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bstract

/C composite was brazed to a Ni-based superalloy using an active AgCu braze with an alumina ceramic interlayer and/or a zig–zag interfacial
tructure between the C/C and the braze. The joint with the Al2O3 interlayer displayed perfectly bonded interface and ductile joint microstructure
ecause the diffusion and chemical reactions of Ni and Ti are prevented, which in turn improved the joint strength due to the reduced residual stress.

oreover, the joint was significantly strengthened and toughened by the proposed zig–zag interfacial structure. The strengthening mechanism
as attributed to the enlarged joining area, reduced residual stress and strong pinning effect of the braze spikes. A quite high bending strength of
3 MPa was obtained from the C/C-superalloy joint with the zig–zag interfacial structure.

 2012 Published by Elsevier Ltd.
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.  Introduction

Carbon fibre reinforced carbon matrix composite (C/C
omposite) is an attractive material for thermal structural appli-
ations in aerospace, brakes and nuclear reactors due to its
xcellent mechanical performance at elevated temperature.1–3

any such applications require joining C/C to various metals.
n the past decade, C/C composite was directly joined to Ti
lloy,4,5 and Cu-clad Mo6 and Ni alloy7,8 using the so-called
ctive brazing method. However, the joint strength was unsatis-
actory. For example, the highest strength of the C/C-Ti joints
as only 25 MPa. The main problem related to C/C-metal joint is

he large mismatch between their coefficients of thermal expan-
ion (CTE), which induces great residual stresses during cooling
rocess, and consequently deteriorates the joint strength. Thus,
ontrolling the residual stress is of vital importance to maintain-
ng the strength of C/C-metal joint. For this purpose, a stress
elief interlayer is always utilized. Furthermore, it is noted that

ultiple inter-layers are more effective to reduce the residual

tress than a single interlayer in ceramic–metal joint9–11. In addi-
ion, a ductile joint microstructure is also important in relaxing
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he residual stress through plastic deformation. However, the
riginal ductile brazes in the reported C/C-metal joints were
sually seriously hardened by the brittle compounds as produced
y excessive chemical reactions, which would preclude effective
tress relief and lead to weakened joint. Therefore, to control the
hemical reactivity, so as to maintain the ductile structure in the
oint, a diffusion barrier is always used.12,13

Up to now, the mechanical strength of C/C-Ni alloy joint is
arely reported. The purpose of this work is to fabricate high
trength C/C-Ni-based superalloy joint with alumina ceramic
s the interlayer using a AgCu brazing alloy. A novel strength-
ning method by construction of a zig–zag interfacial structure
etween the C/C and the braze is proposed. Microstructures and
echanical properties of the C/C-supperalloy joint were investi-

ated. Influence of the alumina interlayer on the microstructure
nd mechanical strength of joint was studied. Strengthening
echanism of the zig–zag interfacial structure was discussed

n detail as well.

. Experimental
C/C composite used in this experiment was a semi-
D C/C composite that was prepared with carbon fibre
loth and needle felt. The metal section was a nickel-
ased wrought superalloy with a nominal composition of

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.12.016
mailto:jshzhang@imr.ac.cn
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Table 1
Summary of the different joint modes in this study.

Mode no. Joint configuration C/C surface condition

1 CC/AgCu/Superalloy Flat
2 CC/AgCu/Al2O3/AgCu/Superalloy Flat
3
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Fig. 1. Schematic of the device used for bending test.

Table 2
The EDS analysis results of the regions marked in Figs. 2–4.

Zone Compositions (at.%) Possible phase

Ag Cu Ti Ni

A – 23.2 33.7 43.1 Ti(Cu,Ni)2

B 50.2 3.7 46.1 – AgTi
C 8.2 26.1 58.8 6.9 Ti2Cu
D 4.7 21.7 57.8 15.8 Ti2(Cu,Ni)
E 1.4 82.6 – 16 Cu[Ni, Ag]
F 93.5 6.5 – – Ag[Cu]
G
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CC/AgCu/Al2O3/AgCu/Superalloy Mirco-machined

i–20Cr–8W–7.5Mo–2Fe–0.6Al–0.5Ti (in wt.%). The dimen-
ions of C/C composite and superalloy samples for bending
est were both 6.4 mm × 6.2 mm × 25 mm and those for

etallographic examination were 10 mm ×  8 mm ×  5 mm and
5 mm × 10 mm ×  5 mm, respectively. An alumina plate (95%
urity) with size of 6.6 mm ×  6.4 mm ×  2 mm was employed
s the interlayer in the C/C-supperalloy joint. In particular, the
oining surfaces of the Al2O3 substrate were metalized via a

o–Mn process. A commercially available Ag-28Cu eutectic
lloy foil with thickness of 250 �m was used as the filler metal.
he braze foil was ground with a 400# SiC paper and after-
ards cut into size of 6.4 mm ×  6.2 mm for brazing. Prior to

oining, both the braze foils and the superalloy samples were
ltrasonically cleaned in acetone for 15 min.

In this work, three kinds of joints with different joining con-
gurations were studied, as listed in Table 1. In joint mode 1 and
, C/C composites with flat surfaces were used as received. The
ifference between mode 1 and 2 was that no alumina interlayer
as used in the former. In joint mode 3, the C/C surface was
irco-machined by means of laser, resulting in a multitude of

onical holes with depth of 300–1000 �m into the composite.
or all C/C samples, a 10 �m thick Ti film was deposited on the

oining surface by a magnetron sputtering method. In particular,
or the C/C samples used in joint mode 3, a certain amount of
iH2 powder was brushed into the laser machined holes by a
imple slurry technique (suspension in ethanol). In order to pro-
ote the wettability of the braze, a Ni film of 5 �m was coated

n the surface of the superalloy block. After that, the assemblies
f C/C-Superalloy joint according to Table 1 were placed into a
ustom stainless steel jig to ensure a proper axiality of the joint
uring brazing. The brazing was carried out at 910 ◦C for 10 min
n a vacuum furnace. Subsequently, the joint was furnace cooled

o room temperature.

Mechanical strength of the joint was evaluated by four-point
ending test on the beam shaped specimens with a cross head

p
s
j

Fig. 2. Microstructure of (a) C/C-superalloy joi
 2.2 76.5 – 21.3 Cu[Ni, Ag]

peed of 1 mm/min. Schematic of the device used for the bending
est is shown in Fig. 1. Microstructure characteristics of the joint
nd fracture surfaces were investigated by scanning electron
icroscopy (SEM) and energy dispersive X-ray spectroscopy

EDS).

. Results  and  discussions

.1.  Microstructure  of  C/C-superalloy  joint  without
nterlayer

Typical cross-sectional SEM images of the joints in differ-
nt modes are shown in Figs. 2–4. Compositions at the marked

oints obtained by EDS analysis are listed in Table 2. Fig. 2
hows the secondary electron (SE) image of the C/C-Superalloy
oint in mode 1. The joint has a eutectic structure composed

nt in mode 1 and (b) C/C-braze interface.
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Fig. 3. SEM micrograph of (a) C/C-Al2O3 joint in mode 2, (b) C/C-b

ainly of Ag-rich and Cu-rich phases. Besides, there are quite a
ew intermetallic compounds, such as Ti(Cu, Ni)2 (point A),
gTi (point B) and Ti2Cu (point C), in the joint zone, as
oted in Fig. 2a and b, which should have resulted from the
hemical reactions of Ti with Ni and Cu in the molten braze.
t has been reported that the formation of brittle Ti2Cu and
i(Cu,Ni)2 phases was harmful to the joints because they may

nduce strong hardening effect to the braze and so forth degrade
ts ductility.14,15 As a result, cracks were prone to occur at or
ear the ceramic/braze interface due to the residual stress. From
ig. 2, we can clearly observe the interfacial decohesion at the
C/braze interface. Some cracks are also observed in the C/C
atrix. Many studies have revealed that the difference in CTE
etween the ceramics and metals can cause cracks or failure
ue to the residual stresses.8,16 Our results indicate that similar
roblems also existed with C/C-Ni-based superalloy joint.

c
f
t

Fig. 4. SEM micrograph of (a) C/C-Al2O3 joint in mode 3
interface, (c) braze/Al2O3 interface, and (d) Al2O3-superalloy joint.

.2.  Microstructure  of  the  C/C-superalloy  joint  with  Al2O3

nterlayer

The backscattered electron (BSE) image of the C/C-Al2O3-
uperalloy joint in mode 2 is shown in Fig. 3. In comparison
o the joint in mode 1, as shown in Fig. 3a, the C/C-Al2O3
oint reveals intimately contacted interface and is free of struc-
ural defects such as cracks and voids. The joint is comprised of
omogeneous AgCu eutectic microstructure. A continuous reac-
ion layer with high Ti concentration was formed at the CC/braze
nterface, as shown in Fig. 2b, suggesting possible formation of
iC. The Gibb’s free energy change (�G) for TiC formation via

he reaction of Ti and C at 910 ◦C is −174 kJ/mol, which indi-

ates that TiC formation during brazing is thermodynamically
avourable. In fact, pure Ag or Cu does not wet C/C and the con-
act angle is very high. However, adding small amount of Ti to

 and (b) C/C-braze interface at location boxed in (a).
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he braze has improved its wettability through the formation of
arbide. The formation of TiC has been commonly observed in
i-containing brazes/carbon systems.5–8 Fig. 3c shows the inter-

ace between the braze and Al2O3. A Ti-rich layer (marked as
) alloyed with Cu and Ni is observed, which means that sound
etallurgical bonds have been obtained. The segregation of Ti

o the braze/Al2O3 interface indicates that Ti diffused from the
/C side across the braze had reacted with Ni because of the

trong chemical affinity between Ti and Ni.
Fig. 3d shows a BSE image of the Al2O3-superalloy joint.

he wettability of the AgCu alloy on Al2O3 and superalloy was
bviously improved in the presence of the Ni coating though
ithout the use of active Ti. A CuNi solution layer (point E)
as formed on the Al2O3 side. On the superalloy side, the orig-

nal Ni coating disappeared due to its diffusing or dissolving
nto the molten braze. The joint is perfectly bonded and dis-
lays two solid solution phases, Ag[Cu] (point F) and Cu[Ni,Ag]
point E and H). The characteristics of the Al2O3-Hastealloy
oint using a AgCuTi braze have been investigated by Asthana
nd co-workers17. Although their joint was defect-free, the joint
icrostructure was rather complex because of the extensive

nter-diffusion and reactions of the active Ti with the alloying
lements from metal substrate, which inevitably led to the for-
ation of brittle compounds. Therefore, in comparison to the
icrostructure of Asthana’s joint, our joint is more ductile due

o lack of intermetallic compounds.
Fig. 4 shows typical morphology of the C/C-Al2O3 joint with

 zig–zag interfacial structure. As seen from Fig. 4a, all the laser-
achined holes have been completely filled with the braze alloy.
he C/C/braze interface in the holes is well-bonded due to the

ormation of a TiC layer, as shown in Fig. 4b. In addition, pene-
ration of the braze into the C/C matrix through the intrinsic open
ores and cracks can be clearly observed. This infiltrated struc-
ure is beneficial since it can lead to the typical “nail effect”.18

omogeneous AgCu eutectic microstructure was obtained in
his joint. We believe that this infiltrating behaviour of the braze
nto the laser machined holes is quite akin to the ductile phase
oughening of the brittle ceramics by dispersing metal particles
n them.

As seen from Figs. 2–4, the Al2O3 interlayer exhibits positive
ffect on the microstructures of the C/C-Superalloy joint. As
entioned above, the joint in mode 1 had cracks at the CC/braze

nterface, revealing partially bonded interface. By contrast, the
oint with the Al2O3 interlayer was well-bonded and displayed
omogeneous microstructure. No intermetallic compounds were
ound in the joints of C/C-Al2O3 and Al2O3-superalloy. In this
tudy, Ti and Ni films were coated on the C/C and superalloy
urfaces respectively before brazing. For the mode 1 joint, the Ni
derived from Ni coating and superalloy) dissolved extensively
n melted AgCu alloy. Meanwhile, inter-diffusion and chemical
eactions could take place between Ti with Ni and Cu. As a
esult, brittle compounds were formed during brazing. For the
oint in mode 2 and 3, the consumption of Ti at the Al2O3 surface

or bond formation and the corresponding decrease in Ti content
educed the Ti diffusion from the C/C side toward the Al2O3 side,
hich effectively prevented the formation of brittle compounds

t the C/C-braze interface or in the joint zone. In addition, the

(
l
a
j

Fig. 5. Mechanical strength of the joints in different modes.

iffusion of Ni from the superalloy side to the C/C side and the
igration of Ti to the superalloy side were completely prevented

y the Al2O3 interlayer, which avoided the reactions between
i and Ti. As a result, the interlayer leads to homogeneous and
uctile microstructure in the C/C-Al2O3 and Al2O3-superalloy
oints.

.3. Mechanical  strength  of  joints

Mechanical strengths of the joints in different modes are
ompared in Fig. 5. The model 1 joint only shows a bending
trength of 16 MPa. This is consistent with the observed defects
n this joint. However, by introducing the alumina interlayer,
he mechanical strength of the C/C-Ni-based superalloy joints
s obviously enhanced. The joint in mode 2 shows an average
ending strength of 33 MPa. This should be due to the improved
nterface bonding and the elimination of brittle compounds and
racks. Moreover, the use of the zig–zag interfacial structure
ramatically increased the joint strength. The joint in mode 3
xhibits the highest bending strength of 73 MPa (on average),
hich is about twice that for mode 2. The effects of the alumina

nterlayer and zig–zag interfacial structure on the mechanical
roperty of the joint of the C/C-Ni-based superalloy will be
iscussed in later sections.

.3.1.  Effect  of  interlayer  on  the  joint  strength
The improvement of mechanical strength of the joint in mode

 over that in mode 1 is presumably due to the reduced residual
tress by using the Al2O3 interlayer. There are two main aspects
hat may be responsible for the decreased residual stress in the
resent study. On one hand, the use of the Al2O3 interlayer
avours gradual transition of CTE from the C/C to superal-
oy. As we know, the CTE mismatch is the crucial factor that
ay induce residual stress. According to the materials supplier,

he CTEs (α) for the C/C and superalloy are (0–2.2) × 10−6/K
ver 20–2000 ◦C and (12.5–16.3) ×  10−6/K over 20–1000 ◦C,
espectively. The large CTE mismatches (�α) between them will
nevitably induce serious thermal stresses at the brazed interface
r near the joining region. Al2O3 ceramic has a medium CTE of
7.0–11.4) ×  10−6/K over 20–1000 ◦C. The use of Al2O3 inter-

ayer benefits the mitigation of CTE mismatch between the C/C
nd superalloy and effectively decreases the stress gradient in the
oint. Thus, the �α  between C/C-Al2O3 and Al2O3-superalloy
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Fig. 6. SEM micrographs of fracture surface on metal side o

oints are substantially lower than that of the C/C-superalloy
oint. On the other hand, ductile braze interlayer is essentially
mportant for residual stress relief. It is widely accepted that
he normal stresses can be sharply reduced when a ductile inter-
ayer with low yield strength (σy) is used.10,19,20 The σy for our
raze alloy is measured at about 180 MPa (ductility of 40%).
e have noted that the braze in the C/C-Al2O3 and Al2O3-

uperalloy joints kept its ductility after brazing. Considering the
iven CTE values of the joined materials, large thermal strains
ill occur between them. The thermal strains can be obtained
y calculating the �α�T, where �T  is the temperature interval
�T = 890 ◦C). The elastic thermal strains, �α�T, for the brazed
/C-Al2O3 joint and Al2O3-superalloy joint are ∼5.3 ×  10−3

nd 4.9 ×  10−3, respectively. These thermal strains are likely
o exceed the yield strain of AgCu alloy5, indicating that plas-
ic yielding of the braze may happen. The braze interlayer with
ow σy and large ductility will benefit the stress accommodation
ia its plastic deformation during the cooling process. Contrar-
ly, stress relief will be less effective for a stronger but less
uctile braze which shall increase the propensity to crack at
he joining interface or in ceramic near the interface. There-
ore, due to the serious hardening of the braze interlayer by the
rittle compounds in the mode 1 joint, its low joint strength is
easonable.

.3.2. Effect  of  interfacial  structure  on  the  joint  strength
As mentioned above, the joint is further strengthened by

he zig–zag interfacial structure. This indicates that interfacial
tructure also plays an important role in enhancing the joint

trength other than reducing the residual stress. It is believed that
he mirco-machined C/C surface for the mode 3 joint directly
esulted in a larger joining area than that of a flat joint by creat-
ng a 3D transition region between the C/C and braze after the

m
t
a

t (a) in mode 2 and (b) in mode 3 after mechanical testing.

oles were fully filled with braze. It is anticipated that the C/C-
raze interface in the transition region has less severe residual
tress concentration as the ductile braze in the laser machined
oles may be helpful to reducing the thermal stress via the plas-
ic distortion of the braze. For a similar case, a rectangular wave
nterface was created by Xiong et al. for joining C/C to Ti64
lloy21. They also found that the level of residual stress at the
C/Ti64 interface in rectangular grooves was lower than that

n flat joint. On the other hand, the braze spikes were tightly
inned to the C/C matrix and thus a pinning strengthening effect
ould be achieved. This effect has been revealed distinctly in
oining of C/C22,23 or SiC24 to metals using similar machined
eramic surface. Our results show that the micro-machining
ethod is a successful approach to producing high strength
/C-superalloy joint. In general, the factors that have induced
echanical strengthening of the zig–zag interfacial structure
ay include the enlarged joining area, less severe residual stress

oncentration and strong pinning effect of the braze spikes.
The SEM micrographs of the fracture surface on the super-

lloy side of the joint in mode 2 and 3 are shown in Fig. 6. In
ig. 6a, the joint with a flat joining surface shows a flat frac-

ure surface, demonstrating a brittle fracture. The joint cracked
t or near the C/C-braze interface. This is the characteristic of
ractures in the joints with low strength9. By contrast, the joint
n mode 3 presents a significantly different fracture, as shown
n Fig. 6b. The joint breaks in the transition region between the
/C and the braze. This fracture behaviour has been observed

n a C/C-Cu joint using a similar notched joining structure22. A
arge amount of C/C matrix especially C/C fibre with orientation
arallel to the joining interface is attached on the metal side. It

eans that cracks have propagated into the C/C substrate. Some

ypical fractures, such as pulling out and breaking of braze spikes
re also found. As seen in Fig. 6c, the pulled out braze spikes
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ig. 7. Schematic of fracture modes for joint (a) in mode 3 and (b) in mode 2.

re surrounded by broken C/C fibres with orientation perpen-
icular to the joining interface. In addition, dimple-dominated
racture is extensively observed on the fracture surface of the
roken braze spike, as illustrated in Fig. 6d and f. It is evident
hat plastic deformation of braze spikes took place during rup-
ure, which is beneficial to improving the impact resistance of
he joint.

The fracture morphology reveals crack propagating path dur-
ng testing. A schematic of the main fracture modes is illustrated
n Fig. 7. For the joint in mode 3, the cracks changed their path
s soon as they reached the braze spikes. Thus, the crack paths
ere well removed from the C/C-braze interface and deflected

nto the C/C matrix or across the braze spikes. The deflections of
he cracks may help to transform the fracture mode from brittle
o pseudo-plastic, thus preventing a catastrophic failure. These
actors result in increase of propagating path and consuming
ore energy during the failure, thus enhancing the toughness of

he joint.

. Conclusion

A novel approach to fabricate high strength C/C-superalloy
oint was developed using Al2O3 as interlayer and/or a

ig–zag interfacial structure. Effect of the Al2O3 interlayer
n microstructure and joint strength and the advantages of
he zig–zag interfacial structure were investigated. The results

2

2
2

ramic Society 32 (2012) 1769–1774

howed that strength of the C/C-superalloy joint without the
nterlayer was rather low due to the large residual stress. The joint
ith the Al2O3 interlayer displayed well-bonded interface and
uctile microstructure since the diffusion and reactions of Ni and
i were effectively prevented. The joint strength was improved
s a result of the reduced residual stress. Furthermore, the joint
trength could be significantly enhanced by the zig–zag interfa-
ial structure. A high strength up to 73 MPa was achieved. The
trengthening mechanism was attributed to the enlarged joining
rea, low residual stress and strong pinning effect of the braze
pikes.
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