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ABSTRACT

The equilibrium relationship in air of the system PbO,-PbO-V,0s was studied using the
thermobalance technique, as well as combined TG-DTA and X-ray analysis. Three com-
pounds were established: 2PbO-V,0;, 3PbO-V,05 and 8PbO-V,0,. 4PbO- V,0O;, was, how-
ever, not detected. 2PbO-V,05 can be prepared from PbO, at a relatively low temperature
(420° C). The X-ray pattern for the compound 8PbO-V,0; is presented and the compatible
phases were established.

INTRODUCTION

The study of the phase equilibria of this system has been motivated by the
increased importance of lead vanadate compositions in various fields of
applications. Table 1 shows the various applications for glasses containing
V,0O; and lead oxides. In addition, V,O5 has been recently extensively used

TABLE 1
Applications of PbO-V,0s glasses
No. Composition Use Reference
of glass
1 PbO-V,0; Heat resistant glass 1
n-type semi-conductor 2
2 PbO-V,0,-B,0, Low melting glass for composite 3
materials 4
Sealing glass ceramics and metallic 5
parts
Increasing the absorption of visible 6
light
Piezoelectric 7
3 PbO-V,0,-CuO Vitreous semi-conductors
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with other oxides in the glass industry, particularly in glasses with special
electrical properties [9,10].

PREVIOUS WORK

Lead vanadates

Various lead vanadates have been reported. Table 2 summarizes the
available data.

The binary system Pb—0O
This system had been previously reported by Abadir et al. [17].
The PbO-V,0; system

Amadori [12] has published the phase diagram in Fig. 1 which shows the
presence of 3 intermediate compounds melting congruently without evidence

TABLE 2

Lead vanadates

Compound PbO:V,04 Properties References

(molar)
2PbO- V,0q4 2:1 Congruently melting at 721° C 11,12
13,14

3PbO-V,0; 3:1 Hexagonal 15,16
Congruently melting at 957°C 11,12

4Pb0O-V,04 4:1 Incongruently melting 16

8PbO-V,0; 8:1 Monoclinic 16
Has an allotropic transition at 775°C 14,11
and congruently melting at 797° C 12
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Fig. 1. PbO-V,0; system, published by Amadori [12].
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of any solid solubility. While 2PbO - V,05 melts at 721°C, 3PbO - V,0O;
melts at 957°C and 8PbO - V,Os melts at 797°C. The presence of these
compounds was recently confirmed by several authors [16,18]. Their pre-
paration from PbO and V,0; required relatively high temperatures
(600-750°C) and long heating periods ranging from 1 day to 1 week. The
compound 4 PbO - V,O5 was reported by Shimohira et al. [16] and is not
shown in Fig. 1.

In the present work, PbO, was used as the starting material to take into

account the effect of lead polyvalency which has been ignored in previous
studies.

EXPERIMENTAL TECHNIQUES

NH,VO;, supplied by VEB Laborchemie Apolda, East Germany, was
used to prepare V,0s. Figure 2 shows the combined DTA, TG and DT
results obtained on heating pure NH, VO, in the derivatograph (a simulta-
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Fig. 2. Thermal analysis of NH,VO; on the derivatograph (rate of heating 10° C min™!).
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neous thermal analyser) at a heating rate of 10°C min~"! in a Pt crucible.
Conversion to V,0, demonstrated by constant weight, occurs at about
400° C. The DTA peak at 700 ° C corresponds to the melting of the oxide. In
view of these curves, V,0; was prepared by heating NH,VO, at 600°C to a
constant weight.

PbO, (A.R) grade was also supplied by VEB Laborchemie Apolda, and
was found to contain 0.7% maximum impurities. PbO, was dried at 120°C
prior to weighing out the appropriate amounts of V,O; and PbO, and
mixing them in an agate mortar. The mixtures were then suspended in the
thermobalance and the temperature raised to 120°C until constant weight
was obtained, in order to eliminate the moisture. The mixtures were then
heated at different temperatures until equilibrium was reached at each
temperature in order to determine the change in O/V ratio in each case.
Such a technique has been extensively used to establish non-condensed
systems [17,19,20].

EXPERIMENTAL RESULTS AND DISCUSSIONS

The dissociation curves for several mixtures were used to draw the ternary
isobaric diagram in air shown in Fig. 3. These results were confirmed by
occasional DTA and TG analyses, as well as by X-ray diffraction analysis.
The interpretation of the different dissociation curves can be made by
considering these curves together with the ternary isobaric section, Fig. 3.

°le O/Pb

Fig. 3. Ternary isobar in air for the PbO,-PbO-V,05 system (molar basis).
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Dissociation curves in air

All the dissociation curves show the following common characteristics.
Oxygen is lost from about 100 to 278 ° C at which a vertical isothermal step
occurs. Above 278°C, oxygen is progressively lost up to about 345°C at
which a second vertical isothermal step is observed. However the extent of
oxygen loss due to that step and, consequently, the location of the final
compositions obtained on the ternary diagram depend on the composition
of the original mixture. Accordingly, the different dissociation curves were
divided into 4 groups.

Group 1. Dissociation curves for mixtures containing more than 33% V,0;
(molar)

Figure 4a was selected to show the main features observed in these
mixtures. It shows the dissociation curve in air for a mixture initially
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Fig. 4. Dissociation curve of (a) PbO,-V,0; mixture in air for PbO, : V,05 = 3: 2 (molar), (b)
PbO, -V,0s mixture in air for PbO, : V,05 = 7.5:2.5 (molar), (c¢) PbO,-V,0O; mixture in air
for PbO,:V,05=4:1 (molar), and (d) PbO,-V,05 mixture in air for PbO,:V,0,=9:1
(molar).
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containing 40% V,0;,. As previously stated, at 278°C a vertical step occurs
corresponding to the reaction

PbO, (s.5.) = PbO, (s.s.) + (2 — x/2)0, (1)

Progressive oxygen loss then takes place until 345°C where a vertical
isothermal step takes the O /Pb ratio to about 1.05. On further temperature
increase, the ratio approaches 1 at 420°C. As seen from Fig. 3 the last
vertical step corresponds to the reaction

2PbO, (s.5.) + V,0, = 2PbO - V,04(s.5.) + (x — 1)O, (2)

The value of x at which this transition occurs was found to be about 1.48 for
all mixtures.

Group 2. Dissociation curves for mixtures containing 25-33% V,0s (molar)

Figure 4b shows the dissociation curves obtained on heating a mixture of
PbO, and V,0; containing 25% V,0s (molar) under equilibrium conditions
in the thermobalance: it shows the main features observed for all mixtures
having a V,Os content from 25 to 33%.

As seen from this figure, the step at 278°C is followed by progressive
oxygen loss until 345°C at which a vertical step occurs. This step, as
previously mentioned, corresponds to the formation of 2PbO - V,O,. How-
ever, the O/Pb ratio reached a value of 1.21. As shown in Fig. 3, at this
temperature PbO, coexists in equilibrium with 2PbO - V,0s. Progressive
oxygen loss then takes place up to about 370 ° C where a sudden vertical step
indicates the formation of Pb;O, according to the reaction

3PbO, - Pb,0, + (3x — 4/2)0, (3)

The O/Pb ratio remains constant up to about 425°C, at which a final step
occurs shifting the O/Pb ratio to 1. As seen in Fig. 3, this step corresponds
to the reaction

2PbO - V,0, + 1Pb0, — 3PbO - V,0, + 10, (4)

Evidence of the formation of 3PbO - V,O; at such low temperatures was
obtained by X-ray analysis, as will be discussed later.

Group 3. Dissociation curves for mixtures containing 11-25% V,0O (molar)

Dissociation curves of a mixture containing 20% V,Os is shown in Fig. 4c.
The O/Pb ratio varies in almost the same way as the 25% V,05 mixture, i.c.
the invariant situations observed at 278, 345 and 370° C are present. At the
end of the step at 425°C, the O/Pb ratio is 1.09. This ratio remains constant
up to about 480°C where a sudden loss changes the O/Pb ratio to unity.
This loss in weight corresponds to the reaction

3PbO - V,0; + $Pb,0, - 8PbO - V,0; + 0, (5)
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Group 4. Dissociation curves for mixtures containing up to 11 % V,0s (molar)

Figure 4d shows the dissociation curve for a mixture initially containing
10% V,0,. The invariant situations are observed once more at the same
temperatures of 278, 345, 370, 425 and 480 ° C, as seen by the corresponding
vertical steps. At the end of the step at 480°C, the O/Pb ratio is about 1.1
and remains constant up to 560° C where it drops suddenly to unity. This
temperature is the same temperature at which pure Pb,0, transforms to PbO
[17] indicating that PbO does not take V,0Os into solid solution.

Combined thermal analysis results

Figure 5 shows the combined DTA, TG and DTG results obtained by
heating a mixture initially containing 66% PbO, (molar). The thermal curves
obtained are as expected in view of the results of the equilibrium dissocia-

900} a

800}

700+

600}

500

T

Ratel

U

Am ®h

TG =

&
T

°lo LOSS in weight
]

| H L L

100 200 320 400 500 600 700 Temp..C

Fig. 5. Thermal analysis of 2Pb0O, : V,O; (molar) on the derivatograph (rate of heating 10° C
min~1).
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Fig. 6. Non-stoichiometry of 2PbO-V,0;.

tion curves. In particular, the presence of peak 7 on the DTA which is not
accompanied by a change in weight (on the TG and DTG curves), seems to
be in favour of the assumed formation of a solid solution of 2PbO - V,0;. If
2PbO - V,0; was a stoichiometric phase then it would have melted at a
definite temperature without any trace of liquid appearing before melting. In
that case, we should have obtained one melting peak on the DTG. The fact
that peaks 7 and 8 occur without weight change means that melting has
occurred over a range of temperatures. This could be the case if 2PbO - V0O,

TABLE 3

Combined thermal analysis of a mixture containing 2Pb0O, : V,O5 (molar)

Peak Type Temperature Change in Interpretation

number °0 weight

1 endo 140 slight Loss of moisture

2 endo 220 slight Non-stoichiometry of PbO

3 endo 390 yes Transition to PbO,

4,4 endo 420-460 yes Non-stoichiometry of PbO,

5 endo 520 yes Transition to 2PbO - V,0;

6 endo 540 slight Non-stoichiometry of
2PbO-V,0;

7 endo 570 no Eutectic formation between
2PbO - V,04(s.s.) and
V,04(s.s.)

8 endo 720 no Congruent melting of

2Pb0O- V,0,
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is a non-stoichiometric phase. This situation is shown in Fig. 6. Being
performed under non-equilibrium condition (heating rate of 10°C min™?),
the combined thermal curves gave transition temperatures higher than the
corresponding equilibrium temperatures. Table 3 summarizes the results of
the combined thermal analysis.

The ternary isobaric section in air

Figure 3 shows the ternary isobaric section obtained by plotting the
beginning and the end of each step obtained on the dissociation curves. The
following invariant situations occur.

(i) At 278°C, PbO,(s.s.), V,04(s.s.) and PbO, (x =1.57) coexist with
oxygen in equilibrium. The composition of the V,0;(s.s.) vertex of the tie
triangle V,0,-PbO,-Pb0O, is not certain. That is why the tie lines joining
PbO, and V,04(s.s.) as well as the small solid gap at the V,0O5 vertex are
shown dotted in the figure.

(ii) At 345°C, PbO, (x = 1.5), V,05(s.s.) and 2PbO - V,04(s.s.) coexist in
equilibrium with oxygen. The presence of both V,0(s.s.) and 2PbO -
V,04(s.s.) were confirmed by X-ray analysis as well as by joining composi-
tions reached at the same temperature on the ternary phase diagram (as will
be explained when discussing the monovariant situation). The occurrence of
this tie triangle implies that the use of PbO, (instead of PbO) resuited in the
formation of 2PbO - V,0O; at 345°C instead of 600°C which was reported
when PbO was used [11]. This is due to the destabilization of PbO, by
reaction with V,0s.

(iii) At 370°C, PbO, (x =1.41, 2PbO - V,04(s.s.) and Pb;O, coexist in
equilibrium with oxygen. This is almost the same temperature at which pure
PbO, converts to Pb;O, implying that neither of the two oxides has taken
2PbO - V,0y into solid solution.

(iv) At 425°C, 2PbO - V,04(s.s.), 3PbO - V,O5 and Pb,0, coexist in equi-
librium with oxygen. Hence 425°C can be considered as the minimum
temperature required for the preparation of 3PbO - V,O,. The formation of
3PbO - V,05 was confirmed by X-ray analysis.

(v) At 480° C, 3PbO - V,0s, Pb,0, and 8PbO - V,0; coexist in equilibrium
with oxygen. In view of the absence of X-ray data concerning 8PbO - V,0;,
this compound could not be identified by X-ray analysis. The dissociation
curve of the mixture initially containing 90% PbO, showed a slight O/Pb
drop at 480 ° C giving a value of O/Pb at the termination of this step of 1.1.
This composition almost lies on a tie line joining Pb;0, and 8PbO - V,0,
suggesting the presence of this latter compound. In view of this result and
the work of previous authors, it was placed on the V,0s~PbO edge and the
tie line joining this compound to Pb,0, was shown dotted.

(vi) At 560°C, 8PbO - V,0s, Pb,O, and PbO coexist in equilibrium with
oxygen. This temperature is identical to the temperature at which the
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decomposition of Pb,;O, to PbO occurs in the case of pure oxides, implying
that PbO does not take any V,0; into solid solution.

The following three monovariant situations (where 2 solid phases coexist
in equilibrium with oxygen) exist.

(1) At temperatures ranging from about 100 to 278° C, PbO, coexists in
equilibrium with V,04(s.s.). The tie lines are shown dotted as previously
explained.

(2) At temperatures ranging from 278 to 345°C, PbO, (1.5 <x <1.57)
coexists in equilibrium with V,04(s.s.) and oxygen.

(3) At temperatures ranging from 345 to 370°C, PbO, (1.41 < x < 1.5)
coexists in equilibrium with 2PbO-V,0; and oxygen. Evidence for the
presence of this series of tie lines is obtained from the slight progressive loss
in weight observed in the dissociation curves corresponding to compositions
containing more than 66% PbO, (molar) between 345 and 370 ° C. When the
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O/Pb ratios corresponding to the beginning and end of the progressive
weight-loss region on the dissociation curves are projected on the ternary
diagram, the points existing at the same temperatures are colinear with PbO,
and 2PbO, - V,O; for values of x ranging from 1.5 to 1.41, and for composi-
tions of 2PbO - V,0, containing a higher proportion of oxygen than the
stoichiometric ratio.

Two regions of solid solutions appear on the ternary diagram: V,0s(s.s.)
the presence of which was confirmed by X-ray diffraction analysis although
the extent to which this phase can take lead oxides in solid solution is
uncertain; and 2PbO - V,0;(s.s.) which was confirmed by X-ray diffraction.
Also, the presence of the solid solution containing excess oxygen was
suggested by the location of the tie lines representing V,0;-2PbO - V,05 and
2PbO - V,0,-PbO,. A projected quasi-binary temperature-composition di-
agram is shown in Fig. 7.

X-ray results

The V,0; solid solution
Identification of a solid solution using X-ray diffraction relies on the
slight shift in the d-spacings of the compound which occurs as the solid

TABLE 4

X-ray results for V,O; and V,0;(s.s.)

V,0s (pure) V,0; 95%-PbO, 5%

d 1/1, d 1/1,
- - 7.25 100
5.76 40 5.79 10
4.38 100 4.37 61
4.05 35 4.10 20
3.40 90 3.38 30
2.88 65 2.89 22
2.76 35 2.7 8
2.69 75 2.68 7
2.61 40 2.61 12
2.492 7 2.49 8
2.405 7 2.39 9
2.185 17 218 32
2.042 3 2.03 6
1.992 17 1.98 12
1.910 25 1.92 11
1.900 17 1.90 10
1.864 13 1.87 14
1.757 30 1.76 8
1.564 11 1.58 9
1.540 3 1.54 14
1.515 17 1.51 9

1.493 17 1.49 13
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TABLE S
X-ray diffraction pattern of 2PbO-V,0;
d I1/1, d 1/1,
(from
ref. 18)
6.92 8 6.89 52
4.35 23 4.38 100
3.69 11 3.64 85
3.60 47 3.58 29
3.45 100 3.46 29
322 97 321 57
- - 3.15 23
310 55 312 47
3.00 34 3.0t 33
294 17 293 32
2.75 22 2.75 34
2.65 7 2.66 23
- - 2.60 14
242 9 2.42 27
2.28 19 - -
2.24 22 - -
218 20 - -
2.09 23 - -
1.83 17 -~ -
1.73 14 - -

solution is formed [21]. To confirm the presence of V,0; solid solution, a
mixture initially containing 95% V,0s and 5% PbO, was heated for 48 h at
500°C. A comparison between the lines obtained for pure V,05 and those of
the heated sample is shown in Table 4. As can be seen from this table, there
is a slight shift in the values of the d-spacings indicating that up to at least
5% lead oxide can dissolve in V,0;.

The diffraction pattern of 2PbO - V,0;

A mixture initially containing 66% PbO, and 33% V,0; (molar) was
heated for 48 h at 510 ° C and subjected to X-ray analysis. The X-ray pattern
of the powder is presented in Table 5 and compared with the pattern
reported by Baiocchi et al. [18]. From this table it appears that the lines
obtained in the present study are very close to those recently reported in ref.
18, except for slight shifts in d-spacings denoting the formation of the
proposed 2PbO - V,0O; solid solution. The presence of this solid solution led
Batocchi et al. [18] to conclude that this phase is richer in V,Os content than
2PbO - V,O;. Five more lines also appeared which were identified as lines
characteristic of Pb,O,. The presence of Pb;0, is not surprising in view of
the proposed formation of 2PbO - V,0s solid solution rich in V,0;.
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TABLE 6

Suggested X-ray diffraction pattern of 8PbO-V,0;
d 1/1,
4.50 19
3.39 8
2.23 100
3.02 50
2.99 27
2.90 50
2.04 17
1.90 13
1.69 14

The diffraction pattern of 80% Pb0O,-20% V,0; (molar)

A mixture initially containing 80% PbO,-20% V,0s (molar) was heated to
560°C for 48 h and subjected to X-ray analysis. The resulting peaks were
compared with the d-spacings of 3PbO - V,0 [22]. Most of the lines of
3PbO - V,0O; appeared. This suggests that the remaining lines correspond to
8PbO - V,0;. Table 6 shows the “screened” lines of 8PbO - V,Os.

CONCLUSIONS

From the isobaric sections constructed for the system PbO,-PbO-V,0;,
the following compounds have been established: 2PbO - V,0,(s.s.), 3PbO -
V,0; (P,V) and 8PbO-V,O; (PgV) and their stability regions were de-
termined. The previously reported compound 4PbO - V,05 (P,V) was not
found to exist in air.

The minimum temperature required to obtain PV from PbO, + V,O5 is
425°C and its presence was confirmed by X-ray analysis. X-ray data for PV
were established.

There are six invariant situations established in air in this system. At the
indicated temperatures, three solid phases coexist in equilibrium with oxygen.

(i) At about 278° C, PbO,(s.s.), V,05(s.s.) and PbO, (x = 1.57).

(i1) At 345°C, PbO, (x =1.5), V,0;(s.s.) and P,V.

(iii) At 370°C, PbO, (x = 1.41), P,V(ss.) and Pb,0,.

(iv) At 425°C, PV(s.s.), PV and Pb;0,.

(v) At 480°C, PV, Pb,O, and PyV.

(vi) At 560°C, PV, Pb,O, and PbO.

Also, three monovariant situations occurred where two solid phases and
oxygen coexist in equilibrium:

(1) At temperatures ranging from 100 to 278°C, PbO,(s.s.) coexists in
equilibrium with V,0;(s.s.) and O,.
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(2) At temperatures ranging from 278 to 345°C, PbO, (1.5 < x <1.57)
coexists in equilibrium with V,O;5 and O,.

(3) At temperatures ranging from 345 to 370°C PbO, (1.41 <x <1.5)
coexists in equilibrium with P,V and O,.

Two regions of solid solutions appear on the ternary diagram:

(a) V,04(s.s.), the presence of which was confirmed by X-ray identifica-
tion.

(b) P,V(s.s.) containing a higher proportion of O, than the stoichiometric
ratio, the presence of which was also confirmed by X-ray analysis.
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