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ABSTRACT 

Binder Jetting is an Additive Manufacturing technique which has been commercially available since 

1996. It is characterised by the fabrication of three-dimensional components directly from a CAD 

model where the binder is selectively deposited on a powder bed repeatedly till the component is 

completely ‘printed’. Commercial Binder Jetting systems use binders which are proprietary, 

typically resins that are difficult to handle and store due to safety and environmental concerns. 

This increases the costs of the manufacturing processes involving Binder Jetting and decreases its 

appeal to the manufacturing industry. 

Binder Jetting of Inconel 718 has not been studied thoroughly till date. This thesis explores the 

feasibility of using aqueous solution of polyvinyl alcohol as liquid binders, for the first time, for 

Binder Jetting of Inconel 718, a precipitation strengthened nickel super alloy. Liquid binder was 

made using deionised water and polyvinyl alcohol of different molecular weights. The metal 

powder was mixed with dry polyvinyl alcohol powder to make a modified feedstock as a novel 

approach. Printability was established by printing small cubical samples, and the process was then 

scaled up by printing tensile specimens. The freshly printed green parts were cured and sintered in 

different gas purged atmosphere to investigate the role of sintering environments on product 

quality, focusing on porosity and mechanical strength. Hot isostatic pressing was performed on 

some of the samples to study the effect of post-processing on the sintered parts. 

It was inferred that the polyvinyl alcohol, having a molecular weight of 26,000 g/mol was the most 

suitable candidate as the combination of the liquid binder and modified feedstock, yielded the 

highest green strength, lowest porosity. Tensile strength and hardness of all the sintered samples 

were found to be low, but the specimens sintered in an argon environment improved their tensile 

strength by a factor of 4.26 after post-processing. Phase analysis of the parts indicated the absence 

of deleterious phases like σ, δ and Laves phases in the specimens. 
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CHAPTER 1: RESEARCH CHALLENGE & NOVELTY 

STATEMENT 

‘You type words in an MS Word document, my toddler can do that and be cuter at it’ – a slightly irritated 

member of security staff upon discovering the author in the office at 01:30 AM 

1.1. Problem Statement 

Additive Manufacturing (AM) is described as a process of joining materials to fabricate objects 

from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing 

methodologies. 

Polymer systems have traditionally dominated the consumer market and have an extensive role in 

making the technology ‘visible’ to people, metal additive manufacturing has been seen to be a 

keystone in solving the requirements of the aerospace, automotive, energy and bio-medical sector. 

Nickel superalloys have been of interest to the aerospace industry because of its ability to retain 

its properties in high temperature conditions [1-3]. However, conventional manufacturing methods 

like casting, forming, and machining have proven to be cost prohibitive and wasteful for 

processing niche alloys like Inconel 625 and 718 [4-6]. 

Laser powder bed fusion techniques such as Selective Laser Melting (SLM) enjoys the confidence 

of the industry which had started taking baby steps towards incorporating AM in the 

manufacturing of their products when this PhD stated. Companies with manufacturing as their 

core competency have now started looking at AM, especially at SLM as a solution to maximise 

productivity while maintaining judicious use of resources and raw materials.  

The process has its drawbacks in processing certain materials due to certain unique material 

characteristics. Aluminium and copper, as an example are difficult to process using SLM due to 

their low emissivity which causes the material to partially reflect the laser, reducing it melting 
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capability 
[7-9]. Inconel 718 is a precipitation strengthened alloy which derives its strength from 

niobium-nickel inter-metallics which are precipitated into the bulk of the medium. The rapid 

thermal inertia of SLM causes the niobium to separate out, which causes weakening of the alloy 

[10-11]. It is important to adopt a technique which can process Inconel 718 and is more material 

agnostic than SLM. 

Binder Jetting (BJT) is a powder bed technique which prints a ‘green part’ by spreading a binder 

on every layer of powder. The green part is then sintered in a furnace using thermal cycles 

strategically to control the phases which develop during the sintering process. However, BJT is 

often marketed as an expensive AM technique owing to using expensive proprietary binders, which 

being a consumable, is a high recurring cost. The binders also require special storage conditions 

and require special handling overheads due to its toxic composition. Printheads are also 

customised and often are cost prohibitive, which discourage the industry from adopting it as the 

‘go-to’ AM solution. The exploration and adoption of binders that are easy to manufacture, store 

and handle would open the AM market and increase the accessibility of the technology to industry. 

The novelty of the present work is the use of an aqueous PVA solution as a binder in a standard 

inkjet system for binder jetting of a niche strategic material Inconel 718. Binder jetting of Inconel 

718 is, as such, a significantly less investigated process, even using commercial systems. For the 

first time, a unique approach has been attempted to dope the metallic Inconel 718 feedstock with 

PVA to facilitate synergic interaction between the modified feedstock and aqueous PVA binder. 
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1.2. Aim and Objectives of Research 

1.2.1 Aim 
The development of an aqueous polyvinyl alcohol-based binder and a modified feedstock which 

are simple to manufacture, handle, store, and dispose, specifically focusing on its composition, and 

looking at its effectiveness at being jetted from a capillary inkjet printhead, without compromising 

on effectiveness of the binder. 

1.2.2 Objectives 

• Investigating the role of composition of the binder on process responses such as green strength, 

porosity, and mechanical properties and comparing it with competing technologies. 

• Investigating the role of sintering environment and its effect on process responses like porosity 

and mechanical properties and comparing it with competing technologies. 

1.3. Thesis Structure 

Chapter 2 will focus on the literature available of the following: 

• Additive Manufacturing – definition and classification. 

• General introduction to Binder Jetting and Ink Jetting 

• Nickel superalloys processed by Binder Jetting 

Chapter 2 is there to introduce the reader to the general principles of AM, stressing on the 

classifications of different AM techniques before focusing on Binder Jetting and Ink Jetting 

methods. 

Chapter 3 will describe the experimental methodology followed throughout the study including 

elaboration on the choice of materials including metal powders and binders. The characterisation 

procedure and mechanical testing would also be discussed. The preliminary focus was to prepare 

water-based binders and test its jettability from the print head, which was done on a trial basis. It 

would also describe the process of making the different hybrid feedstock which were used 

throughout this investigation. 
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Chapters 4 – 7 each have an introduction section which would include a more focused literature 

review which is relevant to the chapter and topic under discussion. These chapters will focus on: 

• Chapter 4 – The first part of the chapter focuses on the powder rheology of the hybrid feedstock 

and compares it with the powder received as is from the manufacturer. It evaluates the suitability 

of the hybrid feedstock for Binder Jetting based on the process responses. 

The second part of the chapter looks at the rheological studies of the liquid binders developed 

and evaluates their jettability by calculating the Ohnesorge number. 

• Chapter 5 – This chapter discusses the interaction between the feedstock and the binder droplets 

by measuring the contact angle between the powder bed and the binder droplets. It explores the 

role played by the molecular weight of the polymer-based binders on their wettability and 

evaluates their suitability by measuring the flexural strength of printed green parts. 

• Chapter 6 – The chapter focuses on the porosity seen in parts which are printed using different 

PVA based binders and feedstock and sintered in different sintering environments. This is where 

the effectiveness of the jetting action of the print-head is investigated and how it is better than 

manual deposition of binders on a powder bed is analysed. The effect of post-processing 

strategies like HIP on porosity are also seen and discussed. 

• Chapter 7 – The results of mechanical testing including tensile testing and hardness are 

investigated here. The effect of different sintering environments is observed and a correlation 

between the mechanical properties and porosity is established. 

• Chapter 8 – All the results are summarised in the Conclusions chapter and future work is 

explored. 
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CHAPTER 2: BACKGROUND AND LITERATURE 

REVIEW 

‘Tea first, cite later’ – a tea deprived author while compiling this review 

2.1. What is Additive Manufacturing? 

2.1.1. Additive Manufacturing – Definition 

Additive manufacturing is a term used to refer to a group of technologies which manufacture three 

dimensional, fully functionals parts, directly from a CAD model. The parts are usually made layer, 

upon layer. The CAD model is ‘sliced’ into several horizontal models using a specialised software. 

These slices are then replicated by the printer in an incremental manner. 

AM has been defined officially as a process of joining materials to make objects from 3D model 

data, usually layer upon layer, as opposed to subtractive manufacturing methodologies by ASTM 

[1]. Subtractive methods like machining and grinding achieve dimensional and geometric tolerances 

by removing excess material in the form of chips. However, AM technologies build the part 

incrementally from the first to the final layer using a suitable raw material. This raw material can 

be in powder form (Selective Laser Melting, Electron Beam Melting and Binder Jetting), wire form 

(Fused Deposition Modelling and Wire Arc Additive Manufacturing) and even sheets (Sheet 

Lamination). The list of important parameters differs based on the additive manufacturing process 

used. 

2.1.2. Classification of Additive Manufacturing Techniques 

There are several ways in which AM techniques can be classified. The most conventional way it is 

usually done based on the form in which the material is deposited in every cycle. The material may 

be fed into the machine in the form of a wire and then be extruded out of a nozzle in molten form 

or may be used in granular form and be melted using a directed energy source. The following 
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section elaborates on some of the different AM processes which have a very different set of 

capabilities and advantages and are used either exclusively or inclusively for metals. 

2.1.2.1. Melt Extrusion based Additive Manufacturing 

These collection of AM processes would be characterised as deposition of molten material which 

is extruded via a nozzle. The material may be supplied to the machine in the form of a solid 

filament which is then molten by the aid of heaters and is then deposited as per the CAD model 

fed to the machine. 

Fused deposition modelling (FDM) is an industrial translation of the melt extrusion-based AM 

which was trademarked by Stratasys Inc [2]. The material is supplied to a nozzle, usually in the form 

of a filament from a spool and is then heated inside the nozzle after which it is deposited in a 

molten state. The nozzle can move throughout the length and breadth of the substrate via a CNC 

enabled gantry system. Figure 2.1 represents the procedure schematically. The FDM process is a 

good choice for making inexpensive components which do not necessarily require high 

dimensional tolerances and surface finish. The nozzle follows the principle of Joules heating to 

melt the filament. The list of polymers which are processed by FDM is ever increasing, but some 

of the commonly processed polymers are nylon, acrylonitrile butadiene styrene and polylactic acid 

[3]. 
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Fig 2.1 Schematic diagram of a Fused Deposition Modelling setup [4] 

2.1.2.2. Sheet Lamination based Additive Manufacturing 

Sheet lamination-based AM techniques share a common platform where each layer is a whole sheet 

or ribbon which is joined to the previous bulk of the component using joining techniques like solid 

state welding and adhesives. The sheet lamination technique is logistically easy to carry out, has 

low cost of operation and requires low energy as the material is not completely melted. The sheets 

can be separately cut into customised shapes and then be joined together, or the shape can be 

realised via a post processing method using wire cut electro discharge machine or end milling. 

Laminated Object Manufacturing (LOM) involves the fabrication of parts by bonding sheets of 

paper using adhesive. This method is typically not suggested for making components for 

withstanding a structural load [5].  

Ultrasonic Additive Manufacturing (UAM) is a sheet lamination-based AM technique that joins 

sheets of metal using ultrasonic welding. A sheet of metal, usually aluminium, copper, and stainless 

steel is laid onto the substrate bed and is vibrated ultrasonically. The heat generated melts the 

contacting interfaces leading to solid state welding. UAM is effectively used to make large parts in 
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an economical manner [5]. Complex geometries are realised with the aid of subtractive 

manufacturing processes, often as a post-processing feature. 

2.1.2.3. Directed Energy Deposition 

Directed Energy Deposition (DED) is an umbrella term which is used for defining a group of 

technologies which is characterised by the material being supplied either in the form of a wire or 

in the powder form and an energy source like an electron beam, laser or a plasma arc which is used 

to melt the material being fed. DED processes are done almost exclusively for metals and they 

have proved to be very useful in the repair and maintenance of existing parts which are difficult to 

replace. Figure 2.2 (a) and (b) are the schematic diagrams of the two different setups which use a 

metal wire and powder as the raw material of the DED process. 

  

Fig 2.2 Schematic diagrams two different types of DED processes: (a) powder blown 

DED with laser melting [6] (b) wire fed DED with electron beam melting [7] 

 

Some of the more particular terms used are Laser Engineered Net Shaping (LENS), Laser Cladding 

and Direct Metal Deposition (DMD). 

DMD is a laser aided AM technique which was patented by the University of Michigan [8]. The 

process is started by directing a laser beam at the substrate/bulk of the component and creating a 

(a) (b) 
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melt pool in which a small amount of material in powder form is injected, thus creating a fresh 

layer. This process has proved to be useful in controlling the process parameters very precisely 

which resulted in components which had customised microstructure and mechanical properties, 

especially of those materials that cannot be cast, be thermos-mechanically processed or by powder 

metallurgy [9]. The same technique is referred to as LENS, mostly in academic circles.  

Laser cladding, as the name suggests, is a technique which is used to coat or clad a substrate 

material with another material with the help of a laser source. The material may be fed in the form 

of an aerosol (hence also termed as a ‘powder blown’ technique) or a solid wire. An inert 

environment is maintained by argon flushing to prevent oxidation of the molten metal. The 

technique is useful because it can precisely control the coating rate which helps the operator to 

optimise between productivity and coating finesse and can be increased or decreased as per the 

localised demand in the component [10]. 

2.1.2.4. Powder Bed Fusion 

The term ‘Powder Bed Fusion’ is used to define a set of AM technologies that is characterised by 

a flat powder bed where the material is arranged in the form of a static thin layer of powder and is 

then melted by using lasers or an electron beam as an energy source. Figure 2.3 is a schematic 

representation of a commercial SLM system. The powder is deposited in front of the wiper arm 

from the hopper which is then spread over the powder bed. The laser selectively scans regions 

according to the current horizontal plane which is obtained from the sliced CAD diagram and the 

build chamber platform moves down by a predetermined amount which is equal to the layer 

thickness of the build. SLM as a technology is very suitable for building prototypes very quickly. 

The manufacturing industry quickly realised that SLM as a process could compress manufacturing 

cycles and was valuable during the design phase where the iterative nature of designing would 

often prove to be very expensive using tradition manufacturing processes like casting, forming or 
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even metal injection moulding. However, SLM has several challenges when it comes to processing 

certain classes of materials like copper and aluminium alloys due to their reflective surfaces [11-13]. 

 

Fig 2.3 Schematic diagram of a commercial SLM system [14] 

2.2 Inkjet Printing – an overview 

2.2.1 Introduction 

Inkjet printing is a technique in which a liquid is deposited on a substrate in a controlled manner 

using a printhead. The liquid is often referred to as an ‘ink’ which is ‘jetted’ from the printhead in 

the form of droplets having a pre-determined value, hence the name inkjet printing. The most 

visible example of an application area of this technology is the commercial desktop inkjet printer. 

The substrate in this case would be paper, where the ink is deposited in a controlled manner to 

produce a piece of text or an image, often using multiple inks of different colours. The printhead 

device ensures that the ink is jetted in the form of droplets of reliable volume and that this jetting 

process can be done repeatedly in a precise manner. When the printhead device is mounted on a 

3D gantry system, one can control the rate of travel of the printhead and the height at which the 

droplet is released with respect to the substrate. The ink contacts the substrate (paper, glass), 

undergoes lateral spreading (assuming a solid substrate) and dries after some time.  
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The applications of Inkjet printing ranges from commercial desktop inkjet printers which are used 

to print documents to being used in printed electronics and making wearable bio-medical devices. 

Inkjet printing has been used to manufacture three dimensional components including integrated 

circuits and organic transistors [15-17]. 

2.2.2 Inkjet Printing - classification based on ink dispensing mechanism 

2.2.2.1 Continuous Inkjet printing 

Continuous inkjet printing (CIJ) is characterised by the continuous jetting of the ink onto a 

substrate. The continuous stream of ink follows the phenomenon also referred to as the Plateau-

Rayleigh instability [18], where the stream of liquid breaks up into droplets of equal volume, 

minimising the effective total surface area. An electrostatic field is used to ensure that droplets are 

deposited only in the specified areas. It deflects the other droplets into a gutter reservoir from 

where the ink is often recycled. CIJ printing systems are associated with higher printing rates and 

is suitable for mass production requirements. However, it is considered as a wasteful technique 

where the ink is needlessly recycled, mandating complicated setups which put reliability and 

precision of the jetting process at risk [19]. The method is also restricted to being used with inks 

that are responsive to static electric charge, which compromises on its ability to be versatile in 

handling different liquids as inks. The Inkjet printing industry started out with CIJ printing but has 

now moved on to Drop on Demand (DOD) inkjet printing. 
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2.2.2.2 Drop on Demand Inkjet printing 

Drop on Demand (DOD) inkjet printing is a process where a drop of ink is jetted from the 

printhead device only for the purpose of deposition on a substrate. This immediately makes DOD 

printing an economical process in comparison with CIJ printing. The formation of drops in a 

DOD printhead is achieved using a pressure pulse which propagates through the capillary tube 

which precedes the printhead device. When the pressure pulse is above the critical value which is 

needed for droplet formation, a drop of ink is jetted through the printhead nozzle. The pressure 

can be introduced using a piezoelectric actuator, cycling heating, and cooling of the ink (bubble jet 

technology) or using an electric field to overcome the surface tension of the droplet’s meniscus at 

the printhead nozzle [20-21]. Figure 2.4 (a) and (b) illustrates the operation of a piezoelectric actuated 

printhead device in CIJ and DOD printing mode. For this investigation, we will only focus on 

piezoelectric printhead using a DOD printing strategy. 

  

Fig 2.4 Schematic representation of Inkjet printheads in: (a) CIJ mode (b) DOD mode 

[22] 

(a) (b) 
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2.2.3 Inkjet Printing – A precursor to BJT? 

One cannot help but notice the similarities between Inkjet printing and BJT. Both techniques are 

dependent on printhead devices for the repeated jetting of liquid in the form of droplets. The 

liquid is referred to as ink in Inkjet printing whereas it is termed as a binder for its adhesive action 

in BJT. The applications of the two technologies are very different and they operate at different 

scales. Inkjet printing is an older application which was first used by Baron Kelvin in his syphon 

recorder, where ink was selectively deposited on a roll of paper to be able to print messages in 

textual form. BJT was only patented as a technology in 1993, 126 years after the Baron used ink 

and a roll of paper to reinvent communications forever. 

Sachs et al. used both CIJ and DOD printhead devices to print alumina powder using a tetraethyl 

orthosilicate binder [23]. Previously, the same research group had attempted using colloidal silica as 

a binder to print moulds for casting metals out of alumina [24]. One of the common observations 

in both studies was that using a CIJ printhead device for three-dimensional printing was preferable 

due to the faster build-up rate in comparison to using DOD printheads. It was only in 1996, that 

Z Corporation produced the first Binder Jetting prototype which included a table that could be 

controlled along the Z direction and an array of printheads which had a higher volume dispensing 

capability than a standard inkjet printhead device. 

 

2.3. Binder Jetting – an overview 

2.3.1. Introduction to Binder Jetting 

Binder Jetting (BJT) was developed as a rapid prototyping technique at the Massachusetts Institute 

of Technology in 1989 by Sachs et al. [25]. It was an additive manufacturing process where a liquid 

binder is deposited in the selected areas of a powder bed from information acquired from a three-

dimensional CAD model. The process is started with the spreading of a layer of powder and then 



 

16 
 

the binder is deposited selectively, in the form of droplets, using a printhead. The liquid binder 

infiltrates the powder bed and has an adhesive action on the powder particles, which bind together 

forming a ‘green’ part. This ‘green’ part is extracted carefully using brushes and pneumatic blowers 

to remove the dry powder leaving the part behind. The part is then put in an oven where the binder 

is cured, which increases the robustness of the ‘green’ part. Once the binder is cured, the part is 

taken out and sintered in a vacuum/gas purged environment after which further post processing 

stages may be carried out like heat treatment, hot isostatic pressing (HIP) and infiltration with 

other alloys to get better mechanical properties. Figure 2.5 is a schematic diagram of the printing 

process of parts in BJT. 

 

Fig 2.5 Schematic diagram of the BJT process [26] 

BJT, as an AM technique offers advantages in the form of higher processing speeds, lower 

operating cost and being comparatively material agnostic over other methods like SLM. It is a 

process that does not extensively use support structures compared to other processes like SLM an 

EBM [27-30]. BJT has been considered as an AM process which is extremely scalable where any build 

size can be achieved if the number of printheads are scaled up along with the size of the build 

chamber. 

Parts fabricated using BJT need to undergo multiple post-printing steps to ensure good mechanical 

properties including sintering, heat treatment and infiltration. These post-printing or post-
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processing steps are time consuming and resource intensive in nature which often neutralises the 

high production rates of BJT. Metal and ceramic parts printed using BJT process had to be 

infiltrated with other materials to improve mechanical properties [31-33], which sometimes defeats 

the purpose of using niche materials for aerospace, automotive or bio-medical applications. 

2.3.2. Effect of Process Parameters during BJT of Parts 

2.3.2.1. Rate of Powder Spreading 

In BJT, the powder is spread across the build platform using a rotating roller or a wiper. This is 

very similar to Powder Bed Fusion (PBF) processes like SLM and EBM. The spreading of powder 

should ideally be as fast as possible to increase the production time, but care should be taken to 

avoid improper, uneven spreading of powder which disrupts a uniform powder-binder interaction, 

leading to failed printing and poor part quality [34]. The spreading of powder also depends on the 

nature of the size and morphology of the powder particles. Powders having a smaller particle size 

diameter tend to form agglomerates due to the high Van Der Waals forces and need to be spread 

very slowly. Particles having a regular, spherical morphology spread easily with less effort and are 

stable to handle at higher spreading speeds. Irregularly shaped powders have poor flowability 

which hinders the printing process [35-36]. 

2.3.2.2. Rate of Binder deposition 

The speed at which binder is deposited on the selected areas of the powder bed effects the printing 

quality and the powder-binder interaction. It affects the binder saturation level of the powder.  

Binder saturation is the amount of binder which is deposited on the powder bed via the printhead. 

It is calculated by finding out the void space (𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎), between the powder particles, which is filled 

with liquid binder (𝑉𝑉𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎). The binder saturation level is calculated using the equations 2.1 and 

2.2, as derived by Miyanaji [37]: 



 

18 
 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐵𝐵𝑠𝑠𝑠𝑠𝐵𝐵𝑠𝑠𝐵𝐵 𝑙𝑙𝐵𝐵𝑙𝑙𝐵𝐵𝑙𝑙 =  
𝑉𝑉𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎

 [𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝐵𝐵𝑠𝑠𝐵𝐵 2.1] 

𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 = (1 − 𝜁𝜁) ∗ �𝑉𝑉𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏� [𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝐵𝐵𝑠𝑠𝐵𝐵 2.2] 

the packing fraction of the powder bed is represented by 𝜁𝜁 and 𝑉𝑉𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏 is the product of the 

layer thickness (Z direction) and droplet spacings in the X and Y directions of the build platform. 

A higher speed of the printhead would translate in lesser binder being deposited over the same 

distance which would translate into low values of binder saturation, leading to weak ‘green’ parts 

which may collapse immediately after printing, due to self-weight. Figure 2.6 (a) to (c) is a visual 

example of the same print with varying binder saturation. A slow deposition speed may increase 

processing time and can also lead to a high binder saturation. An oversaturation of binder often 

leads to weak structural strength of the ‘green’ part as the bulk of the powder starts tending towards 

behaving like a slurry. Oversaturation also leads to uncontrolled spreading of the binder into the 

powder bed which compromises on resolution of the printed parts. ‘Feathering’ occurs during 

binder oversaturation as is seen in Figure 2.6 (c), where geometrical features get distorted due to 

swelling at the circumference of the geometric features [38-39]. 

2.3.2.3 Layer thickness 

The layer thickness is the size of the increment during a build while printing in any powder bed-

based AM process. In BJT, it is the measure of the maximum amount of powder which needs to 

interact with the binder droplets. As discussed in Section 2.3.2.2, the binder saturation level is 

dependent on the 𝑉𝑉𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏, which in turn is dependant on the layer thickness. A higher layer 

thickness would result in higher productivity but would also require greater control over the 

deposition process by the printheads. In the absence of such control, the resolution of the part 

would be affected.  
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The correlation between layer thickness and binder saturation level has been attempted in multiple 

cases. Fremond et al. attempted BJT of shape memory alloys, where they correlated dimensional 

resolution with layer thickness and binder saturation level [40]. An optimum layer thickness is 

important for the printing process as if it is too low, the binder tends to compensate of the lack of 

vertical infiltration with lateral spreading, which leads to non-uniform adhesion between particles. 

A large layer thickness translates into larger amount of binder which is deposited 

  

 

Fig 2.6 Effect of varying the binder saturation of the same print [38]: (a) 55% (b) 

110% (c) 170% 

into the powder which hinders good resolution. At an optimised layer thickness, the binder would 

infiltrate and laterally spread evenly, and both these processes would conclude at the same time. 

(a) (b) 

(c) 
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2.3.3 Effect of choice of Materials during BJT of Parts 

2.3.3.1 Particle Size Diameter and Morphology 

The role of particle size and morphology has been discussed briefly in Section 2.2.2.1. Powder 

flowability is an important process response of these two parameters, which gets compromised 

when the parameters are less than ideal. Powders with smaller particle size diameter tends to form 

agglomerated which hinder proper flowability. The relationship between flowability and particle 

was best represented by Butscher et al [41]. Figure 2.7 represents the results from their study which 

implies a linear relationship between the particle size and powder flowability, where ffc is the 

dependency of flowability on the median particle size. 

 

Figure 2.7 Relationship between particle size and flowability of powder [41]. 

The particle size also affects their ability to have a favourable packing fraction. The BJT process 

requires the powder bed to have a high packing fraction for higher green part strength, part density 

and mechanical properties. The high packing fraction also supports the green part being printed 
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mechanically and hence Binder Jetted parts often do not need mechanical supports like in other 

processes like SLM and EBM. Smaller powders tend to form agglomerates which negatively affects 

the packing fraction. 

The shape of individual particles affects the flowability of the powder, which would influence the 

process responses of the printing process. Gas atomised powder particles usually have a regular, 

spherical shape whereas their water atomised counterparts tend to have a flaky, irregular 

morphology, which affects their flowability [42]. Powders with regular particle morphology offers 

less resistance to flow and is more stable when deposited [42]. 

2.3.3.2 Properties of the Binder 

The interaction between the powder and the binder after the binder droplet contacts the powder 

bed is the core of the BJT process. The droplet infiltrates the powder bed due to capillary action 

and gravity. The direction of infiltration of the binder in the powder bed can be divided into two 

major components, vertical infiltration, and lateral spreading. The movement of binder into the 

powder bed is dependent on the physical properties of the liquid binder, mainly surface tension 

and dynamic viscosity [43-45]. If a binder droplet is not able to infiltrate the powder bed efficiently, 

it might create the need to use more binder to print a green part, which might create problems 

during the de-binding or burnout phase of part sintering. However, if a binder spreads too easily, 

it would be difficult to control the dimensional and geometric resolution of the part during printing 

[37, 46]. The ability of the binder to infiltrate the powder bed can influence the process parameters 

like layer thickness. The effectiveness of the binder infiltration also would affect the green strength 

of the printed part. 
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2.4 Superalloys – History & Development 

2.4.1 The emergence of nickel-based superalloys. 

The term ‘superalloy’ is an umbrella term used to refer to alloys which have nickel, cobalt and iron-

nickel as base metals in the composition and retains its mechanical properties at temperatures 

above 540°C. The need for materials that could operate at high temperatures, without 

compromising on their mechanical properties was felt with the increasing role played by gas 

turbines in the areas of power generation, mechanical drives in the oil and gas sector and in-flight 

propulsion. Initially, it was thought that steels would be able to provide a solution but their 

tendency to deteriorate at elevated temperatures soon led to efforts at alloy development. The first 

cobalt-based superalloy was Vitallium, which was developed by Wojnar et al. in 1932 for 

manufacturing maxillary and hip replacement implants [47]. Nickel-chromium alloys, trademarked 

as Nimonic was first used to develop resilient toaster wires on account of its resistance to thermal 

fatigue [48]. 

Nickel based superalloys have now become the gold standard in industries which have high 

temperature applications. The success of nickel as a material of choice can be explained by having 

a look at the transition elements of the periodic table and observing the property trends exhibited 

by nickel and its neighbouring elements. The crystal structure of transition elements can be divided 

into three groups – Body Centred Cubic (BCC), Hexagonal Close Packed (HCP) and Face Centred 

Cubic (FCC). Elements having the same crystal structure are grouped together in the periodic table 

as observed in Figure 2.8. The BCC structured elements occupy the region of the ‘d’ block marked 

in purple, HCP elements are found in the centre (pink) and the FCC elements dominate the right-

hand side of the ‘d’ block as shown in maroon. Zinc, cadmium are not atypical ‘d’ block elements 

as they have full d orbitals in their ground state and common oxidation state and do not 
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Fig 2.8 Colour coded crystal structures of the transition elements and their position on 

the periodic table 

have a dominant crystal structure and are coded in grey, along with mercury, which is a liquid at 

room temperature and manganese, which is an exception as well. The elements having BCC 

structure are brittle and are prone to having temperature dependent mechanical properties [49]. The 

elements in maroon have high toughness and ductility due to their FCC structure [49]. The FCC 

structure does not change with temperature in nickel and hence is an ideal choice for high 

temperature applications [50-51]. Elements having an HCP structure have similar properties and can 

technically be used in lieu of FCC elements [49, 50-51]. The platinoids consisting of ruthenium, 

rhodium, palladium, osmium, iridium, and platinum have high densities [52] which is discouraging 

for alloy development for aerospace applications. They are also cost prohibitive along with silver 

and gold. Rhenium is expensive because of its low availability and high demand in the petro-

chemical industry as a catalyst [52]. From this method of elimination, nickel is a viable option to as 

a major component for making superalloys. 

2.4.2 Metallurgy of Superalloys 

2.4.2.1 Phases and microstructure 

Phases are distinct materials that are composed of the elements present in the alloy. These materials 

have their own unique properties that affect the general properties of the alloy. Phases are 
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characterised by their composition, morphology, and location within the microstructure. Phases 

separate out in an alloy due to their different solidification temperatures. Phases in any alloy can 

be divided into the primary phase and the secondary phase(es). The primary phase forms the 

matrix in which the solvent element, in this case nickel will be present. It is conventionally referred 

to as the γ phase. Table 2.1 provides a description of the different phases found in superalloys, 

their chemical composition, and their contribution to the properties of the superalloys in general, 

as adapted from the ASM handbook on superalloys [48].  

Table 2.1 Description of phases found in superalloys 

Phase Crystal structure Chemical composition Observations 

γ FCC Solid solution 

• It forms a continuous matrix in which the 

secondary phases reside. 

• Causes solid solution strengthening. 

γ' FCC 

Ni3Al/Ni3(AlxTiy) 

with x and y varying between 

0.5-1 and 0-0.05 wt.% 

respectively 

• It forms precipitates withing the γ matrix, with 

cuboidal or spherical shape. 

• Principal strengthening phase of nickel-based 

superalloys. 

• Causes precipitation strengthening. 

γ'' BCT Ni3Nb 

• It forms precipitates within the γ matrix, in the 

form of coherent discs in alloys with Nb as a 

constituent element. 

• Causes precipitation strengthening and is the 

secondary strengthening phase after the γ' phase. 

• Principle strengthening precipitate in Inconel 718. 

• The phase is unstable at temperatures exceeding 

650°C 

η HCP Ni3Ti 

• It is an undesirable phase which is found in all 

superalloys. It increases the brittleness of the alloy 

in general. 
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δ Orthorhombic Ni3Nb 

• It’s composition is identical to the γ'' phase but the 

crystal structure is different and decreases the 

rupture strength of the alloy. 

µ Rhombohedral Co2W6 (Fe,Co)7(Mo,W)6 

• It is observed in Co based superalloys and have 

irregular platelet like shape at high temperatures. 

• It is not common in nickel-based superalloys 

Laves Hexagonal 
Fe2Nb, Fe2Ti, Fe2Mo Co2Ta 

and Co2Ti 

• Commonly found in cobalt-based superalloys in 

the form of platelets or oblong globules. 

• May occur in Inconel 718 after long term exposure 

to high temperature. 

Carbides phases are considered detrimental for the mechanical properties of superalloys, although they provide structure 

stabilisation at high temperatures in nickel-based superalloys in small quantities. M represents metal and C is carbon. 

MC Cubic TiC, NbC 

• Found at the grain boundaries of the matrix in the 

form of globules and irregular platelets. 

• Causes grain boundary strengthening. 

M23C6 FCC Cr23C6 

• They tend to accumulate at the grain boundaries 

after MC’s decompose at lower temperatures. 

• Harmful for ductility and hot strength of 

superalloys. 

M6C FCC Fe3Mo3C 

• Carbides are distributed randomly with no trend. 

They have a pinkish hue and tend to be stable at 

high temperatures. 

M7C3 Hexagonal Cr7C3 

• Rarely found in most superalloys, unstable form 

and decomposes to M23C6 very rapidly. 

 

2.4.2.2 Strengthening mechanisms in superalloys 

Mechanical properties of superalloys can be controlled by tailoring the microstructure and the 

phases present in it. This control is established either by tweaking the chemical composition i.e., 

by introducing alloying elements and encouraging the formation of desirable phases and 

eliminating phases that are deleterious to the mechanical properties of the alloy. The role of 

alloying elements in getting desired mechanical properties in superalloys has been described in 
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detail in Table 2.1. Chemical based strengthening in superalloys occur in three major ways – solid 

solution strengthening, precipitation strengthening and grain boundary strengthening [53].  

Processing based control is dependent on the manufacturing process used to make the alloy. Cast 

products are usually weak due to the columnar grain structure which is refined by forming [54]. The 

strength of metals is due to the presence of dislocations in the crystal structure, which can be 

introduced both in the form of processing (e.g., cold rolling) or by introducing alloying elements 

(TiC inhibits grain growth and causes grain hardening in superalloys) [54]. 

Solid solution strengthening 

Solid solution strengthening occurs when the existing crystal lattice structure of the base material 

is distorted due to the introduction of an atom(s) of the alloying element as part of a solid solution. 

The size disparity between the atom(s) of the alloying element and the base material dictates the 

nature of strengthening which occurs in the solid solution. 

When the atom(s) of the alloying element are big enough to replace the base material atom(s) in 

the lattice, it distorts the lattice structure and introduces stress in it and is referred to as 

Substitutional Solid Solution Strengthening [53]. This type of strengthening mechanism occurs when 

the disparity of size between the alloying element and base material atoms is less than 15% [53-54]. 

The region affected by the distortion induced stress is called the stress field and they are spherical 

in nature for substitutional solid solution strengthening. When the atoms of the alloying element 

are smaller than the atoms of the base material, they occupy the interstices of the lattice and cause 

tetragonal distortion within the lattice structure and this form of strengthening is called Interstitial 

Solid Solution Strengthening. Figure 2.9 is representative of a standard lattice structure with 

distortion based on substitutional solid solution strengthening and interstitial solid solution 

strengthening. 
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Fig 2.9 Different types of lattice structures: (a) Undistorted lattice (b) Substituional Solid 

Solution Strengthening (c) Interstitial Solid Solution Strengthening 

 

Precipitation strengthening 

Precipitation strengthening occurs due to the presence of precipitates in the primary, matrix phase. 

The precipitates are termed as secondary phases. In case of superalloys, the γ' and γ'' phases are 

responsible for precipitation hardening. These precipitates hinder the propagation of the 

dislocations, thus strengthening the alloy. The effectiveness of precipitation strengthening depends 

on the extent of coherency between the crystals of the precipitate and the base matrix material. 

The number of precipitates which can be packed into the lattice of the matrix increases with the 

coherency, which increases the probability of the precipitates acting as hurdles for the dislocation 

front.  

The γ' and γ'' phases are precipitates that have a close packed crystal (CPC) structure which are 

more effective as hurdles for the dislocation front in comparison with tetragonally packed crystals 

(TCP). These CPC precipitates increase the amount of force or energy needed to overcome them, 

thus strengthening the material [55]. The size of the precipitates is an important criterion which 

affects their efficacy as strength enhancers. The precipitates would fail to stop the dislocation front 

in case their size is too small and would encourage dislocation bowing and reduce the mechanical 

strength of the material [53-54]. 

(a) (b) (c) 
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Grain boundary strengthening 

Grain boundary strengthening depends on the grain boundaries to hinder the propagation of the 

dislocation front, thus contributing to the strength of the material. Grain boundaries are where 

most dislocations stop its propagation but causes stress in the region which causes deformation in 

neighbouring grains, thus forming a stress front which can propagate. If the grain boundaries are 

changes by controlling the grain size, one could control the number of dislocations present in 

every grain and stop the propagation of a dislocation or stress front. Specimens having a smaller 

average grain size would have a higher tensile strength in comparison to specimens which would 

have a larger average grain size. This can be achieved via process control (e.g., faster cooling rates 

during casting, faster scan rates during SLM) or through the composition route, where carbides 

are introduced in superalloys, especially in nickel and iron-nickel based superalloys. 

The phenomenon of grain boundary strengthening is governed by the Hall-Petch equation which 

is provided as follows [56-58]: 

𝜎𝜎 =  𝜎𝜎𝑂𝑂 +  
𝑘𝑘𝑦𝑦
√𝐵𝐵

 [𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝐵𝐵𝑠𝑠𝐵𝐵 2.3] 

where 𝜎𝜎 is the yield stress, 𝜎𝜎𝑂𝑂 is the resistance of the lattice to the dislocation front, 𝑘𝑘𝑦𝑦 is the 

material strengthening coefficient and 𝐵𝐵 is the average grain size. The Hall-Petch equation can be 

misleading as it gives the impression that the strength of a material can be increased by plunging 

the value of the grain size. However, one cannot go lower than the size of the unit cell of the 

material. Schuh and Nieh experimentally determined that the average grain size at which nickel 

superalloys are at their strongest is 10 nm, below which there is a deterioration of mechanical 

properties due to grain boundary sliding [59]. 

Carbides are used to induce grain boundary strengthening but they also have an undesirable side 

effect of encouraging phase instabilities in the microstructure. The MC type of carbides form at 
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high temperatures and occur throughout the microstructure and often decompose to form 

intermediate and low temperature carbides like M6C and M23C6, respectively. 

𝑀𝑀𝑀𝑀 +  𝛾𝛾 → 𝑀𝑀6𝑀𝑀 + 𝛾𝛾′ at 816-982°C [Equation 2.4] 

𝑀𝑀𝑀𝑀 +  𝛾𝛾 → 𝑀𝑀23𝑀𝑀6 +  𝛾𝛾′  at 790-816°C [Equation 2.5] 

M23C6 is the most found form of carbide in nickel-based superalloys and has a blocky and 

irregular morphology. 

2.5 BJT of Superalloys 

BJT as an additive manufacturing technique was initially reserved for the processing of ceramics 

having application as refractory materials for casting of niche alloys. The material agnostic 

versatility of BJT was realised and commented on by many researchers who helped develop BJT 

as a technology and implement it in industry [60] but its use was restricted to processing ceramics. 

The first BJT prototype was tested in 1996 by Z Corporation, an MIT incubated company, who 

chose to focus on printing of ceramic moulds for the casting industry. In Europe at around the 

same time, VoxelJet AG started developing and testing commercial BJT systems which processed 

sand and fabricated moulds for casting of steel and aluminium alloys [61]. BJT was used for making 

casting moulds was its scalability and its quick build-up rate, which has been discussed in Section 

2.2. Moulds of flexible size and geometry could be made very quickly using materials which are 

difficult to process in traditional PBF systems like SLM and EBM. In 2005, they expanded into 

systems that focused on polymers and the system, the VX800 found moderate commercial acclaim 

as an educational tool in universities. 

It was only in 2005, when ExOne Ltd launched commercial systems which focused on Binder 

Jetting of metals. The R2 Metal 3D and X1 Lab were commercial systems which proved to be 

successful in being versatile systems [62], thus opening the gates to systematic research in Binder 

Jetting and its capability to process different materials. Figure 2.10 represents the commercial 
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journey undertaken by Binder Jetting technology. Mostafaei et al. successfully printed specimens 

of Inconel 625 using an ExOne M-Flex commercial system. They correlated the inverse  

 

Fig 2.10 A timeline of the evolution of Binder Jetting as a technology 

relationship between sintering temperature and porosity [63]. Heat treatment of these specimens 

improved the mechanical properties like hardness and tensile strength and caused refinement of 

the microstructure [64]. The printed and sintered specimens performed poorly in fatigue testing, 

which is contrary to the fact that Inconel 625 is high fatigue alloy. It was observed that surface 

grinding of the specimens could be used as a post-processing technique to tighten the dimensional 

tolerances and to improve the fatigue life of the specimens [65]. One trend which was noted was 

the substantial effect which post-processing had on the improvement of the mechanical properties 

of the Inconel 625 samples. Enrique et al. attempted to make metal matrix composites with Inconel 

625 and adopted BJT as the processing technique [66]. They observed that the sintering cycle played 

an important role in the development of microstructure of the final part. The parts that were 
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sintered directly with no dedicated burnout/debinding had a Cr3C2 phase which was absent in the 

counterparts which had a debinding cycle prior to sintering. 

There have been relatively less systematic studies of processing of Inconel 718 using Binder Jetting. 

The first reported systematic study in 2008 used a ProMetal RTS-300 system and focussed on the 

optimisation of parameters like layer thickness and particle size diameter [67]. The density observed 

was reported to be 99% when sintered at 1300°C which came at the expense of the Ni3Nb 

precipitates dissolving into the γ matrix, reducing the strength of the alloy. It was found out that 

1280°C was a better sintering temperature. Nandwana et al. did an extensive study on BJT of 

Inconel 718 and concluded that feedstock composition can be tweaked to assist the BJT process 

[26]. The study also observed that finer powders (7 µm and 21 µm particle size diameter) tended to 

have a higher binder saturation which discouraged the formation of carbides whereas coarser 

powders (70 µm) tended to have a mix of metal carbides with Laves phases.  

2.6 Chapter Summary 

Chapter 2 started with the introduction of Additive Manufacturing as group of technologies that 

are used to build three-dimensional, fully functional parts, directly from a CAD model. Emphasis 

was made on the different techniques of additive manufacturing with focused on the basic 

principle of operation, and the advantages and limitations of the various processes. After a 

preliminary background of the technology was introduced, the chapter focused on introducing the 

BJT process more extensively explaining the advantages and disadvantages of the process. Studies 

available in literature on process parameters and their effect on the process responses were 

discussed. Inkjet printing was discussed briefly due to the procedural similarities between inkjet 

printing and binder jetting, with the different mechanisms of the ink jetting being explained. 

Reported literature specific to BJT of superalloys was explored, starting with a timeline dedicated 

to the maturity of BJT as an additive manufacturing technique both at the prototype and 

commercial level. Studies on processing of superalloys using BJT as the choice of additive 
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manufacturing method were explored where it was inferred that Binder Jetting had certain 

advantages over SLM, its nearest competitor in terms of material agnosticism, production rates 

and lack of support structures which limit design flexibility. It was observed that not many 

systematic studies were conducted on Binder Jetting of Inconel 718 despite preliminary studies on 

Inconel 625 and CMSX 4 alloys being extremely promising. 
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CHAPTER 3: 

MATERIALS, METHODS & CHARACTERISATION 

‘My methodology is not knowing what I’m doing and making that work for me’ – Stone Gossard, 

Guitarist, Pearl Jam. 

3.1 Selection of Inconel 718 

Inconel 718 is a nickel super alloy which is characterised by its austenitic nature containing nickel 

and chromium. It belongs to the Inconel family of nickel super alloys which also include Inconel 

625, BS 3076 and Nicrofer 6020. Inconel 718, unlike most of its other solution hardened cousins 

is a precipitation strengthened alloy where the primary strengthening phase is Ni3Nb, which is 

termed as the γ’ phase. The presence of chromium is instrumental in the alloy having a considerable 

resistance to oxidation, even at elevated temperatures of 1500 K [1]. 

Inconel 718 powders are manufactured specifically for use in AM processes by commercial 

enterprises like Renishaw Plc, Aconity3D GmbH, and Carpenter Additive Ltd. The powders are 

usually used in powder bed fusion processes like SLM and EBM. The particle size of the powders 

depends on the process being used. Typically, lower particle size is chosen for SLM based 

processes as compared to EBM due to the disparity in the energy densities between lasers and 

electron beams used in commercial systems [2]. The powder which has been used and would be 

used during this investigation has been supplied by Carpenter Additive Ltd. The composition of 

the powder has been provided in Table 3.1, with the elements having a compositional percentage 

of > 10% weight highlighted in bold font. 
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Table 3.1- Composition of Inconel 718, supplied by Carpenter Additive Ltd. 

Element Min Max Element Min Max 

Aluminium 0.30 0.70 Manganese -- 0.35 

Boron -- 0.006 Molybdenum 2.80 3.30 

Carbon 0.02 0.08 
Niobium + 

Tantalum 
4.75 5.50 

Calcium -- 0.01 Nickel 50.0 55.0 

Cobalt -- 1.0 Phosphorus -- 0.015 

Chromium 17.0 21.0 Sulfur -- 0.015 

Copper -- 0.30 Selenium -- 0.005 

Iron 15.0 21.0 Silicon -- 0.35 

Magnesium -- 0.01 Titanium 0.75 1.15 

 

3.1.1 Particle size & morphology 

The particle size diameter (PSD) of the Inconel 718 particles of the powder which was supplied 

by the manufacturer was measured using a laser diffraction particle size analyser [Malvern 

Mastersizer 3000, Malvern, UK]. Figure 3.1 represents the mean particle size diameter of the 

powder and its statistical distribution. The measurement was done three times to ensure precision 

and repeatability. It was observed that the median particle diameter (D50) was 75.5 µm which 

matched the PSD of the powder which was supplied by the manufacturer. 

The particle size distribution was also visually analysed using micrographs taken using the help of 

a scanning electron microscope (SEM) [Tescan Vega 3, Tescan, Brno, Czechia] as seen as in Figure 

3.2. The micrography was done in a high vacuum mode in a conventional scattered emission 

manner. Samples which were the feedstock which consisted of metallic powder and non-metallic 

PVA was coated with gold/palladium alloy to discourage charging when the sample was analysed 
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Fig 3.1 Measurement of particle size diameter and its distribution of Inconel 718 powder 

under the electron beam.  

 

Fig 3.2 SEM micrograph of virgin Inconel 718 powder 
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3.2 Selection of Polyvinyl Alcohol 

Polyvinyl alcohol (PVA) is a polymer which was discovered by Hermann Staudinger in 1924. It is 

a colourless, tasteless, and water-soluble synthetic polymer which has widespread applications, 

ranging from textiles industries to the niche biomedical industries [3]. The polymer is considered 

environmentally friendly and is nontoxic when used in solutions under concentration of 5% by 

weight and under. It is available commercially in the form of granules with a wide range of 

molecular weights, ranging from 30,000 to 200,000 g/mol [4]. PVA of three different molecular 

weights was purchased from Alfa Aesar [Alfa Aesar, Heysham, UK]. Table 3.2 describes the details 

of the different types of PVA which have been used in this body of work, including the 

nomenclature which has been used throughout this thesis. It was necessary to get PVA samples 

with a high degree of hydrolysis, which is a measure of a polymer’s solubility in water. The degree 

of hydrolysis of PVA is inversely proportional to its ease of dissolution in water. PVA with high 

degree of hydrolysis, also termed as ‘fully hydrolysed’ PVA, tend to have dissolution temperatures 

Table 3.2 Choice of different types of Polyvinyl Alcohol 

Molecular weight (g/mol) Degree of hydrolysis (%) Nomenclature used 

10,000 

95% 

LMW 

26,000 MMW 

84,000 HMW 

 

greater than 80°C and require high dissolution time, especially for specimens with high molecular 

weight [5]. The high temperature of dissolution is needed to overcome the inter and intra hydrogen 

bonding in the PVA. However, after complete dissolution, the −𝑂𝑂𝑂𝑂 groups of fully hydrolysed 

PVA form strong hydrogen bonding with the water molecules as compared to PVA specimens 

having lower degree of hydrolysis [5-6]. The strong hydrogen bonding between the −𝑂𝑂𝑂𝑂 groups 

present in the polymeric chain of PVA, and the water molecules is important for the spreadability 
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of the aqueous binders as discussed in Chapter 5. The degree of hydrolysis for the PVA used in 

this study, regardless of molecular weight, was chosen to be greater than 98%. 

3.3 Preparation of Feedstock and Binder 

3.3.1 Pulverisation of polyvinyl alcohol 

The PVA which was received from the manufacturer was in granular form. The granules were of 

irregular size and shape and were much larger that the Inconel 718 particles. The mismatch in size 

between the metal powder and the PVA granules discouraged homogenous mixing due to granular 

convection [7] and hence it was important to reduce the size of the PVA granules. PVA was initially 

ball milled at room temperature to obtain a fine, pulverised powder; but it was observed that the 

temperature inside the grinding jar became high enough to cause the PVA to melt and stick 

together, which defeated the purpose of the ball milling of the specimens. Ball milling of the PVA 

specimens was then done at -196°C to ensure that the PVA granules got pulverised into a fine 

powder after undergoing cryogenic embrittlement. A cryogenic ball mill [CryoMill, Retsch, Haan, 

Germany] was used to reduce the granules of PVA of different molecular weights into a fine 

powder. The details of the parameters are provided in detail in Table 3.3. After the PVA samples 

were reduced to fine powder, they were sealed in airtight jars and stored in a silica gel lined 

desiccators to prevent them from interacting with moisture and humidity. Once the powders were 

put inside the desiccators, they could be stored safely up to 15 days without any deterioration in 

sample quality. 
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Table 3.3 List of milling accessories and parameters used for pulverisation of polyvinyl 

alcohol 

Milling Accessories Description 

Cryogenic coolant liquid nitrogen 

Grinding ball Stainless steel, 2 pieces, Φ 2.5 mm 

Grinding jar 25 mL, stainless steel 

Cooling mode Auto at -196 °C 

Milling Parameters Value 

Milling time/cycle 120 s 

Number of cycles per sample 02 

Frequency of cycle 30 Hz (1800 RPM) 

 

3.3.2 Preparation of modified feedstock 

The modified feedstock or feedstock is the term which would be used to refer to the mixture of 

Inconel 718 powder and PVA of different molecular weights. The metal powder and a desired 

quantity of PVA was weighed into a jar, which was then mixed using a speed mixer [DAC 800 

FVZ, Hauschild & Co KG, Hamm, Germany]. It was observed that the feedstock was a 

homogeneous mixture of dry PVA powder and metal powder when the rotational speed was 

maintained at 600 RPM. The maximum time limit of a cycle was 15 minutes, which was a feature 

of the speed mixer, and every sample went through 4 such cycles to ensure a homogeneous 

feedstock. For cohesive regimes where the feedstock contains metal powders, higher speeds 

improve the homogeneity of the feedstock due to more ‘avalanches’ experienced by the feedstock 

per rotation; where ‘avalanches’ denotes the vertical flow of small masses of powder which behave 

as a single unit during the mixing process [8]. The entire mixing process and the parameters used 

for it is described in tabular format in Table 3.4. The resultant feedstock was then stored in glass 

jars of 200 mL capacity with silica desiccant packets to reduce the effect of moisture on the 
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feedstock. A blend of ethylene glycol and iso-propyl alcohol was used in a ratio of 1:4 to prevent 

powder agglomeration due to accumulation of static charge in the powder during the mixing 

process. 50 mL of this blend was used in every jar. 

Table 3.4 List of parameters used in the preparation of feedstock using a speed mixer 

Mixing Parameters Value 

Weight of sample 500 g 

Rotational speed 600 RPM 

Mixing time/cycle 15 minutes 

Cycles/sample 4 

 

3.3.3 Preparation of liquid binder 

The liquid binder, also referred to as binder throughout this body of work is an aqueous solution 

of PVA which was manufactured by mechanical agitation of PVA in de-ionised water using an 

overhead rotary stirrer [T25, Ultra Turrax, Oxford, UK]. The process setup is represented 

schematically in Figure 3.3. Three PVA specimens of molecular weights 10,000; 26,000 and 84,000 

g/mol were chosen for experimentation. The molecular weights of the candidate PVA specimens 

were identical to the ones mentioned in Table 3.2. Molecular weight was considered as a relevant 

process variable throughout the thesis. An ideal binder used for processing materials using BJT 

would have high infiltration capability with optimum levels of vertical infiltration and lateral 

spreading, as discussed by Leary [9]. The extent of lateral spreading and vertical infiltration of a 

binder depends on the surface tension and viscosity of the binder during processing of material 

which can be directly attributed to the molecular weights for polymers like PVA [5,10]. A weighed 

sample of PVA is placed in a beaker and a calculated amount of de-ionised water [Alfa Aesar, 

Heysham, UK] is poured into it. The beaker is then placed on a hot plate with a magnetic stirring 

facility [CL464, Camlab, Over, UK] and is heated up to a suitable temperature and thermally 

agitated using the rotary stirrer for a set amount of time. After complete dissolution of the PVA 
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in the solvent, the setup is dismantled and the PVA solution, which is now considered as the 

binder, is allowed to cool down to room temperature. The binder is then stored in airtight glass 

jars and stored in a refrigerated environment of 6°C till it is used. Prepared binders, stored in this 

manner can be used for a period of 20 days, before the binder solution starts to deteriorate. The 

values of parameters which were used to prepare the liquid binders are provided in Table 3.5. The 

different grades of PVA had different times of dissolution which was linearly proportional to their 

molecular weights. The HMW PVA took more time to dissolve in comparison to MMW and 

LMW. This was attributed to the lengthier polymer chains which is associated with higher 

molecular weight which requires more energy to dissolve in the solvent. The temperature of the 

solution was kept constant throughout the dissolution process. The speed of the overhead stirrer 

was kept constant at 300 RPM. 

 

 

Fig 3.3 Schematic diagram of setup to make aqueous liquid binder 
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Table 3.5 List of parameters used for making liquid binders 

Parameter Type of PVA Value 

Dissolution temperature  All 80°C 

Dissolution duration 

LMW 60 min 

MMW 85 min 

HMW 105 min 

Stirrer speed All 300 RPM 

3.4 Printability Trials 

The effect of the composition of the modified feedstock and the liquid binder on the quality of 

printing and structural integrity of built parts was investigated by trial and error. The addition of 

an optimum amount of binder is important for the green strength of the printed green part. Table 

3.6 tabulates the different combination of PVA concentrations used in the liquid binders and 

modified feedstock used in the experimental printability trials. A single drop on demand, 

piezoelectric glass capillary printhead device [MJ-AT-01, MicroFab Technologies Inc., Plano, US] 

was used for the printability exercise along with a commercial Inkjet printing system [JetLab 4xL, 

MicroFab Technologies Inc., Plano, US]. When the effective amount of PVA was deficient, the 

printed part collapsed under self-weight due to lack of adhesive action of the binder on the powder 

particles. When the effective amount of PVA was high, it often led to drying out of the green part 

due to a lack of water which cause it to crumble upon any attempts to handle it. This was seen in 

samples where the feedstock had 10% PVA by weight which was printed using 5% by weight PVA 

binder. The excessive PVA present in the green part would cause interchain crosslinking, especially 

after the thermal curing process [11]. The crosslinking process could make the cured part extremely 

brittle, which could cause the part to become extremely fragile and susceptible to crumbling. When 

the amount of PVA was above optimum in the liquid binder, the printhead would have problems 

in dispensing it in a reliable manner.  
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Table 3.6 Combination of molecular weights of polyvinyl alcohol, its concentration in the 

Liquid Binder and Modified Feedstock respectively 

PVA Molecular Weight (g/mol) Different composition-based variations 

10, 000 (LMW) 

26, 000 (MMW) 

84, 000 (HMW) 
LMW/MMW/HMW_5_5 

LMW/MMW/HMW _5_10 

LMW/MMW/HMW _10_5 

LMW/MMW/HMW _10_10 

PVA Concentration in Binder (% Wt.) 

5% 

10% 

PVA Concentration in Feedstock (% Wt) 

5% 

10% 

 

Table 3.7 tabulated the trials which were performed to obtain an optimum amount of PVA in the 

liquid binder and the modified feedstock. Once the printability trials were concluded, the feedstock 

and liquid binder, each containing 5% PVA by percentage of weight were prepared using the 

methodology described in Section 3.3. Considering the three different types of PVA which have 

been chosen, the final candidates were LMW_5_5, MMW_5_5 and HMW_5_5 respectively using 

the nomenclature used in Table 3.7. This concludes the section on binder and feedstock 

preparation and now characterisation of the binders and feedstocks would commence in the next 

few sections. 
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Table 3.7 Summary of attempts to print parts with variation in composition of PVA in the 

liquid binder and feedstock. 

𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁 →
𝐅𝐅𝐁𝐁𝐁𝐁𝐁𝐁𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅 ↓

 
0% PVA 5% PVA 10%PVA 

0% PVA Green part disintegrated Green part disintegrated Liquid binder did not jet 

5% PVA Green part disintegrated Part printed, cured Liquid binder did not jet 

10% PVA Dried green part crumbled Dried green part crumbled Liquid binder did not jet 

 

3.5 Thermal Characterisation of Feedstock and Binder 

The green part, once printed and cured, underwent a thermal cycle which involved three main 

stages including binder burnout/de-binding, pre-sintering, and sintering. The cycle was concluded 

with furnace cooling or air cooling. Thermogravimetric analysis (TGA) was used to gauge the 

temperature at which the PVA starts to thermally decompose, indicating the burnout temperature 

and indicate the presence of any extraneous carbon formed due to formation of soot or due to 

charring of the sintered specimen. TGA of the PVA binders and the feedstock was carried out 

separately and have been represented in Figures 3.4 (a) and (b). The TGA of the PVA samples was 

done based on the ASTM E1131-20 standard for thermoplastics [12], where the maximum 

temperature was set at 600°C, following a ramping rate of 10°C/min in a nitrogen purged 

environment. TGA of the feedstock was done till 1260°C using the same ramping rate and purging 

environment. It was observed that the Inconel 718 component of the feedstock did not participate 

in any thermal decomposition in an inert nitrogen environment. Hence, its effect was subtracted 

from the decomposition behaviour to focus more on the PVA component of the feedstock using 

the proprietary software of the TGA setup [TGA 8000, Perkin Elmer, Massachusetts, US]. The 

TGA of the feedstock simulated the parameters of the actual sintering process including the final 
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Fig 3.4 TGA plots to gauge thermal decomposition behaviour and extent of charring in 

(a) PVA granules (b) modified feedstock having Inconel 718 + PVA. 

 

temperature and ramping rate. It was observed that 0.75% of the binder was what remained after 

the conclusion of the ASTM E1131-20 sanctioned TGA cycle whereas in case of TGA of the 

modified feedstock, very little of the binder was remaining after the burnout phase. 

(a) 

(b) 



 

51 
 

3.6 Rheological Characterisation of Powder and Binder 

3.6.1 FT4 based powder rheology 

The permeability, variable flow rate (VFR) and shear stress of the different feedstock were 

measured using an FT4 powder rheometer (Freemantech, Tewkesbury, UK). Virgin Inconel 718 

was initially characterised as a benchmark to understand the effect of the addition of different 

polyvinyl alcohol powders on the spreadability of the modified feedstock. The rheological studies 

were based on the rotation of a stainless-steel blade which would be inserted into a cylindrical glass 

vessel of 25 mL containing a sample of the feedstock. The resistance to dynamic flow experienced 

by the rotating blade due to the powder present in the vessel would be directly proportional to the 

VFR. The methodology was best described by the work of Søgaard et al. [13], whose work evaluated 

the feasibility of using the FT4 rheometer as a reproducible characterisation method. The results 

of the FT4 based rheological evaluation of the feedstocks have been elaborately discussed in 

Chapter 4. 

3.6.2 Surface tension and dynamic viscosity of the binder 

The characteristics of an ideal binder which can be used to process materials using BJT have been 

discussed in Section 3.3.3. The ability of the binder to vertically infiltrate and laterally spread once 

it has contacted the powder bed is dependent on its physical properties like surface tension and 

viscosity. The effective surface tension and viscosity would be dependent on environmental factors 

like operating temperature, hence it is very important to measure the surface tension and viscosity 

of the binders at different temperatures to gauge their possible behaviour as binders during BJT 

of materials. The surface tension of the binder was measured using a tensiometer [K20, Krüss, 

Hamburg, Germany]. The tensiometer has a Wilhelmy plate which was slowly dipped vertically 

into the liquid, in this case being the PVA based binder. After contact is established, the surface 

tension, σ is calculated by the proprietary software, using Equation 3.1 [14] 
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𝜎𝜎 =  
𝐹𝐹

𝐿𝐿 cos𝜃𝜃
 [𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝐵𝐵𝑠𝑠𝐵𝐵 3.1] 

𝜎𝜎 is the calculated surface tension, 𝐹𝐹 is the measured force which acts between the plate and the 

liquid, 𝐿𝐿 is the contact length between the plate and the liquid, which is the width of the plate and 

𝜃𝜃 is the contact angle formed between the liquid and the plate. The measurement process is 

preceded by a calibration step where the value of 𝜃𝜃 is calculated using a calibration liquid with 

known surface tension. The calibration was performed using distilled water at an ambient 

temperature of 30°C. The schematic figure of the working principle is described in Figure 3.5. 

 

Fig 3.5 Wilhelmy plate setup used for calculating surface tension of a liquid. Θ is the 

angle made between T1 and T2, which are tangents to the plate surface and the liquid 

meniscus. 

The dynamic viscosity of the liquid binders was measured using a temperature-controlled 

viscometer [ViscoLab 3000, Cambridge Viscosity, Boston, US]. The temperature was varied 

between 25-40°C at 25, 30, 35 and 40°C and the viscosity was measured at these points. All the 

experiments were done three times for maintaining repeatability. The results have been presented 

and discussed in Chapter 4. 
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3.7 Wettability Analysis – Measure of Powder-Binder Interaction 

The wettability analysis was performed using static sessile drop testing method. The setup has been 

represented in Figure 3.6 (a) to (c) which schematically describes the three important stages of the 

experiment. A predetermined amount of binder (200 µL) is released from a micro-pipette which 

then impinges on the powder bed and is immediately imbibed by it. The digital microscope (in the 

same direction as the sight of the reader) starts recording the process at 100 fps and stops only 

when the droplet completely disappears because of its imbibition by the powder bed. The 

procedure and setup were adapted from the dissertation of Williams [15]. The frames were carefully 

observed, and every candidate liquid binder droplet was measured at the third second after the 

impingement of the droplet on the powder bed. This experiment was preceded by a benchmarking 

exercise where the powder bed was replaced by a solid substrate of Inconel 718. The experiment 

was conducted for every combination of PVA based binder and the corresponding feedstock 

consisting of Inconel 718 powder and PVA powder. The commercial binder was tested against 

virgin Inconel 718 powder, as in commercial systems, pure powder would be printed using 

commercially available binders. The experiment was conducted in a dark lit room with a LED light 

source fitted at the back of the micro-pipette as was described in the literature [15]. 
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Fig 3.6 Schematic diagram of the three different stages of the sessile drop testing 

experiment : (a) liquid binder droplet contacts the powder bed (b) droplet starts to 

infiltrate the powder bed (c) droplet disappears from sight, forms nugget inside the 

powder bed. 

3.8 Jetting of Binder and Printing of Parts 

3.8.1 Droplet jetting parameters during printing 

A drop on demand piezoelectric printhead was used to dispense binder as mentioned earlier. These 

printhead devices are characterised by the presence of a piezo-ceramic attachment. When a voltage 

is applied across the attachment, it deforms and introduces a pressure wave into the column of 

liquid binder which helps the nozzle of the printhead device to reliably dispense a single binder 

(a) (b) 

(c) 
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droplet. The way the voltage is applied across the piezo-ceramic attachment dictates the formation 

and dispensing of droplets from the nozzle of the printhead onto the substrate. The piezoelectric 

attachment expands and contracts when voltage is applied and withdrawn from it, which causes 

pressure waves to form in the capillary column and dispense a droplet [16]. The time for which 

voltage is applied, withdrawn, and applied again are termed as the rise, fall and delay time of the 

droplet ejection process. The time between the rise and fall of the voltage is called the ‘dwell time’. 

Figure 3.7 represents the phenomenon when the voltage is applied, held, and then withdrawn from 

the piezo-ceramic attachment. The voltage and the rise, fall and dwell times are initially set by trial 

and error with the objective of droplet ejection from the nozzle. The entire cycle of voltage rise, 

dwell and fall is called a waveform which physically signifies a single pulse typically causing a binder 

droplet to be ejected. Several such waveforms can be introduced per unit time, which increases 

the control on the droplet dispensation process and decreases the droplet volume. 

 

Fig 3.7 Stages of a generic waveform involved in the formation and ejection of a droplet 

from a piezoelectric printhead device. The trise and tfall may be symmetric or asymmetric 

to ensure reliable ejection of droplets. 

3.8.2 Droplet spacing during printing 

Once the waveform parameters are set to ensure reliable ejection of droplets, the printhead moves 

around the powder bed on an 3D gantry system, selectively depositing droplets of binder. The 
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distance between two consecutive depositions of droplets along a rectilinear direction of 

movement is termed as the droplet spacing. Droplet spacing can be expressed as a function of the 

droplet diameter, d, which is always constant due to the nature of printhead device. The number 

of drops deposited in a unit area of the powder bed increases with the decreasing value of droplet 

spacing. One can control the amount of liquid binder being deposited per unit volume of the 

powder, thus controlling the binder saturation levels of the printing process. In commercial Binder 

Jetting systems, the desired binder saturation level is fed to the system which then calculates the 

droplet spacing based on other printing parameters like layer thickness. However, in the JetLab 

4xL system, the input demanded by the user interface was droplet spacing in the form of steps in 

the X and Y direction of printing, which then led to the automatic calculation of print speed. In 

this work, the desired binder saturation level was kept at 110% to avoid poor particle adhesion 

and feathering as discussed in Section 2.3, Chapter 2, and the number of droplets per envelope 

was calculated and fed into the JetLab 4xL user interface. Table 3.8 elaborates on the parameters 

adopted for the printing process. 

Table 3.8 Summary of parameters adopted during the printing process. The parameters 

highlighted in green are calculated by the user interface 

Controllable and Calculated Parameters for Ejection of Droplets from the Printhead 

Frequency 60 Hz Rise time 3 µs 

Voltage 25 V Dwell time 25 µs 

Echo Voltage -25 V Fall time 3 µs 

Droplet volume 10 pL Final rise time 3 µs 

Controllable and Calculated Printing Parameters 

Binder Saturation 110% Printhead distance 1000 µm 

Layer thickness 200 µm X/Y spacing 30 µm 

Volume/envelope 80 pL Droplets/spacing 8 
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3.8.3 Printing setup 

Figure 3.8 represents the setup which was used to print the green parts. A smooth, polished glass 

platform was used as a substrate for all builds in this body of work. Glass was the material of 

choice as it is chemically inert, relatively unresponsive to heat during the curing process and is easy 

to remove from the cured part due to its polished surface. Templates were placed on the substrate, 

which acted as a mechanism to ensure uniform layer thickness as the feedstock was wiped over it 

with a knife edge wiper. A fresh template was placed after a layer was processed, and fresh powder 

was wiped onto the template, effectively following the ‘layer-by-layer’ action of any powder bed 

technique. The parts being printed were kept well away from the walls of the template to avoid 

any structural support. After the conclusion of the printing process, the templates were cut in 

several places with a hot scalpel and removed. 

 

Fig 3.8 Schematic representation of the printing setup. The dotted red line indicates the 

part being printed  
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The green part was then carefully extracted from the mass of powder using a brush and then 

transferred to the curing oven, where it was kept at a constant temperature of 60°C for twelve 

hours. The curing atmosphere enabled the excess water to evaporate and the PVA present in the 

binder and the feedstock to strengthen the now cured green part. 

3.9 Post-processing of Green Parts – Sintering and HIP 

The cured parts were sintered in a horizontally mounted tube furnace [TF1400, Carbolite Gero, 

Hope, UK]. Figure 3.9 shows the thermal cycle which was programmed into the tube furnace 

feedback system using a programmable logic controller (PLC). This cycle was followed for all parts 

which were sintered throughout the study. The binder burnout was done at 600°C, which was  

 

Fig 3.9 Thermal cycle including the binder burnout, pre-sintering, and sintering stages 

of the post-processing of the printed part [17]. 

maintained for four hours, after which it was pre-sintered at 1090°C before being sintered at 

1260°C. After the conclusion of the sintering process, the furnace was switched off to cool down 

naturally. The gas purged environment was maintained till the temperature of the furnace cooled 

down to 100°C. The cycle was carried out in two different purged atmospheres to investigate the 

role of sintering environments on the part quality. Table 3.9 tabulates the details for the sintering  
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Table 3.9 Description of sintering variables in tabulated format 

Sintering Stages and Duration 

Burnout stage 600°C 4 hours 

Pre-sintering 1090°C 4 hours 

Sintering stage 1260°C 6 hours 

Sintering Atmosphere 

99.98% argon for burnout, pre-sintering, and sintering 

stages and furnace cooling 

95% N2 + 5% H2 mixture for burnout and pre-sintering 

stages. 99.98% argon for sintering and furnace cooling.  

 

process. The gauge pressure of the gas cylinders [BOC, Guildford, UK] was maintained at 1.5 bar 

with a flow rate of 10.5 m3/minute. 

HIP was done on some of the samples to investigate its effect on the porosity and mechanical 

properties of the sintered parts. The post-processing was done using a hot isostatic press [AIP8-

45H, AIP HIP, Columbus, US] at 1200°C for three hours, maintained at a pressure of 1200 bar. 

Fig 3.10 (a) to (c) are some of the parts that were printed and sintered. 
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Fig 3.10 Parts that were processed using PVA based binder and feedstock: (a) sintered 

cubical sample (b) sintered tensile specimen (c) green tensile specimen. 

 

3.10 Porosity Analysis 

The porosity of the samples was evaluated using ImageJ, an open-source image processing 

software, which calculated the porosity by recognising the pores on SEM micrographs of polished 

samples of the transverse section of the samples. The SEM micrographs were converted to 8-bit 

greyscale images and the contrast threshold was measured using ImageJ. The 8-bit image converted 

the image into a black and white image where the contrast was dependent on the topographical 

features of the micrograph, which in this case were the pores and holes on the surface. This method 

was adopted from the dissertation work of Zavala-Arredondo [18] 

(c) 

(a) 

(b) 
40 mm 

40 mm 
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3.11 Mechanical Testing of Parts 

3.11.1 Measurement of green strength 

Green strength is a qualitative measure of the robustness of green parts which are either freshly 

printed or which have undergone curing to activate the adhesive action of the binder. Parts with 

poor green strength often collapse under self-weight or are difficult to handle during the extraction 

and transfer process to the curing oven. A high green strength is indicative of a good interaction 

between the binder and the powder which translates into good, sintered parts with minimal 

porosity. A universal tensile testing machine [10ST, Tinius Olsen Ltd, Redhill, UK] was used to 

measure the flexure suffered by the green parts before failure. The parts were printed in accordance 

with ASTM B312 [19] and were cured in the curing oven for twelve hours as discussed in Section 

3.8. The top ram was located at the middle of the sample and was given a clearance of 1-2 mm 

from the surface of the sample. The approach speed of the top ram was kept at a constant of 1 

mm/min and the pre-load condition was reset to zero after adjusting the ram, before every 

experiment. The experiment was stopped when a drop in the reading was observed which was 

indicative of the flexural failure of the sample. Figure 3.11 (a) and (b) are indicative of a ‘before 

and after’ photo of a sample at the conclusion of a flex test. The results of the green strength tests 

have been discussed in Chapter 5. 
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Fig 3.11 Images of printed and cured green part undergoing green strength 

measurement at (a) commencement (b) conclusion of experiment 

 

3.11.2 Measurement of tensile strength and hardness 

Measurement of the tensile strength was done using a universal tensile strength [50ST, Tinius 

Olsen Ltd, Redhill, UK] with a 50 kN load cell which was supplied by the manufacturer. A clip-

on axial extensometer [Model 3542, Epsilon Technology Corp., Jackson, US] was used to measure 

the strain until the point of rupture. The strain rate was measured in accordance with ASTM 

F3055-14a, and its range was kept within 0.003-0.007 mm/mm/minute [20] to ensure that the 

sample failed under one minute. 

(a) 

(b) 
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The hardness was measured on hot mounted and polished samples using a microhardness tester 

[HM210, Mitutoyo, Kawasaki, Japan] with an incident load of 10 kgf. Every sample had ten 

indentations performed on them to ensure repeatability and the process was conducted in SI units 

for its universal acceptance. 

3.11.3 Miscellaneous experimental details 

3.11.3.1 Sample preparation protocol 

Experimental procedures for measurement of hardness, SEM micrographs and XRD phase 

analysis require polished samples which guarantee the flatness of the sample. The sample 

preparation can be divided into (a) sectioning (b) hot mounting (c) grinding (d) polishing (e) 

cleaning and storage. The sectioning process is where a portion of sample, often containing the 

area of interest (fracture site, corrosion site etc) is separated from the main part. This was relevant 

in this work while working on the fractographs of the tensile test samples. The sectioning process 

carried out using a precision cutting machine [Secotom 10M, Struers Ltd, Rotherham, UK] with 

an abrasive SiC based wheel operating at a speed of 3000 RPM and a feed of 0.02 mm/s. 

The hot mounting process involves putting the sample inside a compression based hot mounting 

press [SimpliMet, Buehler UK Ltd, London, UK], where a conductive thermoset polymer engulfs 

the sample at a temperature of 600°C and pressure of 7 bar. 

The grinding process is done to ensure that the surface is flat. This is achieved by maximising the 

material removal of the sample in a uniform manner to achieve a flat surface. The grinding and 

polishing were achieved in an automated grinder polisher [AutoMet 250, Buehler UK Ltd, London, 

UK] where the sample is rubbed against different grades of SiC paper (P240, P300, P500). The 

grinding process is followed by the polishing process where the aim is to improve the surface finish 

of the surface and remove any scratches which were introduced on the surface of the mounted 



 

64 
 

sample during the polishing process. This is achieved in a similar process by using polishing pads 

and corresponding polishing suspensions [21]. 

After the polishing process, the virgin surface of the sample is prone to oxidation due to the 

presence of moisture in the air. The polished samples are immediately cleaned in a fast stream of 

iso-propyl alcohol and dried using a hot air gun. It is then stored in a desiccator with the surface 

protected using a metallographic cap. 

3.11.3.2 X ray diffraction methodology 

The phase analysis of the samples was completed using an X-ray diffractometer (Empyrean system, 

Panalytcal BV, Almelo, Netherlands). Cu-Kα radiation was used with the Cu tube set at 40 kV and 

45 mA. An X ray mask of 1 mm width was used to filter the incoming X rays which were then 

sent outwards via a divergent slit having a width of 2 mm. The scanning was performed between 

30 to 100° with an incremental step of 0.1°. The X ray beam was passed through a parallel plate 

collimator after diffraction and its intensity was monitored by a PIXcel detector which was set at 

0D mode 

3.12 Chapter Summary 

Chapter 3 elaborates on the different experimental procedures which were adopted throughout 

this body of work. The initial part of the chapter focuses on the characterisation of the raw 

materials including the Inconel 718 and PVA. The preparation of the feedstock and binders are 

described followed by the thermal and rheological characterisation to gauge the suitability of the 

PVA based binders and feedstock in terms of charring and increased carbon content. The powder-

binder interaction process was described with schematics. The droplet dispensing and printing 

parameters were also elaborated upon with the printing process being described with the help of 

a schematic representation. The sintering and post-processing techniques were described in tabular 
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form. Mechanical testing of the parts was mostly done according to international standards which 

were mentioned.  
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CHAPTER 4: 

EVALUATION OF FEEDSTOCK & BINDER 

‘Binders coming out of nozzles, how is that interesting? It’s not like they glow in the dark or smell nice or whatever’ 

– an unconvinced housemate on a Friday evening over sushi and plum tea. 

4.1. Introduction 

The ability of the powder to spread uniformly and consistently is important for the printing process 

to be smooth and to prevent interruptions and failed prints. Any resistance offered by the 

feedstock would be detrimental to the entire printing procedure, resulting in failed prints or a 

compromise with the tight dimensional and geometrical tolerances expected from most AM 

methods. Clayton et al. suggested that the suitability of a feedstock for any AM process required 

its rheological study [1] including measurement of permeability and specific energy. The FT4 

rheometer has been used as an experimental tool to measure the suitability of a powder feedstock, 

for its use in AM processes [2-4].  

Permeability of a powder is the resistance of a powder bed towards an air flow passing through. It 

is a measure of the extent to which an amount of powder can be compacted [5]. A lower value of 

permeability would indicate that powder compaction is too high and that would restrict outgassing 

of the binder during the thermal cycle, which may cause irregular porosity within the bulk of the 

printed part. An optimum permeability would ensure that the individual powder particles are not 

too compacted, which offers the opportunity for the gases to escape the part. Permeability would 

also help the liquid binder to penetrate the bulk of the powder layer deposited and wet all the 

particles, leading to a better inter-particle binding which would result in more robust green parts 

[6]. 
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Specific energy is a measure of the resistance offered by the bulk of the powder to flow. A high 

value of specific energy indicates poor spreading of the feedstock due to the combined effect of 

inter-particle friction, interlocking and cohesion, which is detrimental to the free-flowing action of 

the powder. The term ‘Variable Flow Rate’ or VFR has been used extensively in available literature 

to study the spreadability of different powders. The relationship between specific energy and VFR 

of a sample of given mass, say m is provided by Equation 4.1. 

𝑆𝑆𝑆𝑆𝐵𝐵𝑆𝑆𝐵𝐵𝑆𝑆𝐵𝐵𝑆𝑆 𝐸𝐸𝐵𝐵𝐵𝐵𝐵𝐵𝐸𝐸𝐸𝐸 =  𝑉𝑉𝑉𝑉𝑉𝑉
𝑚𝑚

[Equation 4.1]  

 Shaheen et al. in their numerical studies predicted that large particles having a diameter of 75-79 

µm would have strong cohesive forces which would lead to the formation of powder ‘heaps’ which 

would cause non-uniform spreading [7]. Increased resistance to powder flow would result in non-

uniform layer thickness. The VFR of the feedstock consisting of the metal powder and the dry 

PVA binder was measured to compare its resistance to bulk flow with virgin metal powder. The 

VFR of dry PVA powder was not performed we were primary interested its effect on the entire 

feedstock as a whole. 

Rheological analysis of the liquid binders involved measurement of surface tension and dynamic 

viscosity. Sessile drop testing was also performed to better understand the interaction between the 

binder and the metal powder on the powder bed and its effect on wetting. 

The combination of an aqueous binder with 5% PVA by weight and a feedstock containing 5% 

PVA by weight in the form of granular powder was found to be a suitable combination in the 

printability trials. The role played by molecular weight of the PVA towards this choice of 

combination was unknown. Lewandowska et al. concluded that aqueous solutions of PVA are 

non-Newtonian in nature and are rheologically stable over the variation of time and temperature 

[8]. Mohsen-Nia et al. observed that the rheological properties of aqueous solutions of PVA 

depended on the molecular weight and degree of polymerisation of the polymers [9]. The 
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rheological evaluation of the binder was to primarily identify whether the binder could be jetted 

reliably over time by the inkjet printhead. This can be done by calculating the Ohnesorge number 

( Oh ), a dimensionless number which is defined by Equation 4.2. 

𝑂𝑂ℎ =
𝜇𝜇

�𝜎𝜎𝜎𝜎𝐿𝐿
 [𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝐵𝐵𝑠𝑠𝐵𝐵 4.2] 

µ is the dynamic viscosity, σ is the surface tension, ρ is the density of the liquid being jetted by 

the printhead and L is the diameter of the printhead nozzle. The reciprocal of Oh  is often used 

instead to indicate stability with which a liquid can be jetted successfully by a printhead. This 

reciprocal is termed as the Z  number. The studies of Derby et al. suggested that the range of the 

Z  number for stable jettability should be such that [1,10]Z ∈ [10]
. However, instances of successful 

jetting outside this window have also been reported [11-12]. The measurement of surface tension and 

dynamic viscosity of the binder has become a standardised practice across all groups investigating 

BJT [13-15]. 

4.2. FT4 based Rheological Evaluation of Feedstock 

Fig. 4.1 depicts the variation of permeability of different feedstock with pure Inconel 718 being 

used as a benchmark. The permeability is measured as a function of pressure drop across the bulk 

of the powder which was compacted using a standardised packing stress. Air is blown from the 

bottom of the compacted powder at a standardised pressure and the difference of pressure at the 

bottom and the top of the compact is termed as the pressure drop. The fundamental law that 

governs permeability is Darcy’s equation, which assumes that the permeating fluid, air in this case 

flows through a cylinder, which would be an approximation because of the inter-particle gap [16]. 

Darcy’s approximation is provided as Equation 4.3. It can be concluded that the flow rate of the 

fluid through the porous media is directly proportional to the pressure drop across the compacted 
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sample, which is represented by Equation 4.4. It is easier to experimentally measure the pressure 

drop across the specimen and develop an understanding of its permeability. 

𝑄𝑄 =  
𝑘𝑘𝑘𝑘(𝑃𝑃𝑎𝑎 − 𝑃𝑃𝑒𝑒)

𝜇𝜇𝐿𝐿
 [𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝐵𝐵𝑠𝑠𝐵𝐵 4.3] 

⇒ 𝑄𝑄 ∝ (𝑃𝑃𝐵𝐵 − 𝑃𝑃𝑠𝑠) [𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝐵𝐵𝑠𝑠𝐵𝐵 4.4] 

where Q is the flow rate of the permeating fluid, Pi and Po are the inlet and outlet pressure of the 

permeating fluid, µ is the dynamic viscosity of the fluid, L is the length of the tube, k is the 

permeability of the specimen and A is the area of the specimen. 

The addition of PVA, regardless of molecular weight increased the permeability of the feedstock 

in comparison to virgin Inconel 718. Metal powder particles are prone to agglomeration due to 

large amount of surface charges present on the surface of a single particle. The addition of PVA 

increases the separation between two adjacent Inconel 718 powder particles and discourages 

agglomeration, which in turn increases the permeability. No correlation could be made in between 

the molecular weight of the dry granular PVA and its role in increasing the permeability of the 

modified feedstock. After the measurement of permeability, it was concluded that feedstock 

containing Inconel 718 and PVA of different molecular weights needed to rheologically evaluated 

further.  
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Fig 4.1. Measurement of permeability of different feedstock containing Inconel 718 

including (a) pure Inconel 718 (b) Inconel 718 + LMW PVA (c) Inconel 718 + MMW 

PVA (d) Inconel 718 + HMW PVA 

 

Fig. 4.2 represents the response of the different feedstock when the total energy was measured 

repeatedly by the FT4 system. The total energy of pure Inconel 718 became high with increasing 

number of iterations. There was no specific trend followed the feedstock composed of Inconel 

718 and PVA. The total energy of all these feedstocks starts higher in comparison to that of pure 

Inconel 718 and were comparatively more volatile. But there was a drop in total energy for all the 

feedstocks at around the 7-8th iteration which then started climbing up till the 12th and final 

iteration. The blade tip speed was maintained at 100 mm/s till the 8th iteration so change of blade 

speed was not responsible for any sudden changes in the total energy. The sudden drop in total 

energy could be attributed to the disparity of particle size in the feedstocks and the nature of the 

FT4 test to measure specific energy. The rotating blade gradually comes down and enters the 

cylinder, shifting the feedstock continuously and redistributing the Inconel 718 and PVA particles, 
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which are of different sizes. Similar material responses were noted by Madian et al. [17], who 

observed an increase in localised compressibility around the rotating blade, while processing 

uranium dioxide feedstocks having different particle sizes. Another explanation is that smaller 

particles would settle down at the bottom due to the vigorous stirring action of the blade and 

would act as a stand-alone material. Some of the PVA granules were smaller than the Inconel 718 

particles and would settle at the bottom and would provide a lower value of total energy. 

 

Fig 4.2. Measurement of VFR of different feedstock containing Inconel 718 including 

(a) pure Inconel 718 (b) Inconel 718 + LMW PVA (c) Inconel 718 + MMW PVA (d) 

Inconel 718 + HMW PVA 

The feedstock consisting of metal powder and LMW PVA consistently displayed unsteady trends 

especially during the 8-12th iterations. The relative unsteadiness was expected, as it has been 

observed for the other samples and in other independent work as well [17]. It was the magnitude of 

change per iteration which was of interest. Sources of systematic errors were identified as potential 

slippage between the FT4 blade and the driving motor where the detrimental effect of the slipping 

was exaggerated due to the change of blade speed after the 8th iteration, which would have 
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seemingly increased the resistance faced by the FT4 blade to go through the bulk of the powder, 

thus registering a jump in the reading. The trends shown in the feedstock containing LMW PVA 

were the most unstable so it might suggest the effect of moisture or accidental contaminants which 

might have affected the powder batch that was prepared for the testing. 

The combination of high permeability and low VFR should have helped identify which feedstock 

was more suitable for powder bed applications. But the combination of Inconel 718 and MMW 

PVA displayed an inconsistent and inconclusive VFR while having the highest permeability. The 

HMW PVA counterpart had a relatively stable VFR trend but offered limited improvement in 

permeability as compared to pure Inconel 718. These conflicting values led to the measurement 

of the shear stress of the different feedstocks. Shear stress indicated how the powder would behave 

as part of a consolidated powder bed when a fresh layer of powder is spread. 

Fig. 4.3 shows the variation in shear stress over a range of standardised normal stresses. The shear 

stress of pure Inconel 718 and feedstock with LMW PVA have lower values of shear stress in 

comparison to the feedstock with MMW and HMW PVA for the same values of applied normal 

stress. Both feedstocks consisting of MMW and HMW PVA showed similar shear stress behaviour 

throughout the range of different normal stresses. 

The conclusion from the rheological evaluation was not straight forward as one would have 

thought. The addition of PVA granules to pure Inconel 718 increased the permeability. There was 

no conclusive trend observed in the variation of VFR and the feedstocks containing MMW and 

HMW PVA granules showed higher values of shear stress than feedstock containing LMW PVA 

and no PVA., indicating that spreading of MMW and HMW feedstock would be more difficult in 

comparison to LMW feedstock and pure Inconel 718. We had hoped to eliminate some of the 

feedstock combination which we had chosen but we would proceed with printing with all the 

combinations to experimentally verify if they are able to spread properly during Binder Jetting. 
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Fig 4.3. Measurement of shear stress of different feedstock containing Inconel 718 

including (a) pure Inconel 718 (b) Inconel 718 + LMW PVA (c) Inconel 718 + MMW 

PVA (d) Inconel 718 + HMW PVA 

4.3. Rheological Evaluation of Binders 

The rate of change of dynamic viscosity with temperature is shown in Fig. 4.4. The bench marking 

was done using de-ionised water and the value of dynamic viscosity was found to be matching 

standardised values within experimental limits. The decline in deionised water was the most visible, 

changing by 30% over a range of 15°C. The LMW PVA binder had lower values of dynamic 

viscosity for every temperature point compared to the MMW and HMW PVA binders. The low 

viscosity would suggest better penetration of the binder into the powder bed. The behaviour of 

the MMW and HMW PVA binders with change in temperature was very similar, with the net 

decrease in the viscosity of all the binders was within 13.5%. The positive outtake here is the 

stability shown by the aqueous binders over a range of temperature, which indicates that the binder 

is not susceptible to small temperature changes. However, a cause of concern was that the values 

of viscosity measured for the PVA solutions over a range of temperatures, especially at 25°C; did 
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not agree with the similar work which was available over literature. Vikingsson et al studied PVA 

based hydrogels where the viscosity of a 4% by weight PVA solution was (56 x 10-3) Pa.s at room 

temperature [18]. Salaoru et al. prepared aqueous PVA solutions of 4% by weight which were used 

as inks for inkjet printing and the viscosity was measured to be (4.9 x 10-3) Pa.s at room temperature 

[19]. A similar work was done by Monne et al., where the viscosity of a 4.5% by weight solution was 

found to be (9 x 10-3) Pa.s [20]. The values of viscosity which have been presented in Figure 4.4 are 

much lower in comparison to the studies which have been mentioned. The molecular weights of 

the PVA samples in all these studies were much higher than that of the PVA which have been 

used in this study, but the difference in values of dynamic viscosity by a factor of 0.1 between 

experimentally obtained results and literature was found to be an anomaly, irrespective of the 

molecular weights of the PVA which have been used. 

Fig. 4.5 depicts the change in surface tension of the different binders with change in temperature. 

Deionised water has a very gradual declining trend which is consistent with literature. The LMW 

and HMW PVA based binders exhibit steep change in surface tension from 25°C to 40°C. The 

binder composed of MMW PVA showed a trend like deionised water with only the surface tension 

at 30°C being the outlier. The actual values of surface tension were also found to be at odds with 

values of similar PVA samples, as available in literature [19-20]. The reported values of 4% by weight 

PVA solution were lower than the experimentally obtained values. 
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Fig 4.4. Measurement of dynamic viscosity of liquid binders composed of deionised 

water and PVA of different molecular weights. Deionised water has been used as a 

benchmark here.  

The Z  number of the different binders at 30°C is shown in the Fig. 4.6. The range of Z number 

was observed to be above the maximum value of Z number which was suggested by Derby et 

al. as a good measure of reliable jetting [10]. As mentioned in Section 4.1, successful jetting has 

been reported in literature where the Z number was not in the conventional jetting window [11-

12]. The high values of Z can be attributed to the high values of surface tension and low values 

of viscosity which were experimentally obtained. 
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Fig 4.5. Measurement of surface tension of liquid binders composed of deionised water 

and PVA of different molecular weights. Deionised water has been used as a benchmark 

here 

 

 

Fig 4.6. Z  number of the binders being jetted at 30 °C. Jetting of fluid was possible 

despite Z>10 in all the cases. 
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4.4 Chapter Summary 

Chapter 4 elaborates on the rheological characterisation of the feedstock and liquid binder and 

analyses their effect on the printing process. Separate specific literature reviews were done to 

understand which properties of the feedstock and liquid binder needed to be evaluated. It was 

concluded that an FT4 based measurement of the permeability, variable flow rate and shear stress 

of the feedstocks is relevant as these properties are indicative of powder flowability and stability, 

especially in powder bed applications like Binder Jetting. A study of the available literature on 

binders suggested that their jettability was a common constraint, and the calculation of the 

Ohnesorge number (or the reciprocal, the Z number) was necessary to ensure that the binders 

would be jetted reliably over the course of the work that has been undertaken. It was concluded 

that the Z numbers of all the binders were outside the normal jettability window as defined by 

Derby et al. [10] but the phenomenon of jetting outside this window had also been reported in 

literature [11-12]. 

The FT4 rheological evaluation revealed that the addition of the PVA granules increased the 

permeability of the feedstocks in comparison to the virgin Inconel 718 powder. The feedstock 

with MMW PVA had the highest value of permeability but had an inconclusive VFR. The 

feedstock which had HMW PVA had a lower value of permeability but exhibited a stable trend 

when its VFR was measured. The shear stress tests indicated that virgin Inconel 718 and the 

feedstock with LMW PVA would be more amenable to being spread across the powder bed. Due 

to the indeterminate nature of the FT4 evaluation of the powders, it was decided that all the 

feedstocks would be considered for further testing via printing of actual specimens. 

The surface tension and dynamic viscosity of the different liquid binders were measured over a 

range of different temperatures to gauge the stability of the binders over a reasonable temperature 

range. The Ohnesorge number of the binders were calculated at room temperature, and it was 
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found that all the binders were jettable and could be dispensed reliable over a period without the 

problem of satellitation or unequal droplet formation. 
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CHAPTER 5:  

INTERACTION BETWEEN POWDER AND BINDER 

- WETTABILITY ANALYSIS 

‘Use slo-mo cameras like they do on the Discovery Channel, upload the videos on YouTube and then bosh…. 

influencer innit’ – an enthusiastic cab driver, on how to ‘monetise’ my research. 

5.1 Introduction 

The ability of the powder to wet the surface of the powder bed is important for printing robust 

green parts without any inconsistencies. A droplet of binder has a two-fold behaviour when it 

encounters the powder bed – it starts to radially spread and penetrate the powder bed at the same 

time. The spreading and subsequent wetting of the binder liquid occurs due to the lowering of the 

surface tension of the binder droplet whereas the penetration occurs because of capillary action 

and gravity. Miyanaji et al. established a relationship between capillary pressure and binder 

saturation level at the point of equilibrium for binder permeation [1]. Studies on the role of capillary 

action on the binder interaction with the porous powder bed have agreed that after contact 

between the droplet and the powder bed, the spread can be divided into primary and secondary 

spread, where the primary spread is when the sessile volume is greater than zero and secondary 

spread is when its equal to zero [2-3]. There have been attempts to deconstruct the process of droplet 

interaction with the powder bed. Hapgood et al. observed droplet coalescence and collapse when 

they were slow to penetrate porous granular media [4]. It was a generic study on the physics 

governing the interaction between droplets with granular media. Bai et al investigated this further 

with special focus on Binder Jetting, and stated that the droplet undergoes initial contact, 

spreading, imbibition along with drainage (powder bed penetration) with formation of the ‘nugget’ 

or ‘primitive’ as the concluding step [5]. Fig. 5.1 is a faithful reproduction of their study.  
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Sessile drop goniometry is used to measure the contact angle made by the droplet with the surface 

it is interacting with. The droplet encounters the surface, spreads and on reaching equilibrium, has 

three surface tension vectors which interact simultaneously. This has been schematically shown in 

Fig. 5.2. The angle made between the surface tension vectors ϒLV and ϒSL is termed as the contact 

angle of the droplet with the surface, where the subscripts L, V and S are for liquid (the droplet), 

vapour (the surrounding air) and S (the surface). 

 

  

  

Fig 5.1. Reproduced diagram schematically explaining binder-powder interaction and 

‘nugget’ formation 
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Fig 5.2. Contact angle formed between the surface tension vectors ϒLV and ϒSL 

 

The sessile drop experiment as depicted in Fig. 5.2 has been described as a static contact angle 

measurement test as the droplet comes to a state of equilibrium when its interacting with a solid 

surface. As discussed, the nature of interaction between the binder and powder bed in case of BJT 

is not static as it involves gradual imbibition of the droplet into the bulk of the powder bed. Bai et 

al. calculated the dynamic contact angle, which is the angle formed between the droplet and the 

capillary pores formed in the powder bed [5]. The dynamic contact angle was argued to be a more 

accurate representation of the interaction between the droplet and the powder bed as it considered 

the binder rheology along with the particle dimensions. 

The equation was represented as: 

𝜃𝜃 =  cos−1
4.05𝜇𝜇(1 − 𝜑𝜑)𝑉𝑉

𝑇𝑇𝜑𝜑3𝛾𝛾𝐿𝐿𝑉𝑉𝐵𝐵

2
3

 [𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝐵𝐵𝑠𝑠𝐵𝐵 5.1] 

where 𝜇𝜇, 𝜑𝜑, 𝑉𝑉, 𝑇𝑇, 𝛾𝛾𝐿𝐿𝑉𝑉 and 𝐵𝐵 are dynamic viscosity, packing fraction, droplet volume, droplet 

penetration time, binder surface tension and particle diameter. However, the static contact angle 

has been used in many studies as a measure of wettability of the powder by the binder [6-8] and that 

has been continued in this study as well. 
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5.2 Results & Discussions 

5.2.1 Sessile drop testing 

Figure 5.3 represents the sessile drop test which was conducted on the modified feedstock 

composed of Inconel 718 and granulated PVA, respectively. It was observed that the droplets 

upon impacting the powder bed, started spreading rapidly and had asymmetrical shapes, given that 

the contact angles were not identical. Sessile drop testing of a commercial binder used in 

commercial Binder Jetting machines was done for the purposes of comparison. It was observed 

that the PVA binders had much lower contact angles on the powder bed in comparison to the 

solid surface due to the simultaneous spreading and penetration of the binder droplet on the 

porous surface. The MMW and HMW PVA binders had lower contact angles in comparison to 

the commercial binder, which meant that the spreading and penetrating capacity of the PVA 

binders was better in a time frame of 2 s. 

5.2.2 Role of Molecular Weight on Wetting Behaviour of Binder 

The interaction between the binder droplets and the powder bed can be explained based on the 

molecular weight and the length of the polymer chains of the PVA which was used in the binder. 

The molecular weight of the monomeric unit of PVA is [𝑀𝑀𝑂𝑂2 − 𝑀𝑀𝑂𝑂(𝑂𝑂𝑂𝑂)] is 44 g/mol. The 

molecular weights of LMW, MMW and HMW PVA is 10,000; 26,000 and 84,000 g/mol as 

previously mentioned. The number of basic monomeric units in these polymers would be 227, 590 

and 1909 respectively, forming a polymeric chain of different lengths. When PVA is dissolved in 

an aqueous solution, there are different types of interactions which occur simultaneously –  

(a) intra chain H bonding between two adjacent −(𝑂𝑂𝑂𝑂) groups 

(b) H bonding between the −(𝑂𝑂𝑂𝑂) group and the surrounding water molecules 

(c) Van der Waals interaction between the [𝑀𝑀𝑂𝑂2 − 𝑀𝑀𝑂𝑂(𝑂𝑂𝑂𝑂)] monomer where the H atom 

donates its sole electron to the 𝑀𝑀 atom 
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Fig 5.3 Contact angle between the binder droplet and the powder bed: (a) 

LMW (b) MMW (c) HMW (d) Commercial binder 

 

studies have indicated that the intra chain H bonding dominates over the H bonding between the 

monomer and the water molecules, encouraging cross linking within the chain itself [8-9]. This 

decreases the interaction between the dissolved polymer and the solvent (distilled water) and does 

not hinder the water from spreading and penetrating the powder bed. Increasing length of the 

chain also leads to chain curling which increases the H bonding between the outer −(𝑂𝑂𝑂𝑂) groups 

and the water molecules, which leads to decreased spreading of the water component of the binder 

[9]. The chain length of the polymer would have to be optimum to get the binding action of PVA 

and the spreading action of water. 

  

Commercial Binder 

LMW 

HMW 

MMW 
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5.2.3 Role of Powder Bed on Penetration Behaviour of Binder 

Figure 4.1 as described in Chapter 4 measured the permeability of different feedstock. It was 

observed that the addition of PVA granules improved the permeability of the feedstock in 

comparison to virgin Inconel 718 powder. The feedstock which was composed of Inconel 718 

and MMW PVA had exhibited the highest levels of permeability. A high permeability of the 

powder bed would indicate reduced agglomeration between the metal particles and increased inter 

particle spacing. Both these factors would encourage better binder powder interaction and better 

binder spreading and penetration. 

The role of the presence of PVA granules in the feedstock could influence the penetrability of the 

binder by immediately dissolving with the aqueous component. However, it was found that no 

immediate dissolution of the granular PVA present in the feedstock would occur due to its 

interaction with a binder droplet. Their interaction is captured by the Flory-Huggins equation [10-

11]. 

[Equation 5.2] 

∆𝐺𝐺𝑚𝑚,𝑅𝑅,𝑇𝑇,𝐵𝐵1, 𝐵𝐵2,𝜙𝜙1,𝜙𝜙2,𝜒𝜒12  are the Gibbs free energy, universal gas constant, quantity of 

solvent in moles, quantity of solute in moles, solvent volume fraction, solute volume fraction and 

mixing parameter, respectively. The calculations indicated that the value of ∆𝐺𝐺𝑚𝑚 is very low for all 

the molecular weights of PVA used and hence, immediate dissolution of the PVA granules with 

the binder would not occur at room temperature. The calculations have been made available in the 

appendix. 

The dissolution of the PVA granules present in the feedstock occur at elevated temperatures when 

exposed to the curing stage in the oven and provide adhesive effect to the printed part. 
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5.2.4 Green Strength 

The green strength is a quantitative way to judge the robustness of printed parts. Miyanaji et al. 

emphasised on the importance of green strength of printed parts and their effect on the mechanical 

properties once the parts are sintered [12]. The parts printed using MMW and HMW PVA showed 

similar flexural deformation behaviour with the part printed using MMW capitulating at a higher 

load of 140 N in comparison to the HMW counterpart, which failed at 115 N. The robustness of 

the part printed using MMW is due to its better wetting behaviour which promoted better inter-

particle bonding in comparison to the HMW binder. The LMW binder deformed extensively at 

lower loads and was able to absorb much less energy before breaking. 

Fig. 5.4 represents the deflection vs compressive load plot of the green parts that were printed 

using different PVA based binders.  

The part printed using MMW had the highest flexural strength of 3.46 MPa whereas the LMW 

and HMW counterparts had very similar flexural strengths of 2.8 and 2.7 MPa, respectively. 

 

Fig 5.4 Deflection of green parts printed using different PVA based binder, under 

compressive load 
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5.3 Chapter Summary 

Chapter 5 focuses on the powder-binder interaction which occurs when the binder droplet 

contacts the powder bed. The mechanism of the interaction was mapped from the previous studies 

that were reported, which focused on the binder propagation in the bulk of the powder bed. The 

contact angle of the binder droplets was initially measured on a solid substrate made of Inconel 

718 as a benchmark and it was observed that the all the PVA based liquid binders had high contact 

angles, indicative of poor wetting action between the solid substrate and the binder. Literature 

suggested that the contact angle measured between the binder and the powder was a better 

measure of the wetting compatibility of the binder with the powder bed. 

Sessile drop testing of binder droplets on the powder bed was conducted for three different types 

of PVA based liquid binders based on their molecular weight. A commercial binder was also 

trialled for the sake of comparison. It was observed that the MMW PVA based binder had the 

lowest contact angle of 27° with the powder which outperformed the commercial binder. The 

optimal polymer chain of the MMW PVA and the relative inviscid nature of the water base of the 

binder was attributed as the cause for its better wetting action in comparison to the commercial 

binder and the other PVA based binders. 

The powder-binder interaction is best manifested in the green strength of the printed parts. 

Samples were printed in accordance with the ASTM B312-20 and were flexed to the point of 

failure using a UTM. The approach speed of the top ram was kept at a constant of 1 mm/min and 

the clearance between the ram and the top surface of the sample was maintained at 1-2 mm so 

that the approach speed of the top ram was constant when it came into contact with the test 

specimen. The parts that were printed using a combination of MMW PVA based binder and 

feedstock had the highest flexural strength of 3.46 MPa, whereas the parts which were printed 

using LMW and HMW inks had very similar values of 2.8 and 2.7 MPa respectively. 
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CHAPTER 6: 

EVALUATION OF POROSITY IN SINTERED PARTS 

‘Without porosity, we metal AM guys wouldn’t have much to talk about really. I sometimes wonder if some of us 

are scared that solving porosity would diminish our relevance in this dynamic field’ – a delirious postdoc at a 

pub, after too many beers 

6.1. Introduction 

6.1.1. Porosity – a consistent issue in Additive Manufacturing 

Porosity is a phenomenon which has defined as the presence of voids and cavities within the bulk 

of a material making it less than fully dense [1]. It has traditionally been a problem observed during 

manufacturing processes like casting and joining processes. All these manufacturing and joining 

processes involve the solidification of a melt pool, which can be large for castings or small for 

most welding processes. The formation of voids in cast products and weldments is usually due to 

the freezing in of the gas released from the molten pool of metal as it solidifies. Katayama et al. 

studied laser welding of stainless steel and concluded that the porosity was caused due to the 

entrapment of bubbles in the weld pool by the solidifying front [2]. The bubbles were caused due 

to evaporation of metals which was a side effect of the interaction between the metal and the laser. 

Continuing their studies on laser welding, Katayama reported lack of fusion during laser welding 

of aluminium alloys and low carbon steel [3]. The conclusion was that the laser parameters could 

not be optimised for both the materials simultaneously and led to unequal melting of the dissimilar 

materials. Matsunawa et al concluded that porosity during laser welding happened due to unstable 

keyhole phenomena and correlated the formation of voids to the choice of shielding gas [4]. The 

physics of porosity is similar in PBF processes like SLM, and initial investigation of porosity was 

heavily inspired by laser welding [5-7]. Kasperovich et al. investigated porosity during SLM of Ti-

6Al-4V and reported that laser energy density had to be optimised perfectly to prevent porosity [8]. 
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A low energy density would result in insufficient fusion whereas an excessively high energy density 

would encourage metal evaporation causing gas porosity and would also cause keyholing. Further 

studies on porosity during SLM of titanium alloys concluded that 90% of porosity can be 

eliminated by careful consideration of processing parameters like laser power, scanning speed and 

emissivity of the powder used [9]. 

Binder Jetting is a process where porosity is not introduced into the part being manufactured 

during the actual printing process. Any residual porosity in Binder Jetted components can be 

attributed to the sintering cycle. It does not involve the solidification of metal melt pools so 

porosity mechanisms which were valid for processes like SLM, and EBM are not valid for Binder 

Jetting. The sintering cycle is an important step for manufacturing components successfully using 

Binder Jetting which is very similar to Metal Injection Moulding (MIM). Both processes involve 

the use of binders and post-processing includes de-binding (also termed as binder burnout), 

sintering and further heat treatments. Sung et al. studied the effect of sintering temperature on 

porosity while processing stainless steel using MIM [10]. The porosity ranged from 39% of parts 

sintered at 900°C to 1% when sintered at 1350°C. The pore distribution was found to become 

more isolated with an increase in sintering temperature. Increased sintering temperatures were 

credited for better necking action among adjacent particles which resulted in overall improved 

quality of sintering and reduced porosity. Machaka et al. studied the role of particle size on powder-

binder interaction during MIM of stainless steels [11]. Extremely fine powders having a PSD of 5 

µm were prone to agglomeration when they interacted with the binder which caused an uneven 

de-binding process, resulting in formation of voids across the bulk of the manufactured samples. 

Studies have also investigated the role of the binder’s stability in maintaining low levels of porosity 

while processing metals in MIM [12-13]. The consensus was that binder stability over range of 

temperature was necessary to ensure that the powder behaviour did not change over different 

stages of processing. 
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6.1.2. Porosity during Binder Jetting 

Porosity in Binder Jetting so far has been attributed to the sintering cycle and literature has strongly 

suggested that the physics of sintering is similar in MIM and BJT. However, there are multiple 

parameters which are not factors in Binder Jetting in comparison to MIM. Parameters like 

extrusion temperature, flow activation and slurry rheology are extremely important and are 

extensively studied in MIM, but they are absent in Binder Jetting. A common cause of porosity in 

parts manufactured due to MIM is the improper mixing of powder and binder creating ‘powder 

rich zones’ and ‘binder rich zones’, which sinter differently [14-15]. This problem is avoided in Binder 

Jetting due to the jetting of the binder on the powder bed. In MIM, the mould often acts as a heat 

sink, which causes the extruded mix of powder and binder to shrink unevenly causing porosity [15-

18]. The process of printing in Binder Jetting is done at room temperature and these issues, 

mentioned earlier do not arise or influence the printed part. 

Mirzababaei et al., focused on the issue of porosity during BJT of 316L stainless steels [18]. Their 

review revealed that porosity in Binder Jetted parts was usually due to insufficient fusion of the 

particles during sintering. However, some other studies concluded that porosity in Binder Jetted 

parts were also attributed to inter-layer spacing, powder morphology and voids left behind after 

binder burnout [19]. The review of Du et al. focused on porosity of ceramic components printed 

using BJT and reported that an excessive binder saturation resulted in high levels of porosity [20].  

The effect of particle morphology on densification was investigated during Binder Jetting of 

Inconel 625 [21-22]. Powders having higher particle size diameter showed higher densification in both 

their green and sintered forms and had lower shrinkage in the Z direction. Spherical gas atomised 

particles of Inconel 625 resulted in better densification and better mechanical properties than their 

irregularly shaped counterparts that were atomised in water. Nandwana et al. advocated for using 

coarser particles during BJT of Inconel 718 to avoid higher binder saturation and porosity as a 
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result, thus agreeing with previously mentioned literature which focussed on effect of binder 

saturation during processing of ceramics. 

6.1.3. Strategies to eliminate porosity 

Porosity is unavoidable in additively manufactured components [1]. Voids in the bulk in of a 

component may act as stress concentration sites which may encourage and propagate cracking, 

regardless of process or material used [23-26]. Postprocess HIP has been considered an effective way 

to reduce porosity and consolidate parts fabricated by AM [27]. It has been used reliably to reduce 

porosity during SLM of steels, titanium alloys and nickel super alloys 
[28-31]. The consolidating and 

packing action of HIP was used to reduce the porosity of sintered components which were printed 

via Binder Jetting in materials like copper [32-34], WC-Co cermets [35-36] and nickel super alloys [37-38].  

6.2 Results & Discussions 

6.2.1 Role of mode of binder deposition  

Fig. 6.1 represents the SEM micrographs and their corresponding porosity maps of the transverse 

cross section of cubical parts which were printed with the binder deposited manually. The 

corresponding porosity maps have been calculated using an image processing software, ImageJ. 

This was an attempt done to understand the effect of the liquid binder alone on part quality. The 

specimen that was printed using LMW showed partial sintering with particle pull out. This 

increased the porosity and the LMW specimen reported a high porosity of 20.39%. The specimens 

that used MMW and HMW PVA as part of the feedstock and the liquid binder showed lower 

porosities of 9.78% and 10.97% respectively. The image processing software was able to report 

levels of porosity very well but was not able to identify the partial sintering which was the main 

failure here. The lack of a contiguous surface was not encouraging, and further mechanical testing 

of these parts was found to be futile and was not attempted.  
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Fig. 6.2 showcases the micrographs and porosity maps of parts that were printed on the JetLab 

4xL printer using piezoelectric inkjet printheads. The distribution of liquid binder was much 

uniform and consisted in this method. The sintered parts showed a lower level of porosity and a 

consistent, contiguous surface. The parts printed using LMW, MMW and HMW PVA binders 

exhibited a porosity of 17.61%, 3.84% and 5.98%. 

 

  

 

  

 

  

Fig 6.1 SEM micrographs and corresponding porosity mapping of manually deposited 

and sintered specimens: (a&a*) LMW; porosity of 20.39% (b&b*) MMW; porosity of 

9.78% (c&c*) HMW; porosity of 10.97%. 
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Fig 6.2 SEM micrographs and corresponding porosity mapping of specimens printed 

using jetting action of a piezo-electric printhead: (a&a*) LMW; porosity of 17.61% 

(b&b*) MMW; porosity of 3.84% (c&c*) HMW; porosity of 5.98%. 

 

The lowered porosity as seen in the porosity mapping in Fig. 6.2 was due to better wetting of the 

feedstock by the binder. The manual deposition of the PVA based binder using a micro-pipette 

was characterised by the deposition of a large volume of liquid binder on the feedstock in a single 

step which led to the surface tension of the liquid dominating over the capillary action of the 
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porous feedstock and gravity [39]. The jetting action of the printhead was more consistent and it 

spread uniform droplets over the surface of the powder bed which encouraged better wetting, 

allowing the droplets to penetrate the powder bed causing better interaction between the particles 

of the feedstock and binder. 

6.2.2. Role of Sintering Environment. 

Fig. 6.3 and Fig. 6.4 represents the micrographs and their corresponding porosity maps for parts 

that were sintered in solely in an argon atmosphere throughout and in a mixture of H2/N2 gas 

followed by argon, respectively. Visual inspection of the micrographs indicated that the parts 

sintered in argon throughout, as shown in Fig. 6.3 had contiguous surface with full particle 

sintering. The parts printed using LMW, MMW and HMW binders, when sintered in an argon 

environment, exhibited porosities of 7.21%, 5.34% and 9.77% respectively with the part printed 

using MMW PVA in the feedstock and the binder having the lowest level of porosity. The mixture 

of H2/N2 gas followed by argon provided an environment which caused poor, inconsistent 

sintering along with particle pull out from the surface. Porosity mapping suggested that the parts 

printed using LMW, MMW and HMW binders had relatively high porosity levels of 17.58%, 

11.31% and 10.37% respectively. 
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Fig 6.3 SEM micrographs and porosity mapping of tensile specimens sintered in 99.98% 

Argon environment: (a&a*) LMW; porosity of 7.21% (b&b*) MMW; porosity of 5.34% 

(c&c*) HMW; porosity of 9.77%. 
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Fig 6.4 SEM micrographs and porosity mapping of tensile specimens sintered in a gas 

mix of N2/H2 followed by Argon: (a&a*) LMW; porosity of 17.58% (b&b*) MMW; 

porosity of 11.31% (c&c*) HMW; porosity of 10.37%. 

 

The N2/H2 mixture was used as purging gas till the temperature reached 1260°C to prevent 

evaporation of chromium, after which argon was used during the sintering process. However, the 

same gas mixture would have led to nitrogen uptake by the chromium present in the Inconel 718 

alloy to form hard, brittle Cr2N phases. The removal of chromium reduced the ability of the 
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Inconel 718 particles to initiate the necking process [40], thus leading to poor sintering as seen in 

Fig. 6.4. 

The TGA of the binders, as shown in Figure 3.4, suggested that the burnout of the MMW polyvinyl 

alcohol was more sensitive to the change in temperature and the burnout was gradual compared 

to the LMW and MMW polyvinyl alcohol, leading to reduced porosity. 

6.2.3 Role of HIP on reducing porosity 

Fig. 6.5 and 6.6 represents the micrographs of the transverse cross sectional area of parts that were 

sintered in an argon purged environment and N2/H2 mixture followed by argon respectively, then 

post-processed in a HIP environment.  

 

  

 

  

Fig 6.5 SEM micrographs and porosity mapping of tensile specimens sintered solely in 

an argon environment and then HIP’ed: (a&a*) MMW; porosity of 1.04% (b&b*) HMW; 

porosity of 1.35% 
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The corresponding porosity maps have also been represented as per convention followed 

throughout this chapter. The parts that were printed using MMW and HMW PVA in the feedstock 

and the liquid binders were sent for HIP as the high levels of porosity seen in the parts printed 

using LMW PVA were unsatisfactory enough to not proceed ahead with any further post-

processing. There was a extensive reduction in porosity in the sintered parts along with an increase 

in the contiguousness of the sintered surface. Comparing with the data represented in Fig. 6.3, 

there was a reduction of porosity in the parts printed using MMW and HMW PVA by 4.3% and 

8.42%. The HIP based post-processing seemed to have an equalising effect on the porosity of the 

specimens, with both the specimens printed using different binders having the same porosity. The 

porosity of the samples after completion of HIP is at par with other studies involving commercial 

systems and binders where Inconel was processed using sintering procedures which are more 

complicated to carry out [41]. 

The trend of reduction in porosity was not replicated in samples sintered in the N2/H2 gas mixture 

Porosity remained unaffected in the specimens sintered in the N2/H2 gas mixture after being post-

processed in HIP environment. The presence of Cr2N phase can be blamed for this, but there is 

no literature which has reported the behaviour of a sintered part with nitrogen uptake in a HIP 

environment. 

6.3 Chapter Summary 

Chapter 6 focuses on the process response of porosity which is a major metric of part quality. It 

is a phenomenon which is observed in all additively manufactured parts and in other, more 

conventional manufacturing processes like casting and joining processes like welding and brazing. 

A porosity specific literature review revealed the differences in the mechanism of pore formation 

between different additive manufacturing techniques like PBF techniques and Binder Jetting. 

Existing studies also reported the prevalence of using HIP as a post-processing measure to reduce 

porosity. The mechanism of porosity in Binder Jetting was found to be very similar to parts made  
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Fig 6.6 SEM micrographs of transverse sections of tensile specimens and corresponding 

porosity mapping, sintered solely in an N2/H2 mixture followed by an argon purged 

environment, HIP’ed: (a&a*) MMW; porosity of 11.05% (b&b*) HMW; porosity of 

10.20% 

 

by MIM, due to the important role played by the sintering step in both processes. The role of 

mode of binder deposition on part quality was hence investigated to understand the role played by 

the jetting action of the inkjet printhead device. The repeatability and consistency of the deposition 

of droplets by the printhead was credited for the better densification of the printed parts in 

comparison to parts that were built using a manual deposition of binder. 

The role of sintering environment on the quality and composition of the part is extensive as was 

established in Section 2.5, Chapter 2. Samples sintered in two different environments, 99.98% 

argon throughout and a combination of N2/H2 mixture, followed by argon in the sintering stage 

provided very contrasting levels of porosity. The N2/H2 environment induced nitrogen uptake by 
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the chromium present in the alloy to form Cr2N which stunted the sintering process, causing very 

poor densification in the specimens sintered in the N2/H2 atmosphere. The 99.98% argon 

atmosphere during sintering led to very low levels of specimen porosity with the samples printed 

using MMW PVA based binder and feedstock reporting a value of 5.34% porosity. 

HIP improved the porosity of the parts sintered in 99.98% argon substantially with the porosity 

reported as going below 2%. However, post-processing could not improve the lack of sintering in 

the specimens that were sintered in the N2/H2 environment. 

An aspect which was not explored in this thesis was the effect of porosity on the fatigue life of 

printed parts of Inconel 718. Muhammad et al. reported that randomly distributed pores in the 

bulk of the SS 316L specimens manufactured by BJT, did not contribute to failure induced by 

cyclic loading [42]. The phenomenon of interconnected porosity was observed to be more 

detrimental to the fatigue life of BJT specimens as they helped in the propagation of macro-cracks 

during fatigue testing leading to failure [42-45]. Once crack initiation occurs due to cyclic loading, 

their propagation is hastened due to the nature of interconnected porosity. 
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CHAPTER 7: 

MECHANICAL PROPERTIES OF SINTERED PARTS 

‘Do you test it on animals or is it like, cruelty free?’ – a Year 6 student at an outreach programme 

7.1. Introduction 

The aim of additively manufactured components is to compete with their conventionally 

manufactured counterparts and if possible, replace the conventional manufacturing process. When 

components have structural and load bearing applications, it is very important to ensure that the 

printed parts have the mechanical capability to withstand the load bearing environment. 

Mechanical testing is often conducted on these additively manufactured specimens to evaluate 

their suitability as replacements of conventionally manufactured counterparts. Mechanical testing 

often involves measuring and calculating properties like elasticity modulus, tensile strength, 

hardness, and fatigue behaviour and ensuring that these values are within the safe limits, depending 

on the application and nature of intended use of the components. 

The review of the different studies on mechanical properties of components fabricated by different 

AM techniques by Lewandowski and Seifi concluded that mechanical properties of parts printed 

using SLM, EBM and DED methods reported properties similar to those manufactured using 

casting, forging and metal injection moulding [1]. The review also noticed that the most research 

on mechanical testing of AM parts involved tensile and compression testing of specimens and the 

most materials tested were titanium, nickel, and aluminium alloys along with stainless steels. Li et 

al., focused on the mechanical properties of Binder Jetted components and compared the yield 

strength and ultimate tensile strength (UTS) with parts manufactured using cold working. The 

properties were reported to be consistently lower than the cold rolled counterparts.  
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Porosity is a process response which is inherent of the Binder Jetting process, as has been seen in 

Chapter 5. Porosity and lack of fusion has been seen as a common reason for compromised 

mechanical properties. Zwiren and Murphy compared the mechanical properties of conventionally 

sintered parts with those fabricated using Binder Jetting and concluded that the conventionally 

sintered parts had lower porosity and higher value of ultimate tensile strength, when sintered at 

1260°C. The powder metallurgy samples were compacted at a pressure of 830 MPa which was 

credited for reducing the porosity significantly, which in turn resulted in the samples having higher 

values of ultimate tensile strength [3]. Binder Jetted parts made of steels were often strengthened 

by infiltration with brass and bronze to improve the mechanical properties [4-7]. Elliott et al. 

improved the tensile strength of Binder Jetted parts made of austenitic stainless steel by using 

stainless steel nanoparticles [8]. Nandwana et al. stated that infiltration of parts printed using Inconel 

718 was considered counterproductive given that a lot of applications require a homogenous 

microstructure [9]. 

Mechanical properties like hardness and behaviour under tensile testing can often be explained 

from the presence or absence of certain phases in the microstructure. As discussed in Section 2.3 

in Chapter 2, Inconel 718 is a precipitation strengthened nickel alloy which has an austenitic matrix 

{γ} in which intermetallic phases like Ni3(Al, Ti) {γ'}, tetragonal Ni3Nb {γ''} and orthorhombic 

Ni3Nb {δ} are precipitated to provide the mechanical strength that Inconel 718 is known for. 

There are other tetragonally close packed phases like Fe (Cr, Mo) {σ} and Laves phases that are 

deleterious for the mechanical properties of the material [10-11]. The presence of carbides like NbC, 

TiC and Ti(CN) are also detected in the form of small inclusions which promote grain boundary 

stabilisation and can provide a secondary strengthening mechanism via dispersion into the main γ 

phase matrix [12]. 

There has been extensive research on additive manufacturing of Inconel 718, especially with focus 

on SLM of Inconel 718 [13-16]. The study of formation of Laves phase during welding of Inconel 
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718 was done by Radhakrishna and Rao et al [17]. They concluded that post-weld heat treatment 

was essential for reversing the effect of formation of Laves phase. The studies of Popovich et al. 

concluded that freshly printed SLM specimens of Inconel 718 had dendritic Laves phase and 

carbide rich zones which dissolved into the γ phase matrix after lengthy post processing including 

HIP and an eight-hour heat treatment process [18]. The formation of Laves rich zones in the freshly 

printed samples resulted in lower tensile strength as compared to cast and wrought counterparts 

[18]. Quantitative studies revealed that the distribution of Laves phase was concentrated at the 

bottom of the build and it declined with the deposition of layers which slowed down the cooling 

rate [19]. The tensile strength also was directly affected by this varying distribution of Laves phase. 

Li et al focused on the effect of heat treatment strategies like solution ageing and double ageing 

on the hardness of specimens of Inconel 718, printed using SLM [20]. They concluded that freshly 

printed specimens had segregated Laves phase and carbides presence which underwent 

homogenisation after heat treatment. However, they found that the hardness of the heat-treated 

specimens was higher than the freshly printed samples because the hardness was derived from the 

strengthening of γ'' phase by the dissolution of Nb back into the matrix phase. They did not 

associate the hardness of the specimens with the presence of the Laves phases. 

7.2. Results & Discussions 

7.2.1 Results 

Figure 7.1 (a) to (c) represent the tensile testing results of the printed parts using PVA based liquid 

binders of different molecular weights and sintered in two different purging environments. It was 

observed that specimens sintered in an argon environment had a higher ultimate tensile strength 

(UTS) irrespective of the nature of binder used. The UTS of the samples printed using LMW PVA 

binder and feedstock were 126 MPa and 97 MPa when sintered solely in argon and in a mixture 

of N2/H2 and argon, respectively. These values were the poorest reported amongst all the samples. 

When MMW PVA was used as the binder base and part of the modified feedstock, the ultimate 
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tensile strength was seen to improve. They were measured to be 237 MPa and 170 MPa when 

sintered in argon and the gas mixture, respectively. Ultimate tensile strength reported for HMW 

PVA binder and feedstock were 196 MPa and 172 MPa.  

The measured values of ultimate tensile strength were low in comparison to other studies which 

did mechanical testing of Inconel 718 parts manufactured using conventional methods like casting 

and forging; and other competing additive manufacturing techniques like SLM [21].  

Figure 7.2 is a graphical summary of the tensile testing of specimens that were post processed 

using HIP. Post processing was performed on the two samples that had the highest ultimate tensile 

strengths, which were the samples printed using MMW and HMW PVA binders and feedstock, 

both sintered solely in 99.98% argon environment. The post processing drastically elevates the 

ultimate tensile strength of both the samples. The slope of the MMW PVA specimen is steeper in 

comparison to the HMW PVA. The specimen which was printed using HMW PVA present in the 

feedstock and binder underwent a larger change in strain for marginally lower values of stress 

which is indicative of more ductile behaviour in comparison to the MMW PVA sample. The stress-

strain plot of the MMW PVA sample was very similar to brittle materials like glass [22], with a plot 

being a straight line which ends in brittle fracture. The discrepancy of material responses between 

the specimens printed using HMW and MMW PVA can be attributed to the human errors 

introduced into the specimens during the printing process, especially during the manual spreading 

of feedstock. Slippage between the specimen and the jaws of the UTM was observed during tensile 

testing of the specimen which was printed using HMW PVA. The specimen printed using MMW 

PVA based binder and feedstock reported an ultimate tensile strength of 1010 MPa and the HMW 

PVA specimen had an ultimate tensile strength of 880 MPa. The results of the printed specimens 

after HIP were better than their cast counterparts and were comparable to the tensile strengths of 

Inconel 718 specimens printed using SLM [21].  
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Figure 7.3 (a) and (b) represents the macro hardness data of the sintered and HIPed samples, 

respectively. In Fig. 7.3 (a), it was observed that the hardness of the samples printed using MMW 

and HMW base binders and feedstock have similar levels of hardness. The sample printed using 

MMW PVA based binder and feedstock had the highest hardness when sintered solely in argon. 

The hardness of the samples printed using LMW binders and feedstock were measured to be the 

lowest 

 

 

(a) 

(b) 
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Fig 7.1 Stress vs Strain plots of  Inconel 718 tensile specimens printed using 

different PVA based binders and feedstock: (a) LMW (b) MMW (c) HMW 

 

Fig 7.2 Stress vs Strain plot of Inconel 718 tensile specimens sintered in 99.98% argon 

and post processed using HIP. 

 

The hardness of the samples was observed to increase after they were post processed using HIP 

and it was observed that the sample printed using MMW based binder and feedstock which was 

sintered in argon still had the highest value of hardness. The effect of HIP was not that pronounced 

on the samples printed using LMW based binder and feedstock. 

The hardness of the printed and sintered samples was consistently lower than values reported by 

studies on SLM of Inconel 718 [23-24]. However, the specimens printed using MMW based binder 

(c) 
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and feedstock had a higher value of hardness in comparison to reported values in studies which 

focused on BJT of nickel superalloys [25]. 

 

 

Fig 7.3 Variation in hardness in specimens: (a) freshly sintered (b) sintered + HIP 

 

7.2.2 Phase Analysis and Mechanical Properties 

Figure 7.3 represents the X ray diffraction (XRD) based phase analysis of specimens processed in 

different sintering environments including post-processing strategies like HIP. These specimens 

were printed using MMW based binder and feedstock. The XRD scans revealed that none of the 

specimens contained Laves phases or any other TCPs which are usually deleterious to the 

mechanical properties of the printed parts, as discussed in Table 2.1. This contrasts with samples 

(a) 

(b) 
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printed using SLM, which tend to have Laves phases distributed within the microstructure, as 

discussed in section 7.1 earlier. Stevens et al. mapped the distribution of Laves phases in specimens 

printed out of Inconel 718, using SLM and concluded that the regions having a higher percentage 

of Laves phase had higher values of hardness, thus attributing hardness to Laves phase content in 

specimens printed using SLM [26]. Kotzem et al. processed Inconel 718 using EBM and observed 

that ageing of the specimens after sintering led to the dissolution of the Laves phases in the γ 

matrix, reducing the hardness [27]. Laves phases in Inconel 718 lower the ductile-brittle transition 

temperature to 0.6 Tm to 0.8 Tm, where Tm is the melting point of the alloy [28-29]. Laves phases like 

Fe2Nb, which has C14 Strukturbericht designation type has one feasible shear planes at (1120) 

when maintained at ambient temperature [30]. This inhibits plastic deformation, hence its 

association with brittle behaviour. The absence of Laves and δ phase is the cause of low hardness 

reported in Fig. 7.3 in comparison with counterparts manufactured using SLM or more 

conventional alternatives like casting. There was evidence of nitrogen uptake in the specimens 

sintered in a N2/H2 environment. The nitrogen reacted with the chromium present in the alloy to 

form Cr2N and as discussed in Section 6.2.2 in Chapter 6, it interferes with the necking 

phenomenon in between two particles during the sintering process which leads to incomplete 

fusion, increased porosity, and subsequently bad mechanical properties. The nitrogen uptake is 

not reduced after HIP, and it remains present in the microstructure. The specimens which were 

sintered in an argon environment and underwent HIP process had γ'' phase present in the 

microstructure as well. The γ'' phase has a secondary strengthening effect on the matrix which 

would explain improvement in mechanical properties from a compositional standpoint.  
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Fig 7.4 Phase analysis of samples printed with MMW PVA based binder and feedstock 

with different sintering and post-processing strategies. 

 

 

7.3 Chapter Summary 

Chapter 7 is the final results-oriented chapter, and it focuses on the mechanical testing which was 

performed to gauge the mechanical properties of the specimens and investigate the role of 

variables like molecular weight of PVA used in the binders and the feedstock, sintering 

environment, and post-processing steps like HIP. After Chapter 6, it was obvious that the 

specimens sintered in an N2/H2 environment would not perform well during mechanical testing 

due to the high values of porosity and lack of sintering. Tensile testing of the specimens confirmed 

better UTS of specimens sintered in 99.98% argon over the specimens which had nitrogen uptake 

due to presence of N2 in the sintering environment. Specimens printed using MMW PVA binder 

and feedstock and sintered solely in an argon environment had the highest values of UTS. 

However, the values of UTS of all the sintered specimens were very low in comparison to Inconel 

718 parts printed using competing methods like SLM. The UTS was improved in both MMW and 
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HMW PVA based specimens sintered solely in argon by a factor of 4.26 and 4.48. It was interesting 

to observe that the HMW specimen improved marginally more than the MMW counterpart, but 

it was the specimen printed using MMW PVA binder and feedstock which had the highest value 

of UTS, which also was in a similar range of UTS reported by other Binder Jetting studies on 

Inconel 718.  

XRD assisted phase analysis revealed that the none of the samples has δ and Laves phases present 

in its microstructure, which lowered the hardness of the specimens in general. The samples 

sintered in an N2/H2 environment had Cr2N present in the microstructure which confirmed 

nitrogen uptake as the reason due to which the specimens sintered in the N2/H2 environment had 

poor sintering and mechanical properties. 
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CHAPTER 8: SUMMARY, CONCLUSIONS & FUTURE 

WORK 

‘In conclusion, I would like to conclude that I have concluded my thesis’ – author after realising that he has 

finished writing the thesis. 

This chapter recaptures the findings which were discussed in Chapters 4, 5, 6 and 7 along with 

some possibilities of future work which can be explored in other studies. 

8.1 Conclusions 

In Chapter 4, the FT4 based rheological evaluation of the pure Inconel 718 and the different 

modified feedstocks has shown that the addition of granular PVA improved the permeability of 

the feedstocks in comparison to the virgin Inconel 718. An increase in permeability translated into 

better powder spreadability which would improve the printing procedure. The feedstock with 

MMW PVA granules was found to have the highest value of permeability among all the candidates. 

However, The VFR flow test, which is a measure of powder stability did not provide a clear trend. 

The shear test showed high values of shear stress for the MMW and HMW PVA based feedstocks 

which was contrary to the trends which were obtained from the permeability tests. 

The temperature-based variation of surface tension and dynamic viscosity of the binders was 

found to be low enough to ensure that there is no substantial change of properties over a range of 

30°C. The Z number was calculated for the binders at 30°C and it was concluded from their values 

that the binders could be reliably dispensed from the printhead device. 

The powder-binder interaction was evaluated in Chapter 5 where the static sessile drop testing 

method was used to measure the contact angle between the droplet of binder and the powder bed. 

The performance of the PVA based binders was benchmarked initially against a solid Inconel 718 

substrate and it was concluded that the PVA based binders had high contact angles which was 
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indicative of their poor wetting with the solid substrate. However, when the solid substrate was 

substituted with the powder bed, it was seen that the droplets had better lateral spreading and 

vertical infiltration action. The MMW PVA based binder had the lowest contact angle with the 

powder bed having the corresponding MMW PVA based feedstock. The MMW and HMW based 

PVA binders had better wettability compared to a commercial binder which was tested against 

virgin Inconel 718. The MMW PVA based binder had the overall best interaction with the 

corresponding feedstock because of its optimum polymeric chain length which caused intra-chain 

crosslinking which allowed the aqueous component of the binder to infiltrate the powder bed 

without any hindrance. The permeability results from Chapter 4 were also taken into consideration, 

where the MMW PVA had exhibited the highest value of permeability, which would have 

decreased the chance of agglomerates and introduces spacing between adjacent metal powder 

particles, which gave the liquid binder a better chance to penetrate the powder bed. 

Porosity was evaluated as a process response in the sintered specimens in Chapter 6. The literature 

concluded that the mechanism of pore formation in Binder Jetting was like that in metal injection 

moulding. The role of the jetting action by the printhead device on part quality by comparing it 

with manual binder deposition and it was found out that the reliable dispensing action of the 

printhead led to better powder-binder interaction which led to better sintering and consequently 

lower porosity and a contiguous surface. Manual deposition of the binder on the powder bed led 

to poor binder penetration and consequently high porosity characterised by a lack of fusion 

between the particles. 

The role of the sintering environment was also seen on porosity, and it was observed that porosity 

was lower when the printed parts were sintered in a 99.98% argon purged environment. The 

porosity levels were calculated to be 7.21, 5.34 and 9.77% for parts that were printed using LMW, 

MMW and HMW PVA based binder and feedstock, respectively. The porosity of the MMW and 

HMW specimens reduced further to 1.04 and 1.35%, respectively when they were post-processed 
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using HIP, which reduced the porosity to levels which were reported in literature using commercial 

binders and systems. Specimens were also pre-sintered in an environment of 95% N2 + 5% H2 

and then sintered in 99.98% argon. The pre-sintering in a nitrogenous environment caused the 

chromium present in the alloy to react with the nitrogen to form Cr2N, which interfered with the 

‘necking’ process, thus resulting in parts having poor porosity. Post-processing of these parts did 

not lower the porosity to a level which was comparable to results reported in available literature. 

Chapter 7 discussed the results of tensile and hardness testing of the specimens which were 

printed using different PVA based binders and sintered in the two previously mentioned 

environments. Tensile testing of the samples revealed that the ones sintered in 99.98% argon 

environment had better UTS than the specimens that were sintered in a nitrogenous environment. 

This was due to the uptake of nitrogen in the form of Cr2N which stunted the sintering process, 

thus weakening the parts. The UTS of the sintered samples, irrespective of nature of binder or 

sintering environment used was very poor in comparison to values reported by available reports. 

The hardness of the specimens was also found to lower than their counterparts manufactured 

using SLM, as reported in literature. Post-processing of the specimens sintered in 99.98% argon 

led to a substantial improvement in the mechanical properties, with the samples printed using 

MMW PVA based binder and feedstock reporting a post HIP UTS of 1010 MPa, which was 

comparable to other reports of Binder Jetting of nickel superalloys. 

The XRD assisted phase analysis detected the presence of Cr2N in specimens sintered in a N2/H2 

environment, which confirmed the phenomenon of nitrogen uptake by the chromium present in 

the Inconel 718 composition. It also detected a lack of δ and Laves phases in the microstructure 

of all the sintered specimens. This was considered as a positive over other competing AM methods 

like SLM, which has consistently reported the formation of Laves phases in the microstructure 

which are detrimental for the mechanical strength of the parts. However, δ phase is also 
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responsible for imparting hardness to the parts, which explained the relatively low hardness of the 

specimens. 

8.2 Proposed Areas of Future Work 

The future work can be further classified into two parts, experiments which were planned but 

could not be executed due to delays brought upon by the CoVID 19 pandemic and work which 

can be done to develop this body of work further. 

8.2.1 Powder-binder interaction 

The original work plan included an experimental approach to the powder-binder interaction which 

involved study of the infiltration process of the binder into the powder bed. The extent of the 

lateral spreading and vertical penetration of the binder could be experimentally mapped using a 

fluorescent dye which could be mixed with the binders and could be monitored in a dark room 

using an ultraviolet light source. The findings along with that obtained from the sessile drop testing 

would have been a better study of the powder-binder interaction. 

Numerical simulation of the powder-binder interaction was out of the scope of the work which 

has been undertaken. However, the expertise of a simulation expert may be solicited to numerically 

model the above-mentioned experiment and consider different parameters like permeability and 

inter-particle spacing and the correlate the infiltration behaviour of the binder with experimental 

results. It can also efficiently investigate controllable factors like temperature of the binder and the 

powder bed which might positively affect the binder penetration. Promising numerical simulations 

can pave the way for an experimental study. 

8.2.2 Evaluation of Porosity 

The current work has evaluated the porosity of the processed parts using image processing of 

micrographs of their polished surfaces. This process has been carried out in multiple studies and 

is considered a reliable technique for preliminary porosity studies. A parallel study of porosity 
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could be conducted using X ray microtomography (MicroCT) as a tool. The 3D imaging technique 

can also investigate 3D porosity distribution, pore size and morphology; and study interconnected 

pores which cannot be studied using image processing, which is a 2D technique, and hence was 

out of scope for the current work. 

8.2.3 Sintering environment, post processing and mechanical testing 

strategies,  

The application of Inconel 718 include use in gas turbines blades and aeronautical components 

which are exposed to high operating temperatures. Mechanical and thermal fatigue are issues which 

were not studied in this work because of time constraints brought upon by the pandemic. An 

extensive experimental fatigue and creep study of specimens printed using MMW PVA based 

binders and feedstock and sintered in 99.98% argon purged environment would provide a more 

comprehensive picture of the feasibility of adopting PVA based binders for processing niche 

superalloy powders using BJT. 

The effect of different sintering environments has been seen in this body of work. However, 

vacuum sintering could not be performed on the specimens due to lack of time. Vacuum sintering 

is an industry standard in the metal injection moulding and BJT industry and can be done for 

specimens printed using MMW PVA binder and feedstock. 

HIP was used as the main post-processing strategy in this body of work. However, HIP is an 

expensive post-processing strategy that would limit the extent to which PVA binders can be 

adopted to only niche industries, where product quality is paramount, and price is only secondary. 

The efficiency of post-processing strategies like solution ageing and annealing on improving part 

quality may be investigated further in future studies. 
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8.3 Concluding Remarks 

The body of work which has been described in this thesis strived to investigate the feasibility of 

using PVA based binders to process a niche alloy using BJT. It has been demonstrated for the first 

time in the current work that an aqueous PVA based binder can be used in a standard inkjet system 

for binder jetting of a very niche and less investigated strategic alloy Inconel 718. The combination 

of an aqueous PVA binder of medium molecular weight and modified feedstock, as an innovative 

approach, has provided similar strength, hardness, and porosity in Inconel 718 upon post-

processing via HIP, when compared to commercial binder jetting system. 

The future work section has emphasised on the need to back this work up with more investigation 

of a fundamental nature with greater supplementary characterisation to be able to see the entire 

picture and realise the potential of this methodology. 
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Appendix I: Gibbs Free Energy Calculations 
 

The Appendix I is relevant for the calculations which have been mentioned in Section 5.2.3, where 

the Gibbs free energy (∆𝐺𝐺𝑚𝑚) was calculated to ascertain if the PVA granules would dissolve readily 

when exposed to the liquid PVA binder. 

The Gibbs free energy is expressed in the form of the Flory-Huggins equation, as is provided by 

Equation 5.2. The equation is mentioned below as:  

∆𝐺𝐺𝑚𝑚 = 𝑅𝑅𝑇𝑇[𝐵𝐵1 ln𝜙𝜙1 + 𝐵𝐵2 ln𝜙𝜙2 +  𝐵𝐵1𝜙𝜙2𝜒𝜒12 

Where, ∆𝐺𝐺𝑚𝑚,𝑅𝑅,𝑇𝑇,𝐵𝐵1,𝐵𝐵2,𝜙𝜙1,𝜙𝜙2,𝜒𝜒12  are the Gibbs free energy, universal gas constant, quantity 

of solvent in moles, quantity of solute in moles, solvent volume fraction, solute volume fraction 

and mixing parameter, respectively. 

Universal gas constant, R = 8.314 J mol-1 K-1 

Operating temperature, T = 303 K 

Mixing parameter, 𝜒𝜒12 = 0.32 

Density of PVA at 303 K = 1.19 g/cc 

For LMW PVA, 

n1 = 9.99 x 10-12 mol; 𝜙𝜙1= 0.042 

n2 = 1.06 x 10-8 mol; 𝜙𝜙2 = 0.958 

Substituting the values in the Flory-Huggins equation, 

𝛥𝛥𝐺𝐺𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿 = 8.314 × 303 × [(9.99 × 10−12) × 𝑙𝑙𝐵𝐵 (0.042) × (1.06 × 10−8) × 𝑙𝑙𝐵𝐵 (0.958)

+ (9.99 × 10−12 × 0.958 × 0.32)] 

⟹ Δ𝐺𝐺𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿 =  −(0.07 × 10−6) 𝐽𝐽 
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