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TLP bonding Process 
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Bonding Mechanism (Cu interlayer) 
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Bonding Mechanism (Ni interlayer) 
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Effect of bonding time on hardness across 
joint 
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AZ31/Cu/316L joint at 530oC  
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assumed to be a steady state condition under which the
interface velocity can be assumed to be equal the rate of
isothermal solidification.12,13 The isothermal solidifica-
tion rate can be calculated using a model proposed by
Sinclair et al.24,25

Table 1 shows the WDS analyses of the joints as a
function of coating thickness. The results indicated that
the Ni concentration at the interface increased from 0?37
to 1?63 wt-% as the coating thickness is increased from 1
to 13 mm. The increase in the Ni concentration suggests
the formation of Ni–Al intermetallic compounds within
the joint zone.

Parent metal dissolution and particle
segregation
According to published studies on the stages of TLP
bonding, it is expected that dissolution of the interlayer
and base metal occurs simultaneously at the bonding
temperature.1,2,4,10 Holding at a bonding temperature of
600uC caused the liquid phase to spread between the
bonding surfaces under the effects of both an external
pressure and capillary action. This spreading increased
the bonded area and enhanced the diffusion of Ni and
Al into the liquid phase. This continuing diffusion
resulted in more liquid formation and an increase in the
width of liquid phase.20

Cooke et al.20 proposed a mathematical expression for
estimating the width of the liquid phase that formed
during TLP bonding when using a Ni–Al2O3 nanocom-
posite coating as the interlayer. This expression is shown
in equation (2)

Wmax~w0(1{e)
CB{CLa

CLa{vCLa

! "
rC
rA

z1

# $
(2)

where, rC is the density of the composite interlayer, rA is

the density of the base metal, namely, the volume
fraction of alumina reinforcement in the base metal, e is
the volume fraction of nano-Al2O3p in the interlayer,
CLa is the volume percentage of Ni in the liquid at the
bonding temperature, w0 is the initial width of the
interlayer, CB is the volume percentage of nickel in
the interlayer and Wmax is the maximum width of the
liquid zone. In this study, the values for rC and rA were
used as 8?90 and 2?70 g cm–3 respectively. The initial Ni
concentration CB in the interlayer was given a value of
81?6 vol.-% in the equation. The final concentration of
Ni CLa was taken from the Al–Ni–Si phase diagram22 to
be 8?9 wt-% for the bonding temperature of 600uC. The
volume fraction of Al2O3p in the interlayer e and the
base metal n are 18?4 and 15 wt-% respectively. By
substituting these values into equation (2), the re-
lationship between Wmax and wo was found to be
Wmax520?6wo.

The literature showed that particle segregation
tendency is dependent on the relationship between the
liquid film width produced at the bonding temperature,
particle diameter and interparticle spacing.2 When the
liquid film width is large enough that sufficient
particulate material is contained in the melt, the particle
will be pushed ahead of the solidifying liquid/solid
interface, resulting in segregation at the bond line.
However, if the liquid film width is less than some
critical value, segregation should not occur.

Since strengthening particles are insoluble, particle
segregation will occur due to a reduction in the
interparticle spacing. Additionally, if it is assumed that
the number of ‘units of interparticle spacing’ is equal to
the number of particles immersed in the section dx and
homogeneous particle distribution exists, then the
number of particles n contained within a small section
dx (see Fig. 8) can be written as n~Wmax=(dszx1).
Therefore, the maximum liquid width can be written as
Wmax~n dszx1ð Þ, where ds is the particle diameter, and
x1 is the average interparticle spacing of the as received
material.

If the particles are insoluble, then the particle diameter
is considered to be constant; hence, particle segregation
occurs as a result of a change in the interparticle spacing
during the bonding process. Let x2 be the average
interparticle spacing at the end of the isothermal
solidification stage of the TLP bonding process. Then,
the width of the segregated zone can be written as

Ssz~n dszx2ð Þ (3)

Using equation (3), three conditions are possible:
(i) x250; complete segregation occurs within the

joint zone resulting in interparticle contact
(ii) x25x1; particle segregation is prevented

7 Microstructure of joints bonded at 600uC for 10 min

using 13 mm thick Ni–Al2O3 coating

8 Schematic of joint zone a at end of dissolution and widening b at end of isothermal solidification

Cooke et al. Transient liquid phase bonding of Al 6061 MMC
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Microstructure of bond made at 600oC for 10 
mins using 15 µm Ni coating. 

Al 6061-15% Al2O3 



Problems with TLP bonding 

•  Dissolution of parent metal; 
•  Dissolution results in rearrangment of strengthening 

particles at the joint; 
•  Bonding time controls isothermal solidification but 

results in intermetallic compound formation; 
•  Homogenization time causes grain growth at the 

joint. 
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Potential solutions 

•  Reduce interlayer thickness; 

•  Reduce bonding time; 

•  Select appropriate interlayer composition; 

•  Use a nanostructured interlayer. 
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TLP bonds between Ti-alloy and Mg-alloy 
using Ni coatings [540oC, 20 mins] 
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20 µm coating 10 µm coating 
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2 µm coating 



Preventing parent metal melt-back 
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Bond made at 500oC for 2 mins using 5 µm 
Cu coating on Al-6061 surface and a 50µm 
Sn interlayer 
 



Al 6061-15% Al2O3 
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 Bond made at 500oC for 30 mins 
 



Al 6061-15% Al2O3 
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 Bond made at 500oC for 60 mins 
 



Al 6061-15% Al2O3 
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 Bond made at 500oC for 180 mins 
 



Diffusivity values at 500oC for the Al-Cu-Sn system 
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Diffusion&type& Diffusivity&(D)&at&500&oC&m2/s&

Sn&in&Al&

Sn&in&Cu&

Cu&in&Al&

Al&in&Cu&

Cu&in&Sn&

Al&in&Sn&

Mg&in&Al&

&8.22&x&10I16&

&1.29&x&10I13&

&2.58&x&10I9&

&2.81&x&10I14&

1.58&x&10I8&

8.29&x&10I5&

1.54&x&10I9&



Changes in hardness across joint 
made with the Cu-Sn system 
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Al-6061 bonds made using Cu-Sn system 
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TLP bond in 6061-15% Al2O3 at 600oC 
using different Ni coating thickness 
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The formation of reaction layers (L2 and L3) shown in Figure 4.4, occurred as a result of 

the interdiffusion of Ni and Al. A similar relationship was observed by Feng et al [146]. EDS 

analysis reveals that L1 is pure Ni after 1 minute at the bonding temperature. L2 contains 

approximately 24.31 (at%) Ni and 76.84 (at%) Al, which according to the phase diagram shown 

in Figure 4.1 is likely to NiAl3 intermetallic compound. This compound also appears on the 

right side of Equation 4.1. This compound is believed to form due to low solubility of Ni in Al 

which has been reported to be approximately 2.9 at% [142]. The saturation of the aluminum 

interface through the diffusion of Ni leads to the precipitation of the nickel aluminide 

intermetallic NiAl3. L3 on the other hand appears to be a Ni-aluminide with compositions of 

50.67 (at%) Ni and 46.71(at%) Al. 

 

 

   Figure 4.4: SEM micrograph of joint bonded using a 15 µm Ni-coating for 1 min  

 
 
 

SEM micrograph showing bond made using 15 µm Ni coating for 1 min 



Effect of Ni-coating thickness on 
Al-6061-15% Al2O3 at 600oC  
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Figure 4. 32: Microstructure of 15% Al2O3/Al 6061 joint bonded at 600 oC for 10 min with (a) 
11 !m Ni –coating interlayer thickness (b)13 !m Ni –coating interlayer thickness 

 
 
 
 

  
Figure 4. 33: Microstructure of 15% Al2O3/Al 6061 joint bonded at 600 oC for 10 min with (a) 

15 !m Ni –coating interlayer thickness (b) 20!m Ni –coating interlayer thickness 
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Figure 4. 28: Microstructure of 15% Al2O3/Al 6061 joint bonded at 600 oC for 10 min with (a) 
no-interlayer used (b) with 1 !m Ni –coating interlayer thickness 

 
 
 
 

  

Figure 4. 29:Microstructure of 15% Al2O3/Al 6061 joint bonded at 600 oC for 10 min with (a) 2 
!m Ni –coating interlayer thickness (b) 3 !m Ni –coating interlayer thickness 
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Figure 4. 28: Microstructure of 15% Al2O3/Al 6061 joint bonded at 600 oC for 10 min with (a) 
no-interlayer used (b) with 1 !m Ni –coating interlayer thickness 

 
 
 
 

  

Figure 4. 29:Microstructure of 15% Al2O3/Al 6061 joint bonded at 600 oC for 10 min with (a) 2 
!m Ni –coating interlayer thickness (b) 3 !m Ni –coating interlayer thickness 15 µm 5 µm 2 µm!
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center. However the average hardness value within the joint affected zone, which covers 

approximately 200 !m distances from the joint center, also increased. WDS quantitative 

compositional analysis indicates the presence Ni3Al and Al3Ni intermetallics within the joint 

zone.  

Hardness profiles for TLP bonded joint using coating thickness of 9 to 13 !m are shown 

in Figure 4.36 (a). The results indicate that the hardness value also increased with increasing 

coating thickness. A similar result is observed in Figure 4.36 (b) when coating of 15 to 25 !m 

was used. These increases in hardness number within joint center, was attributed to an increase 

in the width and particle density of the segregated zone with increase in coating thickness. In 

addition, when thicker coatings are used WDS quantitative compositional analysis indicates the 

presence of large quantities of nickel aluminide intermetallics within the joint affected zone.  

 
 
 

 
 

Figure 4. 35: Profile of the micro-hardness values across the bond interface for coating 
thicknesses ranging from 1 to 7!m.  
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Figure 4.36: Profile of the micro-hardness values across the bond interface for coating 
thicknesses ranging from 9 to 25!m.  

 

 

4.6.3 Shear Test 

 
 

This test method applies localized stress to the joint region therefore it can provide 

information on the failure mechanisms of the joint region. Figure 4.37 shows the shear strengths 

of joints bonded as a function of interlayer thickness for joints bonded using pure Ni-coating.  

The strength profile shows that the shear strength increases with increasing interlayer thickness 

from 38 MPa at 1 !m interlayer to 135 MPa at 9 !m interlayer thickness. This increase in joint 

strength was attributed to the presence of segregated particle within the joint zone and the 

precipitation of brittle nickel aluminide phases (Al3Ni, and Al9FeNi) within the joint region 

resulting in the formation of a high strength composite joint.  

When the interlayer thickness was increased beyond 9 !m, a progressive decline in the 

strength of the TLP bonded joints was observed.  At an interlayer thickness of 25 !m a joint 

strength of 57 MPa was recorded. This reduction in joint strength was attributed to the 

Changes in hardness at the join as a function of coating thickness 



Ni-coating containing nano-particles 
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SEM micrographs showing: 
(a) cross-section through Ni coating; (b) surface morphology 

(a) (b) 



Dispersion of Al2O3 nano-particles in the 
Ni coating  
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TLP bonds in 6061-15% Al2O3 at 600oC 
using nano-particles 
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SEM&micrograph&of&joint&bonded&using&a&15&µm&NiI
Al2O3&coa5ng&for&1&min&&



EDS quantitative analysis of reaction layers 
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TLP bonds in 6061-15% Al2O3 at 600oC  
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TLP bond strengths using 5µm thick Ni- 
Al2O3 coating made at 600oC  
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Effect of nano-particles on joint strength 

V. CONCLUSIONS

The results of the study indicate that Al-6061/15 pct
Al2O3p aluminum metal matrix composite can be
bonded successfully through transient liquid phase
diffusion bonding using nanoparticle-reinforced com-
posite interlayers. Joint formation was attributed to a
eutectic phase between Al-Ni-Si.
The highest joint strength was achieved at a bonding

time of 10 minutes. The results indicate that nanopar-
ticle reinforcements lead to grain size refining within the
joint region, which increases the joint strength and
shortens the bonding time necessary to achieve good
joint strength.
The main factor affecting the joint properties during

transient liquid phase diffusion bonding of Al6061/
15 pct Al2O3p aluminum metal matrix composite is the

Fig. 5—Optical micrographs of the joints bonded using a 5-lm thick Ni coating for: (a) 10 min and (b) 30 min.

Fig. 6—WDS analysis of the joints bonded at 873 K (600 !C) for 10 min using: (a) 5 lm thick Ni coating and (b) 5 lm thick Ni-Al2O3 coating.

Fig. 7—Effect of bonding time on joint strength using 5-lm interlay-
ers at 873 K (600 !C) for 10 min.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Effect of nano-particle size 
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TLP bonds made with Ni coating 
containing Ni nanoparticles 

10 µm coating thickness [520oC, 20 min] 
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TLP bonds made with Ni coating 
containing Cu nanoparticles 

10 µm coating thickness [520oC, 20 min] 
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TLP bonds made with Ni coating 
containing Cu-Ni nanoparticles 

10 µm coating thickness [520oC, 20 min] 
  



Effect of nanoparticles on eutectic 
width 
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Joint shear strengths 
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Ti-6Al-4V/Ni nano/Mg-AZ31 
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Summary 
" Dissolution and melt-back is reduced using thinner 

interlayers; 
" Nano-particles can be used to reduce the eutectic 

liquid thickness and increase solidification rate; 
" Nano-particles present in the interlayer can provide 

greater joint strengths than using pure metal 
interlayers; 

" The size of the nano-particles used as a dispersion 
affect the extent of strengthening. 
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