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Abstract: Viscosity is one of the most important physical characteristics of choosing a
flux for solder paste. However, not in all cases do the producers give information about
the viscosity of commercial flux. A recent promising trend is to mix various kinds of
nanoparticles with solder paste or flux and investigate the produced solder joints. However,
the impact of nanosized inclusions on the viscosity of the flux has practically not been
investigated. In this study, the temperature and shear rate dependencies of the viscosity
of the nanocomposite flux were measured. For this purpose, the commercial flux has
been mixed with Fe nanoparticles up to 2.0 wt.% of inclusions. It has been shown that
viscosity increases with the addition of Fe nanoparticles. However, it is valid only for first
heating up to circa 340 K. The viscosity values of the flux with and without nanosized
inclusions are practically similar by further heating to 360 K as well as by subsequent
cooling. Additionally, the performed differential thermal analysis has shown the heat
effects, which are in good agreement with viscosity behavior.

Keywords: flux; metal nanoparticles; shear rate; viscosity

1. Introduction
Solder paste is widely used in the manufacture of printed circuit boards to connect

surface mount components to pads on the board. It consists of flux and solder particles,
which are uniformly distributed in the medium (between 80 wt.% and 90 wt.%).

One of the main reasons to use flux as a medium is that it acts as a reducing agent
during the soldering process. The flux is used to make the solder flow more easily as
well. Acids called “activators” and substances called “vehicles” or “solids” form flux.
The first ingredient removes oxides, and the second coats the surface, preventing further
oxidation after removing the primary oxides. The minimum temperature at which the
acid begins working is the “activation temperature.” The activation temperature is often
near the temperature of 338 K; it should be noted that it is the starting temperature, and
the reaction occurs for a while. In this paper, we focus on the “neutral pH” fluxes, which
either produce acids when heated or start with high acidity but are neutralized by the
reaction with oxygen at higher temperatures. The separation of the flux medium from the
paste occurs during soldering, and the flux residues are easily removed after the process
by water.

There is a number of studies related to the investigation of the impact of nanoparticles
(NPs) on the viscosity of liquid medium. For instance, nanoparticles increase the viscosity
of the nonviscous fluid, such as water, ethylene glycol, or metals [1–3]. Yalçın et al. [4]
have postulated that the larger NPs increase the viscosity of water greater than smaller
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ones based on the experimental data of the viscosity of the water-based nanofluid viscosity
with ZnO nanoparticles varying particle sizes. In contrast, nanoparticles are used in highly
viscous liquids as viscosity reducers [5]. Furthermore, it was stated that the addition of a
very small amount of metal micro- and nanoparticles such as Co, Cu, Ni, etc., can enhance
the wettability of lead-free SnAgCu solders; however, an excessive addition can degrade
the wetting property [6]. The literature [7] has investigated the viscosity of the Colombian
heavy crude oils HO (heavy oils) and EHO (extra-heavy oils) with ceramic nanoparticles
(Al2O3, Fe3O4, and SiO2) at concentrations of 10, 100, 1000, and 10,000 mg/L at 298 K at a
shear rate range of 1–75 s−1. It is observed that the viscosity tends to decrease by increasing
the concentration of nanoparticles in the medium with the optimum concentration of
1000 mg/L.

The present study has been performed within the research project focus on hybrid
solder joints, which consist of substrate, solder, and nanocomposite flux. In our previous
studies, the mechanical properties and microstructures of the solder joints were widely
investigated. For instance, it was demonstrated that minor additions of Fe or ceramic
NPs into the soldering flux led to a reduction in the growth of interfacial IMC layers
between solder and substrate, and this subsequently improved the mechanical properties
of lead-free solder joints [8,9]. The temperature dependence of the wetting angle of the
nanocomposite flux with minor additions of Fe nanoparticles was published in [10]. The
measured contact angle decreased from about 60◦ to about 50◦ at room temperature by
the addition of 0.5 wt.% and 1.0 wt.% Fe NPs to the flux. It was shown that the wetting
angle decreases with the temperature increase. For instance, the wetting angle of the flux
equals 23◦ at 345 K, while the samples with 1.0 wt.% and 2.0 wt.% Fe NPs have exhibited
the contact angle of about 20◦. Furthermore, the samples with 0.0 wt.%, 0.5 wt.%, 1.0 wt.%,
and 2.0 wt.% Fe-NPs have shown a significant drop in the wetting angle between 318 K and
330 K during heating. In contrast, the shear rate of the viscosity of the nanocomposite flux
was investigated only at room temperature. A preparation of hybrid solder joints including
Fe NPs can be imagined as a sandwich consisting of the following layers: a Cu plate/flux
with a FeNPs/SAC foil/flux with a Fe NPs/Cu plate. Information on the changes in the
viscous flow of the flux by additions of Fe NPs is essential to model the processes in the
hybrid solder joints during the reflow process. Therefore, it was decided to extend the
viscosity investigations including the temperature measurements.

2. Materials and Methods
The nanocomposite fluxes were prepared by mixing nanosized Fe powder (Nanografi,

average particle size is about 50 nm) with the commercial flux (Lötfett produced by Stannol),
varying the content of nanosized impurities from 0.0 wt.% to 2.0 wt.%. The passivated
nanoparticles were analyzed by transmission electron microscopy (TEM/JEOL JEM-2000FX)
operated at 200 kV. The micrographs of the samples were taken in the bright-field imaging
mode (Figure 1). It was confirmed that metal nanoparticles are covered by an oxide shell,
which protects the metal core from being oxidized in air. A visible oxide shell yields an
approximate thickness of 5–6 nm. The nanoparticles were first mechanically mixed in the
flux for 5 min and then dispersed using an ultrasonic gun.

The viscosity measurements were performed by a plate–plate rheometer (MCR300
SN621304, Anton Paar—Rheoplus/32). The sample was sandwiched between two parallel
plates/disks. The top plate rotates, shearing the material between the top plate and the
bottom plate, which is held stationary. For instance, a PP-25 stamp was utilized with
a radius of 24.95 mm, which was adjusted to a sample height (i.e., plate distance) after
applying the flux.
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not chemically react with flux. It is supposed that the homogeneously distributed Fe na-
noparticles in the flux increase the heterogeneity of the size of the particles, which take an 
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Figure 1. TEM image of Fe nanoparticles.

The sample transmits a torque that can be measured and recalculated into shear strain
and shear stress. The viscosity in this case can be expressed as a function of shear stress
and the shear rate:

η = τ/γ, (1)

where η is the viscosity in Pa·s, τ is the shear stress in Pa, and γ is the shear rate in s−1.
Each experiment was started with the viscosity measurement at room temperature by

increasing the shear rate until 60 s−1 or 100 s−1 using a logarithmic ramp over a five-second
period. Each sample was twice heated and cooled at the highest shear rate. At the end
of the experiments, the viscosity was measured at room temperature by decreasing the
shear rate.

The differential thermal analysis (DTA) of the flux was performed using Pegasus STA
449C. The measurement was performed under argon flow (50 mL/min) in two runs with
the temperature rate of 0.4 K/min and the maximal temperature of 363 K. The sample was
placed in the AlOx crucible.

3. Results and Discussion
The primary investigations performed at room temperature showed a significant

decrease in viscosity by the shear rate increase, especially in the range between 0 s−1 and
10 s−1, with an abrupt drop of viscosity values up to four times from the initial value
(Figure 2). We have combined viscosity values from two runs performed up to 60 s−1

and 100 s−1, which have shown very good agreement. The difference in values between
samples with 0.5 wt.%, 1.0 wt.%, and 2.0 wt.% Fe is within the error frame. However, it
should be noted that the sample with 2.0 wt.% Fe has shown the highest values. The Fe
nanoparticles do not chemically react with flux. It is supposed that the homogeneously
distributed Fe nanoparticles in the flux increase the heterogeneity of the size of the particles,
which take an active part in internal friction and lead to the viscosity increase. Based on
the TEM images and the data sheet of the Fe nanopowder, it is taken that the size of the
nanoparticles varies between about 30 nm and 80 nm with the average size of 50 nm.
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Figure 2. Shear rate dependence of the viscosity for the flux with 0.0 wt.%, 0.5 wt.%, 1.0 wt.%, and
2.0 wt.% of Fe NPs before 1st heating.

The highest values of the viscosity of nanocomposite flux compared to the pure flux
remain by heating up to approx. 340 K (Figure 3a–d). We have not seen any difference in
values at temperatures higher than 340 K as well as by further cooling and a second run.
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Figure 3. Temperature dependence of the viscosity at 1st heating ((a) at shear rate of 60 s−1, and (b) at
shear rate of 100 s−1), and 2nd heating ((c) at shear rate of 60 s−1, and (d) at shear rate of 100 s−1) for
the flux with 0.0 wt.%, 0.5 wt.%, 1.0 wt.%, and 2.0 wt.% of Fe NPs.

As shown in Figure 4, the highest impact on the viscosity increase was obtained by
primary additions of 0.5 wt.% Fe NPs, while we see an insignificant increase in viscosity by
further additions of Fe NPs up to 2.0 wt.%. The ratio increases with temperature, while
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the absolute value of the viscosity decreases; for instance, it is equal to about 1.3 at room
temperature. It can be explained that the structural changes in the flux lead to the viscosity
decrease, but the nanoparticle effect remains unchangeable, increasing their impact on the
overall internal friction of the samples.
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Figure 4. Concentration dependence of the ratio between the viscosity values of the fluxes with Fe
NP additions compared to the pure flux.

As shown in Figure 5a–d, the viscosity is practically constant in the range from 360 K
to circa 333 K by first cooling and to circa 328 K by second cooling. In general, the viscosity
indicates how resistant that fluid is to flow. As the temperature increases, the particles move
more quickly in the liquid, having shorter interactions. It leads to the reduction in internal
friction, and therefore, the viscosity decreases. It means that within this temperature
range, there are no significant changes in the interactions between particles. The viscosity
remarkably increases by further cooling up to 323 K, reaching the values obtained by
cooling. We can suppose that within the temperature range, there are some structural
transformations in the flux leading to an increase in the interaction between particles,
making the flux much more viscous; for example, some chemical reactions lead to an
increase in the size of the structural units/molecules, which participate in the flux flow. Our
experimental results are in good agreement with the technical parameters given by Stannol,
who stated that the dropping point of the flux is approx. 323 K [11]. The temperature zone
of the significant viscosity increase is between “activation” temperature, at which flux acids
as inert compounds break down and form acids, and the dropping temperature of the flux.
The viscosity increases continuously by the further cooling starting from about 323 K.

The shear rate dependence of the viscosity from maximum value to minimum at room
temperature was investigated at the end of each experiment. The viscosity values from two
cooling runs performed starting from 60 s−1 and 100 s−1 were combined and have shown
very good agreement (Figure 6). The absolute viscosity values at higher temperatures after
two runs are smaller than at the beginning of the experiments. It could be related to the
fact that some part of the sample was flowing out of the disk area, concentrating on the
outer zone of the disk bow.

It is well known that abietic acid is widely used to produce flux. There are several
studies related to the investigations of the oxidation characteristics of abietic acid. Particu-
larly, it was shown that an oxygen absorption process is relatively low at 333 K, which is
a peroxide formation process of abietic acid with oxygen. It was shown that the thermal
decomposition of peroxide at the temperature of 353 K would provide lots of free radicals to
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accelerate oxidation, leading to the deep radical oxidation of abietic acid with oxygen [12].
It is in agreement with the literature [13], which states that in the first step, peroxide is
formed, followed by further oxidation, which forms hydroxyl-containing abietic acid oxide.
The differential scanning calorimetry (DSC) test for 7-hydroperoxy-13-abiet-8(14)-enoic acid
revealed a major exothermic peak within a temperature range from 313.71 K to 431.10 K
and the exothermal onset temperature of 353.94 K [12].
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The performed DTA test of the commercial flux is shown in Figure 7. The exother-
mic heat effect was obtained during first heating between 314 ± 5 K and 335 ± 5 K. It
corresponds to the temperature range with a significant viscosity decrease during the first
heating. An exothermic effect by cooling presented in two runs within a temperature range
between 330 ± 5 K and 335 ± 5 K is in good agreement with the viscosity results, which
have shown a kink in the temperature dependence between approx. 330 K and 335 K.
Furthermore, these data match with the literature data of a significant drop in the wetting
angle between 318 K and 330 K [10].
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Figure 7. DTA measurements of the commercial flux.

Based on the above presented data, it can be supposed that during a chemical reaction
in the flux at about 340 K, the nanosized impurities were precipitated on the bottom disk
and did not participate in the internal friction anymore. For this reason, practically no
difference in viscosity for the samples with and without minor Fe nanoparticle additions
has been observed during both first cooling (Figure 3c,d), second run (Figure 5a–d), and
the shear rate decrease in the cooled-down samples (Figure 6). Figure 8 shows the sample
on the top plate and the bottom plate.
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Figure 8. Image of the top and bottom plates with the sample of the viscometer after measurement.

It is shown that the sample part that remained on the top plate is a water-white color,
while the sample residues on the bottom plate are black.
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4. Conclusions
The minor additions of Fe nanoparticles up to 2.0 wt.% increased the viscosity of the

commercial flux Lötfett up to 30% at room temperature. The shear rate dependence has
shown a decrease in the viscosity with a rise in the shear rate for all investigated samples,
while the relative difference in the absolute values between flux with and without Fe
NPs has remained practically the same. The significant viscosity decrease with increased
temperature has been shown for all samples in the temperature range between approx.
300 K and 340 K. The viscosity is practically constant by further heating up to 360 K. The
drastic viscosity increase during the cooling in the temperature range between circa 330 K
and 323 K is in agreement with the DTA results, which have shown an exothermic reaction
and could be related with the structural transformation in the investigated flux.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met15010093/s1, Figure S1: plate–plate rheometer MCR300;
Figure S2: DTA measurement equipment; Table S1: Experimental data of the performed viscosity
measurements of the flux during first run at the shear rate of 60 s−1; Table S2: Experimental data of
the performed viscosity measurements of the flux during second run at the shear rate of 60 s−1; Table
S3: Experimental data of the performed viscosity measurements of the flux during first run at the
shear rate of 100 s−1; Table S4: Experimental data of the performed viscosity measurements of the
flux during second run at the shear rate of 100 s−1; Table S5: Experimental data of the performed
viscosity measurements of the flux with 0.5 wt.% Fe NPs during first run at the shear rate of 60 s−1;
Table S6: Experimental data of the performed viscosity measurements of the flux with 0.5 wt.% Fe
NPs during second run at the shear rate of 60 s−1; Table S7: Experimental data of the performed
viscosity measurements of the flux with 0.5 wt.% Fe NPs during first run at the shear rate of 100 s−1;
Table S8: Experimental data of the performed viscosity measurements of the flux with 0.5 wt.% Fe
NPs during second run at the shear rate of 100 s−1; Table S9: Experimental data of the performed
viscosity measurements of the flux with 1.0 wt.% Fe NPs during first run at the shear rate of 60 s−1;
Table S10: Experimental data of the performed viscosity measurements of the flux with 1.0 wt.% Fe
NPs during second run at the shear rate of 60 s−1; Table S11: Experimental data of the performed
viscosity measurements of the flux with 1.0 wt.% Fe NPs during first run at the shear rate of 100 s−1;
Table S12: Experimental data of the performed viscosity measurements of the flux with 1.0 wt.% Fe
NPs during second run at the shear rate of 100 s−1; Table S13: Experimental data of the performed
viscosity measurements of the flux with 2.0 wt.% Fe NPs during first run at the shear rate of 60 s−1;
Table S14: Experimental data of the performed viscosity measurements of the flux with 2.0 wt.% Fe
NPs during second run at the shear rate of 60 s−1; Table S15: Experimental data of the performed
viscosity measurements of the flux with 2.0 wt.% Fe NPs during first run at the shear rate of 100 s−1;
Table S16: Experimental data of the performed viscosity measurements of the flux with 2.0 wt.% Fe
NPs during second run at the shear rate of 100 s−1; Table S17: Experimental data of the performed
DTA analysis of the commercial flux.
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