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In the current study, W-5Ni-2Fe-Y20O3 model alloys were produced using a high-energy planetary ball mill. The
presence of the v(Ni, Fe) phase is favored with respect to material properties in this alloy. Therefore, a secondary
ball milling method was introduced to obtain a fine and uniformly distributed +(Ni, Fe) phase. Phase development
of mechanical alloyed powders was investigated by X-ray diffraction. The results show that the formation of the
~(Ni, Fe) phase was found after 18 h of a pre-milling procedure. A further secondary milling method produced
a uniform microstructure with grain refinement. TEM results also show changes in the lattice parameters of the
tungsten and v(Ni, Fe) phase associated with the solid solubility limits in the alloy produced by secondary ball

milling.
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PACS: 81.20.Ev, 81.20.Wk, 81.07.Bc, 81.05.Ni

1. Introduction

Oxide dispersion strengthened (ODS) tungsten heavy
alloys have been developed as materials offering superior
strength at elevated temperature and improving ductile
to brittle fracture and the self-sharpening behavior of
tungsten heavy alloys [1-3]. These special properties can
be attributed to a uniform distribution of oxide disper-
soids, which impede the movement of dislocations and
retard recovery and recrystallization processes [4-7]. The
ODS alloys were normally produced by mechanical alloy-
ing, which is a solid-state powder metallurgy processing
technique that involves repeated cold welding, fracturing
and rewelding of powder particles. The mechanical al-
loying of tungsten heavy alloys has been the subject of
many studies [8-10]. A wide range of operating parame-
ters has been investigated such as the milling atmosphere,
the process control agent (PCA) and grinding media ma-
terials [11-14].

During the mechanical alloying process, formation of
different intermetallic compounds can result in a signif-
icant effect on microstructural development and mate-
rial properties. In heavy tungsten alloys, the addition
of small amounts of Ni, Fe elements in a tungsten ma-
trix promote liquid phase sintering and the binder phase
~v(Ni, Fe) is normally formed between tungsten grains
after sintering. This phase plays an important role in
determining material properties, particularly in the den-
sification and the improvement of the ductility of the
alloy [8,9]. Therefore, in this work, in order to produce a
large amount of the v(Ni, Fe) phase with a uniform and
refined structure, the standard procedure of fabrication
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of ODS tungsten alloys by mechanical alloying has been
modified. A secondary ball milling method was intro-
duced to synthesize tungsten-based ODS alloys reinforced
with the v(Ni, Fe) phase and to achieve a refined and ho-
mogeneous microstructure.

2. Experimental procedure

The material used in the present study has composi-
tion W-5Ni-2Fe-0.3Y203 (in weight percent). Initially,
the elemental powders of nickel and iron were pre-milled
for different periods: 0, 6, 12, 18, and 24 h to investigate
the formation of the v(Ni, Fe) phase analyzed by X-ray
diffraction (XRD). The pre-milled powders of the Ni-Fe
alloy system for 24 h of milling were then further secon-
darily ball milled with tungsten powders and Y5Oz nano-
oxide particles for additional 18 h to achieve homogeneity
and refinement of the v(Ni, Fe) phase distributed in the
tungsten matrix. The milling procedure mentioned above
named as “secondary milling” is applied in this work. In
addition, a standard milling procedure was used for com-
parison. All different powders of tungsten, nickel and
iron with nano-oxide particles were milled for 36 h. In
this case, we named this procedure as “primary milling”.
The mechanical alloying process was performed in an ar-
gon atmosphere using a planetary ball mill (Retsch PM
100). Milling experiments were carried out using a tung-
sten carbide grinding medium with a ball to powder ratio
of 10:1. The powders were loaded and sealed in a glove
box protected by a highly purified argon atmosphere to
avoid oxidation. The mechanically alloyed powders were
then sintered in a mixed hydrogen—argon atmosphere at
1400°C for 30 min. The formation of the v(Ni, Fe) phase
during pre-milling and phase characterization of the syn-
thesized powders were conducted using X’PERT PRO
XRD with Cu K, radiation. The crystallite size and
lattice strain was estimated using Scherrer’s formula as
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follows [15]:

0.9\
Br—m+ntan9, (].)

where B, is the total broadening due to crystal refin-
ing and lattice strains, A is the X-ray wavelength, ¢
is the crystallite size, 6 is the Bragg angle and 7 is
the strain in the material. The microstructure of the
milled powders and sintered specimens was examined us-
ing a JEOL JSM-7000F field-effect scanning electron mi-
croscopy (FE-SEM) and FEI Tecnai F20 G2 Field Emis-
sion Gun transmission electron microscopy (TEM).

3. Results and discussion
3.1. Microstructural observations during ball milling

Figure 1 displays an SEM image morphology of powder
particles during the milling process after various times
The morphology of the Ni, Fe powders pre-milled for 24 h
are shown in Fig. 1A. A composite microstructure con-
sisting of cold welded ~(Ni, Fe) solid solution phase is
formed as a result of repeated cold welding and fractur-
ing of powder particles. In this stage, a fine particle of the
~v(Ni, Fe) phase can be achieved after a long milling dura-
tion. Figure 1B,C shows the morphological evolution of
the tungsten and pre-milling of the ~(Ni, Fe) powder par-
ticles milled for different times (6, 12, and 18 h). This
procedure was named earlier as secondary ball milling.
A number of agglomerates with non-uniform morphol-
ogy particle are formed after 6 h of milling, see Fig. 1B,
as a result of cold welding and plastic deformation of
the tungsten and ~(Ni, Fe) powders. Further milling to
12 h caused a significant decrease in particle size and
the particles with a flake-like or platelet-like shape were
also observed in Fig. 1C. By increasing the milling time
up to 18 h, see Fig. 1D, the particle size can be further
refined and the morphology changes approximately into
spherical shapes.

3.2. Phase development of mechanical alloyed powders

Figure 2 shows the evolution of XRD patterns for pre-
milled Ni-Fe samples as a function of milling time. The
non-milled powder indicates the reflections correspond-
ing to face centered cubic (fcc) Ni and body centered
cubic (bec) Fe. It is clear to observe that the iron re-
flection peaks of (200) and (211) disappear after 18 h
of milling and the Ni peaks slightly shift towards lower
angles. The results suggest that Fe atoms dissolve into
the Ni crystalline lattice and expand the lattice on the
Ni-Fe alloy system during ball milling, which promote
the formation of a solid solution «(Ni, Fe) phase. Figure
3 also shows the change in the crystallite size and lat-
tice strain as a function of the milling time of the Ni, Fe
powders. It is seen that the crystallite size decreased sig-
nificantly after the first 12 h of milling and then began to
steadily decrease up to a milling time of 24 h. However,
the internal strain initially increases significantly with
an increase in milling time. The results imply that the
mechanical alloying process not only refines the powder

Fig. 1.

SEM micrographs of Ni-Fe powders pre-milled
for (A) 24 h and W—y(Ni, Fe) powders milled for (B)
6 h, (C) 12 h and (D) 18 h.
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Fig. 2. XRD spectra of Ni-Fe powders milled for dif-

ferent milling durations: 0, 6, 12, 18, and 24 h.

but also increases the dislocations in the powder crystals.
Additionally, the atomic diffusivity is promoted through
a large amount of structural defects which enhanced the
solid solution reactions of the v(Ni, Fe) phase.

Figure 4 shows the XRD patterns of the W- ~v(Ni, Fe)
powders milled by the secondary milling method as a
function of milling time. The non-milled powder indi-
cates the diffraction peaks of the pure tungsten and the
weak peaks of the v(Ni, Fe) phase in the (111) and (200)
directions The (111) peak of the v(Ni, Fe) phase is still
visible after 18 h of milling but it is less intense, sug-
gesting that the v(Ni, Fe) phase formed by the primary
milling process might be difficult to dissolve back into
the tungsten powder matrix. In addition, all diffraction
peaks of tungsten become broader and weaker with in-
creasing milling time, indicating a decrease in the crys-
tallite size and an increase in the lattice strain. XRD
measurements of the primary milled powder are also pre-
sented in Fig. 5 for comparison.
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Fig. 4. XRD spectra of the secondary milled powders
for different milling durations: 0, 3, 6, 12, and 18 h.
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Fig. 5. XRD spectra of the primary milled powders for

different milling durations: 0, 6, 12, 24, and 36 h.
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3.3. Characterization of the sintered model alloys

3.8.1. SEM

Figure 6 shows the microstructure of the sintered
model alloys using the primary milling and secondary
milling methods. A non-uniform microstructure with a
large size of the v(Ni, Fe) phase was found in the pri-
mary milling sample, see Fig. 6A. The v(Ni, Fe) phases
precipitate at grain boundaries and this is confirmed by
energy dispersive X-ray (EDX) spectroscopy. However,
the microstructure of the secondary milling sample, see
Fig. 6B, was found to consist of a uniform matrix with a
large amount of the secondary ~(Ni, Fe) phase, which is
considerably refined. The results can be attributed to the
formation of the (Ni, Fe) phase caused by the secondary
milling which is hard to dissolve back into the tungsten
matrix during the secondary ball milling procedure. In
this case, with continued milling, the second phase can
be refined and a more homogeneous microstructure and
distribution is produced.

Fig. 6. SEM images of the sintered samples using (A)
the primary milling and (B) secondary milling methods.

3.8.2. TEM

Figure 7A shows the bright-field TEM micrograph of
the sintered model alloy with the primary ball milling
procedure and the v(Ni, Fe) phase was found to form be-
tween the tungsten grains. The use of a primary milling
method provides a rapid transport path allowing the
Ni, Fe elements to diffuse more rapidly into the tung-
sten matrix and thus the solubility of the alloy system
can be extended, leading to an increase in the lattice pa-
rameters. Figure 7B displays the selected area diffraction
(SAD) patterns of the v(Ni, Fe) phase along the zone axis
of [101] which had an average lattice parameter of 3.663
A. Additionally, the (SAD) pattern of tungsten matrix,
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Fig. 7. The TEM investigation of the sintered sam-
ples using the primary milling: (A) the bright field im-
age and (B, C) the SAD pattern of tungsten and the
~(Ni, Fe) phase.

W matrix

Fig. 8. The TEM investigation of the sintered samples
using the secondary milling: (A) the bright field im-
age and (B, C) the SAD pattern of the tungsten and
~(Ni, Fe).

see Fig. 7C, demonstrates the phase along the [100] zone
axis with an average lattice parameter of 3.215 A. The
values obtained from experiments are greater than that of
reference data (a = .598 A for  (Ni, Fe) and a = 3.165 A
for tungsten), suggesting that Ni and Fe were dissolved in
the tungsten phase during sintering. Conversely, Fig. 8A
shows the TEM image of the sintered model alloy with
the secondary ball milling method. The twinned struc-
ture was observed in the (Ni,Fe) phase and suggests
that the secondary milling procedure encourages a large
strain deformation of the «(Ni, Fe) phase and thus pro-
motes the defect nucleation sites for deformation twins.
This is well known as deformation-induced twinning [16].

In the present work, the secondary milling was the pre-
ferred mode of deformation for formation of the twinned
crystal structure. In addition, Fig. 8B shows the SAD
pattern of the twinned v(Ni, Fe) phase along the zone axis
of [110] and has an average lattice parameter of 3.610 A.
The tungsten phase is oriented along the [100] zone axis
with an average lattice parameter of 3.179 A, as shown in
Fig. 8C. The measured lattice parameters were found to
be consistent with reference values. This indicates that
under secondary milling the formation of the ~(Ni, Fe)
phase would lead to a limited solubility in the alloy sys-
tem. In this case, the Ni, Fe elements are likely to be
rejected from supersaturated tungsten solid solution
matrix.

4. Conclusions

In this paper, a secondary ball milling method has been
applied to synthesize tungsten-based ODS alloys rein-
forced with the v(Ni, Fe) phase to achieve desired struc-
ture and properties. The XRD patterns of pre-milled Ni-
Fe powders revealed that iron reflection peaks of (200)
and (211) disappear after 12 h of milling. The Ni peaks
slightly shift towards lower angles, indicating the forma-
tion of a solid solution v(Ni, Fe) phase. A uniform ma-
trix with a large amount of a fine v(Ni, Fe) phase was
obtained in the secondary ball milling sample. TEM ex-
amination also revealed that the use of a primary milling
method provides a rapid transport path allowing the Ni
and Fe elements to diffuse more rapidly into the tung-
sten matrix and thus the solubility of the alloy system
can be extended, leading to an increase in the lattice
parameters. However, the Ni, Fe elements are likely to
be rejected from the supersaturated tungsten solid solu-
tion matrix during the secondary milling. Therefore, the
~v(Ni, Fe) phase has a limited solubility in the alloy sys-
tem. With continued secondary milling, the second phase
can be refined and a more homogeneous microstructure
is produced.
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