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DIRECT BRAZING OF CERAMICS, GRAPHITE, AND REFRACTORY METALS 

D. A. Canonico, N. C. Cole, and G. M. Slaughter 

ABSTRACT 

Oak Ridge National Laboratory has been instrumental in 
the development of brazing filler metals for joining ceramics, 
graphite, and refractory metals for application at temperatures 
above 1000°C. The philosophy and techniques employed in the 
development of these alloys are presented. 

A number of compositions are discussed that have been 
satisfactorily used to braze ceramics, graphite, and 
refractory metals without a prior surface treatment. One 
alloy, Ti—25Z Cr-21% V, has wet and flowed on aluminum oxide 
and graphite. Further, it has been utilized in making brazes 
betveen different combinations of the three subject materials. 
The excellent flo«rability of this alloy and alloys from the 
Ti-Zr-Ge system is evidenced by the presence of filler metal 
in the minute pores of the graphite and ceramics. 

INTRODUCTION 

The demands of modern technology have required that techniques be 
developed for joining structural materials t:hat have only recently emerged 
beyond the realm of laboratory curiosities. These include the refractory 
metals, graphite, and ceramics. Modem vacuum tubes, thermionic devices, 
advanced nuclear reactor concepts, and space missions have elevated these 
materials to the role of essential structural members. Considerable 
research at the Oak Ridge National Laboratory has been devoted to the 
development of methods for joining these .jaterials for applications at 
high temperatures. The refractory metals readily lend themselves to 
welding, 3 and through process and procedural control, many types of 

1R. G. Donnelly and G. M. Slaugl-er, "Weldability Evaluation of 
Advanced Refractory Alloys," Weld. J. (N.Y.) 45: 250-s-257-s (1966). 

2E. A. Franco-Ferreira and G. M. Slaughter, "The Welding of 
Refractory-Metal Components for Liquid Metal Service," Weld. J. (N.Y.) 
45: 835-42 (1966). 

3G. G. Lessmann and R. E. Gold, "The Weldability of Tungsten Base 
Alloys," Weld. J. (N.Y.) 48: 528-s-542-s (1969). 
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joints can be satisfactorily fusion welded. The nonmetals, however, are 
not weldable and must by necessity be joined by mechanical means or by 
brazing. Quite often, even the refractory metals must be joined by brazing 
because of geometric factors or temperature limitations. 

Previous work1"5 on the brazing of nonmetals at ORNL has resulted in 
in the development of several filler metals that provided good wetting on 
graphite and ceramics. These alloys, however, are limited to service 
temperatures below 1000°C (1830°F). The purpose of the program discussed 
in this paper was to develop brazing filler metals for use in the range 
1000 to 1650°C (1830—3000°F). This paper presents an overview of the 
philosophy and techniques employed in the brazing alloy development programs 
at ORNL. 

BRAZING METHOD 

The usual industrial practice for brazing ceramic materials involves 
surface pretreating of the components to be joined. These pretreatment 
techniques are complex and can be extremely expensive and time consuming.6-0 
Further, the requirements of the process result in the employment of 
materials that do not contribute to the functional aspects of the fabricated 
component. 

Usually, one of two pretreatment process is employed. These are 
(1) the molybdenum-manganese process and (2) the titanium hydride process. 
The molybdenum-manganese process is by far the most commonly employed. It 
was developed in Germany before World War II and consists of spraying 
(or brushing) the ceramic with a mixture of molybdenum and manganese powders 
suspended in an organic carrier. The coating is 3intered to the ceramic 
in a wet hydrogen atmosphere. This coating is electrically conductive, 
and copper (or another metal) is electroplated onto the coated area. The 
metallized and plated ceramic is then brazed, usually in a controlled-
atmosphere furnace. It is evident that, although the ceramic may be stable 
to high temperatures, its use at high temperatures is limited by the presence 
of the lower melting plating material. 

^H. E. Pattee, R. M. Evans, and R. E. Monroe, Joining Ceramics and 
Graphite to Other Materials3 NASA-SP-5052 (1968). 

5C. W. Fox and G. M. Slaughter, "Brazing of Ceramics," Weld. J. (N.Y.) 
43: 591-97 (1S64). 

6W. H. Kohl, pp. 470-518 in Materials and Techniques for Electron 
Tubes3 ReinHold, New York, 1960. 

7S. Weiss and C. M. Adams, Jr., "The Promotion of Wetting and 
Brazing," Weld. J. (N.Y.) 46: 49-s-57-s (1967). 

8G. R. Van Houten, "A Survey of Ceramic-to-Metal Bonding," Am. 
Ceram. Soc. Bull. 38:301-07 (1959). 
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The titanium hydride process is similar to the manganese-molybdenum 
process in that the ceramic is coated with titanium (or zirconium) hydride, 
and the coating is fired. The hydride dissociates at about 900°C (ltV"0°F), 
and a residue of pure metal remains. The titanium (or zirconium) thereupon 
reacts with the ceramic ar.d subsequently alloys with the filler metal. Thus, 
the hydride process also requires an intermediate step and necessitates the 
coating of all areas to be joined. In some designs, blind spots or other 
geometric considerations may not permit complete coverage. 

The direct brazing technique discussed in this paper is considerably 
simpler because the filler metal is used conventionally and flow occurs 
by capillary action. This technique requires chat the brazing alloy wet 
and flow on the nonmetal. It is evident thai such a brazing technique has 
an inherent advantage in that it eliminates che disadvantages of the pre-
treatment processes. 

SELECTION OF BRAZING ALLOY SYSTEMS 

The brazing filler metal systems selected for these applications 
included reactive elements such as titanium and zirconium as major com-
ponents. The free energies of formation for the oxides and carbides 
indicate that these elements should show reactivity toward oxide ceramics, 
typified by alumina, and graphite. The significant stability of complex 
chromium carbides may explain the excellent brazing of graphite by 
chromium-bearing alloys. A review of the available literature on binary 
constitutional diagrams9'10 revealed that a number of systems are po-
tentially applicable within the range 1200 to 1870°C (2200-34008F). These 
binary systems were used as the basis, and third-element additions that 
either lowered ov raised the melting point of the alloys were made. 

The approach taken in our development of ternary 'razing alloys may 
be followed in Fig. 1, a diagram of the Ti-V-Cr system. We started with 
the minimum melting composition in the titanium-vanadium system, near 
Ti—30% V, which melts at 1620°C (2960°F). Successive amounts of chromium 
were added keeping the titanium-to-vanadium ratio constant. Then other 
compositions were selected to determine the effect on wetting of variations 
in the titanium-to-vanadium ratio. Our experimental alloys are indicated 
by letters in the ternary field of Fig. 1. Becauee all three binary systems 
shov complete solid solubility at elevated temperatures and because all 
show only small differences between the liquidus and solidus, the Ti-V-Cr 
system is very attractive for brazing alloy development. The small 
difference between liquidus and solidus indicates a low probability of 
liquation of lower melting compositions during the brazing cycle. 

9M. Hansen, Constitution of Binary Alloys, 2nd ed., McGraw-Hill, 
New York, 1958. 

1CR. P. Elliot. Constitution of Binary Alloys3 1st Suppl., McGraw-
Hill, New York, 1965. 



Fig. 1. Compositions of the Various Alloys Prepared Ulthin the 
Ti-V-Cr Ternary System. The binary diagrams Ti-V, Ti-Cr, and V-Cr are 
shown. This method of presentation permits the prediction of the 
appearance of the ternary diagram. 

EVALUATION OF EXPERIMENTAL BRAZING FILLER METALS 

Having selected a promising filler metal system, we vacuum arc 
melted and processed several compositions within that system. Alloys 
that were brittle were crushed and used in powder (or chunk) form, while 
the more ductile alloys were rolled to foil. 

The experimental compositions were placed on small (1/2 x 1/2 x 
1/16 in.) tantalum coupons, and their melting points were determined in 
a vacuum of 10~e torr. Up to five coupon assemblies, each containing 
different alloy compositions, were placed in the furnace and heated to 
a predetermined temperature with a resistance-heatei vacuum furnace capable 
of temperatures above 2500°C (4500°F). The temperature within the furnace 
was measured by an optical pyrometer, and checks wi'..h pure metals indi-
cated that these temperatures were well within the range of experimental 
error. 

The melting point data that were obtained by this procedure provided 
liquidus temperatures for vertical sections through the ternary diagram. 
These vertical sections in all instances had their terminal points at 
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the minimum in the basis binary system (usually titanium plus a second 
element). Figure 2 shows the results obtained for a number of ternary 
systems. The compositions with the lowest liquidus temperatures were 

T.-V-NO SYSTEM Ti-W-Cf SYSTEM 

ORNL-owe 66-6020 
Ti-Nt>-Si SYSTEM 

<400 
71.5Ti 1C 20 30 40 50 B 40 
295V % Nb 28 SV 

Ti-V-Mo SYSTEM TI -To-SI SYSTEM 
<900 1900 1 — I 
1800 1800 

\ \ T \ \ • " V -/ 
(700 1700 V - • / 0 

/ * • 
1600 1600 • V +— 0 

1500 1500 • 

1400 <400 
715TI <0 20 30 40 50 
28 5V %Wo 

SOT I 2 4 
50TO 

8 tO 

%Si 
Fig. 2. Vertical Sections Showing the Liquidus Temperatures in 

Various Ternary Systems. The temperatures of some alloys shown in the 
straight line in Fig. 1 are included. 

tested for flowability on metal in an inverted T-joint, 2 to 3 in., long, 
as shown in Fig. 3. The experimental brazing alloy is preplaced on one 
end of the specimen, and the criterion for acceptance is that it must 
flow along the juncture between the vertical and horizontal legs. Similar 
graphite and ceramic flowability specimens were also made to determine 
the behavior of the experimental filler metals on these materials. 

Table 1 lists some of the systems in which promising filler metals 
have been developed. Obviously a number of Lhese are applicable for 
joining refractory metals; however, only four systems indicated any 
promise for joining the nonmetals. The remainder of this paper will 
focus on these alloys, in particular, on alloys from the Ti-V-Cr system. 
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Fig. 3. Inverted T Flowability Specimens of Various Materials Brazed 
to Ta—10% W at 2100°C. The filler metal is from the Ti-Zr-Ta alloy system. 
Note the excellent fillet. 

Table 1. Ternary Systems in Which Filler Metals Have Been 
Developed and Their Recommended Applications 

Filler 
Metal 
System 

Approximate 
Brazing 

Temperature 
(°C) 

Materials Filler 
Metal 
System 

Approximate 
Brazing 

Temperature 
(°C) 

Refractory 
Metals Graphite A1203 

Ti-V-Cr 1550—lb50 X X X 

Ti-Zr-Ta 1650-2100 X X X 

Ti-Zr-Ge 1300-1600 X X 

Ti-Zr-Nb 1600-1700 X X 

Ti-Zr-Cr 1250-1450 X 

Ti-Zr-B 1400-1600 X 

Ti-V-NTj 1650 X 

Ti-V-Mo 1650 X 
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DIRECT BRAZING OF NONMETALS 

The Ti-V-Cr system contains compositions that are capable of wetting 
and flowing on the refractory metals, graphite, and alumina. Flowabiiity 
tests on a number of alloys within this system provided some interesting 
results. For instance, the Ti—21% V-25% Cr alloy wet all three. Figure 4 
contains examples of flowability tests on these materials. The ability 
of this alloy co flow about 2.5 in. on a nonmetal is indeed noteworthy. 

Fig. 4. Inverted T Flowability Specimens of Various Materials Brazed 
with the Ti—21% V-25% Cr Alloy. Note the excellent flow and filleting 
characteristics of the AI2O3 and graphite specimens. The alloy was pre-
placed at one end of the specimen and flowed by capillary attraction to 
the other end (cbout 2.5 in.). 

A metallographic investigation of the brazed area was even more impressive. 
Figure 5 contains photomicrographs of the brazes. Particular note should 
be made of the presence of the filler metal in the pores of both the AI2O3 
and the graphite to depths of about 7 mils. The presence of the filler 
metal within the base material is evidence not only that the alloy flows 
excellently, but also that the joint should be strong because of an 
interlocking or mechanical effect. 

Compositions with at least 25% Cr readily \*et and flowed on AI2O3; 
however, less chromium resulted in limited or no flow. The ductility of 
the alloys also depended on composition. Alloys with less than 25% Cr 
were ductile and were easily rolled to sheet. 

Alumina-to-alumina and graphite-to-graphite joints were also brazed 
successfully with alloys from the Ti-Zr-Ta system. These filler metals 
are attractive for applications requiring higher service temperatures. 
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AljO roAI20 Graphi te to Graphite 

Fig. 5. Photomicrographs of Graphite-to-Graphite (Right) and 
Al203-to-Al203 (Left) Joints Brazed with Ti-21% V-25% Cr. The excellent 
flow of this alloy is exemplified by the filler metal in the pores of 
the graphite and AI2O3. 

Graphite was also readily brazed with alloys from the Ti-Zr-Ge 
system. Figure 6 shows the results of a flowability test on graphite. 
The sections below the flowability specimen illustrate the difference 
between brazes of high-and low-density graphite. The filler metal flows 
into the pores of the low-density graphite, thereby providing an excellent 
braze with high strength. The figure shows that filler metal has flowed 
on the surface of the high-density graphite (vertical leg of the right 
section), but has not penetrated the base. The coating of the graphite 
by the filler metal is indicative of the excellent wettability and 
flowability of this alloy. Graphite-to-graphite brazes have also been 
successfully made with alloys from the Ti-Zr-Nb system. Filler metals 
from this system have been employed in the fabrication of components for 
an experiment involving radioactive materials. More will be said about 
this later. 

BRAZING OF DISSIMILAR MATERIALS 

Alloys from the Ti-V-Cr, Ti-Zr-Ge, Ti-Zr-Nb, and Ti-Zr-Ta systems 
have been used for making brazes between dissimilar materials. Examples 



9 

Y-93511 

Low Density Grazed to Low Density High Density ftrozed to Low Density 

Fig. 6. Graphite-to-Graphite Brazes Made with an Alloy from the 
Ti-Zi'-Ge System. The excellent flowability of the alloy is shown by the 
filler metal in the pores of the low-density graphite and the coating of 
filler metal on the surface of the high-density graphite. 

of these brazes are shown in Fig. 7. This figure contains graphite-to-
alumina, tantalum-to-graphite, and tantalum-to-alumina brazes. In all 
instances, the filler metal (in this case, alloys from the Ti-V-Cr system) 
was placed at one end of the flowability specimen. The excellent wetta-
bility and flowability are evident. Photomicrographs of the dissimilar 
brazes show the excellent wetting of the base materials; Fig. 8 shows a 
braze between graphite and tantalum. 

The above examples of dissimilar brazes indicate a compatibility 
between the materials being employed; however, other factors of equal 
importance must also be considered. The most important of these is the 
difference in thermal expansion between the materials being joined. 
Figure 9 illustrates the size differential that will exist at an elevated 
temperature between two different materials that are identical in size 
at room temperature. A radial difference between graphite and stainless 
steel of 0.026 in. is present at 1095°C (2000°F). This factor alone has 
resulted in numerous joint failures unrelated to the suitability of the 
filler metal. The effect of the size differential can be circumvented 
through various techniques. These include a tapered joint11 technique 

llW. J. Werner and G. M. Slaughter, "Brazing Graphite to Hastelloy N 
for Nuclear Reactors," Weld. Eng. 53: 65 (1968). 
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Fig. 7. Examples of Dissimilar-Material Brazes Made with Alloys 
from the Ti-V-Cr System. Left, graphite to alumina; center, tantalum 
to graphite; right, tantalum to alumina. The excellent wettability of 
the brazing alloys on alumina and graphite can be readily seen. 

Fig. 8. Photomicrograph of a Tantalum-to-Graphite Braze in an 
Inverted T Flowability Specimen. 100*. 
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ORNL-DWG 6 8 - 1 0 4 5 7 

0.014 in 6-in. AT RT 

BRAZE 
METAL 

-0.014 in. 

GRAPHITE 

0.040 in. 

STAINLESS 
STEEL 

0.040 in. 
Fig. 9. An Illustration of the Dimensional Changes Involved in 

Joining Dissimilar Materials. This difference is often responsible for 
poor joints and must be considered in any brazing application. 

and a graded seal12 technique. Both techniques acknowledge the neccesity 
for compensating for the difference in thermal expansion and attempt to 
minimize the effect of this differential. 

An interesting application of a dissimilar material braze is shown 
in Fig. 10. The main body of the tube is graphite; the nose and extension 
are molybdenum. This tube is employed in an experiment in which radioactive 
cesium vapor at 1000°C (1800°F) diffuses through the graphite body. The 
filler metal employed for making this braze is Ti—47.5% Zr—5% Nb. The 
molybdenum nose is simultaneously brazed to the graphite disk and body. 

12J. P. Hammond and G. M. Slaughter, "Bonding Graphite to Metals with 
Transition Pieces," Weld. J. (N.Y.) 50: 33-40 (1971). 
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Fig. 10. An Illustration of the Application of an Alloy from the 
Ti-Zr-Nb System. This application required that molybdenum be joined 
to graphite for application at 1000°C. The nose, graphite plug, and 
cylindrical body are brazed in a single cycle. The molybdenum tube is 
later brazed to the graphite body. These dissimilar joints have been 
successfully employed in experiments in radioactive cesium environments. 

Later, the molybdenum tube extension is brazed to the graphite tube. This 
apparatus (including the brazes) has satisfied the experimental requirements 
(over 200 hr at 1000°C with brief thermal excursions to about 1100°C) in 
a radioactive cesium vapor atmosphere. A number of these devices have 
been built and successfully employed. 

CONCLUSIONS 

Brazing alloys have been developed that will wet and flow on alumina 
and graphite without need for base material pretreatment. This has been 
accomplished through the employment of active metals such as titanium 
and zirconium as components of the filler metals. Alloys from the 
Ti-V-Cr system have been used to make brazes between refractory metals 
and alumina and graphite. These brazes are strengthened by the flow of 
the alloy into the pores (when they are present) of the nonmetallic 
materials. Alloys from other ternary systems, such as Ti-Zr-Ge, Ti-Zr-Ta, 
and Ti-Zr-Nb, have also been developed and satisfactorily used. Dissimilar-
material brazes, such as graphite-to-molybdenum, have been successfully 
employed at elevated temperatures and in various environments. 
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