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The results of structure investigation, distribution uniformity of dispersed particles of Y,0s3, porosity
and density of the ferritic/martensitic reactor steel EP-450 (0.12C-13Cr-2Mo-Nb-V-B, wt%) produced by
spark-plasma sintering (SPS) are presented. More than 140 samples were produced using different combi-
nations of mechanical alloying (time, speed of attritor rotation) and SPS parameters (temperature, speed
of reaching preset temperature, pressure and time of exposure under pressure, concentration of strength-
ening particles). It is determined that the absence of strengthening Y,03 nano-particles in local volumes
of sintered specimens is connected with the imperfection of mechanical alloying, namely, the formation
of agglomerates of matrix steel powder containing no oxide nano-particles. It has been determined that
the time of mechanical alloying should not exceed 30 h to provide minimum powder agglomeration, uni-
form distribution of Y,0s3 particles in the powder mixture and minimum porosity of sintered samples.
Spark-plasma sintering should be performed at the lowest possible temperature. As a result it was found
that samples with 99% theoretical density can be obtained using the following optimized SPS-parameters:
sintering temperature is 1098 - 1163 K; speed for reaching the preset temperature is > 573 K/min; load is
70-+80 MPa; time of exposure under pressure — either without isothermal exposure, or exposure during

>3 min; optimum quantity of Y,03 is 0.2 +0.5 wt%.

© 2016 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The main problem of achieving high-fuel burnout in fast re-
actors lies in the absence of radiation-resistant and at the same
time heat-resistant structural materials for the active zone. With
the currently achieved nuclear fuel burnout range in the reactor
BN-600 of approximately 12% h.a. (about 80 dpa), the basic shell-
type austenitic steel ChS-68 does not comply with requirements on
radiation resistance (first of all - resistance to irradiation swelling).
Intensive research and development activities are being conducted
in the last decade in Russia and the world with the aim of creat-
ing chrome steel, because its irradiation swelling is much less than
those of austenitic steel. The main disadvantage of chrome steel
is a low heat-resistance as compared to austenitic steel when ex-
posed to conditions occurring in active zones of fast reactors. Re-
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search focused on the creation of oxide dispersion strengthened
(ODS) heat- and radiation-resistant chrome steel based on marten-
sitic, ferritic/martensitic or ferrite structures [1-10].

One method for ODS steel creation is spark-plasma sintering
(SPS) of powders which provides specific advantages (short time of
obtaining high-density samples, lower temperature of compaction
as compared to other methods with commensurate density and
porosity parameters, relatively low applied pressure, etc.). How-
ever, this method has also a number of disadvantages: immaturity
of ODS steel compaction technology; complexity of massive bod-
ies formation on existing installations; hard and insufficient plastic
compaction requiring additional thermal or any other type of pro-
cessing to increase technological effectiveness of obtaining finished
products, etc. [4-7].

The work in [7] shows the outcome of research on the mi-
crostructure of two ODS steels produced by hot isostatic pressing
(HIP) and points out that both steels were characterized by areas
without Y503 nano-particles, i.e. strengthening oxide particles in
steels are distributed non-homogeneously. The authors suggested
that non-homogeneous distribution of strengthening particles in
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steels can be related to an imperfection of mechanical alloying (in
spite of the milling time reached up to 100 h) and HIP. With me-
chanical alloying of 9Cr steel powder and yttrium oxide Y505 it
was established [8] that for a milling time exceeding 8 h the size
of powder particles did not reduce further and according to the
authors the optimum milling time is approximately 20 h. Accord-
ing to another data [7], the optimum time of steel powder milling
is about 40 h. The work presented in [9] showed the influence of
the powder shape, i.e. spherical particles or brittle flakes, on the
structure of sintered samples. Furthermore, it showed that during
15 h mechanical alloying steel in the form of flakes achieved bet-
ter results in terms of chemical composition and yttrium homo-
geneity (particles of Y,03). However, during selected mechanical
alloying regimes (mill rotation 400 min-!, time of one milling cy-
cle 1h, container cooling down 1h, total time of milling 5 and
15 h) the formation of powder agglomeration was observed, sim-
ilar to the results obtained in [10]. As conclusion it was stated that
the achievement of a more uniform and dispersed powder struc-
ture required an increased mechanical alloying time and optimized
milling regimes.

Therefore, for obtaining high-density compacts with uniformly
distributed strengthening nano-particles two steps are required:
optimizing of mechanical alloying regimes (time, attritor rotation
speed, elimination of powder overheating) and spark-plasma sin-
tering in particular.

Because of that, the purpose of this work was to determine the
effect of mechanical milling and SPS parameters on the uniform
distribution of dispersed Y,03 particles and the structure of reactor
ferritic/martensitic ODS steel.

2. Materials and experimental procedure

Reactor ferritic/martensitic steel EP-450 (0.12C-13Cr-2Mo-Nb-
V-B, wt%) in the form of brittle flakes after pre-milling for 2 h in
a planetary ball mill MTI SFM-1 was mixed with the yttrium ox-
ide powder. Mechanical alloying of the powder mixture was car-
ried out in a planetary ball mill Pulverisette-5 in argon atmo-
sphere. To ensure maximum coverage range of possible suitable
sintering conditions and to receive maximum density of samples,
all main parameters of the process were varied over a certain
range: milling time (7t =30, 40 and 50 h), temperature (T = 1023,
1098 and 1163 K), pressure (p=60, 70 and 80 MPa), heating rate
(v=100, 350 and 600 K/min) and isothermal exposure time under
load (tr =0, 1, and 3 min). In addition, the content of Y,03 changed
from 0 to 1 wt% to determine the effect of steel composition on ki-
netics of the powder sintering.

Spark-plasma sintering was performed in the facility LABOX-
625™ of Sinterland© company working in a vacuum of 5—10Pa
with a maximum pressure force up to 6 tons and power of the
transmitted current up to 2500 A. Temperature was controlled by
a thermocouple and infrared pyrometer. The heating of powder
started out simultaneously with the application of electric cur-
rent pulse and the correlated heating of the powder was done by
applying pulses of 7ms with a pause of 40 ms between pulses.
There were produced more than 140 samples with dimensions of
~15mm in diameter and 5 mm in height in various combinations
of milling time and sintering parameters. The fabrication time for a
specimen is 40-45 min including loading of powder and unloading
of the sample.

The density and porosity of the sintered samples were
measured by hydrostatic weighing using the high-precision
(£0,0002 g) analytical scale Ohaus Pioneer PA214. A scanning elec-
tron microscope (SEM) Quanta 600 FEG with energy dispersive mi-
croanalysis attachment for EDAX Trident was used to study the
morphology of the powders and microstructure of sintered sam-
ples, as well as for elemental analysis. The surface structure of

samples and the chemical composition of the steel after sintering
were investigated at the wave Axios XRF X-ray spectrometer and
SEM Zeiss EVO-50 with microprobe system. Electron microscopic
studies of the fine structure of the samples were carried out in a
transmission electron microscope LIBRA-120.

3. Results and discussion

Fig. 1 shows the morphology of powders with different content
of Y,03 after milling for 50 h. It is found that the composition of
the starting powders of EP-450 steel (0.3 or 1% Y,03) does not af-
fect the size of the activated particles, the degree of homogeneity
of milling and powder agglomeration. Despite the use of previously
established optimized regimes of mechanical alloying (Table 1), af-
ter milling for 30 h the powder agglomerates still had a maximum
size up to 30 pm. With increasing milling time to 40 and 50 h the
degree of agglomeration practically did not change compared to
milling for 30 h, but the uniformity of powder slightly increased.

As shown by the work done in [9], after milling for 15h the
distribution of Y,03 oxide in powder is already quite homoge-
neous and its content practically complies with a target one. The
yttrium distribution determined via SEM showed that after 30 h of
milling Y,03 oxide was distributed completely uniformly on the
steel powder surface (Fig. 2). Therefore, from the perspective of
minimum agglomeration and Y,03 oxide distribution homogene-
ity in the powder 30 h of mechanical activation is found to be an
optimum.

Fig. 3(a) shows the general view of the sintered steel struc-
ture with 1 wt% Y,0s3, where ferrite and martensitic grains are ob-
served. The area with oxides is represented in Fig. 3(b). Microstruc-
ture in Fig. 3 contains large particles being the M,3Cg type car-
bides, yttrium oxides with a maximum size of the oxide particles
up to 40 nm and double oxides of yttrium and silicon. Silicon oxide
was found in the work [10] as well.

In general, the microstructure of the surface of sintered sam-
ples is quite homogeneous. However, local areas provide a spe-
cific structure which is exemplarily shown in Fig. 4. One can see a
large elongated grain situated in a highly dispersed structure that
formed from a powder agglomerate during the SPS process. The
grain orientation corresponds to the direction perpendicular to the
sample pressing axis. Such grains are consisting of smaller equiax-
ial grains with the size 5+ 7 pum (Fig. 5) formed from steel powders
being a part of the agglomerate. Such substructure is characteris-
tic for all grains formed from powder agglomerates. Fig. 4 shows
open porosity along boundaries of small grains, while a large grain
formed from the powder agglomerate shows no porosity. With the
increase of mechanical alloying time from 30 to 40 and 50 h the
porosity increases.

Chemical composition of different areas of sample with 0.3 wt%
of Y503 is shown in Table 2. Analysis of Fig. 4 and data in
Table 2 shows that in view of the main elements the compact
complies with the composition of matrix steel. In spectrum 2 an
increased content of Si, O are observed and with the presence of Y
the formation of double yttrium and silica oxides can be deduced.
The content of yttrium of approximately 0.18 wt% corresponds to
the content of 0.3wt% Y,03, that was introduced into steel. In
spectrum 1 taken from the large grain formed from the agglom-
erate, no yttrium was found.

Accordingly, above results verify that in case of powder ag-
glomerates formation in the process of mechanical alloying, grains
formed from these agglomerates during the subsequent SPS pro-
cess do not contain yttrium (yttrium oxide) or at least do not con-
tain it in sufficient quantity for experimental detection. Data re-
ceived about the inhomogeneity of oxide particles in ODS steels
produced by SPS were similar to results of HIP produced materials
obtained in the work [7].
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Fig. 1. Morphology of steel powder with 0.3% Y,03 (a) and 1% Y,053 (b) after mechanical alloying for 50 h; powder agglomerates are marked by circles (SEM).

Table 1

Optimized regimes of mechanical alloying of powders of steel EP-450 and oxide Y,Os.

The time of one cycle of milling, h  Container cooling time, h

Number of turns of the mill, min!

The atmosphere  The total time of milling, h

2 1 200

Ar (99.99%) 30, 40 and 50

Table 2
Chemical composition (0.3 wt% Y,03) of ODS steel obtained in
EVO-50 by electron beam scanning of areas 1 and 2.

Element  Content, wt%
Spectrum 1 Spectrum 2 Standart deviation

Fe 82.76 80.88 0.99
Cr 13.94 14.37 0.26
Si 0.28 0.54 0.13
Mn 0.63 0.66 0.11
Ni 0.24 033 0.05
Mo 1.46 1.52 0.03
Nb 0.31 0.28 0.03
\ 0.20 0.25 0.04
Y 0.00 0.18 0.11
0 0.18 0.99 0.40

The study of strengthening particles concentration influence on
EP-450 ODS steel sintering aims at a better understanding of the
processes occurring during sintering and, possibly, helps selecting
the optimum concentration of yttrium oxide in the steel in terms

of material compaction. For this purpose, sintering was conducted
without and with 0.3 wt% of Y,03 at two pressures, i.e. 70 and
80 MPa (Fig. 6). The results show that the pressure practically does
not have an influence on the steel powder sintering without Y505,
while the density of those samples with Y,03 increases insignifi-
cantly with the pressure rise from 70 to 80 MPa. At the same time,
addition of 0.3 wt% of Y,03 results in a reduction of the sinter-
ing speed and lower finished sample density. This is related to the
fact that Y,03 particles prevent sticking of steel particles and sin-
ter with each other worse at such temperatures due to their hard-
melting nature.

In this connection, the direct influence of different concentra-
tions of hard-melting inclusions on material sintering kinetics is of
high interest. For that purpose, experiments were conducted with
regard to steel sintering of 6 different concentrations of Y,03 -
0.15, 0.2, 0.3, 0.4, 0.7 and 1.0wt%. Data of samples compaction
speed with different Y,03 content shown in Fig. 7 indicate that
with the increase of yttrium oxide concentration up to 0.3 wt%
considerable growth of compaction speed is observed, while a
further increase of Y,03; content reduces the compaction speed.
Therefore, non-linear dependence is observed of EP-450 ODS steel
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Fig. 2. Distribution map of some components of steel (Cr, Mo, Mn) and Y (Y,03) in a powder mixture of steel EP-450+ 1% Y,05 after milling for 30 h.
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Fig. 4. Microstructure of the sample surface of steel with 0.3 wt% Y,03 (SEM).

compaction speed from concentration of Y,03 at spark plasma sin-
tering.

Fig. 8 shows the dependence of the relative density of sintered
samples on the time of mechanic alloying, applied pressure and
temperature of sintering. One can see that at all used milling times
and pressures a temperature of 1023 K is evidently not sufficient
to obtain highly compacted samples. When the temperature in-
creases up to 1098 and 1163 K the density of sintered samples
increases considerably, with the largest values being observed at

I

Fig. 5. The substructure of grains formed from steel powder agglomerate.

p=70-80 MPa independent on the time of mechanical activation.
As can be seen in the Fig. 8(a), at mechanical alloying of powders
with 0.3 wt% of Y,03 during 30 h and a pressure of 70 and 80 MPa
during SPS the density of compacts achieves a maximum of ap-
proximately 99% theoretical density. At the same time, as shown
in Fig. 8, at identical conditions of mechanical milling and SPS the
density of steel with 1wt% of Y,03 is considerably lower than of
compacts with 0.3wt% of Y,03 and even in the best case does
not exceed 97%. Porosity increase accompanied by density decrease
with the milling period occurring from 30 to 40 and 50 h can be
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Fig. 6. The relative density of the samples during sintering of steel powder with-
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for 30 h, T=1163 K, v=100K/min, T = 1 min. The entire sintering process is shown
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Fig. 7. Density increasing kinetics depending on the Y,03; concentration under sin-
tering conditions: p=80MPa, T=1163 K, v= 100 K/min 7 =1 min.

connected with the fact that fractions of nanosized particles (es-
pecially in the range of 1-10 nm) formed during long time milling
have much lower melting temperature [11,12] and in the aggregate
form most models are described by the equation Ty (r)=T(1-a/r).

100

e i
98 t ........... 3 '.‘g\?

96 e
"3 T S
s 94 } @ ...................... q]
$ el
Q L
90 |
L - - - - 1
sl &- ' J)
i a
86 1 n L 1 ( ) J
55 60 65 70 75 80 85

p, MPa

Heating rate, K/min

Fig. 9. Relative density of the samples with 0.3 wt% Y,03 (e) and 1wt% Y503 (o)
depending on heating rate up to a temperature of 1163 K (milling time is 30h,
p=70MPa, T =1min).

Table 3

The isothermal exposure time dependence of relative
density of samples with 1 wt% Y,03 during sintering at
T=1163K, P=70MPa, v =100 °C/min.

7, min 0 1 3

Prelative, ¥  96.9+0.5 949+05 964+05

Increasing of milling time above 30 h does not only result in fur-
ther powder refinement, but also the powder grain size does not
reduce.

Moreover, at selected pressure and temperature of sintering
there are certain possibilities to reduce porosity and, accordingly,
to increase density of sintered samples. This is done by means of
heating speed change (Fig. 9) and change of the exposure time un-
der pressure (Table 3) in the SPS process.

Based on the dependencies shown in Fig. 9, a conclusion can be
drawn that heating speed increases the finished density of sam-
ples. Most likely, this effect occurs due to higher current inten-
sity flowing through the sample in order to provide higher heat-
ing speed which causes more intensive generation of Joule heat
in inter-particle contacts and results in their better adhesion to
each other. In order to obtain the maximum density, the heating
speed should, at least, exceed 300—400 K/min. Moreover, as shown
in Fig. 9, in identical sintering conditions samples with 0.3 wt% of

100
98

96

%

94

92

Prelatives

90

88 |-

Lo (b)

55 60 65 70 75 80 85
p, MPa

86

Fig. 8. The relative density of the samples as a function of applied pressure at sintering temperature 1023 (1), 1098 (2) and 1163 K (3) for powders with 0.3 wt% Y,03 (a)
and 1wt% Y503 (b) mechanically alloyed during 30 (m), 40 ((J) and 50 h (o), v= 100 K/min, T =1 min.
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Y,03 become more dense than with 1 wt% of Y,03 which is in con-
formity with the data shown in Fig. 8.

Results in Table 3 show that 1 min exposure under pressure
causes a reduction of relative density as compared to sintering
without it. Furthermore, density values at exposure increasing up
to 3 min rise again to practically the same values that had been ob-
served during sintering without isothermal exposure under pres-
sure. The observed dependency shown in the Table 3 indicates
that some processes are occurring in the material at constant
temperature with the change of exposure time under pressure.
For example, EP-450 steel after standard heat thermal (normal-
ization from 1373 K+high tempering at 993 K) consists of two-
phases (ferrite grains and tempered martensite - sorbite). How-
ever, when the temperature rises up to 1163 K less temperature
resistant chromium carbide and vanadium carbide decay, former
sorbitol grains are supersaturated with carbon, and at a certain
temperature in these areas an « — y-transformation is possible
[1,13]. In the exposure process during 1 min, when the relaxation
of the structural-phase condition occurs, a number of competing
processes are possible: nucleation of secondary phases, coagula-
tion of second phase particles, and further dissociation of carbides
that results in the decrease of the compact density. A subsequent
increase of the compact density after three-minute exposure at
1163 K is a consequence of additional compaction of powder filling
under the influence of applied pressure. However, processes occur-
ring at high temperature and depending on the powder exposure
time under pressure can be even more complicated. Accordingly, a
final explanation of such dependence of compacts density on expo-
sure time is difficult and requires further research of the obtained
phenomenon. However, it should be noted that the dependence
of Prelative ON exposure time shown in the Table 3 is reproducible
and is characteristic for all spark-plasma sintering parameters un-
der consideration.

4. Conclusions

It is found that the absence of hardening Y,03; nanoparticles
in local volumes of ODS steels is due to the imperfection of the
mechanical alloying process, namely the formation of steel powder
agglomerates without oxide nanoparticles in the internal volume
during mechanical alloying.

It has been shown that mechanical alloying time should not ex-
ceed 30h to provide mini- mum powder agglomeration, uniform
distribution of the Y,03 oxide in the powder mixture and mini-
mum porosity of compacts.

It has been established that due to melting of the nanosized
powder fraction and the related formation of an open porosity at

the grain boundaries, SPS should be carried out at the lowest pos-
sible temperature.

For the fabrication of ODS EP-450 steel of minimum porosity
and maximum density the optimal parameters of mechanical al-
loying and spark-plasma sintering are:

- time of 1 milling cycle is 2 h;

- cooling time of container is 1 h;

- number of turns of the mill is 200 min™!;

- total time of milling is 30 h;

- optimum amount of Y,03 is 0.2 +0.5 wt%;

- the heating rate to a predetermined
> 300 K/min;

- pressure is 70 +~80 MPa;

- exposure time under load is 0 or > 3 min;

- sintering temperature is 1098 + 1163 °C.

temperature is
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