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In the present study, the transient liquid-phase diffusion bonding of an aluminum metal matrix composite
(6061-15 wt.% SiCp) has been investigated for the first time using a mixed Cu-Ni powder interlayer at
560 �C, 0.2 MPa, for different holding times up to 6 h. The microstructure of the isothermally solidified
zone contains equilibrium precipitate CuAl2, metastable precipitate Al9Ni2 in the matrix of a-solid solution
along with the reinforcement particles (SiC). On the other hand, the microstructure of the central bond
zone consists of equilibrium phases such as NiAl3, Al7Cu4Ni and a-solid solution along with SiC particles
(without any segregation) and the presence of microporosities. During shear test, the crack originates from
microporosities and propagates along the interphase interfaces resulting in poor bond strength for lower
holding times. As the bonding time increases, with continual diffusion, the structural heterogeneity is
diminished, and the microporosities are eliminated at the central bond zone. Accordingly, after 6-h holding,
the microstructure of the central bond zone mainly consists of NiAl3 without any visible microporosity. This
provides a joint efficiency of 84% with failure primarily occurring through decohesion at the SiC particle/
matrix interface.

Keywords 6061-SiCp composite, Cu-Ni powder interlayer, joint
efficiency, joint microstructure, transient liquid-phase
diffusion bonding

1. Introduction

The development of various metal matrix composites
(MMCs) is regarded as a major advancement in materials
science and technology during the past few decades. The
silicon carbide (SiC)-reinforced aluminum-based metal matrix
composites (AlMMCs) exhibit better properties as compared to
the monolithic aluminum alloys which make these composites
useful for aerospace and transportation industry applications
(Ref 1, 2). Despite the potential advantages of using AlMMCs,
they have not reached widespread industrial applications. One
of the main reasons of the limited use of AlMMCs is the
difficulty encountered in their joining (Ref 3). Mechanical
fastening (bolting or riveting) involves drilling the composite,
which would cause damage to the reinforcement as well as
creating stress concentrations leading to catastrophic failure
(Ref 4). Fusion welding of SiC-reinforced AlMMC is associ-
ated with number of difficulties, such as high viscosity of melt,
segregation effects on re-solidification, evolution of occluded

gases causing extensive cracking in the heat affected zone and
weld porosity, and particle/matrix reaction producing detri-
mental intermetallic compound (Al4C3). The presence of Al4C3

platelets reduces fracture toughness of weld and causes
corrosion in moist environment (Ref 5–7). The main problem
associated with solid-state diffusion bonding of AlMMC is the
presence of tenacious and stable aluminum oxide layer at
surface that inhibits metal-to-metal contact (Ref 8). To over-
come this difficulty, application of high pressure is required,
which causes a plastic deformation in excess of 40% to disrupt
oxide film on faying surfaces (Ref 9). Other alternative is the
removal of oxide layer before bonding by ion-beam cleaning in
vacuum. Both these approaches are difficult to practice in
industrial applications (Ref 10).

The transient liquid-phase (TLP) diffusion bonding process
has been reported as a promising technique by several
investigators for joining the AlMMCs (Ref 10–13). The TLP
diffusion bonding process is an intriguing approach of joining
which applies an interlayer between the pieces to be joined
where the interdiffusion of the interlayer and the base material
leads to the formation of a low-melting composition (eutectic)
that melts, widens, shrinks, and solidifies at a fixed bonding
temperature. The process has advantages of a low bonding
temperature, low bonding pressure, the absence of a heat-
affected zone, disruption of the surface oxide film by the TLP,
and a low probability of unfavorable reaction (Ref 10, 14–16).
The TLP diffusion bonding process was first introduced and
patented by Paulonis et al. in the year 1972, in the US (Ref 17).
During that period, the process was introduced for joining the
heat-resistant alloys, such as nickel-based superalloys (Ref 14).
Later on, along with the nickel-based superalloys [inconel,
oxide dispersion-strengthened (ODS) nickel alloy, etc.] (Ref 18,
19), it has been also applied to other materials such as
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magnesium alloys (Ref 20), duplex stainless steel (Ref 21, 22),
titanium aluminide (Ref 23), dissimilar material joining (ODS
ferritic steel to silicon nitride) (Ref 24), and MMCs (Ref 10–13,
25–27).

In the TLP process, the bonding temperature is kept
slightly above the eutectic temperature of the interlayer-base
material system and below the solidus temperature of the base
material. The most widely used interlayer in TLP diffusion
bonding of AlMMCs is the Cu since it involves a low
bonding temperature (the eutectic temperature of the Al-Cu
system is 548 �C) which is considerably far below the solidus
temperature of base material to prevent melting or distortion.
The initial attempts by Bushby and Scott (Ref 25, 26) to join
a SiC fiber-reinforced AlMMC with Cu foil and Ag-Cu foil
interlayer at 550 �C in air environment, resulted in a poor
joint strength because of the oxidation of transient liquid.
Klehn and Eagar (Ref 27) achieved better joint efficiency
during the TLP diffusion bonding of 6061-15 vol.% Al2O3 in
vacuum with Cu-foil and Ag-foil interlayers. Although the
different stages of the TLP bonding process were not studied
for composite system, the segregation of Al2O3 reinforcement
at the bond interface was reported up to a maximum holding
time of 2 h at 566 �C. In general, particle segregation
(agglomeration) at the bond region has been observed during
the TLP diffusion bonding of AlMMCs containing alumina
and SiC-particle-reinforced Cu, and when joining yttria-
bearing ODS alloys. In particular, for the TLP bonding of
SiC- or Al2O3-reinforced AlMMCs, the use of pure copper
interlayer causes reinforcement particle segregation at the
bond interface (Ref 28, 29). The region of weakness produced
by the particle segregation at the bond region has been found
to promote preferential failure during tensile testing (Ref 28).
On the other hand, the use of pure nickel interlayer has shown
no disruption of particle reinforcement dispersion (Ref 30),
but the bonding temperature usually exceeds 650 �C (since
the Al-Ni eutectic temperature is 640 �C), which is above or
close to the solidus temperature of most aluminum matrix
alloys, causing melting or great deal of distortion of the base
material and joining becomes impossible. Yan et al. (Ref 13)
used a Cu/Ni/Cu composite foil interlayer (instead of pure Cu
or pure Ni) of thickness 10/30/10-lm for joining 6061-
30 vol.% Al2O3 composite by the TLP diffusion bonding
process at 580 �C (just below the solidus temperature of 6061
alloy, 582 �C (Ref 31)) with 30-90-min holding time in
vacuum (pressure not mentioned). The maximum bond
strength of 102 MPa was achieved for the highest bonding
time (90 min) used, which is 68% of the parent composite
strength (150 MPa). The use of composite foil interlayer
produced a highly heterogeneous-layered microstructure along
with the presence of intermetallic brittle phase Al0.9Ni1.1 that
hindered obtaining adequate joint efficiency. However, the use
of uniformly mixed Cu-Ni powder interlayer has not been
studied so far for joining AlMMCs by the TLP diffusion
bonding process. Therefore, in the present research study, a
mixed Cu-Ni powder interlayer is thought of as the one that
would provide more uniformity in microstructure with the
progress of diffusion during the TLP process. Accordingly,
the 6061-15 wt.% SiCp composite is bonded with mixed
Cu-Ni powder interlayer (1:1 proportion by weight) in an
argon environment with different holding times up to 6 h. The
microstructural evolution with bonding time has been thor-
oughly investigated in correlation with the joint shear strength
and the mode of failure.

2. Experimental Procedure

2.1 Material

The as-received material for the TLP diffusion bonding was
an extruded rod of AlMMC consisting of 6061 matrix alloy
(1.0 wt.% Mg, 0.6 wt.% Si, 0.3 wt.% Cu, 0.2 wt.% Cr,
0.6 wt.% Fe and balance Al) and 15 wt.% (13 vol.%) silicon
carbide (SiC) particulate reinforcement. The material was
supplied by the Regional Research Laboratory, Thiruvanant-
hapuram, India, in the form of a cast billet with average size of
SiC particles being 23 lm. The cast billet was then extruded at
the National Metallurgical Laboratory, Jamshedpur, India, into
a rod at 415 �C temperature with an extrusion ratio of 20:1.

2.2 Specimen Preparation and TLP Diffusion Bonding

The extruded rod was machined to produce disks of 15 mm
in diameter and 10 mm in height. The faying surfaces of the
disks were polished at first with different grades of emery
papers soaked in kerosene and liquid paraffin (1:1 proportion)
up to 1000 grit, and finally with 1 lm diamond paste.
Thereafter, the surfaces were rinsed in acetone and dried by
hot air blast. In order to maintain a mixed interlayer of copper
powder and nickel powders (1:1 proportion by weight) of
50-lm thickness, initially a total mass of 82 mg powder (41 mg
each of the copper powder and the nickel powder) was taken
and thoroughly mixed. After applying the powder mixture
between the disks, the assembly was pressed from both sides
and set by an adhesive tape. During compaction (while pressing
the assembly from both sides), some amounts of powder was
lost from the peripheral region of the cross section. Then, the
tape was locally dislodged at the joint region, and the thickness
of the powder interlayer was measured under optical micro-
scope with graduated eye piece. The thickness of 50 lm was
fixed on several trials. Thereafter, the weight gain of the
assembly was measured in a digital microbalance (PRECISA-

Fig. 1 Specimen loaded in jig: the arrangement for shear strength
(bond strength) determination
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205A-SCS, Switzerland) to determine the actual mass of the
powder interlayer. Considering all the specimens, the mass of
mixed powder interlayer (in terms of mean± standard devia-
tion) was found to be 74± 2 mg. The assembly was then
inserted inside the diffusion bonding unit (programmable
electric furnace), where the bonding was carried out at
560 �C under 0.2 MPa pressure in an argon environment. A
thermocouple inserted into the drilled hole in one of each pair
of disks was used for monitoring the bonding temperature. The
bonding temperature (560 �C) was kept above the eutectic
temperature (548 �C) of the Al-Cu system (Ref 32) and below
the solidus temperature (582 �C) of 6061 matrix alloy (Ref 31).
The specimens were heated to the bonding temperature at a rate
of 6 �C/min, held at that temperature for five different lengths
of time (bonding time)—40 min, 1 h, 2 h, 3 h and 6 h—and
cooled down to 540 �C at a rate of 5 �C/min inside the furnace.
The specimens were subsequently taken out of the furnace and
allowed to air-cool.

2.3 Mechanical Testing

Bonded cylindrical samples were machined to 10-mm
diameter to eliminate edge effects. These specimens (bonded
composites) of approximately 20-mm length and 10-mm
diameter and the as-received composite of similar dimension
were loaded in a specially prepared jig, which is schematically
shown in Fig. 1. The grips of the jig were pulled in tension in a

100 KN capacity universal testing machine (INSTRON-8862)
at a cross head speed of 0.5 mm/min in position control mode
such that the specimen experienced pure shear stress across the
bond interface. The maximum load was divided by the bond
area to calculate shear strength. For each bonding condition,
three specimens were tested, and the mean value along with

Fig. 2 Back-scattered electron image of the polished section of
as-received 6061-SiCp composite

Fig. 3 Back-scattered electron image and elemental distribution of the polished and etched section representing the entire bond region for
40-min holding
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standard deviation is considered as the shear strength (bond
strength). The procedure followed for shear strength�s determi-
nation is in accordance with the standard procedure considered
by most of the investigators (Ref 10–13, 29) in the field of TLP
diffusion bonding.

2.4 Scanning Electron Microscopy and Energy Dispersive
X-Ray Spectroscopy

The bonded cylindrical samples were sectioned perpendic-
ular to the bonding plane. The section was polished at first with
different grades of emery papers soaked in kerosene and liquid
paraffin (1:1 proportion) up to 1000 grit, and finally with 1 lm
diamond paste. Thereafter, these were mildly etched with
Keller�s reagent. The bond region of these metallographic
specimens and the fractured surfaces of the shear-tested
specimens were examined under a scanning electron micro-
scope (Hitachi, S-3000N, Japan). Reasonable phase contrast
was achieved in the back-scattered electron image mode.
Different phases were identified by the spot analysis using
Energy Dispersive X-ray Spectroscopy (EDS) with built-in
ZAF correction. For a particular phase, the data of 10 spots
were taken into consideration, and the phase was identified by
the calculated mean and standard deviation values of the at.%
of the elements present. Furthermore, the distribution of
different elements in the bond region was studied by elemental
mapping. Thereafter, the vol.% of different phases present in
the central bond zone was determined using graphical point
count method onto the SEM back-scattered electron micro-
graphs. During point counting, 10 image frames were consid-
ered for each bonding condition, and the average value is
reported.

2.5 X-Ray Diffraction Study

In order to further identify the different phases present, thin
specimens were machined out from the bond region and were
subjected to X-ray diffraction (XRD) analysis at extremely
slow scan rate (0.50/min) in a high resolution X-ray diffrac-
tometer (Regaku Miniflex, Japan).

3. Results and Discussion

3.1 Microstructural Evaluation

The back-scattered electron image (Fig. 2) of the
as-received composite exhibits the presence of SiC particles
in the 6061 aluminum alloy matrix. The back-scattered electron
image of the bonded specimen with 40-min holding, representing
the overall view of the bond region at low magnification along
with the distribution of different significant elements (elemental
mapping), is presented in Fig. 3. The atomic number contrast in
the back-scattered electron image mode indicates the presence
of two zones at the bond region, namely (i) central bond zone
(indicated as ‘‘CBZ’’), and (ii) isothermally solidified zone
(indicated as ‘‘ISZ’’). The CBZ is the zone just around the bond

centerline, and being enriched with high atomic number
interlayer elements (Cu and Ni), it possesses an overall bright
appearance. The adjacent regions on both sides (ISZ) is
relatively dull in appearance due to the abundance of aluminum
(element of low atomic number). The elemental maps indicate
that the distribution of Cu is more uniform than Ni. Copper is
almost evenly distributed in CBZ and ISZ. However, although
Ni is present both in CBZ and ISZ, it is more concentrated in
CBZ. Table 1 shows the calculation of the diffusivity (D) of Cu
in Al and that of Ni in Al at the bonding temperature
(T = 833 K) based on the values of the frequency factor (D0)
and the activation energy (Q) obtained from the standard
literature (Ref 16, 33) using the relationship: D = D0 e�Q/RT

(where, R = 8.314 J/mol/K, the molar gas constant). It is found
that at 560 �C, the diffusivity of Cu is about 108 times higher
than that of Ni. Thus, the interlayer material Cu diffuses readily
to the adjacent region away from the bond centerline. On the
other hand, Ni exhibits a limited diffusion. On heating to the
bonding temperature (560 �C) at a rate 6 �C/min and holding at
this temperature for 40 min, Ni has only diffused to a thickness
of about 100 lm (Fig. 3) from an initial interlayer thickness of
50 lm; whereas Cu is found to be distributed in a much wider
region (more than 500 lm). In fact, during holding at the
bonding temperature, the interdiffusion of three major ele-
ments, viz., Cu, Ni (present in the powder interlayer), and Al
(present in 6061 matrix alloy), determines the microstructure of
the joint region. The melting points of Ni, Cu, and Al are 1453,
1083, and 660 �C, respectively. The liquidus line of Cu-Ni
binary isomorphous system and the eutectic temperature of
Al-Ni binary system (640 �C) are much higher than the bonding

Table 1 Calculation of diffusivity for Cu and Ni

Diffusing species Matrix Frequency factor (D0), m
2/s Activation energy (Q), J/mol Temperature (T), K Diffusivity (D), m2/s

Cu Al 1.509 10�5 1.269 105 833 1.899 10�13

Ni Al 1.879 10�4 2.689 105 833 2.929 10�21

Fig. 4 Al-Cu-Ni ternary phase diagram at 800 �C (after Ref 34)
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temperature (560 �C). However, the eutectic temperature of
Al-Cu binary system (548 �C) is lower than the bonding
temperature (Ref 32). A complete ternary phase diagram of

Al-Cu-Ni system near the bonding temperature (560 �C) is not
readily available in the literature. However, it is available at
relatively higher temperature (Ref 34) as shown in Fig. 4. A

Fig. 5 Back-scattered electron images of the polished and etched section representing central bond zone for different holding times: (a) 40 min,
(b) 1 h, (c) 2 h, (d) 3 h, and (e) 6 h

Table 2 Result of point count analysis at central bond zone

Bonding time % NiAl3 % a-solid solution % Al7Cu4Ni % SiC % Porosity

40 min 62.66 16.03 10.02 2.25 9.04
1 h 63.45 16.39 8.89 2.34 8.93
2 h 76.81 10.51 4.55 2.12 6.01
3 h 82.01 10.62 Absent 2.03 5.34
6 h 87.68 10.11 Absent 2.21 Absent
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stable liquid phase is found in the Al-Cu-enriched part; on
the other hand, Ni-enriched part consists of several phases at
the solid state. Therefore, during holding of the assembly at the
bonding temperature, the interlayer melting is likely to start

preferably at the interlayer-base material interface, and the
molten zone (liquid) is likely to expand toward the base
material through faster diffusion of copper into the aluminum
alloy matrix. This molten zone is likely to undergo isothermal
solidification generating ISZ. On the other hand, the region just
around the bond centerline (CBZ), being enriched with Ni (due
to lower diffusivity of Ni), is likely to undergo partial melting.
The melting would occur in the local region concentrated with
Al and Cu; on the other hand, the Ni-enriched region will
undergo phase transformation through solid-state diffusion.
Therefore, a considerable structural heterogeneity is expected in
CBZ. The back-scattered electron images of CBZ at higher
magnification are presented in Fig. 5a-e. The specimen with
40-min holding time (Fig. 5a) exhibits a highly heterogeneous
microstructure of CBZ, and altogether four distinct regions
(phases) are identified. The EDS spot analysis reveals that the
most abundant phase (appearing moderately bright) is NiAl3
containing 74± 2 at.% Al and 25± 1 at.% Ni (mean± stan-
dard deviation value based on the data of 10 spots). The phase
with bright appearance mainly consists of Cu, Ni, and Al, and
its composition closely matches with Al7Cu4Ni (58± 2 at.%
Al, 33± 3 at.% Cu, and 9± 1 at.% Ni). Besides, there exists a
(aluminum-based solid solution containing 0.6± 0.1 wt.% Ni
and 1.3± 0.2 wt.% Cu as alloying elements) and SiC particles
with relatively dull appearance. The SiC particles are not
segregated (agglomerated) at CBZ because of the presence of
Ni in the interlayer. This is in contrast to the SiC particle
segregation observed when pure Cu interlayer is used in TLP

Fig. 6 The elemental distribution at the central bond zone for a bonding time of 6 h (corresponding to Fig. 5e)

Fig. 7 Al-Cu-Ni ternary phase diagram at room temperature (after
Ref 36)
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diffusion bonding of the Al/SiCp composites (Ref 28, 29). In
case of pure Cu interlayer, complete melting of the interlayer
occurs, and during isothermal solidification, the advancing
solidification front pushes the SiC particles to cause segregation
(Ref 29, 35). However, in the present study, owing to the
presence of Ni (element of high melting point), the melting of
interlayer (mixed Cu-Ni powder) remains incomplete (partic-
ularly in the Ni-enriched CBZ) and the viscosity of Al-Cu-Ni
melt is likely to be higher than that of Al-Cu melt. The
insoluble particles (SiC) are pushed if the velocity of the solid-
ification front remains below a critical velocity (VC). The VC is
inversely related to the melt viscosity (Ref 35). Therefore, for
Al-Cu-Ni melt, the VC is relatively lower and the particle
segregation is avoided as the solidification front velocity often
exceeds VC. Other than this, microporosities with dark appear-
ance are also visible in CBZ. This is expected, especially at
lower bonding time, since the powder interlayer is usually
porous and the microstructure that evolves by virtue of the
transient diffusion through this porous mass involving incom-
plete melting of the interlayer is likely to contain microporosity.
The specimen with 1-h holding (Fig. 5b) also possesses a
heterogeneous microstructure similar to that with 40-min
holding. However, as the holding time is increased, with
continual diffusion the structural heterogeneity is gradually
diminished and the NiAl3 phase (moderately bright in appear-
ance) grows to occupy almost the entire microstructure
(Fig. 5c-e). Also, with prolonged holding at the bonding
temperature, microporosities are gradually eliminated at CBZ.
The result of point count analysis of CBZ representing the

relative presence of different micro-constituents for different
bonding time is presented in Table 2. It is found that initially
CBZ contains about 63% NiAl3, 16% a-solid solution, 10%
Al7Cu4Ni, 2% SiC, and 9% microporosity. As holding time
increases, the proportion of NiAl3 increases; on the other hand,
Al7Cu4Ni phase and porosities are gradually eliminated. After
6-h holding, the microstructure of CBZ contains mainly the
NiAl3 phase (88%) along with a small proportion of a-solid
solution (10%), and SiC particles without any visible micro-
porosity (Fig. 5e). The elemental distribution in CBZ for a
bonding time of 6 h (corresponding to Fig. 5e) is shown in
Fig. 6. This confirms the presence of Al and Ni as the main
elements in CBZ.

At the bonding temperature of 560 �C and less, the
following invariant and monovariant reactions occur in Al-
Cu-Ni ternary system (Ref 36):

Invariant reaction (at 546 �C): Liquid fi a + CuAl2 +
Al7Cu4Ni

Monovariant reaction (between 590 and 546 �C): Liquid fi
a + Al7Cu4Ni

Monovariant reaction (between 547 and 546 �C): Liquid fi
a + CuAl2

The Al-Cu-Ni ternary phase diagram (Ref 36) representing the
stable equilibrium phases at room temperature is shown in
Fig. 7. It is found that the NiAl3 phase is stable in a wide range
of compositions. Therefore, as holding time increases, the
progressive diffusion causes the NiAl3 phase to grow in the

Fig. 8 Back-scattered electron images of the polished and etched section representing isothermally solidified zone for different holding times:
(a) 40 min, (b) 2 h, and (c) 6 h
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microstructure of CBZ eliminating heterogeneity. Moreover,
the NiAl3 phase has been reported to exhibit substantial growth
on isothermal holding (Ref 37). On the other hand, the
Al7Cu4Ni phase, though existing in the CBZ at lower bonding
time, disappears after holding for a longer time (6 h) as Cu
diffuses at a faster rate from CBZ to ISZ. Besides, the diffusion-
assisted growth of NiAl3 seals the microporosities.

The typical back-scattered electron images of the ISZ at
higher magnification are presented in Fig. 8a-c. The micro-
structure in all the bonding conditions exhibit the presence of
a-solid solution matrix (the most abundant phase), Al9Ni2,
CuAl2, and SiC particles. The CuAl2 phase (33± 2 at.% Cu,
and 66± 3 at.% Al) appears bright; on the other hand, Al9Ni2
(82± 4 at.% Al, and 18± 1 at.% Ni) is of relatively low
brightness. The precipitation of non-equilibrium (metastable)
phase Al9Ni2 from dilute solution of Al containing Ni has been
reported (Ref 38). In the present study, owing to limited
diffusion of Ni, the a-solid solution in the ISZ remains diluted
with Ni and, accordingly, the metastable Al9Ni2 precipitate
evolves along with the equilibrium precipitate CuAl2.

The result of XRD study (Fig. 9) adequately supports the
phase identification by EDS technique. The thin specimen
machined out from the bond region for XRD test includes both
the CBZ and ISZ. Therefore, all the phases (NiAl3, a-solid
solution, Al7Cu4Ni, CuAl2, Al9Ni2, and SiC) identified by EDS
analysis are also indicated in the XRD pattern. In concurrence

Fig. 9 Result of XRD study

Table 3 Result of shear test

Specimen
condition

Bonding
time

Shear strength,
MPa (mean± standard

deviation)

As-received composite Not applicable 105± 2
Bonded composite 40 min 48± 4

1 h 51± 5
2 h 63± 5
3 h 72± 6
6 h 88± 5
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with the SEM observations (Fig. 5a-e; Table 2) the Al7Cu4Ni
phase is visible up to a holding time of 2 h.

3.2 Bond Strength and Fractured Surface

The shear strength of the joint (bond strength) for various
bonding time is presented in Table 3. Typical load-displace-
ment plots are presented in Fig. 10. At lower bonding times
(40 min and 1 h), the bond strength is very low. However, as
the time of holding increases, the bond strength is improved.
The highest joint strength (88 MPa) of the bonded composite is
achieved with 6-h holding, which is 84% of the shear strength
(105 MPa) of the as-received composite (representing 84%
joint efficiency). The typical back-scattered electron images of
the fractured surface are shown in Fig. 11a-d. The failure of all
the specimens occurs through CBZ. At lower bonding time, the
fractured surface exhibits the presence of cracks. It is clearly
observed that up to 3-h holding (Fig. 11a-c), the crack
originates from microporosities. This is quite probable since
microporosities act as the local sites of stress raiser. After being
originated at microporosity, the crack propagates through
interphase interfaces owing to structural heterogeneity, partic-
ularly for lower bonding time. The Al7Cu4Ni phase (appearing
bright) is so often observed in the vicinity of crack propagation
path (Fig. 11a and b). Therefore, the poor bond strength for
lower time of holding is attributed to the structural heteroge-
neity (particularly the presence of Al7Cu4Ni) and microporos-
ity. On the other hand, the fractured surface of the specimen
with 6-h holding (Fig. 11d) exhibits the presence of naked SiC
particle, and no porosity or crack is apparently visible. This
indicates that, in the absence of microporosity (crack initiation
site), the failure occurs through decohesion at the matrix-
particle interface. The elimination of microporosity and devel-
opment of homogeneity in the microstructure with prolonged
holding results in higher joint efficiency.

The joint efficiency (84%) achieved in the present study
with mixed Cu-Ni powder interlayer is much higher than the

joint efficiency achieved (68%) by Yan et al. (Ref 13) in joining
AlMMC using a composite Cu/Ni/Cu foil interlayer. In case of
composite foil interlayer, since Cu and Ni were present as
separate layers their intermixing through diffusion remained
incomplete. This resulted in highly heterogeneous microstruc-
ture with several interphase interfaces. As a consequence, the
failure process was accentuated where crack originated and
propagated in the vicinity of a non-equilibrium phase, reported
as Al0.9 Ni1.1, thereby lowering the joint efficiency (Ref 13). In
the present investigation, a thoroughly mixed Cu and Ni
powders are used as the interlayer. Therefore, after 6-h holding,
more homogeneous structure is achieved with negligible
porosity owing to continual diffusion. This results in a better
joint efficiency. However, still higher joint efficiency (89-90%)
was achieved by the present authors (Ref 39, 40) while joining
the same composite at 560 �C under 0.2-MPa pressure with 6-h
holding time using 50-lm-thick pure copper interlayer (in foil
or powder form). A critical analysis of bonding with copper
interlayer (where interlayer undergoes complete melting)
explored that during isothermal solidification, though the SiC
particles are pushed by the solid/liquid interface to cause
segregation, the liquid-particle aggregate simultaneously moves
toward the periphery (edge) of the cross section to gradually
remove the effect of segregation (Ref 41). Therefore, particle
segregation persisted only for shorter holding time (up to about
2 h) in concurrence with that suggested by previous investiga-
tors (Ref 28, 29). However, for longer holding time, the particle
segregation was eliminated and the microstructure at the joint
region predominantly consisted of a-solid solution (aluminum-
based solid solution) and uniformly distributed SiC particles.
Such a microstructure provided higher joint efficiency
(89-90%) than the present study (84%) where, after 6-h
holding, the microstructure at the central bond region mainly
consists of NiAl3 along with a few SiC particles. The relatively
lower joint efficiency in the present study is attributed to the
presence of more brittle intermetallic phase NiAl3 (as compared
to a-solid solution of previous study) that is reflected in the flat,
fractured surface (Fig. 11d). Therefore, the effectiveness of
using Cu-Ni mixed powder interlayer is limited to a joint
efficiency of 84%. The use of copper interlayer is relatively
more effective with judicious selection of bonding parameters.

4. Conclusion

(i) In the TLP-phase diffusion bonding of 6061-15 wt.%
SiCp composite at 560 �C, 0.2 MPa, using mixed Cu-
Ni powder interlayer, the bond region mainly consists
of two zones, namely, (a) the central bond zone, and
(b) the isothermally solidified zone.

(ii) The microstructure of the isothermally solidified zone
contains equilibrium precipitate CuAl2, and the metasta-
ble precipitate Al9Ni2 in the matrix of a-solid solution
along with the reinforcement particles (SiC).

(iii) The microstructure of the central bond zone is highly
heterogeneous at the lower bonding time. The equilib-
rium phases, such as NiAl3, Al7Cu4Ni, and a-solid
solution along with the reinforcement particle (SiC), are
found to be present. Unlike the bonding with pure Cu
interlayer, segregation of SiC particles is avoided. How-
ever, the microporosities are observed.Fig.10 Typical load-displacement plots of tensile shear test
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(iv) As the bonding time increases, owing to continual dif-
fusion, NiAl3 phase grows, the structural heterogeneity
is gradually diminished with disappearance of Al7Cu4Ni
phase, and the microporosities are eliminated at the
central bond zone. After 6-h holding, the microstructure
of the central bond zone mainly consists of NiAl3 with-
out any visible microporosity.

(v) At lower holding time, during shear test, the crack origi-
nates from microporosities and propagates along inter-
phase interfaces (mainly in the vicinity of Al7Cu4Ni
phase) resulting in poor bond strength. However, the
specimen with 6 h of holding, owing to structural homo-
geneity (nonexistence of Al7Cu4Ni) and absence of poros-
ity, exhibits the highest bond strength where the failure
primarily occurs through the decohesion at the SiC parti-
cle/matrix interface. The achieved joint efficiency (84%)
in the present study with mixed Cu-Ni powder interlayer
is much higher than that (68%) achieved with composite
Cu/Ni/Cu foil interlayer. However, it is still lower than
that obtained with pure copper interlayer.
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