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JOINING OF CERAMICS FOR ADVANCED HEAVY-DUTY DIESELS* 

A. J. Moorhead and H. Keating 

ABSTRACT 

The wettability and adherence in vacuum of a series of metal 
alloys on several oxide ceramics were investigated with the goal 
of identifying those compositions suitable as filler metals for 
direct brazing of ceramics in uncooled diesel engine applica- 
tions. 
technique. Adherence was measured by several tests including 
sessile-drop shear, flexure strength of ceramics brazed in a 
butt-joint configuration, fracture toughness using a composite 
double cantilever beam specimen, and, in the case of ceramic- 
metal brazements, by a bar/pad shear test. Compositions were - 
identified in both the Cu-Ag-Ti and Cu-Au-Ti ternary systems 
that wet and strongly adhered to high-purity aluminas, partially 
stabilized zirconia ceramics, and alumina reinforced with Sic 
whiskers. Excellent flexural strengths, at temperatures up to 
6 O O 0 C ,  of brazements containing these filler metals indicate 
that these materials are good candidates for use in advanced 
heavy-duty diesel engines. They have the advantage over com- 
peting systems of not requiring that the ceramic be metallized 
before brazing. 

Wetting behavior was determined by the sessile-drop 

INTRODUCTION 

Although monolithic ceramic materials have been widely used in the 

past in nonstructural applications such as electrical insulators, 

crucibles, microwave windows, and pump and valve components for the 

chemical industry, it has been only in recent times that major efforts 

have been made to use ceramics in structural applications where 

significant tensile or multiaxial stresses are imposed over a range of 

temperatures. The major impetus for most of this interest over the past 

decade is economics -as fuel costs have increased so has the need for 

increased efficiency in a multitude of energy conversion processes. 

*Research sponsored by the National Aeronautics and Space Administra- 
tion, Lewis Research Center, Heavy Duty Diesel Engine Technology Program, 
under Interagency Agreement 40-1254-82, and the U.S. Department of Energy, 
Office of Transportation Systems, under contract DE-AC05-840R21400 with 
Martin Marietta Energy Systems, Inc. 
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Ceramic materials show considerable promise for use in advanced heat 

engines. The impetus to increase engine efficiency and performance has 
led to continuing improvements in material use temperatures. A number of 

automotive manufacturers are working to develop a more efficient diesel 
engine for cars or trucks that eliminates the need for power-consuming 

cooling requirements by using structural ceramics in the combustion 
chamber -cylinder, piston cap, and valve plate as shown in Fig. 1. There 

is also interest in ceramics as wear pads attached to components such as 

valve rocker arms and push rods. The use of petroleum materials could 

be reduced even further through use of high-temperature ceramic bearings 
and solid lubricants. 

OBWL-DUG 84-9396 

Fig. 1. Cross section of combustion 
chamber of prototype uncooled diesel engine 
with ceramic components identified. 

The NASA Lewis Research Center (LeRC) was assigned project management 

responsibility for the Heavy Duty Transport Technology Project by the U.S. 

Department of Energy. The major thrust of this program is to support long- 

term, high-risk, but potentially high-payoff, research and development on 
promising conservation technologies that are related to the heavy-duty 

transport sector but are unlikely to be undertaken by the private sector 
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alone. To that end, LeRC issued an Applications Notice describing the 

areas of interest and invited unsolicited proposals in those areas. 
Oak Ridge National Laboratory (ORNL) submitted a proposal, which was 
accepted by LeRC. The proposal was for a two-year study with the first- 

year effort to emphasize the development of brazing filler metals that 

would wet and adhere to typical insulating ceramics such as partially 

stabilized zirconia (PSZ) and alumina, which are being considered for the 

uncooled diesel, and also nodular cast iron, which is a principal struc- 

tural metal for that engine. The first year was to include the completion 

of short-term, room-temperature mechanical property tests on ceramic- 

ceramic and ceramic-metal brazements. During the second year the research 

was to focus on longer-term and elevated-temperature property tests as 

well as brazing studies on ceramic-matrix composites that were being 
developed at ORNL as potential substitutes for PSZ. The program was ter- 

minated after the first year because it had been decided that this ceramic 

brazing research should be funded through the Ceramic Technology for 

Advanced Heat Engines Project being managed by ORNL. Because of a short- 

age of manpower and delays in equipment development, the first-year funds 

provided by NASA-LeRC were spent over a period of 21 months, and it is 
that work which is reported here. Because more generic ceramic brazing 

research was also being funded simultaneously under the Energy Conversion 

and Utilization Technologies (ECUT) Program, both programs were able to 

benefit through shared funding for equipment and technique development. 

BRAZING THEORY AND BACKGROUND 

At least three techniques appear to have some promise for joining of 

ceramics for high-performance applications: (1) mechanical joining, 
( 2 )  brazing, and ( 3 )  diffusion welding. We concluded, on the basis of 

careful consideration of the advantages and disadvantages of each tech- 

nique, that brazing had the most potential for meeting the ceramic joining 

requirements in heat engines such as the advanced heavy-duty diesel or 
advanced gas turbine, in high-temperature heat exchangers, and in a host 

of other industrial applications of ceramics. 
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However, brazing of ceramics is considerably more difficult than 
brazing of metals. Most commercially available brazing filler metals 

(sometimes referred to as "braze alloys") do not wet ceramic materials. 

This problem is generally overcome by first applying a metallic coating to 

the ceramic substrate and then brazing to this coating with a conventional 
filler metal. The large commercial ceramic-to-metal seal industry and 

many electronic applications are based on one of these indirect techniques 

- the "moly-manganese'' process. In another indirect brazing technique the 
ceramic is coated with an active metal such as titanium either from the 

thermal decomposition of a hydride2 or by ion plating.3,4 

Other researchers have developed filler metals (with active-metal 

alloying additions) that wet some ceramic materials directly without the 

need for pre~oating.~ $6 

application of what is, in many cases, a very sophisticated coating or 

metallizing treatment. The inclusion of the active metal within the 
filler metal protects it from oxidation during storage or while brazing - 
a problem with active-metal coatings. Also the bond strength and 

corrosion resistance of a coating do not have to be of concern. Filler 

metals used for direct brazing (as those used to braze precoated ceramics) 

generally do not have the oxidation resistance of many high-purity ceramics 

at their maximum service temperatures. Through judicious design, a braze 

joint may be located in a less severe environment. For example, it has 
been predicted that in the uncooled diesel engine the temperature at the 
interface between ceramic piston cap and metallic piston will be about 

350°C as compared with 1000°C on the top surface of the cap. 

Direct brazing avoids the development and 

The wetting and adhesion of a metal (the brazing filler metal) on 

a ceramic substrate are affected by a number of complex, interrelated 

factors - chemical, mechanical, or geometrical. Chemical factors include 

the chemical activities of the various filler metal constituents; the 

tendency, or lack thereof, to form stable oxides; and the rate and products 

of any interfacial reactions. Mechanical factors that must be considered 

are the relative thermal expansions and bulk strengths of the filler metal 

and substrate, and the surface roughness of the substrate. Some typical 
properties of structural ceramics and metals are given in Table 1 for 
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comparison. Of course geometrical factors such as thickness, area, and 
shape of the interface and relative positioning of members are always 

important. As will be seen later, each of these factors contributes to 
either the success or failure of a given brazement. 

The objective of this research was to develop brazing filler metals 

that would wet and strongly bond to the structural ceramics and metals 

being considered for the advanced heavy-duty diesel engine without the 

need for precoating of the ceramic to promote adherence. Our goal was to 

achieve brazing temperatures sufficiently low that the other potential 

structural components would not be damaged by the thermal processing 
cycle, with filler metals that would have "adequate" strength and oxida- 
tion resistance in air at service temperatures of about 350°C. We did not 

have specific guidelines as to what "adequate" strength really was, but 
there was some information from representatives of Cummins Engine Company, 

Tnc., that a room-temperature shear strength of at least 100 MPa would be 
required in the crucial piston cap to piston brazement, and that is the 

value we tried to meet. The ceramic materials included in this study were: 
(1) an MgO-stabilized partially stabilized zirconia* (PSZ); (2 )  Y2O3- 

stabilized tetragonal zirconia polycrystalline (TZP) ceramic; t ( 3 )  three 

high-purity, high-density commercial aluminas - Coors* AD-99 and AD-998 
and Degussit AL-23;** and ( 4 )  a SiC-whisker-reinforced alumina composite 

under development at ORNL.7 In the ceramic-to-metal brazements, the metals 
included a nodular cast iron,tt type 446 stainless steel, and titanium. 

The latter metals were chosen as potential transition materials to aid in 

accommodating mismatches in coefficients of thermal expansion of the ceram- 
ics and the cast iron. 

Our approach was to select simple binary metal systems that had rela- 
tively low melting temperatures and then add varying amounts of titanium 

"Nilsen MS Grade. 

+NGK Ceramics, 2-191 Grade. 
*Coors Porcelain Co., Golden, Colo. 

**Degussa, Federal Republic of Germany. 

ttIzumi piston material. 
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to promote wetting and bonding to the oxide ceramics. Binary systems 

were chosen that had previously been used commercially for brazing of 

metals. Although other reactive metals have been used in some direct 

brazing filler metals, titanium is  thought to have the most universally 

beneficial effect and so it was used throughout this study. The effect 

of titanium in promoting wetting of oxide ceramics is  not yet fully under- 

stood, but some plausible reasons will be discussed later in the section 
titled Experimental Filler Metals. 

After melting of small amounts of the experimental filler metals, 

wetting and bonding studies were conducted on small ceramic pads. Most of 

the effort in this program went into ceramic brazing because that aspect 
of the joining problem i s  much more difficult than brazing of a metal. We 

believed it was highly likely that any filler metal that would bond to an 

oxide ceramic would also adhere to a metal. Adherence of the brazes was 

determined by room-temperature shear tests, room- and elevated-temperature 

flexure tests, and fracture toughness tests. 

THEORY OF WETTING AND ADHERENCE 

As can be seen in Fig. 2 ,  the shape of a drop of liquid (in our case, 

molten filler metal) on a solid surface (ceramic in this case) i s  deter- 

mined by gravity and interacting forces of solid-liquid interfacial energy 
( y s L ) ,  solid-vapor interfacial energy (y sv 
( y L v ) .  This balance of interfacial tensions is  characterized at equilib- 
rium (with reference to Fig. 2)  by the Young equation: 

), and liquid surface tension 

- 
y s v  YSL 

YLV 
cos0 = . 

The angle between the solid surface and the tangent to the liquid surface 

at the contact point or "contact angle 0" may vary from 0 to 180'. 
is high, the liquid tends to form a ball having a small interface area. 

If ysv is relatively high, the drop tends to spread. The effect of the 

If YSL  
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VAPOR 

LIQUID 

BETWEEN DROP AND o f i  
SLJRSTRATE INTERFACIAL ENERGY 

BETWE EN SUBSTRATE 
AND VAPOR 

Fig. 2. Surface energy forces acting on a sessile drop. 

liquid-vapor interfacial energy (surface tension) is not as straightforward. 
If only the liquid surface energy is decreased, the contact angle decreases 

(i.e., wetting is increased) for initially wetting drops ( e < 9 0 ° ) ,  but it 
increases for initially nonwetting drops (e>90°)  as illustrated in Fig. 3 .  

Thus, improved wetting always results when the solid-liquid interfacial 
energy (ysL) is decreased, and it may be obtained in some cases by decreas- 

ing yLv. 
"nonwetting" (8>90° ,  liquid depression in a capillary) and "wetting" 

(@<go", liquid elevation in a capillary). 
point a contact angle of about 70' has been found to be satisfactory.8 

A contact angle 8 of 90" is assumed to be the boundary between 

From a practical brazing stand- 

ORNL-DWG 85-7795 

n 
INITIALLY NONWETTING F U RTH E R N ON W ETT I N G 

I N IT1 ALLY WETT I NG IMPROVED W ETT I N G 

Fig. 3.  Effect on contact angle of decreasing liquid surface tension 
(y  ) in the case of an initially nonwetting drop (upper) and initially 
weEKiiig drop (lower). 
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The a s soc ia t ed  adhesive energy o r  work of adhesion (MA) between t h e  

sessile drop and s u b s t r a t e  that  r e p r e s e n t s  t h e  f r e e  energy change f o r  

s e p a r a t i o n  of a u n i t  area of i n t e r f a c e  i n t o  a l i q u i d  and a s o l i d  s u r f a c e  

can be expressed by t h e  Dupre equat ion  as: 

wA = Ysv -t YLV - YSL 

o r  combined wi th  the  Young equation as 

. ( 3 )  

The work of adhesion g ives  some i n d i c a t i o n  of t h e  adherence of t he  drop t o  

t h e  s u b s t r a t e ,  but i t  does not n e c e s s a r i l y  p r e d i c t  t h e  adherence of t he  

s o l i d i f i e d  drop. 

The assumptions i n  t h e  above equat ions  of equi l ibr ium condi t ions  and 

t h e  absence of any d i f f u s i o n  or r e a c t i o n  a t  t h e  con tac t  i n t e r f a c e  are 

seldom v a l i d ,  p a r t i c u l a r l y  i n  our  work i n  which w e  are t r y i n g  t o  promote 

adherence by t h e  a d d i t i o n  of a c t i v e  metals t o  our  brazing f i l l e r  metals. 

A s  i l l u s t r a t e d  i n  Fig. 4, t yp ica l ly  what o r i g i n a l l y  w a s  a two-phase system 

evolves  i n t o  a three-phase s y s t e m .  

r e s u l t  from t h e  r e a c t i o n  w i t h  i m p u r i t i e s  a t  t h e  i n t e r f a c e ,  t he  d i f f u s i o n  

of elements t o  t h e  i n t e r f a c e  leading t o  r e a c t i o n s ,  o r  t h e  a l l o y i n g  of com- 

ponents of phases (1) and (2)  a t  t h e  i n t e r f a ~ e . ~  Also, r e a c t i o n  between 

t h e  molten metal and ceramic s u b s t r a t e  and t h e  subsequent s o l i d i f i c a t i o n  

of t h e  drop can create defects  and stress concent ra t ions  a t  t h e  metal- 

ceramic i n t e r f a c e  t h a t  w i l l  cont ro l  t h e  f r a c t u r e  mechanism. Because of 

t h e s e  u n c e r t a i n t i e s  over  t h e  v a l i d i t y  of t he  work-of-adhesion va lues  from 

sess i le -drop  experiments i n  t h e  r e a c t i v e  systems being used i n  our work 

(and i n  t h e  work of R i t t e r  and Burton who found no c o r r e l a t i o n s  between 

thermodynamic work of adhesion and p r a c t i c a l  adhes ive  s t r e n g t h )  , l o  we used 

t h i s  technique simply as a convenient means f o r  determining t h e  approxi- 

mate s o l i d u s  temperature of a f i l l e r  m e t a l  and f o r  observing t h e  e f f e c t  of 

t i m e ,  temperature,  and atmosphere on t h e  w e t t a b i l i t y  (as determined by 

con tac t  angle  measurements) of t h e s e  a l l o y s  on ceramic s u b s t r a t e s .  We 

then  measured t h e  adhesive s t rength  of t h e  bonds d i r e c t l y  by a mechanical 

test d iscussed  i n  a la ter  section. 

The t h i r d  o r  i n t e r f a c e  phase can  
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e 

Fig. 4. The evolution of a two-phase equilibrium sessile-drop system 
into a three-phase system, where At is the interface phase thickness. 

RATIONALE FOR A FRACTURE MECHANICS APPROACH TO BRAZE JOINT EVALUATION 

The traditional engineering approach to design of fail-safe struc- 

tures has been the use of conservative nominal shear or tensile strengths 
of the braze joint. However, the strength values achieved are strongly 

influenced by the existence of a critical defect or flaw. The variability 
in strengths is a measure of flaw size and not the intrinsic bond 

strength. Therefore, the evaluation of fracture mechanics has become 

increasingly important to the designer, and methods of analytically 

describing the resistance of a material to fracture have been developed. 
Braze joints are generally designed on the basis of shear strength data. 

However, we contend that many joints are loaded in tension at least part 

of their lives, so it is important to know how they behave under those 

conditions. Braze joints by their nature contain flaws that under crack- 

opening (tensile) conditions could cause failure. Along with the measure- 

ment of shear- and flexural-strength properties of our brazements, we 

therefore used a fracture mechanics test to study the fracture behavior of 

braze joints between ceramic base materials. 

Because the failure stress of a ceramic brazement is a function of 

both the flaw size distribution (e.g., unbonded interfacial areas or voids) 
and the true adherence, a strength test by itself cannot determine the 

cause of failure, i.e., whether the value is the result of a large flaw or 
poor adherence. Nondestructive examination or post-failure analysis may 

a l l o w  the flaw s i z e  t o  be determined, and thus give a more comprehensive 
evaluation, but to observe this distinction in such systems is difficult 
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at best. On the other hand, fracture mechanics can be used to determine 

adherence in a fashion similar to that used to describe fracture in bulk 

brittle materials. Either the stress intensity factor in mode I (tensile) 

loading ( K I )  or strain energy release rate GI (where GI is twice the frac- 
ture energy required to separate the interface) can be used to determine 

the ease of crack propagation either along an interface (adhesive failure) 

or in an adjacent phase (cohesive failure). Adherence is thus described 

in terms of the ability of the total brazement to resist fracture, which 

serves not only as a tool to examine adherence mechanisms but also as an 

important design tool. 

The application of fracture mechanics to adherence problems to date 

has centered on the areas of structural adhesives and composites. 

Here, not only the analysis but also the measurements of crack tip stress 
intensity ( K I )  can become quite complex even for crack motion along a flat 

interface between two materials because stresses acting on a crack are not 

symmetrical. Also, combined loading modes exist (e.g., mode I plus 11), 
which greatly complicate the analysis. However, when the elastic proper- 

ties E (Young's modulus) and v (Poisson's ratio) of the two materials are 

comparable (in theory they must be identical13 but need only approach each 

other),14 then the mathematical solution is the same as for the crack in a 

single-phase body. This is the case for the analysis of adherence of many 

ceramic-to-ceramic and ceramic-to-metal systems. The result is that one 
can describe adherence in terms of KrC, rather than a complex combined 
K r K I I ,  

'12 

and a much simpler description of crack propagation is obtained. 

Experimentally, determination of the adherence of the system is 

simplified by use of the energy balance concept equating the 
system's strain energy [the strain energy release rate ( G I ) ]  

energy for crack propagation (2y ). Because the system acts 
neous body, y I  is related to XI, i.e., 

I 

where 0 is the tensile stress, acting on the joint, c is 

and A is a geometric factor; thus either y or KI can be I 

the 

change in the 

with the tot a1 

as a homoge- 

determined 

flaw size, 
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experimentally. Several experimental techniques have been evolved to 

determine the adherence not only of adhesives to metal but most recently 

of ceramics to metals or to other ~eramics.15-1~ 

EXPERIMENTAL PROCEDURE AND EQUIPMENT 

SESSILE-DROP WETTABILITY 

Our sessile-drop apparatus (Fig. 5) is essentially a horizontal 
induction-heated furnace unit, consisting of a fused silica tube 38 mm in 
diam and 300 mm long, in which a vacuum of 7 mPa (5 x 

peratures to 1750°C can be obtained. An optical pyrometer is placed on 

one end of the furnace tube for direct viewing of the substrate, and an 

optical system t o  take photographs of the sessile drop at temperature is 
arranged at the other end. 

shields and a 15-mm-diam molybdenum susceptor. 

mm Hg) and tem- 

The tube contains dual-layer tantalum heat 

The specimen is contained 

Y-190562 

Fig. 5. Induction-heated, evacuated sessile-drop apparatus with 
temperature capability of 175OOC. 
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in a tantalum or ceramic boat. The advantage of induction heating is that 

it allows (if desired) rapid heating and cooling (because the thermal mass 

is small) so that the effect of relatively short times at temperature can 

be studied. From a practical standpoint, rapid heating and cooling is 

desirable so that three or four runs a day can be uade. A potential 
disadvantage of this system is that if a gaseous environment (rather than 

vacuum) is desired, it is sometimes difficult to establish pressure 

conditions such that a glow discharge will not occur. Only vacuum was 

used in this work. 

SESSILE-DROP SPECIMEN CHARACTERIZATION 

After each run, a sessile-drop sample was removed from the tube, 

examined with a shadowgraph to measure the contact angle (for comparative 
purposes only), and then either sectioned for ceramographic examination or 

put into the apparatus shown schematically in Fig. 6 for determination of 

the apparent shear strength of the bond between the drop and the ceramic 

substrate. 

so its application is known as the Sutton push-off test. The test is a 

simple technique used to assess interfacial strength. Nicholas and 
coworkers at Harwell in England have studied this test and concluded that 

This device was developed by Sutton18 at General Electric Co., 

ORNL-DWG 85 7799 - 

SESSILE DROP 
PUSH-OFF 

W 
BAR/PAD SHEAR 

Fig. 6 .  Test fixture for determining shear strength of bond between 
a sessile drop of experimental brazing filler metal or a metal bar and a 
ceramic substrate pad. 
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f o r  contac t  angles less than  about 100" t h e  test  is  a v a l i d  measure of 

shear  strength.19 In a l l  of our  tests, t h e  we t t ing  angle  has been con- 

s i d e r a b l y  less  than 100'. 

This  f i x t u r e  i s  i n s t a l l e d  i n  a mechanical t e s t i n g  machine and t h e  

shear  s t r e n g t h  ca l cu la t ed  from t h e  load a t  f a i l u r e  d iv ided  by t h e  i n t e r -  

f a c i a l  area, which is determined p r i o r  t o  t h e  test  by us ing  a toolmaker 's  

microscope. Our shea r  tests f o r  t h i s  work were done a t  room temperature.  

Although we have i n  gene ra l  been pleased wi th  t h e  push-off test as 

a r ap id  means of determining comparative bond s t r e n g t h s ,  our  experiments 

have revea led  a shortcoming. On samples i n  which t h e  con tac t  angle  is  

low (<-30"), the f o o t  t h a t  pushes o f f  t h e  drop tends t o  r i d e  up on t h e  drop 

in s t ead  of pushing it o f f .  I n  some cases a p o r t i o n  of t h e  drop is even- 

t u a l l y  sheared off as can be seen  i n  Fig. 7. In such a case t h e  shea r  

stress on t h e  drop-substrate i n t e r f a c e  i s  c a l c u l a t e d  on t h e  basis of t h e  

maximum load although f a i l u r e  has  not  occurred. For some of our  best- 

wet t ing  f i l l e r  metals, we r e l y  on three-  o r  four-point bend tests r a t h e r  

than  shea r  t e s t s  as a measure of bond s t r eng th .  

Y-194144 

Fig. 7. Sessile-drop specimens a f t e r  push-off test. I n  upper sample 
t h e  drop has been removed by f a i l u r e  a t  t h e  i n t e r f a c e ;  i n  lower sample t h e  
drop i t s e l f  has been sheared. 
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FLEXURAL STRENGTH MEASUREMENT OF BRAZED JOINTS 

In addition to the shear tests on the sessile-drop specimens, flexural 
strength measurements have been conducted on ceramic-reramic trazement 

samples joined with a number of our experimental brazing filler metals. 
Figure 8 shows the sequence of steps in fabricating the test specimens. 
Typically the specimens are tested in a side-bend configuration in a four- 

point bend fixture. Both room- and elevated-temperature tests (up to 

60OoC) have been conducted. 

were preplaced at the edge of the joint, but many times with that tech- 

nique we did not obtain full penetration of the metal through the joint 

(-2 mm thick). We evaluated various joint gaps, which is typically how 

this problem is approached in brazing, but to no avail. Since these 

filler metals spread very readily over a flat surface, we concluded that 

metal-ceramic interactions at the front of the advancing capillary must be 

changing the local surface tension or interfacial energy and resulting in 

In some cases brazing filler metal chunks 

O m - P H O T O  4957-84 

Fig. 8. Sequence of steps in fabricating flexural strength specimens 
containing a braze joint. In this example the filler metal was melt-spun 
foil. 
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reduced flow. Therefore, we had small quantities of experimental brazing 
filler metals in several alloy systems fabricated into narrow foils by 

melt-spinning to enable us to preplace the alloys in the joint. We have 

had good results with some of these foils and particularly with one Zrom 

the Cu-&-Ti system. 

CRITICAL FRACTURE TOUGHNESS, Kit, OF BRAZEMENTS 

The specimen used is the same as one used to measure the fracture 

toughness of bulk structural ceramics - the applied moment double 
cantilever beam (DCB). A schematic diagram of the specimen prepared for 

measurement with arms attached is given in Fig. 9 .  The relationship used 

to determine KrC is simple: 

( 6 )  bh3 
12 where M = P - L  and I = - . 

Thus, it can be seen that the fracture toughness of a brazement can be 

determined from the load at failure and some geometric factors if both 

arms of the DCB specimen are of the same material and size. 

We evaluated both fine wires and thin foils between the specimen 
halves to control the final thickness of the braze joint and have settled 

on 0.038-mm tantalum foil because foil is easier to apply. Small pieces of 
the foil are held in place by cement.* We also experimented with various 

materials and designs of springs to apply loading across the joint during 

brazing and have found 0.25-mm-thick molybdenum or tungsten foil leaf 

springs to be satisfactory for the brazing temperatures used in most of 
our studies to date. Specimens in a SIC boat after brazing are shown in 

Fig. 10. 

We also developed a standard procedure for preparing the samples for 

testing. After the samples are brazed they are ground to remove any 

exuded filler metal and to remove any mismatch of the surfaces. This 

operation is done by bonding the specimens to machining blocks with 

*Nicrobraz Cement, Wall Colmonoy Corp., Detroit, Mich. 
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Fig. 9.  Schematic diagram of double cantilever beam specimen after 
attachment of test arms. The precrack (shown to have a dimension " a " )  is 
generated by forcing a wedge into the guide notch at the top of the 
specimen before the arms are attached. 

r 
ORNL-PHOTO 8023-85 

Fig. 10. Composite double cantilever beam specimens in a SIC boat 
after brazing. Loading across the joint is applied by molybdenum foil 
springs (arrows) ,  and the brazing gap is limited to 0.038 mm by tantalum 
shims. 
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Crystalbond" 509 adhesive and then machine grinding with a 170-grit 

diamond abrasive wheel. After surface grinding, the specimens are grooved 

and notched to ensure that the crack will propagate through the region of 

the brazement. These operations are also done with diamond abrasive 

wheels (400 grit). The surface of the specimen opposite the groove is 

hand lapped with diamond paste (down to 3 p). A final sharp precrack 
(flaw) is made in the braze joint by carefully forcing a hard TiB2 wedge 
into the large notch of the specimen. This operation is conducted under a 

low-power microscope so that the flaw (crack) can be observed as it forms. 
As is the case for bulk ceramic specimens, the loading arms are 

attached with epoxy cement taking care that the fulcrum lengths "L" are 
equal and that the specimen is perpendicular to the arms in two planes. 
After the epoxy is cured, the specimens are loaded in a mechanical test 

apparatus (Fig. 11). The load at failure and specimen dimensions ( b ,  h ,  

and t) are recorded. 

SHEAR STRENGTH OF CERAMIC-METAL BRAZEMENTS. 

In order to determine the shear strength of ceramic-metal brazements 
we developed a "bar/pad" specimen that is tested in the same fixture as 

the sessile-drop specimens. In this test (shown schematically in Fig. 6) 

a metal bar having dimensions of 3.18 x 3.18 x 9.52 mm is brazed to a 
9.52 x 9.52 mm ceramic pad whose thickness depends on the material 

thickness. The bar overlaps the pad by 6.35 mm. A typical specimen is 

shown in Fig. 12. The specimens are held together for brazing by fine 

molybdenum wires that also serve to apply a load across the joint because 

of the difference in coefficients of thermal expansion of the components 

and wires. The shear strength is calculated on the basis of the load at 

failure and the overlap area. These brazing filler metals produce very 

small fillets that are ignored in the calculation. 

* Aremco Products, Inc., Ossining, N.Y. 
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CYN-5387 

Fig.  11. Apparatus for t e s t i n g  
composite double cant i l ever  b e a m  
specimens i n  mechanical test machine. 

OWL-PHOTO 6292-84 

Fig.  12. Bar/pad shear test specimens. The metal bars have dimen- 
sions of 3.18 x 3.18 x 9.52 mm and overlap the pads by 6.35 mm. 
p a r t i a l l y  s t a b i l i z e d  z irconia  pads measure 9.52 x 9.52 x 7.62 mm. 

The 
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MATERIALS 

STRUCTURAL CERAMICS 

Some of the characteristics of the ceramic materials included in 

this study are given in Table 2. (A few small pieces of NGK 2191 tetrago- 

nal zirconia polycrystalline ceramic were used in wettability studies but 

were not otherwise characterized.) A l l  of the ceramics were fabricated by 

pressureless sintering except for our experimental SiC-whisker-reinforced 

A1203 composite, which was hot pressed. These specific materials were 
chosen because they are prime candidates, or potential alternates, for 

insulating components in the uncooled diesel engine. 

Table 2. Characteristics of ceramic materials 
brazed in this program 

Flexural Averagea surface 
strength roughness Mat e r i a1 

designation 
(ma) (PI 

Coors AD-99 alumina 230b 
Coors AD-998 alumina 207c 
Deguss it AL-23 alumina 156 
Nilsen PSZ (82-94159N) 616b 

A1203-SiCd 650 
Nilsen PSZ (83-064MS) 574b 

0.74 

4.46 
0.94 
0.94 

2.65 

aDetermined by profilometer. 

hoom temperature, four-point bend (6.35- and 
19.0-mm spans), crosshead speed of 0.085 mm/s. 

CSame except 6.35- and 12.7-mm spans. 

dSiC-whisker-reinf orced alumina under develop- 
ment at OWL. 

Partially stabilized zirconia has low thermal conductivity and high 
toughness for a ceramic and relatively high thermal expansion and is thus 

the prime candidate for insulating the combustion chamber of the uncooled 
diesel engine. However, the microstructure of the MgO-stabilized PSZs 

presently available is not stable at or above about 800°C because there is 
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a loss in the amount of the tetragonal phase, which provides high tough- 

ness, and because the cubic phase transforms to monoclinic phase after 

prolonged time at temperature. Even for short times those PSZs are less 

tough at elevated temperatures because of the reduced tendency for the 
tetragonal to monoclinic phase transformation.2° 

A fine-grained yttria-stabilized tetragonal zirconia (referred to as 

tetragonal zirconia polycrystals or TZP) was obtained from Cummins Engine 

Company, Inc., for a comparative wettability study using our experimental 
brazing filler metals. This material, designated NGK 2-191, is being con- 
sidered as an alternate material for MgO-stabilized PSZ in the uncooled 

diesel engine. 

be more resistant to the overaging phenomena observed in the MgO-stabilized 

materials in which thermally induced phase changes lead to a loss of 

strength and toughness with time at temperature. 

The Y203-stabilized TZP ceramics are presently thought to 

Several high-alumina ceramics were selected in order to assess the 

effect of purity levels and manufacturer (who might, for example, use 

different sintering aids) on wetting and bonding in the experimental 

brazements. 

toughness and strength at both room and elevated temperatures. Although 
this composite as presently formulated has significantly greater thermal 

conductivity than PSZ [-11 W/(m'K) vs 2.4 W/(m'K) at 800°C], we and others 
are investigating several techniques to reduce its conductivity. 

The A1203-SiC composite was included because it has excellent 

The surface of each of the ceramic materials that were brazed in the 

wettability tests is shown in Figs. 13-18. In general for the AD-998 and 
AL-23 alumina materials, the brazed surface was in the as-fired condition 

(other than a thermal treatment of 15 min at 1000°C to clean the surface); 

for the other materials, the surface was ground. 

STRUCTURAL METALS 

The nodular cast iron material used in the ceramic metal brazements 
in this study was provided by Cummins Engine Company, Tnc., from a portion 

of a piston made by Izumi in Japan. The microstructure of the cast iron 
as received was primarily pearlite with some ferrite plus nodules of 

i 
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M-20152 

Fig. 13. Scanning electron micrograph of AD-99 alumina substrate 
used in sessile-drop wettability study. 

M-20206 

1- 

Fig. 14. Scanning electron micrograph of surface of AD-998 alumina. 
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M-20204 

Fig .  15. Scanning electron micrograph of Degussit  AI,-23 alumina 
substrate . 

ORNL-PHOTO 7588-84 

Fig. 16. Scanning electron micrograph of Ni l sen  TS grade PSZ 
(82-94159N) substrate.  
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ORNL-PHOTO 7583-84 

Fig. 17. Scanning electron micrograph of surface of Nilsen MS grade 
PSZ (83-064 MS). 

OWL-PHOTO 7589-84 

Fig. 18. Scanning electron micrograph of surface of SiC-whisker- 
reinforced alumina composite made by hot pressing at ORNL. 
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graphite. 

desirable in the pistons of advanced heavy-duty diesels because such a 
material is reported to have the desirable high-cycle fatigue strength. 

The lower critical temperature for this iron is about 725"C, which means 

that, to attain a final pearlitic piston, the brazing temperature for a 
ceramic attachment would have to be about 725 to 75OOC (depending on the 

kinetics of the pearlite + austenite transformation) or else above that 
temperature with a subsequent rate of cooling such that pearlite and not 

bainite or martensite is formed. The coefficient of thermal expansion for 

this iron is about 14 x 10-6/oC, lower than that of many common structural 
metals but probably not similar enough to that of PSZ and alumina to 
avoid problems associated with differential shrinkage strains. 

A microstructure high in the pearlitic phase is thought to be 

Titanium and type 446 stainless steel were also included in this 
study, because they could be used as ductile transition materials to 
accommodate the mismatch in coefficients of thermal expansion of the cast 

iron and structural ceramics. 

EXPERIMENTAL FILLER METALS 

Several criteria must be met for a brazing filler metal to meet the 

joining requirements for a given application: 

1. The filler metal must wet the ceramic and/or metals of interest. 

2. Relatively strong bonds must be formed that will survive not only 
cool-down from brazing temperature but also service conditions. 
The filler metal and/or brazing process must not degrade the base 

material(s). 
3. 

With these criteria in mind, we formulated potential filler metals that 

would wet and adhere to alumina, PSZ ceramics, and nodular cast iron at 
brazing temperatures that would cause minimal deterioration of the 

materials. The intended service environment was assumed to be air at 

4OOOC or less. 
Experimental studies on brazing of ceramics have shown that the affin- 

ity of the filler metal or elements in the filler metal for oxygen (in 

the case of oxide ceramics) or for carbon (in carbides) plays a crucial 

role in determining the strength of the brazed interface. Although some 

treatments of the subject have tried to explain this behavior simply on 
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the basis of free energies of formation of stable oxides of metals in the 

filler metal (and therefore reduction of the ceramic at the interface to a 

metal), this explanation is not sufficient. On the basis of oxidation- 

reduction reactions alone, titanium should not react with alumina or 
zirconia ceramics even at very high temperatures.21 F o r  example the 

following reactions are applicable at 1800°C. 

Tf(R) + 1 / 2  02 (g) + Ti0 (6) 
1 / 3  A1203 (s )  + 2/3 A1(R) + 1/2 02 (g) 

Ti(R) + 1/3 A1203 -+ Ti0 (6) + 2/3 A1(R) 

AF" = -68 kcal/mole 
AF" = +82 kcal/mole 

AF" = +14 kcal/mole 

and, 

AF" = -68 kcal/mole 
AF" = +84 kcal/mole 

AF" = +16 kcal/mole 

Ti(R) + 112 02 (g) + Ti0 (SI 
1/2 zro2 (s) + 1/2 Zr (s )  + 1/2 02 (g) 

Ti(R) + 1/2 Zr02 (8) + Ti0 (6) + 1/2 Zr (6) 

Thus, on the basis of these reactions, A1203 and Zr02 would be more 

stable because of their lower free energies of formation. However, tita- 

nium has in many studies been found to react with oxide ceramics, and all 
filler metals known to the authors for joining of oxide ceramics have con- 

tained titanium, either singularly or in combination with zirconium or 

other strong oxide-forming elements. We think this apparent anomaly can 

be explained on the basis of the free energies of solution of oxygen in 

the titanium and to a lesser degree on the solubility of aluminum (in the 

case of alumina) in titanium. Oxygen is soluble in titanium up to 

34 at. % (independent of temperature),22 and aluminum is soluble up to 

15 at. % (at 1000°C). Consequently, reactions may proceed with the reac- 
tion products soluble to a considerable extent in the molten filler metal. 

However, the activity coefficients for these solutions are not known at 

this time, so we were required to formulate the experimental brazing 
filler metals on the basis-of empirical results. 

We used as the basic compositions three binary alloy systems (Ag-Cu, 
Cu-Au, and Au-Ni) and one ternary system (Cu-Au-Ni). These alloys are 

widely used by the brazing industry, have simple microstructures, and have 

relatively low brazing tezperatures. Titanium was chosen as the reactive 
element in each composition. 
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The filler metals were produced by one of three techniques: (1) arc 
melting of a button (1-2 g) on a water-cooled copper hearth, with the 

drop flattened after the sixth melt cycle; (2) arc melting of a button 
(-125 g) that is drop cast into an 11-mm-diam cylindrical copper mold; or 

( 3 )  induction melting of a sample (-5 g) in a helium atmosphere and then 

rapidly solidifying by casting onto a rotating copper wheel. 
The apparatus used for melting the small buttons of material is shown 

in Fig. 19. The procedure used is to evacuate the chamber to a pressure 

less than 3 mPa (2 x mm Hg), backfill to slightly greater than 

atmospheric pressure with high-purity argon, melt a zirconium getter but- 
ton, and then melt the charge six times, turning it over after each melt. 

Prior to the final melting the ingot is moved to a concave copper pad in 

which it is formed by a convex tungsten ram prior to solidification. The 

advantages of this equipment are that it minimizes the amount of material 
needed for a cursory evaluation of a given composition and, because of the 

flattening operation, produces a sample that can be cut into small pieces 

by using pliers rather than having to resort to rolling into foil or using 

abrasive cutting wheels. A disadvantage of the small melt is that insuf- 
ficient material is produced for chemical analysis so that we have to rely 

on careful weighing before and after melting as an indication of potential 
composition changes from evaporation or spatter, or contamination by reac- 

tion with the electrode. 
As mentioned previously we have also had two compositions (MWF-2, 

Cu--26 e 2 9  Ti, and MWF-7, Cu-20 Awl8 Ti, at. X )  made into foil by melt 

spinning. This work is in a very preliminary stage, but the results have 

been encouraging. 

EXPERIMENTAL RESULTS 

At this stage of the program we have been characterizing the wetting 
and bonding behavior of a broad range of metallic filler metals on a 

spectrum of structural oxide ceramic substrates. We conclude that at 

least two of the alloy systems (Cu-Ag-Ti and Cu-Au-Ti) show promise of 
providing a useful brazing filler metal for application in the uncooled 
diesel. Each is discussed below. 
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ORNL-PHOTO 4350-82 

Fig. 19. Arc melter used to fabricate small quantities of experi- 
mental brazing filler metals. 

SILVER AND COPPER BASED SYSTEM 

TL.I A l l l a  I system is based on the silver-copper eutectic that occurs at 

40 at. % Cu and 780°C. A wide range of commercial brazing filler metals 
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are based on this system, and one, with a composition of e 3 7  Cu-8 Ti, 

at. %, was known to wet and bond to some ceramic materials. A small 
addition of nickel is sometimes added to the basic Ag-40 Cu eutectic to 

improve wetting and corrosion resistance, so our study also included three 

Ag-Cu-Ni-Ti quaternary compositions as shown in Table 3. 

Table 3. Experimental filler metals in the 
Ag-Cu system 

A1 loy 
designation 

Compos it ion 
(at. %) 

Brazing rangea 
("C) 

~ ~ ~~ 

MWF-1 CU-27 Ag-26 Ti 900-950 
-2 CU-26 Ag--29 Ti 920-1000 
-42 Ag-38 Cu-1 Ni-4 Ti 9 5 M  0 5 0 
-43 Ac37 Cd.75 Ni-7.25 Ti 850-950 
-44 Ag-35 Cd.7 Ni-10.3 Ti 9 50-1 0 5 0 

aBrazing temperature depends to some degree on 
substrate material and on the extent of flow desired. 

The flexural strength data for brazements made with filler metals in 

the Cu-Ag-Ti system are given in Table 4 and shown graphically in Fig. 20. 
Note that there are no shear strength data (another important engineering 

property) for any of the compositions in this series. All of these filler 

metals wet all of the alumina and zirconia ceramics so well (€1<15" on all 

substrates) that we were unable to obtain a valid shear strength by using 

the push-off test. In those cases where such a test was attempted, the 

foot of the test fixture simply rode up on the drop, occasionally shearing 
away part of the drop. We selected a representative of this group ( W - 2 ,  

Cu-26 Ag-29 Ti, at. X )  with which to conduct the majority of the mechanical 

property tests because this filler metal seemed to be the most consistent 

in wettability behavior. 
The data show that this filler metal produces strong bonds in joining 

the two aluminas with strengths approximating those of the bulk ceramics. 
In fact, in some samples, failure occurred in the ceramic itself rather than 

in the joint area. The strength of the brazements in the PSZ material was 

only about half the strength of the bulk ceramic, but these values are 
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Table 4. Summary of flexural strength data for experimental brazing 
filler metal MWF-2, (211-26 Ag-29 Ti, at. % 

Locat ion 
of Standard 

deviation failure 

Temperature ("C) Number Mean 

Brazinga Testb specimens (ma) 
of strength Specimen 

number 

-998 alumina 

414 
3 94 
395 

356 
3 92 
3 92 
415 

348 
3 53 
362 
3 91 
3 91 

980 
1010 
1010 

1090 
1010 
1010 
980 

1040 
1100 
1010 
1010 
1010 

25 4 222c 
400 4 215d 
600 4 213d 

AL-23 alumina 

25 4 91c 
200 2 145C 
400 2 110c 
400 4 165d 

PSZ (83-064 Ms, MgO stabilized) 

25 4 35OC 
25 4 2 94C 
25 4 339c 
200 2 15gC 
400 2 132c 

33 
37 
24 

49 
1 

28 
41 

41 
67 
53 
26 
70 

Ceramic 
Mixede 
Joint 

Ceramic 
Mixed 
Mixed 
Mixed 

Joint 
Joint 
Joint 
Joint 
Joint 

brazing in vacuum of less than 7 mPa (<5 x mm Hg) at start 
of cycle, about 27 mPa (-2 x mm Hg) at temperature. 

bAll tests in air, 30 min at temperature prior t o  testing. 

CCrosshead speed of 0.085 mm/s, four-point bend, 6.35- and 2 5 . 4 ~  

dLoad rate of 22.7 kg/s, four-point bend, 6.35- and 19.0- spans. 

%ome samples failed in braze joint, others in ceramic. 

spans 

still very respectable because the PSZ has very high flexure strength, 
greater than 600 MPa. The brazements in the aluminas also appear to main- 

tain their strengths better at elevated temperature than do those in PSZ, 

but with the rather limited amount of test data it is too early to draw 

any firm conclusions or to search for possible mechanisms that might 
explain such behavior. 
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Fig. 20. Flexural tests (in air) of structural ceramics brazed in 

vacuum with filler metal MWF-2, Cu-26 Ag-29 Ti, at. %. 

COPPER AND GOLD BASED SYSTEMS 

Three series of filler metals with gold as a major constituent were 

evaluated with the following commercial alloys as the base compositions: 

(1) Cu-15 A L A  Ni (at. %), 103OoC liquidus, 1000°C solidus; (2) A d 3  Cu, 
97OoC liquidus, 955OC solidus; and ( 3 )  A d 2  Ni, 95OoC solidus and 
liquidus. The gold based filler metals are widely used, are generally 

more corrosion resistant than the silver based alloys, but also are more 

expensive and have higher brazing temperatures. These series include the 
compositions listed in Table 5 .  

The shear and flexural strength data for ceramic-ceramic brazements 

made with these filler metals are given in Tables 6 to 9. These data show 

that the Cu-Au-Ni-Ti system shows little promise, but that the Cu-Au-Ti 

system has good potential. 

flexural strengths of the alumina brazements are very respectable even up 

Here again, as with the Cu-Ag-Ti filler metals, 
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Table 5. Experimental brazing filler metals 
with copper and gold as major elements 

Alloy Composition 
designation (at. X) 

Brazing 
rangea 
("C) 

MWF-4 Cw14 A d  Ni-6.5 Ti 1090-1190 
-5 Cu--13 Au--3.5 Ni-14 Ti 10 50-1 150 
-6 Cu-22 Au-10 Ti 13 50-1 4 5 0 
-7 Cu-20 Au-18 Ti 1050-1150 
-a C u - 1 8  Au-26 Ti 1050-1150 
-9 A-36 Ni-11 Ti 10 5 0-12 00 
-10 Au--30 Ni-21 Ti 1 150-12 50 

aBrazing temperature depends to some degree 
on substrate material and on the extent of flow 
desired. 

Table 6. Wetting and bonding behavior of experimental filler 
metals in Cu-Au-Ni-Ti series on alumina ceramics 

Br az i nga Wetting Shear Specimen 
number Subs t ra t e temp era t ur e angleb 0 strength 

("C)  ("1 (ma) 

MWF-4 (Cu-14 A d  NI-6.5 TI, at . X )  

462 AT.,-23 1300 90 D N A ~  
463 AD- 998 1350 90 DNA 

Mwp-5 (CW-13 A-3.5 Ni-14 Ti) 

301 m-998 1150 60/70d 14.7 
304 AL-23 1150 30/40 >22 
315 AL-23 1150 30 e 
464 AT.,-23 1340 iao DNA 
465 m-998 1260 10/30 21 

aBrazed in vacuum of less than 7 mPa (<5 x 

hleasured at room temperature. 

cDrop had no indication of adherence. 

dIrregular drop, angles measured 90" apart. 

"Separated at the interface on cooling to room tem- 

mm Hg) at 
start of cycle, about 27 mPa (-2 x mm Hg) at temperature. 

perature. 
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Table 7. Wetting and room-temperature shear strength of 
bonds between filler metals in Cu-Au-Ti series and 

alumina substrates 

Brazing Wetting Shear Specimen 
num be r Substrate temperature angle e strength Remarks 

("C) ("1 ( m a )  

302 
30 7 
316 
447 
448 

222 
308 
317 
318 
318 
332 
336 
366 
374 
44 9 
450 
451 

30 9 
310 
319 
319 
452 
453 
460 
461 
466 

MWF-6 (C-22 A w l 0  T i ,  at. X )  

AD-998 1150 
AL-23 1550 90 
AL-23 1440 90 
AD-998 1500 90 
AD-998 1510 90 

AD-99 
AL-23 
AL-23 
AL-23 
AL-23 
AD-998 
AD-998 
sc-79 
sc-7 9 
AD-998 
AD-998 
AD-998 

AL-23 
AL-23 
AL-23 
AL-23 
AD-998 
AL-23 
AL-23 
AD- 998 
AD-998 

EIWF-7 (C-20 A-18 T i ,  at. X )  

1230 
1220 
1120 
1100 
1100 
1140 
1185 
1090 
1130 
1240 
1240 
1140 

20 
30 
601 7 Oc 
70 
70 
50 
25/30 
401 50 
40 
40 
40 
40 

MW-8 (C-18 A-26 T i ,  at. X )  

1250 
1160 
1150 
1150 
1160 
1160 
1175 
1175 
1160 

10 
40 
50 
50 
40 
40 
40 
40 
30 

>70 
123 
90 
32 
28 
106 
74 

>72 
28 
30 
27 

d 

d 
115 
72 
60 
55 
118 
38 
76 
82 

QDid not melt at that temperature. 

b i d  not adhere. 

CIrregular drop, angles measured 90" apart. 

dInterface separation. 
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Table 8. Flexural strength of alumina and zirconia ceramics 
brazed to themselves with filler metal MWF-7 

(Cu-20 A w l 8  Ti, at. X )  

~~~~~ 

Temperature ("C) Number Mean Locat ion 

Brazing Test specimens (MPa) 
of Specimen strength Standard of number deviation failure 

~ ~~ 

AD-998 alumina 

467 1070 25 4 257 23 Ceramic 
412 1070 400 4 218 44 Joint 

AL-23 alumina 

357 1130 25 3 93 51 Mixed 
3 93 1200 400 4 106 24 Joint 
416 1040 600 3 95 7 Joint 

PSZ (83-064MS) 

367 1150 25 4 258 66 Joint 

Table 9. Wetting and bonding behavior of sessile drops 
in Au-Ni-Ti series on alumina substrates 

Braz inga Wetting Shear 
Substrate temperature angleb 8 strength Remarks Specimen 

number 
("C) ("1 (ma) 

311 AL-23 1210 80 37 C 

Map-10 (A-30 Ni-21 TI, at. X )  

312 AL-23 1320 40 33 

a A l l  brazes conducted with system evacuated to less than 7 mPa 
(<5 x mm Hg) at start of cycle, about 27 mPa (-2 x mm Hg) at 
braz ing temper at ure . 

heasured at room temperature. 

CTore out crater in alumina during shear test. 
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to 600°C. 

brazed with C-20 Au-18 Ti was 218 MPa and of AL-23 alumina at 6OOOC was 

95 MPa. Note that the wetting angles for these filler metals are greater 
than those for the Cu-Ag-Ti materials, but still low enough for practical 

use in brazing. 

For example at 400°C the flexural strength of AD-998 alumina 

FRACTURE TOUGHNESS OF THE BRAZEMENTS 

Only a limited number of fracture toughness tests have been conducted 

on samples brazed with filler metals from the silver- or gold-base systems 

because of problems with flow of the filler metal through the joint when 
it had been preplaced on the surface. 

spinning has alleviated this problem to some extent, although we still have 

not achieved a high-quality foil of the Cu-Au-Ti composition. However, 

the results to date (Table 10) have been encouraging in that the critical 

fracture toughness, Kit, of the brazed samples has been at least as great 
as that of the bulk ceramic, and so far we have done nothing to optimize, 

through compositional variations or thermal cycle, the toughness of these 

brazements. We will conduct more of these important tests on both 
ceramic-ceramic and ceramic-metal specimens in our ECUT-funded work. We 

also plan to develop a specimen suitable for measuring the fracture tough- 

ness of brazements at elevated temperatures, as well as a Mode 11 (shear) 

specimen . 

The fabrication of foil by melt 

Table 10. Fracture toughness of brazements in PSZ 
ceramica joined with experimental brazing filler 

metal of composition Cu-27 Ag-26 Ti, at. X 

Brazing Time at Fracture 
temperature temperature toughness 

("C) (mi4 (MPa.ml/2) 

Specimen 
number 

103 1000-1010 5 
104 1010 5 
105 1040 4 
107 1010 20 

7.2 
6 .6 
5.9 
6.1 

aNilsen 82-94159N having fracture toughness, as 
determined by double cantilever beam specimen, of 
6.0 MPa*ml/2. 
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SHEAR STRENGTH OF THE CERAMIC-METAL JOINTS 

Partially stabilized zirconia ceramic-to-metal specimens were brazed 
in a bar/pad geometry (Fig. 12) with preplaced melt-spun foil of composi- 

tion Cu-26 Ag-29 Ti, at. X .  The PSZ was Nilsen MgO stabilized (83-064 MS), 

and the metal bars were either nodular cast iron (Izumi material supplied 
by Cummins Engine Co.), type 446 stainless steel, or commercially pure 

titanium. 

perature that had resulted in strong PSZ-to-PSZ brazements ( 3 3 9  MPa 

flexural strength) in our earlier work. 

Most of these samples were brazed in vacuum at lOOO"C, a tem- 

The room-temperature shear test results for this series of brazements 
are given in Table 11. The samples were tested in the same apparatus shown 

previously that was used to shear the sessile drops for bond strength 
measurements. We are very pleased by the high strength values for some of 

the PSZ/NCI and PSZ/446 brazements. We are presently trying to determine 
what is responsible for the low values observed, as all variables were 
maintained as constant as possible. We also are studying lower-temperature 

braze cycles to determine if they improve the disappointing results for 

the PSZ/titanium brazements. 
dissolution of the titanium bars, indicating that the temperature was too 
high. 

In these samples there was considerable 

DISCUSSION OF RESULTS 

During the course of this investigation several observations were 

made that deserve amplification: (1) the variability in bond strength 

data, (2) the effect of active-metal-containing filler metals on PSZ, 

( 3 )  the difference in wetting behavior of our filler metals on MgO- 

stabilized PSZ versus Y203-stabilized TZP, and (4) the effect of a 1000°C 
brazing cycle on nodular cast iron. These topics are discussed below. 

VARIABILITY IN BOND STRENGTH DATA 

An area of continuing concern throughout this work has been the wide 

range in shear- or flexural-strength values observed for samples that were 
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Table 11. Room-temperature shear strength of metal- 
ceramic bar/pad specimens brazed in vacuum at 

1000°C with CU-26 Ag-29 Ti, at. % 

Materials Shear Specimen Remarks 
s t reng t h 
(ma) 

number Bar Pad 

470-1 
-2 
-3 

471-1 
-2 
-3 

479-1 
-2 

480-1 
-2 

481-1 
-2 

469-1 
-2 
-3 

472-1 
-2 
-3 

468-1 
-2 
-3 

NCI 

NCI 

NCI 

NCI 

NCI 

446 

446 

Ti 

PSZQ 

PSZ 

PSZ 

PSZ 

PSZ 

PSZ 

AD-998 

PSZ 

205 
19 
20 

b 

19 
30 
183 

122 10 min at 
18 temperature 

30 
20 

25 Brazed at 
36 980°C 

52 
205 

>218c 

17 
63 
43 

21 
22 
32 

aNilsen 83-064MS. 
bAll samples with same batch number (e.g., 470) 

brazed at one time in vacuum of about 7 mPa (-5 x mm 
Hg). Five minutes at temperature unless otherwise 
indicated. 

CTest reached capacity of load cell. 

p 
i 
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supposedly of the same materials and processed in the same manner. Some 

of the variability could be attributable to processing variables such as 

slight differences in brazing temperature (e.g., specimens 317 and 318  of 
Table 7 with a 2OoC difference in brazing temperature but a 3x difference 

in shear strength). In other cases there is an unexplained large dif- 

ference in bond strength for samples supposedly brazed under identical 

conditions (e.g., samples 332 and 451 of Table 7 with shear strengths 

ranging from 27 to 106 MPa). Although such variations in shear strength 
data have also been observed by other investigations both in brazing23 and 

in thick films,24 it is disturbing nonetheless. 

literature we have found no work that has attempted to directly resolve 
this critical issue that affects the potential reproducibility and 

reliability of brazements. Of course this behavior could be the result of 

normal variations in flaw or defect sizes in the ceramics influencing 

braze joints with modest toughness. 

In our review of the 

We have also observed significant differences between samples that 

were brazed at the same time. These brazes were conducted in the sessile- 

drop apparatus, which uses induction heating and a molybdenum tubular 

susceptor. The samples were arranged axially along the susceptor and 
immediately adjacent to each other. The temperature was monitored by 

optically sighting on one ceramic substrate, but the second sample was 

obscured from view. Although it seems unlikely that there was sufficient 

temperature difference between specimens to cause a large difference in 

shear strengths, we decided to stop the practice of brazing two samples at 

a time, to eliminate this practice as a possible source of the variability. 

Another possible reason for sample-to-sample bond strength variations 

could be differences in surface roughness. The effect of surface rough- 
ness on wetting and/or bonding has been observed by others. For example, 

Rhee25 reported that aluminum sessile drops on TiB2 or TIN went from non- 

wetting (e>90° )  to wetting ( 8 < 9 0 ° )  as the surface finish was changed from 

rough ("as hot pressed") to smooth ("mirror finish"). We at one time 

postulated that the surface finlsh on one side of our ceramic substrate 

blanks might be different from that of the other so that the sessile-drop 

shear strength would be high or low depending on whether a smooth or rough 
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surface was being brazed. However, careful measurements with a profilo- 

meter showed that in all cases the surface finishes of both sides of the 

material were nearly the same. 

Becher and M ~ r d a y ~ ~  attributed observed differences in thick-f ilm 

adherence fracture energies to surface layers of glasses that were present 

on alumina substrates either after processing or after subsequent firing 

during thick-film application. For example, they reported surface layers 
consisting of up to 25 wt % Si02 in as-received 99-t wt X alumina substrate 

in which the bulk Si02 content was less than 1%. 
mately two-fold change in fracture energy for two aluminas depending on 
firing temperature. Therefore, we conducted a brief study on several of 

our alumina substrates looking for surface layers that might explain our 

observed variability in sessile-drop shear strength. The substrate 

materials and their history prior to examination are listed below: 

They observed an approxi- 

1. Coors AD-99 alumina -as received; 

2. 

3. 
4. Degussit AL-23 alumina - as received; 
5. AL-23 alumina - fired in air 15 min at 1000°C; and 
6 .  A series of alumina substrates all of which had been in contact at 

Coors AD-998 alumina - fired in air for 15 min at 1000°C; 
AD-998 alumina -same as (2) followed by leaching 2 h in 20 vol X HF; 

about 155OOC with a drop of MWF-21 (Ni-14 Al-10 Ti-0.2 B, at. %), a 

filler metal being studied in the ECUT program. 

We employed an ISI-SS40 scanning electron microscope with analyti- 

cal capabilities including a Tracor Northern TN2000 energy dispersive 

X-ray analysis (EDAX) system. This equipment is sensitive to elemental 

levels of about 1/2 wt %. All samples were coated with carbon prior to 
examination. 

The results give an indication of a potential cause for the observed 

variability. In examining the substrates that had been brazed we found 

that, in general, calcium was identified in the spectrum for those samples 
that had little or no adhesion, but no calcium was in the spectrum for a 

sample with AD-99 alumina as the substrate and a shear strength with a 

Ni-A1-Ti-B drop of 137 MPa. 

samples of both AD-998 and AL-23 alumina after the 1550°C brazing cycle, 

Calcium was detected on the surface of 
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but not on the substrates either as received or after the 1000°C thermal 

treatment. This seems to indicate either that the calcium migrates to the 

surface (at a level detectable by EDAX) only at temperatures greater than 

1000°C (at the 15-min exposure time) or that calcium is being picked up 

during the braze cycle from the alumina sample boat used. Further study 

is obviously required to identify the source of the calcium and to either 

support or refute the idea that this material is responsible for sample- 

to-sample variability. It would seem likely, however, if calcium is 
verified as the cause of variability, that the calcium is migrating from 
within the ceramic substrate rather than coming from an external source. 

Calcium oxide has a published vapor pressure26 of only 13 pPa 
at 2055"C, a temperature much higher than our brazing temperature of 

1550"C, and thus transport from an external source is unlikely. 

mm Hg) 

We also examined by EDAX a number of Ni-A1-Ti-B sessile drops as well 

as unmelted samples of the Ni-A1-Ti-B filler metal used in those tests. 

As mentioned previously Nicholas and coworkers at Harwell in England have 
reported major differences in adhesion of sessile drops on both 
diamond23 and alumina27 as the composition of the drops was varied over 

fairly narrow ranges. For example, in a Cu-Ti binary system on diamond, 
they observed shear strengths of 784 MPa for 0.02 at. % Ti, 186 MPa for 

Cd.05 at. % Ti, but 392 MPa for 0.06 at. % Ti. Although both of these 
studies dealt with binary systems and with low second-element concentra- 

tion, they did consistently find that maximum interfacial strengths were 

produced by alloys with compositions falling within certain very narrow 

concentration ranges. Thus, in our work, we could have experienced a 

similar effect if our filler metal were not of uniform composition. 

Variations in chemistry across a small metal button could occur from 

insufficient mixing during melting or from solute segregation during 
solidification. 

We did observe instances of anomalous melting behavior in some of 

the small pieces of filler metal that had been cut from the flattened l-g 

buttons or the drop-cast ingots. Such behavior included only partial 
melting or even no melting at temperatures much above the anticipated 

liquidus. 
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W e  examined t h e  sessile drops from s e v e r a l  tests and an unmelted 

p i ece  of f i l l e r  metal MWF-21 (Ni-14 A 1 4 0  T i 4 . 2  B, a t .  %) with  t h e  EDAX i n  

a n  e f f o r t  t o  determine i f  there  were composition d i f f e rences .  Very c l o s e  

a t t e n t i o n  w a s  given t o  procedure, inc luding  o r i e n t a t i o n  of each sample 

wi th  r e spec t  t o  t h e  d e t e c t o r ,  to o b t a i n  X-ray count d a t a  t h a t  could be 

compared. The counts  de tec ted  i n  a 50-s per iod  are given as r a t i o s  f o r  

comparison i n  Table 12. Although t h i s  information i n d i c a t e s  what appears  

t o  be s i g n i f i c a n t  d i f f e rences  i n  composition from one sessile drop t o  

another ,  t h e r e  does not  seem t o  be a c o r r e l a t i o n  between these  d a t a  and 

adherence behavior of t h e  drops. Note, however, t h a t  t h e  N i / A 1  and T i / A 1  

r a t i o s  f o r  sample 265 (which had a shear  s t r e n g t h  of 137 MPa) are c l e a r l y  

lower than  those  f o r  a l l  of the o t h e r  samples, a l l  of which had only 

s l i g h t  adherence. 

Table 12. Energy d ispers ive  X-ray a n a l y s i s  of sessile drops 
of experimental  f i l l e r  metal MWF-21 

(Ni-14 A140 T i 4 . 2  B, at .  %) 

Rat io  of X-ray counts 

N i / T I  N i / A 1  Ti/A1 
Spec imen Remarks 

m - 2 1  3.89 14.00 3.60 F i l l e r  metal as drop cast and 

265 3.63 9.67 2.67 F i l l e r  metal had not  been homogenized; 

438 3.29 11.20 3.40 Homogenized f i l l e r  metal; d i d  not  

442 3.16 12.00 3.80 Homogenized f i l l e r  metal; s l i g h t  

443 3.20 10.67 3.33 Homogenized f i l l e r  metal; d id  not  

444 2.70 13.50 5.00 Homogenized f i l l e r  metal; s l i g h t  

homogenizeda 

shear  s t r e n g t h  = 137 MPa 

adhere 

adherence 

adhere 

adherence 

aHomogenized i n  vacuum of 0.8 mPa ( 6  x mm Hg) f o r  5 h a t  
1000"c. 
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EFFECT OF ACTIVE FILLER METALS ON PSZ 

Because of an obvious color change produced in the PSZ (see Fig. 7) 
from contact with molten filler metals containing titanium, we conducted a 
study to determine if the mechanical properties of the ceramic were also 

affected. Pieces of filler metal of composition Ag-34 Cu-14 Ti (at. X )  

were placed on bend bar and DCB specimens of MgO-stabilized PSZ (83-064 MS) 
as shown in Fig. 21. These samples were brazed in a resistance heated 

tube furnace for 5 min at 1010°C in a vacuum of about 27 mPa (2  x 10-4 mm 

Hg). A typical thermal cycle is shown in Fig. 22. The filler metal was 
then removed by grinding prior to testing. We think the darkening of the 

PSZ ceramic is attributable to a loss of oxygen from the PSZ into the 
brazing filler metal. Electron micrographs of brazed samples show a 

titanium-rich oxide at the filler metal-irconia interface (Fig. 23). 

Oxygen is known to be highly mobile in zirconia at temperatures above 

about 75OoC, and X-ray diffraction results from darkened specimens indi- 
cated peak broadening that could be explained by a loss of oxygen. The 

results from our tests (Table 13) indicate that molten active-element- 

containing filler metals remove enough oxygen from PSZ to cause darkening 

of this ceramic and some degradation of room temperature strength and 
toughness. 

OW-PHOTO 0736-84 

Fig. 21. MgO-stabilized PSZ mechanical property specimens after 
brazing with e 3 4  Cu-I4 Ti, at. X ,  zt 1000°C. 
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Table 13. Comparison of room-temperature mechanical properties 
of MgO-stabilized PSZ (Nilsen 83-064MS) before and after 

exposure to a titanium-containing filler metal 

Standard 
deviation 

Fracture 
t oughnes sb 
(MPa*ml/2 

Standard 
deviation 

Mean 
st reng t ha 
(ma) 

Before brazing 704 2 14 2 

After brazingC 652 44 11.5 0.8 

UFour-point bend. 

bApplied moment double cantilever beam. 

CAg-34 (2-14 Ti, at. X ,  5 min at 10IO°C, 13 mPa 
(1 x mm Hg). 

COMPARISON OF FILLER METAL WETTING ON MgO- AND Y203-STABILIZED ZIRCONIAS 

A group of six samples, three each of Nilsen's MgO-stabilized material 
(82-94159N) and NGK's Y203-stabilized 2-191, were brazed at 1000°C in 
one batch in a resistance-heated tube furnace with three Cu-Ag-Ti filler 

metals. 

graph after brazing. The results, given in Fig. 24, show that this series 
of filler metals has slightly poorer wettability on the Y203-containing 

ceramic. From a practical brazing standpoint these differences in wetting 

angle would not be significant. The micrograph (Fig. 25) of one of the 

sessile drops from this series (CB-142, (3-26 e 2 9  Ti, at. X ,  on NGK 2-191 

TZP) shows an interfacial layer about 10 p thick and failure in the PSZ 
well away from the interface. This type of subsurface cracking has been 

observed in a number of the sectioned sessile-drop specimens. It is 
thought to result from a combination of the mismatch in coefficient of 

thermal expansion between the drop and ceramic substrate and the geometry 

(and resulting stress state) of the brazement. We have observed that this 

type of cracking does not occur in this material if the braze joint is 

configured as a thin film of metal between two pieces of the ceramic, and 

we assume that the results would be the same for a brazement between the 

ceramic and a metal having a coefficient of expansion near that of the 

ceramic. 

The wetting angle of each sessile drop was measured on a shadow- 
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OWL.-DWC 85-1976 

PSZ/MgO PSZff203 AL-23 AD-99 

!zzzzl lsrswsw m 
Wetting Angle 
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BRAZING FILLER METALS 

Wetting behavior on oxide ceramics of a commercial Ag-Cu-Ti 
filler metal and two of the filler metals studied in this work: MWF-1 
((211-27 Ag-26 Ti, at. X )  and MWF-2 ((211-26 Ag-29 Ti, at. X ) .  All brazes 
made at 1000°C in vacuum of 67 mPa (5 x mm Hg). 

Fig. 25. Cross section 
of C d 6  Ag-29 Ti, at. X ,  
sessile drop on NGK 2-191 
tetragonal zirconia poly- 
crystalline ceramic. The 
failure in the ceramic well 
away from the interface is 
the result of mismatch in 
coefficients of thermal ex- 
pansion but is an indication 



EFFECT OF 100O'C BRAZING CYCLE ON NODULAR CAST IRON 

Samples of Izumi nodular cast iron (NCI) that had been exposed to a 

brgzing r v r l m  -.I --- (pig. 22) were e ~ a ~ i n e d  ~ e t ~ l l ~ g r ~ p h i c ~ l l y j  to d e t e ~ ~ i i i e  the 

effect of the thermal cycle on the microstructure of this piston material. 

The 1000°C brazing temperature falls in an "austenite plus graphite" 

region of the iron-graphite equilibrium diagram. If equilibrium condi- 
tions were met, we would expect the original "ferrite plus pearlite plus 

graphite" structure in the piston material to convert on heating to 
"austenite plus graphite", which would then retransform on cooling. 

Because Cummins desires a primarily "pearlite plus graphite" micro- 
structure (on the basis of good high-cycle fatigue strength for this 
structure), we were interested in the structure following a typical 

brazing cycle. 

750'C (near the lower transformation temperature for NCI) and a slower 
rate below 750'. 

after brazing was about the same as before brazing (RB = 100) and that the 

microstructures were similar as can be seen in Fig. 26. Note that the 

graphite nodules are somewhat smaller in the NCI after the brazing cycle, 
but that the basic microstructure still consists of ferrite plus pearlite 

(with possibly some upper bainite). These results indicate that metallur- 

gically it would be feasible to directly braze PSZ to NCI at a temperature 
as high as 1000'C. However, such an operation might not be desirable from 

a thermal expansion mismatch standpoint, so it still may be best to use a 

transition material in this brazement. 

In this cycle, the cooling rate was 150°C/min down to 

We were pleased to find that the hardness of the iron 

SUMMARY AND CONCLUSIONS 

The wetting and adherence behavior in vacuum of a series of metal 

alloys on structural ceramics including high-purity aluminas, partially 
stabilized zirconias, and a Sic-whisker-reinforced alumina-matrix 

composite was investigated. Wetting was determined through measurement of 
the contact angle of solidified sessile drops. Adherence was measured at 

room temperature by shearing off the sessile drops and by four-point 
flexure tests of ceramic-ceramic specimens brazed in a butt configuration. 
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F i g .  26. Nodular cast iron (Izumi) piston material. ( a )  A s  received. 
( b )  After 5 min at  1000°C braze cycle. Etchant, 2% Nital. 



49 

Flexural tests were also conducted in air at temperatures up to 600°C. 

The fracture toughness of some specimens was determined through use of a 

composite applied moment double cantilever beam specimen developed in this 

work. Finally the shear strength of ceramic-metal brazements was measured 

using a bar/pad shear specimen developed at Oak Ridge National Laboratory. 

Significant conclusions from this work include: 

1. 

2. 

3. 

4. 

5. 

6. 

Of the series of alloys studied that were based on the Ag-Cu eutectic 

with additions of Ni and Ti, the best results were achieved with the 
Cw26 Ag-29 Ti, at. X ,  composition. This filler metal produced 

wetting angles less than 30" on all the ceramics, and flexural 
strengths at 400°C greater than 165 MPa for alumina and greater than 

130 MPa for a PSZ brazement. 
Of the gold-bearing filler metals, the Cu-20 Awl8 Ti, at. %, had 

superior properties. Flexural strengths at 400°C of brazements made 
with this filler metal ranged from 106 MPa for AL-23 alumina to 

218 MPa for AD-998 alumina. The room-temperature flexural strength of 

PSZ brazed with this material was 258 MPa. 

The fracture toughness of composite specimens of PSZ brazed with the 
Cu-27 Ag-26 Ti, at. %, filler metal averaged about the same as that 

of the bulk ceramic, 6 MPa*m1/2. 

Some excellent 0 2 0 0  MPa) shear strengths were obtained in Cu-26 Ag- 

29 Ti, at. %, brazements between NCI and PSZ or between type 446 

stainless steel and PSZ. However, there was a subset of data with 

shear strengths of only about 25 MPa. No reason was found for this 
variability. 

Active-element-containing alloys produce a darkening of PSZ ceramics, 
and a modest decrease in the strength and toughness of a MgO- 

stabilized PSZ ceramic after exposure to a molten filler metal. 
There was slightly poorer wetting (greater wetting angle) of the 

Cu-Ag-Ti filler metals on tetragonal zirconia polycrystalline (TZP) 

ceramic stabilized with Y203 than on MgO-stabilized PSZ material. 

However, from a practical brazing standpoint these differences in 
wetting behavior would not be significant. 
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7.  A brazing cycle to 1000°C did not harm either the hardness or 

microstructure of a NCI piston material. These data indicate that 

the brazing temperature for joints including this alloy does not have 

to be limited to less than 750°C. 
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