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Abstract
Porous structures have broad applications in different fields, and the fabrication methods have
evolved for decades. With the combination of inkjet printing and ice-template technique, the
selective freezing three-dimensional (3D) printing is developed to fabricate multi-scale and multifunctional porous structures with excellent geometrical and functional properties. A controllable
process enables manipulations on operating conditions and material properties to attain desired
product quality and process efficiency. To achieve a manageable process, the impacts from
environments, operational settings, and material properties need to be quantified. This research
aims to investigate parameter-process-structure relation of this novel process with a combined
experimental and modeling methodology.
To predict the behavior of jetted ink droplets with different input signals and material properties,
a transient Volume of Fluid (VOF) model of the inkjet process is created. The simulation results
show that jetted ink droplets exhibit disparate morphologies with different inputs and material
feeds, which furtherly form distinct microstructures inside the printed parts. To verify the proposed
simulation model, images of real droplets are captured by the high-speed camera and compared
with the simulation outcomes. The impacts of factors are revealed with the assist of the proposed
simulation model, which can serve as guidance for process manipulations to achieve desired results.
The dynamic thermal condition affects both ink solidification and ice crystal growth, which
determine the macroscopic-scale structure and microscopic-scale structure, respectively. To
stabilize thermal condition during the printing process, a novel cold source design based on Phase
Change Materials (PCM) is proposed in this research, with reasonable verification by the
hardware-in-loop experimental studies. The result proves PCM is more reliable than other cold
sources both temporally and spatially, and it can significantly improve the quality and efficiency

xv

of fabrication. A heat-transfer simulation model is constructed for prediction of dynamic
temperature distribution within the part body and verified by experiments, in order to facilitate the
thermal management. Factors such as part geometry, driving temperature, tool path and inter-layer
waiting time are all proved to have influences on the fabrication quality.
Lastly, an interfacial diffusion simulation is proposed to explore the impacts of thermal conditions
and material properties on interfacial diffusion while fabricating multi-material structures. Based
on the prediction out of the simulation, material properties in different phases and thermal
conditions can both profoundly affect the forming of interfaces between materials. Fabrication
strategies are presented according to the prediction out of the simulation for specific requests of
the interface between different materials.

xvi

Chapter 1 Introduction
1.1 Research Background
1.1.1 Extraordinary Porous Structures
The porous material is defined as solids containing pores [1]. Highly porous materials are widely
discovered in nature with elegant and complex architectures, such as sponge, wood and
honeycomb, etc. [1, 2]. Usually, these materials have a porosity of 0.2-0.95 and exhibit unique
mechanical and electrical properties, such as high strength-density ratio and the anisotropic
combination of strength, stiffness, and toughness [3-5]. Inspired by nature, scientists and engineers
have devoted tremendous efforts to studying and mimicking natural constructs in the past decades
[6-9]. The distinct morphologies of different porous structures bring enhanced functionalities, such
as the decreased density and the increased surface area, to the constituent materials [10]. Pores
cause changes to more specific material properties, such as fluid permeability, selective filtration,
thermal and electrical conductivity, and lead ever-expanding range of applications. Different
applications utilize different features of porous material; for instance, porous materials are applied
in substance separation because of their unique fluid permeability and selective filtration [11-13].
With specific large surface area, porous materials can sever as excellent catalyst supports [14-18].
With unique thermal conductivity, porous materials have been applied as insulators for hundreds
of years, such as sponge and velveteen; recently, increasing attention has been focused on sorts of
porous materials as insulators and heat exchangers in researches and industries [19-22]. Besides,
porous materials have become focus in tissue engineering because of their high strength-weight
ratio and other fantastic biological features [2, 7, 23-25]. Also, because of their unique electrical
conductivity and large specific surface area, porous materials have been applied in energy storage
fields, such as electrodes in lithium battery, super-capacitors and solar energy, etc. [26-33].
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1.1.2 Fabrication Methods of Porous Structures
With the extraordinary properties and functionalities, porous materials have attracted tremendous
attention, scientists and researchers have attempted multiplex methods to fabricate or even create
various porous materials and structures in the last decades. For porous structures, different
applications require different physical properties, pore sizes and constitute substance, and
consequently, different fabrication methods.

Figure 1-1 Three common methods for fabricating macroporous ceramics [34]
Typical approaches for fabricating porous ceramics include the direct foaming method [35],
sacrificial template method [10, 11, 36], gel casting method [19, 34, 37-40] and supercritical
carbon dioxide foaming [41], etc. Figure 1-1 illustrates the processes of three typical fabrication
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methods: replica, sacrificial template, and direct foaming, which form different pore morphologies.
With highly customized macro-geometry and different demand on porosity and pore size, the
development of porous structure fabrication is facing enormous challenges; thus numerical
approaches have been developed for specific applications. For example, fugitive fibers are added
into the ceramic slurries to fabricating the unidirectional porous structures [42], space holder
method are created to build metal porous structures with high porosity [43], a combination of
solvent casting and particle leaching method is proposed for manufacturing porous polyurethane
scaffolds in tissue engineering [44]. With the application of porous materials extending to broader
domains, the demand of structures with specific porosity and highly precise macro geometry is
increasing, such as implantable bones and electrode of super-capacitors. New manufacturing
processes are in need of multi-scale fabrication, precise spatial control, and multi-functional
manufacturing.
1.1.3 Development of Additive Manufacturing
Additive Manufacturing, as one of the most promising manufacturing methods, has attracted
tremendous attention in the last decades and becomes an essential approach for porous structure
fabrication. In concept, Additive Manufacturing (AM) is a process of building objects with layerupon-layer of material with the reference of three-dimensional Computer Aided Design (CAD)
models; it is also called Rapid Manufacturing [45] or Rapid Prototyping [46]. By slicing a threedimensional geometry into successive two-dimensional layers and building it layer by layer, 3D
printing is the most common technique of Additive Manufacturing. Charles Hull developed the
earliest AM technique in 1986, which was Stereolithography (SLA) [47]. This process is a liquidbased process that consists in the curing or solidification of a photosensitive polymer when an
ultraviolet laser is projected on the resin [48]. Based on the light projection direction, the technique
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can be divided into top-down and bottom-up SLA processes. In this process, layer thickness can
achieve less than 10µm, making it one of the most precise AM technique [49]. After SLA, various
Additive Manufacturing techniques have been developed. Deckard and Beaman first described the
Selective Laser Sintering (SLS) process in the late 1980s and early 1990s [50, 51]. SLS is a
powder-based process that involves sintering and fusing by carbon dioxide laser beam [48]. This
process is able to fabricate a broad range of materials, such as metals, plastics and ceramics,
making it one of the most widely applied AM processes [49, 52, 53]. Crump first introduced fused
Deposition Modeling (FDM) in 1991, it is a process in which plastic filaments are melt and
extruded by a hot nozzle [54]. The process has a relatively low building resolution and layer
delamination issue, yet it is less expensive and accessible for the ordinary family. Recently, Inkjet
Printing (IJP) [55] becomes widely employed because of its unique advantages in porous structure
and biomedical 3D scaffolds [56]. Other AM techniques such as Three-Dimensional Printing (3DP)
[57], Laser Engineered Net Shaping (LENS) [58], Electron Beam Melting (EBM) [59, 60],
Laminated Object Manufacturing (LOM) [57, 61, 62] and Light-Directed Electrophoretic
Deposition (LDED) [63] also emerged and developed rapidly in the following decades.
Additive Manufacturing has plenty of advantages over traditional manufacturing methods, such as
zero lead-time, free complexity, no construction constraints, and little waste. With different
fabrication methods, AM has been applied broadly in various scientific and industrial fields, such
as health care [64-68], energy storage [69-72] and manufacturing supply chain [73-76]. Recently,
scientists begin to explore utilize Additive Manufacturing to construct porous structures. For
example, Wang et al. reviewed the development of porous metal fabrication with Additive
Manufacturing in bone implant domain [77], Azhari et al. successfully fabricated thick graphene-
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based supercapacitor electrodes with a powder-bed AM technique [78], Eckel et al. summarized
the application of AM technology in polymer-derived porous ceramics [79].
1.1.4 Development of Freeze Casting Printing
The phenomenon of water solidification forming cellular structures was noticed hundred years ago.
Until the 21st century, the idea of using freeze casting, or freeze drying, to fabricate porous
structures emerged [80, 81]. Since then, numerous studies have been conducted on the process of
freeze casting based manufacturing [82-84]. The freeze casting technique includes the freezing of
liquid suspension, sublimation of vehicle under reduced pressure and sintering for consolidation.
It can fabricate a wide range of porosity (30-90%) with different suspension concentration and a
broad diversity of materials with low cost [85]. By preparing with different freezing vehicles [86],
additives [87] and particle fractions [80], and solidifying with different rate [88], products can be
fabricated with various pore morphologies and microstructures. So far, water, camphene, tert butyl
alcohol (TBA), naphthalene-camphor and terpene-acrylate photopolymerizable have been
successfully applied as vehicles [40, 85, 89-94]. Metals and ceramics are firstly fabricated by this
method. As the development, more and more materials and structures have been successfully
manufactured with freeze casting process [2, 95, 96]. Figure 1-2 shows the method of using freeze
casting for fabricating Graphene aerogel out of Graphene Oxide (GO) suspension. The vehicle is
prepared in the liquid phase and solidified into the solid phase, and then turns into the gas phase
by sublimation. In this process, the GO flakes are squeezed into a net structure by the crystal
growth of the vehicle and left as a continuous porous structure after the vehicle being sublimated.
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Figure 1-2 Schematic of Graphene Oxide (GO) freeze casting process
Freeze casting technique has excellent flexibility and versatility in fabricating controllable porous
structures. However, the typical mold based freezing casting can hardly handle complex
geometries, like scaffold structures, which significantly limits its functionality. To construct the
macro-scale geometry while manufacturing porous structures with the freeze casting process,
corresponding fabrication processes are required. There have been explorations of manufacturing
porous structures with complex macro-geometries. For instance, by printing molds, Sabree and
Charbonnier indirectly constructed porous structures with freeze casting technique [97, 98].
1.2 Selective Freezing Three-Dimensional Printing
1.2.1 Overview
To achieve fabrication of porous structure with complex macro geometries, novel selective
freezing based 3D printing technique was proposed. It has successfully printed out three6

dimensional Graphene aerogel [99, 100] and Nanowire aerogel [101]. Building upon the previous
advances in freeze casting technology [102, 103], the proposed selective freezing 3D printing
approach can fabricate multi-scale, multi-functional porous structures by seamlessly integrating
inkjet printing, rapid freezing and template casting techniques.

Figure 1-3 Schematic of Selective Freezing 3D Printing
The schematic of the selective freezing 3D printing technique is as illustrated in Figure 1-3,
materials are dissolved or suspended in the vehicle and prepared on hot plate stirrer, forming into
inks as regular freeze casting; usually the vehicle is water. Then the ink is jetted out with well a
controlled nozzle and written directly onto a cold substrate, whose temperature is much lower than
the ice point. The deposited ink solidifies quickly under the low-temperature environment; in this
process, ice crystals emerge and reject the suspended nano-particles into a continuous network.
After the main printing process, further critical freezing is conducted to stabilize the built structure.
Then the part experiences the freeze drying process, where the ice sublimates and leaves the
continuous porous structure. By the final sintering process, the continuous porous structure gains
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its mechanical strength and other physical features. With the inkjet printing constructing the
macroscale geometry and the growth of ice crystal forming the microscale porosity, specific multiscale, multi-functional structures are fabricated. Multi-material structures can be fabricated by
using multiple inks. As aforementioned, with different operating conditions and formulas of ink,
the pores in the constructed structures can present different morphology and the body thus have
different properties and functionalities.
As stated above, nano-/micro- particles are dissolved or suspended in water and thoroughly mixed
on hot plate stirrer. The ink is jetted out of the nozzle and deposited on the cold substrate. In the
preparation of silica ceramic ink, 30wt.% LUDOX HS-30 silica colloids with average particle size
15nm are applied. In the printing process, the fluids experience an in situ ice templating with nano/micro- particles repelled by the growth of ice crystals to form continuous porous structures.
Therefore, a binder and a humectant are needed for holding the particles together and preventing
clogging problem at the orifice of nozzle [44, 84]. In the preparation of Alumina ink, 15vol. %
aluminum oxide (α-𝐴𝑙2 𝑂3) particles are mixed with DI water, dispersant, and binder (usually PVA).
Recently, new materials such as Graphene Oxide (GO) have been applied in the selective freezing
3D printing process. The unique mono-layer GO utilized in the prints have an average size of 300800nm in the lateral direction and 0.7-1.2 nm in thickness, it is highly hydrophilic; the GO powders
can be ultrasonically dispersed in DI water. The ink is prepared with a concentration of 10mg/ml,
with Ethylenediamine (EDA) serving as a pre-reduction agent and 5 vol. ‰ Sodium hydroxide
adjusting the viscosity.
1.2.2 System Configuration
The system configuration is described with the selective freezing 3D printing platform we set up
for fabricating graphene aerogel, which is shown in Figure 1-4(a). A personal computer controls
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the entire system, including the three-axis motion driving system, material jetting system,
temperature and pressure control system. Besides, the computer also stores the software that can
import 3D digital model and convert them into machine commands for the motion trajectory,
material extrusion, and other process parameters. The material jetting system consists of a pressure
regulator, multiple material reservoirs, and piezo-based jetting devices. A temperature control
system is applied to the print head such that the temperature of the material is constant and just
above the melting point to keep reliable printing property. A two-nozzle platform is set up to print
graphene and supporting material (ice), as shown in Figure 1-4 (b). The whole system was placed
in a freezer with inside temperature (-20°C) well below the material’s freezing point (~0°C).

Figure 1-4[99]: (a) and (b) 3D printing graphene aerogel, 3D printed (c) truss structure and (d)
2.5 D structure on catkin and (e) graphene aerogel with various wall thickness.
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For inkjet printing, the graphene nanomaterial is hydrophobic and thus segregates in water even at
very low concentration unless surfactants added for their surfaces are functionalized. The
segregation of graphene leads to the nozzle clogging and thus severely affects the printability. Due
to the presence of hydrophilic functional groups, Graphene Oxide (GO) is hydrophilic and can be
easily dispersed in water at relatively high concentrations. Although GO is not electrically
conductive, it can be thermally, chemically and photo-thermally reduced to graphene. Based on
the excellent properties stated above, GO is suitable to serve as raw material. Low concentration
(10mg/ml) aqueous GO ink was selectively ejected onto an aluminum platform with a certain
amount of flow rate and moved following a predefined path. The ink is then frozen through the
heat conduction with the platform and heat convection with the ambient. During the frozen process,
the phase changing and separation can force the non-freezable solid nanomaterials (GO) to
accumulate between the growing ice crystals. The nanomaterials trapped by the ice crystals form
bridges between the crystals. If the loading of nanomaterial is enough, the entrapped nanomaterials
will form a continuous 3D network molded by crystals. The 3D printed “green” part will then be
freeze-dried, and the water will be removed to achieve the final graphene aerogel (GA) with porous
structures. Figure 1-4 (c-e) shows multiple 3D printed GA structures. The interested readers are
referred to our previous work for a detailed explanation of the 3D printing GA process [99].
1.3 Problem Description and Research Motivation
With the help of the unique fabrication process, multi-material multi-scale and multifunctional
structures can be manufactured easily. However, different applications require different porous
structures with distinct porosities, pore morphologies and constitute materials. Besides, specific
mechanical properties, such as strength, toughness and fatigue performance and specific
functionality, such as thermal and electrical features are demanded in specific applications.
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Incremental improvements on the process are expected to attain a controllable fabrication.
Therefore, the understanding of the relationships between the rheological properties of the original
inks and the final characteristic of the porous structures, and corresponding physical properties in
the freezing process is critical. Figure 1-5 shows a summary of the parameters, processes, and
structures involved in the fabrication process. A controllable method is implemented by
manipulating the parameters of a specific process to acquire desired structures with desired
properties.

Figure 1-5 Problem Description and Research Objective
The objective of the research is to investigate this nature-assisted Additive Manufacturing
approach to find a controllable path that can fabricate desired multi-material, multi-scale and
multi-functional porous structures with specific manipulations on parameters, such as material
parameters, environmental parameters, and process parameters. As shown in Figure 1-5, the
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fabrication consists of inkjet printing, ice templating and multifunctional property control process.
For the inkjet printing process, the drop formation and solidification process need to be
investigated. For the ice templating process, the parameter-porosity relationship needs to be
revealed. For the multi-material deposition, the relationship of parameters and interfacial diffusion
need to be addressed. To implement these tasks, simulation models and experiments are
constructed.
1.4 Hypotheses and Significance
As aforementioned, the objective of this research is to figure out the relations between parameters,
processes, structures, and properties via simulations and experiments, and finally acquire a
controllable fabrication process. To achieve the goal, a question is raised:
Q1: In the selective freezing 3D printing, can manipulations on parameters and processes
determine the final structures and properties of the products?
To answer the above question, two hypotheses are made as follow:
H1.1: The selective freezing 3D printing process can fabricate multi-scale, multi-functional and
multi-material structures successfully.
H1.2: In the selective freezing 3D printing process, there is certain relationship between the
input parameters/operations and the fabricated structures.
The proposed method is a combination of 3D Inkjet Printing and freeze-casting process, in which
the target geometry is assembled droplet by droplet, and the freeze-drying process occurs in each
droplet. The ice-templating freezing process and binding of droplets are expected so that the 3D
porous structure can be fabricated.
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In typical freeze casting processes, the structure of the final product can be determined by the input
parameters. For example, Figure 1-6 shows a schematic of the instability at the interaction region
between the ice front and a sphere Nano-particle, scientists estimated the instability wavelength at
the interaction region, which is related the pore size, as a function of the particle size and velocity
of ice front [84]. In the selective freezing 3D printing process, however, the solidification process
is dispersed in droplets. Although the previous estimation of relationships between parameters and
final structures may not work in this process, correlation is still expected to exist.

Figure 1-6 Particle rejection by ice front [104]
To attain a controllable process, the mechanism of how parameters and operations affecting the
fabricated structures and their properties need to be revealed. To achieve this goal, another question
is raised:
Q2: How to control the parameters and operations to acquire desired structures and properties?
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To answer this question, two hypotheses are made as follows:
H2.1: Relationship between the parameters/operations and the fabricated structures and their
properties can be revealed by appropriate simulations and experiments.
H2.2: Once known the effects of each parameter and operation settings on the final structures,
desired structures can be successfully fabricated with the selective freezing 3D printing
technique.
In this research, simulation models and experiments are constructed to verify the hypotheses listed
above.
1.5 Overview
This dissertation is organized into nine chapters as shown in Figure 1-7. Chapter 1 is the
introduction, which introduces the background, the selective freezing 3D printing system, the
objective and the hypotheses of this work.
Chapter 2 and Chapter 3 present the investigations on the system configuration. Chapter 2
introduces a transient Volume of Fluid (VOF) model of the inkjet process that is created on
ANSYS to reveal the relationship of the behavior of jetted ink droplets with different input signals
and material properties. Chapter 3 describes a method of stabilizing the thermal conditions in the
system with the application of phase change materials (PCM) as the cold source; experiments are
conducted for the demonstration of the performance.
Chapter 4 introduces a heat-transfer simulation model for prediction of dynamic temperature
distribution within the part body. Appropriate operation parameters, such as the inter-layer waiting
time and tool paths, are designed according to the thermal condition predicted by the proposed
model.
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Chapter 5 narrates the thermal-diffusion coupled simulation for prediction of the interfacial
diffusion between materials during the multi-material printing process and investigates the effects
of parameters on the interfacial diffusion.
Chapter 6 Summarizes the previous chapters, makes the conclusion and provides the idea of future
work.

15

Investigation of System Configuration

Chapter1 Introduction
•
•
•
•
•

Research Background
The selective freezing 3D Printing
Problem description and research motivation
Hypotheses and significance
Overview

Chapter2 Simulation of Liquid Flow in Inkjet Printing
•
•
•
•
•

Present a VOF based simulation model of inkjet
Obtain different droplet evolution animations and images with different input parameters
Capture the real droplet behavior with high speed camera
Compare the results from simulation and experiments, and verify the simulation model
Discuss the parameter impacts for controllable inkjets

Chapter3 Design of Phase Change Material (PCM) Based Cold Source
• Describe the importance of the thermal stability
• Identify the advantages of PCM as cold source
• Prove the high efficiency and thermal stability of PCM based cold source with experiments
• Improve the performance of PCM based cold source with heat transfer enhancements and encapsulations
• Discuss the impacts of proposed cold source for controllable thermal conditions in the selective freezing 3D
Printing system

Modeling and Improvement of Fabrication Process

Chapter4 Predictive Simulation of Dynamic Thermal Conditions
• Describe the importance of the thermal conditions for fabricating homogeneous structures
• Identify the mechanisms of dynamic heat transfer inside printed objects
• Present the algorithm for prediction of thermal condition
• Demonstrate the importance of inter-layer waiting time
• Simulate 2D and 3D cases and verify results with real printings
• Identify the possible impacts from tool path with the proposed simulation model
• Present the tool path planning algorithm for dynamically thermal uniformity
• Discuss the results of several typical geometries depicted by the proposed algorithm of tool path planning

Chapter5 Modeling of Interfacial Diffusion in Multi-Material Fabrication
•
•
•
•
•

Describe the interfacial diffusion issue in multi-material fabrication
Identify the theoretical mechanism of interfacial diffusion
Discuss the particularity of the interfacial diffusion in the selective freezing 3D Printing process
Present the simulation model for interfacial diffusion process in the printing process
Predict the interfacial diffusions in vertical and horizontal directions and discuss the phenomenon

Chapter6 Conclusions, Discussions and Future Work
•
•
•
•

Summarize the previous chapters
Discuss the hypotheses and conclude the contributions
Identify the limitations
Point out future work

Figure 1-7 Structure of this dissertation
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Chapter 2 Simulation of Liquid Flow in Inkjet Printing
2.1 Introduction
The selective freezing 3D printing process consists of a control section, inkjet section, and thermal
management section. Control section is a computer which stores programs that can interpret CAD
models into three-dimensional nozzle motions and control the pressure and flow rate in the nozzle
for different printing tasks. The inkjet section consists of a pneumatic system and solenoid valve
micro-dispensing system. The pneumatic system provides desired drive pressure for the jetting;
the solenoid valve micro-dispensing system can control the inkjet behavior with specific frequency
and magnitude. The thermal management consists thermal system on the nozzle, cold source
system and ambient temperature control system. The selective freezing 3D printing process can
run with the collaboration of all systems.
As aforementioned, the controls on the fabrication process includes macroscale control, microscale
control, and multifunctional property control. The macroscale control is the manipulation of the
macro level geometry fabrication. In the selective freezing 3D printing process, it is similar to the
manipulation of the inkjet printing process. By definition, Inkjet printing is a non-contact
reprographic technique that takes a digital-driven image and depicts it on a platform with ink drops
[55]. The inkjet printing can be classified as two different modes: continuous and drop-on-demand.
Drop-on-demand is a method that breaks the material stream into droplets of the same size by the
control of piezoelectric and deposes material only on specified locations. There have been
numerous studies on 3D inkjet printing with both continuous mode [105, 106] and drop-ondemand mode [107-111]. Due to its advantages on dealing with jumps, drop-on-demand inkjet
printing has been applied in the fabrication of various structures, such as solar cell film [112] and
tissues [113, 114]. The behavior of liquid flow in and out of the nozzle and resulting drops
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morphology are referred to the control signal, nozzle dimension, nozzle shape, material properties,
and material interactions, etc. Scientists have explored drop-on-demand inkjet printing with
particular features to fit different applications. Kim et al. evaluated the effect of nozzle diameter
through an examination of cell viability in 3D drop-on-demand inkjet-based cell printing process
[113]. M Özkan et al. investigated the rheological characterization of ink in the drop-on-demand
inkjet printing of liquid electrolytes [115]. Xu et al. studied the ligament pinch-off location in dropon-demand inkjet printing of viscoelastic fluids and summarized it into a function of material
properties and operation conditions [116]. Other studies on parameter control of drop-on-demand
controls are also accessible [114, 117-119]. The numerical simulation is a fabulous tool for the
research of drop-on-demand inkjet process, and there are several studies on it. For example,
waveforms were design based on numerical simulation in high DPI piezoelectric inkjet print-head
[120]; droplet ejection was simulated on thermal print heads [121]. However, a comprehensive
study for effects of all the parameters in the drop-on-demand inkjet printing process, which can
serve as the guidance of a controllable inkjet printing process, is still in lack. In this research, a
simulation model with input ports of material properties, waveform and hardware is presented.
In the following of this chapter, the goal of liquid flow control with the assist of Computational
Fluids Dynamics (CFD) tool is presented. Then the theoretical explanation of CFD and Volume
of Fluids (VOF) model will be addressed, which is followed by their application in the inkjet
printing process. Axisymmetric 2D and 3D cases are constructed and compared in ANSYS
FLUENT software, with verifications from real droplets images captured from a high-speed
camera. Finally, the impacts of critical parameters for controllable inkjet printing are discussed
and concluded.
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2.2 Simulation model
Effects of parameters are useful for predicting the droplet behavior in the inkjet printing process,
and furtherly guide the controllable process and fit it with different designations and applications.
However, the inkjet printing process is a complicated physical phenomenon that involves
piezoelectricity, elasticity, and free surface fluid dynamics. Analytical descriptions have been
applied in the analysis of the injection performance of the piezoelectric inkjet; the two main
methods are acoustic structure coupling analysis and hydrodynamic analysis. Acoustic structure
coupling analysis is based on the acoustic theories: acoustic pressure waves that are created by
vibrations drive the injection process. Researches have been conducted on the effects of parameters
in inkjet printing with the help of acoustic characteristics analysis. Antohe et al. analyzed the
impacts of shell materials with different acoustic impedances and structural geometries [122]. The
effects of the material properties of the ink, the structure dimension of the system and the input
waveform also have been investigated with the acoustic characteristics analysis method [123-125].
However, the acoustic characteristics analysis method cannot directly connect the input, such as
control signal, material properties of ink and the structural feature of the tool, with the behavior of
the droplets, such as velocities, morphologies, and quantities. The hydrodynamic characteristics
of the ink can play the role of bridge the inputs and outcomes together because they can be affected
by each of the inputs and reflected by the behavior of droplets. He et al. proposed a dynamic
lumped element model which simulated the injection characteristics for the improvement of the
print precise [126]. Derby et al. conducted the analysis Ohnesorge number (𝑂ℎ), which can thus
predict the conditions of satellite droplets [127].
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The inkjet system is considerably complicated that the numerical simulation analysis can have
better performance on comprehensively covering all the parameters. For the first time, Fromm
from IBM calculated the hydrodynamics of the droplet formation in drop-on-demand inkjet
printing process [128]. Wu et al. proposed a three-dimensional simulation model that can study
the impacts of pulse excitation and ink properties on the injection performance and droplets
behavior [129, 130]. Liou et al. simulated the effects of characteristics of interactions, such as
Weber number and wall contact angle [131, 132]. Desai and Lovell conducted simulations on the
fluid-structure interaction and related multi-physical fields, and investigated the impacts of input
parameters such as the displacement of piezoelectric, the density, and rheology of the ink [133].
More simulations also have been conducted on the injection performance of the piezoelectric inkjet
printing process [134, 135]. To simplify the problem and concentrate on the parameter settings
and resulting droplet behavior, a VOF model based on ANSYS FLUENT software is present in
this research.
2.2.1 Computational Fluid Dynamics (CFD)
By definition, Computational fluid dynamics is an approach that using numerical analysis and data
structures to compute and analyze the problems in fluid mechanics; it is widely applied in various
fields. In this research, the hydrodynamics process in the inkjet printing process can be efficiently
simulated with the assist of the CFD method.
Theoretical equations
The fundamental mathematical statements of fluid dynamics, the continuity, momentum, and
energy equations, also govern the computational fluid dynamics. The Navier-Stokes equations
summarized the fundamental physics and assembled parameters as following:

20

𝜕𝒖

ρ[ 𝜕𝑡 + (𝒖 ∙ 𝛻)𝒖] = 𝛻𝜎 + 𝑓
For the left side of the equation, ρ is density,

𝜕𝒖
𝜕𝑡

2-1

+ (𝒖 ∙ 𝛻)𝒖 is the acceleration, the right side is the

total force. 𝛻𝜎 is shear stress, 𝑓 is the surface tension. 𝛻𝜎 can be divided into pressure cause and
viscosity cause, which are represented as – 𝛻𝑝 and µ𝛻 2 𝒖.
For the incompressible Newtonian flow of flow substance, an equation as following is often
applied:
𝛻∙𝒖=0

2-2

Where 𝒖 is the velocity, in Cartesian coordinates 𝒖 = (u, v, w) = (

dx
dt

dy

dz

, dt , dt ) . For the

incompressible flow of a fluid substance, the value divergence of the velocity term is zero.
The Navier-Stokes equation is the fundamental equation of the CFD method; there are several
different forms of expressions for the equation. For various problems, results from multiple types
of expressions may exhibit different outcomes and precisions. This research will not dig deep into
the theoretical investigation of the Navier-Stokes equation.
Recently, researchers have developed mathematic equations that describe specific problems in the
injection process. For example, Fromm defined a parameter Ζ which is the reciprocal of
Ohnesorge number and ranges from 1 to 10, and expressed it as a function of input parameters.

Ζ=

𝑅𝑒
√𝛼𝜌𝛾
=
𝜂
√𝑊𝑒

2-3

Where, 𝛼 is the characteristic length, which can be represented by the nozzle diameter, 𝜌 is the
density of the ink, 𝛾 is the surface tension, 𝜂 is the viscosity of the ink. 𝑅𝑒 and 𝑊𝑒 are Reynolds
number and Weber number, which are formulated in equation 2-4 and 2-5, respectively.
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𝑅𝑒 =

𝛼𝜌𝑣
𝜂

2-4

𝑊𝑒 =

𝛼𝜌𝑣 2
𝛾

2-5

In Figure 2-1, a diagram that is made by B. Derby indicates the relationship of the printable fluid
with the dimensionless numbers Weber number (We) and Reynolds number (Re). Based on
Fromm’s description, a low value of Ζ indicates a difficult ejection, while a high value of Ζ may
indicate severe satellites droplets problem [136].

Figure 2-1 Fluids properties that are printable for DOD inkjet system [137]
Resistance exists during ejection due to the fluid/air surface tension, to overcome this resistance,
the velocity of fluid should exceed a threshold. Duineveld et al estimated the minimum of the fluid
velocity for a successful ejection which is shown as below [136, 138].
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4𝛾
𝑣𝑚𝑖𝑛 = √
𝜌𝑑

2-6

Where 𝑑 is the diameter of the nozzle.
The volume of fluids method (VOF)
The volume of fluids method was first introduced by Hirt [139], it is a free-surface modeling
technique that tracks the location of free surfaces. For the inkjet printing process, the Eulerianbased VOF method is an efficient and visualized way of monitoring the interface between the ink
and air, thus depicting the dynamic morphology of droplets.
In the VOF method, the volume fraction 𝑭 is calculated within the range of 0 to 1 and an evolution
rate of

𝐷𝑭
𝐷𝑡

[140]. For each iteration, the volume fraction of each element is calculated and the field

is reconstructed. Therefore, the step time of iteration is critical for the precision of the calculation.
Besides, the reconstruction method is vital for both accuracy and the efficiency of the computation.
2.2.2 Model description
In this research, the CFD simulation with VOF method is constructed on the platform of ANSYS
FLUENT software. The simulation is implemented by an axisymmetric 2D model to save
computation resources, which is shown in Figure 2-2. The nozzle is in a conical shape with a short
cylindrical region near the inlet. The space that initially occupied by air is represented as a long
rectangular, providing enough space for the observation of the forming of droplets.

Figure 2-2 A schematic of the axisymmetric model
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Meshing or grid process is an important section of a CFD simulation because it affects the precision
and efficiency of the calculation and the settings of boundary conditions. In the model of this work,
structural hexahedron elements with appropriate density are applied to improve the precision and
calculation efficiency. The meshing strategy of the proposed inkjet model is displayed in Figure
2-3, all elements are aligned along the flow direction.

Figure 2-3 Meshing strategy of inkjet model
The mesh density is critical to both calculation efficiency and precision. A lack of mesh quality
can lead to a poor outcome, whereas an excessive mesh density may cost high computing resources
which is not necessary. The mesh with the least number of elements but satisfy the accuracy
request is ideal. A preliminary study is conducted in this research to investigate the appropriate
mesh density for the model. As shown in Figure 2-3, the edge seeds are aligned in the nozzle; thus
the number of elements at the inlet is equal to that at the orifice. To describe the accuracy of the
outcomes, the areas occupied by the main droplet out of nozzle are estimated with different mesh
densities. Figure 2-4 shows the area of the main droplet jetted out of the nozzle, which is estimated
from simulations with varying densities of mesh. The number of the element along the half-side
orifice ranges from 5 to 40. The droplet area is stabilized when the element number hits 35, which
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means the smoothness of the droplet contour is smooth enough for further analysis, no noticeable
improvement is expected with higher mesh density. In the following simulations of this model, the
numbers of seeds on the orifice are all set as 35.

Figure 2-4 Main droplet areas estimated by simulations with different mesh densities
2.2.3 Parameter settings
The transient calculation is conducted in work for monitoring the droplet forming process. Laminar
fluid is applied in this work as the fluid type for the calculation due to a small Reynold number.
Boundary conditions are assigned as displayed in Figure 2-5. The boundary assignments consist
of an inlet, outlet, shell wall and axisymmetric axis. The User Defined Function (UFD) will be
applied at the inlet as the input velocity of pressure. The outlet is defined as free boundaries with
the same pressure as the operating pressure, which is 1 atmosphere. The wettability of the interface
between the shell wall and the ink is assigned on the walls.
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Figure 2-5 Boundary assignments
The parameters involved in the model are physical properties of the ink, such as the density and
the viscosity, the input fluid velocity, the wall contact angles, the ink/air surface tension, operating
condition, the structural geometry of the nozzle, such as the conical degree and the diameter of the
orifice. The parameters involved are summarized in Table 2-1. Note that the effect of nozzle
motion is ignored in the simulation.
Table 2-1 Parameters involved in the inkjet process
Physical properties of ink

Input signal

Interaction parameters

Operating conditions

The structural feature of the nozzle

Waveform
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Density



Viscosity



Fluid velocity



Pressure



Wall contact angle



Ink/air surface tension



Pressure



Gravity



Conical degree



Diameter of orifice

As the development of inkjet printing technique, the application has broadened. More and more
materials are utilized as ink, which makes it harder to control according to various materials
properties [141]. Besides, different applications require different velocity, size, and morphology
of droplets. Therefore, the design of waveform is becoming more and more critical for the inkjet
technique, and studies have been conducted on it [142, 143]. In practice, the most widely used
control signal type is the trapezoidal waveform, because it has characteristics of smooth control
and high precision. In the trapezoidal waveform, 𝑡𝑟𝑖𝑠𝑒 = 𝑡1 − 𝑡0 is the time of voltage applied on
the piezoelectric device rise from 0 to the goal value V. In this period; the piezoelectric device has
movements because of the polarization, which causes pressure and velocity change in the fluids.
In the next period 𝑡𝑑𝑤𝑒𝑙𝑙 = 𝑡2 − 𝑡1 , when the voltage is maintained as the value V, there is no
further displacement on the piezoelectric device. However, the changed pressure and velocity are
propagated through the fluids. In the last stage 𝑡𝑓𝑎𝑙𝑙 = 𝑡3 − 𝑡2 , the piezoelectric moves back to
the original position, causing additional push-down pressure and velocity. The period from the end
of one pulse to the beginning of the next pulse is called the echo time, which is determined by the
injection frequency. The ink is jetted out of the nozzle by the velocity, then the self-inertia of the
droplet breaks the ligament of the inks and forms a detached droplet. In some conditions, there are
more than one breaks, and this leads to the satellite droplets.

Figure 2-6 Trapezoidal waveform
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In the simulation model, the assignments of pulse voltage could make the model a very
complicated multi-physical problem. To simplify it, the pulse voltage applied on the piezoelectric
device is replaced by the fluid’s velocity applied on the inlet sectional plane with appropriate
amplitude.
Parameter sensitivity discussion
The parameters are classified into five categories as listed in Table 2-2: physical properties of the
ink, input signal, interaction parameter, operation condition and the feature of the nozzle. In the
governing equation 2-1, the terms on the right side of the equation, which are the forces that drive
the injection are 𝛻𝜎 and 𝑓, where 𝑓 is surface tension and 𝛻𝜎 can be divided into – 𝛻𝑝 and µ𝛻 2 𝒖,
the pressure cause and the viscosity cause. On the left side of equation 2-2, the density ρ is one the
two factors and is considered as the measurement of the inertia magnitude. Besides, as Figure 2-1
indicates, the printability of the ink is closely related to Reynolds number (Re) and Weber number
(We), which are functions of the ink viscosity, density, and surface tension. Therefore, the surface
tension, pressure, viscosity and density of the ink are critical parameters that can significantly
affect the hydrodynamics of the ink.
The Reynolds number (Re) and the Weber number (We) are significant dimensionless numbers in
the hydrodynamics of the drop formation. Another dimensionless number is often considered as
well, the Eötvös number (Eo), which is utilized to measure the gravitational effects compared to
the surface tension in the droplet formation process.
𝜌𝑔𝛼 2
𝐸𝑜 =
𝛾
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2-7

In the freezing inkjet printing process, the density of the ink is approximate 1000kg ⋅ 𝑚−3 with the
droplet’s diameter less than 100μm, resulting in 𝐸𝑜 ≪ 1, which means the gravitational effects
are neglected when compared to the surface tension.
The printing process is conducted in the air; thus the operational pressure is close to one standard
atmosphere. Exceptive cases in which the injection occurs in higher or lower pressure is not
common. Therefore, in this research, all the simulations are set in one standard atmospheric
pressure.
The wettability of nozzle is another factor that may shape the morphology of the jetted droplet.
The study from He et al. studied the effects of contact angles of fluids on nozzle interior wall and
found it can profoundly influence the breakup time and the drop velocity. Figure 2-7 reports the
results of the nozzle wettability on the drop formation; a smaller contact angle can lead a more
extended break-up time and a lower drop velocity, whereas a larger contact angle runs to the
opposite direction.

Figure 2-7 Influences of nozzle wettability [144]
The diameter of the orifice is the dominant factor of the characteristic length (α) of the jetted
droplet, which is critical to its dynamic morphology. In practice, the selection of the orifice
diameter is based on the requirement of the printings. In the simulation, the study of effects from
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orifice diameter on the drop formation will not be cover in this research, and the value is fixed as
40μm. The conical angle defines the path of the fluid before jetted out of the nozzle, the pressure
inside the ink is changed because of the change of caliber at the print-head region. Figure 2-8
shows the diverging and converging case of the caliber changes, the flow resistance caused by the
diverging or converging can be described as

𝛥𝑃 = ξ

𝜌𝑣 2
2

2-8

Where, where 𝛥𝑃 is the pressure drop along the conversing/diverging element, 𝜌 is the density of
fluid and 𝑣 is the mean flow velocity at the narrowest part of the elements. ξ depends on the
𝐷

diameter ratio 𝐷1, conical angle α, 𝑅𝑒 of the flow, etc [145].
0

Figure 2-8 Diverging and converging flows
In this research, simulations are constructed on nozzles with different conical angles, and the
resulting droplet morphology is obtained.
2.3 Results
In the mono-droplet transient simulation, the volume fractions of ink and air are computed in each
iteration. A series of the volume fractional contour help track the formation of a droplet. In the test
case. The input parameters are summarized as Table 2-2, and the fluid velocity at the inlet is
displayed in Figure 2-9. The vehicle used in the simulation is water, the nano-/micro- particles

30

suspended in the vehicle can change the density and viscosity of the ink. However, the density and
viscosity of the ink vary along with the type and property of the particles. It is another big topic to
explore the physical properties of solutions or suspensions with different types of nano-/microparticles or other types of components, such as the 2D graphene sheets and 1D Nano carbon tubes.
In addition, to be printable, the ink must be a low-viscosity Newtonian fluid. In this case study,
the density, viscosity, and fluid/air surface tension of the ink is assigned the same as the pure water.
The material of the nozzle is regular glass, whose water contact angle is set as 32° [146].
Table 2-2 Parameters in the injection simulation

Material properties

Tool features

Waveform
Operation
conditions

Ink density

998.2 𝑘𝑔 ⋅ 𝑚−3

Ink viscosity

0.001003 𝑘𝑔 ⋅ 𝑚−1 ⋅ 𝑠 −1

Ink/air surface tension

72.9𝑑𝑦𝑛 ⋅ 𝑐𝑚−1

Diameter of orifice

40𝜇𝑚

Conical degree

Apex angle: 40 𝑑𝑒𝑔

Wettability

Contact angle 32 𝑑𝑒𝑔

Fluid velocity at inlet

As shown in Figure 2-9

Operating pressure

101325 𝑝𝑎𝑠𝑐𝑎𝑙

Gravity

9.8 m ⋅ 𝑠 −2

For the trapezoidal waveform, the 𝑡𝑑𝑤𝑒𝑙𝑙 is critical to the formation of the meniscus surface and
thus affects the morphology of the droplet. Kwon proposed an optimal 𝑡𝑑𝑤𝑒𝑙𝑙 to efficiently
suppress the meniscus oscillation [143, 147]. In this model, a typical dwell time 8µm is applied in
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the test case. In addition, the fluid velocity is set based on the estimation out of the standard ink
consumption rate and injection frequency.

Figure 2-9 Fluid velocity at inlet
The formation of the droplet is monitored and recorded in the simulation model. Figure 2-10 shows
the droplet morphologies during the formation process with the input parameters as Table 2-2. The
fluid velocity applied at the inlet generates a meniscus surface at the orifice, with ink being
squeezed out of the nozzle. Then the ink neck becomes narrow and forms the ligament, which
because of the velocity change. The ligament keeps growing and finally leads to a rupture in the
end. The newly formed droplet keeps moving forward by the self-inertia.
Control simulation is conducted with different velocities at the inlet. Figure 2-11 displays the
droplet formation process calculated from the simulation model, where the jetted droplet exhibits
a different shape. With a higher initial velocity, the more ink is jetted out of the orifice within the
same amount of time, which elongates the neck. Based on the result, it can be suggested that with
a higher inlet velocity, a wider ink line will be drawn on the substrate. When the initial velocity
increase to 1.0m/s, two breaks occurs on the ligament as shown in Figure 2-12. the jetted ink is
separated into two pieces, forming the main droplet and a satellite one. This phenomenon can be
explained by equation 2-3 when the value of Ζ reaches a threshold, satellite droplets will occur.
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Figure 2-10 Droplet behavior with parameter settings in Table 2-2
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Figure 2-11 Droplet behavior with inlet velocity 0.8m/s
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Figure 2-12 Droplet behavior with inlet velocity 1.0m/s
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To explore the effects of ink viscosity, the injection condition with a higher viscosity of 0.01 𝑘𝑔 ⋅
𝑚−1 ⋅ 𝑠 −1 and inlet velocity of 1.0 m⋅ 𝑠 −1 is conducted. Figure 2-13 shows that the increase of ink
viscosity can significantly postpone the rupture time and elongate the ligament. The viscosity of
the ink applied in real print varies with different types and concentrations nano-/micro- particles.
Thus the drop jetted out of nozzle can exhibit different morphology when printing with different
inks.

Figure 2-13 The droplet morphology at the moment of rupture (a) the ink viscosity is 0.001 𝑘𝑔 ⋅
𝑚−1 ⋅ 𝑠 −1 and inlet velocity is 1.0 m⋅ 𝑠 −1 at 35 𝜇𝑠 (b) the ink viscosity is 0.01 𝑘𝑔 ⋅ 𝑚−1 ⋅ 𝑠 −1
and inlet velocity is 1.0 m⋅ 𝑠 −1 at 43 𝜇𝑠
From the discussion in the previous section, ink-air surface tension is another important factor that
can influence the behavior of the jetted drop. Water, whose surface tension against air is 72.9 𝑑𝑦𝑛 ⋅
𝑐𝑚−1, is applied as the ink material in the preliminary simulations. To investigate the effects of
surface tension, the surface tension of the material is changed to 50 𝑑𝑦𝑛 ⋅ 𝑐𝑚−1 in the model. With
all other parameters same as the simulation in Figure 2-12, the result is shown in Figure 2-14. With
a lower surface tension, the ligament becomes longer, which leads to more but smaller satellite
droplets and furtherly affects the ink trajectory on the substrate.
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Figure 2-14 Droplet behavior with ink-air surface tension as 50 𝑑𝑦𝑛 ⋅ 𝑐𝑚−1
Figure 2-15 shows the simulation results with the ink density of 1500 𝑘𝑔 ⋅ 𝑚−3. Compared to the
drop in Figure 2-12, which has the same parameters except for the ink density, the droplet in Figure
2-15 indicates a lag of 3µ𝑠 for the rupture time and approximate 5µ𝑠 for the second rupture on the
ligament, which leads to a longer ligament.

Figure 2-15 Droplet behavior with ink density as 1500 𝑘𝑔 ⋅ 𝑚−3
As aforementioned, the geometry of the nozzle, such as the orifice diameter and the conical angle
can have significant effects on the drop behavior. From intuition, the diameter of the orifice plays
a vital role in the diameter of the jetted drop, which is verified by the simulation model. Figure
2-16 shows the simulation results of injection with the nozzle that have different orifice diameter
and conical angle. Comparing the result with the one in Figure 2-12, we are confident to say that
the orifice diameter has a close positive correlation with the size of the droplet. While a smaller
conical angle arises a larger quantity of satellite drops.
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Figure 2-16 Simulation results with different nozzle geometries
(a) the diameter of the orifice is 50𝜇𝑚 (b) the conical angle of the nozzle is 30 𝑑𝑒𝑔
2.4 Experimental verification
The simulation outcome is a comprehensive result of various parameters. With different input
parameters, for example, the signal amplitude and ink properties, the behaviors of the meniscus
surface and droplets are different. The application of computational fluid dynamics technique
provides an efficient way to explore the effects of various parameters. Simulations are often
combined with experiments for the numerical investigations [148]. To verify the correctness and
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precision of the simulation model, experimental tests from real printing process is conducted.
Figure 2-17 a shows the setup of the experiment, where the same waveform controls a high-speed
camera and a LED strobe in the injection system. The sequence of droplet morphology images is
captured by the camera and displayed in Figure 2-17 b. In the image, two breaks occur in the
formation of droplets; one is on the root segment of the ligament, the other one is on the ligament,
forming a satellite droplet and the main droplet. In addition, with different particle concentration,
the formed droplets exhibit different morphologies, as shown in Figure 2-17 c. This result proves
the physical properties of the ink, which can be manipulated by the formula of components, have
notable effects on the injection results.

Figure 2-17 Experiment verification for injection simulation
2.5 Discussion
Simulation out of computational fluid dynamics method has unique advantages in the investigation
of the parameter effects. Cases with different material properties, tool features, waveforms and
operation conditions are simulated, related droplet behaviors are computed and exported as image
series. The functionality and validity are verified by the real droplets image from printing tests
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with similar parameter inputs. Design of experiment method can be conducted in the simulations
with different parameter inputs.
With the observation and analysis of the resulting droplet behavior, the desired parameter
combination can be obtained. The knowledge of parameter effects can guide the implementation
of the controllable injection, which is an essential part of the controllable selective freezing 3D
printing process.
2.6 Future work
This work proposes the simulation model as a useful tool for the parameter investigation of the
inkjet printing system in the selective freezing 3D printing process. Only cases with different inlet
velocities are conducted in this study. In the next stage, more simulations will be performed to
acquire the impacts of more parameters that are useful for the controllable process.
Currently, the proposed model is a 2D axisymmetric model for the sake of computation efficiency,
which is not as accurate as the 3D model. In the next stage of work, a 3D simulation model will
be constructed to benchmark the proposed 2D model.
In addition, the simulations and experiments export a large number of images, which can be
analyzed by new techniques, such as deep learning. With the more comprehensive and accurate
analysis process, the impacts of each parameter can be better described, which will lead to a more
precisely controlled fabrication process.
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Chapter 3 Design of Phase Change Material (PCM) Cold
Source
3.1 Overview
As mentioned in chapter1, highly porous materials are widely discovered in nature with elegant
and complex architectures [2]. The unique morphology of different porous structures brings
enhanced functionalities to the constituent materials [149], resulting in their use in the everexpanding range of applications, including but not limited to gas separation [150], catalyst supports
[151-153], insulators and heat exchangers [154], tissue engineering [91, 155, 156]. The selective
freezing 3D printing technique is proposed for multi-scale fabrication, precise spatial control, and
multi-functional manufacturing, which cannot be implemented by conventional methods, such as
the direct foaming method, sacrificial template method, gel casting method and supercritical
carbon dioxide foaming method. Building upon the previous advances in freeze casting technology
[102, 103], the proposed selective freezing 3D printing approach can fabricate multi-scale, multifunctional porous structures by seamlessly integrating inkjet printing, rapid freezing and template
casting techniques.
Different from other 3D printing techniques where materials are heated up or printed in room
temperature [157, 158], the proposed technique fabricates parts by freezing materials into a solid
state to keep it in the desired shape. Therefore, thermal management is the key to the reliability
and accuracy of this process. In our previous work, we extensively investigated the relationship
between thermal behavior and the printing process as well as the morphology of the printed porous
structure [159]. However, the issue of maintaining the spatially and the temporally cold
environment remains unsolved. More specifically, it is very challenging to identify a reliable and
consistent cold source system for the dynamic and complex selective freezing 3D printing process.
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According to the novelty of the technique, very few studies on the exploration and selection of
such cold source have been reported thus far. In this paper, we are aiming to find a cold source
system that can effectually maintain a desirable temperature level both temporally and spatially.
The ink of the printing process is aqueous materials with constitute materials dissolved or
suspended in water; to solidify them, the cold source should be able to maintain a low temperature
well below ice point (e.g., -20°C). The refrigerator could have been the most accessible device for
this purpose; however, its uneven temperature distribution and poor thermal stability rules itself
out of suitable cold sources for this process. Peltier heat pump, as a widely used heat transfer
device, has the potential to meet the requirements [160]. However, due to the nature of the thermalelectric conversion, the Peltier device has severely uneven temperature distribution on the surface,
and it is not thermally stable under external disturbance [161]. Another choice is to utilize materials
with super low temperature such as dry ice and liquid nitrogen. Though performing well in terms
of temperature consistency and duration, those materials, however, are prohibitively expensive and
difficult to control for the proposed application [162]. Motivated by their unique thermos-physical
properties of stable phase change temperature and high-energy capacity, our group investigated
the Phase Change Materials (PCM) as a potential alternative cold source for selective freezing
printing process [163].
The remainder of this chapter is organized as follows. In section 2, we briefly introduce the unique
selective freezing 3D printing system and elucidate the mechanism of the cold substrate and related
requirements. In section 3, we review the literature on PCM and design experiments on different
aqueous salts to test their temperature stability during phase change stage followed by results
discussion. In section 4, we propose heat transfer enhancement and encapsulation strategy of PCM,
and spatial temperature stability is tested. In section 5, we study the performance of PCM under
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thermal impact from ink droplet, and a physical part is fabricated on the top surface of the PCM.
Finally, we conclude and discuss the future work in section 6.
3.2 Problem Description
The selective freezing 3D printing system consists of the three-axis motion driving system, the
material jetting system, and the temperature and pressure management system, as shown in Figure
3-1. In the printing process, dedicated software converts the 3D digital model (STL file) into
machine commands, which guide the motion paths and extrusion modes of the printing head.
Materials are jetted from the nozzle droplet by droplet at a predefined frequency controlled by an
electronic piezo device, then deposited onto a platform on a layer-by-layer basis. Upon deposition,
the droplet will be frozen on the cold platform. Cold source material maintains the low temperature
on the platform or substrate.

Motion
system

Micro
controller

Electronic
piezo

Nozzle

Freezer

Part
Substrate
Cold source

Figure 3-1 Selective freezing 3D printing system
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The external temperature and the droplet size determine the quality of the resulting part and the
process resolution. The temperature controls the synchronization of the material freezing and
spreading, therefore determines the morphology of the droplet which in turn defines the smallest
feature of the print. In addition, the temperature controls the bonding between the newly deposited
droplet and the undergone layers. Therefore, consistent temperature plays a vital role in regulating
the geometric and functional integrity of the macroscopic structure of the resulting part.
As aforementioned, constitute materials are dissolved or suspended in water, forming raw
materials of the printing process. As a typical crystalline material, water grows into ice crystals
during the freezing process and squeezes the nanomaterials at the crystal boundaries, which
consequently form the continuous 3D nanomaterial network through the spontaneous van der
Walls forces. Upon completion of the printing, the 3D “green” part will be freeze-dried to remove
the internal ice structure. Since the freeze-drying process directly converts the solid ice into gas
bypassing the liquid phase, the porous structure can be well preserved with excellent geometry
integrity. As a direct replica of the ice crystals, the morphology and pore shape (size and density)
of the porous part is highly dependent on the temperature gradient. Therefore, the constant and
reliable temperature distribution is also the key to controlling the microscopic structure.
Since the temperature profoundly affects both the macroscopic and microscopic structure of
printed porous materials and the printed materials directly contact with cold substrate surface
through the cold source, thus the thermal uniformity of the cold source is essential to the structural
homogeneity of each printed layer. Besides, maintaining a constant temperature throughout the
entire printing process is also crucial to the structural homogeneity among the layers. Therefore,
our objective in this work is to investigate a new mechanism to maintain stable temperature
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spatially and temporally during the printing process, subjecting to uncertain external thermal
disturbance.
3.3 Cold source
As discussed previously, the cold source profoundly influences the functionality and quality of the
fabrication process. Theoretically, many techniques are suitable to maintain the low temperature
on the substrate. In many cases, specific the thermoelectric cooling devices are applied to maintain
a low temperature within a range. For example, thermoelectric cooling device utilizes Peltier effect
to pump heat from one end to another by using a voltage between the two ends and conveniently
provide low temperature. We set up a simple experiment to test the thermal stability of the Peltier
heat pump. Unfortunately, the result shows the Peltier heat pump is not thermally stable enough to
serve as a cold source in the printing process. Figure 3-2 shows the temperature history of two
different regions (center and corner) on the substrate surface driven by a Peltier heat pump. The
electric power is applied to the heat pump from time 0, and the temperature rapidly decreases to
around -20°C and gradually stabilizes from -17°C to -15°C. As can be seen from the plot, the
temperature distribution is not spatially uniform. The uneven temperature on the substrate can
cause nonhomogeneous microstructure in the final part. Moreover, based on our observation, the
Peltier heat pump exhibits poor dynamic temperature maintaining performance, which will be
stated in later sections.
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Figure 3-2 Temperature history of two thermocouples attached to different regions of a substrate
surface driven by Peltier heat pump
More stable and powerful cold source is needed for the printing process. In general, a material has
to satisfy the following requirements on kinetics, physical and chemical properties during the
endothermic process:
1. Constant working temperature;
2. Long-lasting duration;
3. Excellent dynamic heat transfer capability;
4. Chemical and physical stability;
5. Mild corrosiveness and easy handling.
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PCM can mostly meet these criteria because of its unique advantages including low cost, high
energy storage density, the flexibility of temperature control and environment-friendly [164]. To
exploring the promising energy storage and temperature control tool, numerous researchers have
studied PCM in recent years. For example, Zhang and his team comprehensively reviewed the
latest developments and applications of different PCMs and explored the research work that has
been done on the improvement of PCM for its practical utilization [165]. Generally, a material has
two different types of heat absorption forms: physical processes heat and chemical processes heat.
Specifically, physical processes heat includes sensible heat and latent heat. Physical process-based
materials are preferred over chemical process-based ones in engineering applications, as they are
more controllable and stable. By definition, sensible heat is the energy out of temperature
difference. The equation of sensible heat calculation of a substance with specific mass can be
described as equation 3-1.
𝑇𝑏

𝑄𝑠𝑒𝑛 = 𝑚 ∫ 𝑐 𝑑𝑇

(3-1)

𝑇𝑎

Where m is the mass of the material, c is the specific heat capacity.
Sensible heat is temperature dependent [166], which is contradictory to the requirement of cold
source applied in the selective freezing fabrication process, where the aim is to find a cold source
that can maintain a stable temperature. Latent heat is defined as the energy gap between two
different phases of a material. The energy is stored or released at a specific constant temperature.
The calculation equation of latent heat of a substance with particular mass can be described as
equation 3-2.
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𝑄𝑙𝑎𝑡 = 𝑚𝐿

(3-2)

Where L is the specific latent heat.
During the energy-releasing process, the PCM maintains constant temperature and therefore has
the potential to serve as an ideal cold source in the printing process. In the past decades, researchers
have extensively studied different types of PCMs for various applications. In this paper, our group
focuses on PCM (aqueous salts) as cold source material through investigating the thermos-physical
properties and process performance.
3.4 Phase Change Materials (PCM)
For a substance with certain phase change temperature, the temperature remains constant during
the phase change process. During this process, a large amount of energy is released or absorbed,
and this energy is called latent heat. As aforementioned, latent heat is stored in PCM. The large
family of PCM has the properties of high-energy storage density in a quasi-isothermal process
[167], this property is important to various engineering and scientific research applications, where
a constant temperature is required, including the selective freezing fabrication in this work. With
all unique properties, PCM has drawn enormous attention in the last decades. Zalba and his team
classified the phase change materials, summarized heat transfer analyses during the phase
changing process and listed the applications of PCM [168]. Mohammed et al also did similar
review work[169], Agyenim et al. [170], and Sharma et al. [163], most of them concentrated on
metal materials, whose fusion temperatures are very high. However, only very few literature
reviews related to PCM and energy storage materials focused on the application at a low
temperature. Recently, with the rapid development and demand on PCM in low-temperature
applications, such as in food storage, air conditioning, and advanced manufacturing, related work
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started to boom [171], E. Oró et al. conducted a comprehensive review on the PCM for cold
thermal energy storage applications, and investigated thermos-physical properties of different cold
storage materials. More recently, Veerakumar et al. provided more details on the requirements for
the selection of PCM in different applications [172]. At the same time, analysis of thermal
behaviors is required to improve the performance of PCM in particular applications [173]. With
the complexity and non-linear traits, approximated models and numerical simulations are always
preferred in the analyzing and optimizing the phase changing process [174-177]. In the selective
freezing fabrication process, the fusion temperature of the cold source material is required to be
constant during the fabrication process. Moreover, dynamic heat transfer capacity of the heat
drainage system is another major concern in the process, which makes PCM a perfect choice as a
cold source in the printing system.
As discussed in the previous section, it is important to select an appropriate phase change material
to construct the cooling module in the printing system. The key to identifying such cold source is
to understand the relation between the material properties (material type, concentration) and the
thermal behaviors (phase change temperature and duration, latent heat) of the PCM. A large
quantity of work has been done to identify and analyze PCM. Jegadheeswaran remarked the
important criteria, such as economic, physical, thermal properties in the selection of PCM [178].
The big family of PCM, with a considerable range of phase change temperatures, is applied in
various fields. The materials are divided into organic materials and inorganic materials [179].
Organic materials are relatively cheap and easy to obtain while having lower thermal conductivity.
They are usually applied in food storage, building, and transportation temperature maintaining.
Inorganic materials, such as aqueous salts, have much higher thermal conductivity and better
electrical properties. Moreover, with large energy density, aqueous salts are more suitable to be
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employed as cold source materials in the selective freezing fabrication process. However, issues
such as super-cooling and phase segregation exist in the aqueous salts [169]. The application of
PCM with different temperature is described by Kearney et al. [180], which can provide us some
guidance on the identification of different temperature requirements when fabricating different
materials. F. van der Ham and his team experimentally validated the formation of ice and salt
crystal during indirectly cooling process in the water-salt suspension [181]. Eckert et al. reviewed
work on material phase changing theories and experiments with different material shapes and
conditions [182]. Pure materials solidify at a single temperature, yet mixtures solidify at a range
of temperature, which depends on the composition. For binary mixtures, two-phase regions will
appear between liquid and solid zone within the temperature range, which is called “mushy zone”.
Zalba et al. summarized the enthalpy related energy equation, that can estimate the time of phase
change duration as equation 3-3 [163]:

𝜌

𝜕ℎ
= 𝛻⃗(𝜆 ⋅ 𝛻⃗𝑇)
𝜕𝑡

(3-3)

The precondition of resolving the equation is the function of enthalpy-temperature, which has been
explored by numbers of scientists. Although it can describe the thermos-physical properties at each
stage of phase changing, multiple related factors (such as the size, mixture ratio, and encapsulation,
etc.) complicate the problem. To investigate the performance of aqueous salts serving as cold
sources in our printing process, we designed experiments based on several typical hydrate salts.
3.5 Experimental Study
Experimental method is one of the most efficient and effective ways to study the performance of
PCM, and similar work has been conducted in the community. For example, the experimental
analysis was conducted by Gil et al. on high-temperature thermal storage in solar cooling
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applications [183]. Butala et al. investigated heat transfer performance within a free-cooling
system in PCM cold storage application [184]. To measure thermal performance, Differential
Scanning Calorimetry (DSC) is usually employed due to its advantages such as simple operation,
non-perturbing property, and high sensitivity. In addition, it is frequently applied in the
measurements of thermodynamic properties during phase transitions and conformational changes.
However, the DSC system has some drawbacks, it cannot collect absolute thermal data but only
relative data; and the material will display different thermal properties under different scanning
mode, which causes biases. The purity of material can also affect the accuracy of the DSC system
[185]. According to these shortcomings, our group abandoned a convenient digital system and
conducted a manual experiment to investigate the dynamic thermal performance of several
selected aqueous salts.
3.5.1 Experiment setup
T-Type thermocouples (OMEGA, SCP-SS-062-G-6) are utilized as the temperature measurement
tools in this experiment due to their fast reactions. This thermocouple type is copper-constantan
thermocouple with tolerance value 1.0°C or 1.5% of temperature range -200 to 0°C. Based on the
capacity of the micro-controller, up to four thermocouples can work together at the same time. All
the aqueous salt samples are in the same type of vessels and placed in the same homogeneous cold
environment, such as a freezer or immersed into liquid nitrogen. Once completely solidified, all
samples are preserved in a room-temperature environment; the data logger collects real-time
temperature data. The data logger, which is connected on computer directly, is built upon the
MAX31856 Arduino Shield and Arduino UNO with an accuracy of 0.25°C above ice point and
0.5°C below ice point. The computer guides the data logger to record data at a certain frequency.
The data collection rate is set as 1 sample/min in this test. The theoretical temperature history of a
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crystal material is plotted in Figure 3-3. The plot depicts the freezing and melting process of the
sample PCM. In the plot, segments de and hj represent two flat stages, indicating phase changing
processes of solidification and fusion, which are charging and discharging process of the energy
storage materials.

Figure 3-3 Theoretical temperature history of a crystal material
3.5.2 Material preparation
Material type is the most critical factor in the selection of PCM, as different materials have
different

liquid-solid

transition

temperatures.

Besides,

thermodynamic

characteristics,

corrosiveness, and cost are other significant factors to consider [186]. Based on all these factors,
two hydrate salts are selected as samples in the experimental investigation: Ammonium Chloride
(NH4Cl) and Sodium Chloride (NaCl), due to their easy accessibility and good thermos-physical
properties.
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In order to explore the influence of solution concentration, we prepared the water-salt binary
mixtures with four different concentrations as 5%, 10%, 15% and 20% in weight percentage. The
lowest freezing point of NH4Cl and NaCl in eutectic solution is about -12°C and -21°C respectively,
thus the samples are placed in a -27°C homogeneous environment provided by the freezer. During
the entire experiment, the room temperature is constant 23°C, and the air pressure is normal
atmospheric pressure.
3.5.3 Result analyses
The temperature histories of different aqueous salts in the charging and discharging process are
recorded. Aqueous NH4Cl and NaCl are easily operated for both solidification and fusion
processes. Figure 3-4 and Figure 3-5 show the temperature evolution of aqueous NH4Cl and NaCl
with different concentrations. Ice points can be easily identified, that is, they are located at the
horizontal sections during freezing and fusion process.

Figure 3-4 Temperature evolution of aqueous NH4Cl solution
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Figure 3-5 Temperature evolution of aqueous NaCl solution
During the phase change process (constant temperature phase), latent heat is deposited or released.
In the application of selective freezing printing, our objective is to obtain a lasting and stable fusion
phase. As can be seen from Figure 3-4 and Figure 3-5, both aqueous NH4Cl and NaCl provide
lasting (up to 150 minutes) and extremely stable temperature, which was highlighted in the closeup view. For both aqueous salts, higher concentration leads to longer phase change time and
therefore is more favorable for the printing process. Different aqueous salts provide different phase
change temperatures, which provides us with high flexibility and versatility of the temperature
control. In addition, the volume of PCM is another important factor in the design of the cold source.
Figure 3-6 illustrates the comparison of two NH4Cl samples with 100ml and 400ml in volume,
respectively. The figure shows that a smaller surface-volume ratio results in a longer fusion period
as expected. However, the volume and weight of the cold source are limited by the system size.
The one with 400ml volume has a working duration up to 4 hours, which is more than enough to
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serve as the cold source for at least one printing round. Moreover, the fluctuation of the smaller
sample (blue) is captured; this phenomenon results from the self-adjust system of the freezer.
Samples with larger volume have better resistance to environmental changes.

Figure 3-6 Temperature evolution of NH4Cl samples with 100ml and 400ml volume
3.5.4 Discussion
The parts are fabricated on the top surface of the substrate by freezing. In order to prolong the
duration of the cold source, it is beneficial to inhibit heat transfer on other surfaces as many as
possible. In this experiment, thermal insulation materials are applied to the bottom and lateral sides
of the cold source module. The stability of the fusion temperature is crucial in the system; however,
the fusion stages obtained so far are not steadily isothermal, especially for the water-NaCl system.
Eutectic point is a certain ratio that can lead to the lowest melting point for a binary mixture system.
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Therefore, we prepare eutectic concentration for each salt hydrate to stabilize the fusion phase.
Eutectic solutions of water-NH4Cl binary mixtures and water-NaCl binary mixtures are 19.7 wt. %
and 23 wt. %, respectively. In practice, all aqueous salts will be prepared into eutectic solutions.
3.6 Heat Transfer Enhancement
3.6.1 Tank design and encapsulation
According to the tests conducted before, a larger volume of material leads to a longer constant
temperature duration. In order to further prolong the duration and improve thermal stability
temporally, we consider thermal insulation and manual guidance of heat transfer with specific
encapsulation design. Thermal insulations are applied on bottom and side surfaces for the sake of
reducing useless heat exchanges, therefore the heat transfer capacity on top surface is intensified
as desired. Heat transfer enhancement on the top surface is needed to prolong the phase change
process with constant temperature. Heat transfer enhancements are common in the applications of
thermal energy storage materials and lots of research work can be accessed on both design of
enhancements and related analyses. Jegadheeswaran et al. reviewed the present performance
enhancement methods with different geometries [178], similar work was also conducted by Khan
et al. [187] and Kibria et al. [188]. At the same time, various approaches have been proposed to
enhance heat transfer, A. Al-Abidi et al. designed triplex tube heat exchanger to enhance heat
transfer in PCM thermal energy storage application [189]. Enhancement of the materials was also
studied and improved by Yang et al. [190] and Wang et al. [191].
The objective of encapsulation in this work is to construct a temporally and spatially stable cooling
system. Normally, low thermal conductivity is the major limitation of PCM application. The
configuration of the container is essential to the heat transfer performance. The cross-section of
substrate setup is shown in Figure 3-7 (a). Part A is the printing substrate, with high thermal
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conductivity to transfer heat from undergone parts to PCM. PCM is label as B in the figure. In
order to maintain the low temperature of the entire cooling system for a long period, thermal
insulation is applied on other surfaces, as shown as part C. Part A works as a thermal bridge
between printed materials and PCM.

Figure 3-7 (a) Original substrate design (b) Improved substrate design
3.6.2 Platform design and thermal enhancement
Although encapsulated by thermal insulations, the original design still suffers from low heat
transfer efficiency. As can be seen from Figure 3-7 (a), only one flat surface of the substrate (part
A) has contact with the PCM (part B) in the original design. The small contacting area severely
slows down the heat transfer rate. Furthermore, with the fusion of the PCM, the substrate will lose
contact with the PCM, resulting in function loss of the cooling system. Therefore, heat transfer
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enhancements are required. Studies have been reported on heat transfer enhancements for the PCM
storage system, such as using fins, metal wire meshes and high conductivity additives, etc. In this
work, fins structure will be employed due to its high efficiency, simplicity and low cost. The crosssection of the design is shown in Figure 3-7 (b). With this improvement, the heat drainage capacity
within the core of PCM can be enhanced, and the heat transfer efficiency is increased, leading to
a more stable cooling system. Our group constructed an experiment to test the impact of heat
transfer enhancement and summarized the results in Figure 3-8. Two cold substrate systems, one
with the proposed heat transfer enhancement and the other without heat transfer enhancement, are
taken out of the freezer and tested simultaneously. The red line represents the temperature history
of the first substrate; the blue line indicates the temperature history of the thermally enhanced
substrate. It is obvious the thermal enhancement can prolong the phase changing period,
specifically the cooling system with thermal enhancement doubled the phase change duration (80
minutes) compared to the one without thermal enhancement (40 minutes).

Figure 3-8 Impact of heat transfer enhancement
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In addition, corrosion negatively affects the duration of the PCM system. Most corrosion on metal
containers involves the oxidization process. We employed a degasification process to improve the
corrosion resistance of vessels. Corrosion test on different materials revealed all the tested
aluminum alloys suffer from corrosion and severe pitting, and stainless steel is fully compatible
with all the evaluated aqueous salts, although it is heavier; stainless steel is chosen as the material
of PCM container.
3.7 Performance Evaluation and Improvement
3.7.1 Spatially thermal stability test
Temperature distribution management on the top surface of the substrate is essential as it affects
the integrity of the entire printed structure. Related techniques were presented by scientists to
control temperature gradient and distribution in energy storage materials [192]. Besides, the fin
shape heat enhancement introduced above can improve the temperature uniformity of PCM
profoundly. In this work, the temperature distribution on the top surface is captured to assess the
performance of the cold source. Three calibrated T-type thermocouples are installed on the top
surface of the substrate, on which the printing materials are deposited. Real-time temperatures at
the three locations (center, bottom-left, top-right) are monitored. The variation of the recorded
temperature is ±0.5°C according to the resolution of thermocouples and the lagging effect.
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Figure 3-9 Temperature evolution at three different regions on the top surface of PCM
In this experiment, the tested PCM material was firstly cooled down to -27°C in the freezer, and
then taken out and placed in the room-temperature (23°C) environment. The temperature recording
started when the data reading became stable. Figure 3-9 illustrates the temperature evolution at the
three different regions on the top surface of PCM. The experiment time was 200 minutes, with a
time interval of data recording as 10 minutes. Considering the limited resolution of the
thermocouple, the temperature was evenly distributed on different regions during the entire test
time span. It can be concluded that the temperature is spatially uniform on the top surface of the
substrate. It is important to note that for the first 70 minutes, the temperature is roughly constant,
which means it can provide a grossly stable low temperature for the selective freezing 3D printing
process.
3.7.2 Dynamic performance
The feasibility of utilizing PCM as a stable and reliable cold source was verified in section 3.2 and
4.2. However, the selective freezing 3D printing is a dynamic and complex process which involves
multi-dimensional disturbance from the jetted droplet, heat generation of the motor and electronics
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etc. The dynamic performance of high external disturbance resistance is crucial for PCM to be
utilized as a cold source for the selective freezing 3D printing process. To study the dynamic
performance of PCM, we conducted an experiment to test the temperature evolution of different
materials under the same external thermal disturbance.

Figure 3-10 Thermal performance of three different materials under the impact of the 0.2ml
droplet at 20°C
To explore the thermal stability of top surface with a thermal abrupt impact, we applied a 0.2ml
water droplet with 20°C as the thermal effect and compared the performance of three different
materials: PCM, Peltier heat pump and aluminum block. T-type thermocouples are installed on the
top surfaces of three materials. Due to the limitation of physical thermal capability, the initial
temperature is different. PCM can reach -19.6°C, while Peltier heat pump and aluminum block
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can only reach around -16°C. Once data readings became stable, tiny water droplets landed onto
the substrate surface near thermocouples, at the time that is shown as black dash line in Figure
3-10. The temperature of all three materials began to increase and fall back gradually, but it is
evident that PCM has the most stable temperature under the thermal impact from high-temperature
water droplet, with the smallest temperature oscillation. The temperature history of the Peltier heat
pump and aluminum block are also different because of different heat drainage mechanisms. In
sum, the PCM performs best not only on the lowest working temperature but also on the thermal
stability with external disturbance.
3.7.3 Integrated with the selective freezing 3D printing process
Cold sources made of PCM offer superior efficiency on the surface heat drainage in selective
freezing 3D printing process. In order to evaluate the performance of the cold source, our group
integrated this module into the in-house developed selective freezing 3D printing system to test
the printing behavior and characterize the resulting part property.

Printed
material

PCM

Nozzle

Figure 3-11 Selective freezing 3D printing system integrated with PCM cold source
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Figure 3-11 shows the configuration of PCM in the selective freezing 3D printing system.
Materials are deposited on the cold substrate and solidified within a short time, shaped into desired
geometries. During the fabrication process, nanoparticles are squeezed together following ice
templating effect, and the growth of crystals is significantly sensitive to the environment
temperature. Therefore, the internal microstructure of the printed part is a good indicator of the
cold source performance. Sample parts are freezing dried and scanned by scanning electron
microscope (SEM). Figure 3-12 is the SEM micrographs of two sections fabricated with cold
source of Peltier heat pump and PCM, respectively. Figure 3-12 (a, b) are SEM images of different
regions on printed object powered by Peltier heat pump, Figure 3-12 (c, d) are the images from
printed object powered by PCM. It is obvious that parts fabricated with PCM as the cold source
have interior structures that are more homogeneous. The result is consistent to our expectation that
a stable processing temperature will lead to a more homogeneous interior structure. The different
cold source generates different microstructures, where the PCM performs better than the Peltier
heat pump.
a

b

c

d

Figure 3-12 SEM micrograph: (a, b) Peltier heat pump as the cold source (c, d) PCM as the cold
source
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3.8 Summary
This research explores the potential of using easy-acquiring and low-cost phase change material
(PCM) for the thermal energy drainage system in the selective freezing 3D printing process. Two
aqueous salts (NaCl and NH4Cl) with different concentrations and volumes are experimentally
studied. Eutectic solutions are constructed in order to optimize the performance of cold substrate
system. Compared to the Peltier heat pump, PCM is more robust against external disturbance.
Furthermore, a wide range of temperature can be obtained with different selections of PCM. The
experiments show that the PCM based cold source can provide a constant temperature for a
prolonged duration, which perfectly meets the selective freezing 3D printing requirement. Besides,
the heat transfer enhancement is proposed in this work to improve the thermal efficiency and
thermal reliability further. Both the spatial and temporal thermal stability of PCM are tested, and
the results demonstrate that PCM is an excellent cold source for the selective freezing printing
system.
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Chapter 4 Predictive Simulation of Dynamic Thermal
Condition
4.1 Introduction
The ink used in the aforementioned 3D printing process is the low-viscosity Newtonian fluid,
which is printable in a drop-on-demand (DOD) mode. The DOD mode allows the material to be
jetted drop by drop only onto the designated places. These discrete droplets serve as the basic
elements in jetting based printing process. The discrete ejection mode differs our technique from
other continuous 3D inkjet printing approaches. The DOD based technique can achieve much
higher accuracy and flexibility. In this process, the layer bonding and structure forming are based
on the freezing-induced solidification; therefore the stability of the ink solidification and the
efficiency of the printing process are two crucial but contradictory criteria.
The solidification of the newly deposited droplet is powered by the conduction with the
previous solidified layers and the convection with the low-temperature environment. Because the
phase changing process takes non-negligible time due to the release of latent heat, the newly
deposited droplet will not be properly solidified if the previous layer is not yet frozen. Therefore,
a certain amount of waiting time is desired to solidify the most recent layer of material, which
otherwise will damage and even fail the printing process. Figure 4-1 shows a failure case where
inadequate waiting time is applied. Theoretically, the longer waiting time is preferable to allow for
the complete heat dissipation and assure the reliability of the solidification process, however,
longer waiting time, on the other hand, prolongs the fabrication time. In addition, the ink is prone
to dry or freeze at the tip of the printing nozzle and subsequently clogs the print head if the waiting
time is too long. Thus, the optimal waiting time is expected to balance the process reliability,
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efficiency, and part quality. The thermal management, therefore, plays an important role in
controlling the macroscopic structure of the 3D printed part.

Figure 4-1 A failed GO printing caused by inadequate waiting time
The final product of the proposed 3D printing process is a continuous porous structure with desired
mechanical strength, which is obtained by freeze-drying the 3D printed ice green part. According
to the mechanism of the freeze-drying process, the integrity and morphology of the final structure
are highly dependent on the temperature gradient. At low temperature, the nucleation rate of the
ice is much higher than the crystal growth rate; thus crystals do not have enough time and space
to grow and a large number of small ice crystals form. At higher freezing temperatures, crystal
growth dominates, and larger pores form after freeze-drying [193, 194]. Therefore, besides the
important role in controlling the macroscopic structure, the thermal management is also critical to
control the microscopic structure (pore size, density, and morphology) of the 3D printed porous
structure.
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4.2 Model
Certain waiting time is expected between two adjacent layers in order to assure the printing quality
and success rate. However, the balance has to be made between the process efficiency and
reliability. Therefore, finding out the optimal waiting time for a specific print is the key research
question. The major criterion of the waiting time is to assure the previously deposited layer is
completely solidified and/or reaches a certain low-temperature level. In the jetting based 3D
printing process, the new droplet is ejected from the nozzle, lands on the ice surface, deforms,
spreads, freezes and bonds with the previous layer through hydrogen bonding. The driving force
of solidification is from the low-temperature ambient through convection and the ice surface
through conduction. The thermal behavior and thermal management is the key to identify the
optimal waiting time in this dynamic process. However, as the materials are deposited sequentially
and the layer geometry varies for typical parts, it is very challenging if not impossible to solve this
problem through analytic approach with closed-form formulation. Instead, numerical approach
such as Finite Element Analysis (FEA) based modeling and simulation can effectively characterize
and analyze the complex dynamic process; we will, therefore, investigate the thermal behavior of
the directional freezing based 3D printing process through FEA simulation based on the thermal
modeling described in the following section.
4.2.1 Governing Equations
The process modeling for thermal analysis is based on the heat transfer theory, and the general
governing equation [32] is

𝛻2𝑇 +

𝑞̇
1 𝜕𝑇
=
𝑘
𝛼 𝜕𝑡

(4-1)
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Where 𝑇 is temperature, 𝑞̇ is the internal heat generation rate, 𝑘 is material conductivity, 𝛼 =

𝑘
𝜌𝑐

is thermal diffusivity of the material and related to material conductivity 𝑘, material density 𝜌 and
specific heat 𝑐. In this case, no internal heat is generated inside the elements, thus 𝑞̇ = 0 and
equation 4-1 is simplified as

𝛻2𝑇 =

1 𝜕𝑇
𝛼 𝜕𝑡

(4-2)

In Cartesian coordinate system, the Laplacian term 𝛻 2 𝑇 can also be expressed as

𝜕2 𝑇

𝜕2 𝑇

𝜕2 𝑇

+ 𝜕𝑦 2 + 𝜕𝑧 2 ,
𝜕𝑥 2

which represents heat flux from three directions into the current unit volume.
Shape simplification: Solidified part is built up by ink droplets, which are deposited drop by drop.
When a droplet is deposited, it will spread and contact with the adjacent droplets. Since the
spreading speed is much higher than the freezing speed [20], the droplet can be modeled as thin
rectangular slab shape without loss of accuracy. Considering the small volume (<100 picoliters) of
each droplet, we believe this shape simplification is valid, and it can significantly improve the
computational efficiency.
4.2.2 Thermally “Small”
Even with the shape simplification, calculating the temperature for every element (droplet) is still
computationally challenging. Also, solving equation 4-1 and 4-2 is not trivial. Based on our
observation, homogenizing the internal temperature for each element can significantly reduce the
computational cost and increase the simulation efficiency. If the heat conduction inside the element
body is significantly faster than its surface heat exchange with the outside environment, we can
consider the element to be “thermally small”. We introduced the Biot number is introduced in this
work to verify this assumption. The Biot number is a dimensionless number which indicates a ratio
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of heat transfer resistance inside a body and on the surface of the body. If a Biot number is much
smaller than 1, heat transfer resistance inside the body is much smaller than heat transfer resistance
on the surface, which also means heat transfers much faster inside the body than on the surface.
Generally, if Biot number is smaller than 0.1, the body then can be considered “thermally simple”
or “thermally small”. The Biot number is defined as the following equation [195]

𝐵𝑖 =

ℎ𝐿𝑐
𝑘𝑏

(4-3)

where h is surface heat transfer coefficient. For frozen aqueous ink, h is around 6~30 𝑊/(𝑚2 · 𝐾).
In this case, the contact heat transfer is considered as one type of the film heat transfer; we
approximately set it as a relatively large value, 50𝑊/(𝑚2 · 𝐾). 𝐿𝑐 is characteristic length; a typical
value is 0.05mm based on the real size of a droplet. 𝑘𝑏 is the thermal conductivity of the body. For
aqueous ink, thermal conductivity is around 0.6 𝑊/(𝑚 · 𝐾), thus it follows that 𝐵𝑖 = 0.00416 <<
0.1. For frozen aqueous ink, thermal conductivity is around 2.0 𝑊/(𝑚 · 𝐾) , therefore the
corresponding 𝐵𝑖 = 0.00125 << 0.1. Based on this calculation, one droplet, or one element, can be
reasonably considered to be “thermally small”.
4.2.3 Simplification
With the “thermally small” property, the internal conduction can be ignored without losing
𝜕2 𝑇

𝜕2 𝑇

𝜕2 𝑇

computational accuracy. Therefore, 𝜕𝑥 2 + 𝜕𝑦 2 + 𝜕𝑧 2 can be replaced by ∑𝑀 𝜆𝑖 𝐴𝑖 𝑞"𝑖 , as they both
represent heat flow into the element in the equivalent way. Equation 4-2 can be further simplified
as
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𝜌𝑐𝛿𝑉

𝑑𝑇
+ ∑ 𝜆𝑖 𝐴𝑖 𝑞"𝑖 = 0
𝑑𝑡

(4-4)

𝑀

where 𝑇 is temperature, 𝑡 is time, 𝜌 is the density of the ink, 𝑐 is specific heat of ink, 𝛿𝑉 is the
volume of a liquid droplet, 𝜆𝑖 , 𝐴𝑖 and 𝑞"𝑖 are boundary condition coefficient, working area and
heat transfer of the 𝑖th surface, respectively. Equation 4-4 can be expanded into a specific heat
transfer equation as follows

𝜌𝑐𝛿𝑉

𝑑𝑇
+ ∑ 𝜆𝑖 𝐴𝑖 ℎ𝑠𝑢𝑟 (𝑇 − 𝑇𝑎 ) + ∑ 𝜆𝑗 𝐴𝑗 ℎ𝑛 (𝑇 − 𝑇𝑛 )
𝑑𝑡
𝑀1

𝑀2

(4-5)

+ ∑ 𝜆𝑘 𝐴𝑘 ℎ𝑠 (𝑇 − 𝑇𝑠 ) = 0
𝑀3

where 𝑇𝑎 is the ambient temperature, ℎ𝑠𝑢𝑟 is surface heat transfer coefficient, including several
types of film heat transfer, such as convection, radiation, and evaporation, ℎ𝑛 is contact heat
transfer coefficient with the 𝑛th adjacent element, ℎ𝑠 is reciprocal of thermal contact resistance
between elements and the substrate, 𝑇𝑛 is the temperature of the 𝑛 th element and 𝑇𝑠 is the
temperature of substrate, which is identical with the ambient temperature in this simulation.
Equation 4-5 can be further derived into

𝜌𝑐𝛿𝑉

𝑑𝑇
+ 𝐶1 𝑇 − 𝐶2 = 0
𝑑𝑡

(4-6)

where the constant numbers are denoted as 𝐶1 and 𝐶2 for the sake of simplicity. Solving equation
4-6, we obtain

𝑇 = (𝑇0 −

𝐶2
𝐶2
) exp[−𝐶1 (𝑡 − 𝑡𝑐 )] +
𝐶1
𝐶1
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(4-7)

where 𝑡𝑐 is the exact time at which the current droplet is deposited. When calculating the
temperature of an element, the temperatures of adjacent elements keep unchanged within one step.
Based on this approximation, equation 4-7 can be further written as:

𝑇𝑖+1 = (𝑇𝑖 −

𝐶2
𝐶2
) exp[−𝐶1 ·△ 𝑡] +
𝐶1
𝐶1

(4-8)

where 𝑇𝑖+1 and 𝑇𝑖 are the temperatures in current and previous step respectively, and △ 𝑡 is the
step size. Equation 4-8 is the final explicit analytic solution and can be directly utilized for
temperature update during the iteration based dynamic thermal evolution process.
4.2.4 Parameter Settings
During the printing process, a moving printing head continuously deposits droplet on a cold plate
or the previous cold layer. The newly deposited droplet can be modeled as a moving heat source
in the simulation, and thus the Boundary Conditions (BCs) have to be iteratively updated when a
new droplet is deposited. Because of considerably small volume, each droplet being modeled as
one element can still have reasonable accuracy. With the shape simplification mentioned above, a
2-dimensional (2D) model of one element can be simplified as a rectangular shape as shown in
Figure 4-2. With such simplification, it is more computationally efficient to define and update the
BCs of the model. For all elements, only three types of heat transfer modes need to be considered
as shown in Figure 4-2: (1) heat transfer with substrate (Figure 4-2.a); (2) heat transfer with
adjacent elements (Figure 4-2.b); (3) heat transfer with ambient (Figure 4-2.c). As the substrate
has a considerably large conductivity compared with ink, the boundary condition for the bottom
of the first layer is set as constant temperature same as the ambient temperature.
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Figure 4-2 Three types of heat transfer conditions
The initial conditions, material properties, and process parameters are listed in Table 4-1, Table
4-2 and Table 4-3, respectively. Based on the heat transfer model and parameter settings, an
efficient thermal FEA based algorithm is developed to study the heat transfer mechanism of the
directional freezing 3D printing process. The algorithm is illustrated in the following framework
(Figure 4-3). The algorithm takes the tool path data based on the input geometry and converts them
into information for the FEA model. After setting the material properties, process parameters and
the initial conditions of every element, substrate and the ambient, the algorithm updates the
temperature of each element (droplet) iteratively until the entire printing process is completed.
Table 4-1 Initial conditions of simulation
Droplet temperature (℃ )

5

Ambient and substrate temperature (℃ )

-20

Table 4-2 Properties of materials
Density-ink (𝑘g/𝑚3)

1000

Density-frozen ink (𝑘𝑔/𝑚3 )

917

Specific heat-ink (𝐽/(𝑘𝑔 · 𝐾))

4197

Specific heat-frozen ink (𝐽/(𝑘𝑔 · 𝐾))

2030

Latent heat (𝐽/𝑘𝑔)

334000
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Table 4-3 Process parameters of simulation
Step time (𝑠)

0.001

Drop frequency (𝐻𝑧)

100

Nozzle moving speed (𝑚𝑚/𝑠)

15

Heat transfer coefficient (𝑊/𝑚2 · 𝐾)
to substrate

200

to adjacent elements

100

to the environment

20

4.3 Algorithm
At the beginning of each iteration, one droplet (element) will be deposited and the related BCs will
be updated unless the layer-change condition is met. After that, the system will judge whether the
current element is in its phase changing process, if not, the temperature of every deposited element
will be simply computed and updated. If the current element is under phase changing process, the
latent heat of the element will be updated and the next iteration starts. If current layer is completed,
i.e., the last droplet of the layer has been deposited, the waiting time will be reset and updated by
evaluating the criterion of “whether it is ready to print next layer”. We set a target temperature for
all deposited elements especially the ones in the most recently deposited layer when the
temperature of all deposited elements reaches the threshold, the system is ready for the next layer.
If it is ready to print the next layer, the waiting time register will be reset, and a new layer will be
ready for the process. If not, the temperature of all elements will be computed for another step time
and the waiting time will be updated. The whole process will terminate when the preset step
number is met; normally the entire simulation process consists of the entire material building
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process and a post cooling process. Note that the liquid ink and solid frozen ink have different
material properties, and their material properties are temperature dependent when the temperature
of an element is updated, its material properties need to be updated if necessary.

Input geometry

Set material properties &
process parameters

Set Initial conditions

New layer?

Update latent
heat

Yes

No

Update
waiting time

Add A new
element

Reset
waiting time

Update BCs
Yes
Yes

Ready for
next layer?
No

Phase change?
No
Update
temperatures

No

Simulation
completed?
Yes
End

Figure 4-3 Framework of the thermal analysis algorithm
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4.4 Inter-layer Waiting Time
The algorithm mentioned above is implemented and tested in MATLAB environment, with parallel
computing strategy applied to improve computation efficiency. Both 2D and 3D models with
different geometries are tested. The effect of waiting time is studied for various cases including no
waiting time, constant waiting time and adaptive waiting time. The detailed results are discussed
in the following section.
4.4.1 2D Model Study
Case1: No waiting time study

16
9
8
1

15
10
7
2

14
11
6
3

13
12
5
4

Figure 4-4 4×4 rectangular shape fabrication path
A simple 4×4 rectangular shape was firstly used to study the heat transfer during the printing
process and verify the predictive model. The tool path is shown in Figure 4-4. 4 vertically aligned
elements (1, 8, 9, 16) are selected to study the heat transfer and temperature evolutions. In this
study, no waiting time is assigned between two consecutive layers.
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Temperature(oC)

Time(ms)
Figure 4-5 4×4 Temperature evolution for the rectangular model without waiting time between
layers
In Figure 4-5, four curves are plotted to indicate the temperature evolution of element 1, 8, 9 and
16 within 1 second. During this period, only element 1 and 8 completed phase changing process.
Latent heat releasing process has a considerable impact on the temperature evolution of adjacent
elements. For instance, the temperature of element 1 keeps at around -16℃ before element 8
released all its latent heat during phase changing stage. After element 8 released all latent heat, the
temperature of element 1 continues to drop to a lower value, which indicates the influence from
element 8 on element 1. Besides, the temperature of element 1 drops more quickly than elements
above it, which means the influence from the substrate to the first layer is more significant than
on other layers. Other impressive results can also be found in Figure 4-5. When droplet 16 is
deposited on top of droplet 9, because of the high temperature of the new droplet, the temperature
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of droplet number 9 starts to increase above 0℃ during its phase changing stage, indicating that
droplet 9 starts to melt. This case is typical in real fabricating process. Figure 4-1 shows a real
melting case, several top layers melt during printing, resulting in a rough surface and inevitable
imprecision.
Case2: Constant threshold temperature waiting time
To avoid melting during the fabrication process, one straightforward way is to wait until the
deposited materials are completely solidified and/or reach to a certain threshold temperature (lower
than the freezing point) before a new layer is deposited. Simulation is performed to test the effect
of waiting time before depositing new layers using the same test case. Figure 4-6 shows the results
of the same test case with a threshold temperature of -19℃ in Figure 4-21. Clearly, no melting

Temperature(oC)

issues are observed as existed materials are more prepared for a new layer.

Time(ms)
Figure 4-6 Waiting until the temperatures of the deposited layers drop down to -19℃
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Table 4-4 shows the waiting time for every layer. As can be seen from the table, to reach the same
threshold temperature, it takes less and less waiting time as the layer number increases. The
primary reason is the effect of the heat conduction with the platform is attenuating as the part
grows, and the thermal conductivity of the frozen ink is much lower than the metal platform.
Table 4-4 Waiting times before fabricating a new layer
Layer number

2nd

3rd

4th

Drop down to -19℃

0.111

0.556

0.973

As waiting time is inevitable for every layer except for the first one, it becomes a critical factor for
the fabrication efficiency of freezing based 3D printing process. In this work, waiting time is
studied with the help of the heat transfer simulation model. In order to better understand the
property of waiting time, the previous 4x4 case is extended to the 40x4 case. The simulation results
of waiting time are shown in Figure 4-7.
As can be seen from Figure 4-7, the waiting time stays at an approximately constant value after
the number of layers reaches to a certain level. In this case, the waiting time stays as 4.5220s after
layer #35 is deposited. As the temperature of the substrate is considered as a constant at a relatively
low value, the influence from the substrate to temperature evolution of the first deposited layers is
significant. But as layer number increases, this influence is attenuating, and after certain layers
(#35 in this case) this influence disappears and the waiting time for the following layers will keep
unchanged. We believe the waiting time is related to the layer thickness, ambient temperature [196]
and the geometry and dimensions of the part.
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Time(s)

Layer count
Figure 4-7 Waiting time for 40×4 model
Case 3: Adaptive waiting time
Constant waiting time cannot assure both the process reliability and efficiency. An adaptive waiting
time is desirable to maximize the fabrication efficiency without losing the reliability. A 20×20
rectangular case is simulated and the waiting time is collected for every layer. In this case, the
threshold temperature of depositing a new layer is still -19℃. Figure 4-9 (a) shows the relationship
between the waiting time and layer number. This plot is evidently different from the first 20 layers
plot line in Figure 4-7, verifying our hypothesis that the part dimension affects the waiting time.
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(a)

(b)

Figure 4-8 20 ×20 rectangular, 20×20 triangular models
Figure 4-9 (b) shows the waiting time trend for the 20×20 right triangle. Different from the
rectangular shape cases, the waiting time decreases after layer #15, which is mainly caused by the
decrease of layer dimension. In conclusion, without geometry change, the waiting time will
gradually reach a constant value with the attenuation of substrate effect. However, if there is
geometry change, the waiting time will vary accordingly after a certain number of layers. For other
more complicated cases, the waiting time is expected to vary depending on layer location, ambient
temperature, layer thickness, and the part geometry and dimension.
From the above scenarios, we can conclude that for the first several layers, the impact of the
substrate is the most significant factor, and the waiting time linearly increases with the layer
number. After a certain number of layers, the effect of the substrate will gradually attenuate and
eventually disappear.
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Waiting time for case (a)

Time(s)

Waiting time for case (b)

Layer count
Figure 4-9 Layer waiting time for models in Figure 4-8
In order to further verify the impact of the substrate, two models with the same top half part (Figure
4-10) are simulated. Figure 4-11 (a) clearly shows the influence of the substrate for the case in
Figure 4-10 (a). The waiting time continuously increases till layer #16 and then decreases because
of the reduction of layer size. The object in Figure 4-10 (b) has 12 more layers duplicating the first
layer compared with the one in Figure 4-10 (a), and the simulated result is shown in Figure 4-11
(b). As can be seen from Figure 4-11 (b), the first several layers are significantly influenced by the
heat drainage of the substrate, and the waiting time increases linearly with the number of layers.
From layer #20, the waiting time suddenly decreases because of a sudden reduction of layer size,
and it then stays at an approximately constant level because of constant layer size. Finally, the
waiting time gradually decreases due to the decrease of the layer size. The comparison between
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these two test cases demonstrated that the waiting time is influenced by the part geometry and the
cold substrate.

(a)

(b)

Time(s)

Figure 4-10 Two similar geometries with different number of base layers

Waiting time for case (a)
Waiting time for case (b)
Layer count
Figure 4-11 Layer waiting time for models in Figure 4-10
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4.4.2 3D Model Study
Model Formulation
The 2D model in the previous section is effective to investigate and understand the thermal
behavior of the freezing based printing process. In practice, the real parts are printed in 3D space,
and it is more likely that layers printed with different toolpath and printing strategies have different
optimal waiting time. However, it is computationally more expensive to simulate the 3D model
than the 2D model. For the sake of computational simplicity, a typical cubic model is formulated
to study the thermal behavior of the 3D model. Similar to the 2D model, the element shape is
simplified as a flat cube for the 3D model. The droplet (element) will be deposited one by one with
the predefined printing parameters and tool path to building the large cubic part, as shown in Figure
4-12.
The thermal evolution equation 4-6 to 4-8 are also applicable to the 3D models. The major
difference between the 3D and the 2D model is the heat transfer conditions and boundary
conditions, which is updated according to the toolpath strategy, speed and waiting times. In this
model, as every layer is the same in size and geometry, toolpath strategies for each layer will be
identical.

Figure 4-12 Printing process of 3D cubic model
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Simulation Results
Figure 4-13 shows the history of the waiting time for the 3D cubic model. It can be seen that the
waiting time for 3D model shows the same trend of “increase-slow-stable” as its counterpart 2D
model and the substrate effect also plays a crucial role in the solidification process of the first few
layers. It is expected that the waiting time is likely to vary with different layer geometries and tool

Time(s)

path strategies.

Layer count

Figure 4-13 Inter-layer waiting times for 3D cubic model
In section 4-1, Figure 4-1 demonstrated a failed test case caused by the inadequate waiting time
during the fabrication process. In order to obtain an acceptable part, the proposed thermal model
is applied and the optimal waiting time is identified for each layer. The waiting time is then applied
to the actual printing process, and the fabricated graphene aerogel part (Figure 4-14) shows
substantially improved quality and reliability.

84

Figure 4-14 Printed GA part with designed waiting time between layer fabrications
The heat transfer is vital to the structural integrity and morphology of the porous structure, as well
as the reliability and efficiency of the process. This research studies the temperature evolution and
explored the adaptive waiting time during printing. Analytic and numeric models are formulated
and implemented in MATLAB to dynamically predict the temperature of each droplet and waiting
time between consecutive layers. The experimental results show that the temperature evolution
and inter-layer waiting time of the first several layers are significantly affected by the substrate.
After a certain number of layers, the effect of the substrate on waiting time gradually attenuated.
For a uniform geometry, the waiting time stays constant after the first several layers. While for the
complex geometry, the shape of the layers significantly affects the waiting time. Our proposed
technique can efficiently and robustly predict the waiting time for any geometry, which
consequently reduces the fabrication time. Both the simulation and experimental results
demonstrated the effectiveness of the proposed technique.
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4.5 Tool Path Planning Guided by the Simulation Results
4.5.1 Model Verification
To further verify the effectiveness of the proposed model and investigate the thermal behavior of
the freezing based printing process, the test case (10×10 rectangular) is studied, as shown in Figure
4-15. A vertically aligned elements sequence (labeled by yellow color) is selected to study the
thermal behavior during the printing process. The temperature evolutions for the ten elements are
illustrated in Figure 4-16. In this simulation, new material will not be deposited until all the already
printed layers have a temperature lower than -19℃, so there are intervals between fabrication of
adjacent layers.
In Figure 4-16, the temperature of every element decreases gradually with fluctuations. The
fluctuation results from the impact of newly deposited droplets. Due to the effect of the cold
substrate, the fluctuation of the first several layers is less than the top layers. However, as the layers
accumulated, the impact of the substrate is gradually attenuating due to the low thermal
conductivity of the frozen ink, and the temperature fluctuations of elements are gradually stabilized.
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Figure 4-15 10×10 rectangular model
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Figure 4-16 Temperature evolution of 10×10 square model
In order to explore the effect of fabrication path on temperature evolution and solidification pace,
we tested a 2d model with 30 layers and 80 elements per layer. The temperature of jetted droplet
is set as 5°C, the temperature of substrate and ambient is -20°C constantly over through the
fabrication process. Two typical tool-path methods are tested. Line-by-line path, which means
every layer starts from the same side and finishes on the other side; back and forth, which means
a new layer is deposited from the same side where the previous layer ends to the starting side of
the last layer.
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Figure 4-17 (a, b) shows two different paths in 2D 80×30 model, (c, d) shows related phase
change process of labelled elements
Figure 4-17 shows the results of phase change time for the two different paths, line-by-line, and
back and forth. We record the phase change time of edge elements, as labeled element 1-4. A long
phase change time means the process of solidification is slow, and vice versa. We found the lineby-line strategy can result in disproportion of solidification pace among different areas. In Figure
4-17 (a, c), element 1 and 3 freeze slower than element 2 and 4, as they have much longer phase
change time, while for back and forth path in Figure 4-17 (b, d), solidification efficiencies are cross
mixed, which contributes a better homogenous microstructure in final product. For this simple
case, back and forth path is a better choice when considering a homogeneous temperature
distribution within the material.
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4.5.2 Tool-path Generation Strategy
Homogeneity of multi-layer temperature distribution: distribution of temperature in one layer
profoundly influences the material solidification pace of the next layer. It is impossible to change
the temperature distribution of deposited layers, so toolpath of the new layer is designed based on
the temperature distribution of the existed layer. Our goal is to unify the average finish temperature
of multiple layers; finish temperature means element temperature at the time of layer completion.
To accomplish the idea, an algorithm is proposed in this work. For a sliced layer, the algorithm
firstly decomposes these polygons into convex polygons. Each sub-region is then infilled with a
zigzag pattern in a designed direction. Ding attempted a similar work [197], he proposed a smart
method to decompose a continuous geometry into several convex sub-region. In our algorithm, the
optimal infilling direction in each sub-region is determined according to the temperature of the
vertices on the previously deposited layer. Then the sequence of sub-region fabrications is given
based on the average real-time temperature of each sub-region in the last layer. The start point and
end point are also determined by the real-time temperature of the vertices on the previous layer.
Polygon identification and decomposition:
As mentioned above, 3D STL file is sliced into a number of 2D layers with certain layer thickness.
A decomposition of complicated layer geometry into a set of simple convex polygons is applied
to predigest the path generation work and avoid extreme toolpath conditions. We developed a
decomposition algorithm for the directional freezing printing system as follows:
Step1: Slice three-dimensional STL file into the two-dimensional topology. Figure 4-18 displays
an example of the sliced 2D topology with two continuous regions.
Step2: Given a sliced layer with 2D topology, identify the number of continuous regions and
reorganize them.
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Step3: For each region, identify its geometry depth. Geometry depth means the number of cycles
encloses the continuous region. Similarly, Yang’s group proposed an efficient method to deal with
path generation for geometries with different depths[198].
Step4: Order vertices by their inner angles, as shown in Figure 4-19 a.
Step5: Identify and eliminate notches until all the polygons become convex polygons. Numerous
methods have been proposed to eliminate notches and divide a nonconvex polygon into a set of
convex polygons. For example, [197] presented a simple but smart method utilizing the connection
of notch-notch, notch-vertex and notch line to split the original geometry into a minimal number
of convex geometries within least number of steps. Figure 4-19 illustrates the detailed geometry
decomposition process, if there any vertex within the range of reverse extension line, the notch
will be divided by the connection line of that vertex with the notch point; if not, the notch will be
divided by its reverse angular bisector line. All the notch angles are divided in the sequence ordered
in Step4. Figure 4-19 e gives the result of a batch of convex polygons. In our work, we apply this
method for the geometry decomposition step, toolpath will be created within the decomposed subregions.

Figure 4-18 A two-dimensional geometry case
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Figure 4-19 Steps of a geometry decomposition
Path generation:
In our algorithm, zigzag scanning is applied to infill each sub-region, because zigzag scanning is
an efficient and most accessible method to infill a region. In the selective freezing printing process,
the nozzle works in drop-on-demand mode; droplets are discretely jetted, so they will not cause
material deficits and pile-up when starting, stopping and jumping as other continuous printing
techniques, such as Fused Decomposition Modelling. The average temperature of elements in a
region is the key parameter to decide the fabrication order, and toolpath is designed referring to
the temperature distribution within each sub-region. An algorithm is developed to generate toolpath, and an example of a simple air-plane 2D geometry is followed to illustrate the algorithm.
Note that all the geometry operation is on the top layer of deposited materials.
Step1: Split the 2D sliced geometry into convex sub-regions. Details have been stated above. In
Figure 4-20, the airplane geometry is split into six convex sub-regions as an example.
Step2: Determine the fabrication sequence of sub-regions. Firstly, identify all the elements in each
sub-region in the last deposited layer and organize them according to their locations. Then, sort
them with an average temperature of all elements from low to high. The average temperature is
computed from all the elements within the sub-region as displayed in Figure 4-21. In the simulation
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process, the pixel size corresponds with element size. In Figure 4-20 the plane is decomposed into
six sub-regions, and the sequence of 1-6 has been determined by the average temperature of each
sub-region in the top deposited layer.

Figure 4-20 Two-dimensional airplane geometry
Step3: For each sub-region, identify the zigzag filling orientation, starting and ending points.
Firstly, for each sub-region, which is a convex polygon, calculate the temperature of all vertices.
The vertex temperature is represented by the element where the vertex lies in. Secondly, for an
arbitrary vertex, compute the temperature difference between the vertex and the one that is farthest
from it. In Figure 4-21, for example, identify the vertex that is farthest from vertex “A”, which is
vertex “C”. then calculate the absolute value of the temperature difference between the two points.
Following the same procedure, compute the temperature difference for all other vertices (B-E, CE, and D-E). Then, select the vertex pair with the largest temperature gap as the reference of zigzag
infilling orientation. In this case, assume the two selected vertices are “C” and “E”, as the dashed
line flagged in Figure 4-22. Finally, determine zigzag infill density and generating it with an

92

orientation perpendicular to the reference dashed line. Select the point with higher temperature as
the path start-point and the other end-point as the path ending point so that heat can be well-mixed
one another to attain homogenously distributed temperature within the deposited materials.
A

B
E

C

D

Figure 4-21 A sub-region of airplane with related elements
A

E
B

C

D

Figure 4-22: Infill pattern of the sub-region
Step4: Use the same strategy to generate the path for other sub-regions. Figure 4-23 shows the
final tool-path of the 2D airplane geometry. There is only one continuous region, in the printing
process the nozzle will traversal all sub-regions with the specific start point, end point, and zigzag
path.
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Figure 4-23: Final path generation for the airplane geometry
Case test:
Path generation of two different cases are tested by the proposed method, and the results are shown
in Figure 4-24 and Figure 4-25. For the case in Figure 4-24, the geometry is a multi-depth geometry
with a non-convex polygon enclosed by a bigger polygon. The algorithm successfully told the
internal and external borders and generated an optimal path. Figure 4-25 shows a geometry with
more than one continuous regions. One more step is the sorting work for all continuous regions,
which is similar to the sorting of sub-regions. With a specific temperature distribution of the
previously deposited layer given, the final path is generated as shown.
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Figure 4-24: Case 1, a geometry with nonconvex hole embedded

Figure 4-25: Case2, a geometry with more than one continuous regions
4.5.3 Results and Discussions
Simulation work on the cases listed above is conducted based on traditional integral zigzag filling
strategy. For each model, four layers are simulated with the same parameter settings as Table 4-3.
Figure 4-26, 4-30 and 4-34 display simple unidirectional zigzag paths and the tool paths generated
by the proposed algorithm. The followed graphs illustrate the simulated temperature distribution
of each layer by two different path strategies once after the layer is accomplished. The graphs show
the results just as expectations, for a single layer, the temperature distribution will never be unified.
Figure 4-27, 4-31 and 4-35 display the layer finishing temperature distributions of every layer with
a simple unidirectional zigzag path strategy. As same path strategy continues layer by layer, the
unbalanced solidification process can result in a final product with non-homogeneous internal
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microstructure. With the proposed toolpath strategy, however, the unbalance is corrected layer by
layer and the final product will have a more homogenous internal microstructure, as shown in
Figure 4-28, 4-32 and 4-36. To make the result more distinct, Figure 4-29, 4-33 and 4-37 show the
average temperature distribution at the same stage of each layer. Although the proposed algorithm
is not able to balance temperature within a single layer, with layers accumulated, the unbalanced
condition is redressed layer by layer, and the average finishing temperature of each layer seems to
be converging with layer number increasing.

Figure 4-26 a. Integral zigzag infill pattern

b. Sub-region zigzag infill pattern

Figure 4-27 Airplane geometry, the temperature distribution of four layers with integral zigzag
infill pattern at the time of layer completion
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Figure 4-28 Airplane geometry, the temperature distribution of four layers with proposed infill
strategy at the time of layer completion

Figure 4-29 Average top layer temperature distribution of the first four layers right before a new
layer deposed

Figure 4-30 a. Integral zigzag infill pattern b. Sub-region zigzag infill pattern
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Figure 4-31 Test case 2, the temperature distribution of four layers with integral zigzag infill
pattern at the time of layer completion

Figure 4-32 Test case 2, the temperature distribution of four layers with the proposed infill
strategy at the time of layer completion

Figure 4-33 Average top layer temperature distribution of the first four layers right before a new
layer deposed
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Figure 4-34 a. Integral zigzag infill pattern b. Sub-region zigzag infill pattern

Figure 4-35 Test case 3, the temperature distribution of four layers with integral zigzag infill
pattern at the time of layer completion

Figure 4-36 Test case 3, the temperature distribution of four layers with the proposed infill
strategy at the time of layer completion
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Figure 4-37 Average top layer temperature distribution of the first four layers right before a new
layer deposed
The tool-path design is essential in fabrication of a product with well-designed internal
microstructure in the directional freezing printing process. To explore and optimize it, we created
a simulation model for thermal analysis and give feedback of temperature distribution of top
deposited layer. In the following, an algorithm was created, it can split the whole sliced 2D
geometry into a batch of convex regions and sorts them based on the simulation outcomes. Then,
we applied the proposed algorithm to generate a path pattern for three typical cases and validated
the simulation results. The algorithm is a well-customized method for directional freezing based
micro printing as it combines thermal properties of the material with smart tool-path generation
strategies and offers a promising way to control the internal microstructure of the fabricated
product.
4.6 Conclusion
This research proposed a simulation model to predict the dynamic thermal condition within the
part body. Droplets are regarded as the basic elements in the model. To simplify the computation,
the Biot number of each element is calculated and verify the reasonability of the “thermally small”
concept, which allows a uniform temperature among each element. The melting problem caused
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by deficient solidification is resolved by appropriate inter-layer waiting time, which is optimized
by the proposed simulation. Moreover, a tool path planning method is proposed, based thermal
conditions obtained from the proposed model, to achieve dynamic thermal uniformity within the
body. The temperature distribution of the new layer is calculated to verify the effectiveness of the
tool path planning method.
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Chapter 5 Modeling of Interfacial Diffusion in MultiMaterial Fabrication
5.1 Introduction
Multi-material structures have rapidly developed in recent decades. Because of the extraordinary
mechanical and electrical properties, these structures have attracted tremendous attention in
various engineering fields, such as lightweight engineering, energy storage engineering, and
functionally graded material engineering, etc. [199-201] Scientists have devoted tremendous
efforts on the multi-material structure studies. For instance, Rezwan et al. summarized the
applications of composite scaffolds out of biodegradable polymers and bioactive ceramics in tissue
engineering [67]. Besides, different composite materials and complicated architectures have been
applied in semiconductor industries for thermal management. Miracle introduced metal matrix
composites into engineering application [202]. Functionally graded materials, as a group of
composite materials with spatially inhomogeneous structures and properties, have rapidly grabbed
public attention; with designed gradients on the internal microstructures, those materials have
broad applications in research and engineering fields with specific requirements of functions [203].
However, the construction is challenging for the composite materials and structures under
traditional manufacturing methods. The selective freezing three-dimensional printing, as its special
solidification based fabrication mode, provides an excellent solution for aggregating different
materials and structures.
Developed from inkjet based 3D printing technique and freezing drying molding technique, the
selective freezing three-dimensional printing is a flexible and highly efficient method to fabricate
porous structures. With 3D printing process shaping macro-scale geometry and solidification of
vehicles binding and establishing micro-scale structures, manufacturing of composite materials
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and structures can be implemented efficiently. For the configuration, print inks include vehicles
and micro- or nanoscale components. Vehicles are the liquids that are able to dissolve or suspend
the raw material particles, rods or flakes; water is the most common vehicle as its appropriate
freezing point. When these vehicles solidify, crystals grow and drive the micro- or
nanocomponents, squeezing forming the porous microstructures. The layer-by-layer additive
method can easily handle more than two different materials or structures with multiple nozzles and
print modes. However, the operation for the desired product is uncharted. The growth of ice crystal
aggregates materials into continuous porous structures. Therefore, the transitional region is the key
to the composite materials and structures; for instance, supercapacitor manufacturing requires clear
interfaces between layers, while artificial bone manufacturing needs smoothly transitioned
boarders between internal and external structures. In the process, the physical properties of the
material, the concentration of micro-/nano- components and environmental factors can all lead
different inner microstructures. The variou exhibitions of the interfacial microstructures result
from the diffusions caused by the concentration difference of materials. Diffusion occurs at
boundary under three circumstances: liquid-liquid, liquid-solid, and solid-solid modes, whereas
the liquid-liquid mode is the dominant one, because of the high magnitude of molecule motions.
Besides, diffusion rates of most materials are temperature-dependent. Therefore, heat transfer
plays an essential role in the construction process by determining the duration of liquid-liquid
condition and diffusion rate. Studies such as Sui and his team analyzing Rapid freezing Prototyping
and our previous work of thermal analysis on the selective freezing three-dimensional printing
process demonstrated the thermal effects on diffusion [159, 204]. A controllable diffusion is in
need of building desired multi-material structures by the selective freezing 3D printing technique.
There have been numerous studies on diffusion problems for various scientific and engineering
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applications, but it is rare to find reviews on diffusion problems in freezing fabrication processes.
The only available literature is that Bryant et al. proposed a prediction model for support scars
caused by the diffusion between support structure material and the part body [205]. However, this
work only focused on modeling work for minimizing the diffusion in support construction, without
operational suggestions of parameter settings for desired interfacial diffusions. In order to figure
out the mechanism of diffusions in the layered freezing manufacturing process, this work is
presenting a highly precise simulation model to analyze the dynamic diffusions during the printing
process.
The objective of this work is determining the factors and their effects on the material interfaces
driven by diffusion to find a controllable plan for manufacturing expected interfaces on the multimaterial structures. In the remainder of the paper, the diffusion phenomenon combined with the
unique fabrication process will first be introduced, which is followed by the method description
and modeling establishment. Finally, the simulation results are stated and validated by the real
printing cases.
5.2 Diffusion phenomenon at multi-material interfaces
Diffusion phenomenon is originally due to random molecular motions, which is analogous to the
mechanism of heat conduction. Fick firstly derived the mathematical equation of diffusion from
the heat conduction theory in 1855 [206]; based on this, the quantitative and experimental studies
of diffusion problems have developed prosperously. Diffusion occurs when there are concentration
differences between the two sides of an interface. Factors, such as material properties, duration,
and temperature, all have influences on the diffusion degree. Intuitively, predictive simulation
model, rather than theoretical description, is the most efficient tool to study the mechanism behind
the process. Materials on the two sides of the interface turn to mix due to the entropy increase
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theory. A low diffusion degree will lead to a clear interface between materials, while a high
diffusion degree can make a gradual transition between materials. Numerous mathematical models
and simulations have been presented on thermal-diffusive transport, capillary effects and
crystalline anisotropy to describe the diffusion at interfaces [207]. Tezduyar et al. summarized the
stabilized finite element formulations for incompressible flow computations and later presented a
method for calculation of moving-interface diffusion problem [208-210]. However, it is a more
complicated circumstance in the selective freezing three-dimensional printing. The diffusion is
combined with thermal evolution, with phase change process involved. The material solidifies
droplet by droplet and layer by layer, which diminishes the moving boundary and deformation
issue; as aforementioned, the primary diffusion occurs in the liquid state. The solid-phase diffusion
is neglected for the simplicity of computation in this work.
Diffusion is driven by the non-uniformity of materials; the rate of diffusion is defined by the
distribution of atomic fluxes at particular locations in the materials. Based on Fick’s First Law, the
instantaneous atomic flux J is linearly correlated with the solute concentration change:

J = −D

dC
dx

(5-1)

Where, D is the diffusion coefficient, which is correlative to material properties and environmental
dC

factors, dx is the material concentration gradient along the x-direction. The material transmission
is in the reverse direction of the concentration gradient. The concentration gradient changes, as the
substance redistribution, causing changes on local flux rate. Fick’s Second Law governs the nonsteady state case, describing the time-dependent diffusion case as
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∂C
∂2 C
=D 2
∂t
∂x

(5-2)

With appropriate initial conditions and boundary conditions, real-time material concentration can
be obtained. Figure 5-1 shows the scenario of diffusion described by Fick’s Second Law. The
parameter 𝐶 describes the concentration of solute. With 𝐶𝑠 > 𝐶0 initially, diffusion start from the
left side to right side; as time goes by, the concentration is more uniformly distributed and the
magnitude of diffusion attenuates gradually. After considerable time, the concentration becomes
uniformly distributed.

Figure 5-1 Fick's Second Law
For the selective freezing three-dimensional printing process, it is unlikely to create an analytically
mathematical model for universal purpose because of the distinctness of part geometries.
Numerical models are reliable and precise enough to reflect the principle of the diffusion
phenomenon. The unique periodic diffusion takes place due to the drop-on-demand jetting mode
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and layered construction method. Besides, the phase change of material and heat transfer between
adjacent droplets make the diffusion a nested intermittent process.
Currently, the solvent used in the selective freezing three-dimensional printing is water, where the
freezing points of solutions are lower than that of the pure solvent, it is a function of the molality
of solutes, and the freezing point depression Δ𝑇𝑓 is expressed as [211]:
Δ𝑇𝑓 = 𝐾𝑓 𝑐𝑚

(5-3)

Where 𝐾𝑓 is the freezing point depression constant, and 𝑐𝑚 is the concentration of the solute. In
the selective freezing 3D printing process, if the material of the newly deposited layer has a higher
freezing point than the nether layers, the nether layer is likely to melt into the liquid state with the
absorption of the heat from upside. In this work, we construct a model to simulate a typical scenario
that depositing pure water layer onto solidified 20 wt.% aqueous sodium chloride, with the initial
temperature of solid as -20°C and water as 5°C. The ambient temperature is also -20°C to improve
the solidification quality during the printing process.
In this case, the new-layer material, pure water, has a higher freezing point and more specific latent
heat of fusion [212], this means the heat released from the new layer will melt deposited materials
into a certain depth.
5.3 Model Description
Figure 5-2 shows the schematic diagram of the melting mechanism. When a new layer is deposited,
the top layer of the solidified materials melts due to the heat transferred from above. The
concentration is unevenly distributed across the region “a” and “b”, causing diffusion, which will
be terminated by solidification. The depth of melted materials and the duration of liquid status are
two main factors of the degree of diffusion. The diffusion condition performs the interface shape.
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To settle the thermal dynamics in the process, and furtherly control the interface condition, a finite
element analysis (FEA) model is presented here.

a

New layer ( pure water)

b Melted materials (aqueous sodium chloride)

c

Fabricated materials
(aqueous sodium chloride)

Figure 5-2 Melting mechanism in selective freezing 3D printing
With geometry and process settings comparable to the real conditions, the FEA frame is created
in ABAQUS software as displayed in Figure 5-3.

Figure 5-3 Model frame in ABAQUS
As aforementioned, diffusion within solids is negligible compared to that in liquids. In the
simulation, heat transfer depicts the states of material and furtherly influence the diffusion. New
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layer comes after previous layers fully solidified, creating a periodic diffusion problem. Boundary
conditions are as shown in Figure 5-3, the temperature of the bottom surface and ambient
temperature are constant -20°C, convection coefficients between the other three surfaces and the
ambient are temperature-independent.
The computing cost can be tremendous to simulate the entire process until no obvious diffusion
going on. In order to depict the process of high efficiency and preserve enough precision, the model
separates the thermal analysis and diffusion simulation. Melting depth and liquid duration are first
simulated in ABAQUS software; with the spatial and temporal information, the diffusion is
computed with a mathematics governed algorithm. In the case tested here, the newly deposited
layer is pure water, whose freezing point, and latent heat density is higher than that of the deposited
material underneath, which is aqueous Sodium Chloride. When the new material deposited and
releasing heat during solidification, the adjacent material underneath melts. The melting depth is
mainly correlated to the amount of absorbed heat, which is a function of the solute concentration,
temperature and heat transfer duration. Heat transfers from the new layer to previous layers, the
mathematical equation is as below:
𝛼W𝑒 = 𝑀0 ⋅ 𝐿0 = 𝑀𝑛 ⋅ 𝐿𝑛

(5-4)

Where W𝑒 is the heat quantity absorbed by the melting materials, 𝛼 is the proportion of the heat
quantity utilized in melting process, 𝑀0 is the weight of melting materials in the first iteration, 𝐿0
is the related latent heat, 𝑀𝑛 is the weight of melting materials in the (n + 1)th iteration, 𝐿𝑛 is the
related latent heat. Without considering density changes, the equation can be unfolded as:
𝐷0 ⋅ 𝐴 ⋅ 𝜌0 ⋅ 𝐿0 = 𝐷𝑛 ⋅ 𝐴 ⋅ 𝜌𝑛 ⋅ 𝐿𝑛
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(5-5)

Where 𝐷 is the melting depth, A is the horizontal surface area and 𝜌 is relative density. So the
melting depth can be further formulated as:

𝐷𝑛 = 𝐷0

𝐿0
𝐿𝑛

(5-6)

Latent heats of aqueous salts are related to the solute concentration; some empirical models are
proposed to fit the relations. For instance, H. Kumano and his et al. summarized the latent of
aqueous sodium chloride as the function of the wt.% concentration 𝑐 [213]:
L = 3.335 × 105 − 1.28 × 103 𝑐 + 29.1𝑐 2 − 2.04𝑐 3

(5-7)

Based on equation (5-7), the melting depth of each layer is accessible with the information of one
simulation result.
5.4 Results
The parameters that can affect the interface conditions in the composite materials and structures
printing include process parameters and materials parameters. The process parameters consist of
environmental parameters and operational parameters; while the material parameters consist of
physical properties and chemical properties.

In the first test, all the process and operation parameters are set based on the most common printing
setups in practice. The jetting frequency is 100Hz, with appropriate nozzle size and tracking pace,
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the layer thickness is 0.2 millimeter. The material parameters used for computation are
summarized as Table 5-1.
Table 5-1 Material parameters of the deposited layers and the new layer
Position

Deposited layers

New layer

Material

20 wt.% aqueous Sodium

Pure water

Chloride
Density(𝑘𝑔/𝑚3 )

1156

1000

Thermal conductivity(𝑊/(𝑚 ⋅ 𝐾))

0.58

0.58

Freezing point(°𝐶)

-16

0

Latent heat(𝐽/𝑘𝑔)

334,000

233,000

Specific heat capacity(𝐽/(𝑘𝑔 ⋅ 𝐾))

4,218

3,380

Initial temperature(°𝐶)

-20°C

5°C

Surface heat transfer coefficient(𝑊/(𝑚2 ⋅ 𝐾))

50

50

With elements installed in advance but without activation, the model is initiated from the moment
of the activation of the contact. Figure 5-4 shows the initial state, region ① represents the newly
deposited layer, which is pure water; region ② represents the solidified materials, which is frozen
20 wt.% aqueous sodium chloride. In the beginning, region ① has a much higher temperature
(5°C) than region ② (-20°C, totally cooling down), heat transfer occurs between these two regions
when the simulation starts. With a lower fusion point than ice point, the top of region ② tends to
melt after absorbing enough heat. After 2.36 seconds, the melting depth, which is labeled as ③ in
Figure 5-5, attains its peak value:𝐷0 = 0.3𝑚𝑚. Diffusion is undergoing the melting materials and
newly deposited materials. The redistribution of salt concentrations changes fusion points among
the entire structure; but when heat is drained off, the materials will solidify quickly. The region
① and ③ complete their solidifications when t = 5.80s. So the diffusion duration is 𝑡𝑑 = 5.80𝑠 −
2.36𝑠 = 3.44𝑠 . Considering the thermal conductivity as a constant without changing with
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concentration, with the same amount of heat released by the newly deposited water, the
solidification time is an approximate constant with negligible changes. Therefore, 3.44 seconds
will be applied as diffusion duration for each layer simulation. As shown in Figure 5-6, after a
considerable long time, the new layer is thoroughly solidified together with the part underneath.

Figure 5-4 Initial state

Figure 5-5 After 2.36s

Figure 5-6 After enough time
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The core idea of the calculation method is the layer-discrete method, which significantly reduces
the computation cost with little sacrifice of accuracy. Figure 5-7 displays the sodium chloride
concentration at the moment of the complete of diffusion for each layer, four layers are simulated.
The first plot is the initial state; the sodium chloride concentration is 20 wt.% as aforementioned.
The solute concentration of the first water layer in the second plot works as the boundary condition
of the second layer; after 3.44 seconds, the solute concentration of the second layer is displayed as
the third plot. With the same procedure, the 3rd layer and the 4th layer are also simulated. Figure
8 summaries the average solute concentration 3.44 seconds after deposition for each layer under
different temperature environments. Under -20°C, the average concentration decrease as the layer
number increases. The average concentration of the 4th layer is slightly above 1 wt.%, which can
be considered as the last active layer. Therefore, the result indicates that with layer thickness as
0.2mm, the diffusion depth is 1.0mm.
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Figure 5-7 Diffusion along layers
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Figure 5-8 20 wt.% Solute concentration (%) versus layer number with layer thickness as 0.2mm
and driving temperature as -10°C, -15°C, -20°C and -25°C.
With different cold temperature:
In order to investigate the effects of different factors on the interfacial diffusion, different initial
low temperature, material concentration, and layer thickness are applied to the simulation model
to investigate the effects.
The temperature of the cold source in the system affects the solidification time, which is strictly
aligned with the diffusion duration. Therefore, the initial temperature is anticipated as a significant
factor. For the control group, the initial low temperature is set as -10°C, -15°C and -25°C,
respectively. The results are shown as Figure 5-8. With -10°C driving temperature, the diffusion
duration lasts longer; as a result, the diffusion penetrates deeper in the following layers. In this test,
seven layers have an average concentration above 0.1 wt.%, which means the diffusion depth is
1.4mm. Obvious thicker than the condition of -20°C.
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With the same procedure, processes with -15°C, -25°C driving temperature are tested, the diffusion
depths are 1.2mm and 0.8mm, respectively. The results show the significance of driving
temperature on the diffusion depth, which provides guidance on the specific operations.
With different sodium chloride concentration:
Material concentration is the result and target parameter of the diffusion problem. If the initial
solute concentration in the solidified region varies, the final solute concentration in the interface
area will inevitably exhibit different conditions. In this research, frozen aqueous sodium chloride
with an initial temperature of -20°C is tested, the solute concentrations are set as 5 wt.% and 10
wt.% for comparison. As shown in Figure 5-9, the results indicate that concentrations reduce
rapidly as a layer built on, with 5 to 6 layers, the solute concentrations start to be close. Initial
material concentration evidently has effects on the diffusion depth. However, comparing to the
diffusion condition with initial material concentration as 20 wt.%, the change on diffusion depth
is not significant. The test results indicate the material concentration is not a significant factor on
the interfacial diffusion.
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Figure 5-9 5 wt.% and 10 wt.% Solute concentration (%) versus layer number with the layer
thickness as 0.2mm and driving temperature as -20°C
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With different layer thickness:
The layer thickness is an essential factor, which profoundly affects the solidification and diffusion
process. Under different nozzle jet frequencies and moving paces, the different layer thickness can
be fabricated. In this work, a scenario with the layer thickness of 0.3mm and same solute
concentration is simulated. As new layer deposited on, the solidified material is melted with a
maximal depth of 0.35mm at 3.85s. The structure is totally frozen from 6.91s; therefore, the
diffusion duration is 3.06s, longer than the one above. As shown in Figure 5-10, the solute
concentration drops to 1 wt.% within three layers, which indicates that with layer thickness set as
0.3mm, the diffusion depth is 0.9mm, larger than the diffusion depth with the layer thickness of
0.2mm. As Figure 5-11 shows the comparison of solute concentration evolution along a number
of layers built. With thicker layer built, more materials are involved in the solidification and
diffusion process within one layer. Therefore, even a stronger diffusion occurs, the average solute
concentration within a layer is still lower than the one in the case of 0.2mm layer thickness.

Figure 5-10 The concentration distribution along Z direction after 3.06s
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Figure 5-11 20 wt.% Solute concentration (%) versus layer number with the layer thickness as
0.2mm and 0.3m.
With different diffusion orientation:
The layer-drive diffusion discussed above is typical for multi-material fabrication, where the
diffusion occurs in the vertical direction and the interface exhibits in the horizontal direction.
However, when the part is constructed with different material within one layer, the diffusion takes
place between different materials in the horizontal direction, the interface grows vertically. The
strengths and durations of heat transfer and mass diffusion are totally different, causing the
difference in interface width. Here our model describes this case. Figure 5-12 a) shows the
simulation model of multi-material printing and the initial status of the materials. Red frame and
green frame display two different materials; the blue regions are solidified materials, while the
grey region is newly deposited material. With the heat release from the newly deposited material,
the adjacent blue region is heated up and starts to melt. The red points in Figure 5-12 b) and c)
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indicate the interfacial points at the top surface, previously deposited material is melted with the
absorption of heat from the newly deposited material. The liquid state of the material starts from
0.43 seconds, shown in Figure 5-12 b), and ends at 2.86 seconds, as shown in Figure 5-12 c); thus
the diffusion duration is 2.43 seconds. The diffusion is calculated by the simulation algorithm. As
shown in Figure 5-13, solute concentration decreases rapidly across the interface, with around 0.3
mm identified diffusion depth. With less horizontal heat transfer occurs than vertical one, smaller
diffusion depth is formed.

a)

b)

c)
Figure 5-12 FEA model of horizontal direction thermal analysis
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Figure 5-13 Solute concentration along x-y direction after 2.43 seconds
5.5 Discussions and Conclusion
This work aims to investigate the effects of different factors on interfacial diffusion in the multimaterial structure fabrication with the selective freezing 3D printing process. Impacts of layer
thickness, cold temperature and solute concentration are simulated with the proposed model. The
results show that the layer thickness of fabrication has a more significant impact on the interfacial
diffusion between materials than that of cold temperature and solute concentration, as summarized
in Table 5-2.
Table 5-2 Analysis of factor impacts
Layer thickness

Cold temperature

Concentration

significant

significant

slight

120

Table 5-3 Parameters for different interface conditions
Sharp interface （semi-conductor）

Blurry interface （FGM）

Low cold temperature, larger layer thickness

High cold temperature, smaller layer thickness

This work aims to investigate the effects of different factors on interfacial diffusion between
materials in selective freezing three-dimensional printing. A low-cost but high-efficiency method,
with a combination of finite element analysis and discrete transmission of diffusion, is applied to
simulation the diffusion process. Material properties are assigned with frozen aqueous sodium
chloride on the bottom as deposited materials and pure water on the top as newly deposited layer.
The simulation results indicate that the driving temperature has significant effects on the diffusion
depth, while the material concentration is a plausible factor. The simulation also provides guidance
for controllable interfacial-diffusion in multi-material selective freezing three-dimensional
printing, driving temperature is essential. To shape a clear border between materials, a lower
temperature is preferred to shrink additional diffusion degree; while a higher drive temperature is
preferred if a gradually changed interface is on desire.
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Chapter 6 Conclusions, Discussions and Future work
6.1 Summary
The proposed selective freezing 3D printing has unique advantages in fabrication of multi-material,
multi-scale and multi-functional porous structures. In this dissertation, experiments and
simulations are conducted to explore a strategy that can implement controllable manufacturing of
porous structures. To connect material parameters and operational settings with specific structure
and properties of the product, the knowledge of the thermal management system is the key.
Simulation models are constructed to investigate the relationship between input parameters and
printing performance. Experiments with appropriate input parameters are conducted to validate
the simulation models. By analyzing the simulation outcomes, the relationships between input
parameters and the printing performances are discovered. With the information acquired from the
simulations, controllable printings can be guided for desired results.
6.2 Answering Research Questions
In chapter 1, two questions are raised which are answered with hypotheses:
Question 1: In the selective freezing 3D printing, can manipulations on parameters and processes
determine the final structures and properties of the products?
H1.1: The selective freezing 3D printing process can fabricate multi-scale, multi-functional and
multi-material structures successfully.
H1.2: In the selective freezing 3D printing process, there is a certain relationship between the
input parameters/operations and the fabricated structures.
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The developments, application and fabrication methods of porous structures are reviewed in
section 1.1. The selective freezing 3D printing system was developed based on the experience of
several generations of different porous structure fabrication methods. Section 1.2 introduces the
detailed configuration of the fabrication system and the functions of each sub-system. In addition,
several printing tests are conducted with appropriate parameter settings. The result proves the
system can fabricate multi-scale, multi-functional and multi-material structures successfully.
To verify Hypothesis 1.2, the theoretical principles of the two techniques, Additive Manufacturing
and freeze casting, are presented in chapter 1. As discussed in section 1.3, crystal growth forms
the morphology of microstructures in the final part, thus constructed the foundation of structural
properties. In addition, the macro scale geometry is depicted by the operation strategies on the
Additive Manufacturing process. The functionality of the structure is also related to the properties
of the raw materials. Therefore, there is undoubtedly relationships between the input parameters
and the resulting structures. The printed parts can have different structural and physical features
with different printing parameter settings, which proves the correctness of Hypothesis 1.2 and
introduces the second question and related hypotheses as below:
Question 2: How to control the parameters and operations to acquire the desired structures and
properties?
Hypothesis 2.1: Appropriate simulations and experiments can reveal the relationship between
the parameters/operations and the fabricated structures and their properties.
Hypothesis 2.2: Once known the effects of each parameter and operation settings on the final
structures, desired structures can be successfully fabricated with the selective freezing 3D
printing technique.
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To resolve hypotheses 2.1, the solutions of the following topics should be identified: the principle
of macrostructure fabrication, the mechanism of microstructure formation and the particularity in
multi-material fabrication. To identify the first topic, the macro scale geometry is constructed by
the inkjet printing, and we construct a simulation model of injection liquid flow to investigate the
mechanism of droplet formation and present it in chapter 2. The simulation is verified by the
images of droplets captured by the high-speed camera. For the second topic, the dynamic thermal
condition is the most significant factor for the crystal growth and thus microstructure. In chapter3,
a PCM based cold source is designed and presented to stabilize the thermal condition temporally
and spatially. Follow-up experiments prove that the performance cold source is improved
profoundly with the new design. Besides, operation strategies are identified and optimized based
on the simulation model. The thermal analysis model is presented in chapter 4 along with the
optimization of the inter-layer waiting time. A tool path planning method based on the thermal
analysis model is presented in chapter 5. Besides, a tool path planning algorithm is designed to
achieve three-dimensional thermal uniformity and experiments to reveal the relationship between
input parameters and the different parts of the selective freezing 3D printing system. With the
assistance of the simulation model, a controllable process can be implemented. For the third topic,
a thermo-diffusion coupled simulation model is designed for the analysis of the interfacial
diffusion between materials. Diffusion depth of both vertical and horizontal directions is calculated
in the proposed model; related process strategies are developed to construct diffusion interface
conditions.
To resolve hypothesis 2.2, experiments with different input parameters are conducted in chapter 2,
3, 4. The experimental results demonstrate the controllable fabrication is accessible with
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manipulations on some parameters. More experiments are needed to obtain a more complete
picture of the controllable fabrication process.
6.3 Contributions
The contributions of this dissertation are as follows:
1. Identified the controllable selective freezing 3D printing process to fabricated desired
multi-scale, multi-material, and multi-functional structures.
2. Provided an idea of implementing controllable processes with parameter effects obtained
from simulation modeling.
3. Proposed simulation models for the droplet analysis of inkjet printing process.
4. Designed PCM based cold sources for the thermal stability of the fabrication process.
5. Created a thermal analysis model for the selective freezing 3D printing process and other
potential Additive Manufacturing methods.
6. Introduced a new tool path planning strategy that generates tool path according to the
dynamic thermal conditions and other potential parameters.
7. Constructed a thermos-diffusion coupled the interfacial diffusion model that can be used
for the analysis of periodically interfacial diffusion in multi-material and multi-functional
fabrications.
6.4 Limitations and Future work
It is promising to use selective freezing 3D printing to fabrication multi-scale, multi-material, and
multi-functional porous structures. The application of different types of porous structures has
extended in the last decades; thus a controllable fabrication process is in need. However, problems
still exist with this study:
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1. This study mainly presents the idea of implementing controllable fabrication process with
simulation method, thus only preliminary relations between parameters and properties have
been fully revealed, which is not enough to implement controllable printing, especially for
those with highly customized features.
2. Factors other than thermal management system parameters also have effects on the final
structure of the printed part, which is not covered in this work.
3. The relationship between the fabricated structure and its physical properties keeps
unrevealed, which is critical for specific applications.
4. The methods of analyzing data and result obtained from simulations, such as the design of
experiments (DOE) and neural network design, are not fully developed in the field of
controllable porous structure fabrication.
Future work is needed with a deeper and broader view on the accomplishment of the controllable
multi-material, multi-scale and multi-functional porous structure fabrication using selective
freezing 3D printing approach. Specifically, more simulations will be conducted with the proposed
injection simulation model to acquire the impacts of more parameters that are useful for the
controllable process. To obtain more precise information on the parameter effects, a deep learning
model will be trained to identify the droplets images captured from the simulation model. To
enlarge the application of the PCM based cold source, more materials with different fusion points
will be discovered. Finally, to implement controllable fabrication with comprehensive parameter
manipulations, more printing experiments need to be conducted.
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