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Influence of Y,0, nanoparticles on sintered iron structure and microhardness is inves-
tigated. Ferrite grain growth is shown to be slowed down by the clusters which cause
altering the grain shape from needle-like to equiaxial (with lower specific surface). Yt-
trium oxide particles resulted microhardness increasing to 3.6 GPa at 1 % of second phase
content. The fact is explained by retardation of dislocations on disperse particles by the
Orowan mechanism.
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HUccaenopano BausHme HaHouacTun, Y,O; Ha CTPYKTYPY M MHUKPOTBEPAOCTh CIEUEHHOTO
sKeqesa. ITokasaHno, UTO pocT 3epeH (eppuUTa 3aMeAJAAETCA KJIACTEPAMU, KOTOPHIE BBIBSHLIBAIOT
usMeHeHre (QOPMBI 3epHA M3 UTOJLYATOTO Ha 0ojee PABHOOCHEIHN. [[oDaBjeHMe YaCTHUI] OKCHU-
I8 UTTPUA YBeJIUYUBAET MUKPOTBEepAOCTL Marepuajna go 3,6 T'lla mpu 1 % coxepskanuu
Y,0,. Hannerit pakT 06bACHAETCA TOPMOKEHHEM AMCIOKAINI 00 HAaHOAMCHIEePCHBIE YACTHITHI
mo mMexaHusmMy OpoBana.

Moaudikania BiacTHBoCTEil CIIEUEHOr0 3aJi3a HAHOYACTHHKAMM Y203. M.I.9epednur,
O.F0.IIonos, C.B.9opuooywx, I.M.Toyvruii, M.II.Cemenvro, O.I.Bowro, BA.Trauyr, €.B.Cao-
600anur, C.M.Haymenrko, BA.Maxapa.

Hocmigxeno Bine HaHowacTUHOK Y,05 Ha CTPYKTYPY 1 MiKpoTeepgicTs crmedeHoro sai-
3a. ITokasano, 1110 3POCTAHHA 3€pPeH (PEPUTY CHOBIMLHIOETHCA KJACTepPaMM, AKi BUKJINKANOTH
3Miny (hopMU 3epHa 3 TOJTYACTOTO Ha Oinwir piBHoocHMI. [JomaBaHHA YaCTUHOK OKCULY iTpifo
36impmrye MikpoTBepaicTs marepiany go 8,6 I'lla mpu 1 % gomimku Y,0. Hannit daxTt mosc-
HIOETHCA TATEMYBAHHAM AVCIOKAIlilT 00 HAHOAMCIIEPCHI YacTUHKY 34 MexaHismMoM OpoBaHa.

1. Introduction

Oxide-dispersion strengthened (ODS)
steels are promising materials with highly
improved physical-mechanical charac-
teristics [1]. Adding of 0.3-0.5 weight %
yttria to steel improves its strength by
50 % and yield stress by 30—40 % [2]. It is
also known [3] that radiation swelling resis-
tance of the ODS steels is 2.5 times as high
as that of conventional ones. Thus oxide
contain steels are attractive structural ma-
terials for nuclear reactors [1-6].
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Steels can be strengthen with many dif-
ferent oxides from which the most popular
are zirconia, yttria and titania. However
Y,05 is more promising in regards of radia-
tion stability. E.g. the authors of [4] con-
cluded Y,O; particles to be stable after
590 MeV proton irradiation, Cayron with
coauthors [5] showed that yttria clusters
don’t dissolve in iron matrix at neutron ir-
radiation up to 20 dpa while Voevodin et al.
[6] proved its radiation swelling to be by a
factor of ten slower than that of alumina.
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It is well known [7] that mechanical
characteristic of degradation under irradia-
tion is caused by formation of a great
amount of point defects which prevent dis-
location movement and embrittle material.
Modeling provided in [7] showed that at
high temperatures the defects can disappear
in sinks. J.Brodrick et al. [4] considering
Y,05 nanoparticles to be such sinks, mod-
eled behavior of interstitials and vacancies
near the clusters, and showed them being
able to attract both due to stresses appear-
ing as a result of matrix-inclusion lattice
discrepancy.

Another factor of oxide particle on the
steel radiation stability impact as it is men-
tioned in [8] can be matrix fine structure
formation. Such structure contains a great
amount of grain boundaries which as well
are efficient defect sinks. Influence of yt-
tria nanoparticles on ferrite nucleation and
growth was investigated in [9]. It was
shown that increasing of Y,03 content
leaded to laminated ferrite amount decreas-
ing. However investigated yttria fraction
was not more than 0.02 % while most
authors [1-5, 7, 11] insisted on optimum
oxide inclusion content within 0.1-1 %.

ODS-steels presented in many resent works
[4, 10-12] were synthesized in two stages: i.
mechanical one basing on milling of Fe-Y,04
powder mixture to dissolve oxide particles in
matrix; ii. hot isostatic pressing of obtained
powder at a pressure up to 1 GPa.

The present work is an attempt to create
iron-based material with yttria nanoparti-
cles via conventional single-stage hot press-
ing of relevant powder mixtures and inves-
tigate oxide particle influence on structure
and microhardness of sintered materials.

2. Experimental

Commercially available powders of car-
bonyl iron P-10 (2-5 um, "Novohim" Ltd.,
Kharkiv, Ukraine) and monoclinic Y,0;
(40-60 nm, Novosibirsk State University,
Novosibirsk, Russia) were used as starting
materials. Different powder compositions
(Table) were mixed in a planetary mill with
rotation frequency 120 s~ ! during 15 min.
The powder mixtures were hot-pressed in a
graphite die, without special protective at-
mosphere at temperature of 1000°C and ap-
plied pressure of 27 MPa during 30 min
[13]. Sintered samples were of cylinder
form and after polishing with diamond
abrasive suspension of 9, 3 and 1 um their
diameter and height were 10 mm and
4 mm, correspondingly.
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Fig. 1. Sample 6 (1 % Y,03) X-ray diffrac-
tometry.

Table. Yttrium oxide content

No. Y,05 content, wt. %
1 0
2 0.1
3 0.3
4 0.5
5 0.7
6 1

The bulk densities of obtained materials
were measured using the Archimedes
method and for all the samples ranged be-
tween 97-99 % . Microhardness HV meas-
urements with a Vickers indenter were per-
formed with load of 150 g for 10 s exposure
on the polished surfaces [14]. Crystalline
phases in the hot-pressed specimens were de-
termined by X-ray diffractometry (DRON-
4M, St. Petersburg, Russia).

For the purpose of material crystalline
structure investigation a half of each sam-
ple polished surface was etched with 10 %
nitric acid solution for 20 s. The surfaces
were investigated with optic microscopy
(Carl Zeiss Axio Observer Alm), SEM and
SEM-EDX (Teskan MIRAS3).

3. Results and discussion

X-ray diffractometry of the hot-pressed
composites depicted in Fig. 1 indicates the
presence of o-Fe with 12 wt. % of FeiC
which corresponded to carbon content of
0.8 wt. % in carbonyl iron powder. Absence
of yttrium oxide peaks oin the XR-pattern
(Fig. 1) can be explained by its little
amount and low grain size.

Functional materials, 23, 2, 2016
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Fig. 2. Sample 6 (1 % Y,03;) EDX analyses.

Distribution of oxygen and yttrium
atoms on sample 6 surface (Fig. 2) shows how-
ever that Y,O; did not dissolve during hot
pressing and remained as partially agglomer-
ated clusters of 100—500 nm in iron-based ma-
trix which correlates with the data of [15].

Figure 3 represents optical microscopy
of the sample 6 etched surface. Here we
can distinguish two different areas:
"dark™ and "light”. Based on the data
shown in [16, 17] it is clear that sintered
materials have pearlitic ferrite structure
typical for steels with ~ 0.8 % of carbon.
Investigation of the different composi-
tion sample etched surfaces (Fig. 4)
showed that yttrium oxide particles alter
the matrix structure significantly: fer-
rite grains change their needle-like form
into globular one with oxide content in-
creasing. So yttrium oxide particles slow
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Fig. 8. Sample 6 (1 % Y,03) etched surface
microstructure.

down ferrite needle growth leading to al-
most equiaxial (with the lower specific sur-
face) grain formation.
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Fig. 4. Optical microscopy of matrix structure with different yttrium oxide content (a — No. 1
(0 % Y,03); b — No. 8 (0.3 % Y,03); ¢ — No. 4 (0.5 % Y,05); d — No. 6 (1 % Y,0,).

Sample 1 (which is actually pure matrix)
microhardness agrees within error with the
value of 2.8 GPa (Fig. 5) which can be cal-
culated assuming the rule of mixtures and
basing on the microhardness values of fer-
rite (2.1 GPa) and perlite (2.6 GPa) [16].
According to Fig. 5 even 1/10 percent of
yttrium oxide addition strengthens the ma-
terial by 21 %. Further increasing of the
Y,03 content to 1 % causes the microhard-
ness enhancement up to 3.6 GPa.

It is well known [18] that microhardness
of unhardened hypoeutectic steels of differ-
ent structures reaches not more than
2.75 GPa. Thus, the strengthening shown in
Fig. 5 cannot be explained with matrix
structural evolution and should be consid-
ered to be caused by appearance of yttrium
oxide clusters which delay dislocation move-
ment [4].
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Fig. 5. The dependence of microhardness on
yttrium oxide content.

The authors of [19] showed that there
are several possible mechanisms of interac-
tion of the dislocations with clusters. The
authors considered two main characteristics

Functional materials, 23, 2, 2016
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Fig. 6. Dependences of internal stress level
needed for cluster destruction (At,;) and maxi-
mum additional inner stress caused with the
nearby dislocation (At,) on particle size (d);
a— 0.1% Y,03; b —1 % Y,0,.

of the interaction: internal stress level
needed for cluster destruction (At;) and
maximum additional inner stress caused
with the nearby dislocation (Aty). The
mechanism is defined by the comparison of

Aty and Aty values which can be estimated
as [20]:

Aty = D’ (1)

Tg=""

" p-d
were Y — cluster surface energy, D — aver-
age distance between two clusters, d — av-
erage diameter of the circle forming after
cluster destruction, G — matrix phase ri-
gidity modulus, b and b, — inclusion and

matrix dislocation Burgers vectors corre-
spondingly. Considering d/D =& (§ — vol-
ume fraction of inclusions) we can have:
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Ch (4)

ATO = 1700
=)
g

Results of the estimation with (8) and (4)

using appropriate parameters for the steel

matrix and yttrium oxide particles

(y = 2.21 J/m?2 [21], b = 0.58 nm [22], G = 84 GPa

[28], by=0.25 nm, D=2 um, d=200 nm

(see Fig. 2) shown in Fig. 6 proved that dis-

locations overcome oxide inclusions by the

Orowan mechanism which correlate with the
data of [20].

4. Conclusions

Sintering of carbonyl iron-Y,O; powder
mixtures at 1000°C and 27 MPa during
30 min leads to composite formation with
pearlitic ferrite matrix and yttrium oxide
nanoinclusions. It is shown that the oxide
inclusions slow down ferrite grain growth
causing specific area of the phase decreas-
ing by altering the grain shape from needle-
like to globular. Increasing of Y,03 content
to 1 % leads to composite microhardness
enhancement up to 3.6 GPa which can be
explained by retardation of dislocations on
disperse particles by the Orowan mecha-
nism.
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