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1. Introduction

Reactive multilayer systems (RMSs), used for bonding intercon-
nects, prove highly effective for nanoscale film materials, such
as Ni/Al, which contain stored chemical energy.[1] Subsequent
to ignition, for example, via a spark, these layers bond, releasing
substantial energy as heat which allows the system to self-propa-
gate.[2] This exothermic heat release can then be used for melting
solder paste to achieve localized soldering of heat-sensitive compo-
nents,[1] as an example, which downstream from themelting phase
could then help form a permanent bond, upon solidification.[3]

In recent times, there has been a grow-
ing interest in RMSs across various appli-
cations, notably in die bonding.[4,5] This
surge in interest stems from the essential
need to integrate thermally diverse compo-
nents[6] (e.g., those with significantly differ-
ent coefficients of thermal expansion) into
specialized components while concurrently
minimizing thermally induced stresses to
uphold reliability.

On silicon-based substrates, the deposi-
tion of reactive multilayers has already been
successfully implemented,[7] but the intrin-
sic roughness of low-temperature cofired
ceramics (LTCC) substrate technologies
(in the range of 0.4–1 μm[8–10]) makes this

depositionmore difficult to achieve on LTCC technologies, despite
the need and demand to diversify manufacturing technologies.[11]

Conventional soldering techniques, like reflow soldering,
mandate that all structures on a PCB must endure a heat cycle,
a process which inflicts undesired stresses on the components.[3]

In contrast, RMSs allow the directed focus of heat sources onto
specific localized areas.

Owing to the high-speed attributes of these RMSs and the
innate nature of their propagation, during bonding, it becomes
an ideal ground for simulation technology to be applied.[1] This
technology represents one of the most advanced simulation
methodologies.

While simulation methods in electronic packaging have pri-
marily focused on electrical, thermal, and thermomechanical
issues during the operation of assemblies, the simulation of
joining processes, particularly reactive bonding, is still develop-
ing. Simulations of reactive bonding processes often use finite-
element/volume methods to model heat flow in multilayer
substrates.

For instance in ref. [12], a cylindrically symmetrical grid has
been used to approximate temperature distributions and reaction
front velocities, assuming the propagation direction of the reac-
tion front. Other simulation approaches, such as ref. [13], make
use of 2D finite-element models that simulate the temperature
and solder melting/solidification progression, albeit for different
types of substrates, namely copper.

Further to this, in this article, the emphasis is very much
placed on LTCC/LTCC and Si/Si bonding and comparing the
performance of the two different substrate types/combinations.
The vast majority of previous investigations in the RMS bonding
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Numerical computational fluid dynamics simulations have been performed on
2D sandwich models to compare the performance of low-temperature cofired
ceramics (LTCC)/LTCC and Si/Si sandwiches used in reactive bonding. In the
sandwich model layers of solder, silver and a reactive multilayer used to bond the
substrates are modeled. Additional to this, the surrounding air environment is
also modeled. For simulating the heat released by the multilayer system, a user-
defined function in the form of a square wave is written for the heat source with a
defined width, corresponding to the reaction width, and this propagates at a fixed
speed. Two sandwiches, one with LTCC/LTCC, and the other with Si/Si, are
simulated and their response analyzed in terms of the solidification/melting of
the solder and their respective time–temperature histories.
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field have almost always been related to the joining exclusively
of silicon to silicon,[7,14–16] metal to metal[17,18] and silicon to
metal.[19] With respect to the reactive bonding process, there are
two major differences, first the thermal conductivity and, second,
the surface roughness. The thermal conductivity of an LTCC sub-
strate is orders of magnitude lower than those of silicon and cop-
per. Owing to the high aforementioned intrinsic LTCC roughness,
the deposition of reactive nanolayers leads to a very different struc-
ture of the RMS compared to the smooth surfaces of silicon and
metal substrates; hence, the behavioral differences are likely to be
important and warrant significant investigative effort.

2. Computational Fluid Dynamics Model

To study the performance differences between Si/Si, case (i), and
LTCC/LTCC, case (ii), sandwiches, a new 2D model was made
using the ANSYSWorkbench 2023R2 software, in contrast to the
3D models that were previously studied.[20] This meant that the
models are principally similar to other 2D analyses, e.g.,[13] only
that the air surrounding the solid bodies is also modeled and
therefore no convection boundaries are prescribed on the solid
boundaries.

In this new 2Dmodel, a domain with extents of 10� 5mmwas
modeled, in which a centrally located sandwich model, 4mm in
length, of either Si/Ag/solder/RMS/solder/Ag/Si, case (i), or
LTCC/Ag/solder/RMS/solder/Ag/LTCC, case (ii), was housed.

In LTCC technology, the intrinsic surface roughness, and the
scatter thereof, are known to affect the RMS behavior in ways that
are not similarly suffered for by Si substrates. However, for sim-
plicity of direct comparison, all layers are present in both cases
and even the same substrate thicknesses are used, despite Si
substrates tending to be thinner.

The computational fluid dynamics (CFD) model extent of
10� 5mm was considered large enough to mitigate any signifi-
cant influence of the external boundaries on the progression
of the reaction. The respective model thicknesses being as per
Table 1.

These same model thicknesses are also shown in Figure 1,
with a detailed view of the thin layers (DETAIL A) also presented
on the right.

The RMS, approximating an Ni/Al-based system, was effec-
tively ignited from the left of the sandwich and the exothermic
heat release propagated in the positive x direction, based on a
square wave function, as per Equation (1). The propagation veloc-
ity is 5m s�1, a typical value for RMS propagation on LTCC, with-
out pretreatment.[21] C is a constant, of magnitude 1.44� 105, u
is the velocity, wr the reaction width, and Δt the time step

P ¼ C
uwrΔt

(1)

This volumetric power density, P, was only nonzero out with
the bounds of the reaction, which started at the leading edge and
moved, consistent with the reaction width and reaction velocity,
in the positive x direction. The output of these functions would
supply the 2D model with a volumetric power density, effectively
as a heat input function, which was assumed to be equivalent to
the exothermic heat released by the RMS, differing from the pre-
vious probability density-function-based approach.[22]

Table 2 shows the solid material properties that were used for
the LTCC—GreenTape DuPont DP951, Si, Ag, and RMS—
corresponding to a non-reacted layer,[13] where the Si and Ag
material properties are sourced from ANSYS Fluent material
databases. These parameters were assumed to be constant val-
ues, which could be improved upon in future work, given that
the temperature variations are large and significant disparities
in material properties could be present.

The air in the CFD model, which envelopes the solid
structures, has density of 1.225 kgm�3, thermal conductivity
of 0.0242Wm�1 K�1, and a specific heat capacity of
1006.43 J kg�1 K�1. A coefficient of expansion of 0.0034 K�1 is
used for air, through the Bousinessq approximation, to estimate
air buoyancy effects caused by temperature gradients, with

Table 1. Model layer thicknesses, for case (i) and (ii).

Layer thickness [μm]

LTCC/Si 800

Ag 5

Solder 5

RMS 10

Figure 1. 2D CFD sandwich model dimensions, case (i) and (ii), with detail A highlighting 750:1 view of thin layers, and Ag, with Ni/Al RMS and solder
layers highlighted.
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respect to a gravitational acceleration of 9.81m s�2 enacting body
forces on the air.

To model solder transitions between the liquid/molten and
solid state, and the accompanying latent heat, the melting/solid-
ification model was turned on in ANSYS Fluent. The melting/
solidification model in ANSYS Fluent makes use of an
enthalpy–porosity approach which provides an indication of
the fraction of a cell volume that is in the molten state, where
a liquid fraction of 0 corresponds to the solid state and, likewise,
a liquid fraction of 1 the molten state. The pure solvent melting
heat for the solder is 58.5 kJ kg�1. And, 217 and 220 °C were
given as the liquidus and solidus temperatures of the solder,
thermal properties that closely resemble a typical SAC (tin–
silver–copper) solder. The solder was specified to have density
of 7000 kgm�3, specific heat capacity of 230 J kg�1 K�1, thermal
conductivity of 63.2Wm�1 K�1, and dynamic viscosity of
0.1 Pa s�1.

All of the aforementioned solid and fluid structures were
meshed using ANSYS Workbench 2023R2, by applying a similar
approach to that previously utilized.[22] The mesh was 1 800 000
cells in size with edge lengths of 1.6667 and 16.667 μm in the
vertical and horizontal directions. These mesh specifications
corresponded to a minimum of three elements throughout
the thickness of the thinnest structures—i.e., that of the Ag met-
allization, leading to a standard cell aspect ratio of 10:1.

On the left boundary, a velocity inlet of 0.1 m s�1, with 5%
turbulence intensity and turbulence viscosity ratio of 10, was
used with a pressure outlet boundary on the opposite side having
identical turbulence properties and a gauge pressure of 0 Pa.

Heat transfer within the domain, including between solid
structures and air, is accounted for through the implementation
of coupled boundaries in combination with the energy equation.
The energy equation is solved numerically in ANSYS Fluent,
together with the continuity, and x- and y-momentum equations
for 10 000 individual time steps, with a fixed time step increment
of 10�6 s.

Using 32 cores to solve numerically, convergence was attained
for all 10 000 time steps, using default convergence criteria and
under-relaxation factors. The initial time steps required on the
order of 50 iteration cycles to converge, thereafter convergence
was achieved in a handful of iterations, for each time step.

3. Results

Here, the results are presented and compared for the two afore-
mentioned cases, namely case (i) with Si/Si sandwich and case
(ii) with LTCC/LTCC sandwich. First, to use an appropriate
amount of heat as input, comparisons between experimental
measurements presented in ref. [20] made on 10 μm Ni/Al
RMS deposited on pure LTCC (Experiment 1) and titanium met-
allization þ laser structuring (Experiment 2) and an additional
CFD model were made for different reaction widths—100,
300, and 900 μm, where the temperature contour results are
shown in Figure 2 and the time–temperature progression at a
measuring point on the symmetry line inside the RMS (2mm
downstream from reaction initiation location) in Figure 3.

The temperature contours, shown here 0.4ms after reaction
initiation in Figure 2, demonstrate the reaction moving in the
positive x direction with wider temperature contours being left
in the wake of the reaction and a tight temperature peak in the
reaction zone. Note due to the thin, high aspect ratio nature of
the RMS, and other structures that only the first 2 mm of the
sandwich is displayed, concentrated toward the leading edge
of the domain. This holds true for subsequent plots of tempera-
ture and liquid fraction contours.

In Figure 4, a zoomed-in view of that of Figure 2 shows the
temperature contour levels in more detail, together with a scale
which shows that the highest temperature band (880–975 °C)
after 0.4 ms covers an area wider than 100 μm (approximately
half of the reaction width—150 μm) and is limited to the

Table 2. Solid material properties for CFD model, based on ANSYS fluent
material database, GreenTape DuPont DP951 data sheet, and non-reacted
nanofoil.[13]

ρ [kg m�3] k [Wm�1 K�1] Cp [J kg�1 K�1]

LTCC 3100 3.3 600

Si 2500 710 100

Ag 10 490 234.28 419.97

Ni/Al RMS[13] 5500 152 830

Figure 2. Temperature contours 0.4 ms after reaction initiation for 10 μm Ni/Al RMS deposited on 800 μm LTCC substrate with 300 μm RMS reaction
width.
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thickness of the RMS, less a slight incursion into the air above
the RMS. Even with a zoomed-in view focused on the reaction
area, it is observed that the contour bands are very tight inside
the LTCC, and thus the temperature gradients are very strong.

It was hypothesized in the experimental measurements of
Figure 3 that liftoff, as highlighted on the figure, occurred during
the pyrometer measurements[20] of experiment 1—owing to the
inadequate adhesion of RMS deposited on pure LTCC, so the
temperature data there should be interpreted with some caution.
That said, a reaction width of around 300 μmwas found to offer a
sensible match, both in terms of peak temperature attained and
temperature decay rate, post-peak. The influence of this
suspected liftoff of the 10 μm Ni/Al RMS deposited on LTCC
is further demonstrated with experimental configuration 2, for
an LTCC with titanium metallization and laser-structured treat-
ment to improve adhesion,[20] where a closer match between the
simulated and experimental results is obtained, albeit for a
slightly different configuration.

Moving forward with a reaction width value for the square
wave function of 300 μm, comparisons were then made between
the performance of Si/Si, case (i), and LTCC/LTCC sandwiches,
case (ii), in ANSYS Fluent, using the CFD modeling approach
that has previously been described.

The temperature contours for the Si/Si sandwich are shown
for 0.4 and 0.6 ms as shown in Figure 5. The peak temperatures
are relatively modest and the spreading of the heat away from the
bonding zone is observed to be quite effective, with all areas in
the first 2mm of the sandwich under 125 °C by 0.6ms.

In Figure 6, the liquid fraction contour plots are shown, also
for 0.4 and 0.6 ms after reaction initiation. After 0.4 ms, a small
region of molten solder, narrower even than the reaction width,
is observed and this small bubble of molten solder has already
been observed to have completely resolidified by 0.6ms.

In Figure 7, the temperature contours at 0.4, 0.6, and 1.2 ms
after reaction initiation are shown for case (ii). Comparing back
to case (i), in Figure 5, for 0.4 and 0.6 ms, one can observe that
the temperatures are significantly higher for the LTCC/LTCC
sandwich, despite the same amount of energy being provided
through the volumetric power density/heat source input
function.

Furthermore, the temperature contour bands are much nar-
rower, and this is because the heat is spread less effectively,

Figure 3. Square wave function reaction width variation (100, 300 and
900 μm) versus experimental pyrometer measurements for 10 μm Ni/Al
RMS on pure LTCC substrate. Exp. 1= 10 μm Ni/Al RMS deposited on
pure LTCC, Exp. 2 = titanium metallization þ laser–structure treatment.

Figure 4. Zoomed-in temperature contour levels for 10 μm Ni/Al RMS on pure LTCC substrate, with highest and lowest contour levels highlighted.

Figure 5. Temperature contours after 0.4 ms, case (i). Model assump-
tions: bottom substrate = Si, thickness = 800 μm, top substrate = Si,
thickness 800 μm, joining zone: bottom and top surface layer = Ag, thick-
ness 5 μm, Ni–Al RMS layer, thickness = 10 μm placed centrally between
solder layers of 5 μm thickness.
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owing to the low thermal conductivity of the LTCCmaterial. This
is particularly true for 1.2 ms where there is still much more
significant elevated temperature inside the LTCC, long after this
heat had already dissipated for the Si/Si case—case (ii).

These prolonged elevations in the local temperature in the
bonding zone leave a pronounced influence on the liquid fraction
contours. In Figure 8, the molten solder volume is orders of mag-
nitude larger than in the Si/Si case of Figure 6 at 0.4ms post-
ignition, to the extent that by 0.6 ms the entire solder in the
region of interest is still in the molten state.

At 1.2 ms after reaction initiation, the solder in the LTCC/
LTCC sandwich has started to resolidify and a bond can be suc-
cessfully formed. In some cases, it may prove advantageous to
have such a large percentage of the solder being molten concur-
rently, but from another perspective, it could highlight a lack of
controlled precision with the method, in practice.

In Figure 9, direct graphical comparisons are made between
the LTCC/LTCC and Si/Si sandwiches at several points in the
models, all 2 mm downstream from leading edge at the center
of the RMS, solder and at 5 μm depth into the substrate (Si or
LTCC). The temperatures are clearly elevated by an additional

250 °C for the LTCC and the amount of time to achieve cooldown
is also significantly longer. This is perhaps not ideal for bonding
precision, and neither for the solder performance, but can help to
reduce thermal shock.

These significant deviations, in not just thermal performance
but also temporal differences, are highlighted in Table 3. In
Table 3, it is clear to see that although the time from ignition
to reach peak temperature does not differ significantly between

Figure 6. Liquid fraction contours for Si/Si sandwich after 0.4ms (upper)
and 0.6ms (lower), case (i). Model assumptions: bottom substrate = Si,
thickness = 800 μm, top substrate = Si, thickness 800 μm, joining zone:
bottom and top surface layer= Ag, thickness 5 μm, Ni–Al RMS layer, thick-
ness = 10 μm placed centrally between solder layers of 5 μm thickness.

Figure 7. Temperature contours for LTCC/LTCC sandwich after 0.4ms
(upper), 0.6 ms (center), and 1.2 ms (lower) case (ii). Model assumptions:
bottom substrate = LTCC, thickness = 800 μm, top substrate = LTCC,
thickness 800 μm, joining zone: bottom and top surface layer = Ag, thick-
ness 5 μm, Ni–Al RMS layer, thickness = 10 μm placed centrally between
solder layers of 5 μm thickness.

Figure 8. Liquid fraction contours for LTCC/LTCC sandwich after 0.4ms
(upper), 0.6 ms (center), 1.2 ms (lower), case (ii). Model assumptions:
bottom substrate = LTCC, thickness = 800 μm, top substrate = LTCC,
thickness 800 μm, joining zone: bottom and top surface layer = Ag, thick-
ness 5 μm, Ni–Al RMS layer, thickness = 10 μm placed centrally between
solder layers of 5 μm thickness.

Figure 9. Comparisons between observed temperatures in the LTCC/
LTCC versus Si/Si sandwiches in the RMS, solder and within the
sandwiches themselves—at 5 μm depth into the substrates.

Table 3. Time for solder to reach peak temperature, solder liquidus, and
solidus temperature.

Substrate combination tpeak tliquidus tsolidus

LTCC/LTCC 0.461 1.174 1.531

Si/Si 0.458 0.468 0.473
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LTCC and Si, the time for the solder to cool back down to solder
liquidus and solidus temperatures is significantly longer.
Furthermore, while the time to cool down the 3 °C between
the solder solidus and liquidus temperatures takes only 10 μs
for Si/Si, this takes 357 μs for LTCC/LTCC, which is significantly
longer and shows that the latent heat of the solder plays a much
more noteworthy role for LTCC substrates.

4. Conclusion

While using LTCC substrates can bring many advantages, e.g.,
significant reductions in manufacturing cost relative to Si coun-
terparts, the CFD simulation results show that the temperatures
seen in LTCC/LTCC sandwiches are much higher than those in
Si/Si. This is due to the lower thermal conductivity of the LTCC
substrates and their relative inability to transport heat away from
the bonding zone. Before this work, the temperature fields
and solder progression were not studied in such detail for
LTCC/LTCC.

Based on this CFD analysis, it was also highlighted that the
latent heat of the solder plays a much more substantial role during
the cooldown for the LTCC than the Si substrates, and that the time
taken for the cooldown to transition between the solder liquidus
and solidus temperatures was 35x greater for the LTCC substrates.

This extra heat could contribute to a longer than necessary
melting phase of the solder, at much higher temperatures, which
contribute to detrimental effects on the bonding performance as
well as the increased impact, in terms of the stresses inflicted
during the bonding necessitating the use of thicker solder layers
to sustain these extra loads.

The question as to how to solve this remains uncertain, but
perhaps using thicker solder pastes andmore precisely calculated
RMS deposition thicknesses could be an option based on these
CFD simulation results. This analysis quantifies the severity of
the issue to show the magnitude of the temperatures experienced
in the bonding zone, which are extremely difficult to determine
through experimental means.
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