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Brazing Si3N4 Ceramic to AISI 5140 Steel under Pressure 
W.Y. Liu, S.W. Yao, and J.X. Qu 

Pressures (0 to 40 MPa) were applied to the joints of Si3N4 ceramic to 5140 steel during vacuum brazing 
with Ag-Cu-Ti active filler metal. Pressurization started at various temperatures (873,973, and 1073 K) 
and ended at room temperature during cooling. Results show that there is an optimum starting tempera- 
ture to pressurize, at which the maximum room temperature shear strength of the joint is obtained. 
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1. Introduction 

JOINING ceramic to metal is important for applications in 
which ceramics are bonded to structural components. Prepara- 
tion of strong, reliable ceramic-to-metal joints is becoming an 
increasingly important technological problem. For instance, 
many advanced designs for automotive engines require means 
for high-strength ceramic-to-ceramic and ceramic-to-metal 
joints (Ref 1, 2). The strength of  the ceramic-to-metal joints is, 
however, influenced by the residual stresses and the stress con- 
centration caused by the differences between the thermal ex- 
pansion coefficients and the elastic moduli. The thermal 
expansion difference between the materials  becomes one of  
the major obstacles to obtaining sound, highly rel iable  
jo in ts  (Ref 3). 

Many experimental studies were conducted regarding the 
material combinations and the joining method. Some analyti- 
cal studies on the thermal and residual stresses also were con- 
ducted (Ref 4-7). The active filler metal brazing method is 
widely used. Commercial  Ag-Cu-Ti brazes, which are ductile 
and have melting temperatures (Tm) of  878 to 1103 K, are find- 
ing important applications with a wide range of ceramics, most 
notable with Si3N 4 components used to produce high perform- 
ance automobile turbochargers. Joints produced with these 
brazes can be strong and reliable; thus M.G. Nicholas and S.D. 
Peteves (Ref 8) found that Si3N 4 brazed with Ag-Cu-Ti has a 
mean strength of 822 MPa and a Weibull modulus of  11.1. 
Those commercial brazes wet well but do not flow rapidly into 
wetted capillary gaps between workpieces as does the Ag-Cu 
eutectic. The liquid flow rate is not determined simply by bal- 
ance between a surface energy driving force and a viscous im- 
pedance. Active metal braze flow involves lateral growth of  a 
wettable reaction product ahead of  the liquid front and, hence, 
could be controlled by slow solid-state diffusion processes 
(Ref 8). In this study, pressures are applied to the joints to force 
the liquid brazes to flow along the interfaces and to fill the 
gaps. 

Many experimental studies were conducted to decrease the 
stress concentration and the residual stresses. Thermoelastic- 
plastic finite-element analysis showed that the stress concen- 
tration can be reduced by changing the shape of  the ceramics of 
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the joint  (Ref 9). Investigations of  cracking in multilayered ce- 
ramic-to-metal composites show that the dominant cracking 
behavior depends on the volume fraction and yield strength of  
the filler metal (Ref 10). Pressurization can reduce the thermo- 
stress and stress concentration caused by the different thermal 
properties of the two materials. Pressurizing on the liquid filler 
metal can decrease the volume fraction of the filler metal. 
Therefore, the strength of  the joint  should be improved. 

2. Experimental Details 

Si3N 4 ceramics and AISI 5140 steels were joined by the ac- 
tive metal vacuum-brazing method. China National Standard 
BAg72CuTi (GB 10086-88) was used as brazing filler metal. 
(This braze is known in the U.S.A. as "Ticusil.") Chemical 
compositions and properties of  test materials are listed in Ta- 
bles 1 and 2, respectively. Brazing was performed in a vacuum 
furnace with a pressure bar, as shown in Fig. 1. A vacuum of  7 
X 10 -3 Pa (5 x 10 -5 torr) was maintained during brazing. Braz- 
ing was done at a temperature of  1173 K with a 10 min hold. 
The heating rate was less than 20 K/min, and the cooling rate 
was less than 15 K/min between 1123 and 923 K and 1.5 K/min 
between 923 and 293 K. 

Table 1 Chemical  composit ions of  test materials 

Element Composition, wt % 

5140 steel 
C 0.41 
Si 0.29 
Mn 0.73 
Cr 0.97 
P 0.02 
S 0.03 

Ag-Cu-Ti 
Ag 72 
Cu 28 
Ti 3 

Table 2 Material properties 

Property Si3N 4 5140 Ag-Cu-Ti 

Modulus of elasticity, GPa 304 206 ... 
Poisson ratio 0.27 0.3 ... 
Expansion coefficient, xl0 ~5 3.0 12.0 ... 
Bending strengh, MPa 790 ... 
Tm, K 2173 ... 1051 
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Pressures were applied to the joints by the loading bar at 
various temperature ranges (1073 to 293 K, 973 to 293 K, and 
873 to 293 K). The stresses were 5, 10, 20, and 40 MPa, respec- 
tively. Prior to brazing, the brazing surface of  Si3N 4 was first 
ground with SiC grains of  0.147 gm; then it was boiled in 10% 
NaOH solution for 10 min. The steels and the filler metals were 
polished with 15 lim sandpaper and cleaned with ultrasonic vi- 
brations in acetone. 

Shear tests were performed on thermomechanical simulator 
Gleeble 1500 (Duffers, Duffers, NY 12140) at room tempera- 
ture. Loading rate was 0.2 mm/min. Dimensions of  Si3N 4 are 4 
by 6 by 12 mm, and dimensions of 5140 steel are 5 by 12 by 12 
mm. Filler metals are 0.2 mm thick plate. The brazed seam 
thickness was measured under optical microscope. 
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Fig. 1 Schematic brazing furnace 
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Fig. 2 Room temperature shear strength of the joints brazed un- 
der various pressures and pressurized at various starting tem- 
peratures 

3. Results and Analysis 

Pressurized during cooling, the joints have higher shear 
strength than the unpressurized ones. Results are shown in Fig. 
2. When pressures were applied from 1073 K (above the T m of 
the filler) to room temperature, 5 MPa pressure had an obvious 
effect on the joint  shear strength. The highest strength was ob- 
tained at 10 MPa. Higher pressures than 10 MPa resulted in 
lower strength. Pressure of 40 MPa caused the lowest strength 
even lower than that of  unpressurized ones. Pressure is not al- 
ways beneficial to the joint  strength when pressurization starts 
above the T m of  the filler. 

When pressures were applied from 973 K (below the T m of  
the filler) to room temperature, increase of  the joint  strength 
was very rapid at low pressure. At high pressure, this increase 
was slow. The same result was obtained with the joints pressur- 
ized from 873 K to room temperature. There is a transition 
pressure point, above which the increase of  the joint  strength 
with the increase of pressure is not apparent. See Fig. 2. This 
transition pressure for pressure starting temperature 973 K is 
smaller than that for 873 K. At the same pressure, the shear 
strength of  the joints pressurized from 973 K is much higher 
than those pressurized from 873 K. That is, higher pressure 
does not always give the higher strength when joints are pres- 
surized from the temperature below the T m of the filler. The ef- 
fect of the pressure deals with the pressure starting 
temperature. The higher the starting temperature is, the higher 
the joint  strength will be. At low pressure (below 10 MPa), the 
joints pressurized from the temperature above the T m of  the 
filler (1073 K) have higher strength than the ones pressurized 
from the temperature below the T m of the filler (973 and 873 
K). However, at high pressure, results were different. Joints 
pressurized at temperatures above the T m of  the filler have 
lower strength than those pressurized at temperatures below 
the T m of  the filler. Therefore, the pressurization method must 
be carefully chosen to obtain the highest shear strength. 

Figure 3 shows the thicknesses of  the brazed seams. Here 
the conclusion is that pressurization can reduce seam thick- 
ness. When pressurization started at 1073 K during cooling, al- 
most all the braze metal had been squeezed out. These seams 
are not more than 0.03 mm thick and are thinner than those 
pressurized starting at a lower temperature. When pressuriza- 
tion started below the T m of  the filler during cooling, the seam 
thickness increased with increase of  the pressure. This result 
was the same as that of the strength. The relationship between 
the strength and the seam thickness was found. When the seams 
are more than 0.03 mm thick, the joint  strength increases with 
the decrease of the seam thickness. However, when the seam is 
less than 0.03 mm thick, the joint  strength decreases with the 
decrease of  the seam thickness. Therefore, the joint  shear 
strength did not always increase with the decrease of the seam 
thickness, as shown in Fig. 3. Thus, it is not always true that the 
thinner the brazed seams are, the higher will be the joint  
strength. 

Figure 4 shows the statistic probabili ty of fracturing in ce- 
ramic. Results show that the higher the pressure applied on the 
joint  starting at the temperature below the T m of the filler, the 
lower will be the probability of fracturing in ceramic. How- 
ever, with pressurization starting at the temperature above the 
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4. Discussion 

0.16 

4.1 Starting Temperature for Pressurization 

The choice of starting temperature for pressurization has a 
great effect on joint properties, as shown. When pressurizing 
starts at the temperature above the T m of the filler during cool- 
ing, the pressure squeezes almost all the molten filler. On the 
other hand, when pressurizing from the temperature below the 
T m of the filler during cooling, the pressure just compresses the 
solid filler metal. The volume fraction of the filler in the former 
joints is much less than that of  the latter ones. Because the join- 
ing of  Si3N 4 to 5140 steel with Ag-Cu-Ti is performed by the 
reaction of  Ti with Si and N, the Ti activity is an essential factor 
for achieving high strength joints (Ref 10). The Ti activity de- 
pends on the brazing temperature and the flow of  the filler met- 
al. Those Ag-Cu-Ti brazes wet well, but do not flow rapidly 
into wetted capillary gaps between workpieces as does the Ag- 
Cu eutectic. When pressurizing above the T m of the braze, the 
molten braze was forced to flow along the interfaces and can 
fill the gap. Thus the joint strength was increased. Therefore, 
the conclusion is made that pressurization starting at the tem- 
perature above the T m of the filler has an advantage over that 
below the T m when the pressure is not more than 10 MPa. 

4.2 Effect on Joints 

Pressure increases the flow rate of the filler metal, both liq- 
uid and solid. Flow of the active metal braze involves lateral 
growth of a wettable reaction product ahead of the liquid front 
and, hence, could be controlled by slow solid-state diffusion 
processes (Ref 10); therefore, the reaction between the filler 

and the ceramics should be improved under pressure. Proper 
reactions can improve the bond force of  ceramic to metal. 
However, extensive reactions would decrease the bond force 
because of  the brittle reaction products (Ref 8). This may be 
one of the reasons that low strength is obtained at high pressure 
when pressurizing started at 1073 K. 

Investigations of cracking in multilayered ceramic-to-metal 
composites show that the dominant cracking behavior depends 
on the volume fraction and yield strength of  the metal (Ref 8). 
Pressurizing on the liquid filler can decrease the volume frac- 
tion of the filler, as shown in Fig. 3. The relationship between 
the strength and the joint thickness is shown in Fig. 5. With the 
joint thickness decreasing, the joint strength increases when 
the joint thickness is more than 0.03 mm. This may be caused 
by the volume decrease of the low-strength filler metal. How- 
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T m, the probability of fracturing in ceramic with the lower pres- 
sure is smaller than that of  unpressurized ones. That with 
higher pressure is even higher than that of unpressurized ones, 
as shown in Fig. 4. This may be the main reason for the lower 
shear strength of  the joint at higher pressure. 
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Fig. 5 Strength at various joint thicknesses 
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ever, excessive decrease of  the filler harms the joint  strength. 
This may be caused by the brittle reaction products. 

Pressurization can reduce the thermal stresses and stress 
concentration caused by the different thermal properties of the 
two materials. First, when pressurizing at the temperature 
above the T m, the decrease of  the volume fraction of  the filler 
metal reduces the tensile effect of  the liquid fillers on the ce- 
ramic. Second, pressure applied on the solid joint  can restrain 
the thermal compression and decrease the thermal stresses 
caused by the compression. Therefore, the residual stresses and 
stress concentration would be remitted, and the strength of the 
joint  would be increased, as shown in Fig. 2. Since the residual 
stresses and stress concentration were reduced, not eliminated 
completely, the probabilities of fracturing in ceramic increase 
as the joint  strength increases. 

5. Conclusions 

�9 Pressurizing above the melting temperature (Tin) of the 
filler metal during cooling can improve the joint  strength 
greatly; pressurizing below the Trn can improve joint 
strength gradually. The best pressurizing temperature is ap- 
proximately above the Tmof the filler during cooling. How- 
ever, high pressures do not always improve joint  strength. 

�9 Pressurizing properly can increase joint shear strength, but 
pressurizing improperly can decrease joint  shear strength. 
Pressurization method must be carefully chosen. 

�9 It is not always true that the thinner the brazed seams are, 
the higher will be the joint  strength. There is a critical thick- 
ness point, above which the joint strength increases with 
the decrease of the brazed seams, but below which the joint 
strength decreases with the decrease of the brazed seams. 
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