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Building a Glass 3D Printer

Design and fabrication of a high temperature hotend Avishan Najafali
Department of physics

University of Gothenburg

Abstract

This thesis explores the design, fabrication, and optimization of a hotend system
for 3D printing with borosilicate glass. The study addresses key challenges such as
achieving precise temperature control and stable material extrusion at high temper-
atures. The hotend was constructed using VITCAST 1700STD, a dense refractory
castable material selected for its superior thermal resistance and durability. An
alumina tube integrated with a Kanthal wire heating element ensures e cient heat
transfer and consistent lament ow, while stainless steel bolts and nuts provide sta-
ble electrical connections. Simulations conducted in COMSOL Multiphysics were
essential for optimizing heat distribution, structural integrity, and material behavior
under thermal stress. Low temperature experiments were conducted that seem to
con rm the results from simulations at lower temperature.

Keywords: 3D printing, borosilicate glass, hotend, refractory materials, Kanthal
wire, COMSOL simulationsobjects.
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Below is the nomenclature for variables and units used throughout this thesis.
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< XU T
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Nomenclature

Current (A)

Electric power (W)
Electrical resistance ()
Voltage (V)

Ohms (unit of resistance)

Amperes (unit of electric current)

Watts (unit of power)

Centimeter (unit of length)

Volts (unit of electric potential, electric potential di erence)
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1. Introduction

1.1 Glass history and Borosilicate

Evidence of glass making ( rst true synthetic glass) is found in Mesopotamia (today
part of Iran, Iraq and Syria) and Egypt back to at least3600BC [1, 2]. Glass is amor-
phous (non-crystalline) and has widespread practical and technological uses. Glass
has long been used as optics tools (mirrors and prisms), in laboratories, tableware,
packaging, art, architecture and windows in our daily life. Whether amorphous ma-
terials are liquid or solid depends on an internal structure of interconnected blocks
which is characterized and depends on the connectivity between them [3, 4]. Dier-
ent type of glass are: silicate, soda-lime, borosilicate, lead, aluminosilicate, other ox-
ide additives (like barium,thorium oxide, lanthanum oxide and etc), glass-ceramics,
berglass, non-silicate, amorphous metals, polymers, molecular liquids and molten
salts. Borosilicate glass is a type of glass that consists of silica ($)@nd boric
oxide (B,O3). Michael Faraday invented borosilicate glass by creating int glass
from a lead borosilicate system [5]. Borosilicate glass has low coe cients of ther-
mal expansion, making it capable of withstanding temperature di erentials without
fracturing. This also makes it resistant to thermal shock and thermal stress at the
same time [6]. For producing several types of glass a furnace is needed (for specialty
glasses this include electric smelters, pot furnaces, and day tanks) [7]. For investi-
gating new chemical glass composition and new treatment techniques in small-scale
laboratories a glass 3D printer can be useful. A glass 3D printer can be used to
form complex geometric shapes of glass easily and with rapid prototyping it is easy
to control on-demand manufacturing of patterns for researchers. Glass is180%
recyclable material [8] so a glass 3D printer can rejuvenate infrastructure and open
new doors in design, art, architecture and building construction. In recent years,
there has been signi cant progress in the eld of 3D printing, particularly in the
area of printing with glass materials. Glass 3D printers enable the fabrication of
complex glass structures with high precision and customization.

1.2 What is a 3D-printer

A 3D printer is a machine that creates a three-dimensional object by printing it
layer-by-layer. With the assistance of a control circuit connected to several stepper
motors and heaters, a material can be lique ed, fused, and then solidi ed or joined
together. The general concept of 3D printers was rst described in the story 'Things
pass by," written by Murray Leinster in 1945 [9]. In 1971, the Liquid Metal Recorder
was patented by Johannes F. Gottwald, which described 3D printing, rapid prototyp-
ing, and controlled on-demand manufacturing of patterns as a device for continuous
inkjet metal material [10]. Most 3D printers manufacture a three-dimensional object
from a digital 3D model, layer by layer [11, 12]. 3D printers are additive manufactur-
ing, which means the 3D printing material is either a liquid (or temporarily liqui ed)

or a powder that is fused and then solidi ed or joined together. Some of the ad-
vantages of 3D-printers are rapid prototyping, less waste material compared to e.g.,
milling and the ability to produce complex shapes [13]. Printing complex shapes
and hollow parts with internal truss structures can help to reduce weight and use

2



1. Introduction

less material. There are many di erent types of 3D-printers and 3D-printers can use
many di erent materials, most common are polymers, but metals and ceramics are
also options for manufacturing [14, 15]. The range of printing material has increased
rapidly in the last decade and 3D printers are considered an industrial technology.
The main additive fabrication technologies are Fused Deposition Modeling (FDM),
Laminated object manufacturing (LOM), Granular materials binding (GMB) and
Photopolymerization (Figure 1.1 )[16].

Figure 1.1: Four of the main 3D printers in order from left to right: Fused Deposi-
tion Modeling (FDM), Laminated object manufacturing (LOM), Granular materials
binding (GMB) and Photopolymerization. Reproduced from R. Scopigno et. al.
[16].

1.3 Various types of glass 3D printers

Today, various types of glass 3D printers, as well as printers capable of working
with materials similar to glass, such as ceramic or sand, are in existence. These 3D
printers operate using di erent methods and do not all function in the same way.
Below, we will discuss some of the methods that have been employed for printing
glass:

1. Additive Manufacturing (AM)

2. Stereolithography (SLA) and Digital Light Processing (DLP)

3. Selective Laser Sintering/Melting (SLM)

4. Direct Ink Writing (DIW)

1.3.1 Additive Manufacturing (AM)

Additive Manufacturing (AM) enables the creation of optically transparent glass
objects through material extrusion. This process involves reaching high tempera-
tures to transform molten glass into 3D shapes [17]. Molten glass's gravity-driven
feed is heated by a kiln surrounding the crucible (see schematic picture in Figure
1.2). Software control of X and Y axes facilitates precise shaping (see Figure 1.3A).
A heated ceramic nozzle enhances accuracy (see Figure 1.3B), and slow, controlled
cooling and annealing in a heated chamber result in larger, stronger parts (see Figure
1.3C).



1. Introduction

Figure 1.2: A schematic picture of system sections of the glass 3D printer. Repro-
duced from J. Klein et al. [17].

Figure 1.3: The AM glass prints results A) without nozzle or heated chamber,
B) with nozzle, without heated chamber and C) with nozzle and heated chamber.
Reproduced from J. Klein et. al. [17].

1.3.2 Stereolithography (SLA) and Digital Light Processing

(DLP)
Stereolithography (SLA) and Digital Light Processing (DLP) are rapid prototyping
techniques utilizing ultraviolet (UV) curing of photosensitive resins, initiating a

photochemical reaction [18]. DLP creates 3D objects layer by layer using a projector
or LCD screen to solidify light-sensitive polymer [18]. SLA and DLP are ideal for
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1. Introduction

high-precision glass printing, especially in small sizes. DLP involves slicing the
model into layers, projecting the layer's shape onto liquid photosensitive resin to
cure it. The process repeats layer by layer, with the printing platform and object

elevating to form 3D objects [19]. SLA, on the other hand, employs an ultraviolet

laser to solidify photosensitive polymer layer by layer. Unlike DLP, it cures resin

point by point, enabling precise curing. SLA is faster for small objects, while DLP is

more e cient for larger layers due to its simultaneous curing method [20, 21]. Kotz

et al. usedSiO, nanopatrticles to create a glass slurry for 3D glass object fabrication
with SLA (Figure 1.4).

Figure 1.4: 3D printing of fused silica glass step by step and the resulting structure.
Reproduced from F. Kotz et. al. [21].

They 3D printed a "green" part (resin components forming covalent bonds, which
results in the part remaining in a semi-reacted "green state") and heat-treated it
to achieve a pore-free, transparent glass sample [22]. Metallic salts |Re(NO3)s,

V Cl;, and AuCl3; were also used for creating glass micro uidic devices and doping
3D glass parts [21].

1.3.3 Selective Laser Sintering/Melting (SLM)

Recent advancements in laser processing have led to increased research in the eld
of glass 3D printing using laser-based methods [23, 24, 25]. Selective laser melting
(SLM) is one of several proprietary 3D printing techniques commonly employed in
metal additive manufacturing. SLM enables the melting of powdered materials using

a high-power laser. The process of 3D printing glass with SLM involves creating
layers of powdered glass and using a high-energy laser beam to melt and shape each
layer. The laser scans and melts a cross-section layer, moving downward along the
z-axis. A new layer of powdered glass is deposited on top of the previously printed
layer, and this layer-by-layer process continues until the 3D printing is complete.
The nal printed components then undergo a heat treatment process at specic
conditions of temperature, pressure, and time for their nal production [26, 27,

5



1. Introduction

28]. Another method of selective laser melting for 3D printing soda-lime silicate
glass was developed by Luo et al. In their research, they studied the melting and
aggregation of glass lament using a CO2 laser beam to fuse it layer by layer. The
study explored di erent laser energies and feed rates for lament 3D printing. To
create transparent glass objects, Luo et al. investigated various process parameters,
including morphology and optical properties, and developed a thermal eld model
for the melting region. Additionally, they designed and printed optical devices,
including single-wall glass, fused quartz cylinders, and cubes (see Figure 1.5) [29,
30, 31].

Figure 1.5: (a) A schematic illustration of the SLM method. (b) A photograph

of the lament-fed fused quartz AM process. Photos of the printed results for (c)
single-wall glass, (d) fused quartz cylinder, and (e) the cubes. Reproduced from Ref
[29, 30, 31].

1.3.4 Direct Ink Writing (DIW)

Direct Ink Writing (DIW) is an extrusion-based additive manufacturing method. In
DIW, semi-solid ink material is extruded from the print nozzle. The technique relies
on properties such as shear thinning, gelation, evaporation, or temperature-induced
phase changes within the ink to rapidly solidify the print. The nal result is a
green body glass component that requires subsequent heat treatment and a sintering
process [32, 33]. One distinctive feature of the DIW method, unlike other extrusion-
based 3D printing approaches for glass, is that it doesn't require high temperatures
for printing the green body glass component. This characteristic sets DIW apart in
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1. Introduction

terms of its energy e ciency and exibility in glass 3D printing [17, 34]. The primary
process in DIW involves the synthesis of ink infused with dispersed glass powders.
The ink must possess suitable rheological and shaping properties. Importantly,
the drying process of the ink gelatin does not necessarily include pore formation
[33]. Researchers such as Destino et al. have utilized the DIW technique to print
combinations of sol gel derived silica and silica titania colloidal feedstocks. They
achieved densi cation without crystallization through conventional glass thermal
processing methods, removing organic components from the printed parts (see Figure
1.6)[35]. Figure 1.6 illustrates the two primary processes involved in DIW glass
printing: ink preparation (sol-gel) and the formation of 3D printed glass using DIW
with annealing for glass formation [35].

Figure 1.6: Two main processes of the DIW method for glass printing: ink prepara-
tion (sol-gel) and DIW printed glass with annealing (glass formation). Reproduced
from Ref [35].

1.4 Overview of Materials and Design for Glass
3D Printer Components

High-temperature materials have played a crucial role in technological advancements
throughout human history. From early uses of stone for re handling, humanity's
progress in working with high-temperature materials enabled the creation of tools,
weapons, and industrial innovations like steam turbines and jet engines. With the
development of metal alloys like steel, stainless steel, and super-alloys, the capability
of materials to withstand extreme conditions expanded signi cantly [36]. Today,
high-temperature materials such as refractory metals, ceramics, and composites are
essential in elds requiring durability under heat and resistance to oxidation and
corrosion. These materials are de ned by their ability to perform at temperatures
greater than two-thirds of their melting point. Maintaining structural integrity

at elevated temperatures requires advanced metallurgy, processing techniques like

7



1. Introduction

casting and powder metallurgy, and e ective heat management designs [36]. In
this project, it is essential to use materials that can withstand temperatures above
1500C while retaining their shape and form. A dense refractory castable has been
selected for the nozzle body due to its high thermal resistance. An alumina tube is
used to guide the lament through the nozzle, chosen for its ability to handle extreme
heat without expanding or deforming. Around the alumina tube, a Kanthal solenoid
is employed to generate heat by converting electrical energy, which allows for the
melting of borosilicate glass rods (see Figure 1.7).

Figure 1.7: Schematic illustration of the glass 3D printer hotend, featuring a
concrete body with an alumina tube at its core and a Kanthal coil around it.

1.5 Purpose and questions

This thesis speci cally focuses on the construction of a borosilicate glass 3D printer
and examines the challenges involved. Understanding the various techniques and
advancements in borosilicate glass printing is crucial to unlocking its full potential
in industrial production and other applications. One of the initial challenges in
the construction project was to select and plan the type of 3D printer to be used.
The second, and more complex aspect, involved achieving and maintaining the nec-
essary temperature. Melting or producing glass requires temperatures exceeding
1000 C. Safely attaining and controlling the desired temperature for glass melting
and printing is one of the challenging aspects, necessitating a smart and practical
design.
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2. Theory

While 3D printing has primarily focused on plastic and metal materials, printing
with glass remains challenging. The inherent brittleness of glass and the di culty in
maintaining transparency due to pores formed during the printing process pose
signi cant obstacles. Moreover, the high cost of lasers and precision optical instru-
ments further limits the adoption of glass in 3D printing. SLA/DLP techniques

0 er some promise, providing high precision and optical clarity, but are currently
limited to materials like SiO,. DIW printing, on the other hand, struggles with
precision and drying times, and FDM requires extremely high temperatures (above
1100C), leading to issues with accuracy and strength. Despite these challenges,
advancements in glass 3D printing are expected to improve both the methods and
the quality of printed objects in the near future [37].

2.1 Filament

To build a glass 3D printer, the rst step is selecting the most suitable type of glass
for the printing process. Understanding the atomic structure of glass is key to this
selection, as factors like coordination numbers and atomic bonding types play a ma-
jor role in de ning the physical and chemical properties of di erent glass types [38].
This insight provides a foundation for determining which glass will perform best in
3D printing. Among the various types of glass, borosilicate stands out for its wide
range of applications due to its distinct properties. Compared to soda-lime silica
glass, borosilicate glass has lower thermal expansion, superior chemical resistance,
higher dielectric strength, and a higher softening temperature [38]. These prop-
erties, such as lower thermal expansion, superior chemical resistance, and higher
dielectric strength, make borosilicate glass an ideal candidate for use in 3D printing
applications where precision and durability are critical. The structure of borosilicate
glass with high silica content further enhances its suitability for 3D printing. This
glass has a two-component structure: one component, mainly silica, forms a stable
network at high temperatures, while the other remains in a liquid state. As the glass
cools, the second component solidi es, merging with the silica network. This inter-
action results in internal strains due to the di erence in thermal expansion between
the components. Heat treatments can relieve these strains, allowing the glass to
expand. Unlike regular soda-lime glass, borosilicate glass's unique structure makes
it more resistant to thermal shock and expansion, which are essential properties for
applications that involve high temperature variations [39].

2.2 Alumina Tube

Aluminium oxide, also known as alumina, is a compound made up of aluminium
and oxygen, with the chemical formula AJOs. It is the most common form of alu-
minium oxide. In its crystalline form, Al,Og, it occurs naturally as the mineral
corundum, which includes precious gemstones like ruby and sapphire. Alumina has
various practical applications: it is used to produce aluminium metal, serves as an
abrasive due to its hardness, and acts as a refractory material because of its high
melting point. It is also known by other names such as aloxide, aloxite, or alundum,
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2. Theory

depending on its form and usage [40]. In this project, alumina tube were used as
a core component of the hotend to lead the lament to the nozzle tip. The choice
of alumina ceramic was made due to its exceptional material properties, which o er
several advantages in high-temperature and corrosive environments. These charac-
teristics help improve the smooth ow of the lament, reducing the risk of it sticking

to the walls of the nozzle and ensuring a more controlled, smoother lament extrusion
during 3D printing. One key property of alumina is its excellent resistance to high
temperatures. With a melting point exceeding 180C [41], alumina can withstand
the extreme temperatures required during glass 3D printing without compromising
its structural integrity. This is critical in preventing the hotend from softening or
deforming, which could disrupt the ow of molten material and lead to inconsis-
tencies in the print quality. Alumina's exceptional hardness and resistance to wear
also make it ideal for applications where the hotend may be subjected to mechani-
cal stresses[41]. The durability and long-wearing nature of alumina ensure that the
nozzle remains functional over extended periods of use, reducing the need for fre-
guent maintenance or replacement. Additionally, alumina's high chemical resistance
allows it to withstand aggressive environments involving mixed acids or corrosive
substances, preventing the degradation of the hotend's material over time. Further-
more, alumina has high thermal conductivity [41], which aids in the dissipation of
heat during the printing process, preventing localized overheating and ensuring a
consistent temperature along the hotend. This property is crucial for maintaining
a stable ow of lament and avoiding clogging or inconsistencies in the extrusion.
Due to its dielectric nature [41], alumina also acts as an excellent insulator, which is
advantageous in electrically sensitive environments. This property ensures that elec-
trical components in close proximity to the hotend remain protected from potential
electrical interference [41]. In summary, the decision to use alumina tubing in the
hotend design for this project is based on its ability to withstand high temperatures,
resist wear and corrosion, maintain thermal stability, and provide electrical insula-
tion. These attributes collectively contribute to more reliable and e cient operation

of the 3D printing nozzle, enhancing both the quality and durability of the printed
components.

2.3 Kanthal

Kanthal® A is a ferritic alloy made of iron, chromium, and aluminum (FeCrAl). Itis
known for its high electrical resistance and excellent oxidation resistance, making it
suitable for use at temperatures as high as 13%D[42]. This material is commonly
used in both industrial furnaces and household appliances. Typical applications
include heating elements embedded in ceramics for panel heaters, infrared heaters,
warming plates, and irons. Other examples are its use in ceramic pots, cartridge
heaters for liquid heating, storage heaters, ceramic heaters for cooking plates, air
guns, hobby kilns, radiators, quartz tube heaters for space heating, toasters, toaster
ovens, grills, industrial infrared dryers, and coils in ceramic ber molds for cooking
plates with ceramic hobs [42].
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2. Theory

2.4 Refractory Castable

Refractory castables are materials commonly used for creating monolithic linings
in furnaces and kilns. They can be categorized into di erent types, including con-
ventional, low iron, low cement, and insulating castables. These castables can be
applied manually or using a gunning method. The raw materials used to produce
refractory castables vary widely and include options such as chamotte, andalusite,
bauxite, mullite, corundum, tabular alumina, and silicon carbide. Perlite and ver-
miculite are also added to provide insulation [43].

2.5 Core Physical Laws and Formulas

To accurately model the behavior of the 3D glass printer, several fundamental
physics principles and equations are applied.

2.5.1 Ohm's Law and Joule Heating

Ohm's law states that the ratio of voltage {/) to current (1) remains constant, yield-
ing the resistance R) of a material, as long as the temperature remains constant:

R= — (2.1)

However, due to Joule heating, electrical resistance can increase when current ows
through a material. This heating e ect is proportional to | °R. As a result, if the
conductor's temperature rises, the resistance may change, even if the voltage and
current maintain a linear relationship. To strictly satisfy Ohm's law, the tempera-
ture must remain constant throughout the measurement [44].

2.5.2 Ohm's Law and Power Equation

Ohm's law explains the relationship between current, voltage, and resistance in an
electrical conductor. It states that the current owing through a conductor is directly
proportional to the voltage across it and inversely proportional to its resistance:

\%
R (2.2)

where:

| Current, in amperes (A);

V Voltage di erence, in volts (V); and

R Electrical resistance, in ohms ().

The proportionality constant is 1=R, the reciprocal of the resistance. It is important

to note that Ohm's law applies primarily to resistive circuits, which consist of purely
resistive elements without capacitance or inductance[44].

N

A
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2.5.3 Electric Power

Electric power represents the rate at which electrical energy is transferred or con-
verted. In an electrical system, power describes how quickly the charged particles
expend energy while moving through a potential di erence (voltage) [44]. The for-
mula for electric power P), measured in Watts W), is:

P=V | (2.3)

For resistive circuits, combining Ohm's law with the power equation yields alterna-
tive expressions for electric power:

2= V2

R
These equations highlight how power depends on voltage, current, and resistance
[44].

P=R (2.4)
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