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Ni-Al SYSTEM AND ITS APPLICATION TO DIFFUSION SOLDERING

MODEL KRYSTALIZACJI FAZ MIEDZYMETALICZNYCH Z UKEADU
Ni-Al I JEGO ZASTOSOWANIE DO SPAJANIA DYFUZYJNEGO
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The physical limitations of the back-diffusion parameter for the formation of solid
solution in the Bridgman system are discussed and referred to a schematically drawn equi-
librium phase diagram. The back-diffusion parameter is employed to develop the model for
redistribution to its new version describing the formation of intermetallic phases resulting
from the peritectic reactions. Solute redistribution and thickness of sub-layers are measured
in soldered Ni-Al-Ni interconnections. The confrontation of the solute redistribution profile
predicted by the model and solute redistribution profile measured in the interconnections
suggests that the model can be applied to reproduce both experimental redistribution and
ratio of solidified sub-layers by the theoretical predictions. The effect of the back-diffusion
onto thickening of sub-layers and solute redistribution in the Ni-Al-Ni interconnection is

discussed.

Analizuje si¢ fizykalne ograniczenia parametru dyfuzji wstecznej dla formowania si¢
pojedynczej fazy stalej w systemie Bridgman’a. Analiza odniesiona jest do diagramu fa-
zowego. Parametr dyfuzji wstecznej wykorzystano do opracowania zmodyfikowanej wersji
modelu redystrybucji opisujacej powstawanie faz miedzymetalicznych jako wynik reakcji
perytektycznych. Redystrybucja skladnika oraz szeroko$¢ warstewek zostaly zmierzone w
spajanym dyfuzyjnie zlaczu Ni-Al-Ni. Zestawienie profilu redystrybucji skladnika przewi-
dzianego modelem ze zmierzonym profilem redystrybucji sktadnika wskazuje ze model
moze by€ zastosowany celem teoretycznego odtworzenia zaréwno redystrybucji ekspery-
mentalnej jak tez proporcji krzepnacych warstewek. Dyskutuje sie wplyw dyfuzji wstecznej

na pogrubianie si¢ warstewek i na redystrybucje skladnika w zlagczu Ni-Al-Ni.
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Notation

No

N

N,

diffusion coefficient in the solid, [um?/s]

partition ratio, [mole fr./mole fr.]

initial amount of the liquid, L% = 1, dimensionless

solute concentration, [mole fr.]

solute redistribution in the solid, [mole fr.]

solute secondary redistribution in the solid (diffusive shift) required by the
peritectic reaction, [mole fr.]

solute concentration at the eutectic point on the phase diagram,
[mole fr.]

solute concentration at the intersection of the temperature, Tx and
liquidus line of a given phase diagram, [mole fr.]

solute concentration in liquid, {mole fr.]

solute microsegregation at the s/l interface (historical solute concentra-
tion) [mole fr.]

solute secondary redistribution in the solid (diffusive shift), required by
the { — peritectic reaction, [mole fr.]

solute concentration in the liquid for i - ranges of solidification,
{mole fr.]

solute microsegregation at the solid/liquid interface (historical solute con-
centration), [mole fr.]

reproduced solute redistribution due to the current model to confront it
with the experimental solute redistribution, [mole fr.]

characteristic points on liquidus line of a given phase diagram showing
the solute concentration adequate for a given peritectic reaction, N;=N;,
N5 [mole fr.]

initial concentration of the solute for solidification; also, average solute
content within both sub-layers formed during diffusion soldering,

[mole fr.]

solute concentration in the liquid (phase diagram) at first peritectic reac-
tion, [mole fr.]

solute concentration in the liquid (phase diagram) at second peritectic
reaction, [mole fr.}

current local solidification time, ¢ € [O, tF ], (s]

total local solidification time for solidification and precipitation, [s]
or local solidification time for solidification completed during diffusion
soldering (Fig. 10), [s]

local solidification time for solid/precipitate boundary formation, [s] or
local solidification time for solidification arrested during diffusion solde-
ring (Fig. 10), [s]

local solidification time representing the freezing, (s]

temperature, [K]
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temperature at which diffusion soldering occurs, [K]

current amount of the growing solid, x € [0,1], dimensionless
x™ is equal to x["™* for i = 1

amount of peritectic phase for a given i - solidification range, dimension-
less

amount of the growing sub-layers for solidification completed during di-
ffusion soldering (Fig. 10), dimensionless

amount of the growing solid at the boundary solid/precipitate, dimensio-
nless or amount of the growing sub-layers for solidification arrested du-
ring diffusion soldering (Fig. 10), dimensionless

amount of the solid for frozen solidification, dimensionless or amount
of the solid for solidification arrested during diffusion soldering,

X° = XX = 1, for each arrested multi-layer, (Fig. 10), dimensionless
parameter of back-diffusion for solute redistribution, dimensionless
parameter of back-diffusion for solute redistribution, i - number of solidifi-
cation ranges, dimensionless

parameter of back-diffusion for peritectic reaction, i - number of peritec-
tic reactions, dimensionless

coefficient of the extension of solute redistribution, dimensionless
coefficient of the intensity of solute redistribution, dimensionless
distance, [pm]

distance from the centre of cell to the boundary cell/cell or intercellular
spacing for an cellular array, [um]

distance from the centre of cell to the boundary solid/precipitate, [um]
distance from the centre of cell to the frozen solid/liquid interface, [um]
thickness of the first sub-layer for solidification completed during diffu-
sion soldering (Fig. 10), [pum]

thickness of the second sub-layer for solidification completed during dif-
fusion soldering, (Fig. 10), [um]

thickness of the first sub-layer for solidification arrested during diffusion
soldering (Fig. 10), [um]

thickness of the second sub-layer for solidification arrested during diffu-
sion soldering (Fig. 10), [um]

1. Solute redistribution for the solid solution formation in the Bridgman system

The Scheil’s theory [1] for 3D dendritic microsegregation/redistribution was firstly
adapted by Brody and Flemin gs [2] to 2D directional growth with introducing
the back-diffusion phenomenon. In the case of 2D growth (Bridgman system) the
definition of back-diffusion parameter a® = const., for cellular growth, Fig. 1, is:
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Fig. 1. Frozen cellular / dentrtic morphology showing schematically geometrical profile of the
solid/liquid (s/1) interface, related to 2D solidification; s/l volume element defines the parameters
resulting from freezing
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The a” — parameter plays essential role in prediction of cellular microsegregation [3].
Microsegregation is defined by the following equation describing the behaviour of the
formerly (historically) existing solid/liquid interfaces.

“D/(1-a®
NS(x; P, L%, No, k) = kNo [(L° + &”kx - o5 Ui B [0.x] @
with

g _nD
NE(x; P, L0, No, k) = No [(L° + aPkx — x)fL2] (1-a) (2a)

The solute redistribution superposes on the microsegregation, eqn. (2), and is given:

NE(x; X%, aP, L%, No, k) = [ 1 +B(x; X°, L%, k)B™(X°,aP, L% k) ] X
NS (x;aD,LO,No,k) xe [o,X°] X0 e [o,x"], ©)

where, the coefficients of redistribution intensity 8 and redistribution extent 8¢* are
given, respectively
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BNX0,aP, L0, k)={ a®(2aPk—k-1)[ (L°+kX°~X"NE(X®,aP, L%, 1,k)~L° ] x
(L0 +kX° = X% ) x { (k= D[ L’ NAX, 0P, L0, 1,k) - (LO)+

4
X010 ( 2(aPk - DNE(XC, P, 10, 1,k) - 2aPk + k+ 1) + @
(aPkX® - X° )2 NE(X0,aP, 1°,1,k) 1}

(e x0 0 ) = LZRE =)
ﬁ (X,X ’L 9k)" Lo+kX0_Xo' (5)

The back-diffusion parameter a”, eqn. (1) operates in such a way that hypothetical
localization of the solid/liquid interface, N5(X?; 0, L%, Ny, k) resulting from the Scheil’s
model [1] is translated to the new position N5(X°; aP, L°, No, k), Fig. 2, [4].

oP=0 T No
a®>0 | NS(X0,aP) = NB(X O X0,aP)
Q0170 1 NTINIMX0.0) = MBXO.X0,0)
& N
g ’
x 11 NN
XO R SRR a:(.x'l? R
x it
1 bt/
X i

Concentration, N/ mole fr.

Fig. 2. Physical meaning of the a® back-diffusion parameter in solidification shown for an arbitrary
phase diagram

The solute redistribution coefficient defined as a product of extension and intensity
of the solute redistribution B(x; X%, a2, L% k) = B*(x; X°, L% k)™(X°,aP, L0, k) is

responsible for a shift of solidus line as it is shown schematically in Fig. 3. The

coefficient is effected by the back diffusion parameter, .
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Fig. 3. Physical meaning of the 8(x; X, @?, L%, k) solute redistribution coefficient illustrated for a
general phase diagram

2. Role of peritectic reactions in the formation of final solute redistribution

The superposition of microsegregation, eqn (2), and redistribution eqn. (3) allows
the peritectic reactions growth to be reproduced in order to predict the amount of
two formed phases. It requires to introduce a new back-diffusion parameter, o, which
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05 0.6 0.7 0.8 09 Al
Concentration, N/ mole fr.

Fig. 4. Solidification path Ny + Ny + N, + N%, and historical s/l interface path:
kiNg + k1N + kaNy + koN, + k3N — 2 referred to two peritectic reactions according which intermetallic
phase Al3Ni, and intermetallic compound Al3Ni are formed during non-equilibrium solidification
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decides (together with solidification path, Fig. 4) on a thickening of two phases: Al;3Ni,
— intermetallic phase and A3Ni — intermetallic compound (in the case of Ni-Al
system), i = 1,..n; n = 2.

of = D (). ©

Solidification involves two peritectic reactions: 1/ AINi + liqguid(N,) = AlNi,
and 2/ AL Ni, + liqguid(N;) = Al3Ni, in sequence. As a result two mentioned inter-
metallic phase/compound are formed, as illustrated in Fig. 4. The reactions modify
the solute redistribution profile. According to the present model the final redistribution
is representing by a plane concentration profile resulting from the localization of the
peritectic reaction in the Ni-Al phase diagram: k,N; and k3N,, Fig. 4.

However, eqn. (2) and eqn. (3) are to be developed because two ranges of so-
lidification exist (while considering simplified solidification path): No + N1, N1 + Na,
along which mentioned intermetallic phase Al;Ni, and intermetallic compound Al3Ni,
are formed (n = 2). Therefore, three solidification ranges are to be considered while
considering full solidification path: Ny + Ny, N; + N, N, + NF; (n=3).

It requires to introduce some additional formulas related to each solidification range
resulting from the phase diagram, Fig. 4 (with the number of solidification ranges n = 2
or n = 3 in the case of the formation of intermetallic phase Al;Ni, and intermetallic
compound Al;Ni known from the Ni-Al phase diagram):

Li=1; X%i=1,
l?:{ ’ x9={ ' (62)

L0 — x[™i=2 X0 - xR =2

Actually, eqn. (2) is transformed into:

ki=1)/(1-aPk;
Ny (x;aP, 10, Ni_y, ki) = kiNioy [(l? + aPkix - x)/l?]( DH(1-aPk) i=1,2
because n — ranges of solidification are considered, where the behaviour of the liquid
along the solidification path is described by the eqn. (2a) transformed into:

(ki—1)/(1-aPk;
N @P, 12, Niy, ki) = N [(8 + aPlex - x) /7] (1-efk) 8)

The developed eqn. (7) and eqn (8) depend on number of solidification ranges
resulting from solidification path while eqn. (2) and eqn. (2a) are delivered for the
growth of one solid solution, only.

Analogously, eqn. (9) is given by eqn. (3) for X° = x? and L° = I:
NE(x;x),aP, 0, Ni_y, k) =

: 9
[ 1+ 8510, 1, kB, P, 10, k) 1N (x:aP, B, Nicw, ki), =
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where the coefficient of the extent of solute redistribution is modified due to eqn. (5):
(1 - k)(x) - x)
T+ Kix - %)

with the coefficient of the intensity of solute redistribution defined due to eqn. (4):

BE (x: 2, 0, k:) (10)

Bl aP, B ki) =
{aP@aPh; ~ ki ~ D[ (P + kix? — xXONEGD, aP, 10, Ny, ki) = 1 ] %
@+ b ~x0) ) x { i = DL(P) NEGS, QP 2, Ny k) - (10 + (D)

i*%
X0 (2aPk; - YNEGO, 0P, P, Ny, ki) = 20Pk; + ki + 1) +
(aPkix? ~ x) P NG, aP, B, N, ki) 117
A peritectic reactions involve new solute concentration (secondary redistribution),
NP within primary phases AINi and Al3Ni,. It is reproduced in the current model as

i

a diffusive shift NiD of the primary redistribution Nf’ .

NP@x; x0,aP,af 1% Ni_t, Ni ki ki) = NE(x + x; = X7 xi, 0P 10, Nicy, k). (12)
The amount of x; — primary phases formed in each of solidification range is given

by eqn. (8) for

NE (x,-; a?

i

lo N,'_l,k,') = N,' (13)

it

by

X2, 0 Ny, Niy ki) = P [ 1= 0Pk 171 [ 1 = Ny Ni)(oPR=D g (1)

The formation sequence of peritectic phases (first the formation of the Al3Ni;
intermetallic phase and next the formation of intermetallic compound Al3Ni) are sim-
ulated for solidification process in two steps.

At first, x™* parameter is defined according to a given phase diagram:

0 D P - 0 D P 3
x5 (x?, P, af , 1%, Ni_1, Ni ki ki) = x7(x}, of , 0, Nit, Niskis ki)

127 i

whenr(@?, 1%, Ni-1, Ni, ki, kiv1) > (N; — kit Ni)X (15)

LR

[ xmm(x0,aP,af 10, Nioy, Nis ki kist) — xi{(@P, I, Ni.1, Ni, ki) ]

[
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or

X5l aP,af 10, Nioy, Ny ki kivt) = i@, 1), Nict, Nio ki) +
r@P, 10, Ni_y, Ni, ki, ki) [(N; = kisaNO);

(16)
whenra?, 1}, Ni-1, Ni, ki, kiv1) < (N; = ki lNi)X
[x;nem(xi, i[’,a::l?’Nl 19Nl’khkl+1) xl(alD’l? N I’Nl’k)]
ri@?, 0, N;_y, Ni ki ki) =
(16a)

kisiNixi(a@?, 0, Ni-y, Ni, ki) — fN,-B(x; xi, @, 19, Ni_y, ki)dx

x"neM(xO D a,P, l?y N,_I,Nl,k‘, kl+l) = min {x xl(a l N 1, ka )+
[ xi(e! ,l?,k,ﬂN,,N.,km) xi@f, 19 kisiNi, Niy ki) 1% (16b)
[ xial, 0, ki1 Ni, Ny ki) = xi0, 22, ki Ni, Niy ki) 1%

[ (1, 80, kis1Niy N3 ki) = xi€0, 12, ki1 Ni, Ni, ki) .

The x; (a l° Ni_1,Ni, k;) parameter used in eqn. (15) and eqn. (16) is generally given
by eqn. (14) Next xm‘“ — parameters is determined from the mass balance:

Xr_m'n

f [NB(x + x; — X" x;, @2, 1% Ni_1, k) = NP Cx; xi, 0P, 10, Nicy, ki) 1dx+

am
[ Ui = N2 0P B Mo ) T =

xmin

(Ni - leN)[xmax(x a a,P,l? Ni_1, N, ki, kiv1) — xx(a, 0 Nio1, Niy ki)l

The final profile of the Al-solute redistribution with the ratio of the amount of
both intermetallic phase and compound calculated due to eqns (6)-(17) is shown in
Fig. 5. The profile of primary redistribution of solute, eqn. (9), within primary phases
AINi and Al3Ni, is marked by dashed line, Fig. 5.
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Fig. 5. Reproduction of the final Al-solute redistribution and ratio of both intermetallic phase and
compund after two peritectic reactions due to the simplified solidification path N + N, + N, as

defined in Fig. 4
3. Experimental Al — solute redistribution within the Ni/AI/Ni interconnection

The analysed Ni-Al-Ni interconnections were produced in a specially designed ap-
paratus for diffusion soldering/brazing under vacuum applying isothermal solidification,
defined by the temperature, T, Fig. 6. The constructed apparatus allows a solidification

1600

1400

TI°C

-1200

NiAl

1000

Temperature

0.5 06 0.7 0.8 0.9 Al
Concentration, N/ mole fr.
Fig. 6. Solidification path within the Ni-Al phase diagram: Ny + Ny + N, + NF, and historical s/

interface path: kyNg + ki Ny + kaNy +koN, + k3N, as referred to the formation of soldered interconnection
Ni/AI/Ni at Ty = 700°C
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process to be arrested after a predetermined time. An arresting is efficient due to the
injection of an inert gas into the vacuum chamber in which sample is placed. The period
of time, X, from beginning of solidification to the applied freezing is introduced into
the definition of the back-diffusion parameter, eqn. (6), under assumption that both
sub-layers solidified simultaneously.

Many samples were produced with application of different time of freezing in
order to estimate average Al-solute concentration within the sub-layers, Np. It has
been found that Ny = 0.66 [mole fr.]. The arrested morphology together with Al-
solute redistribution are shown in Fig. 7. It seems evident that the predicted profile of
redistribution shown in Fig. 5 can fit the measured profile, Fig. 7, with good accuracy.
The suggested confrontation of both profiles is shown in Fig. 8.

& H
o 08
g
§ 0.6 PROPPFPLY 1 PR RPN AR 990000000, 4- -
2 o
§ ® - points used for simulation
§ 04 o - AR R R R R T R R R LRI R n.
2
P-4 . Ni | AlgNip Al3Ni |Al-filler metal} AlsNi Al3Niz Ni
0. s e s sjlesnsncnasdeonsssssfrsnssssssesnfencsscoscsdeccncsscscedensd
B8 SR SR IV TRl N R L
° 'n L i - T | L i 1 Fov
5 10 15 20 25 30 35

Distance from start of scan, / ym

Fig. 7. Sequence of peritectic phases within the Ni/Al/Ni interconnection. Solidification arrested after
121 seconds of the isothermal solidification at T = 700°C; EDS analysis of the Al-solute redistribution
across the interconnection
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Fig. 8. Reproduction of Al-solute redistribution and thickness of peritectic phases for soldered Ni-Al-Ni
multi-layer interconnection

The Al-solute redistribution profile measured across the both sub-layers, Fig. 7
is reproduced theoretically in Fig. 8, by means of eqns (6)-(17). The good accuracy
of confrontation allows to conclude, that the applied equations describe adequately an
isothermal experiment of the diffusion soldering performed in the under-cooled liquid
formed due to a dissolution of the Ni-atoms in the liquid Al

The dissolution inside each infinitesimally small amount of the liquid, dx, pre-
cedes the solidification during which occurrence of two peritectic reactions: AINi +
liquid(N,) = Al3Ni,, and AN + liquid(N,) = AL Ni, is postulated, [5]. The op-
erating range for solidification within considered infinitesimally small amount of the
liquid, dx, subjected to undercooling, is shown in Fig. 9.

4. Concluding remarks

The simple model for 2D solute redistribution, eqns (1)-(5) connected with forma-
tion of one solid solution by means of the Bridgman system has been developed to more
complicated approach, eqns (6)-(17) describing the formation sequence of intermetallic
phases and compounds during peritectic reactions. The approach is referred to Ni-Al
phase diagram according which Al3Ni, intermetallic phase and Al3Ni intermetallic
compound are formed in sequence.

The calculated Al-solute redistribution profile and thicknesses of intermetallic
phase and compound, Fig. 5, are subjected to the confrontation, Fig. 8, with exper-
imental profile of Al-solute redistribution and thicknesses of two sub-layers, Fig. 7,
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? Transient element of simulation
AN + Iqu|d(N1)| l>
v 3

Al3Ni; AI3N|2 + ||qU|d(N2)I
LR v
Final products of simulation )

to be related to experiment

Fig. 9. Operating range for the undercooled peritectic reactions within infinitesimally small amount of
the Al-liquid, dx, containing dissolute Ni-atoms and involving two peritectic reactions in sequence

obtained by the diffusion soldering arrested during solidification (disappearance of the
Al liquid filler metal).

A good agreement between theoretical profile and experimental profile is obtained,
Fig. 8. Therefore, it can be concluded that applied mode of calculation, eqns (6)-(17)
is appropriate to characterize the sequential formation of intermetallic phases and
compounds during diffusion soldering.

In current analysis no precipitates (liquid — NF) are considered due to the as-
sumed simplified solidification path, Ng + N; + N», Fig. 4 or Fig. 6. The assumption is
confirmed by satisfactory fitting of experimental points, Fig. 8, however solidification
path elongated to the NF — point on liguidus line, Fig. 6 should also be envisaged.

The back-diffusion parameter a” depends on local solidification time, 2, eqn (1)
In the case of soldered multi-layer interconnections the definition of the a and a
parameters are referred to the time of arresting, X, applied to experiment in order to
stopped the sequential growth of both peritectic phases: AlkNi> and AN, Fig. 10.

Generally, 0 < @i® < 1; 0 € @if < 1; but @i® = 0, @i = 0 for the non-diffusive
growth, according to the Scheil’s model [1], and @i? = 1, @i” = 1 for the equilibri-
um solidification, [4]. The value of back-diffusion parameter can be assumed due to
above inequalities, but applying an optimization procedure (fitting of the experimental
redistribution [3]).

The aP back- dlffusion parameter initially defined for 2D growth, eqn. (1), is ac-
tually introduced as a and a , into the model, to describe a thickening of soldered
multi-layer mterconnchons F1g 10. The physical meaning of the o back-diffusion
parameter is explained on the basis of phase diagram, Fig. 2, and its effect on redis-
tribution in Fig. 3.

Thus, B*(X°,0,L° k) = 0; B = B(x, X°, L°, k)8™(X°,0, L%, k) = O (for non-diffu-
sive solidification described as by the Scheil model [1]), 8™ (Xo, 1, L°,k) =1;

B = B (X0, 19,K) 8 (X0, 1, 1%,K) = [(1 = k) (X® — x)] (1 + kX® - X°) " (for equi-
librium solidification) as it results from eqns (4)-(5).
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Fig. 10. Sub-layers formed in sequence showing schematically the soldered Ni-Al-Ni multi-layer
interconnection; a/ at a given arrested step of formation, b/ just at the disappearance of the Al-liquid
filler metal
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