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Abstract 

Transient liquid phase bonds can be made at low temperatures in vacuum 
using zinc inderlayers. The resulting microstructure is interface free with no 
detection of zinc by X-ray flourenscence, after 4 hours at 800Â°C The 
mechanical properties of the joint are at least one third of the parent metal. 
The process relies on evaporation, diffusion and intermetallic reaction of the 
zinc with the titanium alloy. Conventional interlayers consisting of 
combinations of copper, silver and nickel can form bonds by intermetallic 
formation and subsequent diffusion annealing, but are limited to 
temperatures above 875OC. Solid state activated diffusion bonding using 
sputtered copper interlayers will form joints at low temperatures without a 
liquid phase. Interlayers consisting of silver nitrate and phosphate will not 
produce joints due the lack of dissolution and inadequate wetting of the 
interlayer. 

TRANSIENT LIQUID PHASE BONDING is a brazing process that results 
in Isothermal Solidification (IS) at a constant bonding temperature [1,2]. 
TLP bonding of titanium has been used to produce aerospace components 
as described by Noms[3,41 and others. The braze interlayer usually consists 
of a Melting Point Depressant (MPD), such as copper or copper-nickel, and 
can be alloyed with the Joint Metal (JM) which in this case is titanium. At 
the bonding temperature, copper and titanium form a liquid close to the 
eutectic composition. As copper is removed from the interlayer, by 
diffusion or some other process, isothermal solidification results. 

Since the bonding temperature is above 87SÂ°C a vacuum furnace is 
required to prevent oxidation of titanium. This limits the size of component 
(hat can be joined. By lowering the bonding temperature to below 800Â°C 
it is possible that oxidation could be reduced to an acceptable level and large 
parts could be TLP bonded in an inert atmosphere or perhaps air. Other 
advantages could be gained, such as reducing the process costs and 
obtaining better control of the microstructure. The disadvantage is that the 
rate of diffusion of the MPD becomes sluggish requiring extended bonding 
times to solidify the joint. To overcome this, we have investigated 
mechanisms other than bulk diffusion to enhance the solidification rate. 

Bonding Mechanisms 

TLP bonding in the general sense implies that equilibrium state of the 
joint region is solid. The route by which solidification can be achieved can 
involve up to four related phenomena. The rate at which the interface 
moves is then generally described by 

where W is the width of the interlayer, p refers to solid and liquid density 
and the subscripts of the fluxes, J, refers to diffusion into the joint metal, 
intennetallic formation, evaporation and extrusion , respectively. Complete 
solidification results when the MPD is reduced from the liquidus 
composition to the solidus composition. Using the appropriate function for 
the flux. an analytical solution is obtained for the isothermal solidification 
time, tw is obtained. 

Diffusion. An analysis of moving boundaries as described by Geiger and 
Poiriexf51, gives the time required for solidification by diffusion as 

where Ci is the initial interlayer composition, Cng and Co, are the solidus and 
the liquidus compositions, Ds is the diffusivity and B is given implicitly by 
the solution to 

and k is the partition coefficient. Reducing the bonding time at a particular 
temperature involves not only selecting MPD with high diffisivity, but also 
with a high solubility in the JM and a narrow freezing range. 

Internietalllc Formation. Intermetallics, which form in many titanium 
systems, are growth controlled by the diffusion rate of the fastest diffusing 
element. Only intermetallics with a range of composition can form. Line 
compounds such as Ti& will not grow as discrete layers as no diffusion 
gradient can exist. When there is solid solubility and diffusion through the 
intennetallic is constant, the growth rate of the intennetallic is described by 
the parabolic growth law where the time taken for an intennetallic phase to 
grow to width 6, assuming that diffusion into the JM is negligible, 
is 



A mass balance on converting the liquid interlayer to intermetallic 
given by 

where C, is the average intermetallic composition, substituted into Equation 
5 will give the time for a given initial width. 

Evaporation. The evaporation of the interlayer is a function of the 
thickness of the interlayer as well as the total area to be bonded. For 
example, if two rods of diameter d, are to be joined the interlayer width as 
a function of time is 

where the rate of evaporation is given from the Langmuir equation 

Rapid rates of evaporation can be achieved with low melting elements such 
as zinc and cadmium at a bonding temperature of 80O0C. 

Extrusion. The rate of extrusion depends on the viscosity of the liquid 
interlayer as described by the Stcfan equation. For the range of viscosities 
expected for interlayer materials, restriction of flow will be insignificant 
except for very large joint sections. Rapid reduction in the interlayer width 
can be achieved by squeezing out the liquid up to a limit imposed by surface 
tension. 

Interlayer Selection. The kinetics of TLP bonding are dependant on 
Hie rate of removal of the MPD from the interlayer. If the process relies on 

/. diffusion onto the bulk, the diffusivity must be on the order of 10'"o 10.'' 
to produce a joint in a reasonable time. Unfortunately, there is very little 
data on the diffusivity of candidate metallic elements in a and B-Ti, and it 
is not expected that the diffusivities will be in the range required. As 
wel1,there are no elements which form a deep eutectic with a narrow 
freezing range which will enhance the kinetics. TLP bonds with copper 
interlayers, which forms the lowest eutectic, mustbe made above 875'C, and 
even at this temperature intermetallics will form. The interstitial elements 
oxygen, nitrogen and hydrogen have much higher diffusivities, but low 
melting compounds which wet and dissolve titanium at the bonding 
temperature have not been found. There are inorganic comoounds. such as - 
nitrates and phosphates, have melting temperatures below 80OoC and could 
be used as interlayers. The advantage of high diffusivity is offset by the 
embrittling effects of the interstitials. For example, silver nitrate which 
melts at 212'C, will decompose at about 500Â° leaving a thin film of silver, 
while the oxygen and nitrogen will diffuse into the JM or evaporate. This 
method has been patented by Uivecha et al [6] for soldering aluminum 
alloys. 

Surface Roughness. The overall solidification time is dependant on 
both the amount and diffusivity of the MPD. A reduction in the bonding 
time can therefore be obtained by using as little of the MPD as possible 
while ensuring that adequate contact is made between the faying surfaces. 
The minimum thickness of the MPD will scale with the surface roughness. 
The transient liquid phase is required to promote wetting at the interface 
followed by dissolution of the titanium. This dissolution will smooth the 
surface allowing closer contact of the mating parts. Hence, hmooth tightly 
fitting joints will require less MPD as compared to a rough surface. The 
volume of liquid is dependant on the phase relations between the MPD and 
the JM. The surface can be described by the roughness R and the waviness 
W. The thickness of the film must be at least great enough to fill in the gaps 
caused by the roughness. The extent of dissolution can be estimated from 
the phase diagram as the ratio of the initial foil coinposition C; to the 

Materials and Experimental Procedure 

The titanium 112" dia. rod had the composition listed in Table 1. 
Reported mechanical properties were 133.8 ksi yield, 161.7 ksi tensile, 14% 
elongation and 47.9% reduction area. 

Table 1. Composition of Titanium Ti-6A1-4V alloy rod. 

Commercially-pure foils of copper, nickel and zinc were used as was 
eutectic foil of silver and copper. Sputter coating was done at MIT using 
a DC magnetron sputtering system. The coating thickness was 
approximately 0.Spm. The no-load TLP bonds were made in a vacuum 
tube furnace at pressures less than 10"' ton- and the joints made under a 
compressive load were done in a vacuum hot-press furnace at pressures less 
than 10"' ton- Using the hot-press, the force on the joint was manually 
controlled as the temperature was ramped up to the bonding temperature. 
Once the temperature in the hot-press had reached the bonding temperature. 
the furnace was quickly slid over the sample giving a heat up rate of 
2S0C/min. 

Results and Discussion 

Copper. Since it has been studied previously, the copper interlayer was 
used as the basis of comparison of subsequent joints. The joint, shown in 
Figure 1, was held at 93SÂ° for one hour in the no-load turnace. There are 
several regions of interest corresponding to the phase diagram. The 
centerline of the joint contains an intermetallic phase, TiCu, which has 
formed during the solidification process. Extending the bonding time to 49 
hours did not remove the intermetallic layer. Bonding at a lower 
temperature of 8 7 5 T  for 1 hour under a 50 psi load, as shown in Figure 2, 
generates four of the five possible intermetallic phases that would be 
expected across the phase diagram, as confirmed by the microprohe trace 
shown in Fig. 3. The mechanism of TLP in this system is by intermetallic 
formation coupled with diffusion into the bulk. An estimate of the 
diffusivity of copper into this titanium alloy at 875OC is difficult to obtain 
due to the number of phases present. If we take the characteristic distance 
as I/e times the maximum penetration distance of 82 urn's, a value of 2x10" 
cm2/sec is obtained using the relation ~ = x ~ / t .  The corresponding time for 
isothermal solidification is on the order of minutes. 

liquidus composition C,. For interlayers that merely activate the surface of Fig. 1. Micrograph of TLP bond of Ti-6-4 alloy with 100pm copper foil at 

the joint and then are s q u e e ~ d  out orevaporated, (he maYimuln contact 93SÂ°C/lhr/Opsi Next to the TiCu centerline is eutectoid B-Ti + Ti2Cu that 

of the JM with itself after the process would be on the order of 30%. formed on cooling. (200X) 
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Fig. 2. Micrograph of TLP bond of Ti-6-4 alloy with 100l.lm copper foil at 
S75Â°C/llir/25psi The intermetallic phases expected from the phase diagram 
can be seen as bands across the centerline in this backscattered electron 
image. (400X) 

Liquid formation is not required in the Ti-Cu system to form a joint. A 
joint was formed at 80O0C/lhr/25psi using 0.5p.m thick sputtered copper 
interlayer as shown in Figure 4. An estimated diffusion constant of 5x10"" 
cm2/sec was rapid enough to form intermetallics, hence the attempt to make 
low temperature joint with liquid copper is limited to above 875'C. This 
unexpected result of forming a joint at 800OC with a relatively low pressure 
suggests that activated solid state diffusion bonding may produce suitable 
luw temperature joints. Further work is planned to exploit this approach. 
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Fig. 3. Microprobe composition profile corresponding to Fig. 2 intermetallic 
banding of copper and titanium. 

Fig. 4. Micrograph of Ti-6-4 bonded with 0.5p.m sputtered copper at 
80OoC/lhr/25psi. A microprobe trace indicated that the copper had diffused 
to a depth of 40pm. (1000X) 

Copper-Nickel. Titanium-copper-nickel foils are commercially used to 
TLP bond titanium. The lowest melting point that can be achieved in this 
system is 900Â° corresponding to awl% composition of 59.2%Ti, 27.6%Ni 
and 13.2%Cu as reported by Jena et a1 171. Copper and nickel 25p.m foils 
were used as interlayers for two experiments at 900Â° for 1 and 25 hours. 
The diffusivity of nickel is slightly greater than that of copper as can be seen 
in the microprohe profiles shown in Figure 5. The resulting microstructures, 
shown in Figure 6, contains three intermetallic phases after a one hour bond. 
These are annealed away after 25 hours. Estimating the diffusivity of nickel 
gives a value of D=7.5~lO-~cm~/sec at 90OoC. 

J 
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Fig. 5 .  Microprobe trace of Ti-6-4 bonded with Cu/Ni at 80O0C/lhr/Oksi. 
The intermetallic phases, which form quickly, are annealed away after 25 
hours. A reduction on the homogenization time can be achieved with 
thinner interlayers and a compressive force on the joint. 



Fig. 6. Micrograph of Ti-6-4 bonded with Cu/Ni foil at 800'CIOksi for 
lhour. After 25 hours the intermetallics disappear. (200X) 

Copper-Silver. TLP bonds made at 80O0C/lhr/25ksi with eutectic Ag- 
Cu foils developed a banded sandwich structure consisting of TiCu and 
Ti,Cu and a silver rich core as shown in Fig. 7. The composition profile, 
shown in Fig. 8, indicates that silver has a low diffiisivity through the TiCu 
layer, since one would expect a high silver solubility in titanium. At the 
bonding temperature, all of the phases detected are solid. The width of the 
reaction zone was not reduced by increasing the bonding pressure to 100 ksi 
indicating that the intermetallic solidification was rapid and that extrusion 
of liquid was not influencing the kinetics. 

TiCu I 
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Fig. 8. Microprobe composition profile offi-6-4 + CuSil joint shown above. 
Compositions corresponding to TiCu and Ti2Cu are indicated. 

Zinc. The zinc interlayer, following a treatment of 80O0C/2hrs/25psi, 
produced an almost invisible interface as shown in Fig. 9. A microprobe 
trace across the interface in this sample did not detect zinc, but a sample 
produced after a one hour soak, zinc was detected with composition 
corresponding to the predicted intermetallic phases. The zinc interlayer is 
an example of TLP bonding relying on both intermetallic formation and 
vaporization. The vapor pressure of zinc at 80O0C is high so in a vacuum 
the rate of bonding as given by Equation 12, is on the order of minutes. In 
reality, isolated pockets of zinc are trapped and must diffuse into the 
titanium. The absence of zinc in the two hour sample suggests that the zinc 
in the intermetallic still has a high enough vapour pressure to escape. 

Fig. 7. Micrograph of Ti-6-4 bonded with CuSil foil at 80O0C/lhr/25ksi. 
The CuTi intermetallic forms quickly restricting the silver rich phase to the 
centerline. (1000X) 

Fig. 9. TLP bond of Ti-6-4 with l0Opm Zn foil at conditions 
80O0C/4l~i/25ksi. There was some metallographic evidence of a diffusion 
affected zone at lower magnifications but no zinc was detected in this region 
by microprobe analysis. (1000X) 



Acknowledgments 

0 5 10 15 
Engineering Strain (% xl000) 

. 15 Min . 1 Hour . 2 Hours 
4 Hours + 16 Hours 

Fig. 10. Tensile properties of joints made with Zn foils. After 2 hours the 
joint strength increases with considerable scatter suggesting that the joint 
properties are strongly dependant on the degree of homogenization. 

Tensile test were mn on 4" long tensile specimens that were bonded for 
15 minutes and 1, 2,4 and 16 hours with 114" x 100 pm dia zinc foils. The 
resulting mechanical properties are shown in Fig. 10. At early times hours, 
the strength was insignificant as expected from the presence of brittle ZhTi 
phases. After these phases begin to diffused away, the strength goes up 
dramatically approaching the base metal strength. The fracture surface was 
limited to the initial 114" diameter where the zinc foil was placed, indicating 
that the zinc did not wet the titanium. Better wetting may be achieved by 
precoating the titanium with a thin film of zinc or some other element. 

Inorganic Compounds. Attempts were made to join Ti-6Al-4V with 
silver orthophosphate and silver nitrate using the vacuum hot press. While 
some deposition of silver was observed, the joints were easily broken by 
hand. The lack of success using this approach is probably due to two 
factors, namely the absence of dissolution of the JM and the presence of an 
oxide barrier that prevented further diffusion. Further work is required to 
see if this is a viable approach using other inorganic compounds. 

Conclusions 

Titanium can be TLP bonded at 800Â° using a pure zinc alloy. The 
transient in this case arises from intennetallic formation and vaporization 
even though the liquid zinc does not wet the titanium. The mechanical 
properties approach that of the parent metal. Interlayers based on the copper 
nickel system require temperatures in excess of 875'C coupled with 
extended anneals to remove the intennetallic phases. No joints were made 
using inorganic compounds of silver nitrate and silver orthophosphate. 
There are otherpotential compounds but the same problems of oxidation and 
lack of wetting arc expected. Powder interlayers may be useful in areas 
where gaps must be filled, but the kinetics will not be faster than those 
achieved by squeezing the interlayer out of the joint. 
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