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The quenching of the equimolar PbO-V,O, melt gave rise to an amorphous material or two polycrys- 
talline phases mixed with an amorphous matrix, depending on the cooling rate. These materials were 
submitted to heat treatment and all generated pure lead metavanadate crystals. All phases were 
characterized by means of powder X-ray diffraction, differential thermal analysis, scanning electron 
microscopy, and infrared absorption spectroscopy. Furthermore, the interdependence of all the 
amorphous and crystalline phases is explained. It was also possible to evaluate the kinetic parameters 
(activation energy and reaction order) of the glass + a-LPV phase transformation. It was confirmed 
that this reaction follows the Avrami-Erofe’ev equation. 

Introduction 

The commonly accepted phase diagram 
of the PbO-Vz05 system is still that formu- 
lated by Amadori in 1917 (I) (Fig. 1). The 
successive reexaminations of the system 
have substantially confirmed the correct- 
ness of Amadori’s results, with some 
modifications in the PbO-rich region, be- 
cause new compounds were discovered 
(2, 3). Particularly the central region has 
remained unchanged with the presence of 
the eutectic point at 50% mol Vz05. Viting 
and Golubkova claimed nonexistence of 
lead metavanadate as a compound on the 
basis of thermal analysis and microstruc- 
tural methods (4). On the contrary, Saxena 
and Sharma (5) reported the formation of 
PbV20s. In particular, by means of conduc- 
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tometric, pH-metric, and potentiometric ti- 
trations of Pb(NO& with NaV03, they sep- 
arated a powder whose formula was 
PbVzOs ; their measurements were very ac- 
curate and reproducible. In addition, by 
slow cooling of a melt whose composition 
was PbO : Vz05 = 1: 1, Jordan and Calvo 
(6) prepared single dark crystals, which 
were investigated by X-ray diffraction; the 
structural results allowed the authors to 
state that their compound was undoubtedly 
lead metavanadate. In order to confirm the 
stability of PbVnOs, they submitted it to a 
heat treatment and observed no variations 
in the structural arrangement of the sample. 

From the aforementioned results some 
contradictions appear. It is evident that the 
structural and thermodynamic situation of 
the equimolar system is not clearly defined 
and that further investigations are needed. 

Another source of interest regarding this 
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FIG. 1. Amadori’s phase diagram of the PbO-V20, system. 

system comes from the study of its glass- 
forming capability. In fact, there are only a 
few studies on glasses containing large 
amounts of VZ05 as unique network former 
(7-IO), though the analogous systems con- 
taining P,O, have been widely character- 
ized since 1953 (II -13). 

Experimental 

Equal molar amounts of PbO and V205 
were melted in an electrically heated muffle 
furnace under air atmosphere and at tem- 
peratures ranging from 700 to 1100°C. The 
total weight of the batch varied from 10 to 
35 g. The melt was then quenched rapidly 
on materials with different thermal conduc- 
tivity. This fact clearly influenced the cool- 
ing rate and in this way samples were ob- 
tained with different macroscopical ap- 
pearance, glassy or polycrystalline, which 
were very dark brown in color. They were 
submitted to heat treatment at selected tem- 
peratures depending on the thermal analy- 
sis data. Powder X-ray diffraction (XRD) 
analysis was carried out on the prepared 
materials by using a Philips diffractometer 
with copper K, radiation according to the 
Debye-Scherrer method. Because of the 
lack of literature data about lead vanadates, 

the experimental patterns were compared 
with the theoretical ones calculated with 
the aid of a computer. Microphotographs 
and point probe analysis of the different 
samples were performed by means of a 
Cambridge Stereoscan 250 scanning elec- 
tron microscope equipped with an EDS Or- 
tee microanalysis apparatus. 

The thermal behavior of the samples was 
investigated by means of differential ther- 
mal analysis (DTA) carried out by a Linseis 
L62 thermoanalyzer in the 20-600°C range. 

Infrared absorption spectra were re- 
corded by a 283 Perkin-Elmer ir spectro- 
photometer. The samples were analyzed in 
the solid state after inclusion in KBr pellets. 

Results and Discussion 

No correlation was found between the 
macroscopical properties of the obtained 
materials and the melting temperature of 
the batch. On the contrary, as previously 
pointed out, we could obtain samples of 
different appearance by varying the 
quenching materials. In particular we used 
a stainless-steel hemispherical vessel, a 
copper plate, and a liquid nitrogen-cooled 
graphite vessel. Unlike the samples 
quenched on metal, which exhibited a poly- 
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FIG. 2. X-Ray powder diffractograms of G, MMI, 
MM2, and LMV. G = glass; MM1 = quenched on 
copper; MM2 = quenched on stainless steel; LMV = 
lead metavanadate. 

crystalline surface, the material obtained by 
using the graphite vessel had a glasslike 
lustrous look. Its XRD spectrum presented 
no peaks, but only a broad diffuse scatter- 
ing at low angle and this is characteristic of 
a long-range structural disorder (Fig. 2). 

The scanning electron microphotograph 
(Fig. 3) exhibited a surface without any 
presence of microstructures. 

The DTA measurements displayed a typi- 
cal glass pattern (Fig. 4), with a characteris- 
tic annealing dip, standing for the glass 
transition at 242”C, two exothermic peaks 
beginning at 245 and 379°C and a sharp, 
intense endothermic one at 480°C. From 
the aforementioned data, we confirmed that 
the samples obtained by quenching on 
graphite were true glasses. We named these 

glasses as G. The chemical analysis, carried 
out by standard volumetric methods, 
showed that G had the same composition as 
the original batch. 

The two series of samples quenched on 
the copper plate (named MMl) and on the 
stainless-steel vessel (named MM2) were 
submitted to XRD powder analysis. They 
gave different patterns where, besides the 
common broad diffuse scattering, several 
peaks stood out clearly coming from crys- 
talline structures (Fig. 2). In these materials 
the presence of long order zones was also 
proved by SEM photographs, where nee- 
dlelike crystals appeared mixed with an 
amorphous matrix, responsible for the low 
angle scattering (Figs. 5-7). 

Though the XRD patterns belonged to 
two different crystalline structures, the 
EDS microanalysis showed that the crystal- 
line phases in MM1 and MM2 had the same 
stoichiometry Pb : V = 1 : 1, which corre- 
sponds to the formula Pb2V20,, i.e., lead 
pyrovanadate, whereas the new amorphous 
matrix (Gl) was richer in V205 than the 
batch, according to the ratio Pb: V = 1: 2, 
13. From the lever rule, the amount of the 
amorphous phase was 10.44 times greater 
than that of the lead pyrovanadate. 

The only known structure of a compound 
having formula Pb2V20, is that of cher- 
vetite (14). We simulated its XRD powder 
spectrum by a computer and compared the 
obtained pattern with the experimental 
ones. As the angle and the intensity of the 
peaks turned out very different, we con- 
cluded that the crystalline structures 
present in MM1 and MM2 belonged to two 
different unknown phases of Pb,V20, which 
we called a-LPV and p-LPV. Attempts to 
interpret the diffraction patterns were made 
on the basis of the manual Ito’s technique 
and were refined by the computerized least- 
squares method. Whereas no reliable 
results were obtained for the a-LPV phase 
because of its less-ordered structure, we 
calculated the cell parameters and indexed 
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FIG. 3. SEM microphotograph of the amorphous phase G (x760). 

the pattern of the @LPV phase in triclinic 
symmetry (Table I); however, the obtained 
values are capable of improvement. 

Besides G, MMl, and MM2 were also 
submitted to DTA analysis. All the samples 
exhibited the annealing dip at 24PC, indi- 
cating the presence of the amorphous phase 
and three peaks at the same temperatures 
as in G. By the usual technique of stopping 
the temperature rise and performing XRD 
powder analysis, we were able to under- 
stand the changes in our samples. In this 
way, we attributed the first exothermic 
peak present in the DTA pattern of G to the 
spontaneous transformation of a part of the 
amorphous phase into crystalline (Y-LPV. 
For what concerns MM1 and MM2 sam- 
ples, the peak centered at about 298”C, 
more intense in the MM2 thermogram than 
in that of MMl, showed the transformation 
of a fraction of the amorphous phase into 
the crystalline phase which was already 
present in that sample, i.e., ol-LPV in MM1 
and PLPV in MM2. This autocatalysis is 
known as “breeding” phenomenon. The 

TABLE I 

LATTICE PARAMETERS AND INDEXATION OF X-RAY 
POWDER DIFFRACTOGRAM OF pLPV 

a = 9.468 ii a = 85.57” 
b = 5.521 8, p = 127.95” 
c = 6.045 8, y = 97.93” 
V = 246.780 ti3 

29 

6.400 
10.050 
12.200 
12.375 
12.850 
12.875 
13.875 
14.050 
14.250 
14.925 
15.200 
16.400 
16.800 
17.100 
17.350 
18.550 

d ObSd d caled 
4) A 

6.9103 6.8895 
4.4140 4.3888 
3.6450 3.6368 
3.5943 3.5788 
3.4635 3.4872 
3.4569 3.4557 
3.2121 3.2038 
3.1729 3.1499 
3.1293 3.1178 
2.9908 3.0144 
2.9379 2.9279 
2.7282 2.7548 
2.6650 2.6652 
2.6196 2.6380 
2.5830 2.6023 
2.4213 2.4176 

h 1,1 

I 00 
-2 01 
-2 11 

2 00 
o-1 1 
0 11 

-2-l 1 
-2 10 

1 01 
-3 01 
-2 02 
-1 02 
-2 12 

1 11 
-1 20 

3 00 

I ok%* 
(ad.) 

52 
100 
85 
29 
29 
29 
57 
23 
47 
33 
32 
34 
23 
19 
14 
27 
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FIG. 4. Differential thermal analysis patterns of G, 
MMl, MM2, and LMV. Heating rate = lOT/min. 

common exothermic peak at 396°C is due to 
the formation of a homogeneous crystalline 
phase, which was identified as PbVzOs, 
lead metavanadate (LMV) (Fig. 8). Litera- 
ture data (15) show that at about 500°C the 
melting of lead metavanadate occurs and 
this agrees with the endothermic peak ob- 
served in our patterns. 

All the previous measurements clearly in- 
dicated that the phases are correlated with 
each other and that all converge to the for- 
mation of LMV. This trend showed that, 
besides G, the crystalline phases a-LPV 
and PLPV are metastable and that the lead 
metavanadate should be the only thermo- 
dynamically stable compound in the inves- 
tigated system. In order to verify this last 
assumption, we carried out DTA cooling 

runs on all the samples starting from the 
melt. In all the cases we observed only the 
same crystallization peak and the obtained 
material, analyzed by XRD technique, was 
found to be uniquely LMV. This agreed 
with the Jordan-Calvo preparation (6). 

We can summarize the interdependence 
among the phases as in Fig. 9. Our results 
regarding the crystallization of the amor- 
phous phase agree completely with those 
obtained by Dimitriev et al. (16). 

We again point out that the fundamental 
step in the preparation of an amorphous or 
crystalline sample is the cooling rate, which 
is correlated with the thermal conductivity 
of the material used for the quenching, i.e.: 

Material 
Thermal conductivity 

(kcal set . m . “C) 

graphite 6.28 
copper 1.70 
stainless steel 0.08 

As stated by Ostwald’s step rule, when a 
metastable state “is spontaneously de- 
stroyed, the solid phase produced is not the 
most stable under the existing conditions, 
but the next in order” (17). In this respect, 
we recorded and interpreted the ir spectra 
of all the materials and this confirmed the 
previous statement. In fact ir vibrational 
spectroscopy supplies a reliable view of the 
internal structure of a compound. Though 
we were unable to surely assign the absorp- 
tion bands, it was possible to give evidence 
of a continuous change in the pattern of the 
ir spectra, from the metastable glass G to 
the stable LMV passing through the two 
phases a-LPV and @-LPV (Fig. 10). 

The low-energy spectrum of the glass G 
presented no peaks, but only a very broad 
band in the lOOO- to 400-cm-l region. This 
fact is strictly correlated with the high inter- 
nal disorder. In the study of the spectra of 
MM1 and MM2 materials, we noted a more 
definite pattern due to the crystalline CY- 
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FIG. 5. SEM microphotograph of MM1 (x 1400). 

FIG. 6. SEM microphotograph of MMl: particular of the amorphous phase Gl (X 16,000). 
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FIG. 7. SEM microphotograph of MM2 (x500). 

FIG. 8. SEM microphotograph of lead metavanadate (x5800). 
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FIG. 9. Summary of the intercorrelations among G, 
MMl, MM2, and LMV. 

LPV and /3-LPV phases superimposed on a 
broad amorphous band. As expected, the 
LMV spectrum presented a well-defined se- 
ries of narrow peaks without any contribu- 
tion of the disordered phase. We noted that 
the /3-LPV spectrum was more similar to 
the LMV one than that of the a-LPV phase, 
which resembled that of the amorphous 
phase. In this way the already discussed 
stability order G < cr-LPV < LMV was 
again confirmed. By comparison with the 
known data, we found that the ir spectra 
concerning (u-LPV and PLPV were very 
different from that of chervetite (18), as 
was previously verified for the XRD data. 
On the basis of the work of Dupuis and 
Viltange (19) and Ross (20) we tentatively 
assigned the bands of a-LPV and /3-LPV as 
shown in Table II, 

In recent years several papers appeared 
which reported the use of DTA technique 
and which demonstrated that it is possible 

TABLE II 
INTERPRETATIONOFTHE ir ABSORPTION BANDSOF 

a-LPVAND B-LPV 
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to determine the most important kinetic pa- 
rameters of a crystallization process in an 
amorphous phase, such as the activation 
energy E,,, and the reaction order n (21- 
24). 

Among the crystallization reactions oc- 
curring in our system, the only one which 
we studied from a kinetic point of view was 
G --, (Y-LPV. By assuming that this process 
is described by the Avrami-Erofe’ev equa- 
tion (25-28), we submitted several amor- 
phous samples to differential thermal anal- 
ysis with different constant heating rates h 
(20, 10, 5, 2, 1 “C/min) in order to calculate 
Eact by means of the equation log h = 
-(E,,,/4.57) (l/T) + const (Fig. 11). We 
calculated E,,, = 74.8 kcal/mol, which was 
within the range of the known data for simi- 
lar processes. The reaction order was eval- 
uated by plotting logAT versus l/T accord- 

Assignment 
a-LPV 
(cm-‘) 

PLPV 
(cm-‘) 

~sWO3) 965 925 1005 

%WW i 870 820 865 

v&bridging OVO) 765 760 
v&bridging OVO) 535 580 

WQ) 435 340 340 

I I 
1000 600 OZI? 

FIG. 10. Infrared absorption spectra of G, MMI, 
MM2, and LMV. 
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FIG. 11. Graphic evaluation of the activation energy 
of the G + Cl + u-LPV transformation by means of 
DTA measurements. Correlation coefficient = 0.9980. 

ing to the relation 1ogA T = - (12 E&4.57) (1 
/T) + const (2.?), where AT is the differ- 
ence of temperature between the reacting 
compound and the reference material and T 
is the corresponding temperature of the ref- 
erence (Fig. 12). The DTA pattern used for 
this determination was recorded at a 20°C 
min heating rate. The obtained value n = 
2.7 suggested that the crystallization reac- 
tion is controlled by diffusion and occurs 
with a constant nucleation rate and tridi- 
mensional growth. 

Conclusions 

The 50% mol PbO-V20, system forms a 
wide range of materials, all coming from the 
same melt. The determining reason for this 
behavior is surely the cooling rate which 
causes the formation of different com- 
pounds according to their thermodynamic 
stability and crystallization rate. The cool- 
ing rate can be controlled by choosing a 
quenching material with proper thermal 
conductivity. In the case of a graphite ves- 
sel, which exhibits the highest thermal con- 
ductivity, we have the formation of a true 
glass. 

The (Y-LPV phase, which is dispersed in 

MM 1, is found either by quenching on cop- 
per, which is the second material in thermal 
conductivity, or by heat treatment. Its ir 
spectrum shows that it has an internal 
structure similar to the glass one, though 
with a greater long-range order. All these 
facts, together with DTA results, suggest 
that (r-LPV is a metastable phase intermedi- 
ate between G and LMV. 

The @LPV phase is obtained only by 
quenching with a lower cooling rate with 
respect to a-LPV, whereas we could not 
observe the G -+ /3-LPV and the a-LPV + 
p-LPV transformations by heat treatment. 
Though it has not been possible to deter- 
mine an overall stability order, the prepara- 
tion method indicates that /3-LPV is formed 
by a path parallel to that of a-LPV, but 
characterized by a smaller crystallization 
rate, according to a more ordered structure 
rather similar to that of LMV, as shown by 
the ir spectra and by the XRD data. 

Finally, all our experimental results 
agree on the conclusion that lead metavana- 
date can be prepared as a definite com- 
pound by slow cooling of a melt or by heat 
treatment of various metastable phases. 
Therefore, it seems very opportune to reex- 
amine the PbO-V20, phase diagram, espe- 
cially in the region nearby the eutectic 
point. 

FIG. 12. Graphic evaluation of the reaction order of 
the G + Gl + ol-LPV transformation by means of 
DTA measurements. Correlation coefficient = 0.995 1. 
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