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ABSTRACT: Oxide dispersion strengthened (ODS) ferritic alloys are structural materials used in nuclear
fusion reactors, which exhibit enhanced mechanical properties, as well as corrosion and irradiation resistance.
In the present work, ODS ferritic alloys with composition Fe-14Cr-1.5W-0.4Ti-(0, 0.4, 0.8) Y,O, (in wt.%)
were prepared employing high energy milling (HEM) followed by Spark Plasma Sintering (SPS). The particle
size distribution (PSD) of the milled powders was characterized by laser diffraction. These powders and the
sintered materials produced were characterized using X-ray diffraction (XRD), and scanning electron micros-
copy (SEM). The sintered materials were also characterized by dilatometry, diametral compression, Vick-
ers microhardness, and corrosion rate tests. The largest Young’s modulus, microhardness, and dimensional
shrinkage/expansion were obtained for the 0.8 wt.% Y,O, alloy. However, this alloy was the least ductile.
Furthermore, the 0.8 wt.% Y,0, alloy was the one with the least dimensional change. According to the poten-
tiodynamic polarization studies, it was found that the protective layer of Cr,O, formed on the surface of the
three alloys studied was less effective for the yttria-free alloy, since in this case the rupture of such protective
layer occurred earlier than for the case of the yttria-containing alloys. Based on these results, it is suggested
that the 0.8 wt.% Y,0, alloy having fine microstructure could constitute a potential alternative as a structural
material for Gen IV-type reactors.
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RESUMEN. Efecto de la adicion de itria sobre la microestructura y comportamiento mecdanico de aleaciones ferriticas ODS
fabricadas por molienda de alta energia (HEM) y sinterizacion por arco eléctrico (SPS). Las aleaciones ferriticas reforzadas
con dispersion de 6xido (ODS) son materiales estructurales utilizados en reactores de fusion nuclear, que exhiben propiedades
mecanicas mejoradas, asi como resistencia a la corrosion y a la irradiacion. En el presente trabajo, se prepararon aleaciones
ferriticas ODS con composicion Fe-14Cr-1.5W-0.4Ti-(0; 0,4; 0,8) Y, 0O, (en % en masa), empleando Molienda de Alta Energia
(MAE) seguida de Sinterizacion por Plasma de Chispa (SPC). La distribucién de tamafos de particulas (DTP) de los polvos
mezclados y molidos se determiné utilizando difraccion laser. Estos polvos y los materiales sinterizados se caracterizaron
mediante difraccion de rayos X (DRX), microscopia electronica de barrido (MEB). Los materiales sinterizados también se
caracterizaron utilizando dilatometria, compresion diametral, microdureza Vickers y test de corrosion. Los mayores valores
del modulo de Young, microdureza y contraccion/expansion dimensional fueron obtenidos para la aleacion 0,8 wt.% Y,0,.
Sin embargo, esta aleacion fue la menos ductil. Ademas, la aleacion 0,8 wt.% Y,0, fue la que present6 el menor cambio dimen-
sional. De acuerdo con los estudios de polarizacion potenciodindmica realizados, se encontr6 que la capa protectora de Cr,O,
formada sobre la superficie de las tres aleaciones estudiadas fue menos efectiva para la aleacion libre de itria, ya que en este caso
la ruptura de dicha capa protectora se produjo antes que para el caso de las aleaciones que contienen itria. Con base en estos

resultados, se sugiere que la aleacion 0,8 wt.% Y,0, con microestructura fina podria constituir una alternativa potencial como
material estructural para reactores del tipo Gen I\

PALABRAS CLAVE: Corrosion; Polvo; Sinterizacion
ORCID ID: Ana R. Salazar-Roman (https://orcid.org/0000-0002-5663-4825); Jorge Lopez-Cuevas (https://orcid.org/0000-0002-8287-

0979); Carlos R. Arganis-Juarez (https://orcid.org/0000-0002-3846-7648); Jos¢ C. Méndez-Garcia (https://orcid.org/0000-0001-9211-
1880); Juan C. Rendon-Angeles (https://orcid.org/0000-0003-4495-4503); Sebastian Diaz-de la Torre (https://orcid.org/0000-0003-0140-

8342)

1. INTRODUCTION

The constant use of fossil fuels for energy pro-
duction causes the emission of high volumes of CO,
into the atmosphere (Perera, 2017). This has led to
the search for CO,-free alternative energy sources,
such as nuclear. This, in turn, has generated the need
to develop advanced materials that are safe to be
used in the construction of nuclear reactors.

In the design and construction of nuclear reac-
tors, some fundamental aspects should be consid-
ered. First of all, the performance of the materials
is a key factor, since they will be subjected to condi-
tions of high temperature and neutron irradiation
(Zinkle and Busby, 2009); if they fail under such
conditions, irreversible ecological-social-economi-
cal damages could be caused. In a socially respon-
sible search for new structural materials, suitable for
use in the fourth-generation nuclear reactors (Gen
1V), oxide-dispersion-strengthened (ODS) ferritic
steels are promising (Grimes et al., 2008). In this
sense, it is important to ensure the operating mar-
gin of the technological properties that will allow
the ODS ferritic alloys to be used safely for this type
of application, such as their corrosion behavior and
mechanical resistance, both to swelling and to creep
at high temperatures (Verhiest et al., 2009).

In the current prototypes of nuclear fusion reac-
tors, the ODS ferritic alloys are of great importance,
since the dispersion of oxides within the alloy ma-
trix contributes to the reduction of dislocations in
its crystalline structure. Dispersed nano-oxides can
occupy the sites of the defects in the material, which
in turn eases the interaction of the latter with neu-
trons and helium ions, preventing its swelling and,

therefore, preventing it from becoming brittle (Zin-
kle et al., 2017). Powder metallurgy is a route often
followed for the synthesis of these materials, as it
ensures a homogeneous distribution of oxides in the
alloy.

Within the extensive list of publications on ODS
ferritic alloys that incorporate yttria dispersion,
those mentioned in Table 1 have been designed for
potential use in nuclear reactors. Table 1 includes
representative publications that report the prepa-
ration of ODS ferritic alloys along with their syn-
thesis conditions, as well as particle size and density
achieved in the final products. The synthesis and con-
solidation techniques used for these powders include
mechanical milling, sol-gel, spark plasma sintering,
hot isostatic pressing, and hydrogen reduction. In
some of these research works, a combination of pro-
cessing techniques was employed. It is evident that
depending on the synthesis and densification routes
used, specific characteristics are conferred onto the
resulting materials. From a general interpretation of
the data reported in Table 1, it can be deduced that
the dispersion of yttria particles in the matrix of the
ferritic alloys increases their density, whereas their
particle size is decreased.

The purpose of this work is to develop ferritic al-
loys of the type Fe-14Cr-1.5W-0.4Ti, with a disper-
sion of yttria particles in their matrix, in concentra-
tions of 0, 0.4, and 0.8 wt.%, using a combination of
high energy milling (HEM) and Spark Plasma Sin-
tering (SPS), aiming to evaluate the effect of these
oxide particles dispersion on the densification and
physicochemical properties of the resulting alloys
while preserving the fine grain size developed during
the alloy processing.
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TasLE 1. Publications reporting on the preparation of ODS ferritic alloys and their features

Processing technique and parameters®

ODS Milling Sintering Particle Relative
Alloy Time  Heating Time size Density Ref.
(wt.%) Atm RPM M) rate (°C/  Temp (*C) . (nm) (o)
min) (min)
Fe-9Cr-1Mo 9CM
(9CM) 2 ? ffg ICMY  poner
Fe-9Cr-IMo- PBM - 20  SPS 600, to 800  to 9 CMY 63 - 64 ) 1201 g)
0.5Y,0, 60 lso0034000 7679
(9CMY) ) 87 -89
Fe-14Cr-
. Ar SPS 500
2{.4gl+0.25 pem 150 60 (00) 1150 185 1000-2000 99.6
(All with 1
wt.% Y,0,)
(A) Fe—
13.5Cr-2A1-
0.5Ti
(B) Fe— 1000 °C
17.5Cr2Al- . (A)99.8
. 600, to Y, Ti,0 (Karak et
0.5Ti PBM 300 40  SPS ’ 5 27 27 (B) 99.7
1000 10-20 (©)99.7 al., 2012)
(C) Fe- (D) 99.5
21.5Cr-2Al-
0.5Ti
(D) Fe—
25.5Cr-2Al-
0.5Ti
(All with Fe-
9Cr-)
1Mo (9CM)
(19%;8')58{203 Grain size
383 (9CM)
1Mo-0.25Ti— 360 (9 CMY) .
0.5Y,0, PBM 300 20 (SI%%) 700 97  310(9 CMYT) >99 S?ajzaglezt)
(OCMYT) 390 (9 CW) ”
1IW (9CW) 378 (9 CWY)
IW-0.5Y,0, 326 (9 CWYT)
(9CWY)
1W-0.5Y,0,~
0.25Ti
(9CWYT)
Ar 0.16- 1000-32000 (Park et al.,
84Fe-14Cr- o 1100 |5 SPS 1100 30 1000-25000 2012)
2Y,0,
. Ar 300 and SPS 450 (PC) Crystallite (Mihalache
Fe-14Cr-0.4Ti- 23 5 99.3
0.25Y.0. PBM 350 (150) 1100 10 et al., 2019)
Fe-18Cr-2W-
0.25Ti-0.1C- 1/:1;1\4 300 6  SPS 1000-1150 15 10000 gg; ggf;;l etal,
0.35Y,0, '
Fe 14Cr3W-  sol-gel L0 12 gps Y, 11,0, (Sun et al.,
0.2Ti-0.3Y o 550 5 (100) 1100 5 Crystallite 97 2012)
T RED 1200°C 3 55
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Processing technique and parameters®

ODS Milling Sintering Particle Relative
Alloy Ti Heating Ti size Density Ref.
(Wt.%) Atm RPM ™ rate (°C/  Temp (*C) !me (nm) (7o)
(h) . (min)
min)
GAP
Fe-14Cr-2W-  Ar 150 and (Auger et
0.4Ti-0.25Y,0, PBM 250 20 SPS 1050 3 1.5-25 ) al., 2013)
H 120 10
Fe-16Cr-2W-  sol-gel 300 3.5
0.5Ti-0.4Y,0,- 1050 10 (Slf;%) 1200 8 25 98.6 ggf%e’ al.,
4A1-1.0Zr Ar 680°C 3
PBM 3 rpm 20
Ar
Fe 14cr 2w OAP HE 1100 Y-Ti-0 (Oksiuta et
0.3Ti-0.3Y.,0 ) 48 HR 700 5 ) L., 2009)
DRI ° HT 1050 1 s
PBM
Fe-18Cr-2
W0.2Ti Ar 7 H (Kumar et
Fe-18Cr-2 HEM 1000 120  PLS 1200 3.13 550-700 99.86 al 2017)6
W-0.2Ti- cyclic (15) v
0.35Y,0,
Fe-16.5Cr—
0.89Mn-
0.3Y,0,
-2210, Air HP Crystallite size (D harma-
ppy 300 20 1170 5.4 S 6as 96 lingam, et
Fe-16.5Cr— o al., 2018)
0.89Mn-
0.3Y,0,
-27r0, -2A1
Fe-15Cr-1Mo- Ar, H, 240 48 (I_;P 1150 3 ?3000 i (Noh et al.,
0.3Ti-0.35Y,0, HEM HR 1150 1 100000 2014)
Fe-14Cr-1W-  Ar 20
0.4Ti-0.3Mn- PBM 250 24 SPS 1050 0.16 (Hil ;
0.38i-0.15Ni 4 HE 1.5 99 o0 66)
(0,0.3,0.6 HEM 800-1200 HIP 1150 1 v
and
Y,0,) 30
Fe-20Cr-5A1+-
Ti- Y, O Ar SPS Crystallite size  91.3 (Torralba et
Fe-14Cr-5Al.  HEM 00 30 (100) 1200 13 l41and 114 918 al, 2013)
3W+Ti-Y,0,
llji-\g?\/COrLan- Ar 6 SPS 1050 (Fuetal
02V-0.12Ta- PBM -0 ggd (50-400) }:28 3.38 10000-50000 99 2019)
0.3Y,0
Fe-14Cr-1.5W- SPS 330
0.2Ti-(0,0.4,  Air 900 1 (200) 1100 5.5 1340 94.5 This work?
0.8Y,0,) 2760

“PBM: Planetary ball mill; HEM: High-energy milling; HEA: High-energy attrition; GAP: Gas Atomization Pressure; SPS: Spark
plasma sintering; HIP: Hot isostatic pressing, and H,, : Hydrogen reduction.
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2. MATERIALS AND METHODS
2.1. High energy milling

For this investigation, the following reagent-grade
commercial powders were acquired from Sigma
Aldrich company (particle size and purity, in wt.%,
are indicated inside the parentheses): Fe (83 um, 99%),
Cr (45 um, 99%), W (12 um, 99.9%), Ti (5-10 pum,
99.9%), Y,0, (5.3 um, 99.9%), and C H, O,. The lat-
ter material (stearic acid) was used as a fubricant or
process control agent (PCA) during milling, setting
0.2 g per batch. To analyze the effect of the amount
of added yttria on both the sintering process and the
resulting properties of the ODS ferritic alloys, three
compositions were prepared (see Table 2).

TaBLE 2. Admixture codes and chemical composition of the
synthesized ODS ferritic alloys (wt.%)

Mixture code  Fe Cr w Ti Y. 0,
Owt% YO, Bal 14 15 04 0
04wt%Y,0, Bal 14 1.5 0.4 0.4
08wt% Y, O, Bal 14 1.5 04 0.8

Selected compositions were thoroughly milled
using a commercial HEM mill (Simoloyer, Zoz
GmbH CMO1), operated in an air atmosphere with
yttria-stabilized zirconia balls of 10 mm in diameter,
and with a balls/powder weight ratio of 40:1. The
milling cycles were carried out for 15, 30, 45 and
60 min at 900 rpm.

2.2. Spark Plasma Sintering

As for the sintering runs, a commercial SPS device
(Sumitomoto Dr. Sinter, SPS-1050) was used, oper-
ating at high vacuum conditions under on/off current
pulses of 12/2, as well as 3500 Amp, 4 V, 60 Hz, and
6 kN axial load. Using the latter technique, 4.5 g of
each of the milled powder series was densified, using
graphite cylindrical dies with an inner and external di-
ameter of 10 and 50 mm, respectively. The sintering
runs were conducted at a heating rate of 200 °C-min"!
up to 1100 °C, with no holding time at the peak temper-
ature, obtaining sintered coin-like specimens 10 mm in
diameter and 7 mm high. The total sintering time was
5.5 min per sample.

2.3. Characterization of milled powders

To study the effect of milling time on the particle
size, a particle size distribution (PSD) analysis was
performed using a Horiba apparatus, model LA950V2,
employing ethanol as dispersing medium. To monitor
any changes in the crystalline structure of the powders,
X-ray diffraction analysis (XRD, Bruker model DS
Advance Echo, CuKa radiation, A = 1.5406 A, 20 =

20-100°, 0.6 mm slit, and step size of 0.02° with a du-
ration of 0.3 s per step) was carried out. The crystallite
size and lattice parameter of the a-Fe phase were deter-
mined for the 0 ODS powder as well as for the sintered
alloys containing 0, 0.4, and 0.8 wt.% Y,0O, from the
corresponding XRD patterns by Rietveld refinement,
using the Panalytical’s HighScore Plus software, and
the size-strain analysis routine. Details of the crystal
structure of the phases were obtained from the COD
and ICDD databases.

2.4. Characterization of Sintered Samples

A SEM (JEOL JSM-7600-F, field emission) micro-
scope was used to analyze the morphological evolu-
tion of the milled powder, as well as the microstructure
of the sintered samples. The sintered specimens were
prepared for SEM analysis following standard metallo-
graphic techniques. The relative density of the sintered
specimens was measured by the Archimedes’ principle
in distilled water. Their Vickers microhardness was de-
termined using a Shimadzu HMV-G 20DT apparatus,
under a load of 100 g for 10 sec (HV ). To determine
the phase transformations occurring in the studied ma-
terials, samples of 9x4x3 mm were prepared by cutting
the sintered specimens with diamond discs, and then
analyzing using a quenching dilatometer (Linseis Mod-
el L78 Rapid Induction Thermal Analysis). The analy-
sis conditions consisted of heating and cooling rates of
10 °C-s’!, a temperature range of 25-1100 °C, no hold-
ing time at the peak temperature, helium atmosphere,
and chromel-alumel thermocouples for temperature
measurements.

Corrosion tests were carried out using a 1 M
HNO, solution, a 3.8 M Ag/AgCl reference electrode
(199 mV vs. Standard Hydrogen Electrode, SHE), and
a graphite bar as the counter electrode. The failure
analysis of the material due to its susceptibility to cor-
rosion was carried out using the “Tafel technique and
polarization curves” (Buchanan and Stansbury, 2012).
The reason for using HNO, to conduct the corrosion
tests of the studied alloys is that it is an aggressive oxi-
dant that is typically used in the separation of spent fuel
from nuclear fission reactors in the “Purex process”
(Ramanujam, 2001). Before the electrochemical anal-
ysis, the alloys were mounted in epoxy resin, which
was perforated to ensure good electrical contact be-
tween the sample, electrolyte, and working electrode.
The test area of the samples was 0.785 cm?. In con-
ducting the corrosion tests, a commercial ACM Instru-
ments model Gill AC equipment was used, following
the electrochemical polarization technique (Buchanan
and Stansbury, 2012), establishing an electrochemical
sweep range of -250 to 250 mV versus the resting po-
tential, at a rate of 10 mV-min'.

To determine the Young’s and Poisson’s elastic
moduli of the alloys under study, the diametral com-
pression test was employed, for which two strain gaug-
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es with 2.11 NOM gauge factor were used, that were
placed longitudinally and transversely on each one of
the specimens tested. The compression tests were con-
ducted using a Universal 647 Hydraulic Wedge Grip
machine, MTS Landmark, coupled to a p3 Strain Indi-
cator - Record equipment, to obtain the values of trans-
verse and longitudinal micro deformations, for each
compression tested material.

3. RESULTS AND DISCUSSION
3.1. Characterization of Milled Powders

From the PSD analysis, reported in Fig. 1a — 1c,
it can be confirmed that in general, the particle size
distribution of the alloy series prepared in this work is
both multi-sized and multi-modal at the beginning of
the milling stage, whereas it tends to be monomodal
towards the end of the milling time. The mean parti-
cle size of all initial admixtures of elemental powders,
i.e.,, without milling, is smaller than that obtained
after 15 to 30 min of mechanical alloying, the lapse
in which particle agglomeration predominantly oc-
curs. After around 15 min of the high-energy milling
process of the studied system, no apparent effect of
yttria content on the alloying mechanism that occurs
between chemical elements interacting in the sol-
id state is observed, at least not in the particle size
distribution reached (agglomerates of 175 microns).
Regardless of the amount of yttria present in the
powdered ferritic alloy, no difference is observed be-
tween the PSD curves (red) of these three cases (Figs.
la- 1c). The first clear evidence of the PSD change
is observed after 30 min of milling (blue lines) when
the yttria content is 0.4 wt.%, revealed by a slight left-
shift of the curves towards a smaller particle size (Fig.
la). In addition, after milling for 45 min under the
established conditions, the 0.4 wt.% yttria particles
appear to have a preferential influence, narrowing the
monomodal geometry of the particles and decreasing
their size to approximately 25 um. In general, from
Fig. 1 we can conclude that, even if yttria particles
have been added to the ferritic alloy or not, the final
size of the particles is less than 20 um, after 60 min
milling. However, it should be noted that even when
the three series of alloys were successfully refined and
homogenized, the yttria content between them is dif-
ferent and the 0.4 wt% series revealed the highest per-
centage cumulative volume of particles.

It is remarkable that the absence of yttria in the
powdered alloy obtained after the mechanical alloy-
ing is associated with a mean particle size up to 35%
smaller than that obtained with the addition of yt-
tria. Compared with other investigations in which
HEM was not used, but rather conventional milling
in a planetary ball mill (Hilger et al., 2015), in our
work, a 60% smaller particle size, was achieved, in
a considerably shorter milling time. Figure 2 shows

—a— 0 min

—¥— 15 min
—u— 30 min
—o—45 min
—%— 60 min

RN

Koo

Accumulated volume (%)

0 50 100 150 200 250 300 350 400 450 500
Particle size (um)

Ficure 1. Variation of particle size vs accumulated volume, as
a function of milling time, for the ODS ferritic alloy contai-
ning: a) 0.4, b) 0.8, and ¢) 0 wt.% Y,0,.

Fracturing onset

150
Welding

Fracturing

100 4

—a—0wt%Y,0,
—e—0.4wt.% Y,0,
50 4 —4—0.8wt.% Y,0,

Fracturing end

Particle size (um)

0 T T T T T T
0 10 20 30 40 50 60

Milling time (min)

Ficure 2. Evolution of the particle size for the three studied

series of ODS ferritic alloys containing the percentage of yt-

tria indicated plotted as a function of milling time. Yttria ad-
dition seems to hinder particle refinement.

the mean particle size evolution obtained from the
PDS analysis. Previously, from the experimental
data used to plot Fig. 1, it was noticed that, even
though PSD curves with bimodal behavior were re-
corded even after milling for 60 min, both a more
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homogeneous distribution and the finest particle size
were achieved. A separation of the overlapped PSD
curves was carried out using the Fityk data analysis
program, for the three alloys milled for 60 min. It
was found that the powder of the yttria-free alloy
contains particles whose sizes ranged from 8§ to 33
um, whereas those for the alloy with 0.4 wt.% Y,0,
ranged from 20 to 134 um, and those for the alzloy
with 0.8 wt.% Y,0, ranged from 40 to 276 um. From
these results, it can be observed that the addition of
yttria to the studied alloy entails a substantial in-
crease in its particle size, making it difficult to be
refined.

Figures 3 to 5 show respectively the XRD pat-
terns of the powdered alloys containing 0.4, 0.8 and
0 wt.% Y,0,. All these figures show the same trend,
as the mechanical milling time advances, the broad-
ening of the peaks (FWHM, full width at half-maxi-
mum intensity) increases, which indicates a decrease
in the crystallite size of the ferritic matrix (Dash et
al., 2018). In these XRD patterns, overlapping of
the diffraction peaks occurred due to the presence
of chromium traces and a-Fe in the alloy’s matrix,
whose diffraction angles are very close to each other.
The presence of yttria is not observed in the XRD
patterns of Figs. 3 and 5, since it was added in such
a proportion that it was below the detection limit of
this technique (Sun et al., 2012).

As for the lattice parameter and crystallite size
of the a-Fe phase present in the ODS alloys, as can
be seen in Fig. 6, in the case of the powdered alloy

Crﬂ oFe
w ‘JI/ —— 60 min
[ w oFe
\ [ ‘ Cr a}l(:e J Cr aﬁe
et K A7 anl,
Cr|aFe
W\ / ——45 min
\ aFe aoFe
A % W
:: C{‘ oFe
- ——30 min
2 W '/ ofe oFe
2 \ v er}L Cpr
2 A
Cr
T —— 15 min
Wy Fe
| Gy
Cr o
(Fe — Umin
w o
\ \/ 6 oy aFe
¥ ()
AN C”UL
1 i 1 i 1 2 1 2 1 2
40 50 60 70 80
20 (degrees)

Figure 3. XRD patterns of powders of the 0.4 wt.% Y,0,
alloy processed by HEM for the indicated times.
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FiGure 4. XRD patterns of powders of the 0.8 wt.% Y,0,
alloy processed by HEM for the indicated times.
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FiGure 5. XRD patterns of powders of the Y,0O,-free alloy
processed by HEM for the indicated times.

without Y,O, and no sintering (0 NS), the lattice pa-
rameter and crystallite size of the a-Fe phase was
0.286 nm and 500 nm, respectively. After sintering,
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Ficure 6. Evolution of the lattice parameter and crystallite size
of the a-Fe phase as a function of Y,0,concentration (wt.%)
for the Y,0,-free alloy without sintering (0 NS), as well as for
the sintered Y,0,-free, 0.4 wt.% Y,0, and 0.8 wt.% Y,0, alloys.

thisalloy showed an increase in the lattice parameter
to 0.289 nm, indicating dissolution of the alloying
elements into its ferritic matrix with sintering.

Now, for the alloy containing 0.4 wt.% Y,O,,
both the lattice parameter and the crystallite size de-
creased to 0.2872 and 250 nm, respectively, indicat-
ing a refinement of the grain size of the ferritic ma-
trix of the alloy (Cayron et al., 2004). For the alloy

containing 0.8 wt.% Y,0,, there was an increment
in both the lattice parameter and crystallite size to
0.288 and 498 nm, respectively. The abrupt change
in the magnitudes of those parameters requires fur-
ther investigation.

Figure 7 shows a sequence of SEM micrographs
taken from the studied powder as a function of the
milling time. The morphology changes followed by
the admixture of precursor powders are evident.
As it was mentioned in the previous section on the
PSD analysis, between 15 and 30 min of milling,
the particle’s growth is clear, which is nothing but
the agglomeration of the particles. As for the alloy
having no yttria (series 1), it can be observed that
after 30 min of milling the particles, they become
flakier, unlike the two yttria-containing alloys (series
2 and 3). From this observation, it can be suggested
that, for the case of the yttria-containing alloys, af-
ter 45 min of milling the materials experienced cold
deformation hardening, eventually fragmenting into
smaller particles. For the alloy lacking yttria (series
1), it can be noted that the particles processed at 45
(cl) and 60 min (d1) are similar in shape and size
to each other, which indicates that the fracture pro-
cess between particles tends to stabilize after 45 min.
Other authors (Fu et al., 2019), who did not use
high-energy milling, reported that the stable process

0 i1

Figure 7. SEM micrographs of powders processed by HEM, corresponding to the ODS alloy series containing: 1) 0, 2) 0.4, and

3)0.8 wt.% Y,0

30

with milling times of: a) 15, b) 30, ¢) 45 and d) 60 min.

Revista de Metalurgia 59(1), January-March 2023, €236, ISSN-L: 0034-8570. https://doi.org/10.3989/revmetalm.236


https://doi.org/10.3989/revmetalm.236

Effect of yttria addition on the microstructure and mechanical behavior of ODS ferritic alloys processed by High Energy Milling... * 9

for a ferritic alloy with oxide dispersion is reached
after 13 h, meanwhile, in this work using HEM, such
stability is achieved in 45 min, which significantly re-
duces energy and thus cost.

3.2. Characterization of sintered alloys

The phase changes undergone by the ODS alloys
heated up to 1100 °C were recorded by dilatometry.
In Fig. 8, the T, T, and T, points show the temper-
ature at which the phase transformation from ferrite
to austenite (a — v) begins. Points T,, T, and T, cor-
respond to the final temperature of such transforma-
tion (Cayron et al., 2004), for the ODS ferritic alloys
with 0 4, 0.8, and 0 wt.% Y,0,, respectively. Points

and T,, correspond {o the temperature at
whrch the martensitic transformation occurs for the
three alloys, respectively. Figure 8 allows verifying
that the ODS ferritic alloys with 0 and 0.8 wt.%
Y,0, have similar behavior to each other, regarding
their linear thermal expansion (dL/L ). However, the
initial o — vy transformation temperature is lower for
the alloy without yttria (T, = 760 °C). Comparative-
ly, in the case of the alloy With 0.4 wt.% Y,0,, such
a phase transition begins at 820 °C (T, = f) ex-
tending up to 860 °C (T,), which is associated with
a linear thermal expansion AL approximately 12.5%
higher than that for its counterparts with 0 and 0.8
wt.% Y,0,. In the case of these last two alloys, the
ferrite structure is more stable and therefore it does
not fully transform into austenite.

===04wt% v, 0
== 08wt.% Y0

0.015

—0wt%

Y,0

0.010

g Heating
3 0.005 - /
0.000
0.005 ] : :

T T T T T — U
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FiGure 8. Thermal dilatometry curves as obtained for the
ODS ferritic alloys containing 0, 0.4 and 0.8 wt.% Y,0,. T1,
T3 and TS5 show the onset transition temperature from ferrite
to austenite (a — v). Points T2, T4 and T6 matches the end of
such transition. TM1, TM2 and TM3 indicate the martensitic
transformation for the three alloys, respectively. In the case of
0 and 0.8 wt,% Y0, alloys, the ferrite structure is more stable,
whereby it does not fully transform into austenite.

Yamamoto et al. (2010) added 0.35 and 0.7 wt.%
Y,0, to an alloy Fe-0.13C-2W-0.2Ti, finding by
mathematical simulation that the speed of move-
ment of the ferrite-austenite interface decreases by
the dragging of oxide particles. On the other hand,
Kumar et al. (2018) concluded that contents of Y,0,
higher than 0.5 wt.% lead to the production of ma-
terials with high hardness and high elastic modulus
due to work hardening, generating microcracks that
cause fractures, and, therefore, a lower ductility in
the material. The probable occurrence of all these
phenomena in our series of ferritic alloys analyz-
ed is high, particularly in the one with the highest
percentage (0.8 wt.%) of Y,O,. This is explained
by the fact that this oxide acts as an element that
not only anchors microstructural defects, with the
consequent hardening of the alloy but also prevents
the linear thermal expansion of the material. Con-
sidering that yttria is a ceramic with predominantly
ionic-covalent and non-metallic bonds, it is expected
that its presence in the metallic matrix reduces the
longitudinal elongation of the entire specimen.

Regarding the martensitic phase transformation

(y - a”) (Zhou et al., 2017), it first took place in the
0.4 wt.% Y,0, alloy during the cooling stage (T,
188 °C), while in the 0 and 0.8 wt. %Y ,0, alloys (blue
and red curves in Fig. 8, respectrvely) it happened at
the same lower temperature (T,,, = T,,, = 165 °C).
Since the latter two alloys have a similar dilatometric
behavior they disclosed a 10% difference concerning
their starting temperature, for the a — vy transfor-
mation. Since, according to Fig. 8, the largest area
under the heating and cooling curves corresponds
to the ODS alloy with 0.4 wt.% Y ,0,, it follows that
this material is the one undergoing the greatest ther-
mal expansion among all the alloys studied.

In general, it was expected to find a marked in-
fluence between the yttria content and the forma-
tion of martensite, and therefore on its mechanical
properties. In practice, however, the obtained alloys
showed a positive effect of yttria regarding their per-
formance against corrosion and adequate mechani-
cal resistance.

In this way, the temperature that indicates the
start of the martensitic transformation (T,,) is prac-
trcally the same for two of the alloys studied (T,

T,,,). presenting only a negligible difference of
23 °C concerning the alloy with 0.4 wt.% of Y,O,,
being greater for the latter alloy. The value of T, 1s
rather related to the grain size of the austenite, as
well as the amount of available ferrite (Zhou et al.,
2017). As it has been mentioned, the alloy with 0.4
wt.% Y0, presents the highest amount of austenite,
therefore it exhibits the highest dimensional change
during coolmg

On average, the relative density (RD) attained by
the alloys prepared in this work is above 93%, which
is higher than the results reported by other authors
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(Mihalache et al., 2019), who also used SPS sintering
(for a Fe-14Cr-0.4Ti-0.25Y,0, alloy). The RD values
obtained for the 0, 0.4, and 0.8 Wt.% Y,0, alloys of
this study are 7.8, 7.5, and 8.5%, respectively. Fu et al.
(2019) reported lower RD values (5.2, 5.5, and 4.5%)
for a Fe-9Cr-1.1W-0.4Mn-0.2V-0.12Ta-0.3Y 0, alloy.
Other research works (Abenojar ef al., 2006), in which
the 90Fe/10B,C alloy was sintered using conventional
techniques, without oxide dispersion, and also consid-
ering potential applications in nuclear reactors, report
RD values which are 13.0, 12.6, and 13.8% lower than
those here reported. The density values obtained for
the alloys in this work are similar to those reported
by other authors (for a Fe-14Cr-0.4Ti-0.25Y 0, alloy)
(Zhang et al., 2015), who also used SPS and who, un-
like the present study, did consider a holding time at the
peak sintering temperature.

In the practice of this work, both the morphology
and the particle size distribution directly affect the de-
gree of densification achievable during the sintering
process. The addition of 0.8 wt.% Y,0, to the ferritic
alloy leads to an increase in its relative density (up to
a value of 94.5%), whereas with 0.4 wt.% of agglom-
erated YO, particles, the RD value is drastically de-
creased. In the case of the yttria-free alloy, the density
value is only 0.7% lower than that of the 0.8 wt.% YO,
alloy. Therefore, these results are not only attributed
to the morphology of the processed particles, but also
to their fluidity. As it was already mentioned in the
microscopy section, the alloy with 0.8 wt.% Y,0, has
fewer particle agglomerates, compared to its counter-
part with 0.4 wt.% Y,0O,, while the alloy without yttria
is constituted by flaky particles. That is, the ODS alloy
with the highest yttria content has a wider particle size

distribution, which results in better packing of the par-
ticles when they are subjected to the sintering process.
The low density reached by the 0.4 wt.% Y0, alloy se-
ries is attributed to the agglomerated state and clogging
effect of the powder particles, which prevents adequate
compaction during sintering.

Figure 9 reveals the type of microstructure developed
by the powder containing 0 (a — d), 0.4 (b —¢), and 0.8
wt.% Y,0, (c — 1), after milling for 60 min followed by
sintering by SPS at 1100 °C. Micrographs d), e), and f)
are magnifications of a), b), and c), respectively, to re-
veal the presence of black pores with semicircular mor-
phology (indicated by the black arrows and letter P), as
well as the presence of y-Fe precipitates, which are iden-
tified by the letter G. In Fig. 9 (a, b, ¢), scattered narrow,
and elongated white areas are distinguished, correspond-
ing to W debris (red arrows). In micrographs b) and c),
mainly, the presence of such traces of elemental W can
be seen, elemental tungsten traces are part of the original
powder precursor mix. It was observed that at short mill-
ing times of up to 15 min, W goes into a solid solution in
the ferritic matrix, but at longer times it dissolves, up to
a certain solubility limit. At longer milling times, using
XRD, traces of W were detected in its elemental form
(Figs. 3, 4 and 5), which is explained as W in stoichio-
metric excess, which remains mechanically dispersed in
the matrix. From these micrographs, not only fine pores
of less than 10 pum but also a- and y-Fe precipitates are
evenly distributed throughout the surface of the sintered
samples.

The XRD patterns obtained for the three alloys
whose powders were milled for 60 min and subsequent-
ly sintered by SPS are shown in Fig. 10. The sintered
alloys show oxidation of chromium, since this element

21

by SPS at 1100 °C, corres-

ponding to the ODS ferritic alloy series containing: 0 (a —d), 0.4 (b —¢), and 0.8 wt.% Y,0, (c - ). Micrographs d), ), and f) are
magnifications of micrographs a), b) and c), respectively. Black pores with semicircular geometries are indicated by the letter P.
The presence of y-Fe precipitates is indicated by the letter G and the presence of W is indicated by red arrows.
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Figure 10. XRD patterns of the ODS ferritic powders milled

for 60 min and sintered by SPS at 1100 °C, containing 0, 0.4,
and 0.8 wt.% Y,0,.

has a higher affinity for oxygen when compared with
Fe and other alloying elements (Yaskiv and Fedirko,
2014) so when these alloys are sintered at 1100 °C, a
passive surface layer of Cr,O, is formed. The analy-
sis also revealed the presence of elemental traces of Cr
and W, as well as of the a-Fe phase. Even though the
austenite y-Fe phase precipitated in the three alloys, the
presence of this phase is only clear in the 0.4 wt.% Y O,
alloyed. Under the processing and sintering conditions
employed in this work, in these alloys, Fe grains have
a fec lattice structure (y-Fe phase). Judging from the
SEM micrographs shown in Fig. 10 and correspond-
ing XRD patterns, it is evident that, upon sintering, the
a- to y-Fe phase transformation occurred through the
formation of submicron-sized grains.

Some of the fundamental mechanical properties of
the studied alloys are plotted in Fig. 11, as a function
of their yttria content. These parameters are Young’s
modulus, Poisson’s ratio, and Vickers microhardness.
In general, except for the Poisson’s ratio , the largest
values of these properties are observed for the alloy
containing 0.8 wt.% Y,0,.

For both Young’s modulus and Poisson’s ratio, the
magnitude of the values obtained is related to the ani-
sotropy of the microstructure as well as to the direction
in which the measurement was made (Sanchez-Gutiér-
rez et al., 2017). On the other hand, the low values of
the Poisson ratio were due to the difference between
the transverse deformation and the longitudinal defor-
mation, the former being much lower than the latter.
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Figure 11. Mechanical properties of the ODS ferritic alloys
with a dispersion of 0, 0.4 and 0.8 wt.% Y,0,, milled using
HEM and sintered by SPS at 1100 °C. Young’s modulus and
Poisson’’s ratio, dimensional shrinkage, and Vickers micro-
hardness values are included.

The ODS alloy without yttria is the one that
showed the lowest value of the elastic modulus,
which is congruent with its highest hardness value.
The ferritic alloy with 0.8 wt.% Y,0, disclosed the
least dimensional change as a function of tempera-
ture, whereas its 0.4 wt.% Y,0, counterpart suffered
both the greatest linear expansion and the major mi-
crostructural changes, which influences its elastic
properties. The 0.4 wt.% Y,0, alloy also disclosed
the lowest hardness value and the smaller crystallite
size (Fig. 6). As it can be seen in Fig. 11, the Young
module rises as a function of the Y O, content in the
alloy. Thus, the 0.4 wt.% YO, alloy was more duc-
tile than the 0.8 wt.% Y0, alloy.

These results agreed with Kumar et al. (2018), who
conclude that contents of YO, higher than 0.5 wt.% re-
sult in alloys with high hardness and high elastic modu-
lus due to work hardening, generating microcracks that
cause fractures, and, therefore, a lower ductility in the
material.

When compared with other works (Dash et al.,
2018), where ODS ferritic alloys have been synthe-
sized, and have also been densified using the SPS tech-
nique, it is found that the values obtained in the present
study for the elastic modulus are 30% lower, particu-
larly in the case of the 0.4 wt.% Y,0O, alloy. From the
value of the Poisson’s ratio reached by the latter alloy,
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it is verified that this is the one undergoing the most
deformation, particularly in some of its axes, when the
compressive load is applied (Hook’s law).

In Fig. 11 it is observed that the 0.4 wt.% Y O, alloy
was the one showing the lowest Vickers microhardness
value (865 HV), as well as the highest degree of po-
rosity and the lowest relative density RD, among all
the alloys studied. For comparison purposes, the ex-
perimental results of this work are included at the end
of Table 1, along with those reported in the literature.

The addition of yttria particles into the ODS ferritic
alloys leads to both a smaller and more homogeneous
grain size. Moreover, the addition of Y,0O, particles
hinders defects in the alloys, since it might occupy the
room left for defects (interstitials and vacancies), occa-
sionally avoiding the movement of dislocations in the
crystalline structure (Kumar et al., 2018).

The 0.4 wt.% Y, 0, alloy was found to be more duc-
tile, which is consistent with what was mentioned by
Kumar et al. (2018), who stated that a Y,O, content
greater than 0.5 wt.% reduces ductility. On the other
hand, a greater presence of the austenite phase gener-
ates a volumetric increase when the phase change from
ferrite to austenite occurs, modifying the microstruc-
ture and thus, affecting the resulting properties of the
alloys. The high porosity remaining in the samples
plays an important role in both ductility and hardness.
The 0.4 wt.% Y,0O, alloy has a lower relative density
(1.01%) than the 0.8 wt.% Y0, alloy, which is also a
factor that decreases hardness.

The obtained alloys show a heterogeneous micro-
structure, thereby an anisotropic behavior would be ex-
pected, in such a way that, depending on the orientation
or direction in which the specimens are placed for the
measurement to be made, the value of the elastic modu-
lus might change. In this respect, Sanchez-Gutiérrez et
al. (2017) carried out a mathematical simulation study
of an alloy with Y O, dispersion (Fe-18.6Cr-5.2Al-
0.54Ti-0.04C-0.006N-0.5Y,0,). The calculations were
made in the crystallographic directions x [100], y[110],
and z[111], finding Young’s modulus values of 131,
219 and 238 GPa, very close to those found (234 GPa)
for the 0.8 wt.% Y0, alloy of this work.

A representative graph of the corrosion behavior
recorded for the studied alloys, when tested in 1 M
HNO,, is presented in Fig. 12. Unlike both the 0.4 and
0.8 wt.% Y,0, alloys, the anodic region of the poten-
tiodynamic polarization curve (blue) obtained for the
yttria-free alloy revealed the occurrence of two passi-
vation events (P and P,), which are attributed to the
formation of a Cr,0, layer which momentarily pro-
tects the base alloy, until the P, trans passivation zone
appears, indicating the breakdown of such protective
layer. Meanwhile, the 0.4 and 0.8 wt.% Y0, alloys,
whose current density is higher, showed similar behav-
ior to each other (red and black curves), both showing
a long-lasting trans passivation zone (TP), which pro-
tects the alloys during longer times, compared to the
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Figure 12. Potentiodynamic polarization curves for the ODS
ferritic alloys containing 0, 0.4, and 0.8 wt.% Y,0O,, sintered
by SPS and corrosion tested in 1 M HNO,.

yttria-free alloy. That is, even though the latter alloy
exhibits a lower current density, in such a way that it
also shows greater corrosion resistance, the fact that
its protective layer breaks down before that formed at
the surface of its yttria-containing counterparts makes
it less effective

The fact of processing the precursor metallic pow-
ders, via high-energy ball milling (HEM) allows in-
troducing microstructural defects into the ODS alloy
matrix, leading the powder blend mixture into a highly
mechano-activated state. The metastable state of the
SPS-densified samples is somehow preserved after the
rapid sintering, which in turn causes the ODS alloy to
react eagerly. EDS analyses (Fig. 13) indicate that, af-
ter conducting the corrosion test, a Cr,O, passive layer
is formed on the surface of the alloy having no Y,0,,
whereas in alloys with 0.4 and 0.8 wt.% Y,0, oxides
layers of Fe and Cr formed. The Cr layer preferentially
expands the passivation zone, as revealed from the po-
tentiodynamic polarization curve, thus associated with
Y,0,. Thermodynamically, it is easier for some chem-
ical states of iron to be reduced than oxidized, so com-
paratively in this case, chromium is energetically easier
to oxidize, thus forming the protective chrome layer.
The chemical affinity between Cr and Y was report-
ed by Wang C. Zhen through the formation of YCrO,
(Chang-Zhen et al., 1985) . Although this compound
is expected to form at high temperatures, through the
reaction Y, 0, + Cr,0, — 2YCrO,, the vigorous mech-
ano-chemical action might eventually allow its forma-
tion. Owing to the limited proportion of yttrium oxide
added to the ferritic alloy, the XRD pattern showing
YCrO, is not obvious, but shows Cr,0,. Ningshen et
al. (2014), claimed that Y,O, promoted the formation
of complex Y,Hf O, oxide in 15% Cr ODS steel, and
this oxide may have a role in suppressing intergranular
corrosion attack. The addition of Y,O, has also been
reported to increase corrosion resistance in Al 6061
aluminum alloy (Ahmadi and Nouri, 2010). On the
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Figure 13. EDS spectra of the ferritic matrix after potentiodynamic analysis, corresponding to alloys a) 0 ODS-900, b) 0.4 ODS-
900, and c) 0.8 ODS-900.
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Figure 14. Variation of grain size vs accumulated volume, for
the ODS ferritic alloy containing: 0.4, 0.8, and 0 wt.% Y,0O,.

other hand, Y,O, decreases the grain size (Fig. 14) and
thus increases the grain boundary area. However, due
to the nature of the more stable passive layer, this oxide
increases the resistance to intergranular attack, which
agrees with other results (Ningshen et al., 2014).

Figure 12 shows three zones. The first one goes
from the equilibrium potential to point P, and is related
to the formation of a first passivation zone. The sec-
ond one, corresponding to the so-called “active-passive
zone”, is related to the breakdown of the first passiva-
tion zone and extends from point P, to point P,, and
the third one, corresponding to the second passivation
zone, extends from point P, to point P.. Table 3 shows
the values of current densities and potentials recorded
at points P, P, and P..

For the Yttria-free alloy, the breakdown point is lo-
cated at 10"'*° mA-cm? and 96.9 mV vs E Ag/AgCl
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Figure 15. Dimensional shrinkage/expansion of the ODS fe-

rritic alloys with a dispersion of 0, 0.4 and 0.8 wt.% Y,0,,
milled using HEM and sintered by SPS a 1100 °C.

electrode. In comparison, the breakdown points of the
Yttria-containing alloys are located at lower current
density values (10°” mA-cm? for the 0.4 wt.% Y,0,
alloy, and 10°“mA-cm? for the 0.8 wt.% Y0, alloy).

In the cathodic branch of the curve, the current limit
density for oxygen is -10"°mA-cm? for the alloy with-
out yttria, and — 10*%’mA-cm? and -10*"' mA-cm? for
0.4 wt.% and 0.8 wt.% YO, alloys, respectively. Thus,
the Yttria-containing alloys have more current density
in the cathodic branch to balance the corrosion current
density.

From Fig. 15 it is observed that the dimensional
shrinkage/expansion, it is also possible to verify the
effect of the longitudinal contraction suffered by the
three alloys during the heat treatment, while the o —
v phase change takes place, as a function of the yttria

TaBLE 3. Electrochemical key points of different zones on the potentiodynamic polarization curve of Fig. 12

Mixture code i, (mA-cm™?) E, vs Ag/AgCl i, E, vs Ag/AgCl i, E, vs Ag/AgCl
(mV) (mA-cm?) (mV) (mA-cm?) (mV)
0wt.% Y, 0, 10130 -96.9 10058 78.24 10198 81.38
0.4wt.% Y, 0, 10153 -104.67 1012 70.48 1007 170.43
0.8 wt.% Y,0, 101 -81.21 10146 50.15 1004 178.38
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content. It is observed that the 0.8 wt.% Y,O, alloy is
the one exhibiting the least dimensional change, while
the 0.4 wt.% Y,0O, alloy is the one undergoing the
greatest expansion due to the influence of the phase
transformation on its elastic properties. A higher con-
tent and therefore better dispersion of yttria particles
in these alloys reduce the atomic movement in their
crystal lattice, which leads to the generation of fewer
micro-crystalline defects.

4. CONCLUSIONS

— Ferritic Fe-14Cr-1.5W-0.2Ti alloys were pre-
pared with Y, O, particles dispersed in their ma-
trix, in concentrations of 0, 0.4, and 0.8 wt.%,
by combining the HEM and SPS techniques.

— Both the morphology and size of the particles
directly influenced the degree of densification
reached by the alloys during sintering. The
addition of 0.8 wt.% Y,0, to the ferritic alloy
led to an increase in its relative density RD (up
to 94.5%), whereas it sharply decreased with
0.4 wt.% Y,0,. In the case of the yttria-free al-
loy, the density value was only 0.7% lower than
that obtained for the 0.8 wt.% YO, alloy. These
results were attributed to both the morphology
of the milled particles and the presence of parti-
cle agglomerates.

— The lattice parameter value of the a-Fe phase
was found to depend on the yttria content of
the alloy as well as on the sintering process. In
the case of the 0.4 wt.% Y0, alloy, a reduction
of the lattice parameter was associated with a
greater reinforcement of the a-Fe matrix by the
dispersed oxides.

— According to the potentiodynamic polarization
studies carried out, it was found that the protec-
tive layer of Cr,O, formed on the surface of the
three alloys studied was less effective for the
yttria-free alloy since in this case, the rupture of
such protective layer occurred earlier than for
the case of the yttria-containing alloys.

— The 0.8 wt.% Y,0, alloy was the one with the
least dimensional change as a function of tem-
perature, while the 0.4 wt.% Y,0, alloy was
the one undergoing the greatest expansion and
microstructural changes, which influences its
elastic properties.

—  The largest values of Poisson ratio, and dimen-
sional shrinkage/expansion were obtained for
the 0.4 wt.% Y0, alloy. The ODS alloy with-
out yttria was the one showing the lowest elas-
tic modulus and the highest hardness degree.
These results were attributed to the homoge-
neous dispersion of the oxide and the presence
of the y-Fe phase in the alloys. The 0.4 wt.%
Y,0, alloy was more ductile than the other two
alloys. A similar trend was observed regarding

the elastic and Poisson’s moduli for all the ma-
terials studied. It is suggested that the alloys
with 0.8 wt.% Y,0, and fine microstructure
could constitute potential alternatives as struc-
tural materials for Gen IV-type reactors.
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