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New process for brazing ceramics utilizing 
squeeze casting 
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Hashirimizu 1-10-20, Yokosuka, Kanagawa 239, Japan 

A new joining process for ceramics to ceramics and ceramics to metals, "SQ brazing", has 
been developed. This process utilizes squeeze casting; a brazing material is squeezed into the 
interface channel to be brazed and is solidified under a high pressure. This new process has 
several advantages, low cost, mass producibility, high interface strength and high reliability, no 
severe reaction, etc. Alumina to alumina and silicon nitride to silicon nitride brazing with pure 
aluminium are shown as examples. Alumina containing silica as a sintering additive brazed by 
a conventional method severely reacted with aluminium braze so that the joint strength was 
low. After SQ brazing, reaction was moderate and the strength almost reached that of the par- 
ent alumina. Silicon nitride could be brazed by SQ brazing. Although the simple SQ brazing 
could not make a strong interface, pre-oxidization treatment of silicon nitride increased the 
joint strength beyond 400 MPa. 

1. I n t r o d u c t i o n  
Rapid progress in joining technologies for ceramic 
materials in recent years has enabled us to utilize 
ceramics for a wide variety of applications, not only for 
electronic devices but also for structural components 
and for joining ceramics to metals which is sometimes, 
one of the key techniques in fabrication. An appropri- 
ate method could be selected out of a variety of 
processes according to the requirements for each 
application. For instance, the Mo-Mn metallization 
process has been established and is widely used for 
joining oxide ceramics in the electronics industry. 
Active metal brazing and solid-state bonding have 
been used not only for oxide ceramics but also for 
non-oxide ceramics such as silicon nitride or silicon 
carbide in the construction of structural components. 
These processes could produce strong and reliable 
joints of ceramics/ceramics and ceramics/metals. 
Several reviews have been published on the scientific 
and processing aspects of the processes giving the 
benefits and faults of each [1-6]. 

Because joining processes for ceramics are generally 
batch processes, they are somewhat.costly and time 
consuming. This is not desirable in mass-production 
systems. Therefore, a new trend in joining has been 
aimed towards low-cost and short-term processing. 
Mechanical fastening is, of course, one such process. 
Shrunk-in structure and shrunk-in casting are typical. 
They could give a reliable and heat-resistant joint if 
a suitable stress analysis, such as the finite element 
method, is used in the design of its construction. 
However, mechanical fastening has a limitation be- 
cause it requires three-dimensional design and it can- 
not produce a plane-to-plane bonding structure. Fur- 
thermore, it is quite difficult to build up a large-scale 
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joined component by mechanical fastening. Although 
other processes such as friction welding have their 
own advantages, they also have some limitations 
[5, 6]. Thus, it is necessary to establish a new process 
which is simpler and applicable to more varied 
requirements. 

The aim of the present work, therefore, was to 
develop a new joining process, i.e. squeeze casting 
brazing (SQ brazing), which is low cost, mass produ- 
cible and reliable, utilizing the casting techniques of 
metallic materials. 

2. Principles of SQ brazing 
SQ brazing is the process utilizing squeeze casting 
which has been widely used for casting of metallic 
materials and metal matrix composites. The squeeze 
casting is a casting process in which a metallic melt 
is solidified in a mould under a high pressure of 
10-100 MPa~ Fig. 1 shows the schematic concept of 
the SQ brazing process. First, the constituents to be 
brazed are set in a mould. The mould and the consti- 
tuents are preheated to a certain temperature and a 
braze alloy, melted in a crucible, is poured into the 
mould. Subsequently, high pressure is applied to the 
melt surface. The braze is solidified within a minute 
under a high pressure. The brazed component is then 
removed from the mould and cooled. 

Because infiltration and solidification of the braze 
material proceed under a high pressure, SQ brazing 
has several advantages. 

1. Low cost: this process does not require a large- 
scale vacuum furnace, which is required for active 
metal brazing and for solid-state bonding. 
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Figure 1 Schematic drawing of the SQ brazing. 
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2. Mass producibility: brazing treatment can be 
finished within a few minutes if suitable preheating 
and cooling furnaces are supplied. 

3. No-oxidation problem: because brazing pro- 
ceeds under a dynamic liquid metal flow, the surface 
oxide layer is effectively removed even when brazing in 
an oxidizing environment. Therefore, an active metal 
can be used as a braze material even in an air atmo- 
sphere. 

4. Large/complex shape face brazing: brazing metal 
can infiltrate into curved and complex channels. It is 
possible to braze curved faces, as schematically shown 
in Fig. 1. 

5. No severe reaction: because brazing treatment 
ceases within a very short time, the reaction at the 
interface is not very severe, which sometimes becomes 
a problem in active metal brazing. 

6. Controlled thickness of the braze layer: the thick- 
ness of the braze layer is determined only by the fixing 
conditions of the constituents to be brazed. It is easy 
to produce a certain thickness of braze. 

7. Elimination of defects on the interface: high- 
pressure solidification of a braze can eliminate defects 
at the interface such as an unbonded area formed in 
a non-wetting system. 

Thus this new process has many advantages which 
no conventional bonding method has, and there is 
only one area in which care must be taken in per- 
forming the SQ brazing of ceramics. Because ceramics 
are susceptible to sudden temperature changes, they 
must be protected from thermal shocks during braz- 
ing. The difference between the preheating tem- 
perature of the ceramics and that of the brazing alloy 
must be smaller than the critical temperature of 
thermal shock. 

The casting pressure must be above a certain critical 
value at which infiltration of a molten braze into a 
narrow interfacial channel to be brazed occurs, The 
critical pressure can be obtained by two elemental 
calculations using the surface tension/capillary pres- 
sure relation and the pressure drop by melt passage. 
Fig. 2 shows a schematic model of liquid flow through 

Figure 2 Schematic model of liquid flow through a narrow channel. 

a narrow channel sandwiched between two walls, 
which are a distance 2d apart. The pressure drop 
across the melt/atmosphere interface is APT. The front 
of the melt has some curvature and the contact angle 
between a wall and a melt is 0. If the liquid is at rest 
when all external forces are balanced, i.e. the pressure 
difference across the liquid front and the surface 
tension 

PT2dt = 27cos0t  (1) 

where t is the depth of the channel. Then 

APT = 3' cos Old (2) 

Equation 2 gives the critical pressure for infiltration 
through a narrow channel restricted by the surface 
tension of the braze. The following example of this 
calculation is for the ceramics/aluminium system, 
which was used in the present experiment, as shown in 
a later section. At 1083 K, which was the brazing 
temperature in the present work, surface tension force 
of the aluminium melt is 865 dyn cm-1 [7]. Fig. 3 
shows the critical pressure change as a function of 
contact angle for various braze layer thicknesses. 
Below 0 = 90 ~ infiltration takes place without any 
applied force. Above 90 ~ , the critical pressure increases 
with increasing contact angle and decreasing channel 
thickness. Unfortunately, reliable data for contact 
angles between ceramics and aluminium are lacking 
because of the protective surface oxidation film of 
the aluminium melt. In the joining system in which 
0 = 150 ~ which is for a non-wetting system and is 
the experimentally determined value for the silicon 
nitride/aluminium system [8], brazing with a 1 gm 
braze layer thickness requires a critical applied pres- 
sure of ~ 1.5 MPa. 

Once a pressure difference sufficient to generate 
melt flow has been developed across, the melt/atmo- 
sphere interface, the only force opposing passage of 
the melt through the channel arises from viscous 
resistance to flow. This will determine the relationship 
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Figure 3 Pressure drop due to surface tension of a liquid as a 
function of contact angle between the liquid and the channel wall, 
and the influence of channel width. 

between the flow velocity and the pressure gradient in 
the melt. The formula for the local liquid velocity, u, as 
a function of distance from the centre of the channel, 
i.e. y in Fig. 2, is derived from the Navier-Stokes 
equation 

u = (=/2g)(d z - y2) (3) 

where ~ is the pressure gradient in the melt ( =  OP/Sx) 
and la is the viscosity of a melt. The total amount  of 
melt flow across the channel in a unit depth, U, is 
given by integration of Equation 3 from y = - d to d. 

U : 2 f f u d y  : 2 f ] ( a /2 . ) ( .  2 -- y ' ) d y  

= 2ad3/3~t (4) 

In Equation 4, ~ = APv/L, where AP v is the pres- 
sure drop across the channel distance L. Finally, 
Equation 4 gives 

aev  = 3gLU/2d 3 (5) 

Equation 5 gives the pressure drop across the whole 
channel distance L and APv becomes the critical pres- 
sure for the infiltration opposing viscous flow. This 
pressure varies as functions of the channel distance 
and flow speed. With increasing flow speed or decreas- 
ing channel distance, the critical pressure increases 
rapidly. Fig. 4 shows the critical pressure as a function 
of thickness of the braze layer for various flow speeds, 
in which the viscosity of the aluminium melt at 1083 K 
is 0.025 P [7] and flow distance is 15 mm which is the 
joint size in the present work. When the thickness of 
the braze layer is more than 10 gm, the critical pres- 
sure is very low. Below this thickness, the pressure 
increases drastically. If it is intended to make 10 gm 
thick braze layer, a pressure of 45 M P a  under a flow 
speed of 10-s  m 3 s-~ is required, which is a reason- 
able speed for squeeze casting. In our experiment, the 
flow speed of the aluminium melt was limited by 
the machine conditions used and was around 1.94 
x l 0 - S m 3 s  -1. 
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Figure 4 Pressure drop due to viscosity of a liquid as a function of 
channel width, and the influence of flow speed. 
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Figure 5 Flow velocity as a function of channel width, and the 
influence of infiltration pressure. 

T h e  total critical pressure for infiltration, P~, is given 
by the sum of Equations 2 and 5. The flow speed is 
determined from the relationship between the infiltra- 
tion pressure and the braze layer thickness, and is 
expressed as 

U = ( 2 d 2 / 2 p L ) ( P , d  - ycosO) (6) 

Equation 6 gives the flow speed under a certain braz- 
ing condition. Fig. 5 shows the flow speed as a func- 
tion of channel thickness. The channel thickness, 
10 lam, and the infiltration pressure, 50 MPa,  which 
seem to be realistic values, give a flow speed o f  
lO-S m 3 s-~. 
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3 .  E x p e r i m e n t a l  p r o c e d u r e  
3 . 1 .  Materials 
In the present work, ceramics were brazed to them- 
selves using a pure aluminium braze. Two kinds of 
ceramics were used. One was a pressureless sintered 
alumina containing 7 wt % silica as a sintering addi- 
tive. The average bending strength of the alumina was 
350MPa.  The other ceramic was a pressureless 
sintered silicon nitride (E0010), with an average 
bending strength of 900 MPa. The blocks of silicon 
nitride were 15 mm x 10 mm bonding face and 10 mm 
long. To promote  wetting of the aluminium melt, some 
of the silicon nitride was pre-heat-treated at 1123 K 
for 1 h to enhance the bonding to the aluminium melt 
due to the presence of a silica layer formed by oxida- 
tion [9, 10]. The aluminium used as braze material 
was JIS 1050 (99.5 wt % pure aluminium). 

3.2.  S Q  b raz ing  
SQ brazing was carried out in an air atmosphere. The 
temperatures of the alumina, the aluminium melt and 
the mould were 1073, 1073 and 873 K, respectively. In 
SQ-brazing of silicon nitride, the temperature of the 
silicon nitride was 873 K. This temperature is 200 K 
below that of the aluminium melt and, therefore, 
silicon nitride is exposed to a certain heat shock, but 
this temperature difference is much smaller than the 
critical temperature of heat shock, i.e. 400 K. The 
casting pressure was 50 M P a  and was maintained for 
5 rain. 

In the case of brazing alumina, two blocks, of 
dimensions 15 mm square face to be brazed and length 
20 mm, were faced together and fixed in a mould. Two 
types of joint were fabricated. One sample was closely 
contacted and tightly fixed and the other was loosely 
contacted. As a result, the former joints had a narrow 
brazing layer (about 10 gm thick) and the latter had a 
somewhat thicker braze layer (about 300 tam thick). In 
the case of silicon nitride brazing, the thickness of the 
braze layer was 200 lam thick. 

As a comparison, conventional brazing was also 
carried out using the same alumina and aluminium 
braze. Two blocks of alumina were placed in a furnace 
and centred on an aluminium braze sheet, 200 lam 
thick. The applied brazing pressure was 0.01 MPa. 
The temperature, 1073 K, was the same as in the SQ 
brazing and was held for 10 rain. Two kinds of brazing 
atmosphere were examined, air and argon. 

3 . 3 .  Evaluations 
Microscopic observation of the brazed interface was 
carried out to determine the reaction and defect dis- 
tribution at the interface by optical microscopy (OM) 
and electron microprobe analysis (EPMA). Three- 
point bending tests were performed at room temper- 
ature to evaluate the strength of the interfaces. 
Bending specimens were cut from brazed samples into 
bars 3 m m x  3 mm x 40 mm for the alumina joint and 
3 mm x 3 m m x  30 mm for the silicon nitride joint. 
The spans were 30ram for the alumina joint and 
25 mm for the silicon nitride joint. The crosshead 

speed was 0.5 mm rain-1. The strength data shown 
below are average values of at least four specimens. 

4 .  R e s u l t s  a n d  d i s c u s s i o n  
4.1. SQ brazing of alumina 
Table I summarizes strength data of the brazed alum- 
ina. Although conventional brazing in an argon gas 
flow could produce a joint, its strength was very low. 
In an air atmosphere, no joint was obtained because of 
oxidation of the aluminium braze. A protective surface 
oxide layer on the braze prevented the formation of an 
interfacial reaction and bonding between alumina and 
the aluminium braze. Previous work on silicon nitride 
brazing with aluminium also reported similar results 
with brazing atmosphere [7]. Silicon nitride could not 
be brazed in air by the conventional brazing process 
with aluminium. This is one of the limits of active 
brazing. 

On the contrary, the SQ brazed joint exhibited 
a quite high strength. In particular, a thin braze layer 
could almost produce a strength level of the parent 
alumina, which was 350 MPa. Fig. 6 shows a Weibull 
plot of bending strength of the SQ brazed joint with a 
300 ~tm thick braze layer. The scatter in strength was 
small and a good Weibull modulus was achieved. 

Fig. 7 compares the interfacial microstructures of 
the conventionally brazed and SQ brazed joints 
observed by polarized optical microscopy. In the 

TAB L E I Summary of bending strength of alumina joints 

Brazing method Atmosphere Thickness of Strength 
braze layer (MPa) 
(gm) 

Conventional Air - 0 
Argon flow 10 49 

SQ brazing Air 10 325 
300 228 
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Figure 6 Weibull plot of bending strength of the SQ brazed alum- 
ina. The braze layer thickness is 300 gm. ~ = 228 MPa, m = 10.4. 
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Figure 7 Microstructures of the interfaces of the brazed alumina 
(OM). (a) Conventional brazing, (b) SQ brazing. 
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Figure 8 EPMA line analysis ofthe interfacial region of the alumina 
brazed by the conventional method. 

Figure 9 (a) Scanning electron micrograph and (b-d) EPMA areal analysis of the interfacial region of alumina brazed by the conventional 
method: (b) A1, (c) O, (d) Si. 

conventional brazing, although the brazing period 
was very short, 10 min, a wide reaction layer, which is 
recognized as the dark contrast area along the inter- 
face, was formed deep into the alumina. The thickness 
of the reaction layer ranged from about 20 100 gin. 
The EPMA line analysis across the interface of this 
joint is shown in Fig. 8. This reaction layer formed in 
alumina was a depleted zone of silicon which had been 
contained as the sintering binder, silica, of the parent 
alumina. 

Silica is easily reduced to silicon by molten alumi- 
nium at elevated temperature 

3 S i O  2 -l~ 4AI ~ 3 Si + 2A120 3 (7) 

The free energy change of this reaction at 1083-K is 
about - 400 kJ tool-  1 [-7]. In the present case, silicon 
was enriched around the interface. Fig. 9 shows a 
scanning electron micrograph and the EPMA areal 
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analysis near the braze layer. Silicon does not exist 
continuously along the interface but sometimes 
formed precipitates in the braze layer, which are 
thought to be pure silicon crystals, from the A1-Si 
phase diagram [11]. In addition the alumina near the 
interface had a very porous structure which was 
caused by the depletion reaction of sintering binder 
during brazing. Both the porous structure in the 
alumina along the interface and the large brittle sili- 
con crystals in the braze layer seem to be the origin of 
the severe decrease in joint strength compared with 
the parent body. 

On the contrary, the SQ brazed joint did not show 
any severe reaction, as seen in Fig. 6. Fig. 10 shows a 
scanning electron micrograph of the SQ brazed inter- 
face. The interface was defect free and no porous 
structure in the alumina and no precipitates of silicon 
in the braze layer were observed. Fig. 11 shows the line 



Figure 10 Scanning electron micrograph of the interfacial region of 
the SQ brazed alumina. 

analysis across the interface; little diffusion of silicon 
from alumina into the interface and to the braze layer 
can be seen. Such a clean interracial structure seems 
to be of benefit in making a strong joint. Thus, it is 
concluded that the SQ brazing effectively prevents the 
severe reaction which occurs in brazing of alumina 
with silica binder, and made the joint strong and 
reliable. 
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Figure 11 EPMA line analysis of tt~e .interfacial region of the 
alumina brazed by the SQ brazing method. 

TABLE II Summary of bending strength of silicon nitride joints 
brazed by the SQ method 

Bending strength (MPa) 

As-received Si3N, ~ 57 
Pre-oxidation treated Si3N 4 404 

4.2.  S Q  braz ing  of  s i l icon nitr ide 
Silicon nitride can be brazed with aluminium in inert 
gas flows such as argon, nitrogen, and in vacuum [12]. 
The reaction between silicon nitride and aluminium 
is known to be very moderate, different from the 
alumina-silica/aluminium system. The reaction layer 
thickness formed under conventional brazing does not 
exceed 1 ~tm at 1083 K, even for a long brazing period. 
The joint strength is above 400 MPa if the braze layer 
is thin, about a few micrometres [12]. Table II 
summarizes the strength of the SQ brazed joints with 
aluminium brazed under the same conditions as in 
brazing the alumifia-silica. 

The strength of the SQ brazed joint without any 
pre-heat treatment of silicon nitride was low com- 
pared with the parent body. Microstructural observa- 
tion with OM, SEM and EPMA revealed the occur- 
rence of no severe reaction at the interface, which is 
consistent with the previous work [12]. All specimens 
fractured along the interface. Thus, the simple SQ 
brazing of silicon nitride only produces a weak 
bonding at the silicon nitride/aluminium interface. Of 
course, brazing conditions, such as temperature, may 
influence the bonding quality. IncreaSing the temper- 
ature of the aluminium melt or of the silicon nitride is 
expected to enhance bond formation at the interface. 
In the present work, however, a simple pre-heat- 
treatment of silicon nitride was carried out. The oxida- 
tion treatment of silicon nitride has been reported to 
enhance bonding between silicon nitride and alumi- 
nium [9, 10]. Table II also shows the strength data of 
the SQ brazed joint of the pre-heat-treated silicon 
nitride. The thickness of the aluminium braze layer 
was about 200 pm. Again, the interface also showed 

little reaction. The strength, however, increased drasti- 
cally and reached 400 MPa. All joints fractured com- 
pletely inside the braze layer and, therefore, the inter- 
facial bonding is stronger than 400 MPa. Thus, simple 
pre-oxidation treatment of silicon nitride can produce 
a strong joint by the SQ brazing. 

5.  C o n c l u s i o n s  

A new brazing process, "SQ brazing", of ceramics is 
outlined. The main advantages of this process are the 
low production cost and the high reliability/strength 
of the interface obtained. Severe reaction, which some- 
times limits adoption of the active metal brazing 
for certain kinds of ceramics, for instance not only 
alumina-silica but also zirconia, diamond, PZT, etc., 
is not a serious problem in the SQ brazing. Non-active 
combinations such as silicon nitride/aluminium could 
be tightly brazed by this process with a simple surface 
activation treatment. 

The simple calculation for the melt infiltration in 
the SQ brazing gave a guide to the critical pressure 
required for brazing. In the present case the melt flow 
was assumed to be laminar. However, if the melt flow 
is turbulent, it will effectively break the surface oxida- 
tion film and might cleanse the surface of ceramics by 
the jet formed preceding the moving melt front of a 
braze, as in the case of the explosion bonding process. 
Thus the squeeze cast speed, which is determined by 

/ 

the relation between the ram speed and the braze layer 
thickness, will have a certain influence on the quality 
of the SQ brazed interface. 
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Examples shown here were limited to aluminium 
brazing. However, other brazing materials such as 
copper alloys, silver~zopper alloys, nickel alloys, gold 
alloy with active metals such as titanium, which have 
higher melting points than aluminium, could be used 
as brazing materials under a certain condition control. 
Oxidation of active metals can be prevented only by 
adoption of an inert atmosphere in molten brazing 
materials. The SQ brazing itself can be performed in 
an air atmosphere because the exposure of the active 
brazing materials to an oxidative atmosphere is lim- 
ited to a very shoi't period. In addition, glass-ceramics 
can also be used as brazing materials in the present 
process, if a sufficiently low viscosity and high pressure 
are established. Thus, it is concluded that SQ brazing 
has great potential for brazing ceramics for a wide 
variety~of applications. 
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