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A DRY POWDER MICRO DELIVERY DEVICE FOR

MULTIPLE MATERIAL ADDITIVE MANUFACTURING

Srisit Chianrabutra

This thesis focuses on developing a novel material delivery device for a Multiple
Material Additive Manufacturing (MMAM) system using a Dry Powder Printing (DPP)
technique developed recently. The goal of the thesis was to study in detail the
characteristic of a micro dispensing device utilizing ultrasonic vibration via a
piezoelectric transducer, which was designed and constructed to handle a wide
range of fine powder materials. The research systematically investigated the nature
of the interaction between the device and the materials, which allowed the design
and processing parameters to be understood. Experiments were conducted to
explain the effects of the printing parameters on printing results so as to discover
the basic characteristics of the new dry powder printing device. Moreover, weight
measurements of the deposited powder, microscopy and image visualization was

used to assess the behavior of the device.

The device developed can successfully provide continuity, consistency and
reliability of layer printing of multiple material powders. The results demonstrated
that the device is capable of dispensing various types of fine powders, such as
metals, polymers and ceramics, with particle sizes of between 14-72 pym. The
relative standard deviation of the device is less than 7%. The minimum mass flow
rate can be reached at 0.14 mg/s for a cohesive powder such as a copper powder.

The maximum moving speed is up to 50 mm/s for a free flowing powder such as a



solder powder. Currently, the precise printing of micro geometries can be achieved
up to a diameter as small as 85 pm. Moreover, the study also reveals that the
performance of the device mainly depends on the dispensing parameters (e.g.
nozzle diameter, nozzle angle, and piezoelectric position), material parameters
(e.g. type, particle size, flowability) and process parameters (e.g. moving speed,
signal voltage and standoff distance). High resolution printing by the device can be
achieved by controlling these parameters. This work has shown that the dispenser
can deliver different powders in very precise and small quantities at almost any
designated position. This demonstrates the potential of this method for a multiple

material delivery system for MMAM in the near future.
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Chapter 1

Chapter 1:

Introduction

This chapter describes the idea of this thesis. This includes the research
motivation, objectives and a short summary of the main development of the thesis.
In the last section, the structure and brief contents of this thesis are presented.

The details will be given in the following sections.

1.1 Research motivation

In the existing worldwide economy, manufacturers continually develop their
processes to remain competitive, reduce cost and compress production times. The
customers, who buy the products need high quality, time responsiveness and
personalization. The application of manufacturing such as Additive Manufacturing
(AM) offers a potential means for achieving these requirements. Various AM
techniques that automatically produce complex three dimensional parts from
digital data have a dramatic impact on minimising lead times from months to
weeks or days or even hours. However, the next generation of AM technology
should provide full functionality, offer changeable material systems, and give the

entire bonding system at an affordable price [1-3].

Multiple material objects are more interesting and will be highly important in many
industrial applications. Multiple Material Additive Manufacturing (MMAM) is a newly
developing technology that can fabricate three-dimensional multiple material
(heterogeneous) objects. This technology can create multiple material objects and
can vary material compositions within the layer [4]. The ability to print multiple
materials by an additive manufacturing system can either improve the mechanical
properties of the parts or provide additional functions to the 3D printed parts [5].
MMAM technology has the potential to become an important manufacturing
resource for next generation technology. This is because single material AM
systems cannot fulfil the requirements of some applications that require multiple
material objects, such as compliant mechanisms, embedded components, 3D
circuits, human tissues, medical compatible implants etc. Currently, most

commercial additive manufacturing systems are designed to produce parts from a
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single material [6]. Many research institutes and companies have been developing
AM technologies to allow more materials to be used in single material AM
technology, and to improve the properties of the AM parts and to enhance the

capability of the basic process [5].

Powder based materials are very interesting as they can provide a wide variety of
material options. In most of the current powder based AM systems, fine powders
are spread using a roller onto a powder bed resulting in the impossibility of using
multiple materials without cross-contamination [7, 8]. Therefore, it is essential to
develop processing technologies that can handle fine powder particles for use in
material delivery systems for the MMAM systems. The Dry Powder Printing (DPP)
technique is one of the promising techniques available to dispense fine powders
[9]. Among the DPP techniques, the ultrasonic dispensing method has many major
advantages for depositing fine powders in terms of uniformity and controllability.
In addition, this method has the great ability to handle a wide variety of powder
materials. However, processing and handling powder materials is very challenging
due to their unique properties. To deposit such materials, it is necessary to

understand thoroughly the powder flow in the dispensing nozzle.

Only a few studies have been carried out using ultrasonic vibration to dispense dry
powders for MMAM [5]. The detailed mechanism of DPP has not been fully clarified
and is needed for the technique to be a commercial success. The processing of
fine powder in the micrometre size range has proved difficult [10, 11]. This is due
to the feature size being driven by the size of the dispenser orifice, a smaller
feature size resulting from a smaller diameter orifice. For the production of drops
from micrometre diameter size fine powders, the process is difficult to control
reliability or sometimes powders cannot be dispensed because of their poor
flowability. In this Ph.D thesis, we focus on developing a novel material delivery
device for a Multiple Material Additive Manufacturing (MMAM) system using a Dry
Powder Printing (DPP) technique developed recently. This innovative method of
fine powder printing through a micro orifice will create the possibility of achieving
the fabrication of multiple material layers automatically. The existing powder
fusion processes, such as Direct Metal Laser Sintering (DMLS), Electron Beam
Melting (EBM), Selective Laser Melting (SLM) and Selective Laser Sintering (SLS),
might be upgraded to provide the multiple materials bonding in order to offer the

additional functionality of multiple material objects in the near future.
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1.2 Research objectives

The overall goal of this thesis is to study in detail the characteristics of a micro
dispensing device utilizing ultrasonic vibration via a piezoelectric transducer,
which is designed and constructed to handle a wide range of fine powder materials
(particle sizes between 14-72 ym). The research aims to systematically investigate
the nature of the interaction between the device and the material, and so allow the
design and processing parameters to be understood. Experiments will be
conducted to explain the effects of the printing parameters on printing results so
as to discover the basic characteristics of the new dry powder printing device.
Moreover, weight measurements of the deposited powder, microscopy and image
visualization will be used to assess the behavior of the novel device. The outcomes
obtained from many aspects of the studies will be compared and analyzed. The

specific objectives are as follows.

1. To develop a new dry powder printing device and to design, fabricate

and demonstrate the performance and capability of the new device.

2. To investigate the fundamental behaviour of the device to illustrate its

fundamental operating principles.

3. To explore the effects of the design and processing parameters on the

performance of the device.

4. To establish the necessary relationships required to provide operational

guidelines for the device.

1.3 Research structure

This thesis is divided into six chapters to present all the details of the research
motivation, research objectives, research methodology, research findings, data
analysis, discussion, conclusion and future work. The structure of the thesis is

shown in Figure 1-1 and a brief outline of each chapter now follows.

Chapter 1 introduces the main objectives of this research starting from the
motivation. This chapter concludes with the aims of this work and the thesis

structure.



Chapter 1

Chapter 2 reviews the current state of knowledge related to Multiple Material
Additive Manufacturing (MMAM), powder flow technology and dry powder printing
techniques. Technical challenges of the aforementioned topics are also described

in this chapter.

Chapter 3 explains the experimental setup for a dry powder printing device and
the system used in this research. The details of the design and fabrication of the
device are provided. The details of experimental powders are also addressed.
Additionally, methods of data collection and procedures to ensure the obtention of

repeatable results are discussed.

Chapter 4 presents the results and data analyses of the investigations achieved by
experimentation. This chapter deals with the dispensing characteristics and the
powder discharge behaviour in dry powder printing. The details of the effects of
design and processing parameters on dry powder printing are also discussed.
Estimation models for the operational guidelines based on the performance results

are developed. Finally, various examples of fine powder printing are demonstrated.
Chapter 5 summarizes the conclusions drawn from the study.

Chapter 6 points out some suggestions and recommendations for possible future

work.
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Chapter 2: Literature review

Chapter 3: Experimental setup and methodology 7

Chapter 4: Results and discussion

Chapter 5: Conclusions 7

Chapter 6: Future work 7

Figure 1-1 Structure of this thesis.
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Chapter 2:

Literature review

The chapter describes information from currently published articles related to the
process of dry powder deposition. The first section serves as an introduction to
Multiple Material Additive Manufacturing (MMAM), which is the main application of
this research on developing a novel material delivery device for multiple material
powders. This section is based on a recently reviewed paper of which | am a co-
author [5]. The second section is on topics related to powder flow, which is the key
information in this material delivery system studied. The last section focuses on
current research on dry powder printing technology, which is another key element

of the novel device being developed.

2.1 Multiple Material Additive Manufacturing (MMAM)

Additive Manufacturing (AM) is the direct manufacture of final components using a
technology that builds the product up layer-by-layer from 3D CAD data. AM
technology has been developed so as to incorporate multiple materials hence the
term Multiple Material Additive Manufacturing (MMAM). These multiple materials
may be used to form many structures for example, heterogeneous materials,
functionally graded materials and porous materials [12]. These materials have
incredible applications in the fields of automotive, aeronautical, and medical
manufacturing such as such as compliant mechanisms, embedded components,
3D circuits, human tissues, medical compatible implants etc. The traditional
techniques have difficulties in fabricating components which need adjustment of
the percentage of materials, control of uniformity or randomisation of primary

materials. Therefore, MMAM technology is used to solve those problems.

As described above, AM processes are based on deposition by layers to produce
the product. However almost all the current commercial technology can
manufacture from only a single material [13], therefore, current AM technologies
still require to be improved in terms of quality and performance efficiency. MMAM
technology can increase the performance efficiency of AM methodology by adding

complexity and increasing the functionality of the machine [14]. The machine
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being developed can vary and change the material types or compositions within
the layers. This is an exceptional improvement not achievable by the conventional
manufacturing processes. MMAM is expected to not only successfully combine
multiple materials but also to achieve other objectives for example providing
additional functionality, mechanical properties improvement, and design freedom

in the final products [12].

The development of MMAM technologies is valuable for various applications,
particularly in the embedded component and electronic device industries where
MMAM methodology can be used to print all resistor circuits and three
dimensional circuits. This technology can reduce production and inventory cost,

lead time and product weight.

The purpose of this section of this thesis is to provide an overview of present
MMAM technology. In this section, MMAM processes will be classified and
described under eight headings namely; photopolymer vat, material jetting, binder
jetting processes, material extrusion processes, powder bed fusion processes,
directed energy deposition, sheet lamination, and hybrid and direct writing. The

technical challenges of MMAM will also be discussed.

2.1.1 Classification and description

Multiple Material Additive Manufacturing (MMAM) is a new technology that can
fabricate three-dimensional multiple material (heterogeneous) objects. This
technology can create multiple material objects and can vary material
compositions within the layer. This is hardly attainable by conventional
manufacturing processes [15, 16]. Presently there are many different MMAM
technologies under development. Multiple material objects can be classified into
two main groups; there are discrete multiple material (DMM) objects and
functionally graded material (FGM) objects [7, 17]. Discrete multiple material
(DMM) objects are a collection of distinct materials. In a DMM object each part can
be clearly differentiated as in tissues from blood vessels of a human organ [18].
Functionally graded material (FGM) objects are composite materials characterized
by a continuous change in the microstructural details from one material to another
material. FGM can be used to improve structural properties, as thermal or flow
gradient structures, or to provide wear and corrosion resistance in high

temperature applications [19].
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the ASTM

classified AM Technologies. They have classified these technologies into seven

Nowadays, International F42 Committees have standardized and
main categories namely: photopolymer vat, material extrusion, powder bed fusion,
directed energy deposition, sheet lamination, material jetting, and binder jetting

[20]. Table 2-1 presents an overview of the different AM and MMAM processes

based on the ASTM F2792-12a standard.

Table 2-1 AM and MMAM classification [5].

Process

Description

Typical AM techniques

Current MMAM
techniques

Materials

Photopolymer vat

Material extrusion

Powder bed fusion

Directed energy
deposition

Sheet lamination

Material jetting

Binder jetting

Liquid photopolymer
is selectively cured
using a light source

Material selectively is
dispensed through a
nozzle or extruder

Thermal energy
selectively fuses
regions of powder bed
material

Focused thermal
energy melts materials
as deposited

Material sheets are
bonded together and
selectively cut in each
layer to create the
desired 3D object

Droplets of build
material are
selectively deposited
layer by layer

Liquid bonding ink is
selectively spread to
join solid powder
material

SL, 2PP

Extrusion freeforming
techniques (see
section 2.4)

SLS, SLM, EBM, SMS

LENS, DMD,

LOM, UC

DoD Inkjet printing,
PJT

3DP

SL

Extrusion freeforming
techniques (see
section 2.4)

SLS

LENS, DMD

LOM, UC

DoD Inkjet printing,
PIT

3DP

Photo-curable
polymers

Polymers, ceramics,
metals

Polymers, Metals,
Ceramics

Metals, ceramics

Metals, Ceramics,
Polymers

Polymers, metals,
ceramics

Polymers, Metals,
Ceramics

2.1.1.1

PHOTOPOLYMER VAT PROCESSES

Photopolymer vat processes involve selective curing of photopolymers using a
light source [20]. In stereolithography (SL), a laser beam or other ultra violet (UV)
light source is used to project onto a cross-section of a single slice of the object
made from a photosensitive liquid polymer causing the solidification of a layer of
the photopolymer [21]. The platform within the vat containing the photopolymer
moves the solid part down and the laser cures the next layer of the photopolymer.

This process is continued until all the layers of the complete object are created.
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Two main SL techniques have been developed depending on the beam delivery

system: scanning SL and projection SL.

Maruo et al. [22] used a scanning SL micofabrication process for fabricating
optical waveguides from two kinds of photocurable polymers having different
refractive indexes. Liu and Bhatia [23] demonstrated the fabrication of 3D hydrogel
structures containing living cells with micro scale resolution via multiple steps
using a micro patterned photo polymerisation processes. The researchers in W. M.
Keck centre for 3D Innovation at the University of Texas at El Paso have developed
different MMAM systems based on SL and FDM techniques [24]. They have

presented a multiple vat carousel design and alternative machine designs to create

3D multiple material objects using a scanning SL system. In their design, the
platform is moved below the surface of a liquid polymer in one of the build vats
and then the platform was raised out of the current vat and the vat underneath the
platform is rotated to provide access to a different material [25]. To reduce
contamination, the process offers a cleaning step where the platform s
submerged and cleaned in a cleaning vat before being submerged in a different
material vat [26]. Kim et al. [27] developed a process-planning algorithm to
improve the processing time by reducing the number of material changeovers,
they also used low viscosity polymers without a sweeping process. In medical
applications, Arcaute et al.[28] studied the capabilities of scanning SL for
fabricating multiple material spatially controlled poly(ethylene glycol) bioactive

scaffolds.

The advantages of the multiple materials scanning SL technique are high quality of
surface finish and dimensional accuracy. Also, it provides different colours of
polymers to embed in medical models and to tailor bioactive and mechanical
properties in tissue engineering applications. The system can fabricate multiple
material objects with horizontally and vertically oriented interfaces. However,
contamination is difficult to eliminate with this technique. A multiple vat system
requires a large area to operate the process and consumes time in pumping
processes. Additionally draining and cleaning the previous material before
changing to another resin vat takes a long time and leads to considerable material
waste [27]. In addition, there are some problems that affect the shape of the
desired object such as shadowing obstruction of the previously built part, trapped
volumes when creating one material inside another, surface tension between two

materials, and surface tension with the previous layer [26].

10
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In projection SL, build time is significantly less when compared with scanning SL as
a whole layer of the photopolymer is cured once via exposure through a mask.
Bertsch et al. [29] proposed that a liquid crystal display (LCD) could be applied as
the dynamic mask to generate the pattern expected in each layer in the projection
SL process. Later , they proposed that the Digital Micromirror Device (DMD) which
is embedded in digital light processing (DLP) projectors could be applied more
efficiently as the dynamic mask in the SL process [30]. Stampfl et al. [31] used
DMD-based SL, in which visible light is projected from below the resin vat to
produce high quality 3D micro-parts. Furthermore, UV light was used by
Hadipoespito et al. [32] and Cheng et al. [33] instead of visible light, to cure the

resin.

Several advantages would potentially be derived by setting up a multiple material
DMD-based SL system. Researchers at the W. M. Keck centre for 3D Innovation
developed a DMD-based multiple material SL using a syringe pump system to add
a material to a small, and removable vat designed specifically for the multiple
material SL system [34]. Multiple material fabrication was accomplished using a
material changeover process that included manually removing the vat, draining the
current material, rinsing the vat, returning the vat to the system, and finally
dispensing a prescribed volume in the vat using the syringe pump. Han et al. [35]
also presented an automatic material switching approach by dispensing the
solution using a pipette into a custom-made small vat, and subsequently washing
out the current solution before changing to the next solution. Based on this
technique, they fabricated 3D hybrid scaffolds for heterogeneous tissue
engineering. Both the DMD-based systems mentioned were based on top-down
projection. Due to the need to drain and clean the first resin from the deep vat
before changing to another resin, it took a long time and led to significant material
waste. To overcome this problem, researchers at the University of Southern
California developed a DMD-based SL system called Multi-material Mask-Image-
Projection-based Stereolithography (MIP-SL) which uses bottom-up projection to
fabricate 3D multi-material objects faster [14]. Using bottom-up projection the
portion of built up material to be cleaned when switching to new material vats was

reduced.

To create FGM scaffolds, Researchers from the Centre for Rapid and Sustainable
Product Development of the Polytechnic Institute of Leiria (Portugal) have

developed a stereolithographic fabrication process called Stereo-Thermal-

11
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Lithography (STLG) [36-38]. This process uses ultraviolet radiation and infrared
radiation to initiate the polymerisation reaction in a medium containing both
photo- and thermal-initiators. The system also contains a rotating multiple vat that

enables the fabrication of multiple material structures.

2.1.1.2 MATERIAL JETTING PROCESSES

Material jetting is the method of inkjet printing or other similar techniques to
deposit droplets of build material that are selectively dispensed through a nozzle
or orifice to build up a 3D structure [20]. In material jetting processes, liquid
material, in the form of a droplet, is jetted and often turns into solid after
deposition via cooling, chemical changes or solvent evaporation [39]. Two
different modes are mainly used for material droplet creation, namely Drop on
Demand (DoD) and continuous inkjet (ClJ). Generally, ClJ systems use fluids with
lower viscosity at higher drop velocities than DoD and are mostly used where
printing speed is important. In comparison, DoD is used where smaller drop size,

and higher accuracy is required and it has fewer limitations on ink properties [40].

For multi-material printing, print heads usually include several separate nozzles
which are fed with different materials and are separately controllable. Material
jetting processes are capable of printing multiple material and gradient-material
structures. Applications of multiple material parts range from parts with controlled
hardness and flexibility to parts with differing electrical properties in various
regions to tissue-engineered structures with different biological properties in

different regions of the part [20].

There are many reports on the printing of multi-material and functionally gradient
materials (FGMs). Mott et al. [41] and Wang et al. [42] used a drop-on-demand jet
printer and an ink mixing protocol to fabricate a one-dimensional zirconia-alumina
FGM. Ibrahim et al. [43] adapted a commercial inkjet printer to fabricate 3D
multiple material patterns layer-by-layer. The design, fabrication and performance
of a multiple material DoD inkjet system based on a pneumatic diaphragm

actuator was described by Xie et al. [44].

Researchers at the National University of Singapore (NUS) conducted a
comprehensive study on applying inkjet printing for multiple material printing with

a multiple actuating system [45-47]. They used two micro dispensing units

12
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including a solenoid actuating micro-valve and a piezoelectric print head for

printing multiple materials.

Material cooling and curing of a photopolymer ink using UV light are the two most
common phase transition methods in multiple material inkjet printing. Molten
materials can be jetted through a multiple nozzle piezoelectric head and are
cooled upon deposition to make high resolution multiple material parts. UV
curable photopolymers can also be jetted through a multiple nozzle head and each
photopolymer layer is cured by UV light immediately as it is printed, producing

fully cured multiple material parts. Two MMAM systems, namely: Connex™ printers

by Objet Geometries Ltd. (www.objet.com) and ProJet printers (formerly InVision™)

by 3D Systems Inc. (www.3dsystems.com) based on this principle have been
commercialized. In ProJet printers, a print head jets two separate materials, an
acrylic UV-curable photopolymer-based model material and a wax-like material to
produce support structures for the model. With Objet’s technology, it is possible
to print many different photopolymer materials (over 60 materials) into a single
part which have properties ranging from rigid to rubber-like, transparent to
opaque and standard to ABS-grade engineering plastics, with a large number of in-
between Shore grades and shades. The system is able to create advanced
composite materials featuring unique mechanical and thermal properties.
However, Objet can only print photopolymer materials, which have limited
mechanical properties and other functionalities, compared to metal and/or

ceramic materials.

2.1.1.3 BINDER JETTING PROCESSES

Binder-jetting techniques also use nozzles to print material, but instead of printing
with the build material, the printed material is “glue”, which holds powder together
in the desired shape [20]. The 3D printing (3DP) process is the main binder-jetting
technique based on inkjet technology and was developed at the Massachusetts
Institute of Technology. In this process, droplets of a binder material are deposited
over the surface of a powder bed, sticking the powder particles together where the
part is to be shaped. This process is followed by lowering the powder bed via a
piston and a fresh layer of powder is spread over the previous layer and again
binder is deposited over the surface of the new layer. This procedure is repeated

to build the whole part.
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3DP has demonstrated the capability of fabricating parts of a variety of materials,
including ceramics, metals, shape-memory alloys (SMA) and polymers with an array
of unique geometries [48-51]. For MMAM, researchers at the Fraunhofer Institute
for Manufacturing and Advanced Materials (IFAM) in Bremen, Germany, developed
a two-binder system for 3D Printing technology, where one binder is traditional
and one is carbon laden [52]. Their goal was to produce gradient strength steel
parts by depositing the carbon according to a desired distribution of hardness.
Sherwood et al. [53] developed a heterogeneous osteochondral scaffold using the
TheriFormTM 3D printing process. Their scaffold parts can vary the material

composition, porosity, macroarchitecture, and mechanical properties.

For MMAM, either the print heads need to deliver different binder materials or
different powders need to be applied. However, due to the very limited types of
binder delivered from the nozzles, the capacity of MMAM using this method is
poor, unless the powder bed materials can be changed by another dry powder

dispensing technology.

2.1.1.4 MATERIAL EXTRUSION PROCESSES

Material extrusion processes deposit material in the form of a continuous flow,
layer by layer to make objects. They are very diverse in concept but can be
classified into two main sub-groups: processes based on material melting and
processes without material melting. Fused deposition modelling (FDM), multiphase
jet solidification (MJS) [54], precise extrusion manufacturing (PEM) [55], precision
extrusion deposition (PED) [56] and 3D fiber deposition [57] are AM techniques
based on the melting process. Robocasting [58], 3D-Bioplotting [59], Pressure-
assisted microsyringe (PAM) [60], low-temperature deposition manufacturing (LDM)
[61], and solvent-based extrusion freeforming [62] are the most commonly used

AM techniques without material melting.

Two or more extrusion nozzles are often incorporated in extrusion-based AM
systems to fabricate multiple material structures. For example, two discrete
materials are usually used in the FDM process so that one material may serve as
support structure and can be easily removed once the build has been completed.
Apart from hardware, an efficient pre-processing tool needs to be applied, Qiu et
al. [63] developed a CAD system which generates high quality tool paths for multi-

material part fabrication using extrusion-based systems.
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Fused Deposition of Multi-Materials (FDMM) is a FDM method developed at Rutgers
University to produce a variety of ceramic components composed of up to four
materials [64, 65]. Safari’s group at Rutgers University [66, 67] produced 3D
photonic band gap (PBG) structures from alumina and wax using FDMM. The co-
firing of multiple materials ceramics parts is made difficult by different ceramics

having different sintering temperatures and shrinkage.

Solvent-based extrusion freeforming is another technique developed to produce
bioceramic scaffolds [62]. Composite ceramic pastes such as alumina/silica, and
alumina/graphite have been used successfully for the fabrication of 3D lattice

structures with fine filaments [68, 69].

Xiong et al. [70] proposed the LDM process, which consists of the non-heating
liquefying processing of materials. By integrating multiple nozzles with different
designs into the LDM technique gave multi-nozzle low-temperature deposition and
manufacturing (M-LDM) and multi-nozzle deposition manufacturing (MDM) [71,
72]. This M-LDM system has been used to build multi-material scaffolds [71].

Researchers at Cornell University, USA have enhanced multi-material freefrom
fabrication of active systems by combining a FDM using molten-extrusion and a
Robocating process using a robotically controlled syringe in the same machine
[73, 74]. Moreover, they have developed a system that can print embedded circuits
by combining a FDM to fabricate a structural part and a direct writing (DW) to print

conductive circuits on the part [75].

Ang et al. [76] set up a special robotic bioplotting device called rapid prototyping
robot dispensing (RPBOD) for the design and fabrication of chitosan-HA scaffolds.
The RPBOD system was further improved to include a new manufacturing method,
a dual dispensing system. Besides the pneumatic dispenser, a mechanical
dispenser which was driven by a stepper motor was set up to deposit the curing
medium [77].

The Polytechnic Institute of Leiria developed a variation of FDM called the
BioExtruder with the aim of multiple material TE scaffold fabrication [78, 79]. It
comprises two different deposition systems: one rotational system for multi-
material deposition actuated by a pneumatic mechanism and another one for

single material deposition that uses a screw to assist the deposition process.
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Highly uniform PCL scaffolds have been made using the BioExtruder but no

multiple materials scaffold has been reported.

Schuurman et al. [80] used a hybrid bioplotting approach for the fabrication of
solid biodegradable materials (polymers, ceramics) with cell-laden hydrogels that
could combine favourable mechanical properties with cells positioned at defined
locations of high densities. This approach allows the use of multiple hydrogels,
and can thus build constructs containing multiple cell types or bioactive factors.
Furthermore, since the hydrogel is supported by the thermoplastic material, a
broader range of hydrogel types, concentrations and cross-link densities can be
used compared to the deposition of hydrogels alone, thereby improving the

conditions for encapsulated cells to proliferate and deposit new matrix [38].

A common problem of material extrusion processes is buckling of the filament
because of the high viscosity and low stiffness of the filaments. Therefore, the
filaments or material pastes must be stiff enough to withstand the basic pressure
required for extrusion through the nozzle [81] . Moreover, this technique has

limitations on the minimum size of nozzle and the speed is slow.

2.1.1.5 POWDER BED FUSION PROCESSES

Powder-bed-fusion machines work in a manner similar to binder jetting; however,
instead of printing glue onto a layer of powder, thermal energy is used to melt the
powder into the desired pattern [20]. Most systems use laser power to melt
polymer, metal or ceramic materials. For partial melting, the system is called
Selective Laser Sintering (SLS). For full melting, the system is termed Selective
Laser Melting (SLM). Another system that uses an electron beam to melt metal
powder is known as Electron Beam Melting (EBM). Also, Selective Mask Sintering
(SMS) is a slightly different system that uses IR-light through a digitally printed
optical mask to melt a thin layer of plastic powder. The process is governed by
powder characteristics (e.g. particle shape, particle size, particle distribution) and
processing parameters such as energy source, energy power, spot size, scan
speed, spacing distance and layer thickness [82-85]. Tolochko et al. [86] studied
the effect of laser wavelength on its absorption by powder materials. It was shown
that for metal powders laser absorption decreases with increasing wavelength,
while for ceramic and polymer powders it increases with increasing wavelength.

The laser wavelength should be adapted to the powder material because laser
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absorption greatly changes with the type of material. CO, lasers are well-matched
for polymer powders and oxide ceramic powders, whereas, Nd:YAG lasers are

suited for metallic powders [87, 88].

Multiple material powder bed fusion has been investigated in the University of
Texas at Austin, USA [7]. They have focused on discrete multiple materials
processing that is performed by two different deposition methods; (1) depositing a
complete layer followed by iterative selective removal and blind deposition of a
secondary material by a counter-rotating roller as in a traditional SLS, and (2)
deposition of a primary layer by a roller and depositing a secondary material in the
desired location by a nozzle. In this process, a cross-section layer is built by the
movement of a laser beam which melts the powder in the working area and the
excess materials are selectively removed by electrostatic attraction [8]. This

process can produce objects with nearly full density in a single processing step.

Another system has been developed by researchers from the Laser Insitut
Mittelsachsen e. V., Germany [89]. The sintering platform has two cylindrical bores
for the copper and silver powder supply and one for the building part piston. Two
special rakes serve as a blade and a powder reservoir sweeps the powder material
in a circular motion onto the platform. This technique is limited to vertical
gradients of material. In addition, accurate material feeding systems to recoat
multiple materials are difficult to design [90]. After fabrication, it is difficult to

recycle the loose powders due to uncontrolled powder dispensing in layers.

Powder bed fusion processes are fit for functional MMAM parts that require a
wider range of materials and material properties available from traditional
manufacturing methods. It can be used in automotive, medical [91, 92] and
aerospace [93] applications that require multifunctional capabilities which other
manufacturing methods cannot produce. The process can be speeded up via
applying optical mask printing techniques as is used in the Selective Mask
Sintering (SMS) process. The reuse of materials also presents an important
problem because the current recoating system has a contamination problem when
changing between materials. To solve this problem, the material recoating system

still requires improvement.
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2.1.1.6 DIRECTED ENERGY DEPOSITION PROCESSES

Directed energy deposition uses a laser beam to melt and fuse particles of the
powder material delivered from the material deposition head. The X-Y table is
moved to shape the cross-section of each desired layer. This process is repeated
until all the desired cross-sectional layers of the part are created. There are various
types of this technology such as Laser Engineering Net Shape (LENS), Laser
Cladding (LC), Direct Metal Deposition (DMD).

Multiple material directed energy deposition employs a nozzle to feed multiple
powders and these are melted on a substrate by a laser beam to form fully dense
objects. The key feature of this process is the powder feeding mechanism that can
change or mix materials when fabricating multi-material structures. A wide range
of different metals and alloys such as tool steel, stainless, nickel base superalloys,
Co-Cr-Mo alloy and titanium have been deposited using this method [94, 95]. For
FGMs, the powder feeders are used to deposit different powders separately and
their feed rates are controlled individually to regulate the material composition
[96, 97]. Independently controllable multiple powder feeders in the LENS process
enable variations of composition and porosity simultaneously in one operation and
enable the manufacture of novel implant structures. Functionally graded structures
with a hard and wear resistant Co-Cr-Mo alloy coating on a porous Ti Al V alloy
with a metallurgically sound interface have been produced using LENS by
Bandyopadhyay et al. [98]. For electronic components and conductive lines, Zeng
et al. presented a laser micro-cladding method to fabricate electronic pastes on
insulated boards that will be useful in the electronic manufacturing industry and
other fields such as MEMS [99].

The key benefit of directed energy deposition is that the system can perform
material composition changes during deposition and achieve full density. The
system is also suitable for repair applications. With this technology, it is possible
to create three-dimensional structures that encapsulate actuators and arrays of
sensors without fasteners or connectors [100, 101]. The primary limitation of this
process is poor resolution and surface roughness. Part geometries of these
processes are limited because they cannot build free-hanging features or internal
overhang features which require rigid support, since there are no support
materials in these processes. Additionally, build times of these processes can be

very long [12, 102]. To develop robust multiple material laser processing, the

18



Chapter 2

effects of various material and processing parameters on the final quality need to
be understood. The key material and processing parameters include types of
materials, the shape of the desired object, laser input power density, laser

scanning pattern, scanning rate, and scanning spacing [103].

2.1.1.7  SHEET LAMINATION PROCESSES

Sheet lamination techniques work by cutting and bonding sheets of material to
form an object. The original system used glue or binder to bond paper or plastic
sheets and is called Laminated Object Manufacturing, whereas ultrasonic welding

of metal sheets is named Ultrasonic Consolidation (UC).

2.1.1.7.1 LAMINATED OBJECT MANUFACTURE (LOM)

This technique involves the lamination of sheet material with each sheet
representing a cross-sectional layer of the part. The sheets can be cut by either a
knife or a laser and then the layers bonded by gluing or adhesive bonding. For a
multiple material LOM processes, the material supply either comes from two
different materials or comes from blended multiple materials. LOM of silicon
carbide (SiC) and SiC/SiC composites has been demonstrated to produce high
performance ceramic parts by [104]. Also, they have developed the Curved-LOM
technology which deposits ceramic fiber-reinforced composite green tapes to
create a smooth surface with more uniform mechanical properties [105]. Also,
many researchers have presented preform tapes made from ZrO, [106], Si3N4
[107], ALO, [108], TiC/Ni [109] and Si-SiC [110] to fabricate functional and
structural parts. Gomes et al. have developed water based green tapes of Li,O-
Zr0,-Si0,-Al,0, (LZSA) with high tensile strength, which are able to produce

complex geometry, defect-free, laminate glass-ceramic materials [111].

The process requires well-prepared material tapes to reduce variations in layer
thickness and material content. The laser power has to be carefully controlled to
avoid damage to a tape layer below from excessive energy. Additionally, post
processing for the reaction bonding process in a pyrolysis cycle is necessary. The
separation of the material layers is a major issue of the process. This technique
can process ceramic materials that have mechanical, thermal and chemical stability
that are suitable for high-performance shielding. The challenge lies in the bonding

process to prevent delamination. Controlling sintering parameters is critical and
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requires more understanding. Although varying materials between layers can be
achieved, the production of high resolution multiple materials in individual layers

is very difficult.

2.1.1.7.2 ULTRASONIC CONSOLIDATION (UC)

Ultrasonic Consolidation (UC) is a hybrid fabrication method combining an additive
process and a subtractive process. It uses low amplitude ultrasonic frequency
energy to bond thin sheet materials to form the objects by means of a rotating
sonotrode. Subsequent layers are deposited over the previous layer. The part is
finished by a subtractive process such as milling to produce the desired geometry.
This process combines additive ultrasonic welding and subtractive contour milling

to produce three dimensional objects [112].

The design of multiple material UC is currently under investigation at the
Department of Mechanical and Aerospace Engineering in Utah State University,
USA. This machine consists of a welding horn (sonotrode) and an automatic foil
(sheet) material feeding system [113]. To create 3D multiple material objects,
firstly materials are fed by the automatic foil material feeding system and then the
process uses ultrasonic vibration at low amplitudes to create solid-state bonding
layers of foil materials and build up a 3D cubic object which is machined to a
completely 3D object by a milling machine. This technique can process weldable
metal materials such as Al, Fe, Ni, Cu and dissimilar combinations such as
Al/brass, Al/stainless steel and Al/Ni [114]. Additionally, Siggard et al. [115] have
applied this technique to embed USB-based sensors into aluminium sheets to
demonstrate the ability to use UC in embedding mechanical and electrical systems.
Several important process parameters are controlled such as substrate
temperature, vibration amplitude, welding speed, and normal force to achieve
adequate bonding [116]. Researchers at Loughborough University reported on the
use of a UC process to make smart material structures by embedding fibres such
as conductor, dielectric, and nano-meter NiTi shape memory alloy fibres into a

metal matrix [117].

The strength of this technique lies in the ability of the process to produce metallic
parts at high fabrication speeds with accurate dimensions because solid-state
welding and no liquid to metal transition process is involved, so it is easy to

control accuracy during the building of the part. When compared to other AM
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methods, this process can be performed at lower temperature, temperatures
ranging from 22°C to 204°C are possible; the temperature is normally 150°C [118].
Moreover, it uses a machining process to shape the contour of the final object
precisely [119]. The main problem of this technique is voids that occur along the
interfaces between layers because of foil surface roughness, insufficient or
excessive welding energy, and positioning inaccuracies of foil placement [120].
This defect affects the strength of built parts [12]. Also, this technique can use
only metal materials and it is inefficient in material usage due to the subtractive
process. Furthermore, the system can fabricate multiple material objects but with

only vertically oriented interfaces [121].

The sheet lamination processes uses a relatively low processing temperature that
is suitable for electronic encapsulation and embedded electronic system
applications because it does not provide the protection of the embedded
components. The challenge is the process parameter that can achieve a defect-free
bonding layer at low temperature. Delamination between bonded layers is a critical
problem of this technique. If this problem is overcome this technique will offer

benefits for embedded applications.

2.1.1.8 HYBRID AND DIRECT WRITING PROCESSES

Some AM processes do not have high potential for multiple materials processing
but they possess good capability to be integrated with other AM or conventional
techniques to create an efficient hybrid system. For example, Direct Write (DW) can
be integrated with photopolymer vat processes [122] or material extrusion
processes [123] or sheet lamination processes [124] to make multiple material
objects. Also, integrating processes from different AM techniques, such FDM and
UC [125] or FDM and Robocasting [126-128], have shown to be useful in making
multiple material objects. Hybrid and DW technologies such as laser chemical
vapour deposition (LCVD), aerosol jet printing, Shape Deposition Manufacturing
(SDM) and dry powder printing (DPP), have been more successful in the field of
multiple materials. A wide range of materials and complexity of parts are the most
significant advantages of these processes which make them a possible technology

for further developments in the MMAM area.
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2.1.1.8.1 LASER CHEMICAL VAPOUR DEPOSITION (LCVD)

LCVD is a 3D direct writing (DW) process that employs a laser beam to convert
gaseous reactants into thin solid layers in a selective manner. In the LCVD process,
a laser beam is focused to a spot (~1 pym in diameter) via an optical microscope
lens and a gaseous reactant comprising the materials to be laid down is fed into a
build chamber. The substrate is heated selectively by scanning the laser beam over
it at usually 0.5-5 mm/s to dissociate the reactant gas selectively; consequently, a
thin layer of the material is set down onto the substrate. In this way, by repeating
the laser scan, microcomponents can be made layer by layer. There is a possibility
to fabricate multi-material and gradient 3D microstructures by feeding different
gases into the build chamber at different times or using a blend of gases with
desirable concentrations. Various microparts from a variety of ceramics and metals
can be produced by the LCVD process using different reactant gases. Furthermore,
a LCVD process can be used to build carbon fibres and multi-layered carbon
structures. Duty et al. [129] deposited various materials including carbon, silicon
carbide, boron, boron nitride, and molybdenum (Mo) on a range of substrates
namely graphite, grafoil, zirconia, alumina, tungsten, and silicon using the Georgia
Tech’s LCVD system.

There are two extensions to LCVD known as Selective Area Laser Deposition (SALD)
and Selective Area Layer Deposition Vapour Infiltration (SALDVI). They can deposit
multiple material directly to build objects at low processing temperatures without
the use of any secondary low-melting temperature phases [130]. SALD utilizes a
laser beam to create a locally heated zone on a substrate enclosed by a reactant
gas and SALDVI uses gas precursors and solids in powder form as starting raw
materials [131].

The deposition speed of this process is naturally low, usually it is in terms of pm/s
[132], so LCVD might be suitable for micro-scale component applications. To
obtain a high deposition rate, the surface reaction mechanisms must be
understood so that the process parameters can be adjusted accordingly [133].
Furthermore, when using multi-source precursors it is difficult to control the
deposition of multicomponent materials because different precursors have
different vaporisation rates, and most of precursor gases are toxic, corrosive,
flammable and/or explosive [134]. Moreover, it is expensive and problematic to

recycle or reuse the gas when the gas in the chamber needs to be different.
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2.1.1.8.2 AEROSOL JET PRINTING

Aerosol jet printing is a type of direct writing method which uses a focused aerosol
stream, instead of liquid ink droplets as used in inkjet printing, to deposit a wide
range of materials. The process was developed and commercialized by OPTOMEC®
under the trademark of M3D which represents Maskless Mesoscale Material
Deposition. First, a composite suspension is aerosolized in an atomizer to make a
dense aerosol of tiny droplets. Then, the aerosol is transported to the deposition
head via a carrier gas flow, and within the aerosol head, the aerosol is focused
using a flow guidance deposition head, which creates an annular flow of sheath
gas to collimate the aerosol. The high velocity co-axial aerosol stream is sprayed
onto a substrate layer by layer to create 3D parts [39]. The high velocity of the
aerosol stream enables a relatively large separation between the print head and
the substrate, typically 2-5 mm, resulting in the ability to print conformal patterns

on 3D substrates.

The Aerosol jet printing can deposit a wide variety of materials, including any
materials that can be suspended in liquids (such as metals, ceramics, polymers,
composites and biological materials), on virtually any 2D planar surfaces or 3D
non-planar substrates. Since aerosol jet is a low temperature process and the
droplet size is of the order of a few femto-litres, it is a good candidate for
biomanufacturing. The kinetic energy of the droplets is so small due to their tiny
mass that it will not demolish living cells. Aerosol jet inks can include polymers,
ceramics, metals and biomaterials [39]. However, the system to jet materials is
complex and it requires certain material viscosities, to be jettable. Moreover, the

focal length of the aerosol needs to be long enough to write features.

2.1.1.8.3 DRY POWDER PRINTING

The dry powder printing technique is one of several techniques that has potential
for use as the material delivery system in MMAM. The origin of powder dispensing
dates from the sand paintings or manual deposition of the Navajo Indians and has
been proposed as a material delivery technique for powder materials [135].
Joseph Pegna is a pioneer in the line printing of dry powders [136]. His
experiments studied the feasibility of multi-material deposition by generating a

single layer of Portland cement and 220-um spherical glass beads. Santosa et al.
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[137] presented experiments on the delivery of powder under 100 pm through a
hopper-nozzle to show the influence of orifice diameters and particle sizes on flow
behaviour under gravity. In 2004, Kumar et al. [138] proved the concept of
multiple dry powder deposition under gravity alone by using low gas pressure-
assisted flow and vibration-assisted flow conditions on an X-Y table. Moreover,
they predicted the flow rate under gravity of the experimental powders by
Beverloo’s correlation. In the meantime there have been many attempts to use
ultrasonic vibration to dispense dry powder for MMAM. Matsusaka et al. [139] used
a capillary tube vibrated by 20 kHz ultrasound to control the micro-feeding of fine
powders. Takehiro [140] created a powder feeding device based on an ultrasonic
progressive wave. Yang and Evan [141-144] studied the dispensing mechanism,
drop uniformity and dispensing nozzles in ultrasonic micro-dispensing. The
technique adopted for powder deposition was acoustic flow rate control of
powders in which vibration is used to switch powder flow on and off and to control
flow rate by changing amplitude [142]. The static valve is closed by the formation
of a powder dome at the end of the orifice tube following conventional
architectural principles while flow initiation results from the breakage of domes

under vibration force [144].

There are several different methods for powder delivery in additive manufacturing:
pneumatic and screw methods, volumetric methods, electrostatic methods, and
vibratory methods [145]. Among dry powder dispensing systems, the ultrasonic
technique of all the vibratory methods has demonstrated more acceptable results
as a material delivery system compared with other systems discussed [146]. Many
experimental results show that the dispensing system can use a variety of
materials such as H13 tool steel [147], copper [11], glass bead [138] and silver
[148]. Therefore, the powder dispensing nozzles can be integrated onto the
building platform of the material delivery system to feed different types of

material.

Although many studies have demonstrated the success of this method, more work
is required to investigate and improve it. The material flow rate in dry powder
dispensing is not so high which is ideal for high resolution patterning but makes
the process slow. Multiple nozzles have been proposed to increase the speed of
dispensing [149]. In addition, powder flow is difficult to calculate theoretically and

the stability of the process is poor [150]. To meet the requirements in terms of
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processing time and dispensing repeatability and powder controllability,

developments should be carried out.

2.1.1.8.4 SHAPE DEPOSITION MANUFACTURING (SDM)

Shape Deposition Manufacturing (SDM) is a hybrid layer by layer process that
sprays molten material in near net shape onto the substrate, then uses subtractive
processes to remove unwanted material [151]. This process was introduced by
researchers at Carnegie Mellon University for creating multi-material metal parts
(e.g. copper and stainless steel) [152] and was subsequently extended at Stanford
university for polymer and ceramic parts [153]. The technology can fabricate multi-
material parts by stacking different material layers but there are no multiple
materials in the same layer. In SDM, parts or assemblies are built up through a
cycle of alternating layers of structural and support material. Unlike most other
MMAM processes, SDM shapes each layer of material on a computer-controlled
milling machine after it is deposited. This approach allows for tolerances of + 0.01
mm and avoids the stair-stepping effect of additive processes. The intermittent
addition of sacrificial support material allows for the construction of nearly
arbitrary geometries and facilitates the inclusion of embedded components [154].
Some researchers use this technique to fabricate multiple material structures that
combine rigid materials, compliant materials and integrate sensors and other
discrete components [155, 156] that allow components to be embedded,
decreasing the damage to sensor components by encasing them within the part
structure and removing the need for assembly [157, 158]. However, SDM has not
been widely adopted as there are several major obstacles such as the experimental
nature of the process, and lack of knowledge about SDM in the design community
that must be overcome. The challenge of educating designers about these

techniques, however, is not being sufficiently addressed [159].

As a consequence of what has been discussed above, MMAM processes enable new
types of design and manufacturing previously impossible while offering cost
reduction on specific types of products. Conventional manufacturing technologies
still have a justification for their existence and are often a preferable approach in
many cases in terms of cost, time, functionality, and reliability. But MMAM
technologies can be an effective tool when there is complexity in terms of both

shape and material. Choosing the right MMAM process to be used needs a
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comprehensive knowledge on capabilities and limitations of each process. A

comparison of MMAM systems is presented in Table 2-2.

Table 2-2 Comparison of different MMAM systems [5].

Material
Bonding Materials solidification
Category Techniques Advantages Disadvantages Capability
Interface resolution and bonding
in layers
High dimensional accuracy, co:rzupmhior:;pgzr;r?arlss’ time
Scanning SL offermg transparent changing, material Bgtw_een and Low Good Point by point
Ph I materials, living cells can contamination and waste in within layers
otopolymer be incorporated
process
Vat
DMD-based SL Same as scanning SL Same as scanning SL Bgtwgen and Low Good Whole layer
within layers once
Low dimensional accuracy,
Material melting Fast, no toxic materials, delamination, weak Between and Medium Good Line by line
extrusion good material properties bonding between dissimilar within layers Y
polymers
Material
Easy and cheap
extrusion mechanism, no trapped . . .
Material extrusion materials, low material gcelitr';’slyalﬁévr?]gﬁ;:;2:|a| Between and Medium Good Line by line
without melting waste, fairly high stren ”Z within layers Y
fabrication speed, living 9
cells can be incorporated
Thermal stress,
degradation, accuracy
limited by the particle size
Powder bed Wide range of materials,  of materials, material
SLS great material properties, contamination when Between layers Low Fair Point by point
fusion high material strength changing to other
materials, require
atmosphere control for
metals
LENS Low dimensional accuracy,
. . . thermal stress, require
Directed energy DMD Wide range .Of materla!s, atmosphere control, Bgtw_een and High Fair Point by point
. great material properties p L within layers
deposition require machining process
LC for finishing the part
Shrinkage, great amount of
Fast process, accuracy in scrap, delamination,
LOM Z-axis is lower than SLA require changeover when Between layers Low Fair Plane
and SLS changing other materials,
require pyrolysis process
Sheet q pyrolysis p
lamination Wastage of material in the
High dimensional accuracy, machining process,
ucC fast process, low delamination, only metals, Between layers Low Good Plane
temperature effects require changeover when
changing other materials
. Limited to jettable
Fast process, wide range of materials, cloggin Between and
Inkjet Printing materials, materials mixing » €logging S High Very Good Point by point
problem, low viscosity within layers
on droplet scale . .
prevents build-up in 3D
Material jetting
Fast process, wide range of Limited to jettable
. - 2% . Between and . S
PIT materials, materials mixing photopolymers, clogging S High Excellent Multi-Point
. within layers
in droplet scale problem
High porosity, low surface
Low temperature process, . ’ . Between and . . .
3bp P P quality, accuracy limited Medium Poor Point by point

Binder jetting

Fast process

by the particle size of
materials, difficult to

within layers
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remove trapped materials,

low-deposition rate,

High-resolution process, Between and

LCVD metals and semiconductors tox_lc/exploswe gas might within layers Medium Poor Point by point
be involved
High resolution, wide range
of materials, ability of Solvent involved, shield gas
Aerosol Jet  writing in 3D space, ideal may blow off powders Between and High Good Line by line
Printing for deposition of biological when integrated with within layers 9 Y
inks, noncontact, easy powder bed systems
material handling
Hybrid & DW
Require machining process
) . during fabrication, feature Between and . . .
SDM Wide range of materials size is limited by cutting within layers Low Fair Line by line
tool
Limited to good flowability
DPP+binder  Wide range of materials, powders, overflow Between and
printing or laser possible complex materials problem, low compaction within lavers High Good Point by point
sintering and geometry control density of discharged \
powders
2.1.2 Technical challenges of multiple material additive manufacturing

Many researchers have been working on MMAM to allow multiple materials to be
used in 3D fabrication. Most systems reported in this review still require much
effort to commercialize. Among these MMAM techniques, processes such as
material jetting and extrusion freeforming techniques have shown very good
potential for multiple material manufacturing due to their capability to deposit a
wide range of materials through separate nozzles. Additionally, hybrid and DW
systems have shown promising results and it can be expected that their use will
spread more in the near future. The technological barriers that need to be

contemplated in MMAM processes are discussed as follows:

2.1.2.1 Printing materials

MMAM should offer a wide range of materials to expand its range of applications.
Some processes, such as material jetting and photopolymer vat, mostly use
polymer materials. In material jetting, the materials require good flowability over a
restricted temperature range. In the same way, the photopolymer vat process only
photocurable polymers. The limitations in material alternatives will restrict the use
of these techniques when higher mechanical properties or functionalities are
necessary. In addition, some processes, such as sheet lamination (e.g. LOM)

material extrusion and aerosol jet printing, need material preparation, which
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consumes time, and specific material formulations. These problems will generate

production costs resulting in higher cost for end-users.

2.1.2.2 Material contamination

One important problem in MMAM systems is contamination in the material delivery
system when changing to different materials. This creates an imperfect and
deficient process. Also, the reuse of materials is difficult or impossible. Powder
based fusion and photopolymer vat systems always have this kind of problem. In
contrast, nozzle based systems or print head based system, for instance material
jetting, material extrusion, directed energy deposition and DW, have less material

contamination issues.

2.1.2.3 Material usage

As we know the key advantages of AM technology are extremely complex
geometries are possible and material is only used where it is needed. However,
some processes, such as powder based fusion or photopolymer vat, require large
amounts of material in the container compared to the small size of the object
made. Medical or jewellery applications, which use high-value or precious
materials, require small amounts of material in the process in order to avoid
inventory cost and material loss/waste during the process. By using or integrating
a new material delivery system like dry powder printing, which is drop on demand,
and selective deposition method, it is believed that such processes will offer a

huge potential for these industries.

2.1.2.4 Material depositing ability

In MMAM systems, the most important step is to deliver multiple materials. Some
MMAM systems such as powder bed fusion and sheet lamination have the ability to
deposit different materials between layers. On the other hand, some systems such
as photopolymer vat, material extrusion, directed energy deposition, material
jetting, binder jetting and DW can deposit different materials between layers and
within a layer. However, material extrusion and directed energy deposition has
generally limited resolution and poor surface roughness. In addition, binder jetting
can change material compositions only by changing binder inks. LCVD is good for

different materials but the process is very slow, difficult and it is expensive to
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recycle and reuse the gas. SDM has interruptions due to process changeover
during the build process and has limited feature size due to the cutting tool. The
favoured MMAM system should be able to vary materials in any aspects to make
multi-oriented interfaces including the ability to continuously control material

composition.

Bearing in mind all above challenges, it appears that dry powder printing can
overcome most of the restrictions. Dry powder dispensing systems, especially
ultrasonic dispensing, have demonstrated the ability to precisely deposit fine
powders. It is believed that using a dry powder printing device incorporated in
current powder-based systems or binder jetting systems would provide a method
capable of solving the problems indicated as well as increasing their capability to
fabricate multiple material objects. However the current resolution of dry powder
printing still requires improvement, as it is hard to obtain controllability and

reliability when using very fine powder materials.

2.2 Review of powder flow

Powder materials are commonly used in various industries. A lot of products have
been in a powder state during part of their manufacturing process. About 40% of
the value added in chemical industries is related to particle technology and more
than 50% of all products in the market involves powder materials in their
production [160, 161]. The flow of powder materials occurs in many industrial
processes such as in the metallurgical, agricultural, food, pharmaceutical, and
chemical industries. It is essential to understood well how to handle and process
these powders. However, the flow behaviour of this material is not well understood
[162-164]. Powder flow is complex because powder materials have unique
properties and behave differently to solids, liquids or gases [165, 166]. To
understand and control the flow of powder materials, it is appropriate to review
the most relevant literature. The objective of this section is to identify and discuss
some important basic concepts of powder flow and the effects vibration has on
powder materials. In the last part of this section, the technical challenges of

powder flow will also be discussed.
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2.2.1 Powder definition

” o«

A powder is a term for solid particles. Generally, the words “bulk solids,” “granular

” o«

materials,” “particulate solids,” and “powders” are used interchangeably in much of
the literature [162]. Powder materials can be characterized by their mean size from
large to small. There are broken solids (1,000-10,000 pym), granular solids (100-
1,000 pm), fine powders (10-100 pm), superfine powders (1-10 pm) and ultrafine
powders (less than 1 pm) as indicated in Table 2-3. This table also includes some
of the powder flow characteristics corresponding to their size ranges. However,
this table is not precise and these definitions tend to vary in usage from one

industry to another.

Table 2-3 Characteristics of particles according to their size ranges [167, 168].

Size (pm) Shape Characteristics

1,000-10,000 Broken solid Free-flowing, but could cause mechanical
arching problems during discharge from

bins and silos

100-1,000 Granular solid Easy-flowing with cohesive effects if % of
fines is high
10-100 Fine powder May show cohesive effects and some

handling problems

1-10 Superfine powder Highly cohesive; very difficult to handle
<1 Ultrafine powder Extremely difficult (or impossible) to
handle

Rao and Nott [162] described a powder as dry powder material when the spaces or
voids between the grains are filled with a gas or an air. If the voids are completely
filled with a liquid such as water, the material is called a saturated powder. If there
is a liquid in some of the voids, and the rest of the voids are filled with a gas, the

material is said to be partially saturated.
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2.2.2 Factors affecting powder flow

2.2.2.1 Adhesive forces

The occurrence of molecular forces produces a tendency for solid particles to stick
to each other and to other surfaces. Adhesion can occur between component
particles of a powder and between a particle and a hopper wall [169]. Schulze
[170] described that flowability of fine powder mainly depends on the adhesive
force between particles. For a dry powder, the major adhesive forces are due to
van der Waals interactions and electrostatic forces. The van der Waals forces are
determined by particle size and the distance between the particles, and these
forces are large if the powder particles are pressed into contact. The electrostatic
forces are based on the different electrical potentials of particle surfaces. For a
moist powder, the main adhesive forces are due to liquid bridges and capillary
pressure. Liquid bridges are formed by small regions of liquid between the
particles, and the adhesive force is dependent on the amount of liquid. Capillary
pressure provides an additional adhesive force if the pressure is lower than
ambient pressure. In powder flow, electrostatic forces frequently can be neglected

because their influence is small compared to other adhesive forces.

2.2.2.2 Bulk density

Bulk density is the ratio of the mass of an amount of bulk solid to its volume. Bulk
density is less than particle density or solid density, because voids or pores exist
between the individual particles of a bulk solid. Bulk density is dependent on the
state of compression or compaction of the bulk solid. With increasing
consolidation stress, bulk density increases, since the compaction decreases the
voids between the particles [170]. Additionally, bulk, packed and poured densities
depend on the rate of powder feed into a specific container volume. Thus the rate
of powder flow, height of pour, impaction and powder yield strength including
physical properties such as particle size, particle shape, particle density and

powder cohesiveness influence powder bulk density [171, 172].
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2.2.2.3 Particle size

As adhesion occurs at surfaces, particle size will influence the flowability of a
powder. In general, fine powders with very high surface to mass ratio are more
cohesive than coarser particles which are influenced more by gravitational forces.
Particles larger than 250 pm are usually relatively free-flowing, but as the size
decreases below 100 pm powders become cohesive and flow problems tend to
occur. Mostly, powders having a particle size less than 10 pym are extremely
cohesive and difficult to flow under gravity [169]. Generally, it can be stated that
with decreasing particle size the strength of a bulk solid becomes greater and,
thus its flowability is reduced. However when a fine powder is mixed with a small
portion of a finer powder, this will reduce the strength and increases the

flowability because the finer powder acts as a flow agent [170].

Normally for fine particles, the flow rate through an orifice rises rapidly with
expanding size until a limit is reached, followed by a decrease in flow rate as the
particle size is increased further [173, 174]. The lower flow at larger particle sizes
is linked to restrictions due to the size of the orifice relative to the particles, while
the lower flow for small particles is due to increasing van der Waals, electrostatic

and surface tension forces [173, 175].

The tensile strength of a powder, which is regarded as the sum of the adhesive
forces at a large number of particle contacts, inversely related to the flow
behaviour, has been shown to be inversely proportional to the square of the
particle diameter and directly proportional to the bonding force per point of
contact [176]. Therefore, the greater the interparticle forces, the higher the tensile
strength of the powder and the poorer the flow behaviour. Even though the tensile
strength of a powder does not play an important role in powder handling and
powders are normally subjected to compressive stresses rather than tensile

stresses, it is easy to link the tensile strength and adhesive forces [170].

Powder flow can be considered to be the opposite of powder agglomeration since
flow is governed by gravitational forces whilst agglomeration is dependent upon
interparticle forces. As gravitational forces decrease with particle size more quickly
than the interparticle forces, the latter will become increasingly dominant over the
former and hence particles will tend to agglomerate instead of flow. As discussed

previously, for particles with a diameter of less than 10 pym, van der Waals forces
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will dominate over gravitational forces. Therefore, such particles are often highly

cohesive and have poor flowability [177].

2.2.2.4 Particle shape

Particle shape can also affect flow properties due to differences in the interparticle
contacts area of a powder. For example, a group of spheres has good flowability
due to minimum interparticle contact areas, whereas a group of particle flakes or
dendritic particles has poorer flowability due to a very high surface to volume
ratio. Particle shape may also affect the flow properties of a powder by changing
interparticle and/or frictional forces between the particles. In general, if the
particle shape can reduce both interparticle and frictional forces, then it has good
powder flow [177]. A reduction in interparticle forces by modifying particle shape
alone cannot guarantee improved powder flow. For example, more angular
particles have been found to have poorer flow than more rounded particles [178].
This was due to an increased friction coefficient for angular particles as compared
with more rounded particles [179], rather than to an increase in interparticle forces

for the more angular particles.

2.2.2.5 Particle size distribution

Particle size distribution is the size range of a set of powder particles
representative all sizes in the sample of interest. A monomodal distribution is a
powder mixture in which all the particles have the same size. Only theoretical
monomodal distributions have zero or near zero size variance. All manufactured
powders have some degree of size variance [180]. A polymodal distribution is a
powder mixture formed by two monomodal distribution or more. Void spaces
between coarse particles may become filled with finer particles in a powder with a
wide size range, resulting in a more closely packed cohesive powder. For powders
with narrow size distributions, flowability increases significantly with increase in

particle size, the internal friction angle reduces [181, 182].

2.2.3 Classification of powder flowability

Powder flowability is the ability of a powder to flow from a specific item at a

desired degree of flowability [171]. Powder flowability is often regarded as the
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inverse of powder cohesion [183], which essentially determines how well a powder
flows. Powder flowability is useful in predicting powder handling behaviour.
Typically, the characteristic of powder flowability is crucial in the setup and design
of powder handling [184]. If the powder flowability is poor, problems may arise in
the processes [185, 186]. Generally, powder flowability can be quantified as a
range of mobility, from free flowing to non-flowing. The classification of powder
flowability is linked to the applications in which the powders are used. For dry
powders, the classification can be considered according to their handling
conditions, in the deaerated state and in the aerated state [187]. The Jenike’s
classification is a classification of powders in the deaerated state, whereas the
Geldart’s classification is the classification of powders in the aerated state. The,
Hausner’s ratio, Carr’s compressibility and angle of repose, may also be used to
characterized the flowability of powders. These concepts are discussed in sections
2.2.3.3,2.2.3.4 and 2.2.3.5.

Normal
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Figure 2-1 Jenike’s shear cell tester [188].

2.2.3.1 Jenike’s classification

In the deaerated state, the flowability of a powder can be determined from curves
derived from a family of yield loci of the powder, which are measured with a shear
cell tester (Figure 2-1). The curve represents the relationship between the
maximum shear and normal stresses of the consolidated powder samples and is
called the yield locus. Each yield locus gives values for the unconfined yield stress

(oy) and major consolidation stress (o). The ratio of the consolidation stress to the

unconfined vyield strength is called the flow factor (ff). Figure 2-2 presents a

34



Chapter 2

classification of powders following the proposal of Jenike [189], who classified
flowability according to the position of one point of the failure function (FF) at a

fixed value of the unconfined yield stress with respect to the flow factor line.
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Figure 2-2 Classification of powder flowability according to Jenike [187].

As shown in Table 2-4, the straight line through the origin at a slope 1/ff
categorizes the flowabilities of very cohesive, cohesive, easy flowing and free

flowing at a fixed value of the unconfined yield strength.

Table 2-4 Classification of powder flowability [187].

Flowability ff

Very cohesive Less than 2
Cohesive Between 2 and 4
Easy flow Between 4 and 10
Free flow More than 10

2.2.3.2 Geldart’s classification

In the aerated state, the classification proposed by Geldart [190] is widely
accepted. Geldart’s classified the behaviour of powders in a fluidized state into
four types of powders. As shown in Figure 2-3, powders can be grouped as A, B, C
and D. A powders are known as slightly cohesive and show large bed expansion

after minimum fluidization before the initiation of bubbling. B powders are
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referred to as sand like and exhibit bubbling at the minimum fluidization velocity
with a small bed expansion. C powders are very difficult to fluidize and are known
as cohesive. These powders do not form bubbles at the minimum fluidization
velocity and have no bed expansion. D powders are called large; these powders
can form stable spouted beds, and show large bubbles at the minimum fluidizing
velocity. Figure 2-3 illustrates the plot of particle-fluid density difference, which is
the difference between particle density and fluid density (or air density), versus

particle size according to Geldart’s classification.
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Figure 2-3 Classification of powder flowability according to Geldart [187].

2.2.33 Hausner ratio

The Hausner ratio is defined as the ratio of tap density (p) to aerated density or
initial density (p). This technique is used to characterize the flow of a diversity of
industrial powders [168, 191-193]. However, it depends on a lot of parameters,
e.g. particle size, particle shape, particle distribution etc., and not always provides

reliable results [194]. The classification of flowability is shown in Table 2-5.

Hausner ratio (HR) = Le (2-1)

a

2.2.3.4 Carr’s compressibility

Although the Hausner ratio is an acceptable indicator for the prediction of the

flowability of powders the ratio may not represent the actual compaction
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behaviour [195] a powder may undergo when subjected to industrial powder
processing. Powder compressibility can be expressed in alternative ways as
defined by Carr [196]:

Carr's compressibility = 100 X Pe=Pa (2-2)
p
t

Compressibility in excess of 20% tends to create arches in hoppers while powders
with compressibility greater than 40% are difficult to discharge, as shown in Table
2-5.

2.2.3.5 Angle of repose

The angle of the free surface of a pile of powder to the horizontal plane is called
the angle of repose as shown in Figure 2-4. The angle of repose has been used as
an indirect method of classifying powder flowability because of its relationship
with interparticle cohesion [197]. For free-flowing powders, the angle of repose
can be used for calculations related to aspects of storage and transport [187]. A
standard method for measuring the angle has been reported by the British
Standards Institution [198]. Carr [199] and other researchers [200] reported the
relationship between powder flowability and the angle of repose as a rough guide
to behaviour, as summarized in Table 2.3. The measurement of the angle of
repose is quicker and simpler than all the methods mentioned previously, so it is
suitable for monitoring the flow behaviour of powder on a practical basis [183].
Nevertheless, the angle of repose can be considered meaningless in many practical
applications as an indicators of flowability [201]. Moreover, the angle of repose
faces a problem as it is not a constant for a given material and depends on the
method of pile formation, however the measurement is consistent when using free

to fair flowing and fairly homogenous powders [200].

Free surface .

Horizontal plane

Figure 2-4 Poured angle of repose, 6.
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Table 2-5 Flowability indicators [195].

Description Angle of repose Carr’s compressibility Hausner ratio
Very free flow 25-30° <10% 1.00-1.11
Free flow 31-35° 11-15% 1.12-1.18
Fair 36-40° 16-20% 1.19-1.25
Passable 41-45° 21-25% 1.26-1.34
Cohesive 46-55° 26-31% 1.35-1.45
Very cohesive 56-65° 32-37% 1.46-1.59
Non-flow >66° >38% >1.60

2.2.4 Powder flow through a silo

Silos are vessels used for storing granular materials. Depending on their shapes,
silos are also called bins, hoppers, or bunkers (Figure 2-5) [162]. Roberts [202]
indicated that the best performance of powder flow in silo design generally comes
from symmetric bin shapes. Asymmetric shapes make the prediction of wall loads
much more difficult and frequently provide segregation problems with free-flowing
materials of various particle sizes. It has been found experimentally that the mass
flow rate of coarse materials from silos is approximately independent of the head
or height of the material above the exit slot, provided that the head is larger than

a few multiples of the size of the exit slot.

!
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(A) Bin (B) Hopper (C) Bunker

Figure 2-5 Shapes of silos: (a) bin, (b) hopper, and (c) bunker. In (c), T denotes the
transition point [162].

The first systematic study of flow in a silo was performed by a Swiss apiculturist
Huber-Burnand [203]. Two types of flow patterns were observed around the

hopper outlet [162]. When the walls of the silo are steep at a height above the
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outlet, the velocity varies smoothly across the hopper (Figure 2-6A). This pattern is

called mass flow. In contrast, when the wall angle (8 ) is large, there is a core of

rapidly moving material bounded by shoulders of material moving very slowly.

This flow pattern is called funnel flow or core flow as shown in Figure 2-6B.

(A) Mass flow, wall angle ©,,=20°

(B) Funnel flow, wall angle 6,,=40°

Figure 2-6 Flow patterns in (@) mass flow, and (b) funnel flow [204].

Many of the problems related to hopper design can be avoided by designing the

hopper to run with a mass flow pattern. However, in cases in which mass flow is

not really necessary then funnel flow design may be used. Table 2-6 compares

mass flow and funnel flow in hoppers.

Table 2-6 The comparison of mass flow and funnel flow [205, 206].

Flow Profile

Mass flow

Funnel flow

Characteristics

The entire material is in motion
and moves down with a velocity
of the same order

The flow pattern is a first-in and
first-out type

This is usually achieved in silos
equipped with steep smooth
hoppers and large outlet
diameters.

e The flow pattern is of a first-

in last-out type

Stagnant zones reduce the
silo capacity.

Advantages

Most productive flow.

Problems like channelling,
hang-ups, flooding of powders

Suitable for hard abrasive
free-flowing materials due to
little wall wear.
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Flow Profile

Mass flow

Funnel flow

do not occur.

Stagnant regions are
eliminated.

Caking, degrading and
segregation are minimised.

Disadvantages

A steep hopper angle is
required which makes the silo
relatively tall

The flowing material
contributes to high dynamic
wall stress (in particular at a
bin/hopper transition) which
requires thick silo walls.

Friction between the moving
solids and the silo and hopper
walls result in erosion of the
wall, which gives rise to
contamination of the solids by

the material of the hopper wall.

The bulk solid has a
tendency to degrade or cake
due to stagnant regions.

Piping can occur when non-
flowing materials are
consolidated and the
material still remains stable
at the wall after the flow
channel was emptied.

Wall stresses are slightly
higher than these during
filling.

Staniforth [169] noted that powders with very low wall friction angles will empty
freely, even from hoppers with very shallow slopes, whereas powders with very
high wall friction angles will empty poorly even from steep walled hoppers. In
Figure 2-7, two flow patterns are determined by the relationship between wall
friction and hopper angle. The wall friction angle is an important factor for the
mass flow of a bulk solid and also structural silo design [207]. Wall friction angle
often decreases with decreasing wall surface roughness but the influence of
surface roughness is less pronounced with very fine grained, cohesive powders (<
50 pm), than with coarse bulk solids [170]. Also, the finer the bulk solid normally

the larger the wall friction angle [170].
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Figure 2-7 Influence of hopper wall angle and powder-wall friction [169].

2.24.1 Arching

In mass flow, only the potential problem of arching remains where a stable arch
forms above the silo outlet so that discharge stops. The formation of arches
occurs over an outlet if the outlet is smaller than a critical value [208-210]. This
behavior, which leads to the powder flow ceasing, is one of the most important
behavioural characteristics of powders [211]. With noncohesive coarse particles,
the cause for mechanical arch formation is the interlocking of solid particles if the
particles are large with respect to the opening. For cohesive fine particle, the
reason for arching is the cohesive strength caused by consolidation and
interparticle forces. The arch is a capable of supporting the weight of powder
above [170]. Mechanical and cohesive arches are presented in Figure 2-8. To avoid
the formation of a mechanical arch the outlet (dimension B) should be more than
four times the maximum particle or gathering size [202]. For a cohesive arch, the
outlet should also be big enough to prevent the formation of an arch. The studies
of Reisner [212] and Schwedes [213] point out that the minimum hopper orifice
size (D) to prevent arching should be around 3 to 10 times of the maximum

particle dimension (Dp), i.e. DO/Dp = 3-10.
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(A) Mechanical arch (B) Cohesive

Figure 2-8 Mechanical and cohesive arches [202].

In mass flow design, the aim is to find the hopper half-angle (a) and the minimum
outlet (B) to prevent a cohesive arch. Typically, the actual outlet should be larger
than the minimum value required for the desired flow rate to ensure that a
mechanical arch cannot form. In general, powder is uncompacted when it was
firstly deposited in a container. As it flows the powders become compacted under
the action of compacting stresses, which lead to powders developing strength. An
arch will break and let powder flow by gravity when the strength developed by the
powder is less than the stresses acting on the surface of the arch. Figure 2-9
shows the correlation between the strength of powder and compacting stress; the

greater the compacting stress the greater the strength [206].

* Strong powder

Strength of (cohesive)
powder

Weak powder

»
>

Compacting stress

Figure 2-9 Variation of strength of powder and compacting stress for cohesive and

free-flowing powders [206].
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The flow factor (ff) relates the stress developed in a powder (o) to the compacting

stress acting in the container (o ). The flow factor is given by:

o] compacting stress in the hopper
ff=%= (2-3)

op stress developed in the powder

A high value of ff means low flowability since a high o_ means greater compaction,
and a low value of o, means more chance of an arch forming. Suppose that the
yield stress (i.e. the stress which causes flow) of the powder in the exposed
surface of the arch is o The stress o, is called the unconfined yield stress of the
powder. Then if the stresses developed in the powder forming the arch are greater

than the unconfined yield stress of the powder in the arch, flow will occur. That is,

for flow:

op > 0, (2-4)
This criterion can be rewritten as:

g

ﬁ > g, (2-5)

This may be plotted on the same axes as the powder flow function (unconfined
yield stress, o and compacting stress, o ) in order to reveal the conditions under
which flow will occur for this powder in the hopper. The limiting condition gives a
straight line of slope 1/ff . Figure 2-10 shows such a plot. In powder flow function
“a” (line a), the powder has a yield stress greater than oc/ff and no flow occurs.
Where the powder has a yield stress less than o  /ff flow occurs as shown in
powder flow “c” (line c). Powder flow function “b” (line b) is a critical condition,
where the unconfined vyield stress, o, is equal to the stress developing at the
powder, o_ /ff . This gives rise to a critical value of stress, o_, , which is the critical
stress developed on the surface of the arch. If the actual stress developed is less
than o_ , the powder will not flow. If the actual stress developed is more than o_,

the powder will flow.
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Figure 2-10 Determination of critical conditions for flow [206].

The critical outlet B,) is obtained when the stress in the arch (o)) equals the
unconfined vyield stress (0,). This condition occurs at the intersection point of the
flow function. The critical outlet B,_) for flow developed by Jenike [189, 214] is

defined as:

Berie = 208 2-6)

Where p, is the bulk density and g is acceleration due to gravity. H(e) is a factor
determined by the slope of the hopper wall (hopper half-angle). The function H(e)
for a conical hopper is not clearly known but may be approximated by the
following expression [215]:

Hp)=2+2% (2-7)

The flow factor (ff) depends on the nature of the powder characterized by the
effective angle of internal friction (), the nature of the hopper wall characterized
by the angle of wall friction (¢) and the slope of the hopper wall (¢) characterized

by the angle between the sloping hopper wall and the vertical. Therefore, the flow
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factor is a function of both powder properties and of the hopper properties.
Knowing the flow factor and the powder flow function, the critical stress in the

arch and the minimum size of outlet can be determined.

Lozano et al. [216] showed experimental evidence of a two-dimensional
symmetrical silo arch structure breaking at the weakest linkage, which is the
particle clinging to its neighbours in the arch with the highest angle (¢_ ) as
shown in Figure 2-11. The higher the maximum angle the easier it is to break the
arch. It always breaks away when the angle (¢, ) is more than 180°. Janda et al.
[217] found that at intermediate orifice sizes in silo discharge, arches do not arrest
the flow and the flow rate has large fluctuations. However, we knows very little
about how the transition from flowing to arching/jamming occurs [209] and it

requires more investigation to be well understood.

Figure 2-11 Indicating the angle ¢ for one bead [216].

2.2.4.2 Discharge rate

When an outlet is opened, the unrestricted rate of discharge of a powder under
gravity is dependent on many parameters such as the powder’s properties, the
size and shape of the outlet and the hopper inclination [218]. Many equations can
be found in the literature developed by empirical or dimensional analysis [219,
220]. Many equations are derived from an analogy to the outflow of liquids under
gravity. For a large opened top system, which has an outflow of a distance (h)
below the water surface, the velocity (w) of liquid flowing without friction, follows

the Torricelli equation [170] :

w=,/2gh (2-8)
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In powder materials, the stress is not proportional to height (h) but to the outlet

diameter (D). So, the velocity (w) can be written as:

w o gD (2-9)

To gain the mass flow rate, the outflow velocity has to be multiplied by the cross
section (A) and the bulk density (p,):

m=Ap, w <A-py-[gD « py-[g-D?5 (2-10)

In Equation 2-10, D has to be reduced because the cross section of the outflow is
smaller than the real size of the outlet as Hagen [221, 222] proposed. Therefore, a

term, kd, being proportional to the particle diameter, d, is subtracted from D.

m o« pp - fg- (D —kd)?S (2-11)

The equation presents the basic equation for the estimation of the mass flow rate
of free-flowing, coarse powders. For a circular outlet (flat-bottomed silo) and

coarse powders Beverloo [208] indicated:

m = Cpp[g(D — kd)** (2-12)

where C and k are constant parameters; Beverloo found that C = 0.55-0.65 and k =
1.5-3.0. This equation fits very well for big orifices. However, it is not adequate for
small orifices where a blockage is possible [209, 223]. Nedderman [222]
suggested that Equation 2-12 should be used only for particle diameters in the

range 0.4 mm <dp < D/6, where D is the diameter of the outlet.

The equation for a circular outlet proposed by the British Materials Handling Board

[168, 224] for free-flowing coarse powders is :

mh = 0.58py\/g(D — kd)**kg (2-13)

In Equation 2-13, k is dependent on the particle shape (k=1.6 for spherical
particles and k=2.5 for non-spherical particles). The hopper inclination (8) is taken

into account by the factor ke:

kg = (tan)~ %35 for hopper inclinations © < 45°

kg =1 for hopper inclinations © >45°
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Until the present, most studies on the discharge rate have focused on monosized
particle in silos [225]. Generally, however, there are not many systems that are
monodisperse powder. Arteaga and Tizlin [226] investigated the flow of a

bidisperse mixture in silos. They modified the equation of Beverloo thus:

m = Cpm g9 (D — kpmdm)>® (2-14)

In Equation 2-14, p_is mixture density, k is a fitted coefficient mixture particle,

and dm is a mixture diameter,

where d_ is the fine particle diameter, d_is the coarse particle diameter, and X, is

the mass fraction.

2.2.4.3 Vibratory devices

Typically, fine powder exhibits flow problems such as uncontrolled flow, unsteady
flow, limited discharge rate and arching [227]. In some situations, it is preferable
to handle fine powders in a fluidized state rather than to only handle them by
gravity. Discharge aids or flow promoting devices are used to improve the flow
pattern, to increase the discharge rate or initiate flow after arching. Discharge aids
can be roughly classified into two groups; 1. Pneumatic discharge aids e.g, air
injection and 2. Mechanical discharge aids e.g., knockers, agitators, vibrators
[170]. The advantages of a vibratory feeder are its simple construction, low
maintenance requirements, and low driving power [168]. By changing the
amplitude (electromagnetic drives) or the frequency (all types of drives), the

discharge rate can be regulated.

Vibratory devices are widely used to regulate and promote the discharge of
powders from storage [228-232]. This method has proved to be an effective
technique for handling fine and cohesive particles [233-235]. Many researchers
[236-238] indicate that mechanical vibrations decrease the strength of bulk solids
and hopper wall friction and increase the ability to flow. Vibrations induced at the
silo wall aid to overcome wall friction. Additionally, vibrations quickly increase the
stress in the bulk solid. Therefore, if the yield limit is attained, the vibration breaks
stable arches. However the design of vibrating devices mounted directly on a silo
wall is difficult, because the properties of the silo structure have to be taken into

account (e.g., wall thickness and stiffness), and a (conical) hopper is particular stiff
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close to its outlet (small radius of curvature) where stable arches are mostly

formed.

Vibration promotes fine powder flow by reducing both unconfined yield strength
and wall friction as examined by Roberts [239]. Xu and Zhu [240] pointed out in
their study that vibration can reduce the tensile strength of the particle bed;
vibration can overcome the interparticle forces of fine powders and improve their
fluidization. Roberts [239] assumed that the effect of vibration decreases with
increasing fineness and compressibility of the powders, because the latter
increases the absorption of the vibrations. Intermittent vibration is regularly used
for dome breaking. If continuous vibrations are used during discharge, the steady

flow of powders will also be influenced by the vibrations [228].

Valdes and Santamarina [232] studied the maximum orifice to particle size ratio
(D/d) for which arching is attainable. Their results showed that the arching
thresholds (6=D/d) is dependent on particle sphericity, roundness and surface
roughness. Three regimes were identified: a stable arch structure occurs when D/d
> §_, an intermittent arch structure and destruction occur when § > D/d > §
and no arch when D/d > §_ . They pointed out that the intermittent regime is
sensitive to external vibrations, which is useful as vibration aids can be used to
promote the destruction of the arch. They also noted that bridge sizes can reach 5
times the orifice to particle size ratio in a two dimension system. They suggested
that it is easier to prevent arch formation than to destabilize formed arches. Janda
et al. [229] studied the outflow of a small-orifice hopper continuously vibrated by a
piezoelectric device. They found that vibrations did not significantly affect the flow
rates both in the continuous and the intermittent system. They pointed out,

however, that the flow rate significantly increases with the vibration amplitude.

2.2.5 Technical challenges of powder flow

Although powder materials are commonly used in various industries, powder flow
in powder handling is not well understood. Similarly, vibratory aids used to initiate
flow require more studies. Additionally, the goal of the hopper design process is
the determination of the hopper slope necessary for mass flow and the minimum
outlet size to prevent flow problems due to arching. Arching is one of the
important problems in silo discharge and should be avoided. However, arching is

the most important powder flow behaviour to use in dry powder printing. The
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formation of an arch causes powder flow to stop. Without this mechanism, dry
powder printing using ultrasonic vibration cannot regulate the start and stop cycle
of a dispenser. Moreover, reports from the literature on micro dosage with small
orifices are few and almost entirely use vibration to maintain continuous flow and
prevent aching in powder flow. Our study will be focused on using vibration to
control the flow of a fine powder through a small orifice size, and it is this which

provides technical challenges.

2.2.5.1 Discharging mechanism of a micrometre-scale orifice using

ultrasonic vibration

There is extensive literature and studies on bulk powder flow and discharge of
powders from hoppers [222, 241]. However, there have been limited studies on
the type of powder flow that occurs when vibrating is affected to a micrometre-
scale orifice. Additional, almost all conventional hopper designs are for large scale
storage, and thus of limited advantage when small flow rate is required. Previous
studies on vibratory devices have mainly concentrated on a large hopper with an
orifice size on a millimetre scale and frequency of amplitude less than 1,000 Hz.
For example, the vibration parameters used in the experiment described in Fayed
[238] were 200 Hz frequency and 0.01 mm amplitude, when particle sizes 425 to
2400 pm. Therefore, there is a need for a study of the flow process of fine
powders through a small orifice assisted by an ultrasonic vibratory device. The
details of the discharging process and the way in which the powder flows under
this vibration involving a complex interaction between an ultrasonic transducer

and a capillary tube is interesting and is worth investigating.

2.2.5.2 Effects of process parameters on discharge through a micrometre-

scale orifice using ultrasonic vibration

High quality and reliable results for fine powder flow in a vibratory system requires
an understanding of the effects of various process parameters, powder properties,
and design configurations. These affect the flow behaviour. There is much
knowledge on powder handling and powder flow to discover, especially when
designing a new processing device. This knowledge can then be applied to other

applications using a similar technique such as in pharmaceutical, powder handling

49



Chapter 2

or additive manufacturing sectors. Therefore, any progress in the understanding of
fine powder material behaviour could have an impact on these industries. In
particular, the handling of the fine powder materials is an essential step during

operations in many industrial processes.

2.3 Dry powder printing using vibratory assistance

Many studies have proved that MMAM can be possible in powder-based additive
manufacturing such as in inkjet printing [42, 242], selective laser sintering [7, 243-
245] and selective laser melting [246-248] . The most important benefit of powder-
based AM is it can be used to process almost any material [249-251]. If the
materials are compatible with each other, the bonding interface will have sufficient
strength and a strong structure will be acheived [252]. Therefore, dry powder
printing can be extended to layering patterns in powder-based additive
manufacturing and be a good candidate for use in the preparation of multiple

material layers.

In 1995, Matsusaka et al. [139] was the first group to apply an ultrasonic vibration
to the microfeeding of fine powders. They tested seven different powders, whose
size range varied from 0.4 to 40 pym. The dispensing device combined a capillary
tube and a piezoelectric transducer which was used to generate ultrasonic
vibration. Both were installed in a water bath used to transmit the vibration, as
shown in Figure 2-12. They pointed out that a thin layer of micro-vibrated particles
near the wall was the key for powder discharge. The study showed the possibility
of a micro-feeding system for dispensing various fine powders in both continuous
operation and intermittent operation. However, they only focused on a micro-

discharge application.
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Figure 2-12 Experimental facilities in “Micro-feeding of fine powders using a

capillary tube with ultrasonic vibration” [139].

Matsusaka et al. [253] built a simple device from a DC motor generator and a tube
which could dispense submilligram doses of dry powders, as shown in Figure 2-13.
They found that the particles near the wall vibrated at random and almost moved
down as a lump of powder. Furthermore, they found that the powder flow rate
increased with the vibration frequency and the critical frequency for powder flow
was inversely proportional to the square root of the vibration amplitude. However,

their work did not concern printing applications.
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Figure 2-13 Experimental facilities in “Micro-feeding of a fine powder using a

vibrating capillary tube” [253].
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Li et al. [254] constructed a microdeposition device incorporating laser
micromachining for developing a micro rapid prototyping system, as shown in
Figure 2-14. The microdeposition device combined a piezoelectric plate coupled to
a glass capillary through a tight fitting aluminium block. They observed that
irreqular shaped powders flowed move poorly than spherical powders. The
minimum line width possible was almost the same as the inner diameter of the
capillary tube. The results show a twisted and broken line resulting from the
powder spinning inside the capillary. The diagram of micro-feeding mechanism in
their work showed that the motion of the powder particle had orbited around the
tube before coming out of the capillary tube. However, no experimental evidence

was presented to support this.
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Figure 2-14 Experimental facilities in “Micro rapid prototyping system for micro

components” [254].

Yang and Li [11] continued their previous works to understand the feeding
mechanism of an ultrasonic microfeeding device. They indicated that ultrasonic
waves could feed ultra-fine powder through micro capillary tubes because: (1) the
vibration can break the stable dome structure and (2) the travelling wave can push
the powder out of the tube. Their study showed that the powder density at the tip
was higher than the density inside the hopper. This was attributed to the
ultrasonic waves. They pointed out that thermal effects in the piezoelectric plate
significantly affect the capability of this powder feeding device. The flow rates will
decrease when the voltage applied to the PZT plate is greater than a certain value.
In this study, they also showed a picture of the rotating powders in a hopper to
confirm their conclusion. Moreover, they presented a printed line track with a
width of less than 100 pm. However, all their printed results had the match-head

effect at the start and stop.
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Yang and Evan[255] developed a dry powder dispensing device using acoustic
vibration to demonstrate the dispensing of a H13 tool steel powder via music
waves. The dispensing device combined a glass capillary attached via a steel rod
connecting a sub-woofer speaker, as shown in Figure 2-15. This study showed a
new method of creating a miniature capillary valve without relative moving parts.
However, it did not reveal useful information on the effects of control parameters

and examples of the dispensing results.

Figure 2-15 Experimental facilities in “Computer control of powder flow for solid

freeforming by acoustic modulation” [255].

Kumar et al.[138] presented a concept for multiple material additive
manufacturing using miniature hopper-nozzles designed for depositing multiple
material patterns. They used a piezoelectric strip actuator contacting the nozzle
exterior at the tip of a nozzle to control powder flow, as shown in Figure 2-16.
They demonstrated the concept of multiple material printing and proposed simple
equations for line width and line height. They showed many complex patterns.
However, the minimum feature size was too big to be of interest in high resolution

applications of additive manufacturing.
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Hopper Nozzle

PZT Actuator

Figure 2-16 Experimental facilities in “Direct-write deposition of fine powders
through miniature hopper-nozzles for multi-material solid freeform
fabrication” [138].

Yang and Evan [256] developed a device built from an ultrasonic generator and a
280- pm-orifice glass capillary in a water tank that can dispense samples of dry
powder of mass down to 0.05 mg, as shown in Figure 2-17. In this work, they
combined the device with a motion control system to print fine dots of 12-um WC.
They reported that they could successfully print Fe powder and Hydroxyapatite
powder. However, this work only demonstrated dot prints, which were generated

by intermittent 24 kHz pulses.
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Figure 2-17 Experimental facilities in “A dry powder jet printer for dispensing and

combinatorial research” [256].
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Yang and Evan [257] developed acoustic control of powder dispensing, by means
of a device with a stainless steel rod and a glass capillary of diameter 450 pm. The
rod was mounted on a sub-woofer speaker given the reproduction of low-pitched
audio frequency. This speaker generated the vibration movement used to start or
stop dispensing from the glass capillary, as shown in Figure 2-18. They proposed
the relationship between tube radius and particle radius affected jamming of the
particles. However, the experimental powder had a wide distribution of particle
diameters and was different from the proposed model based on monosize
particles.
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Figure 2-18 Experimental facilities in “Acoustic control of powder dispensing in
open tubes” [257].

Yang and Evan [258] investigated the factors affecting the initiation of powder
flow. This work was focused on the potential energy of static powder in a
dispenser and the kinetic energy of a lateral input. They pointed out that large
pulses tended to release more domes, causing a big gap requiring more time to fill
and resulting in an over-run mass. Furthermore, they showed the over-run mass is
a function of pulse acceleration. This work can used to understand the variation
between dosages. However, this showed inadequate details related to multiple

material printing applications.

Yang and Evan [259] developed a dual powder delivery device for programmable
mixing dry powders by using an acoustic vibration technique, which used a steel
rod mechanism generating vibration movement from a sub-woofer speaker, as
shown in Figure 2-19. The study showed the possibility to produce Functional
Graded Material (FGM) layers. Furthermore, they proposed equations to estimate

mass flow rate, track width and minimum moving speed. However, they did not
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show the comparison between the experimental results and the estimated values.
Moreover, the minimum feature size was too large, which is not interesting for

Additive Manufacturing applications.
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Figure 2-19 Experimental facilities in “A multi-component powder dispensing

system for three dimensional functional gradients” [259].

Lu et al. [9] studied on ultrasonic microfeeding for fine powder. The experimental
facility comprised a computer, an analogue waveform generator, a piezoelectric
ring, a glass nozzle, a water tank and a microbalance, as shown in Figure 2-20.
The study showed that particle structures can be divided into three types: arching,
plugging and blocking. The dose mass was affected by nozzle diameter,
transmission fluid depth, waveforms, voltage amplitude, frequency and oscillation
duration. They pointed out that powders which are cohesive and low density tend
to block the capillary tube. The relatively less cohesive and high density powders
forming arching structures allowed dispensing. All of this study focused on

microfeeding behaviour.
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Figure 2-20 Experimental facilities in “Studies on ultrasonic microfeeding of fine

powders” [9].
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Lu et al. [260] carried out a study on the dose uniformity of an ultrasonic
microfeeding device. They believed that dose uniformity is the important indicator
to evaluate the microfeeding of fine powder. If the deviation of dose mass is small,
it means the device is highly reliable. The study demonstrated the dot printing
capability of WC powder achieving 42 DPI or 0.6 mm pitch on plain paper. They
pointed out that the minimum dose mass is related to the strength of a stable
dome structure and the nozzle diameter. Moreover, the signal voltage and
oscillation time affect the dose mass as well as the uniformity. Additionally, they
described the different dose forms columnar rod (H13), cluster (WC) and discrete
particles (glass bead). However, the conclusion about the dose forms of WC and
glass beads, where the angle of repose of both powders was relatively close, was

not clear.

Lu et al. [261] investigated the design configuration of their dispensers. The
experimental results from four design types showed that all configurations can
dispense dry powder. They pointed out that perpendicular vibration using water as
the transmission medium is effective and can deliver powder with a relative
standard deviation (RSD) of 10%. Vibration with nominally a progressive wave
using direct connection is also suitable for microfeeding and can attain a RSD of
5%. However, in the study, they did not conclude which design is the optimum

design.

Qi et al. [262] constructed an ultrasonic powder-feeder device using an amplitude
transformer rod contacting the capillary tube, as shown in Figure 2-21. They
concluded that capillaries with cone angles in the range 30-60° result in stable
feeding. Furthermore, they claimed the powder in a tube forming an arch may
provide stable feeding. They indicated that the flow rates increase as the
amplitude increases and noted that the amplitude has a small effect on flow rate
when the orifice diameter is less than the certain number. The signal voltage
should be greater than certain value to make flow stable. In this work, the
minimum feature size was relatively large when compared with general

applications in additive manufacturing.
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Figure 2-21 Experimental facilities in “Stable micro-feeding of fine powders using a

capillary with ultrasonic vibration” [262].

Chen et al. [263] constructed a precision filling system for pharmaceutical powders
using a vibrating capillary. They investigated the effects of parameters such as
capillary diameter, frequency and amplitude on flow rate. A small hopper was
mounted on the aluminium capillary assembled on a piezoelectric linear actuator,
as shown in Figure 2-22. They pointed out that the orientation of vibration
produced different results and should be taken into account. Moreover, they
concluded that; the flow rate can be controlled by changing the input signal,
frequency is more important effect than amplitude, and moderate vibration (800
Hz to 1200 Hz) and amplitude between 2-7 Volts lead to better dosing
performance. In this study, they did not focus on additive manufacturing

applications.
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Weighing
cell

Figure 2-22 Experimental facilities in “Development of a micro dosing system for
fine powder using a vibrating capillary. Part 1: The investigation of

factors influencing on the dosing performance” [263].

Roper et al.[264] used ultrasonic powder deposition to fabricate graded dielectrics
within a structural composite. The micro-dispenser was constructed using a glass
tube and a piezoelectric ring shown in Figure 2-23, which was based on the
previous work of Yang et al. [11, 255-259, 265]. In this study, they only focused
on the fabrication of electromagnetic materials and controlled the pulse width to

vary dot weights.
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Figure 2-23 Experimental facilities in “Additive manufacturing of graded
dielectrics” [264].
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Stichel et al.[266] investigated the powder layering process in Laser Beam Melting.
They developed capillary steel nozzles and used a vibrating excitation method. In
this work, the experimental powder was only polyamide 12. They studied the
effects of frequency, amplitude, mass flow rate and printing strategy. However, the
printing results for single-layer patterns were relatively coarse and may not be

acceptable.
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Figure 2-24 Experimental facilities in “Powder layer preparation using vibration-

controlled capillary steel nozzles for Additive Manufacturing” [266].

The field of vibration-assisted dispensing of powders has been extensively
researched in recent years as detailed the review by Yang [265]. Much progress
has been made in recent years to achieve fine and dry powder printing, as
summarized in Table 2-7. However, it is not sufficient for commercialization. Many
early dry powder printing systems were large and required space to install. To
develop the device it has to make sure that their characteristics meet the
requirements. The construction should have the appropriate dimensions, strong

and reliable enough to handling the printing powders.
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Table 2-7 Studies on dry powder printing using a vibrating capillary.

Chapter 2

Design Configuration Operation details
. Studied
Year Author Material Minimum
Vibration Transmission Minimum Orifice Printing parameters
Frequency Feature
source medium Flow rate size conditions
size
Fly-ash (5 ym),
Alumina (1-40 ym),
Alumina (3-10 um,
spherical),
nozzle diameter,
. . Antimony trioxide 20 0.2 0.58-1.26
Matsusaka et | Piezoelectric Water @-7 um) N/A N/A
1995 | al.[139] horn K, time, electric
kHz mg/s mm
s . power
Silicon carbide (0.4
Hm),
Kanto roam (2 pm),
Calcium
bicarbonate (2 pm)
Alumina (6 pm,
irregular) ,
Alumina (20 um, nozzle diameter,
Mat Ka et irregular) , 760 0.2 0.4-1.6 ’
1996 absusaka e DC motor Direct contact N/A N/A
al.[253] . frequency,
Alumina (10 pm, Hz mg/s mm R
. amplitude
spherical) ,
Fly-ash (15 pm,
spherical)
moving
besoelecti Cu G pm), 49 10 125 119-378 Sgeed y 1-
. lezoelectric . mm/s
Li et al.[254 Direct contact ; voltage
2002 254] plate Stainless steel (3 standoff 9
pm) kHz Hg/s um um distance =
85-170 ym
Copper (3 pm) ,
v gl e lectri 44.9-46.65 10 50-125 ~80
ang an | lezoelectric .
2003 1] plate Direct contact Iron (3 pm) , N/A voltage
kHz ua/s pm pm
Invar (<22 pm)
nozzle
displacement,
v d 40-4,000 ~8 450 waveform
ang an amplitude,
2003 Evan [255] Speaker Steel rod H13 (<212 pm) N/A N/A p
Hz mg/s um
waveform and
frequency
Glass bead (38-45,
90-106 pum),
K . pi lectri 13 2.5 0.5-2.0 0.8 frequency,
umar e iezoelectric ’ )
2004 | al[138] strip Direct contact | Ti-6Al-4V (75-125 N/A - .
pm), kHz mg/s. mm mm particle size
PAG6 (10-100 pm)
nozzle diameter,
nozzle-hopper
profile,
v d pi lectri 24 0.05 280 300-400
ang an iezoelectric i i
2004 | Evan [256) horn Water we (2 pm) N/A vibration
kHz mg. um um amplitude,
vibration pulse
width,
level of powder in
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Design Configuration

Operation details

. Studied
Year Author Material Minimum
Vibration Transmission Minimum Orifice Printing parameters
Frequency Feature
source medium Flow rate size i conditions
size
hopper,
the amount of
water and
the depth of the
probe in the
water
nozzle diameter,
amplitude,
v d 20-200 450
2004 E\E/l:r? [22%7] Speaker Steel rod H13 (180-212 ym) <1 mg. N/A N/A mechanical
Hz um damping and
particle size
distribution
rod size,
380-600
moving
H13 (90-105 pm), 50-300 6-35 um ~1 speed =10 | frequency,
Yang and Speaker Steel rod mm/s,
2004 | Evan [259] standoff waveform and
- aveform a
Cu (63-212 pm) Hz mg/s. (Mixing mm distance =
hopper 800 2-5 mm .
pm) reciprocal
amplitude
H13 (150-212 pm
(13.2%); 106-150
Yang and pm (14%); 75-106 100-300 450 Number of pulses
2005 Evar? 1258] Speaker Steel rod um (15.6%), 38-75 N/A N/A N/A and reciprocal
pm (26.5%) and Hz pm amplitude
29.2% less than 38
pm)
H13 (<22 ym) ,
WC (12 pm),
Glass bead (42
pm), 44.9.46.65 amplitude
" . -9-40. . voltage, water
2006 Lu et al. [9] rPilr(:.zoeIectrlc Water TiO2 (0.18 um), N/A 0'2;”1"'35 N/A N/A depth, frequency,
9 kHz wave form and
MgO (0.1 pm), oscillation period
Starch (10 pm),
Carbonyl iron (1.1
pm)
H13 (<22 um) ,
. . ) ] amplitude
2007 '[‘ZUG%t] al. fi'sgzoe'ec"'c Water WC (12 pm), #4.9.4665 | 0.2mg 0-2:0.35 N/A N/A voltage and
oscillation period
Glass bead (42 pm)
, ) ) H13 (22 ym), 39.5-47 design
Lu et al. Piezoelectric Water/Direct 01 m 0.35-0.40 N/A N/A configuration,
2007 | [261] ring contact -1 mg mm frequency and
WC (12 pm) kHz oscillation period
owder structure
Cu (20-80 pm) , (F))n feeding,
Piezoelectric 20 2-20 150-360 ~0.5 moving nozzle diameter,
2011 Qi et al [262] rod Direct contact Zn (30-100 pm) , speed = 1- displacement of
kHz mg/s pm mm 10 mm/s the transformer
. and nozzle
Fe (50-120 ym) amplitude
Inhalac 70 (206 frequency,
' ) umy, 800-1500 1-10 amplitude, the
2012 [Czh6e3ri et al. FI;ll:::electrlc Direct contact 0.5-2.0 mm N/A N/A design of the
Inhalac 120 (135 Hz mg/s capillary (angle of
pmy, cone)
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Design Configuration Operation details
. Studied
Year Author Material Minimum
Vibration Transmission Minimum Orifice Printing parameters
Frequency Feature
source medium Flow rate size conditions
size
Inhalac 230 (77
um),
Respitose SV 003
(66 pm) ,
Flowlac 90 (136
pm)
Roper et Piezoelectric HIK powder 42 !
2014 . Direct contact (dielectric powder) ~0.5 mm ~3 mm N/A N/A
al.[264] ring
(30-250 pm) kHz mg
Amplitude,
Stichel et Piezoelectric Direct contact Polyamide (40-90 150-970 0.8-2.8 705,1041 850-1150 13.3 mm/s frequency, mass
2014 al.[266] rod pm) Hz mg/s um um : flow rate, hatch
distance

2.4 Technical challenges of dry powder printing

As evidenced by Table 2-7, dry powder printing is a promising technique for a
multiple material delivery device for the next generation of additive
manufacturing. Little work has been done specifically on multiple printing using
the dry powder printing method; however, some studies have shown that this
technique may be a reasonable technique to use for material delivery device for

MMAM. There are some technical challenges requiring investigation.

24.1 Reliability and repeatability

The device must be designed to emphasize reliability and repeatability in use. To
achieve this, possible concerns of variations must be identified and minimised.
From the literature, there are a few studies on this area. This characteristic is

relatively important and useful for actual applications in additive manufacturing.

2.4.2 Compact and robust design

Yang et at.[9, 11, 118, 141, 142, 145, 245, 255-261, 265, 267-269] have provided
much useful information. Their ultrasonic dispensing device with a water tank
design can dispense various fine powders. However, we know powder flow is

influenced by moisture. In this design, the powder discharged may be exposed to
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water vapour or leakage during storage or processing and may cause problems.
Moreover, many previous designs require a large space to install the system. To
install many types of powder materials, the design should be compact and easy to
install. Additionally, the device should be robust and insensitive to variations. In
other words, it should have an output with a small standard deviation or the device

should provide the design parameters that can minimise response variations.

2.5 Summary

From the literature, only a few studies on printing have been identified. There are
many things to be explored such as the time delay of fine powder through the
orifice, effect of different powders on dispensing, effects of dispensing parameters
on mass flow rate, effects of nozzle design parameters on a dispensing device,
fine powder spreading behaviour from the orifice, effects of printing parameters
on a quality of printed track etc. Moreover, high quality printing results and
images of a dry powder printing has never been reported in the literature.
Similarly, the stable dome structure of fine powders in a micrometre size nozzle
orifice, the flow characteristics of various powders, the spreading of powder after
impact on a substrate have not been reported. Additionally, the guidelines and
relationships to achieve the optimum results for printing patterns are required. All
of the above concerns will be addressed in this thesis. More knowledge of dry
powder printing will help us to understand the behaviour of fine powder flow

through a micro orifice and lead to applications of this technique in other areas.
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Chapter 3:

Experimental setup and methodology

This chapter details the materials and the experimental setup for a dry powder
printing device, including the measurement and the calculations used in this
research. The descriptions of dispenser fabrication, material preparation and

material dispensing facilities used for the study are given.

3.1 Dispenser fabrication

3.1.1 Previous dispenser

A Dry Powder Printing technique requires a dispenser device to delivery fine
powder particles. The dispenser device in this research is based on the earlier
work of Yang. et al. [9, 11, 118, 141-147, 245, 255-261, 265, 269, 270]. They
developed an acoustic micro-dosing device that utilized vibration energy to control
the flow of fine powder from a glass nozzle by activating a piezoelectric
transducer mounted at the bottom of an outer vessel filled with water as shown in
Figure 3-1. The exact dimensions and details of the original design are illustrated

in Appendix A.

Rubber stopper / Glass nozzle

Water tank
Water /

A \}
Epoxy Piezoelectric
Electric Wiresf y transducer
Silicone

Figure 3-1 The construction of the original piezoelectric dispenser.

In the original design of this device, the dispenser consisted of a borosilicate glass

nozzle, a piezoelectric transducer (25 mm.), a water tank, a rubber stopper and
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two wires. The piezoelectric transducer was mounted at the bottom of the water
tank with epoxy adhesive. The conical section of the glass nozzle was placed into
a premade hole at the bottom of the water tank and sealed with a silicone adhesive
sealant. To fully cure, the sealant required approximately six hours. Two flat wires
were bonded at the top and the bottom of the transducer. The tank filled with
water, which helps vibration propagation utilizing cavitation [9, 271], was closed

with the rubber stopper which held the glass nozzle.

The previous design had a relatively big size. Sometimes a small installation space
is inevitable which cause difficulty. In addition to the size, the function of the
water tank creates another issue. Firstly it is not understood how effective it is in
transmitting vibration and secondly this design also has a problem with water

leakage from the water tank.

3.1.2 New dispenser

To make the dispenser more compact, the new significantly different design uses
the smallest size of a standard piezoelectric ring ($10 mm.), instead of the big
piezoelectric ring ($20 mm.), directly attached to a glass nozzle without the outer
vessel filled with water. Figure 3-2 shows the new design of the piezoelectric
dispenser. In our experiments, the dispenser consists of a glass nozzle, a
piezoelectric transducer and two wires. Two flat wires were soldered to the top
and the bottom surfaces of the piezoelectric transducer. The transducer is
installed around the glass nozzle at a certain distance from its end by using epoxy

adhesive. The details of the new design are shown in Appendix A.

/ Glass nozzle

Epoxv\ Piezoelectric
Electric wires *+ ::rﬁj/ transducer
Figure 3-2 The construction of the new piezoelectric dispenser.
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Comparing the design of the old and the new printing device one of the
advantages of the new device is its smaller size. It is compact and can be installed
in a small working chamber such as the small space in the traditional SLS/SLM
system. Moreover, the new design has eliminated the water tank resulting in
removing the water leakage possibility. The dispensing results of the device will be
discussed in Chapter 4. The new design has fewer components, and therefore will
consume less fabrication time, needs less maintenance, and provides higher
reliability and maintainability with a minor cost compared to the former design
described in section 3.1.1. Therefore, using the new design as a new material
delivery device allows the problems associated with the previous device to be

overcome.

3.1.3 Glass nozzle fabrication

Glass nozzles consisting of a small orifice, the size of which was used to regulate
the powder dispensing process, were utilized in the study. Optimally constructed
fine powder nozzles in the 60 to 400 pym range, with a smooth surface such as
from glass, are not off the shelf components. Therefore, hand-made glass nozzles
were fabricated with various geometries suitable for the experiments to be
performed and to minimise experimental cost. Thus all glass nozzles in this study

were made by myself.

One simple technique of making a micro scale orifice was to heat a glass tube and
draw it while hot in a way that produces a taper cone with an included angle from
15" to 80°. The closed tip was then broken off and ground back until the orifice
size was of the desired diameter. The advantage of this method was no
complicated equipment was needed and it was cheap. The disadvantages were lack

of reproducibility of the exact shape and diameter.

The thin glass tubes used for the dispenser were converted from glass pipettes
(Borosilicate glass Pasteur pipettes, 2.5 ml, total length 150 mm, outside diameter
7 mm, thickness 0.55 mm, FB50251, Fisher brand). The tips of the pipettes were
heated and carefully drawn to reduce the size of the nozzles. Then the tip was
gradually ground by SiC papers (Struers, Denmark) to the desired diameter. This
range of nozzle tips diameters gave start/stop switching and flow rate control for
the powder samples. Figure 3-3 shows the nozzle on the pipette and after drawing

down the glass.
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New glass

Drawn glass

Figure 3-3 Glass pipettes used for the nozzle in the dispensing device.

To obtain an axially symmetric nozzle on a glass pipette, the pipette was attached
to a low-speed (~40-100 rpm) rotating chuck while heating via a propane hand
torch as shown in Figure 3-4. If too much heat was applied to the rotating glass
pipette, the cone was long and had a sharp angle; low heat produced a short and
wide angle. One can pull the lower end of a glass pipette to control the shape of
the nozzle tip. This work was labour intensive and required trial and error to get
the right cone angle. With the right flame set and the right distance, the desired
results could be obtained. A detailed discussion of fabricating glass nozzles can
be found in Lee [272].

Figure 3-4 Setup for fabricating a glass nozzle using a rotating chuck.

After drawing many glass nozzles, a microscope was used to measure the angle of
the nozzles (Figure 3-5A) and then to select a nozzle of the desired angle for

grinding back (Figure 3-6A). The glass nozzle was ground on abrasive paper (800-

68



Chapter 3

4,000) until the desired diameter of its orifice was reached (Figure 3-6B). For
coarse grinding, 800-grit paper was used until the tip was open. After that, 1,200-
grit paper was used to remove small amounts of glass until the desired diameter

was reached. Finally, 4,000-grit paper was used to smooth the surface of the tip.

(A) Setup for angle measurement (B) Setup for diameter measurement

Figure 3-5 Setup used to measure the angle (A) and the diameter (B) of the nozzle.

For the sharp nozzle angles, the orifice diameter could be changed rapidly. Thus,
it was necessary to stop grinding and check frequently. This fabricating process
was an inexpensive method for making a micro-dosage dispenser but it was very

difficult to fabricate reproducible nozzles.

(A) Closed end (B) Open end
Figure 3-6 Photographs of the tip of a drawn pipette: (A) Closed end and (B) Open
end.

The method of determining the nozzle diameter was to mount the nozzle vertically
on a microscope (Figure 3-6B) and use imaging software to measure the diameter
(Figure 3-7).
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Figure 3-7 The 250-micrometre diameter orifice of the glass nozzle.

3.14 Piezoelectric transducer

A piezoelectric transducer converts electrical potential into mechanical force. When
a voltage is applied to the piezoelectric transducer, deformation of the
piezoelectric material is originated. This deformation creates vibration, the level of
which is normally proportional to the voltage applied. Ceramic lead zirconate
titanate (PZT) piezoelectric transducers were bought from MPI Co., Switzerland.
The dimensions were 10 mm outside diameter, 5 mm inside diameter and 3 mm
thickness. The resonance frequency of the piezoelectric transducer was 153 kHz.
The specification and performance characteristics of the piezo are presented in
Appendix B. The piezoelectric transducer produced powder deposition by vibrating
the glass tube in the region where the transducer is located. This produced pulses
that transmitted the vibration energy from the glass nozzle to the powder in the
orifice region. The vibration energy was high enough to relocate the position of
the powder particles and disturb the stable dome structure until the dome was
broken and then the powder was discharged (as detailed in section 4.1.1 of
Chapter 4).

Soldering wires to the piezoelectric element could surpass the Curie temperature
of the piezoelectric material, which was 320°C, and could depole the element.
Furthermore, this can thermally debond the silver conductive coating of the
piezoelectric. Therefore, the soldering temperature was set below 300°C.
Additionally, Lee [272] recommended that the best solder should have 3% silver

content to minimise leaching of the coating of the piezoelectric transducer.
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3.1.5 Assembly of a dispenser

A piezoelectric transducer was mounted around the glass nozzle using an Araldite
(Huntsman, USA) epoxy, which is a two-part adhesive supplied in a syringe, and
has a fast curing time. The surface of the glass nozzle was clean, dry, free from
dirt and grease before attaching the transducer. Following the instructions from
the supplier, equal volumes of resin and hardener were dispensed onto a clean
surface. The two components were mixed by stirring for 30 seconds. Then, the
freshly mixed epoxy was carefully applied to both the surface of the glass nozzle
and the piezoelectric transducer. Then the nozzle was inserted into the transducer
over the intended region. More epoxy was applied to the end of the transducer
and the assembly maintained in position until the adhesive had fully cured. The

complete dispensers are presented in Figure 3-8.

Figure 3-8 The complete dispensers.

All of the nozzles used in this research were carefully made and assembled.
Nevertheless, as made by hand, the shape of the dispensers cannot be exact.
There was an approximate error of +2.5° for the nozzle angle, +5 uym for nozzle

diameter and 2.5 mm for position of the piezoelectric from the desired values.
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3.2 Material preparation and measurement

Ten fine powders were selected for the study as shown in Figure 3-9. The selected
powder materials were copper (Osprey Metals, Neath, Wales), solder (Sn63Pb37,
IPS (Suzhou) New Materials Co. Ltd., China), 316L stainless steel (Osprey Metals,
Neath, Wales), tungsten carbide (Sandvik, Conventry, UK), alumina (Al,O,, BA
Chemicals Ltd., Buckinghamshire, UK), CoCr (Concept Laser GmbH, Lichtenfels,
Germany), 420S45 stainless steel (Osprey Metals, Neath, Wales), glass bead
(Whitehouse Scientific Ltd., UK), and Glass-filled Nylon (DuraForm® GF, 3D Systems
Corp., USA) in the size range 14-72 pm and their details are shown in Table 3-1.
These materials were selected to cover metals, polymers and ceramics with
different densities, particle sizes and particle shapes used in AM systems. Below is

the general procedure used for the experimental powders.

3.2.1 Powder storage

The materials studied in this research were dry powders. As dry powders might
absorb moisture or degrade, the experimental powders were thus kept in tight
packages impervious to air and moisture and stored in a laboratory at 20+5 C" and
35+10 % RH.

3.2.2 Powder sieving

The particle size of the experimental powders is an important factor in a dry
powder printing process. The size of the powder affects the test results. It was
essential to sieve the experimental powders before testing to remove any
contaminants in the powders which might interrupt a discharging process. The
sieving was done by manual sieving. With one sieve two fractions, a fine and a
coarse one, are gained. More sieves can be used to obtain a size range of powders.
To screen the contaminants of the experimental powders before testing, in this
study, the 100-uym sieve size was used before filling the powder into a dispenser,

i.e. all particles dispensed passed through a 140 mesh sieve.
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3.2.3 Apparent density

Apparent density or poured density or bulk density is the mass per unit volume of
an untapped powder sample and includes the interparticulate void volume. This
density depends on the density of the powder particles and the spatial
arrangement of the particles in the powder bed. The apparent density is expressed
in grams per millilitre (g/mL) and also in grams per cubic centimetre (g/cm?). The
apparent density is dependent on the preparation, storage and handling of the
sample. The particles can be packed and may result in a changed bulk density. The
apparent density of powders was determined by measuring the volume of a known
mass of powder sample that had been passed through a sieve. A 5-mL graduated
glass cylinder was used to measure the volume of powder sample. The powder
samples were poured directly from the top of the graduated glass cylinder until
the powder was 1 mL at eye level. A precision balance is then used to measure the

mass of the powder sample. Thus the apparent density can be determined as:
PaA=7 (3-1)

Where V is the known volume from the graduated glass cylinder and m is the
measured value from the precision balance. The average of 3 determinations was

used to represent the apparent density of the sample powders.

3.24 Angle of repose

The angle of repose is the angle at which a powder sample can be piled without
collapsing. This angle is widely used to classify the cohesiveness of powder
materials. The angle of repose was measured in this study using our dispenser as
a funnel test. The tip of the dispenser was placed 10 mm above a substrate. In the
test, a powder sample was deposited on a horizontal ceramic plate for 5 seconds
at a signal voltage of 2 Volts. The powder moved over the accumulated pile until
the movement stopped. To measure the angle of repose, a Supereyes portable
microscope (Shenzhen D&F Co., Ltd., China) was used to capture the front view of
the conical pile and the angle was measured with Image] software (National
Institutes of Health, USA). It was repeated three times in each sample. The angle of

repose (o) of powders measured in this study is illustrated in Figure 3-9. The
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average of three determinations was recorded to represent the angle of repose of

the sample powders and is shown the value in Table 3-1.

Pile of powder 10 mm.

Angle of repose
9 P Substrate

Figure 3-9 Angle of repose.

According to the flowability indicators in Table 2-1, powder flowability based on
angle of repose is free-flowing from 31-35°, fair from 36-40°, passable from 41-45°
and cohesive 46-55°. The minimum value of angle of repose shown in Table 3-1 is
33°, corresponding to the glass powder, and the second lowest is 357
corresponding to the solder powder. Therefore, these powders were determined to
be free-flowing. The maximum value of the angle of repose presented in Table 3-1
was 52°, corresponding to the copper powder and the second highest was 51°,
corresponding to the alumina powder. Thus, these powders were considered

cohesive.

3.2.5 Particle size distribution

The size distributions of all material powders were analysed by using a light
scattering size analyser (Malvern Mastersizer 2,000, Malvern Instruments Ltd., UK)
to confirm that the size ranges were within specification. The analyser uses laser
diffraction to determine the size distribution of the particles by measuring the
angular variation in the intensity of the scattered light as a laser beam passes
through a dispersed particulate sample. The small particles scatter light at large
angles and large particles scatter light at small angles. The angular scattering
intensity data is analysed to calculate the size of the particulate sample, which

created the scattering pattern [273].
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3.2.6 Particle morphology

The materials studied in this research had different morphologies such as
spherical and irregular shapes. In order to determine the particle properties such
as particle size, particle shape, surface morphology and particle agglomeration, a
LEO 1455 VP scanning electron microscope (SEM) was used to observe the external
appearance of the experimental powders. Prior to the observation, non-conductive
powders such as glass bead and glass-filled Nylon were sputter coated with a thin
electrically conductive gold film. Accelerating voltages from 1kV to 30 kV can be
used in SEM. In our samples, the SEM was mostly operated at an accelerating
voltage of 7 kV. Figure 3-10 presents the images of the experimental powders
using the Scanning Electron Microscope (SEM) and the relevant features are

summarized in Table 3-1.
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Figure 3-10 The images of the experimental powders using the Scanning Electron
Microscope.
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Table 3-1 Physical characteristics of the experimental powders.

Powder Particle density Angle of Repose D, particle shape
(kg/m3) (degree) (um)
Cu 8940 52+0.5 14 Spherical
SiC 3220 46+0.5 54 Irregular
AlLO, 3970 51+0.5 52 Spherical
Glass 2300 33+0.5 41 Spherical
CoCr 8290 48+0.5 18 Spherical
SnPb 8400 35+0.5 35 Spherical
316L SS 7890 46+0.5 32 Spherical
420545 SS 7740 50+0.5 20 Spherical
wWC 15500 45+0.5 35 Irregular
Glass-filled PA 1490 42+0.5 72 Spherical, irregular

3.3 Material dispensing facilities

The material dispensing facilities in this research are presented in Figure 3-11.
These facilities were used to investigate the dry powder printing process that will
be explained in section 3.5. The purpose of these facilities was to control the

dispensing and the environmental conditions in the process.

3.3.1 Glove box

Most dry powders are sensitive to environmental conditions, particularly
temperature and relative humidity. In order to control the specific atmospheric
conditions of the experiments, a glove box (COY Laboratory Products Inc.,
Michigan, USA), which provides a leak-tight environment, was used. The glove box
can maintain temperature and moisture either below and/or above ambient
conditions. This glove box has an automatic monitoring system which controls
temperature and relative humidity at set values. The glove box comprises a main

chamber, a hinged pass through door, a transfer chambers and two glove ports.
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Display and control unit
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Figure 3-11 Material dispensing facilities.

3.3.2 Temperature controller

To control the temperature inside the glove box, a heater controller was installed.
The controller takes an input from a temperature sensor placed inside the glove
box and has an output that is connected to a heater and fan. The circulation fan is

used to ensure uniform temperature in the glove box.

3.3.3 Humidity controller

A humidity controller (Electro-tech System Inc., Philadelphia, USA) was installed in
the glove box to control the moisture content. It started and stopped the pump
that activated the humidification and dehumidification apparatus when the
moisture level deviated from the user-set point. The dehumidification consists of
desiccant cartridges installed at the rear of the chamber and a pump that
circulates air from the glove box through the desiccant. The humidification
consists of a water chamber mounted in the interior of the chamber, water
reservoir and a water pump located on the exterior of the glove box. The
circulation fan is used to ensure appropriate uniform humidity throughout the

glove box.
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3.3.4 Microbalance

A Sartorius SE2 microbalance (Sartorius AG, Germany) was used in this study. The
microbalance consists of a weighting cell and a display and control unit; it has an
accuracy of 0.1 pg and has a weighing capacity of 2100 pg. The weighting cell is
placed inside the glove box. It has a weighing pan which is positioned beneath the
dispenser to measure the weight of powder dispensed. The display and control
unit, which is placed outside the glove box, receives mass data by means of the
communication port (RS232) of the weighing cell and sends data to a computer via
a printer port. In this way, the signal from the balance is recorded and processed

by the computer. After that, mass flow rate is calculated.

3.3.5 Ultrasonic amplifier

The ultrasonic amplifier was used to magnify the pulse wave signal sent to activate
the piezoelectric transducer of the dispenser. This pulse signal causes deformation
of the piezo leading to vibration assisted discharge. This amplifier uses a Sonic
Systems driver board (Sonic Systems Ltd, UK). The driver is capable of delivering
50 Watts of output power in the frequency range 40 to 153 kHz. This board

requires a 24 Volts DC supply capable of 3 Amps continuous current.

3.3.6 Computer and software

A computer and a LabView (National Instruments, Texas, USA) program allow the
operator to input parameters that were suitable for the nozzles and powder
materials. The LabView program in this study was developed by X. Lu and S. Yang
at the Queen Mary University of London, it was used to generate the desired signal
for driving the piezoelectric transducer of the dispenser [269]. There were two
main parameters that were set in the LabView program. One was the wave
amplitude of the signal voltage which regulated the strength of the piezoelectric
deformation. Another one was the pulse width which specified the time duration of
the ultrasonic vibration as shown in Figure 3-12. The LabView program also
received the real-time data signal from the microbalance of the mass of powder

dispensed.
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Figure 3-12 LabView control parameter interface.

The dispensing device could adjust the time duration by controlling the duty cycle,
which is the proportion of the time during which a piezoelectric transducer
operated (the dispensing wave cycle). This is shown schematically in Figure 3-13.
The duty cycle can be presented as a percentage. To calculate a duty cycle, the
signal’s pulse width and wave cycle time were required. The following equation is
used for calculating the duty cycle as a percentage of the wave time to the wave
cycle time as shown in Equation 3-2:

Duty Cycle = _Wavetime 4 (3-2)

Wave cycle time

The wave time was the time that the device was turned on to dispense the powder,
and the wave cycle time was the total time taken for a signal to complete an on-off
cycle.
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Figure 3-13 Schematic description of the signal parameters.

3.3.7 Dispensing evaluation

Mass flow rate and relative standard deviation (RSD) were employed to evaluate the
dispensing results. The RSD was used to evaluate the dose uniformity as shown in

Equation 3-3:

L3 (Wi-Wmean)?
RSD = x 100% (3-3)

Wmean

where n is the number of samples, W is the ith dose mass and W__ is the mean
dose mass. For RSD, a small number shows better consistency of powder

dispensing from dose to dose.

3.4 Precautionary requirements

For our observations, clogging and semi-blocking were common problem. They
mainly resulted from big contaminants or fibres in the powder inside the nozzle
(@as shown in Figure 3-14). These problems caused unstable flow of the powder.
These problems always took place when relatively small-diameter nozzles (when
compared with mean particle diameter) were used for dispensing. Therefore, the
use of larger-diameter nozzles to reduce the chance of blockage minimises this

problem. However, this solution could not guarantee a stable flow rate in powder
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dispensing. Thus, it was necessary to ensure that the powders were sieved to
screen contaminants before dispensing. To avoid the nozzle failing to discharge
properly during the experiments, the dispensers required carefully intermittent
checking and cleaning after 10 - 15 minutes of printing. This was achieved by
wiping across the nozzle orifice with a lint-free cloth or blowing with dry air.
Additionally, particles floating in the air or particles falling from the equipment
occasionally can cause the problem by interrupting the dispensing process. In an
ideal situation, the testing process should be carried out in clean room to avoid
clogging or blocking from the unintentional particles. In some cases, the problem
cannot be observed by eye; thus, a high magnification camera should be

introduced to investigate and monitor this problem.

A) Agglomeration. B) Contaminant particle.

C) Contamination (fibre).

Figure 3-14 Causes of blocking from observations.
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3.5 Scope of experiments

This research consisted of many experiments to study the effect of the many
variables on powder dispensing. All of the experiments will be summarised in this
section. Each experiment had some different procedures and parameters but the
tests were on the same set of dry powder printing devices. In the following

chapters all experiments will be presented in detail.

3.5.1 Investigating the behaviour of dry powder dispensing generation

This investigation observed the behaviour of fine powder flow through the dry
powder printing device. All of the experiments were carried out under ambient
conditions. There were two studies in this investigation. First was the generation
of doming and the collapse of the stable dome structure of the solder powder.
Second was the time delay in starting and stopping dispensing. The dispensing
device was constructed of a transparent pipette glass, which allowed the users to
observe the movement within the device. The dispensing characteristics were
captured by a high speed camera. Furthermore, video imaging was used to
investigate directly the relationship between the data output and the specific

movements of the powder particles within the device.

The experimental set up of dispensing generation is shown schematically in Figure
3-15. The experimental apparatus consists of two computers, an analogue
waveform generator (NI 6733 DAQmx card, National Instruments Corporation Ltd.
Berkshire, UK), a power amplifier (50w, Sonic Systems Ltd, Somerset, UK), a hand-
made glass nozzle (Pasteur glass pipette, Fisher Scientific International Inc., New
Hampshire, USA).) attached to a piezoelectric ceramic ring (SPZT8-100-50x20, MPI
Co., Switzerland) by an adhesive epoxy (Araldite Rapid Syringe-Epoxy Extra Strong,
Huntsman Corp., USA) and a high speed video system (Photon Fastcam SA-3
monochrome system, Photron USA, Inc.) operating range of 1,000-4,000 fps to
observe the flow behaviour of the discharging powder. The images were recorded
at a rate of 1,000 - 4,000 frames per second (fps) and analysed via digital image

processing (Photon Fastcam Viewer, Photron USA, Inc.).

The computer No.1, a dispensing controller, generates a rectangular signal wave at

a set signal voltage to activate the piezoelectric ring on the glass tube. The high
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speed camera captured the flow of powder deposited from the nozzle after
vibration from the piezoelectric transducer and transferred the data to the
computer No.2 through Gigabit Ethernet (RS-422). The signal from the computer
No.1 was split into two signals. One was the standard amplified output signal that
was sent to the piezoelectric ring to activate vibration for discharging the powder
inside the nozzle. The other signal was the TTL (Transistor-Transistor Logic)
signal, which had the same frequency as the standard output signal, to command

the trigger of the video recording system via the computer No.2.

To capture the high magnification images of the flow of the powder as it was
discharged in the experiment, the high-speed camera was attached to a c-mount
adapter on a Leica Monozoom 7 (Leica Microsystem Inc., USA). This macroscopic
lens was installed close to the dispenser. Image processing software, ImageJ, was

also used to adjust and analyse the images.
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Figure 3-15 Schematic diagram of dispensing generation study.

To capture the images with a high speed shutter speed, the system required
adequate lighting. This was achieved by two halogen lamps (650 W, Osram,
Munich, Germany) installed in front of the nozzle device and a white-paper screen
was place at the back of the nozzle as illustrated in Figure 3-16. The distance
between the light sources and the dry powder printing device was about 1m to
avoid disturbance from hot air generated by the light source. These investigations
concentrated on the powder profile in the vertical and horizontal directions during
dispensing. The images were taken against a white background with the high
speed camera set to high resolution (512 x 512 Pixels). The position of the lights

remained approximately constant throughout the experiment. In additionally, a
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linear-scale reference was recorded for measurement purposes after the setting up

of the experimental facilities was completed.

White Background

O Dry Powder Printing

Device
~1m |_|
Halogen Lamp ’ ‘ Halogen Lamp

High Speed Camera

Figure 3-16 Schematic diagram of the light sources used for flow visualization (Top

view).

3.5.1.1 Powder flow generation

In order to study the behaviour of dry powder dispensing, the solder powder that
had spherical particles 35-um in diameter was observed by the high speed camera.
The design of the dispenser (Figure 3-17) used in this study had a nozzle diameter
of 250 um. The nozzle angle was 75°. A piezoelectric transducer was attached to
the glass pipettes at a distance of 12 mm from the nozzle tip (piezoelectric
position). The signal voltage used was fixed at 2 Volts. The sequence of images
captured from the starting dispensing to stopping dispensing of the solder powder
from the glass nozzle was recorded. The magnified images around the powder
dome were also captured. Also, analysis of the dome structure was conducted. The
behaviour of powder discharge from the device was explored and is discussed in

section 4.1.1 of Chapter 4.
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Figure 3-17 Design parameters and their reference levels for the experimental

nozzle.

3.5.1.2 Time delay

For this study, the time delay of the dry powder printing device was tested with an
example of a cohesive powder (copper powder) and a free-flowing powder (solder
powder). These two spherical powders were chosen for detailed examination
because they are common metal powders that are used in relatively large
quantities in electrical-circuit applications, which is one potential application of
multiple material additive manufacturing. The solder powder and the copper
powder were spherical particles 35 ym and 14 pm in diameter respectively. To
measure the duration time of the starting time delay, the dispenser was filled with
the selected powder. Then the magnified images of powder dropping were
captured using the high speed camera. Finally, the images were used to observe
visually the nature of the discharge. The parameters studied are given in Table
3-2.

Table 3-2 Study parameters and their reference levels for the time delay

experiment.
Parameters Level
Nozzle Diameter 150 pm, 450 pm
Nozzle Angle 45°, 65°
Powder Solder, Copper
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To study the time delay, the response of the dry powder printing device was tested
by switching the pulse signal of the ultrasonic controller on and off. TTL
(Transistor-Transistor Logic) signal, which had the same frequency as the standard
output signal, was used to start the recording of the high speed camera. In other
words, the camera started recording when the pulse signal was ON, which was
used as the starting point to measure the time delay of the dispensing. A pulse
signal was applied to the dispenser with a wave cycle of 1 second and a wave time
of 2 seconds. The results from the study with the parameters of Table 3-2 were
based on conducting the experiment ten times. These results were compared and

the discussion is presented in section 4.1.2 of Chapter 4.

3.5.2 Investigating the characteristics and design parameters of dry

powder dispensing

There were five studies in this investigation to examine the characteristics and
design parameter of the dry powder printing device. Figure 3-19 presents a
schematic diagram of the dispensing study for the dry powder printing device. The
apparatus employs the same computer control and amplifier as described in
section 3.5.1. To assess the mass flow rate, a microbalance with a data transfer
system is installed in this experimental setup. The experimental apparatus
includes the computer, the analogue waveform generator, the power amplifier,
experimental nozzles and a microbalance (2,100 mg + 0.1 pg, Sartorius AG,
Germany). All of the experiments required to assess mass flow rate were carried
out in the glove box. The temperature was 20+2.5 °C. The relative humidity was
also controlled at 35-45% to avoid disturbances caused by liquid bridge forces,
which become relevant when the relative humidity reaches a value of 67-75% [274-
276].

The computer was used to generate the level of the signal voltage and switching
on/off of the signal voltage. The power amplifier generated a rectangular wave
signal at a set signal voltage with a 40+3 kHz frequency to activate the
piezoelectric ring on the glass tube. The microbalance recorded the weight of
powder deposited from the nozzle by the vibration of the piezoelectric transducer

and transferred the data to the computer through a serial port (RS232).
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Figure 3-18 Schematic diagram of dispensing study.

For controlling the start and stop of the dispenser, the wave cycle time was 4
seconds with 1 second of ON time (pulse duration) and 3 seconds of an OFF time.
In all experiments (except for the experiment in section 3.5.2.1), the dispenser
was loaded with 3 grams of powder, i.e. approximately 30% of the full capacity of
the dispenser. The data for dose mass were sampled at 60 points from the start to
the stop of dispensing. To avoid the influences of unstable dosing during the
beginning of dispensing, 20 points in a run-in region were not used and 40 points
in a stable region were employed to calculate the dispensing mass (The
justification of this suggestion is discussed in section 4.2.1). The weight of the
particles discharged from the nozzle was automatically measured at constant time
interval (1 s) by the digital microbalance. The relationships between the mass flow

rate and the sequential number of dispensing were obtained by digital processing.

3.5.2.1 Powder dispensing profile

For the first study, the characteristic of the mass flow rate from the beginning of
dispensing to material run out was observed. The experimental powder used was
the copper powder. The particle diameter was 35-uym and the particle shape was
spherical. The nozzle diameter used in this study was 350 pm. The nozzle angle

was 65°. The position of the piezoelectric ring was 16 mm from the nozzle tip. The
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signal voltage used was fixed at 2 Volts. The dispenser was loaded with up to 2
grams of powder. The data collection began at the start of dispensing and
continued to the end of dispensing when the powder ran out. The analysis and the
discussion on the mass flow rate profile from the dispensing device are shown in
section 4.2.1 of Chapter 4.

3.5.2.2 Effect of different powders on mass flow rate

For the second study, the mass flow rate for different powder materials was
explored. The solder powder and copper powder were used to evaluate the mass
flow rate. A nozzle design with a diameter of 250 ym, a nozzle angle of 75" and
the piezoelectric ring positioned of 12 mm from the nozzle tip were used in this
study. The signal voltage was set at 2 Volts. The tests were repeated 4 times for
each powder. The mass flow rate and RSD of these experimental powders were
compared. The effect of different powders is discussed in section 4.2.2 of Chapter
4.

3.5.2.3 Effect of nozzle design and signal voltage on mass flow rate

For the third study, the effect of dispensing parameters on mass flow rate was
investigated. The parameters selected were based on the literature review in
Chapter 2 and the levels of the parameters were selected from our experience.
Four dispensing parameters were considered to be controlling factors; signal
voltage amplitude, nozzle diameter, nozzle angle and piezoelectric position. Each
input parameter was studied at 2-levels to see the effect of each control factor, a
low level represented by -1 and a high level represented by +1. Table 3-3 shows
the list of the variable parameters and their levels. A 2* full factorial test was
performed and it was repeated three times in each trial condition. The
experimental powder used was the copper powder. The results from this study are

analysed and the discussion is presented in section 4.2.3 of Chapter 4.
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Table 3-3 Study parameters and their reference levels for the nozzle design and

signal voltage experiments.

Levels
Parameters
Low High
Signal voltage 0.5 Volt 2.0 Volt
Nozzle angle 45° 65°
Nozzle diameter 180 ym 270 ym
Piezoelectric position 10 mm 20 mm

3.5.24 Effect of nozzle diameter on mass flow rate

For the fourth study, whose purpose was to determine the influence of nozzle
diameters on mass flow rate, two different powders namely the solder powder and
the copper powder were selected. The signal voltage was set at 2 Volts. During the
test, the same dispenser, successively ground to vary the nozzle diameter sizes,
was used. The nozzle angle was 66°. The piezoelectric transducer was attached to
the glass tube 12 mm from the tip when the nozzle diameter was 110 pym. The
sizes of the nozzle diameters were varied as shown in Table 3-4. Their mass flow
rates were recorded and the results were examined. The results for the two
experimental powders were compared and the discussion is presented in section
4.2.4 of Chapter 4.

Table 3-4 Study parameters and their reference levels for the nozzle diameter

experiment.
Parameters Details
Nozzle Diameter 110, 200, 255, 280, 320,375, 400 (um)
Material Solder, Copper

3.5.2.5 Effect of signal voltage on mass flow rate

For the fifth study, whose aim was to find the effect of signal voltage on mass flow
rate for the dry powder printing device, the solder powder and the copper powder
were again selected. The signal voltage was varied to see its effect on the mass

flow rate. The levels of the signal voltage were changed in the range of 0.5-5 Volts
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as shown by the steps in Table 3-5. A nozzle design with a diameter of 250 pm, a
nozzle angle of 75" and a piezoelectric position of 12 mm from the nozzle tip were
used in this study. The comparison of the two experimental powders and the

discussion are detailed in section 4.2.5 of Chapter 4.

Table 3-5 Study parameters and their reference levels for the signal voltage

experiment.
Parameters Details
Signal voltage 0.5,1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 5.5, 5.0 (Volt)
Material Solder, Copper
3.5.3 Investigating the characteristics and processing parameters of dry

powder printing

This investigation explored the characteristics and processing parameters of the
dry powder printing device. There were two main objectives in this investigation.
The first objective was to dispense and observe ten different powders and to
demonstrate the capability of the device by printing a variety of samples. They
were both a single material in a layer and multiple materials in a layer. The second
objective was to study the processing parameters of the device. The standoff
distance and moving speed were varied. These results were to analyse and discuss
the material deposition rate and the feature size of the printing track deposited.
Problems affecting printing quality are presented and finally, the operation

guidelines are developed. This is detailed in section 4.3 of Chapter 4.

The experimental apparatus includes a computer, an analogue waveform
generator, a power amplifier, a motion controller, experimental nozzles and an
XYZ movement. The computer contained a digital to analogue card controlling the
Z column and X-Y table, which were driven by servo motor (Parker Hannifin,
supplied by Micromech, Braintree, UK). The motion controller and a 6K4 card
controlled the axes and the printing device through LabView and Motion Planner

program. The experimental setup is as shown schematically in Figure 3-19.
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Figure 3-19 Schematic diagram of printing study.
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The position of dry powder printing was controlled by an XYZ positioning system
for traditional Cartesian coordination. The XYZ stage utilizes a workspace of 400 x
400 x 150 mm. The XYZ movement provided a positional accuracy of +25 ym. The
X-axis and the Y-axis moved a substrate on the platform in a horizontal plane. The
Z-axis carried the dry powder printing device in a vertical direction. The substrate
was placed on the X-Y platform below an independent Z-axis that the printing
device incrementally moved up and down. After setting the vertical level, the
printing system mounted on the Z-axis was immobile during the deposition of

each layer. A photograph of the printing axes is shown in Figure 3-20.

Figure 3-20 The axes and platform of the dry powder printing system.
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To create a pattern layer by powder printing, this study required the X-Y table to
move the substrate in relation to the nozzle. The X-Y table must be synchronized
to print properly the desired drop pattern on the substrate. The use of the
automatic X-Y movement allows printing of the material in various patterns
depending on the programing. To prepare the test geometries, firstly the
geometries were made by SolidWorks software (Dassault Systemes SolidWorks
Corp., Velizy, France). After making the CAD model, the model was converted to
DXF format and imported to CompuCAM solftware (Parker Hannifin, supplied by
Micromech, Braintree, UK) to generate the tool path and commands for the X-Y
table. The communication between the X-Y table and the dispensing device was
managed by the Motion Planner software (Parker Hannifin, supplied by Micromech,
Braintree, UK). The software ran the tool path programme and commanded the
driver of the X-Y table. At the same time, the computer sent a command to
interface Labview software to generate a signal to control the piezoelectric
transducer of the printing device. In the single-material printing study, the system
was mounted with one device on the Z axis (Figure 3-21). Three printing devices
were assembled on the Z axis for the multiple material printing study (Figure
3-22). In order to assess the printed pattern, an optical microscopy was used
(Olympus digital microscope, BX41, Olympus Corp., Tokyo, Japan). All of the
experiments were carried out under ambient conditions; temperature was in the

range 23-28 °C and relative humidity was in the range 36-45%.

Single dry powder I

printing device

Figure 3-21 The set up for a single-material printing study.
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Three dry powder {
printing devices

Figure 3-22 The set up for a multiple-material printing study.

3.5.3.1 Printable powders

In this study, the powder materials were copper, solder (SnPb), 316L stainless
steel, tungsten carbide, alumina (Al,O,,), cobalt-chrome (CoCr), 420545 stainless
steel, glass bead, and glass-filled nylon. The size range was 14-72 ym and their
details were shown in Figure 3-10 and Table 3-1. To determine the flow pattern
characteristics, the experimental powders were captured with the high-speed
camera at 1,000 frames per second. The experiment was similar to the procedure
outlined in section 3.5.1. All experiments used an identical dispenser with the
same dispensing conditions. The design of the dispenser used in this study had a
nozzle diameter of 250 pm. The nozzle angle was 75°. The piezoelectric position
was 12 mm. The signal voltage used was fixed at 2 Volts. The flow patterns of the
powders were compared and discussed. All details are shown in section 4.3.1 of
Chapter 4.

Also, to compare the difference in printing results from the ten powders, single-
material printing onto a flat substrate was studied. Single-material printing
samples were fabricated with the developed device to produce a dot, a straight line
and a spiral line. All printing used a moving speed of 10 mm/s. After printing the
samples onto the substrate, the results were analysed with the optical microscope.

To evaluate the feature size, the track width of the tracks was analysed by imaging
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software. The results for the powders were compared and discussed. All details are

shown in section 4.3.2 of Chapter 4.

3.5.3.2 Effect of signal voltage on spray angle

This experiment investigated the effects of signal voltage on spray angle during
powder particle discharge from the dry powder printing device. The solder powder
and the copper powder were used in this investigation. The flow characteristics of
the experimental powders were observed by the high speed camera to obtain
information on the spray angle of the powder stream. The recording ability of the
camera was between 1,000 and 4,000 fps, and the camera was focused on the
nozzle orifice to record powder flow while dispensing the powders from the
device. Different combinations of signal voltage, nozzle angle, nozzle diameter
and powder material were tested. Image) software was then used to contrast
appropriate low and high thresholds to aid analysis and measurement. These
images were measured to estimate the average spreading angle of the powder
stream for each combination. The detail of the setup facility was described in
section 3.5.1 and the control values are given in Table 3-6. The comparison of the

results is illustrated and discussed in section 4.3.2.1 of Chapter 4.

Table 3-6 The printing parameters of spray angle experiment.

Parameter Details
Material Solder, Copper
) 1) 150-pm/12°/12mm
Nozzle design 2) 250-pm/12°/12mm
3) 250-pm/75°/12mm
Signal Voltage 0.5, 1.25, 2 Volts

3.5.3.3 Effect of dry powder printing parameters

There were three studies in this section. The copper powder was used in the
experiments. The first study was to test the accuracy of the expected length. A
series of tracks were printed with different lengths, from 1 to 10 mm, with 1-mm
incremental step. The second study was to explore the effect of moving speed and
standoff distance (the distance of the tip of the nozzle to the top of the substrate).

The details are shown in Table 3-7. The third study was to examine the effect of
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moving speed, which is relative speed between the nozzle and the substrate. The
copper powder was printed with a standoff distance of 200 um and moving speeds
of 5, 10, 15, 20 and 25 mm/s. A nozzle design with a diameter of 250 pm, a
nozzle angle of 75" and a piezoelectric position of 12 mm from the nozzle tip was
used in this study. All experimental results were captured with the optical
microscope and the image process program measured the dimensions. The results

for the powders are presented and discussed in section 4.3.2 of Chapter 4.

Table 3-7 The parameters selected for moving speed and standoff distance

experiment.
Parameter Details
Standoff distance 150, 250, 350 (um)
Moving speed 1,5, 10 (mm/s)

3.5.34 Demonstration of dry powder printing

In order to demonstrate the capability of the device, the best resolution for single
material printing was presented. Also, a sample of dry powder printing on an
existing object was assessed. Furthermore, multiple material printing from three
different powders (stainless steel powder, tungsten carbide powder and copper
powder) was set up and presented. The experimental setup used for the printing
was the same as the previous experiments. Finally, the operational guidelines for
the device are summarized and discussed. All details are reported in section 4.3.3
to 4.3.6 in Chapter 4.

3.6 Summary

In conclusion, this chapter illustrates the improved device and the material
preparations necessary to carry out each experiment in our research. Furthermore,
the new dry powder printing device was introduced and compared with the
previous design. Chapter 4 presents the results and discussion of all experimental

results.
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Chapter 4:

Results and discussion

In this chapter, the results obtained from the experiments using the novel dry
powder micro dispensing device are presented and discussed. First, dry powder
flow generation is observed. Then, the behaviour of powder dispensing in the
device is examined. After that, the effects of printing parameters are investigated
and powder pattern printing is demonstrated. All of our study focuses on a
comprehensive understanding of the behaviour and the control of the process in

this device.

4.1 The behavior of dry powder generation

In this section, the study was to examine the behaviour of dry powder generation
through the device. The generation of doming and the collapse of the stable dome
structure were observed. Then, the time delay in starting and stopping dispensing

were investigated.

4.1.1 Powder flow generation

This investigation was to observe the flow of fine powder through a novel device
under ultrasonic vibration. Spherical solder powder with a mean particle size of 35
pm was loaded in a dispenser with a nozzle angle of 75°, a nozzle diameter of 250
um and a piezoelectric position of 12 mm. A high speed camera was used to
capture the images at a frame rate of 1,000 fps. The signal voltage applied in the
study was 0.5 Volts. Once the dispenser was filled, particles freely flowed from the
orifice until a stable dome structure was formed (Figure 4-1). After that, the device
was used to dispense the powder 20 times with 1-second vibration. To capture the
powder flow, the trigger of the high speed camera started after sending a pulse

signal to the dispenser and stopped after the signal was turned off for 1 second.

97



Chapter 4

Stable dome structure

Figure 4-1 Dome structure of a fine powder above a micro orifice (250 pm).

Figure 4-2 shows the sequential images captured by the high speed camera at
0.01 second increments from the start of dispensing (B) to the cessation of
dispensing (G) when the powder forms a new stable dome structure (H-J)) inside the
glass nozzle. As can be seen, during dispensing, the vibration from the
piezoelectric transducer transmits energy through the glass tube to particles
around the dome structure and the result is to break the dome structure and so
achieve flow of the powder. On switching off the vibrations, particle-particle and
particle-wall friction lead to the formation of domes causing powder flow to arrest

in the nozzle.
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Figure 4-2 Sequence of images captured from the start of dispensing to the
cessation of dispensing of a fine powder from the glass nozzle (the

signal voltage = 0.5 Volts, the time step = 0.01 seconds).

Information obtained in previous work using ultrasonic dispensing indicated that
the forced vibration regulates flow and the mass flow rate of powder [11, 139,
253, 255]. The powder flow starts when vibration starts and the flow stops when

vibration stops. However, in the previous studies, the flow behaviour of powder
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through the orifice was little mention. In this study, the observations were
obtained using the high speed camera, which show clearly details of the starting

and stopping process while the dry powder dispensing device is working.

The powder was dispensed by the ultrasonic dispensing system using a glass
nozzle as a funnel and a computer control system. Powders were dispensed
through the orifice by breaking the stable dome structure by activating a voltage
signal pulse to the piezoelectric transducer attached to the dispenser. The stable
dome structure of the powder particles functioned as a control valve in the
dispensing process. When the device was activated by piezoelectric vibration,
powder particles were dilated and the void spaces between particles were
increased. Consequently, particle interlocking, the adhesive force and the friction
force between particles were weakened. The stable dome structure collapsed and
the “control valve” opened and powder flow finally started. When the vibration
signal was stopped by inactivating the piezoelectric transducer and the rest of the
powder particles formed a new stable dome structure and as a result the flow

stopped or the control valve was closed.

From the experimental results, the control of powder flow was simplified into 2D
pictures to illustrate the flow mechanism through the device, as shown in Figure
4-3. Brown particles form a stable dome structure supporting the other particles
inside the dispenser, and so the particles are unable to discharge under gravity, as
shown in Figure 4-3(A). By disturbing the dome with external force from ultrasonic

vibration, in Figure 4-3(B), the supporting dome could be easily broken.
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(A) OFF Signal (Stop dispensing) (B) ON Signal (Start dispensing)

Figure 4-3 OFF and ON signals to control powder flow.

As the bulk powder inside the dispenser was exposed to external vibration, the

unconfined surface of the powder could expand and the degree of compaction
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decreased. The stable dome structure starts collapsing when the particles moved
upward and the voidages between the particles increased. This collapse allowed
powder flow through the orifice. This indicates that the key mechanism of this
device is the formation of a stable dome structure across the orifice, which acts as
a natural control valve. The stable dome structure is broken by the mechanical
energy that is transmitted through the container wall to the stored powder. This
mechanical energy comes from the ultrasonic vibration of a piezoelectric

transducer.

At first, the powder particles formed a stable dome structure above an orifice
under the force of gravity, known as a jammed stage. In this jammed stage, the
powders together act as a solid and the velocity of individual particles was zero.
After applying external force from the ultrasonic vibration, the dome structure
collapses and then the powder particles flow through the orifice. When the
external force is stopped, the velocities of particles drop and they even come to a

complete stop. At this stage, a new stable dome structure is formed again.

The powder flow controlled by ultrasonic vibration can be broadly explained by the
arching analysis proposed by Lu et al.[277] This explanation is based on the
equations introduced by Li [278] and Jing [279]. The assumption of this model is
(1) the powder is composed of an arched layer, the major principal stress (o)) is
tangential to the arched layer and the minor principal stress (o,) is normal to the
arched layer. (2) The major principal stress and the minor principal stress belong
to the Mohr circle locus of the powder in the container. (3) The voidage of the
powder is considered constant and the minor principal stress on the bottom

surface of an arched layer is equivalent to zero.
A stable dome structure is balanced by three forces as follows:

where G is the gravitational force due to the mass of particles, F_is the downward
force on the top of the arced layer and F_is the friction force from the wall of the

container.

The relationship between the gravitational force and the mass of particles of the

arched layer is given by:

G = ppgAh (4-2)
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where p, is the bulk density of the powder, g is the gravitational acceleration, A is
the surface area of the arch layer and h is the height from the tip of the nozzle to

the top of the arched layer.

The downward force on the top of the arched layer is given by:

F, = nmR%0, (4-3)

where R is the radius of the nozzle and o, is the minor principal stress that is

normal to the arched layer.

The relationship between the friction force on the wall of the container and the

major principal stress and the minor principal stress is presented as follows:

F; = 2nRh [%sin(zzf)] = uyN (4-4)

where B is the angle between the major principal stress and normal to the wall of
the container, p_is the wall friction coefficient and N is the normal force to the

wall.

Lu et al.[277] pointed out that the arched layer collapses when the three forces are
unbalanced by external vibration. The powder above the arch can move downward
when the ultrasonic vibration is activated as the resultant force is bigger than the

friction force. This behavior can be explained by the following equation:

ppgAh + mR?*c, > F; = 2nRh [01;02 sin(Zﬁ)] = uy N (4-5)

In addition, the high speed camera used in this investigation revealed the jamming
of particles to form the arch above the orifice. In Figure 4-4, the results from the
images captured at different stopping times are presented. These images show

that the positions of a stable dome structure are different when the device was
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turned off several times. It can be clearly seen that the stable dome positions are
random in each cycle and the difference of the tip of the ach to the nozzle orifice

varied from 94-188 pym.

LL

Figure 4-4 The images of stable dome structures at different stoppages via the

high speed camera.

If the position of the stable dome structure with respect to the nozzle orifice
changes, a variation of dispensing will occur. The variation of dome forming
position is thus one of the main causes of mass flow rate fluctuations.
Consequently, the relative standard deviation (RSD) of mass flow rate will depend
on the variation of the dome position. Moreover, this variation in dome position

could also affect the time delay in starting and stopping dispensing.

Similar results have been obtained by Tang and Behringer [280] , in a 2D hopper
flow study (particle size = 5.3 mm). They always found that there was a stable arch
across the outlet when jamming occurred and the shape of the arches could not be
predicted. The effect of a dome position on mass flow rate can be expressed by

the following equation proposed by Oldal et al.[281]:

W = %p /2g6(d —d,)5 (4-6)

where W is the mass flow rate, p is the bulk density, g is the gravitational
acceleration, d is the outlet size, dp is the particle size. 6 is the arch shape
coefficient that depends on the powder, which is the ratio of the arch height to the
outlet diameter. Equation 4-6 indicates that the mass flow rate is affected by the
arch shape coefficient. When the arch height is changed, the coefficient also
changed. Therefore, the variation of mass flow rate can be explained by the

randomness of the different dome positions.
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4.1.2 Time delay

In a powder deposition process, the capability to control the powder dispensing
ON and OFF responsively is an important feature of a powder handling system
[282]. From the literature in Chapter 2, no study was found the on time-delay of
dry powder printing using a vibration-assisted system. To explore this issue, the
response of the dry powder printing device was tested by switching the pulse
signal of the ultrasonic controller on and off. The high-speed camera was used to
record the dispensing. Photo Fastcam Viewer was used to analyse the time delay of
each experiment. In the study, the solder powder with a mean particle size of 35
pm and copper powder with a mean particle size of 14 ym were used in four
dispensers with; (1) nozzle diameter of 150 pm, nozzle angle of 62° and
piezoelectric position of 18 mm, (2) nozzle diameter of 450 pm, nozzle angle of
66" and piezoelectric position of 12 mm, (3) nozzle diameter of 270 ym, nozzle
angle of 45" and piezoelectric position of 10 mm, and (4) nozzle diameter of 270
pm, nozzle angle of 65" and piezoelectric position of 10 mm. All tests were carried
out with a signal voltage of 2 Volts. The test was repeated ten times to evaluate

the time delay.

Figure 4-5 presents multiple bar charts of the time delay for different nozzle
diameters for each powder. By visually comparing the heights of the paired bars
for each start and stopping stage, we can observe that the average value of the
time delay of the stopping stage is higher than the starting stage. It is also seen
that the time delay of the starting stage for both powders is relatively similar for
the different nozzle diameters. However, in the stopping stage, the time delay for
the different nozzle diameters for each powder is very different. It is also
interesting that the time delay for the stopping stage of both powders is similar
for the 150-um nozzle diameter. In contrast, the time delay for the stopping stage
for the 150-um nozzle diameter shows a huge different between the copper

powder and the solder powder.
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Figure 4-5 Delay time for copper and solder powders with a 150-pym nozzle and a

450-pym nozzle (the nozzle angle = 62° and 68°).

Figure 4-6 shows the bar charts for the time delay for different nozzle angles for
each powder. There are no differences in the time delay for both powders at the
starting stage. However, for the stopping stage, the highest average time delay is
for the narrower nozzle angle. The charts also show that the time delay for the

stopping stage for the solder powder is longer than for the copper powder.

B Nozzle angle = 45°

B Nozzle angle = 65°

Delay time (ms)

Start Start Stop Stop

Copper Solder Copper Solder
Stage

Figure 4-6 Delay time for copper and solder powders with the 45° nozzle and the

65° nozzle (the nozzle diameter = 270 pym).
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From the above results, it can be seen that the time delay for the starting stage is
shorter than for the stopping stage. The reason is that when the pulse signal
stops, the particles in the nozzle stop oscillating and a new stable dome structure
forms when the particles return to equilibrium. At that point, the particles under
the free-fall arch region are dispensed and this continues until there are no more
particles. The time delay of the solder powder was noted to be longer than the
copper powder. The time delay of the copper powder was shorter because it is
more cohesive. This cohesiveness can generate a higher wall friction force
resulting in a faster time to reform a stable dome structure. For the solder powder
that the time delay was long because it has better flowability and it less cohesive.
We can conclude that a powder with low flowability leads to a longer stopping
delay time. For different nozzle angles, the time delay for the 45" nozzle angle was
longer than for the 65° nozzle angle. Generally, for a steep wall hopper angle, the
particles move faster than on a shallow angle. Therefore, for a steep angle, the
particles require more time to achieve zero movement and balance the forces to
achieve a new stable dome structure. This could be the reason why the time delay
for the 45" nozzle angle was longer than the 65° nozzle angle. For different nozzle
diameters, the time delay for the 150-ym nozzle diameter was shorter than for the
450-pym nozzle diameter. It is believed that in order to form a new stable dome a
wider nozzle diameter requires more time than a narrower nozzle diameter. The
particles above the orifice need contacts to support the stress from the particles
around the stable dome structure. If the nozzle diameter is big, more time is
required to get the particles closer and achieve contacts to form the dome
structure. Thus a large nozzle diameter leads to a longer time delay. Interestingly,
in Figure 4-5, the time delay for the starting stage is slightly different for both
powders for the different nozzle design conditions. However, the distance between
the piezoelectric transducer and the tip of the nozzle for the 150-um diameter
nozzle (18 mm) is longer than for the 450-um diameter nozzle (12 mm). Thus the
piezoelectric position may influence to the time delay for the starting stage. The
longer distance between the dome structure and the source of the vibration
requires more time for the vibration to travel to the dome. Hence as the
piezoelectric position increases, the time delay for the starting stage becomes

longer.

A precise on-off control would be beneficial for accurate dispensing and printing

from the device. Figure 4-7 presents a schematic of the control signal and the
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actual discharge of powder through the device. In the ideal situation, the device
should immediately respond to the control signal to discharge the powder when
the signal is turned on and turned off. However, there are the time delays on both
turning on and turning off signal. In this illustration, we assumed that the delay
from the electronic and electro-mechanical components in the control system was
very small and could be neglected. For the on-delay time, we could conclude that it
arises from the time the vibration wave take to travel from the piezoelectric
transducer to the powder inside the glass tube. Next, the vibration transfers to the
particles around the stable dome structure. Finally, the particles relocate and the
stable dome structure collapses. The off-delay time arises from the time the
particles take to form a new stable dome structure after the control signal is
turned off and then, the time the free-flowing particles under the stable dome

structure take to discharge completely.

ON
, OFF OFF
Control signal
Ideal discharge
TON _)i < _)i < TOFF
Actual discharge i !

Time
Figure 4-7 Schematic of the comparing an ideal ON/OFF response and that found

in practice.

This information can be used to correct the time delay during the printing
operation of the device. Figure 4-8 and Figure 4-9 describe the effect of the time
delay in powder dispensing on the accuracy of a printed track. The discharged
powder could take a few milliseconds to reach the substrate due to the on-delay
time, including the time the particles take to reach the substrate due to gravity

that can be estimated from the free falling object equation:

= |Z 4-7)
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where t is the time for falling particles to reach the top of the substrate, S is the

standoff distance, g is the gravitational acceleration.

The printed powder could be deposited some position after the programmed start
point as shown in Figure 4-8. When the control signal is turned off, the powder
flow does not stop suddenly. Therefore, at the end point, the additional powder is
deposited as presented in Figure 4-9. This additional powder will cause a problem
called a match-head effect that will be discussed in section 4.3.2.6. From this
study, the time delay could be mainly dependent on the powder type and the
nozzle design parameters such as nozzle diameter, nozzle angle and piezoelectric
position. Also, the standoff distance is another variable. To solve this problem
software be built into the controller to compensate for the on/off delay times and

thus improve positional accuracy.
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Figure 4-8 The effect of an on-delay time in powder printing.

Additional powder
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Figure 4-9 The effect of an off-delay time in powder printing.
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In summary, the delay time of the starting stage through a micro orifice is shorter
than the delay time of the stopping stage. The reason is because after stopping
the signal activation, the free-falling particles under a new stable dome structure
need time to flow out of the orifice. Widening the nozzle angle would reduce the
delay time of the starting and stopping stage. Also, reducing the nozzle diameter
would enhance the ability to form a new stable dome structure leading to a
decrease in the time delay. Furthermore, decreasing the piezoelectric position can
decrease the time delay. In addition, the cohesive and adhesive property of a
powder also influences the time delay of starting and/or stopping through a micro
orifice. A more cohesive powder can shorten the time delay in powder dispensing.
To improve the responsiveness and controllability of powder dispensing in the
device, we can suggest that a design nozzle with a wide nozzle angle, a small
nozzle diameter and a short piezoelectric position can improve the time delay at

the start and the finish of dispensing.

4.2 Characteristics and design parameters of dry powder

printing

In this section, a set of experiments was carried out to examine the dispensing
characteristics of the dry powder printing device. The influence of the design
parameters and other parameters such as a nozzle diameter, a nozzle angle, a

piezoelectric position and a signal voltage were also examined.

4.2.1 Powder dispensing profile

To observe the characteristics of powder dispensing from the beginning of the
start of dispensing to material run out, the mass flow rate as a function of the time
of copper powder dispensing was determined. The dispenser used a 350-um
nozzle diameter with a nozzle angle of 65" and a piezoelectric distance of 16 mm.
Figure 4-10 shows the mass flow rate as a function of time from start to run out
for the copper powder. The graph of powder flow is characterized as a bathtub
curve. The mass flow rate is high in the run-in stage or initial stage and then

decreases to a steady stage. This stage is characterized by a constant mass flow
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rate. Finally, the mass flow rate greatly increases and then decreases again until

the powder runs out.
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Figure 4-10 The mass flow rate graph observed in a copper powder dispensed
from start to run out (the nozzle diameter = 350 ym, the nozzle angle =
65°, the piezoelectric position = 16 mm and the signal voltage = 2

volts.).

At the start of dispensing, the bulk density of the powder has been affected by the
pouring process and the particles have settled under gravity. They tend to be
loosely packed. During this period, a high mass flow rate occurs because the
powder had not compacted resulting in a low compact stress and thus it easily
flows. The stable dome structure was easily broken and as a result the amount of
powder flow per unit time was high. After the piezoelectric transducer started
working, the particles inside the device were oscillated and they became closely
packed. However, the bulk density is also increased via the vibratory packing
process. Therefore, the mass flow rates rapidly decreased due to compaction of
the powder and then gradually decreased with dispensing time. The compaction
created low mass flow rates. This is because the stable dome structure was hard to
break and the particle velocity was reduced due to close packing. Thus, the
particles might take a longer time to discharge. After the powder has been shaken
for a period of time its bulk density reaches a nearly constant value and the mass
flow rate reached a steady value. In the steady stage, the mass flow rate gives the

most wanted condition for dispensing because it provides a steady mass flow rate.
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At this stage, we believe the device can provide consistent dispensing because the
particles are packed near the limit of the powder compressibility. Dispensing
reliability with a constant mass flow rate can be expected in this stage. At the run-
out stage, i.e. the final stage before the dispenser was empty, the mass flow rate
dramatically increased again because the bulk density was reduced owing to the
powder mass above the orifice having been removed. Consequently, the mass flow
rate reduces significantly until the powder in the dispenser runs out. At this stage
our device behaves similarly to the fluidized powder in a silo that is uncontrollable
flow resulting in flushing or flooding when it nearly runs out [227]. This result
suggests that before the mass flow rate becomes high when reaching the run-out
stage, the dispenser should be refilled to maintain the steady mass flow rate of
dispensing. This explanation generally agrees with the study reported by Harnby
et al. [283]. They pointed out that changes in bulk density can be very sensitive
indicators of changes in the structural strength of a loosely compacted powder

and hence of its flow characteristics.

4.2.2 Effect of different powders on dispensing

Powder flowability affects the performance of the dry powder printing device.
Different powders have different flowability and they can influence dispensing in a
different way. In this study, a solder powder and a copper powder of 14 pym and
35 pum mean particle size respectively were used to examine the effects of
different powders on powder dispensing. The dispenser used was a 250-pm
nozzle diameter with a nozzle angle of 75" and a piezoelectric distance of 12 mm.
The signal voltage was fixed at 2 Volts. All of the experiments were repeated 4
times. The pulse repetition period (wave cycle) was 4 seconds combined with 1-

second ON time (pulse duration) and 3-seconds OFF time.

4.2.2.1 Mass flow rate

The mass flow rate is generally affected by powder flowability. The mass flow rate
of the copper powder and the solder powder was measured. To calculate the
average mass flow rate of the experimental powders, data for dose mass were
sampled at 90 points from the start to end dispensing and 20 points before the

stable region were removed to avoid the effects of starting dispensing.
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Figure 4-11 The average mass flow rate (A) and the average relative standard

deviation (B) of the solder powder and the copper powder.

Figure 4-11 compares the mass flow rate of solder powder and copper powder of a
mass flow rate and their relative standard deviation. The average mass flow rate of
the solder powder was obviously much higher than that of the copper powder,
4.36+0.047 mg/s and 1.29+0.057 mg/s respectively , as shown in Figure 4-11A.
The difference in the mass flow rates of different powders results from the
difference in their flowability. As we can see from their angle of repose given in
Table 3-1 of Chapter 3, the flowability of the copper powder is poorer than the
solder powder. Also, the size of the copper powder was smaller than the solder
powder. Generally, a smaller particle size is more difficult to discharge than larger
particles [265] because they have more surface area relative to their mass which
causes friction, adhesion, and cohesive force generated by the van de Waals force
and electrostatic effects [284]. Thus high flowability powders can give higher mass

flow rates than low flowability powders.

The average relative standard deviation (RSD or the sample standard deviation
expressed as a percentage of the mean) of the solder powder was much lower than
that of the copper powder, 1.08% and 4.29% respectively (as shown in Figure
4-11B). The difference in the relative standard deviation for different powders
might be because of the difference in their uniformity. The powder uniformity was
analyzed by using a Malvern Mastersizer 2000 particle size analyzer (smaller
values indicate better uniformity). The uniformity of the copper powder was 0.396

and the solder powder was 0.136. This meant the size distribution of the solder
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powder was narrower than the copper powder, which was confirmed by the SEM
images in Figure 3-9. This completely agrees with the findings of Liu et al. [181].
They pointed out that powder flowability is significantly influenced by the particle
size and size distribution; flowability increases with increasing particle size and

narrower size distribution.

Many dry powder printing devices from previous studies have suffered from
unstable feeding of powder, especially when using a small nozzle diameter and
cohesive powders. The mass flow rate of the experimental powders from the
current device was found to be highly stable and reliable. The device showed less
than 5% RSD.
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Figure 4-12 The average mass flow rate of the copper powder and the solder

powder.

Figure 4-12 shows the results of the average mass flow rate obtained from the two
powders with the same dispenser as a function of the serial number of the dose.
Each curve presents the average of four measurements from the dispensing of
ninety samples. The mass flow rates are highest at the start of dispensing and
then noticeably decrease until reaching a steady value. The run-in stage showed a
difference between the two powders. The mass flow rate of the solder powder
reaches the steady value around 10-sample number. While the copper powder
reaches the steady value around 20-sample number. The run-in time of the solder

powder was shorter than the copper powder.
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This result shown in Figure 4-12 indicates that the mass flow rate at the run-in
stage decreases because the bulk density of the powder increases. This is because
of compaction of powder due to the vibration of the piezoelectric transducer. The
compaction of the powder increases the mechanical strength and the bulk density
of the powder. Generally, for a free-flow powder such as the solder powder, the
compressibility is small, which means that the bulk density and tapped density
would be close. In contrast, a cohesive powder, which is high compressible, has a
larger difference between the bulk density and tapped density. Thus the run-in
stage of a poor flowability powder is longer than that of a good flowability powder.
Our result is in good agreement with the experiment carried out by Chen et
al.[285], who mentioned that the time period to reach a constant state of packing

varies from powder to powder depending on their flow properties.

These two graphs can be used to illustrate a general trend concerning the steady
stage of the mass flow rate in the device. In the study, the results show that with
the higher flowability powder, solder, the steady stage is reached faster than for
the copper powder which has a poorer flowability. This reflects the fact that the
compressibility of a cohesive powder such as the copper is higher than that of a
free-flowing powder such as the solder. Therefore, a cohesive powder requires a
longer time period to reach the steady stage than a free-flowing powder. It can
therefore be concluded with ultrasonic vibration, the density of the powder inside
the nozzle was increased. The change of the bulk density of the powder in the
dispenser after vibrating equalizes the powder density. This produces a stable
mass flow rate in powder dispensing. To obtain stable results in powder printing,
therefore, preparation of the powder prior to dispensing is recommended. The
dispenser should be blocked and vibrated with a pulse duration of one second for
20 cycles for the copper powder (or other cohesive powders) and 10 cycles for the
solder powder (or other free-flowing powders). This will produce a uniform
density, i.e. equalize the density, in the dispenser. This suggestion is included in

the operational guidelines in section 4.3.3.

4.2.2.2 Dispensing repeatability and stability

Continuous dispensing of the fine powder through a micro orifice tends to be
unreliable because of the complex properties of friction, cohesion and adhesion of
the fine powders. To demonstrate the repeatability and the stability of dispensing

of the device, four sets of dispensing results are shown in Figure 4-13. The four
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profiles of mass flow rate versus sequential samples for each powder reveal
similar profiles for both experimental powders. As can be seen, each profile has a
consistent pattern but there is a difference between materials. These two graphs

show that the flow rate of both powders is relatively stable after their run-in stage.

One of the important indicators for evaluating the repeatability of dry powder
printing or micro-feeding is dose uniformity. If the deviation between dose masses
is large, it indicates inconsistency dispensing. Calculations indicate the relative
standard deviation of the solder powder is 1.08% and 4.29% for the copper
powder. This means the amount of each dose mass tends to be very close to their
mean dose mass. These two sets of graphs confirm that the device can provide
identical dispensing characteristics every time that it performs under normal

conditions.
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Figure 4-13 The mass flow rate profiles of the solder powder (A) and the copper

powder (B).

Continuous dispensing without the device stopping or blocking is important for
successful operation. From our observations, big contaminants or fibers mixed in
the powder inside the nozzle could be the causes of clogging and semi-blocking.

These problems produced unstable flow of the powder during dispensing. Thus it
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is necessary to ensure that the feedstock powder is sieved to screen contaminants
before dispensing. The problem is more severe when relatively small-diameter
nozzles, when compared with mean particle diameter, were used to dispense. The
use of larger-diameter nozzles reduces the chance of blockage. Additionally,
particles floating in the room or particles falling from the equipment occasionally

entered the dispenser. This problem could also disturb the dispensing process.

4.2.3 Effect of nozzle design and signal voltage on mass flow rate

The mass flow rate from the device is one of the major processing characteristics
that plays an important role in determining the speed of deposition of the layers.
Experiments were designed to reveal how the input parameters of the device such
as nozzle diameter, nozzle angle and piezoelectric distance including signal
voltage, affect the mass flow rate. Sixteen experiments were conducted and the
design layout of these experiments with their corresponding mass flow rates is
shown in Table 4-1. All the results in the table have RSD less than 7%.

Table 4-1 Design layout of the experiment with response values.

) Nozzle Nozzle Piezoelectric Signal Flow rate (mg/s)
Trial Diameter Angle position Voltage #1 # 2 #3
1 180 45 10 0.5 0.74 0.78 0.77
2 180 45 10 2.0 1.68 1.65 1.69
3 180 65 10 0.5 0.43 0.41 0.52
4 180 65 10 2.0 1.05 1.00 0.96
5 180 45 20 0.5 0.45 0.45 0.51
6 180 45 20 2.0 0.61 0.54 0.51
7 180 65 20 0.5 0.34 0.36 0.37
8 180 65 20 2.0 0.87 0.97 0.85
9 270 45 10 0.5 1.7 1.66 1.75
10 270 45 10 2.0 3.4 3.46 3.51
11 270 65 10 0.5 1.17 1.23 1.21
12 270 65 10 2.0 2.19 2.16 2.02
13 270 45 20 0.5 131 126 1.29
14 270 45 20 2.0 2.01 1.97 1.9
15 270 65 20 0.5 121 123 1.2
270 65 20 2.0 1.28 1.27 1.24

-
=)}
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The data were analyzed to identify how the input parameters affected the mass
flow rate. The plot of mean mass flow rate obtained using Minitab software is

presented in Figure 4-14.
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Figure 4-14 Main effects plot on mass flow rate.

Figure 4-14 gives the main effects plot of the mean results from Table 4-1. Nozzle
diameter, piezoelectric position and signal voltage have a significant impact on the
mean mass flow rate. The 270-ym diameter nozzle produces a higher mean mass
flow rate than the 180-uym diameter nozzle. The 65" angle nozzle creates a lower
mean mass flow rate than the 45° angle nozzle. The 20-mm piezoelectric position
gives a smaller mean mass flow rate than the 10-mm piezoelectric position. The 2-
Volt signal voltage produces a higher mass flow rate than the 0.5-Volt signal
voltage.  The two most significant impact parameters are the nozzle diameter
and the signal voltage. The lowest impact parameter is the nozzle angle. The
nozzle diameter and the signal voltage show a positive relationship with the mass
flow rate. In contrast, the piezoelectric position and the nozzle angle show a

negative relationship with the mass flow rate. The relationships may not be linear.
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4.2.3.1 Nozzle diameter

The effect of nozzle diameter on the mass flow rate is shown in the graph in the
upper left of Figure 4-14. The mass flow rate increases with increasing nozzle
diameter. The nozzle diameter shows a high impact on the mean mass flow rate.
This is because an increase in nozzle diameter allows the volume of powder
exiting from the nozzle to increase and as a result the mass flow rate becomes
higher. In the literature in Chapter 2, the mass flow rates were normally found to

very depending on the nozzle diameters.

4.2.3.2 Nozzle angle

From the graph located in the upper right of Figure 4-14, an increase in the nozzle
angle decreases the mass flow rate. From the literature review, many studies on
gravity flow in silos [286] found that with an decrease in hopper angle, powder
flow can improve. Mass flow occurs when the sloping hopper walls have a low
enough friction and are steep enough for particles to slide along the wall.
Generally, the friction force between particles and the wall of the nozzle is affected
by the nozzle angle. Thus, a narrower nozzle angle could provide a higher mass
flow rate than a wider nozzle angle. These results indicate that the dispenser with
a narrower angle has smaller particle-wall friction force than the dispenser with a
wider angle. Consequently, a nozzle design with a narrow nozzle angle can be
advantageous for cohesive powders and increase the mass flow rate from the

device.

4.2.3.3 Piezoelectric position

As can be seen from the lower left of Figure 4-14, the distance of the piezoelectric
ring from the nozzle tip (piezoelectric position) shows a negative relationship with
the mass flow rate. In dry powder printing using ultrasonic dispensing, the main
mechanism of powder discharge is to break the stable dome structure of the
powder above the nozzle orifice through vibration. Therefore, the compacting
stress can overcome the unconfined yield strength (the stress which causes flow)
of the powder in the stable dome structure. The mean mass flow rate decreased
when the piezoelectric position was increased. This arises because if the vibration

source is closer to the stable dome structure, the higher vibration could break the
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dome structure more effectively and make the powder come out easier. In
addition, the smaller distance between the vibration source and the stable dome
structure can reduce the transmission loss of the vibration energy. From the
findings, it can be concluded that the mass flow rate increases with the decrease
in the piezoelectric position. To improve the mass flow rate, we can suggest that
the piezoelectric transducer should be externally mounted to a glass tube as near

as practical to the dome forming position.

4.2.3.4 Signal voltage

The graph in the lower right of Figure 4-14 shows that a higher amplitude signal
voltage can create a higher mass flow rate. The primary reason is that a higher
signal voltage can provide a higher excitation voltage to the piezoelectric
transducer. The piezoelectric transducer was inserted on the glass tube above the
orifice, and attached by epoxy, to create the ultrasonic pulse necessary for powder
dispensing. Generally, when the power amplifier takes the higher signal the higher
resulting output voltage, which is coupled to a piezoelectric transducer, will
increase the excitation voltage and change the electric field to mechanical
deformation. The signal voltage was used to control the deformation of the
piezoelectric. An increase in voltage caused the piezoelectric deformation to
increase. Due to this reason, the piezoelectric transducer can generate more
vibration. From this, it can be expected that increasing the level of the signal
voltage causes an increase in vibration and this can increase the mass flow rate
from the device. However, from our observation, it should be noted that if the
piezo is not well attached to the nozzle, it will reduce the vibration and so it

reduce the mass flow rate.

From this study, the nozzle diameter, the nozzle angle and the piezoelectric
position, and the signal voltage influenced the mass flow rate. The design
parameters are important when making the device because they cannot be
adjusted during the dispensing or printing process. The results indicated that the
nozzle diameter had a major effect on the mass flow rate. The signal voltage had
much greater effect on mass flow rate than the piezoelectric position and the
nozzle angle. The nozzle angle had less effect than the piezoelectric position. Our
results were similar to the results of Lu et al.[9] who showed that the nozzle

diameter had a larger effect on mass flow rate than the signal voltage.
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Thus the mass flow rate increases with increasing nozzle diameter and increase in
signal voltage. Whereas, the mass flow rate is decreased when increasing the
piezoelectric position and the nozzle angle. Therefore, changing the nozzle
diameter is important for improving the mass flow rate (or powder deposition
rate). However, in powder printing applications, a small nozzle diameter is needed
for high resolution results. Therefore, optimization of the mass flow rate can be

achieved by modifying other parameters when the nozzle diameter is restricted.

4.2.4 Effect of nozzle diameter on mass flow rate

In order to find the effect of nozzle diameter on the mass flow rate for different
powders, experiments with the solder powder and the copper powder were
conducted. In this study, two sets of experiments for mass flow rate were
conducted on the device for nozzle diameters of 110, 200, 255, 280, 320, 375
and 400 pm. This nozzle had a nozzle angle of 66° and a piezoelectric position of
12 mm. All the tests in this study had a signal voltage of 2 Volts. Table 4-2 shows
the results of mass flow rate for the two selected powder tested with this range of

nozzle diameters. The RSD of the results presented in the table was less than 7%.

Table 4-2 The mass flow rate for copper and solder powders from a range of

nozzle diameters.

Mass flow rate (mg/s)

Nozzle Diameter(pm)

Copper Solder
110 0.36 0.39
200 1.71 3.32
255 2.40 5.80
280 3.03 8.46
320 4.22 11.53
375 6.18 21.38
400 7.20 26.74

The results in Table 4-2 and Figure 4-15 show unsurprisingly that the biggest
nozzle with a diameter of 400 pym can dispense the highest mass flow rate. The
nozzle with 110-pm diameter has the lowest mass flow rate. The mass flow rates
increase with nozzle diameter. At the smallest nozzle diameters, the mass flow
rates of the two powders are similar. Throughout the range of these nozzle

diameters, the solder powder has a higher flow rate than the copper powder. A
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free-flowing powder such as the solder powder has higher flowability and thus

greater mass flow rate than a cohesive powder such as the copper powder.
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Figure 4-15 Mass flow rate as a function of nozzle diameter for copper and solder

powders (the nozzle angle = 66°, the signal voltage = 2 Volts).

Figure 4-15 shows that the mass flow rates for both powders increase rapidly with
the nozzle diameters. By visually comparing the results for the solder and the
copper powder, it can be seen that the nozzle diameter has more effect on a free-
flowing powder than on a cohesive powder. For the solder powder, the mass flow
rate increases sharply because the nozzle diameter is very close to the maximum
diameter in which the dome can form and the dispensing cannot be controlled if it
is beyond this size. We found that the discharge of the solder powder was
uncontrollable at a nozzle diameter of 450 pm (~13 times that of the maximum
particle diameter). However, the copper powder had wider range of the nozzle
diameter for controllable discharge and the nozzle diameter can be increased
further until the mass flow rate increases rapidly. We found that the copper
powder was uncontrolled at a nozzle diameter of 940 pm (~67 times that of the
maximum particle diameter) for a nozzle angle of 30°. However, if the nozzle angle
were wider, the nozzle diameter could be larger. From this result, it can be
concluded that a cohesive powder (the copper powder) has a wider range of nozzle
diameters for uncontrollable discharge than a free-flowing powder (the solder

powder).
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To estimate the mass flow rate, Beverloo created the basic equation for free-

flowing coarse powder. The equation is given by:

Q = Cpp\[g(Dy — kd)*® (4-8)

Q is mass flow rate of particles (g/s), C is an empirical constant, p_ is bulk density
of powder (g/mm’), g is acceleration due to gravity (9,810 mm/s?), D_ is hopper
orifice diameter (mm), k is an empirical constant for particle shape, and d is the
mean particle diameter, C and k are dimensionless constants and the values are
0.58 and 1.6 respectively as reported by Beverloo et al. [208]. Usually the
discharge coefficient is in the range of 0.55<C<0.65 and the shape factor is in the
range of 1<k<2 [220, 287]. This equation fits very well for big orifices. However, it
is not adequate for small orifices where a blockage is possible [209, 223].
Nedderman [222] suggested that Equation 4-8 should be used only for particle

diameters in the range 0.4 mm < dp < D/6, where D is the diameter of the outlet.

By using the curve fitting tool of Matlab software (MathWorks, Massachusetts, US)
to fit the experimental data with Equation 4-8, the values of C and k can be
calculated after defining the mean particle size and the bulk density of each
powder. The bulk density of the solder powder and the copper powder was
estimated by assuming the bulk density inside the dispenser is equal to the tap
density. Then, the tap density can be estimated by using Hausner ratio at 1.15 and
1.4, from Table 2-5 in Chapter 2, for the solder powder and the copper powder

respectively.

Table 4-3 Constant values of C and k for the experimental powders.

Tap Density Constant Value
Powder R-square
(g/mm?3) C k
Solder 5520 0.80 2.159 0.9942
Copper 6580 0.09 -2.012 0.9979

Table 4-3 gives the values of the constant C and K (with 95% confidence bounds)
for the solder powder and the copper powder respectively. The goodness of fit (R?)
is 0.9942 and 0.9979 for the copper powder and the solder powder respectively.
For the solder powder, the value of C from this study was bigger than the value

shown by Beverloo et al. (0.8 vs 0.55-0.65) For the copper powder, the value of C
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from the study was much smaller than the value obtained by Beverloo et al. (0.09
vs 0.55-0.65). The difference might be due to the particle sizes of this study (14
and 35 pm) and the nozzle diameters (110-400 pm) being smaller than the particle
sizes and the nozzle diameters of Beverloo et al. (1.6-3.0 mm, 3-30 mm).
Furthermore, the Beverloo’s equation is often recommended only for free-flowing

coarse powders.

Consequently, for the selected powders, the mass flow rate could be estimated by

the following equation.
Solder:

Q =1.382x107° x (Dy — 75.57)%> (4-9)
Copper:

Q = 1.888 x 107 x (D, + 28.16)2° (4-10)

For Equations 4-9 and 4-10, the unit of Q is mg/s and the unit of D is um.
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Figure 4-16 Comparison between Beverloo function and the experimental results.

The graph in Figure 4-16 shows the plot of mass flow rate against nozzle diameter

for the equations based on Beverloo’s function and the experimental data. The
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experimental results can clearly be fitted by the equations. Therefore, we can
conclude that the Beverloo’s equation can be modified to predict the mass flow
rate for this device. However, Equation 4-8 cannot be used when the nozzle
diameter is less than roughly 76 pym. Also, Equation 4-9, cannot be used when the
nozzle diameter is too small to dispense the powder. Therefore, to guarantee the
estimation of mass flow rate, we recommend using these equations for the nozzle

diameters in the range 110 and 400 pym.

The lower limit of the nozzle diameter should large enough for the particles to not
to block or clog it. Dry powder cannot be discharged from a capillary whose nozzle
diameter is too small when compared with the maximum particle size of the
powder to be discharged. In our observations, we found that a cohesive powder
such as the copper powder had a minimum nozzle diameter of 45 pm (~3 times
that of the maximum particle diameter) and a free-flowing powder such as the
solder powder had a minimum nozzle diameter of 110 pm (~3 times that of the
maximum particle diameter). The upper and the lower nozzle diameters thus differ
from powder to powder. Nozzle diameter is also particularly important as it affects
spot size or a resolution of a printing process. In order to reduce the track width,
the nozzle diameter should be as small as possible. In our study, we found that a
cohesive powder like the copper powder had a practical range of nozzle diameters
between 4-42 times that of the maximum particle diameter, where their RSD was
less than 10%. For a free-flowing powder like the solder powder, a range of nozzle

diameters were between 3-12 times that of the maximum particle diameter.

Doming is the most important powder flow behaviour in dry powder printing. A
stable dome structure is a self-supporting structure that occurs after the
particles converge toward the conical section of the dispenser. The
formation of a dome causes powder flow to stop. Without this
mechanism, dry powder printing using ultrasonic vibration cannot

regulate the start and stop cycle of a dispenser.

Figure 4-17 illustrates schematically the three different types of controllability in

powder dispensing. For the immovable type (

Figure 4-17A), the powder cannot exit the dispenser because the powder clogs
and/or the strength of the dome structure is too large to break via the
vibration generated from the piezoelectric transducer. For the

controllable type (
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Figure 4-17B), the powder can form a stable dome structure that our device was

able to break via piezoelectric vibration. For the uncontrollable type (

Figure 4-17C), the powder was not cohesive enough to create a stable dome
structure. So, the powder flowed continuously until the powder ran out and the
device could not control the powder flow. Yang et al.[258] found that good control
in their devices with nozzle diameter to the particle size ratio of 2-5 could be
achieved for several metal powders and ceramic powders with particle size less

than 100 pm can be achieved.

(A) Immovable (B) Controllable (C) Unstoppable

Figure 4-17 Simplified pictures of the effect of nozzle diameter on discharge

controllability.

4.2.5 Effect of signal voltage on mass flow rate

In our device, the mass flow rate can be regulated by the vibration generated by
the signal voltage, which controls the deformation amplitude of the piezoelectric
transducer. Generally, when the signal voltage is increased the vibration intensity
is enhanced. To examine the effect of signal voltage on mass flow rate for our
device, the level of signal voltage was varied between 0.5 and 5 Volts by steps of
0.5 Volts. The experimental powders were solder powder and copper powder. For
all experiments, a nozzle design with a nozzle diameter of 250 pm, a nozzle angle

of 75" and a piezoelectric position of 12 mm were selected.
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Figure 4-18 The mass flow rate for copper and solder powder at various signal
voltages (the nozzle diameter = 250 pm, the nozzle angle = 75°, the

piezoelectric position = 12 mm).

The graphs in Figure 4-18 show the mass flow rate of copper and solder powder
with different signal voltages supplied to the device. The maximum mass flow rate
of both powders is obtained when the signal voltage reaches 2 Volts. Between a
signal voltage of 2 and 5 Volts, the mass flow rates of both powders are quite
constant. The solder powder has the mass flow rates higher than the copper
powder. This might indicate that the piezoelectric transducer seems to have a
working range up to 2 Volts. Once the vibration, as influenced by the signal
voltage, has reached a certain value a higher signal voltage could not generate
more vibration and thus a different mass flow rate. Normally, a piezoelectric
transducer has limited material deformation and it will deform the same amount,
saturate, above a certain voltage. In addition, the mass flow rate of different
powders is improved by increasing the signal voltage in different ways. A good
flowability powder is more sensitive to a higher signal voltage than a poor
flowability powder. It can be concluded that the device can increase the mass flow
rate when a voltage to up 2 Volts is supplied. Therefore, this signal voltage range

can be used to adjust the mass flow rate for this device.

The controllability by signal voltage in the working range (up to 2 Volts) of our
device might be explained by the equation developed by Loverich [288]. The
vibration force generated via a piezoelectric block is given by the following

equation:

125



Chapter 4

_ ds3A
~ SEn

F, U 4-11)

where F_is the maximum vibration force, d_, is the piezoelectric constant, S_F is
the elastic constant, A is the area of the piezoelectric block, h is the height of the
piezoelectric box and U is the voltage supplied to the transducer. As seen in
Equation 4-11, when the supplied voltage is increased, the vibrations force
increases. This agrees with our findings when the voltage varies from 0.5 to 2
Volts.

4.3 Characteristics and processing parameters of dry
powder printing

Many of the powder micro dispensing studies that have been carried out to date
have used several materials and discuss the relationship between the control
parameters of their devices and the uniformity of the dispensed dose. However,
they rarely focus on the printing parameter to use in a powder layering process.
This investigation aimed at characterising the printing behaviour and establishing
the relationship between processing parameters in order to prepare an operation
guideline for printing multiple powder material. The key characteristics of powder
printing are the quality of the printed track. Some of those parameters which
control this, such as moving speed, standoff distance, spot size are described

below.

4.3.1 Printable powders

The flowability of a powder is the most important property for the selection of
printing powders. Bradley et al. [289] pointed out that a very simple way to know
the flowability is to squeeze the material powder. If it is cohesive, it will form a
ball. In contrast, if it cannot form a ball and is like dry sand, it is free flowing. We

found this also be true. In addition, if SEM images of the powder show no
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agglomerations but rather discrete particles this is also a good indication of a

printable powder.

However, fine powders have difficulty discharging freely through a nozzle due to
adhesion to the internal wall of the glass tube and cohesion between powder
particles. In order to determine the printability of powder, a variety of powder
materials were tested. All of the results came from the same dispenser geometry,
i.e. a 250 pm nozzle diameter with a nozzle angle of 75°. The piezoelectric
transducer was attached 12 mm from the orifice and the signal voltage was 2
Volts. The experimental powders are discharged from the dispenser into a
container and the flow pattern characteristics were captured with a high- speed

camera at 1,000 frames per second.

The images presented in Figure 4-19 reveal the drop characteristics of the
experimental powders. The different powder drop forms could be classified in two
different types: A) cluster particles and B) discrete particles. The drop forms are
presented schematically in Figure 4-20. The copper (Cu), alumina (AlL,O,) and
420545 stainless steel (420545 SS) powders had the three largest angles of repose
among the experimental powders (as shown in Table 3-1), partly owing to their
greater cohesion. They formed the cluster-particle drop type. The other
experimental powders formed the discrete-particle drop type. The solder (SnPb),
silicon carbide (SiC) and tungsten carbide (WC) produced the discrete-particle drop
with very large spray angles. The glass bead, alumina (Al,O,), 316L stainless steel
(316L SS) and glass-filled nylon (Glass-filled PA) fell as the discrete-particle drop

with smaller spray angles.

127



Chapter 4

(A) SnPb (B) SiC (C) wC

(D) 316L

(F) ALO, (G) Glass-filled PA

(H) 420 S45 () CoCr () Cu

Figure 4-19 Images showing the drop characteristics of different powder materials

under the same dispensing condition.
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It can be seen that the flowability determines the drop forms of powders. The
more cohesive powders tend to discharge as cluster particles, while the less
cohesive powders tend to discharge as discrete particles. The scale of the
interparticle forces significantly increases when the particle size becomes smaller.
These forces could make the individual particles stick to each other and form
agglomerates, which lead to the cluster-particle drop. Other related studies [9,
260, 267, 285] showed that in dry powder dispensing the powder drops in three
different forms: 1) rod particles, 2) cluster particles and 3) discrete particles. These
authors pointed out that the rod-particle drop usually occurred with very cohesive
powders. Previous works [9] and our own experience indicated that it is difficult to
obtain stable flow with rod or plug drops and hard to control dispensing. Thus, for
dry powder printing applications, we suggest that this type of drop form is not
suitable for printing. Additionally, the findings indicate that our device is able to
print powders with particle size from 14 to 72 pym and angle of repose below 52°.

Furthermore, the printable powders tend to form the drop as cluster particles and

W\

discrete particles.

A) Cluster particles B) Discrete particles

Figure 4-20 The two different types of drop forms.

Based on the particle’s density and mean particle diameter all the experimental
powders, except for copper, fit into groups A and B of Geldart’s classification
presented in Figure 4-21, The copper powder is located on boundary A and C.
Group A powders are ideal for conveying in sliding bed flow, Group B powders are
easy to fluidize and they rapidly de-aerate while Group C powders are difficult to
fluidize and are cohesive [195, 290]. By locating the ten experimental powders
into the Geldart’s chart, we can conclude that in almost cases, the powders used in

this study were free-flowing powders or not extremely cohesive powder.
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Figure 4-21 Experimental powders shown in Geldart’s classification.

(p,-solid density, p,-gas density, dp- mean particle diameter)

In summary, a very wide range of powder materials has been printed by our
device. It is possible to print a polymer material such as glass-filled nylon and
ceramic materials such as glass bead, silicon carbide and alumina. The metals
consist of copper, solder, 316L stainless steel, 420545 stainless steel, tungsten
carbide and cobalt chrome. Dry fine powder particle within the range 14 to 72 pm

can be practically printed without any problem.

4.3.2 Dry powder printing

In order to assess the capability of the device for various powders, a dot, a straight
line and a spiral line were used to evaluate the printing characteristics. To
demonstrate layer printing, a nozzle was placed above a CNC table which had XYZ-
positioning movement in both horizontal and vertical directions. All of these
results came from the same dispenser geometry, i.e. a 250 pm nozzle diameter

with a nozzle angle of 75 and a piezoelectric position of 12 mm. Throughout this
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study, the experiments were carried out with an applied signal voltage of 2 Volts, a

standoff distance of 200 pm and a moving speed of 10 mm/s.

As can be seen in Figure 4-22, the ten experimental powders detailed in Table 3-1
were successfully printed on a ceramic substrate. Uniform track width and height
were achieved for all powders. It should be noted that the appropriate control of
parameters for each experimental powder can markedly improve the printed
results. As detailed in section 4.3.1, the powder drops for dry powder dispensing
occurred as cluster-particle drops and the discrete-particle drops. All powders in
the discrete-particle drop group showed large coverage areas of satellite particles
located around their main track in contrast to most powders in the cluster-particle
drop group. The main track width and satellite diameter of the tracks were

measured and are presented in the multiple bar chart of Figure 4-23.

SnPb SiC

Glass
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CoCr

316L SS 420545 SS

Glass-filled PA Copper

Figure 4-22 Single material printing of various powders.
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It can be seen that the copper (Cu), alumina (Al,O,) and silicon carbide (SiC) have
the three smallest main track widths. The solder (SnPb), glass bead and S45
stainless steel (S45) show the three biggest main track widths. For the satellite
diameter, the three largest are the solder (SnPb), glass bead and silicon carbide
(SiC). The three smallest are the copper (Cu), S45 stainless steel (S45) and cobalt
chrome (CoCr). The track widths and satellite diameters were a function of the
drop form. Furthermore, most cohesive powders show small track widths and
small satellite diameters. In contrast, most free-flowing powders show large track

widths and huge satellite diameters.
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Figure 4-23 The main track width and satellite diameter of printed powders.

4.3.2.1 Spray effect

As detailed in section 4.3.1, the powder drop can present in three drop forms: 1)
rod particles, 2) cluster particles and 3) discrete particles. In this investigation, we
focused on the spray angle that is normally found with the cluster-particle drop
and the discrete drop. However, up to now, most researchers have reported only
the drop types and have seldom focused on the effect on this behaviour. This
dispensing characteristic can affect the track width and part quality in dry powder

printing. If the tip of a nozzle is far from a substrate, the spray of a powder during
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dispensing with the discrete particle pattern will be larger with the cluster particle
pattern. Consequently, the track width of the dispensing line will depend on the
distance between the tip of the nozzle and the substrate. This discussion will be

presented in section 4.3.2.3.

In order to investigate the effects of signal voltage on spray angle, the solder and
copper powders were used. Three nozzles were used; 1) a nozzle diameter of 250
Mm, a nozzle angle of 75" and a piezoelectric position of 12 mm., 2) a nozzle
diameter of 150 pm, a nozzle angle of 15° and a piezoelectric position of 12 mm.,
3) a nozzle diameter of 250 pm, a nozzle angle of 15" and a piezoelectric position
of 12 mm. The signal voltages were varied from 0.5 to 1.25 in steps of 0.75 Volts.
A high speed camera was used to record the powder stream at 4,000 frames per

second. Image) software was used to analyse the captured images.
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Figure 4-24 Powder streams of solder powder from three different nozzles at
signal voltages of 0.5, 1.25 and 2.0 Volts.
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(C) Nozzle diameter = 250 um, Nozzle angle = 75°

Figure 4-25 Powder streams of copper powder from three different nozzles at

signal voltages of 0.5, 1.25 and 2.0 Volts.

Figure 4-24 and Figure 4-25 show powder streams of the solder and copper

powder from three different nozzles. The spray angle of the solder powder has a

larger angle than the copper powder. The powder streams of the solder powder
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show large spray angles as the signal voltage increases. The largest spray angle
occurs for a nozzle diameter of 150 ym and nozzle angle of 15°. For the same
nozzle diameter of 250 um, a nozzle angle of 15" has a larger spray angle than the
nozzle angle of 75°. For the copper powder, the powder streams have relatively
small spray angles. However, a lot of satellite particles are presented around the
main powder stream at high signal voltage for a nozzle angle of 15 and the
nozzle diameter of 150 pm. For the nozzle angle of 75°, the powder stream shows
a weaker powder stream than the nozzle angle of 15° for the same nozzle size.
The maximum number of satellite particles occurs around the powder stream of
the nozzle with an angle of 15" and diameter of 150 pm. For a nozzle diameter of
250 pm and nozzle angle of 75°, the satellite particles are not readily apparent. In
addition, from our observation, we found that the copper powder could start
dispensing at 0.20 Volts for a nozzle diameter of 250 pm and nozzle angle of 15°,
whereas, a nozzle diameter of 250 ym and nozzle angle of 75" required a signal
voltage of 0.30 Volts to start dispensing. However, the solder powder with a
nozzle diameter of 250 ym and nozzle angle of 15° required a signal voltage of
0.15 Volts. A nozzle diameter of 250 ym and angle of 75° required a signal
voltage of 0.20 Volts to start dispensing. The RSDs of all samples dispensed were
bigger that 10% resulting in unstable flow and inconsistency of the mass flow rate.
Chen et al. pointed out that the strength of dome structures vary from powder to
powder. Thus, the vibration to break the dome structures and initiate powder flow
is different [285].

This study revealed that a narrower nozzle angle has a bigger spreading angle
than a wider nozzle angle for the same nozzle diameter. Also, a bigger nozzle
diameter has a smaller spreading angle than a smaller nozzle diameter with the
same nozzle angle. It can also be concluded that the spray angle increases with
increasing signal voltage. A large spray angle is found for free-flowing powders
than for cohesive powders. These results are in agreement with the work reported
by Kumar et al. [138]. However, this is the first time we found and reported that
the nozzle angle has effect on the spray angle of powders. For our study, the
copper powder showed a very small spray angle but large amount of satellite
particles around the main powder stream for a small nozzle diameter, narrow
nozzle angle and high signal voltage. This might be due to the velocity of the
particles near the wall of the dispenser being high resulting in enhancement of the

electrostatic field around the tip of the nozzle.
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Lu et al. [9] pointed out that gravity force and vibration energy are the main
driving force for powder flow in dry powder dispensing using ultrasonic vibration.
However, in our dry powder printing device, we believe that excessive vibration
energy directly affects the powder spray angle. Therefore, the optimal vibration
energy should be large enough to provide uniformity of powder flow, but it should
not too large to generate the spray angle effect. This finding suggests that the
minimum signal voltage causes the minimum spray angle. To reduce the effect of
spray angle, the signal voltage should be decrease until the minimum value that
provides uniformity of powder dispensing is reached. From our observations, we
suggest that the relative standard deviation (RSD) of powder dispensing should be

less than 10% or small enough to get consistent printing results.

4.3.2.2 Spread effect

The behaviour of powder as it is deposited on a substrate is interesting. However,
the research in the literature in Chapter 2 rarely concerns the behaviour of powder
drops on the substrate from landing to the end-stage. In the powder printing
process, ensuring the printed powder lands in a selective location is very
important. To understand the process that occurs when the printed powder lands
on the substrate, a high speed camera was used. There were two types of
substrate used in this study. One was a ceramic plate that is relatively smooth but
rigid and powder tend to bounce when fall on such the substrate. The other was a
nylon powder sintered object that is relatively rough but relatively soft and powder
less tends to bounce on such the substrate. Copper powder and Solder powder
were used. A high speed camera with a zoom lens was used to observe the impact
of the powders dropping on the substrates. A nozzle diameter of 150 ym, nozzle
angle of 15" and piezoelectric position of 12 mm was used. The signal voltage was

0.25 Volts. The printing time used to create a powder drop was 100 ms.

Figure 4-26 shows images of the two powders dispensing onto the ceramic and
nylon substrates, from the start at 0 ms to the final stage at 140 ms. At time=20
ms, the three sets of images show the spreading of a first layer after impacting the
substrate. If the same standoff distance is used, we can predict that the copper
powder has a smaller spreading width than the solder powder. When comparing
the spreading width of the solder powder on the two substrates, it can be seen
that the spreading width on the sintered nylon substrate is smaller than on the

ceramic substrate. At times from 40 to 120 ms, the three sets of images show
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powder piling up on the substrates and the particles of the top of each pile moving
outward from the main pile. At time=140 ms, the three sets of images show the
final stage for each powder. The copper powder deposit has a hemispherical shape
(Figure 4-27A), the solder powders on the ceramic and sintered nylon substrate
have a conical shape (Figure 4-27B and Figure 4-27C). It can be seen that the pile
of each powder reflects their angle of repose. In addition, video recording from the
high speed camera revealed that the solder powder bounced more on the ceramic
substrate than on the nylon substrate.

When the surface roughness is high, the spreading of the powder particles was
decreased by friction forces. Thus the spreading width depends on the friction
between powder and substrate. High friction could cause less spreading. Poor
flowability and high surface roughness decreases the spreading effect. Good
flowability powders attain larger diameter drops than poor flowability powders.
Also, smooth surfaces produce larger diameter drops than surface with high

roughness.

Furthermore, a powder drop spreads after impacting on a substrate could increase
if the speed of drop particles is high. They may have large spread distance and/or
bouncing. This effect leads to poor control of powder printing tracks resulting in
low resolution printing. The bouncing and spreading of the powder could be
controlled or prevented by using a small standoff distance or selecting a highly
absorbable substrate. For this reason, this dry powder printing could be integrated
in a powder bed system because then it could print into a loose powder layer with
less spreading. The results showed a larger diameter when a longer standoff
distance was used and hence standoff distance is an important parameter to
control. The final shape of the deposited powder reflects its angle of repose and
its flowability.
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Figure 4-26 Sequential images of a powder dropping, time step = 20 ms.
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Figure 4-27 Images of a powder track: (A) copper powder on a ceramic substrate,
(B) solder powder on a ceramic substrate and (C) solder powder on a

sintered nylon substrate.

Our experiments is in complete agreement with that of Kumar et al.[138] who
pointed out the relationship between angle of repose and line spread. Therefore,
in order to produce high resolution results in dry powder printing, this issue must
be taken into account. ldeally, the system should be controlled a drop and
immediately adhere to the substrate with minimal spreading. Spreading can be
inhibited by optimizing the distance between the nozzle and the substrate (the
standoff distance) and improving the printability by having high surface

roughness.

4.3.2.3 Standoff distance

Standoff distance is the distance of the tip of the nozzle to the top of the
substrate. From the previous discussion, printed powders normally spread out and
the spray angle depends on the signal voltage. Therefore, in order to print a small
line width, the standoff distance should be as small as possible. Figure 4-28
illustrates the print results associated with high and low standoff distances. The
image on the left shows wide printed lines and a small powder height, while the

image on the right shows narrow printed lines and a high powder height.
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Figure 4-28 The effect of different standoff distances on tracks in solder powder

(the moving speed = 10 mm/s).

Thus in order to decrease the track width and increase the resolution of powder
printing, the standoff distance between the nozzle tip and the substrate should be
as small as possible. However the standoff distance should also be taken into
account the moving speed and mass flow rate to avoid the nozzle hitting the
powder track while feeding the material. Moreover, the lower limit to standoff
distance depends on the moving speed as the standoff distance must be sufficient
to avoid powder blocking the flow between the tip of the nozzle and the top of the

substrate.

In order to assess the effect of the standoff distance on the track width of printed
line, varying standoff distances and moving speeds were tested. The nozzle
diameter used was 250 pm and a signal voltage was 2 Volts. Figure 4-29 shows
that the tracks produced all moving speeds with a 125-um standoff distance
contacts the tip on the nozzle resulting in compression of the printed lines. Thus
the line heights of all printed lines are equal to the standoff distance. At the 625-
pm standoff distance, there are no contacts between the tip and the printed lines
at all moving speeds. For the moving speed of 5 and 10 mm/s, there are also no
contacts to the printed lines at the 325-um standoff distance. However, at the
moving speed of 1 mm/s, the printed line is slightly lower than the printed line at
the 625-pm standoff distance. The reason is it might interrupt the powder flow at
the outlet. The results confirm that decreasing a standoff distance too much

causes the nozzle to hit the powder track.
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Figure 4-29 Images obtained from a high speed camera for copper powder

dispensing with different moving speeds and standoff distances.

4.3.2.4 Material Deposition Rate (MDR)

The material deposition rate (MDR) is the amount of powder per unit time that
prints from the device, which is equal to the mass flow rate. It directly influences
the layer thickness and the build speed. High material deposition rate results in
thick layers and fast build time. The MDR is equal to the volume flow rate
multiplied by the apparent density of the printed powder. As we assume that the
printed powder was a loose powders, the MDR can be calculated by using the

equation below:

Q= pgXhxdxv (4-12)
where h is the layer thickness (m), Q is the mass flow rate (kg/s), p,is the apparent

density (kg/m?3), d is the track width (m) and v is the moving speed (m/s).

Both the volume deposition rates and the layer thickness are affected by the mass

flow rate and the moving speed. However, this is simple model to estimate the
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parameters in MDR and in the real situation, the cross-sectional shape of the
printed track is not a rectangular. The shape of the printed track is shown in
section 4.3.2.2.

The layer thickness of a printed layer is a key requirement for AM applications.
This thickness could be controlled by varying the mass flow rate and the moving
speed. Generally, there are two methods to know the layer height, one direct
method and the other indirect. The powder height can be directly measured from
the printed track by an optical microscope or a laser or optical scanner. This
method is straightforward, but it is difficult to move the sample to the measuring
equipment because the printed powder is a loose powder and it is difficult to
maintain the powder shape when handling. As an indirect method, the powder
height can be estimated from:

h = (4-13)

- PaXdAXV

4.3.2.5 Moving speed

The material deposition rate is a key factor in determining the speed of layer
printing. Generally, layer printing should be fast, which could be met by increasing
the moving speed. From our study, the mass flow rate can be adjusted by varying
the nozzle diameter, nozzle angle, piezoelectric position and signal voltage.
However, the nozzle diameter, nozzle angle and piezoelectric position cannot be
adjusted after construction of the nozzle. However, from our study, the signal
voltage can be adjusted over a small range and so able the mass flow rate, but it
can produce the spray angle effect. Therefore, the most effective control
parameter is the moving speed. To determine the effect of moving speed, 10-mm
printed lines were produced by copper powder with different moving speeds at a
fixed standoff distance. The standoff distance was 200 pym. The nozzle diameter

used was 250 ym and the signal voltage was 2 Volts.
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Figure 4-30 Printing results for copper powder obtained from different moving

speeds.

Figure 4-30 shows that the copper line printed with a moving speed of 5 mm/s is
thickest. The copper printed with moving speeds of 10 mm/s and 15 mm/s were
complete and fine. However, the edge of the former line is better and the line
width of the later is thinner. Printing with moving speeds of 20 mm/s and 25
mm/s cannot create complete printed lines. This indicates that the maximum
moving speed should be less than 15 mm/s to obtain a complete and continuous
line. In order to achieve a small line width, the minimum moving speed should be
faster than 5 mm/s. For a free flowing powder such as the solder powder, the

moving speed for good printing results was in the range of 10 mm/s to 50 mm/s.

The results show that with a slow moving speed the line will be thicker and higher.
From our observation, moving speed is critical to the quality of powder printing. A
fast moving speed increases the printing speed of the build process and causes a
thin layer. However, the moving speed should not be so fast as to produce a
discontinuity in the printed line. In contrast, a slow moving speed increases both
the width of the line and the line height because the printed powder will gather on
the top and then spread out from the main track. Moreover, a very slow moving
speed can cause blockage of the dispenser if the height of the powder is greater
than the standoff distance. In addition, we found that at high moving speed for a
large nozzle diameter that is near the upper limit of the ratio of the nozzle
diameter to the particle size, powder printing was not controllable due to the

inertial force of the accelerating force acting on particles inside the device.
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4.3.2.6 Match-head effect

The match-head effect is a large dot at the starting point of a printed line. This dot
is bigger than the average size of the printed line and its shape looks like a match
head. A match-head occurs on printed lines when the printing is in the run-in stage
since the mass flow rates are so high. The investigation in section 4.2.2 indicated
a high mass flow rate in the run-in stage. Therefore, in the run-in period, the mass
flow rate tends to be high and this causes the printed line to have a match-effect

every time. In addition, the study in section 4.1.2 found that in the finishing point

of a printed line has the effect of an off-delay time and can also create the match-
head effect.

Mateh head

........

(A) Solder powder (B) Copper powder
Figure 4-31 Printing patterns of solder powder (A) and copper powder (B).

The match-head effect of different powders is shown in Figure 4-31 which are
examples of powder printing without equalizing the bulk density of powder inside
the nozzle. In Figure 4-31A, there are a few match heads at the end and the start
of each individual solder-printed line, whereas, in Figure 4-31B, the copper-printed
pattern, is it can be clearly seen that there are many match heads at the end and
the start of each individual printed line. The match-head effect in the copper
powder is more noticeable than for the solder powder. One cause could be the
compressibility of the solder is poorer than the copper resulting in the packing
density of the solder not varying much during discharge. So, the initial drops when
switching on are closed to the average drops. This match-head effect was small

size when a free-flowing powder, such as the solder powder, was dispensed.
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Figure 4-32 The comparison between before equalizing (A) and after equalizing (B)

of copper dispensing.

Thus match-head effect could continue to occur until the bulk density of the
powder is nearly constant value or the mass flow rate is reached to the steady
stage as detailed in sections 4.2.1 and 4.2.2. It can be concluded that cohesive
powders tend to have more chance to form the match-head effect than free-
flowing powders. Therefore, equalization of the bulk density of powders after

filling a dispenser is needed, especially for cohesive powders.

The result suggests that the nozzle should be vibrated for 20 seconds before
dispensing the first track so as to pack the copper powder inside the container
before printing. Figure 4-32 shows a comparison of powder dispensing before
equalizing and after equalizing the copper powder. The start size of the powder
stream vibrated until the bulk density was close to constant was smaller than the
powder stream without vibrating. From the range of the experiment powders
studied in our work, the match-head effect can be avoided by dispensing the
powder inside the dispenser 10 to 20 times to equalize the bulk density to a
constant density. However, another alternative is to block the orifice and then

vibrating 10 to 20 times without discharging.

This match-head effect was also found in a study by Yang [268]; their printed
patterns affected from the match-head effect. Lu et al [9], recommended to
wasting the first three dispenses to obtain steady feeding of their device. Ludovico
et al. [291] found that at high moving speed, the deposition at the start and the
stop point was greater than the central part of the printed track because

acceleration is required go from zero speed to the desired moving speed at the
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start point and deceleration is required to slow down from the constant moving
speed to a zero movement at the end point. If the target speed is high, the
acceleration time and the deceleration time have to fit with the performance of the
motor axes. Moreover, high acceleration and deceleration makes abrupt changes.
This can affect the unintentional discharge of the powder around a stable dome
structure. This means the acceleration and deceleration can affect the match-head
effect on printed lines. However, in this study, we did not found the acceleration

and deceleration problem for the match-head effect.

4.3.2.7 Satellite effect

Satellites are a distribution of particles around the main powder particles
discharged from an orifice. Satellites blur the edge of a printed line as shown in
Figure 4-33. A nozzle design with a diameter of 80 ym, a nozzle angle of 60" and a
piezoelectric position of 10 mm from the nozzle tip was used in this printing.
Additionally, a signal voltage of 2 Volts and a standoff distance of 150 pym were
used. Undesirable satellite particles can be clearly observed by the optical
microscope. These satellite particles could cover an area over three times that of
the main drop size. Figure 4-33B shows the printed result from a moving speed of
5 mm/s and Figure 4-33C shows the printed result with a moving speed of 1
mm/s. Generally, for slow moving speed, the satellites form the thicker layer and
the effect can be clearly seen. This effect also reduces the resolution of the printed

line.

Slow moving speed

(A) Printing samples of copper powder at different moving speed

148



Chapter 4

(B) Fast moving speed (5 mm/s (C) Slow moving speed (1 mm/s)
Figure 4-33 The printing results of a 80-uym diameter nozzle moving with 5 mm/s

(A) and T mm/s (B).

In Figure 4-33B and Figure 4-33C, satellite drops are presented between the main
drops. These satellite particles could be produced by air currents induced by the
table movement. This satellite phenomenon has also occurred in liquid-based
printing using an inkjet nozzle as reported by Castrejon-Pita et. al [292]. From the
study in section 4.3.2.1, a high signal voltage tends to create satellite drops more
than low signal voltage by reason of the spray angle effect. In multiple material
printing, the satellite drops can travel and contaminate close by material tracks
resulting in the unintentional mixing of the materials. To avoid the satellite
problem, the signal voltage can be reduced for a given nozzle diameter. The
satellite problem can be avoided by using the proper combination of signal voltage
and nozzle diameter. Moreover, the air currents in the working space should be

minimised.
4.3.2.8 Dot-size effect

The accuracy of powder printing is important for creating complex geometry
patterns. In order to test the accuracy of the expected track length, a series of
tracks were printed with different lengths, from 1 to 10 mm with a 1-mm
incremental step. The actual lengths of the tracks were measured and errors were
found. Figure 4-34 shows the dot-size effect diagram and indicates a possible
cause of the error of the expected length. Because the reference point in a printed
track is the centre of the powder dot at the starting point and finishing point,

there is an error of a half of starting point and a half of ending point which makes
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the expected length longer by around the dot size of powder. In order to
accurately print, we suggest that compensation of the dot size effect should be

considered.

Centre line
|

Start point End point

................ s T

—> <= > K >i i<
d/2 Expected length d/2

Standoff

distance

Actual length

Dot size (d)

Figure 4-34 Effect of dot size on expected length.

4.3.2.8 High printing resolution

For line printing and pattern printing applications, the resolution of printing is an
important quality. Printing quality includes a smooth, continuous sharp edge and
accurate position of the powder drops on the substrate. The resolution of layer
geometry is limited by track width and track height. A narrower printed line
enhances resolution and increases the accuracy of the printed layers. Decreasing
the thickness of a powder layer is a promising approach for improving the
resolution in the z-axis direct as it reduces the stair-step appearance between
layers. Resolution is a trade-off between track size and production rate. The device
with a small nozzle diameter will print tiny lines slowly, whereas a large nozzle
diameter will print large areas quickly. When the nozzle diameter decreases,
limitations will occur from blockage through the nozzle orifice. On the other hand,
when the nozzle diameter increases, limitations will occur from unstable dome
structure above the nozzle orifice. However, by reducing track width by controlling

the nozzle diameter, pattern layers of more complex geometry can be applied.

For our device, the way to increase resolution, such as dot size or linewidth, is by
decreasing the nozzle diameter. However, particle size and the flowability of

powders limit the choice of nozzle diameters. The particle size has to be smaller
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than the nozzle diameter because of nozzle clogging as detailed in section 4.2.4.
To obtain satisfactory quality and consistency of powder printing, a careful control
of processing parameters was required. In our work, smaller powder drops could

be printed by optimizing signal voltage, standoff distance and moving speed.

The dot diameter or track width is a key factor for high resolution powder printing.
An ideal dot diameter is equal to the nozzle diameter. From our observations,
however, we found that the dot diameter was slightly bigger than the nozzle
diameter on account of the effect of the spray angle, the standoff distance and the
spreading width. A high signal voltage and/or the high standoff distance resulted
in a larger dot diameter. Also, the dot diameter was slightly enlarged when the
powder impacted the substrate. Furthermore, the spot diameter tended to
increase when the flowability of the printed powders was good. Therefore, the
track width was minimised by careful adjustment on all the above parameters.
However, it is also important to minimize track height for high resolution printing.
The track height can be approximated from Equation 4-13. However, the major
limitation of track height is the particle size of the powder and the mass flow rate
that depends on the dispenser used. In order to achieve high resolution track
width, we can suggest that, a low signal voltage, a wide nozzle angle, a small
nozzle diameter and a small standoff distance are used. Nevertheless, to assure
reliability and consistency of powder printing with these control parameters, the
RSD of powder dispensing should be determined and it should be less than 10%.
For high resolution track height or layer thickness, the moving speed should be
high.

4.3.3 Fine line pattern

High quality printing powder is very crucial to create regular layers. Therefore, the
best combination of printing parameters to create a smooth and regular powder
track should be sought. Small or large feature size may be needed depending on
the requirements. If a small feature size is required, the printed track should be
minimum. To demonstrate the feasibility of dry powder printing through our
device, the printing parameters were adjusted to fabricate fine-line pattern on a
substrate. To evaluate the resolution of printing, copper powder with a particle
size of 14 pm was used. A dry powder printing device with a nozzle diameter of 60
um, a nozzle diameter of 65° and a piezoelectric position of 15 mm was used.

During the printing process the standoff distance of the deposition nozzle from
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the substrate was 150 pm, the moving speed was 5 mm/s and the signal voltage
was 0.5 Volts (at the mass flow rate of 0.14 mg/s). Figure 4-35 shows the printed
spiral lines of the copper powder on a ceramic substrate. The current work
revealed that a 60-uym diameter nozzle can be used for printing the copper powder

and hence a printed line with a track width as fine as 85 ym was achieved.

Figure 4-35 Samples with a track width of less than 100 pym.

A uniform printed track was achieved and line was continuous and repeatable. This
study shows that our device can print a wide range of fine powders and can
certainly be a material delivery method for handling multiple material powders.
The results indicated that the current device performed significantly better than
previous models in term of resolution and consistency. From the literature in
Chapter 2, almost all printed feature have had a relatively large track width or dot
size. The layer printing quality from the current device, in term of track
consistency, track continuity and size feature, was far superior to previous work.
With a printing resolution of 85 pm, the process has shown its potential as a

micro-manufacturing technique for the deposition of powder materials.

4.3.3 Operational guidelines

The device was able to provide controllability and consistency in powder printing.
Currently, this device operated at room temperature and was easy to control and
simple to operate. From our study, we found that the primary factor that has to be
considered early in the printing process was powder flowability. This property had
to be assessed before designing and making the nozzle. This flowability can refer
to the ability of the powder particles to discharge from an orifice and form

sufficient particles for a printed line. Free-flowing powders allow an easy breakup
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of the stable dome structure above the orifice of a printing device with smaller
vibration. However, the printed particles can easily spread after impacting the
substrate. In contrast, a cohesive powder has poor flowability and causes
resistance to flow inside the device. High flowability powder benefits the
consistency and reliability of the printing process. Nevertheless, they exhibit the
spray effect when the dome structure is broken with the excessive vibration.
Additionally, the free-flowing powders exhibit the spreading effect after impacting
a substrate. This is depended on the standoff distance and the surface properties
of the substrate. Our study has demonstrated the importance of the angle of
repose. The accepted angle is mostly lower than 52°. However, a lower angle is
usually preferable. Table 4-4 gives a summary of the technical capabilities of the

device.

Table 4-4 Technical capabilities of the device.

Feature Range
Printable powder Free flowing powder to cohesive powder
Angle of repose <52°
Minimum RSD <7%
Minimum mass flow rate 0.14 mg/s
Minimum feature size <100 pm
Moving speed ~5-50mm/s
Standoff distance ~100 - 500 pm

In order to support future operation of the dry powder micro delivery system, a
summary of the operational guidelines from this study is shown in the flowchart of
Figure 4-36. Firstly, it is very important to understand the basic requirements of
the printed features by checking the smallest feature size or geometries in a
pattern layer. Then, the particle size and the angle of repose of the desired powder
can be used to evaluate the printability of the powder. In this step, the operator
can decide whether the requirements can be met by the device. Once the desired
powder is chosen, the procedure for making the device is straightforward. Initially,
the proper nozzle diameter needs to be selected. From our study, the minimum
nozzle diameter should be four times the biggest particle diameter and half the
maximum nozzle angle should be less than the angle of repose of the printed

powder. The smallest nozzle diameter provides the finest resolution when printing
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a pattern. This nozzle diameter can be used to roughly define the track width.
Then, the dispenser is constructed as detailed in section 3.1.3. After that, in order
to test the dispenser, the simplest method is to fill it with powder and try manually
tapping the tip of the glass tube. If powder can be discharged from the tube, then
the assembly of a piezoelectric transducer can be undertaken. If the powder
cannot be discharged, then change to a smaller nozzle angle glass tube with the
same nozzle diameter. If the smallest nozzle angle cannot dispense the desired

powder, the powder cannot be used with the target feature size.

After the desired powder has satisfied the restriction of nozzle diameter, the
signal voltage supplying the piezoelectric transducer for creating the vibration has
to be determined. Adequate vibration is required at all times to process the
powder properly. The optimal signal voltage needs to be big enough to break the
dome formation with minimum the spray effect, but it must higher enough to
provide reliability and consistency of powder flow. Currently, the voltage has to be
adjusted on the device with the given powder by visually observing the powder
stream with a microscope and measuring the RSD of the mass flow rate by a
microbalance. Our experience suggests that the optimised signal voltage should
have no spray effect on the powder stream and it should provide an RSD below
10%. On the other hand, correct setting of the voltage can be also verified by
measuring the printed size on a substrate. Once the proper signal voltage for the
powder has been found, then the table speed or moving speed is defined. Next,
the printed line has to be examined. In this step, the continuity and consistency of
the printed line is visually assessed. To be able to print a layer pattern, a 2D
pattern is created by using CAD (Computer Aided Design) software. Then a CAM
(Computer Aided Manufacturing) system generates a tool path command from the
CAD model. In this step, the line width or dot size will be defined for the radius
compensation in the CAM program. Finally, a substrate needs to be setup on a
machine platform and the centre of the nozzle aligns to the reference point on the

substrate. Then, the pattern printing is produced via the program.
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4.3.4 Powder printing over an existing object

The developed device is also capable of printing powders over existing objects. To
demonstrate this, the dry powder printing device was setup to print the solder
powder on a 3D-printed object. Firstly, the test geometries were made by
SolidWorks and converted to DXF format for generating the nozzle tool path via
CompuCAM. Then, the centre of the orifice was aligned to the reference point on
the existing part by moving the XY table and setting the reference by Motion
Planner. This procedure allowed accurate positioning for powder printing. The dry
powder printing device used a nozzle diameter of 250 pm and a nozzle diameter
of 65°. Figure 4-37 shows the printing of circuit lines into the slot of an existing
object. The width and depth of the slot was 0.5 and 0.5 mm respectively. Uniform
and consistent results and height were achieved in all slots. The deposition could

locate solder powder in the desired positions without problems.

Figure 4-37 Printing of solder powder tracks on a 3D-printed object.

This example was the printing of conductive tracks for an electronics component.
By using the proper parameters, the technique was good enough to print powder
without undesired powder being deposited outside the slots of the nylon object. In
other words, there was no bridging of printed powder between tracks, which could
be a problem for conductive track applications. This demonstration proves that it
is possible to deposit powder material on an existing object. When this conductive
powder printing is combined with a bonding system in the future, this capability

could be used to enhance the functionality of existing objects by integrating
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electrical or mechanical components in the fabrication of functional electric

devices and circuitry.

4.3.5 Multiple material printing

Multiple material printing is more difficult than single material printing because
the conditions are more complicated during deposition. Factors such as powder
spreading, stability of all printing nozzles and cross-talk problems have to be
considered. Therefore, we have demonstrated the feasibility of using our dry
powder printing device to produce a multiple material layer which formed a
complex pattern. For the demonstration, a complex pattern with a width 60 mm
and length 60 mm were fabricated using three different powders. The first powder
was a copper powder with a mean particle size of 14 pym. The other two powders
were 420S45 stainless steel powder and tungsten carbide powder with mean
particles size of 20 and 35 pym respectively. Three separate dispensers mounted
on the Z axis were used to print the three different powders which allowed the
creation of a multiple material layer. A flat surface substrate was placed on the
precision x-y stage that was synchronised by the motor controller. Three nozzles
having diameters of 270, 230 and 300 pm, were used to print copper, stainless
steel and tungsten carbide respectively. The mass flow rates at the signal voltage
of 0.5 Volts were 0.74 mg/s, 2.19 mg/s and 5.88 mg/s for the copper, stainless

steel and tungsten carbide respectively.

Firstly, the single nozzle printing conditions were determined. To test the
individual printing nozzles, a spiral track was printed. A 500 pm-grid paper
substrate was placed relative to the printing nozzle using the XYZ movement. The
results of printing a single layer of the copper, stainless steel and tungsten carbide
powders are presented in Figure 4-38. The track width of the copper, stainless
steel and tungsten carbide were 0.25, 0.35 and 0.48 mm respectively. Uniform

track width and height were achieved for all powders.
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Figure 4-38 Single material printing: (A) copper, (B) stainless steel and (C) tungsten

carbide.

After establishing the optimal conditions of each nozzle, the three sets of optimal
parameters from the previous process were used to produce a fine pattern. The
standoff distance used was 300 pm and the signal voltage activating the
piezoelectric transducer was fixed at 0.5 Volts. The moving speeds were 10 mm/s,
12 mm/s and 18 mm/s for the stainless steel, copper and tungsten carbide
respectively. Then, the operation was extended to multiple material printing by
using multiple nozzles. Each nozzle was filled with a different powder. In order to
precisely set the printing position under the three nozzles, the drop position of
each nozzle was defined with respect to the reference point of the XYZ
coordination. In our setup, we selected the drop position of one nozzle to be the
reference point for the X and Y axis. Then, for the Z axis, we referenced the top of
a substrate to be the reference point. Finally, the drop positions of the other two

nozzles were established with respect to the reference point.
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Figure 4-39 Multiple material printing pattern.

Figure 4-39 shows a circuitry pattern printed from three different powders. The
demonstration shows that the multiple powder material printing system can
successfully produce multiple materials in one layer. The printing nozzles were
able to produce the patterns with consistency and reproducibility. Uniform and
fine printed lines were produced. The pattern has the desired geometry and
printing quality. In our investigation, however, it was found that a bigger nozzle
diameter tended to have a cross-talk problem and also suffered from accidental
dispensing from the vibration caused by high-velocity movement which can affect
the controllability of powder dispensing. This problem was not investigated but it
certainly needs attention. Nevertheless, this could be overcome by mounting the

device in a system with smooth movement and adequate damping.

This work shows that this device can fabricate multiple material layers that
traditional material delivery methods cannot create. The device can print powder in
selective areas by a non-contact method and can provide accurate printing of
various powders. The material preparatory steps of this device are few because the
printed powder only requires sieving before printing. Different materials can be
printed simply by adding a new dispenser to the system. Utilising a nozzle based
method, powder materials can be delivered between and within layers to make
flexible material location in a part. Using separate nozzles to print powder

material in selective areas is an accurate, efficient and easy method which avoids
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contamination between materials. The device has few components resulting in less

maintenance and an economical cost.

This developed device differs from traditional powder delivery methods, which
layer powder by a blade or a roller, in the following two main respects. First, there
is no contact between the powder material and the device. Conventional recoating
methods often use a roller or a blade to sweep the powder layer to deposit the
material. This method can give rise to contamination by contact with a powder-
transfer roller. Our nozzle-based technique can create multiple material layers
without having to worry about contaminant material problem, because there is no
direct contact with the powders. Therefore, powder contamination can be avoided
when printing multiple materials. Second, it allows selective-area deposition due to
precise control on the placement and amount of the powder material dispensed.
Our method can define the location of different materials in one layer. Multiple
material objects fabricated with the blade/roller method can only create different
materials in a vertical direction (planar layer) by changing the material when
recoating the upper layer. Furthermore, our method can eliminate material
wastage by printing only the desired layer material, which is a major benefit when
printing high value powder materials. With this printing system, multiple material
patterns can be easily produced by powder deposition. The position and material
type are defined by programing. 2D multiple material layers can be fabricated by
using sequential printing with a single nozzle or using multiple nozzles with a

single setup.

Although our device has many advantages, it is limited to 2D structures because
the printed track is a loose powder. In addition, the device must be installed
vertically because it mainly deploys gravity and piezoelectric vibration to discharge
material. Moreover, the printing speed of our method is generally lower than the
traditional method. However, multiple nozzle arrays could also be used to deposit
materials simultaneously and so achieve a higher deposition speed. We believe
that using this dry powder dispensing system integrated with current powder-
based additive manufacturing systems, such as laser sintering, laser melting or
binder jetting, would increase their ability to produce multiple material parts. Also,
in the future, if the development of a melting/solidification system combined with
our material delivery device is successful, MMAM will offer a new paradigm in this
manufacturing technology. Finally, because of the above advantages including the

low cost of this equipment to commercialization will be rapid.
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4.4 Summary

The fabrication of multiple material objects using additive manufacturing is a
challenge, especially for powder-based fusion processes. However, a material
delivery system for providing multiple material layers is still needed. There are no
proper platforms because of the difficulty of printing layer in a wide variety of
powder materials. The developed dry powder printing method using a
piezoelectric transducer attached to a glass tube nozzle was able to print several
powder materials. It is able to cope with metals, ceramics and polymers. The
device showed improvements in terms of accuracy, stability and consistency in
powder dispensing. Compared with all previous studies, our device demonstrated
the ability to print various materials (10 types) and offered the smallest feature
size (up to 85 pym). The benefits of this device are many, such as a wide range of
materials, high accuracy and reproducibility of the layering process, less material
contamination via separated nozzles and minimal material wastage through
selective area deposition. This device can be used in printing free-flowing powder
to cohesive powder with a particle size from 14 to 72 pm. Furthermore, material
preparation is minimal. Additionally, the device has uncomplicated components
and minimum cost. Therefore, we strongly believe our device is a clear
improvement on dry powder printing methods. In this thesis, several important
issues in the development of our new device have been examined. Weight of
powder deposited measurements, microscopy and high-speed images of powder
flow in the developed device provided valuable information on the behaviour and
characteristics of powder dispensing and powder printing. This thesis provides
additions to fundamental knowledge related to this method and results are useful
for developing a multiple material delivery method for incorporation in a powder-
based AM processes.
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Chapter 5:

Conclusions

This chapter gives the key conclusions and contributions from this research. The
objective of this thesis was to develop a novel dry powder micro delivery device for
multiple material additive manufacturing (MMAM) using an ultrasonic dispensing
technique. This device can successfully provide continuity, consistency and
reliability when layer printing multiple material powders. Additionally, there were a
series of investigations to understand the behaviour of fine powder flow through
the micro-scale orifice of this new device. The work also included demonstrating
the printing results with various sizes and types of material powders. The final
objective was to develop the guidelines and fundamental equations to achieve

good results for powder printing patterns.

In the literature review chapter, firstly fundamental information on MMAM was
presented. Then, a powder flow theory was introduced and finally, reviews of
recent developments in Dry Powder Printing (DPP) were presented. Therefore, the
advances made in these related fields could be understood. In the experimental
chapters, details of the construction of the dispensing device were explained. Also,
a description of material preparation, experimental facilities and methods used in
the investigations was given. In the results and discussion chapter, all details of

the investigations were presented, analyzed and discussed.

This thesis is one of the first works devoted to a multiple material delivery device
using a dry powder printing technique based on vibration causing fine powder to
flow through a micro orifice. In terms of the thesis objectives, we have achieved
the development of a device for printing multiple materials. The current results
show that dry powder deposition is a reliable dispensing process and leads to
better control over uniformity and gives a highly precise powder pattern in a layer.
This work suggests opportunities for greater understanding of the knowledge and

developments in both powder handling and dry powder printing technologies.

The major goal of this thesis was to establish a multiple material delivery device
for printing fine powder materials. The main accomplishments of this thesis are as

follows:
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1.

3.

A new material delivery device of fine powder printing from a micro orifice
has been developed and analysed. Also, the performance of the device has

been demonstrated.

. In-depth experimental investigations of the effect of design and processing

parameters on powder flow and powder handling have been performed.

A generic approach for the determination of suitable parameters that
ensure reliability and consistency in the printing process has been
illustrated. Approximate equations and guidelines for operating the device

have been established as well.

The main conclusions in each of the above areas of achievement are summarized

in the following sections.

5.1

1.

Multiple material delivery device

A novel dry powder micro delivery device, which is made of a borosilicate
glass pipette directly attached to a piezoelectric transducer, was developed
and built. This current device was improved by reducing its size to be more
compact and easier to construct and maintain by decreasing the numbers of
components of the device. Additionally, the device has a water-free design
that removes the possibility of leakage and prevents the powder inside the

device suffering from humidity problems.

. Experimental printing tests were carried out to validate the novel device for

functionality. The programmable-moving platform integrated in the device
has allowed the reliability and repeatability of producing multiple material
layers with fine powders to be demonstrated. Experimental powders with a
particle size above 14 pm were able to be dry powder printed via the device.
This result of our study can open opportunities to customize the material of

the printing layers for AM technology.

. Our powder delivery device can offer a uniform and stable powder delivery

function under the control of an automatically moving platform (printing
resolution less than 100 pm). Additionally, to print multiple material layers,

this device adopts a modularised design. If there are more than one type of
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powder materials, more powder nozzles can be added correspondingly.
Furthermore, our study shows that dry powder printing, driven by ultrasonic
vibration, can be exploited for fine powder printing of many types of
powder materials. The use of a wider range of materials and creating

multiple layers thus become possible.

. This printing device was developed to handle a wide range of materials with

high repeatability (less than 7% RSD) including dispensing an accurately
controlled powder quantity (up to 0.14 mg/s). A powder printing platform
was built by integrating the device on a computer numerical controlled table
to demonstrate the feasibility of producing single multiple material layers,
which would lead to showing the capability of the multiple material delivery

method for providing multiple material objects in the near future.

Powder flow through a micro orifice

. The stable dome structure of the experimental powders above the orifice of

the device was observed and it was found that this structure prevents free
flow under gravity. The dome structure in this study can be formed within
the ratio of nozzle diameter to the mean particle size diameter of 3 to 67
depending on the flowability of the powder. The study indicated that the

ratio for cohesive powders is higher than the ratio for free-flowing powders.

. The collapse of the dome structure occurs by repositioning the particles in

the nozzle. For our device, it was found that the collapse requires a
different signal voltage level for each type of experimental powders,
differing in material flowability, to generate the required vibration energy
from the piezoelectric transducer. Image data taken by a high speed camera
has shown that the particles around the stable dome structure move

upwards before collapsing.

. For the hopper-like design shape of the micrometer-scale orifice in our

device, the design parameters of the device, such as the nozzle diameter
and the nozzle angle were found to affect the powder flow. The micro
nozzle diameter is one of the crucial factors for the mass flow rate just as it
is for large-scale nozzle diameters in general industries. The results have

shown an agreement with powder flow in large-scale hoppers and similarly
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5.3

present mass flow rates following Beverloo’s equation. For the nozzle angle,
it was found that wide nozzle angles allow the delay time of start/stop
dispensing to be shortened, so this angle can improve the controllability of

powder flow in a hopper-like shape.

. To obtain a steady mass flow rate of the powder flow, the bulk density of

the powder has to be equalized until a constant packing density is achieved.
Additionally, variation of weight fluctuations can occur during the
dispensing process. The positions of a stable dome structure were found to

influence the mass flow rate and the consistency of powder flow.

Dry powder printing using piezoelectric dispensing

. Our dry powder printing (DPP) device uses the stable dome structure of the

particles above an orifice to act as the mechanism to stop powder flow. The
device employs an ultrasonic vibration source to start powder flow through
a micro orifice. It is possible to produce multiple material layers from the
fine powder materials with various particle sizes between 14 and 72 pm.
Furthermore, this device is relatively compact and has few components in
its construction. This technique, also, can be employed at room

temperature with simple material preparation.

. The device is a useful material delivery method for layering complex

profiles and produces high resolution features in a wide range of powder
materials. The device is also suitable for precise printing of micro
geometries. The micro features have very small diameters (up to 85 pm)
and can be produced with high accuracy and reliability. A powder with good
flowability allows a high reproducibility in dry powder printing, which gives

the printed results produced more consistency and reliability.

. The performance of the device mainly depends on the dispensing

parameters (e.g. nozzle diameter, nozzle angle, and piezoelectric position),
material parameters (e.g. type, particle size, flowability) and process
parameters (e.g. moving speed, signal voltage and standoff distance). The
fundamental relationships established for dry powder printing are able to

serve as the operational guidelines for the device.
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4. The level of the signal voltage affects the mass flow rate, which is directly
proportional to the material deposition rate. In this thesis, the mass flow
rate was able to be increased by increasing the voltage between 0.5 Volts
and 3 Volts. In addition, a low input voltage can minimise the spray angle of
the powder stream profile and thus the track width of a printed line.
Furthermore, the property of powder flowability directly influences this
spray effect. For powders of different flowability, a cohesive powder has

less spray effect than a free-flowing powder.

5. An increase in standoff distance results in enlarging the spray angle and so
affects the track width of the printed lines. Therefore, a small standoff
distance should be considered as a printing parameter. The resolution of
the printing track will be improved when implementing a smaller standoff
distance. However, when the standoff distance is less than the minimum
distance, the nozzle tip will smear the printed track and leads to an
imperfect printed line. When these parameters are properly defined, the
printed results will exhibit high resolution features and complete printed

tracks.

5.4 Limitations of study

There were some limitations that our study has faced. We can classify there into
three major issues; (1) powder flow property testing equipment, (2) nozzle
fabrication method and (3) powder bonding facility. These limited the ability to

fulfill all our goals. The details are as follows.

Firstly, our powder flow property testing equipment is limited since our research
group was established less than 4 years ago. Therefore, our group still requires
many up to date facilities to utilize in the research experiments. The most
important equipment is a powder flow tester, which is generally used in testing the
flowability of powder material. In our study, we compared the flowability of
experimental powders by using the angle of repose and also the mass flow rate
from the same orifice. With a powder flowmeter, we would be able to analyse many
important properties such as flow function, cohesive strength, wall friction,
internal friction, adhesion etc. All of these parameters lead to in-depth analysis

and allows more relationships between the intrinsic powder properties and the

167



Chapter 5

behaviour of the dispensing process to be established. Some recommended
solutions are to collaborate with other universities that have powder testing
facilities or to invest in equipment such as a powder flow tester and/or a powder

rheometer.

Secondly, the limitation of the glass nozzle fabricating method; currently
experimental nozzles are handmade. To create a specific nozzle angle, we had to
draw many pipette tubes to give different nozzle angles and then pick the nozzle
that had the angle closest to the desired angle. After that, we manually ground the
closed-end orifice to open the orifice to the required diameter and regularly
examined it by an optical microscope to check the actual size of the nozzle
diameter. This process was very time consuming and limited the levels of variable
parameters examined. If we had an automatic machine or a method to produce
our test nozzles, which could reliably control the shape and size of the glass

nozzle, future experiments could be conducted more quickly.

Finally, multiple layer printing cannot be explored due to lack of a bonding facility.
The bonding system needs a powder fusion technique that is not commercially
available. In our case, companies cannot provide a machine even if we could afford
the construction budget. Moreover, it is a relatively expensive investment. This
issue meant that this investigation has examined only single layer printing.
Therefore, we were not able to study multiple layer printing, which would be
needed during the MMAM process. An adhesive bonding facility such as in
adhesive ink-jet printing, maybe could be integrated in this system for multiple
layer studies. However, this bonding technique is not suitable for creating

functional 3D objects but its use for exploring the multiple layers is acceptable.

In conclusion, we have identified and explained the importance of the limitations.
Suggestions to overcome these limitations in future studies were also given. If we
can overcome these limitations, it will allow greater depth and lead to a rapid

expansion in this field in the future.

5.5 Summary

This thesis has described a new device for printing a wide variety of powder
materials with particle sizes of between 14-72 pym. We believe that the results and

the conclusions obtained from this study will set the foundations for further
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research in other powder systems. In particular, the system handles fine dry
powder through a micro orifice activated by ultrasonic vibration. Although the dry
powder printing device in this thesis was originally conceived as a material delivery
device for a layering process, the features also have the potential to provide the
foundations of a generic powder handling process. Our device can deliver powder
in very precise and manner in small quantities at almost any location within a
designated working space. Furthermore, two-dimensional layering can position
amounts of different powder materials to desired positions on a substrate.
Moreover, it has the possibility to be used to form fully three-dimensional objects

by integrating this delivery system with a material bonding system.
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Chapter 6:

Future work

Fine powder handling is receiving attention in academia and is a fundamentally
important issue in many industrial applications. Dry powder printing is also of
interest and is being explored by several researchers. This technique has its
challenges and more work needs to be carried out to understand it better.
However, the findings of this thesis inspire further work on using this dry powder
micro delivery device. A number of issues must be solved to allow the
development of a multiple material delivery system for incorporation in MMAM
technology. These issues provide work for future research in this area that needs
to be pursued to make the system feasible. At least four research areas can be

identified. These areas include:
e Developing a MMAM machine and a nozzle fabrication technique,
e Improving the efficiency of the current device,
e Investigating the other parameters of the device and
e Extending possible applications.

The following sections discuss each of these areas in more detail.

6.1 Developing a MMAM machine and a nozzle fabrication

technique

6.1.1 Developing the MMAM machine

Multiple Material Additive Manufacturing (MMAM) is a relatively new research area
where many issues remain to be investigated. The most important direction for
future research is designing the complete system and creating a prototype MMAM
machine that integrates dry powder printing in the machine. To develop the

complete machine the following conceptual design is proposed.
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The flowchart in Figure 6-1 shows the conceptual design of the MMAM machine.
The multiple material objects are created a layer at a time by combining a
recoating system and a dry powder printing device. A layer created from one type
of powder is spread out in a powder bed. Then a vacuum head automatically
removes the material from selected areas. After that, a second powder print head
deposits another material in these selected areas. After finishing powder
deposition in a one layer, the layer is bonded by a laser fusion technique. This
laser fusion device comprises a CO, laser for polymeric materials and a fibre laser
for metal and ceramic materials. The powder bed is then moved down and another
layer of powder is recoated and deposited in position. The process repeats layer by

layer until the object is completed.

{ Start )

\
\_ Y,
Ao
Ll
A\ 4
Layer of powder Vacuum pick up Dry powder print
recoat P powder in selective P»  head deposits
automatically area different materials

Material type ?

Yes Polymer/Ceramic

powder region

Add another
layer ?

Finish \/ ¢ | Removsbcjzzr;pleted
AN /

t  CO, laser fusion
Metal powder
region

A

Fibre laser fusion

Figure 6-1 Flow process chart of the MMAM fabrication process.

To perform laser fusion bonding of multiple material objects, an idea for
developing a full functional system to automatically fabricate the multiple
materials parts is presented in Figure 6-2. There are six key components in this
system: 1) a CO, laser with a galvanometric scanning system; 2) a fibre laser with
focusing optics; 3) a dry powder printing system; 4) a powder vacuum system; 5) a
sintering chamber with an inert gas atmosphere; 6) an XY gantry; and a powder

bed delivery and levelling system.
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Galvanomirror

CO2 Laser

Generator Laser Head

Vacuum Head

Fibre Laser

Outlet Generator

Roller

Inlet

XY Gantry
Powder Delivery
Tank
Powder
Dispenser
Powder

Collective Tank

Powder Bed

Figure 6-2 MMAM machine design.

Key components:

1) CO, laser with a galvanometric scanning system

The CO, laser delivers a coherent heating beam which is scanned over the powder

bed in the X-Y directions by a galvanometric mirror and fuses adjacent powder

particles to form a solid object. A polymeric material, such as nylon, is suitable for

fusing with this laser type.

2) Fibre Laser with focusing optics

The fibre laser is designed to process metallic materials, because it has a shorter

wavelength than a CO, laser and has a lower reflection loss than a CO, laser. The

movement of a XY gantry allows the fibre laser head to fuse metal powders in

selective regions.
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3) Powder vacuum system

The powder vacuum system uses a vacuum head as a material removal system
which eliminates material selectively to generate a cavity into which a DPP device
dispenses a different material in the layer. This vacuum head is installed in the

tool holder on a XY gantry.
4) Dry powder printing system

The dry powder printing (DDP) system is used to print powders in selected areas.
The powder is dispensed by the application of vibration energy, controlled by a
computer, from a glass capillary. The DPP head is attached onto a holder located

on a XY Gantry to create 2D patterns in an X-Y direction.
5) Sintering chamber with an inert gas atmosphere

Eliminating oxidation during the sintering process is very important for proper
process control. An enclosed chamber is an ideal solution for laser fusion in a
controlled atmosphere when working with oxygen sensitive materials. Inert gases
such as Nitrogen, Helium and Argon could be easily maintained in this system.
Additionally, this chamber is designed so that the working temperature inside can

be regulated.
6) XY gantry

To provide repeatability and high throughput, the X and Y axes are manipulated
on a XY gantry that uses servo motors to drive ball screws to provide linear
movement. The gantry is designed to move the DPP head, the fibre laser head and
the vacuum head. The platform is designed to provide access to the working area

from all four sides of the system.
7) Powder bed delivery and levelling system

This system combines a powder-spreading roller, a powder bed, powder delivery
tank and an excessive powder tank mounted on individual pistons. The powder is
spread from the powder delivery tank to the powder bed by movement of the
counter-rotating roller over the built surface. The piston in the powder delivery
system moves up to prepare the feed material, while a piston in the powder bed

moves down to accommodate the new layer of powder. The excessive powder
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from the powder bed is swept by the roller into a collection tank installed on the

other side of the platform.

6.1.2 Developing the fabrication technique for making a glass nozzle

At this stage, our experimental nozzles are fabricated from glass and made by
hand. Consequently, achieving high accuracy and high repeatability for the nozzle
diameter or nozzle angle was very difficult. Therefore, an automated grinding
system should be introduced for fabricating the nozzle diameter. A method to

produce the desired angle for the nozzle is also required.

6.2 Improving efficiency

6.2.1 Using a precision metal nozzle

The approach involving the discharge of fine powder through a hand-made glass
nozzle has proven to be versatile but is not ideal. Moreover, the transparent
property of the glass nozzle allows powder flow to be easily observed. However,
nozzles made from metals have not been examined an in-depth study. In a
feasibility study, we have used a commercial metal nozzle attached to a
piezoelectric ring and dispensed 14-um copper powder (Figure 6-3). The results
showed that a metal nozzle can be used to handle the powder in the same way as
a glass nozzle. In general, the use of metal nozzles should be investigated since
they are expected to be a good solution for reducing set-up time and improving
nozzle consistency. Furthermore, the roughness of the nozzle wall surface affects
powder flow resistance as the flow of powder particles inside a dispenser through
an orifice is controlled by how the powder particles interact with the wall surface.
Thus this needs to be studied.
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Piezoelectric ring Metal nozzle

Metal nozzle

Powder stream

(A) (B) ©

Figure 6-3 Metal nozzle: (A) Precision metal nozzles, (B) Metal nozzle dispenser

and (C) Copper powder dispensing through a metal nozzle.

6.2.2 Improving the throughput of dry powder printing

The current results show that dry powder deposition is a reliable dispensing
process and leads to uniform and precise powder patterns in a layer. However, the
mass flow rate from nozzle printing is low and thus the processing speed is slow.
To increase processing speed an array-nozzle system should be considered as a
way to increase the speed of material dispensing. This can also offer the
opportunity of depositing different materials at the same time. Furthermore,
increasing the diameter of nozzle, which is one of the solutions to this problem,

should be investigated.

To develop an array-nozzle a possible design of the nozzle component is offered
in Figure 6-4. The nozzle array consists of a powder compartment, glass nozzles,
piezoelectric rings and rubber rings. The rubber rings act as a vibration absorber
to avoid cross talk between nozzles. Our experiments showed that an array-nozzle
prototype could dispense without unintentional discharge from nozzles. However,
the design of a future array system should seriously consider cross talk caused by
nozzles switching on and off resulting in unintentional discharge from nozzles
that are switched off due to excessive vibration from nozzles that are switched on.

This issue is highly relevant and more study is necessary.
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(A) 3x3 Array nozzle design (B) 1x2 Array nozzle prototype

Figure 6-4 Array nozzle; (A) 3x3 array nozzle design and (B) 1x2 array nozzle
prototype.

There are advantages and disadvantages to printing different sizes of printed
track. Printing a smaller track width means it will take longer to build entire on
layer, but allows for better precision and higher resolution. Larger nozzle
diameters lead to shorter production times, but lower resolution. To increase the
processing speed and enlarge the printable area, we have developed a new design
of nozzle. It has a 10-mm slot nozzle head over which a nylon sieve mesh with
120-uym opening was positioned, the head being inserted in a flat-bottom glass
tube (12-mm outer diameter, 9.5-mm inner diameter) attached to a piezoelectric
ring (SPZT-4 A3544C-W, 35mm x 15mm x 5mm, MPI Co., Switzerland). In our
feasibility study, this technique generated a track width of up to 12-mm with 14-
pm copper powder, as shown in Figure 6-5. Further work could be carried out on
nozzle head design.
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Slot nozzle head

(A)

Figure 6-5 Copper powder tracks generated by (1) an original nozzle and (2) a slot

nozzle and (B) the slot nozzle components.

6.2.3 Developing a closed-loop control system

In this thesis, an open-loop system, which cannot correct for errors due to changes
in printing parameters, was used. To precisely control powder dispensing and
correct for variations of mass flow rate is important. Therefore, closed-loop
operation should be integrated into the system. To achieve this requirement, we
propose three possible solutions for future work. The first solution is that weight
sensors should be installed on the platform on the top of the moveable table so
that in-process checks can be carried out to confirm that the printing process is
being correctly performed. If the mass flow rate is not consistent, the closed-loop
control will intelligently adjust the input parameters, such as the amplitude of the
signal voltage, to instantaneously compensate for the error. The second solution is
to install a vision system to measure the track width and height of the printed
powder on the substrate and thus provide on-line feedback to adjust the mass flow
rate. The last solution is to monitor the position of the location of the stable dome
inside the nozzle orifice by using a vision system. As mass variations at the start
and finish of printing come from variation of the dome location, as described in
Chapter 4, a closed-loop system monitoring the dome position can be used to
predict the mass flow rate and adjust the speed of the moving table to compensate

for variation in mass volume of the printing powder.
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6.3 Investigating other parameters

6.3.1 Investigating effects of high working temperature

All studies in this thesis were carried out at room temperature; the device running
below 30 °C. The effects of dispensing in a higher temperature environment on the
mass flow rate and the quality of printed lines have not been studied. At higher
temperature, the flowability of powder materials inside the dispenser can be
affected. Studies should be carried out at working temperatures, to validate
whether the device can provide reliability and consistency of mass flow rate at
these temperatures. To study this, the device can be installed in a heating
chamber to determine the mass flow rate during dispensing at high temperature.
However, the advantages and the disadvantages of the process should receive
more investigation. Additionally, this investigation can explore the durability of the

components of the device if a higher operating temperature is used.

6.3.2 Investigating the optimisation of the design and printing parameters

This thesis has highlighted the effect of the important design and printing
parameters. The experimental studies have partially revealed how the input
parameters can affect the mass flow rate of the device. Guidelines for the printing
process have been established. However optimisation of the printing process was
not studied. An optimization study would allow us to better select parameters
based on the intended outcome. Further studies are clearly required in this area.
Moreover, the nozzle diameter, the nozzle angle and the piezoelectric position
were not explored in detail. Thus an extensive parametric study is required.
Taguchi and/or design of experimental methods could be used to screen the key
factors. Then, a response optimization technique could be used to find the

combination of input parameters that provides the optimal response.

6.3.3 Investigating very cohesive powders

The key challenge for additive manufacturing is to create high definition features

with high surface quality. One important feature is the thickness of material layers.
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To improve the surface quality, the layer thickness should be as thin as possible.
Therefore, the material powder should have the smallest particle size possible.
However, dry powder printing depends upon the flowability of the feed stock
materials. The smaller the particle size used, the lower the flowability. Low
flowability is also the main problem when dispensing sticky or cohesive materials.
In this thesis, the smallest particle size used in the experiments was 14 pm.
Handling ultrafine powders, where the particle size is less than 10 ym, is very
challenging. Moreover, further investigation of very cohesive powders should be
undertaken to find the capability boundary of the device. To study this
environmental control should be considered. The preparation of materials used
before dispensing has to be strictly controlled. Humidity and electrostatic effects
should be investigated and their effects on inter-particles force and the adhesive
force between particle and wall, which determine the response of the powder to
ultrasonic vibration, should be carefully explored. In addition, the present study
did not address in detail the effect of particle shape, particle size and particle size
distribution on flow. As these particle parameters can influence flow they should

be the subject of further study.

6.3.4 Investigating three-dimensional dome structure modelling.

The stable dome structure is of key importance to the device. The doming
mechanism needs to be further studied. In this thesis, an optical high speed
camera has been used to observe the doming behaviour during dispensing.
However, only two dimensional images taken from the front of the dispensing
device were obtained. These results showed the dome structure of the particles in
contact with the glass nozzle and do not give the 3D profile of the dome.
Microcomputed tomography (MicroCT) could be used to evaluate the three-
dimensional stable dome structure of the powder particles above a nozzle orifice.
This equipment will reveal the exact shape of the dome structure based on x-ray
absorption differences. The results could be incorporated into the dispensing
model to better account for the effect of the control parameters such as a nozzle

angle, nozzle diameter and particle parameters.
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6.3.5 Investigating life-expectancy estimation

Life expectancy is the length of time a device would reliably be expected to work
properly. The long term performance of the printing device can be affected by a
number of factors: damage of the orifice from wear by the powders, deterioration
of the adhesive attaching the piezoelectric device to the capillary, cracking of the
piezoelectric, humidity, or some combinations of these factors. To determine the
life expectancy of the device tests should be performed using the actual conditions
experienced by printing in real-world situations. Using experimental data collected

in this manner the life-expectancy estimation can be investigated.

6.3.6 Investigating multi-layer printing and printing strategy

In the present study, only single-layer printing was demonstrated. To achieve a
fully functional MMAM system, multi-layer printing should be studied in the future.
This work will provide more information on the multiple material delivery process
by using the technique described in this thesis for creating powder layers.
Furthermore, the overall printing strategy is critical for both printing quality and
reduction of printing time. Therefore, different strategies of printing movement
should be investigated and compared. To minimise the printing time and
maximise printing quality, an optimization study involving all the process

parameters and the printing patterns should be undertaken.

6.3.7 Investigating the effects of vibration energy

The vibration transmitting property of a nozzle material is one of the most
important factors in the dry powder printing device. Because the measuring
equipment limitations this thesis did not address this factor. To do this a direct-
contact vibration sensor such as an accelerometer, which can measure the
acceleration of a vibrating object, could be used. Alternatively, a non-contact
vibration sensor such as a 3D laser vibrometer, which can measure three linear
velocity components at a point on a vibrating structure, could be employed. After
varying the input parameters (e.g. signal voltage, frequency, etc.) of the device, the
response data could be collected. Then, the relationship of the vibration energy to

the input parameters can be explored.
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6.4 Extending possible applications

6.4.1 Smart material applications

The most straightforward application is to use the printing device to fabricate a
new multiple material object. When applying such a printing technique, the objects
could have new advantageous characteristics. For example, magnetorheological
elastomers (MREs) or magnetosensitive elastomers are smart materials whose
mechanical properties can be controlled by an external magnetic field. Typically,
MREs are prepared by a curing process for polymers mixed with iron powders.
However, the current process for mixing the powder is manual. Dry powder
printing can be integrated into the fabrication process. Using this technique, the
patterning of the iron powder within the matrix material can easily be intricate and
flexible. Another application of smart materials is a Frequency Selective Surface
(FSS) structure which contains conductive material on the surface, which is
designed to absorb or reflect electromagnetic fields based on frequency. To show
the conceptual idea of using dry powder printing for this application an example
of a 3D structure that has metallic copper powder within the surface dispensed by

3D printing is presented in Figure 6-6.

Dry powder dispenser

Figure 6-6 Copper dispensed into the cavities on a 3D structure.
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6.4.2 Material mixing system for Functionally Graded Material (FGM)

In order to prepare the powder layers for a FGM using the device described in this
thesis, the material delivery system needs a device to accurately mix powders so
as to provide the correct powder concentration gradient. In this thesis, the dry
powder printing device has demonstrated its ability to precisely control and deliver
an accurate dose mass of the experimental powders. The gradient can be varied by
controlling the duration time of the dispensing period. One method to achieve this
is shown in Figure 6-7 where additional dispensers have been incorporated into a
material mixing system. This simple idea may use a primary dispenser combined
with secondary dispensers. This system will determine the material composition of
the layer by controlling the secondary dispenser. This system may require two or
more powder dispensing devices for simultaneously depositing different powders
so as to change the composition and/or concentration gradient. To achieve this
system as described, the control of powder deposition must be improved by

adding feedback systems and this must be addressed.

Secondary dispenser

Powder A dispenser I i I i Powder B dispenser

/Primary dispenser

Figure 6-7 Dry powder mixing system for FGM.
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6.4.3 Combining liquid printing and dry powder printing in a single device

Presently, no printing device has the handling capability of both liquid and solid
materials in a single device. However, the device described in this thesis can
dispense liquids such as water and alcohol. In Figure 6-8, an example of water
dispensing from the original un-modified dry powder printing dispenser is shown.
This finding should be further investigated to provide an explanation for this
phenomenon. The knowledge gained from the study can be used to suggest new

applications in the future.

\ \
Dry powder dispenser

Water stream

Figure 6-8 Liquid dispensing via a dry powder dispenser device.

184



Appendices

Appendix A : Drawings
Appendix B : Piezoelectric details.

Appendix C : Publications.

185






Appendix A : Drawings
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Appendix B : Piezoelectric details

The specification and performance characteristics of the piezoelectric elements
represented in Chapter 3 are shown below. These piezoelectric rings were supplied

by M.P. Interconsulting company from Switzerland.

Piezoelectric Elements: Material SPZT-8

Feature Original design New design
Code SPZT8-200-100-50 SPZT8-100-50-20
Shape (mm) ®20*®10*5 ®10*®5*2
C+12%(PF) 416 260
tgs (%) <0.3 <0.3
FS+3% (kHz) 76 153
AF (kHz) 5 11
R (Q) 18 10
Coupling factor Kt/Kr% >46 >46
Curie point T’ 320 320
Q > 800 > 800

m
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additive manufacturing technologies which can produce complex

geometry parts with different materials
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Interest in multifunctional structures made automatically from multiple materials poses a
challenge for today’s additive manufacturing (AM) technologies; however the ability to
process multiple materials is a fundamental advantage to some AM technologies. The
capability to fabricate multiple material parts can improve AM technologies by either
optimising the mechanical properties of the parts or providing additional functions to the
final parts. The objective of this paper is to give an overview on the current state of the art
of multiple material AM technologies and their practical applications. In this paper,
multiple material AM processes have been classified and the principles of the key
processes have been reviewed comprehensively. The advantages and disadvantages of each
process, recent progress, challenging technological obstacles, the possible strategies to
overcome these barriers, and future trends are also discussed.

Keywords: additive manufacturing; multiple material objects; multiple material additive
manufacturing; 3D printing; rapid prototyping
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Nomenclature

2PP-Two Photon Polymerisation
3DP-Three Dimensional Printing
BioLP-Biological Laser Printing
DLP-Digital Light Processing

DoD-Drop on Demand

DPP-Dry Powder Printing

DMD'- Directed Metal Deposition
DMD?* Digital Micromirror Device
DW-Direct Writing

FDM-Fused Deposition Modelling
FDMM-Fused Deposition of Multi-Materials
EBM-Electron Beam Melting
LCVD-Laser Chemical Vapour Deposition
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LDM-Low-temperature Deposition Manufacturing
LENS-Laser Engineering Net Shape

LC-Laser Cladding

LOM-Laminated Object Material
M-LDM-Multi-nozzle Low-temperature Deposition
MDM-Multi-nozzle Deposition Manufacturing
MIP-SL-Mask Image Projection-based Stereolithography
MJS-Multiphase Jet Solidification
MMAM-Multiple Material Additive Manufacturing
PAM-Pressure-assisted Microsyringe

PED-Precision Extrusion Deposition

PJT-PolyJet Technology

RP-Rapid Prototyping

RPRD-Rapid Prototyping Robot Dispensing
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SDM-Shape Deposition Modelling
SMS-Sclective Mask Sintering
SL-Stercolithography
SLM-Selective Laser Melting
SLS-Selective Laser Sintering
STLG-Stereo Thermal Lithography
UC-Ultrasonic Consolidation

1. Introduction

Due to the daily increase in complexity of industrial
manufacturing, international competition and market glo-
balisation, there is demand for higher flexibility and greater
efficiency and traditional manufacturing processes may not
be able to meet all the requirement of today’s products.
Additive Manufacturing (AM) processes that are based on
layer-by-layer manufacturing are identified as an effective
approach to overcome these challenges. However, most
current commercially available AM systems have been
designed to produce parts from a single material (Wohlers
2011). Current AM technologies still need to be improved in
terms of part quality and part performance in comparison
to traditional manufacturing. Part quality is being dealt
with by greater machine control and by applying cutting
edge high precision technologies while part performance can
be boosted using multiple material systems (Zhou et al.
2011). The emerging Multiple Material Additive Manufac-
turing (MMAM) technology can enhance the performance
of AM parts by adding more complexity and functionality.
Using MMAM technologies it is possible to improve part
performance by varying material compositions or type
within the layers; this is not achievable by conventional
manufacturing processes. In fact, MMAM represents a
whole new paradigm and range of opportunities for design,
functionality, and cost effective high value products.

There are a lot of benefits from producing parts with
multiple materials and that is why MMAM technology is a
fast growing arca and several MMAM systems have been
investigated and developed to meet today’s product de-
mands. As mentioned ecarlier, the reasons for applying
multiple material strategies might be much more than just
achieving the purpose of combining the additional materi-
als and other purposes, such as mechanical properties
improvement, providing additional functionality and design
freedom, traceability and security in the resulting part, are
being explored (Gibson ez al. 2010).

There are many applications that can potentially benefit
from the development of MMAM technologies. Additional
materials may provide the desired properties in strategic
locations around the parts. For examples, thermal con-
ductivity in conformal cooling channels, mechanical prop-
erties such as high hardness, high temperature resistance
properties in turbines engines and thermal insulation coat-

192

ings, optical properties in laser telecommunication systems,
dielectric and magnetic properties in antenna and meta-
materials, chemical properties in fuel cells and batteries,
sonic properties in acoustics systems, etc. Morcover, the
MMAM process allows the inclusion of embedded compo-
nents such as resistors, sensors, and other electronic devices.
Using multiple materials has the potential for printing three
dimension circuits and all-printed resistor-circuits that can
reduce lead time, production cost, inventory cost, and reduce
product weight. In particular, medical and dental fields
require high performance biomedical objects or implants
(e.g. artificial hip joints, tissue scaffolds, and bone struc-
tures) with desirable properties for biomedical applications.
However, traditional manufacturing processes might not
meet all requirements and are not economical enough in
most cases because of the intricate shapes and internal
configurations needed of biomedical models with their
delicate material variations. In tissue engineering (TE),
different materials and cells need to be precisely placed
throughout the scaffolds to elicit the specific desired cell
responses. Such control will likely lead to an enhanced
generation of new, functional tissue (Bartolo 2011). MMAM
is a flexible technology that allows for such multi-material
biofabrication of hybrid three-dimensional (3D) structures.

A large number of general reviews and books on additive
manufacturing processes have emerged over the past three
decades which varied considerably in scope and methods of
classification (Pham and Dimov 2000, Gebhardt 2003, Tay
et al. 2003, Hopkinson et al. 2006, Liou 2007). Chua and co-
authors’ book (2010a) has kept tracing the development of
Rapid Prototyping (RP) technology and its applications in
industry and has now been revised in the third edition.
Fundamentals such as the STL (STereoLithography) file
format and the working principle behind the various systems
are clearly explained and illustrated. Wholers report is
updated every year and provides broad and timely informa-
tion though with less academic depth (Wohlers 2012). Some
reviews and books have been presented in the fields of
medical AM (Gibson 2006, Bartolo and Bidanda 2007,
Bidanda and Bartolo 2007, Bartolo ez al. 2012, Melchels et
al. 2012).Vaezi et al. (2012) presented a comprehensive review
on 3D micro-additive manufacturing technologies and their
recent developments toward ‘rapid micromanufacturing’.
Gibson and co-authors have a short chapter in their recently
published book (Gibson ez al. 2010) which provides a review
on multiple material additive manufacturing. Oxman (2011)
addressed variable property rapid prototyping in which
functional components can be produced by dynamically
mixing, grading and varying the ratios of material properties.
The authors of this paper wish to provide a broader and
updated review on MMAM, by providing a comprehensive
list of key MMAM from most of MMAM methods
published in literature, and a discussion of the advantages
and limitations of each method and their potentials.
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Table 1. AM and MMAM classification.

Process Description

Typical AM techniques Current MMAM techniques Materials

Photopolymer vat

Material extrusion

Powder bed fusion Thermal energy selectively fuses regions of powder bed

material

Directed energy Focused thermal energy melts materials as deposited
deposition

Sheet lamination

layer to create a desired 3D object

Droplets of build material are selectively deposited layer by

layer

Material jetting

Binder jetting
material

Liquid photopolymer is selectively cured using a light source

Material is selectively dispensed through a nozzle or extruder

Material sheets are bonded together and selectively cut in each

Liquid bonding ink is selectively spread to join solid powder

SL, 2PP SL Photo-curable
polymers

FDM, robocasting, Extrusion freeforming techniques Polymers, ceramics,

bioplotting (see section 2.4) metals

SLS,SLM, EBM, SMS SLS Polymers, metals,
ceramics

LENS, DMD', LENS, DMD' Metals, ceramics

LOM, UC LOM, UC Metals, ceramics,

polymers
DoD Inkjet printing,  DoD Inkjet printing, PJT Polymers, metals,
PIT ceramics
3DP 3DP Polymers, metals,
ceramics

2. Classification and description

Some authors (Gibson et al. 2010) have considered
MMAM objects to include those produced from 1) Discrete
multiple materials 2) Composite materials and 3) Porous
materials suitable for secondary material infiltration.
However in this review we will not consider a process to
be MMAM if in such process either a) the raw materials are
pre-mixed or composited before the AM or b) the second
materials is integrated by infiltration or coating or other
non-AM post processing methods, because in these pro-
cesses the compositional variation cannot be freely con-
trolled by computer and program.

To achieve this, different materials or chemicals need to
be physically delivered to any spatial location in 3D during
the additive manufacturing. In some processes, for example
direct 3D printing in Objet, or in the Fused Deposition
Modelling (FDM) process, the materials are delivered to
the platform dot-by-dot or line-by-line in liquid or semi-
liquid form using nozzles. So in these processes, multiple
nozzles could be casily integrated into the system to achieve
multiple material fabrication. However, in other processes,
for example SL, Selective Laser Sintering (SLS), Selective
Laser Melting (SLM), Laminated Object Material (LOM),
because the materials are delivered as a whole layer by
scraper or as a solid sheet, it is very difficult to make
MMAM using the configuration of the currently available
equipment. New material delivery systems must first be
developed in these systems to deliver multiple materials,
before further laser sintering or fusion or reaction.

The main scope of this paper is to provide a comprehen-
sive review of the key AM processes which are currently used
effectively for fabrication of true discrete multiple material
parts. Addressing composite materials is not within the scope
of this article since they have been already addressed in the
literature (Kumar and Kruth 2010), although some signifi-
cant work on composite materials will be pointed out.

The field of AM encompasses a variety of unique
processes, with varying characteristics, which were pre-
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viously categorised by several researchers. Recently, AM
technologies have been standardised and classified by the
American Society for Testing and Materials (ASTM)
International Committee F42 on Additive Manufacturing
Technologies. The committee has classified AM processes
and their variants into seven main categories including:
photopolymer vat, material extrusion, powder bed fusion,
directed energy deposition, sheet lamination, material
jetting, and binder jetting (Stucker 2011). MMAM tech-
nologies can be classified in the same way and are described
in this paper. However, a combination of different methods
could overcome some limitations of a single method
MMAM and this will be discussed later in this paper. An
overview of the different AM and MMAM processes, and
their typical materials based on the recent ASTM standard
is provided in Table 1.

It should be noted that several AM techniques have been
modified to work at a small scale to deposit passive
clectronic structures and components (conductors, insula-
tors, resistors, antennas, integrated circuit (1C), etc.). These
techniques are often known as Direct Writing (DW)
techniques and, for instance, use electronic ‘inks’ that
contain nanoparticles or other additives that result in
electronic properties after drying, thermal decomposition,
or other post-treatment. By combining DW techniques with
other AM techniques it becomes possible to create multi-
functional 3D-embedded clectronic structures on a layer-
by-layer basis that combine structural, thermal, electronic,
and other functions into a single component (Stucker
2011). Although components such as resistors and ICs are
not directly fabricated by AM methods, and not likely to be
made in the near future, here we still count them as
MMAM. In some instances multiple AM techniques are
combined within the same machine or AM is combined
with subtractive techniques such as Computer Numerical
Control (CNC) machining or laser cutting. These hybrid
techniques are basically used to bring new possibilities.
Hybrid and DW systems suitable for multiple material
printing will also be discussed in this paper.



Downloaded by [Winchester School of Art] at 16:06 15 July 2014

(5]
2

2.1 Photopolymer vat processes

Photopolymer vat processes involve selective curing of
predeposited photopolymers using some types of light
source (Stucker 2011). Stereolithography (SL) is the main
photopolymer vat technique in which a laser beam or other
ultra violet (UV) light source is used to project a cross-
section of a single slice of the object onto a photosensitive
liquid polymer which solidifies each layer of the photo-
polymer. The platform within the vat containing the
photopolymer moves the solid part down and the laser
traces out the next layer of uncured photopolymer. This
process is repeated until all the layers of the complete
structure are created. Two main SL techniques have been
developed depending on the different beam delivery system:
scanning SL and projection SL.

Maruo et al. (2001) demonstrated the use of a scanning
SL microfabrication process (termed the Multi-polymer 1H
process) for fabricating optical waveguides with two kinds
of photocurable polymers having different refractive in-
dexes. Fabrication of 3D hydrogel structures containing
living cells with micro scale resolution has been reported by
Liu and Bhatia (2002) via multiple steps using a micro
patterned photo polymerisation process. The W. M. Keck
Centre for 3D Innovation at the University of Texas at
El Paso is a premier laboratory concentrating on the

a)

7

Rotating
vat carousel

Rotating
platform

Wash, cure, and dry unit

M. Vaezi et al.

development of MMAM processes. They have developed
different multi-material AM systems based on SL and
FDM techniques. They have presented a multiple vat
carousel design and alternative machine designs to create
3D multiple material objects using a scanning SL system
(Wicker et al. 2004). Figure 1 depicts a schematic of their
multiple material SL system with some fabricated parts.
Firstly, the platform is moved below the surface of a liquid
polymer in one of the build vats. Then the platform is raised
out of the current vat and the vat underneath the platform
is rotated to provide access to a different material (Inamdar
et al. 2006). To reduce contamination, the process offers a
cleaning step where the platform is submerged and cleaned
in a cleaning vat before being submerged in a different
material vat (Choi ez al. 2011). To improve the processing
time, Kim ez al. (2010) developed a process-planning
algorithm to reduce the number of material changeovers
by using low viscosity polymers without a sweeping process.
The capabilities of scanning SL for fabricating multi-
material spatially controlled poly(ethylene glycol) bioactive
scaffolds were explored by researchers at the W. M. Keck
Centre for 3D Innovation (Arcaute et al. 2010). They used
two photocrosslinkable hydrogel biopolymers as the pri-
mary scaffold materials, poly(ethylene glycol) dimethacry-
late (PEG-dma, MW 1000) and poly(ethylene glycol)
diacrylate (PEG-da, MW 3400).

Figure 1. a) Multiple vat carousel including intermediate wash, cure and dry unit (Wicker ez al. 2004); b, ¢) Side and top view
of nerve guidance conduit fabricated using SL process from different materials. Precise placement of different materials both
within and across layers can be seen. In (c) the outer portion of the conduit contains 15um fluorescent green particles while
the inner portion contains 10pm fluorescent blue particles, scale bars are | mm (Arcaute ez al. 2006); d) Various multiple

material chess parts (Choi ef al. 2011).
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The key benefits of the multiple material scanning SL
technique are high quality of surface finish and dimensional
accuracy. Moreover, it offers a wide range of polymers to
embed different colours in medical models and to tailor
bioactive and mechanical properties in tissue engineering
applications. The system can fabricate multiple material
objects with horizontally and vertically oriented interfaces.
However, contamination is difficult to eliminate with this
technique. A multiple vat system requires a large area to
operate the process and consumes time in pumping
processes. Additionally draining and cleaning the previous
material before changing to another resin vat takes a long
time and leads to considerable material waste (Kim er al.
2010). In addition, there are some problems that affect the
shape of the desired object such as shadowing obstruction
of the previously built part, trapped volumes when creating
one material inside another, surface tension between two
materials, and surface tension with the previous layer (Choi
et al. 2011).

In projection SL, build time is significantly less when
compared with scanning SL as a whole layer of the
photopolymer is cured once via exposure through a mask.
However, the first generation of projection SL systems were
slow and costly as a lot of projection masks had to be
produced. In 1997, Bertsch er al. (1997) proposed that a
liquid crystal display (LCD) could be applied as the
dynamic mask to generate the pattern expected in each
layer in the projection SL process. Later in 1999, they
proposed that the Digital Micromirror Device (DMD?)
which is embedded in digital light processing (DLP)
projectors could be applied more efficiently as the dynamic
mask in the SL process (Beluze er al. 1999). In 2004,
Stampfl ez al. (2004) used DMD?-based SL, in which visible
light is projected from below the resin vat to produce high
quality 3D micro-parts. Furthermore, UV light was used by
Hadipoespito et al. (2003) and Cheng et al. (2005) instead
of visible light, to cure the resin.

projector

(a) Material B

Building Ultrasound

DLP Z Stage
BE platform  ¢lea ing system

Rotation
table
a

Several advantages would potentially be derived by
setting up a multiple material DMD?-based SL system. In
2010, researchers at the W. M. Keck Centre for 3D
Innovation developed a DMD*based multi-material SL
using a syringe pump system to add a material to a small,
and removable vat designed specifically for the multi-
material SL system (Choi er al. 2010). Multi-material
fabrication was accomplished using a material changeover
process that included manually removing the vat, draining
the current material, rinsing the vat, returning the vat to the
system, and finally dispensing a prescribed volume in the
vat using the syringe pump. Han ez al. (2010) also presented
an automatic material switching approach by dispensing the
solution using a pipette into a custom-made small vat, and
subsequently washing out the current solution before
changing to the next solution. Based on the technique,
they fabricated 3D hybrid scaffolds for heterogencous tissue
engineering. Both the DMD?based systems mentioned
were based on top-down projection. Due to the need to
drain and clean the first resin from the deep vat before
changing to another resin, it took a long time and led to
significant material waste. To overcome this problem,
researchers at the University of Southern California devel-
oped a DMD?>based SL system called Multi-material
Mask-Image-Projection-based ~ Stereolithography (MIP-
SL) which uses bottom-up projection to fabricate 3D
multi-material objects faster (Zhou er al. 2011). Using
bottom-up projection the portion of built up material to be
cleaned when switching to new material vats was reduced. A
prototype of the system is shown in Figure 2. As seen in the
figure, the next step after polymerisation and before
changing to the new material is to remove excessive material
on the part surface by a soft brush in rough cleaning and by
immersion in an ultrasonic cleaner for final cleaning. A fter
cleaning, the part is dried before putting it into the new
material and repeating the processes until the complete
object is obtained.

Drying A part during the

building process

controller

Figure 2. Multiple materials DMD?*-based SL system developed at the University of Southern California (Zhou ef al. 2011).
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Figure 3. The micro stereco-thermal-lithographic process: multi-vat system (Bartolo 2011).

To produce multi-material functionally graded scaffolds,
researchers from the Centre for Rapid and Sustainable
Product Development of the Polytechnic Institute of Leiria
(Portugal) are developing a new stereolithographic fabrica-
tion process called Stereo-Thermal-Lithography (STLG)
(Bartolo and Mitchell 2003, Bartolo 2011, Melchels er al.
2012). This process uses ultraviolet radiation and thermal
energy (produced by infrared (IR) radiation) to initiate the
polymerisation reaction in a medium containing both
photo- and thermal-initiators. The system also contains a
rotating multi-vat that enables the fabrication of multi-
material structures (Figure 3).

2.2 Material jetting processes

Material jetting is the use of inkjet printing or other similar
techniques to deposit droplets of build material that are
selectively dispensed through a nozzle or orifice to build up
a 3D structure (Stucker 2011). In recent years there has
been a propensity to mutate inkjet printing technology into
a tool that can be used in different manufacturing processes
such as soldering microelectronics or fabrication of micro-
optical components using photocurable resins. Further-
more, inkjet printing technology has been used as a robust
material jetting technique to fabricate complex 3D struc-
tures through a layer-by-layer process. In material jetting
processes, liquid material (in the form of a droplet) is jetted
and often turns into solid after deposition via cooling
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(e.g. by crystallisation or vitrification), chemical changes
(e.g. through the cross-linking of a polymer) or solvent
evaporation (Hon et al. 2008). Two different modes are
predominantly used for material droplet creation, namely
Drop on Demand (DoD) and continuous inkjet (CLJ).
Generally, CIJ systems use fluids with lower viscosity at
higher drop velocity than DoD and are mostly used where
printing speed is an important matter. In contrast, DoD is
used where smaller drop size, and higher accuracy is
required and it has fewer limitations on ink properties as
compared with CIJ (Vaezi et al. 2012).

In DoD printing, droplets are formed only when
individual pressure pulses in the nozzle cause the fluid to
be expelled; these pressure pulses are created at specific
times by thermal, electrostatic, piezoelectric, acoustic, or
other actuators (Gibson er al. 2010). In the current DoD
printing industry, thermal and piezoelectric actuator tech-
nologies dominate. Thermal actuators rely on a resistor to
heat the liquid within a reservoir until a bubble expands
in it, forcing a droplet out of the nozzle. Thermal DoD is
restricted to water as a solvent and thus places strict
limitations on the number of polymers that can be processed
(de Gans and Schubert 2003). Piezoelectric actuators rely on
the deformation of a piezoelectric element to reduce the
volume of the liquid reservoir, which causes a droplet to be
cjected. Piezoelectric DoD is an appropriate technique for a
variety of solvents, and thus suited for different nanobio-
technology applications. The Jetlab® printing platform by
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MicroFab Technologies Inc. (www.microfab.com) is a good
commercial example of a material jetting system based on
piezoelectric DoD in which droplets are ejected through
voltage waveform changes.

There are several significant phenomena which affect the
quality of the material jetting processes. The shape of the
deposited droplet is critical in forming 3D structures as it
affects resolution, precision, and accuracy. Droplet splash
must be avoided and jetting frequency must be coordinated
with the print-head sweep velocity. The application of
fluid mechanics theory has demonstrated that there is
an important relationship between the Reynolds number
(pgvdlp) and Weber number (p, Vv2dlo) where pg and p, are
the densities of the process gas and liquid drop, respectively.
The variables v, d u and ¢ are the droplet velocity, droplet
diameter, liquid dynamic viscosity and liquid surface
tension, respectively. It has been observed that these
characteristics should satisfy 1 < Re//We <10, which is
the normal regime for Drop on Demand (DoD) printing
(Beaman ez al. 2004, Vaezi et al. 2012). Researchers from
the University of Manchester Institute of Science and
Technology (UMIST) reported that droplets should not
be smaller than 10 pm in diameter as air resistance then
becomes a problem. If printing in a vacuum, to eliminate air
resistance, the droplets tend to evaporate (Beaman er al.
2004). In short, the basic requirement conditions for
successful 3D inkjet printing are: ink properties (viscosity,
surface tension); jetting parameters (signal width, voltage
magnitude, jetting frequency); and environment (pressure,
environment and substrate temperature, humidity) (Ko ez
al. 2010). Material jetting processes are capable of printing
multi-material and gradient-material structures. Applica-
tions of multi-material parts range from parts with con-
trolled hardness and flexibility to parts with differing
electrical properties in various regions to tissue-engineered
structures with different biological properties in different
regions of the part (Stucker 2011). For multi-material
printing, print heads usually include several separate
nozzles which are fed with different materials and are
separately controllable. MicroFab Technologies Inc. pro-
vides a four-channel piezoelectric nozzle set with other
components including drive electronics; pressure control;
and optics for drop and substrate observation.

There are several reports on the printing of multi-
material and functionally gradient materials (FGMs). A
thin, zirconia-alumina, one-dimensional FGM was fabri-
cated by Mott and Evans (1999) and Wang and Shaw
(2006) which used a drop-on-demand jet printer and an ink
mixing protocol. Ibrahim et al. (2006) modified a commer-
cial inkjet printer to fabricate 3D multi-material patterns
layer by layer. The design, fabrication and performance of a
multi-material DoD inkjet system based on a pneumatic
diaphragm actuator was described by Xie et al. (2010).

197

These systems could dispense multiple materials but
are limited to the use of one type of actuating mode.
Researchers at the National University of Singapore (NUS)
conducted a comprehensive study on applying inkjet
printing for multiple material printing with a multiple
actuating system (Li er al. 2008, Li et al. 2009, Sun et al.
2010). They used two micro dispensing units including a
solenoid actuating micro-valve and a piezoelectric print
head for printing multi-materials.

Conversion of the fine droplets into solid (phase transi-
tion) can be accomplished by different methods. Material
cooling and curing of a photopolymer ink using UV light
are the two most common phase transition methods in
multi-material inkjet printing. Molten materials can be
jetted through a multi-nozzle piezoelectric head and are
cooled upon deposition to make high resolution multi-
material parts. Solidscape’s 3D printers (www.solid-scape.
com) are commercial printers for multiple type polymer
printing based on the droplet cooling technique. In these
printers, a wax material is deposited by a single jet piezo-
electric head and a second wax material with a lower melting
temperature is deposited via another piezoelectric head.

UV curable photopolymers can also be jetted through a
multi-nozzle head and each photopolymer layer is cured by
UV light immediately as it is printed, producing fully cured
3D multi-material parts. Two MMAM systems, namely:
Connex™ printers by Objet Geometries Ltd. (www.objet.
com) and ProJet printers (formerly InVision™) by 3D
Systems Inc. (www.3dsystems.com) based on this principle
have been commercialised. In ProJet printers, a print head
jets two separate materials, an acrylic UV-curable photo-
polymer-based model material and a wax-like material to
produce support structures for the model. Objet’s Connex
series use PolyJet™ technology containing a special print
head with many individual nozzles to deposit and cure a
number of different acrylic-based photopolymer materials
simultaneously in 16-um layers. ProJet HD series have
shown better dimensional stability and surface quality
than Objet’s 3D printer due to their higher resolution (Vaezi
et al. 2012). In contrast, Connex printers have been much
more successful in producing true multi-material parts. With
Objet’s Connex series, it is possible to print many different
photopolymer materials (over 60 materials) into a single
part which have properties ranging from rigid to rubber-like,
transparent to opaque and standard to Acrylonitrile buta-
diene styrene (ABS)-grade engineering plastics, with a large
number of in-between Shore grades and shades. As materials
mixing in each layer is on a droplet scale (e.g. materials
resolution is high), the system is able to create advanced
composite materials featuring unique mechanical and
thermal properties. Such fabrication capability also opens
up exciting new options that were impossible before. Figure
4 shows some example of multi-material parts produced by
experimental and commercial material jetting systems.
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Figure 4. a) Functional gradient structure build from metal which has very low melting temperature (Bi-Pb-Sn-Cd-In alloy,
T,, = 47°C) and resin (Yamaguchi ez al. 2000); b) Chaise longue manufactured using Objet’s Connex 3D printer which
combines structural, environmental, and corporeal performance by adapting its thickness, pattern density, stiffness, flexibility,
and translucency to load, curvature, and skin-pressured areas respectively. Stiffer materials are positioned in surface arcas
under compression and softer, more flexible materials are placed in surface areas under tension (Oxman 2011); ¢) 3D printed
foot model in transparent and white materials created on the Objet’s printer (www.objet.com); d) 3D printed hair brush
prototype in rigid and rubber-like materials created on the Objet Connex (www.objet.com) ¢) core blood vessel multi type wax
model produced by solidscape’s 3D printer and f) Wax model translated into a transparent polyurethane flow models for fluid
dynamics testing (customer case study, Solidscape Inc., www.solid-scape.com).

2.3 Binder jetting processes

Binder-jetting techniques also use nozzles to print
material, but instead of printing with the build material,
the printed material is ‘glue’, which holds powder
together in the desired shape (Stucker 2011). The 3D
printing (3DP) process is the main binder-jetting techni-
que based on inkjet technology and was developed at the
Massachusetts Institute of Technology. In this process,
droplets of a binder material are deposited over the
surface of a powder bed, sticking the powder particles
together where the part is to be shaped. The process is
followed by lowering the powder bed via a piston and a
fresh layer of powder is spread over the previous layer
and again binder is deposited over the surface of the new
layer. This procedure is repeated to build the whole part.
3DP has demonstrated the capability of fabricating parts
of a variety of materials, including ceramics, metals,
shape-memory alloys (SMA) and polymers with an array
of unique geometries (Cawley 1999, Seitz ez al. 2005, Lu
and Reynolds 2008, Vorndran e al. 2009). For multiple-
material 3D printing, either the print heads need to
deliver different binder materials or different powders
need to be applied. However, due to the very limited
types of binder delivered from the nozzles, the capacity of
MMAM using this method is poor, unless the powder
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bed materials can be changed by another dry powder
dispensing technology.

Several research groups have made contributions in
multi-material 3DP and this area has been explored by
several tissue engineering groups for more than a decade.
Researchers at the Fraunhofer Institute for Manufacturing
and Advanced Materials (IFAM) in Bremen, Germany
(Beaman et al. 2004) developed a two-binder system for 3D
Printing technology, where one binder is traditional and
one is carbon laden. Their goal was to produce gradient
strength steel parts by depositing the carbon according to a
desired distribution of hardness.

A heterogencous osteochondral scaffold was developed
by Sherwood er al. (2002) using the TheriForm™ 3D
printing process. The material composition, porosity,
macroarchitecture, and mechanical properties varied
throughout the scaffold structure. The upper, cartilage
region was 90% porous and composed of ; -poly(L-lactide-
co-glycolide)(PLGA)/ -polylactic acid (PLA), with macro-
scopic staggered channels to facilitate homogenous cell
seeding. The lower, cloverleaf-shaped bone portion was 55%
porous and consisted of a -PLGA/tricalcium phosphate
(TCP) composite, designed to maximise bone ingrowth
while maintaining critical mechanical properties. The tran-
sition region between these two sections contained a
gradient of materials and porosity to prevent delamination.
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Extrusion-based AM Techniques

Techniques based on melting Techniques without melting

* Fused Deposition modelling (FDM)

* Multiphase Jet Solidification (MJS)

* Precise Extrusion Manufacturing
(PEM)

* Precision Extrusion Deposition (PED)

* 3D Fibre Deposition (3DFD)

Figure 5. Different extrusion-based AM techniques.

2.4 Extrusion-based systems

Extrusion-based systems deposit material in the form of a
continuous flow, layer by layer to make objects. They are
very diverse in concept but can be classified into two main
sub-groups as shown in Figure 5: processes based on
material melting and processes without material melting.

Fused deposition modelling (FDM), multiphase jet
solidification (MJS) (Greulich ez al. 1995), precise extrusion
manufacturing (PEM) (Xiong et al. 2001), precision extru-
sion deposition (PED) (Wang et al. 2004) and 3D fibre
deposition (Woodfield et al. 2004) are AM techniques based
on the melting process. Robocasting (Cesarano 1999), 3D-
Bioplotting (Landers and Mulhaupt 2000), direct-write
assembly (Smay et al. 2002) (pH-controlled gelled ceramic
colloid or polymers freeforming), Pressure-assisted micro-
syringe (PAM) (Vozzi et al. 2002), low-temperature depo-
sition manufacturing (LDM) (Zhuo et al. 2002), and
solvent-based extrusion freeforming (Grida and Evans
2003) are the most commonly used AM techniques without
material melting. Four major nozzle designs have been
exploited in non-heating processes: pressure-actuated, vo-
lume-driven injection nozzles (normally using a stepper-
motor), solenoid and piezoelectric-actuated, whereas two
main nozzle designs including filament driving wheels, and
mini-screw extruder have been used in processes with
material melting.

Two or more extrusion nozzles are often incorporated in
extrusion-based AM systems to fabricate multiple material
structures. For example, two discrete materials are usually
used in the FDM process so that one material may serve as
a support structure and can be easily removed once the
build has been completed. Apart from hardware, an
cfficient pre-processing tool needs to be applied. Qiu and
Langrana (2002) developed a CAD system which generates
high quality tool paths for multi-material part fabrication
using extrusion-based systems.
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» Robocasting

* 3D-Bioplotting

* Direct-write assembly

» Pressure-assisted microsyringe (PAM)

* Low-temperature deposition
manufacturing (LDM)

» Solvent-based Extrusion Freeforming
(SEF)

Fused Deposition of Multi-Materials (FDMM) is a
FDM method developed at Rutgers University, to produce
a variety of ceramic components composed of up to four
materials (Hsich and Langrana 2001, Brennan ez al. 2003).
Safari’s group at Rutgers University (Allahverdi ez al. 2001,
Pilleux et al. 2002) produced 3D photonic band gap (PBG)
structures from alumina and wax (as support structure)
directly using FDMM. The co-firing of multiple-materials
ceramics parts is made difficult by different ceramics having
different sintering temperatures and shrinkage.

Solvent-based extrusion freeforming is another technique
developed to produce bioceramic scaffolds (Grida and
Evans 2003). A range of bioceramic scaffolds has been
fabricated with different compositions of hydroxyapatite
(HA) and f-TCP and sintered from 1100 to 1300°C in steps
of 50°C. Composite scaffolds with different porosities and
pore sizes were produced with raster width down to 60 pm
and interconnected pores with interstices from 50 to 500 um
(Yang et al. 2008a, Yang et al. 2008b, Yang et al. 2008c¢).
Other composite ceramic pastes such as alumina/silica, and
alumina/graphite have been used successfully for the
fabrication of 3D lattice structures with fine filaments
(Xuesong et al. 2009, Xuesong et al. 2010).

The LDM process proposed by Xiong et al. (2002) has as
its key feature the non-heating liquefying processing of
materials. Incorporating multiple nozzles with different
designs into the LDM technique gave multi-nozzle low-
temperature deposition and manufacturing (M-LDM) and
multi-nozzle deposition manufacturing (MDM) (Liu ez al.
2008, Liu e al. 2009). This M-LDM system is proposed as
a fabrication route for scaffolds with heterogencous materi-
als and gradient hierarchical porous structures by the
incorporation of more jetting nozzles into the system. The
M-LDM process has been used to build PLGA/collagen
multi-material scaffolds (Liu ez al. 2008).

Researchers at Cornell University, USA have enhanced
multi-material freeform fabrication of active systems by
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combining FDM using molten-extrusion and a Robocasting
process using a robotically controlled syringe in the same
machine (Malone ez al. 2004, Malone and Lipson 2008).
Moreover, they have developed a system that can print
embedded circuits by combining FDM to fabricate a
structural part and direct writing (DW) to print conductive
circuits on the part (Daniel ez al. 2007).

In recent years, much attention has been paid to
extrusion-based systems in the ficld of biomedical engineer-
ing as they are mechanically simple processes in comparison
to other AM techniques and a wide range of multiple
biomaterials can be processed effectively. Three or more
nozzles are sometimes used in machines designed for tissue-
engineering research, so that scaffolds and other biologi-
cally compatible materials can be deposited in specific
regions of the implant (Stucker 2011).

Ang et al. (2002) set up a special robotic bioplotting
device called rapid prototyping robot dispensing (RPBOD)
for the design and fabrication of chitosan-HA scaffolds.
The RPBOD system was further improved to include a new
manufacturing method, a dual dispensing system. Besides
the pneumatic dispenser, a mechanical dispenser which was
driven by a stepper motor was set up to deposit the curing
medium (NAOH) (Li er al. 2005).

The Polytechnic Institute of Leiria developed a variation
of FDM called the BioExtruder with the aim of multiple
material TE scaffold fabrication (Domingos et al. 2009,
Domingos et al. 2012). It comprises two different deposition
systems: one rotational system for multi-material deposition
actuated by a pneumatic mechanism and another one for
single material deposition that uses a screw to assist the
deposition process. Highly uniform poly(e-caprolactone)
(PCL) scaffolds have been made using the BioExtruder but
no multiple-materials scaffold has been reported.

3D bioplotting is a technique that was first developed by
Landers and Mulhaupt (2000) at the Freiburger group to
produce scaffolds for soft tissue engineering purposes, and
to simplify hydrogel manufacturing. Either a filtered air
pressure (pneumatic nozzle) or a stepper-motor (volume-
driven injection nozzle) is used to plot a viscous material
into a liquid (aqueous) plotting medium with a matching
density. It is possible to perform either a discontinuous
dispensing of micro dots or a continuous dispensing of fine
filaments. Khalil er al. (2005) developed a special multi-
nozzle bioplotting system which was capable of extruding
biopolymer solutions and living cells for freeform construc-
tion of 3D tissue scaffolds, although multiple materials is
still to be reported. The deposition occurs at room
temperature and low pressures to reduce damage to cells.
The system was capable of depositing controlled amount of
cells, growth factors, or other bioactive compounds simul-
taneously with scaffold construction to form complex cell-
seeded tissue constructs with precise spatial position.
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Recently, Schuurman et al. (2011) used a hybrid bioplot-
ting approach for the fabrication of solid biodegradable
materials (polymers, ceramics) with cell-laden hydrogels
that could combine favourable mechanical properties with
cells positioned at defined locations at high densities. This
approach allows the use of multiple hydrogels, and can thus
build constructs containing multiple cell types or bioactive
factors. Furthermore, since the hydrogel is supported by the
thermoplastic material, a broader range of hydrogel types,
concentrations and cross-link densities can be used com-
pared to the deposition of hydrogels alone, thereby
improving the conditions for encapsulated cells to prolifer-
ate and deposit new matrix (Melchels ez al. 2012).

Inkjet printing and extrusion-based systems can serve in
a rather similar way for direct bioprinting. Beads or
continuous flows of bioinks are deposited in well-defined
topological patterns into biopaper layers. The bioink
building blocks typically have a spherical or cylindrical
shape and consist of single or multiple cell types. In a post-
processing step, the construct is transferred to a bioreactor
and the bioink spheres are fused. The biopaper, an inert and
biocompatible hydrogel (i.c. agarose), can be removed after
construction in a post-processing step (Billiet ez al. 2012).
Norotte et al. (2009) reported a fully biological self-
assembly approach, which they implemented through a
multi-material bioprinting method for scaffold-free small
diameter vascular reconstruction. Figure 6 illustrates some
examples of multiple material components for different
applications produced by commercial and experimental
extrusion-based systems.

2.5 Powder bed fusion processes

Powder-bed-fusion machines work in a manner similar to
binder jetting; however, instead of printing glue onto a layer
of powder, thermal energy is used to melt the powder into
the desired pattern (Stucker 2011). Most systems use laser
power to melt polymer, metal or ceramic material. For
partial melting, the system is called Selective Laser Sinter-
ing (SLS). For full melting, the system is named Selective
Laser Melting (SLM). Another system that uses an clectron
beam to melt metal powder is known as Electron Beam
Melting (EBM). Also, Selective Mask Sintering (SMS) is a
slightly different system that uses IR-light through a
digitally printed optical mask to melt a thin layer of plastic
powder. The process is governed by powder characteristics
(e.g. particle shape, particle size, particle distribution) and
processing parameters such as energy source, energy power,
spot size, scan speed, spacing distance and layer thickness
(Das 2003, Kumar 2003, Kruth ez al. 2007, Gu and Shen
2009, Chua et al. 2010b, Averyanova et al. 2012, Leu et al.
2012). Tolochko et al. (2000) studied the effect of laser wave
length on its absorption by powder materials. It was shown
that for metal powders laser absorption decreases with
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Figure 6. a) A shaver prototype containing two build and support materials produced by the Stratasys FDM system, support
material (black) is water soluble and can be easily removed (photo: Stratasys Inc.); b) Multi-material PLG A/collagen scaffold
fabricated via M-LDM system (Liu ez al. 2008); ¢) FDMM fabrication of the 3D photonic bandgap (PBG) structure made by
FDMM process with multi-material deposition of alumina-loaded and wax filaments as feedstock materials (Pilleux ez al.
2002); d) Possible scheme for bioprinting of multiple cellular and agarose cylinders to build a 3-lumen tube using an extrusion-
based bioprinter (red: bone marrow stem cell (BMSC), green: 90% BMSC + 10% Schwann cells (SC), grey: agarose); ¢)
Cross-section of a bioprinted nerve graft, constructed according to the scheme in (d), with three acellular channels after
agarose removal; f) Fluorescently labelled SC (green) concentrated at the central region of the graft. Scale bar: 500 pm (Marga

et al. 2012).

increasing wavelength, while for ceramic and polymer
powders it increases with increasing wavelength. The laser
wavelength should be adapted to the powder material
because laser absorption greatly changes with the type of
material. CO, lasers are well-matched for polymer powders
and oxide ceramic powders, whereas, Nd:YAG lasers are
suited for metallic powders (Glardon ez al. 2001, Savalani
et al. 2006).

Multiple material powder bed fusion has been investi-
gated in the University of Texas at Austin, USA. They have
focused on discrete multiple-materials processing that is
performed by two different deposition methods; (1) depos-
iting a complete layer followed by iterative selective removal
and blind deposition of a secondary material by a counter-
rotating roller as in traditional SLS, and (2) deposition of a
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primary layer by a roller and depositing a secondary
material in the desired location by a nozzle (Lappo et al.
2003a). In this process, a cross-section layer is built by the
movement of a laser beam which melts the powder in the
working arca and the excess materials are selectively
removed by electrostatic attraction (Lappo er al. 2003b).
This process can produce objects with nearly full density in
a single processing step.

Another system has been developed by researchers from
the Laser Insitut Mittelsachsen e. V., Germany (Figure 7).
The sintering platform has two cylindrical bores for the
copper and silver powder supply and one for the building
part piston. Two special rakes serve as a blade and a powder
reservoir sweeps the powder material in a circular motion
onto the platform. The bonding layers are generated by
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Figure 7. a) Two different materials in ringblades served as rake and powder storage; b) Sintered part from copper and silver;
¢) The interface between a copper and a silver section (Regenfuss et al. 2007).

g-switched laser pulses (Regenfull er al. 2007). This
technique is limited to vertical gradients of material. In
addition, accurate material feeding systems to recoat
multiple materials are difficult to design (Zhou et al.
2011). After fabrication, it is difficult to recycle the loose
powders due to uncontrolled powder dispensing in layers.

Powder bed fusion processes are fit for functional
MMAM parts that require a wider range of materials and
material properties than that available from traditional
manufacturing methods. They can be used in automotive,
medical (Liew er al. 2001, Liew et al. 2002) and aerospace
(Hopkinson et al. 2006) applications that require multi-
functional capabilities which other manufacturing methods
cannot produce. The process can be speeded up via
applying optical mask printing techniques as used in the
Selective Mask Sintering (SMS) process. The re-use of
materials also presents a significant problem because the
current recoating system has a contamination problem
when changing between materials. Clever design of the
material recoating system is still required to solve this
problem, which will be further discussed in part 2 of our
paper.

2.6 Directed energy deposition processes

Directed energy deposition uses a laser beam to melt and
fuse particles of the powder material delivered from the
material deposition head. The X-Y table is moved to shape
the cross-section of each desired layer. This process is
repeated until all the desired cross-sectional layers of the
part are created (Figure 8). There are various types of this
technology such as Laser Engineering Net Shape (LENS),
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Figure 8. Schematic illustration of directed energy deposi-
tion system (Shin ez al. 2003). CCD- Charge-Coupled Device.

Laser Cladding (LC), and Direct Metal Deposition
(DMD").

Multiple-material directed energy deposition employs a
nozzle to feed multiple powders and these are melted on a
substrate by a laser beam to form fully dense objects. The
key feature of this process is the powder feeding mechanism
that can change or mix materials when fabricating multi-
material structures. A wide range of different metals and
alloys such as tool steel, stainless, nickel base superalloys,
Co-Cr-Mo alloy and titanium have been deposited using
this method (Schwendner et al. 2001, Vamsi Krishna ez al.
2008). For FGMs, the powder feeders are used to deposit
different powders separately and their feed rates are
controlled individually to regulate the material composition
(Liu and DuPont 2003, Shin ez al. 2003). Independently
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Figure 9. Typical microstructure and Co distribution of laser processed 86% Co-Cr-Mo graded coatings on a porous Ti-

6Al1-4V alloy (Bandyopadhyay ez al. 2009).

controllable multiple powder feeders in the LENS process
enable variations of composition and porosity simulta-
neously in one operation and enable the manufacture of
novel implant structures. Functionally graded structures
with a hard and wear resistant Co-Cr—Mo alloy coating on
a porous Ti6AI4V alloy with a metallurgically sound inter-
face have been produced using LENS by Bandyopadhyay
et al. (2009). The graded structures exhibited good bonding
between the individual layers without any gross porosity,
cracks or lack of fusion defects as shown in Figure 9. For
electronic components and conductive lines, Zeng et al.
presented a laser micro-cladding method to fabricate
clectronic pastes on insulated boards that will be useful in
the electronic manufacturing industry and other fields such
as Microelectromechanical Systems (MEMS) (Zeng et al.
2006). The main advantage of this process is its ability to
produce a highly controllable microstructure in built parts,
because it can exhibit deep structured-phase transforma-
tions to fabricate a fully-dense part. The primary restriction
of this process is poor resolution and surface roughness. Part
geometries of these processes are limited because they
cannot build free-hanging features or internal overhang
features which require rigid support, since there are no
support materials in these processes. Additionally, build
times of these processes can be very long (Cooper 2001,
Gibson et al. 2010).

The key benefit of directed energy deposition is that the
system can perform material composition changes during
deposition and achieve full density. The system is also
suitable for repair applications. With this technology, it is
possible to create three-dimensional structures that encap-
sulate actuators and arrays of sensors without fasteners or
connectors (Bailey et al. 2000, Dollar et al. 2006).

To obtain reliable process, the effects of process para-
meters need to be carefully understood. The important
parameters include types of materials, powder flow rate,
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powder feed method, laser mode, laser power, laser beam
diameter and scanning rate (J. Laeng e al. 2000).

2.7 Sheet lamination processes

Sheet lamination techniques work by cutting and bonding
sheets of material to form an object. The original system
used glue or binder to bond paper or plastic sheets and is
called Laminated Object Manufacturing, whereas ultraso-
nic welding of metal sheets is named Ultrasonic Consolida-
tion (UQC).

2.7.1 Laminated object manufacture (LOM )

This technique involves the lamination of sheet material
with each sheet representing a cross-sectional layer of the
part. The sheets can be cut by either a knife or a laser and
then the layers bonded by gluing or adhesive bonding
(Figure 10). For a multiple material LOM process, the
material supply either comes from two different materials or
comes from blended multiple materials. LOM of silicon
carbide (SiC) and SiC/SiC composites has been demon-
strated to produce high performance ceramic parts by
(Klosterman et al. 1998). Also, they have developed the
Curved-LOM technology which deposits ceramic fibre-
reinforced composite green tapes to create a smooth surface
with more uniform mechanical propertics (Klosterman
et al. 1999). Also, many researchers have presented preform
tapes made from ZrO, (Griffin er al. 1996), SizNg4
(Rodrigues er al. 2000), Al,O5 (Travitzky et al. 2008), TiC/
Ni (Zhang et al. 2001) and Si-SiC (Windsheimer ez al. 2007)
to fabricate functional and structural parts. Gomes et al.
have developed water based green tapes of Li,O —ZrO, —
Si0; —ALO; (LZSA) with high tensile strength, which are
able to produce complex geometry, defect-free, laminate
glass-ceramic materials (Gomes ef al. 2009).
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Figure 10. Schematic system of LOM (left) and Al,O5 and SiC preceramic papers (right) (Travitzky e al. 2008).

The process requires well-prepared material tapes to
reduce variations in layer thickness and material content.
The laser power has to be carefully controlled to avoid
damage to a tape layer below from excessive cnergy.
Additionally, post processing for the reaction bonding
process in a pyrolysis cycle is necessary. The separation of
the material layers is a major issue of the process.

This technique can process ceramic materials that have
mechanical, thermal and chemical stability that is suitable
for high-performance shielding. The challenge lies in the
bonding process to prevent delamination. Controlling
sintering parameters is critical and requires more under-
standing. Although varying materials between layers can be
achieved, the production of a high resolution multiple
materials in individual layers is very difficult.

Heat plate/anvil
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Le Oscillation -y ]
Held statonary by anvil
T T T Plastic deformation and

atomuc diffusion

2.7.2 Ultrasonic consolidation (UC)

Ultrasonic Consolidation (UC) is a hybrid fabrication
method combining an additive process and a subtractive
process. It uses low amplitude ultrasonic frequency energy
to bond thin sheet materials to form the objects by means
of a rotating sonotrode. Subsequent layers are deposited
over the previous layer. The part is finished by a
subtractive process such as milling to produce the desired
geometry (Figure 11). This process combines additive
ultrasonic welding and subtractive contour milling to
produce three-dimensional objects (White 2003). The
design of multiple material UC is currently under inves-
tigation at the Department of Mechanical and Acrospace
Engineering in Utah State University, USA. This machine
consists of a welding horn (sonotrode) and an automatic

Figure 11. Schematic system of UC (left) and samples of material bonding (right) a) Ni/Ag foils on A13003 -H14 substrate; b)
2Ag/Cu/Ni on Al 3003-H14 substrate; ¢) Ni/Cu foils welded on Al 3003-H14 substrate; and d) Al 6061/Ni/Al 6061/Cu/Al
6061/Ag/Al 6061 on Al 6061-T6 substrate (Obiclodan et al. 2010a).
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foil (sheet) material feeding system (Ram er al. 2006). To
create 3D multiple material objects, firstly materials are
fed by the automatic foil material feeding system and then
the process uses ultrasonic vibration at low amplitudes to
create solid-state bonding layers of foil materials and build
up a 3D cubic object which is machined to a completely
3D object by a milling machine. This technique can
process weldable metal materials such as Al, Fe, Ni, Cu
and dissimilar combinations such as Al/brass, Al/stainless
steel and AI/Ni (Ram ez al. 2007). Additionally, Siggard
et al. (2007) have applied this technique to embed
Universal Serial Bus (USB) based sensors into aluminium
sheets to demonstrate the ability to use UC in embedding
mechanical and clectrical systems. The process controls
several important process parameters such as substrate
temperature, vibration amplitude, welding speed, and
normal force to achieve adequate bonding (Swank and
Stucker 2009). Researchers at Loughborough University
reported the use of a UC process to make smart material
structures by embedding fibres such as conductor, di-
electric, and nano-meter NiTi shape memory alloy fibres
into a metal matrix (Friel and Harris 2010).

The strength of this technique lies in the ability of the
process to produce metallic parts at high fabrication speeds
with accurate dimensions because solid-state welding and
no liquid to metal transition process is involved, so it is casy
to control accuracy during the building of the part. When
compared to other AM methods, this process can be
performed at lower temperature, temperatures ranging
from 22°C to 204°C are possible; the temperature is
normally 150°C (Yang er al. 2006). Moreover, it uses a
machining process to shape the contour of the final object
precisely (Liou 2007). The main problem of this technique
is voids that occur along the interfaces between layers
because of foil surface roughness, insufficient or excessive
welding energy, and positioning inaccuracies of foil place-
ment (Obiclodan er al. 2010b). This defect affects the
strength of built parts (Gibson er al. 2010). Also, this
technique can use only metal materials and it is inefficient
in material usage due to the subtractive process. Further-
more, the system can fabricate multiple material objects but
with only vertically oriented interfaces (Obiclodan er al.
2010a).

The sheet lamination processes use a relative low proces-
sing temperature that is suitable for electronic encapsulation
and embedded eclectronic system applications because it
does not provide the protection of the embedded compo-
nents. The challenge is the process parameter that can
achieve a defect-free bonding layer at low temperature.
Delamination between bonded layer is a critical problem of
this technique. If this problem is overcome this technique
will offer benefits for embedded applications.
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2.8 Hybrid and direct writing processes
2.8.1 Laser chemical vapour deposition (LCVD)

LCVD is a 3D direct writing (DW) process that employs a
laser beam to convert gaseous reactants into thin solid
layers in a selective manner. In the LCVD process, a laser
beam is focused to a spot (1 pm in diameter) via an optical
microscope lens and a gaseous reactant comprising the
materials to be laid down is fed into a build chamber. The
substrate is heated selectively by scanning the laser beam
over it at usually 0.5-5 mm/s to dissociate the reactant gas
selectively; consequently, a thin layer of the material is set
down onto the substrate. In this way, by repeating the laser
scan, microcomponents can be made layer by layer. There is
a possibility to fabricate multi-material and gradient 3D
microstructures by feeding different gases into the build
chamber at different times or using a blend of gases with
desirable concentrations. A number of factors such as laser
beam diameter, energy density, and wavelength as well as
substrate thermal properties influence the resolution of this
process (Gibson et al. 2010). Deposition thickness can be
estimated by the equation offered by (Williams et al. 1999),
for a Gaussian beam profile:

Ryrty/n

W0t = 2t

(1

In this equation, r is the laser spot radius, /(v t) is the
deposition layer thickness, R, is the diffusion-limited axial
growth rate, v, is the scanning speed, and ¢ is process time
(Vaezi et al. 2012).

Instead of feeding gaseous precursor materials into the
build chamber jets of gas can be used to provide a local
gaseous atmosphere (Gibson er al. 2010). Various micro-
parts from a variety of ceramics and metals can be produced
by the LCVD process using different reactant gases.
Furthermore, a LCVD process can be used to build carbon
fibres and multi-layered carbon structures. (Duty er al.
2001) deposited various materials including carbon, silicon
carbide, boron, boron nitride, and molybdenum (Mo) on a
range of substrates namely graphite, grafoil, zrconia,
alumina, tungsten, and silicon using the Georgia Tech’s
LCVD system.

There are two extensions to LCVD known as Selective
Area Laser Deposition (SALD) and Selective Arca Layer
Deposition Vapour Infiltration (SALDVI) (Figure 12).
They can deposit multiple material directly to build objects
at low processing temperatures without the use of any
secondary low-melting temperature phases (Crocker et al.
1998). SALD utilises a laser beam to create a locally heated
zone on a substrate enclosed by a reactant gas and SALDVI
uses gas precursors and solids in powder form as starting
raw materials (Jakubenas et al. 1998).
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Figure 12. a) schematic of SALD process (Crocker ez al. 1998); b) schematic of SALDVI process (Crocker et al. 1998); ¢) the
three distinct microstructures observed in TiO,-SiO5 deposits made by SALD (Jakubenas ez a/. 1998); and d) the cross-section
of an AL,O5/SiC composite made by SALDVI (Crocker er al. 1998).

The deposition speed of this process is naturally low,
usually in term of pm/s (Westberg e al. 1993), so LCVD
might be suitable for micro-scale component applications.
To obtain a high deposition rate, the surface reaction
mechanisms must be understood so that the process
parameters can be adjusted accordingly (Vargas Garcia
and Goto 2003). Furthermore, when using multi-source
precursors it is difficult to control the deposition of multi-
component materials because different precursors have
different vaporisation rates, and most precursor gases are
toxic, corrosive, flammable and/or explosive (Choy 2003).

2.8.2 Aerosol jet

The aerosol jet process is a type of direct writing method
which uses a focused aerosol stream instead of liquid ink
droplets (as is used in inkjet printing) to deposit a wide
range of materials. The process was developed and com-
mercialised by OPTOMEC® under the trademark of M?D
which represents Maskless Mesoscale Material Deposition.
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Figure 13 depicts a schematic of the acrosol jet printing
process and two multiple material printed components.
First, a composite suspension is aerosolised in an atomiser
to make a dense acrosol of tiny droplets (normally 1 to 5 pm
in diameter but droplets as fine as 20 nm have been
obtained). Next, the acrosol is transported to the deposition
head via a carrier gas flow (usually N5 gas flow), and within
the acrosol head, the aecrosol is focused using a flow
guidance deposition head, which creates an annular flow
of sheath gas to collimate the aerosol. The high velocity co-
axial aerosol stream is sprayed onto a substrate layer by
layer (minimum layer thickness of 100 nm) to create 3D
parts (Hon et al. 2008). The high exit velocity of the acrosol
stream cnables a relatively large separation between the
print head and the substrate, typically 2-5 mm. The aerosol
stream remains tightly focused over this distance, resulting
in the ability to print conformal patterns on 3D substrates.

The acrosol jet can deposit a wide variety of materials,
including any materials that can be suspended in liquids
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Figure 13. Schematic illustration of aerosol jet process and two multi-layered components fabricated by aerosol jet process

(Obliers-Hommrich ez al. 2008).

(such as metals, ceramics, polymers, composites and
biological materials), on virtually any 2D planar surfaces
or 3D non-planar substrates. Since acrosol jet is a low
temperature process and the droplet size is of the order of a
few femtolitres, it is a good candidate for biomanufactur-
ing. The kinetic energy of the droplets is so small due to
their tiny mass that it will not demolish living cells. Aerosol
jet inks can include polymers, ceramics, metals and
biomaterials in the form of solutions, nanoparticle suspen-
sions, etc. Materials including metals (bio-nanoinks con-
taining Ag, Au and Pt nanoparticles, Pd and Cu inks),
resistors (carbon polymer thick film (PTF), Ruthenium
Oxide), dielectrics (polyimide, polyester, Polytetrafluor-
octhylene (PTFE), etc.) and biomaterials such as protein
and antibody solutions, DNA and biocompatible polymers
like PLGA have been employed successfully in the acrosol
jet process (Hon et al. 2008).

The acrosol jet process was first developed for 2 and 2.5D
direct writing purposes but with recent process develop-
ments there is the possibility to use this process efficiently
for true 3D nano-biomaterials manufacturing.

It has been used successfully to produce bioceramic/
polymer nanocomposite scaffolds for bone tissue engineer-
ing applications. Liu and Webster (2011) reported its use for
the fabrication of 3D nanostructured titania/PLGA nano-
composite scaffolds for orthopaedic applications. In vitro
cytocompatibility tests were conducted and the results
demonstrated that the 3D nanocomposite scaffold pro-
duced enhanced osteoblast infiltration into porous 3D
structures in comparison to prior nanostructured surfaces.
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2.8.3 Dry powder printing

The dry powder printing technique is one among several
techniques that has potential for use as the material delivery
system in MMAM. The origin of powder dispensing dates
from the sand paintings or manual deposition of the Navajo
Indians and has been proposed as a material delivery
technique for powder materials. Joseph Pegna is a pioneer
in the line printing of dry powders. His experiments studied
the feasibility of multi-material deposition by generating a
single layer of Portland cement (Pegna 1995) and 220-pm
spherical glass beads (Pegna ez al. 1999). James Santosa
et al. presented experiments on the delivery of powder
under 100 pm through a hopper-nozzle to show the
influence of orifice diameters and particle sizes on flow
behaviour under gravity (James Santosa 2002 ). In 2004,
Kumar et al. proved the concept of multiple dry powder
deposition under gravity alone by using low gas pressure-
assisted flow and vibration-assisted flow conditions on an
X-Y table (Kumar ez al. 2004). Moreover, they predicted the
flow rate under gravity of the experimental powders by
Beverloos correlation. In the meantime there have been
many attempts to use ultrasonic vibration to dispense dry
powder for MMAM. Matsusaka et al. (1995) used a capillary
tube vibrated by 20 kHz ultrasound to control the micro-
feeding of fine powders. Takehiro and Yoshiro (1998) created
a powder feeding device based on an ultrasonic progressive
wave. Yang and Evan studied the dispensing mechanism,
drop uniformity and dispensing nozzles in ultrasonic micro-
dispensing (Yang and Evans 2004a, Yang and Evans 2004b,
Evans and Yang 2005, Lu er al. 2009). The technique
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adopted for powder deposition was acoustic flow rate
control of powders in which vibration is used to switch
powder flow on and off and to control flow rate by changing
amplitude (Yang and Evans 2004a). The static valve is closed
by the formation of a powder dome at the end of the orifice
tube following conventional architectural principles while
flow initiation results from the breakage of domes under
vibration force (Lu et al. 2009).

There are several different methods for powder delivery
in additive manufacturing: pneumatic and screw methods,
volumetric methods, electrostatic methods, and vibratory
methods (Yang and Evans 2007). Among dry powder
dispensing systems, the ultrasonic technique of all the
vibratory methods has demonstrated more acceptable
results as a material delivery system compared with other
systems discussed (Lu ez al. 2006a). Many experimental
results show that the dispensing system can use a variety of
materials such as H13 tool steel (Lu er al. 2006b), copper
(Yang and Li 2003), glass bead (Kumar et al. 2004) and
silver (Yashchuk er al. 2002). Therefore, the powder
dispensing nozzles can be integrated onto the building
platform of the material delivery system to feed different
types of material.

Although many studies have demonstrated the success of
this method, more work is required to investigate and
improve it. The material flow rate in dry powder dispensing
is not so high which is ideal for high resolution patterning

/"\

but makes the process slow. Multiple nozzles have been
proposed to increase the speed of dispensing (Das ef al.
2009). In addition, powder flow is difficult to calculate
theoretically and the stability of the process is poor (Jiang
et al. 2009). To meet the requirements in terms of proces-
sing time and dispensing repeatability and powder compac-
tion, developments should be carried out. (Yang and Evans
2007) have provided a comprehensive review on dry powder
dispensing. More details of recent research will be reported
in part 2 of our paper.

2.8.4 Shape deposition manufacturing (SDM)

Shape Deposition Manufacturing (SDM) is a hybrid layer-
by-layer process that sprays molten material in near net
shape onto the substrate, then uses subtractive processes to
remove unwanted material (Pham and Dimov 2001). This
process was introduced by researchers at Carnegic Mellon
University for creating multi-material metal parts (e.g.
copper and stainless steel) (Weiss et al. 1997) and was
subsequently extended at Stanford university for polymer
and ceramic parts (Cooper et al. 1999). The technology can
fabricate multi-material parts by stacking different material
layers but there are no multiple materials in the same layer.
In SDM, parts or assemblies are built up through a cycle of
alternating layers of structural and support material.
Unlike most other MMAM processes, SDM shapes ecach
layer of material on a computer-controlled milling machine

. Embedded Component
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. Material B
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-
Ve
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Figure 14. Shape Deposition Manufacturing diagram (modified (Cham ez al. 1999)).
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Figure 15. Left is a robot part combining soft and hard materials (Bailey et al. 2000, Cutkosky and Kim 2009); Right are
the steps of SDM integrating different polymer materials for various functions according to each component: a) The
components; b) The pockets corresponding to the shape of the stiff links are machined into a support material; ¢) The
components are put into place in the pockets and the dam material is used to block the resin; d) The soft polymer resin is
poured to cover the first group components; ¢) After the layer cures, the block is faced off to level the surface; f) the complete
multi-material parts are removed from the support material (Dollar ez al., 2006).

after it is deposited (Figure 14). This approach allows for
tolerances of + 0.01 mm and avoids the stair-stepping
effect of additive processes. The intermittent addition of
sacrificial support material allows for the construction of
nearly arbitrary geometries and facilitates the inclusion
of embedded components (Cutkosky and Kim 2009).
Interesting capabilities of SDM include the fabrication of
parts with embedded electronic and mechanical compo-
nents and of complete mechanisms in a preassembled
configuration as shown in Figure 15. Some rescarchers
use this technique to fabricate multiple material structures
that combine rigid materials, compliant materials and
integrate sensors and other discrete components (Dollar
and Howe 2006, Cutkosky and Kim 2009) that allow
components to be embedded, decreasing the damage to
sensor components by encasing them within the part
structure and removing the need for assembly (Weiss er al.
1996, Dollar et al. 2006). However, SDM has not been
widely adopted as there are several major obstacles such as
the experimental nature of the process, and lack of knowl-
edge about SDM in the design community that must be
overcome. The challenge of educating designers about these
techniques, however, is not being sufficiently addressed
(Binnard and Cutkosky 2000).

3. Impacts and applications

AM has been identified by many national agencies as one of
the strategic technologies which will play an important role
in the high-value manufacturing economy. In the same way,
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MMAM can offer more advantages and open more
opportunities to meet future challenges, and enable business
competency to respond to changing global trends and new
market drivers. Single material AM systems cannot fulfil
the requirements of some applications that require multiple
material objects from one machine, such as compliant
mechanisms, embedded components, 3D circuits, human
tissues, medical compatible implants etc. The novel MMAM
technology has the potential to offer these merits:

e Design freedom: The powerful benefit of this technology
is in offering freedom of design and creation. With
MMAM, it is possible to define specific material proper-
ties in the design. The freedom to design without
constraints allows designers to create varieties of shape
and functions in a single part that would be impossible
to produce by any traditional manufacturing processes.
Moreover, it can make design compact. The system can
reduce the size of electronic systems by producing fine
feature circuitry, embedded components and minia-
turised devices, a reduction of excess space can have a
significant effect by producing smaller parts and requir-
ing minimum space.

e Design protection: MMAM can easily create the protec-
tion of products. This technique is suitable for products
that require high security or need protection for com-
mercial purpose because every component is attached in
a single object and is hard to disclose. Multiple materials
can provide a unique ‘finger print’ in each part to protect
new products from reverse engineering by using large
numbers of material combinations.
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e Increased functionality: Direct Digital Manufacturing
(DDM) is currently a major goal of many AM vendors
and application researchers. A problem that has always
faced manufacturers looking at DDM is that AM
produced parts are generally inferior in performance
compared with similar parts made using conventional
manufacturing technologics. DDM benefits are mainly
in terms of geometry, speed and cost. Using multiple
materials with the possibility of functional gradients
provides a means to create parts that are not directly
competitive but in fact provide additional functionality
to components. MMAM allows designers to create parts
with complex functions and high capabilitics. Material
integration and material property tailoring can enable
the creation of new products, through the design and
integration of innovative material. Furthermore, it can
embed electronic components to create new functional
parts and superior value systems. For example, moulds
and dies can integrate conformal cooling channels that
have high heat transfer properties and high strength
properties in the external structure. This method can
embed sensors for structural health or other monitoring
purposes.

e Llimination of assembly: A product comprised of various
components can be fabricated in one build, eliminating
fasteners and assembly labour, especially for the electro-
nic industry. The cost-related processes such as fabrica-
tion, inspection and paperwork are eliminated. Also, the
costs of material and associated fastening components
can be greatly diminished. Consequently, the process is
more streamlined and highly productive.

e Efficient manufacturing system: The new manufacturing
process enables the fabrication of 3D functionally
complex structures within a single integrated manufac-
turing environment. That can reduce some of the
procedures or change the time between processes that
are required in conventional processes. Besides, tradi-
tional manufacturing processes require more energy
consumption. MMAM technology reduces material
usage, produces minimal waste and utilises less energy.
That provides more cost-effective manufacturing en-
abling green manufacturing.

The use of discrete multi-materials within single compo-
nents may be viewed as a technically challenging and
economically favourable manufacturing method that can
enable unprecedented levels of functionality and adaptabil-
ity. By using multi-material components, economic and
lightweight designs may be achieved via the reduction of
assembly processes and parts required. The automotive
industry has already begun taking advantage of multi-
material designs in numerous applications (e.g., multi-
coloured tail-lights, components with compliant hinges)
(Espalin et al. 2012).
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The acrospace industry shows interest in the development
of multiple material objects because the cost of launching
depends on the weight lifted into space. Also, an optimal
design for weight and performance can decrease costs.
Moreover, a safety perspective is always a concern in the
mission. The heat shield of space shuttles could be designed
to increase reliability by using multiple material compo-
nents (Gibson et al. 2010, Zhou et al. 2011).

In the medical sector, implants make use of the mechan-
ical properties of alloys or ceramics and composites and
would benefit from grading with biocompatible materials.
Thus an implant can benefit from a strong and tough
material in the core, material compatible with bone tissue
around the surface and material with low friction around
the joint area. In tissue engineering, the possibility of
creating multiple cellular structures using printing technol-
ogy could eventually lead to the creation of artificial
replacement organs. The challenges are immense, but the
possible benefits are also huge and the knowledge gained
along the way may also spill into other areas (Gibson et al.
2010, Zhou et al. 2011). Cell-based printing techniques have
been intensively investigated in recent years and many
innovative approaches such as organ bioprinting (Mironov
et al. 2007), laser writing of cells (Schiele ez al. 2009), bio-
clectrospraying (Jayasinghe 2007), and Biological Laser
Printing (BioLP) (Barron er al. 2004) have surfaced to
complement limitations in scaffold-based tissue engineering.

Several inkjet and extrusion-based systems such as the
3D bioplotter described carlier can serve as a bioprinter, if
sterile conditions can be acquired. Current inkjet printing
systems suffer from loss of cell viability and clogging. To
overcome these limitations, Moon ez al. (2010) developed a
bioprinter based on inkjet technology that uses mechanical
valves to print 3D high viscosity hydrogel precursors
containing smooth muscle cells. Their bioprinting platform
enabled printing of multi-layered 3D cell-laden hydrogel
structures as well. Nakamura ez al. (2011) developed a
custom-made 3D bioprinter using inkjet technology for
printing living cells and hydrogel. In a rather similar way,
Xu et al. (2013) developed a versatile method for fabricating
complex and heterogencous 3D tissue constructs using
simultancous ink-jetting of multiple cell types. The biolo-
gical functions of the 3D printed constructs were evaluated
in vitro and in vivo. Each of the printed cell types
maintained their viability and normal proliferation rates,
phenotypic expression, and physiological functions within
the heterogeneous constructs.

Extrusion-based systems are also being used efficiently
for multi-material bioprinting. Lee er al. (2009) present a
method to create multi-layered engineered tissue compo-
sites consisting of human skin fibroblasts and keratinocytes
which mimic skin layers. The production of 3D cell-laden
structures using various scaffold-free cell printing technol-
ogies has opened up new possibilities. However, ideal 3D
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complex tissues or organs have not yet been printed because
gel-state hydrogels have been used as the principal material
and are unable to maintain the desired 3D structure due to
their poor mechanical strength. A new hybrid scaffold
consisting of poly(e-caprolactone) (PCL) and cell-em-
bedded alginate struts has been designed by (Lee et al.
2013). The PCL and alginate struts are stacked in an
interdigitated pattern in successive layers to acquire a 3D
shape. The hybrid scaffold exhibits a two-phase structure
consisting of cell (MC3T3-El)-laden alginate struts able to
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Multi- head tissue/organ building
system (MtoBS) i

Il Synthetic biomaterial A
B Synthetic biomaterial B

Cartilage region

Boneregion

syv;lhe?‘ic
polymer

;}" Growth factor B

support biological activity and PCL struts able to provide
controllable mechanical support of the cell-laden alginate
struts.

Figure 16 shows an example of hybrid scaffolds produced
by Shim ef al. (2012) using PCL which shows relatively high
mechanical properties as compared with hydrogel, as a
framework for enhancing the mechanical stability of the
bioprinted construct. Two different alginate solutions were
then infused into the previously prepared framework con-
sisting of PCL to create the 3D construct for osteochondral

Hydrogel A

- Hydrogel B

‘@' Growth factor A

Regeneration of

Qsteochondral
defect heterogeneous tissue

Layer-by-layer

process

Printing of
hydrogel

Figure 16. a) Schematic diagram of the bioprinting process using MtoBS. First, a framework made up of synthetic
biomaterials such as PCL and PLGA is fabricated to support the entire mechanical stability of 3D tissue or organ. Second, the
hydrogel which is able to encapsulate cells and growth factors is dispensed into the pores. The sequential dispensing of
synthetic biomaterials and hydrogel is repeated and stacked to build a 3D tissue or an organ; b) MtoBS dispensing parts: Six
dispensing heads are equipped for dispensing of relevant biomaterials in the MtoBS. Three heads, where one is for synthetic
biomaterials and the remaining two are for hydrogel, are symmetrically installed at cach side (front and rear sides) to make up
the six heads of the MtoBS; ¢) A conceptual 3D osteochondral structure made up of PCL and two different alginates.
Cartilage and bone regions are filled with red stained alginate and blue stained alginate, respectively; d) Image of the
bioprinted structure using chondrocyte and osteoblast encapsulated in the alginate. Every second pore is filled with alginate.
The others are empty for oxygen and nutrient transportation (Shim ez al. 2012).
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Figure 17. a) Circuits, sensor, and antenna printed with Aerosol Jet on unmanned acrial vehicle (UAV) structure which was
printed with Stratasys FDM (Paulsen ez al. 2012); b) Ceramic Inertial Measurement Unit with four gyroscopes and circuit
patterns. 3DP was used for the ceramic layer manufacturing process, and inkjet printing was used for the printing of silver ink
for circuit patterns (silver line, 300 um) (Johander er al. 2007); ¢) 3D component placement and routing for electronic
integration using a SLA technique to create a dielectric substrate and using a DW technique to dispense conductive inks onto

the substrate (Lopes et al. 2012).

printing. For this work, a multi-head tissue/organ building
system (MtoBS), which was particularly designed to
dispense thermoplastic biomaterial and hydrogel having
completely different rheology properties, was developed
and used to bioprint osteochondral tissue.

Fabricating biohybrid cantilevers and actuators with
hydrogels and cardiac cells using a multi-material SL process
has also been reported (Chan er al. 2012). The multi-
material capability of the SL system can be used to change
the synthetic material composition or insert cells and pro-
teins at precise locations on the structure. Cell-encapsulated
hydrogels with complex (3D) structures were fabricated from
photopolymerisable poly(ethylene glycol) diacrylate (PEG-
da) using modified ‘top-down’ and ‘bottoms-up’ versions of
a commercially available SL system (Chan et al. 2010).

There is also the possibility to integrate two or more AM
processes to make multiple materials or embed components.
Printing of tailor made inks using inkjet printing or acrosol
jet processes on the 3D surface produced previously by
other AM techniques is a typical approach which has
opened up new opportunities. Inks from a variety of
materials including semiconductors, dielectric polymers,
conductive metals, resistive materials, piczoelectric, battery
clements, capacitors, and biological materials can be used
for direct writing on 3D surfaces. Figure 17 shows some
examples of the combination of AM and DW technologies

to produce a final products with embedded components. In
fact, many multiple-material systems are likely to be hybrid
rather than using a single category of material or process.

Using a multiple material SL process, the optical,
clectrical and mechanical properties of photocurable poly-
mers can be combined. This would advance polymer
Microelectromechanical Systems (MEMS) technology and
make a substantial contribution to microoptics and micro-
chemical devices for BioMEMS (Maruo et al. 2001).
microTEC is a company moving towards rapid microma-
nufacturing using the micro SL process and has demon-
strated interesting results along the way. microTEC’s unique
3D Chip Size Packaging (3D-CSP) technology is used to
integrate, interconnect, and protect bare dies or other
microelectronic elements to get a complete multifunctional
system. No wire bonding is needed; interconnection is
realised by microstructured metal layers; 3D ultrahigh-
density integration is possible; and cooling channels can be
integrated to cool hot spots. 3D-CSP technology in combi-
nation with Rapid microproduct development (RMPD)
makes an efficient rapid micromanufacturing approach
which is applied to many applications, such as life science
(e.g., lab on a chip microfluidics), sensor technology (e.g.,
food control solutions), consumer electronics (e.g., very slim
connectors for smart cards), micromechanical parts for
metrology tools, etc. RMPD technology is a projection SL
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Figure 18. A complete 3D transceiver module in smallest space (5.2 x 5.2 x2.2 mm?) for wireless solutions fabricated using

integrated SL and 3D-CSP process (www.microtec-d.com).
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which has been invented by microTEC GmbH and the
technologies are not based on US-patented DMD?. Figure
18 shows an example of microTEC’s integrated RMPD and
3D-CSP applications in rapid micromanufacturing of multi-
ple material/embedded microsystems.

Material jetting systems seem currently to be the most
successful MMAM process among AM technologies. To
date, fabrication of true 3D multiple material polymeric
components using material jetting processes has been
demonstrated. 3D parts by commercially available MMAM
systems such as Objet’s Connex prove that. Moreover, the
ability of inkjet printing technology to produce micro-parts
from a wide range of materials including optical polymers,
solders, thermoplastics, light-emitting polymers, organic
transistor, biologically active fluids, and precursors for
chemical synthesis has been demonstrated. Inkjet printing
can be used for 3D metal-insulator-metal crossovers
(Sanchez-Romaguera et al. 2008) and in combination with
the printed electronics technology makes it possible to
manufacture multi-material Microelectromechanical Sys-
tems (MEMS) components (Subramanian ez al. 2005, Ko
et al. 2007). Ahn’s group investigated the design and
manufacture of printed circuits using extrusion freeforming
of lead-based alloy having low melting temperature and
insulating polymer (Kim ez al. 2009).

4. Challenges and future trends

As a consequence of what has been discussed above,
MMAM processes enable new types of design and manu-
facturing previously impossible while offering cost reduction
on specific types of products. Conventional manufacturing
technologies have still a justification for their existence
and are often a preferable approach in many cases in terms
of cost, time, functionality, and reliability. But MMAM
technologies can be an effective tool when there is complex-
ity in terms of both shape and material. Choosing the right
MMAM process to be used needs a comprehensive knowl-
edge on capabilities and limitations of each process. A
comparison of MMAM systems is presented in Table 2.
Several research centres and institutes have been devel-
oping MMAM technologies to allow more materials to be
used in a single process. Most of the MMAM systems
discussed in this paper are still being investigated as
research projects. There is still much effort to be made to
incorporate multiple materials into AM commercially. In
this section, some of the challenges that need to be faced so
that MMAM becomes more widespread will be discussed.
The general improvements and technological barriers that
need to be considered in MMAM processes are as follows:

o Contamination: Contamination in the material feeding
system when changing to a different material is an
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important issue in most MMAM systems. This makes
the processes imperfect and the reuse of materials
difficult.

e Bonding: Bonding of dissimilar materials has often been
a challenging issue even in conventional manufacturing
techniques. In the same way, achieving a good bond
between dissimilar layers in MMAM is a matter that
needs to be taken into consideration.

e Data processing: Most AM systems currently take STL
files as standard input which is a surface approximation
only and there is no information of the material content.
A demand for a powerful Computer-Aided Design
(CAD) system for multiple material pre-processing has
appeared so that the operator is able to identify the type
of materials from region to region in a part.

e Process interruption: Using multiple materials in a
single process may cause some interruption and loss
of time in some MMAM or hybrid processes (e.g. SL
process or embedded component) due to material/
component changeover during the build process. The
challenge is to ensure that applying multiple materials
or extra components causes the least interruption in the
process.

o Hybrid and multi-axis systems: Some AM processes do
not have high potential for multiple materials processing
but they possess good capability to be integrated with
other AM or conventional techniques to create an
efficient hybrid system. For example, dry powder print-
ing can be integrated with a laser sintering process to
make multi-materials. Moreover, processes such as
LENS, FDM, and LOM have all been shown to benefit
from the additional complexity of motion. Integrating
different processes is a challenge.

o Materials development: In addition to the creation of a
wider range of blended composites, other forms of
multiple material systems will possibly come into use.
This indeed could be the most interesting development
as electrically or thermally conductive, semiconductor,
liquid crystal, carbon nanotubes, functional ceramics,
etc., come into use. In addition to the further develop-
ment of embedded technologies, sensors can even be
created from their fundamental material components
within the part itself using direct write (Gibson er al.
2010).

A MMAM system should consist of at least two main
subsystems: multi-material delivery and layer bonding
systems (Figure 19a). In some processes, such as materials
jetting, both of these two steps are accomplished simulta-
neously; while in some others such as SLS or 3DP, the two
steps need to be implemented one by one. Although most of
the single material AM systems also consist of materials
delivery and layer bonding systems, in MMAM, these two
subsystems could be very different.
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Table 2. Comparison of different MMAM systems.

M. Vaezi et al.

Capability of
multiple Material
Bonding Materials materials solidification and
Category Techniques Advantages Disadvantages Interface  resolution printing bonding in layer
Photopolymer  Scanning SL High dimensional accuracy, Only photopolymers, time Between Low Good Point by point
Vat offering transparent [ ing materials ch and within
materials, living cells can be material contamination and waste in layers
incorporated process
DMD>based  Same as scanning SL Same as scanning SL Between Low Good Whole layer once
SL and within
layers
Material Material Fast, no toxic materials, good Low dimensional accuracy, Between Medium Good Line by line
extrusion extrusion with  material properties delamination, weak bonding between and within
melting dissimilar polymers layers
Material Easy and cheap mechanism, no Relatively low dimensional accuracy Between Medium Good Line by line
extrusion trapped materials, low and mechanical strength and within
without material waste, fair layers
melting fabrication speed, living cells
can be incorporated
Powder bed SLS Wide range of materials, great Thermal stress, degradation, Between Low Fair Point by point
fusion material properties, high accuracy limited by the particle size layers
materials strength of materials, material contamination
when changing to other materials,
require atmosphere control for
metals
Directed energy LENS Wide range of materials, great Low dimensional accuracy, thermal ~ Between High Fair Point by point
deposition DMD! material properties stress, require atmosphere control, and within
LC require machining process for layers
finishing the part
Sheet LOM Fast process, accuracy in Z- Shrinkage, great amount of scrap, Between Low Fair Plane
lamination axis is lower than SL and SLS delamination, require changeover layers
when changing other materials,
require pyrolysis process
uC High di ional Y, Wastage of material in the machining Between Low Good Plane
Fast process, Low s e process, del ion, only metals,  layers
effects require changeover when changing
other materials
Material jetting Inkjet Printing Fast process, wide range of Limited to jettable materials, Between High Very Good Point by point
materials, materials mixing on clogging problem, low viscosity and within
droplet scale prevents build-up in 3D layers
PJT Fast process, wide range of Limited to jettable photopolymers, ~ Between High Excellent Multi-Point
materials, materials mixing in  clogging problem and within
droplet scale layers
Binder jetting 3DP Low temperature process, fast High porosity, low surface quality, Between Medium Poor Point by point
process accuracy limited by the particle size  and within
of materials, difficult to remove layers
trapped materials
Hybrid & DW LCVD high-resolution process, metals Low-deposition rate, toxic/explosive  Between Medium Poor Point by point
and semiconductors gas might be involved and within
layers
Aerosol Jet High resolution, wide range of Solvent involved, Shield gas may Between High Good Line by line
Printing materials, ability of writing in  blow off powders when integrated and within
3D space, ideal for deposition  with powder bed systems layers
of biological inks, noncontact,
easy material handling
SDM Wide range of materials Require machining process during Between Low Fair Line by line
fabrication, feature size is limited by and within
cutting tool layers
DPP + binder  Wide range of materials, Limited to good flowability powders, Between High Good Point by point
printing or possible complex materials and overflow problem, low compaction  and within
laser sintering  geometry control density of discharged powders layers

The first step is to deliver multiple materials. Some
MMAM systems can vary materials between layers and
some have the ability to deposit and bond several materials
within a layer. Figure 19b shows the typical configurations

of different ways to make a multiple-materials parts using
MMAM systems. The most promising MMAM system
should be able to vary materials between and within layers
to make multi-oriented interfaces.
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Figure 19. a) MMAM main subsystems and b) different kinds of multiple-materials parts.

Materials can be delivered in different forms: dry powder
(SLS, LENS, SLM, and 3DP), semi-solid or colloidal pastes
(FDM and other extrusion-based systems), liquid material
(SL and ink jet printing), solid sheet (LOM, ultrasonic
consolidation), and gaseous reactant containing build
material (LCVD). Material state and delivery mechanism
bring some limitations to each process for multiple material
fabrication. For example in Objet only blends of similar
monomers with good mixing capacity in the liquid state
can be used. In FDM it is very difficult to get such high
viscous semi-solid mixes (probably achievable using a static
mixer but the mixing range is limited and materials are
wasted during purging when changing composition). Solid
sheets cannot mix between layers but a change of materials
can be achieved by changing sheets, although atomic level
of diffusion and mixing can occur at the layer interface.
Chemical vapor deposition (CVD) is good for different
materials but in order to change materials the majority of
the gas in the chamber needs to be changed. Although
localized supplying of gas has been used to supply mixtures
without changing the whole chamber of gas, it is difficult
and expensive to recycle and reuse the gas. A liquid vat has
very limited capacity to manufacture complex discrete
MMAM and almost no capacity for mixing. Powder-based
systems such as SLS, SLM, and 3DP have limited capacity
to change materials unless the powder dispensing method is
changed as was discussed. Moreover, 3DP does not seem to
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be successful in changing material composition by just
changing inks. A key factor in the material delivery system
is to deliver material fast, accurately, and with the ability to
change materials both between and within layers. Another
issue in MMAM could be to level layers after the
deposition of different materials, if the materials delivery
system is not accurate enough.

In MMAM, the bonding between different materials
could be a very challenging issue compared with single
materials AM. The bonding methods can be thermal
bonding (sintering/melting, ultrasonic welding or contact
fusion) and non-thermal bonding (polymerisation or ad-
hesive bonding). A key factor in a layer bonding system is
to ensure enough bonding between different layers and
different materials. However, differences in the physical
properties of materials (for example thermal expansion rate,
melting or sintering temperature), chemical properties (for
example chemical bond, Van der Waals forces) and bond-
ing methods (for example polymerisation, laser sintering/
melting) are the main reasons that make it difficult to bond
dissimilar materials in MMAM. For example, in the
ultrasonic consolidation of solid sheet method, it is very
difficult to bond polymers and metals but it’s possible to
bond different metals with different melting temperatures.
In the materials jetting method it is difficult to jet and bond
polymers and metals (except metals with very low melting
points).
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Figure 20. Incorporating dry powder printing with laser sintering and binder jetting systems.

Potential challenges that need to be addressed in future
work on the SL process can be identified as material
contamination, build speed, material waste, material bond-
ing, trapped air and bubbles, accuracy and resolution. For
multi-material fabrication, process planning plays an im-
portant role in the SL process. In particular, bond strength
between different types of resins (e.g. acrylic resins and
conductive polymers) may be an issue for future develop-
ment of the multi-material MIP-SL process.

There have also been attempts at using powder-based
AM systems such as SLS and 3DP for multi-material
fabrication. However, the accurate material feeding and
recoating required by digital material fabrication is difficult
to design into the powder-based processes. Using dry
powder dispensing techniques instead of conventional
powder recoating can be a good solution to overcome the
problem of handling fine powder. Dry powder dispensing
systems (especially ultrasonic nozzle dispensing systems)
have demonstrated their great ability to precisely place fine
powders. It is believed that employing a selective dry
powder dispensing mechanism incorporated with current
powder-based systems, including SLS and binder jetting
systems, would be an efficient measure to solve the problem
of fine powder handling as well as increasing their
capability of producing multi-material parts with lateral
material change (Figure 20). In this way, a higher level of
material deposition control could be obtained which is very
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attractive and is an issue in much demand for TE scaffold
fabrication. Moreover, it is possible to incorporate growth-
factors and fabricate controlled-release scaffolds, using
subsequent bonding methods in which temperature is
carefully controlled to avoid inactivation of proteins and
degradation of polymers. On-going work in our laboratory
is focused on incorporating dry powder printing with the
SLS process so as to extend the approach to multi-material
micromanufacturing areas. A challenge in this method is
heat management in which laser power needs to be carefully
controlled to avoid degradation and remelting of a low
melting point component. The feasibility of bonding metal
on polymers has been demonstrated by laser microcladding
of silver paste on resin board (Zeng et al. 2006).

Material jetting systems are currently being used mostly
for polymer jetting so that there is a limitation on the
number of materials since only jettable polymers that have
good flowability at restricted temperatures can be used. In
particular, processes such as Objet’'s PolyJet technology
have inherent limitations on the selection of base materials
since the jetted liquid needs to have certain properties of
viscosity and curing temperatures in order to be jetted.
However, the resolution of the process should be improved
to expand its range of applications. More emphasis should
be placed on the development of inkjet printing systems
which are able to produce high-quality true 3D multiple-
material components from functional materials, such as
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Table 3. Summary of research work that has been performed on MMAM using hybrid systems.

Technology Material

Institution Reference

SLA + DW Photopolymer, silver-based ink

University of Texas, USA
Stratasys and Optimec Inc., USA
Utah State University and University of Texasand (Robinson et al. 2006)

(Lopes et al. 2012)
(Paulsen er al. 2012)

Sandia National Laboratories, USA

FDM + DW Thermoplastic, silver-based ink
UC +DW Polymer, silver-based ink
FDM + UC Thermoplastic, silver-based ink

FDM + Robocasting
a variety of gels and slurries
DW + Electrophoretic  Aluminium, copper oxide
Deposition

Utah State University, USA
Thermoplastic, low-melting-point alloys and Cornell University, USA

(Swank ez al., 2009)
(Malone and Lipson, 2004, Periard et al.
2007, Malone and Lipson 2008)

Lawrence Livermore National Laboratory, USA (Meissner 2012)

metals, ceramics, and smart materials so as to be able to
achieve the required thermal, mechanical, and electrical
properties for the MEMS/Micro-Opto-Electro-Mechanical
Systems (MOEMS) industry. The applications of inkjet
printing in multiple materials fabrication will expand with
the emergence of new jetting techniques such as electrostatic
and with better understanding of the process and the
utilisation of efficient modelling techniques. Future work
may focus on the fabrication of true 3D parts with high
accuracy and improved surface finish by using multi-material
printing processes based on tailor made inks. As for ceramics
printing, future work can concentrate on the utilisation of
inkjet printing in an innovative way for manufacturing various
components, such as: multi-layered ceramics (capacitors,
sensors, and actuators), 3D electronic ceramic components
(high-temperature cofired ceramic and low-temperature co-
fired ceramic), and conductive layers on ceramic (photovoltaic
components and thick film electronics) (Vaezi et al. 2012).
Regarding the extrusion-based systems, precise control of
extrusion in melt-based extrusion freeforming systems
would be an asset for multiple materials printing. Assem-
bling multi type cells and biomimic extracellular matrix
materials in a single construct is a promising method to
regenerate complex tissues/organs in vitro. As described
carlier, future work could focus on effective utilisation of
multi-nozzle extrusion-based AM systems to produce living
macro/microstructures with controlled compositions and
improved accuracy. However, it should be noted that,
technologically, bioprinting using AM techniques is still in
its infancy. Different living structures have been produced
using hydrogel structures containing viable cells, but the
designs have been simple and isotropic, and mechanical
properties were not satisfactory (Melchels ez al. 2012).
Directed energy deposition and sheet lamination pro-
cesses have demonstrated their potential for manufacturing
both discrete multi-material and FGMs. However, there
have been fewer reports on the utilisation of these classes of
MMAM systems compared with other methods. Moreover,
according to the statistics fewer research centres are dealing
with these MMAM technologies than others (Wohlers
2011). This might indicate that they need much more
improvement and are a longer way from becoming efficient
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approaches for multiple material manufacturing. Perhaps,
hybrid and DW technologies such as aerosol jet process
have been more successful in the field of multiple materials.
A wide range of materials and complexity of parts are the
most significant advantages of DW processes which make
them a viable technology for further developments in the
MMAM area. In particular, hybrid systems are being
developed and becoming more widespread these days as
they provide new possibilitics. Table 3 presents research
work that has been conducted on multiple material
manufacturing using hybrid systems.

The next generation of MMAM technology should
provide full functionality, offer changeable material sys-
tems, and provide the entire bonding system at an afford-
able price. Even if multi-layer or multiple materials can be
made, there is still the need to be able to fabricate digital
material in which different materials are interlocked with
cach other. For instance, the FDM process can naturally be
extended to fabricate parts out of multi-materials since
FDM has separate extrusion nozzles for the build and
support materials. But the FDM process is not suitable
currently for digital material fabrication. It is believed that
future work will be mainly concentrated on making
MMAM processes more favourable for rapid manufactur-
ing of high performance products through improving
MMAM processes with the aim of digital materials
fabrication and integration of multiple AM processes to
provide new possibilities.

5. Conclusion

Some products may require specific materials in a compo-
nent structure to achieve different functional properties.
MMAM technologies have the potential to become an
important resource for the next generation of manufactur-
ing technologies. Processes such as material jetting and
extrusion freeforming techniques have shown very good
compatibility with multiple material manufacturing. Mate-
rial jetting systems are able to fabricate complex multi-
material and FGMs with variable properties which have
permitted a great advance in product design and manufac-
turing. Moreover, extrusion-based systems are being
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employed widely in both scaffold-based and scaffold-free
tissue engineering due to their unique capability to deposit
a wide range of advanced biomaterials simultancously.
Some of the other MMAM techniques described in this
paper still suffer from some inherent limitations for multiple
material printing and need to be improved. On the other
hand, hybrid and DW systems have demonstrated some
promising results and it can be expected that their use will
spread more in the near future.
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Abstract

This research is to develop a novel material delivery device for a next generation
additive manufacturing system which is capable of dircctly manufacturing objects by
depositing several materials layer by layer. The successful deposition of multiple material
layers by using this novel dry powder printing technique reveals its great potential as a means
of incorporating multiple materials in the traditional additive manufacturing process since
this technology is suitable for a wide range of materials and it has the capability to
manufacture 2D layers composed of multiple materials. This paper will outline the basics of
the dry powder printing technology and present and discuss selected experimental studies
from our research.

Introduction

Currently, most commercial additive manufacturing systems are designed to produce
parts from a single material [1]. Multiple Materials Additive Manufacturing (MMAM) using
direct inkjet printing technology was pioneered by Evans and co-workers nearly 20 vears ago
[2] and is now researched by various groups. Objet has commercialized direct inkjet 3D
printers and claim thatl they represent the only MMAM system. However. Objet can only
print photopolymer materials, which have limited mechanical propertics and other
functionalities, compared to direct metal and/or ceramic printing. MMAM is a new
technology that can fabricate three-dimensional multiple material (heterogeneous) objects.
This technology can create multiple material objects and can vary material compositions
within the layer [3]. The ability to print multiple materials from an additive manufacturing
system can improve either the mechanical properties of the parts or provide additional
functions to the 3D printed parts [4]. MMAM technology has the potential to become an
important manufacturing resource for the next generation of AM technology. This is because
single material AM systems cannot [ulfil the requirements ol some applications that require
multiple material objects from one machine, such as compliant mechanisms, embedded
components, 3D circuits, human tissues, medical compatible implants etc. Moreover, the next
gencration of AM technology should provide full functionality, offer changeable material
systems, and give the entire bonding syvstem at an affordable price [5-7].

Multiple material objects are more interesting and will be highly important in manv
mdustrial applications. Many research institutes and companies have been developing AM
technologies to allow more materials to be used in single material AM technology, and to
improve the properties ol the AM partl and 1o enhance the capability ol the basic process [4].
Powder bascd materials are very important as they can provide a wide variety of material
options. ‘The Dry Powder Printing (DPP) technique is one of the promising techniques
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available to dispense fine powders [8]. Among the DPP techniques, the ultrasonic dispensing
method has many significant advantages for depositing fine powders uniformly and
controllability and has the ability to handle a wide variety ol powder materials. In most of the
current powder based AM systems, powders are spread using a roller onto a powder bed
which made il impossible to fill multiple materials without cross-contamination [9, 10].
Thercfore, it is csscntial to develop processing technologics that can handle fine powder
particles for use in material delivery devices for the next generation of AM systems.
However, processing and handling powder materials is very challenging due to their unique
properties. To deposit such materials it 1s necessary to understand thoroughly the powder
flow in the dispensing nozzle.

Dry Powder Printing (DPP) or dryv powder micro-feeding or fine powder dispensing is
based on vibration, resulting from the ultrasonic vibration of a piezoelectric transducer, being
used to assist [Tow. Over the recent past this DPP method has proved capable of handling fine
powders. Pegna, who is a pionecer in this ficld, studicd the possibility of multiple material
deposition by creating a single layer of Portland cement [11] and spherical glass beads [12].
Santosa et al. demonstrated the influence of orifice diameters and under 100 pm particle
sizes on flow behaviour under gravity through a hopper-nozzle [13]. Matsusaka et al. [14]
investigated the microfeeding of fine powders in a capillary tube vibrated by a 20 kHz
piezoelectric transducer. Takano and Tomikawa [13] developed feeding devices based on the
excitation of a progressive wave in an ultrasonic transmission line. Li et al. [16] used an
ultrasonic-based micropowder-feeding mechanism to form thin patterns of dry powders on a
substrate which were subsequenlly sinlered by a laser beam. Kumar et al. examined the
concept of multiple dry powder deposition under gravity flow including low gas pressurc-
assisted flow and vibration-assisted flow and developed a model to predict the flow rate
under gravity of the experimental powders [17]. Jiang et al. evaluated the flowability of
nanoparticle powders [18] and developed a measurement system of powder flowability based
on a vibrating capillary [19]. Yang and Evans [20, 21] presented the factors and mechanisms
that were responsible for the initiation and cessation of flow in a vibration controlled
dispensing system. Additionally, they identilied the powder characleristics controlling
powder handling so as to find effective metering and dispensing methods for shape and
composition control for solid freeform fabrication |22]. Furthenmore, they investigated the
effects of acoustic frequency, amplitude, tube diameter, mechanical damping and particle size
distribution on particle deposition from open capillaries subject to acoustic vibration |23].
They invented a discontinuous dispensing device using short pulses of ultrasonic vibration to
dispense the dry powders in a drop on demand format [24]. Lu et al.[8, 25-27] studied
dispensing mechanisms, drop size control, dose uniformity and different design of dispensing
nozzles.

However, only a few studies have been carried out using ultrasonic vibration to
dispense dry powders for MMAM [4]. The detlailed mechanism ol DPP has nol been lully
clarificd and is needed for the technique to be a commercial success. The processing of fine
powder in the micrometre size range has proved ditticult |28, 29]. This is due to the feature
size being driven by the size of the dispenser orifice, a smaller feature size resulting from a
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smaller diameter orifice. For the production of drops from sub-micrometre diameter size fine
powders, the process is difficult to control reliably or sometimes powders cannot be
dispensed because of their poor flowability. In this work, we have systematically investigated
the effects of printing parameters on printing results which reveals the basic characteristics of
our powder printing device. Furthermore, our study shows that dry powder printing, driven
by ultrasonic vibration, can be exploited for fine powder printing of many types of powder
materials.

Materials and methods
Materials

In this study, the selected powder materials were copper (Osprey Metals, Neath,
Wales), solder (Sn63Pb37, IPS (Suzhou) New Materials Co. Ltd., China), 316L stainless steel
{Osprey Metals, Neath, Wales), tungsten carbide (Sandvik, Conventry, UK), alumina (Al,Os,
BA Chemicals Ltd., Buckinghamshire, UK), CoCr (Concept Laser GmbH, Lichtenfels,
Germany), 420845 stainless steel (Osprey Metals, Neath, Wales), glass bead (Whitehouse
Scientific Ltd., UK), and Glass-filled Nvlon (DuraForm® GF, 3D Systems Corp., USA) in
the size range 14-72 pm and their details are shown in Figure 1 and Table 1. These materials
were selected to cover metals, polymers and ceramics with different densities, particle sizes
and particle shapes used in AM systems.

316L 8§

Figure 1 Scanning Electron Micrographs of the experimental powders.

The powders were analyzed to confirm that the size range was within specification by
using a Malvern Mastersizer 2000 particle size analyzer. The particles were also
characterized by a LEO 1455 VP Scanning Electron Microscope (SEM).

Table 1 Physical characteristics of the experimental materials.

Powder Cu sic Al203 Glass CoCr SnPb  316L SS 422245 WC ﬁ%zs;
Dy () 14 54 52 41 18 35 32 20 35 72
Partide

density(keg/m3) 8940 3220 3970 2300 8290 8400 7890 7740 15500 1490

225



Experimental setup

The experimental setup consists of a computer, an analogue waveform generator (NI
6733 DAQmx card, National Instruments Corporation Ltd. Berkshire, UK), a power amplifier
(50w, Sonic Systems Ltd, Somerset, UK), a glass nozzle (Pasteur glass pipette) attached to a
piezoelectric ceramic ring (SPZT8-100-50x20, MPI Co., Switzerland) by an adhesive epoxy
(Araldite Rapid Syringe-Epoxy Extra Strong, Huntsman Corp., USA), Z column and X-Y
table (Parker Hannifin, supplied by Micromech, Braintree, UK). The experimental setup is as
shown schematically in Figure 2.

N (T 7-<otunn

Signal Voltage ]| Glass Tube

. [ ] |T Piezoelectric Ring

Power Amplifier J

\ v

Computer / Substrate

| 1
X-Y Table

Motion Controller

Figure 2 Schematic diagram of the dry powder printing system.

To capture images of the powder as it discharges in the experiment, a high- speed
Photron Fastcam SA-1 (Photron Limited, Japan) camera attached to a c-mount adapter on a
Leica Monozoom 7 (Leica Microsystem Inc., USA) macro lens was installed close to the
dispenser.

Experimental conditions

The experiments were carried out under room conditions (23-28 °C and 36-45 % RH).
As contaminants in the powder can reduce their mass flow rate from the dispenser and even
clog the orifice a clean environment and sieving the powder before testing are essential. In
this study, powders, which were kept in air tight packages, were sieved through a 100-
micrometre sieve size before filling the dispenser, i.e. all particles dispensed passed through a
100-micrometre sieve size.
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Results and discussions
Dispensing behaviour

The powder is dispensed by a vibration-assisted system using a glass nozzle as a
funnel and a computer control system. Powder drops are discharged directly from the
dispenser. Initially, particles form a stable dome structure across the orifice as shown in
Figure 3. Powders are dispensed through the orifice by breaking the dome structure by
activating a voltage signal pulse to the piezoelectric transducer attached to the dispenser.

LI

Stable dome structure

Figure 3 Dome structure of a fine powder inside the glass nozzle.

During dispensing, the vibration from the piezoelectric transducer transmits energy
through the glass tube to particles around the dome structure and the result is to break the
dome structure and so achieve flow of the powders. On switching off the vibrations, particle-
particle and particle-wall friction lead to the formation of domes causing powder flow to
arrest in the nozzle. Figure 4 shows the sequential images captured by a high speed camera at
0.01 second increments from the start of dispensing (B) to the cessation of dispensing (G)
when the powder forms a new stable dome structure (H-J) inside the glass nozzle.

LI 8 IIY_I llY_l |lv..l |IY.I
‘ io) ¥

(A) (B) (&3] ¢ D) '
Stable Dome Structure ON ON ON ON

ll?] |lv.l LISV & (R A (R A
: i Fy

) y (G) / (H) . @ ; @

ON OFF OFF OFF Stable Dome Structure

Figure 4 Sequence of images captured from the start of dispensing to the cessation of
dispensing of a fine powder from the glass nozzle.

Printable materials

The ten experimental powders detailed in Table 1 were successfully discharged as can
be seen in Figure 5. All of these results came from the same dispenser geometry, i.e. a 250
um nozzle diameter with a nozzle angle of 75°. Throughout this study, the experiments were
carried out at an applied signal voltage of 2 Volts, standoff distance of 200 pm and moving
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speed of 10 mm/s. Notably, the appropriate control of parameters for each experimental
powder can improve markedly the deposited powder patterns.

Figure 5 Single material patterns.

The quality of the patterns, which is characterised in term of continuity, consistency
and fineness of the edge of the printing line produced mainly depends on the powder’s
flowability and the orifice size. Based on the particle’s density and mean particle diameter all
the experimental powders, except for copper and glass-filled nylon, fit into groups A and B
of Geldart’s classification presented in Figure 6, The copper powder and the glass-filled
nylon are located in group C. Group A powders are ideal for conveying in sliding bed flow,
Group B powders are easy to fluidize and they rapidly de-aerate while Group C powders are
difficult to fluidize and are cohesive [30, 31]. Moreover, all of the experimental powders in
Figure 1 do not agglomerate and have discrete particles. It may be concluded that in all cases,
the powders used in this study are free-flowing materials or not extremely cohesive.

100,000 T
JWC
10,0004 CoCr SnPb D
Spoutable
"'E 420545 SS
g ALO; ¢
dT L]
& Sand-like
1,000 T
Aeratable
C
Cohesive
Glass-filled PA®
e ; 1 0:00 |
10 100 (um) ]

1
10,000

Figure 6 Experimental powders shown in Geldart’s classification
(ps-solid density. pg-gas density, d;- mean particle diameter)
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Printing of fine track width

The printing patterns are produced by CAD programs such as SolidWorks. The
printing parameters of signal voltage, standoff distance and moving speed are programmable
input via software. High precision stages are used to achieve x, y and z movement. The
experimental studies found that high resolution depends on powder flowability, nozzle orifice
geometry (nozzle diameter and nozzle angle), standoff distance and moving speed (the
relative velocity between the substrate and the nozzle) as well as the signal voltage used to
activate the piezoelectric transducer. Different parameters in the dispenser system need to be
carefully adjusted for optimum results as the different powders have their own flow
properties. A different adjustment of parameters can result in the feature sizes shown in

Figure 7.

i SR R

200 um

Figure 7 Patterns obtained from two printing conditions with the same nozzle diameter (70
um) and the same signal voltage (2 Volts): (A) the standoff distance is 475um, and the
moving speed is 10 mm/s, (B) the standoff distance is 125 pm and the moving speed is 15
mm/s.

At present, the DPP printing device using an orifice diameter of 60 um can realize a
feature size down to 85 pum as shown in Figure 8. During the printing process the standoff
distance of the deposition nozzle from the substrate was 150 pum, the moving speed was 5
mm/s and the signal voltage was 2 Volts.

Figure 8 Samples with a track width of less than 100 um.
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Nozzle diameter

Mass flow rate as a function of dispensing nozzle diameter was determined for the
copper powder and solder powder of 14 pm and 35 pm mean particle size respectively. The
nozzle diameters used were 110, 200, 250, 280, 320, 375 and 400 um. The signal voltage was
fixed at 2 Volts and the nozzle angle was 66°. Figure 9 shows the results of the mass flow
rate for the two selected powders tested with this range of nozzle diameters. The mass flow
rates increase with nozzle diameter. The results show that with the smallest nozzle diameters,
the mass flow rates of the experimental powders are similar but they rapidly increase with
increasing nozzle diameter. Throughout the range of these nozzle diameters, the solder
powder has a higher flow rate (higher power law exponent) than the copper. This reflects the
fact that a free-flowing powder such as the solder powder has higher flowability and thus
greater mass flow rate than a cohesive powder such as the copper powder.
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Figure 9 Mass flow rate as a function of nozzle diameter for copper and solder powder.
Signal voltage

The piezoelectric vibration enables powder printing to be achieved. The mass flow
rate can be regulated by the vibration energy generated by the signal voltage, which controls
the deformation amplitude of the piezoelectric transducer. Generally, when a greater voltage
is applied the vibration amplitude increases. In our study a free-flowing powder, such as the
solder powder, discharged as a spray of particles as shown in Figure 10 and the spray angle
increased with increasing signal voltage. For a signal voltage of 0.15 Volts, the spray angle
was less than 10° while for the signal voltage of 0.5 Volts and 2.0 Volts, the spray angle was
around 30° and 90° respectively. The reason might be that the high vibration energy
transmitted to the powder particles results in greater vibration of powder particles around the
nozzle wall. As the particles exit the nozzle they hit the edge of the orifice and thus spread
out. This effect is less when using a larger nozzle diameter or using a cohesive powder such
as copper. Thus it can be seen that by choosing a suitable signal more uniform and consistent
powder dispensing can be achieved and therefore more precise patterns produced.
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Figure 10 Sequence of images obtained from a high speed camera at 0.05 second increments
showing the successive stages of discharge of solder powders. The nozzle diameter is 250
pm.

Standoff distance

Standoff distance is the distance of the tip of the nozzle to the top of the substrate.
From the previous discussion, it can be seen that powders normally spread out, the spray
angle depending on the signal voltage. Therefore, the standoff distance should be as small as
possible. However, the lower limit to standoff distance depends on the moving speed as the
standoff distance must be sufficient to avoid powder blocking flow between the tip of the
nozzle and the top of the substrate. Figure 11 shows the results of printing at different
standoff distances. The track line at the 125-um standotf distance results in the tip of the
nozzle coming into contact with the powder resulting in compressing the printed line and
might interrupt the powder tflow at the outlet.

Standoff distance
125 pm 375 um 625 um
\ ! \ ! \
1 mm/s e = i

5 mm/s

Moving speed

10 mm/s

Figure 11 Sequence of images obtained from a high speed camera for copper powder
dispensing with different moving speeds and standoff distances. The nozzle diameter is 250
wm.
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Moving speed

Moving speed is the relative speed between the nozzle and the substrate. A fast
moving speed can increase the printing speed of the process. However, the moving speed
must not be so fast as to produce a discontinuity in the printed line. Figure 12 shows that
copper printing with moving speeds of 20 mm/s and 25 mm/s cannot create complete printed
lines. It indicates that the maximum moving speed in this test should be less than 20 mm/s.

25 mm/s

!
i

20 mn/s

15 mm/s

-
e

10 mm/s P e ——
R TP DT AR

5 mm/s

Figure 12 Printing results for copper powder obtained from different moving speeds. The
nozzle diameter is 250 pm, the signal voltage is 2 Volts and the standoff distant is 200 pm.

Multiple material patterns

Figure 13 demonstrates the capability of printing multiple powder materials. Three
sets of optimal parameter were used to produce a fine pattern. The pattern combines stainless
steel, tungsten carbide and copper powder. A system consisting of three dispensers was
installed on the z column and the x-y table was synchronised by the motor controller.

b ‘i'l"l‘f‘f"ﬂ

Figure 13 Multiple material pattern.
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Advantages

This DPP technique can print various materials and little material preparation needs to
be carried out. Using separate nozzles to deposit powder material in selective areas is an
accurate, efficient and easv method which avoids contamination between materials. The
device has foew components resulting in less maintenance and an cconomical cost. Different
materials can be printed simply by adding a new dispenser to the system. Utilising a nozzle
bascd mothod, powder materials can be delivered between and within layers to make multi-
oriented interfaces in a final part. It is believed that using a dry powder dispensing system
mtegrated with current powder-based additive manufacturing systems, such as laser sitering,
laser melting or binder jetting, would increase their ability to produce multiple material parts.

Limitations

A limitation of this device is that the process requires a small standoff distance to
provide high resolution and to avoid spreading due to the sprav etfect. Additionally.,
accidental vibration from the environment, e.g. movement of the x-y table, can affect the
controllability of powder dispensing. However, this can be overcome by mounting the device
in a system with smooth movement and adequate damping. Furthermore, the dispenser must
be installed vertically because the device combines vibration and gravitational force to

discharge material.

Conclusions

In this paper, a novel Dry Powder Printing (DPP), based on an ultrasonic dispensing
device where powder flow can be regulated by controlling input to the piezoelectric
transducer. is introduced. The development of this novel DPP method would allow the
layering of high quality multiple material patterns. By programming the print heads, this
powder printing technique can achieved selective area deposition of different drv powder
materials using ultrasonic activation without sophisticated material preparation. The novel
device allows the deposition of a wide range of powder materials. This deviee represents a
step forward in realizing multiple material objects in MMAM systems.
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Introduction

Interest in multifunctional structures made by
automatically fabricating the completed part from
multiple materials poses a challenge for today's 3D
printing/additive manufacturing technology.
Currently, most commercial additive manufacturing
systems are designed to produce parts from a single
material. However, the capability to print multiple
materials can improve the process, either by
optimizing the mechanical properties of the parts or
by providing additional functions to the final parts.

The application addressed in this project is the
development of a next generation additive
manufacturing system which is capable of directly
manufacturing objects by depositing several materials
layer by layer. This paper will report our latest results
of the direct writing of various powder materials onto
substrates as well as in producing additive
manufactured parts. Furthermore it will present
multiple material patterns fabricated using this

technology.

METHODOLOGY

A schematic diagram of the ultrasonic dispensing
system used for the fabrication of multiple material
patterns is shown in Figure 1. The experiments were
carried out in a semi-continuous mode. The
experimental apparatus consists of a computer, an
analogue waveform generator (NI 6733 DAQmx card,
National Instruments Corporation Ltd. Berkshire,
UK), a power amplifier (50w, Sonic Systems Ltd,
Somerset, UK), a glass nozzle (Pasteur glass pipette)
placed in plastic case with a piezoelectric ceramic disc
(SPZT-8 3053W-W, MPI Co., Switzerland) installed
at the bottom by an adhesive epoxy (9340 GRAY
Hysol Epoxi-Patch Structural Adhesive, DEXTER
Co., Seabrook, USA) and a platform driven by an X-Y
table (Parker Hannifin, supplied by Micromech,
Braintree, UK).

The powders in the study were 316L stainless steel
(Osprey Metals, Neath, Wales), copper (Osprey
Metals, Neath, Wales) and tungsten carbide (Sandvik,

Coventry, UK) in the size range 20-60 pm.

Plastc Case

Piezoelectrc Disc

__Power Ampifier

Computer

U
- ~ ( = :
L ‘ X Table
Motion Controfer

substrate

Figure 1: Schematic diagram of the micro powder ultrasonic
dispensing system.

The powders were sieved to screen contaminants
before dispensing. The powder was contained in a
glass tube with 5 mm internal diameter and an
orifice size of 70-240 pm. The experimental powders
are discharged from the dispenser to create layer

patterns on a substrate placed on an x-y table.

RESULTS AND DISCUSSION

At present, a feature size down to 125 pum can be
realized. During the printing process the standoff
distance of the deposition nozzle from the substrate
is between 125 and 250 pm. At the moment the
printing velocity of the micro powder ultrasonic
dispensing system for good printing results is in the
range 1.25 mm/s to 50 mm/s. Figure 2 and Figure 3
show the printing results for a single material layer

and multiple material layer s respectively.

(a) Stainless steel (b) Tungsten carbide (c) Copper
Figure 3: Single material layer.
This novel micro powder dispensing

technology thus offers the potential for printing
fine layers of multiple materials. Therefore it
could be an interesting technology to meet the
of additive

requirements manufacturing

systems.

High

dispensing process depends on powder flowability,

resolution quality from this powder
nozzle orifice geometry, the standoff distance of the
nozzle and the velocity of the substrate table. Since
this technology is suitable for a wide range of
materials and there is no need to prepare raw
materials with a solvent, it has the capability to
manufacture 3D objects composed of multiple

materials.

B

Figure 3 : Multiple material layer.

CONCLUSIONS

The successful printing of multiple material layers

by using this novel micro powder dispensing
technique shows great potential as a means of
incorporating multiple materials in the traditional
SLS process and proposes a new material delivery
method.

Future work includes the development of a
numerical model of the ultrasonic dispensing process
and a model to predict the line width and line
thickness. Further experiments will be performed to

test and validate the feasibility of the completed

system.
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Background

Currently, most commercial additive manufacturing
systems are designed to produce parts from a single
material. However, the capability to print multiple
materials can improve the process, either by optimizing
the mechanical properties of the parts or by providing
additional functions to the final parts.

Dbjective

This research is to develop a novel material delivery device
for @ next generation additive manufacturing system which
is capable of directly manufacturing objects by depositing
several materials layer by layer.

Methad
A schematic diagram of the dry powder printing system used
for the deposition of multiple material powders is shown in
Figure 1.

Results

is between 123 and 250 pm.

Figure 3 : From micrometre-scale to millimetre scale track width.

and multiple material layers respectively.

figure 5: Single material layers.

The dry powders detailed in Table | can be successfully be delivered in a continuous manner under gravity by
using ultrasonic vibration assistance. By changing the nozzle geometry, the printing track can be varied from
micrometer scale to millimeter scale (Figure 3). At present, a feature size down to 85 pm can be realized as
shown in Figure 4. During the printing process the standoff distance of the deposition nozzle from the substrate

At the moment the printing velocity of the dry powder ultrasonic dispensing system for good printing results is
in the range 1.25 mm/s to 50 mm/s. Figure 5 and Figure B show the printing results for a single material layer

- ';

Figure 4 : Samples with a track width less than 100 ym.

Figure |: Schematic diagram of the dry powder printing system.

Experimental materials

The ten selected powders in the study are shown in Table |
and Figure 2. They are in the size range of I4-72 ym and their
angle of repose in between 30 and 62° .
Table I: Physical characteristics of the experimental powders.
Toporeat Dussity gt of Ropose D05

ot /o) degres) () Spe
[ [ 43-50 [ Spherical
SiC 15 48-52 54 Irreqular
M203 14 46-62 52 Spherical
Glass 13 30-35 & Spherical
CoCr 45 45-52 ] Spherical
SnPb 48 34 3% Spherical
316L S8 42 45-49 3 Spherical
47084558 38 43-56 il Spherical
w 18 443 35 Irregular

Glass-flled PA 08 40-44 /3 Mirsd

Conclusions

and proposes a new material delivery method.

manufacture 30 objects composed of multiple materials.

« Design freedom: The powerful benefit of this technology is in offering
freedom of design and creation

« Design protection: MMAM can easily create the protection of products.

* Increased functionality: Material integration and material property
tailoring can enable the creation of new products through the design
and integration of innovative material. Furthermore. it can embed
electronic components to create new functional parts and superior
value systems.

The successful deposition of multiple material layers by using this novel dry powder printing technique shows
great potential as a means of incorporating multiple materials in the traditional additive manufacturing process

High resolution from this powder printing process depends on powder flowability, nozzle orifice geometry, the
standoff distance of the nozzle and the velocity of the substrate table. Since this technology is suitable for a
wide range of materials and there is no need to prepare raw materials with a solvent, it has the capability to

Therefore it could be an interesting technology to meet the requirements of Multiple Material Additive
Manufacturing (MMAM). With the device, the following advantages are realized.

« Elimination of assembly: A product comprised of various
components can be fabricated in one build. eliminating fasteners
and assembly labor. especially for the electronic industry.

+ Efficient manufacturing system: The new manufacturing process
enables the fabrication of 30 functionally complex structures within
asingle integrated manufacturing environment.

rograph of the experimental powders.
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