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Abstract  

 

Subsolidus equilibria in the RuO2–Bi2O3–SiO2 diagram were studied with the aim of 

investigating possible interactions between the bismuth-ruthenate-based conductive 

phase and the silica-rich glasses in thick-film resistors. The tie lines are between 

Bi2Ru2O7 and Bi12SiO20 (gamma phase), between Bi2Ru2O7 and Bi4Si3O12, and 

between RuO2 and Bi4Si3O12. This indicates that the bismuth ruthenate is not stable in 

the presence of the silica-rich glass phase. 
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Introduction 

 

Thick-film resistor pastes consist basically of a conducting phase, a lead-borosilicate-

based glass phase and an organic vehicle that burns out during high-temperature 

processing. In most modern thick-film resistor compositions the conductive phase is 

either RuO2 or ruthenates; mainly bismuth (Bi2Ru2O7) or lead (Pb2Ru2O6) ruthenates. 

During the firing cycle all the constituents of the resistor paste react with each other 

and the melted glass also interacts with the substrate. The resistors are only a 

relatively short time (typically 10 min) at the highest temperature (typically 850
o
C). 

Because of this the reactions between the main constituents (the glass and the 

conductive phase) of the resistor material do not reach equilibrium (
1-4

).  

 

If thick-film resistors are fired at temperatures higher than the required 850
o
C, and for 

a relatively long time, the interactions between the conductive phase and the lead-

borosilicate-based glass phase that is rich in silica approach equilibrium. This tends to 

decrease the sheet resistivities and increase the temperature coefficients of resistivity 

(TCRs) of these “overfired” resistors (
5-7

). The X-ray diffraction (XRD) spectra of 

bismuth-ruthenate-based “equilibrated” resistors showed that at higher firing 

temperatures the ruthenate decomposes, forming RuO2, while the conductive phase in 

RuO2-based resistors stays unchanged. This is shown in Fig. 1 for 10 kohm/sq. 

DuPont 8039 and DuPont 8041 thick-film resistors. The 8039 material is based on 

Bi2Ru2O7 and the 8041 material is based on RuO2 (
4
). The spectra of bismuth 

ruthenate (denoted RU) and of RuO2 (denoted RuO2) are included. The resistors were 

fired for 10 min at 850
o
C and for 3 hours at 950

o
C. After 3 hours of firing at 950

o
C 

the ruthenate peaks of the 8039 resistors disappear, while the spectrum of 8041 fired 

under the same conditions remains more or less unchanged.  

 

Likewise, the decomposition of Bi2Ru2O7 was reported for lead-free silica-based 

glasses at “normal” firing temperatures and times at peak temperatures. (
8
).   

 

Presumably because of the interaction with the molten glass, the bismuth ruthenate 

decomposed into Bi2O3, which is dissolved in the glass, and into RuO2. Adachi and 

Kuno (
9,10

), for example, studied (in a similar system) high-temperature interactions 

between PbO!B2O3!SiO2 glasses and Pb2Ru2O6.5 or RuO2. They showed that in 



glasses “poor” in PbO the Pb2Ru2O6.5 disappears and RuO2 is formed, while for PbO-

rich glasses the RuO2 reacts with the PbO from the glass and forms Pb2Ru2O6.5. The 

reactions between lead ruthenate and silica-rich glasses were confirmed by Hrovat et 

al (
11

).  

 

Recently, due to environmental concerns and the corresponding European RoHS 

directive (
12

), there has been a strong drive towards removing lead from thick-film 

materials. While glasses in electronics (and hence resistors) currently benefit from an 

exemption (
13

), lead-free materials clearly have favour among customers. To address 

this concern, thick-film suppliers have progressively introduced lead-free conductors, 

dielectrics and overglazes. 

 

For resistors and overglazes, which need relatively low-melting glasses, the obvious 

replacement for PbO is the much less toxic Bi2O3, for the following reasons. First, Bi-

based glasses are very similar to Pb-based ones (
14-15

) in processing and flowability, 

due to the similarity of the polarizable Pb
2+

 and Bi
3+

 ions. Also, Bi2O3 has already for 

a long time been in wide use in thick-film electronics, as an adhesion / solderability 

promoter in conductors (alone or in glasses) and in the bismuth ruthenate used in 

many resistive compositions (
4, 16

). Bi2O3 can also be added to resistors, to their 

terminations and/or to the underlying dielectrics to tune the properties and improve 

materials compatibility (
17

). In fact, Bi-based overglazes are commercially available. 

However, because of the complex chemical interactions in resistive materials (
1-4

), 

lead has been difficult to replace altogether in thick-film resistors, although lead-free 

compositions with Bi-based glasses (30-70 wt% Bi) and Ru-based conductive 

materials have already been patented a long time ago (
18

), without discussion of the 

phase evolution. More recently, similar lead-free resistors have been proposed (
19

) 

with RuO2 as a conductive phase and a glass having a relatively low Bi content, ca. 

20 wt% (
20

). In this case, the phase evolution was investigated: no bismuth ruthenate 

formed upon firing, which can be ascribed to the low Bi content of the glass, by 

analogy to the results of Adachi and Kuno with Pb ruthenate and Pb-conducting 

glass (
9-10

). 

 

From the above considerations, studying and understanding the phase relations 

between Bi-containing glasses, RuO2 and Bi2Ru2O7 (in pure form or partly 



substituted) is of prime importance for the development of lead-free resistors. As a 

contribution to this topic, the aim of this work was to investigate subsolidus phase 

equilibria (in air) in the RuO2–Bi2O3–SiO2 system. 

 

Phase equilibria in the RuO2–Bi2O3 system were studied by Hrovat et al. (
20

). The 

binary Bi2Ru2O7 compound decomposes above 1200
o
C into Bi2O3 and RuO2. The 

eutectic composition is around 80% Bi2O3, and the eutectic temperature is 745
o
C. In 

the RuO2–SiO2 system there is no binary compound and no liquid phase (eutectic) up 

to 1405
o
C, the temperature at which RuO2 decomposes (in air) to metallic ruthenium 

and oxygen (
11

).  

 

In the Bi2O3–SiO2 system are two binary compounds: Bi12SiO20 (with a SiO2-

stabilised Bi2O3 gamma phase) and Bi4Si3O12 (
21,22

). The eutectic temperatures are at 

810
o
C, between Bi2O3 and the gamma phase; at 870

o
C, between the gamma phase and 

Bi4Si3O12; and at 950
o
C, between Bi4Si3O12 and SiO2. Kettner and Kramer (

23
) 

characterised another binary compound in this system, i.e., Bi2SiO5. This compound 

was formed during the long-term (five days at 670
o
C) synthesis of PbBiO2Cl in closed 

quartz ampoules by a reaction between incipient chemicals and the quartz wall of the 

ampoule.  

 

 

Experimental  

 

For the experimental work, RuO2 (Ventron, 99.9%), Bi2O3 (Johnson Matthey, 

99.99%), and SiO2 (Riedel de Haen, 99.9%) were used. The oxides were mixed in 

isopropyl alcohol, pressed into pellets, and fired up to five times in air at 750
o
C with 

intermediate grinding. During firing the pellets were placed on platinum foils. The 

compositions of the relevant samples in the RuO2–Bi2O3!SiO2 system can be related 

to Fig. 4. 

 

The fired materials were characterised as powders by X-ray powder diffraction 

analysis using a Philips PW 1710 X-ray diffractometer with Cu K" radiation. X-ray 

spectra were measured from 2 # = 20
o
 to 2 # = 70

o
 in steps of 0.02

o
. A JEOL 5800 



scanning electron microscope (SEM) equipped with a link ISIS 300 energy-dispersive 

X-ray analyser (EDS) was used for the overall microstructural and compositional 

analysis. Samples prepared for the SEM were mounted in epoxy in a cross-sectional 

orientation and then polished using standard metallographic techniques. Prior to 

analysis in the SEM, the samples were coated with carbon to provide electrical 

conductivity and to avoid charging effects. The microstructures of the polished 

samples were studied by back-scattered electron imaging using compositional contrast 

to distinguish between the phases that differ in density (average atomic number Z).  

 

 

Results and discussion  

 

The results of the X-ray powder analysis of the relevant samples, fired in air at 750
o
C, 

are summarised in Table 1. The nominal compositions of the samples and the phases 

identified after firing are presented. An example of XRD spectrum (Sample 10 in Tbla 

1, 2 Bi2O3 + 4 RuO2 + 3 SiO2) after firing is shown in Fig.2. Peaks of Peaks of  RuO2 

are denoted as R and peaks of  Bi4Si3O12 are denoted BS.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1. Results of the X-ray diffraction analysis of some compositions in the RuO2–

Bi2O3–SiO2 system, fired in air at 750
o
C 

 

Sample Nominal composition Phases identified 

1 Bi2O3 + 3 SiO2  Bi4Si3O12 + SiO2  

2 2 Bi2O3 + 3 SiO2  Bi4Si3O12   

3 3 Bi2O3 + 2 SiO2  Bi4Si3O12 + Bi12SiO20 (gamma phase) 

4 6 Bi2O3 + SiO2  Bi12SiO20 (gamma phase) 

5 Bi2O3 + 2 RuO2 Bi2Ru2O7 

6 6 Bi2O3 + 2 RuO2 + SiO2  Bi2Ru2O7 + Bi12SiO20 (gamma phase) 

7 7 Bi2O3 + 3 RuO2 + 3 SiO2 Bi2Ru2O7 + Bi12SiO20 (gamma phase) 

+ Bi4Si3O12  

8 3 Bi2O3 + 2 RuO2 + 3 SiO2 Bi2Ru2O7 + Bi4Si3O12  

9 Bi2O3 + 2 RuO2 + SiO2 Bi2Ru2O7 + RuO2 + Bi4Si3O12  

10 2 Bi2O3 + 4 RuO2 + 3 SiO2 RuO2 + Bi4Si3O12 

11 5Bi2O3 + 22RuO2 + 8SiO2 RuO2 + Bi4Si3O12 

12 Bi2O3 + 2 RuO2 + 4 SiO2 RuO2 + Bi4Si3O12 + SiO2  

13 2 Bi2O3 + 4 RuO2 + 4 SiO2 RuO2 + Bi4Si3O12 + SiO2 

 

The microstructures of the materials with the nominal compositions 3 Bi2O3 + 2 SiO2 

and Bi2O3 + 2 RuO2 + 4 SiO2 are shown in Figs. 2 and 3, respectively. The first 

microstructure is a two-phase mixture of the light Bi12SiO20 gamma phase and the 

grey Bi4Si3O12 phase. Fig. 3 is a three-phase mixture of the SiO2 dark phase, small 

grey RuO2 particles and the lighter Bi4Si3O12 phase.  

 

Based on the results obtained by XRD and EDS, a proposed subsolidus RuO2–

Bi2O3!SiO2 diagram, shown in Fig. 4, was constructed. The compositions of the 

relevant samples are denoted by circles. No ternary compound was found. The tie 

lines are between Bi2Ru2O7 and Bi12SiO20, between Bi2Ru2O7 and Bi4Si3O12, and 

between RuO2 and Bi4Si3O12. The Bi2SiO5 compound in the Bi2O3–SiO2 system, 

reported by Kettner and Kramer (
23

), was not found either by X-ray or EDS analysis, 

and it could therefore be assumed that it could not be formed under the described 

synthesis conditions. The results (the tie line between RuO2 and Bi4Si3O12) therefore 



indicate that the bismuth-ruthenate-based conductive phase in thick-film resistors is 

unstable when in contact with the SiO2. This could also explain results reported by 

Morten et al. (
8
) who reported the compatibility of RuO2 and the incompatibility of 

Bi2Ru2O7 with lead-free silica rich glasses.  

 

 

Conclusions   

 

After long-term high-temperature firing the conductive phase in thick-film resistors 

based on RuO2 remains unchanged. In contrast, the Bi2Ru2O7 decomposed, 

presumably due to interactions with the silica-rich glass phase. Subsolidus equilibria 

in the RuO2–Bi2O3!SiO2 diagram were studied by X-ray powder diffraction analysis 

and energy-dispersive X-ray analysis. The aim was to investigate possible interactions 

between the conductive phase (either ruthenium oxide or bismuth ruthenate) and 

silica-rich glasses in either leaded or lead-free thick-film resistors. No ternary 

compound was found in the system. The tie lines are between Bi2Ru2O7 and 

Bi12SiO20, between Bi2Ru2O7 and Bi4Si3O12, and between RuO2 and Bi4Si3O12. This 

indicates that the bismuth ruthenate is not compatible with the silica rich glass phase. 
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Figure captions   

 

Fig. 1.a: X-ray spectra of Du Pont thick-film resistors 8039 fired for 10 min at 850
o
C 

and for 3 hours at 950
o
C. The material is based on Bi2Ru2O7. Spectra of bismuth 

ruthenate (denoted RU) and of RuO2 (denoted RuO2) are included. Peaks of 

SiZrO3 are denoted by asterisks.  

 

Fig. 1.b: X-ray spectra of Du Pont thick-film resistors 8041 fired for 10 min at 850
o
C 

and for 3 hours at 950
o
C. The material is based on RuO2. Spectra of bismuth 

ruthenate (denoted RU) and of RuO2 (denoted RuO2) are included.  

 

Fig 2: X-ray spectra of 2Bi2O3 + 4 RuO2 + 3 SiO2 (sample 10 in Table 1) fired at 

750
o
C. Peaks of  RuO2 are denoted as R and peaks of  Bi4Si3O12 are denoted BS.  

 

Fig. 3 Microstructure (backscattered electrons) of the sample with the nominal 

composition 3 Bi2O3 + 2 SiO2. The material is a two-phase mixture of the light 

Bi12SiO20 gamma phase and the grey Bi4Si3O12 phase. 

 

Fig. 4: Microstructure (backscattered electrons) of the sample with the nominal 

composition Bi2O3 + 2 RuO2 + 4 SiO2. The material is a three-phase mixture of the 

SiO2 dark phase, small grey RuO2 particles and the lighter Bi4Si3O12 phase. 

 

Fig. 5: A proposed subsolidus RuO2–Bi2O3!SiO2 diagram. The compositions of the 

relevant samples are denoted by circles. The tie lines are between Bi2Ru2O7 and 

Bi12SiO20, between Bi2Ru2O7 and Bi4Si3O12, and between RuO2 and Bi4Si3O12.  
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Fig. 1.a  
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Fig. 1.b   
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Fig. 2



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3     

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4     

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5    

 

 


