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Reactive nanostructured foil used as a heat source for joining titanium
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We have joined titanium alloyTi-6Al-4V) specimens at room temperature and in air by using
free-standing nanostructured Al/Ni multilayer foils to melt a silver-based braze. The foils are
capable of undergoing self-sustaining exothermic reactions and thus act as controllable local heat
sources. By systematically controlling the properties of the foils and by numerically modeling the
reactive joining process, we are able to conclude that the temperatures reached by the foils during
reaction are critical in determining the success of joining when using higher melting temperature
braze layers. @004 American Institute of PhysidPDOI: 10.1063/1.1769097

I. INTRODUCTION II. EXPERIMENTAL METHOD

The use of nanostructured reactive multilayered foils as  Freestanding Al/Ni multilayer foils were fabricated us-
a heat source represents an exciting addition to the field gfg magnetron sputtering, by rotating a water-cooled brass
joining."”" The energy released by self-propagating exothersybstrate over fixed Al and Ni guns. The Al target material
mic reactions in reactive multilayered foils can be harnessegas the commercial aluminum alloy, 1100, which has a mini-
to melt bonding layergsolders or brazgsto join compo-  mum purity of 99 wt%. The Ni target was a nonmagnetic
nents. This technique, known as reactive joining, has a numji-7v alloy. The ratio of the Al to the Ni layer thickness was
ber of significant advantages compared to more convention@djusted to produce a 1:1 atomic ratio of Al to Ni-V. Two
soldering and brazing techniques: no external heat sourcfferent sputtering runs were used to fabricate foils for this
(except to trigger the reactiprare required; joining can be stydy. One run produced foils that contained 2000 bilayers
performed in any atmosphere or under vacuum; and the teith 3 range in bilayer dimension of 25—80 nm and a range
peratures of the joined components are never raised signifin foil thickness of 50—16Qum. The other run produced
cantly. Therefore temperature sensitive components are ngdjs that contained 4273 bilayers with the same range of
compromised and large components with very different copjlayer period, but with a foil thickness range of
efficients of thermal expansion can be joined. 107—340um. The deposition process also included deposit-

Previous studies have demonstrated the ability to meang a thin, 1um layer of Incusil-ABA braze(Ag-27.3Cu-
sure, model, and therefore control properties such as the rg- 5in-1.25Ti supplied by Wesgo Metalsn either side of
action velocity, reaction heat, temperature evolution, anghe Al/Ni multilayer without breaking vacuum. This was
phase formation during self-propagating reactions  ingone to enhance wetting during the joining process. Follow-
multilayer system$™*"This knowledge has enabled more re- ing deposition, the coated multilayer was peeled off the brass
cent efforts to optimize the reactive joining of componentsgypstrate so that it was freestanding.
made from various materials, using different bonding layers.  The Al/Ni multilayer foils were characterized in various
For example, Au coated stainless steel joints using AuSRyays. As-deposited and reacted foils were examined by x-ray
solder and reactive foils have been shown to be 25% strongeiffraction to determine phase formation. The heats of reac-
compared with conventional AuSn solder joifitand bulk  tion were calculated by integrating net heat flow measured
metallic glass has been welded using reactive foils Withou[r)y differential scanning calorimetrfDSC) at a heating rate
causing crystallization of the glass componéhts. of 40 °C/min. The velocities of reaction in the foils were

In this study we focus on the reactive joining of a com- 31s0 measured using an optical system that records the inten-
mercial titanium alloy using reactive Al/Ni multilayer foils sty of light from the reaction as it passes through a mask
and a bonding layer that has a high melting temperatyfe, Twith slits at a known periodic spacing, as described
(a silver based brazelt is expected that the reactive joining previously'® These measurements were later used as inputs
process will become more challenging as the melting pointy numerically predict thermal transport during the joining
of the bonding layers increase. The question arises, will thggcess.
rapid formation reaction of the foil, which causes the tem-  The freestanding Al/Ni reactive multilayer foils were
perature of the foil to increase and decrease rapidly, transfg[sed to join pieces of commercial Ti-6Al-4V alloy. Rectan-
enough heat at a sufficient rate from the reactive foil into thegular pieces of Ti-6Al-4V(20x 10 mn?) were sectioned

bonding layers to enable melting. from a 0.41 mm thick sheet. They were prebrazed with
Incusil-ABA by a conventional method of silk screening the
dAuthor to whom correspondence should be addressed. braze in paste form, oven drying, and a heat treatment in

0021-8979/2004/96(4)/2336/7/$20.00 2336 © 2004 American Institute of Physics
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FIG. 2. Heats of reaction measured using DSC for the two sets of Al/Ni
FIG. 1. Schematic diagrams showing the geometry of the reactive joiningeactive foils plotted as a function of bilayer period: Scans could only be
processia) transverse cross-sectional vieil) longitudinal cross-sectional  conducted to 600 °C for the 4273 bilayer foils, so these values were sys-
view of shear lap specimen. tematically extrapolated from 600 to 725 °C using data from the 2000 bi-
layer foils, for which scans were conducted to 725 °C. The plotted line is
fitted to the data of the foils with 2000 bilayers according to &-

vacuum near the [ of the brazgat 710 °Q. The prebrazed

layers of Incusil-ABA were ground down to a thickness of h ,

25-30um. These pieces of prebrazed Ti-6Al-4V were sand- P = V-q+Q, (1)
wiched around a Al/Ni reactive foil with outer layers of

Incusil-ABA [Fig. 1(@)]. A pressure of 35 Mpa was applied where p and h are the density and enthalpy of the' corre-
to the assembly and the multilayered reactive foil was thersponding layert is time, g is the heat flux vector, anQ is
ignited with a spark. Heat released from the self-propagating"e heat release rate. The temperafurerelated to enthalpy
formation reaction of the foil caused the braze layers on thd Py @ refationship that involves that particular layer’s heat
foil and titanium pieces to melt, wet each other, and therfapacityc, and latent heat;. Note thatQ is nonzero in the

solidify, thereby effecting a joint. It is important to note that ré@ctive foil layer only, and is furthermore localized within
this joining was performed in air and at room temperature. the moving propagation front. A third-order finite-difference

The strengths of the joints produced were evaluated bdlscretlzatlon of the energy equation is used in conjunction

i ina th " hear | o b ith explicit third-order time integration of the discretized
tensile testing the resulting shear lap specinéing. 1(b)] at _evolution equations. The boundary conditions for the tem-

room temperature. Shear strengths were calculated by dividseratyres in each layer are determined by a thermal interface
ing the maximum load at failure by the joint aréd0  model, which accounts for thermal resistance at the inter-
X 8 mn). Fracture surfaces were examined by optical andaces between unbonded layers and which is assumed to de-
scanning electron microscop$EM) to assess failure modes crease exponentially when melting and wetting occurs.
and the degree of wetting that occurred during joining. The
integrities of the joints prior to testing were evaluated by

. . . . 1. RESULTS
performing cross-sectional optical and SEM microscopy, in-
cluding compositional analysis by energy dispersive specA. Characterization of reactive foils

troscopy(EDS). The heat of reactiodH which is a specific quantity and
Heat transfer during the joining process was numericallyis measured in Joule/gram was determined for the Al/Ni
modeled. The amount of braze on the titanium componentmultilayer foils by integrating differential scanning calorim-
that melted as well as the duration of melting was predictedetry (DSC) curves. For the 2000 bilayer sputtering run some
The model(described in more detail in Ref) & composed of the foil was not coated with braze, so direct measurements

of a simplified description of the self-propagating reactionof heats of reaction up to 725 °C were possible. For the 4273
linked with thermal transport and phase evolution in thebilayer sputtering run, however, all of the foil was coated
braze layers and titanium components. The model assum4th braze, so DSC scans were conducted up to 60008

one-dimensional motion of the reaction front, which is de-IOW the melting point of the brazeThe heats of reaction as

. . . : a function of bilayer were very similar for the two sputtering
scribed using the experimentally determined heats and ve- o :

" . . . . funs when measured up to 600 °C. The heats of reaction up
locities of reaction. Our computation focuses on simulatin

) ) gto 725 °C for the 4273 bilayer sputtering run, were then

heat flow into the braze layers and phase changes withigyanolated by evaluating the heat of reaction between 600
these layers. The temperature evolution can be obtained Bynq 725 °C for the 2000 bilayer run and adding this quantity

integration of the energy conservation equation, which is into that already measured for the 4273 bilayer run up to
dependently solved within the reactive foil, braze layers, an&00 °C. This was all done as a function of bilayer. The re-

titanium components sults are plotted as a function of bilayer periad,in Fig. 2.
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FIG. 3. Velocity of self-propagating reactions in the Al/Ni reactive foils that
consist of 2000 bilayers.

The heat of reaction is seen to increase as the bilayer period L

increases, and the trend is very similar for both sputtering ®) Tmmmln c;mponem 30om
runs. There is about a 20% difference in values over the > o R
bilayer range investigated: from 1000 J/g for a 20 nm bi- o5

layer thickness to 1200 J/g for a 80 nm bilayer thickness. o

The reason for this dependence of the heat of reaction on

bilayer period is due to the inevitable intermixing of the

layers that occurs during deposition, and which causes a re- &
duction in the maximum possible amount of heat that can be

releasedAH,."* The absolute amount of intermixing is usu- .
ally constant for a given deposition, and is defined by an f
intermixed layer of thicknes&. The measured heat of reac- © .

tion AH however, is dependent on the fractional amount ofFIG 4 ional SEM mi hs(af b dtani
. . . 4. Cross-sectional micrographs(ef braze on titanium compo-
intermixing, w/\, and can be expressed as nent following pre-brazing but prior to joining: the braze contains two

phases and a CuTi layer is observed to form between the braze and the
AH = AHAl 1 le 2 titanium, (b) reactively joined titanium components: good adherence at all
- o+~ A ) interfaces and braze flow into cracks in the reactive foil, ajdmelted
regions of the braze following joining where refined microstructure is

The data for the sputtering run that produced 2000 bilay£vident.
ers that is shown in Fig. 2 had previously been plotted versus
1/X\ and a linear fit indicated that the intermixed layewas
2.3+0.3 nm and tha\H, was 1270+20 J/é.Using these
values ofw and AH,, heats of reaction were calculated ac-  Cross-sections of prebrazed titanium alloy component
cording to Eq.(2) for the whole bilayer range investigated pieces were initially examined prior to joining. An important
and these are shown by the solid line in Fig. 2. These calcuebservation is that an interface layer between the braze layer
lated heats of reaction were used as inputs for the numeric&ind the titanium component forms during the prebrazing pro-
modeling. cess. This layer is clearly visible in Fig(a} and semiquan-

Reaction velocities were measured as a function of bititative EDS analysis of this layer indicates that it is a
layer period and the results are plotted in Fig. 3. Velocitiegoughly equiatomic CuTi phag€u,gTissAlsAg Vo 7ANng 9. It
are seen to increase as bilayer period decreases since diffig-also quite apparent from Fig(a} that the braze consists of
sion distances become smaller and atoms can mix more rapayo chemically distinct phases. EDS analysis indicates that
idly. Heat is thus released at a higher rate and reactions travéiie lighter phase is Ag ricliAgg,In;Cu; sTips), while the
faster through the reactive foil. The measured velocitieglarker phase is Cu rickCus;TizsIn,AlI4Ag,). The average
range between 3.4 and 5 m's composition of the braze layer after prebrazing was also

X-ray diffraction on the as-deposited reactive foil re- measured. It was found to contain a significantly higher
vealed that all the major diffraction peaks corresponded to Aamount of Ti compared to the supplied materi@lwt %
and Ni. After reaction in air, all major peaks corresponded tocompared to 1.25 wt % Using a combination of DSC and
the AINi compound® These results indicate that the thicknessdifferential thermal analysis the liquids temperature of this
ratio of Al to Ni for the deposited reactive foils was very prebrazed layer was determined to be 805 °C. This is sig-
close to the ideal ratio to maximize the heat of reaction fomificantly higher than that of the supplied material, which is
the formation of AINi. quoted to be 715 °C.

B. Characterization of joints
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FIG. 5. Tensile shear strengths of shear lap specimens plotted as a functié@Sults are plotted as a function of reactive foil thickness
of: (a) the thickness of the Al/Ni reactive foilgb) the bilayer period of the  while in Fig. 5b) they are plotted as a function of reactive
Al/Ni reactive foils. foil bilayer period. In Fig. %a) it can be observed that shear
strengths initially increase with foil thickness before leveling

Shear lap joints were made according to the geometrff to a value of about 33 MPa. Furthermore, this leveling
indicated in Fig. 1. Some of these joints were cross-sectione@ff with foil thickness occurs at different foil thicknesses for
for microscopy before any testing was conducted. Figurdhe two foil sets investigated. It occurs at about i@l for
4(b) shows a backscattered electron SEM micrograph of suc€ foil set with 2000 bilayers and at about 18t for the
a cross-sectioned joint and it is apparent that there is goof®il set with 4273 bilayers. Thus it would appear that joint
wetting and adherence between all interfaces. In particulagtrength, which is a good indicator of the success of joining,
the interface between the braze layer deposited on the fofloes not depend critically on the total foil thickness. Rather,
and braze layer deposited on the titanium component is virit would appear that successful joining in this case depends
tually undetectable. Also shown in Fig(b} is a crack in the  critically on bilayer period as can be seen in Fig)5where
reactive foil that occurred and was filled with braze materialthe results for both foil sets show a similar dependency. Joint
during the joining process. This is typical of the larger cracksstrength is observed to increase sharply as the bilayer period
in the reactive foil that essentially form braze bridges linkingincreases to about 50 nm, after which joint strength seems to
the braze layers on either side of the reactive foil, andeach a limiting value for higher values of bilayer period. A
thereby form a composite adhesion layer between the titafew joints were also made using Ti-6Al-4V block$0 mm
nium components. There is also good evidence of melting othick) instead of the sheet, which enabled shear testing in
the braze. Following joining the braze microstructure ap-compression instead of tension. Shear strengths of up to
pears to be highly refined locally, with areas of an extremely102 MPa were thus measured. This demonstrated that the
fine lamellar eutectic structure visib[€ig. 4(c)]. The melt-  tensile mode of testing resulted in measurements that were
ing appears to be mostly confined to the Ag-rich phase of th&r below the true shear strengths of the joints due to the
braze, which presumably has the lower melting point of theadditional nonshear loads imposed on the tensile single lap
two phases present in the braze. Also, melting is not alwayshear specimens.
evident all the way through the-30 um thickness of the The fracture surfaces of tested shear lap specimens were
braze layer that was prebrazed on the titanium componengxamined by optical stereo microscopy and SEM. For speci-
even for maximum strength joints. The refined microstruc-mens that recorded very low shear strengths, fracture oc-
ture, which has been observed in a previous study on reactiveurred almost exclusively along the component braze/foil
joining,? is due to the very rapid cooling following melting braze interface and it was apparent that only a small amount
and is thought to be unique to the reactive joining process.of the braze on the component had melteee Fig. 6a)]. For

The tensile shear strengths of the reactively joined titahigher recorded shear strengths, it was noticed that fracture
nium alloy specimens are plotted in Fig. 5. In Figagthe  also started to occur along the braze/compoHEigs. Ga)
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region as measured from the reactive foil interfaaethe 25um predepos-

ited braze layer on the titanium componeslid lines. The duration of £ 8. Numerical parametric study which reflects the dependence of melt-
melting at the component braze/foil braze interface is also plattadhed g of the 25.m predeposited braze layer on the velocity of reaction in the
lines). Al/Ni reactive foil. The foil heat of reactiosH and the foil thickness were
kept constant at 1126 J/g and @@n, respectively.
and gb)]. In fact, the increase in strength was found to be
proportional _to the fraction of fa||u_re along the braze/ Numerical parametric studies were also conducted in or-
component interface. For the maximum recorded shear, : . :
. .~ der to isolate the effects of the velocity of reaction, the heat
strength, failure was observed to occur almost exclusively . . .
. : of reaction, and the total reaction heat on the melting of the
along the braze/component interfadgg. 6(d)]. SEM EDS . :
: braze layers. Figure 8 shows the effect of changing only the
analysis of the fracture surfaces revealed that when fractur\(/aeIOCit of reaction while keeping all other parameters con
did occur along the braze/component interface it was local- Y ping P

ized in or along the CuTi interface layer previously identified stant.' For veI00|t|e§ of 3 m/s and higher, it is predicted that
by cross-sectional SENFig. 4a)]. velocity has very little effect on both the amount and dura-

tion of melting. The lowest experimentally measured veloc-
ity for all the reactive foils investigated was 3.4 mFg. 3),
so for this study it is expected that velocity of reaction has
The measured velocities and heats of reaction were felittle or no influence on results.
into the numerical model for particular foil thicknesses and  The effect of varying the total heat released from the
bilayer periods in order to replicate the experimental joiningreactive foil was modeled by changing the foil thickness
as closely as possible. The model output predicted thenly, while keeping the heat of reaction constant at 1000 J/g
amount and time of melting for the braze layers. In Fig. 7and velocity constant at 5 m/s. These results are plotted in
these outputs are plotted as a function of foil thickness foiFig. 9, where it can be seen that the foil thickneasd there-
inputs that characterize the properties of the two differenfore also the total hepheeds to be doubledrom 60 to 120
sets of foil. In a general sense this plot mimics the experi-
mental shear strength values shown in Figp)5The pre-
dicted amount of melting of the braze layer on the titanium is
seen to initially increase rapidly with foil thickness until it is
all melted just as the shear strengths are observed to increas_.EL =
rapidly before leveling off. Furthermore, the predictions in g
Fig. 7 for the two different foil sets clearly show different E 20
dependencies on foil thickness, as was the case for the mezﬁ
sured shear strengths in Figah although the separation of 2154
the data is not as pronounced in Fig. 7 compared to k&. 5  E
The predicted duration of melting of the braze layer on the © 10 |
component measured at the interface with the thin braze5
layer on the foil is also shown in Fig. 7. This duration of 5: 5|
melting shows a steady increase as foil thickness increase
for both sets of foil. From the experimental data in Fi¢p)5 ] . . . . . 1o
it was observed that the measured shear strengths level off 40 60 80 100 120 140 160 180 200 220
a foil thickness of 11Qum for the foil set consisting of 2000 Foil Thickness (microns)
bilayers. The predicted duration of melting for this same foil
set at 110um is about 0.75 msfrom Fig. 7). The implica- FIG. 9. Numerical parame_tric study which reflects the dependence of melt-
tion therefore is that the braze on the component needs to t of the 25..m predeposited braze layer on the fotal heat released by the
. Al/Ni reactive foil. The total heat was varied by increasing the foil thickness
molten for at least 0.75 ms at the unbonded interface tQile keeping the heat of reactiaxH and the velocity constant at 1000 J/g
achieve maximum wetting and joint strength. and 5 m/s, respectively.

C. Numerical modeling results
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The upper strength limit of 35 MPa observed in this
study seems on initial consideration to be surprising low if it
is considered that the quoted yield strength of the braze used
for joining is 338 MPa. However, when considering fracture
this is easily understood. For the highest strength specimens,
fracture always occurred in or along the CuTi interface layer
between the braze and the titanium alloy component. This
CuTi layer, which is presumably a brittle intermetallic layer,
forms during the prebrazing process and not during the ac-
tual reactive joining process. Its fracture strength is likely to
’ . . be low and is assumed to be limiting the measured shear
600 ' 800 1000 1200 1400 A1eoo ;trengths. Failure along this brittle interface layer is aI;o

Heat of Reaction, AH (J/g) likely to account for the fair amount of scatter observed in
the maximum strength valuggig. 5. As mentioned previ-
FIG. 10. Numerical parametric study which reflects the dependence of meltously, another contributing factor to the low measured
ing of the 25..m predeposited braze layer on the heat of reaclidiof the gyrengths is the mode of testing. Since the test specimens are
Al/Ni reactive foil. The thickness of the foil and the velocity were kept . . . . L
constant at 10qm and 5 m/s, respectively. single lap and are loaded in tension, there is a significant
amount of nonshear loading which reduces the recorded

= 8
o - e
W
Duration of melting (ms)

Amount of melted braze (pm)
o >

um) before all the braze on the titanium melts and almost€2r strengths. .
tripled (from 60 to 160xm) before it is molten for 0.75 ms Regardless of the absolute joint strengths the trends ob-
at the unbonded interface. served in this study are very illuminating. For instance, it is
The effect of varying only the heat of reaction of the clear that j[he measured joint strengths of this study do pot
foils, while keeping the foil thickness constant at 100 depend .CI’I'[I.CE.l”.y on th.e tqtal he_at relegsec_j by t.he reactive
and the velocity constant at 5 m/s is illustrated in Fig. 10. 1tflIS during joining, unlike in earlier studies involving lower
is quite apparent that the melting of the braze is very sensiM€lting point solder bonding Iaye?§‘.Note in Fig. %a) that
tive to variations in the heat of reaction. A rise of just 25% in@ 4273 bilayer foil that is 16@um thick results in a joint
the heat of reaction of the foil increases the amount of braz&ength of 8 MPa. Assuming typical foil dimensions for the
that melts on the titanium component by ten times. Increagl®/nt area it can be calculated that St_Jch a f0|I_ produqes 101
ing the heat of reaction by 38% melts all the braze and in®f total heat. However, a 2000 bilayer foil that is only
creasing the heat of reaction by 55% keeps the braze moltehtO#m thick results in a much higher joint strength of
for 0.75 ms at the unbonded interface. For comparison, ona® MPa, yet only produces 74 J of total heat. These experi-
needs to increase the total foil thickness by 100% and 1679g'€ntal results can only be explained by considering the heat
to achieve the same objectives. The heat of reaction has su®hreaction. Figs. 2 and(6) show that there is a clear depen-
a strong impact because it controls the temperature that tf&€NCcy of both joint strength and heat of reaction on bilayer
foils reach during reaction, as can be seen in Fig. 11. Thiglickness, regardless of the number of bilayers. The thinner
has important consequences for heat flow as will be disfoil from the above examplel10 um thick), which resulted

cussed. in a higher strength, has a bilayer thickness of 55 nm and a
heat of reaction of 1164 J/g, while the thicker foil from the
1500 same exampl€160 um thick), which has a smaller bilayer
thickness of 37 nm and a smaller heat of reaction of
1450 | o ® 1036 J/g resulted in a lower joint strength. Figures 2 and
%) . ° 5(b) suggest that a heat of reaction equal to 1150 (dfca
< 1400 | ° bilayer of 50 nm is needed to achieve a strong joint in this
E particular geometry.
4y 1350 ¢ The modeling results of this study provide additional
a support for the above interpretation of the experimental re-
£ 1300 r sults. When particular measured reactive foil properties are
o . . . )
— fed into the model, the predicted amount and time of braze
§ 1250 | melting do not demonstrate uniform dependencies on foil
= o thickness, as seen in Fig. 7. Instead the data for the two sets
1200 | of foils show separate trends and some thicker foils with
more total heat are predicted to melt less braze for a shorter
1150 ' ' B — amount of time compared to other thinner foils with less total
1000 1050 1100 1150 1200

Heat of Reaction, AH(J/g) heat. The parametric studies also indicate that the success of
eat of Reaction, AH(J/g braze melting is more sensitive to changes in the heat of

FIG. 11. The predicted maximum temperature reached in the reactive foil a€€action of th? foilgFig. 10 than changes in foil thickness
a function of the measured heat of reaction. or total heat(Fig. 9).
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To understand why the success of melting a bondingng to note that unlike the case for free-standing bonding
layer with a highT,, such as a braze, is critically dependentlayers(free-standing sheets of soI(jél3 complete melting of
on the heat of reaction of the foil in reactive joining, one the braze layer that was pre-bonded to the component is not
needs to consider the kinetic transfer of heat from the reaciecessary for good joining results.
tive foil to thg praze Iaye'r. First, the bra;e material needs tQ/. CONCLUSION
absorb a sufficient quantity of heat to raise its temperature to o o
its melting point and to cause melting. Second, this absorp-  'itanium alloy components have been joined at room

tion of heat needs to occur rapidly, to minimize heat dissipaleMPperature by reactive joining: a process that harnesses the

tion into the adjoining titanium component. The initial re- heat. releasgd by self-propagating exothermic reactions_in
quirement is easily megbout 4 J of energy is requiredut multilayer foils to melt a silver-based braze. By systemati-

the second requirement depends on a number of factor§2!ly varying the properties of the reactive foil and by nu-

which include the relative temperatures, melting points, ther-mer'c"’IIIy modeling the reactive joining process for these

mal conductivities, and heat capacities of the various |ayer§ond|t|ons we were able to deduce that the maximum tem-

involved. In this example, where a high melting point brazeperaturg .reached by the fo'il 'd.uring reqctiqn was (.:ritical' in
layer is involved, the difference between the maximum tem_de'[ermlnmg the success of joining for this high melting point

perature of the reactive foilg,., and the melting point of braze Iay_er. The maximum temperature is directly depend_ent
the braze Te,aeme iS Critical. The smaller this difference, on the foil's heat of reaction. Other factors such as reaction

the more difficult it will be to satisfy the second requirement.veloc'ty' foil thickness, and total heat have less impact on

Alternatively, the highe,.,, the more rapid the heat trans- joint strength. Our current results also confirmed previous
fer into the k;raze layer ag]g”thus the more likely it will be to observations of highly refined solidification microstructures

melt. The maximum temperature that the reactive foilgssouated with reactive joining. They also confirm the no-

reaches is in turn dependent on the heat of reaction of th%On that a minimum duration of melting of the bonding layer
foil, as can be seen in Fig.11 IS necessary to ensure the success of the reactive joining

The importance of the temperature differenckT Process.
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