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Transient liquid phase diffusion bonding (TLPDB) of Al-6061 containing 15 vol.% alumina particles was
carried out at various bonding temperatures. A 5 um thick electrodeposited Ni-coating containing
18 vol.% nano-size alumina particles was used at the interlayer. Joint formation was attributed to the
solid-state diffusion of Ni into the Al-6061 alloy followed by eutectic formation and isothermal solidifi-
cation at the joint interface. Examination of the joint region using scanning electron microscopy (SEM),
wavelength dispersive spectroscopy (WDS) and X-ray diffraction (XRD) showed the formation of inter-
metallic phases such as Al3Ni, AlgFeNi and Ni5Si within the joint zone. The results indicate that the incor-
poration of nano-size Al,03 dispersions into the interlayer can be used to improve joint strength.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Aluminum metal-matrix composites (Al-MMCs) have been of
particular interest to the automotive and aerospace industries,
due to their high strength-to-weight ratio, formability and corro-
sion resistance. However, despite the unique properties of these
materials, the lack of a reliable joining method has restricted their
full potential in engineering applications [1-4]. In this regard,
numerous joining techniques have been studied in an attempt to
identify a process that can be successfully used to join AlI-MMCs.
Some of the processes that have been studied include: fusion weld-
ing [1,5-7], brazing [8-11], solid-state diffusion bonding [12,13-
16] and transient liquid-phase (TLP) bonding [17,18-21]. The ma-
jor challenges reported in the scientific literature are; undesirable
interfacial reactions between the matrix and reinforcement, partic-
ulate segregation and low joint strength.

TLP diffusion bonding has been extensively studied for joining
particle reinforced AI-MMCs [1,2,22]. The process depends on the
formation of a thin continuous layer of liquid at the joint interface
through eutectic or peritectic reaction between the interlayer and
the base metal. This reaction also has the advantage of been able to
remove surface oxides. The liquid film wets the contacting metallic
substrates and solidifies isothermally, followed by homogenization
of the joint region [18-20]. The advantage of using this process is
that reinforcing particles are incorporated into the bond region
either by using a particle reinforced filler material [17] or by the
melt-back of the substrate metal [24].
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Attempts have been made to improve joint strength [3-17],
however, despite the many studies that have been performed the
major problems affecting the process have still not been success-
fully resolved. Metal foil interlayers such as Cu, Zn, Ni and Ag
[22,17] are often used in the joining process. Unfortunately, the
use of metal foils to join particle-reinforced composites can result
in the formation of dispersion free zones (DFZ) within the joint re-
gion. Recent studies into joining AI-MMCs have focused on the use
of soldering or brazing since these techniques avoid the problems
associated with significant base metal melting, and offer improved
flexibility in component design and production [23,25]. It was re-
ported that Sn-based interlayers reinforced with SiC are capable
of improving joint strength of Al-6061 + 25% (Al,03)p by approxi-
mately 100% when compared to unreinforced joints formed by
ultrasonic assisted soldering [26]. However, the joint formed nor-
mally has a strength far lower than that of the parent metal, and
this limits the use of components made by this method to less crit-
ical applications. Yan et al. [27] developed a SiC particle reinforced
Zn-based filler which was used to join SiCp/A356 composite. The
results indicated that without ultrasonic vibration, poor joint prop-
erties were achieved. The lower joint strengths were attributed to
particle agglomeration and void formation within the joint zone.
However when ultrasonic vibration was used suitable particle dis-
tribution and reduced void formation were achieved. This work,
though promising can only be successfully applied during ultra-
sonic assisted joining.

In this study a thin composite coating reinforced with nano-
sized Al,0s particles is used as a method of enhancing the mechan-
ical strength of the TLP bonded joints. A mathematical equation
developed for predicting parent metal dissolution of particle
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reinforced AI-MMCs when using composite coatings is also pre-
sented. The effect of bonding temperature on microstructural
development across the joint and subsequent effect on shear
strength and failure mechanism was investigated.

2. Materials and methods
2.1. Materials

In this study an Al-6061 alloy containing 15 vol.% of alumina
(Al,03) particles with an average size of 28 um is used. The micro-
structure and composition of the material is shown in Fig 1 and Ta-
ble 1 respectively.

2.2. Sample preparation and bonding process

The specimens were prepared for bonding by cutting to a
dimension of 10 x 10 x 5 mm. A hole was drilled to a depth of
3 mm at 1 mm from the bonding interface. The bonding surfaces
were prepared to 800 grit SiC finish and subsequently polished to
a 1 pm diamond-suspension and then cleaned in an acetone bath.

Prior to bonding, one piece of each couple was electroplated
with a 5 pm thick Ni-coating co-deposited with 500 nm Al,03 par-
ticles. The electrodeposition of Ni onto the Al-6061 surfaces was
carried out in a 250 ml glass beaker using Watt’s nickel bath recipe
[28]. The specimens were assembled at room temperature and
placed on the lower platen within the induction coil and an un-
grounded k-type thermocouple inserted into the hole located
approximately 1 mm from the joint interface. Once a vacuum of
4 x 10~* torr (0.053 Pa) was achieved, the assembly was heated
to a bonding temperature ranging from 570 °C to 620 °C. The lower
temperature limit of 570 °C was selected to be above the Al-Ni-Si
eutectic temperature of 565 °C [29]. The upper temperature limit
of 620°C was selected through preliminary investigations, in
which bonding was carried out up to a temperature 640 °C. How-
ever, specimens bonded above 620 °C experienced extensive plas-
tic deformation, as such these specimens were discarded.

The specimens were brought to the joining temperature at a
heating rate of 65 °C/min and then held at that temperature for
10 min. The power was turned off and the specimen was cooled
to room temperature in vacuum, once the bonding process was
completed. Bonded specimens were sectioned perpendicular to
the bond-line by an abrasive saw and mounted in Bakelite. The
mounted specimens were prepared according to ASTM standard

Fig. 1. Microstructure of the Al-6061/15 vol.% Al,O3p metal-matrix composite.

Table 1
Composition of Al-6061/15 vol.% Al,O5 alloy.

Composition wt.%

Fe Cu Mg Mn Cr Ti Zn Si Al
0.03 0.11 1.09 0.05 0.08 0.09 0.15 0.69 Bal

B 253 [30]. The samples were ground progressively on silicon car-
bide papers from 240-800 grit, followed by a final polish to 1 um
finish. A mixture containing 2 ml HF, 3 ml HCl, 5 ml HNO5 and
190 ml H,0 was used as the etchant to reveal the aluminum grain
structure.

Bonded samples were machined to 8 mm diameter to eliminate
edge effects. Bonded specimens of approximately 12 mm length
and 8 mm diameter were loaded into a specially prepared appara-
tus, which is schematically shown in Fig. 2. The grips of this appa-
ratus were pulled in tension by a Tinius-Olsen tensile testing
machine 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 shear strength was calculated by dividing
the maximum load by the bond area. For each bonding condition
three specimens were tested and the average value used to deter-
mine the shear strength (bond strength).

Examination of the joints was performed using a optical micro-
scope and a scanning electron probe microscopy (SEM). Quantita-
tive compositional analyses were carried out using wavelength
dispersive spectroscopy (WDS) and X-ray diffraction (XRD). Mi-
cro-hardness testing was performed on the cross-section of the
joints according to ASTM E92 standard test method for a Vickers
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Fig. 2. Schematic of shear test rig.
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micro-hardness tester. Indentations were made at 100 pm spacing
using a diamond tip indenter to which a 0.2 kg load was applied for
15 s, after which the length of the diagonals were measured and
the hardness number recorded form tables.

3. Results and discussion
3.1. Microstructure of the joint

Bonding temperature is one of the most important parameters
considered when diffusion bonding aluminum metal-matrix com-
posites. In this study, diffusion bonding was carried out at temper-
atures ranging from 570 °C to 640 °C. However, samples bonded
above 620 °C experienced extensive macroscopic deformation, as
such only samples made at bonding temperatures between
570 °C and 620 °C are reported in this paper.

A study of the joint microstructure for a bond made at 570 °C
revealed the segregation of Al,O5 particles at the bond-line as
shown in Fig 3a. When the bonding temperature was increased
to 590 °C the width of the segregated zone decreased to approxi-
mately 150 pm as shown in Fig. 3b. Further increase in bonding
temperature to 600 °C also resulted in a reduction in the width
of the segregated zone as shown in Fig 4a. A similar result was ob-
tained when the bonding temperature was increased to 620 °C (see
Fig 4b). This observation is consistent with earlier literature which
suggests that [21] using a thin interlayer can help to control the de-
gree of segregation at the joint center.

The micrographs shown in Figs 3 and 4 indicate that the width
of the segregated zone decreases with increasing bonding temper-
ature. According to earlier research on the solidification character-
istic of Al,0O3 reinforced AI-MMCs, the primary o-phase is very
efficient in rejecting the Al,05, and pushing the particles ahead
of the solid/liquid interface. In this regard, a critical solid/liquid
interface velocity has been reported, above which the Al,05 parti-
cles are engulfed by the moving interface and below which they
are pushed towards the joint center [31,32].

Table 2 shows the WDS analysis of the joint as a function of
bonding temperature. The results indicate that the Ni concentra-
tion at the interface decreased from 4.65 wt.% to 0.19 wt.% as the
bonding temperature is increased from 570°C to 620 °C. This
was attributed to an increase in the diffusivity of Ni from the inter-
face into the basemetal as the temperature increased. A review of
the scientific literature shows that the diffusivity of Ni increased
from Ds70=4.69 x 1073 m?/s to Dgyo=1.58 x 1072 m?/s when
the bonding temperature was increased from 570 °C to 620 °C
[33,34]. Additionally, the increased diffusivity of Ni into Al resulted
in the formation of a large quantity of the eutectic mixture at the

grain boundaries as shown in Fig. 5a. The variations of Ni across
the joint are also shown in Fig. 5b.

3.2. Modeling parent metal dissolution of AI-MMCs using composite
coating

Thin electrodeposited Ni coatings containing nano-dispersions
of Al,Oswere used to produce TLP bonds. Ceramic particles were
introduced into the coatings to reinforce the soft metal-matrix
and to strengthen the joint region after TLP bonding. The effect
of thin coatings on the width of the molten zone can be estimated
by applying mass a conservation equation to the molten zone. The
mass balance equation for transient liquid phase bonding of parti-
cle reinforced aluminum metal-matrix composite using nano-
sized particle reinforced composite interlayer can be written as;

WochB(l - 8) = (Wmax *W0(4l - 8))(1 - y)pAC’-fx

_WO,DACL“(] —8) (1)
By rearranging the above equation we obtain:
_ CB - CL:x pc
Wiax = Wo(1 — &) KCM — Z/CL“) o +1 (2)

where pc is the density of the composite interlayer, p4 is the density
of the base-metal, »is the volume fraction of Al,03 reinforcement in
the base-metal, ¢ is the volume fraction of nano-size Al,O5 particles
in the interlayer, Cy, is the vol.% of nickel in the liquid at the bond-
ing temperature, wy is the initial width of the interlayer, Cz is the
vol.% of nickel in the interlayer and W, is the maximum width
of the liquid zone.

In this study, the values for pc and p, were used as 8.902 g/cm?,
and 2.70 g/cm?, respectively. The initial concentration Cg of Ni in
the interlayer was given a value of 81.4% in the equation. The final
concentration of Ni,was taken from the Al-Ni-Si phase diagram
[29] to be 8.9 wt.% for a bonding temperature of 620 °C. The vol-
ume fraction of Al,O5 particles in the interlayer (¢) and the base-
metal (v) are 18.4 wt.% and 15 wt.% respectively. Using this infor-
mation in Eq. (1), Wimax was calculated to be 103 um. When these
values are substituted into the equation developed by Tuah-Poku
for estimating Wpax a maximum dissolution width of 116 pm
was calculated [19]. The differences in these values can be attrib-
uted to the fact that Tuah-Poku’s equation assumes that the entire
joint zone forms a liquid. However in this study, at a bonding tem-
perature of 620 °C it is assumed that dissolution of the Al,03 dis-
persion at the joint interface would not occur. Therefore the
volume fraction of reinforcements present in the interface must
be subtracted from the eutectic volume formed at the joint region.
This provides an accurate estimation of the maximum width of the
parent metal dissolved.

Fig. 3. Light micrographs of the joint microstructures for bonding temperatures of (a) 570 °C and (b) 590 °C.
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Fig. 4. Light micrographs of the joint microstructure for bonding temperatures of (a) 600 °C and (b) 620 °C.

Table 2
Shows WDS analysis of the joint composition (wt.%) as a function of bonding
temperature.

Temperature (°C) Mg Ni Si Fe Al
570 2.53 4.65 0.72 0.35 Bal
590 1.73 1.69 0.52 0.28 Bal
600 1.52 0.35 0.41 0.21 Bal
620 0.94 0.19 0.21 0.19 Bal

3.3. Isothermal solidification

Stefanescu [31,32] showed that particle pushing can be
assumed to be a steady-state condition under which the interface
velocity can be assumed to be equal the rate of isothermal solidifi-
cation. This rate can be calculated using a model proposed by

Sinclair [35,36]. The significance of the constant, ¢, is that, it is an
indication of the solidification rate of the system. Increasing ¢ re-
sults in faster solid/liquid interface motion, and shorter duration
of the isothermal solidification stage. Another important consider-
ation in this study is that, ¢ is independent of the initial liquid
width, thus it is useful to discuss process kinetics in terms of ¢
rather than the time required for isothermal solidification when
the temperature and initial liquid width are varied. The isothermal
solidification rate can be calculated using the following equation

b e (i)
T erfc (%)

where, k is a partition coefficient given by %fz and D is the diffusivity.
The final concentration of Ni, C,; was taken from the Al-Ni-Si
phase diagram [29] to be 4.9 wt.% for the bonding temperature of
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Fig. 5. (a) SEM micrograph of a bond made at 600 °C and (b) WDS line-scan showing the change in concentration of Ni across the interface.
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620 °C. The diffusivity of Ni in Al at 620 °C is D=1.58 x 1072 m?/s
[35,36]. This increase in diffusivity is reflected in a faster solid/li-
quid interface rate (¢) and a shorter isothermal solidification stage
[31]. Using these values the predicted interface rate constant
&¢=-0.395 um/s was calculated from Eq. (3). This solidification
rate is significantly less than the critical interface velocity (16—
400 pm/s) required to engulf the particles during solidification
[31]. As pointed out by Li et al. [21] segregation tendency is depen-
dent on the relationship between the liquid film width produced at
the bonding temperature, particle diameter and interparticle spac-
ing. When the liquid film width is large enough that sufficient par-
ticulate material is contained in the melt, particle will be pushed
ahead of the solidifying liquid-solid interface resulting in segrega-
tion at the bond-line. However if the liquid film width is less than
some critical value, segregation should not occur. In AI-MMCs, the
segregation of strengthening particles to the joint zone can lead to
the formation of particle rich regions, which are susceptible to
preferential failure under mechanical loading.

3.4. Micro-hardness measurements

The degree of compositional homogeneity achieved across the
joint region was assessed by micro-hardness testing. A uniform va-
lue of hardness across the joint would indicate good chemical
homogeneity. Micro-hardness profiles are measured as a function
of distance from the joint region in both directions. The hardness
profiles are shown in Fig. 6.

The profiles show a large variation in the hardness value across
the interface at a bonding temperature 570 °C. This is believed to
occur as a result of the segregation of Al,O3 particles from the base
metal into the center of the joint region. When the bonding tem-
perature was increased a significant progressive reduction was
seen in the width of the segregated zone present at the joint center.
However, the hardness number at the joint center was observed to
increase with increasing bonding temperature. The hypothesis is
that these differences in hardness at the joint center can be attrib-
uted to the presence of nano-sized ceramic particle within the joint
region and the precipitation of hard intermetallic compounds. XRD
analysis of the polished cross-section of a bonded made at a bond-
ing temperature of 620 °C revealed a high concentration of Al,03

and intermetallics compounds such as: Al3Ni, Ni3Si and AlgFeNi
within the joint zone as indicated by Fig 7.

In all profiles shown the highest hardness value was recorded at
the joint center and decreased with increasing distance from the
joint center. The fluctuation in hardness from the joint zone into
the base metal was attributed to the distribution of ceramic parti-
cles within the soft metal-matrix phase.

The highest hardness values occurred in joint bonded at 620 °C
ranging from 82.3 HV ;i to 165 HV( ke A more consistent hard-
ness variation is seen across the samples bonded at 590 °C from
ranging from 80 HVq yxg to 110 HVg .

3.5. Shear testing

The shear strength was determined by a single lap shear test.
This test method applies localized stress to the joint region there-
fore it can provide information on the failure mechanisms of the
joint region. A comparison of the shear strength as function of
bonding temperature is shown in Fig. 8. The strength profile shows
that the shear strength increased with increasing bonding temper-
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Fig. 7. XRD analysis of the joint cross-section of a bond made at 620 °C.
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Fig. 6. Effect of temperature on micro-hardness values across the bond interface.
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Fig. 8. Effect of bonding temperature on joint shear strengths for joints made using
5 wm thick coatings.

ature, to a maximum value of 138 MPa at 620 °C. The increase in
strength was attributed to the presence of nano-sized ceramic par-
ticles and precipitation of brittle nickel aluminide phases within
the joint region. XRD analysis of the fractured surface of a bonded
made at 620 °C is shown in Fig. 11. The results indicate a high con-
centration of Al,O3; and intermetallics compounds such as: AlsNi,
NisSi and AlgFeNi at the fractured surface.

In order to compare the effect of bonding temperature on joint
failure mechanisms the fractured surfaces were examined using

WD Spot|Det
x10.4mm 4.2 |SE

SEM. For a bonding temperature of 570 °C a partially ductile failure
was seen (Fig. 9a) with many Al,05 particles visible on the frac-
tured surface. This indicated that at this temperature the matrix-
particle (M-P) interface was the weakest point for crack propaga-
tion giving the lowest joint strength of (53 MPa). When the bond-
ing temperature was increased to 590 °C a more ductile failure
occurred through the base metal adjacent to the bond-line
(Fig. 9b). In addition, the number of exposed Al,0s; particles at
the fractured surface also decreased.

Intensity (CPS)
2
R

Angle (degree)

Fig. 11. XRD Analysis of fractured surface of bond made at 620 °C.
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Fig. 10. SEM image of the fractured surfaces of joints made using the 5 pm thick coatings at (a) 600 °C and (b) 620 °C.
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A further increase in bonding temperature to 600 °C resulted in
a reduction in the concentration of Al,05; particles at the bond
interface. Fractographic analysis of the fractured surface showed
the presence of dimples along with cleavage facets, indicating
mixed mode of failure with crack propagation though the bond-
line (Fig. 10a). When that bonding temperature was increased to
620 °C, (Fig. 10b) the fractured surface showed characteristics of
a ductile mode of failure, which occurred in the parent metal adja-
cent to the bond-line. These samples gave the highest joint
strength values. The results indicate that the ductility of the joint
region increased with increasing bonding temperature. This was
attributed to a reduction in the width of the segregated zone with
increase in temperature.

4. Conclusion

The results of the study indicates that Al-6061/15%Al,03p alu-
minum metal-matrix composite can be bonded successfully using
transient liquid phase diffusion bonding with the aid of Ni-coating
containing a nano-dispersion of Al,0s. Joint formation was attrib-
uted to a eutectic phase between Al-Ni-Si. The highest joint
strength was achieved for bonds made at 620 °C.

The proposed equation for estimating Wy,.x during TLP bonding
of AI-MMCs using composite interlayer gives a more accurate value
for W,ax than the equation proposed by Tuah-Poku, as it takes into
consideration the volume fraction of particulate reinforcement in-
cluded in both the base metal and the interlayer.

The main factor affecting the joint properties during transient
liquid phase diffusion bonding of Al-6061/15%Al203p aluminum
metal-matrix composite is the distribution of reinforcement parti-
cles along the bond interface. It was found that failure occurred di-
rectly through particle rich regions.
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