
JOURNAL OF MATERIALS SCIENCE 32 (1997) 5321 — 5333

Improving the strength of brazed joints
to alumina by adding carbon fibres
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The addition of short, bare, carbon fibres to a silver-based active brazing alloy

(63Ag—34Cu—2Ti—1Sn) resulted in up to 30% improvement in the shear/tensile joint strength

of brazed joints between stainless steel and alumina. The optimum fibre volume fraction

in the brazing material was 12%. This improvement is attributed to the thinning and

microstructural simplification of the alumina/braze reaction product (titanium-rich) layer, the

softening of the brazing alloy matrix, the strengthening of the braze and the reduction of the

coefficient of thermal expansion. The depth of titanium diffusion into the alumina was

decreased by the fibre addition. The first two effects are due to the absorption of titanium by

the fibres. This absorption resulted in less titanium in the brazing alloy matrix, a braze/fibre

particulate reaction product (titanium-rich) on the fibres and the diffusion of titanium into the

fibres. In contrast, the use of an active brazing alloy with a lower titanium content but

without carbon fibres gave much weaker joints.
1. Introduction
The joining of a ceramic to a ceramic or a metal to
a ceramic by brazing [1, 2] is a widely used process in
electronic packaging and in the manufacturing of en-
gines and turbines. This process is complicated by the
poor wetting between the brazing alloy and the ce-
ramic. One solution to this wetting problem is the
prior coating of the ceramic by a metal, but this
solution adds an extra expensive step to the process.
Another solution is the use of an active brazing alloy
(ABA) which is a silver-based alloy containing a small
proportion of titanium [3—5]. The titanium reacts
with the ceramic, thus enhancing the wetting of the
brazing alloy with the ceramic. It is necessary to have
titanium react with the ceramic from the wetting point
of view. However, the titanium—ceramic reaction re-
sults in a reaction layer at the interface between the
brazing alloy and the ceramic. The ceramic is attacked
by the reaction, which results in more brittleness and
microstructure defects at the ceramic—braze interface.
Therefore, the titanium—ceramic reaction, the micro-
structure and thickness of the reaction layer should
greatly affect the quality of the brazed joint. In par-
ticular, a thinner reaction layer is expected to be
beneficial, because the reaction product is most prob-
ably brittle and the reaction necessarily degrades the
surface of the ceramic [6, 7]. However, little work has
been done to modify the reaction layer in order to
improve the quality of the brazed joint. In this work,
up to 30% increase in the shear/tensile strength of
stainless steel/alumina joints was achieved by adding
12 vol% carbon fibres to the active brazing alloy. The
addition of carbon fibres decreased the reaction layer
0022—2461 ( 1997 Chapman & Hall
thickness and simplified the reaction layer microstruc-
ture. Also, the addition of carbon fibres softened the
silver—copper braze matrix, which helped absorb more
thermal stress generated during the cooling down
stage of brazing. The carbon fibres, just like the ce-
ramic, reacted with the titanium in the brazing alloy,
thus acted as a titanium trap, thereby causing thick-
ness decrease and microstructural modification in the
reaction layer, and causing the brazing alloy matrix to
decrease in hardness.

The high thermal expansion coefficient (CTE) of the
metal to be joined to the ceramic and of the brazing
alloy compared with the ceramic, causes thermal
stress which degrades the quality of the brazed joint
[8—11]. This problem may be alleviated by the addi-
tion of a low CTE material (particles or fibres) in the
brazing alloy [12]. In this work, carbon fibres served
also to decrease the CTE of the brazing material.
From composite theory, carbon fibres are also a rein-
forcement that increases the overall strength of the
brazing layer. However, the decrease of CTE and the
reinforcing effect are not the only reasons that carbon
fibres increase the brazing joint strength, as shown in
this work.

The use of carbon fibres in a silver-based but not
active (not containing titanium) brazing alloy [13]
and in a silver-based active brazing alloy [14] had
previously been reported. However, all previous work
had been focused on metal-coated carbon fibres, as the
metal coating was supposed to enhance the wetting of
the brazing alloy on the carbon fibres. In contrast, this
work used bare carbon fibres, which are less expensive
than metal-coated carbon fibres and gave comparable
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effects as the metal-coated fibres, because the dissolu-
tion of the copper coating by the brazing alloy took
place anyway [14]. In addition, this work provides the
first elucidation of the joint-strength improvement
through examination of the reaction layer thickness
and microstructure.

2. Experimental procedure
The active brazing alloy used was in paste form (Type
Cusin 1 ABA, from WESGO, Inc., Belmont, CA). It
contained 63 wt% Ag, 34.25 wt% Cu, 1.75 wt% Ti
and 1.0 wt% Sn.

The carbon fibres were chopped fibres (10 lm dia-
meter, nominally 100 lm long) from Ashland Petro-
leum Co., Ashland, KY, USA. They were amorphous,
bare, unsized and based on isotropic pitch. Such fibres
are the least expensive among carbon fibres, and their
tensile modulus and strength are the lowest among
carbon fibres.

The carbon fibres were added to the brazing alloy
paste and mixed to make a composite brazing paste.
Various proportions of fibres were added to obtain
various volume fractions (0—30%) of fibres in the braz-
ing material after brazing.

The metal used as a component to be joined to
a ceramic was 304 stainless steel. The ceramic used
was alumina (Type AL-96 from Superior Technical
Ceramic Corp.). Stainless steel/alumina joints were
subjected to strength tests. However, alumina/
alumina rather than steel/alumina joints were sub-
jected to interface examination in order to avoid
phases due to the presence of steel. In all joints, the
brazing paste was applied between the components to
be joined. By controlling the amount of paste applied,
the final braze thickness was controlled. No flux was
used. The brazing process was conducted in a vacuum
furnace, which was heated at a rate of 10 °C min~1 to
the brazing temperature (800—850 °C), held at the
brazing temperature for 10 min and then cooled at
4.8 °Cmin~1.

Two kinds of carbon fibre distribution in the braz-
ing alloy were investigated. They were the case of
fibres uniformly distributed and the case of fibres
concentrated near the alumina side, such that a CTE
graded junction resulted. In the former case, the car-
bon fibre containing active brazing alloy paste (refer-
red to as the composite paste) was applied at the
bonding surface, as previously described. In the latter
case, the composite paste was used in conjunction
with the paste without carbon fibres (referred to as the
pure paste), such that the composite paste was applied
to the alumina while the pure paste was applied to the
steel and the two pastes after drying were in contact.
In each case, the composite paste portion of the braz-
ing material resulted in a composite containing 8, 12
or 20 vol% fibres. Unless stated otherwise, the fibre
containing brazing materials of this work contained
uniformly distributed fibres.

Joint-strength testing under shear and tension was
performed using the configurations schematically
shown in Fig. 1a and b, respectively. In shear testing,
two pieces of alumina were symmetrically bonded to
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Figure 1 Configuration for joint strength testing for joints between
stainless steel (shaded) and alumina. (a) Shear (b) tension. Dimen-
sions are in mm.

both sides of each of two steel sheets, such that the
overlap area was smaller for one piece of steel than the
other. The failure necessarily occurred at the overlap
with the smaller area, which was 30 mm2 per side,
upon pulling in a direction parallel to the bonding
plane. In tensile testing, a steel rod bonded at one
end to a flat face of an alumina cylinder was pulled
in a direction perpendicular to the bonding plane.
Four samples of each type were subjected to each kind
of test.

3. Results and discussion
Fig. 2 shows scanning electron micrographs of the
polished cross-sections of stainless steel/alumina
joints for the case of uniformly distributed carbon
fibres in amounts of (a) 8 vol%, (b) 12 vol% and (c)
20 vol% of the brazing material. Fig. 3 shows corres-
ponding micrographs for the case of carbon fibres
concentrated near the alumina side, such that carbon
fibres were in amounts of (a) 8 vol%, (b) 12 vol% and
(c) 20 vol% of the portion of the brazing material
resulted from the fibre containing brazing alloy paste.
Figs 2 and 3 indicate that the fibres were preferentially
oriented in the plane of the joint, i.e. they were prefer-
entially two-dimensionally random in orientation.

Fig. 4 shows the stainless steel/alumina shear joint
strength for the case of uniformly distributed fibres
and for different values of the braze thickness. At each
fibre content, the joint shear strength increased and
then decreased with increasing braze thickness. The
optimum braze thickness for the maximum shear
strength was 37, 115, 143 and 240 lm for carbon
fibre volume fractions of 0%, 8%, 12% and 20%,



Figure 2 Scanning electron micrographs of the cross-sections of stainless steel/alumina joints with uniformly distributed carbon fibres in
amounts of (a) 8 vol%, (b) 12 vol%, and (c) 20 vol% in the brazing material.

Figure 3 Scanning electron micrographs of the cross-sections of stainless steel/alumina joints with carbon fibres concentrated in the part of
the brazing material near the alumina. The fibre volume fractions were (a) 8%, (b) 12%, and (c) 20% in the part of the brazing layer containing
fibres.
Figure 4 Shear joint strength versus braze thickness for dif-
ferent carbon fibre contents: (d) 0, (h) 8, (s) 12 and (j)
20 vol %. The fibres were uniformly distributed throughout the
brazing layer.
respectively. With all braze thicknesses and fibre vol-
ume fractions considered, the highest shear strength
was attained by the braze with 12 vol % fibres and
a thickness of 143 lm. This strength value is 25%
higher than the maximum strength for the case with-
out fibre.

Table I shows the results of stainless steel/alumina
joint strength testing conducted under shear for the
case of uniformly distributed fibres and the case of
a graded junction, and under tension for the case of
uniformly distributed fibres. In each case, the opti-
mum braze thickness for obtaining the listed strength,
is given. At each fibre volume fraction, the joint shear
strength was higher in the graded junction case than
the case of uniformly distributed fibres. Although the
braze thickness was higher for the graded junction
case than the case of uniformly distributed fibres for
each fibre volume fraction, the higher strength for the
graded junction case was not a consequence of the
braze thickness difference. This is because the braze
thickness used for each fibre volume fraction in the
case of uniformly distributed fibres was the optimal
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TABLE I Joint strength of stainless steel/alumina brazed joints with various volume fractions of carbon fibres in the brazing layer

Carbon fibre Joint tensile strength
(vol %) Joint shear strength and braze thickness and braze thickness

Uniform Graded Uniform

Strength Thickness Strength Thickness Strength Thickness
(MPa) (lm) (MPa) (lm) (MPa) (lm)

0 89.8$4 30—40 89.8$4 30—40 21.9$0.6 30—40
8 99.2$3 110—120 102.3$3 230—250 23.8$0.5 110—120

12 112.0$3 140—150 116.6$3 280—300 28.5$0.5 140—150
20 78.7$4 230—250 94.4$3 320—340 26.6$0.7 230—250
thickness for maximum shear joint strength for that
fibre volume fraction (Fig. 4). Increase of the braze
thickness beyond the optimum value would decrease
the joint strength. In spite of the greater braze thick-
ness in the graded junction case, the joint strength was
higher. The joint shear/tensile strength increased with
increasing fibre content up to 12 vol%, at which the
strength was maximum, corresponding to a 30% in-
crease from the value at 0 vol% fibres. Above 12
vol%, the shear/tensile strength decreased from the
maximum value, such that the decrease was much less
severe under tension than under shear. This difference
between tension and shear testing results at 20 vol %
fibres is due to the porosity in the brazing material (to
be shown later in this paper) at this high fibre content
and the greater dependence of the joint strength on the
strength of the brazing material under shear than
under tension.

The braze thickness is an important factor that
affects the joint strength. An increase of the braze
thickness increases the total amount of titanium,
which may result in excessive reaction between tita-
nium and the bonding surface. However, the addition
of carbon fibres resulted in a large increase in the total
surface area available to react with titanium. In order
further to understand these effects, we introduce the
concept of the ‘‘titanium factor’’, which is defined as
the total volume of brazing alloy (proportional to the
amount of titanium) divided by the sum of the bond-
ing surface area and carbon fibre surface area. Assum-
ing that the amount of titanium per unit area of the
bonding surface is the same as that per unit area of the
fibre surface, the titanium factor is proportional to the
amount of titanium per unit area of the bonding
surface. The dashed curves in Fig. 5 show that the
titanium factor increases with increasing braze thick-
ness at all fibre contents. The number adjacent to each
solid line is the shear joint strength in MPa at the
particular combination of braze thickness and tita-
nium factor. The titanium factor sharply increased
with increasing braze thickness when no carbon fibre
was present. However, with the addition of carbon
fibres, the titanium factor increased much less ab-
ruptly with increasing braze thickness. The higher the
carbon fibre volume fraction, the less abruptly did the
titanium factor increase with increasing braze thick-
ness. This effect gives an extra advantage for the car-
bon fibre addition. That is, when the braze thickness
changes within a brazed joint (as may be necessitated
5324
Figure 5 Titanium factor versus braze thickness for different carbon
fibre contents. The fibres were uniformly distributed throughout the
brazing layer. The titanium factor was calculated as the total vol-
ume of brazing alloy divided by the sum of the bonding surface area
and carbon fibre surface area, assuming that the overlap (joint) area
was 100 mm2 and the fibre had 10 lm diameter and an aspect ratio
of 10.

by the topography of the bonding surfaces), the tita-
nium factor does not change much within the brazed
joint if carbon fibres are present, so that local over-
brazing (titanium-ceramic over-reaction) or under-
brazing (titanium being insufficient) may be avoided.

Fig. 5 also indicates that, if the titanium factor is
below 12 (e.g. the case of 20 vol% fibres), the joint
strength is low. This means that the use of excessive
fibres decreases the titanium factor too much, and
thus results in a decrease of the joint strength. In order
to understand the effect of excessive fibres, the micro-
structure of an alumina/alumina joint with 30 vol%
fibres in the brazing material was examined.
Fig. 6 shows the cross-sectional view of the joint, such
that only the portion of the cross-section containing
the alumina/braze interface (line near to and almost
parallel to the left edge of Fig. 6) is shown. Large pores
were observed at the interface within the brazing



Figure 6 Cross-sectional view of an alumina/alumina joint with
30 vol% fibres in the brazing layer, showing the alumina/braze
interface (near the left edge of the photograph).

Figure 7 A view within the brazing material in the sample of Fig. 6,
showing poor wetting of brazing alloy with the fibres.

material, indicating that the brazing material failed to
cover the alumina surface completely. This is because
of the insufficient wetting of alumina by the brazing
alloy due to the insufficient amount of titanium at the
alumina/braze interface. In other words, the reaction
layer was not continuous at the interface. The insuffi-
cient titanium concentration at this interface is due to
the trapping of titanium by the excessive carbon fibres
present. Fig. 7 shows the microstructure within the
brazing layer. Large pores were observed at the fibre/
braze interface due to insufficient wetting of the braz-
ing alloy with the fibres (associated with the insuffi-
cient concentration of titanium). Fig. 7 shows several
fibres in different orientations. Fig. 8 shows another
portion of the brazing material — a region in which the
fibres (e.g. those near the lower left corner of Fig. 8) are
well surrounded by the brazing alloy. In this region,
the fibres hindered the shrinkage of the brazing alloy
during solidification, thus resulting in small pores in
the brazing alloy between the fibres.

Fig. 9 shows scanning electron micrographs of the
alumina/braze interface of alumina/alumina joints
containing 0, 8, 10 and 20 vol % carbon fibres in the
brazing material; the braze thickness was 40, 110, 140,
230 lm, respectively. These braze thicknesses are aver-
age values, as the surface of the alumina was not
perfectly smooth, as shown in Fig. 9. The reaction
Figure 8 A view within the brazing material in the sample of Fig. 7,
showing pores within the brazing alloy mixture.

layer at the interface was found to decrease with in-
creasing fibre content, as confirmed by X-ray spectro-
scopy results. Furthermore, the microstructure of the
reaction layer was more uniform when fibres were
present than when fibres were absent. Fig. 10 shows
the elemental distributions across the interface hori-
zontally around the middle of Fig. 9, as obtained by
energy dispersive X-ray spectroscopy, using an elec-
tron-beam size of diameter)0.8 lm. These elemental
distributions allowed determination of the titanium-
rich reaction layer thickness. The reaction layer thick-
ness thus determined were essentially the same (within
$0.5 lm) as that determined from the microscope
image. The variation of the reaction layer thickness
with fibre volume fraction is shown in Table II. Fig. 10
also shows that titanium diffused into alumina (which
may result in the damage of the alumina microstruc-
ture). From the length of the tail in the titanium
concentration profile, the diffusion depth into the
alumina was determined, as shown in Table III. The
diffusion depth decreased with increasing fibre volume
fraction. The presence of a titanium-rich reaction layer
and the diffusion of titanium into alumina were also
indicated by X-ray spectroscopy conducted on planes
parallel to the joint (revealed by chemical etching), as
described later in this paper.

Koyama et al. [15] used X-ray photoemission spec-
troscopy (XPS) to study the Ti—Al

2
O

3
interface. The

titanium depth profiles indicated that the diffusion
depth of titanium into Al

2
O

3
was about half of the

reaction layer (samples were heated at 900 °C for
5 min). In our case, the reaction layer thickness was
about 4.5 lm (Table II, 0% carbon fibre) and the
diffusion depth was about 2.4 lm (Table III, 0% car-
bon fibre). That 2.4 lm is close to half of 4.5 lm is in
good agreement with Koyama’s result. Hao et al. [16]
plotted the reaction layer thickness versus holding
time of the Al

2
O

3
—Al57Cu38Ti5 joint by using Fick’s

Law of Diffusion. By using Hao et al.’s results [16],
the diffusion depth of titanium into Al

2
O

3
for our case

was estimated to be 1.5 lm, which is quite close to the
measured diffusion depth.

Careful examination of Figs 9a and 10a shows that
the reaction layer comprises a thin layer with a uni-
form microstructure in contact with the alumina and
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Figure 9 Scanning electron micrographs of the cross-sections of alumina/alumina joints with (a) 0 vol %, (b) 8 vol %, (c) 12 vol%, and (d)
20 vol% carbon fibres uniformly distributed in the brazing material. Only the part of the cross-section containing the alumina/braze interface
is shown in each case.

Figure 10 Elemental concentration profiles determined by X-ray spectroscopy performed along a horizontal line near the middle of the
corresponding photograph in Fig. 9: (a) 0 vol% fibres, (b) 8 vol % fibres, (c) 12 vol % fibres, and (d) 20 vol% fibres.
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TABLE II Effect of carbon fibre volume fraction in the brazing
material on the reaction layer thickness at the alumina/braze inter-
face

Carbon fibre volume fraction (%)

0 8 12 20

Reaction layer 4.5$0.5 3.0$0.5 2.2$0.5 1.5$0.5
thickness (lm)

TABLE III Effect of carbon fibre volume fraction in the brazing
material on the titanium diffusion depth into alumina

Carbon fibre volume fraction (%)

0 8 12 20

Diffusion 2.4$0.5 1.2$0.5 0.8$0.5 0.6$0.5
depth (lm)

Figure 11 The top view of the etched alumina/braze interface, with
alumina (grainy surface) underneath the braze. The alumina/braze
reaction product remained on the alumina after etching.

a thick layer with a non-uniform microstructure next
to it. The copper concentration was higher in the thick
layer than the thin layer. The combinations of Figs 9b
and 10b, Figs 9c and 10c, and Fig 9d and 10d show
that the layer with non-uniform microstructure dimi-
nished with increasing fibre content such that the
reaction layer consisted of only one layer with a uni-
form microstructure when the fibre volume fraction
reached 12% or 20%. The decrease in the titanium
factor as the fibre volume fraction increased is the
main cause for the microstructure uniformity.

Fig. 11 shows the top view of the alumina/braze
(without fibres) interface, with the alumina underneath
the braze, as revealed after etching in a 35 vol% nitric
acid solution for 20 min. The etching removed mainly
the metallic parts of the braze, leaving behind the
reaction layer and the alumina. The portion with
a grainy microstructure in the left quarter of Fig. 11
was the alumina, which was characterized by a grainy
surface topography. The centre portion with a coarse
blocky microstructure was the part of the reaction
layer in contact with the alumina, corresponding to
the layer with a uniform microstructure in Fig. 9a. The
portion near the top right corner of Fig. 11 with
a more disordered microstructure was the part of the
reaction layer not in contact with the alumina, corres-
ponding to the layer with a non-uniform microstruc-
ture in Fig. 9a and to the layer with a relatively high
copper content in Fig. 10a.

Higher magnification views of the various portions
of Fig. 11 are shown in Figs 12—14. Fig. 12a provides
a closer look of the part of the reaction layer in contact
with the alumina. The X-ray spectrum taken at a point
near the centre of Fig. 12a is shown in Fig. 12b. It
shows that this part of the reaction layer is rich in
titanium and very poor in silver or copper. The alumi-
nium peak in Fig. 12b originates from the alumina
substrate. The elemental proportions given in Fig. 12b
for this part of the reaction layer are more accurate
than those given in Fig. 10a for this same part, as Fig.
12b was obtained by probing this part with little
chance of interference by the adjacent part of the
reaction layer.

Fig. 13 gives a closer look of the part of the reaction
layer not in contact with the alumina. The top two-
thirds of Fig. 13 are this part, whereas the bottom
one-third is a region where this part of the reaction
layer had been removed. The X-ray spectrum taken at
a point within the top two-thirds of Fig. 13a is shown
in Fig. 13b. It shows that this part of the reaction layer
is rich in titanium, as is the part of the reaction layer in
contact with the alumina, but it contains copper and
a small amount of tin, in contrast to the negligible
copper and tin concentrations in the part of the reac-
tion layer in contact with the alumina. Both copper
and tin originated from the brazing alloy.

Fig. 14 gives closer look of the alumina surface (with
its characteristic grainy microstructure) revealed by
the local removal of the reaction layer. The X-ray
spectrum taken at a point within this region is shown
in Fig. 14. The alumina surface region was thus found
to be rich in titanium, but with negligible concentra-
tions of copper, silver or tin. This is due to the diffu-
sion of titanium into the alumina, as indicated by
Fig. 10a.

Figs 11—14 are for the case without carbon fibres.
Figs 15—20 are for the case with carbon fibres.

Fig. 15a shows the top view of the alumina-braze
(with 12 vol% carbon fibres) interface, as revealed
after etching to remove mainly the metallic parts of the
braze. The lower half of Fig. 15a is the reaction layer,
which covered the alumina substrate. The upper half
of Fig. 15a is the part of the alumina substrate which
happened to be not covered by the reaction layer after
the etching. Fig. 15b shows the X-ray spectrum of the
lower part of Fig. 15a, revealing that this part is rich in
titanium and contains copper and tin. Fig. 15c shows
the X-ray spectrum of the upper part of Fig. 15a,
revealing that this part is rich in titanium and contains
negligible amounts of copper and silver. The alumi-
nium peak in Fig. 15c originated from the alumina.
These elemental distributions are consistent with
those in Fig. 10c.
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Figure 12 (a) A part of Fig. 11 at a higher magnification, showing the reaction layer in contact with the alumina. (b) The X-ray spectrum taken
at a point near the centre of (a).

Figure 13 (a) A part of Fig. 11 at a higher magnification, showing the reaction layer (bright region) on top of the layer in Fig. 12a. (b) The
X-ray spectrum taken at a point in the bright region of (a).

Figure 14 (a) A part of Fig. 11 at a higher magnification, showing the grainy alumina surface. (b) The X-ray spectrum taken at a point in the
alumina in (a).
The interface between a carbon fibre and the braz-
ing alloy with the brazing material was revealed by
etching in the same manner as described previously
for revealing the alumina/braze interface. Fig. 16
5328
shows the surface of the carbon fibre after brazing and
subsequent etching. A product of the reaction between
carbon and the braze remained on the fibre, though it
did not cover the fibre continuously. (In contrast, the



Figure 15 (a) The top view of the etched alumina/braze interface,
with the braze (lower part of the photograph) partially covering the
alumina (upper part of the photograph). (b) The X-ray spectrum
taken at a point in the lower part of (a). (c) The X-ray spectrum
taken at a point in the upper part of (a).

product of the reaction between alumina and the
braze covered the alumina surface continuously,
Fig. 9). The amount of reaction product decreased
with increasing carbon fibre content, as shown by
comparing Fig. 16a, b and c.

A closer look at Fig. 16b is given in Fig. 17. Fig. 17a
represents the part of the fibre surface with separated
reaction product particles, which probably corres-
pond to the nucleation sites for the fibre braze reac-
tion. Fig. 17b represents the part of the fibre surface
with clustered reaction product particles. The X-ray
spectrum at a reaction product particle in Fig. 17a is
shown in Fig. 18a; that at a reaction product particle
cluster in Fig. 17b is shown in Fig. 18b. Both reaction
product regions were rich in titanium, such that the
concentrations of carbon were higher in Fig. 18a than
b. This differences between Fig. 18a and b is probably
related to the larger height of a reaction product
particle cluster compared to that of a separated reac-
tion product particle.

Fig. 19a shows the fibre/braze interface viewed
along the fibre axis. The elemental distributions along
a line perpendicular to the interface (horizontally
across the middle of Fig. 19a) are shown in Fig. 19b.
The interface was thus found to be rich in titanium.
The long tail of the titanium distribution into the
carbon fibre indicates significant diffusion of titanium
into the carbon fibre.

Fig. 20a shows the cross-sectional view of a stainless
steel/alumina joint with 12 vol% carbon fibres uni-
formly distributed in the brazing material. Only the
part of the cross-section containing the alumina/braze
interface (the line near to and almost parallel to the left
edge of Fig. 20a is shown. The dark circles, ellipses and
other shapes in Fig. 20a are the fibres which intersect
the observed section at different angles. Fig. 20b shows
the titanium X-ray map of the same area as Fig. 20a.
The alumina—braze interface was rich in titanium,
such that the titanium-rich band was continuous; this
is consistent with Figs 9 and 10. The fibre braze
interface was also rich in titanium, such that the tita-
nium-rich band was not continuous (Fig. 20b); this is
consistent with Figs 17 and 18.

In order to investigate the effect of a lower titanium
concentration in the active brazing alloy on the qual-
ity of the brazed joints in the absence of carbon fibres,
the Cusin 1 ABA paste was washed with acetone and
dried to remove the liquid part of the paste, and then
equal weights of the dry ABA powder and dry Ag—Cu
powder (71.7 wt% Ag, 28 wt % Cu, 0.3 wt% Li,
!400 mesh, Handy and Harman, NY, Product No.
289-008) were mixed and made into a paste by the
addition of the liquid part of the Cusin 1 ABA paste.
Thus, the resulting active brazing alloy corresponded
to a titanium concentration of 0.88 wt% (half of the
titanium concentration in Cusin 1 ABA). Using this
brazing paste without carbon fibres, stainless steel/
alumina joints were made and tested under shear. The
shear joint strength was found to be only
54$10 MPa; failure occurred at the alumina/braze
interface. The braze thickness was 55 lm and corre-
sponded to a titanium factor of 14. Fig. 21 shows the
SEM view of the cross-section of the joint. Much
porosity was observed along the alumina/braze inter-
face, indicating insufficient wetting of the alumina by
the brazing alloy due to the low titanium concentra-
tion in the brazing paste.

The addition of carbon fibres to the Cusin 1 ABA
brazing paste resulted in good joints when the tita-
nium factor was 12 or above. However, without the
fibres, even a titanium factor of 14 was not high
enough for a good joint to be formed. This means that
the ability of the carbon fibres to enhance the brazed
joint is not merely due to their ability to decrease the
titanium-rich reaction layer thickness at the alumina/
braze interface.
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Figure 16 The top view of the etched fibre/braze interface, with the reaction product (particulate) on the fibre surface: (a) 8 vol %, (b) 12 vol %,
and (c) 20 vol% fibres in the brazing material.

Figure 17 Parts of Fig. 16b at higher magnifications, showing (a) the separated reaction product particles, and (b) the clustered reaction
product particles.

Figure 18 (a) X-ray spectrum of the reaction product in Fig. 17a. (b) X-ray spectrum of the reaction product in Fig. 17b.
The CTE reduction of the braze due to the fibre
addition must also contribute to the ability of the
fibres to enhance the brazed joint quality. Table IV
shows that when carbon fibres were added to the
5330
brazing alloy by 8, 12 and 20 vol%, the CTE was
reduced by 10%, 25% and 29%, respectively. Because
CTE is proportional to the thermal strain and there-
fore proportional to the thermal stress, the CTE



Figure 19 (a) Scanning electron micrograph showing the fibre/braze interface viewed parallel to the interface. (b) Elemental distributions
along a horizontal line near the middle of (a).

Figure 20 (a) Cross-sectional view of a stainless steel/alumina joint with 12 vol % fibres in the brazing layer, showing the alumina/braze
interface (near the left edge of the photograph). (b) The Ti K X-ray map showing the titanium distribution in (a).
reduction due to the carbon fibre addition is believed
to play an important role in the enhancement of the
joint strength. This is supported by the observation
that the graded junction case gave higher shear debon-
ding strength than the case with uniformly distributed
fibres (Table I).

By using the Rule of Mixtures (ROM), the reinforc-
ing effect of the carbon fibres can be estimated.
Table V shows that, with the addition of 8, 12 and
20 vol% carbon fibres, the tensile strength of the
brazing alloy can be increased by 7%, 11% and 17%,
respectively. It is believed that carbon fibres have
a similar effect on the shear strength. However, ROM
is suitable for continuous fibres which are oriented in
one direction. For randomly oriented short carbon
fibres, the reinforcing effect should be much smaller
than the values in Table V. On the other hand, the
experimental results demonstrated that too high
a fibre content can result in poor wetting and high
porosity in the joint. Therefore, the joint strength
improvement cannot be considered only as a function
of the fibre content, although the reinforcing behav-
iour of the fibres cannot be neglected.

Another advantage of the presence of carbon fibres
in the brazed joint is that carbon fibres absorb the
titanium dissolved in the copper and silver phases.
According to the Cu—Ti and Ag—Ti phase diagrams
[17], titanium can form solid solutions with both
copper and silver at solubilities of about 0.8 and
1.0 wt%, respectively. The dissolution of titanium can
result in strength and hardness increases and ductility
decrease in the Ag—Cu brazing alloy. On the other
hand, one of the main reasons that the silver—copper
alloy is commonly chosen is the active brazing filler’s
softness, which makes the filler able to absorb thermal
stress [3—5]. The presence of titanium has a negative
5331



TABLE IV Calculated coefficient of thermal expansion (CTE) in
the plane of the joint of the brazing material with various carbon
fibre volume fractions. The calculation was based on the Rule of
Mixtures and assumed that the fibres were two-dimensionally ran-
dom in orientation in the plane of the joint

Fibres
(vol%)

CTE
(10~6 °C~1)

Fractional CTE increase
relative to 0 vol% fibres (%)

0 19.5 0
8 17.5 !10.2

12 16.2 !24.7
20 13.8 !29.2

Figure 21 Cross-sectional view of a stainless steel/alumina joint
made with a brazing paste with no fibres, but with a titanium
concentration half as high as that in the Cusin 1 ABA active brazing
alloy paste.

effect on the thermal stress relieving ability of the
Ag—Cu brazing filler. By adding carbon fibres to the
brazing filler, a large amount of carbon fibre surface
area undergoes reaction with the titanium dissolved in
the copper and silver phases. Table V shows that,
although it is predicted by ROM that the strength of
the brazing layer is increased when the carbon fibre
content increases, the measured microhardness values
TABLE V Strength and microhardness changes of brazing filler due to the addition of carbon fibres

Fibres Tensile strength Microhardness (Cu phase) Microhardness (Cu—Ag eutectic)
(vol%)

Value! Fractional increase Value" Fractional increase Value" Fractional increase
(MPa) relative to 0 vol% (MPa) relative to 0 vol% (MPa) relative to 0 vol%

fibres (%) fibres (%) fibres (%)

0 370 0 154.5$3.5 0 102.0$2.5 0
8 396 7.1 129.4$3.0 !16.2 89.7$2.0 !12.0

12 409 10.5 115.0$2.5 !25.6 84.7$2.0 !17.0
20 434 29.2 108.2$2.5 !30.0 77.8$3.0 !23.7

!Calculated value, based on the Rule of Mixtures (ROM).
"Measured value. An LECO microhardness tested, type M-400-G1 was used. Six data points were collected for each sample type.
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of both primary copper phase and Cu—Ag eutectic
microconstituent decrease when carbon fibres are ad-
ded. The microhardness decrease suggests that the
amount of titanium left in the braze alloy matrix is
reduced. Therefore, other than modifying the reaction
layer, decreasing the CTE and increasing the braze
strength, the softening of the matrix is one of the
important advantages of the carbon fibre addition.

The titanium factor concept is introduced in this
paper. This factor helps to predict the joint strength
because titanium plays an important role in determin-
ing the joint quality. Because titanium does not evenly
react with the carbon fibre surface (which can be seen
from the titanium X-ray map of Fig. 20b and the
carbon fibre surface of Fig. 16), and the reactions have
quite complex mechanisms, strength prediction based
on the titanium factor is qualitative. Nevertheless, the
titanium factor serves to provide a convenient guide in
design and analysis of ceramic/ceramic and ceramic/
metal joints.

4. Conclusion
Carbon fibre addition to the active brazing alloy filler
for ceramic (alumina) joining was found to result in
modification of the alumina/braze reaction product
layer. This modification entailed a decrease in the
layer thickness and a simplification (more uniform
nature) of the layer microstructure. The reaction layer
was titanium-rich. Before the modification (i.e. with-
out carbon fibres), the reaction layer consisted of (i)
a titanium-rich layer of uniform microstructure and
negligible silver or copper concentrations in contact
with the alumina and (ii) a titanium-rich layer of non-
uniform microstructure and higher silver or copper
concentrations. The latter layer diminished with in-
creasing carbon fibre volume fraction, such that it
vanished when the fibre volume fraction reached 12%.
The reaction layer thickness diminished from 4.5 lm
at 0 vol % fibres to 2.2 lm at 12 vol% fibres. The
titanium from the brazing alloy also diffused into the
alumina beneath the reaction layer, such that the
diffusion depth decreased with increasing fibre volume
fraction. The above-mentioned dependence of the re-
action layer thickness and titanium diffusion depth on
the carbon fibre content is due to the reactivity of
titanium with the carbon fibres. This reactivity result-
ed in less titanium in the brazing alloy matrix (hence
decreased microhardness), a titanium-rich reaction



product at the fibre/braze interface and the diffusion
of titanium into the fibres. The reaction product at the
fibre/braze interface was particulate and discontinu-
ous, whereas the reaction product at the alumina/
braze interface was a continuous layer.

The optimum fibre volume fraction for attaining the
highest shear/tensile debonding strength was 12%, at
which both shear and tensile debonding strengths
were 30% higher than the corresponding value at
0 vol% fibres. At fibre volume fractions exceeding this
optimum, both shear and tensile joint strengths de-
creased from their maximum values, though the shear
joint strength decreased more abruptly than the ten-
sile joint strength. The microstructure of the brazing
material with excessive fibres revealed insufficient wet-
ting of the brazing alloy with the alumina (due to the
insufficient amount of titanium at the alumina/braze
interface) and insufficient wetting of the brazing alloy
with the fibres (due to the insufficient amount of tita-
nium at the fibre/braze interface). The high porosity in
the brazing material weakened the brazing material.
The shear joint strength depended more on the in-
herent strength of the brazing layer than did the ten-
sile joint strength.

When the fibres were concentrated in the part of the
brazing layer near the alumina side of the joint, the
debonding shear strength was slightly higher than
when the fibres were uniformly distributed in the braz-
ing layer. A graded fibre distribution is beneficial to
decreasing the thermal stress due to the CTE mis-
matches. However, the application of the brazing ma-
terial is more cumbersome when the fibres were
graded in concentration, than when the fibres were
uniformly distributed, as the former involved the use
of two kinds of brazing pastes whereas the latter
involved the use of a composite brazing paste only. As
the improvement in the joint strength is only slight
when a graded junction was used, the cumbersome
processing is judged to be not worthwhile. Therefore,
for practical brazing operations, the use of uniformly
distributed fibres is recommended. The 25% improve-
ment in joint strength achieved by using 12 vol %
carbon fibres that are uniformly distributed is techno-
logically significant. The decreased depth of titanium
diffusion into the ceramic (alumina) means less ce-
ramic degradation and adds to the advantage of the
carbon fibre addition.

The origin of the ability of the carbon fibres to
enhance the brazed joint quality is associated with (i)
the effect of the fibres on the titanium-rich reaction
layer at the ceramic/braze interface, (ii) the reduction
of the CTE of the braze, (iii) the strengthening of the
braze due to the fibre addition, and (iv) the microhard-
ness decrease of the matrix of the braze due to absorp-
tion of titanium from copper and silver phases by the
carbon fibres.
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