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Effects of mechanical alloying (MA) parameters on characteristics of nanocrystalline Fe–Cr–W–Ti–Y2O3

powders, including alloying degree, grain size, microhardness and morphology had been systematically
investigated by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The results showed that
the alloying degree of milled powders was increased with the elevation of milling rotational speed and
elongation of milling duration. The W atoms were completely dissolved into the iron matrix after milling
at 350 rpm for 24 h. The grain size of milled powders was decreased sharply at first stage of milling and
leveled off after 24 h, while lattice strain was increased. The microhardness of alloyed powders was ele-
vated firstly and stabilized at about 607.4 HV after 24 h milling. Process control agent (PCA) effected the
morphologies and retarded the alloying extent of the milled powders. Finer, more uniform and spherical
particles were obtained when steric acid (SA) was chosen as PCA. Increasing ball to powder ratio (BPR)
would lead to efficient reduction of average particle size, but decrease powder yield and increase
contamination.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Recently progresses were found in the researches of nanostruc-
ture ferrite alloy (NFA) with nominal composition Fe–(12–14)Cr–
W–Ti–Y2O3 [1–5], which was potentially used as structure material
in future fusion system due to their outstanding resistance to high
temperature creep and irradiation [6–8]. Such alloys generally con-
tain complex Y–Ti–O nanoclusters, which are derived from Y, O
and Ti atoms dissolved in the matrix by MA [9,10].

Researchers have been conducted in order to control the size
and distribution of oxide particle in the matrix of NFA by modify-
ing chemical compositions [11–15]. Warm consolidation proce-
dures following MA and annealing such as vacuum sintering, hot
extrusion (HE) and hot isostatic pressing (HIP) have also been con-
centrated onto optimize the final microstructure and properties of
this material [1,9,16]. The effects of these consolidation procedures
on materials were sensitive to the characters of the starting pow-
ders, including morphology, grain size and contamination, etc.
[17–19]. So the macroscopic properties of materials were related
to the characters of starting powders severely.

However, there was no quantified understanding about the
characters of powders with nominal composition Fe–(12–14)Cr–
W–Ti–Y2O3 fabricated by MA. So in this work, the relations be-
tween parameters of milling and characteristics of powders were
systematically studied.
ll rights reserved.
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2. Materials and methods

The iron powder had a purity of more than 99.5 wt.%, with a
average particle size of 6 lm, while corresponding values for chro-
mium, tungsten, titanium and yttrium oxide powder used were
99.95, 99, 99, 99.5 wt.% and 75 lm, 60 lm, 54 lm, 50 nm, respec-
tively. Both vials and balls were stainless steel. Two sizes of balls
(6 mm, 10 mm) with the total mass of 600 g were used in each vial,
and the mass ratio of the two sizes of balls was 3:1. Ar2 with
99.99% purity was filled in the vials to avoid oxidation of powders
during MA.

Elemental powders with the nominal composition Fe–12Cr–
2.5 W–0.4Ti–0.3Y2O3 in wt.% were mechanically alloyed in an attri-
tion-type ball mill with parameters stated in Table 1. The effects of
rotational speed, milling duration, PCAs, and BPR on characteristics
of milled powders, including alloying extent, morphology, microh-
ardness, etc. were investigated respectively by the comparison of
(A, B, C), (C, D, E, F, G), (C, H, I, J, K, L) and (M, G, N, O). SA, alcohol
and n-heptane were used as PCA.

The effects of milling duration and PCAs on alloying extent of
powders were analyzed using X’PertPRO X-ray diffraction with
Cu Ka, and the grain size and lattice distortion were estimated as
Scherrer’s equation [20]. Parts of powders milled for different
duration were inlayed with mixture of epoxy and ethylenediamine,
subsequently were grinded and polished, then microhardness of
these powders were measured on HXS–1000AK microhardness
tester. Five points were collected for each sample to make sure
the accuracy. The effects of milling duration, PCAs and BPR on
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Table 1
Parameters of MA.

Number Rotational speed (r/
min)

Milling duration
(h)

PCA BPR

A 220 48 No 20:1
B 280 48 No 20:1
C 350 48 No 20:1
D 350 0 No –
E 350 6 No 20:1
F 350 12 No 20:1
G 350 24 No 20:1
H 350 48 0.5 wt.% SA 20:1
I 350 48 1 wt.% SA 20:1
J 350 48 2 wt.% SA 20:1
K 350 48 5 vol.% alcohol 20:1
L 350 48 5 vol.% n-

heptane
20:1

M 350 24 No 15:1
N 350 24 No 25:1
O 350 24 No 30:1
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morphology of powders were observed by Quanta-200 scanning
electronic microscope.

Powder yield describes actual amount of alloyed powders
obtained by MA. It was estimated as the ratio of the actual mass
of powders obtained by MA with the mass of powders filled in
vials. Contamination during MA was estimated by the following
equation:

g ¼ M1 �M2

M1
ð1Þ

where g represents the contamination, M1 represents the weight of
balls filling in the vial, and M2 represents the weight of balls after
MA, which has been cleaned and dried before weighing.
3. Results

3.1. Milling duration and milling rotational speed

Shown in Fig. 1 is the XRD patterns of milled Fe-based alloyed
powders with different milling rotational speed (A–C) and milling
duration (C, E–G). The XRD pattern of the powders mixture without
milling (D) was present for comparison. It can be seen from pattern
(D) that reflection peaks of Ti and Y2O3 were hardly ascertainable
even in the curve corresponding to the powders without milling.
Besides the position of reflection peaks of Fe and Cr were nearly
coincident with each other. Comparison of (A–D) showed that
Fig. 1. XRD patterns of milled Fe-based alloy with different rotational speed and
milling duration.
the reflection peak of W in the powders milled for 48 h existed un-
til the rotational speed reached 350 r/min. Curves of (C, E–G)
exhibited reflection peak of W disappeared after 24 h milling under
350 r/min, and the position of a-(Fe, Cr) reflection peak shifted to
lower angle with the milling.

Based on full width at half maximum (FWHM) of a-(Fe, Cr)
reflections and Scherrer’s equation, the grain size and lattice dis-
tortion of milled powders were estimated and presented in
Fig. 2. The grain size was decreased rapidly at early stage of milling
and leveled off at prolonged milling duration, while the lattice dis-
tortion was increased. Fig. 3 shows that the microhardness of
milled powders was elevated sharply and stabilized at about
607.4 HV after 24 h milling.

SEM images of powders with different milling duration, corre-
sponding to (D, E, F, G, C) in Table 1, were presented in Fig. 4. Se-
vere agglomeration and formation of laminar structure were
observed at first stage of milling (Fig. 4b), and the particle size ran-
ged approximately from 10 lm to 100 lm. After milling for 48 h,
equiaxed particles with size of less than 10 lm were found.
3.2. PCAs

Shown in Fig. 5 were XRD patterns of milled powder with PCAs
varying in type and content. By comparison of (C), reflection peaks
of W had not disappeared in all (H–L) patterns, but the strength of
the peak was weakened with the decrease of SA addition.

Fig. 6 shows the morphologies of powders milled with and
without PCAs. Finer, more uniform and spherical powders were ob-
tained when SA was added into the milling. The particles were
mostly less than 5 lm when the amount of SA reached 2 wt.%.
Laminar powders were obtained when alcohol was added, and
the morphology of powders were insensitive to addition of n-hep-
tane by comparison of Fig. 6e and f.
Fig. 2. Grain size and lattice distortion of milled Fe-based alloy as a function of
milling duration.

Fig. 3. Hardness of milled powder as a function of milling duration.



Fig. 4. SEM images of powders milled with different duration: (a) powder D, 0 h; (b) powder E, 6 h; (c) powder F, 12 h; (d) powder G, 24 h; (e) powder C, 48 h.
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3.3. BPR

Fig. 7 shows the SEM graphs of powders milled for 24 h with
different BPR. The average particle size was decreased with eleva-
tion of BPR. However, excessively high BPR, which increased the
times of collision of balls on powders, would cause undesirable
contamination and low powder yield, as seen in Fig. 8.
4. Discussion

The decrease of strength of reflection peaks of W in Fig. 1 indi-
cated that the alloying extent was enhanced with the elongation of
milling duration and increase of milling rotation speed, which was
consistent to the study by Suryanarayana [21]. It was easy to real-
ize that faster mill rotational speed and longer milling duration
would lead to higher energy inputted to powders. The change of
position of reflection of a-(Fe, Cr) peak indicated the solution of
W atoms and increase of strain distortion. The broadening of
reflection of a-(Fe, Cr) peak indicated the decrease of average grain
size of a-(Fe, Cr), which was shown in Fig. 2. It would be inferred
that a balance have been established between deformation and
recovery of the grains and W atoms have dissolved in the a-grain
structure completely after 24 h milling because the change of aver-
age grain size and microhardness of milled powders were not obvi-
ous, which have been suggested by Y. Kimura et al. referred to



Fig. 5. XRD patterns of milled powders with PCAs.

Fig. 6. SEM graphs of milled powder with PCAs: (a) powder H, 0.5 wt.% SA; (b) powder I, 1
n-heptane; (f) powder C, no PCA.
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alloyed Fe–24Cr–(0–15)Y2O3 powders fabricated by MA [15]. The
morphologies of powders with different milling duration exhibited
a typical process of milling for ductile particles [22]. At first stage
of milling, powders could withstand the deformation and be
welded together. With the continued milling, the powders were
hardened and fractured to be small particles.

SA and alcohol have effectively prevented the agglomeration
between powders, while no changes occurred when n-heptane
was added. The PCAs was absorbed on the surfaces of the Fe-based
powders as surface-active agents, therefore the surface tension of
the solid material was lowered, which resulted in the reduce of
surface energy, so the agglomeration of powders was inhibited,
and the equilibrium between fracturing and cold welding was
established till the particles was very fine. Meanwhile, the PCAs ab-
sorbed on the surface of powders could prevent the direct contact
wt.% SA; (c) powder J, 2 wt.% SA; (d) powder K, 5 vol.% alcohol; (e) powder L, 5 vol.%



Fig. 7. SEM graphs of milled powder with different BPR: (a) powder M, 15:1; (b) powder G, 20:1; (c) powder N, 25:1; (d) powder O, 30:1.

Fig. 8. Powder yield and contamination as a function of BPR.
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between powders’ surfaces, so the interdiffusion of atoms was hin-
dered; therefore the alloying extent was decreased. The different
impacts of PCAs on powders have not a clear explanation, however,
L. Shaw et al. suggested that this difference was related to the
physical properties such as melting point and phase transforma-
tion behavior [23].

Given the same milling rotational speed and milling duration,
higher BPR would result in finer particles, because the collision
per unit time was increased and more energy was transferred to
powders, so the hardening of powders was accelerated and the
equilibrium was established quickly. Meanwhile, high frequency
of collision would lead to serious adhesion of powders to milling
mediums, so more milled powder would left on the walls of vials
and surface of balls. Thus the milled powders obtained actually
were lessened, so the powder yield was decreased. Additionally,
it was easy to understand that the contamination caused by colli-
sion, wear between milling mediums was increased with higher
BPR.
5. Conclusions

Nanocrystalline powders with nominal composition Fe–Cr–W–
Ti–Y2O3 have been synthesized by mechanical alloying, and the ef-
fects of parameters of MA on alloyed powders have been systemat-
ically studied. The following findings were obtained as a result:

(1) Elevation of milling speed and duration would increase the
rate of alloying. The W atoms were completely dissolved
into iron base after milling at 350 rpm for 24 h. The average
size of a-(Fe, Cr) and microhardness of milled powders were
stabilized at about 19 nm and 607.4 HV individually after
24 h milling.

(2) Addition of SA could effectual inhibit the agglomeration of
milled powders. With increasing the SA addition, the milled
powders were more spherical and uniform. When the addi-
tion of SA reached to 2 wt.%, the average particle size was
less than 5 lm. However, the existence of PCAs would retard
the rate of alloying.

(3) Increasing BPR would reduce average size of milled pow-
ders, but lead to lessened powder yield and increased
contamination.

The implication of the present work was that the selection of
parameters of MA should be intelligently judged, by which the
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characters of powders could be controlled. For example, addition of
SA would reduce the agglomeration, while excessive SA could re-
tard the alloying rate, so the amount of SA addition used for this
material should be properly judged. Thus the ideal powders for
warm consolidation could be obtained efficiently, and the final
properties of materials would be optimized.
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