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Abstract

Additive Manufacturing (AM) techniques have gained extensive attention
recently because they are in general able to produce 3D parts in a layer-by-
layer manner directly. When compared to the traditional manufacturing
techniques such as tooling and milling, AM generally has a higher design
freedom of the geometry and reduces material waste. Many AM techniques
have the potential to revolutionize manufacturing industry and inkjet printing is
one such technique. Inkjet printing is able to dispense liquid material in a form
of tiny droplets (i.e. picolitre scale) through a printhead. The solidification of
the deposited material is usually completed by UV photoinitiation or solvent
evaporation. The viscosity of the liquid material is the key factor to consider
when implementing inkjet printing, as it requires a low range (usually less than
30 cP) which makes it difficult to direct inkjet printing some high molecular
weight polymers in solution. There is an emerging inkjet printing approach,
known as “reactive inkjet printing”, which could solidify the material on the
substrate by means of a chemical reaction rather than photoinitiation. Low
viscosity monomer or oligomeric materials are used instead of using the
polymer directly to form reactive inks which are dispensed and mixed on the

substrate. The materials then cure to form the 3D solid parts, layer by layer.

Bisphenol A-polycarbonate (BPA-PC) is one of the important engineering
thermoplastic materials, which has excellent mechanical strength, optical
transparency and thermal resistance. The only commercial AM techniques to
produce BPA-PC is Fused Deposition Modelling (FDM) which relies on the
direct hot-melt extrusion of the polymer. Such FDM made parts, however,
have low feature resolution and poor surface textures due to the extremely
high melt viscosity of BPA-PC. This research focuses on the development of a
novel reactive ink and the establishment of the reactive inkjet printing
approach to fabricating BPA-PC. Two different routes (hot-melt and solvent-

based printing) were explored to fundamentally study the feasibility.



For the hot-melt route, the monomers, Bisphenol A (BPA) and Bis-Methyl
Salicyl Carbonate (BMSC) were directly melted to form inks which could be
printed using a high temperature printhead. The waveforms for actuating the
droplets of the two monomers were optimized to achieve stable droplet
formation, respectively. The droplet deposition of the hot-melt inks was
investigated to ascertain the suitable droplet spacing to form well-defined
continuous patterns. However, due to the restriction of the temperature
specification of the printhead, to take this approach further, an investigation is
recommended to proceed with the development of the printhead assembly,
though, in general, it has great potential to study the reactive hot-melt

approach to fabricating 3D BPA-PC parts.

For the solvent-based route, novel reactive inks were developed by dissolving
BPA and BMSC in organic solvents with a catalyst to form a precursor
reactive mixture ink. Different solvents were investigated to maximize the
loading of reactive mixture and to meet the rheology requirement of the inkjet
printing. Dimethylformamide (DMF) and 1,4-dioxane were chosen to form two
reactive inks with different compositions. Subsequently, a range of substrate
temperatures and droplet spacings were explored to find suitable printing
process parameters. The reactive mixture deposited also required post
processing where a vacuum oven was used to further polymerise the printed
samples to a desired molecular weight in an elevated temperature and low-
pressure environment. The sample morphology was evaluated by a white light
interferometer. A range of characterisation techniques, including DSC, TGA,
GPC and NMR were applied to examine the thermal and chemical properties
and the results confirmed the formation of high molecular BPA-PC by this
novel approach. Finally, a ‘polymerisation layer by layer strategy was
explored to build a 3D ziggurat structure of BPA-PC, which successfully

demonstrated the AM capability of BPA-PC by reactive inkjet printing.
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1. Introduction

1.1. Background

Additive Manufacturing (AM) is a collective term of describing several
manufacturing approaches which allow a solid component to be fabricated
directly from a digital model using specific materials in a layer-by-layer
approach. Since 30 years ago when the first commercial stereolithography
printer emerged on the market, AM technologies have rapidly grown to
become a multi-billion dollar industrial segment (1). Compared to traditional
subtractive manufacturing, AM has many distinct advantages such as higher
freedoms in part design, potential for lower environmental impact and higher
economic efficiency at lower volumes. Today, AM has a wide range of
applications in a diversity of sectors such as aerospace, automotive,

construction, medicine, tissue engineering, functional prototyping, etc.

Polycarbonate (PC) is a group of polymers which contain the carbonate group
in the backbone structure. Commercial PCs that are available are
predominantly linear aromatic thermoplastic PC which are derived from
bisphenol A (BPA) as the monomer. Bisphenol-A polycarbonate (BPA-PC) is
an important engineering thermoplastic which has excellent properties in
optical transparency, impact and thermal resistance. Therefore, it finds a
variety of industrial applications such as civil construction, automotive and
optical devices. In the context of AM, BPA-PC also has attracted interest both
in academia and industry. For example, selective laser sintering (SLS) using
BPA-PC powders was studied (2) to investigate the parts morphology and
mechanical properties. However, the parts suffer shrinkage and cracking due
to extensive residual stress, and degradation occurs even at a low energy
density of the laser. This severely compromises the physical and mechanical
properties of the PC parts. Fused Deposition Modelling (FDM) is currently the
only commercial AM technology to directly fabricate the BPA-PC parts by

extruding within the melt phase of a BPA-PC polymer filament. Some major



suppliers for extrusion-grade filament BPA-PC include Stratasys, SABIC, and
3DXTech (3). Nevertheless, FDM made BPA-PC parts have several inherent
drawbacks that limit its applications, such as poor surface finish without post
processing and low printing resolution owing to the extremely high viscosity of
the polymer at melt. Transparent parts are not easily achieved either, due to
the fissures between the bonded layers. Therefore, an alternative AM

technology is needed to address those issues in SLS and FDM processes.

Reactive inkjet printing (RIP) is an emerging AM technology to potentially
solve those problems by depositing low viscosity BPA-PC precursors in the
liquid form instead of directly melting BPA-PC polymer. With certain post-
process environmental conditions such as conductive heating, the precursors
on the substrate are then able to polymerise in-situ to form BPA-PC parts.
Owing to the pico-litre volume of the droplets generated by an inkjet printing
assembly, the feature size and resolution that can be achieved by RIP method
Is in the range of several microns rather than several 100 microns achieved in
FDM. Additionally, this liquid-based process may enhance the adhesion
between layers of a part and thus achieve a higher level of optical
transparency. As a result, this work focuses on the fundamental investigation
and understanding of the RIP process to fabricate the BPA-PC parts which
would potentially open the new AM route for BPA-PC.

1.2. Research Scope

The aim of the research is to gain a fundamental understanding of the
fabrication of BPA-PC by the RIP approach. Several objectives are identified

to achieve the aim of the research as following:

e To assess the printability of the BPA-PC precursors which are used for

the hot-melt inkjet printing



e To carry out a proof-of-concept study in inkjet printing of hot-melt BPA-
PC precursors and to optimize the inkjet parameters

e To develop suitable ink formulations of BPA-PC precursor for solvent-
based reactive inkjet printing

e To establish and optimize the process parameters of printing and post-
processing to obtain the BPA-PC components

e To characterise the chemical composition, the thermal properties of the
printed BPA-PC to evaluate the performance with the commercial
reference BPA-PC produced by bulk synthesis method

e To investigate the surface morphology of the printed layer of BPA-PC
and propose the printing strategy to fabricate the 3D structure of BPA-

PC components.

1.3. Research Concept

The direct melting of the BPA-PC results in an extremely viscous polymer
matrix due to the polymer chain entanglement, which is impossible to be
printed by the inkjet method. Therefore, it is necessary to investigate the
possibility of jetting the monomers — that have viscosities that are within the
range of being jettable — which are then able to react within the necessary

environmental conditions to form the BPA-PC product.

The first method investigated to fabricate the micro-scale BPA-PC parts was
to print the monomers in a hot-melt configuration which meet the general
inkjet requirement of low viscosity (usually below 30 cP) and a proof-of-
concept study was carried out to demonstrate their printability. Conceptually,
the monomers are deposited sequentially on the substrate and they are able
to mix and polymerise upon the heating from the substrate in the hot-melt
state. This method requires a feasibility study of the printing assembly as most

of the piezoelectric inkjet printheads do not favour the jetting at elevated



temperatures due to the design limitations of the piezo-ceramics. In addition,
stable droplet formation was aimed to be achieved by optimizing the actuation
waveform and other inkjet parameters.

The second method refers to solvent-based reactive inkjet printing. The
monomers for the BPA-PC were dissolved in an organic solvent to form
oligomers as the reactive mixture. The reactive mixture is precipitated onto the
substrate upon solvent evaporation. Elevated temperatures and a vacuum
environment are required in the post-processing stage to further polymerise
the printed samples until a desired molecular weight was obtained. Although
the introduction of the solvent might limit its use due to environmental
concerns, the solvent-based reactive inks of BPA-PC do not require droplet
mixing during the printing stage and the stoichiometry of the monomers can
be controlled in the formulation. The chemical and thermal properties of the
BPA-PC produced from the inkjet method were compared with commercial
BPA-PC samples produced from bulk polymerisation to evaluate the material
properties. Ultimately the post-processing strategy for direct fabricating 3D
structure of BPA-PC was be investigated to potentially disclose a novel AM

approach to print high-resolution 3D micro-scale BPA-PC parts.

The two methods disclose a novel reactive inkjet printing approach to produce
2D patterns and 3D structures of BPA-PC, which have not been investigated
in the existing literature. This research could potentially broaden the AM
techniques for making BPA-PC which is a critically important material in the

engineering industry.



2. Literature Review

2.1. Additive Manufacturing

This section will give the basic concepts and details of additive manufacturing

technologies and will include a review of up-to-date scientific literature.

2.1.1. Basic Concept of Additive Manufacturing

Additive Manufacturing (AM) is a term, more commonly known as 3D Printing
(3DP), referring to a wide spectrum of fabrication technologies which directly
construct three-dimensional geometries or components layer by layer, under
the automatic control of computer aided design (CAD). An official industrial
definition of AM could be found in ASTM Standard F2792-12a (4), quoted:

‘A process of joining materials to make objects from 3D model data, usually

layer upon layer, as opposed to subtractive manufacturing methodologies.’

AM is opposite to conventional ‘Subtractive Manufacturing’ which is based on
cutting materials from blocks, and compared to be more efficient and effective
(5). Traditional subtractive manufacturing, such as milling and turning,
generates inevitable wastage intrinsically. However, AM significantly simplifies
the process of building complex 3D parts from digital data and thus makes it
possible to have zero waste material during the process. In addition, it
provides high levels of freedom for customisation as shapes and geometries
are completely created by computer software. With the development of AM in
recent years, direct fabrication of end-use products has gradually become

revolutionary in the field of manufacturing (6).

AM was originally called ‘Rapid Prototyping (RP)’ that emphasized the high
speed in creating objects which were dominated by models and prototypes.
Other terms standing for different viewpoints to describe the same or similar

processes to AM include ‘Solid Freeform Fabrication’ focused on solid state
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final product, ‘Digital Fabrication’ emphasized on automatic computer-aided
process and ‘Layer Manufacturing’ orientated to the layer-wise manufacture
fashion (6)(7). The most commonly used terminology among those could be
‘3D printing’, however, this refers also to a binder jetting technology patented
by Massachusetts Institute of Technology (MIT) and can therefore be
confusing. In general, ‘3D Printing’ seems to be more popular in public and is

often used interchangeably with AM.

2.1.2. Development of Additive Manufacturing

The origin of AM may be difficult to trace but development of AM associated
techniques such as computers and controllers boosted in the early 1980s to
be aligned with AM (6). The first commercial RP system named SLA-1 (short
for Stereolithography or Stereolithography Appratus), emerged in 1987
developed by 3D Systems, which was a U.S company that was credited with
the invention of AM technology (8). The working principle is Stereolithography
that relies on solidification of UV-sensitive liquid polymer by laser. This 3D
printer was a milestone as it was the first time when clients would be able to
generate a conceptual physical model directly from digital data. Since then,
some companies started to adopt AM into tooling and prototyping
commercially by using the model from 3D Systems. A demonstrative example
Is provided by the company General Motors who acquired SLA-250 systems
(enhanced model from SLA-1) to prototype parts such as connector feeder

tracks and cranking motor nose housings (9).

Latterly other AM technologies were subsequently developed and
commercialized. A group from MIT patented a 3D Printing (3DP) process (10)
which was licensed to Z-Corporation exclusively for commercialisation in 1995.
It deposits binder material onto a powder bed selectively to build the expected
geometry. Following, Fused Deposition Modelling (FDM) from Stratasys (11),
Laminated Object Manufacturing (LOM) from Helisys (12-14) and Solid



Ground Curing (SGC) from Cubital (15) were patented and commercialized,

expanding the family of AM technologies in 1991.

The activities and development of AM have been tremendous in recent years
around the world. It is challenging to name all of them due to their high
number, though some of the key innovations and breakthroughs have been
stated as aforementioned. A comprehensive historical perspective associated
with AM technologies can be found in the open literature (16)(17). There is
also detailed list on various AM processes schematics, principles and their
developers (18). It is noted that people are aware of expirations of some
foundational patents for AM technologies such as FDM (which expired in
2010). Consequently, the numbers and types of FDM extrusion-based
machines have increased significantly over these years (19). A significant
number of early patents in key AM processes such as SL and SLS expired
between 2013 and 2014 — this may lead to a new exponential growth in AM

technologies, companies and innovations in the near future.

2.1.3. Process Chain of Additive Manufacturing

All the AM techniques share the generic procedure despite the different
principles they adopt. It is important for designers and developers of AM to
plan, commission and implement techniques. A schematic diagram of the

general process chain of AM is illustrated in Figure 2-1.

=3D CAD +Email = Computer of AM =AM equipment *UV curing

= Inventor +Lan systems (SLA, 5LS, SLM, *0ven curing

»Sketch up «Intemet FOM, Inkjet eUltrasonic
printer, etc.) cleaning, etc.

Figure 2-1: A generic process chain of additive manufacturing systems, modified from (8)

As described in Figure 2-1, a sequence of five steps includes 3D modelling,

data conversion and transmission, checking and preparation, building and



post-processing. Firstly, a desired geometric model is created by CAD which
will in turn examine and verify the process parameters, for example, by finite
element method (FEM) and stress analysis. Then the model will not be valid
until it is converted to STL (an abbreviation for Stereolithography) file format
which originated from 3D Systems for SLA but now it has become a universal
format for almost all AM systems, where the model is made up of small
triangles. Transmission of this STL file to AM systems is readily achieved by a
hard drive or a local area network (LAN). Then the specialized software will
spot any errors in the files and human operators would correct those errors
before models are verified to determine the process parameters such as
building orientation, support structure and spatial assortments. Once the STL
is well prepared, the building process could be initiated by the AM systems,
most of which are fully automatic. In the final stage, the built part must be
realized by post-processing. For instance, the excess powders have to be
removed from a SLS part and surface polish may be required for a FDM part.
It is note that post-processing is not a necessity for all AM techniques and that

some post-processing tasks are integrated into the building procedure (8).

It is valuable to point out that the generic process chain is often iterated
dependent on the quality and complexity of the product, where in such a case
the process is comparatively time-consuming to a larger extent, or even leads
to a failure. In other literature, there are alternative process chains introduced

although they virtually follow the same rules and principles (6).

2.1.4. Classification of Additive Manufacturing

There are a considerable number of AM process classifications. It was popular
to sort AM technologies into various categories in accordance with the
underpinning principle (20) such as extrusion-based, laser-based etc. Kruth
(21) proposed two possible classifications of AM relating to the raw material
used and the shape built, respectively. Pham and Gault (22) illustrated a

comprehensive tree view involving more features such as mechanical
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properties of parts, building accuracy and usage of end-use components.

Most of them are intricate, however, and grouping AM technologies into them

often causes overlapping or

deficiency. There

was no universally

acknowledged classification until an industry standard, ASTM-F2792, was

established by ASTM F42 committee and it is now widely recognized (4).

There are seven standardized categories presented in F2792:

Table 2-1: seven categories and definitions of AM processes according to ASTM-F2792:

Standard Terminology for Additive Manufacturing Technologies (4)

Category ASTM Definition Examples
Vat an additive manufacturing process in | Stereolithography (SLA)
photopolymerisation | which liquid photopolymer in a vat is
selectively cured by light-activated
polymerisation
Powder bed fusion | an additive manufacturing process in | Direct metal laser
which thermal energy selectively fuses | sintering (DMLS),
regions of a powder bed Selective Laser Sintering
(SLS)
Material extrusion an additive manufacturing process in | Fused deposition

which material is selectively dispensed

through a nozzle or orifice

modelling (FDM)

Material jetting

an additive manufacturing process in
which droplets of build material are

selectively deposited

Polyjet, Inkjet printing

Binder jetting

an additive manufacturing process in
which a liquid bonding agent is selectively

deposited to join powder materials

Three-dimensional
printing (3DP)

Sheet lamination

an additive manufacturing process in
which sheets of material are bonded to

form an object

Ultrasonic additive
manufacturing (UAM),
Laminated objet

manufacturing (LOM)

Directed energy

deposition

an additive manufacturing process in
which focused thermal energy is used to
fuse materials by melting as they are

being deposited

Laser-based metal
deposition (LBMD), Laser
engineered net shaping

(LENS)




From Table 2-1 there are only a few examples given corresponding to each
category. As AM technologies has been proliferating over recent years, more
AM machines and processes have emerged, and it turns out that they can be
well aligned to the ASTM standard. For this PhD, inkjet (which belongs to
material jetting) will be focused upon and details will be elaborated. More

information about other six categories can be found in the literature (4)(6)(8).

2.1.5. Applications of Additive Manufacturing

At the onset of AM technology, it mainly served to create models and
prototypes (23). However, applications have been expanding over recent
years and finished products are able to be made by AM techniques with
papers, metals, plastics, ceramics and composites (24). Wohler's (25)
conducted a survey to visualize the statistics on different usage for AM

processes and the result is presented in Figure 2-2:

Other

Direct part production
Tooling components

Patterns for metal casting
Paaterns for prototype tooling
Fit and assembly

Functional models
Presentation models

Visual aids

0 1000 2000

Figure 2-2: Different end-use for additive manufacturing techniques (25)

The overall capacity of the survey was around 5000 customers and users from
24 manufactures and it showed that functional models and direct part
production were predominant AM applications. It is in accord with the fact that
the recent focus on AM applications is moving to the increase of functionality
and complexity of the components (26). There is also a statement that cost

minimisation could be facilitated by AM energy consumption, thus motivating
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the AM sustainability and broadening the AM applications, although for some
AM processes the energy consumption can be excessive compared to
traditional manufacturing (27). Currently, industries closely related to AM
development include automotive, aerospace, architecture, medical, biological,
electronics amongst others (28-30). There is also a significant number of
communities developing fashion, furniture and lighting applications using AM
techniques such as SLA (31, 32). For non-industrial users, numerous desk-
use 3D printers in markets are available for them to perform do-it-yourself
(DIY) projects and some easily navigable software enable users to design the

models themselves without high level of technical ability (33-35).

2.2. Inkjet Printing Technology

This section will review the literature which is fundamental to understand the

principles and applications of inkjet printing.

2.2.1. Basic Concept of Inkjet Printing

Inkjet printing is a technology that can produce a droplet of a specific liquid
which is jetted through a small aperture onto substrates selectively to form 2D
iImages or 3D parts. The basic mechanism presented stems back to 1878
when Lord Rayleigh mathematically summarized the study that had been
conducted by Plateau on the breakup of liquid jets (36). Based on Rayleigh’s
theory, Rune from Siemens-Elema in Sweden devised and patented the first
practical inkjet apparatus about 70 years later (37). In 1965, Sweet claimed
(388) that a certain pressure waveform would render that the liquid ink streams
break into tiny droplets after they leave the print nozzle and he patented a fluid
droplet recorder along the principle of a continuous inkjet by using an electric
field to control the trajectory of droplets in flight (39). Sweet's achievement
was to pioneer to the first commercial 2D inkjet printer in the 1970s when

International Business Machines Corporation (IBM) licensed the continuous
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inkjet technology to develop their first computer-interface printer, IBM 4640
(40).

While continuous inkjet printing was developing, the Drop-On-Demand (DoD)
inkjet started to be popularized where ink will only be dropped when needed.
This is a progress on reducing the complexity of inkjet devices (e.g.
elimination of the previous electric charge devices) and minimizing the
wastage it generates (no recycling and contamination). The first DoD
piezoelectric inkjet printer was designed by Zoltan from Clevite Inc. in 1972,
which utilized a piezo-ceramics to control the drop formation (41). Other types
of 2D DoD printer applying different mechanisms emerged later. Notable
commercial examples include ‘Bubble Jet’ from Cannon and ‘ThinkJet’ from
Hewlett-Packard (HP) company (42).

There are more comprehensive reviews on 2D inkjet printing technology in the
open literature while the course of inkjet printing development is rapid with

each passing day (42).

2.2.2. 2D Inkjet Printing to 3D Inkjet Additive Manufacturing

Early commercial inkjet printers are only for the use in graphic arts, office
printing and large formatting. People started to realize, however, that inkjet
has the great potential to fabricate parts directly. The first occurrence of
extending 2D printing to 3D fabrication by inkjet appeared with the patent
related to Ballistic Particle Manufacturing (BPM) in 1987 by which patrticles are
deposited using a piezoelectric jetting system onto an article under control of a
computer system (43). In 1994, Solidscape Inc. (called Sanders Prototype
later) developed the first commercially successful 3D inkjet system,
ModelMaker™, to deposit wax material through a printhead to form the part
directly rather than binding it (33). Several other companies developed inkjet
machines afterwards but all of them relied on deposition of molten waxy

thermoplastics. For example, 3D Systems launched their first jetting printer

12



called Actua 2100 which deposited wax material for metal casting. The second
wave of inkjet technology was led by Objet Geometries of Israel in 2000. They
announced the launch of the Quadra 3D inkjet printer that used UV light to
cure liquid-state photopolymer. A competing 3D printer, modelled as InVision,
was then developed by 3D Systems (16). Up to now much effort has been
involved in transferring inkjet printing into manufacturing of end-use parts with

functionalities, especially in the field of polymer deposition (44).

2.2.3. Classification of Inkjet Printing Technology

A common classification of modern inkjet printing technologies is presented by
Wijshoff (45) in Figure 2-3. Inkjet printing is primarily categorized into
Continuous and Drop-On-Demand (DoD). Under each of the major categories,
minor categories are present and some of them will be elaborated in the

following section.

Inkjet
Technology
1
[ ]
. Drop-on-
[ I T 1
=
Top shoote J Side shooter
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Figure 2-3: Classification of Inkjet Printing Technologies (45)

2.2.4. Continuous Inkjet

According to the classification of continuous inkjet technology, there are four
minor categories among which most vendors are opting to use the binary and

multiple continuous inkjet printers of which will be the main focus in this
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section. There is open literature describing the Hertz (42) and MicroDot

process (46) in details.

Figure 2-4 illustrates a schematic of binary deflection continuous inkjet printing
process. Firstly a steady pressure is applied to the ink reservoir (a printhead)
resulting in a continuous liquid stream generated from the nozzle on the
reservoir. After departing from the nozzle, the liquid will break up into uniform
droplets consistently by modulating a certain frequency of pressure wave due
to Rayleigh instability (36). A pair of charging electrodes is then introduced for
the droplets to attain electrostatic charges selectively. This is achieved by
varying the field strength between the charging electrodes. The subsequent
trajectory could be controlled by rendering charged droplets as they pass
through a high voltage deflection plate to be directed to a single location on
the substrate, while uncharged droplets will be trapped to a collection gutter

for disposal and recycling.
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Figure 2-4: A typical schematic diagram of binary deflection continuous inkjet printing (42)

There is a highly similar process, multiple deflection system of inkjet printing,
which can deflect the droplets to different locations on the substrate as shown
in Figure 2-5. By applying a ladder-shaped pulse in the charge electrodes, the

droplet jets are able to form a small image swath by a single printhead.

14



® o
.i. %..o°.

—————

Drop generator Charge electrode l T ’7 » J

High voltage Gutter
deflection place

Substrate

Figure 2-5: A typical schematic diagram of multiple deflection continuous inkjet printing (42)

Although the continuous inkjet printing enjoys a wide spread of applications in
food, pharmaceutical labelling and coding market owing to high throughput
rate, it has an intrinsic drawback that reuse or recycling of the ink risks
contamination which is wasteful and undesired in many processes (47). It is
also noted that the ink must be conductive otherwise the droplets will not be

charged, which confines the inks to a narrow range (6).

2.2.5. Drop-on-demand (DoD) Inkjet

DoD inkjet printing is dominant today in the industry and market. It employs a
mechanism that droplets of the ink are formed from nozzles by creating
pressure pulses using a certain type of actuator such as thermal, piezoelectric,
electrostatic and acoustic etc. Among those technologies, most manufacturers
adopt thermal and piezoelectric mechanisms. The remaining two types,
electrostatic and acoustic inkjet, are still in the stage of development and
limited commercial products can be seen (48)(49). In this section, thermal and

piezoelectric print modes will be focused.
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Thermal Inkjet

Thermal inkjet (also refer to Bubble Jet) is one of the most successful DoD
printing methods nowadays. Figure 2-6 presents two typical types of thermal
inkjet. Dependent on the location of the orifice to the heater, it could be
classified to a roof shooter or a side shooter. In both configurations, a rapid
transient heat is applied to the ink in the cavity and then a short-duration
bubble is created right on the interface between the ink and the heating
element. When the bubble reaches a certain volume a jet of ink will be
squeezed out of the nozzle, following that the ink will be redrawn from the
filling port after the bubble collapses. The repetition of the same process can
achieve a thermal DoD inkjet printing process and it is extensively adopted in
home and office-use printers. However, it places a significant restriction on
jetting materials because the vapour pressure of the ink must be relatively low

in order to create vaporized bubbles (50).

Orifice Orifice

Heater
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Pressure
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Figure 2-6: two typical thermal inkjet printhead configurations: a roof and a side shooter (from
left to right) (42)

Piezoelectric Inkjet

Many industries are more affiliate to piezoelectric inkjet techniques when
compared to thermal jetting systems, since there is no such requirement of
volatility to the jetting material for the piezoelectric DoD inkjet. It simply relies
on the deformation of a piezo-ceramics to cause the volume reduction in the
ink reservoir from which the droplet will be ejected. There are four common

modes of piezoelectric inkjet depending on the deformation matrix of the
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piezo-ceramics. squeeze, bend, push and shear mode (45), as shown in

Figure 2-7.

Squeeze @ Bend

Shear = =

Figure 2-7: The four common modes of piezoelectric inkjet (45)

The first squeeze mode piezoelectric actuator was proposed in the U.S.
Patent 3,683,212 from the Clevite Inc (51). In this mode, the piezo-ceramics is
radially polarized to expel the ink droplets. In the market, Siemens PT-80
implements this squeeze mode actuator. Two patents were filed almost at the
same time that relate to the bend mode of piezoelectric operation in 1973 (45).
In this mode, the electric field is imposed in the polarisation direction of the
piezo-ceramics. A practical example could be found in Epson’s Colour Stylus
inkjet printers. The push mode inkjet actuator was firstly described in the U.S
Patent 4,459,601 by Howkins from the Exxon company back in 1984. It shares
the high similarity to the bend mode as aforementioned, that a piezo-ceramics
rod expands upon the electrical poling to force the ink out of the orifice. The
successful applications could be found in the printheads from Dataproducts,

Trident and Epson. Fischbeck proposed the shear mode actuator in the U.S.
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Patent 4,584,590 with a more sophisticated configuration than other three
types. The electrical filed applied is set perpendicular to the piezoelectric
element, which makes it fundamentally different from other types of printheads.
Xaar is one of main printhead manufacturers for the shear mode printhead(52).

Spectra is also among the pioneers in the shear mode implementation.

2.2.6. Inkjet Printing of Polymers

Inkjet printing is considered as one of the key technologies in polymeric AM.
Materials can be deposited by the jetting nozzles in the form of a dilute
solution or a colloidal dispersion (44). One of the representative applications in
the printing of polymers is the development of polymer organic light-emitting
diodes (OLED) where polychromic 50 um subpixel polymers can be jetted (53).
The main ingredient of the ink they use is 0.5-2% by weight poly (p-phenylene
vinylene) (PPV) derivatives dissolved in organic solvents such as tetraline,
anisole and o-xylene. The polymers that remain on the substrate after solvent

evaporation exhibit homogeneous thickness with good colour uniformity.
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Figure 2-8: Structures produced by depositing 25 microdrops on top of each other at various

jetting frequencies. The material used is Candelilla wax at 100 °C. (54)

Waxes are also a typical family of relatively low molecular weight printable

polymers. Printing wax is rapid, inexpensive and it is particularly feasible in
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creating prototypes. It has also played an important role in the graphics
industry because of the fast solidification upon natural cooling. In addition,
their low viscosity typically below 15 cP at low melting point (50-90 °C) is
suitable to make phase-change hot melt inks for piezoelectric inkjet printing
(55). The first fundamental research on printing wax material was published by
Gao and Sonin (54) where they investigated the interaction between wax
droplets and substrates. They also studied the effect of jetting frequency on
the solidification phenomenon in the vertical pillar formation as presented in
Figure 2-8. At lower frequency (below 10 Hz) the distinct dropwise
solidification occurs to form identical vertical pillars independent of frequency.
Though a transition in the moderate frequency (10-50 Hz), the insufficient
solidification time between successive droplets coalesce into a hemispherical
liquid tip which keep moving upwards until the deposition is terminated. A
more recent application of printing wax is the fabrication of paper-based
microfluidics devices by penetrating the wax into the whole thickness of the

paper to create ~300 ym wide hydrophilic channels (56).

2.3. Reactive Inkjet Printing (RIP)
2.3.1. Basic Concept of RIP

The definition of reactive inkjet printing (RIP) is not universal. It usually refers
to a collection of inkjet printing processes where the in-situ (post-deposition)
chemical reaction occurs to form a desired pattern or product directly (57).
The mechanisms of the chemical reaction can be varied which include photo-
polymerisation and thermal curing. A recent article (57) has arranged RIP into
two categories where the first type is called ‘single RIP’ where one reactant is
deposited by an inkjet printer onto another reactant already printed on the
substrate; whereas the second type, ‘full RIP’, is capable of dispensing more
than two reactive inks simultaneously or sequentially by a inkjet printer with

multiple printheads.
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Recently RIP has appealed to a number of researchers for its several inherent
advantages. As a consequence of the pico-liter volume droplets (~20 to 80
Mm in diameter) when compared to extrusion nozzles (300 to 3000 um),
mixing behaviour and heat transfer are significantly improved in favour of a
higher extent of reaction and resolution. The high deposition precision at small
scale also allows for minimal material consumption and hazardous material

generation.

2.3.2. Ink Requirement for RIP

Developing a new formulation of an ink for RIP normally requires fluid
characterisation. It is attributed to the strong influence of physical properties
on the droplet formation mechanism. Among those properties of the inks,
viscosity, surface tension and density are of great significance and they are

usually assessed individually or collectively.

Viscosity

The rheological property of a fluid is important in controlling the droplet
formation and impingement on a droplet/substrate. The viscosity of a fluid
plays a critical rule in damping the acoustic pressure pulse in the channel
block and resisting the break-up of jets on the nozzle. If the viscosity is too
high, the actuating pressure pulse will not be sufficient to overcome the
resistance of the fluid to be deformed upon shear forces or called viscous
dissipation. At the opposite extreme, low viscosity leads to a long tail behind
the head of the droplet. Therefore viscosity must be suitably low. Most
commercial inks for piezoelectric RIP have viscosity no more than 20 cP

which is acceptable for the majority of applications (44).

Surface Tension
Surface tension is vital in disrupting a liquid column into small droplets by
means of Rayleigh instability, as well as sustaining a liquid meniscus at the

end of the orifice (58). It also roughly indicates the pressure needed to create
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a new surface area of the jets. A good approximation of the pressure required
in the reservoir of a jetting system is the energy conservation low as follows:
E E

+E +E

kinetic (2_1)

imparted — “loss surface

Where the first term on the right accounts for the viscous dissipation of the
fluid due to viscosity; the second term corresponds to the energy required to
create a new surface for droplet formation and the last term is the remaining
kinetic energy to impel the liquid towards substrates. A piezoelectric actuated
pressure is able to propagate against surface tension and the internal friction
Is in most of the cases dominant (38). Therefore, the effect of the surface can
be tuned by adjusting the pressure induced by the actuator to provide
sufficient energy creating a new liquid surface. Practically, inks with surface
tensions between 28 and 73 mN/m are common (59) but a few activities also

report the successful printing case at 350 mN/m for a molten solder (60).

Density

The influence of the density on the droplet formation is minor when compared
to viscosity and surface tension. It has direct impacts on the propagation and
reflection of the acoustic pressure waves speed. Hook’s Law correlates the
acoustic velocity and physical properties of the fluid:

K
C= ( )1/2

Where c is the acoustic velocity (m/s) in the fluid; K is the bulk modulus
elasticity (Pa); p is the density of the fluid (kg/m3). If the acoustic velocity is
changed, the acoustic impedance towards the meniscus is changed.
Therefore, waveforms must be tuned to facilitate the drop formation on the

nozzle accordingly.
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Printability Assessment

As inkjet printing is inherently a complex process, there are continuing
research activities surrounding this subject (61). However, there is a dearth of
precise methods to determine whether a fluid is printable or not. Nevertheless,
a common approach has been adapted widely in evaluating the material for
printing. Among those parameters, most useful dimensionless groupings of
physical properties are the Reynolds (Re), Weber (We) and Ohnesorge (Oh)

numbers:

Re = T (2-3)
2
We = V22
Y (2-4)
on=e__n_ (2-5)
Re (o)
,_ 1 _(Gpa)”
Oh 7 (2-6)

Where v is droplet velocity after departing from the nozzle, p is the density of
the fluid, n is viscosity of the fluid, y is surface tension of fluid and a is a
characteristic length which is normally nozzle diameter. Z is considered the
printing indicator which defines the range of printable fluid. Generally, at low
values of Z, the viscous behaviour is dominant and therefore the majority of
acoustic energy is dissipated preventing the droplet ejection from the nozzle.
While at relatively higher values of Z, the liquid column will be deposited in the
form of satellite rather than single droplet break-up. Reis and Derby (62)
proposed the range of Z between 1 and 10 for stable drop formation by
performing computational fluid dynamics modelling in conjunction with a
parallel experimental study on free surface flow characteristics. It has been
extensively studied over a wide range of fluids even with particle-loaded

systems that the 1<Z<10 usually gives a good validity. In addition, Jang et al.
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(63) refines the printable range as 4<Z<14 by further considering the
additional parameters such as single droplet formability, positional accuracy
and maximum jetting frequency. It is worth remembering that the printing
indicator Z is merely a guide rather than a law. It is useful, however, to

benchmark and evaluate a new material to be printed.

2.3.3. Actuation and Droplet Formation

With the proper drive electronics, the piezoelectric printhead can be actuated
to eject droplets from the nozzles. Depending on the pulses, the droplet
volume and velocity can be tuned accordingly. There are several physical
phenomena in the droplet formation profiles, of which satellite effect is a

common one in poor control during the droplet breakup.

DoD Actuation Device

A typical piezoelectric DoD inkjet printhead from Océ Technologies is
referenced to illustrate the operation principle. It has two horizontal arrays of
128 ink channels each on the nozzle plate. A cross-sectional view of the ink
channel is presented in Figure 2-9 to demonstrate the principle. The ink
channel (typical length 5-20 mm) between the body of channel plate and
flexible foil connects the open end (reservoir) and the closed end (nozzle). A
nozzle plate which is made from metallic material with polyimide coating to
protect from the heating effect, has arrays of drilled holes as nozzles to form
liquid jets. At the open end, a filter is placed to block impurities from entering
the ink channel. A piezo unit is attached to the flexible foil to actuate the jetting
with the stimulus of the pressure pulse, by deforming the wall of the ink
channel. The most common material of the piezo unit is a ceramic perovskite

one, Lead zirconate titanate with a chemical formula of Pb(ZrxTi1x)O3 (0<x<

1), or PZT. The material is remarkable for its piezoelectric effect and it is

insoluble in almost all known solvents.
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Figure 2-9: Cross-sectional view of an ink channel (64)

DoD Actuation and Waveform

The drive electronics will generate a waveform consisting of either a single
trapezoidal voltage pulse, or a bipolar pulse depending on the electronics. In
some cases, more complex waveforms with several pulses are customized to
control the stability of the droplet formation. The simplest waveform is a single
‘On-Off’ pulse which is shown in Figure 2-10. Initially, the positive pulse leads
to a radial expansion of the ink channel with a corresponding rise time. It
allows the generated pressure waves to propagate for a certain time (known
as pulse width) in the channel towards both directions. After the two acoustic
pulses reflect back from both ends, the voltage falls down to zero, which
results in the contraction of the channel. This adds a negative pulse to the
channel with the same pressure distribution as initially. Consequently, the
wave propagating to the nozzle end is amplified and the wave propagating to
the open end is minimized. This implies an optimum pulse width to trigger the
acoustic resonances at which the wave propagating to the nozzle end is
doubled and the wave propagating to the open end is annihilated completely.
This effect was experimentally and theoretically studied by Bogy et al. (65).
There is good agreement between the experimental and theoretical results
that the optimum time delay for the wave propagation is at the instant of to +
l/c, where to is the starting point of positive pulse, | is the length of the channel
and c is the acoustic speed in the fluid. In this case, the droplet will be ejected
at to + 3l/2c with the maximum volume and velocity given the fixed amplitude.
In Figure 2-11 (a), the curve shows the maximum drop velocity and volume

are achieved at the optimal pulse width of 38 ps.
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Figure 2-10: Single trapezoidal drive waveform in piezoelectric DoD inkjet printhead (66)

At a fixed jetting frequency and pulse width, the pulse amplitude also has
impact on the drop velocity and volume. The work done by Microfab
Technologies, Inc. in Figure 2-11 (b) illustrates the effects. The drop volume is
almost linear in relation to the pulse amplitude which can be proportionally
determined by the drive voltage. In the relatively low amplitude range, the
viscous dissipation is dominant because of the low energy input. Thus, the
restraining force due to the viscosity is significant enough to cause non-
linearity. By increasing the pressure wave energy, the radial displacement of
the ink channel is enlarged. This results in the more dramatic meniscus
oscillation of the ink and a greater volume is achieved in droplet formation.
Visually it can be seen from a longer tail or even a secondary droplet (satellite
effects). The drop velocity variation with the amplitude has the similar trend,

because of the increasing kinetic energy with the drive voltage.
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Figure 2-11: The variation of droplet volume and velocity with (a) pulse width; (b) pulse
amplitude (Butyl Carbitol at 2kHz with a piezoelectric DoD inkjet device with a simple ‘On-Off’

pulse waveform) (66)
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For high productivity jetting, each single droplet should be ejected without
interfering with one another. There is a wave residual pressure, however, that
limits the minimum time delay between two consequent pulses which can be
achieved. To increase the jetting speed and stability, a more complex
waveform is needed to suppress the residual oscillation sufficiently. One of the
proposed methods is to design a two-pulse bipolar waveform of which the
second pulse is used to speed up the decay of the residual wave (67). By
introducing a negative pulse with the same amplitude as the first one, the
jetting frequency can increase up to three times, given the optimal starting
dwell time. However, this also increases the design complexity of the drive
electronics that implement high-speed jetting. Its use also highly depends on

the physical phenomenon such as the ink/nozzle plate interaction (68)(69).

Satellite Effect

The liquid jets may break up into several droplets with one primary drop ahead
of one or more satellite drops. This is detrimental to the droplet placement
accuracy so it is undesirable in many engineering applications (70). It was
initially observed by Savart (71) when he conducted the first modern
experimental work on droplet formation in 1833. While he confirmed the
breakup of the liquid jets in flight, he also noticed the appearance of smaller
‘satellite’ between the adjacent primary droplets. Afterwards, extensive effort
has been made to understand the satellite formation and researchers started
to understand that satellite formation is related to non-linear breakup near

pinch-off point on the jets due to surface tension.

Recently, it was found that a low viscosity liquid is more likely to be ejected
from the ink nozzle to form multiple satellites (59). Dong et al. have observed
two modes of liquid thread breakup. The first is the multiple breakups due to
capillary wave instability particularly observed in the low viscosity liquid
(Figure 2-12 (1)) and the length of the liquid thread becomes longer with the

increase of the driving voltage. It also forms more satellites of varying sizes
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with a longer liquid thread. The several instances of satellites increase the
difficulty in controlling precise deposition and it is not easily predicted. It was
found, however, that the increase of liquid viscosity can eliminate the multiple
breakups from Figure 2-12 (2). In this case, a long thread with end-pinching is
observed instead of multiple breakups. The secondary liquid thread will
experience necking, contraction, breakup and finally recombination into a
single satellite, provided that sufficient drive voltage is inputted (25.6 V in
Figure 2-12 (3)). This pinch-off mode was proposed by Henderson et al. (72)
using linear instability analysis to estimate the breakup times of liquid thread,
which turns out to be a good approximation. The criteria for avoiding satellites
are not generic, however, for the reason that a successful droplet generation
relies on various factors including pressure wave propagation, interactions
between ink and nozzle plate, and compatibility of the ink with the printhead.
For many applications, modulating viscosity and surface tension is an easier

way to avoid liquid breakup, rather than changing electronic signals.

< VYUY YUY
o o
oll? ? ¢ o Yolele
o o o o ¢ b 0
) |
39ps | 40 35 ° ° . ' , =
44 45 o f ' =
Qo . .
a Qo
45 46 48 ° ° ] °
50 pm 4 | 46 | st ° °
196V 216V 236V 256v’52 53
1) Water
v“—' 2) Left, glyceriniwater 48/52, .T’ ‘
viscosity = 5.0 cP, surface !
— tension = 68 mN/m 50 pm
50 pm
o ©@
47 °
47 59
o 3) Right, glycerin/water/iso- ° °
47 ° propanol 34/53/13, viscosity 60 | g0
= 5.0 cP, surface tension =
20.6V[21.6V23.6V[25.6V| 27 by| 35 mN/m 21.6V/23.6V|25.6V]

Figure 2-12: The effect of driving voltage and liquid properties on the satellite effect during
liquid breakup: 1) Water (u=1 cP, y=73 mN/m); 2) Glycerin/water mixture 48/52 (u=5 cP, y=68
mN/m); 3) Glycerin/water/isopropanol 34/53/13 (u=5 cP, y=35 mN/m)
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2.3.4. Droplet Deposition

It is important to understand the interaction between the droplets and the
substrate in order to design the appropriate printing strategies and to achieve
the desired printing quality. There are several physical phenomena associated
with the droplet deposition which are essential to be considered during printing

patterns, and they are discussed in this section.

Droplet Impact on a Dry Solid Surface

The droplet impact on a dry solid surface is a combined result of a number of
factors including the impact velocity, the impact angle, the surface condition of
the substrate (temperature, roughness and wettability), the physical properties
of the droplets (viscosity, surface tension, density, solidification and
evaporation etc). Yarin (73) extensively reviewed droplet impact dynamics
from the literature and the impact phenomenon was generally categorized into
splashing, spreading, receding and bouncing depending on the physical
properties of the droplets and the surface textures. Mathematically the impact
behaviour can be expressed by the dimensionless number of Reynolds (Re),
Weber (We) and Ohnesorge (Oh). Sikalo (74) experimentally studied the
droplet impact on dry surfaces for liquids with different viscosities, attempting
to predict the droplet dynamics outcome after impact. Their subsequent
numerical research on this validated the model they developed to anticipate

the droplet spread factor and height with less than 1% uncertainty.

Chandra and Avedisian (75) studied the surface temperature effect on the
liquid droplet collision on a solid metallic surface, for a fixed impact energy (i.e.
the fixed We number). They found that the final droplet spreading area was
dependent on the surface temperature. As the droplet approaches the surface,
the liquid starts to evaporate because of heat transfer. With increase in the
surface temperature, a fast evaporation rate would exert a gas pressure

between the droplet and surface and act as a brake to suppress the
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droplet/surface contact. The spreading area was then limited due to this effect,

although they also found that the shape of the droplet was unaffected.

The capillary effect was studied using both experimental and numerical
simulation approaches by Pasadideh et al. (76). The droplet recoiled after
impact and this behaviour was controlled by both the inertial and capillary
force, although the capillary effect could be neglected during the drop impact if
We was far larger than Re'2. Another finding from the study was that the
addition of a surfactant to the liquid droplet could result in the reduction of the

recoil height, due to the change in the surface tension.

Droplet Impact onto and Mixing with a Thin Liquid Layer

When the first several droplets form a liquid layer on the substrate, the
following droplets will impact on a liquid layer. Rein (77) summarized four
regimes of the droplet collision with the pre-existing liquid layer, where floating,
bouncing, coalescence and splashing would occur in different conditions. The
droplet would float on the liquid layer for a few seconds before submerging but
this phenomenon is rarely seen as it requires high cleanliness of the liquid
layer surface. The bouncing is also hardly to be seen unless We is extremely
small (78). Coalescence and splashing are two more commonly seen
phenomena. The transition from bouncing to coalescence begins with a partial
coalescence where the normal component of the impact velocity reaches a
critical value to cause the coalescence without disturbing the surface. When
the impact energy is further increased, i.e. at higher We, splashing is likely to

occur to generate secondary droplets and it forms a corona-like flow pattern.

Droplet Spacing

Droplet spacing is the distance between the centres of the two adjacent
droplets and it is a critical factor to be considered for printing a stable and
continuous pattern on the substrate. The two adjacent droplets need to

overlap with each other by an appropriate droplet spacing to form a
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continuous feature. Figure 2-13 shows a schematic diagram to illustrate the
relationship between the design of a printed pattern and the droplet spacing.
For example, a square shaped pattern can be printed with a drop array with
minimum 2 x 2 drops. If the droplet spacing (D) is smaller than the diameter of
the droplet (2*R), i.e. D<2*R, the adjacent droplets can collide and cover the

area by surface tension.

Printed Pattern

Figure 2-13: The schematic diagram for illustrating the droplets forming the large area by

overlapping with each other, with a droplet spacing (D) smaller than the dimeter (2*R)

Droplet spacing effects on the morphology of the inkjet printing pattern was
studied by Chen and Hung (79). A major finding was that the excessive
accumulation of the droplets in a unit area (i.e. smaller droplet spacing) would
result in the local bulging of the printed line, although that an increased line
width would mitigate the bulging effect due to higher aspect ratio of the droplet
volume to the area. A similar research on the inkjet bead stability by Derby
and Stringer (80) found a periodic curvature for a droplet spacing larger than a
critical value, as shown in Figure 2-14. This was due to insufficient fluid to

form a stable bead on a high contact angle substrate.
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Figure 2-14: The printed track morphologies after drying of an organometallic ink on a silicone

substrate with the droplet spacing of: (a) 55 pm; (b) 60 ym; (c) 85 ym

Coffee Ring Effect

The coffee ring effect, or coffee stain effect, is a phenomenon when a spilt
coffee drop leaves a ring-like stain after drying on a solid surface. It is
analogically used in the inkjet printing, where a suspension-based or a
solvent-based droplet is deposited on the solid substrate to form a similar

annular pattern.

The mechanism of this effect was first explained by Deegan et al. (81) (82).
The key physical principle behind this phenomenon is that a pinned contact
line of the droplet must be maintained by an internal outward flow to
compensate the liquid evaporation at the edge. As shown in Figure 2-15 (a),
the droplet will shrink due to the liquid evaporation at the edge. To keep the
contact line pinned, the internal fluid must flow outwards to make up for the

volume as shown in Figure 2-15 (b).

Figure 2-15: The mechanism explained by Deegan: a, the droplet shrinks due to evaporation

without internal flow; b, the internal compensating flow to keep the contact line (81).
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Furthermore, Hu et al. (83) proposed an additional explanation for the coffee
ring effect, except for the pinned contact line. It was shown that the coffee-ring
effect also required a suppression of Marangoni effect which is a convective
liquid flow in the droplet induced by the surface tension gradient. With the non-
uniform evaporation of the droplet due to different thermal conduction paths,
the temperature at the centre of the droplet is lower which results in a higher
surface tension. The thermal-induced surface tension gradient strongly pulls
the liquid inwards, which counters the compensating flow outwards. If the
Marangoni effect is suppressed by the surface tension change in the droplet
surface due to surfactant contamination, the outward compensating flow

dominates leading to the coffee ring effect.

On the other hand, the coffee ring effect could be minimized by manipulating
the Marangoni flow. Some research has reported that the addition of a small
amount of surfactant can produce a uniform deposited pattern rather than
concentrating the solutes at the edge (84-86). By the presence of the
surfactant, local surface tension is increased at the edge of the droplets, which
facilitates the Marangoni flow towards the centre of the droplets to form a
more uniform distribution of the solutes. It was also reported that an additional
introduction of a higher boiling point and lower surface tension solvent into a
solution will reduce the coffee ring effect (87). By using the mixed solvent, the
concentration of the higher boiling point solvent at the edge of the droplet is
dramatically greater than that in the centre. This concentration variation in turn
leads to a surface tension gradient to promote the Marangoni flow from the

outer rim to the centre.

2.3.5. Drying Mechanisms of Inks

After the droplets were deposited on the substrate, they dry in different ways
to form the pattern or the structure. Depending on the ink types, the drying

mechanisms of the most common inks are listed in Table 2-2.
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Table 2-2: The drying mechanism of different inks for inkjet printing, reproduced from Le (42)

Ink Drying Mechanism

Aqueous/water based Absorption, Penetration, Evaporation

Oil based Absorption, Penetration

Solvent based Evaporation

Hot-melt Solidification

UV curable Polymerisation (Free radical, Cationic, etc)
Reactive (two-part) Polymerisation, Oxidation

Aqueous or oil-based inks generally have water or oil as a base carrier to form
a solution or suspension with other functional chemical additives such as dyes,
pigments, surfactants and viscosity modifier. As the water is drying slowly and
oil is non-evaporative, the main drying mechanisms for the aqueous or oil-
based inks are the penetration and absorption on a porous absorptive
substrate such as papers. Originally they were designed for office 2D printing
applications but recently there are a number of research activities focusing on
the water based conductive polymer ink development (88) (89) in

microelectronic fabrication.

A solvent based ink relies on the solvent evaporation to precipitate the solutes
on a substrate which is not necessarily a porous media. Therefore, it has high
compatibility with the non-porous substrate such as metal, glass or plastic. In
the polymer inkjet printing, the polymers are dissolved in a solvent or a
mixture of solvents. However, due to the narrow viscosity range for the
piezoelectric DoD inkjet printing assemblies, the polymer loading is usually
low and the printability is strongly dependent on the viscosity of the polymer
which is a function of polymer weight (90). A majority of the solvent-based inks
related research focus on the fabrication of conductive lines and films (91-93),
light-emitting devices (94) and solar cells (95). There are only a few published
studies reporting the 3D polymer microstructure fabrication by solvent-based

inks due to low drying rates thus limiting the capability of layer stack-up (96—
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98). An example of a 3D microstructure produced by direct solvent-based

inkjet printing is shown in Figure 2-16.

a

o

Figure 2-16: (a) a CAD design of atwisted pyramid; (b) a photo of the pyramid showing the

o,

twisted design; (c) profile view of the pyramid (99)

The hot-melt ink, or phase-change ink, is a solid ink which is jetted as molten
liquid to the substrate. It solidifies immediately upon impinging on the surface
and this prevents spreading on the surface. Its solvent-free nature also makes
it a good alternative for the solvent based ink (100). The hot-melt ink normally
contains a thermoplastic polymer and it is made molten directly in the
printhead. However, as the hot-melt viscosity is a function of the polymer
molecular weight, a limited range of the polymeric materials can be compatible
with the inkjet printing which has a narrow process window for the ink viscosity.
Another limiting factor for hot-melt inkjet printing thermoplastic polymer is the

design of high temperature printhead.

A UV curable ink is a particular type of AM material where the ink cures
through UV light illumination to form solid parts on a substrate. The process
can be controlled by the UV source by tuning the UV light wavelength, UV
power and exposure time. Another advantage of UV curable inks is the high
durability in the printhead as it will not readily clog the nozzles unless exposed
to the UV light (101). Their solvent-free nature also eliminates the use of
volatile organic solvents and many applications can be found in the coating,

printing and adhesive industries (102).
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There are two main photoinitiation mechanisms for the UV curing process:
free radical photopolymerisation and cationic photopolymerisation. A free
radical photopolymerisation process takes a few steps to form a crosslinked
polymer network, as shown in Scheme 2-1. Firstly, a photoinitiator (P-I)
absorbs a radiation energy and is activated to generate a reactive portion (I-).
The reactive portion then reacts with a monomer (M) to form a free radical
(M-). The free radicals then tend to propagate and crosslink with other
monomer molecules. Finally the termination step takes place to complete the
polymerisation (103). The most common material used in the free radical UV
curing process is the acrylate monomer which has intrinsic low viscosity for
the inkjet printing. A range of acrylate materials have been studied in the inkjet
printing (104-106). However, the primary issue associated with the free
radical UV curing process is oxygen inhibition in that the atmospheric oxygen
reacts with the free radical component to form peroxy radicals which are
chemically inert to terminate the photoinitiation. An oxygen-free environment
or appropriate photoinitiator is usually required to reduce the oxygen inhibition
effect (107).

P-I - " (Free radical formation)

*+M - |-M*" (Initiation)

I-M* — ... = |I-M-M-M-M... -M* (Propagation)
I-M-M-M-M... -M-l  (Termination)

Scheme 2-1: The reaction mechanism for free radical photopolymerisation

Similarly, a cationic photopolymerisation takes place when a cationic

photoinitiator transfer charges to form reactive species. A significant

advantage of cationic curing process over free radical is the absence of

oxygen inhibition which eliminates the need for an oxygen-free environment

during curing. Epoxies are the most common cationic photopolymer, such that

the ring-structure epoxy monomers undergo ring-opening process to build the
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polymer network (108). The cured epoxies usually have much less tendency
to shrink compared to acrylate materials for free radical polymerisation.
However, the viscosity of typical epoxies is too high for inkjet printing and
volatile solvents must be used as a diluent to modify the viscosity. It also

requires post-cure treatment to enhance conversion (109).

Reactive inkjet printing is a relatively new approach to jetting that has
emerged from the literature recent years (110). The reactive components are
commonly dissolved or suspended in a solvent with the catalyst or other
additives (viscosity modifier, surfactant, etc), and they are chemically stable
until the reaction is triggered upon mixing. After the two (or more) reactive
components are deposited onto the substrate simultaneously or sequentially
from independent printheads, the two reactants will undergo a chemical
reaction, i.e. usually a polymerisation, to form the pre-designed 2D or 3D
pattern in-situ. A few examples of the applications for the reactive inks will be

introduced in the next section.

2.3.6. Applications of RIP in Polymeric Material Deposition

RIP is an emerging approach to defined polymer deposition and it shares
numerous applications since the first reported inkjet chemical dispenser,
ChemJet, was invented for combinatorial library synthesis (111). One of the
polymeric RIP applications was demonstrated by Limen et al. (112) that they
used a dual head IIS printing unit in conjunction with modified HP bubble jet
cartridges and a customized printer incorporating Xaar® printheads to deposit
alternative layers of anionic and cationic polyelectrolytes. The system is fully
automated to form a multi-layer stack of self-assembling hydrogels within
several millimetres thickness. A similar approach to patterning hydrogel
microarrays is reported in the literature (113) as shown in the Figure 2-17. The
monomer, tetramethylethylenediamine (TEMED) and the initiator, ammonium

persulphate (APS) are printed sequentially on a pre-treated glass slide to
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initiate the polymerisation and gelation. The method potentially discloses a

reasonable approach to exploring the small-scale polymer synthesis.

Ist printing 2nd printing
Initiator Monomers/TEMED ™
Treated e Mixing and in situ
Glass Slide polymerization

Ist printing 2nd printing

Monomers/TEMED Initiator
Hydrogel microarray
366 spots/cm? /- - /
- -
# 500 pm
220 pm

Figure 2-17: Reactive inkjet printing of hydrogel: two routes for jetting hydrogel microarray in-

situ pico-nano litre polymerisation (113)

A RIP method to fabricate conductive layers by the deposition of poly (3,4-
ethylenedioxythiophene) (PEDOT) on synthetic textile fabrics was reported by
Stempien et al. (114) . As shown in Figure 2-18, printhead 1 was filled with an
alcohol solution of 3,4-ethylenedioxythiophene (EDOT) and printhead 2 was
filled with an aqueous solution of ferric nitrate-9H.O. The EDOT ink was
deposited line by line firstly followed by the deposition of the ferric
nitrate-9H-O ink by the same line by line strategy on the EDOT layer. A hot
plate was used to heat the textile fabrics up to 85 °C to facilitate the solvent
evaporation and the oxidative polymerisation of PEDOT. The formed
conductive polymer exhibited a low surface resistance and a good adhesion

on the fabric substrates.

Print-head 1

o o

———.
Print-head 2 / \
s

-
-
oz

Ferric nitrate ——

PEDOT layer

Textile fabric

X

R Hot plate

Figure 2-18: The RIP of PEDOT layers on textile fabrics to fabricate conductive layers
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Recently there are some activities focused on RIP for engineering polymers
synthesis. A typical illustrative example is the in-situ reaction of a diol and a
diisocyanate to form a cross-linked network of thermoset polyurethane (115).
The cross-linking agent and solvent are added to both monomers yielding two
reactive inks which are jetted sequentially at elevated temperature in order to
decrease the viscosity to a manageable range. The reactants are quickly
cured upon heating on the substrate (90 °C) within 3 minutes, converting to
cross-linked polyurethane and the conversion is up to 70%. Another distinction
in the case is that they demonstrated the homogeneous mixing of two ink

droplets by tracing the fluorescence microscopy images as shown in Figure

2-19.

Figure 2-19: Inkjet dots of diol and diisocyanate reactive inks (1 to 5 layers) observed by

confocal laser scanning microscopy: (a) reflectance images; (b) fluorescence images

Apart from thermosets, novel research on reactive ink jetting thermoplastic
polymers is also emerging. Work by Fathi et al. investigated the bulk
polymerisation of caprolactam (116) to find the optimal conditions for reactive
ink jetting caprolactam. The results are later referenced to explore the RIP of
nylon materials (52) by preparing sets of activator and catalyst compounds in
the caprolactam in different ratios to in-situ synthesize functional nylon-6 parts.
Although the monomer conversion achieved was lower than half of the bulk

polymerisation approach even with the optimized conditions, many process
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parameters were investigated such as droplet formation, nozzle wetting

behaviour and microcrystal particles effects on jetting (68,117,118).

Despite the RIP developments in the material and process as above, none of
them illustrated the direct RIP method to build 3D structure of a polymeric
material until recently Sturgess et al. developed a RIP method to fabricate
complex 3D geometry using a two-component ink of polydimethylsiloxane
(PDMS) (119). The two parts of the PDMS inks contained silicone hydride and
silicone oligomer with the Pt catalyst in octyl acetate as the solvent, and they
were deposited onto the modified glass slide by a bespoke dual-head printing
station and the inks were mixed and cured in-situ solely by heating on the
substrate. Figure 2-20 showed the stepped ziggurat structure printed by this
two-component reactive inks using a line-by-line printing scheme and the
profile analysis, which fully demonstrated the capability of 3D RIP method to
fabricate the part. A very similar study by PPG Industries and The University
of Nottingham also reported a RIP method to build 3D objects of polyurea by

the crosslinking of two reactive components which widen the jetting material

category for the 3D printing (120).

w1133

1007

Sample Height (pm)
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Printed X (pm)

Figure 2-20: The stepped ziggurat structure of PDMS printed by the RIP method and the profile

analysis for the ziggurat structure (119)
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2.4. Polycarbonate

This section has a focus on the polymerisation for polycarbonate, including the
fundamental knowledge of polycarbonate, synthesis of polycarbonate and its

relevance to the applications in AM will also be discussed.

2.4.1. Evolution of Polycarbonate Chemistry

Polycarbonates are an important engineering thermoplastic polymer with
carbonate group in the repeating structure. Its significance in engineering is
attributed to its high temperature tolerance, excellent optical clarity and
incredible toughness (121). Therefore, the polymer type has sustained
academic interest over many years and new avenues of applications are

being exploited.

The most industrially valuable polycarbonate is aromatic but there are also
aliphatic PCs. Early reports from the 1930’s suggest that aliphatic
polycarbonates are a corollary from aliphatic polyesters that Carothers and his
colleagues were extensively working on (122). Nevertheless, none of these
polyesters or ‘deductive polycarbonates’ had become a commercially
independent class of engineering thermoplastic due to low hardness and low

melting point below 100 °C.

The first linear aromatic polycarbonate emerged when Einhorn, a Germany
chemist, performed reactions with hydroguinone and resorcinol in pyridine by
introducing phosgene to yield an insoluble polycarbonate that melted beyond
280 °C in 1898 (122). This phosgene procedure was followed several years
later by Bischoff and Hedenstroem who developed the synthesis of the same
polycarbonate by melt transesterification of hydroquinone with diphenyl
carbonate. This could have been a significant opportunity to develop aromatic
polycarbonate further. The limited analytical characterisation methods and

poor processing conditions, however, lead to the suspension of aromatic
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polycarbonates for the following 50 years or so. In 1953, Daniel Fox at
General Electric (GE) and Herman Schnell at Bayer prepared polycarbonate
from bisphenol A (BPA) simultaneously (121)(123). It is considered as a
breakthrough in the evolutionary history of aromatic polycarbonate because it
was found that BPA-derived polycarbonates exhibit excellent thermal, optical
and mechanical properties and they are not offset by any other commercially
available polymers. Within the following decade, both companies
commercialized BPA polycarbonate (BPA-PC) with establishment of their own

production facilities.

2.4.2. Synthesis of Polycarbonate

Schnell disclosed two routes for making BPA-PC commercially (124) and until
now they are still the only economically viable options. The first one refers to
an interfacial polymerisation which typically involves a solution of BPA with a
portion of chain stoppers such as p-cumylphenol in methylene chloride and
water, while sodium hydroxide solution is continuously added to maintain the
appropriate pH (between 10-12) and phosgene is introduced to the mixture
concurrently in presence of a trace amount of tertiary amine catalyst (125). An

illustration of this process is present in Scheme 2-2.

(¢]
NaOH, RaN(catalyst)
P-cumylphenol, CH,Cl,, H,0 o
cl cl
HO OH Rapid stirring at reflux
BPA

Phosgene

0
2n HCI
0 0 p

BPA-PC

Scheme 2-2: The process of interfacial polymerisation of BPA-PC (125)
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The reaction effectively occurs on the interface of the four phases in the
mixture (Solid BPA, methylene chloride, gaseous phosgene and aqueous
phase). Therefore, efficient stirring of the mixture is essential to ensure the
complete reaction, along with over-phosgenation. The by-product, sodium
chloride will be concentrated in the aqueous phase and it is separated first;
following that the methylene chloride is washed by acid and water to remove
the amine and base residue. After drying at 120 to 130 °C, granular BPA-PC
is ready to be further processed. This method is conducted at room
temperature or slightly elevated temperature occasionally and BPA-PC with a

molecular weight over 200,000 could be produced.

The final quality of the product, e.g. molecular weight, is kinetically controlled
because high temperatures are not involved in the interfacial process. The
sufficient contact between each phase makes it possible to have high
molecular weight enhancement. End-capping agents are often introduced to
control molecular weight. However, the disadvantages of interfacial
polymerisation are trivial in that the polymer achieved in a non-equilibrium
state is easily altered (intrinsic viscosity, molecular weight etc.) upon further
thermal processing. In addition, complex multi-stage isolation and purification
is engaged and phosgene’s toxicity characteristics do not meet modern
stringent environmental standards (122). For the lab use, phosgene is highly

dangerous and thus not preferred in AM.

The second commercial production of BPA-PC is based on a poly-
condensation type reaction, commonly called melt polymerisation. GE was the
originator to commercialise this solvent-less process. The principle of this
method is the base-catalysed transesterification between aromatic dihydroxy
compounds, i.e. BPA in this case and diaryl carbonates, primarily diphenyl
carbonate (DPC) with equal-stoichiometric amounts (125). Phenol is liberated
during this process and removed to forward the reaction. The process is

demonstrated by Scheme 2-3.
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Scheme 2-3: The process of melt polymerisation of BPA-PC (125)

Practically, melt polymerisation involves two stages. In the first stage of the
reaction, both BPA and DPC monomers are fed into the melt reactor with a
base catalyst at ppm or even ppb level, such as NaOH, LiOH and tetra-alkyl
ammonium salt. Elevated temperature is applied and kept increasing to
control the extent of the reaction (normally 180 to 300 °C or higher). Vacuum
IS necessary to remove the phenol for the purpose of driving the reaction
forward, during which a portion of DPC also devolatilizes from the reactor. A
stoichiometric excess of DPC is considered to compensate the loss in
principle. As the molecular weight grows, the viscosity of the melt becomes
significantly high. In order to facilitate the mobility of the components and the
ease of phenol removal, good surface renewal must be implemented.
Increasing temperature and vacuum is useful in the stage. Alternatively, wipe
film evaporators and vacuum-vented extruders are also effective equipment
commonly to expedite the mass transfer in the melt. When the desired
viscosity is achieved, BPA-PC with a molecular weight of 20,000 to 80,000 is

obtained.
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2.4.3. Comparison of Synthesis Routes for Polycarbonate

Recently, extensive efforts have been invested on the melt polymerisation
rather than the interfacial method, in order to achieve the transition to the non-
phosgene technology (126). The solvent-free process could be applied to
prepare low or medium BPA-PC resins. On the other hand, the
thermodynamic nature of melt polymerisation is that there is no tendency
towards molecular weight redistribution (122). From both points of view, the
melt polymerisation is apparently more desirable. Although the BPA-PC
obtained through the melt process is of relatively low molecular weight, the
solid state polymerisation (SSP) technique has recently demonstrated its
potential to increase the degree of polymerisation for BPA-PC with easy
processing and use of inexpensive equipment (127)(128). A comparative

scheme of interfacial and melt processes is listed in Table 2-3.

Table 2-3: Comparison of interfacial and melt processes for BPA-PC (121)

Interfacial Process Melt Process

Kinetically controlled reaction Thermodynamic control

Mw control via chainstopper Mw control via extent of reaction
Amine catalysis in solvent Base catalysis of condensation
Low temperature (~40 °C) High temperature (~360 °C)
Washing and isolation necessary Direct isolation via extrusion

High Mw can be easily achieved Low Mw easy to achieve (optical)
Good colour, near 100% endcapping Good colour, 60-90% endcapping
Few by-products or side reactions Side reactions may occur at high T
Requires phosgene and solvent Requires DPC and basic catalyst
Brine recycle controls Cl usage May or may not require phosgene

2.4.4. Transfer to Non-Phosgene Melt Polymerisation

Choi’s group has conducted a series of detailed mechanistic research on the
melt polymerisation of BPA and DPC to polycarbonate in both batch and semi-
batch reactors (129)(130)(131). They use a bench scale reaction system to
carry out the batch and semi-batch reaction sequentially as presented in
Figure 2-21. BPA and DPC are supplied separately since the reaction start
immediately upon melting and mixing. The LIOH aqueous solution is injected

thereafter. The reaction temperature is maintained at 180 °C initially for 2
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hours and then goes up to 250 °C in 30 minutes. Afterwards the semi-batch
mode is activated by reducing the pressure to 150 mmHg for 1 hour and 50
mmHg for 1 hour without the change of temperature. Meanwhile, the
distillation column distils off phenol and refluxes DPC into the reaction system
to maintain the initial molar ratio of phenyl carbonate group to hydroxyl group.
Finally, the temperature is elevated to 280 °C and pressure is lowered to 10
mmHg for 1 more hour to finish the polymerisation. During the process the
viscosity increases gradually as the molecular weight of polycarbonate grows
therefore mechanical stirring is needed to facilitate the liberation of by-product.
The experimental outcome is in reasonable agreement with molecular species
model that the ratio between different end-grouped oligomers is particularly

Important to the molecular weight enhancement of polycarbonate resins.

Distillation
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| ‘) Catalyst

T solution ry
Molten P |

DPC tank .
- Reactor

Heating Condenser Sampling

mantle apparatus
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Vacuum
pump
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Figure 2-21: Choi’s experimental set-up for batch and semi-batch melt polymerisation

2.4.5. Polycarbonate in Additive Manufacturing

The first attempt to produce BPA-PC parts in an AM method was probably the
SLS process fusing 30 ym BPA-PC powders to solid parts (132). The product
was found to be porous and mechanical toughness was compromised. After
post-processing by elevated temperature of up to 190 °C and reduced

pressure, the SLS parts of BPA-PC still exhibited weak properties because of
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the non-fully dense structure, although the pore shrinkage became more
uniform (133).

Apart from the SLS process, there is a commercial AM technology to fabricate
BPA-PC by FDM. As one of the most common engineering thermoplastic
materials used in FDM, BPA-PC in a filament form is extruded through a
nozzle to build a part’s cross-sectional geometry layer by layer. A schematic is
presented in Figure 2-22 to illustrate the process more intuitively. The nozzle
Is combined with a melting unit to extrude molten BPA-PC which hardens
upon impinging the substrate or the previous layer. The BPA-PC parts by
FDM are generally tough and durable and also the cost is relatively low
therefore it is much more suitable for rapid prototyping, functional testing, and
installation (134). However, the defects are also significant in that the FDM
BPA-PC parts suffer poor surface texture and finish due to extremely high
viscosity of the melt filament. In addition, 30 to 60% tensile strength of FDM
parts is decreased compared to bulk PC properties because of the anisotropic
effect (135). These drawbacks make it difficult to fabricate BPA-PC parts with

reasonable mechanical strength by FDM.

Figure 2-22: Process of FDM and printed model: (a) 1-Nozzle; 2-Building material; 3-Movable
table in x-y-z direction (136); (b) FDM pyramid model by pure PC at 265 °C (137)
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2.4.6. In-situ Polymerisation for Synthesis of Polycarbonate

For extrusion-based technologies of producing BPA-PC parts, such as FDM,
the most significant problem is the extremely high melt viscosity which results
in poor surface finish and low resolution of the product. The problem also
needs to be particularly considered in processes such as reaction injection
moulding (RIM), which is usually implemented to produce reinforced
thermoplastics with or without glass fibres, including polycarbonates. A typical
schematic of RIM process is illustrated in Figure 2-23. To increase the
Impregnation of the injection matrix, low viscosity thermoplastic precursors
(monomers or oligomers) are introduced which can be polymerised in-situ,
rather than extruding high molecular weight thermoplastics directly. The
reaction is expected to cure the matrix during a relatively short time frame and
any by-product is undesirable. If the conversion is incomplete or there is by-
product remaining, the mechanical and physical properties of the
thermoplastic composites will be affected. The most relevant RIM
development is the production of linear BPA-PC using cyclic oligomers by
ring-opening polymerisation (138) as presented in Figure 2-23. The reaction is
triggered by mixing the molten macrocyclic oligomers and anionic activators.
The initial viscosity of macrocyclic oligomers is 1 Pa.s and the conversion is
over 99% within 2-5 minutes to obtain linear BPA-PC (Myw>300,000) (139).
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Figure 2-23: A schematic of reaction injection moulding (RIM) for thermosets/thermoplastics

Material filling mould

(left) and linear BPA-PC production with macro cyclic oligomers (bisphenol A bis-
chloroformate) by RIM (right)

2.5. Conclusions from the Literature
2.5.1. Research Novelty

From the literature review, it can be concluded that the concept ‘reactive inkjet
printing of BPA-PC by melt polymerisation’ is novel. There are no reported
research activities focused on inkjet-based AM technology of polycarbonates.
The most relevant research as reference is the in-situ ring opening
polymerisation of caprolactam to synthesise nylon 6 (52), in-situ cross linking
of polyurethane materials (115) and in-situ curing of PDMS to directly fabricate
parts by the means of two-part reactive inkjet printing. Although commercial
FDM has demonstrated the feasibility of building BPA-PC structures, the
extrusion-based technology has inherent limitations in part density and
surface finish, limiting the industrial application of the material in an AM
context. It is worth exploiting alternative routes to overcome the weakness of

the resolution, among which the reactive inkjet printing of low viscosity
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monomers is promising. It aims to directly fabricate micron-scale BPA-PC

structures via reactive inkjet printing.

2.5.2. Research Challenge

The concept of reactive inkjet printing of BPA-PC is to be investigated by two
methods; hot-melt inkjet printing and solution-based inkjet printing. The
starting materials are BPA and diaryl carbonate in their solid form. Their
nature of low viscosity in the molten state or in the solution form is likely to
meet the general requirement for piezoelectric inkjet printing. Firstly, the jetting
monomers were characterised to identify the feasible jetting method and
assembly. After achieving reliable droplet formation and optimizing process
windows for monomers, a method to directly fabricate 3D structure will be

explored.

As has been discussed, the melt polymerisation for synthesis of BPA-PC is,
however, a poly-condensation process which brings more constraints to the
research. One of the features for the poly-condensation is the generation of
low molecular weight by-products, methyl salicylate, which is detrimental to
the desired polymerisation. For bulk polymerisation, the by-product is removed
by elevating the temperature beyond its boiling point. Meanwhile the efficient
stirring for highly viscous reaction mixtures is essential. For drop scale in-situ
polymerisation, finding an effective approach to remove the by-product without
disturbing the droplet formation and deposition is identified as a significant
challenge. The relatively slow polymerisation rate when compared to instant
curing mechanisms (i.e. UV curable inks) also poses a challenge for 3D

fabrication.
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3. Methodology and Experiment

In this chapter, detailed research methodologies for the holt-melt inkjet printing
and solvent-based reactive inkjet printing will be introduced and the use of
experimental apparatuses (both for printing and characterisation) will be
presented. Also, the post-processing method for the solvent-based inkjet

printing will be introduced.

3.1. Research Approach

There were two different routes explored to investigate the reactive inkjet

printing of BPA-PC depending on the types of ink formulation.

Route 1: Reactive Inkjet Printing of Hot-melt Inks Summary

BPA and Bis-Methyl Salicyl Carbonate (BMSC) are both solid monomers at
room temperature, and they are molten to polymerise into the BPA-PC as a
bulk synthesis method shown in Scheme 3-1. Therefore, the hot-melt, or
phase change, inks were considered a suitable route to be developed for the
reactive inkjet printing. A commercial high temperature printhead (Océ, Canon
Group, Netherland) was investigated to melt and dispense the monomers.
Before the printing trials, the printability of these two monomers were
assessed including the melt behaviour, rheology and surface tension to
ensure they were in the required printability range for the printhead. The melt
behaviour was assessed using differential scanning calorimetry (DSC8000,
PerkinElmer); the rheology was characterised with a rotational rheometer
(Malvern Kinexus Pro, UK); the surface tension was measured by a drop
shape analyser (DSA100s, KRUSS GmbH Germany). The printing of hot-melt
BMSC was firstly conducted using a PiXDRO LP50 inkjet printer (Meyer
Burger, The Netherlands) and then the waveform for actuating droplets was
optimized using the Advanced Drop Analysis (ADA) function in the software to
obtain the stable droplet formation. Thin films of hot-melt BMSC were printed

onto glass slide and polyimide substrate to investigate the ink deposition
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performance and the surface morphology of the thin films were analysed with
a microscope (Eclipse LV100ND, Nikon UK Ltd) and white light interferometry
(ContourGT, Bruker). In order to provide sufficient temperature for BPA to melt
up to 170 °C, it was necessary to create a workaround by modifying the
heating sensor in the printhead to outreach the standard temperature upper
limit. Then similar approaches were applied to the printing of hot-melt BPA to
optimize the droplet formation by tuning the waveform and to evaluate the ink
deposition by printing thin films on a glass slide substrate. The BMSC and
BPA together as reactive mixture was also characterised by a FT-IR
spectroscopy (Frontier, PerkinElmer, USA) to demonstrate the reaction

kinetics and evaluate the feasibility of jetting hot-melt reactive mixture.
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Scheme 3-1: The melt polymerisation from BPA and BMSC to yield BPA-PC and the by-product

methyl salicylate

Route 2: Reactive Inkjet Printing of Solvent-based Inks Summary

The printability of hot-melt BMSC and BPA was demonstrated with successful
drop formation, but further investigation could not proceed due to the design
limitations of the printhead. A solvent-based ink was then considered to be
developed as the BMSC and BPA could be precipitated onto a substrate upon

the solvent evaporation. An ink formulation consisting the reactive mixture
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(BMSC, BPA, a catalyst) and an organic solvent was then explored by using
commonly used solvents (1,4-dioxane, DMF and toluene). Solubility of the
reactive mixtures were determined in these three solvents, and 1, 4-dioxane
and DMF were selected to formulate the reactive inks which were studied
further. The printability of these two formulations using different solvents was
then assessed in terms of the rheology and surface tension. A Dimatix
Materials Printer (DMP2800 series, Fuijifilm) was used to print the thin films
and multi-layer thick films of the reactive mixture. To polymerise the reactive
mixture to BPA-PC polymer, the as-printed samples were post-processed
using a vacuum oven which provided both high temperature and low-pressure
environment to facilitate the melt polymerisation. The surface morphology of
the as-printed and post-processed samples were assessed and compared by
a white light interferometry. The molecular weight characterisation of the BPA-
PC was carried out with a gel permeation chromatographic system (GPC,
Agilent 1260 Infinity, USA). The polymer structures were studied by a Bruker
DPX300 nuclear magnetic resonance spectrometer (NMR) operating at 300
MHz. The glass transition temperatures of the BPA-PC samples were
investigated by using a differential scanning calorimetry (DSC8000,
PerkinElmer). The thermalgravimetric analysis (TGA) of the BPA-PC samples
was investigated using a TGA4000 (PerkinElmer) to study the thermal stability.
Finally, the two printing strategies were investigated to establish the

methodology of reactive inkjet printing 3D structure of BPA-PC.

3.2. Reactive Inkjet Printing of Hot-melt Inks
3.2.1. Development and Assessment of Hot-melt Inks

Bisphenol A (BPA) and Bis-Methyl Salicyl Carbonate (BMSC) were both
supplied by SABIC Bergen op Zoom in sealed bottles. Both are white solids in

atmosphere. BPA is flaky material whereas BMSC is foam-like solid.
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For hot-melt inkjet printing, BMSC and BPA granules as received were used
for the jetting experiments on two separate Océ printheads. Considering the
maximum capacity of the ink reservoir, 1-2 g of BMSC or BPA granules were
added, and the nozzles were purged for 2 seconds before printing. No alkaline
catalyst was added for the jetting experiment to avoid any potential undesired
oxidation of the monomers. Figure 3-1 is the sample appearance of
monomers as received and Table 3-1 is a summary for properties of both

monomers.

Figure 3-1: Sample appearance of (a) BPA and (b) BMSC

Table 3-1: Physical and chemical properties of BPA and BMSC as stated in MSDS

Molecular _ _
_ Density  Melting
Molecular structure weight _
(g/cm?3) point (°C)
(g/mol)

BPA O O 228.3 1.15 159
HO OH

o O 0 O
BMSC OTO 330.3 1.17 109-114
(o}
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The melt behaviour of the monomers was investigated by using differential
scanning calorimetry (DSC8000, PerkinElmer). The program was set to heat
the BPA and BMSC from 25 to 170 °C at the rate of 10 °C/min and then to
cool down at the same rate. Nitrogen was used as the purge gas in a rate of
20 mL/min and the data was analysed by the Pyris software. Approximately 5
mg of the solid monomer sample was added for the each run to a DSC pan

which was crimped with an aluminium lid.

The rheology of the molten monomer was investigated by a rotational
rheometer (Malvern Kinexus Pro, UK). The solid monomers were placed on
the plate in an active hood cartridge (as shown in Figure 3-2) to be molten at
elevated temperatures. Then the plate gap was set to 150 ym and the
cartridge was closed for the temperature control to start the measurement.
The shear rate was set between 10 and 1000 s at each temperature
specified (120 to 135 °C for BMSC and 160 to 170 °C for BPA at a 5 °C

increment).
d |
e ¥ -
/

. ‘ | Rotational geometry
| g

Plate geometry

Active hood e,

Figure 3-2: The active hood cartridge for the rheology measurement on the Malvern Kinexus

Pro Rotational Rheometer

The surface tensions of both molten monomers were measured by a drop
shape analyser (DSA100s, KRUSS GmbH Germany). There is no available

environmental controller box sustaining the sufficient temperature to melt
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monomers into liquid droplets for pendant drop analysis. An auxiliary
configuration as shown in Figure 3-3 was set up to form pendant droplets. A 5
mL glass syringe (SAMCO Silicone Products, UK) fitted with a stainless-steel
needle was fixed on an iron stand and BPA or BMSC was filled into the
syringe. Melting of the monomer was achieved by a heat gun (rated
temperature at 300 °C) applying heat directly around the syringe. The short-
duration droplet formation process on the needle was captured by a high-
speed camera (3000 fps, 1/50000 second, 1024 x1024 pixels) and the frames
extracted from the video were profiled by the software of DSA100s. The
surface tension was calculated by Young-Laplace fitted to a pendant drop
using the DSA software. At least 4 pendant drops during the continuous
droplet formation sequence were extracted for the surface tension

measurement.

“ Glass syringe

Needle ‘ X )
- Light source
v

High speed camera

Figure 3-3: Experimental configuration for pendant droplet formation of BPA and BMSC for

surface tension measurement

Palit (140) has described the thermodynamic interpretation of surface tension

for a wide range of liquid with the following equation

7(Mvsp)2/3 = KE (Tc _T) (3_1)
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where y is the surface tension, M is the molecular weight of the liquid, vsp is
specific volume, T¢ is critical temperature and Ke is a constant value. This
empirical equation reveals the linear relationship between surface tension and
the liquid temperature for a specific material. In this experiment, however,
there is no direct measurement of exact temperature at which the free droplets
form. It is assumed that the onset of droplet formation occurs immediately
when it reaches the melting point of the monomer. Therefore, the temperature
effect on the surface tension is neglected. The surface tension is estimated

around the melting points of both monomers.

For the thermal stability study of monomers, the powdered BPA and BMSC
were directly used without further purification. Sodium hydroxide pellets
(NaOH, melting point is 323 °C, data provided by VWR International Ltd.) was
chosen as the alkali catalyst for the melt transesterification. NaOH was
prepared as a dilute solution in deionized water with a concentration of 0.1
mol/L. A 20 mL capped vial stirred magnetically and heated with an oil bath
was charged with either 2.5x10 mol of BPA (0.5708 g) or 2.5x102 mol of
BMSC (0.8423 g) powder. 62.5 pL aqueous NaOH was added as the
transesterification catalyst (2.5x10* mol of NaOH per mol of BPA or BMSC).
The oil bath temperature was set at 170 °C for BPA and 130 °C for BMSC to
ensure that the monomers remained in the molten state. For comparison,

nitrogen was charged to the vial by a needle to remove the oxygen inside.

3.2.2. Printing of Hot-melt Inks

A PiXDRO LP50 inkjet printer (Meyer Burger, The Netherlands) was used as
the printing platform for the hot-melt inkjet printing. Figure 3-4 shows the main
modules of a PiXDRO LP50 inkjet printer (141).

It is an advanced inkjet printer ideal for the hot-melt inkjet printing reseach and
development. It mainly consists of a motion system, a printhead assembly

(PHA), a substrate table and a computer with a human interface (HMI)
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software. The digital-controlled motion system has a 5 axes for the movement,
with X axis controlling the movement of the PHA, Y axis driving the substrate
moving continuously while printing, Z axis adjusting the height of PHA to the
substrate, P axis rotating the PHA for different droplet spacing requirements,
and S axis enabling the angle alignment of the substrate. The substrate table
has dimensions of 327 x 227 mm which allows an A4 sized area to be fully
covered by the droplet deposition. It is able to clamp different substrates by

vacuum and the substrate temperature can be raised up to 90 °C.

R

. Printhead
Motion

assembly
system

Printview and

alignment

Dropview

system
Substrate

Figure 3-4: The PiXDRO LP50 inkjet printer and its main modules (141)

The PHA module is a mechanical and electrical interface to mount a specific
printhead on it. There are a range of printheads which can be integrated with
the PHA module on the PiXDRO LP50 printer depending on the different
requirements for the inks. For hot-melt inkjet printing, an Océ Crystalpoint
printhead (Océ, Canon Group, The Netherlands) was chosen for the research.
This piezoelectric printhead is originally used in commercial available office
large-format printers such as Océ ColorWave 600, and it can be also
extended to a range of polymer-based inks because the printhead’s operating

temperature reaches up to 140 °C (142). It mainly consists of an ASIC
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electronic board to drive the printhead, a melting unit (MU) to liquefy the solid
polymer, a graphite channel block (CB) to contain inks and a nozzle plate to
eject droplets by piezoelectric actuation. The solid inks can be fed directly into
the MU to rapidly form a liquid and ejected from the nozzles with high
deposition accuracy. Both MU and CB are equipped with a heater and sensor
to ensure the inks remain liquid at a constant temperature. Table 3-2 shows
the general specifications of the Océ Crystalpoint™ printhead.

ASIC electronic driver

Melting
unit (MU)

Nozzle

plate

Figure 3-5: The PHA modulus and the Océ Crystalpoint™ printhead

Table 3-2: The main specifications for the Océ Crystalpoint™ printhead

Parameter Value

Total number of nozzles 256 (2 rows x 128 nozzles)
Nozzle pitch per row 75 npi (nozzles per inch)
Distance between nozzle rows 8.5 mm

Nominal drop volume 10 to 30 picoliter

Maximum jetting frequency Up to 20 kHz (ink dependent)
Temperature Up to 140 °C

The Océ head also allows the printhead to self-diagnose the status of each

nozzle without actually ejecting a droplet by the PAINT (Piezo-Acoustic
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sensing of INk channels in the Time domain) technology. By measuring the
current from the piezo element when a driving waveform is applied, the status
of the nozzle can be predicted. Within a few hundred milliseconds, the PAINT
measurement can be completed, and the diagnosis results can be displayed
in the 256 coloured blocks in the HMI software. The colours indicate the
function of each nozzle, where a green colour represents a good jetting
stability of the nozzle and a yellow or red block suggests the purge of nozzles.
This function allows for the highest possible quality assurance of the printing
result. An example of the PAINT function displayed in the HMI software is

shown in Figure 3-6.

PAINT 3

Figure 3-6: The PAINT function in the HMI software, where the number represents the times of

diagnosis and the colour in each block indicates the status of each nozzle. Green represents
good status of the nozzle, yellow represents medium quality of the jetting and red means a
maintenance function is needed to improve the nozzle function.

There are also a few auxiliary moduli on the PiXDRO LP50. For example, the
printview and alignment system allows the visualisation and alignment of the
substrate with the camera which is mounted on the left side of the PHA. The
camera is equipped with coaxial and diffuse illumination to view or screenshot
the printed pattern on the substrate. Similarly, the dropview system enables
users to view the drop in-flight from each nozzle. The short optical light pulse
allows the stroboscopic view of the drops as if they are frozen in flight. By
changing the pulse delay, they can form a pseudo-sequence of the droplet
evolution from the nozzle. In addition, a wiping and capping system is inside
the printing chamber for the nozzle maintenance such as purging and wiping

to remove the excess inks from nozzles. A waste station is designed to
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remove the excess inks from maintenance and to creative the necessary

vacuum for performing the maintenance.

It was found that BMSC and BPA has similar physical properties to the
commercial ink, Océ TonerPearls, which is a toner-based hot-melt ink
dedicated to the Océ printhead (see Chapter 4 for the monomer viscosity
details). The shear viscosity test for Océ TonerPearls revealed its viscosity of
11.0 cP at 130 °C, which was close to 13.3 cP for BMSC at the same
temperature. Therefore, jetting with TonerPearls was firstly undertaken as a
functionality test with the Océ printhead. The experiments with TonerPearls
showed stable droplet formation with the suggested single waveform by the

manufacturer as shown in Figure 3-7.

Vref _Q________. i

Isource

Delay | Width
1

Figure 3-7: Waveform pattern used in Océ Crystalpoint™ printhead

The single trapezoidal waveform can be created as Figure 3-7 shows and was
also used for the initial jetting experiments of BMSC. It was noted that the total
pulse width is the sum of rising time (Isource), dwell time (plateau) and fall
time (Isink). The default jetting parameters of the waveform are listed in Table
3-3. Due to the limitation of the drive electronics, complex waveforms could

not be achieved so only a single pressure pulse was used.
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Table 3-3: Default jetting parameters used in Océ Crystalpoint™ electronic drive

Waveform _ _
Typical value? Unit Remarks
segment
Delay 9 VK Delay
Width 11.6 V& Pressure pulse width
Isource 135 DAC unit® Source current
Isink 84 DAC unit Sink current
Vref 157 DAC unit® Reference voltage

a. The typical value is suggested optimal for Océ TonerPearls only and it is subject to be varied among
different types of ink

b. DAC values correspond to the slope for the current source and sink, which is between 0 and 255.

c. DAC values for reference voltage are ranging from 0 to 255, resulting in a trapezium pulse with a height
of (48*X/255) volts. The maximum jetting voltage that can be achieved is 48V.

The optimisation of the waveform was achieved by using the add-on function
of the HMI, Advanced Droplet Analysis (ADA), for the automated multi-
dimensional research of droplet formation. It enables the dropview camera to
automatically and sequentially record the droplet formation while the jetting
parameters are varied. Each segment of the waveform can be individually
assessed and optimized with the ADA and an example of the merged droplet
images by ADA is presented in Figure 3-8. The droplet volume and velocity
were also calculated by the ADA. The droplet volume was estimated by slicing
the droplet on the image into a series of cylinders. The overall volume of the
droplet was the sum of the volumes of cylinders. The droplet speed was
calculated by comparing the vertical position change of the droplet on two
droplet images at a sequential time delay. Though the droplet volume and
speed calculation were subject to the image resolution, it provided a
reasonable estimation of the speed and volume change for different jetting

parameters.
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Figure 3-8: An example of merged images of droplet formation by ADA. The horizontal axis is

the time delay.

Other controllable variables for jetting include the melt temperature, meniscus
pressure at the nozzle plate and jetting frequency. The temperature for both
the melting unit (MU) the channel block (CB) was set to 130 °C to ensure
BMSC or BPA was sufficiently molten in the reservoir and near the nozzle
plate, which improved the stability of the drop ejection. The meniscus pressure
is usually between -10 to -25 mar to prevent the ink dripping out of nozzles
and it is not usually sensitive to a variation of a few mbar. As a guideline from
the manufacturer, the meniscus pressure was set to -15 mbar. The jetting
frequency could be adjusted from 1 to 20 kHz under the droplet formation
observation mode (Dropview). Before observing the droplet formation process,
a purge pressure of 250 mbar was applied for twice to remove bubbles in the
ink channel and the meniscus on the nozzle plate was cleaned with a clean
fiber-free polyester wiper (AlphaWipe, from Texwipe, Beacon Technologies,
Inc.) until the PAINT function in the software displayed that acoustic pressure

consistently propagated across all the nozzles.

The hotmelt inks were either printed on a glass slide or a polyimide sheet

(Kapton HN thermal insulating film, Dupont).

62



3.2.3. Printhead Modification

During the heating process in the MU and CB on the Océ printhead, it was
found that a safety feature had been built inside the electronic drive. It
protected the printhead from overheating over 140 °C. In order to provide
sufficient temperature for BPA to melt up to 170 °C, it was necessary to create
a workaround by modifying the heating sensor on both MU and CB to bypass
the safety feature. Increasing the impedance by adding an external resistor to
the voltage divider, the output voltage of the heating sensor could be modified
to increase the actual heating temperature. A resistor of 22 kQ was welded to
the wire on the heating element and the actual temperature was measured by
a digital thermometer (Tenma 72-7712). The non-linear correlation between
the set point and the sensing temperature was shown in Figure 3-9. To melt
BPA, a minimum set point of 102 °C was required to heat over 160 °C. The CB
and MU were both heated to 170 °C where the set point was located at 103 °C.
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Figure 3-9: Correlation between the set point and sensing temperature with an external

resistor of 22 kQ on the heating element of channel block and melting unit

It was found from the initial jetting experiments that the MU suffered from
leaking of molten BPA at the bottom as highlighted in Figure 3-10. It was
possibly due to the incompatibility of BPA with the inner rubbery sealing
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material inside the ink reservoir at high temperature. The leakage was sealed
by encapsulating the silicone adhesive sealant paste (Silcoset 152, Acc

Silicones).

;\\‘\a\y\‘\a!“\\}\\ Il

Figure 3-10: Leakage (highlighted in red) of BPA from the bottom of MU

3.2.4. Sample Characterisations

The molten mixture of the BPA and BMSC was characterised by a FT-IR
spectrometer (Frontier, PerkinElmer, USA) in the attenuated total reflection
(ATR) mode. The mixture was scanned from 4000 to 600 cm™ in steps of 1
cmt and three measurements were repeated for each sample. The spectrum
was analysed to confirm the formation of the BPA-PC backbone structure and

to illustrate the necessity for jetting the monomers by two separate printheads.

The surface morphology of the printed BMSC and BPA monomers was
observed by the PHA camera on the PiXDRO LP50 printer. Images with
higher magnification were obtained using a microscope (Eclipse LV100ND,
Nikon UK Ltd) with reflected illumination. For the surface roughness and
profile analysis, a white light interferometer (ContourGT, Briker) was used to
provide the numerical characterisation of the surface structures. The

numerical results of the sample surface were analysed by the Vision software.
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3.3. Reactive Inkjet Printing of Solvent-based Inks
3.3.1. Development of Reactive Solvent-based Inks

The solvent-based ink normally consists of the target material in a solvent
which will evaporate quickly on impact to precipitate the material on the
substrate. It was found by the reported data by Silvi et al. (143) that the
reactive mixture (i.e. BPA, BMSC and a transesterification catalyst, e.g.
Tetramethyl ammonium hydroxide pentahydrate) was equilibrated at
temperatures ranging between 100 and 400 °C in an organic solvent (e.g.
methyl salicylate) to form a solution of PC oligomer. However, there is a
dearth of information in the existing literature about whether the solid BMSC
and BPA can convert to printable ink by this method. It was decided to
prepare such solvent-based inks to carry out the reactive inkjet printing to
build 3D structures of BPA-PC. One advantage of this method compared to
the direct hot-melt inkjet printing is the formulation of the reactive mixture in
the solvent to avoid undesirable thermal interaction of catalyst with the
monomer at elevated temperature. In addition, BPA and BMSC can be mixed
in the desired stoichiometry before they are transferred onto the substrate.
Due to the nature of melt polymerisation, however, the molecular weight
enhancement of BPA-PC requires post-processing stage providing the
sufficient temperature and vacuum level. A vacuum oven was considered to

accommodate the environmental conditions for the melt transesterification.

For common applications of inkjet printing with a solvent-based polymer ink,
the concentration of the polymer is low ranging from 1 to 10% by weight due
to the high molecular weight of the polymer (144) and this then also produces
a low thickness of the deposited layer (53). The high loading of polymer in a
solvent will result in an ink viscosity higher than printable range (>20 cP) and
non-Newtonian behaviour of the ink which may cause instability of jetting (58).
However, the high fraction of evaporative solvent will cause a great loss of the

deposited layer volume which will lower the printing efficiency. Therefore, to
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select a proper solvent and minimize the number of passes during printing, the
maximum solubility of the reactant that retains the printability of the ink is
expected (97). Another important factor when selecting the solvent is the
stability of the solvent. In the meniscus ink layer on the nozzle plate, the liquid
is exposed to the open environment which will cause a local precipitate due to
solvent evaporation to potentially block the nozzle. This phenomenon is more
significant when the printhead is in stand-by mode. The physical properties of
the solvent associated with the phenomenon are the boiling point and vapor
pressure of the solvent at the printing temperature. Although a solvent with
low boiling point and high vapor pressure evaporates quickly on contact with
the substrate, it will increase the instability of the meniscus. As suggested by
similar work by He (145), a solvent with relatively high boiling point (>100 °C)
and moderate vapor pressure should be considered to increase the ink
stability without compromising the precipitation rate on the substrate. With
those principles, 3 solvent candidates were considered which were:

e DMF (N, N-dimethylformamide, Fisher Scientific UK, bp = 150 °C) (146);

e Dioxane (1, 4-dioxane, extra pure and stabilized with BHT, Fisher

Scientific UK, bp = 101 °C) (147); and
e Toluene (Sigma Aldrich UK, bp=110 °C) (90).

The BMSC and BPA flakes were ground with a mortar and pestle and stored
separately in two capped glass vials. With a stoichiometric ratio of 1.02 to
compensate for the potential evaporative loss of BMSC in reaction, the two
powders were weighed and mixed evenly in another capped vial as the
reactive solid mixture. The mixtures contained BMSC and BPA in the
stoichiometric ratio of 1.02 and is regarded as one single component when is
referred to as the ‘weight concentration’ in reactive inks. Tetramethyl
ammonium hydroxide pentahydrate (TMAH-5H-O, 181.23 g/mol, Sigma-

Aldrich) was to initiate the oligomer formation as the catalyst (148).
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To formulate reactive inks, the solubility of reactive mixtures in the solvent
should be investigated to find out the appropriate composition. For each
solvent, about 4.7 to 4.9 mL was pipetted and weighed in 4 empty vials to
have 5 g of solvent in each vial. Reactive inks with 10 to 40 wt% of reactive
mixture were prepared by adding the reactive solid mixture in to each vial.
TMAH-5H-0 was added to each solution (1x10* mol per mol of BPA) with
care to minimize the exposure of TMAH-5H.O to moisture in the air. The
solutions were then magnetically stirred at 1000 rpm and kept at 35 °C on a
hot plate (IKA RCT Basic IKAMAG Magnetic Stirrer) for 10 hours. Then each
solution was settled for 18 hours at room temperature (~20 °C) to release

bubbles and to allow any undissolved solid precipitated.

3.3.2. Printability Assessment of the Solvent-based Reactive Inks

The rheology of the solvent-based reactive inks was investigated by a
rotational rheometer (Malvern Kinexus Pro, UK). Approximately 2 mL of ink
was pipetted onto the plate in an active hood cartridge (as shown in Figure 3-2)
to be measured. Then the plate gap was set to 150 ym and the cartridge was
closed for the temperature control to start the measurement. The shear rate

was set between 10 and 1000 s for 25 to 45 °C at a 10 °C increment.

The surface tension of the solvent-based reactive inks was studied by a drop
shape analyser (DSA100s, KRUSS GmbH Germany) using the pendant drop
method. An environmental controller box was equipped to maintain the
temperature around the needle tip by circulating water. The temperature range
for the surface tension measurement was the same as those for the rheology
measurement (25 to 45 °C at a 10 °C increment). The pendant drop profile
was extracted and analysed by the DSA software to calculate the surface

tension.
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3.3.3. Printing of Reactive Solvent-based Inks

A Dimatix Materials Printer (DMP2800 series, Fuijifilm) was used to perform
the printing of reactive solvent-based inks for synthesis of BPA-PC. The DMP
printer consists of a motion system, a jetting device, a substrate platen, a drop
watcher, a maintenance station and a printing chamber as shown in Figure
3-11 (149). The printer can be controlled by the Dimatix Drop Manager (DDM)
software. This printer is ideal for the solvent-based ink evaluation and

development with piezoelectric technology.

Printing

. chamber
Motion

system

Drop
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Substrate
platen
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Figure 3-11: The DMP2800 series printer and its main components, modified from (149)

The jetting device is a major component in the DMP, and it can be fitted with a
disposable Dimatix Cartridge. As shown in Figure 3-12, the cartridge consists
of a fluid module and a jetting module which are both disposable and
replaceable. About 3 to 4 mL of liquid ink can be filled into the fluid module by
a syringe and a tip. The jetting module is clamped to the jetting module. There
are 16 nozzles with 254 ym spacing between each other, and the nozzle has
two different nominal drop volumes available (1 and 10 picolitre). For the
research, the 10 picolitre cartridge was used to increase the ink throughput for

the 3D structure fabrication.
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Figure 3-12: The main components of a Dimatix cartridge (149)

A DMP cartridge was filled with approximately 4 mL of DOX25 or DMF35 by a
5 mL syringe (B. Braun Injekt® Luer Solo 5 mL). The syringe was fitted with a
filter (Millex-HA syringe filter unit 0.45 ym, mixed cellulose esters) and a
Dimatix Materials Cartridge fill tip to exclude any particles with a diameter
larger than 0.45 uym. The cartridge was tapped manually to remove air bubbles
and then assembled with the nozzle plate. A single waveform specifically
designed for jetting low viscosity fluids on the Dimatix printer was used. Figure
3-13 showed the waveform pattern applied in the experiment. It was found
that each nozzle had different velocity profiles of jetting liquid at the same
jetting voltage input. This inconsistency was also observed in other studies
(150). Therefore, the jetting voltage for each nozzle was individually adjusted
to keep the velocity of droplets at the same level. Table 3-4 elaborated all the

parameters of jetting waveform described in Figure 3-13.
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Table 3-4: Jetting parameter of the waveform for jetting DOX25 and DMF35

Waveform description

Segment Level (%) Slew rate Duration (us)
1 80 0.36 6.528
2 0 0.22 13.888
Overall - - 20.416
Other jetting parameters
DOX25 DMF35
Maximum jetting frequency (kHz) 5 3
Jetting voltage for each nozzle(V) 23-24 25-26
100
3
]
>
4
0 1 ' | ! | ! | ! |
0 5 10 15 20
Segment1 Segment 2 :

Duration (us)

Figure 3-13: The waveform pattern for jetting low viscosity fluid (<5 cP) on DMP

The inks were filled into the Dimatix cartridge with the same procedure as that
for droplet formation study (See Section 5.3). A microscope glass slide
(Thermo Scientific, 1 mm thick) was used as the deposition surface which was

fixed on the heater described in Chapter 3. The surface temperature of the
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microscope glass slide was altered by the heat conduction from the heater
which was controlled by the Arduino software. The stand-off distance was kept
at 1 mm and all the nozzles were purged for 0.2 s before printing to remove

any particles or bubbles around nozzles.

The substrate platen is equipped with vacuum clamp to affix a range of
substrates. It is also temperature adjustable up to 60 °C. However, for the
higher substrate temperature requirement, an external heater as shown in
Figure 3-14 is placed on the substrate platen. The heater consists of a thin
Kapton insulated flexible foil heater (KHLV-103/10, Omega Engineering Ltd
UK) embedded on a fire brick whose bottom and top are covered by stainless
steel plates. The rated temperature is up to 200 °C which is controlled by the
open-source Arduino Software. This heater is placed on the DMP substrate
platen and the substrate for the printing (such as a microscope glass slide) is

directly placed on the heater to meet the substrate temperature requirement.

The pattern can be either created by the pattern editor in the DDM software or
converted from the external bitmap files. The pattern resolution can be altered
from 100 dpi up to 5080 dpi (the corresponding droplet spacing from 254 um
to 5 ym). There is a fiducial camera on the side of the jetting device which is
able to move along with the cartridge to help visualize the printed pattern on
the substrate as well as to adjust the printing position. The drop watcher in the
printing chamber allows droplet formation videos or images to be directly
evaluated on the main screen of DDM. A disposable cleaning pad is in the
maintenance station to blot the nozzle surface of the cartridge and to contain

the fluid produced from the purging and blotting process.
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Figure 3-14: The external heater for the substrate heating up to 200 °C

3.3.4. Polymerisation Conditions for Post Processing

The samples printed by the solvent-based inkjet printing method required post
processing to undergo further polymerisation and to achieve the desired
molecular weight. Recently a patent on reactive inkjet printing BPA-PC was
released which illustrated the possibility of in-situ polymerizing the printed PC
monomers by a high temperature and vacuum system in the printing area
(151). However, positioning a high temperature and vacuum system in the
printing area might result in instability and failure of the jetting. In addition, the
reaction temperature up to 300 °C would be detrimental to the printing system
if no proper cooling systems could be implemented. In this research a
separate shelf-heated vacuum oven (VT6060P, Thermo Scientific) was used
to polymerise the as-printed reactive mixture in order to maintain the initial

geometry and also to obtain the BPA-PC.

The melt polymerisation for BPA-PC followed a stepped profile where the
temperature was gradually elevated to 280 °C and the pressure was reduced
to a near vacuum level. It was reported by Kamps et al. (152) that using
BMSC instead of DPC would significantly increase the reaction rate by
following the polymerisation profile as shown in Table 3-5. Aiming to achieve a
comparable molecular weight, the as-printed reactive mixture was placed in

the vacuum oven chamber which was set to the same polymerisation profile.
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Table 3-5: The stepped polymerisation profile for post processing the as-printed reactive

mixture using the vacuum oven

Polymerisation

Temperature (°C) Pressure (mbar) Time (min)
Steps
1 1802 Atmospheric 15
2 220 100 15°
3 280 0.5-1.5 10°¢

a. The heating chamber was preheated to 180 °C
b. Including the ramp time (appx. 4 mins) from 180 to 220 °C
c. Including the ramp time (appx. 6 mins) from 220 to 280 °C

3.3.5. Sample Characterisations

The optical images of the printed samples were obtained using a microscope
(Eclipse LV100OND, Nikon UK Ltd) with reflected illumination. A white light
interferometer (ContourGT, Bruker) was used to provide the numerical
characterisation of the surface structures of the thin films. The numerical
results of the thin film surface were analysed by the Vision software. Due to
the slope limitation of the white light interference to the samples, the surface
profile of thick films with dome shaped top surfaces were observed with a
focus variation microscope (Alicona Infinite Focus G5, Alicona Imaging
GmbH). This scans the samples and moves in the vertical direction to
generate a stack of 2D images, therefore generating a full 3D profile. The
vertical resolution is ranging from 10 to 2300 nm depending on the objectives
(153). As the samples were transparent, physical replica were prepared by
using AccuTrans AB casting silicone. The surface profile was analysed using

the MountainsMap software.

The molecular characterisation of the BPA-PC from the post processing was
carried out with a gel permeation chromatography (GPC). The GPC machine
used was an Agilent 1260 Infinity Il Multi-Detector GPC/SEC System (Agilent,
USA) which was configured with a Rayleigh light scattering (LS) detector to

measure the absolute molecular weight without relevance to other standards.
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The two columns used were PLgel 10 ym MIXED-B (Agilent, USA). The
tetrahydrofuran (THF, HPLC grade, Fisher Scientific) stabilized with 250 ppm
butylated hydroxytoluene (BHT) was used to dissolve the as-printed, post-
processed and reference BPA-PC samples with a concentration of 3 mg/mL,
and as an eluent at a flow rate of 1 mL/min at 35 °C. The results were

analysed by the ASTRA software (Wyatt Technology Corporation).

The polymer molecule structures were studied by a Bruker DPX300 nuclear
magnetic resonance spectrometer (NMR) operating at 300 MHz. The as-
printed, post-processed and reference BPA-PC samples were dissolved in
Chloroform-d (CDCls, 99.8 atom % D, Sigma Aldrich) at a concentration of
between 2 to 5 mg/mL. *H-NMR and '3C-NMR spectra were obtained at 20 Hz
spin rate with a 5 mm diameter quadruple nucleus probe. The H-NMR
spectra were normalized with the solvent standard chemical shift at 7.26 ppm
(i.e. 'H-NMR solvent residual resonance of CDCls) and the 3C-NMR spectra
were normalized with the solvent standard peak at 77.02 ppm (i.e. *3*C-NMR
solvent residual resonance of CDCls) (154). No additional baseline correction
was applied. The spectra were analysed by the MestreNova software
(Mestrelab Research S.L., USA). The data was processed without any phase

correction.

The glass transition temperatures of the BPA-PC samples were investigated
by using a differential scanning calorimetry (DSC8000, PerkinElmer). For the
as-printed samples, the program was set to a thermal cycle of (-50)-200-(-50)
°C at 10 °C to obtain the heat flux profiles. For the post-processed and
reference samples, the program was set to a thermal cycle of 0-360-0 °C at 20
°C/min. Nitrogen was used as the purge gas in a rate of 20 mL/min for all the
samples and the data was analysed by the Pyris software. For each
measurement, approximately 5 mg of the sample was added to the DSC pan

which was crimped with an aluminium lid.

74



The thermal gravimetric analysis (TGA) of the BPA-PC samples was
investigated using a TGA4000 (PerkinElmer) to study the thermal stability.
Nitrogen was used as the purge gas at 20 mL/min. The temperature swept
from 30 to 800 °C and the sample size was between 15 to 20 milligrams. The

data were collected and analysed by using the Pyris software.
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4. Results: Reactive Inkjet Printing of Hot-melt Inks

This chapter has a focus on the investigation of hot-melt inks regarding their
printability. Physical properties of reactive molten inks are characterised, and

the performance of jetting is reported.

4.1. Introduction and Research Rationale

The melt polymerisation of BPA-PC has been widely studied and a process
window has been established (130)(155). However, it has not been reported
whether the monomers and process parameters for melt polymerisation are
suitable for a reactive inkjet printing. Recently it has been reported by Kamps
(152) that using an activated carbonate, such as bis-methyl salicyl carbonate
(BMSC), could lower the reaction temperature and residence time compared
to the traditional melt polymerisation using DPC as carbonate source. The
enhanced reactivity of BMSC would potentially avoid the high volatility and
thermal issues of DPC. The reason for choosing BMSC over DPC is that the
literature has reported the undetectable Fries rearrangement product by using
ester-substituted diphenyl carbonate compound (156,157). Normally by solely
using DPC as a reactant for melt polymerisation, Fries rearrangement product
Is formed at high temperature which will give rise to the undesired and
uncontrolled polymer branching. The branching is particularly detrimental to
the mechanical properties of the polycarbonate. If the polycarbonate can
incorporate an ester-substituted moiety, the impact of branching can be
minimized. Additionally, it was also reported that the less reaction time using
BMSC could decrease the polymer degradation (158,159). Therefore, BPA
and BMSC were used as the monomers to study the reactive inkjet printing.
Both jetting materials are wax-like, which exhibit sharp melting temperature in
the thermal cycle measured by DSC. Therefore, the concept of reactive inkjet
printing of BPA-PC by jetting hot-melt monomers can be investigated with

several objectives:
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e To characterise the viscosity and surface tension of BMSC and BPA
and assess the droplet formation along with the deposition performance;
e To investigate and optimize the process windows for the polymerisation

of BMSC and BPA to build polycarbonate parts by post-processing.

4.1.1. Reactive Inks Formulation

The result for the solubility test is shown in Figure 4-1. For toluene, the white
reactive solid mixture precipitated after over-night settling regardless of the
weight concentration. It indicates a low solubility of reactive mixture in toluene.
For 10 and 20 wt% dioxane inks, the solutions were clear which suggested the
full dissolution of reactive mixture. White solid precipitates were in the 30 and
40 wt% dioxane inks after settling, which suggests an oversaturation of the
reactive mixture in dioxane. The similar white precipitates were also observed
in the 40 wt% DMF ink.

10 wt% 20 wt% 30 wt% 40 wt%

Toluene

1,4-dioxane

Figure 4-1: Solubility test for 3 different solvents (Toluene, Dioxane and DMF) used for reactive
ink formulation
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To ensure the particles were fully dissolved. it was decided to further heat and
to magnetically agitate all the solutions with white precipitates at 50 °C for 30
minutes on the hot plate. After 24 hours settling, there were still white
precipitates in the toluene inks, dioxane inks with 30 and 40 wt%, and DMF
inks with 40 wt%. For inkjet printing, the precipitates may block the nozzle in
the print cartridge. Therefore, toluene is not a good solvent for the reactive
mixture to achieve high loading as the other two solvents. From the solubility
test result, it can be concluded that either dioxane or DMF are potential

candidates for preparing the reactive inks

To narrow the range and find out the maximum solubility of the reactive
mixture in dioxane and DMF solvent, further experiments were carried out
using the same methodology as the previous solubility test. For dioxane inks,
20 to 30 wt% solutions were prepared at an increment of 1 wt%. It was found
that precipitates existed in the solution when the weight concentration was
greater than 25 wt%. For DMF inks, 30 to 40 wt% solutions were prepared at
an increment of 1 wt%. It was observed that stable and clear solution could be
obtained if the solid loading was equal to 35 wt% or lower. Therefore, it was
decided to further carry out the printability assessment for 25 wt% dioxane
inks (DOX25) and 35 wt% DMF inks (DMF35).

4.1.2. Composition and Stability of Reactive Inks

With the principles of maximizing the reactive mixture loading in the solvents,
two reactive inks were formulated using dioxane and DMF, respectively. The

compositions of the two inks are shown in Table 4-1.
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Table 4-1: The two compositions of the reactive inks containing dioxane and DMF as solvents

Ink name BMSC & BPA Solvent Catalyst

25 wt% (ratio of _ TMAH (1x10** mol
DOX25 Dioxane 75 wt%

BMSC to BPA =1.02) per mol of BPA)

35 wt% (ratio of TMAH (1x10** mol
DMF35 DMF 65 wt%

BMSC to BPA =1.02) per mol of BPA)

Figure 4-2: The stability of reactive inks over 90 days period: (a) fresh DMF35 as formulated; (b)
fresh DOX25 as formulated; (c) DMF35 after storage for 90 days; (d) DOX25 after storage for 90
days

After formulation of the reactive inks, they were both free of visible large
particles and transparent as shown in Figure 4-2(a) and (b). They were stored
in sealed vials at room temperature. The homogeneity and precipitation were
visually assessed after a 90-day period to understand their long-term stability.
It was noted that DMF35 had milky white appearance after 90 days, also with
precipitates on the inner wall of vials as seen in Figure 4-2(c). This was
probably due to the oversaturation of the reactive mixture dissolved in the
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DMF solvent. DOX25 was still transparent after 90 days storage, and no
precipitations or visible particles were observed (see Figure 4-2(d)), which
indicated the dioxane solvent is more stable for polymerisation at room
temperature. Therefore, all the reactive inks were freshly prepared and

checked before printing.

4.2. Printability Assessment of Hot-melt Inks

The critical factors for the printing assembly is the melting behaviour of the
monomers, which was determined by DSC, the rheometer and the surface
tension configuration. The physical characteristics above were surveyed and
the detailed information on each characterisation is presented in the following

sections.

4.2.1. Melt Behaviour of BPA and BMSC

One thermal cycle comprising heating and cooling at 10 °C/min from room
temperature to 170 °C was performed for both monomers following the
standard endothermic test method (ASTM E794-06). The results were shown
in Figure 4-3 (a). BPA started phase change from 156 °C and its peak
corresponding to the melt point T was identified as 159 °C. In the cooling
cycle, crystallisation occurred at 138 °C; whereas BMSC as shown in Figure
4-3 (b) exhibited melting behaviour at 110 °C without crystallisation being

observed upon cooling at the rate of 10 °C/min.
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Figure 4-3: Thermal analysis results of BPA (a) and BMSC (b) by DSC
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The main purpose of the DSC thermal analysis was to determine the exact
melting point for BPA and BMSC. Considering the temperature operability in
terms of the upper limit, Océ CrystalPoint™ was identified as a potentially
feasible piezoelectric printhead for its temperature tolerance up to 170 °C.
However, the rheological properties of BPA and BMSC were to be further

investigated to determine the applicability of Océ CrystalPoint™ printheads.

4.2.2. Viscosity of BPA and BMSC

Figure 4-4 showed the result of viscosity analysis of BPA. It was clear that the
viscosity of BPA in melt state (160 °C) was around 8.5 cP (1 mPa-s=1 cP) at
shear rate of 1000 s*. A slight decrease of viscosity can be seen when
temperature rose to 165 and 170 °C (6.8 and 6.0 cP, respectively), which
indicated the printable hot melt fluid with a piezoelectric head that had

temperature tolerance up to 170 °C from 160 °C.
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Figure 4-4: Viscosity for pure BPA monomer between 160 and 170 °C (average + standard

deviation, n=5)
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Figure 4-5 presents the viscosity measurement results for BMSC. At 120 °C,
the viscosity fell to below 20 cP when the shear rate increased to 350 s*and
afterwards it became steady at 15.7 cP. It is within expectation that low
molecular weight monomers usually have relatively low viscosity. For inkjet
printing, 10 °C beyond the melting point is a normal practice to avoid nozzle
clogging due to solidification on the nozzle plate, although a reduction of
viscosity as temperature increase was trivial to determine from the graph.
Therefore, it was anticipated that 120 °C would be a suitable jetting

temperature for BMSC, provided that it was within the print head heating limit.
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Figure 4-5: Viscosity for pure BMSC monomer between 120 and 135 °C (average * standard

deviation, n=5)

4.2.3. Surface Tension of BPA and BMSC

Figure 4-6 showed the representative droplet shapes framed as a matter of
time for BPA and BMSC, respectively. By using the Young-Laplace method,
the shapes of pendant droplets had a good fit with the theoretical model with

high consistency and minor deviations. The results showed that average
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surface tension for BPA is 41.6 mN/m + 1.83 and that for BMSC was 38.4
mN/m = 0.60. The range of the surface tension results were consistent with
the reported successful printing cases in the literature (59). Due to a lack of
precise temperature measurement when the droplets are formed on the
needle tip, however, this method only can only be considered an
approximation. The effect of surface tension on droplet formation was
expected to be tuned by jetting voltage and waveforms and further

investigation would be carried out in the jetting phase of the research.

(a)

(b)

t=36.00ms
y=43.45mN/m

t=149.67ms
y=42.05mN/m

t=263.33ms
y=40.83mN/m

t=380.33ms
y=40.07mN/m

t=161.70ms
y=39.50mN/m

t=839.71ms
y=37.34mN/m

t=1431.04ms
y=38.16mN/m

t=1901.04ms
y=38.61mN/m

Figure 4-6: Pendant drops of (a) BPA and (b) BMSC captured by high speed camera (3000 fps,
1/50000 second, 1024x1024 pixels)

4.2.4. Printability Assessment for Molten BPA and BMSC

It was noted that BPA only became sufficiently molten beyond 160 °C which
was approaching the Curie temperature of the piezo-ceramics according to
the Océ printhead manufacturer, where the performance and stability of the
printhead between 160 and 170 °C had not been studied. In Table 4-2, it was
evident that as temperature varied, all printing indicators were within the

suggested printable range (1<Z<10) as an empirical reference. It had been
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reported that the maximum allowable frequency for quality inkjet printing had a
linear relationship with the Z number (63). It was possibly useful when
determining the jetting frequency and print speed for the droplet formation.
However, the droplet formation behaviour was intrinsically very complex and
generally influenced by the system’s response to the pressure actuation. For
stable drop formation and deposition, there are not only functions of fluid
properties, but also the environment effect, printhead mechanical design and
the compatibility of constituent materials with inks, thus affect droplet
formation behaviour. Practically, each monomer should correspond to specific

optimised printing conditions.

Table 4-2: Summary of physical properties of BPA and BMSC at various processing

temperature beyond the melting point and theoretical printability assessment

Process Viscosity Surface ~ Nozzle
_ Density
Monomer Temperature at 1000 Tension diameter
(g/cm?3) number
(°C) st(cP)  (mN/m)? (Mm)
160 9.5 41.6 4.60
BPA 165 6.8 41.6 1.15 40 6.43
170 b 6.0 41.6 7.29
120°¢ 15.7 384 2.70
BMSC 125 14.7 38.4 1.17 40 2.88
130 13.3 384 3.19

a. Assumed the temperature effect on surface is negligible
Suggested temperature upper limit of CrystalPoint™

¢. Anincrease of 10 °C beyond a nominal melting point is applicable as the nominal working temperature
of CrystalPoint™ is 130 °C.

4.3. Characterisation of Jetting Mixture

The idea of jetting the mixture of BPA and BMSC stemmed from the slow
reaction dynamics of melt polymerisation. It was expected that within a short

retention time of the hot-melt mixture in the ink channel, the hot-melt reactive
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mixture of two monomers had limited polymerization so as to remain as a
printable fluid (with low viscosity), then that the further polymerisation could be
controlled after deposition on a substrate with higher temperature. If this
concept was valid, the drop-on-drop mixing could be neglected with the main
consideration being the change in rheological property after mixing two
monomers. Further demonstration was assisted by the analysis of FT-IR
spectrum of the corresponding polycarbonate obtained from bulk

polymerisation.

4.3.1. Rheological Behaviour of Mixture

It has been reported that melt polymerisation starts immediately when two
monomers melt and mix, even without catalyst (130). Here, there was a
distinct change in the shear viscosity when the monomers were melted and

mixed as shown in Figure 4-7.
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Figure 4-7: Comparison of shear viscosity for BPA, BMSC and their mixture upon melting

(average * standard deviation, n=5)
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The mixture exhibited a viscosity up to 83 cP initially when the shear rate was
100 s, and then gradually decreased to 53 cP at shear rate of 1000 s™.
When compared to the viscosity of the pure monomers at the same
temperature, the viscosity of the monomer mixture was dramatically higher
which resulted from the production of BPA-PC oligomers which had molecular
chain entanglement to increase the shear viscosity. The significant growth in
the viscosity may lead to the failure of droplet ejection due to excess viscous
dissipation of applied pressure stimulus. With the course of reaction time, the
molecular weight of oligomers was expected to increase continuously. A
possible consequence could be non-jettable materials in the channel block of
the printhead due to constantly increased viscosity. Another observation
during the melting of the mixture in-situ on the rheometer was the smell of
methyl salicylate, indicating the formation of by-product that may also

contributed to the viscosity change.

4.3.2. Bulk Polymerisation of BPA and BMSC

To study the relationship between degree of reaction and reaction time, bulk
polymerisation in batch mode at 170 °C was conducted. In a glass vial, 0.01
mol of BPA (~0.8423g) was mixed with 0.0102 mol of BMSC (~0.5708g) with
aqueous 0.1 mol/L NaOH solution in a ratio of 1x102 mol/mol BPA. The
polymerisation of the same composition without the catalyst was carried out

as comparison. The final sample appearance was presented in Figure 4-8.

As seen in Figure 4-8, samples (a) and (d) were solely the mixture upon
melting and heating that was terminated when the solid mixture becomes
liquid. The catalyst had significant effects on accelerating the reaction as
sample (d) turned turbid. Without catalyst, there was no evident difference on
the reaction with duration of 1 hour and 2 hours, where a yellowish by-product
was observed in the viscous mixture. By adding the catalyst, the effect was
manifest in sample (d) to (f) that the reaction mixture was discoloured to

golden vyellowish over time. The coloured product was probably methyl
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salicylate mixed with oxidisation product of monomers such as quinone.

Further experiments were needed as future work to find out the composition of

the product.

Figure 4-8: Bulk polymerisation for BPA (~0.8423g) and BMSC (~0.5708g) in a 170 °C oil bath: 3
samples on the left are mixed without aqueous NaOH; 3 samples on the right are mixed with
62.5 pL 0.1 mol/L aqueous NaOH. (a) (d): reacted as melt for comparison; (b) (e): reacted for 1

hour; (c) (f): reacted for 2 hours

4.3.3. Interpretation of FT-IR Spectrum for Bulk Polymerisation

FT-IR in ATR mode was performed to trace the oligomerisation in the sample
produced from bulk polymerisation. All the spectra were normalized against
the peak at 1080 cm which was a stationary C-C-C bending on the backbone
structure of BPA throughout the chemical reaction (160). As presented in
Figure 4-9, the FT-IR spectra for the polymerisation without catalyst showed a
relatively broad peak between 2900-3400 cm™, which was attributed to O-H
groups bonded on the benzene ring. The O-H groups were always in the 1,4-
disubstituted aromatic ring position so no chemical structure change could be
traced. There was aromatic C-H stretching overlapped with the O-H band at
2950 cm?. A C-O stretch was identified at 1220 cm™ indicating the peak
production of oligomer with a phenyl-carbonate endgroup at 1 hour and
subsequently decreased as it was shifting to the equilibrium after 2 hours,

which was the same as reported in the literature (129). However, C-O
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stretching was in the ‘finger print’ region of the spectrum and so it was
relatively uncertain to ascertain its dynamic change. Although it was not
possible to uniquely assign a carbonyl group to PC, there was a peak region
from 1720 to 1800 cm* that indicated the oligomerisation as shown in the sub-
diagram. As the C=0 stretching at 1720 cm™ in the simple carbonate ester
(BMSC) would be shifted to 1770 cm™ in the BPA-PC oligomer or long-chain
polymer, the formation of BPA-PC oligomers could be deducted from the

increase in the intensity at 1770 cm™ and decrease at 1720 cm™ (161).
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Figure 4-9: FT-IR spectrum for bulk polymerisation of BPA and BMSC without catalyst

The polymerisation with 1x10 mol NaOH / mol of BPA was also performed.
The result was shown in Figure 4-10. Although the characteristic peaks
identified in Figure 4-10 could be still distinguished, the major difference after
adding basic catalyst from the spectrum was that effect of reaction time
becomes minor. The milder shift in the absorption intensity, which can be seen
from the larger scaled sub-diagram, indicated a more limited polymerisation in
a batch mode. A possible explanation would be that the trapped methyl
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salicylate in the reaction mixture would suppress the forward equilibrium. The
results have provided evidence that jetting the mixture with a single
piezoelectric printhead might be impractical in considerations of
polymerisation to have viscous mixture before drop ejection. Using FT-IR
spectroscopic analysis it was difficult to quantify the degree of oligomerisation
and further study on the melt polymerisation would be recommended by other

means of analytical measurement, such as HPLC or NMR.
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Figure 4-10: FT-IR spectra for bulk polymerisation of BPA and BMSC with catalyst

4.4. Thermal Stability of Hot-melt Inks

Although the melt polymerisation of BPA-PC avoids the use of phosgene and
chlorinated solvents when compared to interfacial polymerisation, it has been
reported that side reactions such as branching, cross-linking and other types
due to an elevated temperature of 150-300 °C and long residence time will
lead to discoloured and degraded products (162). The thermal instability of

BPA in the presence of an alkali catalyst has also been found along with side
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reactions (155). Low thermal stability was also found in other studies (163),
and an example for alkaline cleavage of BPA is illustrated in Scheme 4-1. On
the other hand, there is a dearth of information regarding the thermal stability
of BMSC and its potential side reactions associated with an alkali catalyst.
Therefore, the thermal instability of BPA and BMSC beyond their melting point
needs to be explored considering their residence in the ink reservoir, where
the degradation and discolouration of the product might take place causing a

change of viscosity profile.

OH
OH - o . I
170-230 © \ /
HO OH

BPA Iso-propenyl phenol Phenol

Scheme 4-1: Alkaline cleavage of BPA at elevated temperature at 170-230 °C

4.4.1. Thermal Stability Study of Monomers

The step-growth polymerisation for BPA-PC first requires the base catalyst (i.e.
NaOH) to react with the hydroxyl group on BPA to form diphenolate ion (164).
The diphenolate ion will promote the transesterification. Consideration is also
given, however, that the thermal stability of the diphenolate ion plays a role
when residing in the ink reservoir. To investigate the effect of the residence
time of the BPA at elevated temperature and the interaction of base with BPA
on the thermal stability, 3 residence durations were chosen as 0 (cooled

immediately as melt), 2 and 4 hours.

The results for the thermal stability of BPA were observed in Figure 4-11. The
pure molten BPA with or without nitrogen protection in the vial did not change
colour within 2 hours, indicating the relatively stable state of molten BPA.
From Experiment (c), there was a strong discolouration of BPA when mixed

with NaOH, which was intensified with the relatively long residence time. The
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discolouration was alleviated in an air-free environment which can be seen
from Experiment (d), indicating the discolouration in (c) was possibly due to
degradation. Similar results were found in other work (123). A rearrangement
of the Kolbe-Schmitt type (163) may take place in the presence of alkali
species at high temperatures leading to discoloured and degraded products.
Moreover, the rearrangement products from BPA are known to form branched
and cross-linked PC chains which degrade the mechanical and optical
properties of linear BPA-PC. From the results, it can be concluded that the
alkali catalyst may degrade BPA at elevated temperature with a long
residence time, where a series of reactions may take place. Therefore NaOH
was not to be mixed with BPA to form a nucleophilic reactive mixture in the

printhead ink reservoir, due to strong thermal effects in the molten state.

Figure 4-11: Results of thermal stability of BPA: (a) pure BPA; (b) pure BPA with nitrogen
purge; (c) BPA with NaOH; (d) BPA with NaOH and nitrogen purge. From left to right in each

set of experiment, the residence time is 0 hour (as melt), 2 hours and 4 hours, respectively.
Temperature is kept at 170 °C
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The same experiments were conducted with BMSC and the results were
shown in Figure 4-12, although adding an alkaline catalyst would not increase
the electrophilicity of the carbon atom on the carbonyl group due to the nature
of transesterification (164). It can be seen that there was no discolouration of
the melt BMSC regarding the presence of nitrogen and NaOH. It had been
reported that ortho-position substituents on the diaryl carbonate (i.e. —
COOCHz3) would accelerate the hydrolysis of the carbonate ester group in the
alkaline condition (165). The hydrolyzed products might not be sufficiently
stable for inkjet printing and it might also affect the linear polymerisation for

BPA-PC. Further experiments were to be carried out to detect alteration of

rheological properties after the mild hydrolysis of BMSC with the moisture.

Figure 4-12: Results of thermal stability of BMSC: (a) pure BMSC; (b) pure BMSC with nitrogen
purge; (c) BMSC with NaOH; (d) BMSC with NaOH and nitrogen purge. From left to right in
each set of experiment, the residence time is 0 hour (as melt), 2 hours and 4 hours,

respectively. Temperature is kept at 120 °C.

93



4.5. Droplet Formation of Hot-melt BMSC

From the previous study of BPA and BMSC in terms of printability and thermal
stability, it was concluded that, for the droplet formation of BMSC, Océ
CrystalPoint Printhead’s were suitable due to BMSC’s relatively lower melting
temperature and lower thermal effect. Research had shown that the melt
polymerisation starts immediately when two monomers melt and mix evenly
without a catalyst (130). Therefore, the droplet formation of pure hot-melt
BMSC was carried out.

4.5.1. Droplet Formation Stability Observation

The droplet formation process was viewed with the stroboscopic camera with
the ADA function in the software, which allowed the droplets to be viewed as a
pseudo-sequence. The jetting frequency was set at 1 kHz to obtain a clear
sequence, due to the limitation of the LED light exposure rate. A jetting
experiment was carried out across different nozzles and the evolution of the
droplet formation is as shown in Figure 4-13. The droplet formed a long
filament before it ruptured from the nozzle plate at 70 ps. The filament behind
the front head of the drop was about 350 ym long and had no tendency to
recoil towards the head. From the elapsed time of 90 ys onwards, a transient
droplet was observed attached to the tail and a continuous necking effect was
seen. This indicated that the transient satellite was less likely to catch up with
the primary drop due to the lower velocity and the secondary satellite might
form before it impacted on the substrate. It could be seen that the default
waveform needed to be optimized to achieve a better droplet formation where
the transient satellites with enough velocity were able to consolidate with the

main drop.
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Figure 4-13: Jet experiment with BMSC at 1 kHz droplet ejection rate using single nozzle

4.5.2. Waveform Optimisation for Jetting Hot-melt BMSC

From the previous experiments of droplet formation for jetting hot-melt BMSC,
it was evident that the default waveform used to actuate the jetting process
could be optimised to achieve appropriate parameters. One of the most
important criteria is the ligament behind the main droplet and break-up into
small satellites. Moreover, the droplet volume is also an important factor
considering the stoichiometric ratio control for BMSC with BPA. The velocity

profile of the droplets with the jetting voltage was also investigated.

From the preliminary studies of the droplet ejection from 256 nozzles, only
droplets from a few nozzles were found to experience misalignment from the
vertical direction possibly due to the solidification and contamination on the
nozzles. Therefore, several nozzles were selected to be focused on optimizing
the different segments of the waveform. By holding the reference voltage, rise
and fall time fixed at the default value, only varying the pulse width of a
representative single nozzle was able to find the optimum value. With
reference to Figure 4-14, a stroboscopic delay of 100 ys was chosen to

ensure the entire droplet ligament had been detached from the nozzle and the
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droplets formation with a pulse width from 3 to 20 ys was seen. When the
pulse width was 3 ps or lower, separate droplets were observed in the
sequence where ligaments did not exist behind the droplets. It could be
explained by the fact that droplets were formed with small volumes due to
insufficient time of pulse propagation in the ink channel. The small volumes
also caused the deviation of droplet trajectory from vertical directions resulting
from air flow in the environment. From 4 to 17 us, a droplet velocity
approximate to a parabola was observed. A maximum velocity exists at 9 us
pulse width and it was defined as ‘optimum’ according to the work by Bogy
and Talke (65), where the droplet experienced less time of flight and less
deviation. They quantitatively surveyed the correlation between drop velocity
and pulse width, and similar results were found. The theoretical explanation
behind this is that expansions and contractions of the channel will enhance or
hamper the propagation of an acoustic pulse, which indicates the optimum

enhancement of the droplet velocity due to acoustic resonance.

3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20

Figure 4-14: The effect of pulse width on the velocity of the droplets (unit of pulse width: ps)
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The effect or rising and falling slopes (source current and sink current, i.e.
Isource and lIsink) were examined using the same strategy by varying them
respectively at the fixed optimum pulse width as previously found. The whole
range (0-250 dac units) of slopes was investigated and the increment of
slopes is set at 10 dac units. From Figure 4-15 (a), the droplet velocity kept
increasing with ascending rising slope until it reached a plateau from 130 dac
units onwards. It satisfied the analysis which was undertaken by Bogy and
Talke (65), that the rising slopes indicated the duration of introducing positive
pressure disturbance to the ink channel to cause the initial expansion. In this
case, the overall pulse width was the sum of rising time (tr), dwell time (tw)
and fall time (tr). The higher rising slope, i.e. less rise time, would have less
effect on the optimal pulse width as it ramped up almost instantaneously. It
was seen from 130 dac units onwards, the velocity of droplet remained
insensitive to the rising slope and almost the same compared to the ‘optimum’
velocity found in Figure 4-14. The similar trend was also found in the falling
slopes optimisation, from Figure 4-15 (b), that the velocity of the droplets
remained steady when manipulating the slope greater than 80 dac units. It
indicated less interference and that the most efficient droplet formation was

expected when the slope was tuned at the travel times of the acoustic wave

inside the ink channel.
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Figure 4-15: Effect of the rising and falling slope (a and b, respectively) on the droplet

formation of hot-melt BMSC (unit of ISource and ISink: ps)

4.5.3. Droplet Volume and Velocity Modulation

The previous waveform optimisation suggested a suitable range of overall
pulse width including the rise and fall time to achieve a stable droplet
formation. It was also important to know the droplet volume and velocity at
fixed voltage amplitude in order to create stable and satellite-free droplets. It

was also investigated by the drop camera for viewing the droplet evolution.

Figure 4-16: Trajectory error of droplet in flight at low voltage amplitude below 40 dac units
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A preliminary experiment to modulate the droplet ejection by varying the
voltage amplitude at fixed pulse width showed that low amplitude below 40
dac units (approx. 7.5V) would lead to droplet trajectory deviation in flight and
create meniscus residue adjacent to the nozzle due to insufficient actuation.
An example was shown in Figure 4-16. With time the ink would flow near to
the nozzle and even block the neighbouring nozzles. It was also observed
during the experiment that the nozzle instability occurred at this low range of
voltage amplitude, without a successful droplet ejected out from the nozzle.
This was due to the insufficient kinetic energy to overcome the viscous energy
in the channel and surface energy outside the nozzle. Therefore the low
voltage amplitude was not favourable to the droplet formation process and

eliminated from the focus in this study.

The droplet velocity and volume were measured at different voltage amplitude
using the droplet analysis function. Figure 4-17 showed the droplet volume
and velocity against the voltage amplitude. It was evident that drop volumes
increased almost linearly with the jetting voltage amplitude from 7.5 pL at 40
dac units (appx.7.5V) to 18 pL at 150 dac units (appx. 28.2 V). The drop
volume at the voltage amplitude greater than 150 dac units were omitted here
for the reason that the head of the droplet is missing from the droplet analysis
picture due to a long ligament behind the head of the droplet. The error margin
in the measurement resulted from the magnification of the picture. The
limitation in the resolution may suggest the measurement of the volume as
indication within the error range. Likewise, the droplet velocity also had a
linear trend with voltage variation, ranging from 1 m/s to 9.5 m/s seen from
Figure 4-17. The same results were also found by Gan et al. (166) that the
droplet volume increased about 50-60% when enhancing the amplitude from
30 to 40V. A slight non-linearity below 90 dac units was observed, possibly
due to the partial retainment of the drops on the nozzle plate and
consequently lower kinetic energy of the drops. As suggested by the

manufacturer, a nominal velocity of 6 to 9 m/s was able to give a roughly
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optimum droplet velocity although it was also dependent on ink types, which
corresponded to the voltage of 100-140 dac units for BMSC.
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Figure 4-17: The BMSC drop volume and velocity variation with the reference jetting voltage

amplitude (average + standard deviation, n=5)

By increasing the voltage amplitude, the stronger actuation led to greater
deformation of the piezoceramics. It consequently resulted in the amplification
of the acoustic wave which was able to eject a droplet with greater volume.
The enhanced acoustic wave provided higher kinetic energy for droplets which
were measured by droplet velocity. However, a droplet with greater volume
would more easily form satellite droplets and the long tail would experience
more interference from the air flow. It was seen from Figure 4-18 that the
length of the tail behind the head of the droplet was greater with the higher
voltage amplitude. It was also noted that the droplets ejected at 70 to 90 dac
units formed a satellite droplet which did not break up from the primary drop.

They finally recombined with the primary droplets to form a single droplet.
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Although the droplets formed above 100 dac units had acceptable velocity
range as previously studied, they formed a significantly long tail and necking
was observed which possibly suggested the break-up of the satellite from the
main droplets. The droplet deposition was to be studied to further investigate

the effect of the long ligament.
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Figure 4-18: Droplet evolution of hot-melt BMSC at different voltage amplitude with a strobe
delay at (a) 110 ps; (b) 120 ps; (c) 130 ys; (d) 140 uys
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4.6. Ink Deposition of Hot-melt BMSC

From the previous study of droplet formation process of hot-melt BMSC, the
long ligament of the droplets was observed at moderate voltage amplitudes.
Although it had been reported (70) that by introducing a second trapezium
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pulse after the first one, a part of residual acoustic oscillations could be
significantly damped and the satellites could be suppressed, the waveform
design embedded in the electronic drive of the Océ printheads limited creating
a bipolar waveform. Therefore, the hot-melt BMSC were printed on a pre-
cleaned glass slide to investigate the effect of a long ligament on the

deposition of the ink.

4.6.1. Single Droplet Deposition of Hot-melt BMSC

A single droplet pattern (1x1 mm and 254 dpi) was printed on a pre-cleaned
glass slide with the voltage amplitude between 100 and 150 dac units to
investigate the deposition performance and the droplet size on the substrate.
The printing distance was set at 1 mm from the nozzle plate to the surface of

the substrate and the temperature of the substrate was maintained at 25 °C.

X=334.366,Y=190.826,7=3.895,P=0.004,5=0.000,D=0.000

(@) (b)

Figure 4-19: Droplet size on glass slide varied with voltage amplitude: (a) 120; (b) 150 dac units

From the printing results, there was no secondary droplet next to the main
droplet, suggesting that the long ligament in flight emerged with the main

droplet on impact and the angle of the ligament did not deviate in the printing
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distance of 1 mm. Two examples of a single droplet deposited on the glass
were shown in Figure 4-19. The droplet on the substrate was analysed using
ImageJ to calculate the average droplet size and aspect ratio which were
summarized in Table 4-3 showing the droplet size variation with the voltage
amplitude. It was seen that the droplet deposited on the glass slide increased
in size from 68.69 to 79.42 um with voltage amplitude increasing from 100 to
150 dac units (approx. 18.8 to 28.2 V). The results were consistent with the
previous results of droplet volume measurement, where the greater volume
spread out on the substrate with a larger size at the same contact angle. The
aspect ratio indicated that the roundness of single droplet was approaching

unity due to the uniform surface of the substrate.

Table 4-3: BMSC droplet size variation on the glass with the voltage amplitude of waveform
(average * standard deviation, n=5)

Voltage
(dac

unit)

100 110 120 130 140 150

Droplet
size

(um)

68.69+3.57 69.12+3.89 70.64+2.96 73.41+2.12 75.84+2.56 79.42+1.29

Aspect

ratio

1.02+0.01 1.04+0.02 1.03+0.03 1.02+0.01 1.02+0.02 1.02+0.01

4.6.2. Film Printing of Hot-melt BMSC

The hot-melt BMSC was printed as 1 x 1 mm films on the glass slide and

polyimide film substrates. Both substrates were sprayed and rinsed with

deionized water and dried with the heat blower. The substrate temperature

was set at 25 °C. The waveform amplitude was set at 120 dac units

(approx.22.6 V) and the droplet velocity was fixed at 7.71 m/s as previously

measured. It was found in the early experiments that with a droplet spacing of
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40 um, a continuous film could be printed on both substrates. On the glass
slides, the edge of the film was found to recede towards the centre and to
finally become the single liquid agglomerate with a round shape within about 5
min. The results were shown in Figure 4-20. It indicated the relatively low
surface energy of the glass surface compared to the hot-melt BMSC and poor
adhesion of the hot-melt BMSC on the glass slide. It was noticed that the film
did not solidify immediately on contact with the substrate and during the
receding of the contact angle, the volume of the liquid in the unit area
increased so it further lowered the solidification rate. The low solidification rate
was suspected to be due to moisture in the ambient environment, as the
droplet ligament in flight was likely to absorb moisture. Since the contact line
between hot-melt BMSC and the glass slide was not able to pin, further

printing was carried out on a polyimide substrate.

Figure 4-20: Optical images of hot-melt BMSC films (1 x 1 mm) printed on glass slide at 25 °C

showing receding of the film within 5 mins (0 to 5 min from left to right)

The hot-melt BMSC solidified upon impact and no movement of the film edges
was observed as shown in Figure 4-21 (a). From the results in Figure 4-21 (b),
there was no waviness across the film which indicates that each swath printed
had merged before it solidified. The hot-melt BPA was expected to be printed

on the layer of BMSC prior to polymerisation.
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Figure 4-21: Optical images of hot-melt BMSC films (1 x 1 mm) printed on polyimide (Kapton)
substrate at 25 °C (a) camera view; (b) microscopic view

The surface profiling results are presented in Figure 4-22. There was a portion
of the film on the edge spalling off the substrate during handling which
suggested poor adhesion between the BMSC and Kapton substrate. The
spatial height variation indicated that further development to improve surface
homogeneity is needed. The average thickness of the film was estimated to

be approximately 15 ym from profiles in both X and Y directions.
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Figure 4-22: Results of white light surface of printed hot-melt BMSC film (1 x 1 mm) on

polyimide (Kapton) substrate (X and Y axis profiles)
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4.7. Droplet Formation of Hot-melt BPA

To achieve the two-component reactive inkjet printing, the droplet formation of
hot-melt BPA was assessed using an Océ CrystalPoint printhead on a Pixdro

LP50 printing system.

4.7.1. Droplet Formation Optimisation with Waveform

The initial experiments of jetting BPA revealed its printability at 170 °C with the
same waveform optimized for hot-melt BMSC. During the jetting process,
however, satellites were observed to break up from the liquid column as
shown in Figure 4-23. It was due to the weak damping effect of acoustic
oscillation for the low viscosity molten BPA (6.9 cP at 170 °C). Wetting on the

nozzle plate was also observed at both low frequency (1 kHz) and high

frequency (5 kHz).

Figure 4-23: Satellite effect of hot-melt BPA and its wetting area development on the nozzle

plate

To stabilize the droplet formation, the waveform for BPA needed to be
specifically tuned. A nozzle which had shown consistent jetting performance
during initial jetting experiments was selected to optimize the waveform using
ADA tools. In Figure 4-24, the optimum droplet formation was found at the
pulse width of 9 ps to achieve the maximum jetting efficiency. It remained the

same with the optimum pulse width for jetting hot-melt BMSC. According to
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Bogy et al. (65), the optimum pulse width equals to L/c, where L is the length
of the ink channel and c is the acoustic speed in the fluid. Since BMSC and
BPA have very similar density (1.17 and 1.15 g/cm?®) and low molecular weight,
the acoustic speed can be reasonably assumed similar. Therefore, in this
case, the optimum pulse width for BPA and BMSC had a good agreement.
The satellite of end-pinching mode was observed in all pulse widths, where
the leading satellite travelled faster than the liquid thread behind so that the

distance between was growing with the evolution of the droplet formation.
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Figure 4-24: The effect of pulse width on droplet velocity of hot-melt BPA (unit of pulse width:

]

us), the strobe LED delay is 70 (a) and 80 pus (b) from left to right, respectively

With the total pulse width of 9 us, the rising and falling slope of the waveform
were varied to investigate their effect on BPA jetting. The results were
displayed in Figure 4-25. The droplet velocity was sensitive to the increase of
the rising slope until 210 dac units. Afterwards, the velocity remained constant
until the maximum slope was reached. Therefore, the rising slope at 230 dac
units was considered the optimum where the disturbance had a minor effect
on droplet velocity. A slightly different scenario was found in the falling slope
tuning, where the maximum velocity of the droplet was found in the moderate
fall time at 120 dac units where the velocity sharply increased with the falling
slope. From 120 to 250 dac units the droplet velocity declined smoothly and

approached a plateau.
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Figure 4-25: Effect of the rising and falling slope (a and b, respectively) on the droplet
formation of hot-melt BPA (unit of ISource and ISink: ps)

4.7.2. Droplet Volume and Velocity Modulation

The droplet velocity and volume at various voltage amplitudes were measured
to find the stoichiometric ratio between the BPA and BMSC droplets. The
pulse width, rise and fall slopes were fixed at the optimum value as previously
studied (9 us, 230 dac and 120 dac).
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Figure 4-26: The droplet evolution of hot-melt BPA at different voltage amplitude with a strobe
delay at (a) 60 ps; (b) 70 ps;

j

As Figure 4-26 demonstrates, it was seen from the droplet evolution that the
droplet velocity became almost constant when the voltage amplitude was
greater than 120 dac units. The same trend also applied to the end-pinching
satellites. This phenomenon was inconsistent with the results found in the
BMSC droplet size modulation, which was possibly due to the inactivation of
piezo-ceramics beyond its Curie temperature at approximately 140 °C in the
Océ printhead. It was believed that at 170 °C the polarisation properties of the
piezo-ceramics had been seriously compromised. Therefore, the deformation

of the piezo-ceramics was limited at the elevated temperature above the Curie

109



temperature and the displacement of the piezo-ceramics became insignificant
when a higher voltage was introduced, resulting in the fixed droplet volume

above a critical point.

The droplet volume and velocity were measured by the image analysis
function in the ADA tool and plotted against the voltage amplitude in Figure
4-27. Due to the end-pinching of the liquid thread, the measurement of the
velocity was focused on the satellites as it would impact on the substrate first.
The droplet volume was measured before the break-up of satellites where it
incurred an error due to the long liquid column. However, there was some
deviation due to a limitation in the pixels of processed images; it could be
revealed the droplets were growing in velocity and volume sharply at the lower
range of jetting voltage and constant above 120 dac units (approx. 22.6 V).

The maximum velocity achieved was 11 m/s with a volume of 21.5 pL.
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Figure 4-27: The BPA drop volume and velocity variation with the reference jetting voltage

amplitude (average + standard deviation, n=5)
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4.8. Ink Deposition of Hot-melt BPA

The previous study showed that BPA formed poor droplet formation using Océ
actuation control, where the end-pinched satellites were not caught up with by
the long liquid thread. With the limitation of single trapezium waveform input,
the satellites were not able to be eliminated without a complex waveform. The
ink deposition of hot-melt BPA was reported in this section to investigate the
deposition behaviour onto the cold surface and to narrow the deposition

parameters to achieve a stable printed pattern.

4.8.1. Single Droplet Deposition of Hot-melt BPA

From the droplet formation study in the previous sector, the satellites pinched
off after the head of the liquid thread travelled approximately 400 to 450 um. A
bead with 100 um droplet spacing was printed to evaluate the effect of the
end-pinched satellites on deposition at two different printing distances off the
nozzle plate, 300 and 500 um. The voltage amplitude was fixed at 120 dac
unit (approx. 22.6 V). Figure 4-28 showed the single droplet deposition on the
glass slide at room temperature. With a printing distance of 500 um, there
were secondary droplets in the vicinity of the main drops, which indicated the
trajectory of pinched-off satellites may be influenced by the air flow. As a
comparison, no secondary droplets were observed when the printing distance

was 300 pym due to the drop impinging before the end-pinching.

The size of the hot-melt BPA droplets was measured by ImageJ to determine
the droplet spacing needed for printing continuous patterns. At various voltage
amplitudes from 20 to 120 dac units (3.8 to 22.6 V), 1 x 1 mm dot arrays with
a droplet spacing were printed on the glass slide. Table 4-4 was the summary
of the droplet size measured. This agreed with the droplet volume estimation,

the maximum diameter of the droplets was achieved at 51.43 £1.65 ym.
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Figure 4-28: Printed droplets with a printing distance of 500 (left) and 300 um (right)

Table 4-4: BPA droplet size variation on the glass slide with the voltage amplitude of waveform

(average + standard deviation, n=5)

Voltage
(dac 20 40 60 80 100 120

unit)

Droplet
size  45.9810.95 49.35+2.43 50.36+1.81 50.62+1.32 51.39+2.56 51.43+1.65

(um)

Aspect
1.02+£0.02 1.04£0.05 1.05+0.04 1.02+0.02 1.02+0.01 1.02+0.03

ratio

4.8.2. Film Printing of Hot-melt BPA

Hot-melt BPA was printed on a glass slide with a dot resolution of 500, 600
and 700 dpi (50.8, 42.3, 36.3 um spacing, respectively) to investigate the
droplet spacing effect on the film formation. The printed pattern was a 5 x 5
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mm square film for each droplet spacing value. The waveform voltage
amplitude was set at 120 dac units. The optical images of the fiim were
presented in Figure 4-29. With the droplet spacing of 50.8 ym which was
approximately equal to the diameter of the droplets, no overlap between
droplets was observed in Figure 2-24 (a). To form a continuous film, the
droplet spacing should be smaller than the diameter of the droplets. The
droplet spacing was reduced to ~42.3 um where about 20 % of the droplet
area overlap with each other as Figure 2-24 (b) showed. Droplets printed in
the direction of printhead movement merged next to each other to form a
continuous bead. It was also noted that a periodic bulge in each vertical swath
led to the discontinuity of the line next to each other, which was due to the
arrest of the contact line prior to the liquid merging (167). The bulges became
less significant when the droplet spacing was further reduced to ~36.3 pm.
Due to a higher volume of the liquid deposited in the unit area with reduced
droplet spacing, the solidification rate of the hot-melt ink was lowered
therefore the droplets have sufficient time to merge with each other before the

contact lines became stationary.

Printing
direction

200 ym ¢ 200 ym 200 pm
»

(@) (b) ()

Figure 4-29: Hot-melt BPA printed on glass slide with droplet spacing: (a) 50.8 um (500 dpi); (b)
42.3 ym (600 dpi); (c) 36.3 pm (700 dpi)
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Further printing of hot-melt BPA was unlikely to be carried out, however, due
to the failure of the printhead internal heating element after exposure to
overheating. The excessive temperature at 170 °C led to the malfunction of
the heating element and piezo-ceramics, and the ink continuously leaked from
the channel block which was not able to be sealed with the sealant paste. It
was supposed that the internal sealing material was dissolved by the hot-melt

BPA ink and recovery to the nominal service performance was impossible.

4.9. Summary

In this chapter, the inkjet printing using hot-melt BMSC and BPA have been
studied. The objective from this was to achieve stable droplet formation and
deposition for both hot-melt inks so that the proper printing assembly for in-
situ polymerisation of BPA-PC with necessary environmental control and

reactive conditions could be designed.

It was found that BMSC gave droplet formation in the molten state at 130°C,
with a long liquid thread behind leading droplets using an Océ CrystalPoint
printhead. The necking of the liquid thread was observed but it recoiled
towards the head eventually. With the optimized waveform for hot-melt BMSC,
the maximum jetting efficiency was found at a pulse width of 9 ps. The rising
slope greater than 130 dac units and falling slope higher than 80 dac units
were found to introduce a minimum disturbance to the droplet formation. The
droplet volume and velocity were generally proportional to the increase of the
voltage amplitude applied. The ink deposition of BMSC was carried out to
determine the droplet size on the substrate and subsequent to determine the
droplet spacing needed to form a continuous film by jetting. The droplet sizes
varied between 68.69 to 79.42 ym with the waveform voltage amplitude from
18.8 to 28.2 V. With a droplet spacing of 40 um, the continuous films could be
formed on both glass and polyimide (Kapton) substrates. Considering the
pinning of droplets, Kapton substrates achieved better printing quality when

compared to glass slides. The surface profiling results revealed the
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inhomogeneous surface which needed further development. The average
thickness of the film was estimated to be 15 um. The results demonstrated the

potential to build 3D patterns using BMSC hot-melt ink.

The jetting of BPA was studied subsequently to investigate its printability as a
hot-melt ink at 170 °C. Due to a high melting temperature of BPA, the second
Océ printhead was modified to break through the nominal temperature limit.
During the waveform optimisation, it was found that a pulse width of 9 ps
could be also applied to BPA to achieve the maximum jetting efficiency. It was
also noted, however, that manipulating the voltage amplitude greater than 120
dac units (approx. 22.6 V) caused the minor change to the droplet velocity and
volume. This was possibly due to the inactivation of piezoelectricity of the
actuation element exposed to overheating. End-pinched satellites were found
in the droplet formation which did not cause the secondary droplet deposition
near the primary, when minimizing the printing distance between the nozzle
plate and substrate down to 300 um. The maximum droplet size that could be
achieved was 51.43+£1.65 um on the glass slide. The best film formation was
found when the droplet spacing was 36.3 um, although the bulge on each
single swathe was present. Due to the failure of the heating element of the
printhead, further experiments to print hot-melt BPA cannot be carried out.
Although the printability of hot-melt BPA had been demonstrated, the

temperature specification of the printhead remained as the primary obstacle.
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5. Results: Reactive Inkjet Printing of Solvent-based Inks

This chapter reports the development of solvent inks by dissolving BPA and
BMSC in an organic solvent to prepare printable inks. The jetting method was

established, and printing performance was reported.

5.1. Introduction and Research Rationale

Since there was a temperature limit in melting BPA using an Océ printhead,
the 2-component reactive inkjet printing in the principle of hot-melt inks was
not able to be further studied, although both BMSC and BPA have
demonstrated considerable printability and potential applications in building
3D BPA-PC structures. The main obstacle when manipulating an Océ
printhead was the temperature tolerance of the piezo-ceramics due to the
Curie temperature, and incompatibility of the internal structure with the
chemical aggressiveness of BPA. With the current printing assembly on the
Pixdro LP50 printer, the hot-melt reactive inkjet printing of BPA using the Océ
printhead could not proceed without development and probable modification of
the printhead assembly. Therefore, alternative methods were considered to
prepare the reactive inks wusing an organic solvent, e.g. N, N-
dimethylformamide (DMF, bp = 153 °C) and dioxane (1, 4-dioxane, bp = 101
°C), to carry out reactive inkjet printing to build BPA-PC parts.

For the hot-melt inkjet printing, the thermal effect of NaOH with BPA remains
as an issue because its produces undesirable products due to the long
residence in the ink reservoir. Although polymerisation will continue without
the presence of the catalyst, the reaction rate can be significantly improved
when introducing the catalyst into the reactive mixture (164). The catalyst is
considered to be dissolved and mixed with both monomers in the solvent to
form a reactive mixture which will be then transferred onto the target substrate.
Then with the necessary environmental control of high temperature and

vacuum, the polymerisation can be initiated in the post-processing stage.
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5.2. Printability Assessment for Reactive Inks

The printability assessment for reactive inks was required to check whether
the inks were suitable for printing. The shear viscosity and surface tension for
DOX25 and DMF35 were measured.

5.2.1. Viscosity of Reactive Inks

The result of the shear viscosity for DOX25 is shown in Figure 5-1 (a). It can
be observed that the viscosity at 25 °C and 1000 s* was 3.5 cP. With the
increase of temperature, the viscosity was decreased accordingly with the
same trends as 25 °C. The viscosity range was between 3.1 and 3.3 cP at 35
°C, and at 45 °C it was between 3.0 to 3.2 cP. At each temperature, there was
a constant increase of viscosity with the increment of shear rate, which was

possibly due to the evaporation of dioxane.

The result of the shear viscosity for DMF35 is shown in Figure 5-1 (b). The
viscosity also showed a temperature-dependent profile where it decreased
with temperature elevation. The viscosities were approximately 2.7, 2.4 and
2.1 cP at 25, 35 and 45 °C, respectively. As DMF has a higher boiling point
(153 °C) and a lower vapor pressure (4.9 mbar at 20 °C) when compared to
dioxane (bp = 101 °C, vp = 41 mbar at 20 °C), its evaporation rate was lower
accordingly. Therefore, DMF35 had a more constant viscosity profile across

the range of shear rate.

117



——25°C

Shear viscosity (mPa:-s)
w
1

T T T I T T r I T I
0 200 400 600 800 1000

Shear rate (s™)

(a)
——25°C
——35°C
o]
5 3 45 °C
©
o
= E%i—l—+—i, : * —
P
.g i
g %{»H_zf I 3
=
—_
o %-\I—I—{—I—I«—’!””/’!I
]
w2
T T T I T T T | T T
0 200 400 600 800 1000

Shear rate (s™)

(b)
Figure 5-1: The viscosity of the 2 reactive inks from 25 to 45 °C with a shear rate range
between 10 and 1000s: (a) DOX25; (b) DMF35 (average * standard deviation, n=5)
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5.2.2. Surface Tension of Reactive Inks

The results of surface tension of two reactive inks are shown in Figure 5-2.
The surface tensions measurements were repeated 10 times for each ink at
each temperature. DMF35 had a surface tension of 35.7 mN/m at 25 °C and it
decreased with the increase of the temperature, down to 30.4 mN/m at 45 °C.
A similar trend was observed for the viscosity of DOX25 in the same scope of

temperature, where the surface tension ranged from 25.2 to 21.1 mN/m.
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Figure 5-2: Surface tension measurement by pendent drop method for DMF35 and the DOX25
from 25 to 45 °C (average + standard deviation, n=10)

5.2.3. Overall Consideration for the Printability of Reactive Inks

From the characterisation for physical properties of the two reactive inks
(Figure 5-1 and Figure 5-2), it can be concluded that the shear viscosity of
both inks were in the printable range (<20 cP) from 25 to 45 °C and that the

surface tension was also acceptable in this temperature range. As a general
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guidance for assessing the overall printability, the printability indicator Z for

each ink at different temperatures were calculated and shown in Table 5-1.

Table 5-1: Summary of physical properties of DOX25 and DMF35 at various processing

temperature for reactive inkjet printing and theoretical printability assessment

Shear
_ _ _ Surface _ Nozzle
Reactive | Temperature | viscosity _ Density _
_ tension diameter | Z
inks (°C) (cP) (at (g/cm?3)
(mN/m) (um)
1000 s?)
25 3.5 25.2 6.60
DOX25 |35 3.3 23.7 1.06 6.79
45 3.2 21.1 6.61
20
25 2.7 35.7 10.47
DMF35 |35 2.4 32.3 1.12 11.21
45 2.1 30.4 12.43

The inks were loaded into the Dimatix cartridge which had a nozzle diameter
of 20 um on the nozzle plate. The printing indicator Z was calculated for the
inks at 25, 35 and 45 °C, respectively. Table 5-1 presents the results of the
overall consideration for theoretical printability of the two reactive inks. For
DOX25, the Z numbers were all varying between 6.60 and 6.79 in the
temperature range from 25 to 45 °C. As suggested by the previous studies
(47)(168), the Z number is considered to indicate the printability of inks where
the droplets can be stably generated if 1<Z<10. For DMF35, the Z numbers
were slightly greater than 10 and it was decided to further observe the actual

droplet formation to evaluate the printability at different temperatures.

5.3. Droplet Formation of Reactive Inks

Followed by the theoretical printability assessment, the droplet formation

process for DOX25 and DMF35 were examined respectively. This section will
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discuss the actuation waveform used for the reactive inkjet printing and the

effects of temperature for the droplet formation process.

5.3.1. Effect of Temperature on Droplet Formation

The effect of ink temperature on the droplet formation was investigated to
compare the printability of both reactive inks. The aim of the experiment was
to observe whether the temperature has an impact on the solvent evaporation
on the nozzle plate to potentially block the nozzles, and to investigate the
droplet formation stability at different temperatures for different solvent
systems. To correspond to the temperatures during the printability
assessment, the temperature in the cartridge was set to 25, 35 and 45 °C,
respectively. The droplet formation was studied by the Dimatix drop watcher
camera. Figure 5-3 and Figure 5-4 have shown the droplet formation process

at varied temperatures for DOX25 and DMF35, respectively.

There were two different droplet formation evolutions for DOX25: the single
droplet before impinging on the substrate (Figure 5-3(a)) and the satellite
effect without recombination (Figure 5-3(b) and (c)). At 25 °C, a long tail was
behind the leading droplet after the droplet column was detached from the
nozzle. Then after 800 ym travel distance, the tail was retracted to the leading
drop which formed a single droplet to impinge on the substrate. There was a
satellite droplet for the droplet formation at 35 °C and it did not recombine with
the primary droplet. A similar phenomenon has been explained by van der
Meulen (169) that the tail was not able to coalesce into the leading drop if its
velocity was lower than leading drop velocity. Driven by the capillary force in
this case, the tail would form a spherical cap at the end which would not catch
up with the leading droplet. With the increase of temperature, the surface
tension and viscosity of the liquid changed, hence the droplet formation
evolution was different. There was a more extreme case of satellite effect at
45 °C as seen in Figure 5-3(c), where the satellite was not able to merge with

the leading droplet but also lost its straight trajectory. It was also noticed that
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the droplet velocity was decreased compared to the droplets formed at lower
temperatures. It was possibly due to the more intensive solvent evaporation
on the nozzle meniscus to result in a partial clogging of the nozzle. Fathi et
al.(170) also observed the similar jet instability where it was pointed out that
the nozzle blockage would decrease the kinetics of droplets. This could
change the velocity of the droplet by the effect of air motion and heat
convection to eventually induce the jet trajectory error. From this study, it can
be concluded that the acceptable and stable droplet formation was achieved
at 25 °C for DOX25 rather than at higher temperatures, because the satellite
droplets formed at higher temperatures would possibly cause the nozzle

instability and depreciate the printing quality.
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Figure 5-3: The droplet formation evolutions of DOX25 at different temperatures: (a) 25 °C; (b)

35°C and (c) 45 °C, viewed by the stroboscopic camera on the Dimatix printer
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For DMF35, there was an increase of droplet velocity with the increase of
cartridge temperature as seen in Figure 5-4. At a cartridge temperature of 25
°C, the short tail was quickly retracted to the leading droplet at the
stroboscopic delay of 40 us and travelled at an average velocity of 5.6 m/s to
impinge on the substrate as a single droplet. With the increase of cartridge
temperature to 35 °C, the liquid was ruptured from the nozzle between the
elapsed time of 20 and 40 s, which was followed by a recoiling filament
detached from the falling droplet at an elapsed time of 40 ys as seen in Figure
5-4(b). The filament had a larger velocity and finally the tip of the filament
caught up and merged with the primary droplet. The droplet was subject to
elongation afterwards to a stand-off distance (i.e. the distance between the
nozzle tip and the substrate). The average velocity of the droplet was larger at
approximately 6.3 m/s compared to the droplet formation at 25 °C. It was
reported by a similar work (171) that due to the decrease of the ink viscosity at
higher temperature, less driving pressure applied to the liquid was viscously
dissipated and more energy was transformed to the kinetic energy of the
ejected liquid. It subsequently resulted in a larger travelling velocity of the
droplet. With a further increase of the cartridge temperature to 45 °C, the
evolution of the droplet formation remained almost the same as that at 35 °C,
except the final droplet had a slightly larger velocity of 6.5 m/s as seen in
Figure 5-4(c). Analogously, a single droplet impinging onto the substrate was

preferred therefore the cartridge temperature for DMF35 was set to 25 °C.
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Figure 5-4: The droplet formation evolutions of DMF35 at different temperatures: (a) 25 °C; (b)

35°C and (c) 45 °C, viewed by the stroboscopic camera on the Dimatix printer
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Overall, the droplet formation behaviour for DOX25 and DMF35 are
summarized in Table 5-2. The average velocity of the leading droplet was
calculated based on the travel time over a stand-off distance of 1000 um.
From the results, the appropriate droplet formations for the both reactive inks

were suggested at 25 °C without formation of satellite droplets.

Table 5-2: Summarisation of droplet formation behaviour at varied cartridge temperatures and

the corresponding droplet velocity

Average
_ Cartridge _ Velocity of
Reactive Droplet Behaviour on Impact (at 1000 _
_ Temperature _ Leading
ink Mm stand-off distance)
(°C) Droplets
(m/s)
25 A single droplet (no tail) 7.5
- A leading droplet and a satellite with a 8.6
DOX25 tail (not rejoin with the leading droplet) '
45 A leading droplet and a satellite without a 40
tail (satellite has side-trajectory error) '
25 A single droplet (no tail) 5.6
DMF35 35 A single droplet with an elongated tail 6.3
45 A single droplet with an elongated tail 6.5

5.4. Droplet Deposition Study for Reactive Inks

Following the establishment of stable droplet formation, the study of droplet
deposition onto a substrate and the interaction between the droplet and the
substrate was investigated. A single dot array of each reactive ink was printed
with different substrate temperatures to investigate the deposition process.
Then a square-shape thin film was printed with different substrate
temperatures and droplet spacing to evaluate the morphological quality of the

film. Both optical microscopy and surface profiling results are presented.
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5.4.1. Single Droplet Deposition

To investigate the influence of substrate temperature on droplet morphology, 5
x 5 mm single droplet arrays with a droplet spacing 100 um were printed using
DOX25 and DMF35. Before printing the droplet with the Dimatix printer, the
inks were pipetted onto the heated microscope glass slide to determine the
temperature range for quick solvent evaporation within 1 second. Then the
inks were deposited with the printer on the microscope glass slide with
different temperatures. The droplets were observed with an optical

microscope and analysed using ImageJ software.

Figure 5-5 and Figure 5-6 show the optical images for single droplet arrays
printed on the microscope glass at different temperatures. For both reactive
inks, the continuous dot surface morphology was obtained without fractals.
For DOX25, the droplets showed a similar shape and coverage on the
substrate at the substrate temperature of 50 to 70 °C. It could also be seen
that the diameters of the droplets were almost invariant with respect to the
change in the substrate temperature (Figure 5-7), which indicated that the rate
of solvent evaporation within this temperature range had limited effects on the
droplet size and quality. There was also no ring-like droplet observed due to
the ‘coffee-ring effect’. However, the more detailed surface morphology of the

droplet was analysed in Figure 5-9.

50°C 60 °C 70°C

50 ym 50 ym 50 pm

Figure 5-5: The optical microscope images of the single droplet deposition of DOX25 on the

microscope glass slide at different substrate temperatures
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70 °C 80 °C 90 °C

50 pm 50 pm 50 pm

Figure 5-6: The optical microscope images of the single droplet deposition of DMF35 on the

microscope glass slide at different substrate temperatures

For DMF35, the droplets showed more irregular shapes compared to DOX25,
among different substrate temperatures from 70 to 90 °C. There was also a
trend showing the decrease of droplet size with the increase of the substrate
temperature, from 51.2 to 32.7 ym. This effect could be explained by the
higher substrate temperature resulting in a higher rate of solvent evaporation,
where the droplet would experience less time spreading on the substrate to
have smaller droplet size (172). On the other hand, the temperature of nozzle
plate would also be elevated due to the small stand-off distance. It was
noticed as in Figure 5-8 that the cartridge temperature would have a
significant increase to due to the heat convection from the substrate. The
increase was likely affected by the printing duration and printing frequency.
This phenomenon would accelerate the solvent evaporation on the meniscus
of the nozzle plate and in flight to have a reduced droplet size before
impinging on the substrate. Although a high rate of solvent evaporation was
preferred to incur an instant solidification of droplets on the substrate, it would
also increase the risk in blocking the nozzles and thus had lower jetting
stability. Therefore, there needs to be a trade-off between the solidification

speed and jetting stability.
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Table 5-3: The droplet diameters of two reactive inks deposited onto the microscope glass

slide with different substrate temperatures

DOX25
Substrate temperatures 50 °C 60 °C 70 °C
Droplet diameter (um)
(Mean + standard deviation, 63.0+£1.2 61.7 £ 0.9 64.8+ 1.7
n=6)
DMF35
Substrate temperatures 70 °C 80 °C 90 °C
Droplet diameter (um)
(Mean * standard deviation, 51.2+2.2 46.6 +1.8 32.7+15
n=6)
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Figure 5-7: The effect of different substrate temperatures on the droplet diameter of DOX25

and DMF35 (average * standard deviation, n=6)
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Figure 5-8: The effect of the substrate temperatures on the cartridge temperatures at different

stand-off distances.

The morphology of the single droplets was observed by using a white light
interferometer and two examples of the surface profiling results are presented
in Figure 5-9. The droplets were heated on the printing plate at an elevated
substrate temperature to ensure the solvent evaporated. The results in Figure
5-9(a) confirmed the previous optical results for DOX25 in that there was no
‘coffee ring effect’ for the droplets, indicating the evaporation rate of the
dioxane solvent was much faster than the particle movement to the contact
line at the edge of the droplet. Instead of forming a ring-like structure on the
substrate, the droplet tended to form a dome structure which could contribute
to the uniform layer printing. In the contrast, the droplets printed by DMF35
showed higher thickness of the outer-ring compared to the central position,
which was known as ‘coffee ring effect’. This suggests that there is a relatively

slower evaporation of the DMF solvent when compared to the dioxane.
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Figure 5-9: The surface profiling results of (a) DOX25 droplet at a substrate temperature of 60
°C and (b) DMF35 droplet at a surface temperature of 80 °C

Table 5-4 summarized the central height of the droplets for the two reactive
inks at different substrate temperatures. For DOX25, there was no significant
variation of the droplet height at different substrate temperatures. Given that
each droplet had the same volume ejected from the nozzle, the similar droplet
diameter in a unit region on the substrate would give rise to a similar height of
the droplet. For the DMF inks, the height of the solidified droplet increased at
the higher substrate temperature, possibly due to a receding contact angle of

the droplet.
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Table 5-4: The average central height of the solidified droplet on microscope glass slides at

different substrate temperatures

DOX25
Substrate temperatures 50 °C 60 °C 70 °C
Average central height of
the droplet (um)
o 1.5+0.1 1.4+0.1 1.7+0.3
(Mean % standard deviation,
n=6)
DMF35
Substrate temperatures 70 °C 80 °C 90 °C
Average central height of
the droplet (um)
09+0.2 16+0.1 2.1+0.2

(Mean * standard deviation,
n=6)

5.4.2. Thin Film Printing

In order to form a continuous thin film on the substrate, the droplets must be
partially overlapped onto each other, where the droplet spacing is one of the
main contributors to the film formation. In addition, the substrate temperature
also plays a key role in the interaction between the droplet and the substrate
to affect the film formation process and quality. DOX25 and DMF35 were

printed respectively at different substrate temperatures (50, 60 and 70 °C for

DOX25; 70, 80 and 90 °C for DMF35) with a selected range of droplet spacing

(20, 30 and 40 uym for DOX25; 15, 25 and 35 pm for the DMF35) on the
microscope glass slide to investigate the films formation and their surface

morphology. The size of the thin films was 5 x 5 mm for the microscope

observation.
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Figure 5-10: The optical images for the thin films of DOX25 with different droplet spacing at

different substrate temperatures

Figure 5-10 shows the optical images for the thin films of DOX25 with 20, 30
and 40 um droplet spacing printed on the microscope glass slide at 50, 60 and
70 °C respectively. There was clear evidence showing that continuous films
were obtained when the droplet spacing was fixed at 20 ym and no waviness
on the surface was observed. The printing was conducted line by line
horizontally and no significant solid boundaries were seen between the lines,
which indicated that the line of reactive mixtures did not completely solidify
before merging with the next one. However, crater-like pores were on the film
surface which disrupted the film continuity when the substrate temperature
was elevated to 70 °C. This was due to the jet instability resulting from the
nozzles being heated by the hot substrate. The jet instability would lead to
either the droplet size reduced in flight or the droplet missing in the desired

location where the crater-like pores would be formed (145)(173). A similar film
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formation was obtained when the droplet spacing was 30 ym, where the jet
instability led to the pores on the surface. When the droplet spacing was
increased to 40 ym, the continuity of the films was maintained at a surface
temperature at 50 °C and some pinholes existed on the surface at 60 °C. At a
substrate temperature of 70 °C, the adjacent droplets were not able to merge
with each other and this resulted in the separate lines instead of continues
films. This would be a combined effect of the jet instability and the larger

droplet spacing (174).

70 °C 80 °C 90 °C

15 um

25 um

35 um

50 ym 50 pym

Figure 5-11: The optical images for the thin films of DMF35 with different droplet spacing at
different substrate temperatures

DMF35 was printed to form films with the droplet spacing of 15, 25 and 35 ym
at 70 to 90 °C. As shown in Figure 5-11, the continuous films were formed with

the droplet spacing of 15 um regardless of the substrate temperatures, which
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suggested that the substrate heating from 70 to 90 °C had a negligible
influence on the jet stability. When the droplet spacing was set to 25 um the
nozzles were not consistently stable at 80 or 90 °C, as occasionally some
voids appeared on the films. Moreover, it was also noticed that the continuity
of the films disappeared, and separate lines formed, when the droplet spacing

was increased to 35 um and the substrate temperature was set to 90 °C.

The surface profiles of the thin films were also characterised by the white light
interferometer to investigate the morphology in detail and Figure 5-12 shows
two examples of the results. Figure 5-12 (a) displayed the surface morphology
of a 1-layer thin film of DOX25 with a droplet spacing of 30 ym at substrate
temperature of 60 °C. Note that the edges of the film did not represent the
actual results due to the limitation of measuring sample slopes. The average
thickness of the film was measured to be about 1.2 ym. The surface showed
the morphology where the boundaries between the printed threads existed, as
that the surface height varied more intensively in Y axis (X axis was the
printing direction). This was caused by the evaporation of the solvent and the

solidification of the reactive mixture before the next thread was printed.

In contrast, the 1-layer thin film printed by DMF35 showed a different profile in
Figure 5-12 (b). The thickness was much higher than that of the single layer
film printed by DOX25, due to a higher loading of the reactive mixture. No
significant boundaries between the printed threads were observed which
suggests a relatively low evaporation of the solvent and a well-mixed fluid
before solidification. However, the distribution of the reactive mixture was
found to be inhomogeneous. A similar phenomenon was also reported by
other work (175) where the heat flux from the substrate to the edge of the drop
led to a locally enhanced solvent evaporation and the central solutes would
tend to move towards the edge to replace the lost fluid. In this case, because
of the slow evaporation of the DMF solvent, it is likely that the film remained

fluid to allow the solutes to transfer to the edge. Also, it was noted that the
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fluid tended to transfer from the top and bottom edge of the film to the centre

due to the bulk flow driven by the surface tension (176).
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Figure 5-12: The surface profiles of the thin films as printed by white light inteferometer: (a) 1
layer film of DOX25 with a droplet spacing of 30 pm at 60 °C substrate temperature; (b) 1 layer
film of DMF35 with a droplet spacing of 15 pm at 80 °C substrate temperature. (The Xand Y

profiles in the right-hand side figure pertain to the lines of crosshair in the left side figures)
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5.4.3. Thick Film Printing

Following by the single layer printing, multi overprints of the reactive mixtures
were also deposited on the microscope glass slide in order to build thicker
samples. The boundary of the top of the overprints was found not to be flat
and a surface curvature was observed as shown in Figure 5-13. This ‘dome’
shape was due to the capillary pressure difference between both sides of the
interface of the reactive mixture and air. The surface tension acted as a
balancing force to compensate the pressure difference therefore the interface
remained curved. A poke test with a needle tip also evidentially indicated a
non-solidified nature of the as-printed reactive mixture, where the printed layer
would intermix with the layers printed previously to form a dome. This dome
structure was undesirable when a 3D structure with high feature resolution
was required, and it indicated a further exploration of printing and post-

processing strategies which will be discussed in the next chapter.

pm
400 " 1 " L L L L L L 1

300 3 -
200 o st M 3

100 3 / -
1 - F

0 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 mm

(b)
Figure 5-13: The optical images of multi overprints of reactive mixtures (5 x 5 mm) in side view:
(a) a film of 80 successive layers of DOX25 with a droplet spacing of 30 ym on the glass
surface of 60 °C; (b) The surface profile of the 80 layer thick film of DOX25, taken by Alicona
G5 Infinite
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The deposited reactive mixture, or the deposited low molecular weight PC
oligomer, was then characterised by DSC to evaluate its thermal property and
to understand the as-printed structure. A thermal cycle of (-50)-200-(-50) °C at
10 °C/min in a nitrogen environment was used to obtain the glass transition
temperature Tgand the heat flux profile of the reactive mixture during heating
and cooling stage (the lower and upper temperature limits were chosen to
cover the glass transition range of linear BPA-PC). Approximately 5 mg of the

as-printed reactive mixture was taken for each run of DSC.

Figure 5-14 shows the DSC result for the as-printed reactive mixture of
DOX25. In the heating run, an endothermic shift was firstly observed where
the specific heat was increased by 0.374 J/(g °C). Using ‘half Cp’ method the
Tgof the reactive mixture was calculated to be 17 °C. It validated the result (in
Section 5.4.3) that the soft gel-like reactive mixture leading to a ‘dome’ shape
printed structure due to a low glass transition temperature. Then a broad
endothermic peak in the heating run was observed from 139 °C which was
due to the melting of the reactive mixture and the initiation of polymerisation. It
was assumed that the molecular mobility of the reactive mixture became
sufficient for the melt polymerisation from this onset temperature.
Polymerisation was further confirmed by the weight loss of the sample after
the DSC measurement, which was due to the evaporation of the by-product
from the melt polymerisation, i.e. methyl salicylate. In the cooling run, the peak

for the melt polymerisation was not seen as the polymer would have formed.

Figure 5-15 shows a typical thermogram of the as-printed reactive mixtures of
DMF35. The Tg4 (i.e. 4 °C) was also found to be relatively lower than the
normal room temperature which could explain the soft gel-like ‘dome’ structure
printed as shown in Figure 5-13. Similarly, the rate of melt polymerisation

significantly increased from 140 °C.
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5.5. Summary

In this chapter, a reactive inkjet printing method for producing BPA-PC part by
using solvent-based reactive inks was fundamentally investigated. The
objective of this study was to formulate reactive inks with a printable
composition using the reactive mixture (BPA, BMSC and the catalyst) for the
melt polymerisation so that the reactive mixture could be directly deposited

onto the substrate.

Two different compositions of the reactive inks were formulated with the 1, 4-
dioxane and the DMF solvent, respectively (see Table 4-1 for the detailed ink
formulations). The loading of the reactive mixture in the solvent was
maximized to have less passes during printing whilst the printability was
maintained. The viscosity and surface tension of DOX25 (with 25 wt% reactive
mixture) and DMF35 (with 35 wt% reactive mixture) at 25, 35 and 45 °C were
found to be within the printable range. With a specific single waveform, the
droplets were formed from a Dimatix material printer cartridge. To minimize
the nozzle clogging due to solvent evaporation on the nozzle plate and to
avoid the formation of satellite droplets, a cartridge temperature of 25 °C for

the both reactive inks was chosen for the continued printing experiments.

In the droplet deposition experiment, the both reactive inks were deposited on
the microscope glass slide as single droplet arrays with different substrate
temperatures according to the requirement for the solvent evaporation rate. It
was found that the solvent evaporation rate was subject to the substrate
temperature and the printing stand-off distance. To ensure the nozzle stability
and continuity of the printed films, different droplet spacing and substrate
temperatures were chosen to evaluate the quality of the printed films.
Typically for DOX25 a continuous film could be formed with 30 ym droplet
spacing on a surface of 60 °C while for DMF35 a 15 um droplet spacing could

lead to a continuous film on a substrate temperature of 80 °C.
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The morphology of the printed single films was examined by the white light
interferometer (See Figure 5-12). It showed a homogeneous film surface
printed by DOX25. By contrast, DMF35 reactive mixture was found not evenly
distributed on the printed film due to local heat flux and solute transfer. The
multi overprints of the reactive mixture were attempted and the ‘dome’
structure was printed. The layer printed intermixed with the previously printed
uncured layer to form the ‘dome’ structure. The DSC analysis of the as-printed
reactive mixture showed the ‘dome’ structures were due to the relatively low
glass transition temperature (17 °C for the reactive mixture in DOX25, 4 °C for
the reactive mixture in DMF35). The further investigation on producing the PC

with the desired molecular weight is discussed in the next chapter.
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6. Results: Post Processing and Characterisations for
BPA-PC

This chapter will focus on the post processing of the as-printed reactive
mixture and a range of service property characterisations for the cured PC
component including GPC, NMR, DSC, and TGA. The method of 3D reactive
inkjet printing BPA-PC is also introduced to demonstrate the material

capability for AM.

6.1. Introduction and Research Rationale

The reactive mixture was printed successfully as in a solvent-based ink
formulation to demonstrate its printability. However, it showed a ‘dome’
shaped top surface of the multi overprints of the reactive mixture, due to the
low glass transition temperatures of the PC oligomer. To have the final PC
product, the as-printed reactive mixture must be post processed to enhance

the molecular weight and to achieve the desired service properties.

The bulk process of melt polymerisation for the PC has been reported widely
in the literature (177-179). None of these processes, however, were suitable
for processing the micro-scale reactive mixture for PC since the geometry of
the printed samples must be retained during the curing process. Therefore, a
post-processing system, without destroying the geometry of the printed
pattern, must be employed to accommodate the reaction environment for the
melt polymerisation. In this research a vacuum oven was used to polymerise
the as-printed samples. Analysis of the service quality of the final PC
component produced by this post-processing method, including the chemical,
thermal and mechanical properties, was also required. Finally, it was
necessary to demonstrate the 3D printing capability of the PC material by an
appropriate post-processing strategy which could potentially broaden the

material library for AM.
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6.2. Post Processing for As-Printed Reactive Mixture

In general, there are two strategies for the curing of the reactive mixture:
polymerisation as a whole (i.e. to polymerise samples after all the layers are
printed), or polymerisation layer by layer (i.e. to polymerise each layer before
the next layer is printed). As it would be slower to produce a sufficient mass
and volume of PC component by the second post-processing strategy, the first
strategy was investigated here to produce the samples for the service property

characterisations.

6.2.1. Post Processing for the Thin Films

There was a need to investigate the quality and stability of the thin films after
post processing in the vacuum oven. For the both reactive inks, the 1 to 5
layers of 5x5 mm thin films were printed with the previously determined jetting
parameters. The profiles of the thin films printed by the both reactive inks were
shown in Figure 6-1 and Figure 6-3, respectively as the comparison between

the as-printed and post-processed samples.

In Figure 6-1, it can be seen that the as-printed thin films by DOX25 have
relatively flat surface profiles with sharp edge features. There were pinholes
on the films observed after polymerisation, which was caused by the escape
of the volatile by-product, i.e. methyl salicylate. With the increase of the
number of layers printed, the effect of the pinholes became less significant
which reasonably implied that the diffusion of the methyl salicylate during
polymerisation was a mechanism for its escape. The edge of the 3, 4 and 5
layers thin films was observed to slightly recede inwards, which was likely due

to a surface tension effect during the molten state (180).

143



2 layers 3 layers 4 layers 5 layers

Post e

processed -

Figure 6-1: The comparison of 1 to 5 layers thin film surface profiles between the as-printed and post-processed samples produced by DOX25
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The results in Figure 6-1 also show a decrease in the thickness of the post-
processed thin films compared with those as-printed samples by DOX25. The
change in the layer thickness was plot in Figure 6-2, and this thickness was
reduced by 25.0%, 28.6%, 27.7%, 25.0% and 32.1% for the 1 to 5 layers thin
films respectively. This reduction was expected because of the escape of
methyl salicylate and the volatilisation of the monomer residue in the reactive
mixture. This would be further validated by the TGA study in this chapter. A
consequence of the thickness reduction would be the potential shrinkage of
the structures. The shrinkage issues could be potentially addressed by
controlling the reaction dynamics thus controlling the released rate of methyl
salicylate. However, this may lead to the incomplete polymerisation. Further
investigations could focus on the post-processing methods to rinse the by-

product residue in the reaction system.

6 [ 1As-printed
1 I Post-processed

Layer thickness (um)
w
|

1 2 3 4 5

Number of layers

Figure 6-2: The comparison of the thickness of the thin films from 1 to 5 layers between the as-
printed and the post-processed samples produced by the dioxane inks (average * standard

deviation, n=3)
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Compared to the thin films printed by DOX25, those which were printed by the
DMF35 showed non-flat surface profiles regardless of as-printed or post-
processed samples, as seen in Figure 6-3. Typically, with 1 or 2 thin film-
layers, the effect of depinning (i.e. receding of the film edge) was significant
and leading to the non-homogenous and non-flat surface distribution. This
indicated a weak interaction between the ink and the substrate, which was
attributed to a low adhesive force between the deposited droplets and the
substrate surface before the solvent evaporation could complete (181). With
further printing of up to 5 layers, more stable fiims were produced as the
depinning effect was mitigated; however, dome shaped surface profiles were
created due to the low glass transition temperature as discussed in Section
5.4.3. It was reported that the movement of the contact line between the ink
and surface was a resultant of pinning, ink-air interfacial tension and the

gravitational force (80,119).

It was also noted in Figure 6-3 that the surface profile of the post-processed
films differed from the as-printed DMF35 films. It was difficult though to
guantify this difference by a single parameter of the whole layer thickness due
to the dome shaped structures. A typical surface profile analysis of the 5
layers film was plotted in Figure 6-4 as a comparison between the as-printed
and the post-process specimen. The edges receded approximately by 0.3 mm
after post processing which was caused by surface tension during the melting
stage of the reactive mixture. The top of the dome sunk from 73 to 54 um,
possibly resulting from the escape of the methyl salicylate. The entire surface
also showed a much higher thickness when compared to those produced by

DMF35, due to the higher loading of the reactive mixture.
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Figure 6-3: The comparison of 1 to 5 layers thin film surface profiles between the as-printed and post-processed samples produced by DMF35
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Figure 6-4: Surface profile analysis of 5 layers films produced by DMF35 as the comparison

between the as-printed and the post-processed films

6.2.2. TGA Study for Melt Polymerisation

To further investigate the reduction of the film thickness after polymerisation, a
TGA experiment was carried out to imitate the polymerisation environment
and to study the polymerisation process. Approximately 5 mg of the as-printed
5 layers thin film sample was detached from the substrate and heated in the
nitrogen atmosphere. A multi-stage isothermal profile was used to create the
reaction conditions for the melt polymerisation, i.e. firstly the temperature was
rapidly elevated to 180 °C and then kept isothermal for approximately further
15 minutes; in the 2" stage the temperature was raised to 220 °C at about 10
°C/min and then kept constant (15 minutes for the entire 2" stage); then it
was heated to 280 °C at the same rate and then kept isothermal (10 minutes
for the 3" stage) to complete the polymerisation. By this method, the reduction
of the film thickness as seen in the previous section was anticipated to be

correlated to the weight loss of the reactive mixture.
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Figure 6-5: A multi-stage isothermal TGA curve for the melt polymerisation process of the as-
printed thin film samples

Figure 6-5 shows the multi-stage isothermal TGA results for the as-printed thin
film samples. There was about 15.7% weight loss for DOX25 printed samples
during the 1% heating and isothermal stage, which corresponded to a
combination of moisture loss and by-product volatiles (i.e. methyl salicylate
and other volatiles) from the melt polymerisation. During the 2"¢ stage, the
weight loss accounted for 11.3% indicating a continuous escape of methyl
salicylate. The completion of the melt polymerisation at the final isothermal
stage 280 °C was associated with a weight loss of about 4.0% which was due
to the increased viscosity of the PC polymer with the continuous increasing
molecular weight. The total weight loss during the melt polymerisation for the
dioxane inks sample was about 31.0% which was close to the 32.1%
thickness reduction of the films aforementioned. Given that the thin films had a
flat top surface and pinned contact lines with the substrate, the reduction of

the thickness could be attributed to the weight loss during the polymerisation.
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For DMF35 printed samples, the weight losses during the 3 isothermal stages
also followed a reduced profile, which were 28.8%, 6.2% and 2.7%
respectively, subject to the significant increase of polymer viscosity thus

suppressed the escape of the methyl salicylate.

6.3. Chemical Characterisations

In order to evaluate the effectiveness of the post-processing method, the
molecular weight enhancement of the PC component formed after
polymerisation was characterised by GPC and the monomer incorporation to
the PC polymer was characterised by NMR. This section reports the chemical

characterisation results from the GPC and NMR experiments.

6.3.1. Study of BPA-PC Molecular Weight Growth

The post-processing treatment for the as-printed samples was to provide a
suitable reaction environment for the melt polymerisation; therefore, the
molecular weight could be built up and the mechanical properties could be
improved. The GPC results are presented as number-average (Mn), weight-

average (Mw) molecular weight and polydispersity (B) in Table 6-1.

Similarly, the degree of polymerisation (DP) was estimated by the equations
following assuming the end-cap effect is negligible, and the results were

presented in Table 6-2:

w

M
DP, = —* 6-1
= (6-1)

DP, = 6-2
— (6-2)

where DPy and DP, represent the weight-average and the number-average

degree of polymerisation, and m is the molecular weight of the repeating unit
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of the PC (CisH1403) which is 254 g/mol. The molecular weight of cast
samples was measured to demonstrate the printing temperature effect on the
initial oligomerisation of the reactive mixture. For DOX25, the DPw of the ink
formulation before printing was about 2.2 which indicated a low degree of
oligomerisation, and the as-printed sample did not show a significant increase
of DPw which suggested the printing temperature (60 °C) did not evidently
favour the oligomerisation. In addition, the DPw for DMF35 showed a limited
increase from 4.3 to 10.2 when depositing the reactive mixture onto the 80 °C
substrate, which implied a limited facilitation of the substrate temperature to
the oligomerisation with the DMF solvent system due to the fast evaporation

rate of the solvent.

However, as a polycondensation reaction, B below 2 is generally considered
low yield of the products. It was likely to be the low amount of catalyst used in
the reaction system thus the conversion of monomers was low. In addition, it
was possible that the fractionation of the GPC results led to the
underestimated molecular weight and distribution. Future studies are

recommended to explore the phenomenon and improve the yield of polymers.

Table 6-1: Molecular weight and polydispersity index (PDI) of different reactive inks compared

to the reference PC materials produced from the bulk polymerisation

Cast 2 As-printed Polymerised
(Mw/Mn/D) (Mw/Mn/D) (Mw/Mn/D)
DOX25 550/500/1.10 650/550/1.18 53200/27800/1.91
DMF35 1100/950/1.16 2600/1900/1.37 29700/17400/1.71
Low PCP® N/A N/A 20700/14400/1.44
High PC N/A N/A 30700/20800/1.48

a. The cast samples indicated the properties of the original reactive mixtures in the solvent, which were
produced by pipetting the reactive inks droplets onto a 10 x 10 x 0.1 mm stainless steel recessed plate
and then evaporating the solvent without heating for 2 days.

b. Reference PC was the polymer synthesized by SABIC Innovative Plastics Ip B.V. and was graded as
the Low Mw PC (relatively low molecular weight) and the High Mw PC (relatively high molecular weight).

151



Table 6-2: Degree of polymerisation for the reactive samples and reference PC materials

Cast As-printed Polymerised

DPw/DPn DPw/DPn DPw/DPn
DOX25 2.2/2.0 2.6/2.2 209.5/109.5
DMF35 4.3/3.7 10.2/7.5 116.9/68.5
Low My PC N/A N/A 81.5/56.7
High MwPC N/A N/A 120.9/81.9

For the both reactive inks they exhibited a significant enhancement of the
molecular weight after the polymerisation stage. When compared to the
reference commercial PC materials which were synthesized by the bulk
polymerisation, the polymerised DMF35 samples had a comparable molecular
weight to the ‘High PC’ grade, and DOX25 samples had a much greater
molecular weight to the ‘High PC’ grade. It is proposed by previous chemistry
focused work that melt polymerisation followed a transesterification
mechanism (164)(182). Therefore, the difference between the molecular
weights using the two different solvents during the reaction could possibly be
explained by this mechanism. As DMF is a polar aprotic solvent, it may attack
the intermediates which contain a positive-charge, so the reaction rate is
slowed; while the dioxane is a non-polar solvent which will not hinder the

polymerization.

6.3.2. NMR Spectroscopic Analysis for BPA-PC

The 'H-NMR spectra for the samples from DOX25 and DMF35 are presented
in Figure 6-6 and Figure 6-7, respectively. There was minor alteration of the
chemical shifts between the cast and the as-printed samples, which is in a
good agreement with the GPC results where the substrate temperature did not
contribute significantly to the oligomerisation. The successful polymerisation of
BPA-PC was confirmed by the observation of the resonance intensity increase
at 1.70 ppm which was assigned to the protons on the methyl group at the

repeating unit of BPA-PC. In addition, the existence of a resonance at 3.95
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ppm was attributed to the protons of the methyl group on methyl salicylate,
suggesting polymerisation occurred even before the post-processing stage.
The significant attenuation of the resonance at 3.95 ppm in the polymerised
samples indicated the removal of methyl salicylate by the elevated
temperature and the vacuum environment. Also the *C-NMR spectra as
shown in Appendix A also proved the synthesis of BPA-PC from the post-
processing stage, which showed the appearance of the carbonate group
resonance signal at 148.96 ppm, and the resonances at 120.34 and 127.94

ppm assigned to the unsubstituted aromatic carbons (183).

In addition, the appearance of the peak at 3.73 ppm (i.e. the protons in —CH>
on 1, 4-Dioxane, as seen in Figure 6-6) in the cast and as-printed samples
implied that a least a portion of the solvent did not effectively evaporate off by
the sole heating from the substrate. The solvent might be trapped in the
deposited reactive mixture due to a limited mass transfer rate, and it was
removed by the post processing as the solvent peak disappeared in the
polymerised samples. Similarly, the evaporation of DMF was not complete (i.e.
the proton resonance of —CH at 8.04 ppm, and the proton resonances of
trans- and cis- methyl groups at 2.98 and 2.91 ppm, as seen in Figure 6-7)

until polymerised in the elevated temperature and vacuum environment.

Table 6-3: *H-NMR data for the cast, as-printed and post-process BPA-PC, CDCls, 300 MHz

ID Assigned H 8 H (ppm)
a CHs (3H) 1.70

b CH (1H) 7.28

c CH (1H) 7.18

d CHs (3H) 3.95

e CH: (2H) 3.73

f CHs (3H) 2.98

g CHs (3H) 2.91

h CH (1H) 10.78
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Figure 6-6: The 'H-NMR spectra for the samples from DOX25, CDCls, 40 °C
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Figure 6-7: The 'H-NMR spectra for the samples from the DMF35, CDCls, 40 °C, 300 MHz
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6.4. Thermal Characterisations

The BPA-PC features in a material with a high temperature tolerance because
of its relatively high glass transition temperature (Tg above 140 °C). Therefore
the T4 of the polymerised PC samples after the vacuum oven treatment was
measured by DSC to evaluate its thermal properties, as well as the reference
PC samples for comparison. In addition to T4 measurement, the thermal
degradation of the BPA-PC at different heating rate was studied by TGA to
assess its thermal stability compared to the traditional BPA-PC synthesized

from the bulk process of melt polymerisation.

6.4.1. DSC Study for BPA-PC

The response of PC to application of heat was assessed by DSC to evaluate
its service temperature range. A thermal cycle of 0-360-0 °C at 20 °C/min in
the nitrogen environment was used to obtain the Ty from the DSC thermogram
by ‘half Cp’ method. At the highest temperature (360 °C) an isothermal scan
for 5 minutes was also introduced to erase the possible thermal history and to
ensure the entire sample in the DSC pan was thermally equilibrated.
Approximately 5 milligrams of the polymerised PC from the vacuum oven
treatment or the reference PC sample was taken for each measurement of
DSC. The DSC thermograms of different samples were shown in Figure 6-8

and the T4 were summarized in Table 6-4.

As shown in Figure 6-8, the thermograms of the both PC samples from the
inkjet printing were similar to those from the reference PC from bulk
polymerisation. In the heating stage, the DOX25-PC and DMF35-PC exhibited
a single thermal shift; in the cooling stage the both samples showed a reverse
thermal shift in the same temperature range. In addition, melting peaks were
not observed in the full thermal cycles. All those facts indicated the

amorphous state of the PC from the post-processing treatment.
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The T4 values were summarized in Table 6-4. Although the My of DOX25-PC
was higher than the reference high Mw PC as previously shown in the GPC
results, the measured T4 by this method was not accordingly higher which
might indicate that the Tg measurement was affected by the microstructure of
the samples (i.e. reactive printed PC film samples v.s. the granular reference
PC samples) (184) . It was still evident that the T4 of polymerised PC samples
from RIP was close to the reference PC samples, suggesting a similar service

temperature range at which the polymerised PC could be handled.
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Figure 6-8: The DSC thermogram of the polymerised PC samples as a comparison among the
DOX25-PC, DMF35-PC, reference high My, PC and low My, PC

Table 6-4: The Tq values of the PC samples from the DSC thermogram

DOX25-PC DMF35-PC High My PC Low Mw PC

Tg (°C) 144 141 151 149

156



6.4.2. Thermal Stability Analysis of BPA-PC by TGA

The thermal stability of BPA-PC was studied by TGA to understand its
degradation characteristics at the high temperature. TGA was carried out at
various heating rates from 10 to 40 °C/min in a nitrogen flow of 20 mL/min.
The temperature swept from 30 to 800 °C and the sample size was between
15 to 20 milligrams. The samples included the DOX25-PC, DMF35-PC and

the two grades of reference PC samples.

The results of TG and DTG curves of the PC made from the two reactive inks
were given in Figure 6-9 and Figure 6-10. TG and DTG curves for the
reference PC samples have been included in Appendix B. All the
corresponding data of sample mass were summarized in Table 6-5. The TG
curves of all samples showed a one-step thermal degradation process and
one peak rate was observed from the DTG curves. Among the PC samples
made from the two reactive inks at 40 °C/min heating rate, To, Ts% and Tmax Of
DMF35-PC were slightly higher than those of DOX25-PC by 5 to 11 °C. The
similar difference of the degradation temperatures was also observed at the
heating rate of 20 °C/min and 10 °C/min. It indicated the different thermal
degradation properties of PC by using the two different solvents for the
reactive printing. However, the difference was probably also subject to the
higher heat transfer across the samples as the porous surface of DMF35-PC
samples were observed due to the more aggressive escape of methyl
salicylate. The two grades of the reference PC samples showed similar
thermal degradation characteristics compared to other commercial PC
samples (185)(186) and significant higher To, Tmax and Yc¢ than those of
reactive printed PC samples, as shown in Table 4-5. It suggested the further
improvement for the thermal stability of PC made from the reactive inkjet
printing and the proposed post-processing method, and it also required a

detailed study of the char and volatile products from the TGA.
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Figure 6-9: The TG and DTG curves of DOX25 at different heating rates in a nitrogen
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Table 6-5: The thermal data obtained from the TG and DTA curves

Heating rate  To? Tso ° Trmax © Peak rate
Sample _ _ Yc 9(%)
(°C/min) (°C) (°C) (°C) (%/min)
40 416 464 511 1.35 18.8
DOX25-
pC 20 373 432 490 1.22 17.7
10 371 422 481 1.30 17.4
40 424 469 522 1.25 19.4
DMF35-
pC 20 377 446 513 1.34 18.6
10 383 436 497 1.38 18.6
40 489 521 554 1.93 24.3
pC 20 469 505 539 1.49 24.9
10 445 489 525 1.55 24.3
40 470 522 559 1.46 24.8
Low Mw
pC 20 456 497 539 1.60 25.1
10 443 484 523 1.70 23.6
a. Tois the onset of degradation, and recorded as the temperature at which the sample had 1 wt% loss
b. Tsw is the temperature at which the sample had 5 wt% loss
c. Tmaxis the temperature at which the sample had the maximum rate of weight loss
d. Ycisthe yield of char residue

6.5. 3D Reactive Inkjet Printing of BPA-PC

The previous post-processing strategy of ‘polymerisation as a whole’ showed
a dome-shaped top surface of the multi-layer printed BPA-PC structure, which
was impossible to repeat the successive layers with the flat top surface. An
example of the thick film post-processed by this mean was shown in Figure
6-11. With the purpose of demonstrating the capability of building a 3D
structure of BPA-PC with high resolution features using the reactive inkjet
printing technique, the second post-processing strategy, ‘polymerisation layer
by layer’ (i.e. to polymerise each layer before the next layer is printed) was

explored to determine the topographic feature profile of the 3D structure.
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Figure 6-11: An example of the 40 layers thick PC film printed DOX25 and post-processed by

the ‘polymerisation as a whole’ approach

6.5.1. The Design of the 3D Printing Pattern

To illustrate the capability of 3D printing, a 5-step ziggurat structure was
designed, where the bottom layer had a dimension of 10 x 10 mm with a
uniform decrement to the top layer of 2 x 2 mm as shown in Figure 6-12(a).
There was either 1 or successive 5 layers printed in each step to determine
the effect of the step height on the profile. The structure was post processed
using the polymerisation method described in Table 6-1 before the
consequent step was printed onto it. It showed previously that the thin film
printed by DOX25 had a flat surface whereas the one printed by DMF35 was
not flat possibly due to the low rate of evaporation and the effect of the heat
flux on the solute transfer. It was also noted that the white film around the
nozzle plate would detach, causing damage to the cartridge, if DMF35 were
kept in the cartridge for several hours. This implies the incompatibility of the
DMF solvent with the Dimatix jetting unit. Therefore only DOX25 was
attempted to ensure the flatness of the steps and the reliability of the jetting, to
demonstrate the 3D printing capability. Figure 6-12(b) shows a printed

ziggurat structure with 5 layers per step.
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() (b)

Figure 6-12: The designed ziggurat structure to demonstrate the 3D printing capability: (a) the

ziggurat bitmap design for the Dimatix printing pattern; (b) the printed ziggurat structure (5

layers per step, 25 layers in total)

6.5.2. The Surface Profile Analysis of the 3D Printed Structure

The surface profile analysis results for the ziggurat structures were shown in
Figure 6-13. The boundaries and heights of each step were clearly
distinguished as each step could be built on the previous step which was fully
cured after post processing in the vacuum oven. The results could be used to
determine the step height and the surface uniformity therefore to evaluate the
topographic feature of the structure printed by the method. For example, the
ziggurat which had 1 layer printed for each step had a flatter feature in the X
direction (printing direction) while the Y direction showed a waviness as
shown in Figure 6-13(a). The cause for this different variation in X and Y
directions was that no sufficient reactive mixture in a one single layer would be
able to spread over to have the uniform distribution. It was also noted that the
bottom step had voids which was due to the repeated heat treatment for 5
times and that it caused depinning during the molten state. The voids
formation was also likely to be facilitated by the escape of methyl salicylate
from the thin layer. As for the ziggurat that had 5 layers per step as shown in
Figure 6-13(b), the surface showed more flat and uniform topography across

X and Y directions for each step. No significant de-pinning phenomenon was
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seen on the surface, but the edge of the bottom step receded due to the

surface tension effect.

The surface profile of the ziggurat showed an increased step height from the
bottom to the top step. For example, the step height increased from
approximately 0.8 um at the bottom step to 1.4 um at the top step for the
ziggurat structure with 1 layer per step; while the ziggurat with 5 layers per
step had a step height in the range of 5 and 7 um. The main cause of this was
likely to be the more exposure of the bottom steps to the polymerisation
environment compared to the top steps, leading to the volume reduction due
to the escape of methyl salicylate. In general, the step height was able to be

varied by the number of layers printed.
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Figure 6-13: The surface profile analysis for the 3D ziggurat structure using Bruker Contour GT

by the ‘polymerisation layer by layer’ approach: (a) 1 layer per step; (b) 5 layers per step
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6.6. Summary

This chapter reported two post-processing methods to polymerise the reactive
mixture which was deposited on the substrate by the inkjet printhead. The 1%
post processing strategy of ‘polymerisation as a whole’ was investigated using
a vacuum oven to create the high temperature (up to 280 °C) and the vacuum
(0.5-1.5 mbar) environment. The polymerised thin films produced by DOX25
had relatively flat surface morphology while the one produced by DMF35 had
non-flat surface feature. But printing with either ink would produce a dome
shaped top surface of the thick films due to layers merging before polymerised
as a whole. It was also found the film would be subject to the volume and
mass reduction after polymerisation due to the generation and escape of the

by-product, methyl salicylate.

The samples post-processed by the ‘polymerisation as a whole’ approach
were characterised in terms of their chemical composition and thermal
properties compared with the commercial reference samples. The molecular
weight of the polymerised BPA-PC samples was found to be comparable to
the commercial PC and the NMR spectroscopic analysis confirmed the
structure of the BPA-PC. The DSC study showed that the glass transition
temperature was close to that of commercial materials. The TGA study

suggested a need for the further development of the thermal stability.

Finally, the 2" post-processing strategy, ‘polymerisation layer by layer’, was
explored to show the 3D printing capability for reactive inkjet printing of BPA-
PC by printing a stepped ziggurat structure. It was found by the surface
analysis that the uniform distribution of the layer surface could be achieved by
printing multiple layers for each step. In addition, those results revealed that
the step height was able to be controlled by the number of layers printed and it

was also subject to the polymerisation process.
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7. Conclusion and Future Work

7.1.

Conclusion

This thesis has investigated two different Reaction Inkjet Printing methods to

fabricate BPA-PC parts. With the experimental results and analysis, the key

findings of the research are concluded as following:

Reactive Inkjet Printing Study of Hot-melt Inks

The direct jetting of the mixture of BMSC and BPA was found not to be
possible with a piezoelectric inkjet printing assembly as the viscosity of
the molten mixture was much greater (up to 53 cP) when compared to
the pure molten monomers, due to the formation of the BPA-PC

oligomer leading to the polymer chain entanglement.

The printability of BMSC as molten liquid was demonstrated with an
Océ Crystalpoint™ print head at 120 °C which was slightly higher than
its melting temperature to keep it sufficiently liquefied. The waveform for
actuating the inkjet was optimized to achieve a stable and satellite-free
droplet formation. The droplet speed and volume were found to be
linearly controlled by the jetting voltage. The printed thin-flms were

found to have an average thickness of 15 ym with Ra of 3.9 pm.

The printability of BPA as molten liquid was also demonstrated with an
Océ Crystalpoint™ print head at 170 °C. The droplets were found to
have end-pinched effect which was not eliminated by the optimisation of
the waveform, possibly due to the compromised performance of the
piezo-ceramics beyond its Curie temperature. The continuous films
were expected to be printed with a droplet spacing less than 36.3 ym
(700 dpi) but further experimentation was suspended due to the failure

of the print head resulting from overheating.
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Reactive Inkjet Printing Study of Solvent-based Inks

Two solvent-based reactive inks (DOX25, DMF35) were formulated
using the reactive mixture (BPA, BMSC and TMAH) and two different
solvents (dioxane, DMF). The loadings of the reactive mixture were
maximized by the investigation of the solubility, which were within the

printable range (i.e. 1<Z<10).

The droplet formation of the solvent-based reactive inks was observed
by the printer's drop watcher camera at 25, 35 and 45 °C, respectively.
It was found that the temperature had an effect on the droplet formation
to have different scenarios. Generally, the tail of the droplet was able to
merge with the leading droplet at 25 °C and no satellites were found.
However, a long tail was observed when the temperature raised up to
35 and 45 °C for the both inks and satellite droplets were found for
DOX25. It was concluded that stable droplet formation was achieved at
25 °C for the both inks.

The spreading diameters of DOX25 droplets were found to be similar
between a substrate temperature of 50 and 70 °C due to the limited
change of solvent evaporation rate within this temperature range. The
spreading diameters of DMF35 droplets were greatly affected by the
substrate temperature between 70 and 90 °C possibly because the
droplet experienced less time for spreading at higher temperature to

have a smaller size.

The 1-layer thin film printed by DOX25 at a substrate temperature of 70
°C were found to have a flat surface morphology with boundaries
between the printed threads due to solvent evaporation and reactive
mixture precipitation. The 1-layer thin film printed by DMF35 at a
substrate temperature of 80 °C was found to be in-homogeneous in

terms of the reactive mixture distribution which was possibly caused by
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the different solvent evaporation rate due to heat flux. The continuity of
the films could be reduced if the substrate temperature was further
increased, which was due to the nozzle instability to have unpredictable
droplet formation failure. The different droplet spacing was also

investigated to print continuous and stable films.

e The direct overprints of multilayer thick films were attempted, and the
dome shaped structure was observed. The DSC investigation confirmed
that the dome shaped resulted from the low glass transition temperature

of the as-printed reactive mixture.

Post Processing and Characterisations for BPA-PC
e Post-processing using a vacuum oven was investigated to polymerise
the as-printed samples to the final BPA-PC components. Using a
‘polymerisation as a whole’ strategy (i.e. to polymerise samples after all
the layers are printed), the surface morphology of thin film samples (1-5
layers) were characterised. The thin films printed by the both reactive
solvent-based inks showed a reduction of film thickness after post
processing, which were also correlated to the weight loss characterised
by the TGA study. Some cavities were seen on the film surface due to
the escape of methyl salicylate and the effect of surface tension. The
thin films printed by DOX25 showed a flat-top surface whilst the thin

films printed by DMF35 showed a non-flat top surface.

e The GPC characterisations of the post-processed samples showed a
larger molecular weight (DOX25-PC) or a comparable molecular weight
(DMF35-PC) when compared to the commercial reference BPA-PC
samples. The 'H-NMR and *C-NMR spectra confirmed the formation of
the BPA-PC with the post-processing method. The DSC study showed

the similar glass transition temperatures of the post-processed BPA-PC
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7.2

product with the commercial ones. The TGA results showed the thermal
degradation temperature of the post-processed BPA-PC was lower than

the commercial samples.

Using a ‘polymerisation layer by layer (i.e. to polymerise each layer
before the next layer is printed) post-processing strategy, a 3D stepped
ziggurat structure using DOX25 was printed with either 1 or 5 layers per
step. The surface profile analysis showed the layer flatness and a clear
stepped feature of the structure, which demonstrated the capability of
the 3D printing BPA-PC by RIP.

Future Work

Due to the time constraint for the research, some parts of the project could not

proceed further. However, this research has established a solid foundation for

the future work developed upon the 3D printing of BPA-PC by RIP. A few

potential considerations are recommended as following:

A printhead assembly which has a higher temperature limit is required
to further investigate the promising hot-melt inkjet printing of BPA. The
aim is to obtain stable droplet formation and to print the pattern with
high repeatability. After the printability of BMSC and BPA are fully
demonstrated, a dual-head system is expected to be customized to
enable the alternative deposition of molten BMSC and BPA and its in-
situ polymerisation. Due to the hot-melt nature of the materials, support
materials with high temperature tolerance are also to be explored to

expand the design freedom.

For this research, a heating system up to 280 °C and a vacuum system

for the in-situ polymerisation were not mounted within the printing
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chamber due to the lack of an efficient cooling system, which resulted in
a separate vacuum oven for the polymerisation. The integration of the
printing system and the post-processing unit is desired in order to allow
in-process production of the BPA-PC and scale-up of the process in the
future. With a proper design and installation of the cooling system, a
heating unit such as a radiation heater to illuminate the printed samples
on demand could be placed next to the printing area. A vacuum system
can be also equipped in the post-processing unit to apply the pressure

when necessary.

The characterisation and modulation of the mechanical properties of
BPA-PC printed by the solvent-based inks are of great interest. The
mechanical properties can be evaluated using the method such as a
tensile test. The modulation of the mechanical properties can be
correlated to the process parameters of the post processing, which
require a detailed study of the reaction kinetics. This will help the

production of the mechanical gradient components.

Currently the BPA-PC attracts intensive demands for optical media,
automotive lenses and roofing elements due to its excellent
transparency. The optical performance of the inkjet printed BPA-PC is
to be characterised and evaluated to consider the potential optical
applications. A full optical measurement and study of BPA-PC is
suggested to evaluate its optical properties including the colour,
yellowness, gloss, haze and refractive index which can be correlated to
the chemical formulation of the precursors, the thermal conditions for

polymerisation and the morphology of the polymer.

Pure polymer products built by AM normally result in the lack of
mechanical strength and functionality. The production of the BPA-PC

composite by RIP is desired to solve those problems. The further

169



variation of the reactive ink formulation should be investigated to
illustrate the capability of printing the fibre reinforced BPA-PC
composite by RIP, and the further mechanical characterisations of the
BPA-PC composite are required to demonstrate the improvement of the

mechanical strength and functionality.

Melt polymerisation requires relatively long thermal residence time of up
to 40 minutes to achieve the desired molecular weight, which lowers the
printing efficiency and limits the structural design freedom. Alternative
curing method to polymerise the BPA-PC can be investigated such as
incorporating the photo-sensitive functional groups to the BPA monomer
and carbonate source monomer to produce cross-linked UV curable
BPA-PC. This UV curing characteristic will help the fast build-up of the

3D structure and realize additional design complexity to fabricate parts.
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9. Appendix A: 13C-NMR Spectra for the RIP samples
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Figure 9-1: The 3 C-NMR spectra for the samples from DOX25 and DMF35, CDCl3, 40 °C
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Table 9-1: 13C-NMR data for the cast, as-printed and post-process BPA-PC, CDCl3, 300 MHz

ID Assigned C 6 C (ppm)
a CHs 30.95

b C 42.67

c CH 127.94

d CH 120.34

e C 148.96

f CHs 52.42
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10. Appendix B: TG and DTA for Reference BPA-PC
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Figure 10-1: The TG and DTG curves of the reference high My, PC samples
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