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An attempt was made of using a liquid phase sintered alloy, which will be a liquid phase
coexisting with solid particles at the bonding temperature, as an interlayer for bonding
metals. With an aim of revealing the fundamental features of this modified TLP bonding,
investigated were the kinetics concerned with the isothermal solidification process and the
growth of solid particles in Fe-4.5wt%P and Fe-1.16wt%B interlayers for bonding pure iron.
The movement of the bond interface was linearly dependent on t'/? with higher slope than
expected in the normal TLP bonding. The higher slope is attributed to the contribution of
the solid particles distributed in the interlayer. The solid particles have shown no growth.
However, when pure Fe particles are allowed to coexist with the liquid of equilibrium
composition, they grows very rapidly. Discussion was made on the growth kinetics of the
pure Fe particles. © 2000 Kluwer Academic Publishers

1. Introduction ued after the isothermal solidification. Recently, even
Transient liquid phase (TLP) bonding is a metal join-the homogenization step was reported to be shortened
ing process which has critical advantages other joinby adding the metal powders to the interlayer [2]. On
ing processes could not provide. A thin interlayer al-the other hand, in case of large bonding clearance which
loy containing elements for depressing melting point isamounts to several hundredsm it will be also possible
inserted as a bonding agent between the base metats. complete isothermal solidification within a reason-
At the bonding temperature the interlayer temporarilyable time. However, in conventional TLP bonding this
melts filling the gaps between the mating surfaces, ani impossible or a lot of time is required. In the present
subsequently isothermal solidification occurs by inter-work an attempt was made of using a liquid phase sin-
diffusion of the depressant element, thereby forming dered alloy as an interlayer material, where the solid and
bond while at that temperature. liquid phases would coexist at the bonding temperature.

Since its first development and application for join- With an aim of revealing the fundamental features of
ing Ni-base superalloys [1], the TLP bonding processhis modified TLP bonding, investigated were the kinet-
has shown broad applicability covering almost all kindsics concerned with the isothermal solidification process
of heat resistant alloys, especially in the alloy systemgthat is, inward movement of the bonding interface be-
which are prone to either hot cracking during fusiontween the base metal and the interlayer) and the growth
welding or losing the inherent mechanical propertiesof solid particles.
when employing the joining method other than TLP
bonding.

In the conventional TLP bonding described above2. Experimental procedure
theinterlayer alloy inserted is fully liquid at the bonding Hot rolled pure iron plate (99.98% purity) was used for
temperature. If, instead of forming fully liquid phase, a base metal which has a dimension of4@0 x 5 (mm),
definite fraction of solid phase is allowed to be present atvhile Fe-4.5wt%P and Fe-1.16wt%B alloys which had
the bonding temperature, the time required for isotherbeen previously sintered were employed as an inter-
mal solidification of interlayer alloy will be reduced, layer material. The sintered interlayer materials were
although the major time consuming step in the TLPprepared from carbonyl Fe powder with a mean par-
bonding process will be homogenization step continticle size of 44um, prealloyed Fe-18.4wt%B powder
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Figure 1 Microstructures of the liquid phase sintetred alloys (sintering tim@x3L0® s). (a) Fe-4.5wt%P sintered at 1473 K, (b) Fe-1.16wt%B
sintered at 1523 K.

of —325 mesh and K& powder 0f—325+ 400 mesh. in um. The width of the interlayer was measured at
Sintering was conducted inHor 3.6 x 10°sat 1473K 150 um interval along the entire bond interface, with
and 1523 K for Fe-4.5wt%P and Fe-1.16wt%B alloys,approximately 60 readings taken. Mean patrticle size
respectively. Fig. 1 shows the sintered microstructuresvas obtained employing linear intercept method [3].
in which the volume fractions of the solid are 0.67 andAn experiment was also carried out in which pure Fe
0.62 for Fe-4.5wt%P and Fe-1.16wt%B, respectivelypowders are allowed to coexist with a liquid of equilib-
The sintered alloys were then sliced to 500 in thick-  rium concentrationin the interlayer. For this purpose the
ness, and the base metals as well as the interlayer alloysire Fe powders were stacked between the base met-
were mechanically polished in order to ensure flatnesals on a sheet of Fe-P or Fe-B alloys which had been
of the surface and the desired width. The bonding treatpreviously prepared to have equilibrium liquidus com-
ment was carried out at the same temperature as sipositions at the bonding temperatures, i.e. Fe-7.8wt%P
tering in induction heating chamber which is evacuatecand Fe-3.2wt%B. In this case the width of the inter-
to about 4x 10~ Pa. In order to prevent from flood- layer was initially held 1 mm to permit enough space
ing of the liquid phase of the interlayer and to maintainfor the probable particle growth, and&); spacer with
the desired spacing, platinum spacer with a diameter of mm thickness was employed to initially maintain the
500um was put into between both mating surfaces. Indesired width of the interlayer.
the induction heating chamber very rapid heating and
cooling were established, the heating and cooling rate3. Results
being 4.5 and 5 K/s, respectively, and thus an additionalhe bond interface between the base metal and the
heat effect during heating and cooling which otherwiseinterlayer moves inward from the original position
might be serious can be minimized. with increasing bond treatment time, as shown in
Thetravel distance ofthe bond interfadgwas eval-  Fig. 2. The bond treatment temperature and the sin-

uated fromw whereW is the width of interlayer tering temperature are the same, being 1473 K for

Figure 2 The microstructure of interlayer during TLP bonding of pure Iron. The interlayer alloys and the bonding temperatures are (a, b) Fe-4.5wt%P,
1473 K and (c, d) Fe-1.16wt%B, 1523 K. (a, c) 600 s, (b, d) 3600 s.
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Fe-4.5wt%P interlayer and 1523 K for Fe-1.16wt%B
interlayer. Whereas in conventional TLP bonding pro-
cess dissolution of base metal into the liquid interlayer
usually occurs, the TLP bonding using liquid phase sin-
tered interlayer undergoes no melting of base metal be °
cause the equilibrium concentration of the liquid phase ©
is already attained in the as-sintered state. The trave g
distance of the bond interfac¥, can be expressed by
the following equation [4—6].

&
o
N
N

Mean Part

X = K (Dt)¥2 (1)
whereK is constantD solute diffusion coefficient, and
t time.

The experimental results shown in Fig. 3 also indi-
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This implies that the growth of particle by Ostwald
ripening [7] did not take place in the liquid pool of the
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Figure 4 Relationship between mean size of the solid particles in the
interlayer and bonding time. The interlayer alloys are (a) Fe-4.5wt%P
and (b) Fe-1.16wt%B.

interlayer even though there is a definite particle size
distribution. As long as the interlayer plays a role as
a solute source with respect to the mating base metal,
there will be probably no chance for the solute atoms
to be carried into or out of the particles concerned. The
solute atom flux between the growing particle and the
shrinking one will be overwhelmed by the flux macro-
scopically directed toward the base metal. However,
when the particles are not in equilibrium with the liquid
phase, they undergoes relatively rapid growth, although
the growth rate sharply decreases after a certain time.
Figs 5 and 6 show the growth of the solid particles inthe
interlayer. Here, pure Fe particles were inserted as an
interlayer material together with Fe-7.8wt%P and Fe-
3.2wt%B alloys, the compositions of which correspond
to the equilibrium liquidus at the respective bonding
temperatures. The interlayer then becomes a liquid of
liguidus composition embedded by pure Fe particles
at the bonding temperature, and the composition of
the liquid will not be changed throughout the bond-
ing treatment. It is unlikely that the growth proceeds
at the expense of smaller particles. Rather, it is plausi-
ble to consider the particle growth as a similar process
to the movement of the bond interface. Of course, this

Figure 3 Relationship between the travel distance of the bond interface . " >
and the bonding time. The interlayer alloys are (a) Fe-4.5 wt%P, and (b@rOWth will be mitigated as the mean composition of

Fe-1.16wt%B.

the solid particles approaches the equilibrium value.
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Figure 5 Growth of the solid particles in the interlayer where pure iron particles are allowed to coexist with the liquids of equilibrium composition,
which are (a, b) Fe-7.8wt%P at 1473 K and (c, d) Fe-3.2wt%B at 1523 K. (a) 300 s, (c) 600 s, (b, d) 3600 s.

100 - TABLE | Listof physical constants used in calculations
- e-4.5wt% e-1.16wt%
! a u Fe-4.5wt%P Fe-1.16wt%B
© 80
N
) Cs 0.035 (0.0 0.0 (0.002§-°
L " C 0.132 (0.078) 0.146 (0.03%
.1‘-,_,’ 1 = Ve 8.05 cn¥/mol 7.42 cnd/mol
H] - V¢ 10.15 cni/mol 8.08 cni/mol
& 0 Eq. (19) Dd 22x 1078 cni/s 1435x 10°° cni/s
5 Vi 0.668 0.623
2 t° 9750 s 7524 s
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whereD is diffusion coefficient of the solute in solid
phaseC; andC; are equilibrium mole fractions of the
solute in the liquid and the solid phase, respectively,
andV, andV;s are molar volumes of the liquid and the
solid phase, respectively. When the physical constants
Figure 6 Plot of mean particle size vs bonding time corresponding to listed in Table | are put into Equation 2, the slopes
Fig. 5. The liquid compositions are (a) Fe-7.8wt%P and (b) Fe-3.2w%B.of the X vs. t'/2 plot are 0.84 and 1.0am s %2
for Fe-P and Fe-B system, respectively, as shown in
Fig. 3.

However, linear regression of the experimental re-

the bond interface on time sults gives 2.1 and 2.8 for Fe-P and Fe-B system, respec-

According to the report of Ikawet al.[4] (later English  tively. The discrepancy between the theoretical value
version by Nakaet al. [5]), the travel distance of the and experimental one is too large to be regarded as an

4. Discussion
4.1. Dependence of the travel distance of
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experimental error. Similar relationship betweéand  of (e + 8) sector in the moving direction of the bond

t was also obtained by Lesoult [8]: interface in the half interlayer,
— 1/2 2
X = K3(4Dt) (3) S0 _ N @)
a+p

where the constar; is a function ofCq, C; andCs.
(Co is the composition of the base metal and the comSince

positions are in weight fraction.) The valueskf are B U3

derived [8] and briefly tabulated in reference [6]. By — =V B_1 (5)
applying the values of; andCs listed in Table | and «

Co =0 K3 value can be calculated from the list of the whereV; is volume fraction of the solid particle in the
derived values, being 0.43 and 0.036 for Fe-P and Fe-Bterlayer, Equation 4 is rewritten as

system, respectively. From Equation 3 the slopes are

then evaluated to be 1.28 and 0.§/m s /2. These 250v,"°
are also smaller than those experimentally obtained. o
The discrepancy between the experimental value an
those expected by Equations 2 and 3 is attributed t
the contribution of the solid particles distributed in the
interlayer. For simplicity itis assumed that the solid par-
ticles are of cube having edge lengthuadind regularly 1/2 1/3

arrayed as shown in Fig. 7a. In region A the movement m, = a_¢ + (ktf /N) = 250V; +k ()
of the bond interface is diffusion controlled only th p (t7?/N) t'/?
over the distance + 8. The cubic unit of§¢ + 8) isre-
peated throughout the interlayer. Whetis the number

—N (6)

n region A the interface movement proceeds in such a
way as depicted in Fig. 7b. Thus with Equation 6 the
slope of theX vs.t%/2 plot,ma, is expressed as follows.

wherek is the theoretically obtained slope as appeared
in Equations 2 or 3, antt is the time for complete
isothermal solidification. On the other hand, In region
B the movement is diffusion controlled all over the dis-
tancea + 8, and the slopeng, will be simplyk. The
mean slopem, is then given as follows.

M = ¢paMa + psMp 8)

wherega andgg are volume fractions of region A and
B, respectively, and expressed by

a?(a + B) 2/3 2/3

=Ty =1-v? 9

¢A (Ot T ’3)3 f ¢B f ( )
e g Then, with Equations 7 to 9

tl/z - W tllz s i

" N ' N 250V;

f

By puttingts andV; values listed in Table | into Equation

10 and using value appeared in Equation 2 one can

obtainm=2.5 and 2.9 for Fe-P and Fe-B system, re-

spectively. These values give reasonably a good agree-

ment with the slope experimentally obtained. The time

for complete solidificationt;, involved in Equation 10

is important for the calculation of slope. However it is

difficult to accurately defing; because all of the re-

gion in the interlayer does not solidify simultaneously.

Thus some degree of subjectivity will be involved in

determiningt;. t; can be theoretically obtained from
Equation 2 by replacing with 250(1— V), which is

the effective distance traversed by diffusion controlled
mode.t is then 975x 10° s and 752 x 10° s for Fe-

P and Fe-B system, respectively. The slope obtained

above was calculated by using the theoretigalhe

ti's are approximately same to the experimentally esti-
, . . . . mated ones which ared8 x 10* s and 72 x 10® s for

Flgure 7 (a) Schematic |IIusFrat|0n of SO|!d particles regularly arrayed Fe-P and Fe-B system.

in such a way that the cubic unit ¢ ) is repeated throughout the . : . .

interlayer. (b) Stepwise movement of the bond interface along the region It iS t0 be mentioned that the diffusion through the

A of Fig. 7a. particles attached to the bond interface is not so rapid

Travel distance
of interface, X
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as one that would proceed in the absence of the partdistribution of the solute in the solid particle will be
cles, because the concentration of the particle is alreadyade under the following boundary condition,
saturated, and thus time is needed for building up con-

centration gradient. However, the retarded diffusion can C=Cs atr =Randt>0
be compensated by an enhanced diffusion at the con-
cave region (region B in Fig. 7a) where the area of the C=0 at0<r <Randt=0

bond interface through which the solute atoms arrive

at the base metal is much larger than in the absencghe solution of Fick’s 2nd law for spherical coordi-

of the particles. Therefore the apparent diffusion fluxnate under the above boundary condition is given both

would be roughly the same in spite of the presence ofraphically and in formula in reference [10%,3()r =R

the particles. can then be graphically obtained: (The procedure is de-
scribed in detail in Appendix.)

4.2. Solid solubility of B in Fe dc 0.14C<R%6
Solid solubility of solute atom in the base met@l, is (E) = D808
r=R

strongly influential tds, and in turn, to the slope of
vs.tY/2, In the case of Fe-P system solid solubility of P
in Fe is determined directly from the phase diagram [9],From Equations 11 to 13

being 2 wt% (0.035 mole fraction). However, it is not

easy to rigorously estimate the solid solubility of B in 0.14C.D°2
Fe from the phase diagram, because the phase diagram R6drR = — c > c
represents no solid solubility. In principle, if there is S(V.' - VZ)
no solid solubility of the solute in the base metal, it

is impossible for the interlayer to isothermally solid- |ntegrating gives

ify. Therefore, B should be dissolved in Fe, regardless

whether its sink is inside the grain or grain boundary. 02
Best fit of the experimental data fgrand the slope of Ro4 _ goa _ 0-28GD™ 45 (15)
X vs.t1/2 was obtained when the solid solubility of B Vs(§ - &)

in Fe is assumed to be 0.2 wt% (0.01 mole fraction) at ' ’

the bond temperature, i.e. 1523 K.

(13)

t= 08 dt (14)

where Ry is initial radius of the particle. The results

of Fig. 6 are redrawn in Fig. 8, whel@®* — R} is

. . - plotted against®2. Putting appropriate constants into

4.3. Sfrg\évljnigf'izlrjw:eczfn%%r;:filc?ﬁ in the liquid Equation 15 gives the slope 0.165 and 0.06°4 5702

As shown in Figs 5 and 6, the pure Fe particles unfor Fe-P and Fe-B system, respectively. The slopes do

dergoes rapid growth wher{ they are allowed to coexis ot match with the experlmental data, and furthermore,

with the liquid of equilibrium composition. It is as- 0'4._ Ryt seems not to be linearly (_jependenIIBﬁ.

sumed that Fe particle is spherical and its facRusé\t Particle growth propeeds more rapidly than expectepl

the surface of the Fe patrticle local equilibrium is main—by Equatlorj 15. This dl_screpancy can _be seen QISO n
Fig. 6. Particle growth in the present situation differs

tained such that liquid and solid compositions &je f S .
: ! L - from Ostwald ripening where larger particle grows at
andCs, respectively. While the composition of the lig- the expense ofpsmaI?er one, the?eb;l? the disgtance be-

(u):‘dt;\See:s:mg?{iilg]?ssggai’n%(zggotEetr?grgggi?ilgr?n di_twee_zn the particles increas_ing_. In the present case any
minishing fromCg to zero as the center of the parti,cle particles, regardle_ss of their size, can grow_as_long as
is approached Vs\lhen the particle with radRigrows the solqte is provided from the coexisting liquid a_n(_j

X the particle is not completely saturated. Therefore it is

for d, it accepts solute atoms from the liquid: considered that particle contacting will be unavoidable
as growth proceeds, with the result that agglomeration
(G G d(37 R%) 4 R? C GCs\dR or coalescence simultaneously occurs during the dif-
- <_ N _) a7 (VI N VS)E fusional growth. It always takes place unless the vol-
(11) ume fraction of the solid particle is sufficiently low.
The particle growth will thus appear as a sum of the
contributions provided by both physical particle con-

whereJ is flux in mole per unit time, anth andVs are tacting and an intrinsic diffusional growth. This is de
molar volumes of the solute in liquid and solid phase, © i o ' e
d P cted in Fig. 8. As revealed in Fig. 5 the Fe particles

irﬁvsvg?gt[ljv;alsyéI;I;jh;;c;cgi%tssdiOar:.oms should be dISSIpatée%\Jre in effect very closely distributed, and thus liable

to agglomerate or coalesce during the growth process.

D /dC Contribution by particle contacting will be importantly
J=47R?= (_) (12)  continued until the stage is attained where small spac-
Vs\dr /, _g ings between the particles are almost consumed, and

only large spacings survive. At this stage there is little
whereC is mole fraction of solute in the solid particle, probability to agglomerate or coalesce and the parti-
andr is a distance from the center of the particle. Thecle growth is completely diffusional until the growing
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5. Summary and conclusion
2.0 In the present work the conventional TLP bonding pro-
/ cess is slightly modified, with the liquid phase sintered
alloy used as interlayer material. At the bonding tem-
perature the interlayer would, then, show a mixed mi-
° . crostructure consisting of the solid particles distributed
in the liquid matrix, so that the time needed for isother-
. mal solidification might be reduced. In this case the
isothermal solidification will be essentially a combined

' process where the inward movement of the bond inter-
/ face proceeds in parallel with the growth of the solid
0.0 - T - - particles (Ostwald ripening). However, only the move-

ment of the bond interface is decisive in isothermal so-
t"* [s™] lidification. In spite of coexisting with the liquid phase
(a) the solid particles have shown no growth. This is be-
cause most of solute atom flux would be directed toward
I the mating base metals owing to the much larger con-
centration gradient built up in that direction. The move-
ment of the bond interface was linearly dependent on
154 t¥/2 with higher slope than that without solid particles
in the interlayer. The kinetics could be quantitatively
L) described on the basis of the simplified assumption for
the particle array and gave an agreement with the ex-
. perimental results. When pure Fe particles are coexist-
0.5 . ing with the liquid of equilibrium composition at the
bonding temperature, they are seen to have grown very
0.0 G006 . rapidly. Their growth kinetics was derived similarly to
0 1 2 3 4 5 the case of lateral movement of the bond interface, but
does not give even a rough approximation. More rapid
growth than expected seems to be attributed to particle
® contacting. With the particles distributed in the inter-
Figure 8 Plotof R4 — R4 vs.t°2 redrawn from the data of Fig. 6. The layer, not only the bonding time is shortened, but also
solid lines represent growth by Equation 15. The liquid compositions ardarge clearance can be bonded within a reasonable time.
(a) Fe-7.8wt%P and (b) Fe-3.2wt%B. In order for the particles to be distributed in the inter-
layer it will be an effective method to use liquid phase
sintered alloy as an interlayer material.
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surfaces meet others. From the micrographs of Fig. 5
this stage is estimated to be attained after 1500s.  Appendix
As describedin Appendix%%)r:Rin Equation13is If D does not depend on position, Fick’s 2nd law for
not rigorously calculated, but approximately obtained.spherical coordinate is
Therefore, the power af may not be 0.8. Although

error may be involved in determining the exponent, it aC 9°C 293C
is reasonable to consider thd&(; —r has a form of 5 (ﬁ FW) (AL)
Aan* (A, n: constants), and in this case Equation 15
becomes When the boundary condition is given by
R2-M _ QAN _ gl-n C=Cs atr =Randt>0

— I I C=0 at0O<r <Randt=0
At any combination oh and B similar deviations or

even worse will occur because of particle contacting. the solution of Equation A1 for small times is expressed
What we are concerned about here is the growth ofs [11]

the particle, and itis of no significance how many grains

there are in this particle. Therefore, the particle may be

single powder or aggregate of the powders, being a unit C R ; @2n+1R—r
of solid phase which is surrounded by the equilibrium c.T 1 HX:O R TGTNIE
liquid. =
Conclusively, when the pure Fe particles are intro- _erf (@n+1)R+r (A2)
duced into the interlayer the bond region will be com- 2(Dt)Y/2

pletely isothermally solidified by both lateral move-
ment of the bond interface and growth of the particlesPlot of (C/Cs) in terms ofr /R for different values of
residing inside the interlayer. Dt/R? is reproduced from reference [10] in Fig. Al.
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Figure Al Plot of C/Cs vs.r /R for various values oDt/ R2 [10].

R

r=

(RIC )(dC/dr)

y=0.14/x"

Figure A2 The data points represent the slopes of the tangepfas 1
for various Dt/R? which are graphically obtained from Fig. Al. The
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0.3
DtR’
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point trace can be reasonably well expressed by Equation A3.

The slope of the curves gt R =1 was graphically de-

Dt/R? in Fig. A2. If it is assumed that the curve has a
form of y = E/x" (E, n: constant) in order to simplify
the calculations following, areasonably good fitis made
when E =0.14 andn=0.8, as shown in Figure A2.

Therefore
R /dC 0.14
(= = A3
CS<dr )r:R (Dt/RZ)O.B ( )
or
dc 0.14CsR%6
ar ) g TS (13)
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