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META-STABLE CONDITIONS OF DIFFUSION BRAZING

METASTABILNE WARUNKI SPAJANIA DYFUZYJNEGO

A thermodynamic justification for the joint formation is developed on the basis of the diffusion brazing of the Ni/Al/Ni
system. The phenomena of dissolution and solidification were included into the description. The first solid/solid transformation
is also discussed. Mainly, a description for the isothermal brazing occurrence in the meta-stable conditions is developed. It
involves the application of the criterion of higher temperature of the solid / liquid (s/l) interface. The dissolution of the filler
metal in the substrate is described by the Ny — solute concentration within the dissolution zone (liquid film) distinguished at
the substrate surface. The selection of the Ny— parameter by the dissolution is justified by the Thermocalc calculation of the
Ni-Al phase diagram for meta-stable equilibrium. According to the model assumptions, the solidification is accompanied by
partitioning or by undercooled peritectic reaction resulting in formation of the intermetallic phase. The average Al — solute
concentration measured across some Al;Ni,/Al;Ni/Al;Ni, joints confirms that the Ny - solute concentration is conserved
within the analyzed joint sub-layers. The Ni-Al phase diagram for meta-stable equilibrium referred to the solidification is also
calculated by means of the Thermocalc Software. It allows locating the solidification path, s/l interface path and redistribution
path onto the mentioned diagram. Superposition of both calculated phase diagrams is also given to show that the joint formation
occurs cyclically under the meta-stable conditions.

Keywords: meta-stable equilibrium, joint formation model, dissolution, solidification

Zaproponowano termodynamiczne uzasadnienie dla ksztattowania si¢ ziacza na przykltadzie spajania dyfuzyjnego syste-
mu Ni/Al/Ni. Do proponowanego opisu wlaczono zjawiska rozpuszczania i krystalizacji. Pierwsza przemiana w stanie stalym
réwniez poddana jest dyskusji. Giéwnie, opis dotyczy przebiegu spajania dyfuzyjnego w warunkach metastabilnych. Wymaga
on zastosowania kryterium wyzszej temperatury frontu krystalizacji. Rozpuszczanie sktadnika taczacego (Al) w podlozu (Ni)
jest opisane stezeniem N, w strefie rozpuszczania (w cieklej blonce wyrdznionej tuz przy powierzchni podloza). Selekcja
parametru N, jest uzasadniona obliczeniami z uzyciem program Thermocalc Software Programem tym wyznaczono diagram
fazowy Ni-Al dla réwnowagi metastabilnej odniesiony do zjawiska rozpuszczania. Zgodnie z zalozeniami proponowanego
opisu krystalizacji towarzysza rozdzial sktadnika lub przechlodzona reakcja perytektyczna skutkujace formowaniem si¢ fazy
miedzymetalicznej. Srednie stezenie Al zmierzone w ztaczach AlsNi,/Al;Ni/Al;Ni, potwierdza, ze stezenie Ny jest zachowane
w podwarstwach analizowanych ztacz. Réwniez, wyznaczono diagram fazowy Ni-Al dla réwnowagi metastabilnej odniesiony
do krystalizacji. Wykorzystano ponownie program Thermocalc Software. Pozwolilo to na zlokalizowanie $ciezki krystalizacji,
Sciezki frontéw krystalizacji, $ciezki redystrybucji na diagramie fazowym réwnowagi metastabilnej. Superpozycja obydwu ob-
liczonych diagraméw jest takze pokazana celem zilustrowania, iz formowanie si¢ ztacza zachodzi cyklicznie w obserwowanych
warunkach metastabilnych.

Nomenclature

infinitesimal amount of the substrate melted due to the dissolution of the liquid Al solute, [mole ft.],
index of the range of solidification; { = 1 for the range Ny = N; i = 2 for the range N = N;;

i = 3 for the range N, = N¥, (phase diagram for stable equilibrium), Figure 3,

partition ratio varying with the concentration of solute in the liquid, i = 1,...,n, [mole fr./mole fr.],
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first component of the partition ratio independent of any changes in the solute concentration along
liquidus line, i = 1,...,n, [mole fr./mole fr.],

second component of the partition ratio independent of any changes in the solute concentration along
the liquidus line, i = 1,...,n, [mole fr./mole ft.],

amount of the liquid at the start of solidification, usually LY = 1, [dimensionless],

amount of the liquid at the beginning of a given range of solidification, i, i = 1,...,n,

Eq. (1A), [mole fr.],

solute redistribution after both partitioning and back-diffusion, i = 1,...,n, Eq. (5P),

Eq. (5C), [mole fr.],

concentration of the filler metal in its liquid solution at the 77 temperature, [mole fr.],

solute concentration in the liquid, observed along the liguidus line for a given range of solidification,
(local solidification path), i = 1,...,n, Eq. (1), Eq. (1P-3P), Eq. (1C-3C), [mole fr.],

solute concentration at the solid / liquid interface, observed along the solidus line for a given

range of solidification, (local solid/liquid interface path), i = 1,...,n, Eq. (4P), Eq. (4C), [mole fr.],
solute content at the beginning of solidification path (on liguidus line), [mole ft.],

average solute concentration measured across the formed multi-layer, [mole fr.],

solute concentration in the liquid at the first peritectic reaction (phase diagram for stable equilibrium),
Figure 3, [mole fr.],

solute concentration in the liquid at the second peritectic reaction (phase diagram

for stable equilibrium), Figure 3, [mole fr.],

solute concentration in the liquid at the peritectic reaction (phase diagram for

the meta-stable equilibrium), Figure 9, [mole fr.],

solute concentration in the liquid at a given peritectic reaction (phase diagram for

stable equilibrium), Figure 3, Eq. (2), i = 1,2, [mole fr.],

solute concentration in the liquid at a given peritectic reaction, (for i = 2, 3) or solute concentration
at the beginning of solidification path (for i = 1), (phase diagram for stable equilibrium), Eq. (1),
Figure 3, [mole fr.],

solute concentration within the zone s, (Figure 9), [mole fr.],
solute concentration within the zone ss, (Figure 9), [mole ft.],

solute concentration at the minimum of liguidus line, phase diagram for meta-stable equilibrium,
Figure 8, Figure 9, [mole ft.],

number of ranges of solidification for a given solidification path, n = 3,
zone of saturation created in the substrate,

zone of super-saturation created in the substrate,

temperature at the solid / liquid interface of a given phase / compound, f, f = AINi, AlzNi,, Al3ZNi
(in short, f = 11,32,31)) as it results from the intersection of a given meta-stable
solidus line with the line which denotes N, concentration, [K],

temperature of the AINi phase solid /liquid interface, Figure 7, [K],

temperature of the AlsNi, phase solid /liquid interface, Figure 7, [K],

temperature at which the minimum of liquidus line appears in the phase diagram for meta-stable
equilibrium, Figure 8, [K],

real temperature of bonding (temperature of the interconnection formation), [K],

melting temperature of the Al — filler metal, [K],

time of the solidification progress, Figure Sa, [s],

time at which solidification is completed, Figure 5b, Figure 13, [s],

time, [s],

time of the beginning of the first solid / solid transformation, Figure 13, [s],

time of the birth of the AlsNi phase within the Ni/Al/Ni interconnection, Figure 13, [s],
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amount of the solid at a given stage (progress) of solidification when the process is arrested
Xx° and morphology frozen, (calculated for a total system along a global
solidification path) [dimensionless],
X current amount of the solid, [dimensionless],
. amount of the primary phase which takes part in a given peritectic reaction at
! the i — th range of solidification, i = 1,...,n, [dimensionless],
amount of the solid at a given stage (progress) of solidification when
x? the process is arrested and morphology frozen, (calculated for a given
i — th range of solidification along a local solidification path), [dimensionless],
sum of amounts of both primary phase remaining after peritectic reaction and peritectic
X phase resulting from the peritectic reaction at a given solidification range,
i=1,...,n, [dimensionless],
i amount of the primary phase remaining after the peritectic reaction at a given range of
i solidification i = 1, ..., n, [dimensionless];
denotes the amount of peritectic reaction product obtained at a given range of solidification,
max  min 1 =1,...,n,, [dimensionless]; a given peritectic reaction occurring at the N; solute
X TN concentration (as observed on liguidus line) is treated as belonging to the i — th range
of solidification, (stable equilibrium phase diagram),
alp back-diffusion parameter for both partitioning and redistribution, i = 1, ...,n, [dimensionless],
ox redistribution extent coefficient, i = 1,...,n, defined in details by Wotczynski et al.
Bi [3], [dimensionless],
in redistribution intensity coefficient, i = 1,...,n, defined in details by Wolczyniski et al.
Bi [3], [dimensionless],
AF thickness of the AlsNi, phase sub-layer within the interconnection formed
1 at time ¢7, Figure 5, [um],
AF half the thickness of the Al;Ni phase sub-layer within the interconnection
2 formed at time ¢*, Figure 5, [um],
K thickness of the AlsNi, phase sub-layer within the interconnection formed
1 at time X, Figure 5, [um],
1K half the thickness of the Al3Ni phase sub-layer within the interconnection
2 formed at time ¢X, Figure 5, [um].

1. Introduction

A solidification, a dissolution and some solid/solid
transformations are predicted by Tuah-Poku, et al., [1] as
phenomena to be observed during diffusion brazing. The
solidification and dissolution are subjected to consider-
ation in the current model. However, exceptionally the
first solid / solid transformation is strictly connected with
solidification and dissolution, through the mass balance,
Kloch et al., [2].

A dissolution of substrate by the liquid filler met-
al occurs continuously within a zone dx Figure 1. The
dissolution prepares the liquid film within the zone dx.
Once the zone becomes liquid the mass of this liquid
film diffuses towards the joint symmetry axis and solid-
ification occurs at the s/l interfaces, Wolczynski et al.,

[3].

Solidification is accompanied by the undercooled
peritectic reactions, Figure 2. According to the concept
of Chuang et al., [4], undercooled peritectic reactions
take place at the solid/liquid (s/1) interface.

The occurring of peritectic reactions at the s/l inter-
face of cells, formed within a given sub-layer, are marked
schematically with some arrows in Figure 2. Mainly, the
internal channels within cells are employed for the flow
of dissolved substrate towards the s/l interfaces (bulk
diffusion). The dissolved substrate contained within zone
dx, has the solute concentration equal to Ny, Figure 1.

Under described conditions, a bonding process can
result in a joint that reproduces micro-structurally a se-
quence of inter-metallic compounds or phases as it is
visible in an adequate phase diagram for stable equilib-
rium, Jacobson and Humpston [5], Jiangwei et al., [6]
and Wolczyfiski et al., [7].
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Fig. 1. Ni-substrate dissolution within its infinitesimally small amount, dx (the so-called zone dx situated just at the substrate surface) due
to diffusion of liquid solution of the filler metal, NF, through the channels situated among some cells of Al3Ni, or Al;Ni phases formed
in a given sub-layer, respectively; a/ zone dx is just formed, b/ beginning of the zone dx formation; a reaction within the zone dx is:

liguid(NT) + Ni — undercooledliquid(Ny)

Ni

Fig. 2. The undercooled peritectic reactions at the front of cells (as it results from the phase diagram for stable equilibrium): N; — solute
concentration within undercooled liquid for the first peritectic reaction resulting in formation of the sub-layer that contains cells of the
Al;Ni, intermetallic phase, N, — solute concentration within undercooled liquid for the second peritectic reaction resulting in formation of
the sub-layer that contains cells of the Al;Ni intermetallic compound; a/ the channels predicted in the model for bulk diffusion are shown
schematically and completed with some arrows that signify occurrence of a given peritectic reaction; b/ channels observed at the cross-section

of the sub-layer of the & — phase within the Fe/Zn/Fe system, [8]

The analysis is focused on the formation of the
Ni/Al/Ni joints in relation to the diffusion brazing. It
makes it possible to develop a description for the solidifi-
cation preceded by the dissolution and a new explanation
for the role of the solidification path for the creation of
the joint sub-layers.

Additionally, a thermodynamic justification for the
beginning of solidification path, Ny and the end of so-
lidification path, N, both are given. The Thermocalc
Software calculation of the Ni-Al phase diagram for
meta-stable equilibrium will give the grounds for this
justification.

2. Description of the NiAl;Ni,/Al;Ni/Al;Ni,-Ni joint
formation

The system selects one and only one nominal con-
centration of the solute, Ny at a given temperature, Tg,
Kloch et al., [2]. The selection of the Ny — parameter by
the system occurs in such a way to ensure the film, dx,
(zone dx), to be liquid. The zone dx is created at the sur-
face of a substrate, Figure 1. It is evident that the liquid
layer, dx, is strongly undercooled from its liquidus tem-
perature. Thus, dissolution occurs at a given temperature,
TR, as long as it is necessary to transform solid substrate
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zone, dx, into the liquid film, dx. Once the dx zone be-
comes liquid and its concentration achieves selected Np,
the undercooled liquid film is ready to be subjected to
solidification involving undercooled meta-stable peritec-
tic reactions, Figure 2.

The average Al-solute content measured within the
Ni/Al/Ni joint obtained after different periods of time
is always equal to the Ny — concentration. Thus, the
Ny — parameter is situated on the liguidus line as the
beginning of solidification path, Figure 3.
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Fig. 3. Ni-Al phase diagram for stable equilibrium with the N, —
N; — N, — NF solidification path and with the k;N, — k;N; —
kN — kN, — ks(N2)N; — ky(NF)NF “historical”, solid / liquid
interface path. Tz = 700°C, and Ny = 0.64 [mole fr.]
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According to the current model assumption, the con-
stant partitioning is justified for the formation of an inter-
metallic phase. In the case of an inter-metallic compound
formation a varying partition ratio is to be applied. Thus,
the universal definition of the k& — partition ratio was
introduced:

ki(x) = KY+kEN_ /NE(x) i=1,...,n (1)
As the assumed peritectic reaction Xx;+liquid(N;) —
[x.ma"—xmi“] occurs during solidification, therefore, the

1
amount of the primary phase is to be defined according-

ly.

xi(a, 1), Ni_, Ny, k) =

=1 [(1‘ (Vi) (I_QPki)<k”))/

2)
<1—aPki>]
Eq. (1) is universal one and can be applied to the de-
scriptions of peritectic reaction when: a/ an intermetallic
phase is formed, then kiL: 0, b/ an intermetallic com-
pound is formed, then kioz 0.

The x™* and x{"" — parameters are defined in de-
tail by Wolczynski et al. [3]. Finally, the model al-
lows determining of the ratio of sub-layers thickness:
/llf//llgz XP¥/x5% +x3, Figure 4, with some explanations
shown in Figure 5.
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Fig. 4. Reproduction of the sub-layers thickness ratio together with the measured solute redistribution profile resulting from the undercooled
peritectic reactions. Theoretical profiles are reproduced across the half a joint Ni / AlsNi,/ Al3Ni / Al3Ni, / Ni; the ratio of sub-layers is

reproduced for the solidification path Ny - N;  — N,
analysis; the solidification was carried out at 700 °C for 121 s

— NF shown in Figure 3; the measurement points are taken from the EDAX
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Fig. 5. The meaning of some parameters in solidification of the Al;Ni,/Al;Ni multilayer on the Ni-substrate shown at: a/ a given step of the
Al;Ni, /Al3Ni multi-layer formation, b/ completion of the Al;Ni,/Al;Ni multilayer formation

The simulation shown in Figure 4 is obtained as
if the formation of joint occurs according to the phase
diagram for the stable equilibrium, Figure 3. Some equa-
tions applied to the simulation are shown in details in
the Appendix, Eqs. (1P-5P) and Egs. (1G-5G). Addi-
tionally, Eq. (2) was used to calculate x;, x, and x3
parameters. According to the applied phase diagram for
stable equilibrium two peritectic reactions were calculat-
ed during simulation: x;+/iquid(N,) — x‘lnax—xrlnin] and

xo-+liquid(N,) — [xx—xiin]

The result of simulation shown in Figure 4 should
be the same as the result of simulation based on the
phase diagram for meta-stable equilibrium. However, the
phase diagram for meta-stable equilibrium should be
much more realistic to describe perfectly the phenomena
which occur during the formation of joint.

According to the current model, the solute concen-
tration within a given sub-layer is the same as the solute
concentration at the peritectic point in the phase dia-
gram. Thus, the Al solute concentration equals 60 at.%,
for the Al;Ni, — intermetallic phase and 75 at.% for the
Al3Ni — intermetallic compound.

However, it is to be verified whether the ratio of
sub-layers thickness depends on the real temperature,
Tg, at which the experiment was performed.

3. Experiment

A set of experiments was carried out in order to
study a sequence of the intermetallic sub-layers forma-
tion. The experiment of the Ni/Al/Ni diffusion joint for-
mation was performed at different temperatures: 700,
750, 800, 850, 900, 950 and 1000°C.

An Al-foil 25 um thick was located between two
pieces of nickel then tightened. The Ni/Al/Ni system
was put into a vacuum furnace, then heated until a given
temperature.

At each of the imposed temperature the Al-foil was
melted and the system subjected to dissolution / solidi-

fication. The solidification was halted after a given peri-
od of time and morphology of the interconnections was
frozen, Figure 6.

The Al-solute segregation profiles were analyzed
across the frozen interconnections by means of the
EDAX — micro-analyzer.

Next, an average content of the Al-solute, NO, was
determined for each of the studied joint. The estimated
results are gathered in Table 1.

TABLE 1
Estimated values of the Al — solute content, 1\70 within the Ni/Al/Ni
joints formed at different temperature 7%, due to solidification
arrested at time, ¢, with ¢ < 7.

Tk [°C] | Np [at. %]
700 63.5
750 63.6
800 65.7
850 66.5
900 64.5
950 63.7
1000 62.5

Since the values of the Ny — parameter (Table 1) are
similar to each other, the average Al — solute content,
denoted as Ny, and representative for all investigated
joints was calculated. It is equal to Ny ~ 0.64 [mole
fr.], (No = (1/7) £ Ry).

The revealed interconnections morphology proved
that the ratio of sub-layers thickness does not change
with the Tr — temperature imposed in a given experi-
ment.

It should be emphasized that according to the mass
balance the average solute content, Ny revealed in the
frozen interconnections should be equal to the initial
solute content, Ny, from which the interconnections were
formed.
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The experiments allowed the identification of the in-
termetallic compound / phase sub-layers, Figure 6. The
areas which contains the N¥ — solution are visible in
Figure 6a.

The pure Al - areas resulting from the so-called
“mantis phenomenon” revealed by Wolczynski et al. [7],
(full consumption of the Al;Ni compound by the Al;Ni,
— dominant phase) and described by the adequate reac-
tion: 2AI3Ni — A3Ni, +3Al, are also visible, Figure 6b.
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Fig. 6. a.) The Ni / Al3Ni,/ A3Ni / Al3Ni, / Ni Ni/AI/Ni joint
morphology, (Tz = 800°C), as observed at time ¢ < ¢7; the N 0 — pa-
rameter estimated; b.) The Ni / Al3Ni,/ Al3Ni / Al3Ni, / Ni Ni/Al/Ni
joint morphology, (Tk = 950°C), as observed at time ¢ > f,;; the Ny
— parameter estimated
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4. Meta-stable condition of the joining technology

Ny — parameter localization on the liguidus line, as
shown in Figure 3, indicates that the AINi phase should
be formed as the first sub-layer just at the substrate sur-
face. Meanwhile, experimental observations confirm that
the Al;Ni, phase sub-layer is formed, and AINi phase
does not appear during experiment, Figure 6.

It is evident that the solidification occurred under
meta-stable conditions since the AINi phase was not
formed.

The transition of the system from stable conditions
into meta-stable conditions can be justified by means
of the Umeda-Okane-Kurz criterion, (UOK criterion),
Umeda et al. [9].

The schematically drawn Ni-Al phase diagram for
stable equilibrium is shown in Figure 7.

* *
327 11
16001

Temperature, T/°C
=)
S

AlNi \

0.6 0.8
Al - concentration, N / mole fr.

0.4 1.0

Fig. 7. Application of the UOK criterion to the Ni-Al phase dia-
gram for stable equilibrium; two meta-stable solidus lines are added:
first — for AINi phase and second — for Al;Ni, phase to explain a
competition between the phases appearance

The characteristic Ng= N — solute content is also
situated in the phase diagram. The intersections of the
Ny — content with both meta-stable solidus lines defines
Tj’f — temperatures of the s/l interface for both discussed
phases (j = AINi, Al3N1).

According to the mentioned criterion this phase is
formed which manifests a higher temperature of its s/l
interface during solidification. In the case of the Ni-Al
system T3, > Ty, as visible and written in Figure 7.
Therefore, the Al3Ni, phase sub-layer is selected by the
system instead of expected AINi phase sub-layer forma-
tion.
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Additionally, some calculations made by means of
the Thermocalc Software allowed some Ni-Al phase di-
agrams for meta-stable equilibrium to be reproduced,
respectively: a/ for a dissolution, Figure 8a, b/ for a solid-
ification resulting in formation of both observed phases,
Figure 8b.
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Fig. 8. Ni-Al phase diagram for meta-stable equilibrium calculated
for: a/ the solubility of Al (filler metal applied in the technology) in
the Ni substrate, b/ for solidification under meta-stable condition

The calculated phase diagram (meta-stable equilibri-
um) for the dissolution, Figure 8, manifests the minimum
at the Al-solute concentration N,,in ~ 0.64 [mole fr.].

It is evident that the N,,in parameter value has the
same meaning as the Ny parameter value that represents
dissolution phenomenon in the model described by the
scheme shown in Figure 1.

www.czasopisma.pan.pl P N www.journals.pan.pl

The minimum shown in Figure 8, defines the min-
imal temperature, 7. At the Tp — temperature the dis-
solution (described in Figure 1) occurs as easily as pos-
sible. In other words, the appearance of minimum sug-
gests that even at the T, temperature the liquid solution
can exist within the zone dx, Figure 1, under imposed
meta-stable condition of the Ni/Al/Ni interconnection
formation.

The phase diagram for dissolution is superposed on-
to the phase diagram for solidification in order to em-
phasize that both discussed phenomena occur cyclically,
dissolution: N¥ — N,, and solidification: Ny — NF,
Figure 9.

The dissolution path, N¥ — N, begins at the lig-
uidus line of the meta-stable equilibrium phase diagram
calculated for solidification and is completed at the lig-
uidus line minimum of the meta-stable equilibrium phase
diagram calculated for dissolution (dashed green line),
Figure 9.

temperature, T, °C

Ni/ Al/ Ni

T
win: .8

concentration, N, mole fr. Al

Fig. 9. Superposition of the Ni - Al phase diagrams for meta-stable
equilibrium calculated: a/ for the dissolution phenomenon dis-
cussed in Figure 8a, and b/ for solidification resulting in the
Ni/Al3Nio/Al;Ni/Al3Niy/Ni joint formation, Figure 8b

The solidification path Ny — N7, is situated on the
liquidus line of the meta-stable equilibrium phase dia-
gram calculated for the solidification, Figure 9.

The N — parameter shown in Figure 1, Figure 3 and
Figure 6a was measured by means of the EDAX tech-
nique, Figure 10a, (ng_) and next, it was determined

theoretically, Figure 10b, (N© ). Additionally, solute

concentration in the zones ssthziﬁrd s 18 determined for a
given Tg — isotherm.

The N t}; or. — Value was determined as the intersec-
tion of the 77 — isotherm and liguidus line of the phase

diagram for meta-stable equilibrium, Figure 10b.
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The ss — point results from the intersection of the
Tr — isotherm and solidus line which is drawn in the
meta-stable equilibrium phase diagram calculated for
dissolution, while s — point is determined by solidus
line of the meta-stable equilibrium phase diagram for
solidification.
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Fig. 10. Method of determination of the N¥ — parameter: a/ experi-
mentally with Ni/Al/Ni-700 interconnection for which solidification
was arrested and morphology frozen, b/ due to the Al-Ni meta-stable
equilibrium phase diagram, (77 is the Al — melting point, N — is
the solution of the Ni in the Al — filler metal, as shown in Figure 1)

5. Drift of the system towards the thermodynamic
equilibrium

The analyzed Ni/Al3Niy/Al3Ni/AlsNiy/Ni joint was
obtained under meta-stable condition. This is a natural
tendency of this kind of systems to achieve a thermody-
namic equilibrium. The equilibrium would be reached
when the analyzed Ni/Al3Ni,/Al;Ni/Al3Niy/Ni joint is
transformed into Ni/(Ni)/Ni joint. Therefore, some sol-
id / solid transformations are needed. The first transfor-
mation in sequence was observed in the studied joint,
Figure 11.
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same for both analyzed phenomena
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The mass balance measured at different solidifi-
cation times confirms that the Ny — solute concentra-
tion is conserved during all solidification time, Fig-
ure 6. The characteristic Ny — solute concentration is
shown schematically for the completed solidification,
Figure 12a.

However, it should be emphasized that the men-
tioned Ny — solute concentration is also conserved during
the so-called “mantis phenomenon”, Figure 12b. It is ev-
ident that the system became closed and no exchange of
the mass between substrate and joint is possible during
this first solid / solid transformation.

The cells of both Al3Ni; and AI3Ni phases are al-
ways visible inside the proper sub-layers. The cellular
morphology of cells shown schematically in Figure 12
were confirmed experimentally due to the SEM analysis
applied to the joint frozen during arrested solidification
[10].

6. Concluding remarks

1/ regardless of the real temperature, Tk, imposed in
the technology, (Table 1), the beginning of solidification
path is always the same, and is equal to N,

2/ regardless of the real temperature, T, the end of
solidification path is always the same and is equal to N7,
which was confirmed experimentally, Figure 10a, and
predicted theoretically, Figure 10b; a good agreement
was obtained between both N py and N{eor, Darame-
ters,

3/ the Ny — solute concentration is created within
the zone dx as a result of dissolution, Figure 1-2,

4/ the Ny — solute concentration is reproduced sub-
sequently within the joint as an average solute concen-
tration, Table 1,

5/ the Ny — solute concentration created within the
zone dx corresponds well to the N,,;, — solute concentra-
tion which is manifested by the meta-stable equilibrium
phase diagram for dissolution, Figure 8, Ny = N,

6/ the Ny — solute concentration plays essential role
in the competition between stable and meta-stable for-
mation of the interconnection, Figure 7,

7/ the Ny — solute concentration located on the lig-
uidus line, Figure 3, is treated as an initial condition for
the differential equation which describes the solidifica-
tion,

8/ according to the current model assumption, cre-
ation of the zone dx, follows the reaction: Nf + Ni —
S(N®) + ss(N*s) + dx(Ny), as drawn in Figure 13,

9/ according to the meta-stable equilibrium phase
diagram, Figure 9, the first Al3Ni, — intermetallic phase
sub-layer (in sequence of appearance) is formed due to

www.czasopisma.pan.pl P N www.journals.pan.pl

the phenomenon of partitioning along the solidification
path Ng = N, (it is marked in Figure 13), and diffusion
into the solid; a simulation of the Al;Ni, — intermetallic
phase sub-layer is shown in Figure 14,

S Pro 1)
Yoo tP<t<t, ti<t

Fig. 13. Localization of the zone dx, zone ss and zone s within the
Ni — substrate

10/ according to the same phase diagram, Figure
9, the second Al;Ni — intermetallic compound sub-layer
is formed due to the reaction between the Né” — liquid
and Al3Niy primary phase, (x["* — x"" in Figure 14)
next due to the partitioning along the solidification path
Né"’ — NF, (x - X7 in Figure 14) with diffusion into
the solid, (it is marked in Figure 13),

11/ localizations of the N3' — liquid and AL3Ni, pri-
mary phase in the growing joint suggest that peritec-
tic reaction (not peritectic transformation) takes place to
form Al3Ni — compound at the N)' — point, Figure 9,
(according to the description by Phelan et al. [11]),

12/ the Gibbs Phase Rule applied to the current
model and experimental observations yields the Num-
ber of Degrees of Freedom [ = 0, as required for the
isothermal solidification imposed to the joint technolo-
gy:l=c—p+1;thusl=c—-p+1=0, with c = Ni, Al,
therefore, p = 3,

13/ in fact, p = liquid(Ny)qyx, Al3Niy, AlsNi = 3, as
it is justified by the current model and adequate experi-
ments, Figure 6, Figure 10a,

14/ the model is universal one and can be applied
to other situations where the brazing is expected; it is
suggested that brazing occurs in the case of massive rolls
solidification, when the solid core interacts on the sur-
rounding liquid steel added in the second step of the
technology.
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Fig. 14. Simulation of both sub-layers formation; x; — amount of the Al3Ni, primary phase formed due to solidification path Ny = N
shown in Figure 9; x{"** — x’l"i” — amount of the Al3Ni — compound formed due to the undercooled peritectic reaction at Né” — point on
solidification path: (x; — x!"™)[k; N3] + (x]"* — x)[N3'] = (x]"* — x7")[kyN3']; x, — x7* — amount of Al3Ni — compound formed due to the
partitioning along the solidification path N — N* shown in Figure 9, Eq. (5C); N* — remaining last part of the liquid which returns back
to the process of dissolution; N? — theoretical solute redistribution within the Al;Ni, primary phase, Eq. (6P); kzNéu — solute redistribution

within the AI;Ni — compound; measurement point are marked by red squares
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Appendix

The following mathematical formalism was applied
to the current model:

1/ formation of the intermetallic phase, k=0

The solute concentration in the liquid, changes dur-
ing precipitation of primary phases along a given local
solidification path, 7, in accordance with the relationship:

k0-1
1

L(.. D10 1P +aPkix — x | =Py
Ni (X;a’~ I l—o
1

1°71°

Ni—l’k?) =Ni

(1P)
The Eq. (1P) is the solution to differential equation for
solidification/micro-segregation:

dNE/dx = (1 = KDNEQO/P + oPEPx - x) (2P)
with the initial condition:
NE0; P, 10, Nii — 1),k%) = Ni - 1) (3P)

The phenomenon of partitioning results in the formation
of the solid / liquid interfaces, and “history” of the solute
concentration at the existed interfaces are given as:

NP (@, 1, N — 1), k) = KON (e P, 10, Ni = 1), k9)

(4P)
The phenomenon of back-diffusion superposes solute
partitioning. The superposition of both phenomena re-
sults in the solute redistribution, which is the function
of the solute concentration at formerly (historically) ex-
isting solid / liquid interfaces.

NP, x0,aP 19, Ni — 1),k)) =
[1+ 85 (e x), B DB (s e 1D, k)]
NP (x;a? 19, Ni = 1), kY)

The peritectic reaction requires the so-called “shifted re-
distribution” formed within the primary phase:

Nlp(x;x?,a?,l?,N(i - 1),k?) =

. (6P)
[NP(x + x; — x5 aP 19, Ni — 1), kD)]

2/ general description of the intermetallic phase / com-
pound formation, with k? * 0; kl.L #0
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The solute concentration in the liquid, changes dur-
ing precipitation of primary phases along the given local
solidification path, 7, in accordance with the relationship:

NE(x;aP, 19, Ni_p, ky) =[N;_ /(1 = k)]

L 1G
{k}+(1 - k)—kP)A)+aPkx — x)/10] “} (19

Eq. (1C) is the solution to differential equation for
solidification/micro-segregation:

dNF/dx = [(1 = KOYNF(x) = kNG = DA + aPEPx - x)
2G)
with the initial condition:

NEO; P, 10, Ni_y, k2, kF) = Ny

127

(3G)

The “history” of solute concentration, at the appearing
interfaces is described as follows:

NG I Niz, ki) = kNP O @ B Nizi ki) + kN
(4G)
Consequently, the solute redistribution after partitioning
and back-diffusion is given by:
NEB(x; x{.aP, 1), Ni_y, ki) =
[ 148 (x: x0,10, kB (xR, 10, ki) | NS (x:aP, 19, Ny o)
(5G)
3/ formation of the intermetallic compound, k? =0
The general formulation of the differential equation
is:
dNF/dx =[(1 — kKONE — kEN;_]

0C
[0 + PR+ RN N - )

Its simplified form appropriate to the formation of the
intermetallic phase (with kiL = 0) is presented by Eq.
(1P). However, its simplified form adequate to the for-
mation of the intermetallic compound can be obtained
by introduction of the k? = 0 into the Eq. (0C). Then,
the following differential formula is to be obtained:

dNF/dx = [NF = kKEN_ /(D + aP(KFIN;_1 /NF(x)]x = x)
(1C)
which is to be solved with the initial condition:

NEO;@?, 10, Ni_y, kF) = Nioy (20)

to obtain the function Nl.L(x) which can be calculated
numerically for a given value of the x:

x=1"{AB+C}[M]™! (3C)

where

aP+1

A= N INE @ (Vo - N2TRE)

"1 (a3C)
[a/l.DzF] (l,l;alp +2;No (Néwle) )_ ap - 1]
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B = (NF @) - Ny kf)"fn (bC)
C = NE(x)
[aiD (-2 (1 0P + 2N @ (VYRE) ) + 0P + z]
(c30)
M = (NF () - NY'kE) (P +1) (d3C)

The “history” of solute concentration, at the appear-
ing interfaces is described as follows:

NS (x;aP. 10, Ni-1, kE) = KENE (x:@P, 19, Niy, KE) (40)

The solute redistribution of the formed intermetallic
compound is equal to solute concentration at the ap-
pearing solid / liquid interfaces:

NiB (x;x?,oziD, ll-O,Ni_l,kl-L) = NiS (x;alp, l?,N,-_l,kiL)
(50)
There is no need to calculate the amount of peritectic
reaction because the intermetallic compound is formed
due to the partitioning phenomenon, only.
All the above relationships Eq. (1P-6P), Eq. (1G-5G)
and Eq. (1C-5C) are formulated with the use of:

0 :_1.
l?: ~_1L ,i=1; (1A)
10— ’j;]x’."“x,i:Z,...,n;
J
0 X%i=1;
Xi= XO =1 _max =2 . (2A)
=X XN E=2,

Additionally, the following definition of the coefficient
of the redistribution extent was formulated;

B (x; x?, l?, k;) is the solution to the following equa-
tion:

(1+ BN G 1, 1), Nicy ki) = NP ()5 1,1, Niy, ki)
(3A)
Moreover, the definition of the coeflicient of the redis-
tribution intensity was also formulated;
ﬁl’:”(x?;aiD , l?,kl-) is the solution to the following
equation:

0 .
N [1+ﬁi‘“ﬁf"(x; x0,19, ki)] NS (x;aP, 19, k;)dx

10N 10_<O\NLw0.D 10 N. . 1. (4A)
—liNl—l (11 Xi)Ni (X,' ,ai’li’Nl—1$k1)
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