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Advances in brazing of ceramics
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The main parameters in direct brazing of ceramics to ceramics and to metals are reviewed,
with primary emphasis on those influencing wetting of solid ceramics by liquid filler metals. In
general, wetting of ceramics by conventional brazing alloys has been regarded as difficult. As
a consequence, premetallization of the faying surfaces is frequently used to facilitate the
brazing of ceramics. However, it is evident from the literature that recent developments in filler
metals, based on active metal (e.g. Ti) additions (the amount depending on alloy composition
and type of ceramic), have provided a basis for a substantial reduction of the contact angle.
This favourable effect is caused by their reactivity, resulting in the formation of oxides when
joining oxide ceramics (e.g. Al,03), and nitrides or carbides and silicides in the case of non-
oxide ceramics (e.g. SizN, or SiC). In addition to insufficient wetting, the mismatch in thermal

expansion between the joint members may give rise to a low strength level due to the
formation of high residual stresses on cooling. These stresses may limit the maximum
allowable flaw size in ceramics to a few micrometres, i.e. of a similar size to that of pores.

1. Introduction

The application of ceramics in structural components
such as turbine engines has received extensive at-
tention in recent decades due to their excellent high-
temperature strength and resistance to corrosion and
wear. However, because of their brittle nature, joining
of ceramics to metals is frequently required. As a
consequence, the lack of joining techniques has in
many cases limited their use. Normally, conventional
fusion welding is not performed due to the risk of
brittle fracture initiation as a result of the high con-
traction stresses formed on cooling. In addition, the
high melting temperature of ceramics presupposes the
use of high-power sources, which means that only
laser and electron-beam welding are considered to be
applicable. Moreover, silicon-based ceramics such as
silicon carbide and nitride sublime without melting,
and should therefore not be subjected to fusion
welding at normal pressures. Alternatively, ceramic—
metal joints may be obtained on the basis of adhesive
bonding, although the strength may be reduced during
long service. Hence, solid-state bonding and various
types of brazing are currently applied to maintain the
excellent base-material properties of ceramics.

In the case of brazing, ceramic-ceramic and
ceramic—metal joints may be obtained in two different
ways: (i) indirect brazing, where the ceramic surfaces
are metallized prior to brazing with conventional filler
metals; and (ii) direct brazing, where the filler alloys
contain active elements such as titanium.

Brazing possesses a major advantage compared
with conventional welding, as the base materials do
not melt. This allows brazing to be applied in the
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joining of dissimilar materials which cannot be joined
by fusion processes due to metallurgical incompatibi-
lity. In general, brazing produces less thermally in-
duced stress and distortion since the entire component
is subjected to heat treatment, thus preventing the
localized heating which may cause distortion in
welding. In addition, it is possible to maintain closer
assembly tolerances without costly secondary opera-
tions. Moreover, brazing can be easily adopted for
mass production.

In the present paper, the state of the art on direct
brazing of ceramics to ceramics and to metals is
reviewed, with primary emphasis on recent advances
in the development of brazing filler metals to provide
the required wetting and spreading on ceramic sur-
faces. Finally, the effects of operational parameters
(temperature, time), as well as the mismatch in thermal
expansion between the joint members, on the mech-
anical properties of ceramic—ceramic and ceramic—
metal direct brazed joints are discussed.

2. Wetting and spreading

Equations predicting the form and spreading of liquid
drops on a solid surface have been established on the
basis of classical physical and chemical principles. A
comprehensive theory of the spreading of liquids has
been developed by Harkins [1]. Considering the fact
that materials possess a free surface energy, the follow-
ing energy balance will exist between a liquid drop and
a solid substrate (Fig. 1a):

Yso = 7Ysv — YLyCosO 1)
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Figure 1 Principles of wetting: (a) definition of the wetting angle 6
by surface-tension balance for a liquid drop on a solid surface
(schematic), (b) no wetting and (c) complete wetting.

Here vy, Vs and ygy denote the liquid—vapour,
solid-liquid and solid—vapour surface tension, re-
spectively, and 0 represents the contact angle between
liquid and solid (i.e. the wetting angle in brazing).

In order to obtain spreading, the following require-
ment should be met:

Ys. < Ysv — YLvCOsO )

It has been pointed out by Kingery [2] that a corres-
ponding, necessary but not sufficient, condition for
spreading is that the liquid—vapour interface energy
must be lower than that of the solid-vapour interface
(Yrv < Ysv)-

From Equation 1 it follows that when vy, is larger
that ygy, the value of 9 is greater than 90° and no
spreading occurs, ie. the liquid drop tends to
spheroidize (Fig. 1b). In contrast, when yg; is lower
than vgy (8 < 90°), the solid surface will be covered by
a thin film of liquid, pulled along the surface by
capillary forces (Fig. 1c).

In the case of ceramics, recent investigations indi-
cate that wetting undergoes three main stages [3]:

Stage I:  Initial or vibration stage

Stage II:  Constant stage

Stage II: Decreasing stage

Stage I is characterized by dynamic and chemical non-
equilibrium conditions due to vibrations of the liquid
drop. Stage II represents dynamic but not chemical
equilibrium, since the wetting angle is constant. The
shift from stage II to stage I1I is determined by chem-
ical and physical interactions at the ceramic-liquid
metal interface. The extent of these interactions de-
pends on diffusion and chemical reactions. This means
that a state of chemical equilibrium is reached, res-
ulting in a decrease in the wetting angle. Data ob-
tained from the wetting of magnesia with liquid alumi-
nium show that very long brazing times (approaching
10* s) are required to reach stage ITl. Yashimi et al. [3]
suggested that the angle established during stage IT
should be reported in order to avoid overestimation of
wetting. In practice, however, brazing is frequently
limited to a maximum of say 1h, indicating that
reported wetting angles represent conditions for stage
IT and the transition between stages II and I11. More-
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over, the vibration stage is inherent in the sessile drop
experimental technique, indicating that current pro-
cedures with preplacement of the brazing alloys allow
chemical reactions to take place at an early stage. This
means that the wetting angle starts to decrease after
some delay, followed by an equilibrium stage where
the angle is kept constant at a low level (< 10°).

In contrast to the wetting angle, the surface free
energies are more difficult to measure. However, the
value of vy has been calculated from considerations of
cleavage strength as the work done in separating two
surfaces (see Lancaster [4]). Data available in the
literature [ 5-15] suggest that the relationship between
surface energy and temperature takes the general form

me = 4 — B(T — C) (3)

where A and B are constants, C is the melting temper-
ature (in Kelvin) and T the absolute temperature.

Recent measurements, based on the study of pure
metal sessile drops on oxide surfaces (Al,0;, MgO,
Ca0, Si0O, and Zr0O,), resulted in the following rela-
tionships (y in mJm™2) [15]:

Ysa = 551 — 0.09 (T — 505) (42)
Yag = 910 — 0.17(T — 1234) (4b)
Yaw = 1105 — 028(T — 1336)  (4o)
You = 1320 — 0.28(T — 1356)  (4d)

Based on contact angle measurements and Equa-
tion 4, the work of adhesion may be calculated using
the following formula (Young—Dupre equation):

W = Yov(l + cosb) (5)

It should be noted that when joining materials with
different thermal expansion, a subtraction term would
be required to account for the negative contributions
from strains. Moreover, the use of Equation 5 pre-
supposes that the surface energy values of ygy and vg;
are constant during the experiments.

It is seen from Equation 5 that the work of adhesion
increases with increasing temperature due to a reduc-
tion of the contact angle. This implies that the bond
strength is inversely proportional to the contact angle,
which in fact has been verified experimentally (see
later discussion).

From the literature, it is apparent that a con-

- siderable scatter in the free surface energy data has

been found, particularly for gold and copper (a com-
parison of published data is contained in Nogi et al.
[15]). It may be suggested that this scatter is associ-
ated with two main factors: (i) varying content of
impurities, particularly surface-active elements which
may alter the surface free energy considerably: and (ii)
different oxygen potential in the atmosphere. In the
latter case, it has been verified experimentally that the
surface free energy is reduced with increasing partial
pressure of oxygen, as shown for liquid drops of Cu on
alumina in Fig. 2 (surface free energy between liquid
and solid, v ). Hence, when referring to Equation 2, a
reduction in the value of yg; will enhance wetting and
spreading, which means that the contact angle is
reduced. This is confirmed by the data in Fig. 3, which
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Figure 2 Effect of partial pressure p of oxygen on surface free energy
v between liquid Cu and solid Al O, (after O’Brien and Chaklader
[16]).
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Figure 3 Effect of partial pressure p of oxygen on contact angle 8
between liquid Cu and solid Al,Oj (after O’Brien and Chaklader
[16]).

shows that the contact angle is reduced with increas-
ing partial pressure of oxygen. Improved wetting was
stated to be a result of the formation of CuAlO, on the
liquid—solid interface. In most cases, however, the
oxygen potential in the brazing atmosphere should be
kept as low as possible to prevent active elements
added to the filler metal from reacting with oxygen,
which may give rise to a consequent loss in the
wettability of ceramic surfaces.

So far, the analysis applies to flat surfaces only,
which in practice do not exist. Surface energy meas-
urements are all based on surfaces possessing a certain
degree of roughness. The wetting and filling of brazed
joints would be expected to be dependent on the
roughness in two ways: (i) surface and interfacial
energy changes are dependent on the real area over
which the liquid flows; and (ii) roughness of the sur-
faces in the capillary gap may cause a transition from
laminar to turbulent flow, resulting in an increased
resistance to flow. Energy changes require knowledge
of the ratio between the real and the apparent area,
while the flow pattern is determined by the shape and
probably by the height of the surface asperities. In the
case of ceramics, their brittleness may facilitate the
formation of small surface cracks, either from pro-
cessing stages, or through manufacturing or surface

preparation (e.g. grinding or polishing). The ratio
between the real and the apparent area may be rela-
tively high, resulting in large deviations from the
theoretical analysis above. This fact has been verified
for metals by Bowden and Rideal [17]. The effect of
surface roughness may be taken into account by
modifying Equation 1 [18]:

Yso = Ysv — YLvCOSd (6)
where 8 is the observed contact angle, related to 0 by
cosd = rcosf (7

Here, r is the ratio between the real and the apparent
surface area.

In practice, Equation 1 will still be the one most
frequently used since the real surface area is difficult to
measure.

3. Development of active filler metals
3.1. Ag-Cu brazes

In the last two decades, the major impetus in brazing
of ceramics has been the development of filler metals
with improved wettability, eliminating the need for
premetallization. These mainly consist of two groups
of alloys, ie. Cu—X [19-26] or Ag-Cu-X brazes
[27-30], where X is typically a group IVB element
(Ti, Zr, Hf), and Ti-Zr [31-33] alloys (often with
additions of Be [31-34]). In many cases, active brazes
also contain additions of Ni, Be, Cr, V, In and Co (e.g.
[35-39]). In Ag-based alloys, the solubility of a metal
such as Ti is relatively low at relevant brazing temper-
atures (950-1050°C). In contrast, the solubility of Ti
in Cu is much higher, which makes the combination of
Ag and Cu attractive for many ceramics and
ceramic—metal combinations. Hence, modern filler
metals for brazing of ceramics contain active elements
which promote wetting by decomposing a thin layer at
the ceramic surface. The improved wetting of silicon
nitride, silicon carbide and alumina as a result of
titanium additions to the fillers is shown in Fig, 4.
Apparently, about 10 at % Ti is sufficient to wet sili-
con nitride (1100°C) and silicon carbide (1000 °C),
while 30at % is required to obtain a similarly low
contact angle on alumina (1100 °C). It is reasonable to
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Figure 4 Effect of filler-metal titanium content on contact angle 9
(data from [25], [40] and [41] for (@) Si;N, (1100°C), (A) SiC
(1000°C) and (M) Al,O4 (1100 °C), respectively).
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suggest that this observation is closely linked to the
higher thermodynamical stability of aluminium oxide.
As a consequence of the low solubility of Ti in Ag, the
use of Ag—Cu-based alloys should be recommended
when brazing alumina, while Ag-based alloys provide
a sufficiently high amount of Ti in the case of silicon
nitride and silicon carbide.

It should also be noted that wetting of ceramics has
been found to be dependent on the processing tech-
nique, as shown for SiC by Iseki et al. [42]. Their data
showed that reaction-sintered specimens required a
higher Ti content than those which were pressureless-
sintered. An attempt to explain these differences has
not yet been made. However, the pressureless-sintered
SiC contained small amounts of free carbon atoms,
suggesting a higher rate of reaction between Ti and
free C compared with that of Ti and SiC. Favourable
effects of titanium have also been reported for zirconia
[29, 43], and various metal-Al, O; joints [36, 44, 45].

The Ag—Cu-Ti alloys are based on titanium addi-
tions to the eutectic composition of Ag-Cu (78 at %
Ag-22 at % Cu), which provides sufficient fluidity of
the alloy, since the melting range is relatively narrow.
The addition of Ti to Ag—Cu alloys results in minor
changes of the melting temperature only (7}, between
750 and 850°C), which is essential to avoid high-
temperature brazing due to the residual stress prob-
lem. The binary Cu-Ti alloys solidify over a narrow
temperature range (<60°C), with the exception of
those alloys which contain less than 10at % Ti. This
improves the flowability and reduces the risk of liqu-
ation and brittleness during solidification. Moreover,
the recent developments made in rapid solidification
of metals may provide a basis for further improve-
ments in the fabrication of brazing fillers. On this
basis, alloys can be made available with chemical
compositions outside the range in which is possible to
fabricate with conventional casting technology.

3.2. Al brazes

In addition to titanium and zirconium, attempts have
been made to develop aluminium-based alloys
[46—51]. The results indicate that the contact angle
on alumina is relatively high compared with that of
titanium-containing alloys. Considering the low sur-
face free energy of liquid pure aluminium at the
melting temperature, a relatively low work of adhe-
sion may occur. This observation implies that brazing
with aluminium fillers may require a high temperature
(minimum 1050 °C), as shown by Fig. 5. For practical
purposes, a contact angle between 70 and 90° may be
insufficient to provide satisfactory spreading, and
hence a low bond strength level may appear. As a
consequence, the use of such fillers may be critical. On
the other hand, wetting of alumina can be enhanced
by additions of copper to the aluminium filler. In this
situation, the contact angle approaches 50° for copper
amounts between 4 and 30 wt % [52]. Within this
range of Cu content the solidification range is between
0 and 200 °C, and no intermetallic phases are formed
(these are connected with the Cu-rich side of the
Al-Cu binary system). A similar contact angle has
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Figure 5 Effect of brazing temperature T on contact angle 0
between liquid aluminium and solid alumina (after (@) Wolf et al.
[48] and (A) Champion et al. [50]).

been observed in the wetting of zirconia at 1100°C
(> 1000 s), using Al-Cu alloys with 0—7 wt % Cu [53].

3.3. Sn solders

Brazing fillers with additions of titanium and zircon-
ium have been designed to meet the stringent service
requirements (high temperature) of many metal-
ceramic joints. In many cases, however, the service
temperature is much lower than, say 600°C (e.g. in
electrical feed-throughs). According to Kapoor and
Eagar [54, 55], the development of tin-based brazes
with a lower melting temperature than Ag- and Cu-
based fillers would minimize the residual stresses.
Although their results from wetting angle measure-
ments show that a brazing temperature of at least
900°C is required (Fig. 6), the lower solidification
temperature may reduce the residual stress problem,
provided that the solidification range is sufficiently
small. It may be tentatively suggested that titanium
additions beyond 2 at % should be avoided due to the
substantial increase in the solidification range between
4 and 40at % Ti (from about 180 to about 650°C
[56]). This may reduce the flowability of the brazing

150 |
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Figure 6 Effect of temperature T and alloy composition on contact
angle 6 between liquid metal and silicon nitride (after Kapoor and
Eagar [54]): (l) 0.5% Ti, (@) 2% Ti, (A) 5% Ti, (O) 7% Ti, (A)
5% Zr.



alloy, and hence reduce the spreading. As a con-
sequence, insufficient joint strength may result. At
present, this suggestion cannot be verified due to the
lack of data from mechanical testing. An inspection of
Fig. 6 also indicates, for a similar concentration, that
titanium is more effective than zirconium, in spite of
the fact that Zr has the highest affinity to nitrogen.
This is also the case for copper-based Ti- or Zr-

containing alloys [23]. From the literature [S7], the

data on Cu-X and Ag—X alloys reveal that X—Ti heats
of solution are less negative than those of X—Zr alloys
(X is Cu, Ag). Hence, the lower wettability observed
for Zr was proposed to be caused by its lower activity,
i.e. higher affinity for matrix elements (Cu, Ag, Sn)
[54]. Presumably, this may be linked to a lower solid
solubility of Zr in Sn, resulting in extensive compound
formation on solidification, identified as Sn,Zr inter-
metallic particles by Kapoor and Eagar [54]. The
volume fraction of Sn,Zr within the Sn alloy was
reported to be greater than the corresponding one for
Sn,Ti, in Sn—Ti alloys. In addition, the intermetallic
layer (rich in either Zr or Ti) was smaller for the Sn—Zr
alloy. Considering the slower growth rate of the reac-
tion layer for Zr-containing brazes, it may be sugges-
ted as an alternative hypothesis that the diffusivity of
Zr is lower than that of Ti. Based on results obtained
from brazing of Si; N, to refractory metals (W, Mo, Ta
and Nb) with Cu-5%Ti and Cu-10%Zr [58], a
higher apparent activation energy for reaction layer
growth was calculated for the latter alloy. Determina-
tion of diffusion data for Sn-based solders would
therefore be a subject for further work.

The application of brazing alloys which contain
reactive metals requires that joining is performed in a
vacuum with a very low oxygen potential, or in a dry
inert-gas atmosphere with a low dew point to prevent
the active elements from reacting with the atmosphere.
If these requirements cannot be met, the ceramic
surfaces should be metallized prior to brazing. Several
techniques are available, such as thermal spraying,
electrolytic coating, electron-beam and laser coating,
vapour-phase deposition (chemical or physical) and
hot isostatic pressing. The techniques most commonly
used are, however, the moly-—manganese [59-66] and
the metal hybride powder processes [67]. Joining of
metallized ceramics can subsequently be performed
with conventional brazing alloys (typically BCu, BAg
and BAu alloys according to the American Welding
Society Specification AWS A5.8.89, 1989).

4. Interface chemical reactions

In the brazing of premetallized ceramics to themselves
or to metals, the reduction of metal oxides is essential
to provide the required wetting and spreading. This
may be obtained by

(i) the use of a reducing atmosphere (hydrogen,
carbon monoxide, carbon dioxide or ammonia);

(i) vacuum, often in combination with an inert gas,
usually argon or nitrogen; or

(ii1) the use of fluxes, often in combination with gas.
The mechanisms occurring in the reduction of oxides

in the presence of fluxes are not yet fully clarified (see
Milner’s discussion [68]), although the indications are
that an electrochemical process is involved. Modern
alloys for direct brazing of ceramics contain a reactive
component, eliminating the need for flux.

The type of atmosphere may be selected on the basis of
thermodynamical considerations with respect to dis-
solution of the actual metal oxide present at the faying
surface. For a detailed discussion of this subject, refer-
ence is made to the paper of Milner [68].

In contrast to the brazing of premetallized ceramics,
the use of flux is not required in direct brazing. On the
other hand, either high-purity inert gas or a vacuum
(minimum 1073-107 torr) is recommended. A redu-
cing atmosphere such as hydrogen should be avoided
due to the high affinity between hydrogen and active
metals, e.g. titanium.

The reactive elements in the filler react with the
ceramic to form reaction layers constituting several
phases at the base material-filler metal interface. An
example is shown in Fig. 7 for the brazing of alumina
to copper using a S0at % Cu-50at % Ti filler alloy.
The reaction layer consists of a copper-rich phase with
some titanium, together with the oxides TiO, and (Al,
T1),0;. Several oxide compositions are possible [69],
such as the formation of TiO (y-TiO, B-TiO, «-TiO
and §-Ti, - ,0), Ti, 05, TizO5 and TiO, [70]. The
latter form is the most stable one. The possible chem-
ical reactions together with their free energy of forma-
tion are summarized in Table L.

Similar reactions would be expected to occur in the
brazing of other oxide ceramics or in brazing with
zirconium-containing filler alloys, although the free
energy of formation may be different. As experienced
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Figure 7 Reaction layer at the interface between Al,0, and Cu
(schematic) in direct brazing in vacuum with a 50 at % Cu-50at %
Ti filler alloy (after Naka et al. [69]).
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TABLE [ Possible reactions between titanium-containing fillers
and oxide ceramics (standard Gibbs energies calculated from data
given in [70, 71])

Reaction® Free energy (kJ mol™ 1)

2 Ti(s) + O,(g) = 2 TiO(y) AG® = — 1023 + 0.178T

4 Ti(s) + O,(g) = 2 Ti,04(s) AG® = — 1001 + 0.172T
 Ti(s) + O,(g) = 2 Ti,O4(s) AG® = — 975+ 0.171T
Ti(s) + O,(g) = TiO(s) AG® = — 914+ 0.175T

2 The symbols g and s represent gas and solid states, respectively.
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with TiO, the zirconium oxide ZrO, may have several
compositions [71].

In the direct brazing of non-oxide ceramics such as
silicon carbide and silicon nitride, the filler metal
should contain elements with a high affinity to carbon
and nitrogen to provide sufficient wetting. For
titanium- or zirconium-containing alloys, the chem-
ical reactions listed in Table II may occur between
Si;N, and filler metal [69]. The actual type of com-
pound formed is dependent on both temperature and
brazing alloy chemical composition. Such reactions
are favourably affected by free silicon atoms in re-
action-bonded ceramics, or by additives in pressure-
less-sintered ceramics. In addition, various copper sil-
icides (y-CusSi, &-Cuy;Si, and n'-CuSi are possible)
may form since the reaction between Ti and nitrogen
provides free silicon atoms. _

Similar reactions, with carbides substituting nitri-
des, would be expected to occur in silicon carbide
joints with Ti- or Zr-containing filler metals. In addi-
tion to silicides and TiC, Ti;SiC, has been observed
[74].

In the case of aluminium brazes, the reaction layer
may consist of f’-sialon or AIN [75, 76] when joining
SizN,, while Al,C, may form when joining SiC [74].
The formation of f'-sialon requires that oxygen is
present in the brazing atmosphere, and the amount
increases with increasing oxygen partial pressure.
Wetting would therefore be expected to be improved
in an oxidizing atmosphere. In fact, it has been re-
ported that argon (oxygen level was not given) res-
ulted in better wetting than a vacuum [77]. Moreover,
a preoxidizing treatment forming silica on the surface
was beneficial to wetting [78].

The width of these reaction zones can be estimated
by the following relationship:

X = ky" = kot"exp(— Q/RT)

®)

where t is the brazing time, n the time exponent
(usually 0.5), k, the penetration coefficient, k, a con-
stant, Q an activation energy for diffusion, R the gas
constant and 7 the brazing temperature.

In Fig. 8, the measured reaction layer thickness for
Si;N,~W joints with Cu-5% Ti and Cu-10% Zr
brazing alloys has been plotted versus the square root
of the brazing time. It is seen from the figure that
growth of the reaction zone occurs more rapidly when
titanium is added to the filler metal than in the case of
zirconium, in spite of the lower brazing temperatures
applied in the former case. Moreover, the few data
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Figure 8 Effect of brazing time ¢ on reaction zone thickness X in
SizN,—W joints with Cu—5% Ti and Cu—10% Zr filler metals (after
Nakao et al. [58]).

obtained at prolonged brazing time reveal that the
growth rate starts to level off, as shown by Fig. 9. This
observation may indicate that elemental diffusion has
been reduced, either by a concentration-dependent
diffusivity or through impingement. Nakao et al. [58]
suggested that impingement was caused by consump-
tion of titanium (or zirconium) through (e.g) the
reaction with nitrogen or silicon. Under such condi-
tions, the time exponent has been reduced to 0.5. The
activation energy for diffusion, when calculated from a
logk—(1/T) type of plot, was reported to be 318 and
429 kJ mol ™! for Cu—5% Ti and Cu-10% Zr alloys,
respectively. According to Nakao et al. [58], these

25 7

log [X (um)]

05

log [£(s)]

" Figure 9 Effect of brazing time ¢ on reaction zone thickness X in

Si;N,~W joints at (@) 1125°C (Cu-5% Ti) and (A) 1175°C
(Cu-10% Zr) (after Nakao et al. {58]).

TABLE II Possible reactions between titanium- and zirconium-containing fillers and silicon-based ceramics

Reaction® Free energy (kJ mol ™ 1) References
Ti(s) + iN,(g) = TiN(s) AG° = — 3358 4+ 0.093T [72, 73]
Zr(s) + IN,(g) = ZrN(s) AG° = — 364 + 0.093T {72, 73]
Ti(s) + Si(g) = TiSi(s) AG° = — 6109 + 0.172T [69]

1 Ti(s) + Si(g) = 4 TiSi,(s) AG° = — 5384 4+ 0.150T [69]
Si;N 4 (s) + 9Ti(s) = 4TiN(s) + TisSis(s) AG° = — 1370 + 0.163T [58]
SizN4(s) + 9Zr(s) = ZrsSiz(s) + 4ZrN(s)® AG® = — 1520+ 0.201T 58]

2 The symbols g and s represent gas and solid states, respectively.

The zirconium nitride may have different chemical compositions, and the free energy change is dependent on the state of zirconium (the o

state is represented above) [72, 73],
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values are higher than the activation energy for diffu-
sion of nitrogen in nitrides. This may, in turn, imply
that the growth rate is controlled by diffusion of active
metals (Ti, Zr) or Si within the reaction layer. How-
ever, determination of rate-controlling processes from
calculated activation energies is not recommended,
since the apparent activation energy may represent
several mechanisms or rate-controlling steps (sum of
activation energies). In fact, the activation energy for
diffusion of titanium in copper has been reported to be
196 kJ mol ~! [79]. This is much lower than the value
of 318 kI mol™! calculated for Cu-5% Ti alloys.
Hence, it is reasonable to suggest that other mech-
anisms are rate-controlling. Presumably, the reaction
layer may, when once formed, act as a diffusion bar-
rier. As a consequence, several stages are probably
involved in the growth process, each being character-
ized by an activation energy. Hence, further work is
required to clarify the mechanism involved in reaction
layer growth when brazing ceramics with Cu-based
active metal brazes.

As mentioned previously, small amounts of Ni, Be,
Cr, V, In and Co are frequently added to active brazes,
and may give rise to complex elemental interactions
during wetting and spreading. One of the most im-
portant aspects is that such elements may prevent
extensive growth of reaction layers, as shown in
Fig. 10 for brazing of AIN with Co- and Nb-contain-
ing Ag—Cu-Ti alloys. In the case of Co, however, the
layer growth was primarily reduced at low brazing
temperatures (< 900°C) and short brazing times
(< 10 min). In contrast, it appeared that Nb had a
strong adverse effect on the layer growth, independent
of temperature and time. A reduction of the thickness
from 10 pm to about 2-3 pm was found when adding
10wt % Nb to the Ag—-Cu-Ti alloy. This point is
illustrated in Fig. 11. Although only few data have
been published, additions of Nb resulted in a joint
strength improvement, which is consistent with a
smaller width of the reaction zone. It was shown that
Nb diffused into the Ti-rich reaction layers. Kuzumaki
et al. [80] regarded the formation of (Ti, Nb) N as
possible, since they observed a distortion of the TiN
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Figure 10 Effect of brazing time ¢ on reaction zone thickness X for
growth between AIN and Ag—Cu alloys at 850 °C (after Kuzumaki
et al. [80]: (@) Ag—Cu-5Ti, (A) Ag-Cu-5Ti-5Co, (M)
Ag-Cu-5Ti-5Nb.
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Figure 11 Effect of niobium concentration on reaction zone
thickness X between AIN and Ag—-Cu—5% Ti alloy brazed at 950°C
for 30 min (after Kuzumaki et al. [80]).

lattice when Nb was added to Ag-Cu-Ti alloys. How-
ever, since the Ti—-Nb system is characterized by a full
mutual solid solubility at the actual brazing temper-
ature, an alternative hypothesis is that additions of Nb
may reduce the activity of Ti. A similar effect would
thus be expected for V additions. This is in sharp
contrast to that obtained when adding elements with a
low solubility of Ti (e.g. Sn and In) where the activity
of Ti is raised (additions of Sn or In reduce the
concentration of Ti required to saturate Ag—Cu or Cu
brazes). In addition, the surface energy of the latter
elements is low, which may facilitate segregation of Ti
to the brazing alloy surface. This may, in turn, change
the interface chemistry through compound formation.
Although data from brazing of other ceramics with
Nb-containing alloys are not yet available, they may
represent a significant potential for practical appli-
cations due to the improved strength caused by the
reduced reaction layer growth.

5. Properties of brazed joints

In the following section, information on the mechan-
ical properties of directly brazed joints made with filler
metals containing active elements will be given. For
indirectly brazed joints (premetallized ceramic sur-
faces), a discussion of mechanical properties is given
by Pattee [31].

5.1. Ceramic—ceramic joints

The fracture shear stress of directly brazed
Si;N,-Si3N, and SiC-SiC joints has been plotted
versus the brazing temperature in Figs 12 and 13,
respectively. In general, the strength tends to increase
with the brazing temperature until a maximum level is
reached (at 1050 and 1000-1025 °C for Si;N, and SiC,
respectively), which is consistent with a continuous
reduction of the wetting angle with increasing temper-
ature. However, beyond a certain temperature the
joint strength is rapidly reduced. This reduction may
be caused by extensive interactions between the ce-
ramics and the Cu-Ti filler alloy, i.e. rapid growth of
the reaction layer. In addition, an increase in the
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Figure 12 Effect of brazing temperature T on fracture shear stress of
silicon nitride brazed with different Cu-Ti alloys for 30 min in a
vacuum (after Naka et al. [25]): (®) 66Cu-34Ti, (A) 50Cu-50 Ti,
(M) 43Cu-57Ti.
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Figure 13 FEffect of brazing temperature T on fracture shear stress of
silicon carbide brazed with different Cu-Ti alloys for 1 min in a
vacuum (after Naka et al. [24]): (A) 50Cu-50Ti, (@) 43Cu—57Ti.

brazing temperature may result in an associated in-
crease in the residual stress level.

As experienced with temperature, the strength of
Si;N,-SiyN, and SiC-SiC joints passes through a
maximum with increasing brazing time. This observa-
tion is illustrated in Fig. 14. In the case of the 50 at %

200 T T T T T T

150

100
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0 r | L I | 1
0

20 40 60 80 100 120 140
¢ {min)
Figure 14 Effect of brazing time ¢ on fracture shear stress of silicon
carbide and silicon nitride brazed with 50 at % Cu-50at % Ti filler
alloy, vacuum brazing at () 1000 °C (SiC) and (@) 1100 °C (Si;N,)
(after Naka et al. [24, 25]).
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Cu-50 at % Ti filler alloy, the optimum brazing time is
about 30 min for both silicon nitride and silicon
carbide. This brazing alloy also provides reasonably
high strength at elevated temperatures. An inspection
of Fig. 15 reveals that the fracture shear strength is
beyond 100 MPa at temperatures below 725 °C, which
is sufficient for many applications. A comparison be-
tween Figs 12, 13 and 14 further reveals that silicon
nitride joints possess a higher strength level than that
of silicon carbide, which is in agreement with the
initial base-ceramic strength level (sintered or hot-
pressed). The strength reduction as a result of joining
cannot be estimated since the base material properties
have not been reported.

5.2. Ceramic—metal joints

Since ceramics in general are brittle materials, they are
frequently joined to metals with a relatively high
toughness and ductility. It will be seen from the
following discussion that the major emphasis has been
put on the development of ceramic-metal joints with a
reasonably high temperature resistance. The results
from mechanical testing at elevated temperatures have
been plotted in Fig. 16 (alumina to copper or Kovar)

300

250 b 4

Fracture shear stress (MPa)

50 + 4

4] 1 I '
0 200 400 600 800

Testing temperature (° C)

Figure 15 Effect of testing temperature on fracture shear stress of
silicon nitride brazed with 50at % Cu-50at % Ti alloy in vacuum
at 1100°C for 30 min (after Naka et al. [25]).
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Figure 16 Effect of testing temperature on fracture snear stress of
Al,O;—metal joints brazed with 50at % Cu—50at % Ti filler alloy
in vacuum for 30 min; brazing temperature () 1025 °C for copper
(after Naka et al. [69]) and (@) 1150 °C for Kovar (after Naka et al.

[20)).
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Figure 17 Effect of testing temperature on fracture shear stress of
silicon carbide—stainless steel (AIST 316) joints brazed in vacuum at
950°C for Smin with 59 wt% Ag-23wt% Cu-18wt% Ti filler
alloy (after Iseki et al. [42]).

and Fig. 17 (silicon carbide to stainless steel). In the
former case, the room-temperature strength level is
maintained at temperatures below 500 and 600 °C for
copper and Kovar (Fe-29 wt % Ni-17 wt % Co alloy),
respectively. Beyond these temperatures, the fracture
shear stress has been significantly reduced. It should
be noted that the maximum room-temperature bond
strength of alumina—copper joints occurs for a brazing
alloy titanium content of 30-40 wt % [81], which is in
agreement with the level required to obtain a min-
imum wetting angle. A similar maximum temperature
has been found for SiC-stainless steel joints (Fig. 17),
although the strength level is substantially lower than
that of alumina. It is therefore implied that the
elevated-temperature strength of ceramic—metal joints
is mainly controlled by the metal properties, since
ceramics normally tolerate exposure to high temper-
atures before strength reduction occurs.

It should be noted that data on the strength of
brazed joints are lacking for ceramic—superalloy
bonds. This may be due to the fact that active brazing
alloys for high-temperature applications have not
yet been developed. Under such severe service con-
ditions, the titanium-containing filler metals (Cu-Ti,
Ag-Cu-Ti, Ti-Zr and Sn-Ti) do not withstand high
temperatures (=~ 1000°C) and aggressive environ-
ments. Hence, other filler metals should be considered.
The nickel-based filler BNi-5 (American Welding
Society Specification) has been examined in brazing
silicon carbide to Inconel 600. It has been shown that
extensive chemical reactions between the ceramic and
the brazing filler metal may occur [82], resulting in a
substantial degradation of the high-temperature prop-
erties of both SiC and Inconel 600. Although signifi-
cant improvements have been made over the last
decade, further developments in brazing filler metals
are required to provide alloys which can meet the
severe service conditions applied to ceramics.

5.3. Mismatch in thermal expansion (residual
stresses)

For bonds between dissimilar materials, it is well

recognized that a coefficient of thermal expansion

mismatch may influence the joint strength consider-
ably through the formation of large stresses and
strains on cooling. An example of cracks formed as a
result of expansion mismatch is shown in Fig. 18 for
alumina brazed to a carbon-manganese steel with a
0.1 mm thick Ag—Cu-Ti alloy at 890 °C. Strength data
from direct brazing of Si;N, to metals or oxide ceram-
ics (Al, O, ZrO, and MgO) with 50 at % Cu-50at %
Ti fillers (vacuum, 1000°C, 5 min) are presented
graphically in Fig. 19 versus the difference in coefli-
cient of thermal expansion. In spite of the large scatter
observed, the joint strength tends to decrease with
increasing mismatch. A similar trend has been found
in the case of an aluminium brazing alloy, as shown by
Fig. 20. These observations are closely linked to the
formation of residual stresses at the bond interface
during the brazing cycle. In the case of high brazing
temperatures, the level of residual stresses may coun-
teract the beneficial effect of temperature on wetting.
This means that the joint strength may be reduced in
spite of an increased wettability.

The level of residual stresses in the close vicinity of
the interface between two adjacent materials 1 and 2
may be estimated roughly on the basis of the following

C-Mn steel

introduced cracks in an

Figure 18 Example of thermally
alumina—C-Mn steel joint brazed at 890°C with a 0.1 mm thick
Ag—Cu-Ti alloy.
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Figure 19 Effect of thermal expansion coefficient mismatch on
Si;N,—metal and Si;N,—oxide ceramic joint strength; direct
brazing with 50 at % Cu—50at % Ti filler in vacuum at 1000°C for
5 min (after Naka and Okamoto [23]).
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Figure 20 Effect of thermal expansion coefficient mismatch on
metal-Si;N, (metallized with Al) joint strength, brazed at 700°C
(after Naka et al. [83]).

expression [84], provided that the materials can de-
form elastically only (a reasonable approach for cer-
amics), and that the stresses generated on both sides of
the reaction layer do not interfere with each other:

E1E2
o= = 0y = 2 m,

E, + E, — )Ty — Tp) (9)

Here E is Young’s modulus, o the thermal expansion
coefficient, T the brazing temperature and 7, the
temperature of the surroundings (normally the room
temperature). Equation 9 is similar to that developed
for stresses set up during formation and subsequent
growth of oxide layers on metals (e.g. {85, 86]).

In the case of low external load, Equation 9 predicts
that different thermal expansion may give rise to
tensile stresses within the metal, and compressive
stresses within the ceramic due to its lower expansion.
In practice, however, the distribution of stresses in
ceramic-metal joints is much more complex than that
described by Equation 9 [87-89], and is non-uniform
along the interface as well as within the ceramic. The
most harmful effect on joint strength occurs when the
tensile part of residual stresses acts on the interface or
in the ceramic body. Moreover, the difference in
Young’s modulus may introduce stress concentrations
at the interface between the dissimilar materials.

In spite of this complex situation, an illustration of
the significance of residual stresses may be obtained
from rough estimates using Equation 9 and the follow-
ing relationship between defect size and stress level
(considering the ceramic side only, and neglecting the
contribution from K):

T 1/2
3 c(na)!/ (10)

K, =
where K| is the fracture toughness of ceramics, /2
represents the defect and specimen geometry, o is the
residual stress (no external load applied), and a is the
defect size (crack, pore, lack of bonding).

By inserting reasonable data for the fracture tough-
ness of ceramics (typically 4 MPam'/?) and stress
values obtained from Equation 9 and using the data
contained in Table III, the critical defect size at the
interface or within the ceramic body has been calcu-
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TABLE III Young’s modulus, E, and coefficient of thermal ex-
pansion, ¢, used for calculating residual stresses (Equation 9) and
critical defect size (Equation 10)

Material Young’s Coefficient of thermal
modulus expansion (x 1076 °C™1)
(GPa)

Fe 210 12.1 (10-200 °C)

Cu 110 17.2 ( 0-200°C)

Invar 147 2.0 (30-100 °C)

Kovar 147 6.0 (30-500 °C)

SUS 304 210 17.8 ( 0-300 °C)

ALO, 360 8.1 (25— )

710, 131 100 (25— )

MgO 85 133 25~ )

Si,N, 294 3.7 (40-800 °C)

Inconel 600 217 6.7 (25— )

Ti 117 9.7 (25-600 °C)

w 350 4.6 (25-500 °C)

Mo 329 5.7 (25-500 °C)

Cr 210 11.3 (25-600 °C)

Ni 168 11.0 (25-600 °C)

Nb 112 7.0 (25— )

lated for alumina—ceramic and alumina—metal joints.
These results are shown graphically in Fig. 21. In the
case of a small thermal expansion mismatch (<3
x 1079 °C~1), the critical defect size is estimated to be
of the order of 0.05-0.25 mm. It is shown that niobium
may provide the highest critical size because of a
similar thermal expansion to that of alumina. This is
in agreement with results obtained from diffusion
bonding of alumina using niobium interlayers, where
it was shown that niobium may reduce the residual
stress level considerably [90].

In the case of a large mismatch, the critical crack
length is reduced to a few micrometres, which is
similar to previous estimates for reaction-bonded sili-
con nitride [91]. In practice, such defects may be
present in ceramics in the form of pores. This may
imply that ceramic processing (i.c. density) and surface
preparation is important to provide sufficient joint
mechanical properties. In fact, both Young’s modulus
[92] and strength [93], and hence strain at fracture,
are found to be exponentially dependent on the vol-
ume fraction of pores (see the review by Moulson
[94]). Therefore, it is not surprising that failure may
occur in ceramic joints even without application of an
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Figure 21 Effect of thermal expansion coefficient mismatch on
critical defect size a (calculated from Equation 10) in direct brazing
of Al,O,-metal and Al,O;—ceramic joints at 900°C.



external load. Moreover, it is implied that testing of
ceramics requires an adequate test technique, which
besides adherence also includes an assessment of the
flaw size (e.g. pores, internal cracks, lack of bonding).
A discussion of these aspects is given by Moorhead
and Becher [95]. In addition, design data with suffi-
cient reliability and quality are still lacking [96].

6. Summary
The scientific principles involved in the brazing of
ceramics have been discussed. In general, wetting
seems to be the limiting factor to obtain sufficient
adherence. This fact has led to the development of
various techniques to metallize the ceramic surfaces
prior to brazing (indirect brazing). Recent advances
have, however, resulted in new types of brazing alloy,
which provide sufficiently low contact angles due to
the addition of active elements. These are essentially
Ag—Cu, Ag or Cu brazes with additions of Ti, and Sn-
based solders. In this case premetallization is not
necessary, which means that direct brazing is possible.
The joining operation is normally performed in
vacuum environments or a high-purity inert gas atmo-
sphere to prevent the active metal constituent from
reacting with oxygen, hydrogen, nitrogen or carbon.
The mechanical properties of directly brazed
ceramic—ceramic and ceramic—metal joints have been
discussed as functions of key parameters such as
temperature and time. In the brazing of dissimilar
materials, the mismatch in coefficient of thermal ex-
pansion between the joint members may result in the
formation of large residual stresses. This may, in turn,
reduce the mechanical integrity of the joint. Under
such conditions, the maximum allowable flaw size to
avoid initiation of unstable fracture become very
small, indicating that failure may occur even in the
absence of external load. Hence, the test techniques
employed to characterize ceramic—metal bonds
should include an assessment of the critical flaw size,
in addition to adherence.
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