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Abstract: The ODS ferritic steel powder with chemical comfiosi of Fe-14Cr-2W-0.3Ti-0.3Y203 was mechanically al
loyed (MA) either from elemental or pre-alloyed miaws in a planetary ball mill. Different milling pameters have been
used to investigate their influence on the morpgyland microstructure of the ODS ferritic steel dew The time of MA
was optimized by studying the structural evolutafrthe powder by means of X-ray diffractometry arieM. In the case
of elemental powder very small, about 10 um in @itam spherical particles with a large surface &ae been obtained.
Flakey-like particles with an average size of ab&kifum were obtained in the case of the pre-allp@ader. The lattice
strain calculated from XRD spectra of the elemeatal pre-alloyed powders exhibits a value of abdbit 06 and 0.67, re-
spectively. The pre-alloyed powder after consol@aprocess showed the highest density and micdoless value.

1. INTRODUCTION

30 years have passed since Benjamin (1970) usest a m

chanical alloying (MA) technique for the first timie syn-
thesize different kinds of materials. The strudtuaad
chemical changes during MA in a solid state povaterso
complex that it is difficult to predict particulaeaction or
time needed to obtain final product properties. THA
process is commonly used to obtain intermetallio/gers
starting from elemental powder particles and irg of the
most popular methods for the production of oxidgpdi-
sion strengthening (ODS) ferritic steel reinforosih yt-

trium oxide (Y,O3). ODS ferritic steel is candidate material

for structural applications in future fusion reastodue to
their excellent high temperature properties, théstability
and irradiation resistance. Such material can loelyed
using various initial powders, e.g., elemental andire-
alloyed powders as well as milling devices and M&a
meters (Suryanarayana, 2001).

The physical and chemical features of the mechlyica

alloyed powders depend on the MA parameters, ssch a

type of ball milling device, linear velocity, typsijze and
number of the balls, the balls-to-powder weightiorat
(BPR), the milling atmosphere, a process contranag
(PCA), process temperature and many others (Surggaa
na, 2001; Mukhopadhyay et al., 1998; Cayron et2804;
Chul-Jin, 2000; Ohtsuka et al., 2005; Patil et aDP5).
In spite of plenty of published articles there 8l & lack
of systematic studies comparing morphology, siztribu-
tion and other characteristics of ODS ferritic s{g@wvders
produced by ball milling method.

In this paper the microstructural evolution of eéartal
and pre-alloyed ODS ferritic steel powders durincgh M
in a planetary ball mill has been studied to obthia de-
sired solid solution properties. Different ball hmi¢y condi-
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tions were investigated to establish their inflleeron the
morphology and microstructural changes of the O&r#tf
ic steel powders.

2. EXPERIMENTAL PROCEDURE

Selection of MA methods and conditions was done

on the basis of a literature survey (Suryanaray2081;
Mukhopadhyay et al., 1998; Cayron et al., 2004 m@er-
cially pure elemental Fe, Cr, W, Ti and,(3 powders
(more than 99.8% of purity) for the ODS ferritiesk with
the composition of Fe-14Cr-2W-0.3Ti-0.8¥; (in wt.%)
were mechanically alloyed in a planetary ball rguipped
with stainless steel vials and balls, performedeurargon
or hydrogen atmosphere. Two different BPR’s of:11énd
20:1 (100 and 200 stainless steel balls with a dianof 10
mm) and two different rotation speeds (RS) of 25® and
350 rpm were used. At selected times a small amofusas-
milled powder was taken out from the milling jar farther
morphology and microstructure analyses. To minindze
contamination of the powder loading and unloadifghe
powder was performed in an argon glove box. Theetim
of MA was optimized by studying the structural exan

of the powder by means of X-ray diffractometry (XRD
ina Siemens D5000 device, using the Gu-Kadiation

(A=0.15406 nm). The crystallite mean size and latiicain

were determined by the Williamson-Hall method (®s6

= 2(€)sin 6 + kA/D) [8], where B is the full-width at half-
maximum of the diffraction peak (FWHMS9, is the Bragg
angle, € is the internal lattice straih is the wavelength
of the X-ray, D is the crystallite size and k isnstant

(k=0.9). B can be calculated from;’B= B?, - B%, where

Bs is the peak broadening due to instrumental effieehs-

ured using crystallized LaBstandard and Bis the eva-



luated width. MA process was conducted until theutsc
elements peaks in kay diffraction patterndisappeared.

The powders morphology and microstructure weu-
died using scanning electron microscopy (S) and trans-
mission electron microscopy (TEM). The etched o-
structure of the powder was observed by means ti¢ad
microscopy (OM). Chemical analis of the powders we
performed using wavelength dispersiv-ray fluorescence
spectroscopy (WD<RF) as well as LECO T-436
and LECO IR-412 analysers faneasurements of O,
and C contents, respectively.

After MA the ODS powders were submitted to isos-
tatic pressing (HIP) at the temperature of 1156th@ prs-
sure 200 MPa for 4 hours. Density of the specinsdter
compaction was measured by means of Archimede-
thod. Microhardness measurements were perfol
by usinga Vickers diamond pyramid arapplying a load
of 0.98N for 15s. Each result is the average of ast
10 measurements.

3. RESULTS AND DISCUSSION

3.1. Morphology and microstructure
of the ODS powders after MA

The particles of the agceived elemental ODS ferri
steel powders appear mostly round in shape, withar-
age size of about 10 um (see Flg). SEM micrograph
of the particles after MA for 50 h in a planetary bl
with a BPR of 10:1 and R8&f 250 rpm are stwn in Fig.
la. Fig 2 shows changes of the partigiee during M/ At
the early stage of ball milling fast increase ie article
size up to 150 pm were observed (see Fig. 2). eurtti-
ling, up to 8 h, leads to a significash¢creae in the particle
size anduniform size distribution. In jolonging the time
of MA up to 12 h agglomation process takes place a(
increasing the size of the particles frafto 80 pumHow-
ever, further prolongation dhe milling time resulted in the
hardening and fracturing of the particles due tbgte
failure mechanism.This trend, gradual refining of tt
powder, was observed up to 40 hMA. From 40 to 50 t
of MA a small variation of particle size can be eh®d
probably due to the equilibrium state between turing
and welding of the particles. Fitgl after 50 h of MA,
about 10 pm in diameter and homogenous particlag
obtained.

It was also observed that by increasing the rate
speed from 250 to5® rpm the milling time we reduced
from 50up to 42 h. When a BPR of 20:1 and 350 rpm
were plied the time of formation of a solid solutioe-
creases up to 22 h. SEM observations of the elexh&mS
powders (see Fig. 1) revealed that varying theimy pa-
rameters: BPR, R8r milling atmosphere (aon or hydro-
gen), no significant changes in thrphology of the OD!
powders were achieved and about 10 pm in diamer-
ticles were produced. However, a higher C contahb(t
20%) was detected in the powder using higher BPROaE
and about 20% of oxygen contemés reduced after usit
hydrogen atmosphere (see Table 1).
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Fig. 1. Morphology of the ODS powder particles: a-received
elemental powder, b) elemental powder MA for £
in argon, BPRLO:1, c) elemental powder MA for 22
in argon, BPR 20:1, and d) [-alloyed powder MA
for 20 h in hydrogen, BPR 1(
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Fig. 2. Particle size distribution of the elemental ODS gder
during MA in the planetary ball mill for 5C in argon

Table 1.Chemical composition (in \.%) of the ODS Fe-14Cr-
2W-0.3Ti-0.3Y,0; elemental and p-alloyed powders
after MA in the planetary ball mi

Chemical ontent, wt.%
Conditions C Cr| W Ti Y (@)
AS.' 0.078| 14.1| 1.96 | 0.31| 0.23 0.33§
received
Elemental,
MAin Ar | 0.088| 13.7| 1.84 | 0.26| 0.21] 0.487
for 50 h
Elemental,
MAinH, | 0.067| 13.7| 1.80| 0.25| 0.28 0.377
for42 h
Pre-
alloyed, | 0.043| 13.5| 1.92| 0.33| 0.25 0.171
H,, 20 h

It is well known that the MA technique yields comi-
nation of the milledpowder, which substantially alte
thenature of the particles and therefore nges the final
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properties of a bulk materigMukhopadhyay et al., 199
Ohtsuka et al., 2005). The data in Tablshovn that the
un-milled ODS powder contains a high oxygeontent
(0.338 wt.%) and after MA in &igh purity argon atn's-
phere (99.9999 wt.%) an oxygen conten@a@f82 wt.%was
measured. The amounts efich elementas C, N, Mn
andSi also increased due to the contamination conrimg
the grinding media.

To reduce oxygen and carbon content , a process
with application of a pre-alloyed, gasemisel Fe-14Cr-
2W powder with 0.3%¥0; and 0.3%Tiwas performe.
The MA process wasaried out up to 20 h und pure
hydrogen atmosphere using BPR 10:1 and rotatieed
350 rpm. Fig. 1d showSEM image of the p-alloyed ODS
powder after ball milling. According to the SEM @sa-
tions the prealloyed powder, in comparison with thee-
mental one, exhibitmore than 4 times largparticles with
an average size of about 4Bphowever, C and O conte
is significantly lower.

Optical micrographs of thetched elemental powdef-
ter MA for different milling times revealed that rig
theinitial stage of milling (up to 10 hrs) a typicarhellar
microstructure was observeglliig 3a). Prolongation of tr
MA time caused refinement of the lamellaseatureless
contrasts as well as cracks that initiate breakrdofvthe
particles are observed.ftAr MA (Fig. 3b), the powde
consists of ahuge number ofan agglomerate(particles
which form featureless image what may suggest that
particles exhibit nano-sized grains.

Fig. 3. Microstructure of the elemental powder M/ argon for:
a)10hand b)50h

ail . g ).E:r"ah l-:; 3 .b" # & ; ¢ .}.:- ar s 4 2
Fig. 4. Bright-field TEM images of: a) elemental ODS pow:
MA in argon, and b) praelloyed ODS powder M/

in hydrogen

Figs. 4a and 4b show TEM images of eleme
and pre-alloyed ODS powds after mechanical alloyir
under argon and hydrogen atmosphere asidg the sam
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milling conditions(BPR=10:1, RS350 rpm). TEM obser-
vations indicate that botpowders have a stronglye-
formed and nangized microstructure and no yttriar-
ticles However, some differences of thecrostructure are
also observed. The ehental powder has equiaxed n-
sized grains whereas elongated (textureithe direction
parallel to the surface of the particle grains @veerved ir
the case of pralloyed powder. It can also be nod that it
was difficult to estimatéhe nan-grain size, due to the lack
of clearlyvisible grain boundaries. Th, results of the X-
ray diffraction tests athe powders will b presented in the
next section 3.2.

3.2. XRD analysis of the ODS powde

X-ray diffraction patterns of the ODS elemental .
prealloyed powders MA in the planetary ball mill ¢
shown in Figs. 5 and, Bespectivel. After very short time
of MA (2 h), in the case of elemental powder, theaks
of Y,0O; and the othersolute elements disappeared com-
pletely and XRDpattern exhibits maji a-Fe and W peaks
(see Fig. 5). With increasing the milling time tilensity
of Fe and W peaks decreases and its width increaseso
a reduction of the crystallite size and increasthendefa-
mation level of the particles. /er 50 h of ball milling
of the W peak disappears completely suggesting that
process is accomplished.
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Fig. 5. XRD plots of the elemental powder M
in the planetary ball mill up to 50 h in ar¢
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Fig. 6. XRD plots of the prealloyed powder MA
in planetary ball mill up to 20 h in hydroc



Also XRD examinations of the pre-alloyed powdere(se
Fig. 6) revealed that after 1 h of MA the peaksYgO,
and Ti disappeared what suggests tha@DsYparticles were
completely dissolved in the ODS steel matrix. lerss
highly probable, however, that yttria could stikrmain
as a small particles incorporated deeper into thel sna-
trix, and as a consequence, could give a weakexyXsig-
nal than from the yttria particles lying on thefaoe of the
ODS powder. This is due to the limited penetratit@pth
of the X-rays into the material described in litera (Culli-
ty, 1965). Hence, MA process of the pre-alloyed gemw
was continued up to 20 h to ensure homogenouspocar
tion of the Y,0; particles in the ODS steel powder.

Detailed analysis of the XRD spectra indicates that
ing MA the main [110]Jo-Fe peak is gradually broadened
and shifted towards lowe®Zngle values. This indicates an
increase in solid solubility of the solute elemeintshe a-
Fe matrix, an increase in the lattice strain asl aelthe
gradual reduction of the crystallite size as it waafirmed
in Figs. 7 and 8. In the early stage of MA a ragétrease
in the crystallite size to about 40 nm was obsel\ed. 7).
Further ball milling proceeds relatively slowly afidally
elemental and pre-alloyed powders reach an avergge
tallite size about 35 and 32 nm, respectively. €hesults
are not consistent with TEM observations preseitdelg.

4. However, it is well known (Suryanarayana, 20€H3t
TEM reveals grain size images, whereas the X-rap-te
nigue gives information about an average crystakiize
defined as coherently diffracted domain.
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Fig. 7. Crystallite size plotted as a function of the militime
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Fig. 8. Lattice strain vs. MA time of elemental
and pre-alloyed powders

Fig. 8 shows the lattice strain value of the ODS/gho
ers, calculated from XRD data, and both milled gsiine
same milling conditions. These results indicate #haigher

acta mechanica et automatica, vol.5 no.2(2011)

about 30% lattice strain exhibits pre-alloyed pomde

This is probably due to an initial solid solutiomesg-
thening effect of the pre-alloyed powder. On thetary,
smaller and more reactive elemental powder pastioiay
undergo faster recovery process, and as a conssguen
a lower internal strain can be measured (Hwang,1200
Nevertheless, both powders demonstrate similardgen
the lattice strain increase and crystallite sizerei@se with
the milling time prolonging and after a certain ipdr
of milling a steady state is reached.

3.3. HIPping of the ODS powders

Following MA, the consolidation process was carried
out under a pressure of 200 MPa at a temperatutd 5%
C for 4 h. The results of microhardness and appatemsi-
ty of the specimens after HIPping are summarized
in Tab. 2.

The obtained in Table 2 results indicate that tighdst
density and microhardness value has the pre-allppadi-
er mechanically alloyed in hydrogen. On the comtrar
the lowest density has the material consolidatednfele-
mental powder MA in argon. This is a consequencehef
highest impurities content measured in the eleng@atad-
er after milling which can not be reduced duringtier
degassing and HIPping process.

Tab. 2. Microhardness and density results of the ODS fersieel
specimens after MA in different atmospheres andodtP
under a pressure of 200 MPa at 17180for 4 h

As-HIPped Elemental, MA| Elemental, MA| Pre-alloyed,
P 42h,argon | 42h,H | MA20h, H
UHVo, 410421 345+14 425+17
Apparentdeny  gg o 99,52+ 99.78*
sity, %

* Apparent density=specimen density/theoretical density of an ODSferrit-
ic steel (theoretical density=7.84 g/cnt)

These results also reveal that the parameters RpiHg
process were suitable to produce almost fully deDBS
ferritic steel material.

4. CONCLUSIONS

On the basis of the results the following conclasican

be drawn:

1. There are significant differences in the morphology
of the elemental and pre-alloyed powders after MA.
About four times smaller particle were obtainedeaft
ball milling of the elemental powder whereas, large
and flakey-like particles were observed in the case
of pre-alloyed powder.

2. An increase in the parameters of MA process yields
a decrease in the time of milling, however, no gign
cant changes in the morphology of particles havenbe
observed.

3. The average crystallite size of about 35 nm, esétha
from XRD spectra, was found comparable for both
powders. However, in the case of pre-alloyed powder
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TEM observations revealed elongated up to 100 nm 8. Patil U, et al. (2005), An unusual phase transformation dur-

nano-grains what is not in a good accordance WiRDX ing mechanical alloying of an Fe-based bulk metaliburnal
results. of Alloy and Compounds, Vol. 389, 121-126.

MA under argon atmosphere resulted in an increase 9. Suryanarayana C.(2001), Mechanical alloying and milling,
. . . Progressin Mat. Science, Vol. 46, 1-184.

of tr:ledO (.:ont?nr: Vt\)/h:ﬁh had. lde]}t”memal. influence 10. Williamson G .K., Hall W. H. (1953), X-ray line broadening

on the density of the u materia f"l er H'PP'“Q- from filed aluminum and wolframActa Metall., Vol.1, p. 22.

It was found that the highest density and microhess

value I_\(’jvas dachleved when pre-alloyed powder was i o was supported by Bialystok Technical Ursity,
consolidated. a grant no. W/WM/21/10.

REFERENCES

Benjamin J. S.(1976), Mechanical AlloyingScientific Amer-
ican, 234, 40-8.

Cayron C. et al. (2004), Microstructural evolution of
Y,03 and MgALO, ODS EUROFER steels during their elabo-
ration by mechanical milling and hot isostatic gieg, Jour-
nal of Nuclear Material, Vol. 335, 83-102.

Chul-Jin Choi (2000), Preparation of ultrafine TiC—Ni
cermet powders by mechanical alloyiggurnal of Mate-
rials Processing Technology, Vol. 104, 127-132.

Cullity B. D. (1965),Elements of X-ray Diffraction, Addison-
Wesley Publishing Company, INC. London, England.

Hwang S., Nishimura C., McCormick P. G.(2001), Me-
chanical Milling of Magnesium Powde¥jaterial Science and
Engineering, Vol. A318, 22-33.

Mukhopadhyay D. K., Froes F. H., Gelles D.S(1998),
Development of oxide dispersion strengthened fersteels
for fusion,Journal of Nuclear Materials, Vol. 258-263, 1209-
1215.

Ohtsuka S., et al.(2005), Nano-structure control in ODS
martensitic steels by means of selecting titaniunt axygen
contents,Journal of Physics and Chemistry of Solids, Vol. 66,
571-575.



