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Abstract

Equilibrium phase fields of the Pb—Cr-O ternary system were identified by long-term equilibrations and characterization of phases by
XRD. Existence of the following phase fields was identified: (1) PbCrO4~Pb,CrOs—Cr,03, (2) Pb,CrOs—PbsCrOg—Cr,05 (3) PbsCrOg—
PbO-Cr,03, (4) Pb-PbO-Cr,0;5 and (5) Pb—Cr-Cr,05. Based on these results, a partial phase diagram of Pb—Cr-O system has been

reported.
© 2008 Elsevier B.V. All rights reserved.

PACS: 64.75.—¢

1. Introduction

Liquid lead and lead bismuth eutectic (LBE) alloy are
considered as candidate coolant for fourth generation
nuclear reactors and as spallation neutron target as well
as coolant in accelerator driven transmutation systems
because of their favorable thermal, physical and chemical
properties [1]. These properties include high boiling and
low melting temperatures, high thermal conductivity, low
viscosity, low neutron capture cross section and modera-
tion and high spallation neutron yield [2]. Low chemical
reactivity of these coolants with water and air exclude the
possibility of fires or explosions. Though these coolants
are highly corrosive towards structural steels, a protective
oxide layer that prevents this corrosion can be formed over
the steel by controlling the oxygen concentration in the
coolant. An optimum oxygen concentration in the coolant
can be achieved by the use of an oxygen control system,
namely, gas phase oxygen control and solid phase oxygen
control [3,4]. In this context, study of the interaction of
components of structural steels with lead and bismuth in
the presence of oxygen is of technological importance.
Although many of the ternary compounds involved in Pb
(or Bi)-M-O systems (M = Fe, Cr) have been reported,
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their thermochemical data and equilibrium phase diagrams
of the ternary systems are not available. This paper
presents the results of the phase equilibration studies on
Pb—Cr—O system.

2. Literature data

Preparation and thermal stability of several compounds
involved in Pb—Cr-O system and the pseudo binary dia-
grams of PbO-PbCrO,4 and PbO-CrO; have been reported
in the literature [5-9]. Jaeger and Germs [5] carried out
studies on the binary PbO-PbCrO, system and reported
the existence of three additional ternary compounds, viz.
Pb,CrOs, Pb,Cr,O;3 and PbsCrOg. Negas [6] studied the
system by reaction between PbO and Cr,Os in air as a func-
tion of temperature and by direct observation of the sam-
ples during heating and/or by characterizing the products
by X-ray diffraction after quenching them from experimen-
tal temperature. Based on the results, the author reported
the existence of four ternary compounds, Pb;CrOsg,
PbsCrOg, Pb,CrOs and PbCrOy4 in this system. He also
reported that Pb;Cr,O;3, a compound that had been
reported by Jaeger and Germs [5], was not formed in this
system and it was mistaken for Pb;CrOg. The experimental
results of Negas [6] also indicated that when PbCrO4 was
heated in air above 1026 K, it decomposed to Pb,CrOs
and Cr,O5; with evolution of oxygen. Pb;CrOg was found
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to be formed above 1026 K from Pb,CrOs and PbsCrOg
and it congruently melted at 1116 K. DeVries and Roth
[7] synthesized a new ternary compound, PbCrO; which
is stable at high pressures and high temperatures (50—
65 kbar, 1393-1573 K). The author also derived phase
relations in Pb—Cr—O system at high pressure and high tem-
peratures. For these experiments, they had taken the start-
ing materials in the form of cylindrical pellets in a crimped
platinum container, which in turn was placed inside a high
pressure cell. Then the pressure of the cell was raised to the
appropriate value and the temperature of the cell was
raised at a programmed rate of 200 °C/min and was held
at the desired temperature for 20-30 min and quenched
at the rate of 400 °C/s. The samples were then analyzed
by XRD.

Mal’tsev et al. [8] studied the phase diagram of PbO-
CrO; pseudo binary system and reported the formation
of PbsCrQy in addition to Pb,CrOs and PbCrO,4. However,
the authors did not observe the existence of Pb;CrOg and
PbsCrOg. Gadalla and Abadir [9] reported the pseudo bin-
ary phase diagram of PbO-Cr,0j3 system, which shows the
existence of the four compounds, viz., PbCrOy4, Pb,CrOs,
Pb;CrO¢ and PbsCrOg. PbCrO,4 was found to be stable
in air from 478 K to 1030 K while Pb,CrOs was found to
be stable from 873 K to 1197 K. Pb3;CrO¢4 and PbsCrOg
were reported to be stable in the temperature range of
1010-1111 K and 948-1108 K, respectively. It is to be
noted that PbgCrOg was not observed by Gadalla and Aba-
dir [9].

3. Experimental
3.1. Materials

Pb;0,4 powder (99% purity on metal basis, M/s Aldrich
Chem. Co., USA), Cr,O5 powder (99.999% purity on metal
basis, M/s Johnson Matthey Materials Technology, UK)
and PbO powder (99.9+% purity on metal basis, M/s
Aldrich Chem. Co., USA) were the starting reagents used.
Thermogravimetry experiments coupled with evolved gas
analysis showed that PbO and Cr,0O3 contained 1.37 wt%
and 0.3 wt% of moisture, respectively. It was also found
that PbO contained 2 wt% lead carbonate impurity. The
PbO powder was therefore heated in argon atmosphere
at 773 K for 2 h while the Cr,O3 powder was calcined in
air at 523 K for 2 h to remove the moisture before using
them in experiments. Lead powder (99.9% purity, M/s Alfa
Aesar, USA) and chromium powder (99.8% purity, M/s
Alfa Aesar, USA) were also used for phase equilibration
studies. The ternary compounds were prepared by the
solid-state reaction of mixtures of appropriate molar ratios
of lead oxide and chromium oxide powders. The samples
were in the form of compacted pellets and were heated in
alumina crucibles in ambient air. When Pbs;O,4 was one of
the reactant and the product was formed with consumption
of oxygen from ambient air, the pellets were first heated at
823 K (which is below the decomposition temperature of

Pb50,) for prolonged periods. This was followed by a spell
of heating at temperatures above 823 K. During these heat-
ing cycles, the pellets were crushed at least once, ground,
pelletised and heated in air again. The temperature and
duration of heating for preparation of these ternary com-
pounds are given below:

2Pb;0, + 3Cr,0; + 7/20, %‘;‘jé 6PbCrO,, (1)
2PbO + Cr,0; + 3/20, 25 2 opbCro,, (2)
4Pb;0, + 3Cr,05 + 5/20, % 6Pb,CrOs, (3)
4PbO + Cr,0; + 3/20, 25 1 2pp, Cro; (4)
10Pb;0; + 3Cr,05 25 2L 6pbeCrog + 1/20, 1, (5)
10PbO + Cr,0; + 3/20, 2% 2 1oph.Croy, (6)

PbsO, + 1/2Cr203 + 1/402

1048 K, 24 h .
——— 5 No Pb;CrO¢ formation

(only a mixture of PbsCrOg—Pb,CrOs), (7)
2Pb;04 + 1/2CI‘203
MNO PbsCrOy formation

b. 923 K, 2h
(only a mixture of PbsCrOg — PbO), (8)
6PbO + 1/2Cr,0; + 3/40,

923 K, 24 h .
— "~ 2 No PbsCrOy formation

(only a mixture of PbsCrOg — PbO). 9)

The resulting products were characterised by X-ray dif-
fraction using a Siemens D500 X-ray powder diffractome-
ter with Cu K, radiation and graphite monochromator.

3.2. Phase equilibration studies

In order to obtain first information regarding the phase
fields in the Pb—Cr-O system, the individual ternary chro-
mates namely, PbCrQO,4, Pb,CrOs, PbsCrOg were allowed
to get reduced partially under (i) H, atmosphere at 823 K
for 2 h and (ii)) moist Ar-1% H, atmosphere at 723 K for
half an hour (Table 1). During this process, the overall
composition of the sample shifts towards lower oxygen
content with Pb/Cr ratio remaining constant. The samples
were then analyzed by X-ray diffraction to deduce the pos-
sible co-existing phases. Except for experiments 4 and 5
listed in Table 1, the products formed were then mixed
thoroughly and pelletised. The pellets were placed inside
an alumina crucible that was then sealed in a quartz
ampoule under vacuum and allowed to equilibrate at
923 K for 240 h and quenched in liquid nitrogen. The prod-
ucts were then characterised by XRD.

Based on the above preliminary results, a detailed phase
equilibrations were carried out. Mixtures from pure metals,
oxides and the ternary compounds with different overall
compositions, shown in column 2 of Table 2 and in
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Table 1
Results of partial reduction of chromates followed by equilibration

Experiment Starting
no. compound

Temperature and
duration of reduction

Temperature and duration
of equilibration after reduction

Phases identified after
equilibration

Reduction under pure hydrogen

1 PbCrO, 550°C,2h 700 °C, 240 h Pb-PbO-Cr,0;3

2 Pb,CrOs 550°C, 2h 700 °C, 240 h Pb-Cr,03

3 PbsCrOg 550°C,2h 700 °C, 240 h Pb-PbO-Cr,0;

Reduction under moist Ar—1%H> mixture

4 PbCrO, 450°C, 1/2h - Pb,CrOs-PbsCrOg—Cr,05
5 Pb,CrOs 450°C, 1/2h - PbCrO4Pb,CrOs—Cr,05
6 PbsCrOg 450°C, 1/2h 700 °C, 240 h Pb-Cr,03

Table 2

Results of phase equilibration studies in Pb—Cr-O system

Sl. no Phases taken before equilibration

Overall composition of the sample (in molar scale)

Co-existing phases after equilibration at 973 K

1 Pb,CrOs—PbCrO,-Cr,05 Pby 04Cr.3500.61
2 PbCrO,~PbO-Cr,0; Pby.0sCr0.3000.62
3 PbCrO,~PbO-Pb Pby 33Cr0.1200.55
4 PbCrO,~PbO-Cr Pby 16Cr.2600.58
5a PbsCrOs—Pb,CrOs—Cr,04 Pby.15Cr0.2500.60
5b PbCrO,~PbO-Cr,04 Pby.15Cr.2500.60
6 PbCrO,4-PbO-Cr Pbyg.20Cr.3800.42
7 Pb—Cr—Cr,04 Pby.05Cr0.6500.30
8 PbCrO4PbO-Cr,0; Pby.16Cr0.2000.64
9 PbO-Cr-Cr,04 Pby 35Cr0.2000.45

szCrosbeCrO47Cr203
PbZCrO5—Cr203
PbsCI‘Og*PbO*Cl‘zO:;
PbsCrOg—PbO-Cr,04
Pb5CI‘Og*Pb2C1‘O57C1‘203
Pb5CI’Og*Pb2CI'O5*CI'203
Pb~CI‘*CI‘20 3
Pb-Cr-Cr,0;
PbZCrO5—PbCrO4—Cr203
bePb07Cr203

Fig. 1 were prepared by thorough grinding of the compo-
nent phases. They were also compacted into pellets, taken
in alumina crucibles and encapsulated in evacuated quartz
ampoules by following the usual procedure described ear-
lier. Each sample was first equilibrated at 973 K for a total
period of ~200 h after which it was quenched in liquid
nitrogen. The products were thoroughly ground and char-
acterised by XRD. They were recompacted and sealed
under vacuum in quartz ampoules followed by equilibra-
tion at 973 K for another spell of 200 h. After equilibra-
tion, the quartz ampoules were again quenched in liquid

Fig. 1. Partial phase diagram of Pb—Cr-O system at 973 K.

nitrogen. The samples were then retrieved and analyzed
by X-ray diffraction.

In order to identify the existence of any ternary com-
pounds in the pseudo binary PbO-Cr,0; system, compacts
of PbO and Cr,0j3 corresponding to the molar ratios of 2:1,
1:1 and 10:1 were also equilibrated at 923 K for 240 h in
vacuum sealed quartz ampoules with one intermediate
grinding and recompaction. The samples after equilibra-
tion were analyzed by XRD.

4. Results and discussion

The obtained XRD patterns of PbsCrOg, Pb,CrO5 and
PbCrO4 matched with the patterns reported in JCPDS files
of these compounds, viz., 49-0970, 29-0768, 73-2059,
respectively. Attempts to prepare Pb;CrOg always resulted
in a mixture of Pb,CrOs and PbsCrOg. Although Pb3CrOg
is reported to be a stable phase in the temperature range
1010-1111 K, pure phase could not be quenched due to
kinetic reasons. Our attempts to prepare PbsCrOy that
was reported by Mal’tsev et al. [8] to be stable up to
1077 K always resulted in a mixture of PbsCrOg and
PbO. This result clearly showed that the compound of
composition PbgCrQOg is not formed in this system and it
was mistaken for PbsCrOg by Mal’tsev et al. [8]. It is also
to be pointed out that PbsCrOg was not observed by Negas
[6] and Gadalla and Abadir [9].

Equilibrations of phase mixtures of PbO and Cr,O;
taken in different molar ratios always showed the co-exis-
tence of PbO and Cr,O; only and no ternary compounds
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were formed. These results showed that in Pb—Cr-O sys-
tem, under atmospheric conditions ternary compounds
exist along PbO-CrO; pseudo binary line only.

Table 1 gives the conditions employed for the reduction
of the ternary compounds under pure hydrogen and moist
Ar-1% H, mixture and the phases identified after these
partial reduction followed by prolonged equilibration. As
seen from the table, the reduction process continued till
metallic lead was formed, when pure hydrogen was used.
Experiments with PbCrO4 and PbsCrOg revealed the possi-
ble coexistence of the phase field Pb—PbO-Cr,O5; while the
experiment with Pb,CrOjs revealed the possible existence of
Pb—Cr,0; line in the phase diagram. Oxygen potential of
moist Ar—1% H, mixture gas will be higher than in the case
of H,. Reduction under this condition is expected to yield
insight into phase fields with higher equilibrium oxygen
potential. Reduction of PbCrO, revealed the possible exis-
tence of the phase field PbCrO4—Pb,CrOs—Cr,03 while that
of Pb,CrOs revealed the possible coexistence of Pb,CrOs—
PbsCrOg—Cr,0;. Reduction of PbsCrOg revealed the possi-

800 —

600

400

Intensity / (a-u)

200

tx

ble coexistence of Pb and Cr,O3 while the third equilibrium
phase could not be identified.

Table 2 summarizes the details of the samples taken for
phase equilibration studies and the results obtained. Since
the melting temperatures of the ternary compounds
involved are close to the experimental temperature of
973 K, achievement of equilibrium under the prolonged
heating periods is expected to be complete. This has been
confirmed by the identical XRD patterns of the products
obtained at the end of the intermediate equilibration for
200 h and after equilibration for total duration of 400 h.
This is also seen from the formation of equilibrium phases
when phases of different composition were taken in the
initial samples. Fig. 2 shows XRD pattern of the sample
mixture of composition Pbg,0Crg33004> (equilibration
experiment no. 6) before and after its equilibration. As
the chosen composition Pbg g3Crg 3000 6> fell on the pseudo
binary line of Cr,O3 and Pb,CrOs, the resultant equilib-
rium phases were Cr,O3 and Pb,CrOs only. From the
results indicated in Table 2, the existence of the following

a) Before equilibration
+: PbCrO,
0: PbO
*: Cr

400

300 - #

200

Intensity / (a-u)

100 #

b) After Equilibration
#Cr,0,

@:Pb
*:Cr

20 30

20 / degrees

Fig. 2. XRD pattern of the sample of composition Pby »0Crg3300.4> before and after equilibration (a) before equilibration, PbCrO,~PbO-Cr and (b) after

equilibration, Pb—Cr—Cr,0s;.
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phase fields at 973 K could be identified: (1) PbCrO4—
szCfOs*CI‘zO:;, (2) szCfOs*PbsCng*CI’zO& (3)
PbsCrOg—PbO-Cr,03, (4) Pb—PbO-Cr,0O; and (5) Pb-
CI'*CI‘203.

Based on the above results, the partial phase diagram of
Pb-Cr-O system was constructed and is shown in Fig. 1.

5. Conclusions

The partial phase diagram of the ternary Pb—Cr—O sys-
tem at 973 K has been established. This phase diagram
reveals that Cr,O; would first precipitate on increasing
oxygen concentration in liquid lead. Further increase in
oxygen concentration will lead to precipitation of PbO
and no Pb-Cr-O ternary compounds would be formed.
This is of significance in understanding the corrosion
behavior of alloy steels in lead coolant circuit. Further
studies on ternary systems such as Pb—Fe—O need to be car-

ried out to understand the formation of protective oxide
layer over the structural steels.
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