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The phase composition of partially-reduced products of ammonium paratungstate (APT)
was investigated. The samples were prepared by reducing the APT ina H, + N,/1:29
volume ratio/atomosphere in the temperature range 610 to 860 K, and studied by means
of chemical analysis, by X-ray diffraction analysis and by thermoanalytical methods. The
reduction products can be described by the general formula of M, WO5_, ./, where M
can be either H* and/or NH}. Products considered as tungsten bronzes (TB) can be formed
in a fairly narrow temperature range. Another product, the so-called decomposed APT
(DAPT) is a mixture of bronzes and of some other compounds characterized by y < x/2
and considered as some intermediate phases between TB and tungstates.

1. Introduction

Ammonium paratungstate (APT) is a generally
accepted base material for tungsten powder
production. During the reduction of APT
[(NHg)10(W12040(0OH),) - 4H, O], decomposed
APT (DAPT) develops transitionally and is doped
with K, Al, Si if non-sag (NS) tungsten wire is to
be produced. It has been clarified in recent years
that the ion exchange ability of DAPT plays an
important role in the doping [1—8]. For the
understanding of this solid—liquid interaction, the
chemical and structural properties of the DAPT
have to be known [9].

2. Experimental procedure
2.1. Preparation of samples
APT samples, each of 10 g, were reduced by
annealing in a gas mixture, of H, + N, at a 1:29
volume ratio, in a tube furnace for 45 min at
a temperature between 610 and 850K. Having
cooled the samples to room temperature in the
same atmosphere they were stored in pure argon
until required for investigation.

2.2. Chemical analysis
The O/W atomic ratio of the samples (the so-
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called oxygen index, I5 =3 —y) was determined
by means of the Kiss—Tisza method [10], while
the ammonium content of the samples was
measured by a micro-Kjeldahl method.

2.3. Phase analysis

The phases were identified on the basis of Guinier-
type X-ray diffraction patterns (using CuKa radi-
ation and KCl as the interior standard). The ASTM
file numbers 5-532, 23-1448, 5-386 and 5-393
were used for the identification of the ammonium-
and hydrogen-bronzes, of W,,0s;5 and of
W15040.

2.4, Thermal analysis

The quantities of the volatile components were
measured by a Chevenard-type thermobalance
with a special inlet tube [11] using samples of
2 g each. The applied atomosphere was a high
purity argon flow (100 1h™) and the heating rate
was 300 Kh™!.

2.5. Calculation of the chemical
composition

By re-oxidizing the intermediate reduction pro-

ducts of APT to WO, in air, weight-changes can be
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measured. These changes consist of a weight loss,
Am,, due to the evaporation of NH; and/or H,O
and of a weight gain, Am,, due to the oxygen up-
take processes. The sum of the weight changes,
Am, can be described as follows:

Am = — Amq + Am,, 4y

where Am, Am; and Am, are expressed as per
cent weight changes. Am, and Am, can be calcu-
lated from the following relationships [10]:

—Am,; = [100—(W+ 0)], @

where W and O are the O and W contents of the
products (wt%) and

+ Am, = (3.00 —Io). 3)

The expanded equation can be formulated as
+ [K(3.00 —Ip)Mo], €3]

where + Am is the sum weight-change in per cent,
K is the ratio of the WO; content (in per cent) of
the reduced product to that of the WO; molecular
weight (WO;%/Mwo, ), Mw is the atomic weight
of tungsten, Mg is the atomic weight of oxygen
and I is the oxygen index (= 3.00 — y).

3. Results
Table I summarizes the chemical analysis results
of the reduction products formed between 610
and 850 K. The X-ray diffraction analysis data,
given in Table 11, prove the presence of a tetra-
gonal phase found earlier [12] and described [9]
as hydrogen tungsten bronze (THTB). This phase
appears parallel with the decomposition of the
hexagonal ammonium tungsten bronze (HATB).
The X-ray results are in agreement with the data
of Table I, as the amount of H,0 developed during
the re-oxidation of the samples increases with
decreasing NH; content, which is quite natural
in case of a material of higher H*jon content,

On the basis of these results, the two following
ways for the formation of lower oxides from ATB-
type material can be given:

Phases with —2NH; + H,0
ATP - ATB structure WO,_,.
— NH; / H,0
Phases with

HTB structure
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Figure 1 Thermogravimetric curve of a typical product
formed at 380° C in argon atmosphere.

The quantity of HTB phases can be calculated
on the basis of thermoanalytical results, as shown
in Fig. 1. The curve is typical of those of the
partially-reduced APT products.

The mass decrease in Step I equals the H,O
bound loosely, probably by adsorptive forces,
to the solid surfaces, while that in Step II equals
the NH; and H,0 quantities evolved during the
thermal decomposition of materials with the ATB
and HTB structures. As no other process can lead
to the water evolution, one can assume that the
water evolved in Step II originates from the com-
ponents of the bronze structures. It is worth
mentioning that the process

NH; + WO; > WO,_, + y-H,04+y/6+N,, (6)

can be excluded because nitrogen was not detected.
Using the data for NH; content and taking into
account the composition of the (NH,),O-group,
the H*<ion quantity bound in the bronze structure
can be estimated by subtracting from the total
number of H,0 moles those equivalent to the
NH; (see Fig. 2 and Table III).

If x denotes the quantity of cations (NHZ,
H* or both) bound after the reduction, while y
denotes the reduction degree in the same product
of WO,_, composition, then the change of the
phase-composition will be as shown in Figs 3 and
4. In Figs 3 and 4 the straight lines represent the
composition of bronzes according to the strict
criterion of y = x/2 [13, 14]. The curves of Fig. 3
obtained from the chemical analysis are in full
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TABLE II The results of the qualitative X-ray diffraction pattern evaluation

Temperature (°C) Structural types

Hexagonal bronze Tetragonal bronze Reduced oxides
340 NH, —W-bronze - - -
360 NH, —-W-bronze - - -
380 NH, ~W-bronze - - -
400 NH, ~W-bronze H-bronze (a) — -~
420 NH, -W-bronze + H-bronze - -
440 (a) + H-bronze - -
460 (b) + H-bronze — -
480 (b) +.H-bronze - -
500 © + H-bronze — -
520 - H-bronze +W,0, (@) -
540 — - W05, -
560 - - W,00, +W,, 0, (2
580 - - — 13049

(a) Small quantity.
(b) Very small quantity.
(c) Traces

agreement with the identifications based on the
qualitative X-ray analysis, and are shown in Table
II. The H*-ion content bound in the reduction
products increases with decreasing NHJ-ion con-
tent, as expected. A similar decomposition mech-
anism takes place in the APT crystal during low-
temperature decomposition, as found earlier
[15, 16].

4, Discussion

4.1, Chemical considerations

In tungsten bronzes, with general formula M, WO;,
as described by Dickens and Whittingham [17],
the quantitiy of M electropositive atoms can vary
in the range of 0 <x <1. Though the value of x
defines correctly the reduction grade of the tung-
sten oxide it seems to be more descriptive to
express the bronze character of the product using
such a formula which contains the real reduction
degree, y directly. The two quantities x and y are

Figure 2 Schematic illustration of the evolution of NH,
and H,0 gas products from the crystal lattice.
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rigorously interdependent. An intermediate com-
pound can be considered as a bronze only if the
values of x and y fulfill certain requirements.
However, it seems to be more favourable to use
the general chemical formula for bronzes proposed
by Neugebauer [13]:

M. WO; = M,0,,W0;_y = (M;0),,,WO,_,
= waoa-y+x/2: M

where y = x/2.

It is evident that compounds can be called
bronzes only if their chemical compositions strictly
satisfy the terms expressed by the straight line in
Fig. 5. As more material is reduced, more bronze
forming atoms should be present in the lattice. By

0.20}
0.16}
reduction
002}
0.08 } )

0.04

001 002 003 004 005 y

Figure 3 The qualitative change of phases of ammonium
and hydrogen bronze structures dependent on the reduc-
tion degree. 1, NH}/WO,; 2, HY/WO,.
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Figure 4 Summary of phase changes formed, consisting
of NH;- and H*-ions, as a function of the reduction
degree.

progressive reduction of polytungstates or, alter-
natively, by progressive contamination of WO;,
compositions with y é x/2 can be produced with
the same probability. Regarding this, with refer-
ence to the theoretical phase diagram shown in
Fig. 5, the probable compositions can be divided
into three parts. Along the y = x/2 straight line
the bronzes can be formed, while in case of y <
x/2 the reduced polytungstates are formed and in
case of y > x/2 contaminated or pure oxides are
present.

The diagram of possible phases shown in Fig. 5
seems to be a good base for the explanation of
phase-transformations during thermal reductions.
Figs 3, 4 and 5 indicate that the compounds
formed in the initial lstage of the APT reduction
where y € x/2 are polyacids or polysalts, rather
than bronzes. This is important from the point of
view of their chemical status. In this system,
bronzes can only be formed in a really narrow
interval of compositions, where the y=x/2
straight line intersects the curves. In the vicinity of
the straight line the slope of the curve is definitely
decreasing (the curve belonging to the H™-ions
tends towards the horizontal) showing that, from
thermodynamical and structural points of view,
the bronzes are compounds of high stability. it is
surprising that the H-on curve intersects the
y = x/2 straight line twice (see Fig. 3). In the initial
stage of reduction a compound forms which already
satisfies the bronze composition, while at about
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Figure 5 Relation between composition of possible phases
in NH} /H*-W-O system and the reduction degree.

¥ = 0.03 2 new compound of bronze composition
arises through acidic polytungstates (hydrotung-
states).

Fig. 6 represents a phase diagram of the NH3/
H*—W-0 system in the formation range of DAPT,
ending at the y-tungsten oxide. Ahead of the y =
x/2 plane of composition, within the given tem-
perature range, the system consists of reduced
polytungstates (acids and/or salts), while at the
intersections of plane and curves are the NH, - and
H-bronzes and behind the plane the contaminated
and/or pure oxides seem to be stable.

It has to be emphasized that such a formation

- of phases is valid only under the described experi-

mental circumstances. So, the ratio of the com-
pounds can be slightly influenced by the NH; and/
or H,O contents of reduction gas. Increasing H,
content of the gas phase shifts toward lower tem-
peratures. Essential changes can be detected in the
process only if the NHj andfor H,O content
of the gas changes. Experiments are planned, in
order to clarify the effect of the NH; partial
pressure, pnmy, , and/or the H, partial pressure,

Py, .

4.2, Structural considerations

The termination of phases on the basis of chemical
criteria is self evident, while it seems to be more
complicated on a structural basis, due to the very
slight alterations of structure with composition
around the y = x/2 straight line. It is well known
that the bronzes can exist over a wider range of
compositions, with the same basic structures.
However, some slight structural changes, for
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Figure 6 Phase diagram of NH;/H*-W—O system formed in reduction atmosphere of dry H, + N, gas mixture of

1:29 vol ratio.

example, progressive shift of the hexagonal axis
ratio [18], show the changes of the reduction
degree and/or of the concentration of contamina-
tions compared to the ideal bronze properties.
With regard to the reduced NHZ- and H*-poly-
tungstates, especially in their comparison with the
true bronze structures, there is unfortunately no
information in the literature, in spite of the
industrial importance of these compounds; these
are clearly materials that should be studied in
more detail.

Due to the relative stability of this structural
type, the term “bronze” can be more widely
used in a crystallographic sense than it can in a
chemical one. Accordingly, a structural type can
be easily classified as bronze even if it is closer
to polytungstate, e.g., from the point of view of its
chemical ion exchange ability and other chemical
properties. On the basis of new results of ion
equilibrium studies, it is hardly questionable that
the ion exchange properties of the DAPT are con-
nected to some kind of compounds with acidic
and/or salt characteristics [9]. That is, the ion
exchange ability has its maximum where phases
with composition y €x/2 [9] exist, and is very
small in the vicinity of the bronze composition.

5. Conclusions
The products formed during the partial reduction
of APT are called decomposed APT (DAPT) and
they are considered as ammonium tungsten
bronzes. The phases formed in the initial stage of
reduction are blue, shiny crystals, similar to some
tungsten bronzes but, on the basis of the bronze
definition used in this paper and on that of the
experimental results, these reduction products can
not be classified as bronzes without some degree
of uncertainty. The existence of DAPT and that
of HTB established earlier in practice, have been
more closly correlated. The idea of designating
DAPT should be categorically changed, in the
opinion of the authors. From the generalization
of the experimental results presented in this paper
it should be concluded that the DAPT designates
all the compounds partially reduced and charac-
terized by y <x/2. These phases can not be con-
sidered as tungsten bronzes, in a classical sense,
but they are intermediate phases between tungsten
bronzes and tungstates. Relying on the chemical
properties, these compounds can be called reduced
polytungstic acids and/or salts.

In conclusion, the authors suggest some change
in the decomposition scheme of APT reduction,
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based on the proposed theoretical phase diagram
as foliows

NH,-bronzes

reduced polytungsti/ \
acids and/or salts
with depleted ion \ /

content
H-bronzes

WO;_, > pure WO,.

y<x/2 y=x/2 y>x[2
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