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CORRELATIONS BETWEEN PHASE FORMATION MORPHOLOGY AND
SEQUENCE WITH THE TEMPERATURE PROFILE OF EXOTHERMIC
SOLID-STATE REACTIONS

Nowadays it is possible to measure the temperature profile in the front of SHS reaction
which is related to the time-dependent temperature rise in exothermic adiabatic reaction. It is
shown that in the scaled temperature/time variables, this profile can tell much about the
sequence of the phase formation and morphology of reaction zone during the reaction.

Keywords: SHS, multilayer thin films, modeling, diffusion, phase formation, Ni-Al
system.

Introduction

Self-sustained High-temperature Synthesis (SHS) in powder mixtures and in lamellar
multi-foils is now widely used in various applications, including local melting (by SHS
reactions) of solder joints in the microelectronic devices [1-3]. Despite wide applications, the
phase formation sequence, as well as detailed reaction mechanisms in SHS or in
homogeneous exothermic reactions in nano-foils (simultaneously along all contact surface)
remains a subject of intensive discussions [4]. Experimentally, this issue is difficult to solve
since the mentioned reactions proceed fast, during the very short period. In this paper, we
suggest a way distinguish various exothermic reaction mechanisms and phase formation
sequences by analyzing the temperature time dependence in the reaction zone in adiabatic
conditions. So far we limit ourselves with so-called homogeneous exothermic reactions
proceeding simultaneously along all length of the contact between materials. We represent the
time dependence of temperature in the scaled variables.

0<tt=t/t""" <1, OSTT=ﬂ£1
T T,

Here """ is a time to complete the reaction, 7™ is a maximal temperature just after
completion of the reaction. We neglect the heat out-flux, so that all heat released during the
reaction, remains in the system raising its temperature

1. Adiabatic single phase growth in a planar geometry

Here we consider multilayer or bilayer with a stoichiometric quantity of reactants so
that end of reaction A + B — AB means simultaneous full consumption of the initial materials
A (for example, Al) and B (for example, Ni) — Fig.1.
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Figure 1. Direct formation of NiAl-phase.
For the sake of simplicity, we will assume the constant and equal atomic volumes of
both components. We also will take a Dulong-Petit law for heat capacity taking the heat

capacity per atom of all phases as the same and equal cap =3k,. We also use the phase

formation enthalpy per atom, /4, under adiabatic conditions.
h A
T =T+ (1)
cap L
On the other hand, the kinetics of the diffusion-controlled phase growth is governed by
the well-known equation [5].

D exp(— 0 J
day " kT(t)) 1

2A - L
| a ci-C) Ay @)

Equations (1, 2) immediately give eq. (3):

d(Ay)’ 2D 1
( y) — w0 eXp _g. (3)
di—CU-0) | kg h &y
‘ cap L

Calculations were made for parameters: Q = 2 eV, hl = 0.605 eV and ratio Q/hl =
3.3035.
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Figure 2. Scaled temperature/time dependence for single solid phase growth under the
layer geometry.
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2. Adiabatic two phases sequential (one—by-one) growth in a planar geometry

Now consider the formation of the final NiAl phase in two-stage reaction: At the first
stage a single phase NiAl3 grows via solid-state reaction Ni + 3Al — NiAl3, suppressing the
phase NiAl till the full consumption of pure Al. After this the phase NiAI3 becomes marginal

and now is consumed for the formation of NiAl phase via reaction 2Ni + NiAl3 — 3NiAl.
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Figure 3. Sequential (one-by-one) formation of the phase NiAl; and NiAl.

I stage — formation of the phase NiAl; via solid-state reaction Ni+3Al — NiAl;:

2
(Ay, < EL). At this stage, the temperature raises proportionally to the thickness of the first

growing phase and to the first formation enthalpy.

"A 2
T=T+ A0 g _2
cap L 3
Dle eXp _&
dAy, kT ) 1
dr C1-C) Ay
II stage — formation of the phase NiAl via reaction 2Ni + NiAl3 — 3NiAl:
2
y —L '
T:TE)'F hl 3 +h2 Ay2
cap L cap L
D, exp _ 2
dAy, 1-¢) kT (¢)
dt (1- Cz )(Cz - Cl) Ayz

(4)

)

(6)

(7)

We made calculations for the realistic case of low melting first phase with a lower

activation energy, higher preexponential factor:

14 1 !
Dle >D2w0’ Ql <Q29 hz >§h1

where O, =2eV, Q, =4eV, D, ,=le-4, D, ,=0.3e-4, h/=0.543 eV, h,=0.2434 ¢V (Fig. 4).
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Figure 4. Scaled temperature versus scaled time dependence for two-staged (one-by-
one) reaction.

3. Formation of single final phase in the reaction Ni+ liquid Al-based solution
with formation and growth of NiAl scallops with liquid channel between them

A

Ni
" nia [ A

Al

Figure 5. The growth of NiAl scallops with a liquid channel between them.

v

The idea of the mathematical model can be found as analogical to the growth of Cu6Sn5
scallops in reaction 6Cu + 5Sn — Cu6Sn5 [6]. In the crudest approximation of equi-sized
scallops, one obtains: Number of scallops per area S and total volume of the growing phase
are

S 2 2

M~ V' ~M=nR’==SR
nR* 3 3 ®
The flux of Ni into liquid via the channels is
o 1 ) o |
1 ~z2M7ZR—-—D”’?t(CWA’ _ o Ndnal )__ 0
. p o\t TR ©)
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This flux is related to the increment of the new phase volume and number of atoms in
this new phase:

1,dt = %dV”"W
e (10)
d new —
Q

The increment of new phase volume and of a number of atoms is proportional to the
increment of temperature:

new I i
N"’mlcap-deszhldN=h]dV =h 2L dt (11)
Q C
so that

melt

&capdT: hlSZZﬂRéiDN"—ACdt (12)
Q CrR 209 R
Thus, the final equations allow to calculate the reaction kinetics just analytically:
Dm.eltA
dT = 1_m oDy > ¢ dt, Dy —const (13)
Lcap-C R
2 . dR D" A

E_Sd_: SZZﬂRiNI—C (14)
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SD}"AC
ar=+h 1 (9% )2/3dt (17)
Lcap C (9 »
— oDy ACt
2
2/3
hl 3 ( 2) melt 173

R (8Dy"ACt) (18)

Typical curve scaled temperature-scaled time can be seen at the Fig.4. with the
following parameters: h = 0.48eV, § = le-9, D" = 4.5¢-9.
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Figure 6. Scaled temperature versus scaled time for the single phase growth in the form
of scallops due to diffusion via the liquid channels between scallops.

4. Dissolution of Ni in the molten Al-based solution followed by crystallization of
obtained liquid solution
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Fig.7. Formation of NiAl compound by (1) dissolution of Ni in liquid Al till the full
dissolution of Ni [4], and (2) crystallization of the unstable solution into the ordered phase via
Avrami kinetics.

We will treat the dissolution as the interface-controlled process

(_le') 0
AN (T =k _ =k
7 (T) =k, exp T (19)

Of course, dissolution of Ni in liquid and respective decrement of Ni thickness lead to
the temperature increment:
(—le,.) _cap-dT
L h(O)
Since the dissolution of Ni in the liquid Al is very far from Vegard law, it seems more
convenient to switch from the thickness to the number of atoms:

(20)
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dQ = h(C)(=dN™) 1)
dQ =N"""cap-dT

SL S
o eap-dl =hy(1-2Cy) = (~dl,,) (22)
JT = hy,(1-2C,,) (—dl,,) (23)
cap L

Thus, temperature at the moment of full Ni dissolution (if crystallization will not start
earlier) can be found as

hO
cap-L

I(l—2CNi )=dly;) (24)

Ni
l()

TCFOSS — 7’;} +

Here the concentration of Ni in the solution can be easily expressed in terms of
remaining thickness of Ni film.

L
7_ZN1'
C,=2—", 1-¢, =% (25)
L-1, L-1,
h, In2
Tcross_ :_0_ 26
I — (26)

Since the dissolution includes the intermixing of components, the crystallization
enthalpy is less than the compound formation enthalpy from pure components:

t In2
B = by =y == 27)

Further, we use the classical Kolmogorov - Avrami scheme with a constant velocity of
crystal growth V (which is, of course, a rather crude approximation):

yrer 4
oy = 1= exp (—7 VW‘) 8)
Heat balance gives:
N““cap-dT =dQ = h™™ dVT (29)
Thus,
cryst 472_
dT = AvI’F exp (——vVthdt (30)
cap 3
T;nd = T(') + A (3 1)
cap
cryst 3.3 3.4
e _ h 4vlt exp| - vt dr (32)
cap 3 3
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Figure 8. Typical scaled temperature-scaled time in “dissolution plus
crystallization” model (4, = 0.6055eV, h =0.6h,, 7vV>=1e+29, 0=0.312 eV, k,=10)

Conclusions

Comparison of figures 2, 4, 6, 8 demonstrate that different phase formation sequence
and different morphology of reaction zone correspond to the different time dependence of
temperature in the scaled form. Evidently, the same conclusion can be predicted for the
exothermic in non-homogenous SHS regime. Thus measuring of the temperature profile in the
SHS for can be used for determination of phase formation sequence in the SHS process.
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Anorauis. B. M. be3nanvuyk, A. M. Iycax, P. Ko3zyockuii. Kopenauii mixnc
Mopgponocicto i nocniooenicmio pazoymeopenna ma memnepamypHum npoginem
eK3omepmiyHux meepoominoHux peaxyin. CamMoOnOWUPOBAHUU BUCOKOMEMNEPaAmypHUll
cunmes (CBC) 6 nopowikogux cymiuiax i 8 niacmunax mynomuulaposux onve 8 0anuti yac
WUPOKO BUKOPUCMOBYIOMbCA 8 PIZHUX MEXHONO02IYHUX Npoyecax, 6KII0UAouU MOYKo8e
nuagnenns (3a donomoeoio peaxyii CBC), nasnus 3'€Onans 6 MiKpoeieKmpoHHUX NPUCTPOSX.
He3zeaorcarouu Ha wupoke 3acmocy8amHs, NOCIIO08HICMb (HA30YMBOPEHHS, a MAKOHC
oemanvni mexanismu nepebicy peaxyii 6 CBC abo 8 00HOpiOHUX eK30mepMiuHux peaxkyisix 6
HaHOpobeax (0OHOUACHO V30084C BCIET KOHMAKMHOI NOBEPXHI) 3ATUMUAEMbCA NPEOMEMOM
IHMEeHCUBHUX OUCKYCili. B Oanuii yac icHye modxcnugicmv eumiprogamu memnepamypHuil
npogine 6300862c pponmy peaxyii CBC, sxa nos'azana iz 4aco6oio 3a1edcHicmio ni08UUeHHs.
memnepamypu 8 ek3omepmiunoi adiabamuuniu peaxyii. B oauiii pobomi noxazamo, wjo y
npusedeHill, 00e3po3miperii hopmi, npoPine memnepamypa/4ac moxce 6a2amo wjo cKazamu
npo nocioosuicme gopmysanns gaz i mopghonoaii peakyilinoi 30Hu 8 npoyeci peaxyii.
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