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Abstract The passivation and oxidation process of tungsten and molybdenum nanopowders, produced by
electrical explosion of wires was studied by means of FE-SEM, XPS, XRD, TEM, DTA-TGA and size distri-
bution analysis. In addition, the phase transformation of W and Mo nanopowders under oxidation in air was inves-

tigated. A chemical process is suggested for the oxidation of W and Mo nano-particles after a comprehensive

testing of passivated and oxidized powders.
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Nomenclature

EEW - electrical explosion of wires

DTA - differential-thermal analysis

TGA - thermogravimetric analysis

NP - nanopowders

UDP-4G - machine for obtaining NP by EEW
FESEM - field emission scanning electronic microscopy
BE - binding energy

XPS - X-ray photoelectron spectroscopy

a, - average particle diameter, um

S,, - specific surface area, m'/g

ele, - specific electrical energy liberated in the wire,
an. (ratio of electrical energy liberated in the
Mo(W) wire to the energy of sublimation of
Mo(W))

[W], [O] i weight concentration of tungsten and
oxygen, a.u.

AH*® (Me,0,) - enthalpy of oxides formation

SDA - size distribution analysis

BET - determination of S_ by low temperature nitro-
gen adsorption (Brunauer- Emmet - Taylor method).
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Introduction

Nanopowders (NP) of W and Mo synthesized by
various methods such as evaporation-condensation,
mechanochemical synthesis, sol-gel eic. are attractive
for the synthesis of new composite materials for high-
temperature applications”. One new promising method
for the production of W and Mo nanopowders is the
electrical explosion of wires (EEW)™. The metallic
powders, produced by EEW, have a higher reactivity
under sintering treatment than metallic NP synthe-
sized under low-speed conditions®. The high reactiv-
ity of electroexplosive metallic NP can be correlated
to their metastable state, since the formation of meta-
stable W and Mo nanoparticles in the pulsed EEW
process takes place under nonequilibrinm conditions.
The EEW method is characterized by a duration of 0.1
us, a plasma temperature of about 10* K, a cooling
rate of particles of up to 10° K/sec and a specific
energy entering the wire of more than 1 MJ/kg?.

It is the aim of this work to study origin of the
EEW phenomenon and the mechanisms leading to the
formation of superthin passivation layers on the metal-
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lic particles produced by EEW. Data about passiva-
tion of W and Mo nano particles is poorly reviewed in
literary sources. The majority of the papers regarding
the passivation of particle surfaces provide informa-
tion on reactive metals such as Al, Ti, Fe™. Oxida-
tion of bulk W and Mo were studied in Ref.>'",

In this paper the results of DTA-TGA, XRD, SDA,
TEM and FESEM-XPS studies on air-passivated elec-
troexplosive W and Mo powders are presented, dis-
cussing the dynamics of oxidation. A chemical
process being characteristic for the passivation of W
and Mo NP and high-temperature oxidation in air is
proposed.

Experimental Procedures

W and Mo NP were produced by EEW in Ar atmo-
sphere and passivated in air. The physical properties
and enthalpies of oxide formation for W and Mo are
given in Table 1.

Powder production: The parameters of powder pro-
duction are shown in Table 2. Production of W and
Mo NP was carried out by using an EEW machine of
the 5™ generation UDP-4G, which was constructed for
the mass production of metallic NP at University of
Ulsan. The characteristics of the UDP-4G machine are
comprehensively described elsewhere'®. Among them,
the high production speed of powders (~200 g/hour
for W and Mo NP) should be particularly noted.

Powder passivation: The passivation operations for
W and Mo powders were unified. Immediately after
EEW nanopowders (m=100 g after ~970 explosions)

were collected in a steel container and placed into a
hermetic box having room temperature and an argon
gas pressure of 1.1 atm. Such conditions for air-passi-
vation of metallic NP were discussed in a previous
work'?, Samples of preliminary mixed powders taken
for the passivation of NP were analyzed by a number
of methods (see below).

Powder analysis: DTA-TGA analysis of samples
was carried out in a Paulik-Paulik-Erdey “Q-1500 D”
derivatograph by heating up to 1300°C in air.

XRD analysis was performed using CuK, radiation
(Ni-monochromated) in a Rigaku “MAX-B” diffracto-
meter. A 26-range of 30° to 120° was chosen.

The “Mastersizer 2000” by Malvern Instruments
was used to obtain a size distribution curve. Prior to
determining the size distribution, the powders were
suspended in ethanol and ultrasonically treated for 15
minutes.

TEM studies on powders were carried-out using a
“H-8100” (Hitachi, Japan). The powders were sus-
pended in ethanol and air-dried before being investi-
gated by TEM.

A “JSM-6500 F” (JEOL, Japan) FESEM-XPS appa-
ratus was used for SEM studies. Powders were placed
onto a glued foil and coated with a gold layer before
being analyzed. Cls peaks at 284.5 eV caused by car-
bon contaminations of the samples were taken as a
binding-energy reference. An estimated error of 0.1
eV may be assumed for all measurements.

Results and Discussion

Table 1. Thermodynamic properties of W, Mo and their oxides.

Substance * Density, m%/g Melting point, °C Boiling point, °C Enthalpy of formation, kJ/mole
w 193 3422 5555 0
WO, 10.8 1500 1730 -585.3
WO, 72 1473 1837 -836
Mo 10.3 2623 4639 0
MoO, 4.7 795 1155 -744

*Web site: www.webelements.com

Table 2. Parameters of production for electroexplosive W and Mo.

Voltage by . .. . Wirediameter, Wire Ar gas
NP EEW, kV efe,, a.u. Capacitance, uF Inductivity, tH Resistance, Ohm mm length, mm pressure, atm
w 22 1.1 2.17 0.35 0.07 0.2 37 1.5
Mo 24 1.4 2.17 0.35 0.06 0.3 57 1.5
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Two samples of W and Mo NP (table 2) were pro-
duced by EEW under an Ar pressure of 1.5 atm. The
Ar pressure, being higher than atmospheric, leads to
the adsorption of Ar on the surface of particles.
Adsorbed Ar prevents particle contact and sintering in
the powder container. It also prevents an interaction
between atmosphere gases and NP immediately after
opening the machine to the atmosphere. Just after
EEW the W and Mo NP contained about 4 % mass of
adsorbed Ar. Although enthalpies of WO, and MoO,
are relatively high (AH, (WO;)=-836 klJ/mole and
AH(Mo0O,) = -744 kJ/mole, table 1), there was no heat
release during passivation of electroexplosive W and
Mo NP as in Al NP having an enthaplphy of oxide
formation of AH(AL,0,)=-1675 kJ/mol". The absence
of heat liberation suggests that oxidation heat is dissi-
pated inside the particles. Such a process is rather
improbable since the values of thermal conductivity of
W, Mo and Al do not significantly differ from each
other. A more reasonable explanation may be the for-
mation of oxides with lower oxygen content (such as
W,0 and MoO) and post-oxidation to the highest
degree of metal oxidation (WO, and MoQ,). The W
and Mo NP were completely passivated in air within
25 hours, which is twice as fast as Al NP, The pas-
sivation period was assumed to be finished when the
powders stopped reacting with air, i. e. the gas mix-
ture (Ar+0.1 vol. % air) pressure in the passivation
chamber stopped decreasing.

Tungsten NP: According to the XRD data (Fig. 1),
particles of passivated W NP contain three phases: o-
W, B-W and W,0. B-W formation is a characteristic
feature for W NP, obtained by EEW. 3-W has a lower
density (19.1 g/em®) than o-W (19.3 g/cm’, table 1).
According to Tikhonov’s XPS studies™” the finest W
electroexplosive powder contains a higher concentra-
tion of B-W. In that work the W NP (sample pro-
duced under e/e;=1.1) was divided into 3 samples
with S_=15.4 m’/g, 2.8 m*/g and 0.7 m”/g. The quan-
tity of B-W in the finest sample amounted to 43%
mass. The sample with S, = 2.8 m’/g contained traces
of B-W. The sample with the lowest dispersity con-

. sisted completely of o-W. A possible reason for such
a distribution of B-W in the samples with different S,
is a higher cooling rate for the finest particles during
EEW and a stabilization of crystal lattices of lower
density.

W.,0O peaks, registered by XRD (Fig.1) corre-
sponded to the surface passivation layer. But accord-
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Fig 1. X-ray diffraction patterns of W nanopowder pas-
sivated by air (CuK, radiation, A=1.54056 nm).

Full Scale 1837 cte Cursor: 0.000 keV

Fig. 2. FE-SEM/EDS pattern of W nanopowder passivated
by air.

ing to XPS (Fig.2, viewed surface ~4000 pum?), the
oxygen content in the surface layers of particles was
higher than for W,0 (ratio of weight concentrations
[W1/10]=34.5). It was calculated from the XPS data
(Fig.2) that the composition of the surface layer is
close to WO, (ratio of weight concentrations [W}/
[O]=7.1), which is slightly higher than for WO, (ratio
of weight concentrations [W}/[O]=5.8). A possible
reason for such a difference between the XRD and
XPS results is that well-crystallized W,0 covers the
finest fraction of the powder, but the larger particles
are covered by an amorphous oxide layer, which has a
composition close to WO,.

According to SDA, the W powder had a relatively
narrow-size distribution in the range of 0.02 to 0.2 um
with a maximum at 0.06 um (Fig. 3), which is in
agreement with the SEM image in Fig. 2 and the
TEM images in Fig. 4 a, b.

Passivated W nanoparticles produced in Ar-based
gas media had nearly spherical shapes and smooth
oxide layers (Fig. 2 and 4). The calculated thickness
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Fig. 3. Particle-size distribution of W nanopowder.

a)

Fig. 4. TEM images of W nanopowder.

of the oxide layer (0.8 nm, Table 3) did not agree with
the experimental value of 2.5 nm (see Fig. 4 b). Cal-
culations of the thickness of the oxide layer on the
particles (table 3) assumed a single particle diameter,
but a powder having wide size distribution reveals
stronger oxidization and a thicker passivation layer
according to TEM micrographs in Fig. 4 b.

Fig. 5 represents the DTA-TGA curves of W NP
under linear heating (15°C/min) up to 1300°C in air.
Gas desorption occurred (2.2% mass decrease on a
TG curve) during the heating of W NP from room
temperature to 280°C. A DTA curve shows the exo-
thermal peak from the very beginning of heating (Fig.
5). Possibly, gas desorption accompanied oxidation as
in the case of Al NP™. The first stage of oxidation of
W NP begins from 280°C up to 360°C (weight
increase on a TG curve). The average mass rate of
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Fig 5. DTA-TGA curves of W nanopowder: m=112.4 mg,

the heating rate in air is 15°C/min, and a-Al,O, is the ref-
erence.

oxidation in the first stage was 0.6 mg O,/min. Quan-
titative XRD analysis shows that the composition of
the oxidized powder after the first stage was o-W
(81% mass) and W,0 (19% mass). This stage of oxi-
dation probably corresponds to an interaction of the
finest W particles with oxygen, which is in agreement
with the XRD data: B-W was completely oxidized (-
W peaks disappeared). The second stage of W oxida-
tion continued up to 540°C (Fig. 5). The average mass
rate of oxidation during the second stage was 1.1 mg
O,/min. After the second stage, oxidation of W NP led
to complete W oxidation and WO, formation. There
was no metallic W in the end products of oxidation up
to 740°C. The content of metallic W in the initial NP
calculated by a TG curve (Fig. 5) was 95.5 % mass.

Table 3. Characteristics for W NP produced by EEW and passivated by air.

Temperature of the Temperature of the , i « Calculated
NP  oxidation onset  oxidation end w7, S, (BET), m'/g Calculated a, [W,0+ WO, , I thickness of oxide
o o mass % nm mass %
(TGA), °C (TGA), °C layer, nm
W 280 740 955 3.9+03 79.1 22 0.8

*W.0+WO, J=100 % — [W'] — [adsorbed gases].
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The products of complete oxidation consisted of
lemon-yellow colored WO,, of which the sublimation
began at 990°C (weight decrease on a TG curve,
fig.6). For the bulk WO, the sublimation temperature
is a litile lower (T,;=900°C)'”. Melting of WO, at a
significantly lower temperature (1220°C, fig. 5) than
for bulk WO, (1473°C, table 1) was also observed.

The possible chemical processes according to DTA/
TGA/XRD data analyzing that took place during oxida-
tion of W NP, produced by EEW, are shown in fig. 7.

To investigate the thermal stability of W NP to oxi-
dation in humid air the powder was heated in 100%
humid air up to 60°C and 120°C for 24 hours. Under
these conditions the metal content decreased insignifi-
cantly (Table 4).

Molybdenum NP: As in the case of W NP, Mo
powders had a narrow-size distribution with a maxi-
mum of 0.5 pm (Fig. 6). The SEM image of the Mo
powders is presented in Fig. 8. Only the phase of
metallic Mo is registered under XRD analysis of pas-
sivated Mo NP (Fig. 9). The content of metallic Mo in
the passivated powder was 94.3% mass. But for the
Mo powder the oxidation in air was more significant
than for the W NP. Mo powder one month aged in air
at room temperature aiready contained 87% mass of
metallic Mo. The DTA-TGA curves of such powders
are represented in Fig. 10. The content of adsorbed
gases was 1.6% mass. Gas desorption occurred from
the beginning of heating up to ~300°C. The simulta-
neous exotherm on a DTA curve assumes an oxida-
tion process. A mass increase began at 310°C. Mo NP
oxidizes in two macro-stages (first — 310-440°C, sec-
ond — 440-640°C) (Table 5, Fig. 10, DTA curve).

Particle Size Distribution
30
F-
Ex
‘E 15
2
10-
5
o0 0.1 10 100 1000 2000
Partide Size 4 m)
molybdenum, 02 Apr 2000 13530 [l

Fig 6. Particle-size distribution of Mo nanopowder.
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Fig 7. Chemical processes during oxidation of W nanop-
owder.

Melting of MoO, starts at 780°C (endo-peak on DTA

Table 4. W nanopowder thermal stability in air by passivation and ageing.

Powder state
Fresh powder (O hours)

Passivated powder (24 hours)
Aged powder (770 hours, 100 % humidity, 60°C)
Aged powder (770 hours, 100 % humidity, 120°C)

wWe]
96.0 % mass
95.5 % mass
95.3 % mass
92.5 % mass

Table 5. Characteristics for Mo NP produced by EEW and passivated by air.

Temperature of the Temperature of the

Calculated

o 2 s
NP oxidation onset oxidation end [Mxﬁa]s ,s% Sy (BET), m /Calcurllzrirtled s Ox[i];g;?*bd;’;z:iq thickness of
(TGA), °C (TGA), °C J : ? oxide layer, nm
Mo 310 640 94.3 5.2+0.3 120.2 4.1 24

*[Molybdenum oxides]=100 % - [Mo°] #i [adsorbed gases].

Journal of Korean Powder Metallurgy Institute
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Fig 8. SEM image of Mo nanopowder passivated by air.
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Fig 9. X-ray diffraction patterns of Mo nanopowder pas-
sivated by air (CuK, radiation, A=1.54056 nm).

curve). After MoO, melting two parallel processes were
observed: MoQ, evaporation (mass decrease on a TG
curve) and rest Mo oxidation (exo-peak on a DTA curve).

Experiments on the thermal stability of Mo NP
under oxidation in 100% humid air showed a decrease
of metal content in Mo NP as shown in Table 6.

Conclusion

+Am, m,=100 mg
mass %

50 -

MoQ,

avaporation
0 -
\2"" stage of oxidation
des(r;;r!:ﬁon 1% stage of oxidation

50 4

MoO, melting

Rest Mo oxidation —

1 17 13 L L L L
100 300 500 700 900 1100 1300

T,°C
Fig 10. DTA-TGA curves of aged Mo nanopowder: m =
100 mg, the heating rate in air is 15°C/min, and a-Al,O, is
the reference.

Following results were obtained in the framework of
these studies:

1. Mass production (~200 g/hour) of W and Mo
nanopowders is possible with the EEW method.
Metallic particles are spherical with a smooth surface
and a diameter of less than 2 um. An explosion of a
W wire results in 3-W phase formation. The content
of B-W is higher in the finest fraction of nanopowder.

2. The passivation period of W and Mo nanopow-
ders is ~25 hours. During this time an oxide coating of
less than 2 nm thickness forms on metallic particles.

3. The composition of an oxide layer for W NP was
WO for the finest fraction of the powder and close to
WO, for the largest particles.

Table 6. Mo nanopowder thermal stability in air by passivation and ageing.

Powder state

Fresh powder (0 hours)

Passivated powder (24 hours)
Aged powder (720 hours, 50 % humidity, room temperature)
Aged powder (770 hours, 100 % humidity, 60°C)
Aged powder (770 hours, 100 % humidity, 120°C)

[Mo°]
95.3 % mass
94.3 % mass
87.0 % mass
79.3 % mass
76.8 % mass

Vol. 11, No. 2, 2004
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4. W and Mo NP hold on their surface up to 3%
mass of adsorbed gases. The temperature for intensive
oxidation onset in air is 280°C for W NP and 310°C
for Mo NP.

5. The possible chemical processes offered for W
NP oxidation in air up to 740°C. Results show that the
thermal stability of W NP in 100% humid atmo-
sphere is higher than for Mo NP.

6. For Mo NP storage in air results in a sufficient
decrease in metal content (from 94.3% mass for passi-
vated powder to 87.8 % mass for 1-month aged pow-
der). ’
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