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1. Introduction
1.1. Reflow soldering technology
Reflow soldering is an assembly technology that is generally used for mechanical
fastening and electrical joining of components to electronic circuit assemblies to printed
circuit boards (PCB). In mass production, at first, the solder paste, which is a suspension
containing powder of solder alloy and flux, is printed onto the surface of the assembling
board through a metal mask called a stencil. The apertures of the metal mask (stencil) are
made in exact position, shape and volume, according to the soldering pads of the printed
circuit board. Then components are placed onto the board, pushing their terminals into the
printed paste. The third step is preparing the joints by heating and melting – reflowing – the
solder paste in a conveyor type forced convection reflow ovens. The solder joints (adhesivediffusive bond) was formed by the peak temperature of the reflow thermal profile. The
solder melts and wets the component and pad metallization. During the cooling, the solder
solidifies, and the joint becomes solid. The surfaces to be soldered shall be clean and free
from oxides. Therefore, fluxes are used for the cleaning of component and pad metallization.
Reflow soldering was developed for surface mount assembly (SMA) for the assembly of
surface mounted devices (SMD) in the late 1960s [1.1]. By 1999, reflow soldering is used for
the assembly of surface-mounted components in 93 per cent [1.2], though the through-holes
(TH) components were still soldered by (selective) wave soldering at that time. The
advantage of this technology is that the assembly of the electronic components is easily
automated and provides solder joints with appropriate mechanical strength and good
electrical conductivity.
1.2. Research motivation and objective
By the early part of the 2000s, a new technology, the pin-in-paste technology, started to
spread, which allows the joint assembly of the surface-mounted and the through-hole
components with the same process steps by reflow soldering. Therefore, the steps of the pinin-paste technology are similar to those of the reflow soldering technology (Fig. 1.1). At first,
apertures are formed in the stencil for the through-hole components also, and solder paste
is pushed into the through-holes by the stencil printing. The printed circuit board is
4

populated after both with SM and TH components, and they are soldered together in a
conveyor-type oven as the last step. The advantage of this technology is the elimination of
wave soldering (for the assembly of TH components), which yields cost reduction and
reduction of production time by omitting the wave soldering for through-hole components.
Nevertheless, the design of the printed circuit board and the process parameter of stencil
printing should carefully be optimized and controlled to provide the appropriate amount of
solder paste to the through-hole components.

Fig. 1.1. Schematic about the steps of pin-in-paste technology
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The parameters affecting the stencil printing process can be categorized into four groups
[1.3]: the rheological properties of the solder paste (which is a non-Newtonian fluid), the
process parameters of the stencil printing (like printing speed), the geometrical properties
(like the size of the apertures on the stencil), and the manufacturing technology of the stencil.
Too much or too little solder paste can cause quality problems, like the formation of open
joints, and can also lead to reliability problems, like excessive void-formation in the solder
joints [1.4]. Since 50–60 per cent of the soldering failures can be traced back to the process
of stencil printing [1.5], which is even more critical in pin-in-paste technology, the
optimization of this process has great importance. The main input parameters of the stencil
printing process are the printing speed and squeegee angle. However,there is always a
difference in the output parameters at the start of the process (even though using the same
input parameters), which is caused by other non-linear factors, e.g. the non-Newtonian
rheological properties of the solder paste.
Studying the rheological properties of solder pastes can lead to improvement in the whole
process due to its importance, but doing such a study is complicated due to the nonNewtonian properties of solder paste that is varying in the viscosity as function of the shear
stress. This makes the study more complicated once it’s added to complex geometries (e.g.
oblong-shaped or multiples holes close to each other).
After reviewing the relevant literature, I have found many neglects (like the exact
rheological behavior of solder pastes), even lacks (like the geometry and arrangement of
through-holes) in the research results of this field. That is why I chose the topic for my thesis
work to investigate the stencil printing process for pin-in-paste technology. In my
dissertation, I used numerical modelling methods to be able to find the answers for the
relation of the solder paste rheological behaviors to the stencil printing process and to
investigate the through-hole filling (Fig. 1.1 – step 1) during the process of stencil printing.
My investigations were performed at three levels; firstly, a viscosity model was necessary
for describing the rheological properties of solder pastes. The second-level analyses were
performed by creating a 2D steady-state model to correlate the rheological properties of the
solder paste to the results of stencil printing, specifically to the pressure gradient that arises
during the printing process. The third and final level analyses were carried out by creating
6

a 3D transient numerical model that enabled me to investigate the hole-filling by the solder
paste in pin-in-paste technology. The investigations were aimed to study the filling at
different shapes- and different arrangements/orientations of through-holes.
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2. Stencil printing - conceptual summary
The process of stencil printing is the first step of reflow soldering technology. It consists
of three main sub-steps (Fig. 2.1): the printed circuit board is transported into the stencil
printer by a conveyor and aligned to the printed circuit board employing fiducial marks; the
solder paste is pushed by the printing squeegee with a predefined speed and force – the
solder paste fills the apertures (and the through-holes in pin-in-paste technology); the board
is separated from the stencil, and the solder paste is released from the apertures.

a)

b)

c)
Fig. 2.1. Schematic about the sub-steps of stencil printing: a) aligning the board to the stencil; b)
stroke of the solder paste; c) separating the board from the stencil [2.1]

8

2.1. The flow of the solder paste during stencil printing
The flow of the solder paste during stencil printing can be described based on the NavierStokes equation. The development of basic fundamental dynamic laws such as Newton's law
of motion and Newton's law of viscosity has culminated in the current form of the Navier–
Stokes equations. The Navier-Stokes equations mathematically express conservation of
momentum and conservation of mass that govern the motion of fluids and can be seen as in
equation (2.1) [2.2]:
1
− ∇ =
where

+

·∇ − ∇

is the pressure,

(2.1)

−

is the density of the fluid,

is the flow velocity,

is the dynamic

viscosity, and is the body accelerations acting on the continuum. The solder paste can be
considered an incompressible fluid ( is constant). Thus the equation of mass continuity
reduces to the volume continuity equation(2.2) [2.3]:
∇·

=0

(2.2)

In the case of stencil printing, the solder paste viscosity is relatively high in comparison
to the low flow velocity [2.4]. Hence the term of the convective acceleration ( · ∇ ) is
insignificant compared to the term of diffusion (

·

∇

) in the Navier-Stokes equation

(2.1). Also, the flow is considered laminar due to the Reynolds number show in equation
(2.3) is much lower than 1 (
=

·

< 10

[2.5]).

·

(2.3)

where u is the magnitude of the flow velocity, and

is the characteristic length. Based on

these considerations, the flow field can be described by the Stokes creeping flow (2.4) in
steady-state [2.6]:
∇ = ∇

(2.4)

+

where = 0 in this case.
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According to the work of Mannan et al. [2.7], the heat by the inner friction of the solder
paste during stencil printing is negligible. The process can be treated as isothermal, that is,
the temperature T does not change over time t (2.5).
d
=0
d

(2.5)

Riemer solved the equation of Stokes creeping flow analytically for the process of screen
printing (similar to stencil printing) [2.8] and found that the pressure gradient on the surface
of the screen (stencil) can be expressed by (2.6). This pressure fundamentally affects the
hole-filling during the pin-in-paste technology:
=

1

·

2sin
− sin

·

(2.6)

·

where P is the pressure, r is the distance from the squeegee tip, θ is the blade angle, η is the
viscosity of the fluid (paste), u is the printing speed. The disadvantage of this expression is
that the fluid is treated as Newtonian, whereas solder pastes are non-Newtonian, shearthinning fluids. The advantage of Riemer’s equation is that it can be used for the validation
of numerical models about the solder paste flow by setting Newtonian fluid properties for
the paste (e.g. viscosity of 200 Pa·s). After the validation, the fluid properties can be changed
to non-Newtonian ones.
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2.2. Rheological properties of solder pastes
Rheology property of materials describes the nature and rate of deformation that occurs
due to the stress applied on material [2.9]; rheology deals with the behaviour of the
viscoelastic materials (solid-like materials, liquid-like materials) that shows the deformation
in response to the force and time [2.10]. The main objective of this area is the prediction of
material behaviour based on the applied external forces [2.11].
In stencil printing, the flow of solder paste by the applied forces are essential from the
printing quality point of view. Three terms are to be considered in this topic: elastic, inelastic
and viscosity. The elastic material has no recovery after the stress removed and deformation
occurred, while inelastic material has a partial recovery. The viscosity is defined as the
internal resistance of the material to flow and is often referred to as fluid friction. It defines
a relationship between the shear strain rate and the shear stress on the solder paste. Solder
pastes are considered visco-elastic materials, which means that solder pastes do recover, but
it is pretty slow, takes time in the magnitude of minutes.
Fluids can be classified into different groups by their nature in viscosity, i.e. the nature of
the relation between the shear rate and shear stress. These groups include:
a) Newtonian fluids
In this case, the relationship between the shear stress and the shear rate is linear,
therefore, viscosity is constant regardless of the applied shear rate (for example, water), the
viscosity is defined by the following equation [2.12]:

=
where

(2.7)

is the shear rate, σ is the shear stress, and η is the viscosity.

b) Power Law fluids (shear-thinning and shear-thickening fluids)
In this case, the relationship between the shear stress and the shear rate follows a power
law (2.08):

=

∗

(2.8)

11

where

is a material constant (apparent viscosity is a generally used term for the reciprocal

value of this constant); if N < 1 the fluid is a shear thickening material, i.e. its viscosity is
increasing by the increase in shear rate; if N > 1 the fluid is as shear-thinning material, i.e. its
viscosity is decreasing by the increase in shear rate. Solder pastes are shear-thinning
materials, and their viscosity curve is usually addressed by one of the two below viscosity
models in numerical modellings:
i)

Cross model

The Cross model is represented by the following equation [2.13]:

Cross   
where

0   
n
1    

(2.9)

is the zero-shear viscosity,

is the infinite-shear viscosity,

is the shear rate,

is a time constant, and n is the power-law index.
ii)

Carreau-Yasuda model

The Carreau-Yasuda is represented by the following equation [2.14] :

 C Y    
where

0 
1     a 



(2.10)

1 n
a

is the zero-shear viscosity,

is the infinite-shear viscosity, λ is the time constant,

is the shear rate, a is the Yasuda exponent, and n is a power-law index. The coefficients for
these viscosity models can be determined by viscosity measurements using rotational
rheometers.
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2.3. Viscosity measurement
Rheological properties of fluids are usually measured by rheometers that can characterize
the correlation between force, deformation and time. The most common types are capillary
systems and rotational systems [2.15], [2.16]. The rotational rheometer is shown in (Fig
2.2), consisting mainly of a rotational cylindrical, circular or conical body over the liquid that
experiences the viscous resistance force according to the applied rotational speed static
plate, which temperature maintained stable of. The fluid under investigation is placed
between these two plates. The upper plate is rotated with a predefined angular velocity (in
strain control mode), and the torque is measured on it. The angular velocity can be altered
over time, thus obtaining the viscosity curve over the strain rate of non-Newtonian fluids.

Fig. 2.2. Setup of viscosity measurement by rheometers

Solder pastes also have thixotropic properties (time-dependent viscosity), which are
usually addressed by the oscillation mode of the rotational viscometer. This mode can be
used to determine the complex shear coefficient characteristic of suspensions. The complex
shear coefficient (2.11) can be divided into two components called the storage coefficient G’
(2.12) and the loss coefficient G’’ (2.13) [2.17] [2.18]. The storage coefficient is the part of
the stress required to form the deformation that the deformed material stores and uses to
eliminate the deformation when the stress ceases. The loss coefficient belongs to that part of
the deformation stress which is normally lost in the form of heat during deformation. In
addition, the substance-specific parameter is the loss factor, which can be calculated with
relation (2.14):
G∗ = G′ + iG′′
G′ =

(2.11)

⋅ cos δ = G∗ ⋅ cos δ

(2.12)
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⋅ sin δ = G∗ . sin δ

G =

tan δ =
where

(2.13)

G′′
G′

is the shear stress, to

(2.14)
the maximum strain,
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is the phase angle.

2.4. Computational fluid dynamic equations
The solder paste behaviour in the stencil printing process was investigated on a
macroscopic level. At a macroscopic level the fluid was treated as an infinitely divisible
substance (continuum). The computational fluid dynamics tools used in modelling are
based on the Navier stokes equations for conservation of mass and momentum.
2.4.1. Introduction
In continuum assumption, the fluid properties are assumed to have a definite value at
every point in space and time such as velocity and density. For example, density can be
obtained as a function of the space coordinates

= ( , , ) at a given time instance, but

the time is varying hence the scalar density field can be represented as a function of time
= ( , , , )

The vector velocity can be expressed by

(2.15)

=

( , , , ), where

is the velocity vector

that can be written in terms of its scalar components
=

+

+

(2.16)

Where x, y, and z components of velocity are given respectively by
= ( , , , )

(2.17)

= ( , , , )

(2.18)

=

( , , , )

(2.19)
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However, if the flow field does not change with time then its called a steady flow the
function of time can be omitted in the equation and the velocity can be expressed as
=

( , , )

(2.20)

2.4.2. The Continuity equation
The fundamental physical principle of the conserved system is that the mass is
conserved means that there is no loss in mass.
The mass conservation equation can be written as below:
+ ∇. (
where

(2.21)

)=

is the local derivative, which is physically the time change at a fixed point. ∇. (

is the divergency of the product of a density scalar times velocity vector,

is the mass

added to the continuous phase through phase change; in the case of the stencil, printing
modelling is considered zero. The operator ∇ referred to as grad represents the partial
derivative of a quantity with respect to all directions in the chosen coordinate system.

2.4.3. The Momentum equation
The momentum equation is based on Newton 2 nd law
(2.22)

=
where

and

are the vector force and acceleration respectively.

Conservation of momentum is given by:
(

) + ∇. (

) = −∇p + ∇. ( ̿) +

(2.23)

+
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)

where ̿ is the stress tensor,

is the static pressure,

is the gravitational body force, and

is the external body forces.
The stress tensor is given by:
=
where

(∇ + ∇

)−

2
∇.
3

(2.24)

is the viscosity and is the unit tensor.

2.4.4. Finite volume method
The finite volume method (FVM) is an algebraic equation-based method for describing
and evaluating partial differential equations. The flow domain is split into small control
volumes. Mostly, the center of each control volume contains the point that has the stored
variable. The control volume is the name for individual elements of the mesh.
The differential version of the governing equations is then integrated across each
control volume. In mass conversation law, the volume V integral over the total volume of
the cell

can be taken as below:
+

∇. (

)

(2.25)

=0

The divergence theorem is used to convert volume integrals in a partial differential
equation that contain a divergence term to surface integrals in the finite volume technique.
These terms are then evaluated as fluxes at the finite volume's surfaces.
The fundamental idea behind this method is to estimate the integral conservation rule
on each of the control volumes by applying conservation principles to each small control
volume. Because this method is ideally adapted for numerical simulations of various types
of conservation laws, it is commonly employed in computational fluid dynamics.
2.4.5. Volume of Fluid
VOF (Volume of Fluid) method is used to analyze separated flows when the surface
shape needed to be determined, VOF can track the volume fraction of each phase (fluid)
throughout the domain, the tracking is accomplished based on the solution of a continuity
17

equation for the phases volume fraction. For the

phase. The continuity equation takes the

following form [2.19]:
1

+ ∇.

where

=

+

(

−

represent the cell content of phase q,

term which is by default zero and

)

(2.26)

the density of phase q,

is the source

is the mass transfer from phase q to phase p. However,

in the stencil printing model, the right term of the equation is zero.
Momentum equation in VOF is solved throughout the domain and is dependent on the
volume fraction of all phases by the viscosity and density, and given as below [2.19]:
(

) + ∇. (

) = −∇p + ∇.

(∇ + ∇

) +
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+

(2.27)

3. Investigating stencil printing - literature review
3.1. Analysing the rheological properties of solder pastes
Solder paste is a dense suspension of solder alloy particles suspended in flux medium and
it is widely used in electronics manufacturing for creating the interconnection between the
printed circuit board (PCB) [3.1,3.2] and the electronic components by reflow soldering
[3.3,3.4]. The process of stencil printing is used for depositing the solder paste onto the PCB.
This is a critical step in reflow soldering since 50-60% of the soldering failures (like open
joints or solder bridges) can originate from the defects of stencil printing (too little or too
much-deposited paste volume). The solder paste is a dense suspension of solder alloy
particles in a flux/vehicle system with generally 50% of solid volume fraction [3.5,3.6].
During the printing stroke (Fig. 2.1.b), the low viscosity of the paste (shown for a relatively
high shear rate) allows it to flow in the stencil apertures. During the stencil release (Fig.
2.1.c), the higher viscosity (shown for a relatively low shear rate) aids the paste in keeping
its deposited shape and reducing slump failures [3.7]. It was shown also in [3.8] that solder
paste of good quality will have a good thixotropic nature for recovery, optimum shear
thinning properties allowing flow into stencil apertures, a suitable thixotropic nature for
recovery, and a non-tendency to slump after printing.
Many challenges arose in the electronics industry. The first was the law legislation
banning the use of lead material in the electronics industry. The lead was replaced with metal
silver/copper/tin alloys, but the changes in alloys materials have a high effect on the
rheology properties of the suspension [2.5]. The second was the technical challenges due to
the need to produce miniaturized devices, i.e. using stencil printing for ultra-fine pitch
interconnections [3.9]. The third was the need to reduce the production expenses by
effective manufacturing methods [3.10]. Aiding the manufacturing process with numerical
techniques provides a setup time reduction and savings in the manufacturing testing.
Numerical models for solving the fluid flow equations relating to stencil printing is generally
based on the finite volume method (FVM). In these models, the solder paste is typically
treated as a homogenous liquid [2.4] characterised by the viscosity (depending on the shear
rate) as the main parameter.
19

3.1.1. Analysing non-Newtonian behaviour of solder pastes
Amalu et al. [3.9] evaluated the rheological properties of a lead-free solder paste and
analysed the correlation between the solder paste rheological properties and the transfer
efficiency of stencil printing. They found that the paste type (rheological properties) is a
more influencing parameter than the aperture size on the efficiency of solder paste
deposition in the stencil printing process. As a consequence, setting appropriate material
(fluid) parameters might be the most important for the numerical modelling of stencil
printing, from which the proper description of viscosity (as a function over various shear
rates) is the key parameter. Glinski et al. [3.11] created the 2D steady-state model of stencil
printing, using Computational Fluid Dynamics (CFD) based calculations (see in 3.2 in
details), to analyze the differences between utilising Newtonian (fixed viscosity value) and
non-Newtonian (apparent viscosity described by Cross model) fluid behaviors. The
comparison result showed considerable differences between the Newtonian and nonNewtonian CFD simulations (Fig. 3.1). They proved the using non-Newtonian fluid
properties for solder pastes is a must in the numerical modelling of stencil printing.

3.1. Pressure over the stencil comparing Newtonian (Riemer’s analytical model)
and non-Newtonian fluid properties [3.11]
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Many works analysed, therefore, extensively the rheological properties of solder pastes
either for modelling or process optimization purposes. Mallik et al. [3.12] [3.13] investigated
the rheological properties of three different solder pastes. The differences in their viscosity
curves (as a function of shear rate) are shown in figures 3.2 and 3.3 for the full (measured)
range and for low shear rates, respectively. They analyzed the goodness of Cross and
Carreau-Yasuda fits on the viscosity curves and found that the Carreau-Yasuda model cannot
appropriately address the material behavior at high shear rates and the same applies to the
Cross model low shear rates.

3.2. Viscosity as a function of shear rate using (L1, L2, L3) solder pastes [3.12]

3.3. Viscosity curves at low shear rates using (L1, L2, L3) solder pastes [3.12]
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Durairaj et al. [3.14] also investigated the rheological properties of the solder paste to
correlate it to the solder paste transfer efficiency. Viscosity and creep-recovery tests were
carried on five different lead-free pastes (P1, P2, P3, P4 and P5) with type 3 particle size
distribution (20-45mm) and five flux media. The Cross model was fitted to the measurement
results, but at low shear rates, this model could not follow the material behavior (Fig. 3.4).
However, the results of the Cross model fitting were appropriate to examine the shearthinning nature of the material, which was correlated then to the stencil printing process
performance.

3.4. Viscosity measurement compared to the model values using 5 solder paste types [3.14]

Pietrikova and Kravcik [3.15] also investigated viscosity models, if they can address the
rheological properties of the solder pastes types P1 and P2(Fig. 3.5). They compared three
viscosity models: Cross, Sisko (3.1) and a power-law (3.2) model.
=

(3.1)

+

=

(3.2)

where ηa is the apparent viscosity, η∞ is infinite-shear viscosity (at 50 s-1 in their work),

is

the shear rate, K2 and K3 are time constants (to be fitted), and n2 and n3 are dimensionless
exponents (to be fitted).
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3.5. Viscosity values in the investigated shear rate range using 2 solder paste (P1, P2) [3.15]

Figure 3.6 shows the error percentage of the analysed viscosity models, illustrating that
the cross model has more than 50% error in the range of the shear rate from 1 to 5 s

, while

it provides an acceptable description of the viscosity at a shear rate range from 5 to 15 s

.

Note that the symbols of the power-law model have a greenish frame in the plot but not in
the legend. The error if this power-law model was relatively low (~3%), but the analysed
shear rate range was also narrow, i.e., the low shear rates below 1 s -1 were not assessed.

3.6. Percentage errors of viscosity models over the shear rate (Cross, Sisko and Power law) [3.15]
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3.1.2. Assessing the wall-shear during rheological measurements
In addition to measuring at the appropriate shear rate range, an additional phenomenon
of which care should be taken is the wall-slip effect, the slip of the rotating plate during the
viscosity measurements. Kolli et al. [3.16] demonstrated that this wall-slip can render
rheological measurements (e.g. viscosity as a function of shear rate) challenging. They
proved that the rheological measurements were affected by the slip of the top plate, the
measured viscosity was apparently lower than the actual (true) value if smooth plates were
used (Fig. 3.7). This effect is accentuated especially at low shear rates, below 0.1 s -1. They
suggested using serrated parallel plates to eliminate the slip effect during the rheological
measurements.

a)

b)
3.7. Demonstrating wall slip during rheological tests: a) test setup; the line marker was placed on the
top plate and the free surface of the paste; b) visualizing wall slip by the deformation of line marker
(10s after the start of shear) [3.16]
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Further to using serrated plates for the viscosity measurement, another possibility to
determine the actual value of viscosity is to perform viscosity measurements at fixed shear
rates but at different gap distances. From the measured apparent viscosity values, the true
viscosity can be predicted by (3.3) [3.17].
η=

where

η 1( 1 − 2)
1 − (η 1 /η 2 )

is the predicted true viscosity,

distance H1, and

a2

(3.3)
2

a1

is the apparent viscosity measured at the gap

is the apparent viscosity measured at the gap distance H2.

Both Durairaj et al. [3.18] and Ekere et al. [3.17] investigated the effect of the wall slip
formation on the rheological behavior of solder pastes. Measurements for two samples using
a rheometer at different gaps (1mm and 3mm) between the plates were conducted, and the
(3.3) model was used to calculate the true viscosity at various shear stresses (Fig. 3.8). The
slip velocities were also calculated additionally (Fig. 3.9). Similarly, the uncorrected viscosity
values for different gap distances and the predicted true viscosity values are illustrated in
Fig. 3.10 for varying shear rates; proving that the measured, apparent viscosity values can
be lower than the true viscosity values at low shear rates.

3.8. Analysing the slip during viscosity measurements, and predicting the true viscosity value at
different shear stresses [3.18]
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3.9. Calculating the slip velocities at different shear stresses [3.18]

3.10. Calculating the true viscosity value for various shear rates; note that the Eq. (9), indicated in the
plot, is presented in (3.3) [3.17]

3.1.3. Investigating the time-dependent behavior of solder pastes
Marks et al. [3.19,3.20] demonstrated that particle size in solder pastes can have a
significant impact on their recoverability, which can be measured by creep/recovery
measurements. Solder pastes with larger particle sizes tended to stick into the stencil
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apertures, but at the same time, solder pastes with smaller particle sizes were susceptible to
slumping failure (formation of bridges between the deposited paste). Durairaj et al. [2.17,
3.21] also investigated the thixotropic (time-dependent) properties of solder pastes and
correlated their effect to the printing performance. The time-dependent behavior was
addressed by carrying out oscillatory stress sweep and creep-recovery tests. They found that
if the loss modulus for a paste was higher than its storage modulus, it indicated the sample
being solid-like. An increase in the shear stress changed the sample gradually from solid- to
liquid-like due to the breakdown between flux and metal particles in the paste. Their results
also proved a relatively high cross-over stress (stress where the storage modulus equals to
the loss modulus) for pastes with larger particle sizes, which meant a notable chance that
the paste sticked to the stencil aperture walls, and could not be released. Besides, slumping
failure after stencil printing was traced back to the thixotropic nature of the solder paste in
their work too. Mallik et al. [2.18] analysed the thixotropic behavior on four types of solder
paste with different metal content, alloy composition, and particle size. The results showed,
a paste with appropriate recovery behavior produces a reasonably good print (in terms of
paste width and height), and samples with more liquid-like behavior produce the biggest
width and smallest height for print deposits. Also, samples with smaller particle sizes
exhibited less recovery.
Vachaparambil et al. [3.22] created a structure-based kinetics model, and the respective
parameters were determined and optimized. The thixotropic behavior of solder pastes was
measured with the so-called 3IT (three interval thixotropy) test set: 1) a reference interval
using a low shear rate; 2) a high shear rate region, during which a structure break-down
occurs; 3) a regeneration interval (lower shear rate), where the structure rebuilds. The
results showed that their model can address the thixotropic behavior of solder pastes. The
structural breakdown observed in the experiment, appropriately predicted by their model
(Fig. 3.11; time from ~20 to ~120 s). The predicted rate of the structural build-up (Fig. 3.11;
time from ~120 to 220 s) was smaller than the experimental one, though the value of
viscosity matched the empirical values after a particular time.

27

3.11. Viscosity measurement compared to the model values [3.22]

The shear rate within the solder paste during stencil printing is essentially affected by the
printing speed. Therefore, the printing speed also determines the transfer efficiency of
stencil printing. Rusdi et al. [3.23] examined several printing parameters (squeegee force,
printing speed and stencil separation speed) and their effect on the printing performance.
Experiments were carried out to find the volume and thickness of paste deposits as a
function of the mentioned parameters. They used a lead-free solder paste with a SAC305
alloy (Sn96.5/Ag3/Cu0.5) alloy. The stencil printing was carried out for four different
components: 0603 size resistor, tantalum-D capacitor, 1210 resistor and for a small outline
transistor. The results proved that the squeegee parameters had considerable effects on the
deposited volume and the solder paste height as well, as shown in figures 3.12 and 3.13,
respectively. Note that the authors failed to mention exact parameter values for the different
levels (1;0.5;0;-0.5;-1) of printing speed and printing force during their RSM (response
surface method) study. Besides, they indicated clearly false values for these parameters in
the rest of their research, e.g., printing speed from 10 to 60 m/s (and not mm/s!). Therefore,
I deducted the significance only by the curvature (low curvature / high radius would mean
no significance, higher curvature means more correlation) of the below surfaces.
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3.12. Volume of solder paste deposits over the investigated parameters [3.23]

3.13. Solder paste height as a function of printing speed and printing force (the thickness of the stencil
was 125 µm in their study) [3.23]
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3.2. Numerical modelling of stencil printing
3.2.1. Two-dimensional, steady-state models
The two-dimensional steady-state models of stencil printing consist of mainly the
squeegee and the stencil as domain walls and the solder paste as a fluid domain under
investigation. Many researchers created this type of numerical model for the stencil printing
process focusing on boundary conditions and the material properties, for example,
comparing Newtonian and non-Newtonian fluid properties. The boundary conditions for the
two-dimensional, steady-state models are the following [3.24]: a no-slip wall conditions for
the squeegee and the stencil, which means the fluid has zero velocity relative to the boundary
(Vnormal = 0; Vtangential = Vwall); a free-slip condition for the paste/air interface meaning that the
movement of fluid is not restricted by the wall (Vnormal = 0; Vtangential is unrestricted). Besides
the boundary condition, the type of meshing of the domain is a further significant parameter.
Since higher fluid velocities (higher shear rate) is expected in the proximity of the squeegee
tip, a denser mesh is typically used at that location. Generally, hybrid meshes are used, e.g. a
dense tetrahedron meshing nearby the squeegee tip and a less dense polar meshing at the
farther location from the squeegee (Fig. 3.14) [3.25]. These hybrid-type meshes provide
great accuracy by maintaining calculation resource needs low [3.25].

3.14. Steady-state, 2D model for stencil printing, boundary conditions [3.25]
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3.15. The meshing of a 2D, steady-state model for stencil printing, dense tetrahedron meshing nearby
the squeegee tip, less dense polar meshing at the rest of the domain [3.25]

Bailey et al. [3.26] created a numerical model to identify optimal printing conditions for
flip-chip assembly and to enhance their quality and reliability (Fig. 3.16). One of the model's
purposes was to analyze the flow of the solder paste during stencil printing. The viscosity of
the solder paste was described by the Cross model in their work too. Besides, they
investigated the effect of different squeegee angles on the pressure distribution along with
the surface of the stencil. They proved by numerical modelling the empirical findings of
Rusdi et al.’s work [3.23]; namely, the squeegee angle is also a significant parameter affecting
the results of stencil printing (Fig. 3.17).

3.16. Numerical model of stencil printing and flow velocities within the solder paste [3.26]
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3.17. Pressure distribution on the stencil surface as a function of squeegee angle and printing speed
[3.26]

Durairaj et al. [2.5] analysed the rheological behavior of two solder pastes with different
alloys (lead-bearing and lead-free) by measurements and also modelled their flow behavior
during the stencil printing process (Fig. 3.18). The Cross model was utilized in this work too,
by using the model parameters obtained from rheological measurements. The calculated
viscosity of the solder pastes is illustrated in (Fig. 3.19). They found that the viscosity is lower
at the proximity of the squeegee tip (because of a higher shear rate) and increases gradually
at farther distances. However, the shear rate was almost the same between the solder pastes
with different alloys, meaning that the difference in viscosity originated from the different
rheological behavior of the samples.

32

3.18. Meshing and geometry of the numerical model of the stencil printing [2.5]

3.19. Viscosity distribution along the stencil surface for 2 materials at different printing speeds [2.5]

Many of the previous works in literature use the Cross model to describe the viscosity of
solder pastes, thus neglecting the plateau region in the viscosity curve of solder pastes at the
low shear rate. The plateau region in the viscosity curve of pseudoplastic fluids was shown
by [3.27] (Fig. 3.20), which phenomenon originated from the changes in the microstructure
of dense suspensions under shear, as explained by [3.28].
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3.20. The apparent viscosity behavior for a shear-thinning fluid [3.27]

Krammer et al. [3.29] also showed this plateau region in their measurements for three
different types of solder pastes (Type 3, Type 4 and Type 5). They conducted a measurement
set, in which a sequence of viscosity measurements was interrupted by different idle times
(15s, 30s, 60s) to simulate the idle time between prints (PCB load into the printer and
alignment, then PCB unload after printing) in the industry. The results showed that at least
5–6 measurements (i.e., 5–6 prints) were necessary for the solder paste to reach a stabilized
state in viscosity (Fig. 3.21). This also implies that a sequence of viscosity measurement is
necessary to obtain valid viscosity properties of solder paste, to be used later in the
numerical modelling of stencil printing.
All in all, the plateau region in the viscosity curve is an essential factor to be considered
to achieve an accurate numerical model. The complex rheological properties of solder pastes
can be directly or indirectly related to defects in the stencil printing process. The addressing
of the rheological properties of solder pastes is vital in solving these defects. [3.30]
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3.21. Viscosity of solder pastes within the measurement cycles (Type 3 solder paste; idle time 30 s)
[3.29]

3.2.2. Two- and three-dimensional, transient models
Transient models of stencil printing are used to analyze the aperture-filling of solder
pastes during the print stroke. Seo and Kim [3.31] used a 2D finite element model to
investigate this, with the scope of suggesting rules for stencil design. The model included a
double-step approach due to the limitation of their computational resources. In the first step
(Fig. 3.22) the pressure distribution along with the stencil was obtained. In the second step
(Fig. 3.23), the pre-calculated pressure was applied on the solder paste over a stencil
aperture. The results showed that increasing the squeegee speed and decreasing the
squeegee angle caused an increase in the squeezing pressure. Also, the filling performance
improved as the squeegee angle decreased.

3.22. 2D transient, double-step model; the pressure over the stencil is obtained in the first step [3.31]
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3.23. 2D transient, double-step model; the pre-calculated pressure is applied onto the solder paste in
the second step [3.31]

Thakur et al. [3.32] established a 3D, single-step CFD based model (Fig. 3.24) to
investigate the flow of solder pastes into the stencil apertures. Their results showed that the
solder pastes thixotropic properties had a significant impact on the stencil printing process.
That is, increasing the squeegee speed will increase the shear stress and, therefore, will
increase the shear strain rate in the solder paste, as shown in (Fig. 3.25). This will ease the
solder paste flow and the fill of stencil apertures.

3.24. Geometrical model of apertures in the stencil [3.32]
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3.25. Shear stress over shear strain rate (depending on the printing speed) [3.32]

Rusdi et al. created a 3D, transient model for analyzing the process of stencil printing.
Their model was based on the Volume of Fluid (VoF) method, and they utilized the Cross
model for describing the viscosity of the solder paste (Fig. 3.26). The three process
parameters under investigation were the aperture area [3.33], the thickness of the stencil
[3.34], and the printing speed [3.35].

3.26. Three-dimensional, transient model of stencil printing (the enlarged area in the red frame
presents the geometry of an aperture) [3.35]

They also proved that the volume of the solder paste deposits depends on the aperture
size, the smaller the aperture, the larger the deviation in the volume of deposits from the
volume of apertures (Fig. 3.27). Though, it would have been better for them to indicate the
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area ratio (AR) for the apertures than their area, allowing the comparison of their results to
previous empirical findings. The volume filling error in their specific case was 13.9% and
17.9% for the largest and the smallest apertures, respectively (Fig. 3.27).

3.27. Deviation in the deposited solder paste volume from the aperture volume [3.33]

They also proved by numerical modelling that the transfer efficiency of printing (ratio of
deposited paste volume to aperture volume) was gradually decreasing as the thickness of
the stencil was increasing (Fig. 3.28) [3.34]. Note that the area ratio of stencil apertures is
decreasing with an increasing stencil thickness, and below its value of 0.66, the transfer
efficiency can be insufficient.
They also investigated if the change in the printing speed affects the deposited solder
paste volume [3.35]. By their results, a slight variation was found in the deposited volume
empirically (~20%), but this variation was not shown by the numerical results. Reasons for
the difference between the empirical and numerical results can be: 1) the variation in the
deposited volume might not be caused by the change in the printing speed but could result
from the uncertainty (capability) of the printing process itself; 2) the analyzed range of the
printing speed was relatively narrow, ranged from 15 mm/s only up to 55 mm/s (Fig. 3.29).
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3.28. Volume of the deposited solder paste (and aperture) as a function of stencil thickness [3.34]

3.29. Deposited solder paste volume as a function of printing speed for simulation and experiment
measurement [3.35]
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3.3. Conclusions to be drawn from the literature review
The literature deals with the rheological properties of the solder pastes, and the numerical
modelling of stencil printing. Based on it, a plateau region exists in the viscosity curve of
solder pastes in stabilized state at low shear rates, which region is neglected in many cases.
The Cross viscosity model is used typically for addressing the viscosity of solder pastes as a
function of shear rate, which model cannot follow the viscosity curve at low shear rates (by
the plateau region). Besides, the viscosity models (either the Cross or the Carreau-Yasuda)
are fit in the initial state of solder pastes (right after one viscosity measurement by a
rheometer) and not in their stabilized form (after a sequence of several, 5–6 viscosity
measurements).
The numerical models of stencil printing were utilized both 2D and 3D, steady-state and
transient approaches. The 2D, steady-state models focused mainly on the quality of model
meshes and on the fluid properties to create as valid models as possible. The transient
models focused on the aperture-filling in stencils, thereby obtaining results for the assembly
of surface-mounted components.
Based on the drawbacks and neglects in the literature, I have set the following goals of my
dissertation to provide solutions for the open issues in this research area:
•

Formulating a new viscosity model, which can describe the viscosity of solder pastes at
a much broader range of shear rate and address the plateau region existing in the
viscosity curve of solder pastes in their stabilized state.

•

Creating a numerical model to test and validate complex viscosity models of solder
pastes and their utilization in the modelling of stencil printing.

•

Creating a three-dimensional, transient, two-phase model for analyzing the stencil
printing process in pin-in-paste technology, for the assembly of through-hole
components.

•

Investigating the effect of various through-hole shapes, arrangements and orientations
on the hole-filling by the solder paste.
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4. New viscosity model for describing the shear-thinning properties of
solder paste in their stabilized state (I. Thesis)
4.1. New viscosity model
As elaborated in Chapter 3, literature and prior measurements showed that the viscosity
curve of solder pastes includes a plateau region at low rates of shear in the stabilized state
(The stabilized state of the solder paste is achieved after 4-5 measurement cycles; at this
state the paste viscosity becomes steady) of solder pastes. The Plateau region originates
from the changes in the microstructure of the dense suspension under shear. I analysed the
error of fit of the widely used viscosity models (Cross (2.9) and Carreau-Yasuda (2.10)) on
viscosity curves of solder pastes both in their initial state and stabilized state (Fig 4.1). Figure
4.1 shows that the type 4 solder paste Cross model have an error of 34% at low shear rates
and the Carreau-Yasuda model have an error of 3.1% at high shear rates.

Fig. 4.1. Error of different material models to theoretical viscosity values (C-Y is the CarreauYasuda model)

I realized that the Carreau-Yasuda model can follow the viscosity curve of solder pastes
in their stabilized state better at low shear rates, whereas the Cross model has a lower error
at higher shear rates in this case. In the initial state of solder pastes, the Cross model can
adequately follow the viscosity curve also at low shear rates. That can be the reason for its
wide usage since the viscosity curve of solder pastes in their initial state is addressed
typically in the literature.
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Based on this realization, I have formulated a new viscosity model on the basis of Cross
and Carreau-Yasuda models for describing the shear-thinning properties of solder pastes in
their stabilized state (4.1).
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where ηa is the apparent viscosity by the model, η0_i and η∞_i are the asymptotic viscosity
values belonging to zero and infinite rates of shear, respectively, λi are time constants,  is
the rate of shear, ni are dimensionless exponents, and β is a weighting parameter (or
function) depending on the t threshold shear rate.
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4.2. Numerical model for testing complex viscosity models
To validate this viscosity model, I have created a numerical model for testing complex
viscosity models, which is based on the setup of the rotational rheometry measurement
method (Fig. 2.2). The numerical model utilises the finite volume method. Since in the case
of solder pastes, the Reynolds number is really low (Re << 1) over during the typical
measurement range of shear rate (below 1 000 s -1), laminar, creeping flow theorem
describes their flowing behaviour appropriately (equations 2.2 and 2.4). I considered the
strain-controlled measurement set, where the rotational speed of the rotating plate is set,
and torque (shear stress) is measured. The viscosity is defined then by (4.2).


 h
r 

4.2

where τ is the wall shear at a given distance from the rotational axis (defined by r), h is the
gap between the rotating plane and the static plane, ω is the angular velocity at a given
distance from the rotational axis (defined by r), and r is the distance from the rotational axis.
The geometry of the model is illustrated in Fig. 4.2, and the measurement point (defines r)
was set to the mid-point along with the radius of the plate (indicated by a red cross in Fig.
4.2). The diameter of the plates was 50 mm, whereas the gap was 0.5 mm in between. Noslip wall boundary condition was applied at both the stationary and rotating plates. Free-slip
wall boundary condition was applied to the free surface of the solder paste; i.e. at the paste
– atmosphere interface. Since the heat generated by the moving solder paste is negligible,
the model was isothermal. Only a quarter part of the system was modelled since it is
symmetrical cylindrically. The Ansys solution method, which was used, was a pressurevelocity coupling simple scheme. The calculations were executed up to 130 iterations. The
mesh size was optimised by setting up Newtonian fluid properties (viscosity of 250 Pa·s) and
by measuring back this viscosity value from the resulting wall shear at shear strain values
from 0.002 s-1 to 100 s-1. The model was also validated by this means. The final mesh of the
model consisted of 15 000 elements. The average error of model is 0.0146%. Structured,
mapped mesh was applied for more accurate, homogenous read-outs. Tetrahedrons map
was used at the centre of the model, and then hexahedral map was used till the paste-
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atmosphere interface. To reduce the calculation error at the perimeter and at the centre of
the model, a denser mesh was used there by applying an edge bias factor of 20.

Fig. 4.2. Numerical model of rotational rheometry (red colour cross indicates the measurement point)

To allow the testing of complex viscosity models, I have created a User Defined Function
(UDF), which reads out the magnitude of the strain rate in each cell of the numerical model,
and sets the viscosity value according to the viscosity model defined by the user. The UDF is
presented in Code 4.1 for the new complex viscosity model. Note that in Ansys Fluent, the
built-in Cross viscosity model has a different expression compared to the widely used
(traditional) one (2.9); therefore, the Cross model has to be also implemented by this UDF
for comparison.
After validating the model, different viscosity models (Cross – eq. 2.9 and CarreauYasuda – eq. 2.10) were compared to my new model by calculating the error between
numerical results and measured viscosity curves (measured priorly at the department) of
different types of solder pastes (Type-3, Type-4, Type-5) as shown in Table 4.1. The fitted
parameters of the different models are collected in Table 4.2.; the parameters for the Cross
and Carreau-Yasuda models in the initial state of solder pastes were identical.
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Table 4.1. Solder paste materials
ID

Flux

Particle
size [µm]

Type 3

53 x 48

M500

20-45

Type 4

53 x 58

M500

20-38

Type 5

53 x 70

M500

10-25

Type of paste

Code 4.1. User defined function for implementing complex viscosity models in Ansys Fluent
#include "udf.h"
DEFINE_PROPERTY(C-Y_Cross_custom,c,t)
{
strain = C_STRAIN_RATE_MAG(c,t);
if (strain < β)
{
eta = eta_inf+(eta_null-eta_inf)/pow(1+pow(lam*strain,a),(1-n)/a);
}
else
{
eta = eta_inf+(eta_null-eta_inf)/(1+pow(lam*strain,n));
}
return eta;
}
Table 4.2. Material parameters for the Cross and Carreau-Yasuda models
Initial state
(any paste)

Stabilised state
(Type 3 paste –
particles 20–45
µm)

Stabilised state
(Type 4 paste –
particles 20–38
µm)

Stabilised state
(Type 5 paste –
particles 10–25
µm)

Cross

C-Y

Cross

C-Y

Cross

C-Y

Cross

C-Y

Zero-shear
viscosity [Pa·s]

44 500

22 100

32 000

9 200

31 500

10 560

30 000

9 070

Infinite-shear
viscosity [Pa·s]

19

18

25

17

30

24

29

26

730

300

360

80

340

110

260

92

n

0.61

0.41

0.69

0.36

0.69

0.36

0.69

0.38

a

–

4

–

7

–

7

–

7

Time constant
λ [s]
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4.3. Results and discussion
At first, I analysed the stabilised state of the solder pastes. For one particular shear rate
(0.002 s-1), the velocity field and the calculated wall shear are illustrated in Fig. 4.3 and Fig.
4.4, respectively. The velocity and wall shear values showed homogenous spatial
distribution, which proved that the numerical model was stable even at low shear rates. The
calculated wall shear and the determined viscosity are indicated in the figures by the location
of MP, which is the middle point along the diagonal (45°) radius of the plate.

Fig. 4.3. Velocity field in the rotating plate

Fig. 4.4. Calculated wall shear at the rotating plate
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The calculated viscosity over the shear rate range from 0.0013 s -1 to 100 s-1 for the initial
state of solder pastes is illustrated in Fig. 4.5. I determined the average error between
calculated viscosities and measurement results (carried out priorly at the department) in the
shear rate ranges from 0.01 s-1 to 2 s-1 for the different material models. The calculation error
at low shear rates was slightly higher by using the Cross model than using my model; the
average errors were 4.2% and 2.2%, respectively. Since the viscosity curve of solder pastes
in their initial state exhibits a narrower plateau range at low shear rates, the Cross model
can provide adequate results. Besides, the value of the shear rate for switching between the
models took a relatively low value ( t = 0.0025) because of the narrow plateau range. This
phenomenon also explains the relatively higher calculation error at lower shear rates when
the Carreau-Yasuda model was used.
At higher shear rates, the Carreau-Yasuda model has a higher average error than my
model, 2.1% and 1.3% respectively. My model had the same average error as the Cross model
at shear rates higher than 2 s-1.

Fig. 4.5. Measured and calculated viscosity of solder pastes in their initial state

Next, the different types of solder pastes (Type 3, 4, 5) were analysed in their stabilised
state. Fig. 4.6. illustrates the results for the Type 3 solder paste. The solder pastes in their
stabilised state had a much broader plateau in the viscosity curve at lower shear rates,
resulting in a lower calculation error (3.6%) by using the Carreau-Yasuda model at shear
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rates below 0.01 s-1. Contrary, the Cross model resulted in a significantly higher average
error (46.7%) at this range, as expected from the broader plateau range.

Fig. 4.6. Measured and calculated viscosity of a Type 3 solder paste in its stabilised state

The value of the shear rate for switching between the models also took a higher value
( t = 0.0498) because of the broader plateau in the viscosity curve at lower shear rates. At
higher shear rates, the results were similar to those in the initial state of solder pastes. The
Cross model had a lower average error (2.5%) than the Carreau-Yasuda model (3.7%). Using
my model, therefore, exhibited the calculation error as expected: same as the CarreauYasuda model at low shear rates, and same as the Cross model at high shear rates, thus
exhibiting the lowest calculation error in viscosity over the whole range of investigated shear
rates. The results of Type 4 and Type 5 solder pastes in their stabilised state are illustrated
in Fig. 4.7 and Fig. 4.8, respectively. The results were quite similar to those of the Type 3
solder paste. The value of t took 0.0125 and 1.1272 for these solder pastes. This means that
no specific value of t can be determined for all solder pastes, but this value should be
determined for each and every solder paste based on rheological measurement results. Care
should be taken to analyse the solder pastes in their stabilized state.
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Fig. 4.7. Measured and calculated viscosity of Type 4 solder paste in its stabilised state

Fig. 4.8. Measured and calculated viscosity of Type 5 solder paste in its stabilised state

49

4.4. Conclusion
I have created a new viscosity model on the basis of Cross and Carreau-Yasuda models.
In my model, a β switching function (function of the shear rate) is introduced to switch
between the shapes of viscosity curves (Carreau-Yasuda – inverse sigmoid, Cross – decaying
exponential) at lower and higher shear rates. The switching function depends significantly
on the width of a plateau in the viscosity curve; therefore, it shall be determined for each and
every case based on rheological measurement results. The presence of the plateau in
viscosity curves prompts also that the rheological measurement should be carried out down
to really low shear rates, e.g., down to 0.001–0.0015 s -1, and the measurements shall be done
in the stabilised state of solder pastes. To sum up, the numerical calculations of e.g., stencil
printing can have lower error by using my material model, which describes the apparent
viscosity of non-Newtonian solder pastes more precisely. I published the results in L1 and
R1.
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4.5. Summary

TP 1: I have formulated a new viscosity model, which can describe the shear-thinning
properties of solder pastes in their stabilized state, with a 20-40 percent lower error
than the regularly used Cross or Carreau-Yasuda models.
Literature and prior measurements showed that the viscosity curve of solder pastes
includes a plateau region at low rates of shear in the stabilized state (stable in viscosity after
5-6 preloads) of solder pastes. The Plateau region originates from the changes in the
microstructure of the dense suspension under shear. To address this plateau region and to
increase the accuracy of describing solder paste viscosity, I have formulated a viscosity
model (7.1) based on the Cross and the Carreau-Yasuda models:
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where ηa is the apparent viscosity by the model, η0_i and η∞_i are the asymptotic viscosity
values belonging to zero and infinite rates of shear, respectively, λi are time constants,  is
the rate of shear, ni are dimensionless exponents, and β is a weighting parameter depending
on the

t

threshold shear rate.

I also created a numerical model, which describes a rotational rheometry test and can test
complex viscosity models via user-defined functions (UDF). Based on the results, my
viscosity model can describe the viscosity curve of solder pastes with an error between 2.2–
4.5% (compared to the formerly used Cross model having an error even up to 34–59%) at
low shear rates, and with an error between 1.4–2.5% (compared to the Carreau-Yasuda
model having an error between 2.9–3.7%) at high shear rates, in the overall shear rate range
from 0.002 to 100 s-1.
Related publications: L1, R1
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5. Investigating the effect of solder paste rheological behavior and
printing speed on the pressure over the stencil (II. Thesis)
5.1. Two-dimensional steady-state model describing the stencil printing process
The filling of the through-holes by the solder paste in pin-in-paste technology depends
essentially on the pressure forms on the stencil surface. According to Riemer’s model (2.6),
the pressure profile over the stencil is affected by the rheological properties of the solder
paste, the printing speed, and the squeegee angle. Since the squeegee angle is a less easily
modifiable parameter (change of the squeegee with different geometrical parameters is
necessary), I examined the former two parameters.
I prepared a 2D, steady-state model on the basis of these types of models presented in
Chapter 3.2. The exact boundary conditions and meshing were utilised, which were
introduced in figures 3.14 and 3.15; namely: a no-slip wall boundary condition was set both
to the squeegee and the stencil (meaning that the velocity of the first layer of the fluid beside
the wall is equal to the velocity of the wall), whereas a free-slip boundary condition was
utilised at the paste-air interface as shown in Fig 5.1. A hybrid mesh was used with a cell size
of 30 µm, and the geometry consisted of 42 895 elements. The geometry of the finite volume
model included the loaded angle of the printing squeegee of 53°. This value was found by
Krammer et al. [5.1] being the actual attack angle for a squeegee with an unloaded angle of
60°, and for the widely used specific printing force of 0.3 N/mm. The investigated printing
speeds were 20, 70, 120, 200 mm/s, and considering an opposite frame of reference, the
stencil was travelling in the opposite direction to the squeegee with these printing speeds.
The opposite frame of reference was used for obtaining a stable model since moving laterally
an angled wall (squeegee) would cause instability in the model due to the rounding errors of
calculations.
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Fig. 5.1. Numerical model for stencil printing, boundary conditions

The solder paste was considered to be a homogenous, incompressible fluid with nonNewtonian properties in the modelling. For incompressible fluids ( is constant), the mass
continuity law simplifies to the volume continuity equation (2.2). The range of the printing
speeds and the fluid properties implies that the Reynolds number is much lower than 1. This
indicates that the Stokes flow equation (2.4) can describe the state of the system in a steady
state. The CFD model was created using Ansys fluent, the model uses the finite volume
method that is based on volume integrals for the partial differential equation which is
evaluated as fluxes at the surface of each finite volume, the equations used in our model are
continuity (2.21) and momentum equation (2.24). The model validation and grid
dependency of the numerical model was made by setting Newtonian viscosity for the solder
paste then comparing the results to the values obtained by Riemer’s model (2.6).
I compared two types of viscosity models for non-Newtonian fluid properties. On the one
hand, the Cross model (2.9) was fitted to a viscosity curve measured in the initial state of a
solder paste (Type-4: particle size is 20–38 µm). Precisely simulating the method, which has
been readily used in former research works in the literature. On the other hand, the viscosity
model formulated and proposed in Thesis 1 (4.1) was fitted to a viscosity curve measured in
the stabilised state of the same solder paste (The stabilized state of solder paste achieved
after 4-5 measurement cycles, at this state the paste viscosity becomes steady). The
measured and fitted curves were illustrated in Fig. 4.5 and Fig. 4.7 for the two cases,
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respectively. The parameters of the fit are collected in Table 4.2 in the first and third primary
columns.
The modelling was performed in Ansys Fluent, and the examined material models were
implemented via the user-defined functions (UDF) presented in Chapter 4.2 (Code 4.1). The
Ansys solution method was pressure-velocity coupling coupled scheme. The calculations
were executed up to 110 iterations, and the pressure profiles over the stencil were captured
for the different material models and printing speeds. The calculation for one set of the
parameters took approximately 15 minutes.
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5.2. Results and discussion
The properties of the flow field, depending on the various input parameters (viscosity
model, printing speed) can be characterised mainly with the pressure over the stencil. As
mentioned in Chapter 5.2, this parameter significantly affects, for example, the hole-filling
by the solder paste in pin-in-paste technology. The obtained pressure profiles for the
printing speeds of 20 mm/s and 70 mm/s are illustrated in Fig. 5.2.

Fig. 5.2. Pressure profile over the stencil for printing speeds of 20 mm/s and 70 mm/s, respectively

Generally, a significant difference was found in the pressure profile between utilising the
Cross model and my viscosity model. Though the difference in pressure was low in the
proximity of the squeegee tip (place of contact between the squeegee and the stencil), it was
increasing gradually as proceeding farther on the stencil. The difference in pressure at the
10 mm distance from the squeegee tip reached 33–34% for both printing speeds of 20 mm/s
and 70 mm/s, respectively. The trend of the difference in pressure is analysed later in detail.
The shape of the pressure profiles over the stencil was similar also for the printing speeds of
120 mm/s and 200 mm/s. The corresponding results are illustrated in Fig. 5.3.

55

Fig. 5.3. Pressure profile on the stencil for printing speeds of 20 mm/s and 70 mm/s, respectively

The differences in the pressure between the Cross and my viscosity model were slightly
lower in these cases. At the 10 mm distance from the squeegee tip, the differences took the
value of 31% and 27% for the printing speed of 120 mm/s and 200 mm/s. For visualising
the effect of the printing speed on the pressure over the stencil, the values of pressure are
captured at the specific distances from the squeegee tip of 0.1 mm, 1 mm, and 10 mm. These
results are illustrated in figure 5.4.

Fig. 5.4. The pressure at the specific distance of 0.1 mm, 1 mm, and 10 mm for the Cross and my
viscosity model

The variation of the difference in pressure profile over the stencil, i.e., smaller difference
closer to the squeegee tip (black solid and red dashed lines in Fig. 5.4), can be explained by
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analysing the rate of shear and the respective viscosity within the solder paste. It should be
noted that the pressure on the stencil at a specific location depends on the squeegee angle
(which is fixed), on the printing speed and on the viscosity of the solder paste, according to
the analytical model by Riemer (2.6). In that model, the viscosity was considered being
constant (Newtonian fluid properties); but utilising non-Newtonian fluid properties, the
viscosity will depend on the rate of shear. Typically, much larger shear rates can be found
closer to the squeegee tip, where the rotating solder paste turns up and back from the stencil
to the squeegee (Fig. 5.5). Contrary, much lower shear rate can be found farther from the
squeegee; at the paste-air interface, its value can approach zero. By analysing the viscosity
curve of the investigated solder paste (Fig. 4.5 and 4.7), one can observe that the difference
in the measured viscosity to the Cross model is much more extensive for low shear rates in
the stabilised state of the solder paste than that for larger shear rates. This yields that the
difference in the numerical results will be lower at the places where higher rates of shear
exist, i.e., in the proximity of the squeegee tip. The spatial distribution of the shear rates
within the solder paste is illustrated in Fig. 5.5. The smallest and the largest values of the
shear rates were 0.1 s-1 and 1 800 s-1, respectively, for a printing speed of 20 mm/s.

Fig. 5.5. Rates of shear within the solder paste for the printing speed of 20 mm/s
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The variation of the difference in pressure as a function of printing speed (Fig. 5.4) can be
explained in the same manner. By increasing the printing speed, the rates of shear within the
solder paste is also increasing. This yields that the range of the viscosity values within the
solder paste proceeds gradually toward lower values (the range shifts to the left in Fig. 4.7),
where the difference in the viscosity is smaller between the Cross and my viscosity model.
The spatial distribution of the shear rates within the solder paste is illustrated in Fig. 5.6. The
smallest and the largest values of the shear rates were ~1.7 s -1 and 18 100 s-1, respectively,
for a printing speed of 200 mm/s.

Fig. 5.6. Rates of shear within the solder paste for the printing speed of 200 mm/s

To sum up, the numerical results, i.e., the pressure over the stencil depends significantly
on the utilised viscosity models and the respective parameters. By using viscosity model
parameters, which were determined in the initial state of the solder paste, can result in a
calculation error of even ~30% compared to the case when utilising viscosity curves by the
stabilised state of the solder paste. The overview of the parameters, which describe the
solder paste flow, are collected in Table. 5.1., for the different viscosity models and for
different printing speeds.
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Table 5.1. Overview of the parameters describing the flow of the solder paste in the case of the different
viscosity models
Speed

20 mm·s-1

70 mm·s-1

120 mm·s-1

200 mm·s-1

Model

Cross

Mine

Cross

Mine

Cross

Mine

Cross

Mine

Min
shear
rate (s-1)

0.09

0.11

0.43

0.51

0.81

1.02

1.46

1.89

Max
shear
rate (s-1·103)

1.79

1.81

6.30

6.34

10.8

10.9

18.1

18.1

Min viscosity
(Pa·s)

27.3

33.2

22.8

31.3

21.8

30.9

21.0

30.6

Max viscosity
(kPa·s)

3.08

2.39

1.31

0.91

0.90

0.58

0.64

0.39

Pressure at
10 mm (kPa)

3.6

2.6

6.4

4.6

8.3

6.1

10.8

8.2

Rel. diff.

34%

33%
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31%

27%

5.3. Conclusion
I investigated the effect of the different viscosity non-Newtonian properties and different
printing speeds on the numerical modelling of stencil printing. I found significant differences
(up to 34%) in the pressure profile between utilising the Cross viscosity model (parameters
obtained in the initial state of solder paste) and my viscosity model (parameters obtained in
the stabilised state of solder paste), presented in Chapter 4. By the differences, I prove that
the parameters of the viscosity model should be determined for the stabilised state of the
solder paste.
The early phase of product design can be aided by investigating the manufacturing
processes with numerical methods. For these cases, I recommend the following procedure:
a) measure the rheological curve of solder pastes in their stabilised state down to at least the
rate of shear of 0.01–0.001; b) utilise an appropriate squeegee attack angle based on its
overhang size and unloaded angle; c) fit a correct material model to the viscosity curve over
the whole range of shear rate; d) include the geometry of the most critical components, .e.g.,
fine-pitch integrated circuits or through-holes for pin-in-paste technology; e) if pin-in-paste
technology applies, perform a calculation over the range of printing speeds to find the
optimal one for a pre-specified hole-filling by the solder paste. Addressing the effect of
dynamic parameters, e.g., the stencil separation speed in the numerical investigation, can
also be carried out more precisely by considering the recommendation about the use of
correct viscosity models of solder pastes. I published the corresponding results in L2 and R2.
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5.4. Summary

TP 2: I have proven for various printing speeds that neglecting the special viscosity
properties of solder pastes in their stabilized state can yield an over-estimation in the
pressure distribution over the stencil surface, even by ~30%.
I created a 2D steady-state numerical model to describe the process of stencil printing,
which is able to handle complex viscosity models via user-defined functions (UDF). The
solder paste was treated as a homogenous liquid, and its viscosity was characterized by two
models (Cross model and my model) to compare them together. The differences were
analyzed for various printing speeds, from 20 to 200 mm/s. I found that the pressure
difference (between the two models) is small (0–5%) near to the squeegee but increases
gradually (up to 33–34%) at larger distances from the squeegee tip. Riemer's model states
that the pressure on the surface of the stencil depends proportionally on the viscosity of the
fluid. There are larger rates of shear within the solder paste in the proximity of the squeegee.
At larger shear rates, the difference in the predicted viscosity is small between the Cross and
my model, resulting in a small difference in the pressure. Contrary, at larger distances from
the squeegee, the rate of shear is low, and the difference in the predicted viscosity is more
significant between the Cross and my model – the plateau region in the viscosity curve of
solder pastes starts playing a role. As a consequence, the pressure difference is more
significant at larger distances from the squeegee.
Related publications: L2, R2
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6. Transient numerical modelling of the pin-in-paste technology (III.
Thesis)
6.1. The numerical model
After acquiring a correct pressure profile on the stencil surface, I prepared a
computational fluid dynamics model to investigate the stencil printing step of pin-in-paste
technology. The aim of the investigation was to determine the hole-filling by the solder paste,
which is the most critical factor for acquiring reliable solder joints by this technology. In the
investigation, I varied the printing speed, and the geometry (shape) and the orientation of
the through-holes, and analysed the hole-filling as a response function.
The three-dimensional, transient, two-phase numerical model for predicting the holefilling by the solder paste was created based on the multiphase flow modelling, phase is a
class of matter with a definable boundary as well as a particular response to the domain flow;
Multiphase flow is a simultaneous flow of materials with different state or phases (i.e. gas,
liquid or solid). The geometry of the model included the printing squeegee, the solder paste
and the air (fluids), the stencil and the through-hole(s) of the printed circuit board, as
illustrated in Fig. 6.1. The loaded angle of the printing squeegee used is 53°. This value was
found by Krammer et al. [5.1] being the actual attack angle for a squeegee with an unloaded
angle of 60°, and for the widely used specific printing force of 0.3 N/mm, the same angle was
used in thesis 2 numerical model. The investigated printing speeds were 20, 30, 40, 50, 60,
70, 120, 200 mm/s.
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6.1. Schematic of the numerical model for analyzing the hole-filling by the solder paste

The transient, two-phase model was built using ANSYS Fluent. In the model, the air and
the solder paste were considered incompressible. The two-phase model was based on the
VOF method that was described in section 2.4.5.
The movement of the squeegee was addressed by a dynamic meshing method, using the
bottom layering technique. The following boundary conditions were applied in the transient
model with a time step of 0.0005 seconds. No-slip wall boundary conditions were applied at
the stencil, the squeegee, and the sidewalls of the through-holes. The other walls possessed
the pressure outlet condition to simulate the actual stencil printing process (Fig. 6.2). The
length of the squeegee is 30mm, the length of the stencil (travelling distance) is 55mm, and
the width of the squeegee and stencil is 10mm. The model was created in 2 steps, the first
step with one hole that was used for the validation of the model and the second step by
having 7 holes in 2 different arrangements.
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6.2. Boundary conditions of the numerical model.

Since the heat generated by the moving solder paste is negligible [6.1], the model was
isothermal. Gravitational acceleration was considered as being 9.8 m/s 2. The dynamic
meshing parameters were as follows: the split factor = 0.4, collapse factor = 0.2, cell height =
exact value of meshing element size, and the implicit update was activated. The mesh size
was optimized by grid analyses and validated by an empirical approach, presented later in
Section 6.2. The final mesh element size for the fluid area and through-hole was 900 µm and
200 µm, respectively.
The solder paste was considered to be a homogenous, incompressible fluid with nonNewtonian properties in the modelling. For incompressible fluids (ρ is constant), the mass
continuity law simplifies to the volume continuity equation (2.2). The range of the printing
speeds and the fluid properties implies that the Reynolds number is much lower than 1. This
indicates that the Stokes flow equation (2.4) can describe the state of the system in a steady
state. The rheological properties of the solder pastes were taken by my viscosity model
(Thesis 1) into account for a Type-4 solder paste, with the same parameters presented in
Table 4.2, and the material viscosity model was implemented via the user-defined functions
(UDF) presented in Chapter 4.2 (Code 4.1). The solution method in Anys used is pressurevelocity coupling PISO scheme with a 20 number of iterations.
The calculations were executed till the squeegee passed the hole in case of one hole and
till passing the last hole in case of a multi-holes arrangement, the number of time steps were
varying depending on the squeegee speeds and the distance need for the squeegee to pass
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the hole. The number of time steps was calculated by calculating the total time needed for
the squeegee to pass the hole by the following equation:
=

(6.1)

ℎ ℎ

After calculating the total time, the number of steps were calculated by dividing the total
time on the used time step which is 0.0005 s.
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6.2. Model validation
I validated the model by analyzing the results of hole-filling by the solder paste and
comparing the calculated hole-fillings to measured ones. The measurement results were
available from prior departmental measurements. For the measurement, a 1.55 mm thick
printed circuit board had been utilized then, which included through-holes with different
diameters (0.8, 1.0, 1.1, 1.4 mm). The validation of the model was done on a printing speed
range (20-70 mm/s), which is commonly used in the industry, and which was settable in
the stencil printer of the department. The hole-filings had been measured by side-view Xray images, as depicted in Fig. 6.3.

2

6.3. Measuring the hole-filling by the solder paste on a side-view X-ray image; based on comparing
the projected area of the solder paste to the projected area of the hole (dhole·lhole), the hole-filling is
74.4% in the specific case.

I carried out the numerical calculations for the same geometrical parameters (hole
diameter and length in the z-direction) and printing speeds (Fig. 6.4), then I calculated the
average error between the calculated and measured hole fillings. The average error was 6%,
whereas the maximum calculation error was 12.8% (Fig. 6.5). The model was considered
appropriate for analyzing the hole-filling for various hole shapes and arrangements, at
printing speeds generally used in the industry, based on the comparison.

66

6.4. Calculating the hole-filling by the numerical model.

6.5. Empirical and calculated hole-filling by the solder pate; length of the holes in z-direction was 1.55
mm, diameters were 0.8, 1.0, 1.1, 1.4 mm; average calculation error is 6%,
maximum calculation error is 12.8%.
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6.3. Results and discussion
The interaction between a set of through-holes (7 pcs.) was analyzed for two cases: a) the
through-holes were arranged parallel with the movement direction of the printing squeegee;
b) the through-holes were arranged perpendicular to it. The diameter and the z-dimension
of the holes were 1.1 mm and 1.55, respectively, and they were distributed evenly from each
other at distances of 2.54 mm (Figure 6.6), similarly to a lead arrangement of a through-hole
serial connector.

6.6. Numerical model, where the through-holes are arranged parallel to the movement direction of
the squeegee. The seven consecutive through-holes are distributed evenly at distances of 2.54 mm

There was no interaction between the holes, and the hole-filling was the same for all
through-holes when they were arranged perpendicular to the movement direction (parallel
with the line) of the printing squeegee, as expected. Contrary, I found an interaction between
the holes when they were arranged parallel to the direction of the squeegee movement. I
observed a clear and gradual reduction in the hole-filling, which became more intensive at
higher printing speeds. The differences in hole-filling between the first and the seventh hole
were 2.4% and 9.2% for the printing speeds of 20 mm/s and 120 mm/s, respectively, as
presented in figure 6.7.
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6.7. Hole-filling by the solder paste in the seven consecutive holes at different printing speeds.

I analyzed the hole-filling further to find an explanation for the differences in the filling.
The shear rate within the solder paste during the printing was analyzed by comparing the
cases of having 1 single hole or 7 consecutive holes (Fig. 6.8 – the printing squeegee travelled
till the first through-hole). I found that the holes after each other (in a consecutive
arrangement) disturbed the flow field, and the rate of shear will be lower (by up to 5–6%)
on the stencil surface compared to the case having a single hole. The two plots are presented
in figure 6.9.
Since solder pastes are shear-thinning fluids, a decrease in shear rate will yield an
increase in the viscosity (Fig. 6.10). This increment in viscosity means a larger reluctance of
material to flow into the through-holes. Besides, the disturbance in the flow field resulted in
the decrease in pressure by the proximity of through-holes (Fig. 6.11).
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a)

b)
6.8. Analyzing the interaction between through-holes and the hole-filling (printing speed was 120
mm/s): a) single-hole model; b) model including seven consecutive through-holes.
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6.9. Rate of shear on the surface of the stencil at the proximity of the through-holes for the printing
speed of 120 mm/s.

6.10. Comparing the cases utilizing a single hole or multiple holes – dynamic viscosity within the
solder paste in the proximity of the stencil

6.11. Comparing the cases utilizing a single hole or multiple holes in the printed – pressure along the
line of the stencil

The hole-filling during stencil printing can be approximated by the Hagen–Poiseuille
equation (6.1). It states, the volumetric flow rate within a channel depends on the dynamic
viscosity of the fluid, on the pressure gradient in the channel and on the radius of the channel
[6.2]:
Q

  p  4
  R
8  z 

6.1

71

where Q is the volumetric flow rate, R is the radius of the hole, η is the dynamic viscosity and
p / z is the pressure gradient. From this expression, I deducted that a decrease in the

pressure (and thus in the pressure gradient) and/or an increase in the dynamic viscosity
yields a lower volumetric flow rate in a channel, implying lower hole-filling by the solder
paste in pin-in-paste technology when several consecutive holes appear in the printed circuit
board. This decrease in hole-filling can be considered either in the design phase of the
product or the manufacturing. Through-hole connectors should be oriented perpendicular
to the movement direction of the printing squeegee to minimize the interaction between the
holes and the variation in the hole-filling by the solder paste. If connectors are oriented
parallel with the squeegee movement (because of design considerations), providing
additional solder paste to the last holes (where a lower filling is expected) would be required,
e.g. by utilizing pre-form (pre-shaped, fluxless) solders.
I also investigated the effect of hole shape on the hole filling. Oblong-shape through-holes
were analyzed by utilizing rectangular-shaped holes in the numerical model. Five different
shapes were investigated, and the linear dimensions of the holes were varied as 1.0 × 1.0, 1.0
× 1.5, 1.0 × 2, 1.0 × 2.5, 1.0 × 3.0 mm (Fig. 6.12). The holes with different shapes were also
oriented in two directions: perpendicular to and parallel with the movement direction of the
printing squeegee. Note that the dimension of the through-holes in z-direction was increased
from 1.55 mm to 4 mm, since in the case of larger holes (e.g., 1.0 × 2 mm), a filling larger than
1.55 mm was expected. I investigated the filling of rectangular-shaped through-holes at three
different printing velocities (20, 70, 120 mm/s).
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6.12. Investigated hole shapes from 1 × 1 mm to 1 × 3 mm.
The length of the holes in the z-direction was 4 mm.

Similarly to the previous case, the size of the rectangular holes (1 × 1 mm … 1 × 3 mm) did
not affect the hole-filling significantly if the holes are oriented perpendicular to the
movement direction of the squeegee. Contrary, a significant increase in the hole-filling was
found, depending on the hole size, if the holes were oriented parallel with the squeegee
movement. The differences in the hole-filling between the smallest (1 × 1 mm) and the
largest holes (1 × 3 mm) were 13%, 11% and 10% for the printing velocities of 120, 70 and
20 mm/s, respectively (Fig. 6.13).

6.13. Hole-filling as a function of rectangular-shape through-holes at different printing speeds (note
that the dimension of the holes in z-direction was 4 mm).
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I analyzed the dynamics of hole-filling and compared that between the cases of orienting
a through-hole perpendicular to or parallel with the movement direction of the printing
squeegee. I found that the through-holes were filled almost linearly over time (Fig. 6.14).
Though the pressure on the solder paste increases exponentially as the squeegee travels over
the through-hole, based on Riemer’s model (2.6), the amount of solder paste also gradually
increases in the hole during the filling. This continuous increment is introducing resistance
against the filling and resulting eventually in an almost linear fill-dynamics. This implies that
the hole-filling depends mainly on the time spent by the printing squeegee over the throughholes (considering identical process and material parameters). Therefore, larger hole-filling
is expected if the rectangular-shape or oblong-type through-holes are oriented parallel with
the movement direction of the squeegee. Similarly, larger hole-filling is anticipated if the
holes are more extended in length in a parallel direction with the squeegee movement. The
orientation of oblong-type through-holes can be designed according to the solder paste
requirement for a specific component lead geometry. If the component leads are smaller for
a particular oblong-type through-hole, thus requiring more solder paste to form appropriate
solder joints, the respective through-holes should be oriented in a parallel direction with the
squeegee movement. If the lead sizes are larger, the through-holes can be oriented
perpendicular to the squeegee movement.

6.13. Comparing the hole-filling of rectangular-shape holes (1 × 2 mm) oriented parallel with or
perpendicular to the movement direction of the printing squeegee (printing speed was 120 mm/s)
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6.4. Conclusion
I created a computational fluid dynamics model aiming to investigate the stencil printing
process of the pin-in-paste technology. I analyzed the hole-filling by the solder paste for the
case when a set of consecutive holes were designed in the printed circuit board. The
consecutive holes disturb the flow field and affect the hole-filling if they are arranged parallel
with the movement direction of the printing squeegee. Similarly, the hole-filling is affected
by the orientation of oblong-shape through-holes. The variations in the hole-filling can be
considered either in the design phase of the electronics products or the manufacturing
processes. Through-hole connectors should be oriented perpendicular to the movement
direction of the printing squeegee to minimize the interaction between the holes and the
variation in hole-filling. If this is not feasible, and circular lead connectors are oriented
parallel with the squeegee movement, providing additional solder paste to the last holes
might be required, e.g. by utilizing pre-form (pre-shaped, fluxless) solders. The soldering
failures in pin-in-paste technology can be reduced by these early design-phase
considerations, and the first-pass yield of electronics soldering technologies can be
enhanced. I published the related results in L3.
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6.5. Summary

TP 3: I have created a numerical model of the pin-in-paste printing process, which
confirmed that the hole filling depends on the arrangement, orientation and shapes of
the through-holes.
I created a 3D, multiphase, transient model using the Volume of Fluid method to describe
the stencil printing process of the pin-in-paste technology. Through-holes with a diameter of
1.1 mm have been arranged in a parallel direction with the movement direction of the
squeegee. I found that a set of through-holes in this orientation affects the extent of filling
(decrease up to ~10% in the investigated case), which should be considered during the
design phase of manufacturing. The holes after each other disturb the flow field, causing a
decrease in the rate of shear and in the pressure over the stencil. Since solder pastes are
shear-thinning fluid, a decrease in shear rate will increase viscosity. The Hagen–Poiseuille
equation states that a lower volumetric flow rate is expected by higher viscosity and/or
lower pressure gradient.
Besides, I investigated the effect of the orientation and shape of oblong-type holes (I
approached the oblong-type shape with rectangles in the model) on the hole-filling. I found
that the filling increases significantly (10–20%) at the orientation of these holes parallel with
the movement direction of the squeegee. I found besides that the through-holes were filled
almost linearly over time. Though the pressure on the solder paste increases exponentially
as the squeegee travels over the through-hole. The amount of solder paste also gradually
increases in the hole, introducing resistance against the filling and resulting in almost linear
fill-dynamics. This implies that the hole-filling of oblong-type holes depends mainly on the
duration spent by the printing squeegee and the paste over the through-holes (considering
identical process and material parameters).
Related publication: L3
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7. Summary
TP 1: I have formulated a new viscosity model, which can describe the shear-thinning
properties of solder pastes in their stabilized state, with a 20-40 percent lower error
than the regularly used Cross or Carreau-Yasuda models.
Literature and prior measurements showed that the viscosity curve of solder pastes
includes a plateau region at low rates of shear in the stabilized state (stable in viscosity after
5-6 preloads) of solder pastes. The Plateau region originates from the changes in the
microstructure of the dense suspension under shear. To address this plateau region and to
increase the accuracy of describing solder paste viscosity, I have formulated a viscosity
model (7.1) based on the Cross and the Carreau-Yasuda models:

a   ( 

0_1  _1
1n1
a
a

1   1  



)  (1   )( 

0_ 2  _ 2
1   2 

n2

1 if   t 
) where, e.g.,      
 (7.1)
0 if   t 

where ηa is the apparent viscosity by the model, η0_i and η∞_i are the asymptotic viscosity
values belonging to zero and infinite rates of shear, respectively, λi are time constants,  is
the rate of shear, ni are dimensionless exponents, and β is a weighting parameter depending
on the

t

threshold shear rate.

I also created a numerical model, which describes a rotational rheometry test and can test
complex viscosity models via user-defined functions (UDF). Based on the results, my
viscosity model can describe the viscosity curve of solder pastes with an error between 2.2–
4.5% (compared to the formerly used Cross model having an error even up to 34–59%) at
low shear rates, and with an error between 1.4–2.5% (compared to the Carreau-Yasuda
model having an error between 2.9–3.7%) at high shear rates, in the overall shear rate range
from 0.002 to 100 s-1.
Related publications: L1, R1
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TP 2: I have proven for various printing speeds that neglecting the special viscosity
properties of solder pastes in their stabilized state can yield an over-estimation in the
pressure distribution over the stencil surface, even by ~30%.
I created a 2D steady-state numerical model to describe the process of stencil printing,
which is able to handle complex viscosity models via user-defined functions (UDF). The
solder paste was treated as a homogenous liquid, and its viscosity was characterized by two
models (Cross model and my model) to compare them together. The differences were
analyzed for various printing speeds, from 20 to 200 mm/s. I found that the pressure
difference (between the two models) is small (0–5%) near to the squeegee but increases
gradually (up to 33–34%) at larger distances from the squeegee tip. Riemer's model states
that the pressure on the surface of the stencil depends proportionally on the viscosity of the
fluid. There are larger rates of shear within the solder paste in the proximity of the squeegee.
At larger shear rates, the difference in the predicted viscosity is small between the Cross and
my model, resulting in a small difference in the pressure. Contrary, at larger distances from
the squeegee, the rate of shear is low, and the difference in the predicted viscosity is more
significant between the Cross and my model – the plateau region in the viscosity curve of
solder pastes starts playing a role. As a consequence, the pressure difference is more
significant at larger distances from the squeegee.
Related publications: L2, R2
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TP 3: I have created a numerical model of the pin-in-paste printing process, which
confirmed that the hole filling depends on the arrangement, orientation and shapes of
the through-holes.
I created a 3D, multiphase, transient model using the Volume of Fluid method to describe
the stencil printing process of the pin-in-paste technology. Through-holes with a diameter of
1.1 mm have been arranged in a parallel direction with the movement direction of the
squeegee. I found that a set of through-holes in this orientation affects the extent of filling
(decrease up to ~10% in the investigated case), which should be considered during the
design phase of manufacturing. The holes after each other disturb the flow field, causing a
decrease in the rate of shear and in the pressure over the stencil. Since solder pastes are
shear-thinning fluid, a decrease in shear rate will increase viscosity. The Hagen–Poiseuille
equation states that a lower volumetric flow rate is expected by higher viscosity and/or
lower pressure gradient.
Besides, I investigated the effect of the orientation and shape of oblong-type holes (I
approached the oblong-type shape with rectangles in the model) on the hole-filling. I found
that the filling increases significantly (10–20%) at the orientation of these holes parallel with
the movement direction of the squeegee. I found besides that the through-holes were filled
almost linearly over time. Though the pressure on the solder paste increases exponentially
as the squeegee travels over the through-hole. The amount of solder paste also gradually
increases in the hole, introducing resistance against the filling and resulting in almost linear
fill-dynamics. This implies that the hole-filling of oblong-type holes depends mainly on the
duration spent by the printing squeegee and the paste over the through-holes (considering
identical process and material parameters).
Related publication: L3
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8. Applicability of the results
The new viscosity model (Thesis 1) can be utilized for more accurate modelling of the
stencil printing process, enhancing the optimization of this process. Especially at small and
medium enterprises, where the cost-demanding empirical (trial-and-error) optimization
methods are not feasible. Addressing the effect of dynamic parameters, e.g., the stencil
separation speed in the numerical investigation, can also be carried out more precisely by
taking the recommendation into account about the use of complex viscosity models of solder
pastes.
The variations in the hole-filling (shown in Thesis 3) can be considered either in the
design phase of the electronics products or the manufacturing processes. Through-hole
connectors should be oriented perpendicular to the movement direction of the printing
squeegee to minimize the interaction between the holes and the variation in hole-filling. If
this is not feasible, and circular lead connectors are oriented parallel with the squeegee
movement, providing additional solder paste to the last holes might be required, e.g. by
utilizing pre-form (pre-shaped, fluxless) solders. The soldering failures in pin-in-paste
technology can be reduced by these early design-phase considerations, and the first-pass
yield of electronics soldering technologies can be enhanced. The early phase of product
design can be aided by the following recommended procedure: a) measure the rheological
curve of solder pastes in their stabilized state down to at least the rate of shear of 0.01–0.001;
b) utilize an appropriate squeegee attack angle based on its overhang size, unloaded angle,
and the specific printing force; c) fit a complex material model to the viscosity curve over the
whole range of shear rate; d) include the geometry of the most critical components, .e.g., finepitch integrated circuits or through-holes for pin-in-paste technology; e) if pin-in-paste
technology applies, perform a calculation over the range of printing speeds to find the
optimal one for a specific solder paste hole-filling.
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