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ABSTRACT 

DESIGN FOR METAL FUSED FILAMENT FABRICATION (DfMF3) 

 OF Ti-6Al-4V ALLOY 

Mohammad Qasim Shaikh 

April 5, 2021 

 

Additive manufacturing (AM) offers unmatchable freedom of design with the ability to 

manufacture parts from a wide range of materials. The technology of producing three-

dimensional parts by adding material layer-by-layer has become relevant in several areas 

for numerous industries not only for building visual and functional prototypes but also for 

small and medium series production. Among others, while metal AM technologies have 

been established as production method, their adoption has been limited by expensive 

equipment, anisotropy in part properties and safety concerns related to working with loose 

reactive metal powder. To address this challenge, the dissertation aims at developing the 

fundamental understanding required to print metal parts with bound metal powder 

filaments using an extrusion-based AM process, known as metal fused filament fabrication 

(MF3). MF3 of Ti-6Al-4V has been investigated, owing to significant interest in the 

material from aerospace and medical industries on account of their high strength-to-weight 

ratio, excellent corrosion resistance and biocompatibility. 

To investigate the material-geometry-process interrelationship in MF3 printing, the current 

work looks into the process modeling and simulation, the influence of material composition 
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and resulting characteristics on printed part properties, effects of printing parameters and 

slicing strategies on part quality, and part design considerations for printability. The 

outcome of the work is expected to provide the basis of design for MF3 (DfMF3) that is 

essential to unlocking the full potential of additive manufacturing. Moreover, the layer-by-

layer extrusion-based printing with the highly filled material involves several challenges 

associated with printability, distortion and dimensional variations, residual stresses, 

porosity, and complexity in dealing with support structures. Currently, a high dependency 

on experimental trial-and-error methods to address these challenges limits the scope and 

efficiency of investigations. Hence, the current work presents a framework of design for 

MF3 and evaluates a thermo-mechanical model for finite element simulation of the MF3 

printing process for virtual analyses. The capability to estimate these outcomes allows 

optimization of the material composition, part design, and process parameters before 

getting on to the physical process, reducing time and cost. 

The quantitative influence of material properties on MF3 printed part quality in terms of 

part deformation and dimensional variations was estimated using the simulation platform 

and results were corroborated by experiments. Also, a systematic procedure for sensitivity 

analysis has been presented that identified the most significant input parameters in MF3 

from the material, geometry and process variables, and their relative influence on the print 

process outcome. Moreover, feasible geometry and process window were identified for 

supportless printing of Ti-6Al-4V lattice structures using the MF3 process, and an analytical 

approach has been presented to estimate the extrudate deflection at the unsupported 

overhangs in lattice structures. Finally, the design and fabrication of Ti-6Al-4V 

maxillofacial implants using MF3 technology are reported for the first time confirming the 



 

ix 
 

feasibility to manufacture patient-specific implants by MF3. The outcome of the work is an 

enhanced understanding of material-geometry-process interrelationships in MF3 governing 

DfMF3 that will enable effective design and manufacturing. 
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CHAPTER 1                                                                                             

INTRODUCTION 

 

Additive manufacturing (AM), also known as 3D printing, can fabricate three-dimensional 

(3D) objects by adding material layer upon layer, as opposed to subtractive and formative 

methods of manufacturing [1]. The ability of AM to deal with highly complex geometry 

and produce parts in small quantity yet economically has attracted industries such as 

aerospace, automotive, medical, dentistry, and consumer to produce application-specific 

end-user parts [2]. The past few decades have witnessed enormous developments and the 

adoption of both polymer and metal AM technologies. In particular, several metals AM 

processes have been established as production methods, such as laser powder bed fusion 

(L-PBF), electron beam melting (EBM), direct energy deposition (DED), and binder 

jetting. However, very high capital investment in machines besides unique challenges and 

safety concerns due to directly working with loose reactive metal powder tends to limit the 

accessibility of these technologies at different scales. Moreover, there are process-related 

challenges, such as localized heating, rapid cooling, high thermal gradients induce residual 

stresses, non-equilibrium microstructures, and microstructural anisotropy leading to 

differences in physical and mechanical properties in the laser/electron beam-based 

technologies [3,4]. Binder jetting faces other difficulties arising from powder-binder 

interactions, fewer material options, de-powdering of green parts, and low part density [5]. 
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Alternatively, extrusion-based AM processes are emerging for fabricating metal parts 

using feed material in the form of a paste, filament, or granular feedstock. These processes 

can eliminate loose powder health hazards and produce isotropic parts and are also 

accessible at low-cost desktop-level printing [6-8]. The current work presents a filament-

based AM process known as metal fused filament fabrication (MF3) that can effectively 

manufacture metal parts. As shown in Figure 1.1, MF3 uses a highly filled metal powder-

polymer filament, the metal powder content generally varies between 55 to 60% volume 

of powder-binder mixture. The feedstock is extruded to form a 1.75 mm diameter filament, 

that can be used on an extrusion-based desktop printer to build a 3D part. The printed part 

referred to as a ‘green part’, is subsequently subjected to solvent and thermal debinding to 

remove polymer binder, leading to a ‘brown part’. Finally, sintering is conducted in an 

inert environment at elevated temperatures, providing a fully dense ‘sintered metal part’. 

Figure 1.1. Overview of MF3 process showing filament preparation, printing, debinding 

and sintering, and demonstrations of a typical part fabricated by MF3 of Ti-6Al-4V 
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In this work, the MF3 process has been demonstrated to fabricate Ti-6Al-4V alloy parts. 

Titanium and its alloys find a wide range of applications, particularly, in aerospace and 

medical applications owing to their high specific strength, excellent corrosion resistance 

and biocompatibility [9]. As the acceptance for MF3 is growing, AM leaders, such as 

BASF, Markforrged, Desktop Metal have commercialized their MF3 solutions in terms of 

material, hardware or services. 

However, while the extrusion-based AM processes of polymers, such as fused deposition 

modeling (FDM), are well established and have been widely used for decades now, MF3 is 

still in a nascent stage. Though MF3 has got enormous potentials, very few materials have 

been developed so far. There exist several research gaps in MF3, such as lack of 

understanding about the influence of material composition and resulting properties on 

printed part properties, effects of printing parameters and slicing strategies on part quality, 

part design considerations for printability, process modeling and simulation to aid design 

for MF3. The paucity of literature on these research areas has resulted in a lot of 

dependencies on the trial-and-error approach that ultimately retards the overall 

developments and growth of the technology. A few research groups have been working 

with different materials [6-8, 10-12], however, most of the studies are based on 

experiments, trial-and-error or empirical models. Hence, the work presented in the 

dissertation has addressed the identified research gaps. 

Moreover, the fundamental understanding of design for MF3 (DfMF3) is essential for 

unlocking the full potential of additive manufacturing, such as design freedom, light-

weighting, design integration/ part consolidation, ability to deal with highly intricate shapes 

of production parts, and ultimately, applications development for MF3. In addition, the 



 

4 
 

layer-by-layer printing with the highly filled powder-binder compound leads to several 

challenges, such as warpage and distortions, residual stresses, porosity within and between 

layers, low geometric fidelity of fine features like lattice structures, increased difficulties 

in printing unsupported regions due to high material density, and complexities in dealing 

with support structures in green as well as in sintered stage. To address these challenges, 

there is a need for investigations of material-geometry-process interrelationships in detail. 

Such investigations through an experimental approach and trial-and-error method would 

not be feasible or efficient and have limited scope. Here, computational simulation and 

virtual analyses can help overcome the limitation. 

Application of predictive simulations in AM has already been proven for different 

technologies both in metals and polymers using simulation tools like Ansys, Abaqus, etc. 

[13-17]. However, no work has been done on the simulation of the MF3 process so far. 

There is a need for a design platform, a simulation solution to analyze the MF3 process, 

and enable design for MF3. Hence, the current work presents a framework of design for 

MF3 leveraging an FEA-based simulation tool, Digimat from MSC Software as shown in 

Figure 1.2. Digimat is an advanced simulation tool used for multi-scale material modeling 

and anisotropic analysis. 

First, data was gathered for input parameters such as material thermo-mechanical 

properties as a function of temperature, part geometry, and printing process parameters. 

Using a thermo-mechanical process model, the MF3 printing process was simulated, 

enabling the prediction of part deformation, warpage, dimensional variations, residual 

stresses and thermal history. The capability to estimate these outcomes allows optimization 

of material composition, part design and process parameters before getting on to the 
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physical process. This approach enables the development of the “right part” for printing 

and getting it printed “right first time”, eliminating the waste in experimental trial-and-

error methodology. 

Figure 1.2. DfMF3: Overall approach leveraging predictive simulation 

The approach would certainly reduce time and cost, and lead to efficient design and 

manufacturing. Moreover, the predictive simulation would enhance the understanding of 

the material-geometry-process interrelationships in MF3 and accelerate the research 

through reduced dependency on experimental studies. 

Building on the initial work of material and process development, the goal of the current 

work is to establish a fundamental understanding of design for MF3 of Ti-6Al-4V by 

investigating the material-geometry-process interrelationships and their influence on 

printed part quality. It is expected that the overall findings will enable effective fabrication 

of complex parts and significantly reduce dependency on the trial-and-error approach. 
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CHAPTER 2 presents an introduction to the MF3 printing process simulation as an enabler 

to design for MF3. In this study, the applicability of a thermo-mechanical model for finite 

element simulation of MF3 printing of Ti-6Al-4V has been investigated. The quantitative 

influence of material properties on MF3 printed part quality was estimated using the 

simulation platform. The simulation results of two materials, a Ti-6Al-4V filled polymer 

and an unfilled ABS copolymer, were corroborated by experiments. It was determined that 

the unfilled polymer parts showed greater warpage and dimensional variations than that of 

the Ti-6Al-4V filled polymer, both in simulations and experiments. Further, the warpage 

pattern was consistent between experiments and simulation results for both materials. 

Finally, the warpage compensation algorithms showed improvement in dimensional 

control for both materials in simulations and were consistent with experimental results. 

CHAPTER 2 findings have been published in the Journal of Materials Engineering and 

Performance in the special issue of Additive Manufacturing (DOI: https://doi.org/10.1007/ 

s11665-021-05733-0). 

CHAPTER 3 investigates the sensitivity of key output parameters towards each of the 

input parameters in MF3 printing. Process simulations were used to estimate the process 

outcome in terms of part deformation, warpage, residual stresses, thermal history and print 

time, in response to variable inputs from the material, geometry and printing process 

standpoint. A systematic procedure for sensitivity analysis has been presented. 

Dimensionless sensitivity values for all output parameters were calculated in the response 

of each input parameter, which allows parameters with different units to be compared 

quantitatively with a single yardstick. Moreover, three different part geometries were 

studied to identify how the process sensitivity varies with part design. For each output 
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parameter, the most influential input parameters were identified from the whole set of input 

parameters, and their influence trends were evaluated for different part designs. 

CHAPTER 3 findings have been published in the Journal of Materials Engineering and 

Performance in the special issue of Additive Manufacturing (DOI: https://doi.org/10.1007/ 

s11665-021-05666-8). 

CHAPTER 4 investigates supportless printing of Ti-6Al-4V lattice structures using the 

MF3 process for the first time. A unit cell was used as a starting point, which was then 

extended to multi-stacked lattice structures. Feasible MF3 processing conditions were 

identified to fabricate defect-free lattice structures. The effects of lattice geometry 

parameters on part deflection and relative density were investigated at the unit cell level. 

Computational simulations using the finite element method were employed to predict the 

part quality, and results were verified by experimental printing. Having identified the 

simulation limitation, an analytical approach has been presented to estimate the extrudate 

deflection at the unsupported overhangs in lattice structures. Finally, using the identified 

processing and geometry parameters, multi-stacked lattice structures were successfully 

printed and sintered without defects. The outcome of the work is an understanding of 

geometry-processing-properties interrelationships governing the design and fabrication of 

lattice structures by MF3. CHAPTER 4 manuscript has been accepted for publication by 

the Rapid Prototyping Journal and is currently in the publication process. 

CHAPTER 5 evaluates the feasibility of MF3 to manufacture patient-specific 

maxillofacial implants based on an elderly patient with osteoporotic maxillary structure. 

The design and fabrication of Ti-6Al-4V maxillofacial implants using MF3 technology are 

being reported for the first time. The CBCT image data of the patient’s oral anatomy was 



8 

digitally processed to design 3D CAD models of maxillofacial implants that match the 

patient’s anatomy and dental implant requirement. The patient-specific implants were 

fabricated by MF3 printing, followed by debinding and sintering, using support structures 

for the first time. Sintered parts were characterized after cutting the support structures off. 

An overall 15-20% shrinkage was observed in the sintered parts relative to the green parts. 

A relative density of 81% indicated 19% total porosity, including 13% open interconnected 

porosity in the sintered parts, which would favor bone healing and high osteointegration in 

implants. Considerable surface roughness (Ra: 13~23 µm) and stair-step effects were 

noticed. Also, a Rockwell hardness of 6.52 ± 0.8 HRC was observed. The outcome of the 

work proves that MF3 is a potential process to manufacture patient-specific custom 

implants out of Ti-6Al-4V. The work presented in CHAPTER 5 contributes towards a 

manuscript that is being submitted to the Annals of 3D Printed Medicine. 

Appendix A reports the evaluation of estimation models that were used to determine Ti-

6Al-4V feedstock material properties used to define the material behavior in the simulation 

platform. Physical and thermo-mechanical properties including density, specific heat, 

modulus, thermal conductivity, coefficient of thermal expansion, viscosity and specific 

volume were estimated as a function of temperature. These findings have been published 

in JOM, 2020 (DOI: https://doi.org/10.1007/s11837-019-03920-y). 

Appendix B: B-I consists of some valuable raw data that was generated during the MF3 

sensitivity analyses (Chapter 3). A total of 78 simulation jobs were conducted in this study 

for three different part designs. The data includes the simulation results used for sensitivity 

factor calculations of all the designs. B-II consists of details from lattice structure 

fabrication experiments and characterization data (Chapter 4). 

https://doi.org/10.1007/s11837-019-03920-y
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Appendix C: C-I presents the work done towards verification of the simulation prediction 

of residual stresses developed in MF3 printing. An experimental approach based on the 

‘Crack Compliance’ method was used. It involved a two-step process: (i) measurement of 

micro-strain using strain gauge by incremental slotting of the specimens (ii) structural 

simulation using an FEA tool. The residual stresses estimated by Digimat-AM showed a 

correlation with experimental measurement. Findings from this work contribute towards a 

manuscript that is in progress. C-II comprises preliminary details on the real-time 

measurement of temperature distribution during MF3 printing. It would enable verification 

of simulation results by facilitating the evaluation of thermal gradient and temperature 

history during the process. It would also provide an enhanced understanding of the 

influence of thermal attributes on resulting part quality and performance. C-III briefs about 

the initial progress towards the capability of estimating porosity distribution in the MF3 

printed green part. It would also provide an estimation of relative density distribution 

within the printed green part. Apart from Digimat-AM, another simulation tool, GENOA 

(AlphaStar), was investigated in this work. Though not fully capable yet, both tools have 

some initial developments on this feature. C-IV consists of a demonstration of the sintering 

simulations model developed through the collaboration between MSC Software and the 

University of Louisville. A new module has been added in Simufact Additive (MSC) and 

is presently being tested. This development underlines the extension of MF3 printing 

simulation to the sintering process. C-V demonstrates some of the NASA parts simulated 

for MF3 printing as part of the FabLab project. These simulation results were used for 

design analysis from a printing standpoint. NASA also wanted to conduct sintering 

simulations on these parts to predict the final part quality. 
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CHAPTER 2                                                                                                               

METAL FUSED FILAMENT FABRICATION (MF3) PROCESS SIMULATION: 

DISTORTIONS PREDICTION AND EXPERIMENTAL VERIFICATION 

 

2.1 INTRODUCTION 

Additive manufacturing (AM) is used for fabricating three-dimensional (3D) objects from 

a virtual 3D model by adding material layer upon layer, as opposed to subtractive and 

formative methods of manufacturing [1]. The main advantage of AM over conventional 

manufacturing processes is the ability to deal with geometric and material complexities 

that cannot be created, technically or economically, using conventional manufacturing 

processes [2]. Metal fused filament fabrication (MF3) is an emerging AM technology for 

fabricating metal parts. MF3 uses a highly filled metal powder-polymer filament in an 

extrusion-based printing platform [6-8]. The metal powder content generally varies 

between 55 to 60% volume of powder-binder mixture. The feedstock is extruded to form a 

1.75 mm diameter filament, that can be used on an extrusion-based desktop printer to build 

a 3D part. 

In the MF3 printing process, the filament is first heated to a semi-molten state and extruded 

through a nozzle. The extrudate gets deposited on a build plate as the nozzle moves, 

following a predefined printing path. The deposited material dissipates heat to the 

environment through convection and radiation. Also, conduction between the previously 
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printed material and build plate leads to heat transfer [18]. While the previously deposited 

material cools down and is in a near-solid phase, the new layer of semi-molten material is 

at a higher temperature. This temperature difference exists along the Z-axis throughout the 

build. It develops thermal gradients along Z-axis resulting in residual stresses in the printed 

component in an anisotropic manner. These stresses consequently produce part distortion 

and nonuniform variations in dimensions, during the printing process as well as after 

component removal from the build plate [13, 18]. Part distortions and dimensional 

variations are the most significant quality challenges that hinder acceptance of the MF3 

process and printed parts in potential functional applications. Hence, the influence of each 

input variable on part quality needs to be investigated. The capability of predicting the 

thermal gradient, residual stresses and distortion if MF3 may help reduce the dependence 

on trial-and-error methods which is time-consuming and expensive. Also, such a predictive 

solution can facilitate design for MF3. However, no research work has been published 

towards such investigations in MF3. 

Computational simulations aimed at predicting residual stresses and part deformation are 

attracting increasing interest in additive manufacturing to study the effects of process 

parameters on the quality of 3D printed parts. In fused filament fabrication (FFF), several 

recent studies focused on the prediction of mechanical behavior of FFF printed 

components. Among the others, Armillotta et al. [14] presented an empirical model for 

warpage prediction by varying part geometry and layer thickness for acrylonitrile butadiene 

styrene (ABS). The study suggested that a lower dimension along build direction led to 

lower bending stiffness and thus to larger distortions. Watanabe et al. [15] investigated 

warpage and residual stresses through simulation of polypropylene (PP) using Ansys 



 

12 
 

Polyflow. The effects of adjusting process variable settings, such as extrusion temperature, 

deposition speed, and layer height, on part warpage were analyzed computationally and 

experimentally. Cattenone et al. [13] investigated the impact of process parameters and 

modeling choices (e.g., mesh size, material model, time step size) on simulation outcomes 

using Abaqus for ABS filament. Croccolo et al. [19] proposed an analytical model to 

predict the strength and the stiffness properties based on input parameter variations for FFF 

of ABS. A model was proposed taking into account the effects of building direction and 

the number of contours in mechanical strength prediction. Phan et al. [20] used a 

computational fluid dynamics simulation to model the melting process of polylactic acid 

(PLA) through the extruder nozzle. It revealed a recirculation vortex that has a large 

viscosity which explains why no material is observed to spill out of FFF printers from the 

large backpressures. Zhang et al. [21] used a finite difference method to look into the 

influence of process parameters on temperature variation. The influence of temperature 

settings, layer thickness and print speed were identified.  Brenken et al. [22] investigated 

polymer crystallization kinetics and thermo-viscoelastic models based on the thermal 

history of polyphenylene sulfide (PPS). 

Similarly, simulations of metal AM processes have been investigated by several 

researchers. Li C et al. [16] investigated a predictive model of part distortion and residual 

stress in the selective laser melting (SLM) process of AlSi10Mg using Abaqus. To 

overcome the limitations of the single-track conventional simulation approach, a 

temperature-thread multiscale modeling approach was proposed to predict residual stress 

and part distortion. Song J et al. [17] used an FE-based thermomechanical model using 
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FORTRAN to predict the time-dependent temperature field, residual stress and resultant 

deformation of the Ti-6Al-4V part using the SLM process. 

However, no work has been done towards process modeling and simulation of extrusion-

based printing with metal-filled materials. The use of FEA tools to perform material and 

process simulations of MF3 is yet to be explored. There are only a few works on MF3 

research that have been published. Most of the work has been done towards material and 

process development, and experimental or analytical studies to understand process 

dynamics [1, 6-8, 23, 24]. Prior work performed by our group looked into estimating the 

feedstock material properties such as physical, thermal, rheological and mechanical for 

highly filled powder-polymer systems [10], and printability challenges in MF3 [11]. In 

order to design for MF3 and overcome part quality issues, there is a need to investigate the 

material-geometry-process interrelationships. However, such investigations using an 

experimental trial-and-error approach or empirical methods have limited scope towards 

problem-solving in a timely or cost-effective manner. Hence, computational simulation and 

design solutions are required for MF3 as an enabler to widespread industrial application of 

the process. 

In this study, the applicability of the thermo-mechanical model using a finite element 

simulation for the MF3 printing process was investigated. The material system used in MF3 

comprises a novel formulation of metal powder mixed with a multi-component custom 

polymer binder. Here, the question arises on how the properties of powder-binder feedstock 

in MF3 influence the printing process outcome and quality of the printed part.  A thermo-

mechanical material model was considered for Ti-6Al-4V feedstock material containing 

59 vol.% metal powder. Printed part quality was evaluated in terms of part distortion and 

https://www.sciencedirect.com/topics/physics-and-astronomy/residual-stress
https://www.sciencedirect.com/topics/physics-and-astronomy/deformation
https://www.sciencedirect.com/topics/engineering/ti-6al-4v


14 

changes in dimensions. Simulation results were verified with experimental printing and 

measurements, including optical surface profilometry. Furthermore, the sensitivity of the 

simulation model to material properties was verified by simulation and experimental 

printing of unfilled ABS material. The experimental matrix also enabled the influence 

evaluation of material composition and resulting properties on printed part quality. It is 

expected that the present study will lead to a predictive simulation solution for MF3 that 

will provide an assessment of the printing process outcomes at the component design stage 

based on part geometry, material properties, print strategy and process conditions, enabling 

design for MF3 (DfMF3). It will further enable the identification of optimal processing 

conditions and component design to get the part right and print right the first time, as 

opposed to the traditional approach based on experience and trial-and-error. 

2.1.1 Thermo-mechanical analysis of MF3 process 

To analyze the MF3 printing process, FEA simulations were conducted using Digimat 

software [25]. The GCode data was obtained from a slicing tool (Simplify 3D) and a 

sequential thermo-mechanical simulation was performed. The analysis was divided into 

two steps. First, a thermal analysis was conducted, solving the heat transfer equations to 

evaluate the time-spatial temperature field evolution during the printing process. 

Subsequently, the resulting temperature field was adopted as loading input in a mechanical 

analysis to evaluate residual stresses and part distortions. To simulate the extrusion-based 

printing process, the sequential element activation function was used in Digimat. As per 

the toolpath defined by GCode data, a chunk of elements representing a small part of the 

deposited extrudate was activated in each time step. Once all the elements were activated, 
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the final results were then used for a thermo-mechanical analysis to simulate the 

solidification and cooling phase. 

2.1.2 Constitutive models 

Thermal analysis 

The extrusion-based printing process involves transient heat transfer. As the heated 

extrudate gets deposited on a substrate, the temperature drops from extrusion temperature 

towards chamber and substrate temperatures. The simulation uses a heat transfer model to 

calculate temperature variations in the part being printed through the entire printing process 

and at the end after cooling. The transient heat transfer is modeled by the governing partial 

differential equation [14]: 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
= 𝑘 (

𝜕2𝑇

𝜕𝑥2
+ 
𝜕2𝑇

𝜕𝑦2
+ 
𝜕2𝑇

𝜕𝑧2
) 

where T, ρ, Cp, and k represent the temperature, density, specific heat capacity, and thermal 

conductivity of the powder-binder feedstock, respectively. The phase solidification energy 

per layer is given as: 

𝐻 = ∫𝜌 𝐶𝑝(𝑇)𝑑𝑇 

where H represents enthalpy. 

As print progresses, the newly deposited layer, initially at extrusion temperature, cools 

down quickly to a lower temperature. The lowered temperature and rate of cooling depend 

upon the build chamber and substrate temperature. A few underlying layers are re-heated 

by conduction heat flow from new layers, and their temperature exceeds glass transition 

(1) 

(2) 
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temperature again, leading to further diffusion between the layers. The evolution of the 

temperature in z-direction for each position satisfies the following heat equation [14]: 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
= 𝑘 

𝜕2𝑇

𝜕𝑧2
 

The variation of temperature throughout the part thickness is obtained as: 

𝑇 =  𝑇𝑐 + (𝑇𝑚 − 𝑇𝑐)
∆ℎ  

√𝜋𝜑𝑡
𝑒𝑥𝑝 (−

𝑍2

4𝜑𝑡
) 

where φ = k/ρCp is thermal diffusivity, Tm, Tc, Δh and Z are melting temperature, chamber 

temperature, layer thickness and position in Z-direction. 

 

Mechanical analysis 

The governing equations for mechanical analysis are the stress equilibrium with thermal 

strain included [26]. 

𝜕𝜎𝑥
𝜕𝑥
+
𝜕𝜏𝑦𝑥

𝜕𝑦
+
𝜕𝜏𝑧𝑥
𝜕𝑧

= 0 

 
𝜕𝜏𝑦𝑥

𝜕𝑥
+
𝜕𝜎𝑦

𝜕𝑦
+
𝜕𝜏𝑧𝑦

𝜕𝑧
= 0 

 
𝜕𝜏𝑥𝑧
𝜕𝑥

+
𝜕𝜏𝑦𝑧

𝜕𝑦
+
𝜕𝜎𝑧
𝜕𝑧
= 0 

Thermal strain, 𝜖𝑡ℎ, is given by 

𝜖𝑡ℎ = 𝛼𝑒∆𝑇 

Where, e is coefficient of thermal expansion and T is the change in temperature 

(5) 

(6) 

(3) 

(4) 
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By Hooke’s law, stress is related to strain by 

{𝜎} = [𝐷]{𝜖𝑒}

Where, 𝜖𝑒  is elastic strain and D is the stiffness matrix

{𝜖𝑒} = [𝐷]−1{𝜎}

For the thermo-elastic model, total strain, 𝜖 is given by 

{𝜖} = [𝐷]−1{𝜎} + {𝜖𝑡ℎ}

In 3D form, this relationship is given as [27]: 

(

 
 
 
 
 
 
 
 

𝜖11

𝜖22

𝜖33

𝛾12

𝛾23

𝛾31)

 
 
 
 
 
 
 
 

=

(

 
 
 
 
 
 
 
 

1
𝐸11
⁄

−𝜗12
𝐸11
⁄

−𝜗13
𝐸11
⁄ 0 0 0

1
𝐸22
⁄

−𝜗23
𝐸22
⁄ 0 0 0

1
𝐸33
⁄ 0 0 0

1
𝐺23
⁄ 0 0

1
𝐺13
⁄ 0

1
𝐺12
⁄ )

 

(

 
 
 
 
 
 
 
 

𝜎11

𝜎22

𝜎33

𝜏12

𝜏23

𝜏31)

 

+

(

 
 
 
 
 
 
 
 

𝜖𝑡ℎ,11

𝜖𝑡ℎ,22

𝜖𝑡ℎ,33

𝛾𝑡ℎ,12

𝛾𝑡ℎ,23

𝛾𝑡ℎ,31)

 

Once the six stress components are calculated from the above equations, the principal 

stresses (1, 2, 3) are calculated from the stress components by the cubic equation, 

|

𝜎11 − 𝜎𝑝 𝜏12 𝜏31
𝜏12 𝜎22 − 𝜎𝑝 𝜏23
𝜏31 𝜏23 𝜎33 − 𝜎𝑝

| = 0 

The von Mises stress, ′, is calculated as [28]; 

𝜎′ = √
1

2
[(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2]

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 
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2.2 METHODOLOGY 

 

Figure 2.1. The methodology of predictive simulation and experimental verification of MF3 

printed part 

 

The simulations in this study focused only on the printing stage of the MF3 process chain. 

Simulation solutions for debinding and sintering stages are being worked on and will be 

reported separately. The overall approach followed in this study is shown in Figure 2.1. A 

3D model of ASTM E8 tensile bar was developed using CAD software (Solidworks), 

which is then converted to STL format having a triangular mesh of the external surface. A 

slicing software (Simplify3D) is fed with the STL file as geometry input, slicing parameters 

as toolpath input and printing parameters as process conditions input. A GCode file is 

obtained that contains the printing process instructions. The same GCode file is used in 

MF3 printing simulations as well as printing experiments. This ensures consistency of input 

and boundary conditions between simulations and experiments. The information in the 

GCode file was used to set up FEA simulations in Digimat 2019.0 following a sequential 
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thermo-mechanical simulation approach. Estimation of a thermal gradient, residual stresses 

and distortions in the printed part was provided by the simulation. In MF3 printing 

experiments, the same GCode information was fed to a desktop FFF printer, Pulse 

(MatterHackers, Lake Forest, California), that prints a 3D part by adding material as per 

GCode instructions. The printed part is generally referred to as the ‘green part’. 

 

2.2.1 Process simulation 

To model and simulate the MF3 printing process, accurate information is required to define 

the thermo-mechanical behavior of the novel powder-binder composite material, part 

geometry and printing process parameters. The accuracy of simulation prediction depends 

upon the accuracy of input data and the thermo-mechanical simulation model. 

 

Material properties 

In this study, the printing of the filaments with 59 vol.% of Ti-6Al-4V powder dispersed 

in a multi-component custom polymer matrix was simulated. Thermo-mechanical 

properties of the novel material were generated using empirical estimation models. A 

recent publication by the authors involved the use of experimentally measured polymer 

binder properties and estimation models to generate thermo-mechanical properties of Ti-

6Al-4V feedstock material [10].  Figure 2.2a shows the mechanical and thermal properties 

of the material over a range of temperatures. In order to evaluate the effects of material 

properties on the printed part quality as well as to verify the sensitivity of the simulation 

model to changing material properties, simulations and printing experiments were 

conducted with an unfilled acrylonitrile butadiene styrene (ABS) polymer as well. ABS 
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was selected due to the availability of thermo-mechanical material properties in the 

database of the simulation tool. Figure 2.2b shows the mechanical and thermal properties 

of unfilled ABS polymer over a range of temperatures. 

(a) Ti-6Al-4V feedstock 

(b) Unfilled ABS 

Figure 2.2. Mechanical and thermal properties over a range of temperatures used in printing 

process simulations (a) Ti-6Al-4V feedstock (b) unfilled ABS 

Geometry 

An ASTM E8 tensile bar was used for both printing simulations and experiments in this 

study. Figure 2.3a shows the dimension of the part. The tensile bar was used to evaluate 
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the mechanical and physical properties of printed parts, both at the green and sintered stage 

in the ongoing MF3 research at MIG; hence the same geometry was selected for simulation. 

Printing parameters 

The printing process in MF3 involves several input parameters. Table 2.1 presents the key 

process parameters used in this study and their typical values selected based on experience. 

Table 2.1. MF3 printing process conditions 

Process parameters Settings 

Layer thickness (mm) 0.15 

Bead width (mm) 0.48 

Extrusion temperature (C) 240 

Build plate temperature (C) 65 

Build chamber temperature (C) 20 

Printing speed (mm/s) 5 

Toolpath () 0 – 90 

Layer thickness defines the height of each layer of material deposited during printing. 

While a smaller layer thickness discretizes the build into higher resolution leading to better 

accuracy and surface quality, it leads to higher printing time. Typically, a layer thickness 

of 0.1 – 0.2 mm is used in MF3 printing. In this study, a layer thickness of 0.15 mm was 

used.  Bead width defines the discretization of each layer in the XY plane. It is decided 

considering the desired accuracy of geometric exactness and print speed. Nozzle size is 

selected according to intended bead width. A layer width of 0.48mm was obtained using a 
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0.4 mm diameter nozzle. Extrusion temperature of 240 C and build plate temperature of 

65 C was used. Build chamber temperature was considered equal to ambient temperature 

as the desktop printer used in this study did not have a closed build chamber. A lower speed 

is more suited in MF3, the melt being highly viscous and the filament less stiff compared 

to standard polymer filaments like ABS [11]. A print speed of 5 mm/s was used in MF3 of 

Ti-6Al-4V. A toolpath was defined with alternating raster angle 0-90. 

 

Simulation setup 

In this study, a thermo-mechanical model was used for finite element simulations in 

Digimat to model the MF3 printing process. The CAD model of the ASTM E8 tensile bar 

in STL format was imported in Digimat-AM. It was discretized into voxel mesh. To 

accurately reproduce the printing process, it is required that the typical element height is 

equal to a sub-multiple of the layer thickness. Also, if the element width can be equal to or 

a sub-multiple of the filament width, it provides consistency with the real process. But in 

some cases, this meshing strategy can lead to finite element models with a very large 

number of elements (> 105), which requires substantial computational resources. For this 

reason, we considered a meshing consistent with the height but not with the width of the 

deposited filament. However, the mesh size cannot be smaller than the layer thickness. 

Considering the computational time, a mesh size of 0.3 mm was used, leading to 89,606 

voxel elements as shown in Figure 2.3b. The temperature-dependent mechanical and 

thermal material properties were defined over a range of temperatures for both Ti-6Al-4V 

feedstock and unfilled ABS, as shown in Figure 2.2. Processing parameters shown in 

Table 2.1 were used in simulation as well as printing experiments. The GCode file from 
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Simplify3D defines the toolpath, layer thickness, and printing speed. This file includes the 

time and spatial position of the nozzle, material deposition description and contour of the 

part. An alternating 0 and 90 raster angle toolpath was generated in the slicing tool as 

shown in Figure 2.3c. Other printing parameters such as bead width, extrusion 

temperature, build plate temperature, chamber temperature, convection coefficient were 

defined through the simulation tool graphical user interface. 

 

(a) ASTM E8 tensile specimen 

 

 

(b) Meshed model               (c) Toolpath 

 

Figure 2.3. (a) ASTM E8 tensile bar dimensions (b) meshed model with voxel element size 

0.3 mm (c) GCode data defines the 0-90 toolpath generated in the slicing tool 
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To simulate the progress in the printing process as defined in GCode, simulation provides 

two approaches. A ‘layer-by-layer discretization’ method, where the voxel elements are 

activated, and results are computed for one layer at a time. Whereas in the ‘filament 

discretization’ method, a chunk of elements representing filament deposition gets activated 

and computed at a time. While the filament discretization method provides more insights 

into thermal evolution within each layer, it was difficult for a full tensile bar model due to 

computational limitations. Hence, a layer-by-layer discretization’ method was used in this 

study. Having defined the material, geometry, toolpath, and process parameters, the job 

was submitted for thermo-mechanical simulation. The printing process and printed part 

quality were evaluated by post-processing the simulation results. 

2.2.2 Printing experiments 

To verify MF3 printing simulation results, printing experiments were performed using the 

same geometry, material, and processing conditions as used in simulations. The ASTM E8 

tensile bar STL file was processed through Simplify3D to generate GCode instructions. 

Filaments with Ti-6Al-4V of 59 vol.% feedstock and unfilled ABS were used in a spooled 

form. The filament diameter was 1.75 mm, which is standard for most desktop printers. An 

FFF desktop printer, Pulse from MatterHackers, was used for printing. Five samples were 

printed with a given set of input parameters. The processing parameters used were the same 

as those used in simulations, as shown in Table 2.1. A few additional control parameters 

were defined in experimental printing, like extrusion multiplier, which was kept as 1.0 

because simulation does not take this variable into account. Similarly, the skirt was defined 

to overcome oozing by purging and get a smooth flow through the nozzle, though 
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simulation does not model these features. Also, a 100 % infill was used to get a fully dense 

part. 

The printed parts were characterized for dimensional changes and distortions compared to 

the original CAD design. A Vernier caliper was used for measuring the dimensions of the 

printed parts. Optical microscopy was used to evaluate Z-warpage. Additionally, an optical 

surface profiler (Keyence VR-5000) was used to generate the 3D surface geometry of the 

printed parts. These results were compared with simulated part geometry and original 

design geometry for verification. 

 

2.3 RESULTS AND DISCUSSION 

In the MF3 printing process, the material softens and partially melts when pushed through 

the extruder-nozzle. Figure 2.4 shows the temperature evolution results from the thermal 

analysis of Ti-6Al-4V feedstock for the initial two layers by sequential element activation 

in the ‘filament discretization’ method during the printing process. It was observed that 

temperature was ranging between 96 C and 63 C. As the extrudate was deposited on a 

substrate, a chunk of elements was graphically activated representing a small portion of the 

deposited bead at a higher temperature. As the printing progressed, the previously 

deposited extrudate cooled down to a temperature close to that of the heated bed, 65C. 

This can be attributed to the heat loss to the environment due to lower ambient temperature 

in the absence of a closed heated chamber [29]. 
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Figure 2.4. MF3 printing simulation progress by sequential element activation algorithm; 

temperature variation plot concerning time in sync with material deposition in the printing 

experiment of Ti-6Al-4V feedstock 

 

As the extrudate from the nozzle was deposited on a substrate, it cooled down and 

solidified. With the addition of subsequent layers, repeated cycles of heating and cooling 

led to the development of a thermal gradient along the Z-axis. This gradient combined with 

non-uniform cooling leads to inherent thermal strains in the printed part. The extent of the 

strain varies according to the thermal gradient and coefficient of thermal expansion (CTE) 

of the material. The thermal strain causes deflection and warpage, finally leading to 

deviations in printed part dimensions and shape as opposed to original CAD geometry [30]. 

Hence, to achieve the desired part quality and dimensional tolerances, it is important to 

understand and control the deflection and warpage phenomenon during MF3 printing. 

The mechanical simulation provides an estimation of deflections in X, Y, Z directions as 

well as the overall deflection results for a given material, geometry, and process 
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parameters. The estimated maximum deflection for the ASTM E8 tensile bar with Ti-6Al-

4V feedstock was found to be 0.44 mm, as shown in Figure 2.5a. As the deposited 

extrudate underwent phase change during the printing process, a considerable amount of 

shrinkage occurred, depending upon the CTE of the material leading to part deflection and 

changes in dimensions. Unfilled ABS showed a higher deflection value, 0.83 mm, as shown 

in Figure 2.5b. This can be attributed to the higher CTE value of unfilled ABS than that 

of Ti-6Al-4V feedstock having 59 vol.% of metal powder. However, the deflection pattern 

was found to be the same for both materials. 

(a) Ti-6Al-4V feedstock   (b) ABS

Figure 2.5. Part deflection estimation: (a) Ti-6Al-4V feedstock (b) ABS 

2.3.1 Dimensional variation 

The simulation tool does not directly provide simulated part dimensions. To estimate the 

part dimensions from deflection results, the deformed part geometry was exported from the 
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simulation results in STL format. This file was then imported into CAD software 

(SolidWorks) to generate a 3D model, and dimensions of the deformed part were measured 

in SolidWorks. These dimensions represent the estimated dimensions of the printed part 

with given material and processing parameters. To verify the simulation results, the 

respective dimensions of physically printed parts were measured using a Vernier caliper. 

Figure 2.6 shows the dimension results from simulation and experiments for Ti-6Al-4V 

feedstock and unfilled ABS. 

 

              (a) Ti-6Al-4V feedstock                                                  (b) ABS 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

Figure 2.6. Part dimensions: simulation and experiment results (a) Ti-6Al-4V feedstock (b) 

ABS 

 

As shown in Figure 2.6a, both simulation and experiment with Ti-6Al-4V feedstock 

showed shrinkage in all three directions (X, Y, Z) consistently. Simulation results showed 
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a maximum 1 % change in dimensions in XY-plane and a 1.5 % change in Z-dimension. 

In comparison,  the experimental results showed 0.6 % and 0.9 %, respectively. 

Experimental part dimensions fairly matched with that of the simulated part. The shrinkage 

was observed to be higher along Z-axis than in the XY plane in simulation as well as 

experiments. This can be attributed to a higher thermal gradient along Z-axis than in XY-

plane, due to layer-by-layer printing. Moreover, it was noted that simulations showed an 

overall higher shrinkage than experiments. This may be due to the stress relaxation effect 

in experiments tending to lower residual stress and lower overall deflection. In contrast, 

the simulation model currently does not take the stress relaxation effect into account, 

leading to higher residual stresses during printing which tends to develop higher deflections 

at the end of printing. 

 

Similarly, for ABS, both simulation and experiment results showed shrinkage in all three 

directions (X, Y, Z) consistently, as shown in Figure 2.6b. Also, experimental part 

dimensions fairly matched with that of the simulated part. However, it was observed that 

ABS showed a higher amount of dimensional variations compared to Ti-6Al-4V feedstock 

in both simulations and experiments. Simulation results showed a maximum 1.9 % change 

in dimension in XY-plane and a 2.8 % change in Z-dimension, whereas the experimental 

results showed 1.4 % and 2.2 %, respectively. Shrinkage along Z-axis was observed to be 

higher than that in the XY-plane in simulation as well as experiments. Table 2.2 

summarizes the simulation and experiment dimensions compared to theoretical dimensions 

for both materials. Compared to Ti-6Al-4V feedstock, ABS parts showed higher 

dimensional changes. It is attributed to higher shrinkage resulting from the higher CTE 
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value of ABS unfilled copolymer. This difference indicates the influence of material 

composition and resulting material properties on printed part quality in the extrusion-based 

additive manufacturing process. Also, this sensitivity of the simulation model to material 

properties variations was verified by experimental results from both materials. 

Table 2.2. Part dimension results; simulations and experiments with Ti-6Al-4V feedstock 

and unfilled ABS 

Description 
Length 

(mm) 

Grip- 

width (mm) 

Gauge-

width (mm) 

Thickness 

(mm) 

Z-warpage 

(mm) 

CAD 

Dimensions 
79.29 11.50 6.90 3.20 0.00 

Ti-6Al-4V: 

Simulation 
78.50 11.42 6.84 3.15 0.15 

Ti-6Al-4V: 

Experiment 

78.86 

± 0.20 

11.44 

± 0.10 

6.86 

± 0.10 

3.17 

± 0.05 

0.28 

± 0.05 

ABS: Simulation 77.80 11.34 6.81 3.11 0.27 

ABS: 

Experiment 

78.14 

± 0.25 

11.29 

± 0.10 

6.77 

± 0.10 

3.10 

± 0.10 

0.63 

± 0.10 

Part distortion 

Apart from dimensional changes, distortion of part geometry was observed consistently for 

both materials in simulations as well as experiments. The non-uniform shrinkage caused 

by differential cooling during printing led to a non-uniform distribution of thermal strains 

causing warpage and distortion of part shape. 
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                       (a) Ti-6Al-4V feedstock   (b) ABS 

                   

Figure 2.7. Z-warpage: simulation and experiment results (a) Ti-6Al-4V feedstock (b) ABS 

 

The part distortion was seen to be more significant along the Z-axis. As shown in Figure 

2.7a, the estimated maximum Z-warpage for the Ti-6Al-4V feedstock tensile bar was 0.15 

mm, whereas experiments showed 0.28 mm. Similarly, ABS showed 0.27 mm and 0.63 

mm Z-warpage in the simulation and experiment, respectively, as shown in Figure 2.7b. 

Following the same trend as dimensional change results, Z-warpage was found to be higher 

in ABS compared to Ti-6Al-4V feedstock, due to the higher CTE value. 
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                    (a) Ti-6Al-4V feedstock                                      (b) ABS 

 

Figure 2.8. Part distortion along the Z-axis: simulation and optical surface profilometry 

results (a) Ti-6Al-4V feedstock (b) ABS 

 

Moreover, the higher Z-warpage in experiments than in simulations may be attributed to 

imperfect adhesion of part base to the heated print bed. As printing progressed, the 

temperature at the bottom layer dropped to bed temperature, leading to a phase change 

from viscous melt to solid. Non-uniform cooling of the part developed thermal strains and 

residual stresses. The residual stresses at the base were high enough to overcome the 

adhesion between the part base and print bed; subsequently, it caused peeling off at the part 

base edges and corners leading to the increased Z-warpage. After partial detachment, due 

to lesser resistance, the part base tended to warp to a greater extent in experiments. 

However, the simulation assumes a perfect adhesion between part base and print bed, and 
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this boundary condition remains constant throughout the printing stage of simulation and 

is taken off during the cooling stage. Simulation and printing experiments showed similar 

warpage patterns and locations for both materials. Figure 2.8 shows the overall part 

distortion along the Z-axis. The scanned printed part surface models obtained from optical 

surface profilometry showed agreement with the simulated part distortion. Extreme ends 

of the part were found to be deflecting the most. This can be attributed to a higher rate of 

heat loss by convection and faster cooling at the two ends. Also, the bending distortion 

resulting from tension-compression stresses developed across the part thickness leads to 

maximum deflection at the ends of the part geometry. The distortion pattern was similar in 

both materials, whereas unfilled ABS showed a higher magnitude due to a higher CTE 

value than that of Ti-6Al-4V feedstock. 

2.3.2 Reverse warpage 

Besides the estimation of part deformation, the simulated deformed part geometry was used 

to optimize the original design to achieve the desired target dimensions keeping material 

and processing parameters unchanged. The deformed simulated geometry was scaled by a 

compensation factor of -1.0 to develop a reverse warpage model. The model was exported 

in STL format from Digimat and imported into SolidWorks. In Figures 2.9a and b, the 

grey part is the reverse-warped geometry, and the black part is the original design geometry 

CAD models. From the overlapped CAD models, it was observed that the reverse-warped 

geometry is slightly larger in dimensions than the original design and warped in a pattern 

opposite to the estimated warpage pattern. The required geometry compensation for 

unfilled ABS was observed to be higher than that for the Ti-6Al-4V feedstock. 
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                      (a) Ti-6Al-4V feedstock          (b) ABS    

 

                     (c) Ti-6Al-4V feedstock     (d) ABS     

          

Figure 2.9. (a) and (b) Reverse-warped geometry (grey) overlapped with original design 

geometry (black) for Ti-6Al-4V feedstock and ABS, respectively. Larger warpage 

compensation was required in ABS. (c) and (d) Warped geometry (red) overlapped with 

original design geometry (green) for Ti-6Al-4V feedstock and ABS, respectively. Iteration-
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I and Iteration-II represent before and after warpage compensation, respectively. Warpage 

compensation leads to higher geometric conformity. 

 

The reverse warpage model was used as a compensated geometry to counter the shrinkage 

and distortion that took place during the printing process. With compensated geometry, the 

next iteration of the simulation was conducted keeping the rest of the input unchanged. The 

simulation results showed a similar phenomenon of the thermal gradient, residual stresses 

and deflection as in the first iteration. However, the resulting part geometry matched with 

the as-designed CAD geometry. Figure 2.9c and d show the comparison of as-designed 

geometry (green) with as-printed warped geometry (red). Iteration-I simulation results 

indicate that without warpage compensation there was a lack of shape fidelity and 

geometric precision. However, the part geometry from the Iteration-II simulation taking 

into account the geometry compensation was matching closely with the as-designed CAD 

geometry. The reverse-warped geometry was further used in the Iteration-II of printing 

experiments for both materials. 

 

                   (a) Ti-6Al-4V feedstock       (b) ABS     

 

Figure 2.10. Part distortion along the Z-axis: optical surface profilometry results in 

experiments Iteration-II (a) Ti-6Al-4V feedstock (b) ABS 
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The optical surface profilometry as shown in Figure 2.10 validated that warpage 

compensation in geometry led to a lower Z-warpage compared to the ones from the original 

CAD geometry as shown in Figure 2.8. 

 

The printed part dimensions were measured and compared with simulated part dimensions 

as shown in Table 2.3. Simulation results showed all the dimensions in Iteration-II closely 

matched the theoretical CAD dimensions, and the Z-warpage was found negligible for both 

materials. Similarly, printed part dimensions showed improvement in overcoming the 

shrinkage. However, all the dimensions in the printed part were found to be greater than 

the theoretical CAD dimensions. This could be attributed to the fact that in simulation, 

stress relaxation was not taken into account, resulting in higher residual stresses and 

increased deflection at the end of printing, and ultimately leading to a larger amount of 

geometric compensation than needed experimentally. However, this discrepancy can be 

addressed by further adjusting the geometry compensation through multiple iterations to 

identify a typical compensation factor. The investigation of the iterative procedure to 

achieve desired dimensions in printed parts for various geometries through simulation will 

be conducted in future studies to provide a protocol for correctly printing the part right the 

first time. 
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Table 2.3. Part dimension results using compensated geometry in Iteration-II; simulations 

and experiments with Ti-6Al-4V feedstock and unfilled ABS 

Description 
Length 

(mm) 

Grip- 

width 

(mm) 

Gauge-

width 

(mm) 

Thickness 

(mm) 

Z-

warpage 

(mm) 

CAD Dimension 79.29 11.50 6.90 3.20 0.00 

Ti-6Al-4V - Simulation 

(Iteration-II) 
79.27 11.49 6.89 3.20 0.01 

Ti-6Al-4V: Experiment 

(Iteration-II) 

79.54 

± 0.20 

11.53 

± 0.10 

6.92 

± 0.10 

3.21 

± 0.05 

0.09 

± 0.05 

ABS: Simulation 

results (Iteration-II) 
79.24 11.49 6.90 3.19 0.04 

ABS: Experiment 

(Iteration-II) 

79.68 

± 0.15 

11.55 

± 0.10 

6.93 

± 0.10 

3.23 

± 0.10 

0.52 

± 0.10 

2.3.3 Thermal history 

In the extrusion-based printing process, the thermal history of deposited material influences 

phase transition from a viscous fluid to a solid. Repeated cycles of heating and cooling can 

lead to the development of a significant thermal gradient in Z-direction. Also, the heat loss 

differential between the central zone and outer periphery builds up a thermal gradient in 

XY-plane. The thermal gradients lead to residual stresses and distortion in the printed part. 

The simulation was able to predict the temperature distribution and thermal history 

utilizing a transient thermal analysis. Figure 2.11a and b show the temperature variation 

indicating the thermal gradient at the end of printing, before the cooling stage. For the Ti-

6Al-4V feedstock, the temperature distribution in printed layers was found to be in the 

range of 65 C to 59 C. The extrusion temperature used was 240C. However, the 
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temperature results are calculated at the end of printing each layer. As the print time per 

layer was long enough (680s), by the time a layer was finished, the deposited material in 

that layer had sufficient time to cool down before the next layer was deposited. However, 

the print bed was maintained at 65oC, which corresponds to the bottom layer temperature. 

For unfilled ABS, the temperature distribution in printed layers was found to be in the 

range of 65 C to 39 C. The lower minimum temperature in ABS may be attributed to the 

lower thermal conductivity of unfilled ABS polymer than that of Ti-6Al-4V feedstock 

material.  Moreover, the larger thermal gradient in ABS is expected to lead to higher 

thermal strains and part distortion in ABS. 

The study of local temperature evolution during the process is of importance as it affects 

the phase transition and crystallization process, and hence the resulting part properties. In 

particular, the temperature of the previously deposited layer and the new incoming layer 

have a significant impact on interlayer bond strength [31, 32]. Figure 2.11c shows the local 

temperature evolution across the part thickness for the Ti-6Al-4V feedstock part. It was 

observed that the temperature of a deposited layer at the time of subsequent layer 

deposition decreases along Z-direction. It can be attributed to limited heat transfer from the 

heated bed to deposited layers as Z-height increases. Hence, it can be argued that the 

interlayer bond strength in the top layers would be lower than that in the bottom layers. 
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 (a) Ti-6Al-4V feedstock (b) ABS 

(c) Thermal history

Figure 2.11. Temperature distribution at the end of printing; (a) Ti-6Al-4V feedstock (b) 

ABS (c) Thermal history estimation for Ti-6Al-4V feedstock part 
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2.3.4 Residual stresses 

The simulation also provides an estimation of residual stresses induced during and at the 

end of the MF3 printing process. Figure 2.12 shows the von Mises stresses as residual 

stresses developed at the end of printing that can be primarily attributed to the thermal 

gradient along the Z-axis as a result of layer-by-layer stacking combined with non-uniform 

cooling. Also, the heat loss differential between the central zone and outer periphery builds 

up the thermal gradient in XY-plane and adds to residual stresses along the plane. 

         (a) Ti-6Al-4V feedstock (b) ABS    

Figure 2.12. Residual stresses (von Mises) at the end of printing; (a) Ti-6Al-4V feedstock 

(b) ABS 

For the Ti-6Al-4V feedstock, the maximum residual stress of 3.1 MPa was observed at four 

corners and the outer periphery. ABS showed a similar pattern of residual stress 
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distribution, but with a higher magnitude of 78 MPa. The higher stress value was attributed 

to higher material stiffness, Young’s modulus, of ABS that was taken into account in the 

thermomechanical simulation model. 

Residual stresses distort the printed part and affect its mechanical strength. In MF3, high 

residual stresses may lead to cracks or damage the part during the debinding and sintering 

processes. Lower thermal gradient, uniform and slower cooling helps in reducing residual 

stresses. Hence a closed chamber-controlled temperature printing environment would 

provide better part quality. The effects of material properties and process parameters on 

residual stresses in MF3 are currently being investigated by our group. Experimental 

verification using the crack compliance approach is being investigated and will be reported 

in the future. 

 

2.4 CONCLUSIONS 

MF3 printing process was simulated for the first time and results were verified with 

experiments. Following conclusions emerge from the present work: 

1. Simulations and printing experiments showed similar warpage patterns and 

locations, and shrinkage in all three directions (X, Y, Z) consistently for both Ti-

6Al-4V and ABS. Shrinkage along Z-axis was observed to be higher than that in 

XY-plane in both simulation and experiment due to a higher thermal gradient along 

the Z-axis. Also, simulations showed an overall higher shrinkage than experiments 

because the stress relaxation effects are not considered in the simulation platform. 
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The higher dimensional change in ABS parts than that in Ti-6Al-4V feedstock was 

attributed to the higher CTE of the unfilled ABS polymer. 

2. The estimated maximum Z-warpage was lower than the experiment results for both 

materials. It can be attributed to imperfect adhesion of the part to the heated bed in 

experiments, which is ignored in simulation. 

3. Ti-6Al-4V feedstock showed a lower thermal gradient than ABS due to higher 

thermal conductivity brought in by the Ti-6Al-4V alloy. A larger temperature 

gradient in ABS resulted in higher thermal strains and part distortion. 

4. Simulation of Ti-6Al-4V feedstock and ABS showed a similar pattern of residual 

stress distribution but a significantly higher magnitude was observed in ABS. The 

higher stress value was attributed to the higher material stiffness of ABS that was 

considered in the thermomechanical simulation model. 

5. The difference in material properties between Ti-6Al-4V and ABS led to 

differences in part dimensions, warpage. It also verified the sensitivity of the 

simulation model to material properties that were further corroborated by the 

experimental results. 

6. Warpage compensation algorithms showed improvement in dimensional control for 

both materials in simulations and were consistent with experimental results. 

 

Looking into the perspectives for avoiding or minimizing distortion and achieving higher 

dimensional accuracy, materials with lower CTE tend to undergo a smaller volumetric 

change for a given temperature differential. Also, lower extrusion temperature and reduced 

thermal gradients in all three directions would lead to lower distortions. The authors are 
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investigating a process sensitivity analysis of MF3 to look into more details. Moreover, for 

a semi-crystalline material, the print bed and surrounding temperature would have 

considerable effects on the crystallization process affecting the degree of crystallinity and 

part’s physical and mechanical properties. Having a closed chamber-controlled 

temperature and print bed temperature above the crystallization point would lead to slower 

cooling and low distortions.  It would be useful to investigate these aspects in MF3

feedstock containing a multi-component polymer binder highly filled with metal powder. 

The identified gap between simulation and experimental results can be attributed to more 

than one factor, such as stress relaxation behavior of polymer composite, imperfect sticking 

of the bottom layer to print bed and crystallization process that were not yet taken into 

account in the simulation. Moreover, melt rheology would also have impacts on part 

distortions as it affects the diffusion between layers and tracks. Investigations into 

considering these phenomena in simulations would be imperative to improve prediction 

accuracy. Based on the current study, the above aspects are being explored as future 

studies. 
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CHAPTER 3                                                                                                           

PROCESS SENSITIVITY AND SIGNIFICANT PARAMETERS INVESTIGATION IN 

METAL FUSED FILAMENT FABRICATION (MF3) OF TI-6AL-4V 

 

3.1 INTRODUCTION 

Additive manufacturing (AM) is a technology for fabricating 3D objects by adding material 

layer upon layer, as opposed to subtractive and formative manufacturing technologies. AM 

is being increasingly used for fabricating three-dimensional parts from polymers, metals, 

or ceramics used in various applications [1]. Metal fused filament fabrication (MF3) is a 

hybrid AM process used to fabricate custom 3D metal components [10]. The established 

metal additive manufacturing processes such as laser-powder bed fusion, direct metal laser 

sintering, and direct energy deposition are energy-intensive and not suited for certain 

specific requirements like in-space manufacturing. MF3 provides the best alternative to 

address these challenges. It is a multi-step process that involves: (a) mixing and extrusion 

of a powder-polymer mixture into filaments, (b) 3D printing of a green part, (c) polymer 

removal from the 3D printed green part by debinding to get a brown part, and (d) densifying 

the brown part to achieve a fully dense metal part by sintering. MF3 has been found capable 

of metal additive manufacturing of materials like Ti-6Al-4V, bronze, copper, 17–4 PH 

stainless steel, 316L stainless steel [6-8, 33]. 
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The material system used in MF3 comprises an optimum composition of metal powder 

mixed with a multi-component custom polymer binder, like in powder injection molding 

(PIM). The solids loading and binder composition are varied for different material systems 

to enable efficient debinding and sintering, or to meet specific application needs [34]. 

Consequently, the properties of new material may vary considerably. Now, questions arise 

as to how these changes in material properties in MF3 would influence the process outcome, 

and consequently, the properties and performance of the end product. The powder-binder 

composites filament is processed by an extrusion-based 3D printing process, fused filament 

fabrication (FFF), which is typically used to get a 3D shape with polymers [1]. The printing 

process has several input variables, like extrusion temperature, build plate temperature, 

printing speed, layer thickness, extrusion width, toolpath and slicing strategy. These 

process parameters have significant effects on printed part quality and performance. The 

layer-by-layer material deposition develops temperature gradients leading to warpage and 

residual stresses in the printed part which are influenced by printing parameters [14, 35]. 

Hence, there is a need for establishing optimized parameter settings for specific materials. 

The common trial-and-error experimental approach is often costly and time-consuming, 

and sometimes not even feasible. Moreover, the empirical relationships between input and 

output parameters are often not straightforward which compels a greater understanding of 

the process dynamics. 

Computational simulation techniques provide effective alternative means to predict the 

printing process outcome by estimating the thermo-mechanical behavior of the material 

being printed [18, 27, 29, 36, 37]. The availability of FEA-based simulation tools has 

shown promise for aiding engineers to resolve the interrelated problems involving material-
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process-geometry in the FFF process [13, 26]. However, the use of such tools to perform 

material and process simulations of the MF3 printing process is yet to be explored, which 

will favor the widespread use of MF3 to manufacture parts with different materials for a 

variety of applications [38]. 

A lot of research has been published on experimental or analytical methodologies for the 

optimization of process parameters or study of the influence of process parameters on the 

outcome of fused deposition modeling (FDM) process [39-45]. However, in each study, 

only a few selected process parameters were investigated, though there exist definite 

interrelationships between material, process and geometry. Hence, there is a need for the 

identification of significant input parameters and the extent of sensitivity of process output 

parameters to each input parameter. Atre et al. used a process simulation tool for sensitivity 

study and identification of significant material, process and geometry parameters in powder 

injection molding [46]. A similar approach has been followed for MF3 in this study. 

Additionally, various geometries were studied to investigate how sensitivity and influence 

may vary with part geometry. 

Moreover, understanding the constraints imposed by the extrusion-based additive 

manufacturing process and highly filled material used in MF3 is crucial for successful 

design and manufacturing. Hence, there is a need for design for MF3 (DfMF3) approach, 

supported by relevant design tools. Also, the development of the end product calls for 

several factor considerations to improve the functional and aesthetic attributes of the part. 

It may lead to multiple design changes. Here, the questions arise as to how the changes in 

product design influence the process outcome. Moreover, any variations in powder-

polymer composition can consequently affect filament properties, filament processing, 3D 
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printing, debinding, and sintering. Accordingly, material compositional variations can 

affect the printed part attributes. However, little information is available on the sensitivity 

of predictions by CAE simulation tools to the variations in material property values. 

Additionally, as several process settings need to be changed and controlled during the MF3 

printing process, it is important to understand how a CAE simulation tool captures the 

influence of such process variations in its predictions. 

The above crucial questions are addressed in the current study by analyzing the MF3

process for the sensitivity of the key output variables to the material, geometry and process 

input variables as shown in Figure 3.1a. FEA-based simulations are used to estimate the 

process outcome in response to variable inputs. CAE simulation tool, Digimat (MSC 

Software Inc., Newport Beach, CA, USA), was used for integrated thermo-mechanical 

process simulation. Process simulation helps in predicting and minimizing warpage and 

residual stresses, achieving intended dimensions through reverse warpage, and estimating 

the structural performance of the 3D printed parts. The quantitative relationships on the 

dependence of many MF3 process output parameters on changes in component geometry, 

process parameters and material properties are presented. A dimensionless sensitivity 

factor was calculated that allows the parameters with different units to be compared 

quantitatively with a single yardstick. It also facilitated the identification of dominant input 

parameters and relative contribution to each output parameter. The results provide 

important insights into the geometry-process-material interrelationships in the MF3 

process. 
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(a) 

(b) 

Figure 3.1. (a) MF3 process sensitivity study framework: input parameters (process 

conditions, component geometry, material properties) and output parameters (part quality) 

investigated. (b) CAD and MF3 printed green and sintered parts. Three different geometries 

were studied to investigate process sensitivity variation with part geometry. 



49 

For each output parameter, the most significant input parameters were identified from the 

whole set of input parameters and their influence trends were evaluated for different part 

geometries. Such findings are expected to be useful in streamlining further development 

exercises including experimental studies that are now feasible and more meaningful. The 

present sensitivity analysis procedure can be used as a tool not only for process parameters 

optimization but also for the development of material and part geometry for MF3, hence, 

enabling design for MF3 (DfMF3). This study provides a powerful approach that can be 

applied to identify the parameters that need to be optimized in the design stage and 

carefully monitored and controlled in the production stage. Also, during material 

formulation development, the tool can provide insights about sensitivity evolution with 

different solids loading and binder compositions to optimize the formulations for MF3. The 

simulations in this study only focused on the printing stage of the MF3 process, as 

simulation solutions for debinding and sintering processes are under development. 

3.1.1 FEA simulation of MF3 process 

In this study, a commercially available simulation software, Digimat was used to perform 

finite element-based (FE) process simulations of the MF3 printing process. The tool 

provides the capability of using sequentially coupled thermomechanical analysis for both 

stress and heat analysis [28, 47]. It enables numerical analyses of the complex 

thermomechanical loadings that occur during the layer-by-layer deposition of the material 

and subsequent cooling of the part. The thermal gradient developed across the deposited 

material generates differential shrinkage between adjacent beads or layers. Through the 

element activation function in Digimat, a small part of the geometry was activated 
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sequentially that represents filament-wise printing that progresses layer-by-layer [25]. 

Once all the elements were activated, the final thermal history results are then used for a 

thermomechanical coupled analysis to simulate the solidification process and the cooling 

phase. Extrusion-based printing of highly filled powder polymer mixture in MF3 exhibits 

strong dependency on the filament material thermal, mechanical and physical properties. 

In this study, the properties used for Ti-6Al-4V with 59 vol.% solids loading in custom 

polymer binders were obtained from estimation models [10]. These properties represent 

the feedstock as well as the filament properties. The FE simulations were used to estimate 

print time, deflection/ warpage, residual stresses and thermal history that take place in the 

printing process. These estimations can enable design and process engineers to not only 

come-up with optimal material, geometry and processing parameters but also identify 

potential issues and troubleshoot them at the early stage of design. 

3.2 METHODOLOGY 

The simulations in this study focused only on the printing stage of the MF3 process. 

Simulation solutions for the debinding and sintering stages of the MF3 process are being 

developed and will be reported separately. In the present study, three different component 

geometries were selected and simulated as shown in Figure 3.1b to evaluate the printing 

process sensitivity variation with changing part geometry. An optimal formulation of Ti-

6Al-4V with 59 vol. solids loading in a custom polymer binder for MF3 was developed by 

our research group [10, 11]. The same material was evaluated for process sensitivity in this 

study. To conduct a thermomechanical process simulation, a set of thermal and mechanical 

properties of feedstock material is needed. 
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(a) 

(b) 

Figure 3.2. (a) FE model setup in Digimat: STL CAD file was used for slicing/ toolpath 

generation defined in GCode file, the same STL model meshed with 0.3 mm voxel 
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elements (b) Mechanical and thermal properties of Ti-6Al-4V with 59 vol.% feedstock 

over a range of temperatures used in MF3 printing process simulations 

 

Figure 3.2b shows the properties of Ti-6Al-4V with 59 vol.% feedstock over a range of 

temperatures used to define the thermo-mechanical behavior of the material in the 

simulation tool, Digimat. A CAD model in STL format defines the part geometry to be 

simulated. It was discretized into voxel mesh, as shown in Figure 3.2a. The voxel mesh 

size is decided according to layer thickness and part geometry. A GCode file from a slicing 

tool, Simplify3D (Simplify3D, Cincinnati, OH, USA), defines the toolpath, layer thickness 

and printing speed. Other printing parameters like layer width, extrusion temperature, build 

plate temperature, chamber temperature, convection coefficient are defined through the 

simulation tool graphical user interface. Having the material, geometry and process input 

defined, thermo-mechanical simulations were performed for each of the three geometries. 

For each geometry, first, a base case MF3 printing process was simulated with the given 

geometry, material properties, and typical process conditions as input parameters. Then, 

each input parameter was varied one at a time within a meaningful window, and the 

influence on the process outcome was noted. For each input variation, a simulation job was 

performed, and simulation results are reported as output parameters. 

The input parameters for this study have been divided into three subgroups: 

• component geometry parameters 

• process conditions 

• material properties 
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The output parameters evaluated in the study include: 

• print time

• deflection

• Z-warpage

• residual stresses

• substrate temperature

The goal of this sensitivity analysis is to evaluate the sensitivity of output parameters to 

each of the input parameters and subsequently identify the most significant input 

parameters for each output parameter in the MF3 printing process. 

3.2.1 Sensitivity analysis 

For the sensitivity analysis, each input parameter was varied within a feasibility window. 

The response of each output parameter was recorded to evaluate its sensitivity to variations 

in input parameters. The sensitivity was calculated as the gradient or slope of the 

dimensionless dependent variable concerning the dimensionless independent variable 

according to the following equation [46]: 

Sensitivity =
% change in output 

% change in input
=
increment in output/ initial value of output 

increment in input/ initial value of input

This definition of sensitivity was used to investigate the input and output parameters having 

different units. The sensitivity factor in this study represents the percentage change in the 

output parameter for a 10 % change in the given input parameter. For example, a sensitivity 

factor of -5 means the percentage decrement of the output is 5 % if the percentage 

(1) 
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increment of the given input is 10 % and is independent of the units of the input and output 

parameters. 

 

3.2.2 Input parameters 

Table 3.1 shows the input parameter variations that were investigated in this study. Each 

input parameter was varied over a range of interest and feasibility to streamline the 

parameters for further optimizations. 

 

Component geometry parameters 

Figure 3.1b shows three geometries used in the present study. Three distinct geometries 

were studied to investigate process sensitivity variation with part geometry. Part wall 

thickness and Z-height were varied as component geometry parameters. The values of 

selected parameters for sensitivity analysis are presented in Table 3.1. 

 

Process parameters 

The printing process in MF3 involves several input parameters. In the present study, a set 

of major process parameters was studied. Table 3.1 presents the typical values of selected 

process parameters identified based on experience. Layer thickness defines the height of 

each layer of printing. While a smaller layer thickness discretizes the build into higher 

resolution leading to better accuracy and surface quality, it leads to higher print time. 

Typically, a layer thickness of 0.2 mm is used in MF3. Variations to 0.1 mm and 0.3 mm 

layer thickness were investigated for sensitivity in this study. Bead width defines the 

discretization of each layer in the XY plane. Bead width is decided considering the desired 
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print speed and accuracy of exactness. Nozzle size is selected according to the intended 

bead width. In the present study, a 0.48 mm bead width, varying between 0.36 mm and 

0.60 mm, was considered. Extrusion temperature defines the material temperature for 

softening it just enough to overcome its viscosity and extrude through the nozzle smoothly. 

While a too-low extrusion temperature may lead to a lack of diffusion between tracks and 

layers, giving poor part quality, a too-high extrusion temperature leads to challenges of 

process control and print resolution. An extrusion temperature of 240°C with variations to 

220°C and 260°C was evaluated. The build plate was heated to keep the substrate 

temperature high enough to enable efficient diffusion between two layers. It also provides 

a slower cooling that helps to minimize part warpage. 

Table 3.1. Input parameters variation 

Input Parameters Units Variations 

Component 

geometry 

Part wall thickness (mm) 1.5  0.5 

Part Z-height (mm) 20  10 

Process 

conditions 

Layer thickness (mm) 0.2  0.1 

Bead width (m) 0.48  0.12 

Extrusion temperature (C) 240  20 

Build plate temperature (C) 65  20 

Printing speed (mm/s) 10  5 

Toolpath () 0–90 / 45–135 

Material 

properties 

Thermal conductivity (W/m·C) 1.466  20 % 

CTE (1/C) (10-6) 28.3  20 % 

Specific heat capacity (J/kg·C) 895  20 % 

Young's modulus (MPa) 205  20 % 

Specific volume (m3/kg) (10-4) 3.38  20 % 
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The influence of build plate temperature of 65 °C with variations to 45 °C and 85 °C is 

evaluated. Printing speed defines the travel speed of the nozzle while it extrudes material 

to print. As it directly relates to print time, it is always desirable to get a higher print speed. 

However, it is limited by several parameters like material viscosity, filament stiffness to 

push through the nozzle, and desired print quality. In MF3, the filament being highly 

viscous and less stiff compared to standard polymer filaments like ABS, PLA and PA, a 

lower speed is more suited. Typically, a print speed of 10 mm/s is used in MF3 of Ti-6Al-

4V. Variations to 5 mm/s and 15 mm/s were investigated for sensitivity in this study. 

Finally, the toolpath defined by the raster angle is considered an important process 

parameter as it affects the orientation of porosity in the printed part thereby affecting part 

strength anisotropy. It also affects the temperature difference between two subsequent 

tracks in the same layer as the length of the track varies with the raster angle.  Two raster 

angles, 0–90 and 45–135, were investigated in this study. 

Powder-binder material properties 

In this study, the properties of Ti-6Al-4V with 59 vol.% solids loading with custom 

polymer binder were obtained from estimation models. The material definition for 

simulation includes a set of mechanical and thermal properties over a range of 

temperatures. Table 3.1 summarizes the material properties at 23 C. The given material 

properties were varied to +/- 20 % to investigate the influence on the printing process 

outcome. These variations can be looked at as representative of changes in the material 

formulation in terms of solids loading and a custom polymer binder. 
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3.2.3 Simulation setup: Base case 

In this study, finite element analysis (FEA) simulations are conducted using Digimat to 

estimate the outcome from the MF3 printing process. Table 3.2 lists the component 

geometry, process conditions and material properties initial values used in the base case 

simulation for each of the three geometries. 

Table 3.2. Input for the initial base case simulation 

Input parameters 

Component geometry 
Part wall thickness 2 mm 

Part Z-height 20 mm 

 Process conditions 

Layer thickness 0.2 mm 

Bead width 0.48 mm 

Extrusion temperature 240 
o
C 

Build plate temperature 65 
o
C 

Printing speed 10 mm/s 

Toolpath 0
o

– 90
o

Material properties 

Thermal conductivity 1.466 mW/mm·
o
C 

Coefficient of thermal expansion 2.83 E-05 1/
o
C 

Specific heat capacity 8.95 E+08 mJ/t·
o
C 

Young's modulus 205 MPa 

Specific volume 3.38 E+08 mm
3
/t 

The CAD model was imported in STL format. It was discretized into voxel mesh as shown 

in Figure 3.2a. The mesh size influences the prediction of residual stresses but has a minor 

influence on displacement/ warpage results [25]. However, the mesh size cannot be smaller 

than the layer thickness. Considering the computational time, a mesh size of 0.3 mm was 

used in this study. A GCode file defined toolpath, layer thickness and printing speed. Other 
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printing parameters like layer width, extrusion temperature, build plate temperature, 

chamber temperature and convection coefficient were defined through the simulation tool 

graphical user interface. The material behavior definition for simulation includes 

mechanical and thermal properties over a range of temperatures. The thermo-mechanical 

behavior of the material is defined in the simulation tool, Digimat using the properties of 

Ti-6Al-4V 59 vol.% feedstock over a range of temperatures. Considering the 

computational time and number of simulation jobs, a layer-by-layer activation method was 

used to simulate the printing process. Here, a set of elements representing one layer are 

activated at a time in the FE model, whereas in the filament discretization method, a chunk 

of filaments representing deposited filament gets activated. 

 

3.3 RESULTS AND DISCUSSION 

First, the results of the base case simulations for all three geometries are explained in detail 

concerning print time, deflection, Z-warpage, residual stress and substrate temperature. 

Then, having conducted all the simulation jobs by varying each of the input parameters, 

the sensitivity analysis results of all three designs are discussed. Moreover, simulation 

results were further used to identify the most significant input parameters for each output 

parameter and their variation trends are discussed for all three geometries. Finally, 

variation in MF3 process sensitivity with variation in part geometry is discussed. 

 

3.3.1 Simulation results: Base case for Design-I, Design-II & Design-III 

Print time 
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Like in any manufacturing process, print time is an important aspect of an AM process. 

While lower print time indicates a higher commercial advantage, it is generally 

accompanied by quality compromise. Simulation provides an estimate of the time required 

to print a given part under set process parameters for a given material. Print time is 

dependent upon component geometry parameters (part wall thickness, layer cross-sectional 

area, part maximum height) and process parameters (printing speed, part orientation, build 

height, layer width, layer thickness, toolpath). The estimated print time for the initial base 

case of Design-I, Design-II & Design-III was 123 min, 125 min & 108 min, respectively. 

Print time for Design-I and Design-II were almost the same because the part volume and 

surface area per layer were almost the same. Compared to Design-I, in Design-II two of 

the vertical walls were repositioned. However, in Design-III, two vertical walls were 

eliminated that led to lower part volume and surface area per layer, hence a lower print 

time. 

Deflection 

In the MF3 printing process, the material is subjected to softening and partial melting, 

pushed through an extruder-nozzle, deposited on a substrate layer-by-layer, and then 

allowed to cool down and solidify. Afterward, it is subjected to repeated cycles of heating 

and cooling with each new layer getting deposited on top of it. This leads to the 

development of thermal gradient and inherent thermal strains in the printed part [25, 47]. 

The extent of the strain varies according to the thermal gradient and coefficient of thermal 

expansion of the material. The thermal strain causes deflection and warpage, finally leading 

to deviations in printed part dimensions from defined CAD geometry. 
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(a) 

(b) 

Figure 3.3. Simulation results: (a) Deflection, overall (b) Z-warpage 

Simulation provides an estimation of deflection in X, Y, Z direction as well as overall 

deflection results. It is primarily dependent upon temperature-related process parameters 
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(extrusion temperature, build plate temperature) and material properties (coefficient of 

thermal expansion). Moreover, time-related parameters (print speed) and geometry-related 

parameters (part thickness, height, layer thickness, bead width) also influence deflection in 

a printed part. As shown in Figure 3.3a, the estimated maximum overall deflection for the 

initial base case of Design-I, Design-II & Design-III was 0.32 mm, 0.30 mm & 0.26 mm, 

respectively. The deflection was found to be maximum at outer corners for all three 

geometries as a result of a higher rate of convection heat transfer compared to inner volume, 

combined with lower structural stiffness at corners to resist deformation. The deflection 

was oriented along Z-axis which was attributed to the thermal gradient along Z-axis. 

 

Z-warpage 

As thermal strains lead to deflection in the printed part, it is combined with nonuniform 

shrinkage resulting from uneven cooling due to layer-by-layer printing. This leads to 

warpage which is more significant along Z-axis. As shown in Figure 3.3b, the simulation 

estimated maximum Z-warpage for the initial base case of Design-I, Design-II & Design-

III was 0.34 mm, 0.35 mm and 0.30 mm, respectively. The experimental printing showed 

0.56 mm, 0.59 mm and 0.51 mm Z-warpage for the three designs, respectively. The higher 

value in experiments can be attributed to imperfect sticking of the first layer to the heated 

bed as the print progresses, whereas in the simulation it is assumed to be perfectly sticking 

to the bed as a boundary condition throughout the printing process. Z-warpage was found 

to be maximum at the outer corners for all three geometries as a result of a higher rate of 

convection heat transfer compared to inner volume, combined with lower structural 

stiffness to resist deformation. 
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Residual stress 

The process simulation provides an estimation of residual stresses induced during and at 

the end of the printing and cooling processes as a result of a thermal gradient, non-uniform 

cooling and material shrinkage. Figure 3.4 indicates the von Mises stress as residual stress 

developed at the end that can be attributed to thermal gradient due to layer-by-layer 

stacking as well as differential heat loss from the central zone and outer periphery. Lower 

thermal gradient, uniform and slower cooling helps in reducing residual stresses. The 

estimated maximum residual stress for the initial base case of Design-I, Design-II & 

Design-III was 10.9 MPa, 7.5 MPa & 7.2 MPa, respectively. Like deflection results, 

residual stresses were found to be maximum at the outer corners and oriented along Z-axis 

for all three geometries for the same reasons of differential heat transfer and thermal 

gradient along the Z-axis, respectively. 

Figure 3.4. Simulation results: Residual stresses (von Mises) 



 

63 
 

Substrate temperature 

The simulation predicts the temperature history of the printing process employing a 

transient thermal analysis that provides insights into local temperature evolution during the 

process. Figure 3.5a shows the temperature distribution indicating the thermal gradient at 

the end of printing. The viscous material from the nozzle is extruded and deposited on the 

substrate at a set extrusion temperature of 240C. However, by the time the next layer is 

deposited, the previous layer cools down to a much lower temperature. This is due to heat 

loss to the environment as an open chamber printer was considered in the study. The 

chamber temperature was set to ambient temperature, 20C, in the simulations. However, 

the build plate was kept at 65C. So, the printed layers lose heat to the environment (20C) 

through convection and temperature drops. Below a certain equilibrium point, these layers 

start gaining heat from the heated bed (65C) through conduction. The heat flux depends 

upon the temperature gradient, the surface area for convection heat transfer and the thermal 

conductivity of the material. As a result of simultaneous heat loss and heat gain, the layers 

at the bottom of the build are found to be close to 65C when the next layer comes in. It 

can be said that the substrate temperature of this next layer is 65C. As the build progresses, 

substrate temperature decreases with an increase in build height or layer distance from the 

build plate. The substrate temperature in the top portion of the build is found to be 31C for 

Design-I. Here, the amount of heat gain from the build plate was much lower than heat loss 

to the environment. This is because of the limited thermal conductivity of the material, 

while convection heat loss was more significant. 
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(a) 

(b) 

Figure 3.5. Simulation results: (a) Temperature distribution at the end of printing (b) 

Substrate temperature history 

The phenomenon of heat gain through conduction and heat loss through convection also 

depends on the surface area of exposure, Z-height, time taken to print each layer which 
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ultimately depends on part geometry as well as printing parameters. The estimated 

minimum substrate temperature for the initial base case of Design-I, Design-II & Design-

III was 31C, 30 C & 34 C, respectively, as shown in Figure 3.5b. The importance of 

substrate temperature is that a lower substrate temperature leads to a lower amount of 

diffusion between two layers, hence, lower interlayer bond strength leading to a lower 

mechanical strength [31, 32]. Hence, it is an important consideration from not only the 

build setup or process parameters standpoint but also geometry and material design 

standpoint. 

 

3.3.2 Sensitivity Analysis 

Each of the input parameters was varied to an upper and lower value, and a simulation job 

was conducted for each variation keeping all the other inputs the same as in the initial base 

case. For each input variable, two simulation jobs were conducted. So, for the given 13 

input parameters, 26 jobs were conducted for each part design. Hence, a total of 78 

simulation jobs was conducted for three designs in this study. As described, equation (1) 

provides the sensitivity factor (SF) calculation for every individual output parameter 

response to the variation in each input parameter. Table 3.3(a-c). summarizes the SF 

results for Design-I, Design-II & Design-III. SF is categorized as ‘highly significant’ if SF 

> 10, ‘significant’ if 10 > SF > 5, ‘less significant’ if 5 > SF > 1 and ‘no significance’ if 1 

> SF. 
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Table 3.3. (a) Sensitivity factors: (a) Design-I (b) Design-II (c) Design-III 

(a) 

Input Parameters Print time Deflection 
Z-

Warpage 

Residual 

stresses 

Substrate 

temperature 

Component 

geometry 

Part wall thickness 14.27 0.48 0.61 2.94 4.15 

Part Z-height 8.64 2.42 4.10 5.80 7.64 

Process 

conditions 

Layer thickness 18.93 0.22 0.35 0.31 2.24 

Bead width 18.48 3.25 3.78 7.87 1.28 

Extrusion temperature 0.00 17.41 17.88 17.39 1.78 

Buildplate temperature 0.00 0.49 0.45 0.21 2.13 

Printing speed 19.98 0.53 0.82 0.74 3.40 

Toolpath 0.17 0.00 0.01 0.02 0.08 

Material 

properties 

Thermal conductivity 0.00 0.16 0.37 0.18 1.27 

CTE 0.00 10.51 10.35 10.41 0.01 

Specific heat capacity 0.00 0.22 0.36 0.32 2.20 

Young's modulus 0.00 0.00 0.00 10.01 0.00 

Specific volume 0.00 0.27 0.45 0.41 2.67 

Sensitivity 

Factor 

SF > 10 

10 > SF > 5 

5 > SF > 1 

1 > SF 
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(b) 

Input Parameters Print time Deflection 
Z-

Warpage 

Residual 

stresses 

Substrate 

temperature 

Component 

geometry 

Part wall thickness 14.41 0.75 0.71 2.84 4.36 

Part Z-height 8.67 2.86 5.58 6.58 7.60 

Process 

conditions 

Layer thickness 21.30 3.23 4.97 3.02 2.56 

Bead width 18.63 2.37 2.84 2.04 0.60 

Extrusion temperature 0.00 20.29 16.51 17.18 1.70 

Buildplate temperature 0.00 1.44 1.84 2.36 2.01 

Printing speed 19.98 0.50 0.69 0.72 3.29 

Toolpath 0.84 0.03 0.02 0.03 0.15 

Material 

properties 

Thermal conductivity 0.00 0.19 0.30 0.15 1.32 

CTE 0.00 10.77 9.87 10.33 0.01 

Specific heat capacity 0.00 0.19 0.27 0.27 2.09 

Young's modulus 0.00 0.00 0.00 10.00 0.00 

Specific volume 0.00 0.24 0.34 0.35 2.56 

(c) 

Input Parameters Print time Deflection 
Z-

Warpage 

Residual 

stresses 

Substrate 

temperature 

Component 

geometry 

Part wall thickness 14.40 1.51 3.41 3.50 5.22 

Part Z-height 6.88 2.69 7.13 5.95 6.65 

Process 

conditions 

Layer thickness 15.72 0.22 0.53 0.48 2.51 

Bead width 17.10 1.14 2.69 2.51 12.53 

Extrusion temperature 0.00 16.40 16.79 17.18 2.33 

Buildplate temperature 0.00 0.44 0.71 0.16 2.17 

Printing speed 19.98 0.46 1.15 1.05 4.05 

Toolpath 0.48 0.02 0.04 0.03 0.19 

Material 

properties 

Thermal conductivity 0.00 0.10 0.25 0.13 1.03 

CTE 0.00 10.02 9.91 10.28 0.03 

Specific heat capacity 0.00 0.21 0.53 0.48 2.72 

Young's modulus 0.00 0.00 0.00 10.00 0.00 

Specific volume 0.00 0.27 0.66 0.59 3.31 
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Print time 

According to the simulation results, print time was found to be sensitive to component 

geometry and process parameters. It was not influenced by any of the material properties. 

As part wall thickness increases, print time increases. A strong sensitivity was observed in 

print time towards part wall thickness. It was obvious that a higher print area of each layer 

of the vertical walls and a larger height of the bottom horizontal portion of the geometry 

led to larger print time. Print time also showed high sensitivity to part Z-height or build 

height as the number of layers required to finish the build varies proportionately. Print time 

is greatly influenced by layer thickness. Print increases when the layer thickness decreases 

and vice versa. Similarly, bead width has a significant influence on print time. With wider 

tracks, the time to print infill of each layer decreases. Printing speed has a direct and 

significant influence on print time. Toolpath was found to have a negligible effect on print 

time. However, none of the material parameters influenced print time as the sensitivity 

factor remained zero. Hence, as per simulation results, material properties do not influence 

print time. However, it is important to note the fact that if some specific properties of the 

material were changed experimentally, such as viscosity, that might require a change in 

printing speed to be extruded through the nozzle optimally. This change will ultimately 

influence print time. But, at present the simulation tool is unable to capture the rheological 

behavior of the material, hence, its influence could not be included in the study. 

 

Deflection, all 

The deflection results showed low sensitivity towards component geometry parameters like 

part wall thickness and Z-height. Among process parameters, layer thickness and layer 
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width showed a low influence on the deflection. Extrusion temperature influences 

deflection strongly as it defines the thermal gradient. Higher extrusion temperature leads 

to higher deflection and vice versa because higher temperature causes a larger extent of 

phase change in the extrudate material that is accompanied by greater volumetric changes 

in the material. The sensitivity to build plate temperature was low. Printing speed and 

toolpath showed no influence on the deflection. While the coefficient of thermal expansion 

showed a strong effect, all other material properties did not influence the deflection at all. 

CTE defines the volumetric changes with temperature change, which is used for deflection 

calculation in simulation. 

Z-warpage 

Z-warpage showed a sensitivity pattern similar to that of deflection as the physical 

phenomenon and computational approaches are similar for both. Part wall thickness 

showed a low impact on Z-warpage. However, part Z-height had considerable influence on 

Z-warpage because the deflection in build direction depends upon the thermal gradient in 

Z-direction that varies with build height. On the processing side, layer thickness and bead 

width showed no influence. Extrusion temperature influenced Z-warpage strongly, for the 

same reason as that for deflection. Higher extrusion temperature led to a higher Z-warpage. 

The sensitivity to build plate temperature was low. Printing speed and toolpath showed no 

influence. From material properties, CTE again showed a strong effect, while all other 

properties did not influence at all. 
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Residual stresses 

From a component geometry standpoint, the residual stress results showed low sensitivity 

to part wall thickness, and considerable sensitivity to part Z-height. On the process front, 

layer thickness and bead width had negligible impacts. A strong sensitivity was observed 

towards extrusion temperature for the same reason as that for deflection and warpage. 

Lower extrusion temperature helps reducing residual stresses as it reduces the thermal 

gradient and the extent of phase change in the extrudate material. Build plate temperature, 

printing speed and toolpath showed negligible influences on residual stresses. The 

coefficient of thermal expansion showed a high influence, it dictates the amount of 

volumetric change of the material during the thermal process. Young’s modulus was found 

to influence the residual stresses only. As residual stress is the result of resistance to 

deflection from the material, it is proportionate with material stiffness. Hence, higher 

Young’s modulus and higher CTE values lead to higher residual stresses, and vice versa. 

Substrate temperature 

Substrate temperature showed sensitivity to most of the input parameters, though the level 

of sensitivity was considerable enough only for a few input variables. From component 

geometry, wall thickness showed considerable influence. As part thickness increases, print 

time per layer increases. This allows more time to dissipate heat before the next layer comes 

in, leading to lower substrate temperature. High sensitivity was observed towards part Z-

height. As the build height increases, the substrate temperature decreases due to a larger 

distance from the heated build plate. Among the process parameters, print speed, build 

plate temperature, extrusion temperature and layer thickness showed an influence on the 
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substrate temperature. On the material front, sensitivity was considerable for thermal 

conductivity and negligible for specific heat capacity and specific volume, and zero for 

CTE and Young’s modulus. 

 

3.3.3 Identification of significant input parameters 

The sensitivity analysis provides a means to identify significant input parameters for each 

of the output parameters. The sensitivity factor facilitates a quantitative yardstick to 

identify the significant parameters. It is worth looking into the distribution of influence of 

various input parameters for each output parameter. Such examination gives insight into 

how a particular process outcome can be varied and controlled by adjusting input 

parameters. If it is assumed that the input parameters considered in this study are the only 

parameters that affect the listed output parameters, the sensitivity factor can be considered 

as the contribution of the input parameter towards the outcome of the respective output 

parameter. Accordingly, a contribution chart was generated for each output parameter 

showing contribution from the most significant input parameters. 

 

The relationship between an input and an output parameter may or may not be linear. In 

the graphs of the input (X-axis) and output (Y-axis) parameters relationship, a curve drawn 

over three given points of calculation indicates if there exists a linear or nonlinear relation. 

Also, the slope of variations between three points of measurement gives an idea of non-

linearity or biases. Moreover, the slope of variation differs with part design, both in 

nonlinear and linear relationships. These observations signify the effect of each input 

parameter as well as part design on the output parameters. 
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Print time 

Figure 3.6 shows the contribution from significant input parameters towards print time for 

the three geometries. Figure 3.6(a-c) indicates that printing speed, layer thickness and bead 

width were the major contributors to print time consistently for all three geometries. These 

three input parameters put together contributed 69 % to 72 %. It provides a clear idea that 

these input parameters need to be optimized to minimize the print time. 

Figure 3.6. (a-c) Contribution from significant input parameters towards print time, (d-f) 

print time variation trends for significant input parameters 

Figure 3.6(d-f) shows variation trends of print time with the printing speed, layer thickness 

and bead width for the three geometries. Print time decreased with an increase in these 
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three input variables, though the slope of variation varied among the three variables as well 

as within each variable. However, the slopes did not change much from one part design to 

another. 

Deflection, all 

Extrusion temperature and CTE were found to be the most significant input parameters for 

part maximum deflection. These two input parameters together contributed 72 % to 79 % 

for all three geometries as shown in Figure 3.7(a-c). 

Figure 3.7. (a-c) Contribution from significant input parameters towards deflection, (d-e) 

deflection variation trends for significant input parameters 
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The influence of these input parameters on part deflection did not vary much with part 

geometry, whereas the influence of the less significant input parameters was found to vary 

with part geometry. Figure 3.7(d-e) shows variation trends of deflection with the extrusion 

temperature and CTE for the three geometries. Maximum deflection increased with an 

increase in these two input variables. The slope of variation by and large remained the same 

among the variables as well as within each variable. 

 

Z-warpage 

Figure 3.8(a-c) indicates that extrusion temperature and CTE are the major contributors to 

Z-warpage for all three geometries. These two input parameters together contributed 60 % 

to 71 %. The influence of these significant input parameters did not vary much with part 

geometry, whereas that of the less significant input parameters did. Figure 3.8(d-e) shows 

variation trends of deflection with the extrusion temperature and CTE for three geometries. 

Maximum deflection increased with an increase in these two input variables. The slope of 

variation remained unchanged between the two variables as well as within each variable 

indicating a direct proportionality for all three geometries. While Design-I and Design-II 

showed the same slope, Design-III showed slightly a lower slope than the other two 

designs. The deflection and Z-warpage can be reduced by a lower extrusion temperature as 

they lead to a lower thermal gradient and limits the material phase transfer and volumetric 

changes. Similarly, a material with lower CTE undergoes a smaller amount of volumetric 

changes under given process conditions, leading to lower deflection and Z-warpage. 
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Figure 3.8. (a-c) Contribution from significant input parameters towards Z-warpage, (d-e) 

Z-warpage variation trends for significant input parameters 

Residual stresses 

Extrusion temperature, CTE and Young’s modulus were found to be the most significant 

input parameters for residual stresses developed in the printed part. These three input 

parameters together contributed 67% - 72% for all three geometries as shown in Figure 

3.9(a-c). The influence of these input parameters on residual stresses did not vary much 

with part geometry, whereas the influence of the less significant input parameters was 

found to vary with part geometry. Figure 3.9(d-f) shows variation trends of maximum 

residual stress with the extrusion temperature, CTE and Young’s modulus for three 

geometries. Residual stresses increase with an increase in these three input variables, 
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hence, by optimizing these three input parameters, residual stresses can be minimized. It 

was interesting to know that the higher stiffness of material leads to higher residual stresses. 

It is an important consideration for applications requiring higher material stiffness to get 

printed parts with high strength and stiffness. 

Figure 3.9. (a-c) Contribution from significant input parameters towards residual stresses, 

(d-f) residual stresses variation trends for significant input parameters 

The slope of variation remained unchanged between the three variables as well as within 

each variable having a direct proportionality for all three geometries. While Design-II and 

Design-III showed the same slope, Design-I showed a considerably higher slope than the 

other two designs. This difference could be attributed to the higher structural stiffness of 
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Design-I geometry compared to the other designs that have free vertical edges having lesser 

structural stiffness. 

 

Substrate temperature 

Substrate temperature did not show a very high sensitivity to any input parameters though 

part Z-height, wall thickness and bead width were among the highest influencers. Figure 

3.10(a-c) indicates that part Z-height, wall thickness and printing speed were the major 

influencers for substrate temperature in Design-I and Design-II, whereas bead width, Z-

height and wall thickness were the major contributors in Design-III. 

 

  

  

Figure 3.10. (a-c) Contribution from significant input parameters towards substrate 

temperature, (d-f) substrate temperature variation trends for significant input parameters 
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Figure 3.10(d-f) shows variation trends with part Z-height, wall thickness and bead width 

for the three geometries. The slope of variation varied between the three variables as well 

as within each variable. However, for part Z-height and wall thickness, the slopes did not 

change much from one part design to another, as opposed to that for bead width. As shown 

in Figure 3.10d, substrate temperature decreases with an increase in part Z-height, initially 

at a higher rate and later at a lower rate. Substrate temperature decreases with an increase 

in part Z-height due to the high thermal gradient resulting from low thermal conductivity 

and low ambient temperature. Similarly, as shown in Figure 3.10e, it decreases with an 

increase in part wall thickness from 1 mm to 1.5 mm, due to higher printable area per layer 

leading to higher print time allowing more cooling time. 

(a) (b) 

Figure 3.11. Infill pattern for varying part wall thickness and bead width 
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However, when wall thickness increases from 1.5 mm to 2 mm, the temperature increases 

considerably, which was opposite to the expectations. This is because of the change of the 

infill pattern. Figure 3.11a shows the infill pattern for the two different wall thicknesses 

of 2 mm and 1.5 mm for bead width 0.48 mm. It was observed that 1.5 mm part wall 

thickness, infill contains zig-zag lines as opposed to straight-lines with 2 mm wall 

thickness. Hence the print time per layer is lesser for the 2 mm thick part, despite increased 

wall thickness. Figure 3.10f shows the bead width had no significant effect on substrate 

temperature in Design-I and Design-II. Also, in Design-III, bead width had no considerable 

influence when varied from 0.36 mm to 0.48 mm. However, when it was varied from 0.48 

mm to 0.6 mm, the substrate temperature increased significantly. This difference is because 

of the changed infill pattern. Figure 3.11b shows the infill pattern with the two different 

bead widths of 0.48 mm and 0.6 mm for part wall thickness of 1.5 mm. 

Table 3.4 summarizes the infill pattern and print time per layer that changed with variation 

in part wall thickness and bead width for different geometries leading to variation in 

minimum substrate temperature. The slicing tool decides an infill pattern according to the 

infill space available that changes with part wall thickness, and bead width.  For 0.48 mm 

bead width, the infill contains zig-zag lines as opposed to no infill with 0.6 mm bead width. 

Hence the print time per layer was considerably lower for 0.6 mm bead width leading to a 

very low total print time. However, the effect of such reduction in print time on substrate 

temperature was not significant for Design-I and Design-II as the print time remained still 

high due to large print area per layer, whereas in Design-III having print area per layer half 

of that in the other two designs, reduction in print time had significant effects on thermal 

history. Hence, lower cooling time leads to higher substrate temperature in Design-III. As 



 

80 
 

part Z-height was a significant contributor, by reducing part Z-height or keeping the build 

height small through part orientation optimization, the minimum substrate temperature can 

be considerably increased. It would eventually lead to higher interlayer diffusion and bond 

strength providing higher mechanical properties in printed parts. 

 

Table 3.4. Infill pattern and print time per layer that change with variation in part wall 

thickness and bead width leading to variation in minimum substrate temperature 

Part wall 

thickness 

(mm) 

Bead 

width 

(mm) 

Infill 

Print time/ layer 

(min)* 

Minimum substrate 

temperature (C) 

D-I D-II D-III D-I D-II D-III 

1.0 0.48 No infill 0.77 0.78 0.50 36.6 35.7 42.1 

1.5 0.48 Zigzag 1.57 1.63 1.12 32.1 31.2 35.9 

2.0 0.48 
Straight 

lines 
1.47 1.50 0.98 35.4 34.7 39.1 

1.5 0.36 
Straight 

lines 
1.50 1.52 0.98 32.4 31.6 37.2 

1.5 0.48 Zigzag 1.57 1.63 1.12 32.1 31.2 35.9 

1.5 0.60 No infill 0.77 0.78 0.50 31.1 31.0 47.1 

* Print time/layer taken into account excluding the horizontal bases portion of the 

part that remains the same for all three designs. 

 

3.3.4 Process sensitivity towards different geometries 

Table 3.5 shows the MF3 printing process sensitivity for all three parts designs. Different 

geometries led to varying part volume, print area per layer, the surface area for heat transfer 
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and structural stiffness.  It was observed that the influence of the identified significant input 

parameters did not vary with part geometry, such as part wall thickness, layer thickness, 

bead width and printing speed remained highly significant towards print time for all three 

geometries. 

Table 3.5. MF3 process sensitivity variation with part geometry, i.e., Design-I, Design-II, 

Design-III 

Input 

Parameters 

Print time 
Deflection, 

all 
Z-Warpage 

Residual 

Stress 

Substrate 

temperature 

Design I, II, III 

I II III I II III I II III I II III I II III 

Part wall thickness 

Part Z-height 

Layer thickness 

Bead width 

Extrusion temp 

Build plate temp 

Printing speed 

Toolpath 

Thermal 

conductivity 

CTE 

Specific heat 

capacity 

Young's modulus 

Specific volume 

Similarly, extrusion temperature and CTE showed consistently high significance for 

deflection and Z-warpage, whereas extrusion temperature, CTE and Young’s modulus 
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remained highly significant for residual stresses irrespective of part geometry. Such input 

parameters identified as highly significant can be used for further optimization studies over 

a wide range of part geometry. However, the sensitivity for input parameters at lower 

significance levels varied with part geometry, such as the sensitivity of deflection and Z-

warpage towards part wall thickness and Z-height varied with part geometry. Similarly, the 

influence of layer thickness, build plate temperature and printing speed towards deflection, 

Z-warpage and residual stresses kept varying with geometry. Also, the significance of bead 

width towards substrate temperature was considerably different for all three geometries. 

Such identification provides a clear idea about the impact of part geometry on process 

sensitivity. Input parameters identified as highly significant can be used for further 

optimization studies according to sensitivity level with part geometry. 

 

3.4 CONCLUSIONS 

The MF3 printing was simulated and analyzed for the first time using a systematic 

procedure based on sensitivity analysis principles. The sensitivity analyses facilitated the 

identification of dominant input parameters in MF3 printing of Ti-6Al-4V feedstock.  

The investigations in this study led to the following conclusions: 

1. Print time was influenced by process conditions and part geometry, but it was 

completely insensitive to material parameters. Print speed, layer thickness and bead 

width were the most significant influencers. Print time decreased with an increase in 

these three input variables, at different rates, though the rates did not change from one 

geometry to another. 
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2. Deflections and Z-warpage showed very high sensitivities to extrusion temperature and

CTE, having direct proportionality. The slope of variation remained almost the same 

for the two input variables and did not change with part geometry. 

3. Residual stresses showed very high sensitivities to extrusion temperature, CTE and

Young’s modulus having direct proportionality. The slope of variation remained almost 

the same for all three input variables and did not change with part geometry. 

4. Substrate temperature did not show a very high sensitivity to any input parameters,

though part Z-height, wall thickness and bead width were among the highest 

influencers. The temperature decreased with an increase in part Z-height due to limited 

thermal conductivity leading to a high thermal gradient. However, a mixed response 

was observed with a change in wall thickness and bead width due to varied infill 

patterns and the subsequent effect on print time. 

5. The procedure identified the relative importance of specific attributes of parts

geometry, processing conditions, slicing strategies, powder-binder material properties 

on MF3 printing based on correlations between input and output parameters. 

The identification of significant input parameters would enable streamlining further 

development exercise. Experimental studies or design of experiments, involving the 

significant input parameters only, are now feasible and more meaningful, which was not 

the case while dealing with all thirteen input parameters. In the next step, it would be 

effective to conduct a detailed design of experiments (DOE) with the identified significant 

input parameters only to investigate the interactions between parameters. Also, an 

experimental DOE would now be feasible and more efficient, which was not the case while 

dealing with all thirteen input parameters. 
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CHAPTER 4

SUPPORTLESS PRINTING OF LATTICE STRUCTURES BY METAL FUSED 

FILAMENT FABRICATION (MF3) OF TI-6AL-4V: DESIGN AND ANALYSIS 

4.1 INTRODUCTION 

Lattice structure represents a design concept for products where user-specific physical and 

mechanical properties are required [48]. It brings enormous scope for design, performance, 

and light-weighting in several applications [49]. Lattice structures are favored in various 

fields because they possess useful properties such as high strength-to-weight ratio, high 

stiffness-to-weight ratio, negative Poisson’s ratio, high energy absorption, low thermal 

expansion coefficient, and high heat dissipation rate through active cooling [50-55]. 

Due to these excellent characteristics, lattice structures have been extensively implemented 

in engineering applications, including ultralight structures, energy absorbers, low thermal 

expansion structures, impact-resistant and conformal cooling structures in automotive, 

aerospace, biomedical, construction, and other applications [56-61]. In addition, lattice 

structures are widely used as biocompatible materials for orthopedic implants and tissue 

engineering [62-64]. 

While lattice structure brings in distinguished potentials due to its specific geometric 

configuration, the fabrication processes of these geometries are usually more complicated 

than those of the bulk materials [65]. In the past, the complexity of lattice structure design 
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was severely restricted by traditional manufacturing techniques, such as casting, sheet 

metal forming and wire bonding, hot press molding, laser cutting, water cutting, which 

were employed for lattice structure fabrications [66]. Moreover, complex molds, high cost 

and manufacture defects, low productivity made them unable to fully exploit the potentials 

of lattice structures [67]. While the subtractive and formative methods of manufacturing 

have limitations for lattice structures, additive manufacturing has proved its potential and 

suitability for lattice structure fabrication [49]. 

Additive manufacturing (AM) is used for fabricating three-dimensional (3D) objects from 

3D model virtual data by adding material layer upon layer, as opposed to subtractive and 

formative methods of manufacturing [1]. Recent progress in additive manufacturing (AM) 

has enabled its capabilities to manufacture complex parts, and lattice structures in particular 

[67]. Many lattice structures fabricated by various additive manufacturing technologies 

were reported recently, such as direct metal deposition (DMD), electron beam melting 

(EBM), and selective laser melting (SLM) for metal lattice structures [68], and fused 

filament fabrication (FFF), selective laser sintering (SLS), multi-jet fusion (MJF) for 

polymer lattice structures [48, 69, 70]. The current work investigated the applicability of 

an advanced metal additive manufacturing process, called metal fused filament fabrication, 

to fabricate Ti-6Al-4V lattice geometries. 

As shown in Figure 4.1, MF3 involves a filament-based printing process, with additional 

subsequent steps involving binder removal and sintering at elevated temperatures to 

densify the printed parts [10]. It starts with sinterable metal powder, which is Ti-6Al-4V 

in this study, bonded in a multi-component polymer-based binder. The metal powder 

content generally varies between 55% and 60 % volume of powder-binder mixture. The 
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feedstock is extruded to form a 1.75 mm diameter filament that can be used on an extrusion-

based desktop printer to build a 3D part. The diameter of the filament can be modified to 

match the requirement of a specific printer. The printed part is subsequently subjected to 

debinding to remove the polymer binder and sintering to get a fully dense metal part. 

Figure 4.1. Overview of MF3 process showing filament preparation, 3D printing, debinding 

and sintering, and demonstration of a lattice structure fabricated with Ti-6Al-4V 

Moreover, Ti-6Al-4V is a widely used material in aerospace and automotive applications 

due to its high strength-to-weight ratio, corrosion resistance, and good mechanical 

properties [71, 72]. Due to its high biocompatibility, it is considered one of the most 

suitable biomaterials for medical applications [73]. If these differentiating characteristics 

of the material can be leveraged to complement the capabilities of lattice structures, it 

would further enable strong potentials for customized designs and greater performance in 

several industrial applications. MF3 has been successfully used to print Ti-6Al-4V parts of 

varying geometries, as reported in previous publications by our research group [11]. To 

enable the fabrication of more complex geometries such as lattice structures, investigations 

on material-process-properties interrelationships was required. 
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A literature survey has indicated that the rapid developments of AM have proved its 

potential and suitability for the fabrication of lattice structures, and hence many lattice 

structures fabricated by additive manufacture were reported recently [49, 74]. AM, through 

layer-by-layer material addition, brings new vitality to fabricate lattice structures. 

However, each manufacturing technology has its limitations, and AM is no exception. 

Particularly, extrusion-based processes, such as MF3 or FDM, have a well-known 

limitation of the need for support structures on down-facing surfaces [75], when the 

maximum printable bridge length is exceeded. 

Generally, when printing overhang features with an extrusion-based process, a support 

structure is provided throughout the printing process if threshold values are overcome so 

that the overhang geometry is printed defect-free and accurate without any distortion or 

sagging [48]. This support material is removed during post-processing either by 

mechanical or chemical methods [76]. However, it leads to extra cost and time in terms of 

the printing material and printing time and brings vulnerability of the part surface to 

potential damage when the support is removed eventually. 

For lattice structures, it would be extremely difficult or even impossible to remove any 

interior support after the part is printed. In addition, for MF3, there is no sacrificial material 

that could be used as support, and hence the same material is used as support. These support 

structures are kept intact through the debinding and sintering processes to avoid potential 

collapse due to binder removal. However, removal of these supports mechanically from 

the sintered metal part is very difficult and nearly impossible for lattice structures due to 

the intricate geometry. From this point of view, supportless lattice structures [77] are highly 

desirable and advantageous since they are self-supporting and do not require any support 
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structure during the AM process. However, if not designed and printed optimally, an 

unsupported overhang may exhibit geometrical errors such as dimensional inaccuracy and 

sagging [51]. Hence, for a given AM technology and material, there is a need to develop 

optimal geometry and process parameters for a supportless lattice structure. There have 

been several works regarding how to design lattice structures for AM [76, 78-81], but none 

of them focused on sagging deflection in overhang features of the unsupported lattice 

structure. Moreover, being highly filled with metal powder, the high-density material in 

MF3 tends to sag in unsupported areas more than unfilled polymers in FDM. No literature 

is available on designing supportless lattice structures for additive manufacturing of highly 

filled material, such as the MF3 process with Ti-6Al-4V. 

The quality of a printed part is equally important as its mechanical properties. Part with 

high mechanical strength may not be accepted if the part quality is poor. Hence, suitable 

processing conditions and feasible geometry parameters of the lattice structure need to be 

identified for MF3 that would address both the requirements. The printability of a given 

part and quality of the printed part highly depend upon processing conditions, geometry 

parameters, and material characteristics. The design of a lattice structure is influenced by 

material properties, the topology (shape and size) of the selected unit cell, and the relative 

density [77, 82]. In this study, the effects of processing conditions and lattice geometry on 

printed part quality were investigated for the given material formulation. 

Moreover, in recent times, computational simulations aimed at predicting part deformation, 

residual stresses, and mechanical properties are attracting increasing interest in additive 

manufacturing to study the effects of the process, geometry, and material on the quality of 

3D printed parts [22, 81]. Previous work published by our group presented an FEA 
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simulation of the MF3 process to predict printed part quality [10]. Computational 

simulation of lattice structure can further aid the prediction of lattice part quality and enable 

design for MF3. 

The objective of this research is to investigate the applicability of MF3 to fabricate a 

supportless lattice structure and identify the processing window by establishing printability 

with the Ti-6Al-4V filament. Also, the experimental study investigated the effects of lattice 

geometry parameters on printed part quality from dimensional variations, sagging, and 

relative density standpoint. Moreover, finite element simulation was employed to estimate 

the part quality, and results were corroborated with experimental verification. Finally, an 

analytical model was proposed to estimate the extrudate deflection in unsupported 

overhangs in unit cells of different geometric configurations. 

4.2 MATERIAL AND METHODS 

4.2.1 MF3 printing experiments 

In this study, 59 vol.% of Ti-6Al-4V powder dispersed in a multi-component custom 

polymer matrix was used in a filament form. The 1.75 mm diameter filament is processed 

by an extrusion-based desktop printer, Pulse (MatterHackers, Lake Forest, California), to 

print lattices. Printed green parts were eventually processed through solvent and thermal 

debinding followed by sintering. Initial attempts to print lattice structure by MF3 using 

usual conditions led to poor printability and highly defective parts. To understand the 

process-geometry-properties relationships better and identify feasible process and 

geometry parameters for lattice, Simple Cubic unit cells were investigated first, and it 

further enabled the successful fabrication of multi-stacked lattice structures. This unit cell 
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was selected not only for its simple design but also because of the presence of down-facing 

surfaces easy to inspect. Firstly, existing processing parameters were tuned to achieve 

defect-free printing of lattice geometry with the given material. Defect evolution as the 

results of the effect of each parameter change was recorded. Secondly, unit cells with 

square and circular cross-sections were printed with varying element thickness and length 

to evaluate the effects of geometry parameters on printed part quality in terms of 

dimensional variations and relative density. 

 

4.2.2 Tuning of the printing parameters: effects on the printability of lattices 

A unit cell of circular cross-section with element thickness 3 mm and element length 8 mm 

was initially printed using usual MF3 printing conditions identified based on the Ti-6Al-

4V printing experience so far [10, 11]. The parameters that work well for solid geometries 

did not work for lattices primarily due to unsupported overhangs. Moreover, poor 

geometric fidelity was observed from the extrusion-based printing because of the small and 

narrow print areas in vertical and horizontal elements of lattice, respectively. Process 

condition-A shown in Table 4.1 represents the usual MF3 printing conditions. Initial 

printing with condition-A led to defects and very poor lattice printability. Among several 

challenges, the extrusion of excess and unwanted material from the nozzle was a major 

issue. The inertia of the melt from the nozzle combined with filament pressure caused 

unwanted extrusion between small print areas. To overcome this issue, the filament 

retraction function was turned on in a slicer (Repetier-Host) that pulls the filament back by 

0.3 mm (condition-B, Table 4.1) during the non-printing travel of the nozzle. This change 

led to a large improvement in geometric fidelity. 
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Table 4.1. Processing condition-A is generally used to print Ti-6Al-4V by MF3 for several 

different geometries. Condition-B identified as suitable specifically for lattice structure 

Processing condition A B 

Layer thickness (mm) 0.15 0.10 

Printing speed (mm/s) 15 5 

Nozzle diameter (mm) 0.4 0.35 

Bead width (mm) 0.48 0.42 

Extrusion multiplier 1.125 0.900 

Extrusion temp C 240 240 

Bed temp C 65 65 

Build chamber temp C 20 20 

Toolpath 0-90 Concentric 

Filament retraction (mm) 0.0 0.3 

 

Next, in the toolpath definition, the rectilinear infill led to low geometric fidelity of the 

narrow and tiny cross-sectional print area of the lattice. A concentric infill was considered 

that follows perimeters more precisely, leading to higher fidelity. Figure 4.2 shows the 

difference between rectilinear and concentric infill schemes for square and circular cross-

section and the effect on printed part quality. Further improvement was achieved by 

dropping the extrusion multiplier that is usually kept 1.125 (condition-A, Table 4.1) to 

push more material relative to nozzle travel. This provides higher packing by pushing 

excess material.  

However, in lattice having very small print areas pushing any extra material led to falling 

outside the print area. A value of 0.9 (condition-B, Table 4.1) was optimal for lattice, while 

further lower values led to voids in the infill. Printing speed in MF3 is generally 15 mm/s, 
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which is relatively lower when compared to FFF with unfilled polymers. This is due to 

high solids loading that builds up high viscosity and interparticle friction of fine metal 

powder. While 15 mm/s works well for solid geometries, for lattice, it was found to be too 

high for frequent switchovers between print and non-print due to flow control and inertia 

effects. 5 mm/s (condition-B, Table 4.1) led to considerable improvement over 15 mm/s 

(condition-A, Table 4.1). Smaller layer thickness, like in any AM process, improved the 

part resolution along Z-axis. A drop from 0.15 mm to 0.1 mm further contributed toward 

geometric fidelity. Finally, the bead width was dropped from 0.48 mm to 0.42 mm by 

switching to a 0.35 mm nozzle from an initial 0.4 mm. Significant improvement in XY 

resolution was achieved with a smaller bead width. 

Figure 4.2. Rectilinear vs. concentric toolpath. Rectilinear infill led to low geometric 

fidelity of narrow and tiny cross-sectional print area in the lattice unit cell, whereas 

concentric perimeters follow the outline more precisely, leading to higher fidelity both in 

the case of circular and square beams cross-section. 
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Through this systematic modification of individual parameters, as shown in Table 4.2, 

process condition-B was identified for the given material that led to the printing of defect-

free unit cells by MF3. It also paved the path for further experimental studies to investigate 

the effects of lattice geometry parameters on printed part quality, and subsequently 

successful printing and sintering of multi-stacked lattice structures by MF3. 

Table 4.2. Effects of printing parameters evaluated by modifying one parameter at a time. 

Processing Condition-A (Table 4.1) systematically modified to print unit lattice cell. 

4.2.3 Lattice geometry parameters: effects on part deformation and relative density 

Having identified a feasible processing window for lattice, the effects of geometry 

parameters on part quality were investigated. Green parts were characterized for deflection 

and shrinkage relative to the CAD design and relative density. Unit cells were printed with 

varying geometric configurations. Square and circular, two types of cross-sections were 

studied. Element thickness of 3 mm, 2,5 mm, 2 mm, and element length of 6 mm, 7 mm, 8 

mm were considered as shown in Figure 4.3. 
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Figure 4.3. Unit cells with square and circular cross-section printed with varying element 

length and thickness to evaluate the effects of lattice geometry parameters on printed parts 

Starting with element thickness 3 mm, unit cells of three different element lengths were 

printed for both cross-sections. All six parts were printed without any defects, as shown in 

Figure 4.4a. Eventually, twelve unit lattice cells of 2.5 mm and 2 mm element thickness 

were also printed, as shown in Figure 4.4b and c, respectively. However, it was also 

observed that parts with 2 mm thickness had some extrudates hanging in the unsupported 

region due to too tiny and narrow print areas in both cross-section types, but parts with 2.5 

mm element thickness were printed without defects. This indicates the lower limit of 

element thickness with the given material and process conditions. 
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(a) 

(b) 

(c) 

Figure 4.4. Unit cells with varying element thickness (3 mm, 2.5 mm, 2 mm) and overhang 

(8 mm, 7 mm, 6 mm) were printed for both square and circular c/s: (a) 3 mm element 

thickness; (b) 2 mm element thickness; (c) 2.5 mm element thickness 
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Part deformation 

The printed green parts were characterized for dimensional changes and distortions 

compared to the original CAD design. % deformation was measured in both XY plane and 

along Z-axis using the below equation; 

Deformation (%) =
Original dimensionCAD − Actual dimensiongreen part

Original dimensionCAD

A vernier caliper was used for measuring the dimensions of the printed parts. Deviations 

in part dimensions were evaluated as a function of lattice element thickness and element 

length. These results were further compared with simulated part geometry and original 

design geometry for verification. 

Relative density 

Archimedes' density of the printed parts was measured using Mettler Toledo's analytical 

balance. The relative density of green parts was calculated relative to the powder-binder 

feedstock density, which was 3.02 g/cc. 

Relative densitygreen = 
ρArch−green

ρfeedstock

where, ρArch−green = Archimedes density of the green part 

            ρfeedstock = Theoretical density of the powder-binder feedstock (3.02 g/cc) 

Variations in relative density were evaluated as a function of lattice element thickness 

and element length. These results were further correlated with porosity estimation from 

simulation for verification. 

(1) 

(2) 
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4.2.4 MF3 process simulation 

To enable the prediction of MF3 printed lattice part quality, a thermo-mechanical model 

was used for finite element simulations using Digimat to simulate the MF3 printing process 

[47, 83]. To enable the prediction of MF3 printed lattice part quality, a thermo-mechanical 

model was used for finite element simulations using Digimat to simulate the MF3 printing 

process. Printing of filaments with 59 vol.% of Ti-6Al-4V powder dispersed in a multi-

component custom polymer matrix was simulated. Thermo-mechanical properties of the 

novel material were generated using empirical estimation models. A recent publication by 

the authors involved the use of experimentally-measured polymer binder properties and 

estimation models to generate thermo-mechanical properties of Ti-6Al-4V feedstock 

material [10]. The CAD model of the square and circular cross-section unit cell of average 

size, element thickness 2.5 mm and element length 7 mm, was imported in STL format in 

Digimat-AM. It was discretized into a voxel mesh of element size 0.1 mm, as shown in 

Figure 4.5a. 

Processing parameters used in the simulation were the same as those used in printing 

experiments (condition-B, Table 4.1). However, the simulation tool currently considers 

only key process parameters, as shown in Table 4.3. The GCode file from Repetier defines 

the toolpath, layer thickness, and printing speed. This file includes the time and spatial 

position of the nozzle, material deposition description, and contour of the part. Other 

printing parameters such as bead width, extrusion temperature, build plate temperature and 

chamber temperature were defined through the simulation tool graphical user interface. A 

concentric toolpath was generated in the slicing tool, as shown in Figure 4.5b. A ‘layer-

by-layer discretization’ method is used, where the voxel elements are activated, and results 



 

98 
 

are computed for one layer at a time. Having defined the material, geometry, toolpath and 

process parameters, the job was submitted for thermo-mechanical simulation. The printing 

process and printed part quality were evaluated by post-processing the simulation results. 

 

(a) Voxel mesh 

 

(b) Toolpath from G-Code 

 

Figure 4.5. Simulation setup of square and circular c/s unit cells (element length 7 mm, 

element thickness 2.5 mm); (a) meshed model with voxel element size 0.1 mm (b) G-Code 

data defines the concentric toolpath generated in slicing tool 
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Table 4.3. Printing parameters input for process simulation 

Process parameters Variations 

Layer thickness (mm) 0.10 

Layer width (mm) 0.42 

Extrusion temperature (C) 240 

Build plate temperature (C) 65 

Build chamber temperature (C) 20 

Printing speed (mm/s) 5 

Toolpath Concentric 

4.3 RESULTS AND DISCUSSION 

In this section, first, the effects of lattice geometry parameters on part deformation and 

relative density are discussed based on the findings from experimental printing of unit cells. 

Next, MF3 printing process simulation results such as deformation, residual stresses, and 

porosity in the green part are reported. Also, extrudate deflection in unsupported regions 

in a lattice is discussed, and an analytical approach is presented to estimate the extrudate 

deflection and verified by experimental results. Finally, multi-stacked lattice structures of 

different designs were printed and successfully sintered to fully dense Ti-6Al-4V parts. 

4.3.1 Effects of lattice geometry parameters 

The printed green parts were characterized for dimensional changes and distortions 

compared to the original CAD design. Distortion of part geometry was observed 

consistently for both cross-sections that resulted in dimensional changes. The non-uniform 

shrinkage caused by differential cooling during printing led to a non-uniform distribution 
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of thermal strains distorting the part shape. Printed green parts of unit cells of chosen 

element thickness, length, and cross-sections were measured for dimensional variations 

relative to CAD design. Shrinkage was observed in all three X, Y, Z directions consistently.  

 

(a)                                                                     (b) 

        

(c) 

 

Figure 4.6. (a) Effect of lattice element thickness and length on XY-shrinkage (b) Effect of 

lattice element thickness and length on Z-shrinkage (c) Effect of lattice element thickness 

and length on green part relative density 
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As shown in Figure 4.6a and b, both XY and Z-deformation increased with element length 

for both cross-sections. The shrinkage also increased with a decrease in element thickness. 

These responses can be attributed to the increased aspect ratio (L/d) of lattice elements 

leading to higher longitudinal shrinkage. Square c/s showed higher shrinkage than circular 

c/s. Also, the response curves were different for the two cross-sections. The relative density 

of the green part was found to increase with lattice element length and element thickness 

for both cross-sections, as shown in Figure 4.6c. However, square c/s showed a higher 

relative density than circular c/s. Also, the response curves were different for the two cross-

sections. The similar trends of shrinkage and relative density variation over element length 

indicate that higher shrinkage leads to higher relative density in green parts. Relative 

density can be considered indicative of packing density and strength in the green part, and 

it eventually affects the debound and sintered part quality [11]. 

4.3.2 MF3 process simulation results 

The process simulation was conducted using a sequential thermo-mechanical simulation 

approach. The thermal simulation modeled a layer-by-layer printing by the extrusion-based 

process. By solving the transient dynamic heat transfer equation using the material, 

geometry, and processing conditions as input, thermal history, and gradients were 

calculated by Digimat. These results were used as input for mechanical simulation in an 

integrated approach. The mechanical simulation provided an estimation of deflections in 

X, Y, Z directions as well as the overall deflection, residual stresses, and porosity in the 

printed part. 
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Deflection and dimensional variations 

As the extrudate from the nozzle gets deposited on a substrate forming a layer, it cooled 

down and solidified. When the next layer was deposited, it transferred heat to the previous 

layer through conduction. With the addition of subsequent layers, repeated cycles of 

heating and cooling led to the development of a thermal gradient along the Z-axis. This 

gradient combined with non-uniform cooling leads to inherent thermal strains in the printed 

part. The extent of the strain varies according to the thermal gradient and coefficient of 

thermal expansion (CTE) of the material. The thermal strain causes deflection and 

warpage, finally leading to deviations in printed part dimensions and shape as opposed to 

original CAD geometry [84]. Simulation results showed similar deflection patterns and 

location for both c/s, as shown in Figure 4.7a. 

The four corners of the unit cells, having a relatively large surface area, experience a higher 

rate of heat loss by convection and faster cooling. Also, the thermal gradient along Z-axis 

varies according to print surface area variation. These two aspects lead to the highest 

deflection in the four corners at the height of transition from the vertical to horizontal 

elements in the lattice geometry (Figure 4.7a), thereby increasing the print area 

considerably. It was also observed that printing experiments showed similar deflection 

patterns and locations as predicted by simulations for both c/s, as shown in Figure 4.7b. 

The non-uniform shrinkage caused by differential cooling during printing led to a non-

uniform distribution of thermal strains, causing warpage and distortion of part shape. 
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(a) 

(b) 

Figure 4.7. (a) Part deflection estimation from simulation of unit cell. (b) Deflection 

location and pattern were found similar in both simulation and experiments 
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Table 4.4. Part dimensions: CAD design vs. simulated part vs. printed green part 

Part dimensions A (mm) B (mm) C (mm) D (mm) 

Square c/s 

CAD design 9.50 9.50 9.50 2.50 

Simulation results 9.35 9.35 9.41 2.45 

Experiment results 9.36 9.36 9.43 2.40 

Circular c/s 

CAD design 9.50 9.50 9.50 2.50 

Simulation results 9.37 9.37 9.47 2.45 

Experiment results 9.39 9.39 9.45 2.42 

 

For quantitative verification of simulation results, simulated part dimensions were 

measured and compared with experimental results. The simulation tool does not directly 

provide simulated part dimensions. In order to estimate the part dimensions from deflection 

results, the deformed part geometry was exported from the simulation results in STL 

format. This file was then imported into CAD software (SolidWorks) to generate a 3D 

model, and dimensions of the deformed part were measured in SolidWorks. The respective 

dimensions of printed physical parts were measured using a vernier caliper. Table 4.4 

shows the dimension results from simulation and experiments compared with original 

CAD dimensions of unit cells of both c/s, while Figure 4.8 explains what these dimensions 

represent. Experimental part dimensions fairly matched with that of the simulated part. 
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Figure 4.8. Representation of the A-B-C-D dimensions listed in Table 4 

Table 4.5. Shrinkage relative to CAD design: simulated part vs. printed green part 

XY Shrinkage 

(%) 

Z Shrinkage 

(%) 

Square 
Simulation 1.6 1.0 

Experiment 1.5 0.7 

Circular 
Simulation 1.4 0.3 

Experiment 1.2 0.5 

As shown in Table 4.5, both simulation and experiment (Figure 4.5) showed shrinkage in 

all three directions (X, Y, Z) consistently. However, it was noted that simulations showed 

an overall higher shrinkage than experiments. This may be due to the stress relaxation 

effect in experiments tending to lower residual stress and lower overall deflection. The 

simulation model currently does not take the stress relaxation effect into account, leading 

to higher residual stresses during printing, which tends to develop higher deflections at the 

end of printing. Simulation results showed a maximum 1.6 % change in dimensions in XY-
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plane and a 1 % change in Z-dimension for square c/s, whereas, in experiments, it was 1.5 

% and 0.7 %, respectively. Overall, lower shrinkage was observed in circular c/s in both 

simulation and experiments. 

 

Porosity estimation 

The layer-by-layer printing using an extrusion-based process tends to develop macro 

porosity while trying to approximate the geometric profile. Several parameters such as the 

printing process, geometric complexity and material properties affect porosity formation, 

both in the infill and outer surface. The MF3 process simulation also provided an estimation 

of porosity distribution in the printed green part (Figure 4.9). 

 

  

Figure 4.9. Porosity estimation of square and circular c/s unit cells (element length 7 mm, 

element thickness 2.5 mm) 
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It considers the part geometry, bead width, layer thickness, and toolpath (Table 4.3) to 

estimate the volume fraction of voids at each voxel mesh. An overall lower porosity was 

estimated in square c/s than in circular c/s. This can be correlated to higher relative density 

in square c/s than in circular c/s, as observed in experimental results. Toolpath having 

straight lines and a more uniform print area along Z-axis in square c/s led to lower porosity 

than in circular c/s. 

Residual stress estimation 

The process simulation provides an estimation of residual stresses induced during and at 

the end of the printing and cooling processes as a result of a thermal gradient, non-uniform 

cooling, and material shrinkage. Figure 4.10 indicates the von Mises stress as residual 

stress developed at the end that can be attributed to thermal gradient due to layer-by-layer 

stacking as well as differential heat loss from the central zone and outer periphery. 

Figure 4.10. Residual stresses estimation from simulation of unit cells 
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The estimated maximum residual stress for the square and circular c/s was 4.3 MPa and 

3.8 MPa, respectively. Sharp corners in square c/s led to slightly higher residual stresses 

than in the circular one. Like deflection results, residual stresses were found to be 

maximum at the outer corners and oriented along Z-axis for the same reasons of differential 

heat transfer and thermal gradient along the Z-axis, respectively. Residual stresses distort 

the printed part and affect its mechanical strength. In MF3, high residual stresses may lead 

to cracks or damage the part during the debinding and sintering processes. Lower thermal 

gradient, uniform and slower cooling helps in reducing residual stresses. Hence a closed 

chamber-controlled temperature printing environment would provide better part quality. 

4.3.3 Extrudate deflection 

The experimental printing of lattice showed large deflection in unsupported overhang due 

to gravity. It can be considered as a defect that stems from the inherent overhang feature in 

any lattice structure. The sagging deflections were observed consistently in both c/s; 

however, the amount of deflection varied with cross-section type and geometric 

configuration. It indicated that the sagging deflection is geometry-dependent and can be 

controlled by part design optimization. A capability to predict the sagging as a function of 

lattice geometry, material properties, and printing parameters would further enable design 

for lattice structure. Simulation results were investigated to see extrudate deflection 

estimation. 

However, it was observed that simulation did not provide an estimation of such deflection, 

as shown in Figure 4.11. The reason being the current voxel-based simulation model not 
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considering gravity. As an alternative, an analytical hypothesis has been proposed and 

investigated for extrudate deflection estimation. 

 

  

Figure 4.11. Large deflection observed in experimental printing in unsupported regions, 

whereas simulation did not provide an estimation of such deflection 

 

Extrudate in the unsupported region was considered equivalent to a simply supported beam 

under uniformly distributed load. The geometry of a single extrudate was considered 

equivalent to the beam geometry, material properties at the extrusion temperature 

equivalent to the beam material, and the self-weight of the extrudate as the uniformly 

distributed load on the beam, as shown in Figure 4.12a. 
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(a)   (b) 

Figure 4.12. (a) Extrudate in unsupported overhang was considered equivalent to a simply 

supported beam under uniformly distributed load; (b) extrudate deflection in unsupported 

region measured in printed green parts 

Deflection () of a UDL beam is given by [85] 

Deflection, δ = 
5wL4

384EI

where 

w = self-weight / length = 
πd2

4

      = extrudate density at extrusion temperature 

     d = extrudate diameter (nozzle diameter) 

L = overhang length 

E = Young’s modulus at extrusion temperature 

I = moment of inertia = 
πd2

64

(3) 
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Rearranging Equation 3, 

 

Here, 



E
 = material variable; 

1

d2
 = machine variable (d = nozzle dia.); L = part geometry variable

Deflection can be minimized by optimizing the material, machine, and geometry variables. 

δmin = (


E
)
min

× (
1

d2
)
min

× (L4)min

In this study, the material, printing parameters, and nozzle diameter were kept unchanged, 

so the material and machine variables were constant. Hence, the deflection was a function 

of part geometry only. 

δ = f(L) 

To define the extrudate deflection as a function of element length, the deflection was 

measured in unit cells of 3 mm and 2.5 mm element thickness and element lengths 8 mm, 

7 mm, and 6 mm printed with square and circular c/s, as shown in Figure 4.12b. The 

extrudate deflection amount was found to vary with not only element length and thickness 

but also cross-section type, as shown in Table 4.6. 

(6) 

δ =
5×64

384×4



E

L4

d2
(4) 

(5) 
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Table 4.6. Extrudate deflection: experimental results 

Cross-section 
Element length 

(mm) 

Overhang length 

(mm) 

Deflection 

(Experimental) (mm) 

Square: 3 mm 

8 5 0.69 

7 4 0.58 

6 3 0.45 

Square: 2.5 mm 

8 5.5 0.78 

7 4.5 0.60 

6 3.5 0.53 

Circular: 3 mm 

8 5 0.58 

7 4 0.46 

6 3 0.33 

Circular: 2.5 mm 

8 5.5 0.61 

7 4.5 0.53 

6 3.5 0.39 

 

A power equation was derived by plotting the experimental deflection graph as a function 

of overhang length. As shown in Figure 4.13a and 13b, deflection increases with overhang 

length for both cross-sections. However, a lower deflection was observed in circular c/s 

than in square one, as shown in Figure 4.13c.  
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(a) (b) 

(c) 

Figure 4.13. (a) Effect of overhang length on extrudate deflection in the unsupported region 

of square c/s. (b) Effect of overhang length on extrudate deflection in the unsupported 

region of circular c/s. (c) Effect of lattice element cross-section extrudate deflection in the 

unsupported overhang (comparison between 4.13a and 4.13b) 

Therefore, the following equations were derived: 

Deflection in square c/s; 
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δ = 0.1779 (L)0.8464 

Deflection in circular c/s; 

δ = 0.1045 (L)1.0587 

Eq. (7) and (8) can be generalized to represent the extrudate deflection as a function of 

element overhang length; 

δ = f(L) = K(L)a 

where K: constant of the equation; a: exponent 

‘K’ and ‘a’ are dependent on element cross-section geometry. Moreover, any change in 

material, process, and machine variables would also lead to variation in these constants of 

the empirical equation. 

To verify the proposed hypothesis and validate the presented empirical relationship, it was 

used to estimate the sagging deflection in the unit cells of 2 mm element thickness and 

element length 8 mm, 7 mm, and 5 mm. The estimated deflections were verified with 

experimental results and a fair agreement was observed between them, shown in Table 4.7. 

 

Table 4.7. Extrudate deflection: estimation vs. experimental results 

Element 

thickness 

Element length, 

L (mm) 

𝛅 (Estimation) 

(mm) 

𝛅 (Experiment) 

(mm) 

Square: 2 mm 

8 0.81 0.79 

7 0.69 0.66 

6 0.57 0.59 

Circular: 2 mm 

8 0.70 0.72 

7 0.57 0.60 

6 0.45 0.48 

(7) 

(8) 

(9) 
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4.3.4 Sintered part quality 

Green parts of defect-free unit cells printed using identified printing conditions were 

further subjected to post-printing processes. Polymer binder was eliminated by solvent 

debinding in heptane solution and thermal debinding. Finally, thermal sintering in an inert 

environment provided fully dense Ti-6Al-4V parts, as shown in Figure 4.14. The 

unsupported overhang features in both square and circular cross-sections survived without 

collapse and distortion during debinding and sintering processes. 

Figure 4.14. Sintered unit cells 

Removal of polymer binder that constitutes 41 % volume of the filament material leads to 

a large amount of shrinkage during the debinding process. Moreover, thermal sintering 

provides densification of the metal, which further adds shrinkage. Sintered part dimensions 

were measured for shrinkage characterization. An overall 15~17 % shrinkage was observed 

in all three (X, Y, Z) directions (Table 4.8). Additionally, sintered parts Archimedes 

density was measured, and relative density was calculated using the below equation: 
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Relative densitysintered = 
ρArch.  sintered

ρTi64
 

where, ρArch.  sintered = Archimedes density of the sintered part 

           ρTi64 = Theoretical density of Ti-6Al-4V (4.43 g/cc) 

 

Table 4.8. Shrinkage and relative density of sintered unit cells: element thickness 2.5 mm 

 XY-Shrinkage  

(%) 

Z-Shrinkage  

(%) 

Relative density  

(%) 

Square c/s 15.7 14.8 94.3 

Circular c/s 17.0 15.4 93.5 

 

Further, to investigate how the extrudate sagging in the unsupported overhang in the green 

part affects sintered part quality, the unit cells were cut in the middle Z-axis. 

 

 

Figure 4.15. Lack of diffusion between beads was observed in the bottom-facing surface 

of the unsupported overhang feature as an effect of extrudate sagging in the green part 

(10) 
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As shown in Figure 4.15, poorly diffused and loose beads were observed in the bottom-

facing surface of unsupported overhangs, whereas adequate diffusion and packing of 

densification were observed in the lower half of the cell. 

4.3.5 Multi-stacked lattice structures 

Identification of processing conditions and geometry parameters optimal for lattice 

structure led to the successful fabrication of multi-stacked and complex shaped Ti-6Al-4V 

lattice structures by MF3 that were not possible before the study. Design-I shown in Figure 

4.16, was designed using the circular c/s of element length 7 mm and diameter 2.5 mm, 

which was studied at unit cell level earlier in this study. 

Figure 4.16. Stacked Ti-6Al-4V lattice structure (green and sintered parts) of various 

configurations fabricated by MF3
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The multi-stacked lattice structures were printed without defects using a 0.35 mm diameter 

nozzle and printing condition-B (Table 4.1). Printed parts were able to survive solvent 

debinding without collapsing. Moreover, thermal debinding and sintering were conducted 

using the conditions used for bulk geometries [10, 11], and the lattice structures survived 

without collapse and distortion. Similarly, Design-II and Design-III lattice structures 

(Figure 4.16) suitable for various applications were printed and sintered. Design-III is an 

example of a Triply Periodic Minimal Surface structure based on the gyroid unit cell. It 

demonstrates the potential of MF3 to fabricate beam-based and surface-based lattices. 

 

4.4 CONCLUSIONS 

MF3 printing of lattice structure was investigated for the first time using experimental and 

analytical approaches. Feasible processing conditions were identified for Ti-6Al-4V to 

fabricate defect-free lattices. The effects of lattice geometry parameters on part deflection 

and relative density at the unit cell level were reported. Computational simulations using 

the finite element method were employed to predict the part quality, and results were 

verified by experimental printing. Having identified the simulation limitation, an analytical 

approach has been presented to estimate the extrudate deflection in unsupported regions of 

lattice structures. Finally, using the identified processing and geometry parameters, multi-

stacked lattice structures were successfully printed and sintered. 

 

Following conclusions emerge from the present work: 

1. The unsupported overhang feature and narrow/ tiny cross-sectional print area in 

lattice structures required considerable changes in MF3 printing parameters 
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compared to printing bulk parts, e.g., filament retraction, concentric toolpath, 

extrusion multiplier < 1, low printing speed, small layer thickness, and bead width. 

2. XY, as well as Z dimensional variations in green parts, were found to be increasing

with an increase in lattice element length or decrease in element thickness for both 

types of cross-sections. It can be attributed to a higher aspect ratio (L/d), leading to 

higher longitudinal shrinkage. Square c/s showed higher deformation than circular 

c/s. Also, the response curves were different for the two cross-sections. 

3. Relative density in green parts was found to increase with lattice element length

and element thickness for both cross-sections. However, square c/s showed an 

overall higher relative density than circular c/s. Also, the response curves were 

different for the two cross-sections. 

4. Simulations and printing experiments of unit cells showed similar deflection

patterns and locations, and shrinkage in all three directions (X, Y, Z) consistently 

for both cross-sections. Circular c/s showed lower shrinkage resulting in lower 

variation in dimensions compared to square c/s in both simulation and experiments. 

5. Simulation estimated an overall lower porosity in square c/s than in circular c/s.

This can be correlated to higher relative density in square c/s than in circular c/s 

observed in experimental results. Toolpath having straight lines and a more uniform 

print area along Z-axis led to lower porosity in square c/s than in circular c/s. 

6. The experimental printing of lattice showed large deflection/sagging in

unsupported regions due to gravity, whereas simulation was unable to estimate such 

deflection. An analytical model was presented to estimate extrudate deflections and 

verified with experimental results. 



120 

7. Extrudate deflection in unsupported regions was found increasing with overhang

length, which is a function of lattice element thickness and length. Square c/s lattice 

showed larger extrudate deflection than circular c/s. 

8. Lack of diffusion between beads was observed in the bottom facing surface of

unsupported geometry of sintered unit cells as an effect of extrudate sagging in the 

green part stage. 

This study proves that MF3 can fabricate fully dense Ti-6Al-4V lattice structures that 

appear to be a promising candidate for applications where mechanical performance, light-

weighting, and design customization are required. The outcome of the work is an 

understanding of geometry-processing-properties interrelationships governing the design 

and fabrication of lattice structures by MF3. The insights gained through the work will 

enhance the design for MF3 (DfMF3). 
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CHAPTER 5

PATIENT-SPECIFIC MAXILLOFACIAL IMPLANT USING METAL FUSED 

FILAMENT FABRICATION (MF3): DESIGN, FABRICATION AND ANALYSIS 

5.1 INTRODUCTION 

Over the last few decades, dental restoration of edentulous patients has been significantly 

enhanced by implant dentistry, especially when conventional complete dentures find 

difficulty in retaining their stability in the long-term [86-88]. For the success of dental 

implants, anatomic conditions such as sufficient bone height, thickness and density, play a 

deciding role [88]. Bone regeneration by grafting is widely employed to grow new bone in 

weak jawbone areas by autografting, using other bone as a scaffold [89, 90]. However, in 

the case of severe bone resorption, extensive bone regeneration requirement represents 

clinical treatment challenges leading to hesitation from patients [91]. The development of 

a patient-specific implant would suffice the need for adequate bone structure to support 

dental implants. Particularly for elderly patients, such an implant is of great importance as 

they cannot or may not want to undergo complex regenerative surgeries, but need a fixed 

dental restoration [92, 93]. 

Apart from dental rehabilitation, maxilla and mandible reconstructions find applications in 

treating bone defects caused by tumors, injuries, or infections [94, 95]. However, such 

reconstruction represents major challenges from both engineering and medical aspect [94]. 

On the one hand, the complexity of facial anatomy, vital adjacent organs, the possibility of 
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infection, and the uniqueness of each patient are the challenge for doctors, on the other 

hand, complex facial bone structure design, the unique morphology of each patient, high 

demand on reconstruction material and performance, and limitations of manufacturing 

process pose great deal challenges for engineers [96]. Moreover, high osteoporotic 

structure in elderly patients makes it more challenging for doctors due to low regeneration 

tendency, and engineers due to reduced bone structure area and strength to support custom 

implants. 

However, several developments in digital technology have made the fabrication of custom-

made implants that perfectly match the anatomy and local morphology of the patient 

feasible [92, 97]. Modern technologies such as cone beam computed tomography (CBCT) 

for patient data acquisition, high-speed intraoral scanner to capture a direct optical 

impression, digital software for clinical analyses and surgical planning, 3D printers for a 

wide range of high-performance materials have fueled the progress in implant dentistry 

and maxillofacial reconstruction [93, 96, 98, 99]. 

In particular, additive manufacturing (AM) has enabled the fabrication of patient-specific 

implants for individual patients [94, 100]. Although the existence of AM technologies has 

been there for several decades, they have been leveraged more intensively over the last 

decade in the field of biomedical engineering [94, 100-103].  The method, also known as 

3D printing or rapid prototyping, builds a three-dimensional (3D) part by adding the 

material layer-by-layer as opposed to a subtractive or formative method of manufacturing 

[1]. The technology is capable of building any complex shape in a variety of geometries 

without using specific molds, making it the best-suited process for custom-made implants. 

Moreover, the AM process can produce porous structures that help in optimizing the 
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effective stiffness, and thus reduce stress shielding in implants [99]. Such porosity also 

provides anchor sites to the bone tissue and promotes accelerated osseointegration [88, 

104]. Hence, 3D printed implants could adequately transfer the stresses between implant 

and bone, thereby increasing the life of the implant and implant-supported restoration. AM 

brings a considerable reduction in wastes of material and time when compared with the 

conventional manufacturing methods such as the milling process specifically for implants 

with complex geometries [88]. In addition, AM has enabled the fabrication of physical 

biomodels of a patient’s anatomy that serve as a great tool for operational planning and 

simulations [100-103]. 

While AM brings in promising capabilities for dental and maxillofacial implants, from the 

material front, limited compatible choices are available due to versatile demands on 

mechanical, physical and chemical characteristics of the implant material [105, 106]. 

Among others, titanium is a widely used material in implants and other biomedical 

applications due to its high strength-to-weight ratio, corrosion resistance, low density and 

non-magnetic properties [99, 107, 108]. In particular, Ti-6Al-4V (90 % titanium, 6 % 

aluminum, and 4 % vanadium), due to its high biocompatibility, is considered one of the 

most suitable biocompatible materials for medical applications [73]. Fabrication of Ti-6Al-

4V implants has been investigated with various AM technologies [109]. 

Metal AM technologies such as selective laser melting (SLM), electron beam melting 

(EBM) or direct energy deposition (DED) have been widely explored for metal implant 

fabrications [107, 108, 110-113]. However, the limitations of these processes are (i) very 

high initial capital investment (ii) safety concerns due to directly working with loose 

reactive metal powder. Moreover, the high energy consumption of the only choice of 
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industrial level operation limits the economic viability of small-batch manufacturing. In 

addition, high thermal gradients, localized heat, and rapid cooling rates induce residual 

stresses, distortion, non-equilibrium microstructures and anisotropy leading to structural 

property differences [114, 115]. These limitations act as a barrier in the widespread 

implementation of metal AM technologies in implant dentistry and maxillofacial 

reconstructions. To overcome the above limitations, an advanced AM technology, known 

as metal fused filament fabrication (MF3), is rapidly emerging. It enables 3D printing of 

metal parts using desktop-level FFF printers [1, 7, 116, 117]. 

MF3 is essentially an extrusion-based printing process that uses highly filled metal powder-

polymer binder filaments, where the polymer binder holds metal particles together in a 

feedstock and assists in material flow and deposition during printing [11, 47, 118].  Figure 

5.1 shows the MF3 process demonstrating the fabrication of a patient-specific implant.  

Figure 5.1. Overview of MF3 process showing filament preparation, printing, debinding, 

sintering, and demonstration of custom implant part fabricated by MF3 with Ti-6Al-4V. 
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MF3 has been successfully used to print Ti-6Al-4V and ceramic parts of varying 

geometries, as reported in the previous publications by our research group [10-12, 47, 118]. 

As identified in the literature survey, implant dentistry and maxillofacial reconstruction 

have a pressing need for fabrication technologies that could manufacture custom-made 

implants efficiently and economically at small to moderate scales. Building on the findings 

in Ti-6Al-4V printing with MF3, in this work we investigated the feasibility and suitability 

of Ti-6Al-4V printing with MF3 to manufacture patient-specific maxillofacial implants. 

The purpose of this investigation is to examine the applicability of MF3 to manufacture 

custom-made 3D-printed implants in general, and in particular, a patient-specific 

maxillofacial implant for dental restoration of elderly patients with osteoporotic maxillary 

structure. We described the methodology followed in the design and fabrication of Ti-6Al-

4V maxillofacial implants using MF3 technology. The methodology from processing the 

digital data of the patient’s oral anatomy to the design development and fabrication of 

implant is discussed. There was a specific emphasis on the applicability of MF3 for custom 

implants in terms of manufacturability with the inclusion of support structures for the first 

time. Also, MF3 printing of the implants was simulated to investigate potential deformation 

and residual stresses. Moreover, the sintered parts were characterized for surface 

topography, density, porosity, microstructure, and hardness that would affect the implant 

performance. 

This study is based on a real clinical case of an 85-year-old partially edentulous female 

patient. With the complaints of difficulty in eating and speech, she intended to get dental 

restoration. Her CBCT scan revealed severe resorption of the upper jaw and maxillary bone 

and no teeth in the upper jaw as shown in Figure 5. 2. To provide for dental implants, 
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adequate reconstruction of the maxillary structure was needed. Considering the patient’s 

age, bone regeneration was not a suitable option. Hence, the custom-made maxillofacial 

implant was the best solution. 

 

 

Figure 5.2. CBCT scan of the patient showing the defect 

 

5.2 MATERIALS AND METHODS 

5.2.1 Materials 

The patient’s CBCT data was required to design and fabricate the physical models of the 

patient’s anatomy and maxillofacial implant. A photocurable acrylate material 

FLGPWH04 (Formlabs, Somerville, MA, USA) was used to fabricate the anatomical 

model by the SLA method using Form 2 (Formlabs, Somerville, Massachusetts) printer. 

The implant prototypes were printed by MF3 using the filament, which has 59 vol.% of Ti-

6Al-4V powder dispersed in a multi-component custom polymer matrix using a desktop 

printer, Pulse (MatterHackers, Lake Forest, CA, USA). 
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5.2.2 Methods 

The workflow started with the patient’s anatomical data in 2D DICOM format obtained 

from CBCT scan. This data was imported into a biomedical software, Mimics (Materialise, 

Leuven, Belgium), for image processing and segmentation to develop a 3D CAD of the 

patient’s facial bone and dental structure. This 3D model in STL format was used to 

fabricate a physical biomodel by SLA process. The biomodel helped the oral and 

maxillofacial surgeons to evaluate the current condition of the maxilla structure and 

implant requirements and accordingly propose a patient-specific implant solution. Using 

this input, an implant design was developed matching the patient’s maxilla structure, and 

3D CAD of the implant was generated using modeling software, 3-Matic (Materialise, 

Leuven, Belgium), considering the maxilla structure geometry as reference. 

Figure 5.3. The workflow of patient-specific implant fabrication using the MF3 process 
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Using the STL files, implant components were printed by MF3, and the green parts were 

debound and sintered to get fully dense Ti-6Al-4V parts. Also, the MF3 printing process 

was simulated using a CAE simulation tool, Digimat (MSC Software, Newport Beach, CA, 

USA), to estimate part deflections and residual stresses. Finally, the resulting part 

attributes, such as geometric fidelity, density, porosity, surface morphology, metallography 

and hardness were evaluated as they affected the implant performance. A typical workflow 

of patient-specific implant fabrication using the MF3 process is shown in Figure 5.3. 

 

5.2.3 Design of the implant 

Image processing and segmentation 

The latest facial morphology of the patient was obtained through a CBCT scan in 2D 

DICOM format. This 2D data was imported in Mimics for image processing and 

segmentation, and a 3D model of facial anatomy was generated from the 2D images. The 

vital aspect of this process was extracting the region of interest from DICOM images 

without much compromise to actual anatomical details. 
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(a) 

(b) 

Figure 5.4. (a) Segmentation of maxilla and mandible bones from the overall facial 

anatomy; coronal, axial, sagittal and front views (b) Hounsfield radiodensity scale 

Subsequently, the hard bone elements were segmented using the Hounsfield radiodensity 

scale in Mimics by filtering out a radiodensity of less than ~610 HU. A 3D CAD of bone 

and the dental structure was developed by segmenting the soft tissues out, as shown in 

Figure 5.4. The patient’s osteoporotic bone in maxilla structure and absence of maxillary 
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dentition clearly showed the need for maxillofacial and dental implants, respectively. The 

mandible structure was separated from the maxilla, and a 3D CAD of the maxillary 

structure was exported in STL format. This data was further used not only in the fabrication 

of a biomodel by SLA but also as a reference to develop a patient-specific implant design 

to ensure a close geometric fit. 

3D printed physical anatomical model 

A physical model of a biological structure, generally referred to as a ‘biomodel’, has been 

used in several craniomaxillofacial surgery investigations to not only facilitate and improve 

treatment planning but also reduce the risk, time, and cost to patients and hospital [116-

121]. 

Figure 5.5. SLA process flow to fabricate 3D printed maxilla structure biomodel of the 

patient 
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The digital biomodel of the patient’s maxilla structure obtained from Mimics in STL format 

was used to fabricate a physical biomodel using SLA, as shown in Figure 5.5. The STL 

file was processed through PreForm software (Formlabs, Somerville, Massachusetts) that 

was used for build-setup to define the part layout, orientation, supports, slicing, and 

printing parameters. An SLA printer, Form 2 (Formlabs, Somerville, Massachusetts), was 

used to build a 3D part through layer-by-layer photopolymerization by ultraviolet light. 

After printing, the part was rinsed in isopropyl alcohol (IPA) to remove any uncured resin 

from its surface. After drying the rinsed part, it was post-cured by exposing it to light and 

heat to achieve the highest possible strength and stability of the material. Finally, supports 

were removed from the part and remaining support marks were sanded for a clean finish. 

Implant design development 

The physical biomodel enhanced visualization and understanding of the current bone loss 

condition in the patient’s maxilla structure. Figure 5.6a shows the implant design 

requirement defined by oral & maxillofacial surgeons after thorough investigations of the 

patient’s condition, the osteoporotic maxillary bone, and dental implant requirements. In 

this process, care needed to be taken to ensure the position of important nerves and other 

soft tissues were investigated while identifying bone with adequate density for fixation of 

the implant [93].  The maxillofacial implant was split into three components to mitigate 

surgery difficulties and allow for a certain amount of flexibility in positioning that might 

be identified during surgery, as indicated by surgeons. Moreover, it was recommended 

from an engineering point of view as well because of simplification in part design and 

wider allowable geometric tolerance in fabrication. 
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(a) 

  

(b) 

 

(c) 

 

Figure 5.6. (a). Implant design requirement as defined by the oral/ maxillofacial surgeons 

considering the current condition of the patient’s maxilla structure bone and dental implant 

requirements. (b) Implant geometries generated from digital biomodel using 3-Matic. (c) 

First-generation design of the implant. The implant was divided into three components, 

(RH, middle & LH parts) 
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Also, larger support structures would be required to print the implant in one piece, as 

opposed to smaller supports needed in simplified relatively flatter geometries. The implant 

was split into three parts, the Right Hand (RH), middle, and Left Hand (LH) components, 

as shown in Figure 5.6c. Here, RH and LH refer to the patient’s LH and RH side, 

respectively. Each part consisted of mounting posts in the form of a cylindrical boss that 

would eventually support dental implants. Also, mounting holes were provided to fix the 

implants on the existing maxilla structure of the patient at the best position having 

sufficient bone density to support the implants. 

Having developed the design concept, digital biomodel enabled the development of 

implant geometry to match the patient’s anatomical condition and identified implant 

solution. Implant geometries were generated in STL format from digital biomodel using 3-

Matic software (Materialise, Leuven, Belgium). Biomodel surfaces were extracted and 

offset to build the implant geometry as shown in Figure 5.6b, to ensure a perfect fit 

between the implant and maxilla structure. For each implant component, an STL file having 

tessellated surfaces was exported to Solidworks for geometric fine-tuning, edge correction 

and STL density reduction. In the proof-of-concept stage, the initial design did not include 

mounting posts and holes, as the objective was to investigate the applicability of MF3 to 

manufacture such custom implants. These models were used for MF3 printing of the 

implants. 
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5.2.4 Fabrication of customized Ti-6Al-4V implants 

An extrusion-based desktop printer, Pulse (MatterHackers, Lake Forest, CA, USA), was 

used to print the implants. Green parts were fabricated using 1.75 mm filaments of 59 vol.% 

of Ti-6Al-4V powder dispersed in a multi-component custom polymer binder. The 

feedstock and filament were prepared based on our earlier investigations [10, 11]. The 

implant STL file was processed through Simplify3D software to generate GCode 

instructions. The processing parameters used are shown in Table 5.1. The printing 

parameters were selected based on several preliminary printing experiments of various 

geometries using different parameters. A lower printing speed and smaller layer thickness, 

as opposed to printing simpler solid geometries, were used to ensure the geometric fidelity 

of the thin-walled complex geometry of the implants. A layer thickness of 0.1-0.15 mm 

was chosen to achieve suitable resolution considering the 1 mm thickness of the implant. 

A 0.4 mm diameter nozzle was selected to achieve a bead width in the range of 0.48-0.60 

mm that provides adequate in-plane geometric accuracy. Extrusion and build plate 

temperatures were chosen in the range of 240-260 C and 65-75 C, respectively. A lower 

printing speed, 5 mm/s, was considered to achieve better detailing of the intricate 

geometries, as opposed to 10-15 mm/s used generally. A concentric infill toolpath was 

found more suitable than 0-90 that works well for regular geometries. Based on these 

preliminary experiments, the optimized parameters used to print the actual implant are 

shown in Table 5.1. 
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Table 5.1. Printing process parameters 

Process parameters Settings 

Layer thickness (mm) 0.1 

Bead width (mm) 0.48 

Extrusion temperature (C) 240 

Build plate temperature (C) 65 

Extrusion multiplier 1 

Printing speed (mm/s) 5 

Toolpath () Concentric 

 

                                      (a)                                                                (b) 

     

(c) 

 

Figure 5.7. (a) Build setup showing sliced model, toolpath support structure of the middle 

part (b) MF3-printed green part (c) printing without appropriate support structure failed, 

optimal support led to successful printing of the RH part 
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Support structure 

Initial attempts to print the implants by MF3 led to poor printability and highly defective 

parts due to irregular geometry, overhangs, and unsupported features. Hence, the use of a 

support structure was considered for the first time in MF3. Support structure in MF3 brings 

several challenges such as no sacrificial material can be used for supports that can be 

dissolved in a solvent because of the risk of losing the integrity of the green part. The other 

option of support structure using the parent material itself has a challenge because cutting 

the supports off in the green stage may easily damage the part. Hence, in this study, the 

support structures printed using the parent material were kept intact through the debinding 

and sintering stage as well.  Moreover, cutting the support off in the sintered metal stage 

was difficult in this case due to irregular geometry and uneven surfaces of the implant. 

Hence, minimal support structures were employed to print the thin-walled implants. 

Eventually, the introduction of support structures improved the printability as shown in 

Figure 5.7c. For each geometry, an optimal support structure was designed using the slicer 

tool. All three components were printed, debound and sintered keeping the support 

structure that was finally cut off from the sintered part using a diamond-wire machine saw 

and diamond-wheel handsaw. 

Debinding and sintering 

Green parts of the implant components were subsequently subjected to post-printing 

processes. To completely remove the polymer binder components, a two-step debinding 

procedure was used to reduce thermal debinding time and debinding-related defects. First, 

the MF3 printed green parts were kept in heptane at 50 °C for 45min for solvent debinding. 
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After drying the parts in an oven at 80 °C to remove residual solvent, thermal debinding 

was carried out in a partial vacuum of 600 mTorr with argon sweep (TM Furnaces) at a 

heating rate of 1 °C/min and held for 3-10 hours below 600°C. Finally, the thermally 

debound parts were sintered in the same vacuum furnace at temperatures from 1200-1400 

°C for 1-4 h with argon as cover gas and a typical heating rate of 3 °C/min [122]. Thermal 

sintering, finally, provided fully dense Ti-6Al-4V implants. 

 

5.2.5 Green and sintered parts characterization 

The MF3 printed green parts were evaluated for geometric fidelity using an optical surface 

profiler, Keyence VR 5000 (Keyence, Cincinnati, OH, USA). The overall dimensions were 

verified relative to the CAD model. The sintered parts were characterized for surface 

topography, density, porosity, microstructure and hardness that would affect the implant 

performance. Relative density and porosity were investigated using the Mettler Toledo 

scale by Archimedes method. Also, bulk density was calculated that indicates the amount 

of interconnected open porosity on part surfaces which is not taken into account by 

Archimedes density. The following equation was used considering the soaked weight. 

Bulk density =
Dry weight

Soaked weight − Suspended weight
 x 100 

Archimedes density and bulk density together provide an estimation of open interconnected 

and closed porosities. Surface topography was evaluated by optical microscopy and 

scanning electron microscopy (SEM). Moreover, surface roughness was measured using a 

Mitutoyo portable surface roughness tester. Hardness was tested using a Rockwell hardness 

tester. The microstructure was evaluated by etched microscopy and SEM. 

(1) 
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5.2.6 MF3 process simulation 

To enable the prediction of MF3 printed implant part quality in terms of dimensional 

variations, warpage, and residual stresses, a thermo-mechanical model was used for finite 

element simulations using Digimat to simulate the MF3 printing process. The 3D CAD 

model of the implant was imported in STL format in Digimat-AM and discretized into a 

voxel mesh of element size 0.1 mm. Thermo-mechanical properties of the novel material 

were obtained using empirical estimation models from a previously published research 

work by the authors [10]. Processing parameters used in the simulation were the same as 

those used in the printing experiments (Table 5.1). The build plate and ambient 

temperature define the boundary conditions while the melt extrusion temperature defines 

the thermal loading. The GCode file from Simplify3D defines the toolpath, layer thickness, 

and printing speed. Following the toolpath, each layer is activated for the calculation to 

simulate the physical printing process. Currently, the simulation is not able to consider the 

presence of or recognize the need for support structures during printing since the software 

does not include gravity effects in the modeling. The printing process and printed part 

quality were estimated by post-processing the simulation results. The thermo-mechanical 

process simulation provided a prediction of part deflection and residual stresses that 

develop as results of shrinkage and non-uniform cooling that stems from thermal gradient 

due to layer-by-layer printing. The simulated part dimensions were verified with MF3 

printed green part dimensions. Moreover, the simulation results can be used in further 

optimization of the implant design, in future studies. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 MF3 printed green parts 

Having followed through the specific digital workflow and using suitable support 

structures, all three components (RH, middle, LH) of the maxillofacial implant were 

successfully printed by MF3 of Ti-6Al-4V. Figure 5.8a shows the printed green parts.  

(a) 

(b) 

Figure 5.8. (a) MF3-printed maxillofacial implants green parts with a support structure (b) 

optical surface profilometry the green parts 
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The support structure of each part was generated by the slicing software depending on part 

geometry and orientation on the print bed. Post printing, this support was further kept intact 

to retain part geometry and minimize potential damage in the green stage. Moreover, the 

removal of the support structure at this stage had associated risks of part damage. Hence, 

support structures were not removed in the green stage. The geometric fidelity of printed 

parts was evaluated using an optical surface profiler, as shown in Figure 5.8b. It enabled 

the verification of maxillofacial implants with complex unique geometries that cannot be 

measured using conventional scales. The Z-axis positioning of millions of scanned points 

on the surface is plotted that can be used to verify the accuracy with original 3D CAD 

geometry. The surface profile generated by the tool can further be processed through a 

CAD tool and overlapped with the STL geometry to verify the deviations. Moreover, this 

data is useful in surface roughness investigations. 

5.3.2 Printing process simulations 

MF3 printing process simulations were conducted by modeling the layer-by-layer printing 

of the extrusion-based process. The sequential thermo-mechanical simulation by Digimat 

provided an estimation of deflections in X, Y, Z directions as well as the overall deflection, 

and residual stresses in the printed part [47, 83]. Thermal gradient combined with non-

uniform cooling during printing led to inherent thermal strains in printed parts. The strain 

varied according to the thermal gradient and coefficient of thermal expansion (CTE) of 

material [31]. The thermal strain caused residual stresses, deflection and warpage, finally 

leading to deviations in printed part dimensions and shape as opposed to the original CAD 

geometry as shown in Figure 5.9. 
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The implant edges were found to experience a higher rate of heat loss by convection and 

faster cooling due to larger surface areas, leading to earlier crystallization and solidification 

than the central regions. The resulting non-uniform volumetric shrinkage caused greater 

defection and residual stresses at these locations. Moreover, the lack of structural 

constraints at these free ends contributed to large deflections. Maximum deflection in the 

RH, middle and LH implant ends were observed to be 1.9 mm, 0.85 mm and 1.24 mm, 

respectively, while in the central zone the deflections were as low as zero. The difference 

among the parts can be attributed to geometry aspect ratio (Length/Thickness), structural 

stiffness and overhang length difference. The LH part with a relatively higher aspect ratio, 

lower structural stiffness,  and larger overhang length led to higher deflections while the 

middle part showed the least. Figure 5.9 also indicates the von Mises stress as residual 

stresses developed at the end of printing. Maximum residual stresses in the RH, middle and 

LH parts were observed to be 3.1 MPa, 3 MPa and 2.6 MPa, respectively. Differential heat 

transfer and thermal gradient along the print direction (Z-axis) as well as across print cross-

section (XY-plane) led to such differences among parts and within a single part. Residual 

stresses distort the printed part and affect its mechanical strength. In MF3, high residual 

stresses may also lead to cracks or damage the part during the debinding and sintering 

processes. Lower thermal gradient, uniform and slower cooling would help in reducing 

residual stresses. 

While the simulation of the MF3 printing process enabled a fair estimation of printed green 

part geometry and residual stresses, it is important to note that currently, the simulation 

tool does not consider support structure in modeling. It may affect the accuracy of 

simulation prediction. 
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(a) Deflection                  (b) Residual Stresses 

 

 

 

Figure 5.9. MF3 printing process simulation results: (a) part deflection overlapped on 

original CAD design (b) residual stresses (von Mises) estimation 
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 (a)   (b)       (c) 

Figure 5.10. Typical dimensions of the LH part of the customized implant: (a) CAD design 

(b) simulation estimation (c) printed green part 

For quantitative verification of simulation results, simulated part dimensions were 

measured and compared with experimental results. Figure 5.10 shows the dimension 

results from simulation and experiments compared with original CAD dimensions of the 

LH part.  Experimental part dimensions fairly matched with that of the simulated part. 

Simulated parts showed an overall shrinkage of 1.96 % from CAD dimensions, whereas in 

experiments it was found to be 1.37 %. With the inclusion of the support structure in 

simulations, the accuracy of estimation can further be improved. 

5.3.3 Sintered Ti-6Al-4V parts characterization 

Support structures were retained during debinding and sintering processes to avoid a 

potential collapse of unsupported geometry and minimize part distortion. Figure 5.11a 

shows the sintered Ti-6Al-4V implant components with the support structure. 
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(a) 

 

(b) 

 

(c) 

 

Figure 5.11. (a) sintered metal parts with a support structure (b) sintered metal parts after 

support structure removal (c) green part vs. sintered part dimensions showed 16% 

shrinkage in sintering  
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While the support structure helped in retaining the shape and minimizing distortion in the 

thin-walled implant parts, on the other hand, it was extremely challenging to cut the support 

off implant geometry in a fully sintered metal phase. Firstly, cutting the supports off the 

sintered parts was not easy for conventional metal cutting methods, particularly, due to the 

irregular geometry and wavy surfaces of the implants. Secondly, the thin-walled geometry 

was part of the problem because the parts could easily be damaged while chipping the 

supports off. Also, the vertical walls of the support structure were thicker than the part 

itself, contributing to the possibility of part breakage. These issues can be addressed by 

investigating the feasibility of maximum angle and length of unsupported overhang that 

can be printed. Also, the design and optimization of the support structure are needed to 

achieve adequate support using a minimal support structure. However, these aspects were 

beyond the scope of the current investigation. Diamond wire machine saw and diamond 

wheel hand saw were used to gradually cut the supports off. Figure 5.11b shows the 

sintered implant components without a support structure. 

Surface morphology 

A considerable stair-steps effect was observed in the sintered implants. As a 3D model is 

discretized into horizontal layers in MF3 printing, the presence of a sharp change in the 

curvature of the implant surface causes such an effect. Hence, the maxillofacial implant 

surfaces matching human anatomy developed significant stair-step effects, as shown in 

Figure 5.13a. 
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(a) 

 

(b) 

 

(c) 

 

Figure 5.12. (a) Stair-step effects from layer-by-layer printing due to Z-gradient of the 

implant surface (b) Surface roughness measured in the LH & middle unpolished sintered 

parts in 0° and 90° (c) SEM (unetched unpolished condition) 
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The offset between adjacent layers having varying cross-sections along the print axis led 

to such deviations from the desired geometry. It further contributed to the surface 

roughness of the implants. Hence, a finer layer thickness was chosen to minimize this effect 

and get higher exactness to the CAD geometry. Moreover, the layer-by-layer and bead-by-

bead printing by the extrusion-based process of MF3 printing leads to surface roughness 

that follows the toolpath as shown in high magnification of SEM micrographs in Figure 

5.13c. It could be attributed to the lack of diffusion between layers and beads. Also, the 

overall surface roughness caused by the combined effects of stair-step and lack of layer-

to-layer and bead-to-bead diffusion depends on part orientation and surface angle with the 

horizontal plane. The surface roughness was measured in 0 and 90 on as-sintered parts 

as shown in Figure 5.13b. 

Table 5.2. Surface roughness of as-sintered parts 

Part 
Measurement angle 

(º) 

Ra 

(µm) 

LH 
0 23.3  1.0 

90 12.9  1.2 

Middle 
0 13.5  1.0 

90 12.7  0.7 

The difference in part geometry and orientation on the print bed led to different surface 

angles and toolpath, hence the variation in surface roughness, accordingly, as shown in 

Table 5.2. The LH part showed higher roughness (Ra 23.3 µm) in 0 than that of middle 

part (Ra 13.5µm), while in 90  both parts showed the same results (Ra ~12.7 µm). Higher 
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surface roughness was observed with a higher surface angle with build plate (horizontal 

plane). Hence, part orientation in the build plate becomes an important aspect apart from 

other slicing and printing parameters such as layer thickness, bead width, and extrusion 

temperature that affect surface roughness. 

The SEM images in Figure 5.13c further show the implant surface roughness on different 

scales. The stair-step effect at layer thickness level shows a typical pattern that stems from 

part geometry, part orientation and slicing strategy (toolpath, layer thickness, bead width). 

The stair-step contributes to macro-level surface roughness. Secondly, at the individual 

layer level, powder particles and porosity can be seen that contribute to micro-level surface 

roughness. These topological features are expected to favor the maxillofacial implant as 

they would enhance the implant’s ability to integrate into the surrounding tissue and 

augment the biological response to the implant [123]. Further investigation and 

optimization of surface roughness would be worth looking into this aspect. 

Relative density and porosity 

Th printed samples were characterized for density using the Archimedes method. Sintered 

metal parts were evaluated for relative density and porosity considering Ti-6Al-4V has a 

theoretical density of 4.23 g/cc. The relative density (bulk density-based) of the middle part 

was found to be 81 % indicating the total porosity (containing both open interconnected 

porosity and closed porosity) of 19 %. Archimedes-based relative density was 94 % 

indicating 6 % closed porosity, hence, 13 % open interconnected porosity.  These results 

indicate a considerable amount of interconnected open porosity. 
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Table 5.3. Relative density and porosity 

Archimedes 

density (g/cc) 

Relative density 

(%) (AD-based) 

Bulk density 

(g/cc) 

Relative density 

(%) (BD-based) 

Middle part 4.18 94.3 3.60 81.2 

The optical micrographs revealed considerable porosities with sizes of 50µm as shown in 

Figure 5.14a. The open interconnected porosity has engaging characteristics that 

accelerate the healing of the bone and enhanced osteointegration of metallic implants [88, 

104]. Such porosity provides anchor sites to the bone tissue and promotes accelerated 

osseointegration. By optimizing the open interconnected pore system, osseointegration can 

be biologically enhanced in implants.  Moreover, microporosity better mimics the natural 

bone in terms of elastic modulus (cancellous: 1.5-11.2 GPa and cortical: 7-20 GPa) as 

opposed to fully dense Ti-6Al-4V (105 ±2 GPa) [125, 126]. This, in turn, leads to a more 

uniform stress distribution between the implant and adjoining bones. 

Metallography 

The SEM images revealed an average grain size of 14.8 ± 1.6µm, as shown in Figure 5.13. 

In comparison to microstructure seen in typical L-PBF, the as-printed samples revealed 

martensite titanium and reduced intensities of beta titanium. One of the primary reasons 

for such observation could be the higher cooling rates of the L-PBF process with extremely 

small cycle times involved in powder spreading – melting – solidification of the Ti-6Al-

4V powder which does not allow for the acicular martensite titanium, characteristic of 

higher cooling rates involved in L-PBF, to decompose into alpha titanium and prior beta 
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titanium grains. In comparison, the MF3 fabricated samples are sintered at around 1200-

1400C which allows for sufficient time for the formation of equiaxed alpha titanium and 

grain boundary beta titanium. Such a difference in microstructure between L-PBF and MF3 

fabricated Ti-6Al-4V could affect the mechanical properties of the printed parts [122], with 

the MF3 fabricated parts possessing a higher elongation than the L-PBF parts, possibly due 

to the equiaxed microstructure. The higher ductility offered by MF3 fabricated Ti-6Al-4V 

implants directly aids in osteointegration of the implants [124]. 

(a) 

(b) 

Figure 5.13. (a) Optical microscopy (etched polished condition) (b) SEM (etched polished 

condition) 
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Using a Rockwell hardness tester, the hardness of the printed implant samples was 

measured, and 6.52 ± 0.8 HRC was observed. For EBM and SLM printed parts it was found 

to be 37-57 HRC [127]. The lower hardness value of MF3 printed implants could be 

attributed to the porosity that can be further investigated and optimized. However, the 

lower hardness value of MF3 printed implants as opposed to EBM and SLM printed parts 

would mimic the bone characteristics more effectively and favor the implant performance 

as it could better match the bone hardness which is 40-44 HV [128]. 

 

5.4 CONCLUSIONS 

MF3 printing of custom implants was studied for the first time using experimental and 

analytical investigations.  Fabrication of patient’s biomodel and custom maxillofacial 

implants using additive manufacturing technologies is demonstrated. The sintered metal 

implants were characterized for density, porosity, surface roughness, hardness and 

microstructure that play important role in the performance of an implant. 

 

The following conclusions emerge from the study: 

1. Fabrication of patient-specific custom maxillofacial implants out of Ti-6Al-4V by MF3 

is found feasible and demonstrated through the experimental study. 

2. A specific digital workflow is required to convert the patient’s CBCT data into a 3D 

printable format that made additive manufacturing of the anatomical model and the 

maxillofacial implants possible. 
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3. MF3 printing with support structures was reported for the first time. Optimal support

structures were required in MF3 for custom implant geometries to ensure geometric

fidelity not only during printing but also debinding and sintering processes. 

4. MF3 process simulation estimated maximum deflections of 0.9-1.9 mm and maximum

residual stresses of 2.6-3.1 MPa in printed green parts. However, the accuracy of 

prediction would be affected by the absence of support structures in simulations as 

opposed to experimental printing. 

5. The relative density (bulk density-based) of the middle part was found to be 81%

indicating the total porosity of 19%, which includes 6% closed porosity and 13% open 

interconnected porosity that would provide anchor sites to the bone tissue and promotes 

accelerated osseointegration 

6. Stair-step effects and lack of diffusion between layers contributed to surface roughness

at the macro scale, whereas powder particles and porosity within a layer affected at the 

micro-scale. The LH part showed higher roughness (Ra-23.3 µm) in 0 than that of 

middle part (Ra-13.5 µm), while in 90 both parts showed the same results (Ra-~12.7 

µm). The difference in part geometry and orientation on the print bed led to different 

surface angles and toolpath, hence the variation in surface roughness, accordingly. 

Higher surface roughness was observed with a higher surface angle with the build plate. 

7. The hardness of 6.52 ± 0.8 HRC was observed in the Ti-6Al-4V implants printed by

MF3 as opposed to 37-57 HRC in EBM and SLM. It mimics the bore more effectively

and favors implant performance. 
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The outcome of the work proves that MF3 is a potential process to manufacture patient-

specific custom implants out of Ti-6Al-4V. It also represents a part of the treatment 

procedure for complex surgery in elderly patients with a severely atrophic posterior maxilla 

eliminating the need for regenerative bone therapies. Moreover, the study demonstrates 

how additive manufacturing technologies could help the surgeon to improve pre-operative 

planning in implant surgery. The findings from this study will further allow the 

development of a beta version of the implants that would enable the dental research team 

to test and validate through surgical procedures on patient-specific biomodels. It would 

include refined geometries having smooth curves and surfaces developed matching the 

patient’s anatomy. Also, multiple mounting posts for dental implants and holes for 

mounting the implants on the maxilla structure are to be provided. In future work, the 

second-generation design is to be fabricated by MF3 and the beta prototype tested for the 

clinical procedure. In addition, corrosion of the material can severely limit its fatigue life 

and mechanical strength. Even though titanium alloys are exceptionally corrosion-resistant 

because of the stability of the TiO2 oxide layer, they are not inert to corrosive attack. Hence, 

maxillofacial implants need to be tested for corrosion in solutions that mimic biofluids like 

blood. 
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CHAPTER 6

CONCLUSIONS 

The dissertation presents a novel attempt to address the design for metal fused filament 

fabrication (DfMF3) by investigating the material-geometry-process interrelationships 

observed in fabricating complex geometries with Ti-6Al-4V alloy. It also introduces and 

implements predictive simulation of MF3 to enable DfMF3. The following conclusions 

emerged from the presented work: 

• The work confirmed the applicability of a thermo-mechanical model for finite element

simulation of the MF3 printing process. It has been successfully demonstrated that

simulation could predict the warpage, deformation and dimensional variations, and the 

results were corroborated by the experimental printing of Ti-6Al-4V parts. The 

simulation results showed a maximum 1% change in dimensions in XY-plane and a 

1.5% change in Z-dimensions.  Whereas the experimental results showed 0.6% and 

0.9%, respectively. The experimental part dimensions fairly matched with that of the 

simulated part. In addition, the simulation provided an estimation of temperature 

distribution, porosity and residual stresses. Experimental verification of these 

estimations is in progress.  Moreover, the application of warpage compensation 

calculated from the initial simulation led to an improvement in dimensional control in 

the subsequent iteration for both simulations and experiments. 
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• The ability of the process simulation to estimate the quantitative influence of material

properties on printed part quality was verified by simulating two different materials, a 

Ti-6Al-4V filled polymer and an unfilled ABS copolymer, and the results were verified 

by experiments. Due to lower CTE, Ti-6Al-4V filled polymer showed lower shrinkage 

and warpage than unfilled ABS polymer, both in simulations and experiments.  

Similarly, Ti-6Al-4V feedstock showed a lower thermal gradient than ABS due to 

higher thermal conductivity brought in by Ti-6Al-4V alloy. A larger temperature 

gradient in ABS further contributed to higher thermal strains and part distortion. 

Significantly higher residual stress observed in ABS was attributed to its higher 

stiffness. These findings also verified the sensitivity of the simulation model to material 

properties. 

• The sensitivity analyses facilitated the identification of dominant input parameters in

MF3 printing of Ti-6Al-4V feedstock. The procedure identified the relative importance

of specific attributes of geometry, processing conditions, slicing strategies, powder-

binder material properties on MF3 printing based on correlations between input and 

output parameters. Moreover, the sensitivity response was found to vary with part 

designs. 

• It was determined that process conditions and part geometry influenced print which

was completely insensitive to material parameters. Deflections and Z-warpage showed 

very high sensitivities to extrusion temperature and CTE. Residual stresses showed 

very high sensitivities to extrusion temperature, CTE and Young’s modulus having 

direct proportionality. Substrate temperature did not show a very high sensitivity to any 
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input parameters, though part Z-height, wall thickness and bead width were among the 

highest influencers. 

• Supportless printing of lattice structures using the MF3 process was investigated for the

first time using experimental and analytical approaches. Feasible printing conditions 

and lattice geometry parameters were identified for Ti-6Al-4V to fabricate defect-free 

lattices. As opposed to printing bulk parts, unsupported overhang feature and narrow/ 

tiny cross-sectional print area in lattice structures required considerable changes in MF3 

printing parameters, e.g., filament retraction, concentric toolpath, extrusion multiplier 

< 1, low printing speed, small layer thickness and small bead width. Both XY and Z 

dimensional variations in green parts were found to be increasing with an increase in 

lattice element length or decrease in element thickness for both types of cross-sections. 

This effect can be attributed to the higher aspect ratio (L/d), leading to a higher 

longitudinal shrinkage. The simulations also estimated an overall lower porosity in 

square c/s than in circular c/s. This can be correlated to higher relative density in square 

c/s than in circular c/s observed in experimental results. Tool path having straight lines 

and a more uniform print area along Z-axis led to lower porosity in square c/s than in 

circular c/s. 

• The experimental printing of lattice showed large deflections in unsupported regions

due to gravity, whereas simulation was unable to predict such deflections. Hence, an 

analytical model was presented to estimate extrudate deflections and verified with 

experimental results. The extrudate deflection in unsupported regions was found 

increasing with overhang length, which is a function of lattice element thickness and 

length. Square c/s lattice showed larger extrudate deflection than circular c/s. In the 
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sintered parts, lack of diffusion between beads was observed in the bottom facing 

surface of unsupported geometry as an effect of extrudate sagging in the green parts. 

• The design and fabrication of Ti-6Al-4V maxillofacial implants using the MF3 process

were demonstrated successfully confirming the feasibility of the technology to 

manufacture patient-specific implants. A specific digital workflow was required to 

convert the patient’s CBCT data into a 3D printable format that made additive 

manufacturing of the anatomical model and the maxillofacial implants possible. MF3 

printing with support structures was reported for the first time. Optimal support 

structures were required in MF3 for custom implant geometries to ensure geometric 

fidelity not only during printing but also debinding and sintering processes. However, 

the current simulation model does not consider support structure in the modeling, which 

may affect the prediction accuracy. However, the experimental green part dimensions 

fairly matched with that of the simulated part. Simulated parts showed an overall 

shrinkage of 1.96% relative to the CAD dimensions, whereas in experiments it was 

found to be 1.37%. 

• Characterization of the sintered Ti6Al-4V implant indicated 81% relative density and

19% porosity including 6% closed porosity and 13% open interconnected porosity that 

would provide anchor sites to the bone tissue and promote accelerated osseointegration. 

Stair-step effects and lack of diffusion between layers contributed to surface roughness 

at the macro scale, whereas powder particles and porosity within a layer contributed at 

the micro-scale. The difference in part geometry and orientation on the print bed led to 

different surface angles and toolpath causing variation in surface roughness 
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accordingly. Higher surface roughness was observed with a higher surface angle with 

the build plate. 

• Having established a simulation solution for the MF3 process, design for MF3 was

looked into from multiple perspectives including validation of material behavior 

defined by estimation models, evaluation of the effects of material composition, part 

geometry and process parameters on printing outcome, identification of feasible 

printing and geometry window, and demonstration fabricating complex geometries 

using support structures or by supportless printing. The enhanced understanding of 

material-geometry-process interrelationships enabled design for MF3, and it would 

push MF3 technology several steps closer to be adopted as an effective industrial 

manufacturing process. 
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CHAPTER 7

FUTURE WORK 

The work in the dissertation contributed towards the design for MF3 (DfMF3). This work 

addressed some key challenges towards understanding the material-geometry-process 

interrelationships, and how the properties of MF3 printed Ti-6Al-4V parts were affected. 

The applicability of an FEA-based thermo-mechanical process simulation model for MF3 

printing was investigated. The evaluation identified the simulation as a valuable DfMF3 

tool. The study also identified the gap between the simulation and physical process and 

opens up the scope for further scientific developments to enhance its prediction accuracy. 

It also expands the simulation capability to the sintering process. The recommendation for 

future research which can be built off from the current work includes: 

• MF3 printing of complex geometry with overhang features using support structures

has been investigated in this work. However, the current simulation model does not 

consider support structure in modeling, decreasing the prediction accuracy. The 

capability of identifying the need for support and, subsequently, including support 

geometry in the simulation model to predict its influence on part distortion, warpage 

and residual stresses would be valuable. It can be an enabler in designing optimal 

support structures and extending MF3 printing to parts that require support. 
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• The capability to estimate porosity distribution in the MF3 printed green part using

predictive simulation has also been explored in the current work. It also provides 

an estimation of relative density distribution within the part. Though not fully 

capable, simulation tools have got initial developments on this feature. Simulation 

results would need to be experimentally verified, and the influence of porosity on 

part performance can be further investigated. 

• The sensitivity analyses facilitated the identification of dominant input parameters

in MF3 printing. Identification of such significant input parameters enables

streamlining further development exercise. Building on such identification, more 

focused experimental studies or design of experiments, involving the significant 

input parameters only, can be investigated. Such studies are now feasible and more 

meaningful, which was not the case while dealing with all thirteen input 

parameters. 

• The current work investigated the simulation of the MF3 printing process only,

providing an extended understanding of and capability to design for the MF3

printing. This capability can be extended to the thermal debinding and sintering 

process enabling estimation of part deformations, dimensions, residual stresses, and 

relative density of sintered metal parts. An integrated solution of printing and 

sintering simulation would be an ultimate tool for DfMF3. 

• Simulating the in-space conditions: As this NASA-funded project marks the

extension of manufacturing by MF3 to in-space microgravity conditions, the effect

material, process and geometry studied on earth can be extended to microgravity 
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environments. It would require the incorporation of gravity and its effects on the 

multi-physics in the process simulation model. Moreover, experimentation in 

microgravity would be required to validate the prediction model. This aspect 

provides a basis for a novel work of Design for Manufacturing in-Space (DfMiS). 

• In the current work, MF3 printing simulation and experimental verification were

investigated for Ti-6Al-4V with 59 vol.% filaments only. The findings from the 

work and established simulation solution can be leveraged to investigate different 

material compositions in terms of solids loading, binder composition and filler 

powder of a wider range, thereby extending the adaptability of MF3 through DfMF3. 
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APPENDIX A

ESTIMATING POWDER-POLYMER MATERIAL PROPERTIES USED IN DESIGN 

FOR METAL FUSED FILAMENT FABRICATION (DfMF3) 

A.1. INTRODUCTION 

Metal fused filament fabrication (MF3) is a hybrid 3D printing process to fabricate custom 

3D metal components. MF3 provides an alternative to other energy-intensive metal additive 

manufacturing (AM) processes such as laser-powder bed fusion, selective laser sintering, 

and direct energy deposition. MF3 is a multi-step process that involves a) mixing and 

extrusion of a powder-polymer mixture into filaments, b) 3D printing of a green part, c) 

polymer removal from the 3D printed green part by debinding to get a brown part, and d) 

densifying the brown part to achieve dense metal parts by sintering. The powder-polymer 

mixtures used in MF3 are adapted from metal injection molding (MIM) and are processed 

by modifying fused filament fabrication (FFF) that typically fabricate polymeric parts [1, 

2]. Although materials design rules are known for processing powder-polymer mixtures 

using MIM, they cannot be directly applied to formulate new MF3 materials owing to 

differences in physical phenomena involved in the two processes. Moreover, processing 

with polymers using FFF is well-known, but very limited literature exists on the processing 

of polymer systems with high solid loadings typically used for MF3 [1, 3-7]. For example, 

in MIM, powder-polymer feedstocks are melt-processed at high shear rates in the range of 

102 to 105 s-1 [2]. However, the FFF processing of a polymer is typically done at a shear-
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rate in the range of 10-300 s-1 [8]. These differences pose significant processing challenges 

for powder-polymer mixtures that display shear thinning behavior. Further, other 

properties such as density, thermal, and mechanical and equation-of-state parameters 

(PVT) change with variation in powder-polymer concentrations that can affect the design 

of overhangs and support structures in the printed part. Any variations in powder-polymer 

composition, filament properties, filament processing, and process setup at the green stage 

can further introduce defects during subsequent debinding and sintering. Accordingly, 

material compositional variations can affect the design of not only component geometrical 

attributes but also overhangs and support structures in the printed part. Figure A.1 

represents our present approach for capturing material influences on processing and part 

attributes using a design-for-metal-fused-filament-fabrication (DfMF3) platform. 

Figure A.1. The present work for determining the input material parameters for conducting 

process simulations 

Our current work on processing Ti-6Al-4V powder-polymer mixtures with MF3 has 

enabled us examining such defects at different stages of MF3 processing. In Figure A.2, 
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common defects encountered during filament fabrication, printing, debinding and sintering 

are shown. Figure A.2a and b are imaged using scanning electron microscopy (TESCAN 

Vega 3) and Figure A.2c and d are imaged using optical microscopy (Olympus BX-51). 

Figure A.2a shows the presence of pores in the filament, leading to lower filament 

densities. These filaments were found to buckle and crack under pressures exerted by the 

pinch roller during 3D printing. Figure A.2b shows MF3 3D printing defects such as gaps 

across layers within a cross-section resulting in low green density in 3D printed parts, 

which can magnify post-sintering. Typical cracks that occurr during debinding due to the 

internal stress build-up in a part are presented in Figure A.2c Similarly, Figure A.2d shows 

the distribution of inter and intra-bead porosity and gap between layers post sintering. 

Figure A.2. Typical defects observed in MF3 3D printing process demonstrated for Ti-6Al-

4V alloy system fabricated by our group showing (a) dark regions representing pores within 

a cut-cross section of a powder-polymer filament, (b) gaps between layers within an MF3 

500 μm 1000 μm

1000 μm5 mm

a) b)

c) d)
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fabricated green part, (c) crack propagation observed after debinding and (d) the presence 

of micro and macro pores present within the sintered MF3 part. 

Understanding defect evolution during MF3 processing can be crucial for achieving desired 

material properties and part functionality. Specifically, simulation tools to correctly 

identify appropriate material compositions and process parameters for designing parts 

suitable for MF3 can help reduce the trial-and-error involved in producing defect-free parts. 

As the density and thermal properties for metals are higher than that of polymer binder, 

fabricating parts with high overhangs can be easily printed using standard polymers but 

MF3 of such parts with metal-polymer feedstocks could result in part sagging, differential 

heating/cooling rates during printing and subsequent debinding and sintering. The potential 

of the MF3 process in fabricating metal parts has been shown in some of the published 

work for 17-4 PH stainless steel, copper, WC-10Co, W-Cr and Cu-10Sn materials [1, 4, 5, 

9-13]. However, the use of design tools to perform material and process simulations in MF3 

has not yet been well-established, thereby limiting the widespread use of the MF3 process 

to manufacture parts with different materials for a variety of applications [12]. 

A few simulation tools for FFF such as Digimat from MSC Software and GENOA from 

Alphastar and GENESIS from Vanderplaats R&D are commercially available for 

conducting Design-for-MF3 (DfMF3) simulations.  These simulation platforms require a 

range of powder-polymer mixture material properties such as physical, thermal, 

mechanical, rheological and equation-of-state parameters (PVT) as input parameters [14-

16]. Compared to properties of more than 5000 different grades of plastics commonly used 

in injection molding simulation platforms, less than ten polymeric material systems are 
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available in the database of these platforms. Any variations in powder concentrations or 

changes in powder-polymer mixture material properties require new experimental 

measurements to be performed, which can be time-consuming and expensive. 

The current work addresses the important gap in the availability of powder-polymer 

properties for DfMF3 by utilizing material models that predict the compound properties 

from literature data of powder properties and measured data of polymer matrix properties. 

To identify how material properties vary with powder content (solids loading), properties 

were estimated for density, thermal conductivity, specific heat, modulus, coefficient of 

thermal expansion, viscosity as a function of shear rate and temperature, and specific 

volume as a function of pressure and temperature. The estimated material properties were 

used to understand the simulation outputs such as residual stresses and warpages using the 

DfMF3 platform, Digimat. It is expected that the overall approach will help reduce 

significant trial-and-error in designing new materials that can be used to fabricate complex 

geometries using MF3. 

A.2. MODELS FOR POWDER-POLYMER MATERIAL PROPERTIES 

There are various models that can predict material thermophysical properties for powder-

polymer mixtures [17-28]. Our recent work compared various models used to predict 

density, thermal conductivity, specific heat, viscosity, and specific volume and identifies 

models that provide the best fit to experimental measurements of powder-polymer 

properties [23-25]. From the set of models screened for predicting material properties, 

models that provided the best fit with experimental measurements in prior work were 

selected for subsequent sections for different material property estimations. In the current 
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work, a protocol was developed to use existing literature filler (powder) properties and 

experimentally measured binder properties in conjunction with the selected models to 

estimate powder-polymer properties that are required to perform DfM3 simulations. 

Material properties included density, thermal conductivity, specific heat, modulus, 

coefficient of thermal expansion, viscosity as a function of shear rate and temperature, and 

specific volume as a function of pressure and temperature. As a representative, high-impact 

material Ti-6Al-4V alloy was used as the filler phase while experimentally measured 

properties of a wax-polymer binder were used as matrix phase. Table A.1 lists 

thermomechanical properties at room temperature for Ti-6Al-4V alloy collected from 

literature sources [31-40]. 

Table A.1. Material properties of Ti-6Al-4V alloy at room temperature 

Property Value Reference 

Density (kg/m3) 4.42 ± 0.06 [29-36] 

Specific heat, (J/kg·K) 560 ± 30 [34, 36-39] 

Thermal conductivity (W/m·K) 6.5 ± 0.4 [34-39] 

Coefficient of thermal expansion (x10-6 K-1) 8.8 ± 0.4 [34-36, 38, 40, 41] 

Modulus (GPa) 110 ± 3 [34-38, 42, 43] 

A.3. MATERIALS AND EXPERIMENTAL METHODS 

The ti-6Al-4V powder has been considered as the filler phase for the current study with the 

assumption, that the particles are mono-sized and spherical. In this work, to perform 

material property estimations, effects of powder particle size distribution, flowability, and 

packing behavior are not considered. The binder used in this work comprised paraffin wax, 
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low-density polyethylene, polypropylene, and stearic acid. Binder thermomechanical 

property measurements including density, modulus, specific heat, thermal conductivity, 

coefficient of thermal expansion, viscosity and specific volume were made at Datapoint 

Labs (Ithaca, NY). These measurements were performed according to the ASTM standards 

listed in supplementary Table A.2. Solid density measurements were made for the binder 

using the Archimedes principle as laid out in ASTM standard D792. A Perkin Elmer 

differential scanning calorimetry (DSC) was used to measure specific heats for the binder 

following ASTM E1269 standard. Thermal conductivity measurements for the binder were 

made using a K-System II thermal conductivity system per ASTM standard D5930. 

 

Table A.2. Experimental methods with respective ASTM standard for measuring the 

thermophysical properties of the binder system 

Property Instrument Standard 

Density Gas pycnometer ASTM B923 

Young’s modulus Universal testing machine ASTM D638 

Specific heat Differential scanning calorimetry ASTM E1269 

Thermal conductivity Line source method ASTM D5930 

Coefficient of thermal expansion Thermomechanical analyzer ASTM E831 

Viscosity Capillary rheometer ASTM D3835 

Specific volume High-pressure dilatometry ASTM D792 

 

Viscosity for the binder was measured according to ASTM D3835 using a Gottfert 

Rheograph capillary rheometer. Pressure-volume-temperature (PVT) measurements for the 

binder were made with a Gnomix PVT apparatus per ASTM D792. The feedstock 



187 

properties for the composite with Ti-6Al-4V as filler with polymer binder were estimated 

using models discussed in the later sections. 

A.4. ESTIMATING PROPERTIES OF POWDER-POLYMER MIXTURES 

The experimentally measured values of polymer binder and literature values of Ti-6Al-4V 

filler properties were used to estimate feedstock properties of Ti-6Al-4V powder-polymer 

composite from 56 to 60 vol.% solids loading. 

A.4.1. DENSITY 

The density of a filler-binder mixture is a critical parameter in determining the composition 

of a feedstock. The metal filler content in the polymer binder depends on several factors 

including the particle shape and size, polymer behavior and mixture homogeneity. The 

solid density of filler-polymer mixtures can be estimated using various available models 

[17, 18]. In this study, an inverse rule-of-mixtures was used to estimate the composite 

feedstock density, given in Equation 1. This model has previously been verified in 

published work from our group [26, 44] by comparing it with experimental density 

measurements for various fillers, yielding a high coefficient of determination (R2) of 0.97, 

thereby confirming good applicability to make density estimations. 

1

𝜌𝑐
= 
𝑋𝑓

𝜌𝑓
+
𝑋𝑏
𝜌𝑏

(1) 

where ρ is the density, X is the mass fraction, and the subscripts c, b and f stand for the 

composite, binder, and filler, respectively. 
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Although the feedstock formulation is represented by weight fractions, for preparing 

powder-polymer mixtures, volumetric comparisons are more useful to compare powders 

of differing densities. Therefore, the volume fractions of powder and binder were estimated 

from the mass fractions using Equations 2 and 3, respectively: 

 𝜙𝑓 =

𝑋𝑓
𝜌𝑓

𝑋𝑓
𝜌𝑓
+
𝑋𝑏
𝜌𝑏

 (2) 

        

 𝜙𝑏 = 1- 𝜙𝑓 (3) 

where, 𝜙𝑓 and 𝜙𝑏 are the volume fractions of the filler and binder, respectively. 

The solid density for the formulated binder system (𝜌𝑏) was experimentally obtained 

(available in Table A.3) and the filler properties were found from literature provided in 

Table A.1, while the values for intermediate volume fractions were estimated using 

Equation 1. A comparison of density as a function of volume fraction of powder is shown 

in Figure A.3a. It was observed that for a change from 0.56 to 0.60 volume fraction of Ti-

6Al-4V, the composite solid density increased from 2860 to 3000 kg/m3. Further 

applicability of the model was verified by experimental density measurements for Ti-6Al-

4V powder-binder feedstock at 0.59 volume fraction, which was found to be 2950 kg/m3, 

representing a deviation below 0.6% from the estimated value of 2965 kg/m3. 
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(a) (b) 

Figure A.3. Estimated (a) Feedstock density, and (b) Young’s modulus for Ti-6Al-4V 

filler-binder feedstock at different volume fractions 
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Table A.3. Experimentally determined binder thermophysical properties 

Property Value 

Density 

(kg/m3) 
880 

Modulus 

(GPa) 
2.560 

Specific heat 

(J/kg·K) 

Temperature (K) 

303 305 322 331 384 443 

3160 3521 3665 4477 2395 2598 

Thermal conductivity 

(W/m·K) 

Temperature (K) 

316 337 357 378 398 418 438 

0.192 0.186 0.193 0.167 0.166 0.159 0.160 

Coefficient of thermal 

expansion 

(10-6K-1) 

56.5 

Viscosity 

(Pa.s) 

Temperature (K) 

413 423 

Shear rate (s-1) Shear rate (s-1) 

20 160 800 1600 20 160 800 1600 

102 34 13 8 32 13 5 4 

Specific volume 

(10-4m3/kg) 

Pressure (MPa) 

0 50 

Temperature (K) Temperature (K) 

300 350 400 450 300 350 400 450 

11.4 12.7 13.4 14.0 11.2 12.4 12.9 13.4 
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A.4.2. YOUNG’S MODULUS 

The Young’s modulus of the feedstock has a direct influence on the strength and distortion 

of parts fabricated by MF3. Good adhesion between metal particles and the polymer is very 

essential to achieve a high Young’s modulus. Furthermore, solids loading, binder 

compositions, and temperature strongly influence Young's modulus. Among various 

models available [19-21] to predict Young's modulus of a filler-polymer mixture, Halpin 

and Tsai [19] developed a widely accepted model that takes into account the filler shape 

and loading direction. It has been widely used in studies in predicting the modulus and 

provides estimations comparable to experimental data for filled polymer systems [45, 46]. 

This model is as shown in Equation 4: 

𝐸𝑐
𝐸𝑏
=
1 + 𝜉𝜂𝜙𝑓

1 − 𝜂𝜙𝑓
(4) 

where E is the elastic modulus, ξ is a shape parameter dependent on the geometry and 

loading direction, 𝜙 is volume fraction, subscripts c, b and f stand for the composite, binder, 

and filler respectively. 

The parameter η is given by Equation 5: 

𝜂 =
𝐸𝑓 𝐸𝑏⁄ − 1

𝐸𝑓 𝐸𝑏⁄ + 𝜉
(5) 

The parameter, ξ can be approximated to 2 for spherical particles [19]. The Young’s 

modulus for binder (𝐸𝑏) was determined experimentally at room temperature (available in 

supplementary Table A.3). The Ti-6Al-4V filler properties were collected from the 

literature as shown in Table A.1. The Young’s modulus for intermediate volume fractions 
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was estimated using Equations 4 and 5. As seen in Figure A.3b, the modulus changed 

from 11.4 GPa to 12.8 GPa with the change in volume fraction from 0.56 to 0.60. 

 

A.4.3. SPECIFIC HEAT 

For polymers and metal powder feedstocks, the heat capacity is dependent on the 

processing temperature. The polymer melting results in phase change and further changes 

the heat capacity. For MF3 it is critical to understand the trends that occur in the entire 

range of processing temperatures. In the current work, a modified rule-of-mixtures was 

used [22] as given in Equation 6 to determine the specific heat of powder-polymer mixture 

and this equation has been successfully applied to mixtures with high volume fraction 

fillers. In our previous work [26-28, 44], the predicted values from this model have been 

evaluated against experimental specific heat measurements and it has produced a high 

coefficient of determination, (R2) of 0.97, asserting good applicability. 

 𝐶𝑝𝑐 = [𝐶𝑝𝑏𝑋𝑏 + 𝐶𝑝𝑓𝑋𝑓] ∗ [1 + 𝐴 ∗ 𝑋𝑏𝑋𝑓] (6) 

where A is a correction factor assumed to be 0.2 for spherical particles.  

The specific heat for the binder system (𝐶𝑝𝑏) was experimentally obtained at different 

temperatures (available in Table A.3) and the filler properties were found from literature 

(Table A.1 and supplementary Table A.4 for each temperature). The values were used to 

estimate the specific heat capacity over a range of filler volume fractions using Equation 

6 and are plotted in Figure A.4a. It can be observed that for a change from 0.56 to 0.60 

volume fraction of Ti-6Al-4V powder at 303 K, the specific heat decreased from 983 to 

926 J/kg.K. With an increase in temperature from 303 K to 443 K, the specific heat first 
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increased from 983 to 1173 J/kg.K at 322 K and then decreased to 855 J/kg.K. More details 

for specific heat estimation for each volume fraction and temperature are provided in Table 

A.4. 

Table A.4. Specific heat of Ti-6Al-4V powder-binder feedstock at different filler volume 

fractions for different temperatures 

Volume fraction of filler, Φf 

Temperature (K) 

298 303 305 322 331 384 443 

Specific heat capacity Cp, J/kg·K 

0.56 933 983 1003 1173 1115 827 855 

0.57 920 968 987 1152 1096 818 845 

0.58 907 954 972 1131 1077 809 835 

0.59 895 940 957 1110 1058 800 825 

0.60 883 926 943 1090 1040 791 815 

1 (for Ti6Al-4V powder) 565 565 565 565 565 566 571 

A.4.4. THERMAL CONDUCTIVITY 

The addition of metal particles in the polymer matrix improves the overall thermal 

conductivity of feedstock due to the high thermal conductivity of the metal. In MF3, it is 

vital to understand the thermal conductivity behavior of feedstock to ensure strong layer-

to-layer and bead-to-bead adhesion by the proper selection of extrusion and build platform 

temperatures. The Bruggeman model has been found to provide better predictions for 

filled-polymer feedstock systems comparable to experimental measurements at high filler 

loadings [22, 26-28, 47]. Equation 7 was used to estimate the thermal conductivity of 

powder-polymer mixture:  
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1 − 𝜙𝑓 = (

𝜆𝑓 − 𝜆𝑐

𝜆𝑓 − 𝜆𝑏
)(
𝜆𝑏
𝜆𝑐
)

1
3⁄

 (7) 

where 𝜆 is the thermal conductivity, 𝜙 is the volume fraction of powder, and the subscripts 

c, b and f stand for the composite, binder and filler, respectively. 

 

Table A.5. Thermal conductivity of Ti-6Al-4V powder-binder feedstock at different filler 

volume fractions for different temperatures 

Volume fraction of filler, Φf 

Temperature (K) 

316 337 357 378 398 418 438 

Thermal conductivity λ, W/m·K 

0.56 1.301 1.289 1.332 1.229 1.240 1.220 1.238 

0.57 1.353 1.341 1.386 1.280 1.293 1.272 1.292 

0.58 1.409 1.397 1.444 1.336 1.350 1.330 1.351 

0.59 1.466 1.455 1.504 1.395 1.411 1.392 1.414 

0.60 1.526 1.516 1.567 1.457 1.475 1.456 1.480 

1 (for Ti6Al-4V powder) 6.82 7.02 7.21 7.49 7.81 8.13 8.42 

 

The binder thermal conductivity (𝜆𝑏) was experimentally determined (available in Table 

A.3), and the filler properties were taken from the literature (Table A.1). The intermediate 

volume fractions were estimated using Equation 7 (available in Table A.4). It can be 

inferred from Figure A.4b that for a change in volume fraction from 0.56 to 0.60 for Ti-

6Al-4V powder at 316 K, the thermal conductivity increased from 1.3 to 1.53 W/m.K. With 

an increase in temperature from 316 K to 438 K at 0.56 volume fraction, the thermal 

conductivity first increased from 1.3 to 1.33 W/m.K at 357 K and then decreased to 1.24 

W/m.K at 438 K. The trend was similar for other volume fractions of Ti-6Al-4V feedstocks. 
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The trend of the curve for composite feedstock is dominated by the thermal conductivity 

of the matrix/binder material. The typical crest and trough observed in the curve are due to 

the changes in the binder state from solid to liquid while heated to a definitive temperature. 

A.4.5. COEFFICIENT OF THERMAL EXPANSION (CTE) 

The 3D printed components expand and shrink during the heating and cooling stages of the 

process. Big differences in powder-polymer CTE can cause warping in parts due to the 

buildup of residual thermal stresses while cooling. The CTE of powder-polymer mixtures 

can be calculated by several models [24-28]. The general rule-of-mixtures is a simple 

approach [26] (shown in Equation 8) which requires fewer empirical constants, and in our 

previous work [26] when evaluated against experimental values it yielded regression 

coefficient of determination (R2) in the range of 0.87-0.97, indicating a good fit. 

𝛼𝑐 = 𝜙𝑓𝛼 𝑓 + 𝛼𝑏(1 − 𝜙𝑓) (8) 

where α is the thermal expansion coefficient, 𝜙 is the volume fraction, and the subscripts 

c, f and b stand for composite, filler, and binder respectively. 

The CTE for binder (𝛼𝑏) was experimentally obtained (available in Table A.3) and the 

filler properties were found from literature provided in Table A.1 while the values for 

intermediate volume fractions were estimated using Equation 8. In Figure A.4c, for a 

change in volume fraction from 0.56 to 0.60, the CTE decreased from 29.7×10-6 to 27.8×10-

6 K-1. 
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Figure A.4. Estimated thermal properties of composite Ti-6Al-4V powder-binder 

feedstock at different volume fractions for (a) specific heat and (b) thermal conductivity as 

a function of temperature, and (c) coefficient of thermal expansion                    
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A.4.6. VISCOSITY 

MF3 operates with the flow of molten feedstock material through the nozzle to form the 

desired geometry. The rheological understanding of powder-polymer mixtures is crucial 

since at higher powder loadings the feedstock viscosity increases. The typical filler content 

ranges between 50-65 vol.%, and the viscosity varies as the inverse of powder particle size. 

Rheological characteristics provide a clear understanding related to flow instabilities while 

printing and thereby the influence of powder loading, shear rate and temperature on the 

material flow properties. 

(a) (b) 

Figure A.5. Estimated viscosity of the Ti-6Al-4V powder-binder feedstock for a shear rate 

of 20-1600s-1 at (a) 413K and (b) 423K with different volume fractions 

The Krieger-Dougherty model [26-28, 48] has been found to be suitable for predicting 

viscosity values for highly filled powder-polymer mixtures from our previous work, 

generating coefficient of determination (R2) ranging 0.94-0.99, compared to experimental 

viscosity measurements. A simplified form of the model is given in Equation 9: 
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𝜂𝑐 =

𝜂𝑏

[1 −
𝜙𝑓
𝜙𝑚
]
2  

(9) 

where 𝜂 is the viscosity with subscript c and b stand for composite and binder, respectively. 

𝜙𝑚 stands for the maximum packing fraction of the filler and is approximated to be 0.64 

for randomly packed spheres [49], and 𝜙𝑓 is the filler volume fraction. 

Figure A.5 shows the variation in viscosity as a function of powder volume fraction, shear 

rate and temperature (tabulated data provided in Table A.6). At 413K and a shear rate of 

800s-1, increasing the volume fraction of powder from 0.56 to 0.60 increases the viscosity 

from 840 to 3350 Pa.s. For example, with a volume fraction of 0.56 at 413K with an 

increasing shear rate from 20 to 1600 s-1, the viscosity decreases from 6520 to 560 Pa.s. 

Similarly, increasing temperature from 413 to 423 K decreases the viscosity from 840 to 

350 Pa.s for 0.56 volume fraction at 800s-1. For processes operating under low shear rates, 

it is highly important to have low feedstock viscosity for successful flowability, especially 

for the MF3 process where the filament strength properties provide enough force for a 

continuous flow through the nozzle and successful printing operation. Further applicability 

of the model was verified by experimental viscosity measurements for Ti-6Al-4V powder-

binder feedstock at 0.59 volume fraction utilizing a similar binder at 140 °C for 160s-1, 

which was found to be 600 Pa.s, representing a wide deviation from the estimated value of 

5450 Pa.s. The difference can majorly be attributed to the particle attributes related to size 

distribution and packing behavior which are not considered for the viscosity predictions by 

any of the available models, resulting in a discrepancy in estimations where particles are 

assumed to be mono-sized spheres. 
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Table A.6. Viscosity of Ti-6Al-4V powder-binder feedstock as a function of filler volume 

fraction, temperature, and shear rate 

Volume fraction of 

filler, Φf 

Temperature (K) 

413 423 

Shear rate (s-1) Shear rate (s-1) 

20 160 800 1600 20 160 800 1600 

Viscosity (Pa.s) 

0.56 6520 2130 840 560 2000 810 340 230 

0.57 8520 2780 1100 730 2620 1060 450 300 

0.58 11600 3780 1490 990 3560 1440 610 410 

0.59 16700 5450 2140 1430 5130 2070 880 590 

0.60 26100 8500 3350 2230 8010 3290 1370 930 

Viscosity is sensitive to shear rate and temperature.  At low temperatures, the mixture 

viscosity is too high making it impossible to extrude material to print. While at very high 

temperatures the powder-binder separation can occur during extrusion through the nozzle 

because of the binder being too thin causing nozzle clogging. In order to predict the 

viscosity at the typical MF3 printing temperatures and shear rates, the Cross-WLF equation 

can be used to numerically capture the shear-rate and temperature changes in viscosity 

[50], shown in Equation 10: 

𝜂 =  
𝜂𝑜

1 + (
𝜂𝑜 �̇�
𝜏∗ )

1−𝑛 (10) 
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where η is the melt viscosity (Pa.s), 𝜂𝑜 is the zero-shear viscosity (Pa.s),  �̇� is the shear rate 

(s-1), τ* is the critical stress level at the transition to shear thinning (Pa), which is determined 

by curve fitting, and n is the power-law index in the high shear rate regime, also determined 

by curve fitting. The viscosity of a filled polymer mixture and its temperature dependence 

can be calculated using Equation 11: 

 
𝜂0 = 𝐷1𝑒𝑥𝑝 [−

𝐴1(𝑇 − 𝑇
∗)

𝐴2 + (𝑇 − 𝑇
∗)
] (11) 

where T is the temperature (K), T*, D1, and A1 are curve fitted coefficients, A2 (assumed as 

51.6 K) is the WLF constant. The values of these coefficients can be obtained by curve-

fitting the estimated viscosity for different volume fractions of powder at various shear 

rates and temperatures. Representative extracted Cross WLF constants for 60 vol.% solids 

loading Ti-6Al-4V feedstock are provided in Table A.7. 

 

Table A.7. Cross-WLF constants to determine viscosity at varying shear-rate and 

temperature for binder and 0.60 volume fractions of Ti-6Al-4V powder in the feedstock 

 

  

 

 

 

 

 

Cross WLF 

constants 

volume fraction, Φf 

0 0.60 

n 0.4 0.40 

τ, Pa 793.46 203324.34 

D1, Pa∙s 4.29E+23 1.67E+15 

T∗, K 333 364 

A1 78.13 46.37 

A2, K 51.6 51.6 
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A.4.7. SPECIFIC VOLUME 

Residual stresses are generated during MF3 as a result of differential heat transfer during 

layer deposition and subsequent cooling process. Warpage and non-uniform shrinkage 

have been some of the reported issues in the polymer FFF process which are equally 

important in MF3. The changes in material-specific volume, at certain powder volume 

fractions, as a function of temperature and pressure help providing substantial information 

in mitigating such defects in MF3 parts. The composite specific volume at different filler 

volume fractions was calculated using the rule-of-mixtures [17] and is shown in Equation 

12. The rule of mixture has been found to be a reliable method in predicting the specific

volume of polymer-filled systems, with our previous work [26] producing a high 

coefficient of determination (R2) of 0.99 when compared to experimental results. 

𝜐𝑐 = 𝑋𝑓𝜐 𝑓 + 𝜐𝑏(1 − 𝑋𝑓) (12) 

where υ is the specific volume, X is the mass fraction, and the subscripts c, f, and b refer to 

the composite, filler, and binder respectively. 

From the estimations in Figure A.6, it can be seen that specific volume not only depends 

on temperature and pressure but also on powder volume fraction (data available in Table 

A.8). Increasing the volume fraction from 0.56 to 0.60 at 0 MPa decreased the specific 

volume from 4.6 × 10-4 to 4.4 × 10-4 m3/kg at 300K. When the temperature was increased 

from 300 to 450 K, at 0 MPa, the specific volume increased from 4.6 × 10-4 to 4.95 × 10-4 

m3/kg for feedstock with 0.56 volume fraction of Ti-6Al-4V powder. However, with 

increasing pressure from 0 to 50 MPa (at 300 K) and 0.56 volume fraction, the specific 

volume was found to decrease from 4.6 × 10-4 to 4.5 × 10-4 m3/kg. 



 

202 
 

 

Figure A.6. Estimated specific volume of Ti-6Al-4V powder-binder feedstock at different 

filler volume fractions for (a) 0 MPa and (b) 50 MPa 

 

Table A.8. Specific volume of Ti-6Al-4V powder-binder feedstock as a function of filler 

volume fraction, temperature, and pressure 

Volume fraction of 

filler, Φf 

Pressure (MPa) 

0 50 

Temperature (K) Temperature (K) 

300 350 400 450 300 350 400 450 

 Specific volume (10-4m3/kg) 

0.56 4.60 4.75 4.84 4.9 4.50 4.66 4.72 4.79 

0.57 4.55 4.71 4.79 4.87 4.47 4.61 4.68 4.75 

0.58 4.50 4.66 4.74 4.83 4..043 4.57 4.64 4.70 

0.59 4.45 4.62 4.70 4.78 4.40 4.53 4.60 4.66 

0.60 4.40 4.58 4.66 4.74 4.37 4.5 4.55 4.61 
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A two-domain Tait [50] model (Equation 13) can be utilized for generating specific 

volume data as a function of temperature and pressure pertaining to the MF3 processing 

conditions: 

𝜐(𝑇, 𝑝) = 𝜐𝑜(𝑇) [1 − 𝐶𝑙𝑛 (1 +
𝑝

𝐵(𝑇)
) + 𝜐𝑡(𝑇, 𝑝)] (13) 

where, υ(T,p) is the specific volume at a given temperature and pressure, υo(T) is the 

specific volume at zero gauge pressure, T is the temperature in K, p is pressure in Pa, and 

C is a constant assumed to be 0.0894 for two-domain Tait model. The parameter B(T), 

accounts for the pressure sensitivity of the material and is separately defined for the solid 

and melt regions. For the upper bound [50] when T > Tt (volumetric transition temperature), 

B is given by Equation 14, 15, 16, respectively: 

𝜐𝑜 = 𝑏1𝑚 + 𝑏2𝑚(𝑇 − 𝑏5) (14) 

𝐵(𝑇) = 𝑏3𝑚𝑒
[−𝑏4𝑚(𝑇−𝑏5)] (15) 

𝜐𝑡(𝑇, 𝑝) = 0   (16) 

where, b1m, b2m, b3m, b4m, and b5 are curve-fitted coefficients. For the lower bound [50], 

when T < Tt, the parameter, B, is given by Equation 17, 18, 19, respectively: 

𝜐𝑜 = 𝑏1𝑠 + 𝑏2𝑠(𝑇 − 𝑏5)   (17) 

𝐵(𝑇) = 𝑏3𝑠𝑒[−𝑏4𝑠(𝑇−𝑏S)]   (18) 



204 

𝜐𝑡(𝑇, 𝑝) = 𝑏7𝑒
[𝑏8(𝑇−𝑏5)−(𝑏9𝑝)]   (19) 

where, b1s, b2s, b3s, b4s, b5, b7, b8, and b9 are curve-fitted coefficients. The dependence of 

the volumetric transition temperature, Tt on pressure can be given by Equation 20: 

𝑇𝑡(𝑝)  =  𝑏5 + 𝑏6(𝑝)   (20) 

Representative extracted dual-domain Tait constants for 60 vol.% solids loading Ti-6Al-

4V feedstock are provided in supplementary Table A.9. 

Table A.9. Dual-domain Tait constants for Ti-6Al-4V powder-binder feedstock at 0 and 

0.59 volume fractions 

Dual-domain Tait volume fraction, ϕ𝑓

constants 0 0.59 

b5, K 336.15 321 

b6, K/Pa 1.47E-07 1.14E-06 

b1m, m3/kg 0.001255 4.53E-04 

b2m, m3/kg∙K 1.34E-06 1.26E-07 

b3m, Pa 1.26E+08 7.21E+08 

b4m, K-1 0.005867 1.99E-03 

b1s, m
3/kg 0.00117 4.45E-04 

b2s, m
3/kg∙K 8.57E-07 1.46E-07 

b3s, Pa 2.40E+08 6.57E+08 

b4s, K
-1 0.004155 3.94E-06 

b7, m3/kg 8.46E-05 3.23E-05 

b8, K-1 0.06688 9.12E-02 

b9, Pa-1 1.39E-08 2.05E-08 
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A.5. SIMULATION CASE STUDY RESULTS 

In the current study, Digimat-AM was utilized as the simulation tool which takes material 

thermophysical properties as the input parameters. Here the estimated values of Young’s 

modulus, specific volume, thermal conductivity, specific heat capacity and coefficient of 

thermal expansion for 59 vol.% Ti-6Al-4V + binder feedstock system was used as input 

parameters to predict output as warpage/dimensional changes. A comparison was drawn 

with Acrylonitrile butadiene styrene (ABS), a common polymer for FFF printing with a 

readily available database for material properties in Digimat-AM. 

Figure A.7. Experimental and simulation result verifications using estimated values: (a) 

CAD file for ASTM E8 tensile sample with dimensions, (b) Simulation of the part using 

the estimated material properties for 59 vol.% Ti-6Al-4V + binder feedstock (c) Printed 

green parts with 0.59 vol.% of Ti-6Al-4V + binder feedstock, (d) Simulation of the ABS 

part using the available material database in Digimat-AM, (e) Printed part with ABS 
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material filament, (f) Warpage analysis resulting from experiments and simulation for 59 

vol.% Ti-6Al-4V+ binder feedstock and ABS 

Figure A.7a shows the CAD file with dimensions for an ASTM E8 tensile sample. The 

part dimensions of this geometry obtained from simulations and MF3 experiments were in 

excellent agreement (data provided in Figure A.8). Warpage analysis of simulated and 

fabricated samples of 59 vol.% Ti-6Al-4V MF3 samples are shown in Figures A.7b and c, 

respectively. Simulation results predicted the maximum warpage to be located at the edge 

of the tensile bar and the magnitude of the warpage at this location along the Z direction to 

be 0.07 mm. In close agreement to simulations, the MF3 experiments with the green parts 

verified that the location of the maximum warpage was identical. However, the magnitude 

of the warpage at this location in the Z direction was slightly higher at 0.3 ± 0.04 mm. In 

order to further, assess the differences between MF3 and FFF results, simulations and 

experiments were also conducted on a standard ABS polymer for the same tensile bar 

specimen and are represented in Figures A.7d and e. For ABS parts from simulations, the 

location of the maximum warpage was identical to the MF3 simulation result. However, 

the magnitude of the warpage at this location in the Z direction was comparatively higher 

at 0.14 mm. In FFF experiments with ABS, the location of maximum warpage correlated 

with the ABS simulation. However, the magnitude measured in the Z direction was also 

slightly higher 0.7 ± 0.15 mm. The warpage results obtained from simulations as well as 

experiments are summarized in Figure A.7f. These results indicate that the location of the 

maximum warpage is accurately predicted for both material systems. However, the 

magnitude of warpage is under-estimated by the Digimat-AM simulation platform for both 
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the systems and needs further analysis and refinement in the future. Typically, uneven heat 

distribution creates internal stresses within a part, resulting in warpage [43, 124]. Several 

material properties are known to contribute to the overall warpage. However, the CTE 

value of 59 vol. %Ti-6Al-4V powder-binder system (2.8 x 10-5 K-1) is lower than that for 

ABS (9 x 10-5 K-1) and is concluded to be the major reason for the differences in the extent 

of warpage in the two material systems. 

 

 

Figure A.8. Dimensions for an ASTM E8 tensile sample obtained from simulations and 

experiments for 59 vol. % solids loading Ti-6Al-4V feedstock and ABS 

 

The above results suggest the potential for using the material property estimation protocol 

for analyzing complex geometries using other output parameters of the MF3 process 

including warpage, residual stresses, porosity, and distortion. Preliminary results to 

demonstrate the geometry capability of the process simulation are shown in Figure A.9. 

These studies are currently underway in our group and will be reported in the future. Table 



208 

A.10 provides material properties for other most commonly used metals that can be used 

to estimate input material properties for other MF3 systems based on the protocols 

presented in the present study. These studies are also currently underway in our group and 

will be reported in future publications. 

Figure A.9. Examples for Digimat-AM simulations that show typical outputs such as (a) 

warpage, and (b) residual stress in case studies for parts an end-of-arm tool (top) and 

automotive brake lever (bottom) 
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Table A.10. Thermo-physical properties for major commercially used metals [33] 

A.6. CONCLUSIONS 

Based on the estimated metal-polymer mixture properties and their use in process 

simulations, the following conclusions can be drawn: 

• The variation of material properties related to dimensional changes as a function of

filler attributes and filler volume fraction can be estimated for Ti-6Al-4V powder-

polymer mixtures. 

• The properties estimated using various models enable the evaluation of component-

level attributes fabricated by MF3 using DfMF3 platforms. The component-level

attribute included here is warpage/shrinkage. A future extension can be done to relate 

the existing residual stresses in the part and its effect on part distortion. 

Material 
Density 

kg/m3 

Specific 

heat 

J/kg.K 

Thermal 

conductivity 

W/m.K 

Coefficient 

of thermal 

expansion 

10-6/K-1 

Elastic 

modulus 

GPa 

Aluminum 2700 900 180 23 70 

Copper 8750 385 360 13 130 

W-10Cu 17000 160 209 6 340 

Co-28Cr-4W-3Ni 8800 -- 14.7 12.8 235 

Inconel 718 8230 -- 11.4 12.8 200 

17-4PH stainless steel 7810 460 14 10.8 190

316L stainless steel 8010 500 15.9 17 190 

420 stainless steel 7860 460 24.9 12.2 190 
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• The overall approach enables the understanding of the dependence of MF3 processing

of complex Ti-6Al-4V components on the material composition and printing 

parameters. 

• The experimental protocols for verifying the estimated material properties presented in

this work can help in further refining the estimation models and analyzing their 

influence on successfully predicting MF3 outcomes.  

• It is expected that the overall approach will help reduce significant trial-and-error in

designing new materials that can be used to fabricate complex geometries using MF3.
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APPENDIX B-I

SUPPLEMENTARY MATERIALS: 

PROCESS SENSITIVITY AND SIGNIFICANT PARAMETERS INVESTIGATION IN 

METAL FUSED FILAMENT FABRICATION (MF3) OF TI-6AL-4V 

This section consists of some valuable raw data that was generated during the MF3 

sensitivity analyses (Chapter 3). A total of 78 simulation jobs were conducted in this study 

for three different part designs. The data includes simulation results used for sensitivity 

factor calculations of all the designs. 
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Table B-I.1. Design I - Simulation results used for sensitivity factor calculation 

Variables Variations 

Print 

time 

(s) 

Max 

Deflection, 

All (mm) 

Z-

warpage 

(mm) 

Residual 

Stress 

(MPa) 

Min. 

substrate 

temp. (C) 

Component 

geometry 

parameters 

Part wall 

thickness 

1mm 3873 0.3113 0.3286 9.831 36.578 

1.5mm 7388 0.3164 0.3342 10.900 32.136 

2mm 7164 0.3156 0.3410 11.150 35.425 

Part Z-

height 

10mm 4196 0.2781 0.2657 7.738 44.413 

20mm 7388 0.3164 0.3342 10.900 32.136 

30mm 10580 0.3116 0.3419 11.640 28.541 

Process 

parameters 

Layer 

thickness 

0.1mm 14381 0.3131 0.3321 10.730 28.543 

0.2mm 7388 0.3164 0.3342 10.900 32.136 

0.3mm 4996 0.3129 0.3283 10.730 35.043 

Layer width 

0.36mm 7603 0.3084 0.3247 10.600 32.412 

0.48mm 7388 0.3164 0.3342 10.900 32.136 

0.60mm 3975 0.2907 0.3026 8.755 31.109 

Extrusion 

temperature 

220oC 7388 0.2720 0.2857 9.360 31.660 

240oC 7388 0.3164 0.3342 10.900 32.136 

260oC 7388 0.3623 0.3840 12.480 32.596 

Build plate 

temperature 

45oC 7388 0.3134 0.3328 10.970 30.031 

65oC 7388 0.3164 0.3342 10.900 32.136 

85oC 7388 0.3212 0.3388 10.940 34.228 

Printing 

speed 

5mm/s 7388 0.3164 0.3342 10.900 32.136 

10mm/s 3696 0.3087 0.3214 10.530 38.726 

15mm/s 2465 0.3005 0.3083 10.140 44.911 

Toolpath 
0 – 90 7388 0.3164 0.3342 10.900 32.136 

45 - 135 7324 0.3164 0.3340 10.890 32.263 

Feedstock 

material 

properties 

Thermal 

conductivity 

1.1728 7388 0.3174 0.3367 10.930 31.436 

1.466 7388 0.3164 0.3342 10.900 32.136 

1.7592 7388 0.3154 0.3317 10.860 32.952 

Coefficient 

of thermal 

expansion 

2.26E-05 7388 0.2511 0.2658 8.653 32.128 

2.83E-05 7388 0.3164 0.3342 10.900 32.136 

3.40E-05 7388 0.3829 0.4034 13.170 32.144 

Specific 

heat 

capacity 

7.16E+08 7388 0.3177 0.3364 10.960 30.725 

8.95E+08 7388 0.3164 0.3342 10.900 32.136 

1.07E+09 7388 0.3150 0.3318 10.830 33.514 

Young's 

modulus 

164 7388 0.3164 0.3342 8.718 32.136 

205 7388 0.3164 0.3342 10.900 32.136 

246 7388 0.3164 0.3342 13.080 32.136 

Specific 

volume 

2.70E+08 7388 0.3147 0.3312 10.810 33.855 

3.38E+08 7388 0.3164 0.3342 10.900 32.136 

4.06E+08 7388 0.3175 0.3360 10.950 30.963 



220 

Table B-I.2. Design II - Simulation results used for sensitivity factor calculation 

Variables Variations 

Print 

time 

(s) 

Max 

Deflection, 

All (mm) 

Z-

warpage 

(mm) 

Residual 

Stress 

(MPa) 

Min. 

substrate 

temp. (C) 

Componen

t geometry 

parameters 

Part wall 

thickness 

1mm 3896 0.2883 0.3434 6.761 35.711 

1.5mm 7498 0.2957 0.3517 7.467 31.178 

2mm 7263 0.2929 0.3538 7.760 34.730 

Part Z-

height 

10mm 4246 0.2534 0.2535 5.009 43.031 

20mm 7498 0.2957 0.3517 7.467 31.178 

30mm 10749 0.2973 0.3841 8.404 28.023 

Process 

parameters 

Layer 

thickness 

0.1mm 15482 0.2969 0.3572 7.168 27.864 

0.2mm 7498 0.2957 0.3517 7.467 31.178 

0.3mm 5335 0.2480 0.2643 8.593 35.171 

Layer width 

0.36mm 7681 0.2955 0.3508 7.087 31.643 

0.48mm 7498 0.2957 0.3517 7.467 31.178 

0.60mm 4006 0.2782 0.3267 7.414 30.994 

Extrusion 

temperature 

220oC 7498 0.2257 0.3033 6.429 30.737 

240oC 7498 0.2957 0.3517 7.467 31.178 

260oC 7498 0.3366 0.3989 8.536 31.600 

Build plate 

temperature 

45oC 7498 0.3088 0.3716 8.009 29.463 

65oC 7498 0.2957 0.3517 7.467 31.178 

85oC 7498 0.3044 0.3600 7.526 33.106 

Printing 

speed 

5mm/s 7498 0.2957 0.3517 7.467 31.178 

10mm/s 3751 0.2892 0.3410 7.237 37.315 

15mm/s 2502 0.2820 0.3293 6.978 43.108 

Toolpath 
0 – 90 7498 0.2957 0.3517 7.467 31.178 

45 - 135 7813 0.2961 0.3521 7.478 30.949 

Feedstock 

material 

properties 

Thermal 

conductivit

y 

1.1728 7498 0.2968 0.3538 7.487 30.463 

1.466 7498 0.2957 0.3517 7.467 31.178 

1.7592 7498 0.2947 0.3497 7.444 32.003 

Coefficient 

of thermal 

expansion 

2.26E-05 7498 0.2366 0.2823 5.940 31.172 

2.83E-05 7498 0.2957 0.3517 7.467 31.178 

3.40E-05 7498 0.3594 0.4210 9.009 31.184 

Specific 

heat 

capacity 

7.16E+08 7498 0.2968 0.3534 7.505 29.874 

8.95E+08 7498 0.2957 0.3517 7.467 31.178 

1.07E+09 7498 0.2946 0.3498 7.426 32.456 

Young's 

modulus 

164 7498 0.2957 0.3517 5.973 31.178 

205 7498 0.2957 0.3517 7.467 31.178 

246 7498 0.2957 0.3517 8.960 31.178 

Specific 

volume 

2.70E+08 7498 0.2943 0.3493 7.415 32.772 

3.38E+08 7498 0.2957 0.3517 7.467 31.178 

4.06E+08 7498 0.2966 0.3531 7.499 30.093 
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Table B-I.3. Design III - Simulation results used for sensitivity factor calculation 

Variables Variations 

Print 

time 

(s) 

Max 

Deflection, 

All (mm) 

Z-

warpage 

(mm) 

Residual 

Stress 

(MPa) 

Min. 

substrate 

temp. (C) 

Component 

geometry 

parameters 

Part wall 

thickness 

1mm 3366 0.2461 0.2686 6.398 42.146 

1.5mm 6475 0.2591 0.3031 7.242 35.901 

2mm 6466 0.2627 0.3070 7.448 39.125 

Part Z-height 

10mm 4246 0.2242 0.1950 5.088 47.847 

20mm 6475 0.2591 0.3031 7.242 35.901 

30mm 8704 0.2662 0.3196 8.361 32.130 

Process 

parameters 

Layer 

thickness 

0.1mm 11564 0.2615 0.3098 7.375 31.691 

0.2mm 6475 0.2591 0.3031 7.242 35.901 

0.3mm 4327 0.2562 0.2951 7.070 40.412 

Layer width 

0.36mm 6859 0.2584 0.3010 7.195 37.209 

0.48mm 6475 0.2591 0.3031 7.242 35.901 

0.60mm 3707 0.2517 0.2827 6.788 47.147 

Extrusion 

temperature 

220oC 6475 0.2245 0.2615 6.231 35.205 

240oC 6475 0.2591 0.3031 7.242 35.901 

260oC 6475 0.2945 0.3455 8.279 36.563 

Build plate 

temperature 

45oC 6475 0.2572 0.3006 7.277 33.500 

65oC 6475 0.2591 0.3031 7.242 35.901 

85oC 6475 0.2626 0.3097 7.277 38.291 

Printing 

speed 

5mm/s 6475 0.2591 0.3031 7.242 35.901 

10mm/s 3239 0.2533 0.2866 6.880 45.005 

15mm/s 2161 0.2481 0.2715 6.528 53.340 

Toolpath 
0 – 90 6475 0.2591 0.3031 7.242 35.901 

45 - 135 6629 0.2593 0.3037 7.254 35.556 

Feedstock 

material 

properties 

Thermal 

conductivity 

1.1728 6475 0.2596 0.3046 7.257 35.292 

1.466 6475 0.2591 0.3031 7.242 35.901 

1.7592 6475 0.2587 0.3018 7.223 36.640 

Coefficient 

of thermal 

expansion 

2.26E-05 6475 0.2072 0.2430 5.761 35.882 

2.83E-05 6475 0.2591 0.3031 7.242 35.901 

3.40E-05 6475 0.3110 0.3629 8.731 35.919 

Specific heat 

capacity 

7.16E+08 6475 0.2602 0.3062 7.305 33.948 

8.95E+08 6475 0.2591 0.3031 7.242 35.901 

1.07E+09 6475 0.2580 0.2999 7.173 37.807 

Young's 

modulus 

164 6475 0.2591 0.3031 5.793 35.901 

205 6475 0.2591 0.3031 7.242 35.901 

246 6475 0.2591 0.3031 8.690 35.901 

Specific 

volume 

2.70E+08 6475 0.2577 0.2991 7.156 38.277 

3.38E+08 6475 0.2591 0.3031 7.242 35.901 

4.06E+08 6475 0.2600 0.3057 7.295 34.277 
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APPENDIX B-II

SUPPLEMENTARY MATERIALS:

SUPPORTLESS PRINTING OF LATTICE STRUCTURES BY METAL FUSED 

FILAMENT FABRICATION (MF3) OF TI-6AL-4V: DESIGN AND ANALYSIS 

Data from lattice structure fabrication experiments and characterization (Chapter 4). 

Table B-II.1. Square cross-section unit cell green part characterization 

Element 

thickness 

Element 

length 

CAD 

volume 

(mm3) 

Weight (g) Green part 

relative 

density (%) 

Shrinkage (Green part) 

(%) 

CAD Green part Thickness X/Y Z 

3mm 

8mm 756 2.28312 2.0196 88.5 2.3 0.9 0.9 

7mm 648 1.95696 1.7845 91.2 2.0 0.7 -1.0 

6mm 540 1.6308 1.3473 87.4 5.0 0.9 0.1 

2.5mm 

8mm 537 1.62174 1.5517 95.7 4.4 0.1 0.1 

7mm 462 1.39524 1.2147 87.1 7.2 1.3 1.2 

6mm 387 1.16874 1.0061 86.1 4.8 1.6 0.2 

2mm 

8mm 352 1.06304 0.9751 91.7 5.0 0.0 -0.1 

7mm 304 0.91808 0.8222 89.6 7.0 0.9 0.2 

6mm 256 0.77312 0.6499 84.1 6.0 1.8 0.5 
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Table B-II.2. Circular cross-section unit cell green part characterization 

Element 

thickness 

Element 

length 

CAD 

volume 

(mm3) 

Weight (g) Green part 

relative 

density (%) 

Shrinkage (Green part) 

(%) 

CAD Green part Thickness X/Y Z 

3mm 

8mm 637 1.92374 1.7137 89.1 5.0 1.2 0.5 

7mm 552 1.66704 1.4496 87.0 6.3 1.8 -0.3 

6mm 431 1.30162 1.1235 87.5 5.7 1.7 0.6 

2.5mm 

8mm 447 1.34994 1.1654 86.3 8.4 2.0 0.3 

7mm 388 1.17176 1.0189 87.0 13.6 2.0 0.9 

6mm 329 0.99358 0.8942 90.0 7.6 2.1 0.0 

2mm 

8mm 289 0.87278 0.7285 83.5 19.5 2.0 -0.1 

7mm 252 0.76104 0.6966 91.5 17.0 1.4 0.2 

6mm 214 0.64628 0.5647 87.4 14.5 1.9 0.9 
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Table B-II.3. Square cross-section unit cell (3 mm thickness) sintered part characterization 

Element thickness 3 mm  

Overhang 8 mm 7 mm 6 mm 

Weight (g) 

CAD volume (mm3) 637 552 431 

CAD weight 1.92374 1.66704 1.30162 

Green part 1.7137 1.4496 1.1235 

Solvent debound 1.6401 1.3877 1.0743 

Sintered 1.482 1.2565 0.9738 

Green part relative density (%) 89.1 87.0 86.3 

Solvent debinding binder loss (%) 4.3 4.3 4.4 

Thermal debinding-sintering binder loss (%) 9.2 9.1 8.9 

Sintered part Archimedes density 4.17 4.13 4.13 

Sintered part relative density 94.1 93.2 93.2 

Dimension (CAD) (mm) 

Thickness 3.00 3.00 3.00 

X/Y 11.00 10.00 9.00 

Z 11.00 10.00 9.00 

Dimension (Green part) 

(mm) 

Thickness 2.85 2.81 2.83 

X/Y 10.87 9.82 8.85 

Z 10.95 10.03 8.95 

Shrinkage (Green part) 

(%) 

Thickness 5.0 6.3 5.7 

X/Y 1.2 1.8 1.7 

Z 0.5 -0.3 0.6 

Dimension (sintered 

part) (mm) 

Thickness 2.5 2.36 2.33 

X/Y 9.25 8.29 7.38 

Z 9.35 8.46 7.58 

Shrinkage (Sintered 

part) (%) 

Thickness 16.7 21.3 22.3 

X/Y 15.9 17.1 18.0 

Z 15.0 15.4 15.8 
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Table B-II.4. Circular cross-section unit cell (3mm thickness) sintered part characterization 

Element thickness 3 mm 

Overhang 8 mm 7 mm 6 mm 

CAD volume (mm3) 756 648 540 

Weight (g) 

CAD 2.28312 1.95696 1.6308 

Green part 2.0196 1.7845 1.3473 

Solvent debound 1.9301 1.7068 1.2858 

Sintered 1.7511 1.5495 1.1686 

Green part relative density (%) 88.5 91.2 82.6 

Solvent debinding binder loss (%) 4.4 4.4 4.6 

Thermal debinding-sintering binder loss (%) 8.9 8.8 8.7 

Sintered part Archimedes density 4.20 4.21 4.13 

Sintered part relative density 94.8 95.1 93.1 

Dimension (CAD) (mm) 

Thickness 3.00 3.00 3.00 

X/Y 11.00 10.00 9.00 

Z 11.00 10.00 9.00 

Dimension (Green part) 

(mm) 

Thickness 2.93 2.94 2.85 

X/Y 10.90 9.93 8.92 

Z 10.90 10.10 8.99 

Shrinkage (Green part) (%) 

Thickness 2.3 2.0 5.0 

X/Y 0.9 0.7 0.9 

Z 0.9 -1.0 0.1 

Dimension (sintered part) 

(mm) 

Thickness 2.53 2.51 2.39 

X/Y 9.35 8.43 7.53 

Z 9.22 8.58 7.75 

Shrinkage (Sintered part) 

(%) 

Thickness 15.7 16.3 20.3 

X/Y 15.0 15.7 16.3 

Z 16.2 14.2 13.9 
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APPENDIX C-I

RESIDUAL STRESSES IN MF3 PRINTED PART: PREDICTIVE SIMULATION AND 

EXPERIMENTAL MEASUREMENT 

1. INTRODUCTION

This section presents the work done towards verification of simulation results of residual 

stresses developed in MF3 printing. An experimental approach based on the ‘Crack 

Compliance’ method is used. It employs micro-strain measurement using strain gauge by 

incremental slotting of the specimen and using structural simulation using the ABAQUS 

tool. Estimation by Digimat-AM showed a correlation with experimental measurement. 

1.1. RESEARCH OBJECTIVE 

To investigate the residual stresses developed in MF3 printing using predictive simulations 

and experimental measurement for verification. 

1.2. RESEARCH BACKGROUND 

• Layer-by-layer fabrication in AM develops a thermal gradient resulting in residual

stresses. Part quality and performance are affected by residual stresses. 

• In particular, residual stresses developed in MF3 printing may affect the subsequent

debinding and sintering processes in the form of part distortion or cracks. 
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• Part design and process parameters can be optimized to minimize the residual 

stresses if they can be estimated. Printing process simulation provides an estimation 

of residual stresses. However, verification of these results has been a challenge due 

to the difficulty associated with experimental measurement methods.  

• Moreover, no publication has been found on such investigations in MF3. 

• The previously investigated simulation tool (Digimat) provides an estimation of 

residual stresses in the MF3 printing process. To verify these estimations, an 

experimental measurement using the Crack Compliance method has been 

investigated in this study. 

• The Crack Compliance method involves experimental measurement by strain 

gauge and FEA structural simulations. 
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1.3. METHODOLOGY 

Figure C-I.1. Methodology followed for estimation of residual stresses through process 

simulation, and verification by experimental measurement 
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2. MF3 PROCESS SIMULATION

2.1. SIMULATION SETUP 

(a) CAD model 

(a) Voxel mesh (b) Toolpath from GCode 

Figure C-I.2. (a) ASTM E8 tensile bar dimensions (a) meshed model with voxel element 

size 0.3mm (b) GCode data defines the 0-90 toolpath generated in slicing tool 

Table C-I.1. Printing process parameters 

Process parameters Variations 

Layer thickness (mm) 0.15 

Layer width (mm) 0.48 

Extrusion temperature (C) 240 

Build plate temperature (C) 65 

Build chamber temperature (C) 20 

Printing speed (mm/s) 5 

Toolpath () 0 – 90 
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2.2. MATERIAL PROPERTIES: TI-6AL-4V 

Figure C-I.3. Mechanical and thermal properties of Ti-6Al-4V feedstock over a range of 

temperatures used in printing process simulations 

 

2.3. SIMULATION RESULTS: RESIDUAL STRESS 

   

Figure C-I.4. Residual stresses (maximum principal stresses) estimation for Ti-6Al-4V 

feedstock part 
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3. CRACK COMPLIANCE METHOD

The general procedure for the slitting method is to gradually extend a slit into the specimen 

surface and measure near-slit strain as a function of slit depth. 

Figure C-I.5. Full block geometry model showing cut slot and strain gauge on the opposite 

side. References: - (Prime, M., Appl Mech Rev, vol. 52 no. 2, 1999) 

Solving for the residual stress profile from measured strain data requires the solution of an 

elastic inverse problem. The inverse problem is solved by first representing the unknown 

residual stress profile in the Legendre polynomial basis, and then finding the coefficients 

of the basis from the measured strain data. The residual stress distribution is assumed to 

follow a Legendre polynomial basis; 
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Taking ‘X’ as the coordinate along the depth direction, the unknown residual stress profile 

RS(X) is written as a sum of Legendre polynomial terms Pj (X), each with a corresponding 

amplitude Aj; 

  

where m is the order of the highest term in the polynomial series. 

A solution of the equations of elasticity is then developed to relate the stress given by a 

particular basis function (with unit amplitude) Pj (X) to strain at a near-slit gage location. 

If residual stress were given exactly by the basis function Pj (x), the strain that would occur 

at cut depth ai is provided by the elasticity solution. This strain is an element Cij of a 

compliance matrix [C] defined as 

  

Solving the elasticity problem for all basis functions and all cut depths, and invoking the 

principle of elastic superposition, results in a linear system relating basis function 

amplitudes to strain as a function of cut depth: 

  

using matrix notation: 

  

(1) 

(2) 

(3) 

(4) 
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Given this system, and strains measured experimentally during cutting, the amplitudes of 

the stress expansion are found by inversion of Eq. (4) in a least-squares sense: 

where {meas} is a vector of measured strain data. With the amplitude vector {A} 

determined, the stress state existing before cutting is obtained from the equation 

3.1. EXPERIMENTAL SETUP 

Figure C-I.6. Experimental setup: (a) strain gauges connected to test specimen (b) 

specimen broken after slotting 

Note: The specimen got broken at a slot depth of 2.5mm, hence data up to 2.4mm depth 

was available and used in calculations. 

(5) 

(6) 
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Table C-I.2. Micro-strain measured experimentally with incremental slotting 

Depth of cut (mm) Micro-strain Strain (exp) 

0.1 215 0.000215 

0.2 240 0.00024 

0.3 84 0.000084 

0.4 82 0.000082 

0.5 203 0.000203 

0.6 175 0.000175 

0.7 260 0.00026 

0.8 340 0.00034 

0.9 368 0.000368 

1 355 0.000355 

1.1 380 0.00038 

1.2 346 0.000346 

1.3 352 0.000352 

1.4 244 0.000244 

1.5 215 0.000215 

1.6 266 0.000266 

1.7 346 0.000346 

1.8 304 0.000304 

1.9 360 0.00036 

2 360 0.00036 

2.1 223 0.000223 

2.2 380 0.00038 

2.3 186 0.000186 

2.4 103 0.000103 

2.5 -55 -0.000055 

2.6 Part broken  

2.7 N/A  

2.8 N/A  

2.9 N/A  

3 N/A  

3.1 N/A  

3.2 N/A  
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3.2. LEGENDRE POLYNOMIAL BASIS MATRIX [Pij] 

Polynomials P2 to P5 were used in this study. P0 gives unity and P1 gives a constant value. 

Table C-I.3. Legendre polynomial basis matrix [Pij] 

Slot depth x = Slot depth /3.2 P2 P3 P4 P5 

0.2 0.06 -0.49 -0.09 0.36 0.12 

0.4 0.13 -0.48 -0.18 0.32 0.22 

0.6 0.19 -0.45 -0.26 0.25 0.30 

0.8 0.25 -0.41 -0.34 0.16 0.34 

1.0 0.31 -0.35 -0.39 0.05 0.34 

1.2 0.38 -0.29 -0.43 -0.07 0.30 

1.4 0.44 -0.21 -0.45 -0.18 0.21 

1.6 0.50 -0.13 -0.44 -0.29 0.09 

1.8 0.56 -0.03 -0.40 -0.37 -0.06 

2 0.63 0.09 -0.33 -0.42 -0.21 

2.2 0.69 0.21 -0.22 -0.42 -0.34 

2.4 0.75 0.34 -0.07 -0.35 -0.42 

Simulation (in ABAQUS) was conducted for every 0.2mm cut depth increment instead of 

0.1mm due to high computational requirements. Total 12x4 = 48 simulation jobs were 

conducted. 
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3.3. FEA Setup: ABAQUS 

Figure C-I.7. FEA simulation setup: pressure load applied along Y-axis on 0.2mm slotted 

face, symmetry boundary condition applied at the cutting plane 

Figure. C-I.8. Displacement results from ABAQUS. Strain along Y-axis calculated at 

Y=2.25 mm (representing strain gauge length used in experimental measurement) 
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Similarly, y is estimated for P3, P4, P5 pressure load and slot depth of 0.2 mm, hence four 

simulation jobs for 0.2 mm slot depth. Likewise, for 0.4, 0.6, …., 2.4 mm, so a total of 48 

simulation jobs conducted in ABAQUS, and respective strain value estimated. 

 

3.4. COMPLIANCE MATRIX [Cij] 

Table C-I.4. Strain value estimated from simulations (ABAQUS) represent the Compliance 

matrix [C] elements Cij 

  Pj (Legendre polynomial basis) 

  P2 P3 P4 P5 

ai 

(normalized depth 

of cut) 

a2 = 0.2/3.2 4.1E-05 3.3E-06 3.3E-05 4.1E-06 

a4 = 0.4/3.2 1.6E-04 2.5E-05 1.2E-04 3.1E-05 

a6 = 0.6/3.2 3.7E-04 8.3E-05 2.7E-04 1.0E-04 

a8 = 0.8/3.2 6.9E-04 2.0E-04 4.8E-04 2.4E-04 

a10 = 1.0/3.2 1.1E-03 4.2E-04 7.5E-04 4.7E-04 

a12 = 1.2/3.2 1.8E-03 7.8E-04 1.1E-03 8.4E-04 

a14 = 1.4/3.2 2.7E-03 1.4E-03 1.5E-03 1.4E-03 

a16 = 1.6/3.2 4.1E-03 2.3E-03 2.0E-03 2.2E-03 

a18 = 1.8/3.2 6.2E-03 3.9E-03 2.7E-03 3.4E-03 

a20 = 2.0/3.2 9.5E-03 6.6E-03 3.6E-03 5.2E-03 

a22 = 2.2/3.2 1.5E-02 1.1E-02 4.9E-03 8.1E-03 

a24 = 2.4/3.2 2.6E-02 2.1E-02 7.0E-03 1.3E-02 

 

Stress Amplitude ‘{A}’ 

To find stress amplitude from equation 5, 
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where {meas} is a vector of measured strain data. With the amplitude vector {A} 

determined, the stress state existing before cutting is obtained from equation 6. 

Calculate the following; 

• Transpose of Compliance matrix, [C]T

• Matrix multiplication, [C]T [C]

• Inverse matrix, [[C]T [C]]-1

• Pseudo-inverse matrix, [[[C]T [C]]-1] [C]T

• Stress amplitude
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Residual Stress ‘ RS’ 
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3.5. STRESS DISTRIBUTION: EXPERIMENTAL MEASUREMENT 

Table C-I.5. Residual stresses distribution: Experimental measurement 

Thickness (mm) Residual Stress (MPa) 

0.2 0.29 

0.4 -0.43 

0.6 -1.11 

0.8 -1.68 

1 -2.09 

1.2 -2.28 

1.4 -2.22 

1.6 -1.91 

1.8 -1.37 

2 -0.64 

2.2 0.20 

2.4 1.02 

 

 

 

Figure C-I.9. Residual stresses distribution across thickness: Experimental measurement 
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3.6. STRESS DISTRIBUTION: SIMULATION ESTIMATION 

Table C-I.6. Residual stresses distribution: Process simulation prediction 

Thickness (mm) Residual Stress (MPa) 

0.3 1.37 

0.6 0.69 

0.9 -0.20 

1.2 -0.86 

1.5 -1.26 

1.8 -1.39 

2.1 -1.21 

2.4 -0.68 

2.7 0.24 

3.0 1.15 

Figure C-I.10. Residual stresses distribution across thickness: Process simulation 

prediction 
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Figure C-I.11. Residual stresses distribution at cutting plane cross-section: Process 

simulation prediction 

4. CONCLUSIONS

• The thermo-mechanical process simulation provided an estimation of residual

stresses developed in MF3 printed parts.

• The crack compliance method was used for the first time for the experimental

measurement of residual stresses in the green parts from MF3 of Ti-6Al-4V.

• The experimental measurement showed the residual stresses varying between 1.02

MPa (tension) and -2.28 MPa (compression). The simulation predicted residual 

stresses varying between 1.37 MPa (tension) and -1.39 MPa (compression). 
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• Simulation and experimental results showed a similar pattern of residual stress

distribution at the slotted section. 

• Both simulation and experiments showed tensile stresses in the outer surfaces and

compressive stresses in the core. 

• Simulation results have been verified by the experimental measurement with

reasonable agreement. However, the accuracy of prediction needs to be further 

enhanced. 
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APPENDIX C-II

TEMPERATURE DISTRIBUTION AND THERMAL HISTORY IN MF3 PRINTING: 

PREDICTIVE SIMULATION AND EXPERIMENTAL MEASUREMENT 

This section comprises some preliminary work on the real-time measurement of 

temperature distribution during MF3 printing. This facilitates the evaluation of thermal 

gradient and temperature history and enhanced understanding of their relationship with 

resulting part quality and performance. It will also enable verification of simulation results. 

Figure C-II.1. Experimental setup for real-time measurement calibration of the thermal 

imaging camera using memory logger and FLIR ResearchIR Max software 
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(a) 

 

(b) 

 

Figure C-II.2. (a) Thermocouple connected to the print bed reading temperature in the 

memory logger (b) Memory logger showing print bed temperature 75.7 C 
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Figure C-II.3. FLIR software showing real-time measurement of print bed temperature 

distribution ranging between 24.2 C and 83.5 C 

Figure C-II.4. Two square bars placed at a distance were chosen as test specimen to allow 

sufficient time for clear reading of the latest layer temperature and evaluate temperature 

drop between two layers 



 

247 
 

(a) 

 

(b) 

 

Figure C-II.5. (a) MF3 printing (b) FLIR software recording the real-time temperature 

measurement of the print bed, printed layers, nozzle and extruder, temperature distribution 

ranging between 20.9 C and 145.9 C 

Future work will include estimation of temperature distribution and thermal history using 

simulation, and verification with experimental results. 
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APPENDIX C-III

POROSITY DISTRIBUTION IN MF3 PRINTING: PREDICTIVE SIMULATION 

This section briefs about the initial progress towards having the capability to estimate 

porosity distribution in the MF3 printed green part, which will also provide an estimation 

of relative density distribution within the part. Apart from Digimat-AM, another simulation 

tool GENOA (AlphaStar) was investigated in this work. 

(a)    (b)    (c) 

Figure C-III.1. Unit lattice cell (a) MF3 printed green part (b) voxel mesh (c) toolpath 

Figure C-III.2. Porosity estimation by Digimat-AM 
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Figure C-III.3. PathCoverage results from GENOA: considerable voids/ porosity between 

tracks found at the corners within a single layer 

Figure C-III.4. EmptySpots results from GENOA: considerable voids/ porosity observed 

at the corners between tracks as well as between layers 
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(a) 

(b) 

Figure C-III.5. VoidRatio results from GENOA: 0.3~4% voids observed at macro level (a) 

bottom of the unit cell (b) mid-section along the vertical axis 
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APPENDIX C-IV

MF3 SINTERING PROCESS SIMULATION: SIMUFACT ADDITIVE 

This section presents the demonstration of the sintering simulations model developed 

through collaboration between MSC Software and the University of Louisville. A new 

module has been added in Simufact Additive simulation software and is presently being 

tested. This development underlines the extension of MF3 printing simulation to the 

sintering process. 

➢ FULLY COUPLED THERMO-MECHANICAL ANALYSES 

• Phenomenological models based on continuum mechanics

• Thermo-viscoplastic formulations: Linear viscous law to describe the shrinkage &

deformation during sintering 

• Density of the green part considered homogeneous: Inhomogeneous density

distribution can predict anisotropic shrinkage accurately 

• Experimental data such as dilatation curve to determine the required parameters:

Sintering stress, bulk viscosity modulus, shear viscosity modulus, etc. 

➢ PROCESS SIMULATION APPROACH 

• Phenomenological

• Thermo-viscoplastic multi-physics to calculate the total strain, strain rate
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• Densification, deformation is the net effect of combined local strains

• Important parameters include: Layer thickness, sintering temperature, sintering

time, heating rate, binder saturation, friction between specimen & sintering plate 

➢ INCLUDED PHYSICS 

• Thermal gradients

• Diffusion process

• Grain growth

• Creep

• Surface tension effects

• Gravity and friction

Figure C-IV.1. Shrinkage and distortion predicted by sintering simulation using Simufact 

Additive: Helical Bevel Gear 
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➢ PREDICTION CAPABILITIES 

• Shrinkage and distortion

• Relative density before and after sintering

• Gravity and friction effects

• Geometry compensation

Experimental validation and sensitivity analysis in progress. 

➢ GEOMETRY COMPENSATION 

Figure C-IV.2. Geometry compensation taking into account the predicted shrinkage and 

distortions: (a)Original CAD geometry and after sintered geometry (b) pre-compensated 

geometry and original CAD geometry (c) final sintered shape of pre-compensated 

geometry and original CAD geometry 
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− Automated shape compensation in Simufact Additive to achieve the correct dimensions 

after shrinkage 

− Geometry compensation achieved up to an accuracy of 97% (~ 1mm tolerance) 

− Required 3 cycles to achieve the compensated geometry to the given tolerance 

Figure C-IV.3. Comparison of surface deviation of the original CAD geometry with the 

after sintered shape (left) and original CAD geometry and after-sintered shape of pre-

compensated geometry (right) 

It is seen that the pre-compensated geometry matches with the original CAD geometry 

within a tolerance of ~ 1.6 mm. 
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➢ SHRINKAGE AND DISTORTION PROFILES 

(a) 

(b) 

Figure C-IV.4. (a) Deformation along Z-axis (b) Deformation profiles at the top surface 

(half the circumference) 
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➢ FUTURE CAPABILITIES 

• Residual stresses 

• Microstructure 

 

SUPPLEMENTARY DATA: 

Table C-IV.1. Material properties input 

Sr. no. Description Green Part Sintered Part Source 

1 
Young’s modulus 170 MPa 110 GPa Experiments 

Poisson’s ratio 0.325 0.34  Literature 

2 
Temperature-dependent 

Young’s modulus. 
Table #4 Please see Table #5 Literature 

3 

Thermal expansion 

coefficient with 

temperature 

Table #4 0.0000088 K-1 Literature 

4 

Specific heat capacity vs 

temperature 
Table #4 560 J/kg·K Literature 

Thermal conductivity vs 

temperature 
Table #4 6.5 W/m·K Literature 

5 Viscosity Table #4 NA NA NA 

6 Relative density 98.50% 4.17306 g/cm3 Experiments 

7 Grain size NA 140 
micron 

(prior beta) 
Experiments 

8 
Surface energy of the 

powder or the sintered part 
NA 62 mN/m Literature 

 

Table C-IV.2. Validation experimental data 

Sr. no. Description Data (Sintered Part) Source 

1 Measured shrinkage and distortion profiles 
14%, 15%, 15.5% (X, 

Y, Z) for tensile bar 
Experiments 

2 Surface deviation measurement (if available) Data not available   

3 
Final relative density distribution (fully 

sintered part) 
4.17306 g/cm3 Experiments 
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Table C-IV.3. Sintering process parameters 

Sr no. Description Data Source 

1 Sintering thermal cycle details 1250oC - 4hrs Experiments 

2 Surrounding atmosphere during sintering 0.15 torr, Argon purge Experiments 

3 Thermal distribution on the part No data available 

4 Part geometry ASTM E8 Tensile Bar Experiments 

5 Part placement in the furnace No data available 

6 Gravitational force 1G Experiments 

7 Strain No data available 

Table C-IV.4. Green part properties considered equivalent to that of Ti-6Al-4V feedstock 

Temp. 

(C) 

Young's 

Modulus 

(MPa) 

Temp. 

(C) 

CTE 

(1/C) 

Temp. 

(C) 

Specific 

Heat 

(mJ/t·C) 

Temp. 

(C) 

Thermal 

conductivity  

(mW/mm·C) 

23 205 23 2.83E-05 25 8.95E+08 43 1.466 

100 3.6E-05 30 9.40E+08 64 1.455 

140 4.37E-05 32 9.57E+08 84 1.504 

150 5.66E-05 49 1.11E+09 105 1.395 

160 6.18E-05 58 1.06E+09 125 1.411 

250 6.95E-05 111 8.00E+08 145 1.392 

170 8.25E+08 163 1.414 

Table C-IV.5. Ti-6Al-4V feedstock viscosity 

160C 170C 

Shear Rate 

(1/s) 

Average 

Viscosity (Pa-s) 
Std Dev 

Shear Rate 

(1/s) 

Average 

Viscosity (Pa-s) 

Std. 

Dev. 

20 634 34 20 546 4 

40 567 22 40 490 6 

80 445 11 80 400 0 

160 352 5 160 310 3 

400 253 3 400 216 2 

800 193 3 800 166 1 
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Table C-IV.6. Sintered part - Young's modulus 

Temperature (C) Young's Modulus (GPa) 

20 106 

100 102 

200 96 

300 90 

400 85 

500 79 
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APPENDIX C-V

MF3 PRINTING SIMULATION OF PARTS FROM NASA 

MF3 printing some of the parts from NASA was simulated as part of the FabLab project. 

These simulation results were used in design analysis from a printing standpoint. NASA 

also wanted to conduct sintering simulations on these parts to predict the final part quality. 

 (a)        (b)        (c)       

 (d)  (e)          (f) 

Figure C-V.1. Clutch adaptor (a) CAD in STL format (b) toolpath from slicer software 

imported in Digimat-AM (c) voxel mesh (d) residual stresses (e) thermal history (f) 

deformation 
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 (a) 

 

                                 (b)                                                                         (c) 

 

Figure C-V.2. Hinge base (a) CAD in STL format ((b) residual stresses (c) deformation 

 

(a)                                                           (b) 

 

Figure C-V.3. Impellor (a) CAD in STL format (b) deformation 
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   (a)       (b) 

Figure C-V.4. Motor Support (a) CAD in STL format (b) deformation 

   (a)            (b) 

Figure C-V.5. Test artifact (a) CAD in STL format (b) deformation 
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