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In the pottery forming process by using hand throwing on a pottery wheel,
the proficient potter has been requiring because this process needs special control
by human and the clay models is flexible to deform. To overcome these
advantages, a clay printing machine has been developed based on the paste process
in this research, in which the clay is extruded through a nozzle to form 3D models
layer-by-layer. This machine consists, of a material container, a screw extruder, a
platform and the movement controlling systems via CNC programming. The main
functions of the screw extruder are to compress and to convey of the clay through
an extruded. Therefore, the appearances and thé amount of the extruded clay
filament are depended on a screw shape and a velocity of the screw rotation.
Furthermore, microstructures and clay mineral compositions of clay were analyzed.
To develop a capability of material deposition, a screw pitch, a nozzle diameter and
a screw extruder velocity were investigated as the printing parameters, which were
analyzed their effects on size the extruded clay filament and a quality of clay
filament. The experimental results of the analysis of microstructures and clay
mineral ‘eempositions were shown that Dan kwian clay is suitable to form by the
clay printing machine. The experimental results of the analysis of variance were
shown that the screw- pitch;ythe nozzle diameter, thaelscrew extruder velocity and
their interactions were significant factors, which effected on the width of the
extruded clay filament. Mover, the means width of the extruded clay filament were

increased when the nozzle diameter and the screw extruder velocity were increased,



Y

whereas the screw pitch was decreased. In addition, a multiple linear regression
model was formulated to describe the relationship between the width of the
extruded clay filament and the significant factors. The R-squared (R?) value of the
model was 73.73% and an adjusted R? was ‘73‘36%, which indicate a suitable

accuracy.
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CHAPTER |
INTRODUCTION

1.1  Background

The emergences of new technological Rapid Prototypes (RP) have been
growing extensively in recent year. The RP technologies are classified into two
categories based on the manufacturing process into subtractive material and additive
material. Subtractive manufacturing is a traditional process, in which materials is
removed from initial shape to form the final models. Additive manufacturing (AM),
commonly known as 3D printing is a non-traditional process that fabricate 3D models
by adding material layer-by-layer directly from computer aided design (CAD) model.
AM is defined as “a process of joining materials to make objects from 3D model data,
usually layer upon layer, as opposed to subtractive manufacturing methodologies”
(ISO/ASTM 52900 Additive manufacturing general principles terminology, 2015). AM
processes can be classified into seven techniques: binder jetting, direct energy
deposition, material extrusion, material jetting, powder bed fusion, sheet lamination,
and vat photopolymerization as shown in Figure 1.1. These techniques have been
revolutionizing in prototyping industries and have been widely applied in variety
industries, including aerospace, biomedical, construction and food (Ngo, Kashani,
Imbalzano, Nguyen and Hui, 2018). 3D printing process as show in Figure 1.2 starts
with designing 3D objects by using 3D modeling software such as CAD or Rhino
software. Then, 3D models are converted into a stereolithography (STL) that are
sliced into horizontal layers. After that, the file is sent to the 3D printing machine in

which 3D part is fabricated layer by layer on the machine.



Rapid Prototype Manufacturing

Subtractive Manufacturing Additive Manufacturing or 3D Printing
,_I_| [
[ | ]
Turning Milling Liquid Based Solid Based Powder Based
| | |
Material jetting Sheet lamination Binder jetting
Vat photopolymerization Material extrusion Powder bed

Directed energy deposition

Figure 1.1 Classification of rapid prototype manufacturing processes

e - N/ -

3D modeling =) STL file - Slicing - 3D printing machine

Figure 1.2 3D Printing process

3D Printing is an innovation which is becoming the main manufacturing
process in-many industries due to a flexible design and possible fabrication of
complex geometry parts (Lu, Li and Tian, 2015). Compare with conventional
manufacturing processes, the 3D printing is more efficient in terms of material usage
and energy consumption because it fabricates the final products by adding martial
(Peng, 2016). Previously, 3D printing has been used to produce functional prototypes.
Nowadays, 3D printing is effectively used to produce final products because it is able
to 3D print small quantities of customer requirement with relatively low costs
(Berman, 2012). The transition from conventional prototyping to individual customer
manufacturing has been interesting for the 3D printing application. However, the 3D

printing technology has existing limitations include size limitation, high cost of 3D



printing equipment and material (Chen, He, Yang, Niu and Ren, 2017; Huang, Liu,
Mokasdar and Hou, 2013). General raw materials that can be printed by using the 3D
printing processes are classified three categories based on the nature materials into
liquid-based, solid-based and powder-based as shown in Figure 1.1. Because of the
printable materials, the range of the 3D printing application is limitation to other
fields. Then, new materials such as biomaterials, composite materials, smart material,
ceramics materials and electronics materials have been developed and used for 3D
printing applications (Lee, An and Chua, 2017). Paste is viscosity material have been
interested to fabricate physical parts by using 3D printing technologies. The physical
parts can be maintained after printing because of high viscosity materials. Paste is a
mixture of powder and liquid which can be formed from many different substances.
Pastes are formed by using extrusion methods in which it is necessary to know the
paste properties that are used to determine printing conditions of 3D printer
machines. High viscosity Cu pastes were formulated and printed by using 3D printer
with a screw extruder to produce 3D metal structures and determine the printing
conditions (Hong, Sanchez, Du, and Kim, 2015). The experimental results showed that
the quality of the 3D metal structure shape and printing conditions depend on the
viscosity of material. The piston type extrusion (PTE) method and food materials with
different viscosities were investigated to optimize condition of viscosity, temperature,
pressure and nozzle traveling speed (Kim, Eo and Cho, 2018). The experimental
results showed that the material viscosity of 0.001-1000 Pa.S, the nozzle traveling
speed 0.0015 and 0.002 m/s were the optimize printing conditions. The printability of
the high viscosity ceramic pastes by using the screw type extrusion (STE) machine
was studied to define the significant parameters extrusion process (Kim, Cho and
Zielewski, 2019). The resultant of the study showed that water content in material
(WC), revolutions per minute (RPM) and diameter of the nozzle tip (TIP) were
significant parameters that effect to the 3D printability. There are many paste
materials including food, metal and clay (Paphakorn and Thanakharn, 2021), in which
the paste materials can be printed by using extrusion methods. The material
extrusion is the additive manufacturing process is a process in which material is

extruded through a nozzle. Main material extrusion-based additive manufacturing



techniques can be classified into three categories as shown in Figure 1.3. Filament-
based extrusion is one of the extrusion-based additive manufacturing techniques in
which a schematic of this technique is shown in Figure 1.3 (a). Polymeric material in
the form of a filament is heated to reach semi-liquid state and then extruded though

a nozzle for fabricating 3D model.

(@)
00 \
| §

(a) Plunger-based (b) Filament-based  (c) Screw-based

Heater
Heater

—
-—

= =
—

Figure 1.3 Extrusion-based additive manufacturing techniques

This technique has limitations of application available materials in the form of
a filament and instable flow of low viscosity material (Ngo et al.,, 2018). To avoid
these limitations, plunger-based extrusion technique has been developed. A
schematic of this technique is shown in Figure 1.3 (b), in which a heater is attached
around a barrel to heat material into semi-liquid state. Then, the material is extruded
though a nozzle by a linear piston movement. In this technique, material degradation
is main limitation that effects on material properties (Valkenaers, Vogeler, Ferraris,
Voet and Kruth, 2013). In order to overcome an existing limited range of printable
materials in filament-based extrusion and material degradation in piston-based
extrusion, screw-based extrusion technique has been developed. A schematic of this
technique is shown in Figure 1.3 (c). A screw extruder, a heating system and a nozzle
are three main components of screw-based extrusion. A screw is used to extrude
molten material through a nozzle by the rotating an electric device and 3D structure
is fabricated. The screw is a key component for an extruder in which it is used to

control the start and stop of extrusion.



Clay is a type of ceramic material, which is the paste material. Dan kwian clay,
Lampang clay and Ratchaburi red clay are important raw materials that have been
used to manufacture the ceramic pottery of Thailand. Red clay from Ratchaburi
province in Western Thailand have been used to form pottery and garden ware.
Ratchaburi red clay has high plasticity for forming ceramic bodies. However, the
Ratchaburi red clay is very sticky and difficult to dry. Lampang clay is normally found
in Lampang province in northern Thailand. Which has been used for the
manufacturing of ceramic products. Dan kwian clay is the clay that normally found
near the moon riverside in Dan kwian subdistrict, Chok Chai district, Nakhon
Ratchasima province in Northeast Thailand. Dan kwian clay is raw material that is
used to form Dan kwian pottery products. Those clays were analyzed to study
microstructure, clay minerals and mineral compositions which are suitable for the
clay printing machine. Dan Kwian pottery is a famous product of Nakhon Ratchasima
province, Thailand in which it is a high viscosity material. Dan Kwian clay is raw
material that is used to form Dan Kwian pottery products. The pottery products are
formed by using hand throwing technique. A general process of Dan Kwian pottery
forming is shown in Figure 1.4. The basic processes include raw material preparation,
forming and drying. In forming process, clay models are produced by hand throwing
on a pottery wheel. Potters require individual experience and proficient workers to
form the model. This process needs special control due to the clay models flexibly

deform.

Material preparation Forming Drying

Figure 1.4 A general Dan Kwian pottery forming process



To improve pottery manual fabrication to automatic construction. This
research presents the development of a clay printing machine based on material
extrusion additive manufacturing technique, in which clay material is extruded
through a circular nozzle by screw rotation to form clay model layer by layer without
mold and die. The screw is used to control the start and stop of extrusion and the
consistency of extruded clay filament. In the clay printing machine process, the
method of solidification is different from the extrusion-based additive manufacturing
techniques as shown in Figure 1.5 and 1.6. The material is extruded in a molted form
at room temperature in the typical fused deposition modeling (FDM) process. Then,
the molten material becomes to solid state by heat transfer process as shown in
Figure 1.5 (a). In the freeze-form extrusion fabrication (FEF) process, aqueous-based
ceramic or metal paste are deposited on a platform. The platform is set in a freezer
space in which the extruded material is solidified to frozen solid as shown in Figure
1.5 (b). In the ceramic on-demand extrusion (CODE) process, the ceramic paste is
deposited on a substrate located in a liquid oil tank as shown in Figure 1.6 (a). After
completing each layer, the liquid oil is pumped into the tank to preclude water
evaporation. Then, an infrared lamp is used to dry the extruded material. The
solidification of clay printing machine process, the clay paste is extruded on a
platform at room temperature The solidification of clay printing machine process, the
clay paste is extruded on a platform at room temperature. The extruded clay is
solidified by water evaporation process as shown in Figure 1.6 (b). The clay printing
machine consists of a material container for delivering system, a screw extruder for
extruding clay through a circular nozzle and movement system. The main functions
of the screw extruder are controlling and conveyance of amount extruded clay
material. To develop the capability material deposition of the machine, nozzle
diameters, screw extruder velocities, and screw pitch were studied to design the

screw extruder.
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i

Heat transfer Cooling
(a) The fused deposition modeling process (b) The freeze-form extrusion fabrication process

Figure 1.5 Diagram solidification process of fused deposition modeling

and freeze-form extrusion fabrication process

Martial inlet
Evaporation of water
e —
(a) The ceramic on-demand extrusion process (b) the clay printing process

Figure 1.6 Diagram solidification process of ceramic on-demand extrusion

and the clay printing process

1.2  Research objective
A research objective is to design the screw extruder on a paste extrusion
process, in which the influences of screw pitch, nozzle diameter and screw extruder

velocity are investigated.



1.3  Scope of the research

l. The consideration paste material is Dan Kwian clay in which a
traditional material in north east of Thailand normally has been used to form
traditional pottery.

II. The screw extrusion machine is a machine to construct clay model
layer-by-layer based on the extrusion additive manufacturing. The workspace of this
machine is a 200 mm. x 200 mm. x 300 mm. (width x length x height).

IIl. The length of clay filaments is 100 mm. and the width of clay
filaments was measured at three positions of filament by using a digital microscope.

V. To evaluate a capability material deposition of the clay printing
machine, fixed variables are screw length, internal diameter of screw, external
diameter of screw and helix angle.

V. Independent variables are screw pitch (18, 24 mm.), nozzle diameter
(5, 6, 7 mm.) and screw extruder velocity (14, 19, 24 mm/s)

VI. A response variable is a clay filament diameter.

1.4 Research procedure

The research procedure starts with Chapter |, which presented the
background on the extrusion-based additive manufacturing techniques and
identification of the problem. Then, the research objective and scope of the study
were presented. Chapter Il presented the theoretical extrusion-based system which
focuses on this research. The applications of the material extrusion-based additive
manufacturing and screw extrusion were reviewed. The comparison of the material
extrusion techniques with the characteristic of feedstocks and the limitations were
present in which the extrusion mechanisms were classified into three categories. In
addition, the background on the clay material was present. Chapter Il is composed
of the clay printing machine configuration, material preparation, printing parameters
and experiments. The experiment element was conducted with the identification a
proper formular of clay material for the clay printing machine and the experiment of
material deposition of the machine. Chapter IV presented the analysis of the

experimental results. The main effects of the parameters on the width of extruded



clay filament were identified. The linear model relating the width of clay filament to
the main effects was presented. Finally, all the findings in this research were
summarized and the recommendations of the research were pointed out in Chapter

V. The research procedure is illustrated in Figure 1.7
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CHAPTER Il
LITERLATURE REVIEW

2.1 The extrusion-based system

The extrusion-based additive manufacturing is a process that used extrusion
to fabricate 3D models layer by layer. This process is developed based on the basic
principle of the conventional polymer extrusion process. An extruder of the
extrusion-based additive manufacturing is vertically mounted on the moving system
different from the extruder of the conventional polymer extrusion process. In the
extrusion process, feedstock that is contained in a reservoir is pushed out though a
nozzle by applying the pressure. The characteristic of the extruded material is semi-
liquid stage. So, it is able to join with previous layer before solidifying. The extrusion-
based additive manufacturing processes have been developed and applied to many
fields with difference materials. There are several techniques in the extrusion-based
additive manufacturing processes such as fused deposition modeling (FDM),
robocasting (RC), direct ink writing (DIW), freeze-form extrusion fabrication (FEF) and
aqueous-based extrusion fabrication (ABEF). The extrusion mechanisms and the
methods of the solidification are used to classify these techniques (Hu, Mikolajczyk,

Pimenov and Gupta., 2021).

2.2  The material extrusion-based additive manufacturing (MEAM)
According to the International Organization for Standardization (ISO) and
America Society for Testing and Materials (ASTM) 52900:2015, the material extrusion
is defined as an additive manufacturing process in which material is extruded through
a nozzle to form 3D models layer-by-layer on a platform. In AM processes, the MEAM
processes are widely used due to an uncomplicated printing mechanism, variety of

applications and low costs (Jiang et al., 2020).
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The MEAM processes have been several applied to form 3D objects into
many sectors such as food, ceramic and architecture. The MEAM processes can be
classified into three categories based on the extrusion mechanism as show in Figure
2.1. Filament-based, plunger-based and screw-based extrusion have been used to

extrude solid, liquid or viscosity materials, which will be described in this section.

Heater
Heater

(a) Filament-based (b) Plunger-based () Screw-based

Figure 2.1 Three categories of the extrusion mechanism

2.2.1 Filament-based extrusion

Filament-based extrusion or fused deposition modeling (FDM) is one
of the extrusion-based additive manufacturing techniques. Which is the most widely
used for production variety plastic models. A schematic of this technique is shown in
Figure 2.1 (a). The polymeric materials in form of a filament which are rolled in a
spool in which it is heated to reach semi-liquid state and then extruded though a
nozzle onto the platform for fabricating 3D model layer by layer. FDM process has
been the most widely used to form several 3D models with a wide range of
materials, size, complex geometries and low cost. Acrylonitrile butadiene styrene
(ABS), poly actic Acid (PLA), polyamide (PA) and polycarbonate (PC) are commonly

thermoplastics used for FDM processes (Calignano et al., 2017). There are the wide
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range of temperatures which is helpful for extruding. After extrusion, the extruded
polymer is able to rapidly solidify so that the models can be mainland the shape
(Zhang, Wang, Li J., Li X., and Cheng., 2020). Ceramics, metal, and variety combination
of them have been using in fused deposition modeling process (Nurhudan, Supriadi,
Whulanza and Saraih., 2021). However, this process has disadvantages of available
materials in the form a filament, instable flow of low viscosity material and buckling
of filament (Ngo, Kashani, Imblazano, Nguyen and Hui., 2018).
2.2.2 Plunger-based extrusion

Plunger-based extrusion, also referred to as syringe-based extrusion is
one of the extrusion-based additive manufacturing techniques in which materials in
form of liquid or soft-material are loaded into a barrel. Then, the material is extruded
though a nozzle onto the platform by a linear plunger movement. The plunger is
controlled by using a stepper motor. Therefore, the extrusion rate is controlled by
adjusting of the speed motor. A schematic of this technique is shown in Figure 2.1
(b). In food printing, Plunger-based extrusion, also referred to as syringe-based
extrusion has been widely applied in 3D food printing process (Sun, Zhou, Yan,
Huang and Lin., 2018). Malon and Lipson (2007) introduced the Fab@Home model 1,
which is an open-source 3D printer based on the syringe-based extrusion to form
liquid food material. Lipton et al. (2010) used the Fab@home model 2 to print a
prism shaped cookie. Also, the Netherlands Organisation for applied scientific
research (TNO) has been developed the syringe-based extrusion process for a variety
of foods (Van der linden, 2015). Kim, Eo and Cho (2018) used the piston type
extrusion method to print various viscosity materials in order to find the optimal
conditions of the machine. In additional, the plunger-based extrusion was used to
form ceramic pastes (Li et al., 2017; Leu et al.,, 2012). On the other hand, there some
materials which used the plunger-based extrusion with heater for extrusion process.
The heaters are attached around a barrel to heat material into semi-liquid state.
Then, the material is extruded though a nozzle onto the platform by a linear plunger
movement. Amza, Zapciu and Popesce., (2017) presented the designed paste
extruder hardware add-on for desktop 3D printer in which feedstock is heat and

pressed through a nozzle by piston drive. After design the past extruder, 3D models
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were fabricated by using different paste materials such as silicone, acrylic and dental
get. Singh G., Singh M., and Minz (2018) developed a piston extrusion system for
formation of peda (milk-based sweet). The system consists of a cylindrical barrel,
piston, die and temperature control. However, there are disadvantages of the
plunger-based extrusion, such as dimensional inaccuracy, poor surface finish, a few of
the molten material in the syringe and heavy extrusion mechanism because of
material loaded.
2.2.3 Screw-based extrusion

In order to overcome the disadvantages of filament-based and
plunger-based extrusion, screw-based extrusion technique has been developed. A
schematic of this technique is shown in Figure 2.1 (c). A screw extruder, a heating
system and a nozzle are three main components of screw-based extrusion. A screw
is used to extrude molten material through a nozzle by the rotating an electric
device and 3D structure is fabricated layer by layer on the platform. In conventional
polymer extrusion process, granular materials are fed into the hopper and conveyed
into melting section by a screw extruder. Then, the granules are heated and become
a molten material. Eventually, a molten material is pushed into the die to form the
material into the design shape (Abeykoon, 2016). A conventional single-flighted screw
extrusion, which is used in polymer extrusion process, is divided in the feeding
section, compression section and metering section as shown in Figure 2.2. Nowadays,
the conventional single screw extruder has been widely applying in the 3D forming
processes. Netto et al., (2021) reviewed on the evolution of the extrusion additive
manufacturing with- screw-assisted. This review focused on the design system of the
extruders that were used to feed the granular materials. In avoid the preparation of
filament material process, the development of extrusion system in a commercial
FMD technology was presented (Bellini, Shor and Guceri.,, 2005). The screw with
constant pitch and depth was designed and assembled in the extrusion system of
the commercial FMD technology as shown in Figure 2.3 (a). The granular ceramic was
fed in the feeder tube and conveyed along the screw channel into the nozzle. The

experiments were conducted to test the performant of the extrusion system. During
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the extrusion process, it was observed that when the size of granule less than 3 mm,

the agglomeration of granules occurred in the feeder tube.

Re====

Feeding (L¢) Compression (L)  Metering (L)

Figure 2.2 Schematic diagram of a conventional single-flichted screw extrusion
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(a) The screw extruder with feed tube (b) The screw extruder with screw feeder

Figure 2.3 Schematic diagrams. of the screw extruders

To avoid the feeding problem that mentioned, an automatic screw feeder as
shown in Figure 2.3 (b) was developed for feeding polymeric pellets (Reddy B., Reddy
N. and Ghosh., 2007). Moreover, a screw extruder with variable depth and pitch was
design and assembled in the extrusion system in order to eliminate air entrapment.
But, the feeder of the material was mounted on the barrel to avoid the compression

of the material as shown in Figure 2.4 (a) (Silvera and Freitas., 2014). The screw with
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three sections was developed and assembled in the extrusion system of the FDM
technology. The raw material in form a powder was used to extrude continuous
filaments for investigation of the capacity of extrusion head. Kumart, Jain, tandon and
Pandy., (2018) presented the screw extrusion-based material deposition tool which
developed which consists of the screw, barrel, hopper, band heater, supporting
frame and tool holder. According to literatures mentioned above, the reviews focus

on the

| — &
L\ / | Screw extruder |__J

j 4

Printer head

(b) the printer head was connected to the screw extruder

L]

(a) the feeder of was mounted on the barrel

Figure 2.4 Schematic diagrams of the screw extruders

materials in form of granule which was used in the 3D printing process with
screw-based extrusion. On the other hand, the screw-based extrusion has been
widely applied into 3D food printing processes in which viscosity materials are
extruded out of the nozzle on the platform to fabricate the designed 3D shape. Hao
et al, (2010) presented the new chocolate additive layer manufacturing process
(ChocALM). The ChocALM consists of the tempering chamber, delivery system of
material, deposition head and the positioning system. The viscosities of chocolate
were characterized. Line tests were used to study the effects of the extrusion rate
and nozzle moving speed on the extruded chocolate geometry. Wang, Zhang,

Bhandari and Yang., (2018) presented a new 3D food printing based on screw
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extrusion. Nozzle diameters, nozzle heights, nozzle movement speeds, extrusion rate
and material properties of fish surimi gel are printing parameters, which were
conduced to find the optimization of printing parameters. The experimental test was
found that the 2.0 mm nozzle diameter, 5.0 mm nozzle height, 28 mm/s nozzle
movement speed and 0.003 cm/s extrusion rate were optimal parameters to print 3D
models with smooth surface and good geometry. Lemon juice gel was used to print
3D models by using the developed 3D food printing. An equation that shows the
relationship between the nozzle diameter, the nozzle movement speed and the
extrusion rate was purposed (Yang, Zhang and Bhandari., 2017). The equation is used
to estimate the nozzle movement speed when the nozzle diameter and the
extrusion rate were known. In addition, the material in form pastes can be used to
form 3D models by using the screw-based extrusion concept. Hong et al., (2015)
modified the FDM printer in which the printer head was connected to the screw
extruder that was separated from the FDM printer structure as shown in Figure 2.4
(b). High viscosity Cu pastes were fed into the screw extruder and extruded to form
3D metal structures. As previously mentioned, the filament-based, plunger-based
and screw-based extrusion are the MEAM techniques that have been widely applied
to fabricate 3D models. Table 1 presents the comparison of the MEAM techniques
that are used in 3D model processes, the characteristic of feedstock and the

limitations of each technique.



Table 2.1 The comparison of the MEAM techniques with the characteristic of feedstocks and the limitations

Extrusion

mechanisms

Description

Characteristic feedstocks

Limitations

Filament-based

Process in which the materials in form of
a filament is heated to reach semi-liquid
state and then extruded though a

nozzle onto the platform.

Filaments of polymers, ceramics, metals,

biomaterials and composite

Available materials in the form a
filament, instable flow of low
viscosity material and buckling of

filament

Plunger-based

Process in which the materials in form of
a semi-liquid or soft-material is extruded
though a nozzle by a linear plunger

movement.

Paste, High viscosity of materials such as jam,

mayonnaise, peanut butter and ketchup

Molten chocolate, milk-based sweet

Dimensional inaccuracy, poor
surface finish, a few of the molten
material in the syringe and heavy
extrusion mechanism because of

material loaded

Screw-based

Process in which the materials are
extruded through a nozzle by the

rotating of screw extruder

Granular of ABS, PLA, PCL and composites

High viscosity metal paste, ceramic and clay

/chocolate / lemon juice gel / fish surimi

Large structure, complex extrusion

mechanism,

81
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Lo

Barrel

Figure 2.5 Schematic diagram of screw geometry

Table 2.2 Parameter for screw geometry

Parameter Symbol Dimension
Barrel length Lp mm
Screw length L mm
Barrel diameter D mm
External screw diameter D mm
Internal screw diameter d mm
Screw pitch S mm
Flight depth h mm
Chanel width w mm
Helix angle 0) o
Screw clearance 0 mm

2.3 The screw extrusion

Previously literatures that were mentioned, highligshted the applications of
the screw-based extrusion in 3D model processes. However, there are few literatures
that studied on the design of the screw extrusion for 3D model process. A
conventional single-flishted screw a shown in Figure 2.2, The screw is the key

component of the screw extruder in which the viscosity material in the barrel is
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pushed along the screw channel through a nozzle by the pressure that is generated
by the screw rotating. A diagram of screw geometry is shown in Figure 2.5 and
parameters of screw geometer are summarized in Table 2.2. The conventional single-
flishted screw extrusion is divided into 3 sections as the feeding, compression and
metering. The function of feeding section is to convey solid material from the hopper
to the compression section. In this section, flight depth is designed with constant
depth and pitch. Which has a large depth when compared with another section in
order to increase enough volume of material to convey into metering section. In the
compression section, the flight depth constantly decreases along the length of the
section in order to improve the compression, but still constant pitch. During this
section, the solid material is melted to become molten material which is
compressed to eliminate the entrained air. Then, the molten material is conveyed to
metering section. The flicht depth of the metering section is smaller depth than
another section. In the metering section, the material is completely melted stage
and homogenized which is extruded through the shaping die. The amount of the
extruded directly relates to the screw length and screw diameter. Equation 2.1 is a
ratio of the screw length and the external screw diameter (L/D) in which the screw

length (L) divided by the external screw diameter (D).

/D= The screw Lengirh 2.1)
The external screw diameter

The L/D ratio is used to describe the relation between the screw length and
the external screw diameter. Normally L/D ratio of screw is between 20:1 - 30:1. The
high L/D ratio has a larger output than low L/D ratio (Wagner, Mount and Giles.,
2014). Because characters and properties of the material used in the FDM process are
similar to the material used in the plastic extrusion. Therefore, the conventional
single-flighted screw that is used in the polymer extrusion process has been widely
applying for vertical extruder in the FDM process. Valkenares et al., (2013) designed a
screw extrusion based on the conventional single screw of plastic extrusion for 3D

printing process. The L/D ratio was determined as 10:1 to reduce the time of material
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that stay in the extruder. A screw extrusion-based additive manufacturing was
developed to print polyether-ether-ketone material (Tseng et al,, 2017). The screw
extrusion was designed with the L/D ratio as 20:1 (tola length screw = 280 mm, screw

diameter = 14 mm and screw pitch = 14 mm).

2.4  The clay material

Ceramic is one of the most materials, used to fabricate 3D models in the
extrusion-based additive manufacturing processes because of high mechanical
strength, manufacturing scalability and low cost of raw material (Zocca, Colombo,
Gomes and Gunster., 2015). The ceramic materials of the extrusion-based additive
manufacturing processes are categorized in two forms as filament and paste. The
ceramic in filament form is widely used in the FDM process. However, the process of
the filament preparation becomes a limitation of this process. So, ceramic in paste
form is a more flexible material. In this study, the paste is a mixture of clay and
water, used to form pottery models. Generally, the solid component of a paste has a
particle size in the range 0.1 — 100 gm (Benbow and Bidgater., 1993). Clay becomes
soft and plastic when water is added. The plastic character is defined as the ability of
clay material to be moulded without rupture when force is applied (Bergaya and
Laaly., 2013). Kaolinite clay form Colombia with different water to clay ratio (w/c)
between 0.57 -0.65 % was prepared and printed cylindrical models by using the DIW
technique (Revelo and Colorado., 2015). The experimental results were found that
w/c ratio in the 0.36 — 0.40 % produce printable models. The w/c ratio at 0.60 %
showed the best result in term of the flow test and the surface finish. In 2019,
Revelo and Colorado used the DIW technique to fabricate kaolinite clay with several
ceramic additive powder. The experimental results were found that the w/c ratio at
0.70 % with fly ash as an additive powder were the best in term of mechanical
properties and surface finishing.

In this study, the consideration material is Dan Kwian clay in which a
traditional material in north eastern of Thailand normally has been used to form
traditional pottery. Dan Kwian clay has small particle sizes and high-plasticity which is

easily formed into pottery models (Srilomsak, Pattanasiriwisawa, Somphon,



22

Tanthanuch and Meethong., 2014). The main mineral compositions of Dan Kwian clay
are quartz (45.7 wt%), kaolinite (42.3 wt%) and feldspar (5.6 wt%) (Poowancum and
Horpibulsuk., 2015). Traditionally, ceramic and pottery products are formed by using
paster mold or hand throwing. A general process of pottery forming is shown in
Figure 1.4. The basic steps include raw material preparation, forming and drying. The
most of those products are produced based on a symmetry model. Ceramic and
pottery artists require individual experience and proficient workers to form the
complicated model. In pottery forming process, clay models are manufactured by
using hand throwing on a pottery wheel. This process needs special control due to
the clay models flexibly deform. Then, the green body is dried and fired to
temperatures of 900 — 1100 °C in kiln. Former design and low productivity are
limitations of the pottery forming process by hand throwing. Therefore, the clay
printing machine has been developed to improve pottery manually fabrication to
automatic construction. This machine has been modified based on the additive
manufacturing. That is able to produce complicated models when compare with

traditional fabrication methods.



CHAPTER IlI
EXPERIMENTAL PROCEDURE

This chapter depicts the experimental work on a design of clay printing
machine, an evaluation of clay materials and an experiment of capability material
deposition. The process sequence of the experiment is organized as follow. A clay
printing machine configuration was presented in section 3.1. In section 3.2, clay
samples were analyzed to study microstructure and clay mineral compositions. Also,
an appropriate formulation of clay material was identified. Experimental parameters

were investigated and the design of experiment was presented in section 3.3.

3.1 A clay printing machine configuration

The clay printing machine has been developed based on the paste extrusion
process, in which a machine constructs clay models layer-by-layer. The principle of
this machine is the deposition of clay materials through a nozzle to form 3D models
without mold and die. The clay printing machine was designed based on 3-axis
Cartesian gantry positioning system which is controlled by stepper motors. The
machine is controlled by an Arduino Mega 2560 R3 board with the Marlin firmware,
which controls the screw velocity, nozzle movement speed, platform movement
speed and other settings. The workspace of this machine is a 200 mm x 200 mm x 300
mm (width x length x height). The clay printing machine composes five major
components as shown'in Figure 3.1: (I) a material container for delivering system, (Il) a
screw extruder for extrusion, (Ill) a platform, (IV) movement system for moving a nozzle
in X and Y directions, in which these components have been controlled by stepper

motors via Computer Numerical Control (CNC) programming, and (V) a control panel.
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(IV) stepper motors

(V) control panel

Figure 3.1 A clay printing machine based on the paste extrusion process

3.1.1 Machine specification
3.1.1.1 The material container and connector tube

The material container is fabricated from a plastic material. The
capacity of material container is 1,000 milliliters (mL). The material container as shown
in Figure 3.2 functions as a piston extruder, in which the clay material is extruded
through a connector tube into a screw extruder by applying pressure. The material
container connects with the screw extruder by male straight pneumatic fitting and
plastic tube. The diameter of the tube is 10 mm. and the length is 650 mm. Geometric

parameter valves of material container are shown in Table 3.1.
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Piston

Figure 3.2 Diagram of the material container

Table 3.1 Geometric parameter valves of material container

Parameter Value
Cylinder diameter (Cy) 75 mm
Cylinder length (C) 320 mm
Capacity 1,000 mL

3.1.1.2 The barrel extruder
The main components of screw extruder are the barrel, screw
and nozzle as shown in Figure 3.3, while the platform moves up and down along the
Z direction. The barrel of the extruder interfaces with a nozzle in which the varying
diameter of the nozzle can be changed. The barrel is fabricated from metal material

in which the geometry parameter values of the barrel are shown in Table 3.2.
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Figure 3.3 3D diagram and cress section view of the screw extruder

Table 3.2 The geometry parameter values of the barrel

Parameter Value
External diameter (By) 50 mm
Internal diameter (B;) 38 mm
Barrel length (B) 108 mm
Nozzle length (N)) 40 mm

3.1.1.3 The screw extrusion

The screw extruder of the clay printing machine was designed
without the heating system, in which the main functions of the extruder are
compression and transportation of the clay material through a nozzle. There are
several screw types widely used in industry, the design of screw diameter, screw length,
screw pitch and pitch angle depend on material characteristics, capacity required or
conveying distance. In this research, the screw extruders were designed based on a
principle of basic conveyor flight and pitch types. There are two screw types to apply

for experiment. The short pitch, single flisht screw is commonly used for paste material
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specially in an inclined and vertical screw conveyor applications. This screw pitch is
equal to 2/3 screw diameter, which can be calculated using an equation 3.1
(Fruchtbaum J., 1988). This parameter was applied to control flow rate of extruded
material. A diagram of the short pitch, single flight screw geometry is shown in Figure
3.4. Besides, the half pitch, single flight screw is used for handling fluid materials. This
screw pitch is equal to 1/2 screw diameter, which can be calculated using an equation
3.2 (Fruchtbaum J., 1988). A diagram of the half pitch, single flight screw geometry is
shown in Figure 3.5. the geometry parameter values of the screw extrusions are shown

in Table 3.3. Actual representation of the single flight screws are shown in Figure 3.6.

Screw pitch = i(Screvv diameter) (3.1)

Screw pitch = ;(Screw diameter) (3.2)
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Figure 3.4 Schematic diagram of the shot pitch, single flight screw
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Figure 3.5 Schematic diagram of the half pitch, single flight screw

Table 3.3 The geometry parameter values of the screw extrusions

The single flight screw
Parameter
Short pitch, Half pitch
External diameter (D) 36 mm 36 mm
Internal diameter (d) 16 mm 16 mm
Screw length (L) 75 mm 75 mm
Helix angle (@) 6 6
Pitch (P) 24 mm 18 mm
Screw channel (S.) 20 mm 9 mm
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(a) the shot pitch, single flight screw

(b) the half pitch, single flight screw

Figure 3.6 Actual representation of the single flight screws

3.1.2 The extrusion process of the clay printing machine

The process of clay model forming starts with fabrication of 3D models,
in which the models are designed by using software model. Then, the 3D model is
converted into STL file format that are sliced to be equal to a layer thickness into
horizontal layers by an open-source slicer programming. The contours file is uploaded
to the clay printing machine by universal serial bus (USB) port or memory card at the
control panel port. Clay material is loaded into the material container. The screw
velocity, nozzle movement speed and infill levels are the parameters setting, in which
the clay printing machine is set up prior to the extrusion process. To start the extrusion
process, the clay material is extruded through a connector tube into the screw extruder
by applying pressure. The pressure is generated by controlling the position of the
piston, which are controlled by a stepper motor. When the clay is pressed into the
screw extruder. The clay is pushed and conveyed along the screw channel through a
nozzle by the screw rotation. The screw is driven by a step motor, which is the key
component of the extruder. The screw extruder moves along X-Y directions following

contours data, in which the extruder is controlled by step motors via Computer



30

Numerical Control (CNC) programming. When a considering layer is complete for all
contours. The platform is lowered (z direction) with a layer thickness and a new layer
is fabricated. These two steps are repeated until the model is completely fabricated,
in which the model is fabricated layer by layer on the platform. The process sequence

of the clay printing machine is shown in Figure 3.7.

3.2  Materials analysis
3.2.1 Evaluation of clay materials

Representative clay samples of Dan kwian clay, Compound lampang
clay and Ratchaburi red clay were prepared in form powder-based. Those clay samples
were analyzed to study microstructure, clay minerals and mineral compositions which
are suitable for the clay printing machine. The microstructures of the clay samples
were analyzed using Scanning electron microscopy (SEM, Carl Zeiss AURIGA) method.
X-ray diffraction (XRD, Burker D2 phaser) with CuK, radiation (A = 15406 A) scanning

between 0 and 70 was used to analyze the mineral compositions of the clay samples.

3.2.2 Identify an appropriate formulation of material for the clay printing
machine

Generally, the Dan kwian clay of Dan kwian pottery is mixed between

Dan kwian clay and Dan kwian sand in proportion 2:1. Which has small particle sizes,

high viscosity, high plasticity and a lot of iron oxide in the clay. The original Dan kwian

clay cannot be used in the clay printing machine because of high viscosity. Therefore,

the Dan kwian clay with water 1,000 mL and different proportion sand mixed were

prepared in order to decrease the viscosity. The experimental clay formulations are

shown in Table 3.4.



VI

VII.

Figure 3.7 The paste extrusion process based on the clay printing machine
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Table 3.4 Three formulations of the experimental clay

32

Formulation | Proportion | Dan kwian clay (kg) Sand (kg) | Water (mL)
1 1:0 1 0 1,000
2 1:0.5 1 0.5 1,000
3 1:1 1 1 1,000

3.2.3 Experiment design for identifying a formulation of clay material

A single factor experiment technique was used to analyze and define a

suitable clay formulation for the clay printing machine. The experimental clay is a

factor in which there are three formulations. Each formulation was experimented to

print five extruded clay filaments in which each length of clay filament is 100 mm. A

response variable is a width of extruded clay filament that was measured. While fixed

variables are nozzle diameter, screw velocity and screw pitch. The factor levels, fixed

variables and a response variable are shown in Table 3.5. The Analysis of variance

(ANOVA) technique was used to analyze the effects of the factor level in the width of

the extruded clay filament.

Table 3.5 The printing parameters for the material testing

Factor Level
1(1:0:1)
Clay formulations 2(1:0.5:1)
3(1:1:1)
Printing parameter Value
Nozzle diameter 6 mm
Screw extruder velocity 14 mm/s
Screw pitch 18 mm
Response variable Value
The width of extruded clay filament measurement
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3.2.3.1 The analysis of variance

There are three levels of a single factor. Factor A denotes the
clay formulations in which i th is level of factor A (i = 1, 2, 3). ¥ denotes the jth
response (replication) taken under factor level i (j = 1, 2, 3, 4, 5). Therefore, there are
15 (3 x 5) total responses, are shown in Table 3.6. The responses are randomly selected
one by one to arrange the order of the experiment. Therefore, this experiment is a
completely randomized design in which the order of the experiments is shown Table
3.7. The effect model that describes the response from this experiment as shown in

equation 3.3

Yij::u-l_ri-l_gij (3.3)

Where ¢ is the overall mean, and ¢is a ith level effect. €;is a random experimental
error. After finishing a treatment experiment, the widths of each extruded clay filament
were measured by using an ImageJ program. The measurements were taken at three
positions (1, 2 and 3) as shown in Figure 3.8 in which the mean value of the three

widths was calculated and recorded in the Table 3.7.

Table 3.6 The arrangement of the single factor for material testing

Treatment (level) Responses
1 YZ 1 YZ 2 Yl 3 Y] 4 Yl 5
2 YZ 1 YZZ Y23 Y24 Y25
3 Y3 1 Y32 Y33 Y34 Y35
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Table 3. 7 The order of the single factor experiment

Order Level Response Order Level Response

1 1 Y13 9 1 Y1
2 3 Y3 10 2 Y22
3 1 Yio 11 1 Yi4
4 3 Ys; 12 2 Yoq
5 2 Y3 13 3 Y35
6 2 Yos 14 3 Y,
7 1 Yis 15 3 Y34
8 2 Yo

Figure 3.8 An example of measurement by ImageJ program

3.2.3.2 Hypothesis testing
By the equation 3.3, the effect of the factor levels has an
influence on the responses. Therefore, the hypothesis testing was used to analyze the
influence of the factor level on the responses. The testing focuses on the influences
of each level factor A (7 ) effect or not effect to the width of the extruded clay filament.

The null hypothesis (Ho)and alternative hypothesis (Hl)of the factor levels were
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presented in equations 3.4. The P-value approach was used to report the results of a
hypothesis test. The P-value is the probability that is a smallest level of significance in
which the null hypothesis was or was not rejected. In this experiment, the smallest
level of significance is equal to 0.05 in which the null hypothesis was rejected with the
P-value is less than 0.05 (P-value < 0.05). The values of the P-value were calculated
from a statistical test. The ANOVA technique was processed with Minitab software
(Minitab® 18.1: © 2017 Minitab, Inc. All rights reserved). Differences of p < 0.05 were

determined to be significant.

Hy:t,=7,=7,=0
: (3.4)
H, :7, # 0 for at least one i

3.3 Investigate printing parameters
3.3.1 Printing parameters

In the extrusion process, the clay paste is pushed along the screw channel
and extruded through a nozzle by rotation of the screw. The screw is controlled by a
step motor via CNC programming. Therefore, the characters and the amount of the
extruded clay filament depend on the screw character and the velocity of the rotation
of the screw. In order to control the diameters and the characters of clay filament,
screw extruder velocity, screw pitch and nozzle diameter were set as the printing

parameters. The printing parameters are listed in Table 3.8.

Table 3.8 The printing parameters

Printing parameter Unit
Nozzle diameter (N) mm
Screw extruder velocity (V) mm/s
Screw pitch (P) mm
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3.3.2 Experiment design for investigate printing parameters of the clay
printing machine

Design of Experiment (DoE) method was applied to study the effect of

printing parameters (factors) on the width of the extruded clay filament (response
variable). Therefore, factorial design technique is efficient for this experiment in which
all combination of the levels of the factors are investigated for each replication of the
experiment. The ANOVA technique was processed with Minitab software (Minitab®
18.1: © 2017 Minitab, Inc. All rights reserved). Differences of P-value < 0.05 were
determined to be significant. To investigate a capability material extrusion of the clay
printing machine, the printing parameters that effect on the extrusion and their levels
were determined in order to control the width of the extruded clay filament. There
are three levels of the screw extruder velocity, three levels of the nozzle diameter
and two levels of the screw pitch. A response variable is a width of extruded clay
filament that was measured. While fixed variables are screw length, internal diameter
of screw, external diameter of screw and helix angle. The printing parameter, fixed
variable and response variable are shown in Table 3.9. By a factorial design, factor A
denotes the screw pitch, factor B denotes the nozzle diameter and factor C denotes
the screw extruder velocity. While Yj; denotes the response that are effected from
factors level i, j, k and their interactions. When / th is level of factor A (i = 1, 2), j th is
level of factor B (j = 1, 2, 3), k th level is factor C (k = 1, 2,3) and t th is replication (t =
1, 2, ..., n). The effects model of the response in this a factorial experiment shows as

an equation 3.5.

Y, =u+1,+B,+7, +(T'B)g/ + (T}/)ik +(,B}/)jk + (rﬂ}/)ﬁk +&y (3.5)
2?:12;12;1)@/( ‘

= d 3.6

# N 5.6

Where u is the overall mean effect as shown in an equation 3.6. N is total the
observed responses. is the effect of the ith level factor A. ﬂj is the effect of the jth
level factor B. y, is the effect of the kth level factor C. (z8) is the effect of the

y

interaction between rand f;. (T}/)ik is the effect of the interaction between rand 5,
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. (ﬂy)jk is the effect of the interaction between f;and 5, . (78y). is the effect of

ik

the interaction between , ﬁjand 7, - € ls an error term.

Table 3.9 The experimental parameters

Printing parameters Factor Level Value
Screw pitch (P) Asi=1,2 2 18, 24 mm
Nozzle diameter (N) B;j=123 3 5,6, 7 mm
Screw extruder velocity (Vo) C;k=1,2,3 3 14, 19, 24 mm/s
Fixed variable Value Unit
External diameter (D) 36 mm
Internal diameter (d) 16 mm

Screw length (L) 75 mm

Helix angle (@) 6 degree
Response variable Value

The width of extruded clay filament (Y measurement

3.3.3 The experiments planning

In this research, there are three levels of factor A, three levels of factor
B, two levels of factor C. So, there are 18 (3 x 3 x 2) treatment combinations. Each
treatment composed of 20 extruded clay filaments (replication) in which each length
of extruded clay filament is 100 mm. Therefore, there are 360 (3 x 3 x 2 x 20) total
responses. Factorial design experiments are shown in Table 3.10. The responses are
randomly selected one by one to arrange the order of the experiment. Therefore, this
factorial design is a completely randomized design in which the order of the

experiments is shown Table 3.11.



Table 3.10 The arrangement of a factorial design for extrusion testing

Factor A, Factor B; Factor C, Response

Cl YJZI,I’ Y111,2: Y111,3’ sy Y1111,87 Y1111,97 Y111,20
Bl CZ YZ]Z,Z]: Y112,227 YZ]Z,Z}: ey YZ]Z,}B: Y112,391 Y112,40
C3 Y113,41: Y113,42: Y113,43: sy Y113,58: Y113,597 Y113,60
C1 Y121,517 ey ey eeey ey eeny Y121,80
Al BZ CZ Y122,81: S S R BRI BL) Y122,100
C3 Y123,101: sery weey weey eeey eeey Y123,]20
C1 vy asy seey seey sany sesy ves

83 CZ ceeg sesy seey seng eeey sery see

C3 ey weey cuey wesy ssey weey eee

B1 Cz cesy sery wesy sesy sesy seey wes

C3 ey weny weny ey eey eey s

Cl ey eeny wany weey ey ey s

A, B, G,

C3 ey ey eeey eeey weny ey ee

(@] Y231,301) vy oer wves wony ey V231,320
83 CZ Y232,3211 B S R IR BRLLY) Y232,340

C3 Y233,3411 seey weey weey eeey eeey Y233,350

8¢



Table 3.11 The order of the factorial design experiments
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Order | Screw pitch Nozzle diameter Screw extruder velocity Response
(A) (B) (CY

1 24 6 19 Yooz
2 24 6 19 Y022
3 24 6 19 Y223
20 24 6 19 Y2020
21 18 6 19 Yi2221
22 18 6 19 Y1202
40 18 6 19 Yi2240
41 24 5 14 Y1141
42 24 5 14 Yor142
60 24 5 14 Y1160
61 24 7 24 Yo33.61
62 24 7 24 Y235,62
80 24 7 24 Y233.80
81 18 5 19 Y1281
82 18 5 19 Y1282
100 18 5 19 Y 112100




Table 3.11 (Continued)

Order | Screw pitch | Nozzle diameter | Screw extruder velocity Response
(A) (B) (C)
101 24 7 14 Yo21.101
102 24 7 14 Y0110
103 24 7 14 Y 221,103
120 24 7 14 Yo21120
121 18 5 24 Yi13.121
122 18 5 24 Yi13,122
140 18 5 24 Y 113140
141 24 5 19 Y 13,141
142 24 5 19 Y 15142
160 24 5 19 Y213,160
161 18 6 14 Yio1.161
162 18 6 14 Y 121,162
180 18 6 14 Y 121,180
181 24 6 24 Y 203,181
182 24 6 24 Y 203182
200 24 6 24 Y 225,200
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Table 3.11 (Continued)

Order | Screw pitch | Nozzle diameter | Screw extruder velocity Response
(A) (B) (CY
201 18 7 19 Y 152,201
202 18 7 19 Y 152,202
203 18 7 19 Y150.203
220 18 7 19 Y150220
221 24 7 14 Yo31.001
222 24 7 14 Y2351.022
240 24 7 14 Y 231,240
241 24 5 24 Y 213,241
242 24 5 24 Y 215242
260 24 5 24 Y2135.260
261 24 6 14 Y01 261
262 24 6 14 Y 201,262
280 24 6 14 Y 201,280
281 18 7 14 Yi51.081
282 18 7 14 Y131.082
300 18 7 14 Y131.300

41
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Table 3.11 (Continued)

Order | Screw pitch | Nozzle diameter | Screw extruder velocity Response
(A) (B) (C)
301 24 5 14 Yo11.501
302 24 5 14 Y11.302
303 24 5 14 Yo11.503
320 24 5 14 Y1132
321 18 6 24 Y 103,501
322 18 6 24 Y 123,322
340 18 6 24 Y 123,340
341 18 7 24 Y155.301
342 18 7 24 Y 133,342
360 18 7 24 Y 135,360

3.3.4 Hypothesis testing

By the equation 3.4, the effect of the factors and their interactions have
an influence on the responses. Therefore, the hypothesis testing was used to analyze
the influence of the factors and their interactions on the responses. The null
hypothesis (Ho)and alternative hypothesis (Hl) of the factors and their interactions
in this research were presented in equations 3.7 — 3.13. In this research, the P-value
approach was used to report the results of a hypothesis test. The P-value is the
probability that is a smallest level of significance in which the null hypothesis was or
was not rejected. In this experiment, the smallest level of significance is equal to 0.05
in which the null hypothesis was rejected with the P-value is less than 0.05 (P-value <
0.05). The values of the P-value were calculated from a statistical test. The screw pitch
(factor A), nozzle diameter (factor B) and screw extruder velocity (factor C) are the

printing parameters, were studied in the hypothesis testing. For the screw pitch (factor
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A), the influences of each level factor A () effect or not effect to the width of the
extruded clay filament. The statement of the null hypothesis and alternative

hypothesis are shown as equation 3.7.

H,:t,=7,=0

. (3.7)
H, :7, #0 for at least one i

For the nozzle diameter (factor B)), the influences of each level factor B (,3_,) effect or
not effect to the extruded clay filament diameter. The statement of the null

hypothesis and alternative hypothesis are shown as equation 3.8.

H,:B=5=5=0

(3.8)
H,: B, #0 for at least one j

For the screw extruder velocity (factor Cy), the influences of each level factor C (y, )
effect or not effect to the width of the extruded clay filament. The statement of the

null hypothesis and alternative hypothesis are shown as equation 3.9.

Hy:yy=y,=y7,=0

(3.9)
H, :y, #0 for at least one k

For two-factor interaction effects of interaction AB, the influences of each treatment
interactions between ;and ,Hj effect or not effect to the width of the extruded clay

filament. The statement of the null hypothesis and alternative hypothesis are shown

as equation 3.10.

HOZ(T,B)“=(Tﬂ)12=...=(2',3)23:0 (3.10)
H, (8 )U, # 0 for at least one '

For two-factor interaction effects of interaction AC, the influences of each treatment

interactions between r and ,, effect or not effect to the width of the extruded clay



aq

filament. The statement of the null hypothesis and alternative hypothesis are shown

as equation 3.11.

H

0

H

1

(@), =(7), == (), =0 a1
:(z7), #0 for at least one '

For factor B and C treatment interactions, the influences of each treatment interactions
between ﬁ/- and », effect or not effect to the width of the extruded clay filament.
The statement of the null hypothesis and alternative hypothesis are shown as

equation 3.12.

Hy (Br), =(B7), == () =0

(3.12)
H,:(By), #0 for at least one

For thee-factor interaction effects of interaction ABC, the influences of each treatment

interactions between r, ,Hj

and y, effect or not effect to the width of the extruded
clay filament. The statement of the null hypothesis and alternative hypothesis are
shown as equation 3.13. In general, the interaction ABC component has no practical

interpretation, which is not analyzed in this experiment.

Hy(7By),,, =(wBy),,, = =By )5, =0

(3.13)
H, :(7y),, # O for at least one

3.3.5 Extrusion tests
To investigate a capability material extrusion of the clay printing
machine, a straight-line printing test was designed to analyze the characters and
appearances of the extruded clay filaments. The movement and extrusion system of
the clay printing machine have been controlled by step motors which are controlled
via CNC programming. So, this programming controls the functions of the machine

using G-Code generated by a computer. The G-Code was used to generate the straight-
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line with the printing parameters as shown in Figure 3.9. A G1 command is a movement
of the nozzle following a straight line in the X and Y axis direction with the moving

speed (F) along the axis. E code is an extrusion command.

G21 ; set wnlts to millimeters
H187

Mlga 525 ; set temperature
G238 ; home all axes

G1 2 Fri@ ; Lift nozzlae

I

098 ; wse absolute coordinates
92 E@

M82 ; use absolute distances for extrusion
G1 F72@ XIa YER
G392 W Y

G1 5%

G1 Fr2e X1@ Y@
Gl F135 Y189 E30
G1 ¥15e Z1@

G92 Ed

G1 Fr2e I5 X3o
Gl Y@ Z5

G1 F135 Y18d E3e

61 Y158 Z1@
G92 E8

Figure 3.9 An example of G-code generated by a computer

In this the factorial design, there are 18 treatment combinations. Each treatment
composed of 20 extruded clay filaments (replication) in which each length of extruded
clay filament is 100 mm. While the distance between platform and nozzle were also
equal to the nozzle diameter as shown in Figure 3.10. After finishing a treatment
experiment, the widths of each extruded clay filament were measured by using an
ImageJ program. The measurements were taken at three positions (1, 2 and 3) as shown
in Figure 3.8 in which the mean value of the three widths was calculated and recorded
in the Table 3.11. After complete experiment, the ANOVA technique was used to

analyze the effects of the factors and their interactions.
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Material inlet

Nozzle diameter

Extruded Clay filament

- [, — — =g e

I 100 mm

Figure 3.10 A diagram of experimental extrusion

In Chapter Ill, the clay printing machine was developed based on the
paste extrusion process, in which the main functions of the screw extruder are
compression and conveyance of the clay material through a nozzle. Three
formulations of the clay material were present to identify a proper formulation for the
clay printing machine. A single factor experiment technique was used to analyze and
define a proper clay formulation for the machine. Then, the printing parameters were
investigated to analyze the effects of the parameters on the extruded clay filament
by the ANOVA technique. The analysis of the experimental results was described in
Chapter IV.



CHAPTER IV
EXPERIMENTAL RESULTS AND DISSCUSION

This chapter display the microstructure and clay mineral compositions of clay
samples. The experimental results of the identification a proper formular of clay
material for the clay printing machine and the experiment of material deposition of
the clay printing machine were presented. The experimental results were analyzed
to identify a proper formulation, which was used to extrude in the clay printing
machine. The results of the experiment of material deposition were analyzed to
investigate the effects of the printing parameters and their interactions by the ANOVA
technique. Then, the hypotheses were tested and the linear model relating the

width of clay filament to the main effects was presented.

4.1 The microstructure and clay mineral compositions of clay

materials
4.1.1 The microstructure of clay materials
Scanning electron microscopy (SEM) image of the Dan kwian clay is
presented in Figure 4.1. Microstructure of the Dan kwian clay shows the typical mix
of rounded and flakey particles. SEM image of the Compound lampang clay is
presented in Figure 4.2 and SEM image of the Ratchaburi red clay is presented in
Figure 4.3. Microstructure of the Compound lampang clay and the Ratchaburi red
clay shown the typical laminar structure of flakey particles. The rounded geometry of
particle shape has the lowest restriction in terms of anchoring sides limiting the flow
through the printing nozzle (Carlos and Henry., 2019). Which is suitable to flow

through the nozzle, when compared to other particle shapes.
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Figure 4.2 The SEM image of the Compound lampang clay
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Figure 4.3 The SEM image of the Ratchaburi red clay

4.1.2 The mineral compositions of clay materials

The mineral compositions of the clay materials were analyzed by the
X-ray diffraction (XRD) method. The XRD diffractograms of the clay samples are
presented in Figure 4.5. Quartz (SiO,) and kaolinite (Si,Al,Os(OH),) were detected in
all clay samples in which quartz is the main mineral composition. The kaolinite and
illite (KAly(Sig Aly)Oy0(OH)q, 1 <y < 1.5) are the minor mineral compositions, which
were detected in the Ratchaburi red clay and the Compound lampang clay as shown
in Figure 4.5 (a) and (b). Especially, Compound lampang clay has higher intensity peak
of the kaolinite than the Ratchaburi red clay and the Dan kwian clay. The XRD
diffractogram of the Dan kwian clay is presented in Figure 4.5 (c) in which the quartz
and the kaolinite were detected. The Dan kwian clay has higher intensity peak of the
quartz than the Ratchaburi red clay and the Compound lampang clay. The quartz
crystal does not expand when clay is added to water. The kaolinite also does not
absorb water and expands when clay is wet. The structure of kaolinite is fixed due to
hydrogen bounding in which there is no expansion between the layers and low
swelling (Kumari and Mohan., 2021). Therefore, clay models that were formed by the

Dan kwian clay are able to stable shape than other clay because of the high quartz
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and the kaolinite component. On the other hand, the illite has a structural layer in
which it expands when the clay is added to water. Which can be swelling by water
molecules or cation infiltration (Li et al.,, 2021). The illite structure is an oxygen-
oxygen linkage that causes higher space between layers than a hydrogen bonding of

kaolinite structure (Mana, Hanafiah, and Chowdhury., 2018).

40000 |
(a) Ratchaburi Red Clay
30000 — Qe
K = Kaoclinite
| X :
it I = Illite
10000 —
Q
1 v« % kil  Q Ko o ¢ a q f0's)
dgccg T I T I T I T I T I T I T I T I T I T I T I T I T
| (b) Compound Lampang Clay
. 30000 — Q = Quartz
3 . B
P o K = Kaolinite
P M~ I = Illite
=
£ |
£ 10000 |
—_ K
= Q E L
' 1R |||| Iekokae 9 o o Qg
e A
a T I T 'l T I T ! Q‘I I T I T I T l T I T I T I T I L}
40000
(c) Dan Kwian Clay
30000 0 = Quartz
m K = Kaolinite
20000 |
10000 — g
i K Kl « HC'I KI[;:-‘:l Q QI o 0 Qg
Q

T I L) I T I T I L] I T I T I L I L] I T I T I L] I T
5 10 15 20 25 30 35 40 45 50 55 60 65 70

2 theta (degree)

Figure 4.4 The XRD diffractograms of the clay samples : (a) Ratchaburi red clay,

(b) Compound lampang clay, and (c) Dan kwian clay
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4.2 The results of the identification a proper formulation of clay

material for the clay printing machine

To identify a proper formulation of clay material for the clay printing
machine. the results of this experiment are shown in Table 4.1, which are the width
of the extruded clay filament. The extruded clay filaments are shown in Figure 4.1,
were observed that the lines of the extruded clay filament with the formulation 1
(1:0) led to discontinuous lines as shown in Figure 4.5 (a). The lines of the extruded
clay filament with the formulation 3 (1:1) led to large width and shown wavy
character as shown in Figure 4.5 (c). While the lines of the extruded clay filament
with the formulation 2 (1:0.5) demonstrate smooth and complete characters as

shown in Figure 4.5 (b).

Table 4.1 The widths of extruded clay filament with different clay formulations

Treatment (level) Responses
1 5.455 5.000 5.707 5.598 5.156
2 6.326 6.210 6.204 6.253 6.338

3 7.846 7.897 8.103 7.667 7.526




(c) Line test of extruded clay filament with formulation 3 (1:1:1)

Figure 4.5 The results of the line test

52
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4.2.1 Analysis of variance for the width of extruded clay filament

The ANOVA technique was processed with Minitab software in order
to investigate the factor effect. The result of the ANOVA for the widths of extruded
clay filament is summarized in Table 4.2. In this experiment, the smallest level of
significance is equal to 0.05 in which the null hypothesis was rejected with the P-
value is less than 0.05 (P-value < 0.05). The result of the ANOVA was found that P-
value = 0.000 which less than 0.05. Therefore, the result of a hypothesis test is the
null hypothesis (H,) in equation 4.1 that was rejected at the 0.05 level of
significance. That means the different clay formulations affect the mean width of
extruded clay firmament. To check of the normality assumption, a normal probability
plot of the residuals was used to investigate the normality assumption. The normal
probability plot of the residuals is shown in Figure 4.6 in which the residuals
distribute nearly the straight line. That implies this plot is normal. In addition, the
plot of the residuals versus the fitted values presents structureless pattern as shown
in Figure 4.7. A plot of the residuals versus observation order is shown in Figure 4.8.
The residuals distribute in positive and negative residuals in which that implies this

plot is an independence assumption.

Hy:t,=7,=7,=0

: (4.1)
H, :7, # 0 for at least one i
Table 4.2 Analysis of variance for the widths of extruded clay filament
Degree of | Sum of Mean
Source of variation F-value | P-value
freedom squares square
Level 2 15.0582 7.52909 159.53 0.000
Error 12 0.5663 0.04719
Total 14 15.6245
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Versus Order

Residual

| 2z 3 4 E 5 ) & 5 =] n B 3 M |
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Figure 4.8 The plot of the residuals versus observation order

Figure 4.9 presents a plot of the main effect which has a positive effect. The
mean width at each level was shown. In the preliminary experiment, the expected
width of extruded clay filaments is equaled to the nozzle diameter (6 mm). The
mean width at level 2 is 6.2662 mm which is close to the expected value. In
addition, the extruded clay filament with this formulation demonstrates smooth and
complete characters as shown in Figure 4.1 (b). Therefore, the clay formulation 1:0.5
(level 2) was a suitable formulation that was used to extrude in the clay printing

machine.

Main Effects Plot for Width
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Figure 4.9 The main effects plot
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4.3 The results of the experiment of material deposition of the clay

printing machine

To develop a capability material deposition of the clay printing machine, the
experiment of material extrusion of the machine was conducted. The screw pitch (P),
nozzle diameter (N) and screw extruder velocity (V) are the printing parameters that
affect the characters of the extruded clay filament. The results of this experiment are
shown in Table 4.3, which are the width of the extruded clay filament. Experimental
examples of the extruded clay filament for 18 mm screw pitch with different nozzle
diameter and screw extruder velocity were shown in Figure 4.10. While experimental
examples of the extruded clay filament for 24 mm screw pitch with different nozzle

diameter and screw extruder velocity were shown in Figure 4.11.
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N =5 mm

N =6 mm

N=7 mm

(€9) (h) (i)

Figure 4.10 Examples of the extruded clay filament with 18 mm screw pitch
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N =5 mm

N =6 mm

N=7 mm

(€9) (h) (i)

Figure 4.11 Examples of the extruded clay filament with 24 mm screw pitch



Table 4.3 The widths of extruded clay filament with printing parameters

Factor A; Factor B; Factor C, Response

14 mm/s 6.071 5.749 5.887 5.841 5.535 5.795 5.780 5.474 6.101 6.025

5 mm 19 mm/s 7.080 7.064 6.820 6.774 6.835 6.449 6.407 5.964 6.315 6.682

24 mm/s 7.065 7.523 7.554 7.431 7.309 8.242 7.752 8.028 8.249 8.333

14 mm/s 5.481 5.511 5.390 5.766 5.721 5.571 5.450 5.826 6.036 5.766

18 mm 6 mm 19 mm/s 7.012 7.102 7.267 7.282 7.342 7.237 7.282 7.012 7.207 6.947
24 mm/s 7.177 6.697 6.727 6.697 7.072 6.306 6.847 7.042 7.087 6.787

14 mm/s 6.116 5.703 5.385 5.706 5.428 5.581 6.053 6.300 5.430 5.444

7 mm 19 mm/s 6.957 6.499 6.315 6.621 6.086 6.333 6.451 6.162 6.330 5.951

24 mm/s 7.217 7.080 7.248 7.263 7.294 7.691 7.202 7.569 7.504 6.927

14 mm/s 4.404 4.725 4.734 4.633 5.122 4.755 5.138 4.847 4.432 5.002

5 mm 19 mm/s 5.979 5.353 6.005 6.040 5.753 6.239 5.795 5.687 5.413 5.750

24 mm/s 6.147 7.248 6.518 6.790 6.713 6.682 6.820 7.280 7.004 6.270

14 mm/s 5.886 6.441 6.547 6.607 6.622 6.592 6.547 6.381 6.246 6.066

24 mm 6 mm 19 mm/s 6.441 6.231 6.622 7.132 6.547 6.712 6.832 6.366 6.592 6.622
24 mm/s 7.252 7.207 7.417 7.342 7177 7974 7.808 7.688 7.703 7.985

14 mm/s 5.979 5.871 6.086 6.269 5.749 5.826 5.658 5.703 5.994 6.131

7 mm 19 mm/s 6.315 6.483 6.272 6.242 6.437 6.560 6.346 6.407 6.346 6.502

24 mm/s 6.682 7.034 7.110 7.125 7.141 7.156 7.202 7.263 7.355 7.125

65



Table 4.3 (Continued)

Factor A; Factor B; Factor C, Response

14 mm/s 5.765 5.963 5.841 6.184 6.070 5.627 5.612 5.336 5.551 5.581

5 mm 19 mm/s 7.018 6911 6.774 6.942 7.003 7.171 6.330 6.850 6.667 6.667

24 mm/s 8.028 8.257 8.180 7.783 8.058 8.119 8.103 8.149 8.058 8.043

14 mm/s 5.856 5.706 5.499 5.841 5.751 5.676 5.856 5.631 5.976 5.931

18 mm 6 mm 19 mm/s 7.027 6.967 7.057 7.402 7.192 6.982 7.132 7.297 7.462 7.613
24 mm/s 7.102 7.147 7.012 6.847 7.327 6.907 6.877 7.658 6.967 6.742

14 mm/s 5.749 5.994 5.747 6.069 5.550 6.009 5.795 5.792 5.810 5.536

7 mm 19 mm/s 6.697 6.483 6.055 6.132 6.590 6.483 6.483 6.132 6.315 6.636

24 mm/s 7.294 7.218 7.263 6.957 7.752 7.615 7.284 7.171 7.447 6.942

14 mm/s 4.482 4.805 4.664 4.710 4.588 4771 4.890 4.756 4.603 4.541

5 mm 19 mm/s 6.133 5.903 6.056 5.961 6.744 6.852 6.346 6.254 5.658 5.673

24 mm/s 5.811 5.904 7.168 7.356 6.458 7.002 7.141 6.438 7.157 6.698

14 mm/s 5.991 6.426 6.216 6.126 6.396 6.487 6.456 5.991 6.081 6.006

24 mm 6 mm 19 mm/s 6.306 6.532 6.967 7.012 7.252 7.372 7.132 7.132 6.907 6.922
24 mm/s 8.183 7.447 7.958 7.568 7.312 8.018 7.793 7.988 7.808 8.093

14 mm/s 5.780 5.474 5.703 5.887 5.826 5.948 6.196 5.780 5.902 5.979

7 mm 19 mm/s 6.285 6.318 6.743 6.743 6.682 6.437 6.682 6.361 6.453 6.743

24 mm/s 7.447 7.569 7.340 7.416 7.263 7.401 7.569 7.370 6.713 6.988

09
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The ANOVA technique was processed with Minitab software in order to

investigate the effect of the factors and their interactions. The result of the ANOVA

for the widths of extruded clay filament is summarized in Table 4.4.

Table 4.4 Analysis of variance for the widths of extruded clay filament

Degree | Sum of | Mean
Source of variation of squares | square | F-value | P-value
freedom
Model 13 210.529 | 16.1945 | 161.24 0.000
Linear 5 171.695 | 34.3389 | 341.89 0.000
Screw pitch 1 4.176 4.1755 a1.57 0.000
Nozzle diameter 2 12.480 6.2401 62.13 0.000
Screw extruder Velocity 2 155.039 | 77.5194 | 771.80 0.000
2-Way Interactions 8 38.834 4.8543 48.33 0.000
Screw pitch* Nozzle 2 28.760 | 14.3800 | 143.17 0.000
diameter
Screw pitch* Screw 2 1.033 0.5165 5.14 0.006
extruder Velocity
Nozzle diameter * Screw 4 9.041 2.2603 22.50 0.000
extruder Velocity
Error 346 34.752 0.1004
Lack-of-Fit a4 8.044 2.0109 25.75 0.000
Pure Error 342 26.708 0.0781
Total 359 245.281

In this experiment, the smallest level of significance is equal to 0.05 in which

the null hypothesis was rejected with the P-value is less than 0.05 (P-value < 0.05).

The result of the ANOVA was found that P-values of the factors and their interactions

less than 0.05. Therefore, the results of the hypothesis tests are the null hypothesis
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(H,) of the factors and their interactions was rejected at the 0.05 level of

significance. The experiment can conclude as:

The effects of significant factors

The influence of the screw pitch (7;) effects to the width of the

extruded clay filament.

The influence of the nozzle diameter (B;) effects to the width of the

extruded clay filament.

The influence of the screw extruder velocity (y, ) effects to the width
of the extruded clay filament.

The effects of significant interactions

The influence of the interaction between the screw pitch and the

nozzle diameter (rﬂ)y effects to the width of the extruded clay
filament.

The influence of the interaction between the screw pitch and screw
extruder velocity (ry)ik effects to the width of the extruded clay

filament.

The influence of the interaction between the nozzle diameter and

screw extruder velocity (ﬁ;/)/,k effects to the width of the extruded

clay filament.

To check of the normality assumption, a normal probability plot of the

residuals was used to investigate the normality assumption. The normal probability

plot of the residuals is shown in Figure 4.12 in which the residuals were plotted close

to a straight line. That implies this plot is normal. In addition, the plot of the

residuals versus the fitted values presents structureless pattern as shown in Figure

4.13. A plot of the residuals versus observation order is shown in Figure 4.14. The

residuals distribute in positive and negative residuals in which that implies this plot is

an independent assumption.
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Figure 4.13 The plot of the residuals versus the fitted values
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Figure 4.14 The plot of the residuals versus observation order

4.5 Analysis of the effects of main factors and interactions
The screw pitch, nozzle diameter and screw extruder velocity are the
significant factors that affect the width of extruded clay filament. In addition, the
significant interactions between the fasters affect the width of extruded clay filament
too.
4.5.1 Analysis of the main effects
Fisure 4.15 presents plots of three main effects in which the mean
width at the levels of three factors were plotted. The overall mean width is equal to
6.528 mm as shown in a dash line. The linear graphs show the influence of the main
factors.
l. For the screw pitch factor, the linear graphs show a negative
main effect. The mean width decreases when the screw pitch
decreases. There are two levels factor. The screw pitch of 18 mm
denotes a low level, while 24 mm denotes a high level. The low level
has a mean width equal to 6.636 mm, while the high level has a
mean width equal to 6.420 mm.
Il. For the nozzle diameter factor, there are three levels factor.
The nozzle diameter of 5 mm denotes a low level, 6 mm denotes an

intermediate level and 7 mm denotes a high level. The mean width
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increases from the low level to the intermediate level and decreases
from the intermediate level to the high level. The low level has a
mean width equal to 6.314 mm, the intermediate level has a mean
width equal to 6.768 mm and the high level has a mean width equal
to 6.502 mm.

IIl. For the screw extruder velocity factor, the linear graphs show a
positive main effect. The mean width increases when the screw
extruder velocity increases. There are three levels factor. The screw
extruder velocity of 14 mm/s denotes a low level, 19 mm/s denotes
an intermediate level and 24 mm/s denotes a high level. The low
level has a mean width equal to 5.694 mm. The intermediate level
has a mean width equal to 6.591 mm and the high level has a mean

width equal to 7.298 mm.
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Figure 4.15 The main effect plots

4.5.2 Analysis of the interaction effects
There are the significant interactions between the screw pitch and the
nozzle diameter, the screw pitch and the screw extruder velocity and the nozzle
diameter and screw extruder velocity. Figure 4.16 presents plots of the interaction

effects in which the linear graphs show the influence of the interaction effects.
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l. The interactions between the screw pitch and the nozzle
diameter indicates that the screw pitch effect is small when the
nozzle diameter is at the intermediate and high level, whereas the
screw pitch effect is high when the nozzle diameter is at the low
level. The mean width of the intermediate and high level nozzle
diameter increase when the screw pitch increases, whereas the mean
width of the low level nozzle diameter decreases when the screw
pitch increases.

II. The interactions between the screw pitch and the screw
extruder velocity indicates that the mean width of each level screw
extruder velocity decreases when the screw pitch increases. The screw
pitch effect is small when the screw extruder velocity is at the low
level. While the screw pitch effect is large when the screw extruder
velocity is at the intermediate and high level.

IIl. The interactions between the nozzle diameter and the screw
extruder velocity indicates that the nozzle diameter effect is small
when the screw extruder velocity is at the high level. The mean
widths increase when the screw extruder velocity increases from low
level to intermediate level, and when the nozzle diameter increases
from low level to intermediate level. The intermediate level screw
extruder velocity gives the highest mean width when nozzle diameter
is at the intermediate level.

The response optimization function in the Minitab program was used
to estimate the optimal conditions of the parameters. The results are shown in Table
4.5, were found that if the nozzle diameter of 5 mm was used. The screw pitch
should be equal to 24 mm and the screw extruder velocity should be equal to 14
mm/s. The mean width of the extruded clay filament is 5.106 + 0.13 mm with a
confidence interval of 95%. If the nozzle diameter of 6 mm was used. The screw
pitch should be equal to 24 mm and the screw extruder velocity should be equal to
16.38 mm/s. The mean width of the extruded clay filament is 6.000 + 0.069 mm with

a confidence interval of 95%. If the nozzle diameter of 7 mm was used. The screw
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pitch should be equal to 18 mm and the screw extruder velocity should be equal to
23.12 mm/s. The mean width of the extruded clay filament is 7.000 + 0.122 mm with
a confidence interval of 95%. From these results, the means width of the extruded
clay filament increases when the nozzle diameter and the screw extruder velocity
increase, whereas the screw pitch decreases. The range of nozzle diameter that has
been typically using in a conventional screw extruder for commercial clay printing
machines is 2-10 mm (Ruscitti, Tapia and Rendtorff., 2020). The large nozzle diameter
and layer high lead to poor precision dimensions and surface finish of models when
compared with the small nozzle diameter and layer high. However, the smaller

nozzle diameter and layer high lead to increase printing time.

Table 4.5 The optimal conditions of the parameters

Parameters Mean width | 95% ClI
Nozzle diameter | Screw pitch | Screw velocity
5 24 14 5.106 +0.13
6 24 16.38 6.000 +0.069
7 18 23.12 7.000 +0.122
Interaction Plot for Width
Fitted Means
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Figure 4.16 The interaction effect plots
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4.6 Estimation of the width of the extruded clay filament

A fitting regression model method was used to present a relationship
between the width of the extruded clay filament and the significant factors and
interactions. A multiple linear regression model that are used to formulate this

relationship as shown in equation 4.2.

A

A A A A A A A
Y=0B+Bx + L%+ B x+ B, XX, + B 5%, + By x,x, + & (4.2)

Where Y represents the width of the extruded clay filament. f, represents the

overall mean. ﬂAj ,j=1, 2, ..., 6 represent the regression coefficients. x, represents the
screw pitch (P). x,represents the nozzle diameter (N) and x, represents the screw
extruder velocity (V,). The screw pitch, the nozzle diameter, the screw extruder
velocity are the significant factors. The interactions between the screw pitch and the
nozzle diameter, the nozzle diameter and the screw extruder velocity are the
significant interactions. Therefore, the fitted regression model for predicting the width
of extruded clay filament is shown as equation 4.3. The R-squared (R?) value of the
model is 73.73% and an adjusted R? is 73.36%, which indicate a suitable accuracy.

The predicted values that were calculated by equation 4.3 were shown in Table 4.6.

Y =11.02 —0.5567(P)—1.130(N) +0.3494(V, ) +0.08680(P)(N)—0.03151(N)(V,) (4.3)
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Table 4.6 The predicted values of the width of extruded clay filament

Screw pitch | Nozzle diameter | Screw extruder velocity | Predicted value
(mm) (mm) (mm/s) (mm)
14 5.847
5 19 6.807
24 1.766
14 5.839
18 6 19 6.640
24 7.442
14 5.830
7 19 6.474
24 7.118




Table 4.6 (Continued)
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Screw pitch | Nozzle diameter | Screw extruder velocity | Predicted value
(mm) (mm) (mm/s) (mm)
14 5111
5 19 6.070
24 7.030
14 5.623
24 6 19 6.425
24 7.227
14 6.135
7 19 6.779
24 7.424




CHAPTER V

Conclusions

5.1  Conclusion

The clay printing machine was developed based on the paste extrusion
process in this research. This development contributes to improving the pottery
forming process. In traditional pottery forming process, clay models are
manufactured by using hand throwing on a pottery wheel. This process needs special
control and proficient individual experience of the potter due to the clay models
flexibly deform. In order to overcome these limitations, the clay printing machine
was presented to improve pottery manually fabrication to automatic construction. In
addition, the clay printing machine is able to form the clay models with complex
geometry and apply to the other paste materials. That will open the new
applications for various industries. The development process consists of the designing
of a screw extruder, identification an appropriate formular of material and testing a
capability material deposition of the machine. The principle of this machine is the
deposition of clay materials through a nozzle in order to form 3D models layer-by-
layer without mold and die.

The clay printing machine composes five major components as a material
container for delivering system, a screw extruder for extrusion, a platform, the
movement system and a control panel. The screw extruder is the key component of
extrusion process in which the main functions of the extruder are compression and
transportation of the clay paste through a nozzle. The clay paste is pushed along the
screw channel and extruded through a nozzle by rotation of the screw. Therefore,
the characters and the amount of the extruded clay filament depend on the screw
character and the velocity of the rotation of the screw. To develop the capability of
material deposition, the screw pitch, the nozzle diameter and the screw extruder

velocity are the printing parameters, which were studied to analyze the effects of the
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printing parameters on the extruded clay filament. The experimental results can be
summarized as follows.
5.1.1 The microstructure and clay mineral compositions of clay
materials
Clay samples were analyzed microstructure by Scanning electron
microscopy (SEM, Carl Zeiss AURIGA) method and evaluated clay mineral
compositions by the X-ray diffraction (XRD, Burker D2 phaser) method. The
Microstructure of Dan kwian clay was shown that the typical mix of rounded and
flakey particles. The rounded geometry of particle shape has the lowest restriction in
terms of anchoring sides limiting the flow through the printing nozzle. The XRD
diffractogram of Dan kwian clay was shown that the XRD peaks of quartz and
kaolinie. The quartz crystal and the structure of kaolinite do not expand when clay is
added to water. Therefore, clay models that were formed by the Dan kwian clay are
able to stable shape than other clay.
5.1.2 An appropriate formular of material for the clay printing machine
The different clay formulations were tested to define a proper
formulation for the clay printing machine, the experimental results were found that
the mean width with the clay formulation 1:0.5 (Dan kwian clay : Sand) is 6.2662 mm
which is close to the expected value. In addition, each of the lines with this
formulation demonstrates complete and smooth characters. Therefore, the clay
formulation 1:0.5 was a suitable formulation that was used to extrude in the clay
printing machine.
5.1.3 The influences of the printing parameters on the width of
extruded clay filament
The experimental results of the analysis of variance were shown that
the screw pitch, the nozzle diameter, the screw extruder velocity and their
interactions effect on the width of the extruded clay filament. The screw pitch factor
has a negative effect in which the mean width decreases when the screw pitch
decreases. The screw extruder velocity factor has a positive effect in which the mean
width increases when the screw extruder velocity increases. For the nozzle diameter

factor, the mean width increases from the low level to the intermediate level and
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decreases from the intermediate level to the high level. To relate the relationship
between the width of the extruded clay filament and the significant factors, a

multiple linear regression model was formulated to describe this relationship as:

A

Y =11.02-0.5567(P)—1.130(N)+0.3494(V)+0.08680 (P)(N)—0.03151(N)(V,)

The R-squared (R?) value of the model is 73.73% and an adjusted R? is 73.36%, which
indicate a suitable accuracy. By examination of residuals, the normal plot of these
residual was accepted in a normality assumption. The plots of the residuals versus
the fitted value and the observation order were accepted in an independence

assumption.

5.2 Recommendations for future research
5.2.1 The viscosity changing of clay material
During the experimental process, it was observed that the viscosity of
clay material increases when an extrude time increases. The effect of the viscosity
changing should be studied in future research.
5.2.2 Other variables
The nozzle movement speed, the distance between the nozzle and
the platform and other variables should be studied to investicate the effects on the
extruded clay filament.
5.2.3 Clay models
An interesting topic for future research should be studied to analyze

the appearance of clay models after completely dried.
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Abstract. This paper presents a study of the screw extrusion parameters that affect on the appearance
of ¢lay filament for a clay printing machine. Traditicnally, pottery models are formed by using paster
mold or hand throwing, which require experienced and proficient workers to form the complex
pottery models. Therefore, the clay printing machine has been developed to improve mamnual pottery
fahrication to automatic constuction. This machine has been modified based on the additive
manufacturing { AM) To assess a capability material deposition of the clay printing machine, nozzle
diameter, screw extruder velocity, and screw pitch were wvestigated as the printing parameters to
evalunte a quality of clay filament. Analyzsis of variance {ANOVA) is used to analyze main effect
parameters. The experimental results showed that the 6 mm nozzle diameter, 19 mm/'s screw extruder
velocity and 24 mm serew pitch were ihe suitable printing parameters for providing an appropriate
appearance of clay filament. A mathematical mode] was formulated 1o propose the relationship
hetween response and main effects with their interactions.

Introdoction

Three-dimensional (319 printing technologies are an additive manufactunng (AM) technigue
which is used 1o fabricate 30 objects from Computer Aided Design { CADY) dita, These technologies
have been revolutiomzed in proloiyping indusines and have been widely applied in various indusines,
including aeroapace, biomedical, constriction and food. The flexibility in design, fabrication of
complex geometries with high precision, material saving., low costs and personal customization ane
man advantages of ths fechoology when compared with traditional fabrication methods such as
matching or castng [1]. Another advantage of this technology 15 o wide range of matenals, for
example, metls [2], pobvmers [3], ceramics [4], concrete [5] and food [6] that are wsed o print
phvsical parts. In 3D printing apphcation, previously, 30 prnnting has been used (o produce asesthetic
and functional protolypes. More recently, 3D panting is eflfectively used o produce Onal products
because as it 15 able to 3D pont small quantities of customared products with relatively low costs.
Among a munber of 3D pnnting technologies, extrusion-based additive manufacturing technigque is
o common mapufsctunng process that 18 meressmgly used in the architecture and construction
industnes [ 7). In this technique, msterizks were extruded through a noeede o from 3D objects by the
successive lavers of matenal. Clay and concrete are minenil matenals that are widely used to build
architectural and structural components in the field of architecture and construction [8,9],.3D concrete
pranting { 3DCP) 12 o process of [mbncsting conerete components, which the fresh copcrele 15 extrsded
threngha small pipe and nozele to buld structural components without formwork. This process =
divided i three states as data prepambion, concrete prepamtion, and component printing. The
properties of fresh concrete in this process are extrudability and uldebility, which have mutual
relationshipwith the workabilitv.and the open tme of eoncrete mux {10} Sumlarly, fresh clay 1s
generally fluid at the beginning. Then, the stiffness and strength increase when moisture 15 driven
away with time. This matenialis a viscous material and exhibits non-newtonian behavior, Ram and
screw exiusion are an extrusion-based additive mamufacturing technigue that the material @5 fed

Al resereed. Hloopaet of contsnr: of thes oy e seprocurEd o ransma e in sy form o by aey means et the wimen peanrmon of Trans
Tech % L, A Seserile e ATV, Suranares Univeraly of Technois gy Plﬂmbq'lm-i‘lﬂl'ﬂ F153 D)
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through a nozzle. In ram extrusion, the pressure is generated to force the materal through a nozele.
The mutenial flow is regulated by comtrolling the mm movement, which moves down to extrude
material. ln serew éxtrusion, A screw exiruder 15 o machine which processes matenal by conveving
1 along & =crew and forcing if through a nozzle by using pressure. The pressure developed i a screw
extruder is affected by the screw peometry and the rheological property [11]. The screw is the key
component of an extruder that 15 the recommended chowce for controlled discharge of the materml for
further handhing/processing [12]. Tradionally, cermmic and pottery products are formed by using
paster mold or hand throwing. The most of those products are produced based on & symmetry model,
Ceramic and potlery artisis require individual experience and proficienl workers to form the
complicated model. In pottery forming process as shown i Fig. 1, a clay model is monufactured by
using hand throwing on a pottery wheel. This process needs special control due to the clay models
flexibly deform. Therefore, the clay printing machme haz been developed to improve pottery
manually fabrication to automatic construction, This machine has been modified based on the additive
manufactuning, that is able to produce camplicated models when compare with traditional fabrication
methods.

This paper presents & sindy of the screw extmsion parameters that affect on the appeamnce of clay
filiment for a clay pranting machine. To assess a matenal deposition capability of the clay printing
machine, nozzle diameter, screw extruder velocity, and screw pitch were mvestigated printing
parameters to evaluate the clay filament in this expermment. This paper 15 organized as follow. The
next section presents a process of the clay prnfing machine, a compesition of muneral clay,
expernimental procedure and shows prnting parameters. Then, experimental resulis were discussed to
demonstrate mamn effect of prnting perameters and [astly, conclusion s drawn

Materind preparstjon Fogumiig
Fig. | Pottery forming process

Literature Review

Extrusion based additive manufacturing process 15 a process i which matenial is extruded through a
nogzle. Main extrusion based additive mamnfacturing techniques can be classified into three
categones as shown mn Fig: 2. Fused Deposition Modeling (FDM) or filsment-based extrusion s a
typical extrusion-based additive mann facturing technique in which a schematic of this techaigue is
shown in Fig. Ha). Polvmeric moaterial in the form of a filapyent 15 heated o reach semi-liquid state
aid then extruded though a nozele for fabricating 10 model, This technigue has Lmitations of
application available matenals in the form of o Glament and instable flow of low viscosity material
[13]. To avoid these limitations, piston-based extrusion technique has been developed. A schematic
of this techmigque i3 shown in Fig. 2(b), in which a heater is attached around o bamel 1o heat material
i semi-liguid state. Then. the maienal is extruded though a noele by @ linear piston movement. In
1this teehmague, material degradation 1s the muin hmitation that affects on matenal properties [ 14]. In
order 16 overcoms an existing limited mnge of printable matenals in llameni-based exirusion and
matenal degradation m piston-based extrusion. screw-based extrusion lechmges has been developed.
A schematie of this lechngue 15 shown in Fig. 2(c). A screw exitmuder, aheating sysiem and a nozzle
are three mam gomponents of scrow-based extrusion. A screw is wsed to oxirode molten matenal
through o nozele by the rotating an electiie device and 3D stnicture 8 labricated [135]. Iniially, Serew
based extrusion techmque was mtroduced 1o fabneste physical models for rapid production of
ceramic and polemic parts. Serew extruder prinier was developed 1o print high-viscosity material and
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comditions of serew extrusion were optimized [16]. The attribantes of viscosity material were indicated
that partscle size, shape, and high-viscosity {lux composition are sigmficant attribules of printing with
high-viscosity materinl. The extrusion performance of viscous ceramic pasie was mvestigated by
comparing thres different extrusion methods (ram extroder, shutter valve, and auger extrader-bagad
method). The resulis showed that the auger extruder-based method showed more accumcy of the start
and stop of exinusion and more consisiency extruded flament widih than other methods [17]. In recent
years, Serew based extrusion has been applied to 31 food pnnting. Properties of food materials are
impodant factor for application of extrusion techniques [ 18] Bheology is an imporiant property of
materials, which is provided for good extrudability and stability. The rheological properies of mashed
potatoes with addition of potalo starch was designed 1o Investigaie printing behavior by using
extrusion-bazed printer. The resull shown that mashed potatoes with addiiion of 2 % potato starch,
with rheological properties: consistency mdex 1834 (Pas®), yield stress 31206 (Pa) and proper
elastie modulus disploved good extrudability and stability [19]. In ¢erame industey, extrision-based
technologies hive been applied to fabricate ceramic products that are formed based on ceramic clay.
Zhang and Yang [20] used ceramic 3D ponter that extruded matenal through s nozzle by using
compressed air to form ceramic product, The result shown that the printer fabricated mpidly a
complex geometry with ligh precision when compared with traditional fabrication methods. To
improve a capability material deposition of the clay printing machine, the screw is the kev component
of an extruder that is the recommended choice for extrudability.

(ch

Fig. 2 Extrusion based techniques [21]: (a) filament-based extrusion,
i b) piston-based extrosion. {2} screw-based extrusion

Method and Material

The clay printing machine. The clay prnting machine 15 o machine to construct clay model loyver-
by-layer bazed on additive manufacturing. The prneiple of this machine is the deposition of materials
through a nozzle in order to form 3T parts without mold and die. The schematic of the cloy printing
machine composed of three major components, as ilustrated in Fig. 3: (a) a material container for
delivering system. (b} a screw extruder for extruding clay through a cireular nozzle and {c} the
movement svstem for moving & nozzle m X and Y diections, w which these components have been
eontrolled by a step motor via Computer Numerical Contral (CNC) programming. The workspace of
this machine is a 200 mm x 200 mm x 300 mm (widih x length x height), To operate the clay pnnting
process, a pottery clay was confained in & matenal contuiner, which 15 pressed by a-stepper motor
through a tube into a screw extruder to pass & circular nozzle to deposit on a platform. The clay
filuments were deposited layer-by-layer and bond ench layer together to form a designed model. The
start, &top and flowrate of clay printing are controlled by the serew rotation.

Material. The consideration material is Dan Kwian clay in which a traditionnl matenal in north east
of Thuland pormally kas been used to form traditional potteny. Dan Bwing ¢lay has small particle
sizes and high-plasticity which i easily fommed into poitery models [22]). The main mineral
compositions of Dan Kwian clay are quariz (45.7 wi%), kaolintfe (32,3 wits) and feldspar (5.6 wita)

(23],
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Fig. 3 The clay printing machine: {a) material container, (b) screw extruder,
(¢) movenrent system

Table 1 Experumental parameters

Fixed parameter Value
Screw length 75 mm
internal diameter 16 mm
external diameter 36 mm
Response variable Value
Clay filament diameter measure

Table 2 Printing paruneters

Parameter Value Unit

Morzle diameter () b, T, 1w

Screw extrnder velocity () 14, 19, 24 mm/'s

Pitch i F) 18 ithe half pitch) [
24 (the short pitch)

Experimental procedure. To assess a capability material deposition of the clay printing machine,
fixed varables are screw length, intemal dismeter of screw, external dinmeter of screw and helix
angle wiile a response vanable s an extnuded clay dinmeter, as presented in Table 1. In order to
control dismeter of clay filament, the investigated parameters are nozzle diameter (5, 6, 7 mm), serew
extruder velocsty (14, 19, 24 mamys) and screw pitch (18, 24 mm), as presented in Table 2. There were
| & expenmenial groups (3 nozele diameter x 3 serew extruder velocity % 2 screw piteh). Each group
composed of 20 extruded cloy flaments in which each lenpth of extruded elay filsment 15 100 num as
shown in Fig 4ia). However, the distance between platform and nozzle were alzo equal to the nozzle
diameter. The width of eximded clay flaments was measured by uang digrtal microscope, as shown
in Fig. 4ib). The expected widih of clay filaments is equal 10 the extruded nozzle diameter. Since
there are several screw types widely used v mdustry, the design of screw diameter, screw length,
screw pitch and pitch angle depends on material characteristics, capacity required of conveying
distance, The screw extruders were designed based on a pnnciple of basic conveyor flight and pitch
tvpes. To investigate the effect on the variation of serew pitch, there are two screw types 1o apply for
experiment a5 shown in Fig. 5: the short pitch, single flight serew is commonly used for paste matenal
specially in an inclined and vertical screw conveyor applications, This screw pitch is equal to 23
screw diameter as shown in Fig, Sia), This parameter was applied to control fAow mate of extroded
material. Desides, the half pitch, single Mght screw s used for handling Moid materials. This serew
pitch 15 equakio-1/2 screw diameter as shown i Fig. 5(b)

Statlstical analysls. Design of Expenment (ToE) method was applied to analyze the effect of inpul
parumeters (factors) on the widih of the extruded clay Glamenl (response variahle), Analysis of
vartanee [ANOVA) and méan comparison were processed with bMinitab software (Miniiab® 18.1: ©
2017 Mimtab, Inc. All nphts reserved). Differences of p < 0.05 were determined 10 be significant.
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1 ()

SHE = ihj
Material ielet

Screw length

Mozzle dinmeter
Exiruded clay filansnt

o
Hight = ¥nzle dismeier

Fig. 4 Experimental process: (a) schematic diagram of extrusion clay process,
{b) dagital microscope

il M~

' J_IE . Jﬁ F'l b
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Fig. 5 Two screw types {Unit: mm ) {2) short petch, (b} half putch

Result and DMscussion

To evaluate the influence of nozzle diameter, screw extruder velocity and screw pitch on the clay
filamwedt, the straight line tests were conducted whape all the lines were printed from right to left. Fig.
fi and 7 show the clay filaments of different extrusion parameters, while a nozzle height was set
the same size as the nozzle diameter. As ohserved in experimental results, the effect of screw extruder
velocity and nozzle diameteron the printed lines was demonstrated that low screw extruder velocity
{ 14 mm/s ) showed small dianeter than diameter of high screw extruder velocity (24 mim's) with same
nozzle diameter and screw pitch. In addition, low screw extruder velocity with large nozzle diameter
(7 mm) led to discontinuos lines as shown i Fig. 6 (ghand 7 (g). The effect of two different pitch
demonstrated the difference surface roughness, A 18 man screw pitch presented wavy lines which
exhibited the rotghness surface as illusimted in Figure 6, wlile a 24 nun screw pitch showed the
strnght lines which present smoothest sirlace as shown i Fig. 7, The 6 mim nozzrle diametler, 19
mm's screw extruder velocity and 24 mm scréw pitch were suitable paruneters o provide good
appearatice of clay flament. Each elay hliment was measured the widih,. Then, DeE method was
applied 1o analvee the effect of mput pemmeters on the width of the clay filument. According (o the
ANOVA analysis, as shown in table 3. The nozzle diameter, the serew extruder velosity and the screw
pitchoare Bighly significant factors due 1o P values which is less than 0,05, as well as the interaction
betweendhe tozzle diameter and the screw pich and the inleraction between the nozzle diameter and
the screw extroder velacity. Thenozde dinmeter, the screw extridder velocity and the screw pitch are
main effect factors thet werne plotted in Fig. 8 ap The nogzle dinmeter and the screw extruder velocity
effects were positive on the diameter of clay Olaments. When increasing of these two factors, the
dinmeter of clay filuments were mcreased. while the serew piich effect 15 negative. However, muin
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effects do not have much meaning when they are involved in significant imteractions, Therefore, it is
alwiays pecessary fo examine mlermchions that are imporant. The atersction between the noerle
dimmeter and the screw pitch was plotted m Fig. 8{b). This interaction tllustrated that the screw pitch
his large elfect when the pozzle diamieter is 5 mim, and has small effect when the nozzle dismeter is
Goamnd 7 mm. The 6 mm nezzle diometer and 24 mm screw paich seem most effective. The mteraction
between the serew exiruder velocity and the nozzle diameter was plotied in Fig 8(b}. Ths meraciion
illsstrated that the screw extruder velocity has small effect on each level of the nozzbe diameter. The
micldle level of screw extruder velocity showed the best performance. A normal probability plot of
the residunls was shown in Fig. 8(c). The points on this plot lie o similar straight line. Therefore, the
residuals were considered to be a nommal distribution. There are no tendency. Therelore, these plots
conclude that the regression model s suitable imterpretation. To relate the relationship between the
ponted dinmeter and sigmificant f@ctors, equation (1) 15 a multiple linear regression model that is wsed
1o fommulate this relationshap.

¥y=Po+ LB+ (1)

Where # s a response vanable wath k regressor vamable, g «=0.1. .. k are mdependent varimbles.

0.1,k are regression coefficient, and ¢ 1% an éfror term. According to the ANOVA analysis by
Minitab, the fitted regression model with tenms and interactions can be defied as follows equation (2),

r=4.065-0.310%y, 00127, + 0.1 8687, + 004642 ¢, r. - 001652y, r, (2

Where pis a printed diameter, ¥, I8 & screw piteh, r. is @ nozzle diameter, and p, 15 8 screw extruder
velocity. The R-5q. value of the above model is 83, 51% which indicate a suitable accuracy.

V=14 mun/'s F= 19 mm/'s Fe 24 mim's

0=5mm

=6 mm

i) [ if)

D=Tmm

ih} 1B L Gy
Fig. 6 Clay filaments for 1 8 mm screw pich with differentaozele diameter and screw extruder
veloeity
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Fig. 7 Clay filaments for 24 mm serew pitch with different nozzle diameter and screw extruder
welocity
Tahle 3 ANOVA result
SOURCE DF ADISS ADJMS  F-VALUE P-VALUE
MODEL 17 217894 1IZR17T3 110.39 0,000

LINEAR y & {8 |E7800 373800 32367 0,000

PITCH 1. 1275 12751 10989 0,000

NOZZLE DIAMETER 20 B.923 04615 397 0,020

SCREW EXTRUDER VELOCITY 2 1T361T  E6E0BA TATES 0,000
2. WAY INTERACTIONS 8 24407 30509 26.28 0.000

PITCH* NOZZIE DIAMETER 2 1B708 93538 0.5 0.000

PITCH* SCREW EXTRUDER 20 0263 01313 L1a 0324
VELOCITY. -

NOZZLE DIAMETER * SCREW 4 asm 1.2301 10,59 0,004
EXTRUDER VELUCITY ' =L &£ N, N
SWAYINIERACIIONS 4 2.01l 0.5027 4.5 0.002

PITCH® NOZZLE DIAMETER® SCREW 4 2011 0.5027 433 0.002
EXTRUDERVELOCTYY
ERROL o 33 3SR 0016l
TaTAL A L 39 %6441 = y
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Conclusion

This paper has presented a newly clay printing machine, The machine has been developed based on
the additive manufactuing technsgue in which improves masual pottery fabrication to stomlic
construction, & scrow extroder for extruding was mounted on the movement system, in which the
system has been controlled by a step motors via CNC programming. To evaluate the performance of
the machine, three parameters including the nozzle diameter, the screw extruder velocity and the
screw pitch, were verified the capability of matenal extrusion of the clay printing machine. The resulis
of the expermient contirmed that the nogrle diameter, the screw extruder velocity and the screw pitch
are critical parmmeters on the geometry of extruded clay flamepts. The & mm nezzle diameter,
19 mm's screw extruder velocity and 24 mm screw pitch were optimal prinfing parameters for
providing an appropriofe geometry of extruded clay flament. A mathematical mode] was formulated
topropose the relationship betwesen response and mmn effects with their interactions, The R-sq. value
af mathematical model is 83.51% which indicates a suitable aceuracy. Therefore, the elay printing
imachitie presented mn th study can be tged 1o produce pottery models. The futtiee reseaich 19 (o
iwlentify snitable conditions for performing a complex 30 printing pottery
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A Review of Process Parameters That Effect to Extrusion on Demand

Paphaicom plﬂj‘ﬂlﬂ'lr. Thanakhan hn:lmmg'|
' Bohial of fnckoskinl Erpawsanng, halicds of Cogmesring Sararunies Linveaily of Tecfmology, Thmiang

Abstract. An sddivive Mmmsfscoming (A} progess lins b Doodused 10 b tuve-dimmsion ohjeets from
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ilimeising sammic sheen called pavte mmenals which ompess of ligud md sobid somponams. To baild addires
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1 Introduction

Additive mamifachoring  (AM) 18 0 techmology  Shist
fabricate (wee-dunensional (300 objects by | adding
material Inyer-by-layer directly from CAD (Compvies
Aided Design) model [1] Tradifonal AM technologies
lave been used 1o Gbrce 30 objects based oo & Taw
mntetial siaten that are Dquid-based, solid-babed, aod
provwiber-basesl, for exasnpie ligud polyisers and pawdes
particies inchding palymers and metals. These msierials
contams some dissdvantges such as high melfing poini
mixd high cost of rw materinds [2]. To solve thise
disadvamtages, pasie nuaterinls have beea appbed o

fabricate three<thmension parts m additve '-:uuﬁi.l:hlinﬂ'.

Pastes matenial = a kind of matenal composed of solad
aixd bgudd stie [3] Pastes are states fat are made up
from many different sobempces ond fmad by nsing
extrsion method. The paste extmswons bave been applisd
for vanous mdhistnes such as femmac peuris, cosmetic
pencils, iades. fooad mumnfichsing, asioml feeds, aml
PTFE wires [4), Extrusion is camied owt by pressing
pressire b run extrader, os lustrated m Figare | (a)
MNomually, the raan eximsion coasdsts. of contol sysiem
aml extmusion device. In pasic extmsion process, the
pressure is generated o force the paste through & nozzle
The poste Now s regulated by coomolling the tm
inevenetil, which moves down 10 exmide paste nuaterial
The exmudate is depesited layer-by-lnyer on the mble w
fomn desigmed shape. Ta improve p capabiliy of
extnisim process, Extnmion On Demnond (EOD), tal
refiex to e ability 1o regulate the stat md stop of pasie
eximsion, Hns <be developed o mprove masenal
deposition, This, mper presents a review of process
parameters thist effect o extrusion on demnnd such as

@ The Awrbnrs, publeshied iy EIN® Scarmoes, Thin m am opm sseess prasbe despbussd andder s sorms of the Cresve Commens Apnbesiom Lo 401

thrip s e vos ormmens. ol losmee sy 000

ram velocity, Dhwell fime, paste property amd exmision
I

2 The paste extrusion process

The Process of paste extnision is generally caried out in
three steps: pasie preparsiion. Fornming. and Finishing [3].
In paste preparaiion, powder componemss and liuid are
mixed in Fuitable mass proportion o cormy ouk n paste,
These componenrs are contalied in the barrel. In forming.
Pressure is penerated to force the paste throngh a nozzle.
Then, the paste 15 extruded from an extroder by using mam
extrusion. The extnulste s deposited laver-by-laver o
form a model. Dunng fnishing stage, the extrudate 8
solidified by thermal processing during this sage. Since a
conventtonal extrsion method extrdes the pasie by
using mm extruder, the extrudsie contxined bead and toil
eflect as shown in Figare 1 (k) The quality of desd gned
shape depends on these effects. Te achieve the accumecy
and quality of designed shape, the convenisonal exinesion
method has been improved o control the st and saop
extririaon o densand in arder to enbace the perfonmance
of the exinusicn process. In additional, the mm velocity,
Trvell time, paste pmpery and extimsion mechanisms are
mam parameiers that influence on the paste exinosion
prUcEs.
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Figure 2. Schematic dingrm of mm extruder, peedle valve
mnd auger valve extmaim [ 9]

To mprove a copability of extrusion performance.
the mm velocity, Dwell time paste property  and
extrusion mechonlims & maln peraoseters thar bove
beenn stpdies © investigate the effeet on the ablity
extrusion o demsand for paste extrusion processes as
shewn kn tabde 1. Masson et al (2007) modified the
traditional ram extrusion mechamism i order (o Emprove
the extrusion on denwand. Load cell housing was added 1o
connech diwectly with the plonger, whale plasiic syringe
was reploced by metal barrel. A new ram extrusion
mechansam was imphemented o priot the line tests with a
st of run retresting velneities (0, 03505, [, 15 3 28
and 5 mm's) and extmsion Forces of 308N; The resulis
were found that the mm retreating velocities that ae

bigher 2 mumi's able to stop on the extmzion on demand.
The mfluence of the mm velocey on the extrusion force
and ligquid phase mipmbon in Freeze ffom Extmsion
Fahrication process was studied, Lin and Len (3009)
expermmenled 1o mvestigale ligquid phase migration for
agqueous 40y paste. The aguesus paste and five am
velcitles {10, 5. 2, 1.5, 1 pm's) were wosed for
drvestigation in this shidy, The experimental resuls wene
sl that heghly bgusd phase migrton was found when
ram vebocity was bower than 5 jun's. Oake et al. (2009)
present an expenment o uvestigate the Dvel] times that
effect to extrusion filament. In this experinsent, the Deell
time 1= set an & funciion of the reference mm force, This
force s applied o activale for pasie exinomeon. Vaboes
experiment are 500w, 35%, 60%, 65% aod 700G of the
rederemce rmm force 450 W and 475 N, The results were
shown that the divcontimsed filaments were presented i
Drwell tiume bess than 65%. In addition. 1he mereasing of
tlee reference ram force fnam 450 6o 475 % waa found the
sccumilation ossberial at the start of flamenis. This
melicates that o cow mom foree should be unsed for
extnsion process. Liv e ol (2013) comducted an
experupent o study the mfluence of ram velociny and
paste propertic: on exfmaion process by applying series
of mm velocies (2,510 and 15 um's) and three pastes
with difference viscossty. The remls were found that the
extresion pressure shiowm on increasing slowhy with high
velecities (10 and 15 pm's} whereas the extmizion
pressaye shown an increasing rapidly at low velocity
(2 and 5 pm'sh. Therefore. at low velocity, liquid phose
was moved mio an exinudate. 5o the remnining paste in
the barrel become drier. Drier paste in the barre]l need
high pressure force o press the paste flow. In addition,
the mm velocty of 2 pm's was expermmenied bo study
effect of paste viscosity on liquid phase migration. The
resilis were fotind thw liquid plase migration was found
when a higher viscosity paste is wed with the lower ram
velocity. The paste viscoatty had significance effect on
extnmsion process [12]. The high viscosity of pasie
materinls  means & high amowunt of sold particles
Therefore. high extmsion force had be peeded o extnods
materinls whereas low viscosity pasiz lead to difficult o
form the: designed shape. Li et al. | 301 7) bave condocied
an experiment o study the influence of eximsion
mechanismns, Dhwell time and paste property on the stan
and slop of extrusion. The stal Dhwell tume for ram
extrision. peedle valve and auger valve mechmusm was
450, T0 and 0 on respectively. Those mechanims wene
used o experment the abiduty of extrusion on demand
Dash line printing & were conducted for all three
meeiliods. The Lise prioting teses were pranted Crom oght
1o lett amed compared the 1aal nod head effect of the prasted
lines 1o imdicate the eapable exwnrsion start amd slop by
maing the image dash line seginests prasted  The
experimental resubts were shown thet the dash line
segments prigted by the nesdle vibee and mger valve
methods have shorter tails tan the mm exmrusion method
becauss the start and sop daell fime of the needle valve
and auger walve sisthods sre shorer than the ram
exinaiia- method, Then, e filaments with shoet stan
Dwell ume shown e decuracy of the st and stop of
exthsshn
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3 Conclusion

The extrusionm methods hove been widely used 1o
fabricale 3D ohjecis from paste mawersals.  Those
mnierials mre made up from Bguid and selid particle. The
rmm extmsion methad fs widely wsed 1o form pase
matermls, In this method, pressure foree was genermted 1o
press paste maerinl through a noerle by smg ram
extrader. To improve & capability of sxtrugion pocess
The fouar main parnmelers wene reviewed. The mm
welocdy, Dwell tme, pasic propery aml  cxtrision
mechanizms are those pammeters that mffuence an the
pirsie exinun process. The tam extnsder. necdle valve
nnd moger wvalve based exemsion method  Wene
experimsented o print the line tests. Becouse of the
shortes Drwell time, needle valve and auger valve shown
the nbility start and stop of extrusion on demand better
than the fnm extruting |
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A Review of Machining Parameters that Effect to Wire Electrode Wear
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clbutrac— Wi shecirieal discharge machinng (WEDM) or
Wirerul EDM b g pon irnditiossl meckining prooess, This
proces (s ® ypark erosion process. Tt erodes mierial from
wnrk piece By @ smccesiive of electiicsl dischanges. The spark
ermbsn process b oocwmed betwesn work plece and wire
electrode. The wire dectiode b wsed a3 the outting ool
WEDAL Is widely used fo cub high complexiry shapes and
jpresesd ligh accurscy, The sdvantage of WEIM s U ropakie
cutting of hard metals than are diMcul e csl with other
process, Te establish o qualiey of this process, maserisl rense sl
rale (MREY sorface Mildsing (SF) Kol st asd wiee wear
ruth (WWH) wre memared, However, s lide of cutng tool o
bovn comrermed, v wire wear rale. This paper presents o
review lf-l:i.l.dn‘p-'l.-'hn Elat elect o wire Wear rafi.
Pulse on dimr, palse off me, prak carresd, wno vaellage, gap
volingr. dfeleciric Dow vate, wire feed mile amd wire bemnbea ne
g lining parnmeters which inflsence fo wire wear miin.

Eevwarts-wire  electrieni  discherge  mackinimg:  wive
eiectrode: wine weer ratio

L INTRODUCE N

Wire electrice] discharge machining (WETDIM) i& 2 hog=
trditiomal mumifacurmg process that is widzly med fo cul n
comprlexsy shapes and 2 hardness material. WEDM or Wise-
el EDM 48 o spark ermion provess thit maierial is eoodd by
wire elecrmde s the coiting ool The spark emsion pmsess
orcurs between wire mmd wark prece, I whech tlsbes e 0ot
comtmet together. This grocess is oonered (by clechrical
discharging between the gap of wire sl woskt poece. The
gap berween wire anid work pece & retmined by ibe canirol
wysiem i ceder 1o peoduce the wsoth cuniee sarfee (1]
Mommlly, WEDM machine comsisis of poewer devices,
machine tools and fluskmg devies The capahilitics of
WEDM process depend on oisleriad renwval mie (MER),
surfvce fimsh (5F) Kerfwidth and nire wear mba {(WWE]
Those peiformance are performed base on mschming
parmeters soch oy palse oo time, pulse off tims peak
cumrent, servo volinge, gap volage. dielectric Mow e, wire
feed raie and wire tension, Mabspmia anl Patuaik 2]
expenmenled to sy the elfect of mmchimuis paraizeten en
mnters] pemeval rate o surfice finish Fapucli method
win gsed 10 adaanly oplznal mackinng pammelers B
e malerial emoval mie and surisce finish in this
stisdy, Tosum [1] studied the cufting perfommances (cutting
speeddimed snrface roughness) in WEDM. Palses time, Open
cucinl olingn wire speed and dleleciric Ousd pressure are

O7R=1 S0 ET 756" 1 T85O0 E201T IERE 1

e lmiet iy

cutting parsmeters. Tlose pammeters were arvestigared the
effiect of the cuning pefbmsnoes.

Wiae wear ratio 18 & signaficant vanishie becanse the wear
ratin perfirnn tool filue due 1o the eoston also occurs on
the wire elecirode. I addickm, # wire beeaknge or 8 wire
muptre is one problem of ool fobre 1w WEDM, which is
perminated] the custing process. Thas breakage also affecs the
‘producoon cost. Gmmage and DeSitva (4] studeed the energy
contsuigpdion with imexgected ware breaknge durmp machine
‘mperate. The severnl wire breakang lead to o long processing
time apd @ve a poor quality wafoce of owtpe, while
meresses the enengy consungiion

Thas peper presents a revew of muchinmg parmoeters
st effect w0 wite cleciode ware. The WEDM process
presents m ihe next section. The process pammeters amd the
elfect of parametens on wire elecimode wem s reviewed,

. WEIR PRroxcEss

WEDM & a spuk  erosion process. The  material
cxmnetion. B ocouned by the series of electrical
beraeen work i wire clechode [5] The wire
ekcode w ne e cottiog bood bl the wire s ol
comirnet the wark proce. WEDM consiats of o wine electrode,
o wime guiding, dielectre supply, machine @hle end other
comrel devices, A schematic dingrmm of WEDM shown i
Fug. | The wire glectnode foeds throagl the wine puding and
poasses Hwongh work piece. The work piece i fixed on the
mechine fable and the movesble wble {5 cootrolled by
gemtrod device. During proceds, (be work poece is Srmsersed
m & ddizlectric flmd that cocts cutting process and removes
ol the emded debris The vollage 15 apphed between work
piese and ware glectrode The lomeation of dulecte fluid (s

stated. This process changes the properties of dielectnc fhnsd
froan nn msuditos i e wmee pactiche, which afloos ebactracal
comrent to poss from: ware sledmde o worke piece, colled
sparkimp. Spark i generated between o gap wire elcoode
amd work peece. The spark erosion ocows on work piece
sraes. The mevensnt wire elecrods is consmalled by o
comypmier  mumscrical commil (CWNC) svstem o ool the
despznnd shpe. To acheve socessfil the cullmg jrocess,
there are seveml parmsesers et relote the performance of
WEDM machine. The mnowl ingrortand petformmnc: nseasines
nre melal remover e, strface fimsh il wire wate m@iic.
Those performance neasmeineils e depended oo the
setting machine parameters sach as pudse on gme. pulse of [
time. peak cumens, servo volmge. gap wolage, diclecmic flow
rate, wire food mie aud wire tension.
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A Wirg Wear Rarfe

Thie wire wear ratie {WWE is studied to minimiee the
wol fiure. WWR is calculated following equation (1)

WWR =WWL | TWw (0}

WWL s the Joss of the wire weight and [WW is ithe
imitial wire weight. Several resenrches mvestigated the effect
m WWHE Tesm end
pate fhe effect of
machining pammeters on the wire wear mibe. Pulse dumtion,
open cirouil voliage, wire speed and deslactesc Musd preéssoes
are maclanng paramctss. The sinsticnl techniques were
wsed 1o imbsate the sipnificant of ibose parmpeters on the
WWHE The experments were performed on s Sodick
AIIVEXZ] WEDM machine by ming bomss wire of 025
mm dinmeter & ool amd ARSLA 140 seel of 10 me drickness
s work proce mamial The resull was found that the
imcrensmg of pulse duration and open curom ml!lp.-im‘.lm
WWEL it the fwereming of wine speed amd Augd pressone
decrepss WWHE, Based on ANOVA reqdt, the open circuit
valiage amd the pulse duration were the mos effecive o
thime pnmmeters. Mevada, Shah and Khatri [9] experimented
to fne ol e WWH o e differenl ineclbibng parasieles
snch s penk current, pulbe oo time and pudse off time. The
amalvsis of virkance was wsed 1o detemmne ibe cffect of thoss
jraramneters. The experiments wire paifonned oo ONC wire
il Elevro dischaige machine. Molvbeenuin wire of 008 i
nrel EN-8 tmnlereal were imed a5 0 tool and- work picce S the
experiment, The result was fonnd thar the incres sing fn peik
cumren prescntod  praduadly WWHR bt the e
pulse o tie esiablished mose WWER. While palse:
© oot amch affects oo the WWR. Rumnkrisiman and
Karmamoorthey [10] comidered nmli resposes of WEDM
process. Fach expeéroment hns been studied 1he & =
perfarmances sch a5 noaterial removn] mase,
maghmess aul wire wire e for WEDM proces
custting conditions such as pulse on fime. wire 1::\@:‘%
fie, wire feed ypeed mud tgintion evmen miensiy. ANOVA
was weed o wlentify the melse on mame and i carrent
miensiry ihst twe paramelers influence mace than oiber
Bobbsli, Madhn and Gogin [11] experimented ro stuchy the
effect of culbng puamcicrs on the sire of conber sl wioe
wenr mtio The experments were coodocted mnder the
different cutting parmpsters such a open ciscull volmge.
pilse chorntioe, wine speed and Sl g pressure. The dota ol
wire  ermler  dimensions were  coliecied  amd  mwilyzed
relationship  betoeen  the  cuftmg amd  the
perfonnance, The tesult vwas fommd that ibe most effective
o g parmpelers wWeie open clreml Voltage ad plse
dhuaton Wi, deelecric flud presuae ned wire speed weae
less eflect umchiing Rangath. Sixihskar and
“ﬂhmwir"] expenimented o sy wire erosion weas.

The experiments were performed on Electm elout-134. Mald
sheel, MM steed amd HOHCT siee] were nsed o work prece.
Bare sl e coated brass wines were wsed as (ool (o
senetyof fhis experiment. The result was found that discharge

Time

)

current fisd discharge nme alfect oo wae eroson wear,
which leads bo wire foilone.
B Wire Brewhage or Wire Rupiere

Varouws paraibehers are tsed 1o stiedy wire Falkie of
WEDM in crder v prevent wire breakage. Mo researches
have bheey sudying the effect of parsmeter on the wire
breabane. Bmosduts, Fuloil snd Game [13] observed the
cffect of pulse frequency, The seaall was shown that the
pulse frequency af pap voltage mpid rse for approximalely
-0 mm befiee wire beeaknpe Then, ey developed
momiotng ol control systemn that detected the swdden rme
of plos. frequendy, The pulse penerator il servo sysdinm was
tumed off o pevent fioan the wire breaking when the
anilden mse of plus freguency was detected, bt it affecaed
fbe machme eficiency. Lo [14] unestipsed the spuk
charncteristics, e pempershue  distnbubon, the  mpte
mechmmsny and the mechanscal stengh of the wae o
deterngne the effed mechanicnl strength of wire. Material
wichling nod fnciure wene ithe conse for wire treaksge, while
3 feupeate GwTese apgravales the failoe pEocoses
hecmise the wire sength was rediced mt high iempemture:
Cabaes. Protullo, Mareos amd Ssscher [15] sodied the
ﬂmu[nmhﬂhpmwlh’!nmﬂ:nlkmfm
breaking, Feak cvent, discharge energy and ignition delay
tiee were evahmted o analyze the effect on wire hrenkage.
Aush, Vindo aad Jatisder | 16] stodied tlse effiec of six topua
pamnmeters such o palse. oo fme, pulse off tme, peak
current, spark gap voltage, wire fieed and wire tension. The
expenmeits were indicared the wire tneakoge frequency
cmitbmeusly moresses with an ficrense tn pulse o Hime,
peak ooment aml wire enson whereas decrease pulse off
timse apd spark gap volinge Okada, Keaisld and Kuriham
117] expenimenied 1o imvestigate the miflnence of nachined
e bength on wire lweakape The resull vwas fouind that the
wire breaking often scourred at a particular short machined
kerf length. The imcremsing crater sre on the wire wns a
s the misk of wire rupne. Tosun, Cogvn ad Piheili [19]
atudied o ivestigate the 1 e bers oo

wire mlznim{!hnm::iilﬁ:; u_zd;;iq'h‘:l Pulse duraticn,
ipen chrenlt, wire spesd tric Mushing pressue are
nachining paramersrs, Tl resull was shoom that dhe

!:ltrz'.llh.l.p: of pulse dussfimi. open coroml voliage med wire
‘wpeed imcreased the crarer dimpeter and cmier dept

Thost experunents mdicaod the vanos researches on
s wire electrode ware o WEDM process. The sk
pamnmeters. weye  stadied W0 imestigale the effoct of
nzchining pamineners off wine wear mitio, the wire breakage
wind Wire pupdire os shown o Table L Tle woe wesr fitio s
a sipmibean varable, which leads 1o wire faibire. The wire
WEAT T kﬂ?ﬂﬂ'\ﬂ# loss wire electrode afier cuiting
davided by the inital wine weight The wire wear i
shiulies 10 mmiigse the foal [alhire Thow eipomenis
foand the incressing of pmilze durntion mud open carcuit
voltape lncteass the wire wear mho. Tliwe pafmimeters ne
st trupaet on wire wear raio. The rapidly changing pudse
duration and peak curren lead to wire breakege. o wire
muphure., in which n quabity of -lrﬁu'hjum& machinmp
aeCuReY #fe decrensed
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APPENDIX I

Microstructures of Clay Materials



Microstructures of Clay Materials

Figure A 2.1 The SME images of the Dan kwian clay : (a) x5,000 magnification and
(b) x15,000 magnification



(b)

Figure A 2.2 The SME images of the Ratchaburi red clay : (a) x5,000 magnification
and (b) x15,000 magnification
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(@)

(b)

Figure A 2.3 The SME images of the Compound lampang clay : (a) x5,000

magnification and (b) x15,000 magnification
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