that might influenced it is the inhomogeneous distribution of Ti

enriched particles (Fig. 14c). Transgranular dimples formation, which was quite often

observed on fracture surfaces (Fig. 24), could be caused by void growth and coalescence

originating from these Ti enriched particles. The alignment of these particles parallel to

rolling direction enhances crack propagation via dimple formation along that direction.

Thus TD oriented samples (primary crack propagation towards RD direction) had lower

fracture toughness than RD oriented samples and this matches with the less ductile fracture

mode occurred on the TD sample.
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Figure 21: Fracture analysis of the samples – Necking process

On fig. 22 (a zoom of the 21 top) was observed a secondary crack on the surface of the

sample caused during the tensile test.

On fig. 24a and 24b we can observe with higher accuracy how the necking process

has affected the RD sample surface, ragging the cross section area with stripes until the
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collapse of the alloy.

Figure 22: Secondary crack on the TD sample –

zoom 1.

A magnified view of the alloy

(25b and 25a) reveals that there

are some cleavage facets (possi-

bly formed at the grains bound-

aries, where cleavage surface tried

to change direction to follow the

crystallographic cleavage planes of

the adjacent crystal) surrounded by

fine-structured areas: the last ones

are characterized by a lot of dim-

ples (they represent coalesced voids

caused by spherical Ti-rich oxide par-

ticle, from which cracks could be initiated), [63]. Similar fracture surface has been found in

the experiment performed by Ankur Chauhan et al. in their work on a quite similar alloy

[64].

The observed mixed mode fracture could be a consequence of the testing temperature,

since it is in the range of the ductile to brittle transition temperature of the material – DBTT,

which for alloys of similar composition has already been determined to be around 100◦C

[59, 60]. The ragged fracture could be explained through the bimodal microstructure,

composed by smaller and more elongated and larger grains: the smaller grains have low

capability to absorb dislocation, thus lower ductility and enhance fracture. The longer

ones undergo localized deformation by necking before fracture and this would explain

the formation of steps with dimples and cleavage facets. The cause of the crack formation
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can be due to the anisotropic microstructure, the strong crystallographic orientation of the

small grains along the <001>and <111>, or even also can be caused by the presence of

Ti-rich particles at the grains boundaries.

Figure 23: Fracture analysis of the samples – low magnification

Figures 24c and 24d show at higher magnification the fracture surface of the TD sample:

in this case there are much more cleavage facets than on the RD and the dimples found

in most of the cases are flat, large and elongated (similar behaviors have been recorded
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elsewhere [61]).

At further high magnification (25c and 25d) we can note intergranular brittle fracture,

surrounded by more marked steps: this let us to think about a mixed partially brittle and

ductile fracture.

(a) RD sample – zoom 1R (b) RD sample – zoom 2R

(c) TD sample – zoom 1T (d) TD sample – zoom 2T

Figure 24: Fracture analysis of the samples – medium magnification

Even for the TD sample, the testing temperature influenced the behavior of the necking

process, but considering the observed behavior of the specimen, the DBTT could occur

at higher temperature, and this is probably due to the different distribution of the grains
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in the TD direction. In another work it has been found that how the microstructure have

affected the DBTT range, such as the one of Kasada et al. [22]

(a) RD sample – zoom 3R (b) RD sample – zoom 4R

(c) TD sample – zoom 3T (d) TD sample – zoom 4T

Figure 25: Fracture analysis of the samples – high magnification

We need also to consider the effects of the cold rolling process through which the alloy

microstructure has been influenced (more uniformly shaped grains along the transverse

direction making the alloy less ductile and elongated grains perpendicular to the specimen,

so they are less efficient to absorb energy on transverse direction). This means that during
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the test they were not able to absorb the elongation imposed by the machine, so when the

stress applied by the machine exceeded the yield one of the alloy, sharp slip of some plans

occurred, and this could explain why the dimples observed in the surface are more flat

and large than in the case of the RD sample.
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5 Conclusions

The 12Cr ODS steel with the nominal composition Fe-12Cr-2W-0.3Ti-0.25Y2O3 was ob-

tained through mechanical alloying of base material and yttria powder, hot extrusion, hot

forging, cold rolling and final heat treatment. The microstructure has been characterized

through SEM, EBSD. The mechanical properties have been tested at room temperature and

compared with the expected values from theory. The main conclusions will be reported

below:

• The mechanical procedure performed influenced the alloy, and allowed the elonga-

tion of the grains along the cold rolling direction (due also to the process itself), while

along the transverse direction, the grains have not been influenced enough by the

cold rolling process, thus they are more uniform and equiaxed.

• The mechanical properties obtained from the test have shown a yield stress of

1.11GPa and a UTS of 1.20GPa for the RD sample while for the sample in the other

direction the already mentioned quantities are respectively of 1.05GPa and 1.13GPa.

The performances are slightly better for the RD sample rather than the TD one, but

the main difference between the behaviors of the samples along the two direction is

the total elongation recorded: the RD sample has shown a more ductile behavior and

a total elongation of ⇠ 10% which is sensibly larger than the one recorder from the

TD sample ⇠ 3.5%, and this is likely due to the bimodal grain size distribution in the

matrix.
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• From the experiments at room temperature we can deduce that the presence in the

alloy of yttria particles and the hardening occurred during the cold work are the

main responsible of the strength of the alloy, while the presence of solid solutes and

the grains size did not affect significantly the mechanical properties of the steel.

• At higher temperature the strengthening mechanisms of the alloy have changed

differently: the yttria dispersoid have shown the reason why the alloy is regarded to

be used in very aggressive environments, since their contribution have not changed

that much with the increase of temperature set, thus, at least in the range of tempera-

ture investigated, this strengthening mechanism is almost temperature independent.

Grain size strengthening and solid solutes strengthening decreased their contribution

with the increase of temperature, but they have not brake down. The term due to

strain hardening is the one which resulted to be the most affected by the temperature,

therefore it is the main reason of the decrease of the strength of the alloy in the range

of temperature of interest in this study.

• The fracture surface in both cases has been characterized by the presence of dimples

mixed with cleavage steps, and since the experiments have been performed at room

temperature, thus in the range of the DBTT (or at least close enough to be affected

by) this might affected the results, even if in different proportion. The RD sample

has undergone to a more ductile fracture, with a pronounced necking in both the

direction of the cross section area, which has been characterized by fine-structured

areas. The fracture of the TD specimen presents a more brittle nature and it seems to

be occurred without a marked necking. Also, the surface appears full of cleavage

facets, alternated to area of intergranular fracture. In both cases, the anisotropy of the

microstructure, and the inhomogeneous distribution of the particles have affected
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the fracture surface, although in different ways and entities.
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