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Abstract Transient liquid phase diffusion bonding of an
extruded 6061-13 vol.% SiCp composite at 560 °C,
0.2 MPa, using a 50-pum thick copper powder interlayer
with 20 min, 1 h, 2 h, 3 h, and 6 h hold times has been
investigated. The isothermal solidification and homogeni-
zation of the bond region occurred with 3 and 6 h holding,
respectively. During isothermal solidification, smaller SiC
particles (size range: 11-13 um) were pushed by the mov-
ing solid/liquid interface and segregated around the bond
centerline, whereas bigger SiC particles (size range: 24—
33 pum) were engulfed. During isothermal solidification, the
bigger SiC particles locally hindered the solidification front
movement causing grain refinement. The kinetics of iso-
thermal solidification, representing the displacement of the
solid/liquid interface (y, in um) as a function of time (7, in s),
followed a power-law relationship: y = 35 1?2, According
to this kinetic equation, the effective diffusivity of copper in
composite system was found to be about 10° times higher
than the lattice diffusivity indicating the dominance of short
circuit diffusion through the defect-rich particle/matrix
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interface. Ultrasonic investigation of the bond interface
indicated that the signal attenuation was strongly correlated
with the width of the segregated layer-a feature that
decreased with the increasing bonding time. The comple-
tion of isothermal solidification was indicated by a sharp
rise in the received signal amplitude with a negligible
attenuation.

Introduction

The transient liquid phase (TLP) diffusion bonding process
is an intriguing approach of joining which applies an inter-
layer between the pieces to be joined where the interdiffu-
sion 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 TLP diffusion bonding process was first
introduced and patented by Paulonis et al. in the year 1972,
in United States [1]. During that period the process was
introduced for joining the heat resistant alloys, such as
nickel-based superalloys [2]. Later on, along with the nickel-
based superalloys (inconel, oxide dispersion strengthened
(ODS) nickel alloy etc.), it has been also applied to other
materials such as magnesium alloys, stainless steels, metal
matrix composites, oxide and non-oxide ceramics, and dis-
similar material joining (such as carbon/carbon composite to
niobium alloy) [3-17].

The development of various metal matrix composites
(MMCs) is regarded as a major advance in materials sci-
ence and technology during the past few decades. The
silicon carbide (SiC) reinforced aluminum-based metal
matrix composites (AIMMCs) show better properties as
compared to the monolithic aluminum alloys which make
these composites useful for aerospace and transportation

@ Springer



3576

J Mater Sci (2010) 45:3575-3587

industry applications [18, 19]. However, the difficulty
encountered in their joining poses a major problem in the
widespread industrial applications [20]. Mechanical fas-
tening (bolting or riveting), fusion welding, and solid state
diffusion bonding of such composites involve several dif-
ficulties [13, 14, 21-26] such as damage of reinforcement
(for mechanical fastening); formation of brittle phase
(Al4C3), cracking at the heat affected zone, and weld
porosity (for fusion welding); and excessive plastic defor-
mation under high applied pressure (for solid state diffu-
sion bonding). The TLP diffusion bonding process has
been reported as a promising technique by several inves-
tigators for joining the AIMMCs [12-17]. Extensive
research work has been carried out on the mechanism and
different stages of the TLP diffusion bonding process for
pure metals or monolithic systems by Duvall et al. [2],
MacDonald and Eagar [27], Tuah-Poku et al. [28], North
et al. [29], and others [30, 31] which envisage the existence
of four main stages namely, (I) dissolution of the interlayer,
(IT) homogenization of the liquid (widening of liquid to its
maximum width), (IIT) isothermal solidification, and (IV)
homogenization of the bond region at solid state. The
duration of the first stage is only a few seconds, and the
first two stages together take a few seconds or a few
minutes, depending on the system. On the other hand,
duration of the last two stages may extend to several hours.
The process has advantages of a low bonding temperature,
low bonding pressure, absence of a heat affected zone,
disruption of the surface oxide film by the transient liquid
phase, and a low probability of unfavorable reaction [2, 14,
28, 30]. In this joining process, the bonding temperature is
kept slightly above the eutectic temperature of the inter-
layer-base material system and below the solidus temper-
ature of the base material. The most widely used interlayer
in TLP diffusion bonding of AIMMCs is the Cu since it
involves a low bonding temperature (the eutectic temper-
ature of the Al-Cu system is 548 °C) which is far enough
below the solidus temperature of base material to prevent
the melting or distortion. Out of the different stages of the
TLP diffusion bonding process, isothermal solidification is
the most important stage. If isothermal solidification is not
completed, residual liquid may solidify as brittle phases
impairing the joint strength [30]. In pure or monolithic
systems, the kinetics of isothermal solidification has been
extensively studied. The well-known kinetic equation
representing the relationship between the solid/liquid
interface displacement (y) with time (¢) during isothermal
solidification in pure or monolithic systems is given as:

y:k(4Dst)l/2 (1)

This expression was derived with an analytical treatment
based on the classical theory of diffusion [27, 28, 31]. The
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other terms in this equation are the kinetic constant (k) and
the diffusion coefficient of the solute in solid (Dy), since the
isothermal solidification stage is mainly controlled by the
diffusion in solid. However, a real system so often deviates
from this analytical expression and the isothermal
solidification kinetics may be represented [28] by a more
generalized power law expression:

where, ‘m’ is the system-dependent time exponent; and
A = k(4Dy)"?. (3)

Although an extensive research has already been carried out
on the mechanism and different stages of the TLP diffusion
bonding process for the pure metals or monolithic systems
[24, 6, 9, 11, 27-31], similar studies are not readily
available for the AIMMCs. Also, in the investigations
reported so far [7, 12—17] on the TLP diffusion bonding of
AIMMCs, the bonding time has been kept low (maximum
of 2 h) without any correlation with the completion of
isothermal solidification or homogenization of the bond
region. The major focus in these studies has been on the
microstructure-property correlation in order to achieve
adequate joint strength. The initial attempts by Bushby and
Scott [12, 13] to join a SiC fiber reinforced AIMMC with
10-um thick copper foil interlayer at 550 °C in air envi-
ronment, resulted in a poor joint strength due to the oxi-
dation of transient liquid. Klehn and Eagar [7] achieved
better joint efficiency during the TLP diffusion bonding of
6061-15 vol.% Al,O5 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 Al,O3 reinforcement at the bond interface
was reported up to a maximum holding time of 2 h at
566 °C. In general, particle segregation at the bond region
has been observed during the TLP diffusion bonding of
AIMMCs containing alumina and silicon carbide, particle
reinforced Cu, and when joining yttria-bearing oxide dis-
persion strengthened alloys [32]. The region of weakness
produced by the particle segregation at the bond region has
been found to promote preferential failure during tensile
testing. A detailed study on particle segregation during the
TLP diffusion bonding of 6061-20 vol.% Al,O3; composite
using a Cu foil interlayer was carried out by Li et al. [32]
based on the critical velocity concept of Stefanescu et al.
[33] and Shangguan et al. [34] to explain the pushing and
engulfment of insoluble particles by the advancing solid/
liquid interface. It was found that the extremely slow rate of
movement of the solid/liquid interface (much slower than
the critical velocity) during the isothermal solidification
stage of the TLP diffusion bonding process promotes par-
ticle segregation. In the 6061-Al,O5 system, particles less
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than 30 um size were found to be segregated at the joint
region.

In order to further substantiate the progress of the TLP
diffusion bonding process of AIMMC:s, it is necessary to
carry out a focused study on the mechanism of the different
stages in correlation with the microstructural changes and
the kinetics of isothermal solidification stage in the com-
posite system. Furthermore, most ultrasonic nondestructive
studies have been carried out on the fusion welded joints,
and although echo amplitudes were found to be affected by
the interface zone [35, 36], it is unclear whether similar
behavior should be expected of TLP bonded AIMMCs.
Therefore, the purpose of the present work is to study the
microstructural variation at the joint region with regard to
the process mechanism and kinetics during the TLP dif-
fusion bonding of 6061-13 vol.% SiCp using a copper
powder interlayer in an argon environment, and to inves-
tigate the effects of this process on ultrasonic attenuation
through this joint.

Experimental procedure

Material, specimen preparation, and TLP diffusion
bonding

The as-received material for the TLP diffusion bonding was
an extruded rod of AIMMC 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 13 vol.% (15 wt%) silicon
carbide (SiC) particulate reinforcement. The material was
supplied by Regional Research Laboratory, Thiruvanant-
hapuram, India, in the form of a cast billet with 23 pm
average size of SiC particles (manufacturer’s data). The cast
billet was then extruded at National Metallurgical Labora-
tory, Jamshedpur, India, into a rod at 415 °C temperature
with an extrusion ratio of 20:1. Thereafter, the size of SiC
particles in the composite was measured to be 21 = 5 um
(size range: 11-33 um) by quantitative image analysis
technique. During this measurement, the size was consid-
ered as an average of the major axis and the minor axis of an
approximated elliptical particle in two-dimension. The
extruded rod was machined to produce discs of 15 mm
diameter and 10 mm in height. The faying surfaces of discs
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 pm diamond paste. Thereafter
the surfaces were rinsed in acetone and dried by hot air
blast. In order to maintain a copper powder interlayer of
50-pum thickness, initially a mass of 82 mg powder was
taken. After applying copper powder between the discs, the
assembly was pressed from both sides and set by an adhe-
sive tape. During compaction (while pressing the assembly

from both sides) some amount 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 microscope
with graduated eye piece. The thickness of 50-pum was fixed
on several trials. Thereafter the weight gain of the assembly
was measured in a digital microbalance (PRECISA-205A-
SCS, Switzerland) to determine the actual mass of the
powder interlayer. Considering all specimens, the mass of
copper powder interlayer (in terms of mean =+ standard
deviation) was found to be 75 £ 2 mg. The assembly was
then inserted inside the diffusion bonding unit (program-
mable 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 discs was used to monitor the bonding temperature.
The bonding temperature (560 °C) was kept above the
eutectic temperature (548 °C) of Al-Cu system [37] and
below the solidus temperature (582 °C) of 6061 matrix
alloy [38]. 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)—20 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 subse-
quently taken out of the furnace and allowed to air-cool.

Optical metallography

The bonded cylindrical samples were sectioned perpen-
dicular to the bonding plane. The section was polished at
first with different grades of emery papers soaked in ker-
osene and liquid paraffin (1:1 proportion) up to 1000 grit,
and finally with 1 pm diamond paste. Thereafter these were
etched with Keller’s reagent. Both the qualitative and
quantitative study of the microstructure around the bond
interface was carried out using an optical microscope
with digital photomicrography & image analysis facility
(ZEISS, Imager.Alm; Dewinter, MICROCAM 5.01). The
interface width, grain size, and SiC particle size were
measured. Due to mass flow toward the periphery under the
applied pressure, the interface width was not uniform
across the diameter of the discs. Therefore, the interface
width was measured at the ‘periphery’ and at the ‘central
region’ of the bond interface. The bond centerline was
15 mm in length. The two edges of bond centerline, with
each edge 3.5 mm in length, were considered as ‘periph-
ery’; while the remaining 8 mm in the middle was con-
sidered as the ‘central region.” Fifty measurements were
taken (for both at the periphery and at the central region)
and the mean value with standard deviation has been
reported as the interface width. The SiC particle size was
measured on as-polished unetched specimens at the seg-
regation zone and at the isothermally solidified zone by
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quantitative image analysis technique. Ten image-frames
were captured at each zone, sizes of the particles were
measured and the average value has been reported. The
size of an individual SiC particle was considered as an
average of the major axis and the minor axis of an
approximated ellipse.

Scanning electron microscopy and energy dispersive
X-ray spectroscopy

As-polished sections were examined around the bond
interface under a scanning electron microscope (JEOL,
JSM-5800). 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.
Furthermore, the line scan for concentration variation of
copper was carried out along a line lying perpendicular
to the bond interface while keeping the bond centerline
approximately at the middle.

Ultrasonic test

The bonded cylindrical samples were machined to a 10 mm
diameter to eliminate defects at the periphery. Thereaf-
ter, the flat surfaces at two ends were ground with a belt
grinder and polished with fine emery paper to remove oxi-
des and surface irregularities. Subsequently, these speci-
mens (18 mm in length x 10 mm in diameter) were used
for through-transmission ultrasonic testing. The test was
carried out using an ultrasonic instrument (Krautkramer
Branson USL 38M, Hurth, Germany) with 10 MHz normal
probes as the transmitter and receiver. During test, the
longitudinal wave propagated perpendicular to the bond
interface (along the length of the specimen). The effect of
particle segregation on ultrasonic attenuation was studied.

Results and discussion
As-received composite

The optical microstructure of as-received extruded
AIMMC, as shown in Fig. 1a, reveals very fine recrystal-
lized grains (grain size of 19 pm) and SiC particles. The
recrystallization temperature range of commercial alumi-
num alloys is 340-410 °C [39]. Therefore, during extrusion
of the parent AIMMC at 415 °C, the recrystallization of
matrix occurred. The back scattered electron image
(Fig. 1b) and spot analysis also reveal that the iron impu-
rity is present in the composite in the form of intermetallic
phases of iron and aluminum, FeAl, (both FeAl; and
Fe2A15).

@ Springer
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Fig. 1 Microstructure of as-received 6061-SiCp composite: a optical
image; b back scattered electron image

Mechanism and microstructural evaluation

Optical microstructures of the TLP diffusion bonded pol-
ished and etched specimens representing the bond interface
at the central region for different bonding conditions are
shown in Fig. 2a—e. When etched with Keller’s reagent the
segregation zone (transient liquid mingled with the segre-
gated SiC particles) appears dark. Adjacent to this, there
exists an isothermally solidified zone containing the grains
of isothermally solidified «. The remaining part consists of
unaffected base material. The segregation zone (SZ), iso-
thermally solidified zone (ISZ), and base material (BM) are
labeled accordingly. Further finer details are depicted in the
back scattered electron images of the bond interface
(Fig. 3a—c). The isothermally solidified zone and the base
material can be distinguished with more clarity through the
presence of CuAl, precipitate in the isothermally solidified
zone that appears as bright phase in back scattered electron
image. The isothermally solidified zone is distinctly iden-
tified with the presence of isothermally solidified « grains
(revealed in optical micrograph) along with the presence of
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Fig. 2 Optical microstructures of bonded specimens representing the interface width at central region of the bond interface: a 20 min; b 1 h;
c 2 h;d3h; and e 6 h. SZ Segregation zone, ISZ isothermally solidified zone, BM base material

CuAl, precipitates (revealed in back scattered electron
image as bright phase). It is to be noted that the as-received
AIMMC (unbonded) does not contain any CuAl, phase. In
bonded composites, the CuAl, phase is precipitated out in
the isothermally solidified zone during cooling from the
bonding temperature as the solubility of Cu in primary o
decreases with decreasing temperature following the solvus
curve. Thus, when the microstructure is studied at room
temperature, the presence of primary « grains along with
CuAl, precipitates can be used to identify the isothermally
solidified zone.

According to the study carried out by Natsume et al. [30]
for joining pure aluminum by a 50 um copper foil interlayer
at 570 °C, the first two stages of the TLP diffusion bonding
process are completed in 60 s. In the present study, heating
from the eutectic temperature (548 °C) to the bonding

temperature (560 °C) at a rate of 6 °C/min takes 2 min.
Thus, it is most likely that the first two stages are completed
during heating to the bonding temperature. Also the speci-
men with lowest bonding time (20 min) exhibits the pres-
ence of isothermally solidified zone adjacent to the bond
interface (Figs. 2a, 3a). Therefore, the liquid widening
process completes and isothermal solidification starts
before 20 min of holding.

Progress of isothermal solidification

In this investigation, the presence of 13 vol.% SiC particle
in 6061 aluminum matrix is expected to have a significant
effect on the TLP diffusion bonding process as compared
to monolithic systems. The degradation of SiC particles by
chemical reaction with molten aluminum is feasible only
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Fig. 3 Back scattered electron
images of bonded specimens at
central region of the bond
interface: a 20 min; b 1 h; and
c6h

above 727 °C [20]. Therefore, at the bonding temperature
(560 °C) no chemical degradation of particle is possible.
The major interaction would be the interaction between
particles and the solidification front. Figures 2a—c and 3a
and b reveal the segregation of SiC particles around the
bond centerline with isothermally solidified zones on both
sides. According to published literature [40] on the general
solidification characteristic of SiC reinforced AIMMC, the
primary « is very efficient at rejecting SiC, and pushing the
particles ahead of the solid/liquid interface. In this regard, a
critical velocity (V.) of the solid/liquid interface has been
reported, below which the SiC particles are pushed by the
moving interface and above which they are engulfed [33,
34, 41]. In the TLP diffusion bonding process, during the
widening of liquid, the solid/liquid interface moves away
from the bond centerline; whereas, during isothermal
solidification, the solid/liquid interface moves toward the
bond centerline [28]. Since the first two stages of the TLP
diffusion bonding (dissolution of the interlayer and wid-
ening of the liquid) are very fast, the velocity of the solid/
liquid interface is also very high. As a result, during wid-
ening of the liquid, SiC particles are not pushed by the
solid/liquid interface away from the bond centerline. The
next stage, isothermal solidification, is comparatively slow
due to the solid state diffusion controlling the process,
typically taking several hours to complete. During iso-
thermal solidification, due to the low velocity of the solid/
liquid interface, most of the SiC particles of relatively
smaller size are pushed by the moving solid/liquid interface
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and segregate around the bond centerline along with
liquid phase; whereas the SiC particles of bigger size are
engulfed. This is evident in Fig. 3a. Similar behavior of
particle-pushing and segregation due to an extremely slow
rate of movement of the solid/liquid interface during the
isothermal solidification stage has been observed by Li
et al. [32] in 6061-20 vol.% Al,O; composite. The aggre-
gate of the residual liquid and the segregated SiC particles
may be called a ‘Segregation Zone’ and the width of this
segregation zone may be termed the ‘Interface Width’.
Therefore, in the present study, the bond region may be
visualized as two zones, namely (i) the ‘Segregation Zone’
(just around the bond centerline), and (ii) the ‘Isothermally
Solidified Zone’ (adjacent to the segregation zone). This is
schematically shown in Fig. 4, and is indicated on the back
scattered electron image in Fig. 3a. The measured interface
width of the central region and at the periphery of the bond
interface for different bonding conditions is presented in
Table 1. At 20 min bonding time, the interface width at the
central region is somewhat similar (slightly greater) to that
at the periphery. However, with increasing bonding time,
the interface width at the central region decreases contin-
uously and always remains lower than that at the periphery.
This phenomenon indicates that during the TLP diffusion
bonding under pressure (0.2 MPa), the liquid—particle
aggregate moves toward the periphery and flows out.
Since the mass that flows toward the periphery is not
simply liquid, but an aggregate of liquid and solid, a con-
striction to flow is likely to act at the periphery. Therefore,
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Fig. 4 Schematic representation of bond region during isothermal
solidification

Table 1 Interface width at ‘Central region’ and ‘Periphery’

Bonding time Interface width (um)

(mean = standard deviation)

At central region At periphery
20 min 215+ 14 204 £ 11
1h 84 +7 186 £ 13
2h 70 £ 5 126 + 12
3h Negligible 131 £ 10
6h Negligible 127 + 11

the interface width at the periphery depends on the accu-
mulation of mass at periphery and its expulsion.

The flow of liquid toward the periphery under applied
pressure has been investigated by Natsume et al. [30] while
joining pure aluminum by a copper foil interlayer using the
TLP diffusion bonding process. It has been established that
the liquid expulsion under pressure and the diffusion-
assisted isothermal solidification proceed simultaneously
during the TLP diffusion bonding process. The mass flow
under applied pressure eliminates some part of the liquid.
This reduces the amount of liquid to be solidified isother-
mally, thereby shortening the duration of isothermal
solidification [30]. Moreover, the mass flow toward
periphery is likely to cause hindrance to the planar growth
of solidification front. In monolithic system, the grain

boundary diffusion is reported to be a reason of non-planar
growth [42]. In composite system, the short circuit diffu-
sion through the defect-rich regions of the particle/matrix
interface is expected to play a dominant role in hindrance
to the planar growth of solidification front. These factors
result in a non-uniform interface width across the diameter,
as observed in the present investigation.

Completion of isothermal solidification

The specimens subjected to 3 and 6 h bonding times exhibit
negligible interface width in the central region with the least
segregation of SiC particles, as shown in Figs. 2d, e and 3c.
Furthermore, the bond interface is hardly discernible and
the grain continuity exists across the interface indicating the
completion of the isothermal solidification after a 3-h hold.
Spot analysis of the matrix at the bond interface, after a 3-h
hold, indicates the presence of 2 £+ 0.3 wt% Cu (as per
calculation of the mean and standard deviation values of the
data obtained from ten spots). According to the Al-Cu
phase diagram, at 560 °C, the maximum solubility of cop-
per in primary o is 4.35 wt% [37]. Therefore, the copper
content of 2 £ 0.3 wt% at the bond interface indicates the
presence of primary o grains. This further confirms the
completion of the isothermal solidification. It is important
to note that, on completion of isothermal solidification, the
central region is almost free of any particle segregation.
However, the particle segregation still exists at the periph-
ery (the interface width exists), as indicated in Table 1. The
completion of isothermal solidification is supported by the
presence of isothermally solidified primary o grains at
the bond centerline. The simultaneous elimination of par-
ticle segregation in the central region is due to the flow of
liquid—particle aggregate toward the periphery under the
applied pressure. However, all the particles cannot flow
outside the periphery. This causes segregation of particles at
the periphery even on completion of isothermal solidifica-
tion. The segregated particles at the bond interface have
been reported as the regions of weakness [32]. Therefore,
the elimination of particle segregation in the central region
on completion of isothermal solidification is likely to pro-
duce a strong joint, once the region of particle segregation at
the periphery is machined out.

Particle engulfment and nucleation of primary o grains

The microstructural analysis also reveals that during iso-
thermal solidification, when the solid/liquid interface
moves toward the bond centerline, some SiC particles are
not pushed by the solid/liquid interface; rather they are
engulfed (Figs. 3a, b, 5a, b). However, other SiC particles
are pushed by the solid/liquid interface and agglomerated
around the bond centerline forming a ‘segregation zone’ as
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Fig. 5 Grain size variation in the isothermally solidified zone: a
20 min, central region; b 2 h, periphery

discussed earlier. The critical velocity determining the
character of this zone depends on several factors including
the particle size. It has been established that, the critical
velocity (V,) is inversely related to the particle size [33, 34,
41]. Therefore, bigger particles have a lower V. and are
likely to be engulfed, whereas smaller particles have a
higher V. and are likely to be pushed by the advancing
solid/liquid interface. The size of the SiC particles in the
‘segregation zone’ (containing particles pushed by the
solid/liquid interface during isothermal solidification) and
at the isothermally solidified zone (containing engulfed
particles) were measured. This is typically shown in Fig. 6.
In general, considering all the bonding conditions, the
particles in the isothermally solidified zone (engulfed par-
ticles) are found to be much bigger (size range: 24-33 um)
than the particles in the segregation zone (size range: 11—
13 um), as expected. This is also schematically presented
in Fig. 4.
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Fig. 6 Back scattered electron images representing SiC particle size:
a isothermally solidified zone, 1 h; b segregation zone, 1 h

The distribution of engulfed SiC particles in the iso-
thermally solidified zone is found to be non-uniform. Some
part of the isothermally solidified zone is devoid of SiC
particles, whereas some part is found to be particle-enri-
ched. The particle-enriched regions so often contain closely
spaced particles appearing as dark regions in optical image.
The grain size of the primary « in the particle-enriched
region is found to be much finer than the particle-devoid
part. This is clearly evident in the optical microstructures
as shown in Fig. 5a and b. The measured grain sizes are
indicated for each microstructure. This observation indi-
cates two possibilities: either the engulfed SiC particles act
as nucleation sites for isothermal solidification, or these
coarser particles cause local hindrance to the movement of
the solidification front. During synthesis of ceramic particle
reinforced aluminum metal matrix composites by casting
route, it has been found that only the TiC particles (not the
SiC or Al,Oj; particles), due to their similarity in crystal
structure with the aluminum alloy matrix (face centered
cubic), act as heterogeneous sites for the nucleation of
o-aluminum grains [43, 44]. On the other hand, Zhou and
Xu [45] observed that during the solidification of 6061-20
vol.% SiC composite melt, the SiC particles of 25 pm size
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Fig. 7 Back scattered electron image of the isothermally solidified
zone for 1-h holding representing the hindrance to the growth of
solidification front by a particle enriched region

(coarser size similar to the size of SiC particles in the
isothermally solidified zone of the present study) act as the
local barrier to the growth of the solidification front. As a
result, the solidification front splits to avoid the barrier that
ultimately generates the finer grains around the particles.
The similar phenomenon is found to occur in the present
investigation as revealed in the back scattered electron
image (Fig. 7) of the isothermally solidified zone in a
polished and etched specimen. Accordingly, in the present
investigation, grain refinement effect is observed in the
particle enriched regions of the isothermally solidified
zone.

Homogenization of the bond region and the presence
of CuAl,

The result of EDS line scan (Fig. 8) exhibits that the
concentration of copper for 6-h holding is almost uniform

! 1mm !

Fig. 8 Line scan result representing the concentration variation of Cu
around the bond interface for 6 h holding

across the bond centerline indicating homogenization of
the bond region. The CuAl, phase is found to be present in
the segregation zone as well as in the isothermally solidi-
fied zone (Fig. 3a—c). At the bonding temperature, the
segregation zone contains liquid intermixed with SiC par-
ticles. During cooling, while crossing the eutectic temper-
ature (548 °C), the liquid solidifies through eutectic
reaction: Liquid — « + CuAl,. Again, while cooling
below 548 °C to the room temperature, as the solubility of
copper in primary o decreases with decreasing temperature,
the CuAl, phase precipitates out of the eutectic «. There-
fore, in the segregation zone, the CuAl, phase is present in
the form of eutectic CuAl, and as CuAl, precipitates. Back
scattered electron images (Fig. 3a, b) clearly reveal that
during cooling, CuAl, preferentially nucleates on the SiC
particles in the segregation zone. On the other hand, at the
bonding temperature, the isothermally solidified zone
contains isothermally solidified « grains and engulfed SiC
particles. During cooling, as the solubility of Cu decreases,
CuAl, precipitates out of the isothermally solidified o.
Therefore, it is likely that, while studying microstructures
at room temperature, the width of the total region con-
taining CuAl, phase (considering the distance up to which
CuAl, phase is present on both sides of the bond center-
line) is an approximate estimate of the width of the total
region affected by the TLP diffusion bonding process. The
width of CuAl, containing region has been measured on
SEM back scattered electron images for different bonding
times. This is summarized in Table 2. With increasing
bonding time, the width of the CuAl, containing region
slowly increases due to the gradual diffusion of copper into
the base material (6061-SiCp composite) beyond the region
of maximum liquid widening (that solidifies isothermally)
at the bonding temperature. During cooling, the precipita-
tion of CuAl, is likely to occur in this narrow zone of the
base material to which copper has diffused.

Process kinetics

Out of all the stages, the isothermal solidification is con-
sidered to be the most important stage in TLP diffusion

Table 2 Width of CuAl, containing region

Bonding time Width of CuAl,
containing

region (pum)

20 min 536
1h 542
2h 547
3h 553
6h 558

@ Springer
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bonding process. Completion of the isothermal solidification
produces a single phase microstructure at the bonding tem-
perature. If isothermal solidification is not completed, dur-
ing cooling, the residual liquid solidifies eutectically that
may generate brittle phases impairing bond strength [30].
Now, the displacement ‘y’ (expressed in um) of the solid/
liquid interface at a time of isothermal solidification ‘¥’
(expressed in s) is given as: y = (Wy.x — W)/2, where ‘W’
is the total width of the liquid phase (interface width) at the
central region (considering the mean value) at an isothermal
solidification time ‘¢’ and ‘W,,,,’ is the maximum width of
the liquid phase. It is observed in Table 2 that the width of
the CuAl, containing region does not vary significantly with
bonding time. This indicates that the diffusion of solute
(copper) into the base material beyond the region of maxi-
mum liquid widening is negligible, especially at lower
holding time. Therefore, in the present study, the maximum
width of liquid (W,,,x) may be approximated to 536 pum
which is the width of the CuAl, containing region for 20 min
of holding (the minimum holding time considered). There-
fore, considering that the first two stages of the TLP diffu-
sion bonding (interlayer dissolution and liquid widening)
occur very fast and complete during heating to the bonding
temperature, with y = (536 — W)/2 um; four experimental
data points viz. (1,200 s, 160.50 pm), (3,600 s, 226 um),
(7,200 s, 233 pm), and (10,800 s, 268 pum) are obtained for
determining the kinetic expression of isothermal solidifica-
tion. Using Microsoft Excel software, fitting these data
points to the general form of governing equation of the
isothermal solidification kinetics (power law relationship
similar to Eq. 2), the relationship obtained is:

y =351% (4)

This is presented in Fig. 9. A value (0.94) of the coefficient
of determination (Rz) close to 1 and a small deviation of
experimental data from this relationship (calculated as 4%)
justify the acceptance of the developed equation. Now, with
regard to Eq. 4, using an effective diffusion coefficient (D,)
for the composite system instead of lattice diffusion
coefficient (Dy), Eq. 3 takes a form:

k(4De)"? = 35. (5)

The system-dependent kinetic constant (k) follows the
relationship [31]:

k(1+erfk)n'/?  Cy — Cy
exp(—k2) CLy — CaL

(6)

where ‘Cy,’, the concentration of Copper (solute) in the
base alloy, is 0.3 wt%. The other concentration terms (Cy ,
CL,) at the bonding temperature (560 °C) is determined
from the Al-Cu phase diagram [37], as shown in Fig. 10.
Accordingly, Eq. 6 becomes:
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Using Eq. 7 the value of ‘k’ is graphically calculated as 0.08
(Fig. 11). Putting this value in Eq. 5 the effective diffusion
coefficient (D.) in the composite is determined as
47,852 um2 s_l, ie., 4.79 x 1073 m? s Now, knowing
the values of the frequency factor and the activation energy
for lattice diffusion of Cu in pure Al from the standard lit-
erature [30], D, is calculated as 1.89 x 10783 m? s
Therefore, the effective diffusion coefficient (D.) in the
composite system is about 10° times higher than the lattice
diffusion coefficient (D;) in the pure system. In the present
study, the composite contains substantial amount (13 vol.%)
of SiC particles. The presence of SiC particles in the metallic
matrix leads to the formation of defect-rich interfacial region
of high dislocation density, mainly due to the difference in
the coefficient of thermal expansion between the metallic
matrix and the SiC particles [46]. The coefficient of thermal
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Fig. 11 Graphical determination of ‘k’

expansion of 6061 matrix alloy and SiC particle are
23.6 x 107° and 5.5 x 107° K™', respectively [38, 47].
Thus, it is likely that the particle/matrix interface of com-
posite is associated with high dislocation density which
provides short circuit paths for diffusion. It is reported that
[48] the short circuit diffusivities are larger than the lattice
diffusivities by a factor of 10° or more near the melting point
or solidus temperature, as also observed in the present study.
Therefore, at the bonding temperature of 560 °C (which is
nearer to the solidus temperature, 582 °C, of 6061 alloy), the
short circuit diffusion takes a significant role in the 6061-
SiCp composite.

Segregation of FeAl,

In the bonded composite, the particles or phases present in
the segregation zone are mainly SiC and CuAl,. However,
at a few locations the intermetallic phases of iron impurity
(FeAl,) are also found to be present, as evident in Fig. 3b.
The FeAl, is present in the parent composite. Thus, it is
likely that during isothermal solidification, these FeAl,
particles are pushed by the solid/liquid interface and
thereby segregate around the bond centerline (at segrega-
tion zone) along with the SiC particles.

Ultrasonic characterization

The received signal height in terms of %FSH (Full Screen
Height) has been measured form the oscilloscope display of
the ultrasonic test which may be represented as the ampli-
tude of the received signal. The received signal amplitude in
correlation with the bonding time and the interface width
(the width of particle segregation at the bond interface) at
the central region for different bonding conditions is pre-
sented in Table 3. With increasing bonding time as the
interface width decreases, the received signal height
increases. For 10 MHz test frequency and with a sound

Table 3 Result of ultrasonic test

Interface width at
central region (W) (um)

Bonding time Received signal

amplitude (A) (%FSH)

20 min 215+ 14 21
lh 84 £ 7 35
2h 70 £ 5 37
3h Negligible 97
6 h Negligible 98

velocity of 6.32 x 10° ms™! in aluminum [49], the
wavelength of ultrasound comes out to be 632 um. The
particle size of the composite (21 + 5 pm) is therefore less
than 1/10th of the wavelength (63 pum). Under this condi-
tion, attenuation is usually absent [49]. Therefore, individ-
ual SiC particles do not cause attenuation of ultrasound.
However, the increasing received signal height with bond-
ing time indicates that the particle segregation at the bond
interface causes attenuation of ultrasound. Once the diam-
eter of the specimen is reduced to 10 mm from 15 mm for
ultrasonic test, the interface width at the central region
mainly represents the width of particle segregation. The
width of particle segregation (interface width at the central
region) is higher than the 1/10th of the wavelength
(Table 3) and, therefore, is likely to cause significant scat-
tering of ultrasonic wave. Since the particle segregation is
aligned perpendicular to the ultrasonic wave, waves are
scattered all around causing attenuation. The received sig-
nal amplitude as a function of bonding time is presented in
Fig. 12. With increasing bonding time, the width of particle
segregation at the central region decreases and accordingly
attenuation also decreases due to the reduced scattering
effect that is reflected as higher received signal height. The
received signal height is very small (high attenuation) for
the smallest bonding time (20 min). On completion of
isothermal solidification (3 h holding or more), as the par-
ticle segregation at the central region is eliminated, the
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Fig. 12 Variation of the received signal amplitude with bonding time
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received signal height suddenly increases and approaches
close to the full screen height representing negligible
attenuation. Therefore, this received signal amplitude ver-
sus bonding time plot (Fig. 12) may be useful to identify the
completion of isothermal solidification stage. This identi-
fication is very much important since the completion of
isothermal solidification ensures the least particle segrega-
tion and a better property of the TLP diffusion bonded joint.

Conclusion

(1) In the transient liquid phase diffusion bonding
process of 6061-SiCp composite using a 50-pm
thick copper powder interlayer at 560 °C under
0.2 MPa pressure, the isothermal solidification and
homogenization of the bond region occur with
3- and 6-h hold times, respectively.

(i) During isothermal solidification, the bigger SiC
particles are engulfed; whereas, the smaller SiC
particles are pushed by the advancing solid/liquid
interface and segregate around the bond centerline
along with the residual liquid. Simultaneously,
under applied pressure the mass of residual liquid
and segregated SiC particles moves toward the
periphery and ultimately flows out with the increas-
ing bonding time. During isothermal solidification,
the bigger SiC particles locally hinder the growth of
the solidification front, thereby generating finer
grains.

(iii) The kinetics of isothermal solidification follows a
power-law relationship: y = 35 1*% According to
this relationship, the effective diffusivity of copper
in the composite system was found to be about 10°
times higher than the lattice diffusivity. This
indicates the dominance of short circuit diffusion
through the defect-rich particle/matrix interface.

(iv) The bond region consists of two zones, namely, (a)
a ‘segregation zone’ (just around the bond center-
line) and (b) an ‘isothermally solidified zone’
(adjacent to segregation zone). At the bonding
temperature, the segregation zone mainly consists
of residual liquid and SiC particles, and the
isothermally solidified zone contains primary o
and the engulfed SiC particles.

(v) On completion of isothermal solidification (3-h
holding), the segregation of SiC particles remains
only at the periphery; and the central region
becomes segregation-free.

(vi) In the segregation zone, during cooling from the
bonding temperature, the residual liquid undergoes
eutectic solidification forming CuAl, and «. Upon
further cooling, the CuAl, phase precipitates out

@ Springer

of the eutectic «. In the isothermally solidified
zone, CuAl, evolves only as a precipitate from the
isothermally solidified o.

(vii) The segregated particles at the bond interface scatter
ultrasonic wave causing attenuation. The extent of
attenuation decreases as the width of the particle
segregation decreases with increasing bonding
time. The early stages of isothermal solidification
are characterized by a high attenuation; whereas, a
sharp increase in the received signal amplitude (low
attenuation) indicates the completion of the isother-
mal solidification and the homogenization of the
bond region.
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