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1. INTRODUCTION

Typically, there are different types of printing inks dependent according to the purpose of use, the type of the
equipment or press that used in products of the ink, the raw materials and the nature of the surface to be written on
i.e. (papers, metallic or non-metallic, cards and plastic), printing press (letterpress, gravure, Lithography, screen
saver) [1, 2]. There are many substances used in producing screen printing ink such as alkyd resin, pigment, linseed
oil, castor oil, thinner, Toluene, drier. The alkyd resin is the basic component to produce the ink, where it is used as
a vehicle and binder to the dye, at the same time it behaves as a thickener substance, where it increases the viscosity
of the ink. As for the rest of the substances they help for much adhesion on the wanted surface and exceeds the drying
process in lesser time [3]. Rheology is typically the flow behavior science and matter deformation under applied force
[4]. Understanding the rheology and the potential to evaluate the rheological characteristics is necessary for
controlling the rheology, and control is essential for the production and handling of many materials, i.e. (cosmetics,
plastics, paint, inks) [2]. A non-Newtonian fluid is a fluid with characteristics that are different from Newtonian fluids
[5]. A non-Newtonian fluid is outlined as one in which the relationship between the shear stress and shear rate is non-
linear which is illustrated in Fig. 1 [6].

Many molten polymers and salt solutions are non-Newtonian fluids including substances such as starch suspensions,
inks, paint, ketchup, custard, maizena, toothpaste, blood, and shampoo which are found many commonly [7, 8].
Generally, the quality of the screen-printed films is related to many factors such as the settings of the printer,
preparation of the substrate, and especially ink rheology [9-11]. They can be controlled throughout the printing
process except for the ink rheological characteristics. During the production of solid oxide fuel cell, anode thick films,
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electrolyte or cathode can be fabricated by several methods namely screen-printing [12, 13], tape casting [14, 15],
gel casting [16-19], sol-gel [20, 21], EVD [22, 23], CVD [24, 25], PVD [26, 27], and magnetron sputtering [28].
Screen-printing is widely operated to generate SOFC components and the production of optimized screen-printing
inks is highly important to produce high-quality films with improved performance.

NON-NEWTONIAN FLUID NON-NEWTONIAN FLUID
Viscosity SHEAR STRESS
SHEAR RATE P v
SHEAR RATE

Fig. 1. Relationship between shear rate and viscosity [6].

The current study, which is basically a brief overview of ink rheology, is trying to explain the rheological behavior
of ink and discuss the effect of viscosity, shear-thinning, and thixotropic behavior of printing ink. Moreover, a special
attempt is done to consider and review the past works on the fabrication of solid oxide fuel cell (SOFC) films using
screen-printing ink.

2. PRINTING INK

Printing inks are used in thin films for different substrates such as paper, metal sheets, plastic films, glass, and textiles
[29]. It is generally conceded that there are four classes of printing inks, which differ remarkably in the method of
application and physical appearance. They are letterpress and lithographic inks, which are commonly called oil inks
or paste inks, usually of a pasty consistency, and flexographic, rotogravure, screen saver inks which are called solvent
or liquid inks. Four properties of inks are of cardinal importance-drying, printability which is largely a function of
the ink rheology, and color. There are four main printing processes: relief or letterpress, intaglio or gravure,
planographic or lithography, and stencil or screen printing [6]. Screen printing inks often known as Silk-Screen inks
in the past which are dispersions of pigments in vehicles [30]. Silk-Screen inks are used for greeting cards, board,
paper posters, ceramics, and plastic [31].

3. RHEOLOGICAL PROPERTIES OF PRINTING INK

Generally, in the fabrication of optimal screen printed films, the quality of the screen-printed films is related to many
factors such as the settings of the printer, preparation of the substrate, and especially ink rheology [11, 32]. They can
be controlled throughout the printing process except for the ink rheological characteristics. The rheological
characteristic can be measured with the specification of the steady-state and dynamic properties of the inks which
have a great impact on the film properties. Viscosity is defined as the resistance of the liquid to flow [33]. When fluid
begins to flow under the action of a force, shearing stress occurred everywhere in that fluid which tends to oppose
the motion [34]. Typically, high viscosity appears on screen [6]. The viscosity of the ink can be characterized using
cone and plate rheometer or disk, to capture a shear-viscosity relationship [35]. Viscosity is significant for ink quality:
ink is made up of color pigment, resin, and solvent. Evaporation of the solvent in printing operations increases percent
solids, causing changes in color and solid concentration this leads to increasing viscosity [36].
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The ratio of shear stress to shear rate is viscosity which can be written as:

Shear stress

Viscosity = Shear rate ¢))
Also, viscosity is more easily evaluated than some other properties which make it a precious tool to characterize the
material. The material composition is a determining factor of its viscosity, when this composition is varied, a change
in viscosity is very likely. For instance; the viscosity has decreased by adding a solvent to printing inks [37]. Pseudo-
plastic (shear-thinning) fluid will indicate a reduction in viscosity with an increase in shear rate, as illustrated in
Fig. 2, probably the most common of the non-Newtonian fluid, pseudo-plastic includes inks, paints, etc. [38]. When
the shear rate is increased, almost all of the non-Newtonian fluids undergo a simple increase or decrease in viscosity.
In Pseudo-plastic (shear thinning) fluid, the viscosity decreases as the shear rate increases, and the opposite effect is
known as dilatant (shear-thickening).

Shear thinning

Viscosity

Shear Stress

Shear rate

Fig. 2. The flow and viscosity curves of shear-thinning fluid [6].

The power law’s which is an empirical functional relation widely used to describe fluids of this type. This relation,
which was original, presented by de waele (1923) and Ostwald (1925) [6], as shown in Equation (2).

_— (%) @)

where n is referred to the power-law index. If n < 1, the material is called pseudo-plastic, if n > 1, then the material
is called dilatant and, if n = 1 then the material is Newtonian [39]. The power law is a good criterion to describe the
Rheological characteristics of printing ink. This type of ink is non-Newtonian. The shear stress is variable with shear
rate, and this behavior indicates that the ink has pseudo-plastic properties. If n < 1 for pseudo-plastic, the viscosity
function decreases as the shear rate increases. The ink is non-Newtonian because the relation between shear rate and
shear stress is not linear demonstrating that ink has pseudo-plastic properties [6]. Generally, rheological analysis is
conducted using steady-state, oscillation, yield stress, and creep recovery examinations [9, 40]. The yield stress
measurement and steady-state test are applied to consider the thixotropic behavior of inks [41]. The oscillation
examination evaluates the viscoelastic properties, while the creep-recovery test is carried out to investigate the slump
properties of inks [41, 42]. Viscosity is a steady-state rheology property of the ink. In general, this property enhances
while the solid and/or binder content increases [43, 44]. It was stated that inks have a viscosity in the range of 4-12
Pa.s. For yttria-stabilized zirconia (YSZ) inks, it is measured at the shear rate of 100 s™*. This is typically adequate
for screen-printing applications [43]. Also, Sanson et al. [45] reported a similar viscosity range for CGO electrolyte
inks. In the study of Somalu et al. [46, 47], the acceptable viscosity ranges specified 15-45 Pa.s at a similar shear rate
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of 100 s7%. The differences in the viscosity ranges showed that the steady-state rheological properties are not adequate
to obtain the optimized screen-printing inks. Therefore, additional measurements may help specify the most optimum
inks for screen-printing applications. Thixotropy is one of the important rheological properties of printing ink which
depicts the change of viscosity with the time, therefore, considering the relation between shear rate and shear stress
with time is significant. Figure 3 has two curves up and down curves. The up curve illustrates that the viscosity
decreases gradually with the increment of the shear rate. The down curve shows that the shear rate decreases again
to zero which means viscosity decreases and begins to increase, which leads to a decrease in the shear stress. Figure
3 indicates that the ink behaves thixotropic as evidenced by previous studies for other ink types [46]. This figure
illustrates the variation of shear stress with a shear rate of two curves at alkyd resin concentration (28 wt%) and
different times [6].
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Fig. 3. Shear stress (Pa) versus shear rate (sec!) [6].

The ink dispersion can be determined by evaluating the degree of ink thixotropy. Also, thixotropic behavior can be
measured by the application of shear jump test [32] which is commonly significant for screen-printing [32, 45].
Somalu et al. [9, 41] concluded that the NiO/ScSZ anode inks without binder and inks with lower solids content
showed poor thixotropic behavior. These inks were assessed as not appropriate for screen-printing. The poor
thixotropic properties of inks may generate cracked films after sintering which is observed in water-based CGO inks
[45]. Furthermore, Phair et al. [32] considered the thixotropic behavior of YSZ inks having several binder contents
with the application of shear jump test.

4.. FABRICATION OF SOFC FILMS

Fabrication of SOFC components through an easy and low-cost method is important to decrease the entire
manufacturing cost of solid oxide fuel cells. Screen-printing is economical, simple, and flexible and it is an extensive
used method for the fabrication of SOFC films [10, 13]. Therefore, screen-printing is carried out to make SOFC
components which have a thickness of 10-100 um. In order to produce high-quality films, the manufacturing of
optimized screen-printing ink is extremely significant. Understanding the ink rheological characteristics is related to
the effects of some parameters such as binder, solvent, solid, and dispersant which can be optimized by evaluating
the ink rheological properties including thixotropy, viscoelasticity, viscosity, and yield stress. Consequently,
consideration of the relationship between the ink rheology and its composition may improve the performance of the
resultant screen-printed films [47]. As mentioned before, in the fabrication of SOFC, anode thick films, electrolyte
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or cathode can be fabricated by several methods namely screen-printing [12, 13], tape casting [14, 15], gel casting
[16-19], sol-gel [20, 21], EVD [22, 23], CVD [24, 25], PVD [26, 27], and magnetron sputtering [28]. There are three
steps in the screen-printing process which demonstrated that ink rheology plays a major role in the manufacturing of
high-quality films with the enhanced performance [48, 49]. Moreover, the screen-printing method has been widely
used in the production of solar cell films [50], oxides [51], and photoconductors [52]. Generally, screen-printing is
applied to generate thick films and used in SOFC such as YSZ [11], LSCF [53], and NiO/YSZ [54]. Somalu et al.
considered the rheological properties of Ni/ScSZ inks in the production of solid oxide fuel cells [55]. They extend
their previous works [9, 41] and analyzed the correlation between ink rheology, and film properties namely
electrochemical performance, the quality of printed films, and electrical performance. Also, Somalu et al. examined
the effect of the binder content on the ink rheological characteristics [56-58]. They used SEM images of printed films
to consider the effect of binder content on the mechanical strength, and electrochemical performance of the anode
films and finally correlate them to the inks rheological properties [55]. Somalu et al. [59] considered the effects of
binder content on the rheological characteristics of NiO/ScSZ ink. The steady-state examination was carried out by
linearly increasing the shear rate from 0.1 to 100 S, The thixotropic properties of inks increase as the binder content
rises which is shown in Fig. 4, but ink without binder demonstrated shear-thinning behavior which is not appropriate
for screen printing. From the point of both ink rheology and performance, they found that ink with 3 wt % binder was
specified to be optimum. It should be noted that wt % refers to the percentage of binder content of cermet powder.
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Fig. 4. Viscosity as a function of ink shear rate [59].

Also, in the study of Somalu et al. [60], the effect of ink rheology on the properties of screen-printed Ni/ScSZ anode
has been investigated. Figure 5 shows the viscosity and yield stress results for terpineol and texanol inks as a function
of binder and solids content. In this figure, the yield stress and viscosity enhance with the increase of binder and
solids content due to the increment of particle association. They found that inks represent adequate viscosity and
thixotropy with acceptable tackiness for screen-printing applications [60].
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Fig. 5. () Viscosity and (b) Yield stress of NiO/ScSZ inks [60].

5. CONCLUSION

In the present review, the rheological properties of printing inks, the effect of viscosity for ink, shear-thinning, and
thixotropic behaviors of ink were investigated. Moreover, the past works on screen-printing inks for the production
of SOFC were considered. As referred previously in the body of the paper, when the shear rate is increased, almost
all of the non-Newtonian fluids undergo a simple increase or decrease in viscosity. If the viscosity decreases as the
shear rate increases, the material is said to be pseudo-plastic (shear thinning). According to Power-law, the printing
ink is non-Newtonian. If n < 1 for pseudo-plastic, the viscosity function decreases as the shear rate increases. The
shear stress is variable with the shear rate, and this behavior indicates that the ink has pseudo-plastic properties.
Thixotropy is one of the important rheological properties of printing ink which represents the change of viscosity
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with the time and it is stated by previous studies that printing ink behaves as thixotropic. Fabrication of SOFC
components through the screen-printing technique is important to decrease the entire manufacturing cost of solid
oxide fuel cells. Also, in order to produce high-quality films, the manufacturing of optimized screen-printing ink is
extremely significant. Consequently, consideration of the relationship between the ink rheology and its composition
may improve the properties and performance of the resultant screen-printed films.
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