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Abstract

Defect formation and activation of agglomeration during mechanochemical treatment of tungsten pow-
der and its mixtures with copper and nickel are considered. Mechanochemical activation in high-energy strain
mills is accompanied by the decrease of coherent lengths (to 10 nm), accumulation of microdeformations (up
to 0.2—0.3 %) and increase of tungsten lattice parameter, as well as by profound mixing of the components.
Besides, the system gets contaminated with iron impurities. Chemical transformations during the annealing of
samples with different doses of mechanical treatment are analyzed. The application f mechanochemical acti-
vation allowed us to obtain well agglomerated W/Ni/Cu alloys at annealing in the absence of hydrogen
(density: up to 16 g/cm?® Wickers’ hardness: up to 550 kg/mm?). Optimal dose of mechanochemical activa-
tion is determined (10—115 kJ/g); optimal regime of powder pressing is revealed. The effect of iron impurities

on the hardness of agglomerated tablets is investigated.

INTRODUCTION

Mechanical treatment of powders in mech-
anochemical reactors is accompanied by the
formation of various defects, which activated
the mobility of structural elements during an-
nealing and allows one in some cases to de-
crease substantially agglomeration temperature
or improve the properties of cakes [1, 2].

The present investigation deals with the
possibilities to activate agglomeration in the
W/Ni/Cu system by mechanical treatment in
energy-strain mills.

The first data on mechanical activation of
the W/Ni system (for example, [3, 4]), W/Cu
[5] were reported; agglomeration processes in
W /Cu mixture [6—8] after its mechanical treat-
ment were investigated. We carried out a sys-
tematic investigation of all the three stages of
the formation of three-component material

(mechanical activation, pressing, and agglome-
ration), and determined optimal conditions of
obtaining it. Besides, we tested the possibility
to agglomerate activated materials in the ab-
sence of hydrogen (agglomeration of tungsten-
based alloys is usually carried out in hydrogen
atmosphere).

Experiments were carried out both with pure
W, and with its mixtures with Cu and Ni. The
idea of adding copper into the system is due
to the fact the presence of sublayers composed
of easily melting substance (melting point of
copper is 1057 °C) insoluble in tungsten pro-
motes the mobility of tungsten at a tempera-
ture within the range 1100—1200 °C. Addition
of nickel is due to the fact that, on the one
hand, this metal helps activating tungsten ag-
glomeration [9]; on the other hand, it is solub-
le in tungsten and forms unlimited solid solu-
tions with copper. One may expect that nickel
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will provide a «connection» between the phas-
es of tungsten and copper.

Addition of relatively light-weighed cop-
per and nickel to heavy tungsten decreases
absolute density of the composite. Because of
this, we selected an optimal concentration of
these additives to achieve maximal possible
density and to simplify agglomeration.

EXPERIMENTAL

Mechanical activation of powders was car-
ried out in argon atmosphere in planetary or
vibrational mills with energy input (I) 2.5 to 6.5
W /g. The dose (D) of mechanical treatment was
determined as D = It (kJ/g), where t is time of
mechanical treatment. After mechanical treat-
ment, powders were pressed into tablets in air
and agglomerated at 1200 °C in vacuum.

In order to investigate mechanically acti-
vated powders and agglomerated tablets, we
used X-ray diffraction and electron microsco-
py. X-ray diffraction patterns were recorded
with DRON-3 diffractometer (copper anode)
with step-by-step scanning. Broadening of the
110 and 220 diffraction lines of tungsten was
analyzed. The size of coherent lengths and de-
formations was calculated using the OUTSET
and PROFILE programmes [10]. Electron mi-
croscopic studies of agglomerated and polished
tablets were carried out with CAMEBAX MBX-
1M instrument in the modes recording absorbed
(AE) and back-scattered electrons (BSE), as well
as the characteristic radiation of W, Cu, Ni, and
Fe. Contrast of image in the AE and BSE modes
is formed both by the relief and by the chemi-
cal composition of the surface. The larger is atomic
number of an element, the lighter is image. In
the mode ?recording the characteristic radiation
of an element, the density of white points at
images is proportional to the concentration of
this element. Concentrations of different elements
in the sample, in particular iron, were calculat-
ed using the integral intensity of the character-
istic radiation of this element divided by the
intensity of the reference (pure element).

Besides, we measured density, porosity and
Wickers’ hardness of the agglomerated tab-
lets based on tungsten. Density was determined
according to Archimedes’ procedure by weigh-

ing in air and in liquid (diethyl phthalate). The
through and surface densities were investigat-
ed by means of ammonia response (DAR) [11].
Aqueous-alcoholic solution of ammonia was
poured onto one of the faces of the sample.
Ammonia was accumulated in surface pores;
in the case if through pores were present, it
diffused to the opposite face of the tablet. Af-
ter evaporating ammonia from defect-free sur-
face, both sides of the sample were brought
in contact with the indicator paper to visualize
the presence of ammonia. The change of pa-
per colour at the face on which ammonia was
applied was the evidence of surface pores,
while at the opposite face is the was the eviden-
ce of the through pores. Hardness was meas-
ured by the IT-5010 device at loading with a
four-side pyramid. The load was 5 kg, expo-
sure was 30 s. Dimensions of prints were ana-
lyzed by optical method. Results were aver-
aged over ten measurements. Hardness was cal-
culated according to [12].

RESULTS AND DISCUSSION

Mechanochemical activation

Various tungsten-based systems (W, W/Cu,
W/Cu/Ni, see Table 1) were subjected to me-
chanical treatment. Figure 1 shows diffraction
patterns of the Wg,Cu,, system after different
doses of mechanical treatment. One can see
that lines related to tungsten and copper broad-
en; at doses above 36 kJ/g, lines of the iron
phase appear in spectra. At very high doses of
mechanical treatment, a definite amount of
X-ray amorphous phase appears in the system.
On the basis of the analysis of line broaden-
ing, the size of coherent lengths and micro-
deformations of tungsten were calculated. One
can see that the tungsten coherent length (Fig.
2, a) decrease to 10—15 nm, the limiting value
being achieved at a dose about 15 kJ/g; micro-
deformations (see Fig. 2, b) achieve 0.2 % at
doses of about 40 kJ/g and remain unchanged
further on. Lattice parameter of tungsten (see
Fig. 2, c) at first decreases; at doses above 50 kJ/
g it remains constant.

Lines of the second component (copper) get
broadened, too. However, because of low in-
tensity, the analysis of line shapes is impossible.
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Properties of tablets agglomerated at 1200 °C from mechanically activated powders of different composition

Tablet Initial D, kJ/g r, g/cm® r/ry, % TFe content, Phase composition Hy,

No. composition mass % kg/mm?
1 W gyCligg 15 12.69 75 4.12 W, Cu, FeWO,, Fe,W, 384%35
2 53 10.25 70 15.58 W, Cu, FeWO,, Fe,Wj 346=+13
3 90 9.18 66 21.83 W, Cu, FeWO,, Fe,Wj 260=+19
4 w 0 14.77 77 0 w 151=*15
5 7 15.25 79 0.57 w 97+32
6 18.6 11.36 68 10.71 W, FeWO, 36420
7 WoCuyoNiy, 7.9 14.92 85 1.47 W, Ni/Cu, FeWO, 228+28
8 WgoCuyNiy 11.9 15.96 92 1.1 W, Ni/Cu 219+21
9 Wy3CuyNiy 7.9 14.85 92-82 2.03 W, Ni/Cu, FeWO, 547=+17
10 WgoCuyeNiy 7.9 15.65 92 0.49 W, Ni/Cu 224+17
11 W gy Cuiy Ni, 5 7.9 15.68 99 0.59 W, Ni/Cu 287%7

Note. D is the dose of mechanical treatment; r and r/r, are absolute and relative densities of tablets, respec-

tively; Hy is Wickers’ hardness.

Because of balls’ wearing, iron appears in
the system during mechanical treatment of
hard tungsten and mixtures based on it. Con-
centration of the iron admixture (see Fig. 2, d)

.
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Fig 1. Diffraction patterns of Wg,Cu,, after mechanical
treatment in argon at different doses. D, kJ/g: 7.5 (1),
15 (2), 36 (3) 53 (4), 90 (5), 98 (6).

increases proportionally to the time of me-
chanical action; at a dose of about 100 kJ/g its
amount becomes equal to the amount of ini-
tial tungsten (the stoichiometry being W sCu, Feys).
Iron appearing in the system at the initial stage
of mechanical treatment gets dissolved in tung-
sten causing the decrease of tungsten lattice
parameter. After the saturated solid solution
W(Fe) with the mass fraction of Fe ~10 % is
formed, iron gets accumulated as a separate
phase; because of this, at doses above 50 kJ/g
the lattice parameter of tungsten remains un-
changed, while the intensity of lines related
to iron increases.

Mechanical treatment of W and a three-
component mixture W/Cu/Ni is also accompa-
nied by the broadening of tungsten lines and
by the decrease of its lattice parameter. The
character of changes of the coherent length
(see Fig. 2, a) and tungsten lattice parameter
(see Fig. 2, c) is similar for different activated
systems (W, W/Cu, W/Cu/Ni). The rate of iron
accumulation is maximal at mechanical treat-
ment of pure tungsten and decreases while
copper and nickel content of the mixture in-
creases (see Fig. 2, d). A mutual solid solution is
formed by copper and nickel during mechani-
cal treatment of the three-component system
W/Cu/Ni.

According to the data of electron microsco-
py, mechanically activated powder consists of
grains with a mean size of 2—3 mm; however,
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Fig. 2. The effect of mechanical treatment on coherent lengths (a), microdeformations (b), tungsten lattice parame-

ter (¢) and iron content of mixtures (d): a—c —
WygoCuyy (1), Wi (2), WgoCu;oNiy, (3), WgoCuysNiy (4).

grains with minimal size of 0.2 "m are present.
larger aggregates with the size up to 20 mMm
also occur. Microanalysis showed uniform dis-
tribution of elements. Since tungsten is much
harder than other components, one can as-
sume that all the tungsten grains are covered
with copper and nickel layer.

So, mechanical treatment of tungsten-based
mixtures is accompanied by the accumulation
of defects in tungsten and copper (copper/nick-
el), mixing of the components, at least at the
submicron level,
system by iron.

and contamination of the

Thermal relaxation

A series of phase transitions occur during
the heating of mechanically activated tung-
sten-based mixtures. Diffraction patterns of the
sample activated at maximal dose and contain-
ing maximal amount of iron (Wg,Cuy,, D =
90 kJ/g, [Fe] = 21.8 mass %) after heating to
different temperatures are shown in Fig. 3, a.
Changes of phase composition are summed up
in Table 2. The analysis of the data suggests

WgoCuyg (1), W, balls of WC (2), iron balls (3), Wg,Cu;(Niyy (4); d —

that the most easily formed (below 700 °C) phase
is the oxide FeWO,. Within temperature range
700—1000 °C, we observed the decomposition
of the amorphous phase and the tungsten-based
solid solution, and the formation of a metastab-
le intermediate phase which was supposed to
be E9; phase. Within the same temperature
range, the width of tungsten lines decreases
noticeably, which means that the microdefor-
mations get annealed and coherent length in-
creases. Finally, at temperatures 1000—1200 °C,
the E9,; phase decomposes with the release of
copper and with the formation of the Fe, W
phase. Thus, in samples with high iron con-
tent, after annealing at 1200 °C, along with
tungsten and copper, there are two iron-con-
taining phases (FeWO, and Fe,W).

At the mass fraction of iron below 4—5 %,
the annealed samples contain one iron-contain-
ing phase FeWQ,, as well as W and Cu (or Cu/W
solid solution) (see Fig. 3, b, and Tables 1, 2).
Finally, in the samples with the iron mass frac-
tion less than 1.5 %, no iron-containing phases
are formed; the samples contain two phases:
tungsten and copper (solid solution copper/ni-
ckel) (see Fig. 3, ¢, and Table 2). In both cases,
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Fig. 3. Diffraction patterns of W/Cu and W/Cu/Ni after
mechanical treatment and annealing. D, kJ/g: 7.9 (a, b),

and 90 (c);

TABLE 2

Fe content, %: 21.8 (a), 2.03 (b) and 0.59 (c).

tungsten lattice parameter returns to the ini-
tial value during annealing. One may assume
that this is connected with the decomposition
of the solid solution of iron in tungsten.

Thus, a two-component system tungsten +
copper (or copper-nickel solid solution) is formed
during annealing only at low content of iron
impurity. If the mass fraction of iron exceeds
1.5 %, an oxide phase FeWOQO, additionally ap-
pears in the system. The presence of this phase
can be expected to affect agglomeration and
mechanical properties of the samples. At high
iron content, profound phase transformations
occur in the system; they get finished at tem-
peratures about 1200 °C. At low iron content,
heating is accompanied by the decomposition
of tungsten-based solid solution and annealing
of the defects (coherent lengths, microdefor-
mations) in tungsten.

Selection of conditions for mechanical activation
and pressing of powders

It may be assumed that the creation of de-
fect-bearing nano-crystal structure of metals
and profound mixing of components occurring
during mechanical activation will simplify ag-
glomeration. At the same time, contamination
with iron should lead to the decrease of the
density. Because of this, one can assume that
optimal doses of mechanical treatment are 10—
15 kJ/g, when at minimal iron content defect
concentration reaches nearly a limiting level
(see Fig. 2, a).

Phase composition and tungsten lattice parameter a(W) of the samples W/Cu and W/Cu/Ni after mechanical

treatment and annealing

T, °C WgoCuyy (D = 90 kJ/g, WysCuyNi; (D = 7.9 kJ/g, WeoCuy;Nijs (D = 7,9 kJ/g,
[Fe] = 21.83 %) [Fe] = 2.03 %) [Fe] = 0.59 %)
Phase composition a(W), nm  Phase composition a(W), nm Phase composition a(W), nm
20 W, Fe, amorphous phase 0.3151 W, Cu/Ni 0.3163 W, Cu/Ni 0.3163
700 W, Fe, amorphous phase,
FeWO,
1000 W, FeWO,, E9,
1200 W, FeWO,, Cu, Fe,W; W, Cu/Ni, 0.3167 W, Cu/Ni 0.3167
FeWO,

Note. [Fe] is atomic fraction of iron impurity after mechanical treatment.
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Fig. 4. Effect of pressing pressure and addition of sur-
factants on the density of Wy Cu,(Ni;, tablets agglom-
erated at 1200 °C. D = 7.9 kJ/g.

In the first series of experiments, we checked
the density of agglomerated tablets at high
doses of mechanical treatment (the Wg,Cuy,
system, tablets No. 1-3, see Table 1). One can
see that at doses above 15 kJ/g, while dose
increases the density of samples decreases. Be-
cause of this, in the further experiments, sam-
ples were mechanically treated with doses 8—
12kJ/g.

In order to choose optimal conditions for
pressing, a series of experiments with the sam-
ples of one and the same mixture lot with
identical composition and mechanical treatment
dose was performed.

Figure 4 shows results of two series of mea-
surements corresponding to pressing in air and
pressing the mixture wetted with water or al-
cohol. In each group, the density of material
after agglomeration is observed to increase with
pressure increase from 485 to 970 MPa; densi-
ty after pressing in active medium is systemat-
ically higher than after pressing in air. An in-
crease of pressure to 1450 MPa leads to crack-
ing of the pressed material after agglomera-
tion. Because of this, optimal pressure for press-

ing mixture under our experimental conditions
is within the range 900—1100 MPa.

So, optimal conditions for preparing tablets
are mechanical treatment with a dose of about
10 kJ/g and pressing at a pressure of about
900 MPa in the presence of a surface-active
medium.

Properties of agglomerated tablets

Density, porosity, structure. Results of tests
of different samples are shown in Tables 1
and 3.

Table 1 shows major characteristics of the
agglomerated tablets. It lists the composition
of mixture, the dose of mechanical treatment,
amount of iron brought during treatment,
phase composition of the agglomerated tab-
lets, experimental, theoretical and relative
densities, and hardness. Table 3 shows selected
data on the porosity of tablets, obtained by
measuring ammonia penetration. Dark regions
correspond to high permeability for ammonia,
1. e. to high porosity.

Reference experiments show that it is im-
possible to obtain rather well-agglomerated
tungsten samples at temperature about 1200 °C
without using mechanical activation. Tablet 4
was prepared using the initial tungsten pow-
der. One can see that it is characterized by low
density and hardness (see Table 1), and high
porosity (see Table 3). An attempt to obtain a
dense sample at this temperature, even with
ultrafine tungsten with particle size of about
500 A as the initial material, was unsuccessful.

Mechanical treatment of tungsten and its
mixtures with different additives allows to sub-
stantially activate agglomeration processes and
to obtain rather well agglomerated samples at
1200 °C. For the mechanical treatment of pure

TABLE 3
Through porosity of different tablets
Tablet 4 Tablet 10 Tablet 11 Tablet &
Note. Tablet numbers correspond to those indicated in Table 1.
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_Cu

Fig. 5. Structure of agglomerated tablet W/Cu/Ni (No. 10, see Table 1) in absorbed (a) and scattered (b) electrons
and characteristic radiation: W (c), Fe (d), Cu (e), and Ni (f). Observation field is the same. The distribution of the
intensity of radiation of a given element when scanning along the line passing though the image centre is shown
in c—f. Intensity is normalized as shown in the left upper corner (content, mass %).
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tungsten, the contamination of the system with
iron is maximal (tablet No. 6, see Table 1); the
sample is characterized by very low density.
The best results were obtained for three-com-
ponent mixtures W/Cu/Ni (tablets No. 7—11,
see Tables 1 and 3). In this case, we succeeded
in obtaining well agglomerated samples with
absolute density of 15—16 g/cm?® and relative
density up to 95—97 % of the theoretical den-
sity of corresponding compositions.

Figure 5 shows an image of well-agglomera-
ted tablet in absorbed and back-scattered elec-
trons, as well as in characteristic W, Fe, Cu
and Ni radiation. All the images were obtained
from one and the same observation field. Bright
points at the images of element distribution
(see Fig. 5, c—f) correspond to the presence of
a given element in these points. Figure 5, c—f
also shows quantitative data on the distribu-
tion of elements along the line that passes
through the centre of observation field. One
can see that the distributions of nickel and
copper repeat each other; these metals are lo-
cated in sites where amount of tungsten is
small.

So, a typical structure of rather well ag-
glomerated samples is composed of tungsten
grains 5—10 nm in size, surrounded by copper/
nickel sublayers. The thickness of these sub-
layers depends on the amount of copper and
nickel in the system. Results of the determi-
nation of the composition of grains and sub-
layers showed that copper/nickel sublayers con-
tained a definite amount of tungsten while
tungsten grains contain also copper and nickel.
The presence of copper in tungsten grains can
point to the existence of smaller tungsten grains
coated with a thin layer of copper and nickel.

Iron content of well-agglomerated tablets
is low; iron is distributed more or less uni-
formly, though coarse iron particles sometimes
occur (see Fig. 5, d). Phase composition of this
tablet is W and copper/nickel solid solution
(see Fig. 3, ¢).

Hardness. Results of Wickers’ measure-
ments of hardness are shown in Table 1 and
in Fig. 6. The hardness of the initial tungsten
(not subjected to mechanical treatment) agglom-
erated at 1200 °C (tablet No. 4 in Table 1) is
150 kg/mm?, which corresponds to literature
data [12].
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Fig. 6. Wickers’ hardness of agglomerated tablets de-
pending on iron concentration (a) and density of tablets
(b). D =179 kJ/g.

Figure 6 shows the effect of iron content
and density of pressing on the hardness of
tablets in three-component system W/Cu/Ni.
Figure 6, a shows the dependence of hardness
on iron concentration in the sample. One can
see that at small iron concentrations, hardness
increases with increasing [Fe], while at large
ones it decreases. Maximal hardness is observed
in samples with iron mass fraction within the
range 3—10 %. It should be noted that maximal
hardness is 500—550 kg/mm? which exceeds
literature data on the hardness of agglomerat-
ed tungsten more than three times, and is much
better than the hardness of cast tungsten.

The results of measurements of the hard-
ness of tablets with similar iron content and
phase composition but different density due to
different pressing conditions are shown in Fig.
6, b. One can see that at identical composition
the higher is density of material, the higher is
its hardness.

An example of the structure of a sample
with high hardness and rather high iron con-
tent is shown in Fig. 7. In this case, three phas-
es (W, Cu/Ni and FeWO,) were detected in
the sample by means of X-ray diffraction stud-
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Fig. 7. The structure of the surface of W/Cu/Ni tablet with high hardness (No. 9, see Table 1): electron microscopic

image and profiles of element concentrations

ies (see Fig. 3, b). Iron is distributed not uni-
formly but mainly in regions with a size of
5 mm. The regions of maximal iron content cor-
respond to the regions of decreased tungsten
concentrations. It may be assumed that these
regions are composed mainly of the FeWO,
phase. A detailed quantitative analysis of the
local composition in the regions with increased
iron content showed that the FeWO, phase in
some cases was mixed with tungsten phase,

over cross section through the middle of the image.

while in other cases with the copper/nickel
phase.

So, according to the data obtained, two fac-
tors affect the hardness of the material. Intro-
duction of iron (at its mass fraction below ~5 %)
and the formation of the oxide phase FeWO,
help to increase hardness. Another factor in-
creasing the hardness is the increase of the
density of agglomerated pressed tablets. Com-
petition between these two factors at the in-
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crease of iron mass fraction above 10 % is ex-
hibited in the decrease of the sample hardness
at very high doses of mechanical treatment.

CONCLUSIONS

The use of mechanical activation allowed
us to obtain, at 1200 °C without the presence
of hydrogen, well-agglomerated materials of
two types: 1) with high density (r = 15.5—
16 g/cm?) and hardness Hy = 220—-280 kg/mm?
2) with high hardness (Hy up to 550 kg/mm?)
and density 14.4—-14.9 g/cm?.

The physical essence of mechanical activa-
tion fro the agglomeration of this system is
likely to be the formation of a homogeneous
mixture of fine crystal defect-bearing tung-
sten (with grain size of hundreds angstroms)
and sublayers of easier melting metal (copper).
Heating of the system above the melting point
of copper leads to the possibility of tight pack-
ing of small tungsten crystallites in the liquid
sublayers of melted copper. Nickel provides a
«connection» between the copper sublayers and
the tungsten matrix. Copper does not interact
with tungsten; nickel, on the one hand, is in-
finitely soluble in copper; on the other hand,
it is well soluble in tungsten thus providing
higher uniformity of the system.
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