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Abstract

Direct ink writing technique, an extrusion based additive manufacturing process, has been used to fabricate
kaolinite clay based-ceramics with several inexpensive ceramic powders: lime, fly ash and talc. All the above
materials are commonly used in the traditional ceramics industry, in both small and large industries, and there-
fore available worldwide. This research shows the simplicity of the process feasible not only for companies but
also for individual users. The samples were fabricated with water to clay ratios (W/C) between 0.68 and 0.72.
Additives were tested in 3.0, 5.0 and 7.0 wt.% with respect to the clay contents, although 3 wt.% of additives
worked best. Cylindrical samples were fabricated with 20 mm in diameter and 20 mm in height in order to test
their compressive strength and density. Measurement samples were previously cured for three days at room
temperature and then exposed to 1100 °C for 1 h. The powdered additives and their corresponding mixtures
with clay were characterized with scanning electron microscopy, X-ray fluorescence and X-ray diffraction tech-
niques. Results showed that samples with 0.70 W/C ratio and using fly ash as an additive were the best in terms
of workability, mechanical properties and surface finishing.
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I. Introduction control the behaviour of a kaolinite suspension against
changes in pH, temperature and purity of water [8]. The
final composition of kaolinitic raw materials depends on
the geological process which took place during weath-
ering of parent rocks (mainly granite, rhyolite, syen-
ite, trachyte, gneiss and arcose) [9]. Thus, the develop-
ment of this research was based on kaolinite clays from
Colombia, the most abundant clays type in the region.
The world today demands new technologies for the
production of ceramics that enable the industry to op-
timize the energy consumption and to minimize wastes
by using them in other applications or processes. This
is the case of using alternative ceramic materials like
phosphates and geopolymers to hold large amount of
wastes [10,11], traditional building materials with sim-
ilar goals [12], or developing new manufacturing pro-
cesses that use these unutilized materials [13]. Partic-
ularly in the processing, there is a limitation in the
feasibility of traditional technology-related methods to
produce complex-shaped ceramic-based parts with the
desired compositions, microstructures and properties.
Lastly, novel techniques have been developed, which
include direct ink writing (DIW) also known as robo-

Kaolinite clay is a naturally occurring commercial
mineral available in many countries all over the world
and it is one of the most commonly used materials in in-
dustry [1]. This material is typically used as an additive
and a filler in paper coating formulations [2], ceram-
ics [3], plastics [4], adhesives [4] and pharmaceutical
[5] among others. Kaolinite is the essential component
of kaolin consisting not only of basic aluminosilicates
but also of a small amount of other phyllosilicates such
as smectite, ilmenite, attapulgite and feldspar [6]. Typi-
cally, kaolin contains other minerals such as other phyl-
losilicates, feldspars, quartz, rutile, hematite, ilmenite,
zircon, carbonates, sulphides and various kinds of fer-
rous and alumina hydroxides or oxo-hydroxides.

The rheological behaviour of kaolin clay suspensions
is determined fundamentally by the properties of kaolin-
ite particles [7]: particle size and distribution, morphol-
ogy, aggregation, surface charge and chemical and min-
eralogical impurities. The differences in these properties

*Corresponding authors: tel: +57 321 4304877,
e-mail: henry.colorado@udea.edu.co

287


https://doi.org/10.2298/PAC1903287R

C.F. Revelo & H.A. Colorado / Processing and Application of Ceramics 13 [3] (2019) 287-299

casting [14,15], solid freeform fabrication (SFF) [16],
3D printing (3DP) [17], selective laser sintering (SLS)
[18], extrusion freeforming (EFF) [19], stereolithogra-
phy (SLA) [20] and laminated object manufacturing
(LOM) [21]. All these methods have become increas-
ingly more important processing techniques in which
three-dimensional objects are assembled by point, line
or planar addition of materials, whose shapes are built
by adding rather than subtracting [22]. Moreover, differ-
ent innovations of the process such as printing in oil to
control the water evaporation on extrusion process have
been successfully proved [23].

In this work DIW technique was used [24] as a tech-
nique that offers a powerful option for the production of
complex 3D structures using inexpensive materials and
very simple and economically accessible process. In its
simplest form, DIW can be used as a rapid prototyping
tool for design that typically will be produced in large
scale by traditional manufacturing. However, DIW also
offers the potential to create 3D ceramic structures with
locally varying geometry, composition, and properties
which cannot be fabricated by the traditional ceramic
technology [14]. Although ceramic additives in tradi-
tional ceramics industry are well-known to tailor pro-
cess parameters and properties, in additive manufactur-
ing there is a lack in the exploration of new and inex-
pensive materials. Additives for 3D printing processes
[16,17] are quite important as they are very significant
in both the final piece properties and the feasibility of
the manufacturing process [13], economically and envi-
ronmentally.

Research regarding the use of additives with DIW of
clays and slurry base materials is of great importance
not only for controlling its properties but also the rhe-
ology and other process parameters [25]. In clay and
paste processing water is commonly used as dispersant
to avoid the agglomeration and sedimentation of solid
particles [26], and typically the use of deflocculants and
dispersants is necessary in order to generate the appro-
priate flowing conditions for the fabrication [27]. These
dynamic parameters can be tailored by optimizing the
rheology of the mixture and the amount of solids in
them [28].

In this work three types of additives were considered:
lime (CaO), fly ash (C type) and talc (H,Mg,(Si0;),).
After the hydration process, the lime and talc most
likely transformed to their hydrates form, Ca(OH), and
Mg,Si,0,,(OH),. These materials were selected not
only based on their availability in Colombia but also
worldwide. Their low cost and common use in the tradi-
tional ceramics industry were important factors as well.
Other similar studies over different materials as addi-
tives have been successfully proved before including
coal fly ash, lime, cement, and calcium chloride [29].

In the case of lime, fly ash and talc, many studies are
reported showing their positive influence in clay-based
materials by traditional manufacturing [29]. The present
research aims to explain the role of lime, fly ash and talc
in the DIW printing process of kaolinite clay. The main
investigated parameters were: water ratio, sintering time
and additive contents.

II. Experimental procedure

2.1. Sample preparation

Kaolinite clay powder was supplied from Sumicol
S.A., Colombia, from La Paz mine. Its chemical compo-
sition is summarized in Table 1. Lime, fly ash and talc
were acquired from local suppliers as well, all obtained
from mines located in Colombia. All powders and clays
were used as simple as possible, without beneficiation
process, in order to prove the worst case scenario not
only for small business enterprises but also for individ-
uals like artists that use it as-extracted, typical in devel-
oping countries.

The manufacturing process used direct ink writing
(DIW) 3D printing technique (Fig. 1), which was built
from a modified apparatus originally used for print-
ing plastics by the fuse deposition modelling technique
(FDM). The extrusion printing device is an apparatus
with a stainless steel frame, with Nema 17 Stepper mo-
tors, and four Stepper drivers DRV8825. Samples for
compression and more complex parts were printed to
evaluate their mechanical properties and show the lim-
its of the process in terms of sample quality. The parts
or printed structures were selected based on the main
goals of the research: inexpensive material (no benefi-
ciation process of the clay), inexpensive technique (lo-
cal modified FDM machine), inexpensive process (no
supporting material) and shapes that show potential for
diverse products not only for industry but also for indi-

430 mm
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380 mm

\ .

Figure 1. 3D printer used in this research

Table 1. Chemical composition (in wt.%) of the kaolinite clay from La Paz

Si0, ALO, Fe,0, TiO,

CaO MgO K,0 BaO MnO P,0Oq

LOTI at 1100°C

61 23.2 239 265 0.09 0.17

029 0.01 0.03 0.02 10.2
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Table 2. Fabricated formulations

Samples with 3 wt.%

Samples with 5 wt.%

Samples with 7 wt.%

w/C 0.68 0.7 0.72

0.68

0.7 0.72  0.68 0.7 0.72

Clay [wt.%]
Water [wt.%]
Additive [wt.%]
Total [wt.%]

5848 57.8

1.71
100

1.75
100

1.73
100

39.77 4046 41.14 3931
2.89
100

57.14 57.80 57.14 56.50 57.14 56.50 55.87

40.00 40.68 38.86 39.55 40.22
28 282 400 395 391
100 100 100 100 100

viduals and artists. These conditions also help to build
an education strategy in the topic which is mandatory
now in developing countries for the innovation skill re-
quirements that demand the new economic models: the
Orange [30] and Circular Economy [31] models, even
in the official goals of Colombia.

The samples were heated from room temperature to
1100°C using ramp of 9.6 °C/min. After holding at
1100 °C/1 h oven was programmed to cool down which
followed a similar ramp although this was not con-
trolled. Cylindrical (20 mm diameter and 20 mm height)
and more complex shapes were printed for characteri-
zation tests and for showing the feasibility of formula-
tions for more complex and actual parts. Several sam-
ple combinations were made by mechanically mixing
the clay powder with water and adding each of the fol-
lowing powdered materials: lime, fly ash and talc (Ta-
ble 2). These additives were tested in concentrations of
3, 5 and 7wt.% as recommended in previous research
[32], although only sample with 3 wt.% were finally se-
lected for the additive manufacturing based on the print-
ing results. An overview of the samples is presented in
Fig. 2 for W/C of 0.70. Based on previous results [13],
three different water/clay ratios were investigated: 0.68,
0.70, and 0.72 W/C. It was found that W/C of 0.68 and
0.72 were not successful and therefore the investigation
was conducted only over those able to be printed having
W/C =0.70.

For the printing process, all samples have been de-
signed in the Repetier Host software. The cylindrical
samples had 30 layers of clay distributed in filaments
of 1.8 mm in diameter, all printed for 8 and 10 min. Di-
mension stability tests via thermal processing were con-
ducted for the samples at three stages: immediately after
finishing the printing process (green body or wet sam-
ple), after being cured for three days at room temper-

Fly ash Tale

Lime

3%
Additive

5%

Additive

Figure 2. Overview of the samples with different
compositions tested in this investigation for W/C 0.70
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ature (dry sample), and after the sintering process in a
furnace at 1100 °C for 1 h (sintered sample). Five sam-
ples were tested for each of the successful formulations
(W/C 0.68, 0.70 and 0.72), reporting in each stage its
weight, height and diameter in order to determine per-
centages of shrinkage (between wet and dry samples)
and ignition loss (between dry and sintered samples).

2.2. Characterization

Density tests were conducted for all samples with a
Mettler Toledo balance according to the Archimedes’
principle [33]. This method follows the standard proce-
dure according to ASTM C373-14a, where dry weight
(W), submerged weight (W,) and saturated weight
(W,s) were measured, and the bulk density was esti-
mated by D, = W/ (W, — W).

Compression tests were performed in a Shimadzu
AG250KN universal testing machine at 1.0 mm/min.
Every successful formulation was tested over five sam-
ples and correspondingly reported.

X-ray diffraction (XRD) experiments were done in a
PANalytical X Pert PRO diffractometer (Cu Ke radia-
tion of 1.5406 A) at 45kV with scanning between 10°
and 90°. All XRD tests were conducted at room temper-
ature. In order to determine the different phases present
in the samples, Rietveld quantitative analysis was done
using the software HighScore Plus from PANalytical
B.V. Version 3.0.5. The global variables used for the
analysis using the software were zero shift, mean de-
viation 0.005762, maximum 1.0, and minimum —1.0. In
addition, the polynomial method was used in the global
setting parameters. Finally, the crystal shape factor K
was 1.0. X-ray fluorescence (XRF) tests of the clay were
carried out in an ARL 8680 apparatus following the
ASTM C114-03 procedure. Each powder additive (lime,
fly ash and talc), including the pure clay powder without
additives, was evaluated, in order to determine how each
chemical element contributes to the ceramic sample.

Microstructure of the samples and raw materials were
also investigated using scanning electron microscopy
(SEM). For SEM the preparation of samples required
a dehydration in a furnace at 30 °C for 24 h. The sam-
ples were also analysed with energy dispersive spec-
troscopy (EDS). All samples after the drying process
were mounted on a carbon tape and gold sputtered with
a Hummer 6.2 system, at conditions of 15mA AC for
30s, in order to make a thin film of pure gold. The SEM
was a JEOL JSM 6700R in a high vacuum mode.

Particle size distribution was analysed by Image]
software from SEM images, for which 100 measure-
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ments of the particles diameters were taken. Thereafter,
the particle distribution was analysed with the software
Statgraphics by univariate analysis from normality of
Shapiro Wilk, which is based on the quartile comparison
of the normal distribution fit to data. As normal distri-
bution did not fit the data well, other non-normal distri-
butions were analysed, the gamma and log-normal dis-
tributions, by using the Kolmogorov-Smirnov proof as
goodness-of-fit test. Finally, for qualitative analysis of
the filament thickness and shape as a function of the ad-
ditives, regular prismatic section was printed and anal-
ysed based on the global shape and the surface finishing.

Figure 3. SEM images of raw additives: a) clay, b) lime, c) fly
ash and d) talc
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Figure 4. Particle size distribution of the raw powders
additives

III. Results

SEM images of all raw solid materials (clay, lime,
fly ash, and talc) are presented in Fig. 3. Clay powder
from Fig. 3a reveals the typical layered structure, while
Fig. 3b shows smaller and more amorphous particles
for lime. Fly ash particles from Fig. 3c are shown as
the typical mix of very symmetrical spherical and amor-
phous particles typical for this type of materials, and
Fig. 3d shows a laminar structure of talc particles. The
fly ash particles certainly have a shape more suitable to
flow through the nozzle, when compared to other parti-
cle shapes of lime and talc. This opens up a new line of
research regarding the optimal shape or combination of
them to tailor the flow type of the 3D printing slurry.

Using multiple SEM images from the raw ceramic
powders, particle size distribution curves were built for
each particle type summarized in Fig. 4. From the mean
particle size, talc gave the smallest particle size with
0.63 um, followed by lime particles with 0.94 um and
fly ash with 1.08 pm. Figure 4 represents a non-normal
distribution as a function of the particle diameter, where
the log-normal distribution was developed for samples
with lime and fly ash as additives, and the Gamma distri-
bution was developed for talc as additive. From the sta-
tistical analysis, it is observed that both lime and fly ash
have different skewness, due to the tails of the distribu-
tion which are lengthened to values below and above the
mean, respectively, indicating a negative skewness for
lime and positive skewness for fly ash. The results for
the samples with talc as an additive show that the curve
is almost symmetrical. The mean value of 1.08 um for
fly ash shows that their particles are dispersed and not
concentrated in a single point. This means their distribu-
tion is not homogeneous, while the distribution range of
lime and talc particles does not deviate to a great extent
from the mean and median.

Elemental composition of the kaolinite clay, raw
powder additives and their combination was determined
by SEM-EDS. The corresponding elemental data are
given in Table 3. SEM images for clay-additives pow-
der mixtures, which reveal details of the effectiveness of
the mixing process, are shown in Fig. 5. All images are
taken just after the mixing process and before the sinter-
ing process. In all cases, the powders are well combined,
without further agglomeration.

The dimensional changes after every stage of the pro-
duction process are summarized in Fig. 6, carried out for

Table 3. SEM-EDS elemental characterization of the raw powder additives and their combination with kaolinite clay

Sample C (0] Al Si Ti Fe Ca K Mg Cl V  total
Clay 29.22 32,56 1347 21.17 1.07 199 - 0.37 - 0.14 - 100
Lime 5.66 43.52 - 0.25 - - 50.19 - 0.39 - - 100

Lime + clay 1596 3599 18.04 2476 221 3.03 - - - - - 100
Fly - 4131 1439 3162 13 6.85 298 1.55 - - - 100

Fly + clay 10.16 4255 18.02 21.84 2.07 3.28 1.74 0.33 - - - 100
Talk - 40.83 444 2794 - 8.19 2.66 - 15.94 - - 100
Talk + clay 621 409 17.32 2893 231 2.6 0.2 0.62 - 0.57 034 100
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Figure 5. SEM images of clay-additives powder mixtures: a) lime, b) fly ash and c) talc
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Figure 6. Dimensional changes (diameter and height) for samples made of clay with different additives: a) lime, b) fly ash and
¢) talc

the green body (wet sample), dried and sintered sam-
ples. It is clear that as the processing temperature in-
creased, both diameter and height decreased. In general,
there is no significant effect of the W/C over the sample
contraction, although at higher concentrations of the ad-
ditives probably distinct results could appear. This has
not been explored in this research as the powder ceram-
ics were used here as additives, in low concentrations.
Figure 7 was obtained from Fig. 6 and it summarizes
the shrinkage of the diameter and height in Figs. 7a and
b, respectively. Although there is diameter variation in
the samples, this result is expected considering the ma-
terial type used and the device utilized for the printing,
which is summarized in the small error bars. The shrink-
age over the diameter is about 10% less than the shrink-
age over the height, which is associated mainly with the

100

951

90+ —eLime, W/C 0.68
—e—Lime, W/C 0.70
g5 —Lime w072
—+Fly ash, W/C 0.68
—e—Fly ash, W/C 0.70
80 —eFlyash,W/C0.72
—e—Talc, W/C 0.68
751 —=Tae,wicom0
—&-Talc, W/C 0.72

Shrinkage on diameter (%)

70

Green Sample Dry Sample Sintered Sample

anisotropy in the sample introduced by the manufactur-
ing technique (filaments were printed concentrically to
the cylinder axis, and thus the release of water could be
very different longitudinally than radially).

The percentages of weight loss during the drying and
sintering are presented in Fig. 8. In general, the use
of these additives generates higher weight losses dur-
ing drying (wet-dry) than by ignition (dry-sintered) in
all the W/C ratios. The effect of W/C on the weight
loss is evident in Fig. 8a, confirming the expected result
that more water in the mix increases the loss. Talc and
lime showed a clear tendency to increase the weight loss
with the water ratio, while fly ash just slightly increased.
On the other hand, in Fig. 8b, lime and talc additions
showed a very similar trend with a minimum point in
0.7 W/C. Fly ash addition kept the loos very constant

100 - b) ——Lime, W/C 0.68

——Lime, W/C 0.70
——Lime, W/C 0.72
——Fly ash, W/C 0.68
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Figure 7. Shrinkage during thermal treatment in: a) diameter and b) height
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Figure 8. Percentage of weight loss: a) during drying and b) during sintering
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Figure 10. Density tests by the Archimedes balance method

with different W/C, and this suggests that the best for-
mulation is with W/C 0.7. In addition, clays can show
a higher porosity content after the firing process which
could explain part of this significant weight loss [34].
Figure 9 shows the results of weight loss, where the
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weight of the wet samples was assumed as 100%. As
expected, the weight loss from the wet to the dry sam-
ples was higher (about 40%) than the weight loss from
the dry to the sintered sample (about 15%), which is
explained by the amount of unbounded water released
below 200 °C.

Densities, measured by the Archimedes method, are
presented in Fig. 10. The results show that for W/C
of 0.70 there is a minimum density value for the sam-
ples with fly ash and lime, while the samples with talc
showed a weak maximum point. For W/C of 0.70 den-
sity was almost the same for the samples with differ-
ent additives, however, for W/C of 0.68 and 0.72, these
showed significant changes.

Compression strength results are presented in Fig. 11.
The maximum compression strength for the sample free
of additives is shown in Fig. 11a and it is similar to the
value measured for W/C 0.7 in lime formulation. The
samples with lime and talc show a maximum strength
of 35 and 25 MPa, respectively. The samples with fly
ash have compressive strength of about 20 MPa for W/C
from 0.68 and 0.70, and for 0.72 W/C the compressive
strength slightly increased to 23 MPa.

Figure 12 shows X-ray diffraction (XRD) data for the
raw clay and for the three different formulations with
additives after the sintering process. All phases were
determined by the Rietveld quantitative analysis. Fig-
ure 12a for the raw clay revealed 69.8 wt.% kaolinite,
21.2wt.% quartz, and 9.1 wt.% muscovite. In general,
all samples composed from a mixture of the clay with
the additive showing high quartz content. Figure 12b for

401
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Figure 11. Mean of compressive strength results for: a) raw clay and b) clay with additives
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Figure 12. X-ray diffraction (XRD) of clay-additives mixtures: (a) raw clay, (b) sintered clay with lime, (c) sintered clay with
fly ash, and (d) sintered clay with talc

clay with lime, shows 76.4 wt.% of quartz, 20.9 wt.% of
mullite, and 2.7 wt.% of cristobalite. Figure 12c shows
72.4 wt.% of quartz, and 27.6 wt.% of mullite and Fig.
12d shows 76.9 wt.% of quartz, and 23.1 wt.% of mul-
lite. Clearly, after the fabrication process is completed,
the samples are mainly composed of quartz. Only sam-
ple of raw clay containing lime showed cristobalite.
Quartz and mullite are also found in all the samples. It
is observed that in all these sintered samples, the kaoli-
nite phase did not appear because this phase suffers de-

composition in other by-products due to the sintering
process.

Figure 13 shows SEM images of the sintered clay
with different additives fabricated using DIW technique.
In general, all images revealed complex microstructures
and also very irregular shapes. Unfortunately, the pres-
ence of the additives in the samples is not so clear in the
images most probably because of their low concentra-
tion (3% of the amount of clay) and similar microstruc-
ture. Some micropores also appear in all samples, which

b) Clay*vith 4

A

=il

Figure 13. SEM images of the samples made by 3D printing after heat-treatment at 1100 °C: a) clay, b) clay with lime, c) clay
with fly ash and d) clay with talc
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a) Clay with Lime

) Clay with Fly ash

¢) Clay with Talc

Figure 14. Filament thickness experiment for W/C 0.7 using different additives: a) lime, b) fly ash and c) talc

could be significant for the stability of the formula-
tion because they contribute to the increase of pressure
caused by the crystallization of soluble salts in the pore
walls [35] and thus eventually produce micro-cracks
that decrease the performance of engineering compo-
nents. Nevertheless, fly ash particles could help to de-
crease pores in the sample as they can act as fillers [36].

Figure 14 shows 3D printing profiles of the clay with
W/C 0.7 using lime, fly ash and talc. The sample with
fly ash showed better conservation of the form and ge-
ometry in comparison with the structures of the other
additives. Very well defined and constant filaments can
be observed throughout the trajectory and a better sta-
bility of the piece. This has been associated with the
shape and size of the particles, nearly perfectly spher-
ical, which can flow more homogeneously through the
nozzle and thus be better impregnated (less voids) than
other particles used. Figure 15 shows details of the addi-

d) Clay with lime

1.79 ecm

tive manufacturing process for a pyramid structure. It is
obvious that the sample with fly ash is substantially bet-
ter than those prepared using lime or talc as additives.

Figure 16 summarizes selected parts fabricated with
the DIW apparatus and using the clay with fly ash ad-
dition. Figure 16a represents a “star bowl” container,
which shows the basement of one single filament layer
and the thick border with several filaments. Figure 16b
is a clay vase showing a more complex structure for the
simplicity of the material used (not optimized paste).
Figure 16¢ shows a trapezoidal bowl, a container of one
filament thick, which reveals the consistency of the clay
stable in such a tilted structure; Fig. 16d is a top view
of helical solid structure. These objects show that upon
a manufacturing process optimization, any shape can be
built and the finishing improved as well. It is important
to note that no additional basements or support struc-
tures were needed for these parts.

Figure 15. 3D printing process of a pyramid: a) solid design, b) layered design, c) first layer printing; printed parts using
different additives: d) lime, e) fly ash and f) talc
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Figure 16. Samples fabricated by DIW using clay with fly ash addition: a) star bowl container, b) clay vase, ¢) trapezoidal bowl
and d) hexagonal pyramid

The fly ash was found to be the best additive in this
investigation for the kaolinite clay in terms of the sur-
face finishing since different pieces were printed with
this formulation.

IV. Discussion

The presented results support previous findings re-
garding the DIW technique and its high versatility for
printing powdered ceramics and clays. Novel research
has been reported with a similar material, kaolin [37],
using water glass as an additive. However, no investiga-
tions were found reporting the use of the additives inves-
tigated here in combination with kaolinite clay. More-
over, even these very few researches found mostly fo-
cusses on processed kaolin as a high tech paste. Fly ash
has been used in the 3D printing as a raw material for
geopolymer concrete [38] with overall good results, but
with limited surface finishing being worse than the pre-
sented in this paper. Certainly the chemical role of fly
ash in the geopolymer is far more significant than in
the clay material we are using, which is related to the
geopolymer reaction. In the current research this mate-
rial acts just as a property improver and filler of voids.
One of the advantages of using fly ash and the other ad-
ditives used in this investigation (talc and lime) is that
3D printing materials are still expensive for large scale
applications [39] and not easily found in many coun-
tries. However, in this research fly ash enables the tech-
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nique to be used by more people and have a greater im-
pact to society.

In this investigation, overall, fly ash particles pro-
duced better results than other tested additives. This can
be associated with several factors that include: the par-
ticle shape, particle distribution (Fig. 3 and 4) and also
the chemical interaction of fly ash and clay. The first
of all, results show that fly ash particles not only act
as fillers but also have a significant contribution to the
rheological behaviour, very important factor for the ad-
ditive manufacturing. In terms of the particle shape, the
spherical geometry works better for the flow of parti-
cles as they have the lowest restriction in terms of an-
choring sides limiting the flow through the printing noz-
zle and so improving finishing of the parts. Because of
this spherical particle shape, the mixture requires less
water and encourages maximum particle packing to re-
duce porosity [40] and thus increase the compressive
strength. Fly ash alone has insufficient plasticity to pro-
duce structures strong enough to survive handling and
drying, it is the combination with clay that helps to suc-
cessfully print and manufacture samples with complex
shapes, in which samples showed a good degree of com-
paction under W/C of 0.70.

Fly ash has been widely used as pozzolanic material
[41], which decreases the water absorption in the clay
admixtures [42], improve the thermomechanical proper-
ties and cost of traditional bricks [36], and reduce waste
absorption and processing temperature for tiles made
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with clays and fly ash [43]. As mentioned before, beside
this work, this material has been scarcely investigated
before as additive for additive manufacturing.

Regarding the particle size distribution results, the
particle size near 1 um seems to be more influential for
the overall investigated properties than other mean parti-
cle size curves. So, thanks to the incorporation of fly ash
in the clay, the finer particles of fly ash fill the pores of
the clay and contribute to the reduction of empty spaces
and increase the strength of the mixture [44].

Moreover, the interactions of fly ash particles with
water and clay showed to be more favourable for the
DIW process used since the samples have better thermo-
mechanical stability after the sintering process. These
good results can be related to the high temperature for-
mation of the fly ash as a by-product of the steel mak-
ing industry [12, 45-47], and therefore associated to the
good compressive strength results for samples after ex-
posure to high temperatures.

This result was expected as the pozzolanic proper-
ties of fly ash in many systems including concrete are
well-known. Thus the reactions of the combination clay-
water-fly ash not only in the green body but also upon
the exposure to high temperature contribute positively
to the manufacturing process.

The mechanical strength variation in the samples
with lime and talc can be explained by the presence of
porosity caused mainly by the extrusion process. The
complex shape promotes the presence of air (unless vac-
uum is used), because the presence of water in the sam-
ples favours the formation of pores and cracks when
it evaporates, during the drying and sintering processes
[48]. It is known that porosity in clay mixtures is associ-
ated with the clay sheets orientation along the extrusion
plane [49] which certainly can occur in the printing pro-
cess. This effect is hard to decrease as the clay particles
orientation is not controllable by the DIW process used.

Surface finishing of the samples was clearly better
in the clay-based samples containing fly ash. For this
mixture the mechanical properties are not the best, but
in comparison with the other additives, these properties
are approximately constant in the different formulations.
In addition, the effect of the calcium from fly ash par-
ticles has been investigated [50] showing poor perfor-
mance when calcium content is low and the process is
conducted under an acidic environment [51]. Other re-
searches [52] have demonstrated an improvement in the
mechanical properties by the addition of calcium-based
compounds, such as CaO and Ca(OH), [53]. Calcium
compounds typically result in the precipitation of cal-
cium silicate hydrates or calcium silicate aluminate hy-
drates phases, which improve the dissolution of the fly
ash in the alkaline medium. Thus, the calcium content in
fly ash can also positively influence the surface finishing
of the samples.

On the other hand, some studies have shown that the
mechanical properties of fired clay bricks are reduced
by 39% for 10 wt.% addition of residues [54], which
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also supports why additives used in this research did not
exceed 3 wt.%. The compressive strength is affected by
the defects inside the sample, but also by those gener-
ated at the sample surface. Therefore, a lot of the im-
provement could be obtained if the process is conducted
with an optimized ceramic paste, printed in an opti-
mized process, thus obtaining a smoother surface fin-
ishing that does not adversely affect the mechanical re-
sponse.

XRD showed a significant content of mullite, which
confers interesting properties to clay ceramics such as
chemical stability, mechanical resistance, low expan-
sion at high temperatures, resistance to thermal shock,
resistance to mechanical abrasion and erosion by flame,
resistance to the attack of slag and molten metals and
the corrosive action of glass [55]. In addition, under
normal pressures and conditions of sintering and use,
mullite is the only compound of alumina and silica sta-
ble at high temperatures [56]. Moreover, the necessary
percentages of additives to guarantee the permanence of
the pozzolanic reactions (durability, impermeability, re-
sistance to cracking and strong and flexible structural
layer) over time vary between 3 wt.% and 7 wt.% with
respect to the weight of the clay [57]. Therefore, the
content of additives used is justified in order to keep
these pozzolanic reactions stable and because percent-
ages higher than 10 wt.% are unsuitable because of the
excessive drying shrinkage [54].

On the other hand, most clays are composed of about
65 wt.% silica and 20 wt.% alumina. They may also
contain varying amounts of other metallic oxides like
manganese, phosphorus, calcium, magnesium, sodium,
potassium and vanadium oxides [58]. The addition of
materials such as lime, fly ash and talc, can result in a
deterioration of the surface finishing of the samples be-
cause of the presence of high content of silicates, alu-
mina, free lime and some oxides. They allow a poz-
zolanic reaction with clays and can cause a reduction
in the rate of expansion [59].

Regarding the kaolin particles, these are character-
ized by both a negative face and a positive face elec-
trical charge [60]. This heterogeneous charge behaviour
is responsible for the positive-negative charge attraction
between particles, giving rise to a range of clay mi-
crostructures such as card-house and band-like struc-
tures [61]. This variable microstructure and complex
charging behaviour can also be an important reason why
the printed samples with kaolin, lime and talc show
worse surface finishing when compared to samples with
fly ash.

With the purpose of presenting more detailed infor-
mation about the results showed in Fig. 6, an average be-
tween the results for contraction in diameter and height
that came from the fly ash mixtures was estimated (Fig.
17). Diameter of the samples decreased as expected, but
in general, height dimension was independent of W/C
(Fig. 17a). This can only be explained as a consequence
of the printing symmetry, which certainly confers prop-
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Figure 17. Stability tests average results for samples
fabricated with clay and fly ash

erties depending of the direction. This can be confirmed
by Fig. 17b where shrinkage over diameter and height
has opposite trends depending on the W/C. From these
results it can be concluded that for formulation W/C 0.7,
the fly ash presents a more stable dimensional behaviour
with respect to the diameter, as it is affected by temper-
ature changes in the drying and sintering processes. In
comparison with the other formulations the temperature
causes a decrease in their dimensions (height and diam-
eter).

In order to improve the printing process of these clay
based materials using the DIW technique, the utiliza-
tion of additives such as polyethylene glycol (PEG) and
glycerine as flocculants could be a good option. If com-
bined with fly ash particles these substances can reduce
the pressure at the entrance of the nozzle thanks to its
plasticizing properties in extrusion [62]. Likewise, it is
suggested to use sodium polyacrylate as a deflocculant
because this additive has favourable properties such as
high effectiveness and easy dosing. The most valuable
attribute of these deflocculation agents is primarily their
beneficial effect on the properties of casting slip [63].
Besides the deflocculation effects of polyacrylates, they
are connected with the distinctive property of adsorbing
themselves on the surface of mineral particles [64].

A full study of the rheology and the optimization pro-
cess of these clay mixtures, particularly the one with fly
ash, is under a current evaluation for a large-scale pro-
cess in the traditional ceramics industry, which certainly
is the real proof. The rheology certainly is a crucial part
of the process and therefore the research from lab has to
be not only verified, but also modified for the new chal-
lenge. It is expected that this clay based material upon
the beneficiation process, commonly done by the tradi-
tional ceramics manufacturing, and upon the use of sur-
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factants, dispersants and flocculants to tailor the print-
ing material will produce much better finishing of the
printed parts.

It is widely reported [65] that clays are typically
anisotropic materials. This originates from their layered
structure which has been demonstrated not only for di-
verse clay types [66] but also by its effects on the proper-
ties [67]. Particularly, this effect in additive manufactur-
ing and specifically in the DIW process can play an im-
portant role for the parameters such as the flow and sam-
ple printability, since elasticity and strain related proper-
ties can be significantly affected by the anisotropy [65].
In kaolinite clays the effect is also well-known [68] al-
though it has not been investigated in additive manu-
facturing. Therefore, the understanding and further ex-
ploitation of clays anisotropy for DIW is open up for
investigation and perhaps for a significant improvement
of the technique.

Finally, it is important to mention that the current re-
sults enable DIW technique to be used elsewhere by
anybody, which was partially the goal of this research.
Therefore, the processing technique as well as the addi-
tives used are not only inexpensive but available world-
wide. Although the finishing of the surfaces has some
limitations, it is important to know that this sample qual-
ity is useful for many applications in the largest materi-
als industry by volume and weight worldwide, the con-
struction and building materials industry. Applications
such as facades, urban furniture, and decoration can be
available with this technique.

V. Conclusions

Direct ink writing technique (DIW), an extrusion
based additive manufacturing process, has been used to
fabricate kaolinite clay based-ceramics with several in-
expensive ceramic additive powders: lime, fly ash and
talc. The samples were fabricated with water to clay ra-
tios (W/C) between 0.68 and 0.72. The additives were
tested in 3.0, 5.0 and 7.0 wt.% with respect to the clay
contents and it was confirmed that the samples with
3 wt.% additives showed the best performances. The ob-
tained results also showed that samples with 0.70 W/C
ratio and fly ash as an additive were the best in terms
of workability, mechanical properties and surface fin-
ishing.

The process and materials presented in this research
open up the possibility of traditional industries to really
think in the implementation of additive manufacturing
as a complement to traditional methods, which can also
be seen as an innovation line of the company. Moreover,
the process and materials are adaptable to individuals.
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