
Development and Characterization of Joining 
Techniques for Dispersion-Strengthened 

Alumina 

Active brazing technology proves successful in joining 
ceramic to ceramic and ceramic to steel 
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ABSTRACT. The suitability of active braz- 
ing technology for joining TiC-strength- 
ened alumina (ATC) to itself and to stain- 
less steel is evaluated. The main 
emphasis is put on the investigation of 
the microstructural and mechanical 
properties of the active brazed joints. Fur- 
thermore, the electrical properties are in- 
vestigated by determining the specific 
electrical resistance of active brazed 
AI2OJ'IiC joints. 

For fabrication of the joints two 
process technologies are applied: vac- 
uum furnace brazing and induction braz- 
ing under shielding gas. 

Four-point bend tests revealed that 
some of the vacuum-brazed ATC joints 
reach bending strengths comparable to 
those of bulk ATC. The induction brazing 
process is shown to be applicable when 
ATC has to be joined to metals, as in 
stainless steel for example. However, me- 
chanically tough ATC-steel joints can 
only be fabricated when using very duc- 
tile filler metals, which are able to com- 
pensate thermally induced stresses by 
plastic deformation. 

Introduction 

Titanium carbide-strengthened alu- 
mina (ATC) (70 wt-% AI203, 30 wt-% TiC) 
is a newly developed ceramic material 
with beneficial technological features. 
Besides excellent mechanical properties, 
the main characteristic of ATC is its elec- 
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trical conductivity, which is comparable 
to that of graphite. The combination of 
excellent mechanical properties with 
good electrical conductivity offers inter- 
esting applications for ATC in mechani- 
cal and electrical engineering. 

Some possible applications are slide 
and ignition contacts, power resistors 
and heating elements. In addition to 
these innovative applications, ATC is also 
suitable for conventional applications, 
such as wear-resistant components and 
cutting tools. 

However, each application that is con- 
sidered suitable for ATC requires an ade- 
quate joining technique that enables fab- 
rication of mechanically tough, as well as 
corrosion-resistant and electrically con- 
ductive, joints. A joining process that is 
flexible enough to fulfill the variety of re- 
quirements is active brazing. 

The high flexibility of active brazing 
technology is based on the possibility to 
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apply various filler metals, which provide 
special properties to the joints. Within 
the present study, a variety of filler metals 
is investigated with regard to their suit- 
ability for brazing ATC to itself and to 
stainless steel. The investigations con- 
centrate on the characterization of the 
joint microstructure and the determina- 
tion of the mechanical and electrical 
properties. Vacuum brazing and induc- 
tion brazing technology are evaluated for 
joining ATC to stainless steel. 

Materials and Experimental 
Procedure 

Materials 

Dispersion-strengthened alumina 
(ATC) is a commercially available ce- 
ramic material fabricated by the Herms- 
doff Institute of Technical Ceramics e.V. 
in Hermsdorf, Germany. The ceramic 
consists of two phases: alumina and tita- 
nium carbide. The mechanical and tech- 
nological properties of ATC are strongly 
dependent on the amount of TiC. A fa- 
vorite composition of ATC with regard to 
electrical conductivity and bending 
strength is at 70 wt-% AI203 and 30 wt-% 
TiC. The physical and technological 
properties of ATC with this favorite com- 
position are given in Ref. 1. 

Besides beneficial mechanical prop- 
erties, which are partly superior to those 
of AI203 and SiC, the most favorable 
characteristic of ATC is its excellent elec- 
trical conductivity. The bulk material is 
fabricated in a three-step process: cold- 
isostatic pressing, sintering and hot-iso- 
static pressing. With this procedure, a mi- 
crostructure with a theoretical density of 
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Fig. 1 - -  Temperature-time run of the vacuum brazing and induction brazing processes. 
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Fig. 2 ---Microstructure of two vacuum brazed ATC joints. A - -  Filler metal: AgCuln 77, brazing 
parameters: 900°C/10 min; B - -  filler metal: CuSiAI77, brazing parameters: 1050°C/10 min. 

99.5% can be achieved. 
For brazing experiments, the surface 

of the ceramic was first ground and then 
cleaned in an ultrasonic bath filled with 
alcohol. The roughness of the surface 
after grinding was Rz = 0.6 pm. 

The active filler metals that were used 
in the brazing experiments are given in 
Table 1. Filler metals No. 1-5 are com- 
mercially available alloys with titanium 

as a reactive agent. Filler metal No. 5 is 
an active solder characterized by very 
low melting temperatures and high duc- 
tility. The Au- and Pd-based filler metals 
are experimental alloys that have been 
developed for fabrication of temperature- 
and corrosion-resistant ceramic joints 
(Ref. 4). Therefore, the main feature of 
both filler metals is their high melting 
temperature, which requires very high 

brazing temperatures. For the brazing ex- 
periments, filler metal foils were used. 
The thickness of the foils generally was 
100 pm; only the SnAg]] active solder 
foils had a thickness of 250 pm. 

For the ATC-metal brazing experi- 
ments, the austenitic stainless steel X5 
CrNi 18 9 (0.05 wt-%C, 18 wt-%Cr, 9 wt- 
%Ni) was chosen. The coefficient of ther- 
mal expansion (CTE), which is of major 
interest for the brazing process, is be- 
tween 17 and 19.10 .6 l/K, and thus is 
about twice as high as that of ATC (Ref. 
5). Therefore, formation of thermally in- 
duced stresses can be expected when 
brazing ATC to this stainless steel. 

Brazing Procedure 

For the brazing experiments, two 
processes were used: vacuum furnace 
brazing and induction brazing under 
shielding gas. The induction brazing 
equipment consisted of a high-frequency 
generator with a maximum power supply 
of 3.0 kW and a frequency of 200 kHz, 
and a chamber in which a cylindrical in- 
ductor was located. Due to sufficient 
electrical conductivity of the ATC ce- 
ramic material, application of a susceptor 
was not necessary to heat up the samples. 
Brazing was done under argon atmos- 
phere with a purity of 99.999%. During 
brazing, the argon pressure in the cham- 
ber was 1.15 bar. The brazing tempera- 
ture was measured by a Ni-CrNi thermo- 
couple, which was fixed in a 1.5-mm drill 
hole, located in the metal part, 4 mm 
below the brazing zone. 

The geometry of the induction brazing 
samples was 3.5 x 4.5 x 30 mm. The sam- 
ples were used for the metallograhic analy- 
sis, as well as for the four-point bend tests. 

The temperature-time runs being ap- 
plied within the brazing experiments in 
the vacuum furnace and the induction 
chamber, respectively, are given in Fig.1. 
The temperature-time run for the fabrica- 
tion of the ATC-steel joints in the vacuum 
furnace was quite similar to that for the 
pure ceramic joints. Only the cooling 
rate was changed to a minor gradient, 
due to expansion mismatch of the bound 
materials. The vacuum pressure at braz- 
ing temperature was about 5.10 -s mbar. 

Results and Discussion 

Metallographic Analysis of Vacuum Brazed 
ATC-Joints 

Figure 2 exhibits the microstructures 
of two ATC joints brazed in a vacuum fur- 
nace with AgCulnTi and CuSiAITi, re- 
spectively. It can be seen that both filler 
metals have wetted the ATC ceramic. 
This is especially revealed by the exis- 
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tence of reaction layers, that have stabi- 
lized at the ceramic interfaces of both 
joints. In order to get some information 
about the composition of these reaction 
layers, EDX analysis was done at the 
AgCulnTi joint. The results of this analy- 
sis, which are also given in Fig. 2, reveal, 
that the reaction layers are titanium en- 
riched and, moreover, predominantly 
contain oxygen and copper. This, how- 
ever, leads to the conclusion that tita- 
nium has diffused to the ceramic inter- 
face in order to undergo chemical 
interactions with the alumina matrix of 
the ATC. It can be expected that during 
these titanium-alumina interactions tita- 
nium-oxide phases have been formed 
predominantly. This is also confirmed by 
a variety of authors, who have investi- 
gated the titanium-alumina reaction sys- 
tem quite deeply (Refs. 6-10). 

Although the formation of reaction 
layers is necessary for wetting, from the 
technological point of view, formation of 
thick reaction layers is undesirable. The 
reason can be seen in the brittle charac- 
ter of the reaction layers. Thus, it is a 
major goal in brazing process optimiza- 
tion to prevent massive reaction-layer 
growth. As reaction-layer formation and 
growth are diffusion controlled 
processes, the brazing time is an ade- 
quate process parameter to control reac- 
tion-layer formation. Table 2 shows the 
influence of brazing time on the reaction- 
layer thickness of an AgCulnTi and Cu- 
SiAlI] joint, respectively. As the reaction 
layers are fairly irregular, the thickness 
values listed in Table 2 are mean values. 
As can be seen from the graph, for both 
joints, the reaction-layer thickness in- 
creases with rising brazing time. How- 
ever, a reaction layer increase is much 
more evident for the AgCulnTi-joint. 

The interface microstructure of a high- 
temperature brazed ATC-AuPd~ joint is 
shown in Fig. 3. In contrast to the AgCu- 
and Cu-based joints, no reaction-layer 
can be seen in the micrograph. To inves- 
tigate the wetting mechanism of the Au- 
based filler metal, a titanium distribution 
analysis was done that is also presented 
in Fig. 3. Obviously, a very thin titanium- 
enriched layer has been formed at the ce- 
ramic interface, which most probably is 
the reaction layer that has provided wet- 
ting. 

The fabrication of ATC joints with 
PdNiTi filler metal was quite difficult be- 
cause of the bad wetting properties of the 
system. Figure 4 shows a micrograph of 
the joint interface. It can be seen that the 
interface between brazing zone and ATC 
is characterized by a 40-50-pm-thick de- 
composed area. Taking a closer look at 

Fig. 3 - -  Micrograph (A) and titanium distribution picture (B) of an A IC  joint, brazed with 
AuPdTi. Brazing parameters: 7 250°C/min. 

Fig. 4 - -  Microstructure of  a vacuum- 
brazed ATC joint. Filler metal: PdNiTi; 
brazing parameter: 1250°C/5 rain. 

Fig. 5 - -  Microstructure of  the decomposed 
area of the vacuum-brazed ATC joint shown 
in Fig. 4. Filler metal: PdNi77; brazing para- 
meters: 1250°C/5 min. 

s 
Table 1 --Chemical Composition and Melting Temperatures of the Used Active Filler Metals 
(Refs. 2, 3) 

Chemical Tbraze(°C) 
Filler Composition Tsol T,q Vacuum/ 

Number Metal (wt-%) (°C) ( °C)  Induction 

1 AgCuln]] 72.5-19.5-5-3 730 760 900/900 
2 CuSiAITi 92.75-3-2-2.25 958 1024 1050/-- 
3 AglnTi 98-1-1 950 960 --/1150 
4 Ag]] 96-4 970 970 --/1100 
5 SnAgTi 86-10-4 221 300 --/900 
6 Au Pdli 90-8-2 1148 1205 1250/ 
7 PdNi]] 58-39-3 1224 1236 1250/-- 

Table 2--Influence of Brazing "time on Reaction Layer Thickness of an AgCulnTi and 
CuSiAITi Joint 

Joint ATC-AgCulnTi-ATC ATC-CuSiAITi-ATC 
Brazing parameters 900°C/10 min 900°C/30 min 1050°C/10 min 1050°C/30 min 

Reaction-layer thickness 2.3 p,m 4.5/zm 2.0/~m 2.5 p,m 
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Fig. 6 - -  Microstructure of  a modif ied brazed 
joint. Filler metal: PdNiTi; brazing parame- 
ters: 1250°C/5 rain, premetal l ized with 
AgCulnTi at 900°C/5 min. 
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Fig. 7 - -  Four-point bend strength of  vacuum-brazed ATC-ATC joint. 

Table 3--Specific Electrical Resistance of Vacuum-Brazed ATC Joints 

Joint ATC SnAgTi CuSiAITi AgCulnTi 

Brazing as-received 900°C/10 min 1050°C/10 min 900°C/10 min 
parameters 

Electrical 0.004 D,. cm 0.004 D,. cm 0.004 D,- cm 0.005 D,- cm 
resistance 

AuPdTi 

1250°C/10 min 

0.08 D,. cm 

the decomposed area under high magni- 
fication (Fig. 5), it can be seen that the 
gray TiC phase has been decomposed, 
whereas the black AI20~ particles are 
more or less unaffected. Obviously, the 
PdNi matrix system of the filler metal has 
strongly interacted with the TiC particles 
in the ATC during the high-temperature 
process. 

In order to achieve sufficient wetting, 
a process modification was considered. 
The basic idea of this process modifica- 
tion was to metallize the ceramic before 
joining is done to provide a kind of seal- 
ing. Heretofore, a two-step joining 
process was applied. In the first heating 
process, the ceramic bound materials 
were metallized in a vacuum brazing 
process by using the reaction-layer-form- 
ing active filler metal AgCulnTi. The filler 
metal was applied by using a foil of 100- 
pm thickness. The aim of this premetal- 
lization was to induce the formation of a 
regular reaction layer. In a second step, 
the metallized surface was ground to 
achieve a plane surface. During grinding 
care must be taken that the reaction layer 
being formed du ring the premetallization 
process remains unaffected. As a conse- 
quence, a small layer of AgCu alloy re- 
mains on the surface of the ceramic sam- 
ple. During the following high-temperature 
brazing process, the reaction layer works 

as a kind of sealing and protects the ce- 
ramic from massive decomposition by 
the molten PdNiTi alloy. The modified 
brazing procedure is derived from a 
patent described in Ref. 11. In Fig. 6, the 
microstructure of a PdNiTi joint brazed 
with the modified process can be seen. 
The ATC-bound material has successfully 
been prevented from decomposing dur- 
ing the high-temperature process, which 
can be attributed to the sealing function 
of the premetallization. 

Mechanical Properties of Vacuum-Brazed 
ATC Joints 

For the four-point bend experiments, 
the brazed samples were tested in the as- 
brazed condition. For each of the condi- 
tions shown in Fig. 7, four to five speci- 
mens were used. The highest strength 
values are achieved by the AgCulnTi 
joints. With an average value of 350 MPa, 
the bending strength is even comparable 
to that of bulk ATC. This is also confirmed 
by the location of failure of the samples, 
which was 5-8 mm from the brazing 
zone within the bound material. The me- 
chanical properties of the Cu-based 
joints are slightly poorer than those of the 
AgCu-based joints. The typical failure 
mechanism of Cu-based joints can be de- 
rived from Fig. 8. The structure of the 

fractured surface hints at thermally in- 
duced stresses in the ATC ceramic, due to 
expansion mismatch between ceramic 
and filler metal. It can be concluded that 
the mismatch stresses are much higher, 
when the Cu-based filler metals are used, 
due to comparatively lower ductility and 
higher solidus temperature of the filler 
metal. As the thermally induced stresses 
in the ceramic part are superposed by ex- 
ternal forces during four-point bend test- 
ing, the bending strength of the joint 
strongly depends on the amount of ther- 
mally induced stresses. Due to the fact 
that the highest mismatch stresses can be 
found near the interface region in the ce- 
ramic part, failure of the joints normally 
start at the free surface of the ceramic 
quite near the brazing zone. 

The bending strengths of the high- 
temperature brazed ATC joints are gen- 
erally much lower. This is probably due 
to higher thermally induced stresses 
caused by the high solidus temperature 
of these filler metals. The comparatively 
lower bending strength of PdNiTi joints 
can be attributed to the lower ductility of 
PdNiTi compared to AuPdTi. 

Metallographic Analysis of Vacuum-Brazed 
ATC-Stainless Steel Joints 

For fabrication of ATC-stainless steel 
joints, AgCulnTi, CuSiAITi and SnAgTi 
filler metals were applied. Figure 9 shows 
the microstructures of the corresponding 
ATC-steel joints. 

The brazing zone microstructure of 
the AgCulnTi joint is characterized by 
two reaction layers that have stabilized at 
the ceramic and steel interface, respec- 
tively, and a metallic brazing zone that 
consists of an Ag-rich matrix and embed- 
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ded Cu crystals• The brazing zone does 
not contain large amounts of steel ele- 
ments. The microhardness is about 
160HV 0.005. The structure of the braz- 
ing zone can most probably be attributed 
to the reaction layer at the steel interface, 
which is an impediment for diffusion of 
steel elements into the brazing zone. A 
similar effect is reported by Schuster, et 
al. (Ref. 12), who found out that ~N, a re- 
action product formed during brazing of 
Si+N4, works as a diffusion barrier for Si. 

The CuSiAITi joint shows a com- 
pletely different microstructure. The ce- 
ramic interface is characterized by the 
missing of a regular reaction layer, 
whereas a wide diffusion zone has 
formed at the steel interface• Element 
analysis revealed that this diffusion zone 
is enriched with silicon and titanium, 
which have diffused from the filler metal 
into the steel. As can be derived from the 
microhardness marks, the diffusion zone 
increased in microhardness. 

The active-soldered ATC-steel joint is 
also characterized by the missing of a 
regular reaction layer at the ceramic in- 
terface. The structure of the steel inter- 
face, on the other hand, hints at massive 
interactions. Along the interface, several 
clusters of reaction products have con- 
centrated. The metallic brazing zone is 
characterized by a very ductile Sn matrix, 
into which intermetallic Sn-Ti phases are 
embedded• 

Metallographic Analysis of Induction-Brazed 
ATC-Stainless Steel Joints 

Besides the AgCuln~ alloy, two more 

filler metals that have special suitability 
for induction brazing under inert gas 
were used: Agln'ff and AgTi. Both filler 
metals are distinguished by very high 
ductility due to the large amount of silver 
(>95 wt-%). On the other hand, these al- 
loys cannot be brazed under high-vac- 
uum conditions due to massive evapora- 
tion of silver at brazing temperature. 
Figure 10 shows the microstructures of 
the induction brazed joints. 

Concerning the AgCu-based joint 
(Fig. 10A), the brazing zone looks exactly 
the same as that of the corresponding 
vacuum brazed joint - -  Fig. 9A. This 
demonstrates that a brazing time of one 
minute is obviously sufficient for estab- 
lishing chemical interactions between 
the active filler metal and the bound ma- 
terials. However, the crack at the steel in- 
terface reveals that the level of thermally 
induced stresses in the joint is quite high. 

Figure 10B and 10C shows the braz- 
ing zone microstructure of the Ag-based 
joints. In both joints, reaction layers have 
formed at the steel and ceramic interface• 
The main difference with regard to the 
microstructure can be seen in the thick- 
ness of these reaction layers. Due to the 
higher amount of the reactive agent in the 
AgTi alloy (4 wt-% Ti), the reaction layer 
of the AgTi joint is much thicker than that 
of the AglnTi joint (1 wt-% Ti). 

Mechanical Properties of Vacuum and 
Induction Brazed ATC-Stainless Steel Joints 

The four-point bend strengths of the 
vacuum-brazed ATC-steel joints are 
given in Fig. 11. First of all, it can be rec- 

Fig. 8 - -  Fractured surface of  a bending 
specimen brazed with CuSiAITi at 
1050°C/10 rain. 

ognized that the strength values are gen- 
erally lower than those of the corre- 
sponding ATC-ATC joints. The reason 
can be seen in a weakening of the joints, 
due to the large expansion mismatch of 
the bound materials. The weakening of 
the joints is characterized by the forma- 
tion of thermally induced stresses in the 
ceramic part near the interface to the 
metallic brazing zone. The level of ther- 
mally induced stresses in the ceramic 
part is mainly affected by the solidus tem- 
perature and the properties of the com- 
ponent materials, especially thermal ex- 
pansion coefficients and elastic modulii. 

The Cu-based joints, for example, 
show the poorest mechanical strength 
because of the high solidus temperature 
and relatively low ductility of the filler 
metal compared to Ag- and AgCu-based 
filler metals. The high level of thermally 
induced stresses within this joint is espe- 
cially confirmed by the fracture mecha- 
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Fig. 9 - -  Microstructures of  three vacuum-brazed ATC-stainless steel joints. A - -  Filler metal AgCuln ~, brazing parameter 900°C/10 min; B - -  filler 
metal: CuSiAI~, brazing parameter: 1050°C/10 min; C - -  filler metal: Aging, brazing parameter: 1150°C/2 min. 
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Fig. 70 - -  Microstructures of  three induction brazed ATC-stainless steel joints. A - -  Filler metal: AgCulnTi, brazing parameter: 900°C/I min; B - -  
f i l ler metal: AgTi, brazing parameter: 1100°C/1 min; C -  f i l ler metal: Agln Ti, brazing parameter: 1150°C/2 rain. 
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Fig. I 1 - -  Four-point bend strengths of  vacuum- and induction-brazed ATC-stainless steel joints. 

nism. All joints failed in the ceramic 
bound material near the brazing zone. 

The AgCulnTi joints clearly show 
higher bending strengths, which can be at- 
tributed to the lower solidus temperature. 
Nevertheless, the joints also failed within 
the ceramic part without exception. 

The most beneficial strength proper- 
ties are achieved by the active solder 
SnAgTi. In contrast to the other ATC-steel 
joints, the failure took place in the metal- 
lic brazing zone. This special failure 
mechanism of the active-soldered joints 
is due to the extraordinary low melting 
temperature and the very high ductility of 
the filler metal, which provide low mis- 
match stresses in the ceramic part. 

The mechanical properties of the in- 

duction-brazed ATC-steel joints are also 
given in Fig. 11. Regarding the AgCulnTi- 
joints, it can be seen that the strength of 
the induction brazed samples is clearly 
below those of the vacuum brazed sam- 
ples. Nevertheless, good mechanical 
strength can be achieved when applying 
the very ductile Ag-based filler metals. 
The AglnTi joints show excellent me- 
chanical properties, although brazing 
time has a big influence on the strength. 
Those samples brazed with one minute 
brazing time show bad adhesion proper- 
ties. The fractured surface of the brazed 
samples revealed that a major part of the 
ceramic surface has not been wetted by 
the filler metal, which might be due to the 
fact that a regular reaction layer has not 

been formed. When increasing brazing 
time to two minutes, the bending strength 
of the joints increases dramatically and 
the fracture mechanism is changed. All 
samples failed completely in the ceramic 
bound material near the brazing zone. 
Obviously, exceeding of brazing time 
leads to an improvement of wetting due 
to an extension of chemical interactions 
between filler metal and ceramic. 

Electrical Properties of Active-Brazed 
ATC Joints 

For investigation of the electrical 
properties of ATC joints, the specific 
electrical resistance was determined by 
measuring the voltage drop at a constant 
current. The results of these investiga- 
tions are given in Table 3. It can be seen 
that the vast majority of the brazed joints 
have the same specific electrical resis- 
tance as bulk ATC. Consequently, neither 
the brazing zone nor the reaction layer 
affect the electrical conductivity. 

The exceptionally poor conductivity 
of the AuPdTi joints is caused by an oxi- 
dation of the conducting TiC phase at the 
surface of the ceramic part during the 
high-temperature brazing process, as 
EDX analysis revealed. The oxidation of 
the TiC phase, however, leads to the for- 
mation of TiO2 phases, which are electri- 
cally isolating. 

S u m m a r y  a n d  C o n c l u s i o n s  

Active brazing is a suitable joining 
technique for ATC. This is confirmed by 
the beneficial electrical and mechanical 
properties of the active-brazed ATC 
joints. Those joints that have been 
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brazed with AgCulnTi-f i l ler metal reach 
bending strengths comparable to those 
of bulk ATC. 

Besides joining ATC to itself, active 
brazing also allows fabrication of ATC- 
metal joints. However, mechanical prop- 
erties are generally poorer than those of 
ATC-ATC joints. It was also shown that 
the induction brazing process is an inter- 
esting alternative to the vacuum furnace 
brazing technique when ATC has to be 
joined to steels. When using the very 
ducti le Ag-based alloys AgTi and AglnTi, 
high quality joints can be fabricated by 
induction heating. Main advantages of 
the induction brazing process are short 
processing time, cheap equipment and 
low energy input into the parts. 
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