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ABSTRACT. The joining of Si3N4 to 
1.25CrO.5Mo steel using a newly devel- 
oped CuNiTiB alloy in the form of rapidly 
solidified foils as the brazing filler metal 
was studied. The maximum joint strength 
(three point bend) at room temperature is 
261 MPa. The value was maintained until 
723 K (268 MPa). As the test temperature 
is raised, the joint strengths decreased. 

By means of a scanning electron mi- 
croscope with a wave dispersive spectro- 
meter, the paper studied the interfacial 
metallurgical behavior between the braz- 
ing filler metal and Si3N4 or the interlay- 
ers and its effects on the joint strength. It 
was found that when the nickel (Ni) 
platelet is employed as the buffer layer 
next to the Si3N4, it is difficult to improve 
the joint strength, but if the steel platelet 
is employed as the interlayer instead of 
Ni, the joint strength can be greatly aug- 
mented. 

Introduction 

In general, AgCuTi active brazing al- 
loys are used for the joining of metal to 
ceramics (Refs. 1,2). However, the braz- 
ing alloys contain a rather high quantity 
of expensive silver. In this study, the join- 
ing of Si3N4 to steel has been successfully 
accomplished by using a newly devel- 
oped high-temperature brazing alloy that 
does not contain precious metals. To ob- 
tain a homogeneous brazing filler metal, 
the brazing alloys are fabricated into 
rapidly solidified foils. 

A main factor in abating the metal to 
ceramic joint strength is the residual 
stresses produced by the mismatched 
thermal expansion of the two materials. 
To compensate for the thermal expansion 
mismatch, a wide variety of methods 
using interlayers has been developed for 
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metal-ceramic joints, e.g., a soft metal in- 
terlayer as the buffer layer between the 
two different materials to release the 
residual stresses (Refs. 3-5). Although the 
use ofAI, AI-Si and Cu interlayers relaxed 
the thermal stresses produced at the ce- 
ramic-metal interface, these joints are 
limited to use at lower temperatures. In 
the present study, the use of metal inter- 
layers for joining Si3N4 to 1.25Cr0.5Mo 
steel for 723 K application has been ex- 
amined. 

The interaction between the buffer 
materials and the brazing filler metals 
sometimes plays a more important role 
on the joint strength than does the ther- 
mal expansion mismatch. This paper 
pays a great deal of attention to studying 
the effects of interlayers on the interfacial 
metallurgical behavior and the joint 
strength as well as to investigating the 
other relevant problems met when join- 
ing metal-ceramics. 

Materials and Experimental 
Procedures 

The steel used in the study is 
1.25Cr0.5Mo. Its mechanical properties 
are stable even at high temperatures be- 
tween 773 and 823 K. The highest ser- 
vice temperatures can reach 848 K. The 
silicon nitride, Si3N4, with ~b > 800 MPa, 
was supplied by the Shanghai Institute of 
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Ceramics, Academia Sinica. The size of 
both the steel and the Si3N 4 is 3 x 4 x 20 
mm. The brazing filler metals used in the 
study were made from the newly devel- 
oped brazing alloy HTB2, which is com- 
posed of Cu, 5-25% Ni, 16-28% Ti (at.° 
%) and a trace of B. The brazing alloy was 
fabricated into foils by a rapidly solidified 
technique with the following parameters: 
the diameter of the copper roller is 350 
mm; rotary velocity V = 1800 r/min; pres- 
sure of the shielding gas Ar = 0.4 MPa. 
The obtained brazing alloy foils are 5-7 
mm wide, 40-50 Ilm thick. After thinning 
by abrasive papers from both sides to 
about 20 I.tm thick, the foils were cut into 
rectangular sheets 3 x 4 mm in size. The 
interlayer platelet was prepared by elec- 
tric spark machining and then thinned 
with abrasive papers from both sides to 
remove the surface pollution and the ox- 
ided layers. 

The brazing alloy foils, interlayer 
platelets, ceramics and metals to be 
brazed were ultrasonically cleaned in 
acetone. After drying with an air blower, 
they were installed in an iron jig as 
shown in Fig. 1. The brazing temperature 
was 1353 K and the holding time 10 rain. 
The pressure in the furnace was held be- 
tween 3.0 and 5.0 x 10 -S torr. The heating 
rate was 15 K/min, and the cooling rate 
was 15 K/min until 673 K and 1.5 K/min 
afterward. The three-point bend strengths 
at room temperature were measured with 
0.5 mm/min of cross-head speed. The in° 
terfacial microstructures and the element 
distributions were examined by scanning 
electron microscope (SEM) with wave 
dispersive spectrometer (WDS). Finally, 
the three-point bend strengths at high 
temperatures were measured with a heat- 
ing rate of 12 K/min. After maintaining at 
determined temperatures for 10 min, the 
test samples were loaded with cross- 
head speed of 0.5 mm/min. The average 
values of three test results of bend 
strengths at room temperature and high 
temperature are reported in this paper. 

522-s I DECEMBER 1997 



Fig. 1 - -  The iron j ig  for the jo in ing experi- 
ments. 
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Fig. 2 - -  When employing Ni-W-Ni laminate 
interlayers, the effects of  the thickness of  the 
W interlayer on the jo int  strength of  Si3N4-Ni- 
W-Ni-steel is shown. The thickness of  each 
nickel interlayer is 0.2 mm (T = 1353 K, t = 
10 rain). 

Fig. 3 - -  Photograph of  specimens for which 
ruptures occurred at the interface of  5i3N:Ni.  

Table 1 --The Joint Strength of Si3N,-SiaN4 
and Steel-Steel Using the HTB2 Brazing 
Filler Metal 

Joint Strength (MPa) 
SisN4-SisN4 Steel-Steel 

402 408{ a} 430 490 {b} 

/a) The strength test temperature: 723 K; others: 293 K. 
(b) The brazing temperature: 1413 K; others: 1353 K. 

Results and Discussion 

Effects of the Interlayers 
on the Joint Strength 

The results of prel iminary tests are 
shown in Table 1. The joint strengths of 
both SisN:Si3N4 and steel-steel using the 
HTB2 brazing fi l ler metal are more than 
400 MPa, but the joint strength for SisN: 
steel using the same fil ler metal is only 8 
MPa as shown in Table 2 (refer to test No. 
1). Due to the large difference in the co- 
efficients of thermal expansion of the two 
materials, a signif icant magnitude of 
residual stress is produced during the 
cooling process after joining. As a result, 
the joint strength is lowered. 

The influence of various interlayers on 
joint strength was examined. The inter- 
layers were put into the joints as follows: 
SisN:brazing al loy-interlayers-brazing 
alloy-1.25Cr-0.5Mo steel. With a single 
interlayer of Ta, Mo or W as shown in 
Table 2 (Tests 2-4), the joint strengths are 
less than that wi thout  the buffer layer. 
However, with a single layer of Ni as the 
buffer, much better jo int  strengths are 
shown (Table 2, Tests 5-8). Table 3 shows 
that the coefficients of thermal expansion 
(CTE) ofTa, Mo or W are more similar to 
that of Si3N4 than Ni, but the yield 

strength of Ni is the lowest among the 
buffer materials. It is the low yield 
strength of Ni that released the residual 
stresses in the joint. 

The soft buffer material Ni is able to 
release the residual stresses better, but its 
abil ity is very limited. A harder interlayer 
such as tungsten cannot effectively re- 
lease the residual stresses but has a CTE 
closer to that of SisN4. Therefore, it can 
reduce the gradient of residual stresses in 
the joint. If the advantages of the two 
types of interlayers can be taken to make 
laminate interlayers, the joint strength 
should be further augmented. The results 
of Tests 11 and 12 (Table 2) reveal that 
neither W-Ni nor Ni-W interlayers can 
fulf i l l  the task. It was only with the lami- 
nate interlayer taking the form of Ni-W- 
Ni (Test 13) that the joint strength could 
be further augmented. The results show 
also that the adequate thickness of the 
nickel interlayer is 0.2 mm (Tests 13-15). 

On the basis of the experimental re- 
sults mentioned above, the effect of the 
thickness of the tungsten interlayer on the 
joint strength was investigated - -  Fig. 2. 
It can be seen that when the thickness of 
the W platelet was 1 mm, the jo int  
strength arrived at the maximum value of 
188 MPa. All fractures occurred at the in- 
terfaces of SisN4-Ni as shown in Fig. 3. 

Table 2--Strength of the Joints Si3N¢lnterlayers-Steel (C-Ill21s-S) 

Test Interlayers (1~) and thickness (mm) Joint strength 
NO. It 12 I 3 (MPa) 

1 8.0 
2 Ta 0.08 ~ 0 
3 Mo 0.2 --0 
4 W 0.2 ~ 0  
5 N i 0.2 84.0 
6 Ni 0.5 104.0 
7 Ni 1.0 125.0 
8 Ni 1.5 20.0 
9 N i 0.2 Ta 0.08 12.0 

10 Ni 0.2 Mo 0.2 27.0 
11 Ni 0.2 W 0.5 6.0 
12 W 0.5 Ni 0.2 24.0 
13 Ni 0.2 W 0.5 Ni 0.2 152.2 
14 Ni 0.5 W 0.5 Ni 0.5 46.0 
15 Ni 0.5 W 0.5 Ni 0.2 62.0 

Failure 
location 

Si3N4-steel 
SisN4-Ta 
SisN4-Mo 
Si3N4-W 
SisN4-Ni 
SisN4 
SisN4 
SisN4 
SisN4 
SisN4 
W-steel 
Si3N4-W 
SisN4-Ni 
N i-steel 
Ni-W 

Table 3--Physical and Mechanical Properties of the Ceramic and Some Metals 

Coefficient of 
Melting point thermal expansion, Young's modulus Yield strength 

Materials • (K) ct × 10-6K-1 E (GPa) %.2 (MPa) 

Ni 1726 13.3 225 120 
Ta 3269 6.5 190 344 
Mo 2883 5.1 294 500-610 
W 3653 4.6 380 720-830 
SisN 4 21931a) 3.5 284 - -  
1.25 Cr 0.5 Mo - -  13.4 212 460 

(a) Does not melt, but sublimes, decomposes or vaporizes. 
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Fig. 4 - -  Microstructure and element distributions o f  the cross section for the interfaces o f  the 
SijN4-brazing fi l ler metaI-Ni interlayer. A - -  Microstructure; B - -  Cu; C - -  Ni; and D - -  Ti. 

Effects of the Interfacial Metallurgical 
Behavior of the Si3N4-Brazing Filler Metal- 
Interlayer on the Joint Strength 

Figure 4 shows the microstructure and 
element distributions of a cross section 
for the joint with the bending strength of 
188 MPa. 

As shown in Fig. 4, the rugged inter- 
face between the Ni interlayer and the 
brazing filler metal reveals that part of Ni 
is resolved into the brazing alloy, linked 
to the nickel in the brazing alloy and 
strongly combined with Ti to form the 
solid solution region m and the com- 
pound e, both of which are rich in Ni and 
Ti. In light of the analyzed WDS results, 
the compound of Ni-Ti should be 
CuNi~Ti3. While the great parts of tita- 
nium atoms combined with Ni, the oth- 
ers diffused bilaterally to Si3N4 and into 
the Ni interlayer for some micron (l~m). 
These complicated reactions strongly in- 
terfered with the normal interfacial reac- 
tions between Si3N4 and the brazing filler 
metal and further weakened the joint 

strength. Therefore, the weakness of the 
joint is at the interface between Si3N4 and 
the Ni buffer. 

The interlayer of Ni could be substi- 
tuted with other metals, but not any metal 
with lower yield strength can substitute 
the Ni due to its superior high tempera- 
ture properties. However, the steel to be 
brazed can be considered as a better can- 
didate. It can be seen from Table 4 that 
the heats of the solution of liquid iron in 
the liquid metal solvents mentioned are 
almost all superior to those of liquid 
nickel. In particular, the heat of the solu- 
tion of liquid iron in the liquid titanium 
is far higher than that of liquid nickel. So 
it can be reasoned that the reactions of Fe 
with relevant elements in the brazing 
filler metal, particularly with Ti, are evi- 
dently weaker than that of Ni, which is 
favorable to assuring the nominal interfa- 
cial reaction between Si3N4 and the braz- 
ing filler metal. 

Based on the above analysis, the 
steel(o.2mm)-W(0.5-2.0 mm)-Ni(0.2 mm) lam- 
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Fig. 5 - -  Effect o f  the thickness o f  the tung- 
sten interlayer on the jo in t  strength o f  Si3N4- 
interlayers-steel, employing steel-W-Ni as 
laminate interlayers (the thicknesses o f  the 
steel and Ni  interlayers are 0.2 mm each. 

Table 4--Heats of Solution of Liquid 
Nickel and Iron in Liquid Metal Solvents 
(Ref. 4) 

Heats of solution 
(kJ-mol) 

S o l v e n t s  ~ H N i  AHFc 

Cu 26 60 
Ni 0 - 6  
1i -140 -70 

inate interlayers were employed to join 
Si3N4-steel. As shown in Fig. 5, the joint 
strength is increased up to 261 MPa with 
increasing the thickness of the W inter- 
layer up to 2 mm. The rupture occurred 
at the steel-W interface. A comparison of 
Fig. 5 with Fig. 2 reveals that the effect of 
the laminate interlayers of Ni-W-Ni on 
the joint strength is better than that of 
steel-W-Ni when the thickness of the W 
interlayer is small (less than 1.3 ram), be- 
cause the low yield strength of nickel 
played a more important role. The effect 
of the laminate interlayers of steel-W-Ni 
is better than that of Ni-W-Ni when the 
thickness of the W interlayer is more than 
1.3 mm, because the favorable interfacial 
metallurgical reactions have started to 
play a more important role. 

Figure 6 shows the interfacial mi- 
crostructure and the element distribu- 
tions of the sample with 261 MPa joint 
strength. It can be seen that the distribu- 
tion of Fe is similar to that of Ni and Ti, in 
particular to that of Ni. Part of Ni has 
been substituted with Fe in the interfacial 
metallurgical reactions. The reaction of 
Fe with Ti is less strong than that of Ni, as 
mentioned above. There is no great block 
of Ti compound existing in the brazing 
filler metal layer. Thus, the joint strength 
could be improved. 

The variations of the joint strength 
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Fig. 6 - -  Cross-section microstructure and element area distributions for the interfaces among the 
Si3N4-brazing fi l ler metal-steel interlayer, using steeL,,s mm,-W,s~j mm,-Ni,~ , .... as the laminate inter- 
layers. These were etched by a water solution o f  5% Feel3, fo l lowed by (HF+NH03).  A - -  Mi-  
crostructure; B - -  Ti; C - -  Ni; D - -  Cu; and E - -  Fe. 
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Fig. 7 - -  Variations o f  the jo in t  strength for 
SijN~-interlayers-steel with the test tempera- 
tures, taking steel,~ ,n,m,-W, , ,,mm,-Ni,, ,mm, as the 
laminate interlayers. 

with the temperature are shown in Fig. 7. 
It can be seen that the joint strength could 
be maintained to 723 K (268 MPa). With 
a continuing increase in the test temper- 
atures, the joint strengths still hold ade- 
quate values, e.g., 240 MPa at 773 K, 130 
MPa at 873 K. Fractures occurred at the 
interface of the Ni interlayer, i.e., W-Ni or 
Ni-steel, etc. 

Conclusions 

1) Ni plates can release the residual 
stresses that exist in the joint by the elas- 
tic, plastic and creep deformation. 

2) The interfacial metallurgical reac- 
tions between Ni and Ti results in weak- 
ening of the joint strength. 

3) By using the steel as the buffer layer 
next to SijN4 instead of Ni, the joint 
strength can be further improved owing 
to the weaker reaction of Fe with Ti than 
that of Ni. 

4) The maximum joint strength at 

room temperature is 261 MPa and it main- 
tains the value up to 723 K. When con- 
tinuing to raise the temperature, the joint 
strength presents a decreasing trend. 

Acknowledgment 

The research work was f inancial ly 
supported by the National Education 
Commission of China. 

References 

1. Active metal brazing. Joining o f  Ceram- 
ics, ed. M. G. Nicholas 1990. Chapman and 
Hall, London, U.K., pp. 73-93. 

2. Suganuma, K. 1990. Joining of silicon 
nitride to metals and to itself. Joining o f  Ce- 
ramics, ed. M. G. Nicholas. Chapman and 
Hall, London, U.K., pp. 173-193. 

3. Katayama, K., Watanabe, T., Matoba, K., 
and Katoh, N. 1986. Development of Nissan 
high response ceramic turbocharger rotor. SAE 
861128:1. 

4. Yamato, T., Yokoi, K., and Kolino, A. 
1990. Effect of residual stress on the strength 

of alumina-steel joint with AI-Si interlayer, J. 
Mater. Sci., pp. 2188-2192. 

5. Zhou, Y., Bao, F. H., Ren, J. L., and 
North, T. H. 1991. Interlayer selection and 
thermal stresses in brazed Si~N4-steel joints, 
Mater. Sci. Technoh Vol. 7, Sept., pp. 
863-868. 

6. Miedema, A. R., De Boer, F. R., Boom, 
R., and Dorleijn, J. W. F. 1977. Model predic- 
tions for the enthalpy of formation of transition 
metal alloys. Calphad 1:353-359. 

WELDING RESEARCH SUPPLEMENT I 5 2 5 - s  


