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Abstract 

 

Metal binder jetting (BJ) is a manufacturing process which involves the deposition of metal 

powder and an adhesive liquid binder layer-by-layer to fabricate metal parts. BJ as-printed parts 

are in essence loose particles bound together and must be sintered at high temperatures to create 

dense structures. It is catching industry’s attention since it is fast, cost-effective and enables 

fabrication of more complex geometries in comparison to other manufacturing processes such as 

casting and conventional powder metallurgy. However, BJ is a relatively new technology and 

requires more -pre and -post process development to enhance its applicability for the industry. 

One of the major concerns in BJ technology is the porosity left after sintering the green parts. 

This strongly depends on the sinterability of the metal powder. Therefore, this thesis focuses to 

evaluate the effect of powder particle size distribution (PSD), green density of printed samples 

and thermal treatment on the sinterability of 316L powders. Three different atomized 316L 

powders with different PSD are selected for this thesis including a unimodal fine powder and 

two bimodal coarse powders. Prior to starting sintering experiments, thermal analysis of metal 

powders and polymeric binder is conducted with differential scanning calorimetry and thermal 

gravimetric analysis, respectively. The decomposition temperature of the binder and the solidus 

temperatures of the powders were found out to create a sintering schedule which can remove the 

binder effectively and guarantee sub-solidus sintering.  

An analytical model for the densification was used to construct the master sintering curve (MSC) 

to compare the effect of PSD and green density on the consolidation. It was found out that the 

apparent activation energy of sintering was not affected by the PSD and the green density. The 

microstructural analysis with SEM showed that sintering occurred through solid stated diffusions 

in austenite and δ-ferrite. The kinetics of sintering changed slightly with PSD. Powder with a 

fine unimodal PSD required less work to activate sintering and had a faster sintering rate which 

lead to the highest density (95%). Fine bimodal powder had also similar kinetics while coarses 

bimodal powder required more work to initiate the sintering. A slower densification rate resulted 

in lower relative density (92%).  

The green density had more profound effect on the sinterability of powders. The work required 

to trigger sintering was increased by 17.5 % when the green density was reduced from 65% to 
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53%. This was much higher than what was observed when the PSD was modified. As a 

reference, the difference in the onset of sintering for the UMC and BMC is only 12.2%. 

Decreasing the green density also reduced the densification rate and leads to a much lower final 

density. 

The final microstructure was analyzed using scanning electron microscope equipped with an 

Energy-dispersive detector. Detrimental sigma-phase was identified in the sintering 316l 

microstructure. A solutionizing post-heat treatment has been developed to re-solution the sigma-

phase into ferrite. 

The work done on the powder properties and green density will be used as the basis for further 

studies on densification. The BJ process development will be undertaken by optimizing the 

printing parameters. Sintering schedules will be revisited to reduce the volume fraction of 

detrimental σ-phase. 
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Chapter 1 

Introduction 

 

Additive manufacturing (AM), also known as 3D printing, is gaining increased attention and 

interest due to the substantial increase in the demand for high performance materials with added 

functionalities (such as internal cooling channels or internal lattice structures, which are difficult 

to fabricate with conventional manufacturing processes) and increased complexities in 

geometrical design. Binder Jetting (BJ) is an AM processes originally developed at 

Massachusetts Institute of Technology (MIT) in the early 1990s. BJ processes print a liquid 

binder into a powder bed to fabricate a part. Layers of material are then bonded to form an 

object. Once a layer is printed and thermally dried/cured, a new layer of powder is recoated on 

top of the previous layer which is then printed and stitched to the previous layer by the jetted 

binder. The layer-by-layer process is repeated to create the complete green part. Once de-

powdered, the green part is placed in a furnace to burn off the binder and to sinter the powder 

particles together to obtain final density and strength. BJ processes has many advantages relative 

to other AM processes. Because it is a room-temperature process, residual stresses imposed by 

large thermal gradient and cracking mechanisms observed in SLM are avoided. Binder Jetting is 

an inherently scalable and cost-effective technology, which has been demonstrated in many 

commercial systems.  

1.1 Motivation 

As stainless steel powders are widely used powders in BJ and MIM, understanding the 

densification behaviors of stainless steel powders is of great importance and interest to 

successful sintering processes. Within stainless steel families, 316L stainless steel has excellent 

mechanical properties along with high corrosion resistance, oxidation resistance, high heat 

resistance, and good weldability. In this regard, 316L stainless steel have played an important 

role in powder metallurgy research and industrial applications such as pharmaceuticals, 

architectural and medical applications. There has been a limited amount of work on the effects of 

particle size and particle size distribution on the mouldability and sinterability of MIM and BJ 

powders. The focus of the most work available is on the influence of particle shape and powder 
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loading on the flowability of MIM feedstock and hence the final mechanical properties of the 

sintered parts. To date, the literature lacks a systematic study to analytically and experimentally 

identify the linkages between the PSD, initial green density, post processing parameters and the 

final density of the BJ-manufactured parts. In this work, we use analytical tools to evaluate the 

effect of PSD and green density on the sinterability of 316L powder. 

1.2 Objectives 

The scope of this thesis focuses on investigating the powder characteristics for BJ process. The 

objectives can be summarized as follows:   

1. Find the best PSD for the BJ process in terms of sinterability and flowability. The best PSD 

should have a proper flowability as well as being able to pack well to reach high green densities 

and subsequently obtain high final density after sintering. 

2. Define an optimum heat-treatment profile for BJ products. The heat-treatment consists of three 

major stages; de-binding, sintering, and post sintering heat treatment. Debinding is supposed to 

remove the binder from the green sample leaving a minimum amount of residue. Sintering is 

defined concerning the solid-state sintering regime and to reach maximum density. And finally, a 

post sintering heat-treatment is defined to lead a microstructure without detrimental phase(s). 

3. Establish a sintering model in order to predict the final part density and observe the effect of 

PSD and   green density on sintering behavior. For that purpose, an analytical model based on 

the master sintering curve (MSC) is developed. The MSC is an empirical tool, that was adopted 

by powder metallurgy before, enables the comparison between each variable which affects the 

sinterability of BJ parts.  

 

1.3 Thesis Structure 

This thesis consists of five chapters in total. As stated above, the first chapter gives away the 

introduction on AM and BJ as well as the motivation. Chapter 2 comprehensively talks about the 

background and literature review of BJ, the alloy that is used, sintering, and the analytical model. 

Chapter 3 covers the methodology and the experiments used to evaluate powder characteristics 

and density measurement as well as the designed heat treatment profile for the samples. The 

fourth chapter presents the results and discussions over the experimental data as well as the ones 
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from the MSC. Finally, chapter 5 brings the conclusions of this piece of work and suggests the 

potential future works based on the efforts that were done and summarized in this thesis. 
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Chapter 2 

 

Background & Literature Review 

 

2.1 Introduction to Binder Jetting technology 

The additive manufacturing (AM) technology which is also called Three-dimensional printing 

(3-D Printing) and Rapid Prototyping (RP), was introduced first in the 1980s and since then it 

has been catching more attention mainly due to manufacturing complex geometries directly from 

computer-aided design (CAD) files with a noticeable lower rate of the cost than other 

conventional manufacturing processes like casting and forging. [1–5]. Basically, in an AM 

process, parts are built by selectively adding materials layer-by-layer from three-dimensional 

(3D) models. To date, additive manufactured parts from a wide range of materials including 

metals, ceramics, polymers, sand, and glass have been introduced to many high-tech industries, 

such as biomedical, aerospace, and automotive. Based on American Society for Testing and 

Materials (ASTM) Standards, AM processes are categorized into seven process types: material 

jetting, vat photopolymerization, sheet lamination, direct energy deposition (DED), powder bed 

fusion (PBF), material extrusion, and binder jetting (BJ) which is getting more attention 

nowadays from the industry thanks to its applicability for an unlimited range of materials in 

room temperature and atmosphere [5-9].  

 

2.1.1 Binder Jetting Process Description 

Binder jetting (BJ) is a subgroup of additive manufacturing which is a very useful technique for 

rapid prototyping and manufacturing of metallic, composite and ceramic materials. This method 

of additive manufacturing was first time invented by Michal J. Cima and his colleagues at 

Massachusetts Institute of Technology (MIT) in 1993 then brought to the industry by Z 

Corporation in 1994, Voxeljet in 2005, ExOne in 2010 and Desktop Metal in 2017 [5, 8]. Dislike 

the other powder bed AM technologies that input laser or electron beam to fuse powder particles, 

no heat source or fusion is needed during the BJ process although all printed parts need to go 

under a sort of post-processing. In this method of additive manufacturing, a liquid binder 
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selectively pours on the powder bed to join the powder particles layer-by-layer in order to form 

the designed part from 3D CAD file [10-12]. The printing process is shown in Figure 2.1, it starts 

with spreading a thin layer of powder by the leveling roller from powder stock and forms the 

powder bed on the build platform. Then the printhead jets liquid binder onto surface areas 

corresponding to 2D layers taken from the 3D CAD file leads to bounding powder particles 

together in the selected areas. Once the printing process on one layer is finished, the build 

platform goes down to a certain height and a new layer of powders is spread on the finished 

layer. This procedure is repeated until the whole designed part is printed. [13,14] 

 

Figure 2.1 The schematic illustration of the printing step in BJ manufacturing process [13] 

 

As previously stated, BJ is an AM method that selectively pours adhesive binder onto the surface 

of a thin layer of powder which leads to the construction of a designed part via layer-by-layer 

printing of a 3D CAD model. Recently, BJ has been getting more attention from the industry as 

this process does not use a powerful source of energy for construction, it became an economical 

method for manufacturing. Besides, BJ is a fast method for material deposition and eliminates 

some sub-processes that exist in conventional manufacturing [15]. Dislike other metal AM 

processes such as SLM and DED, in BJ the printing process is detached from the consolidating 

process. Thus, in comparison with other AM methods, the printing process in BJ is a simple step 

that has more freedom to manipulate its parameters for shape optimization regardless of final 

part properties yet some of the process parameters affect density and strength of finished parts. In 

the past, the main application of BJ technology was for fabricating sand molds and cores for the 

metal casting industry, however, it has been facing a transition to get used as the main process 
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method and the high productivity machines has been introduced for this technology in the last 5 

years [17]. Since BJ is a sinter-based technology, it has a very well-known background of 

knowledge established in powder metallurgy, which gives engineers a good sight to find process 

issues and tackle them.  Nevertheless, fabricating parts with the same densities and mechanical 

properties as those in conventional powder metallurgy (PM) processes is a challenge in the BJ 

process. [16]  

 

 

Binder Jetting process chain 

BJ process chain is shown in Figure 2.2 which basically consists of five steps: printing, curing, 

de-powdering, debinding & sintering, and post sintering. Once the printing procedure is finished, 

the printed part which is also called as “green part”, first goes under “curing” process which 

heats the part to around 200°C and activates the binder system in order to reinforce the green part 

by polymerization, cross-linking, and solvent evaporation. After the curing process, the green 

part is not loose anymore and is ready for coming out of the powder bed in the process called de-

powdering. Subsequently, the green part goes for the debinding process during which the binder 

is removed by burning out or thermal decomposition in a specific gas atmosphere. Based on the 

binder composition the temperature range for this process is between 300 °C to 800 °C. 

Following the debinding is the sintering step in which the part is heated up to a relatively high 

temperature to achieve a high density and strength by diffusion between the powder particles in a 

specific atmosphere. Finally, based on the application some optional techniques such as hot 

isostatic pressing (HIP) and infiltration may be implemented to modify gran size and a further 

increase in the sintered density to reach better mechanical properties. [14] 

 



7 
 

 

Figure 2.2 Binder Jetting additive manufacturing process chain from loose powders to the final 

part [16] 

 

It is worth to mention the above steps were taken from ExOne binder jetting approach and there 

are some variations between different BJ machines such as powder deposition while some 

machines use a hopper to spread powder on the build platform, some other machines rely on 

piston feed mechanism to supply a new layer of powder. Moreover, the binder system which is 

used in different machines are different, and the curing step is designed based on the binder and 

even for some is not needed. Some BJ machines use organic binders and some of them use solid 

binders in the powder bed to increase the efficiency of the liquid binder [18].  

 

The advantages of Binder Jetting technology 

Generally, AM technologies have many advantages while the most important one can be named 

as their ability to fabricate complex geometries with any applicable material. Among all the AM 

technologies, BJ has some superiorities over other methods that have made it desirable 

nowadays. Unlike PBF and DED processes that apply laser or electron beam to fuse metal 

powders during printing in an inert atmosphere or vacuum, the printing step in BJ works at room 

atmosphere and temperature, which makes it applicable for heat-sensitive materials. [6,13] 
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Besides, because of local and rapid heating and cooling, nonuniform microstructure and residual 

stresses are common in PBF and DED products, on the other hand, thanks to the controllable 

sintering parameters, there is no residual stress nor nonuniform microstructure in BJ parts. [13]. 

Moreover, the need for support structure is eliminated in this process as the surrounding powders 

adequately can support the printing geometry in the powder bed [5,9] Untouched powders can be 

reused in the powder bed for the printing of next samples [11]. Based on what has been 

mentioned so far, BJ can be named as one of the most economical manufacturing, particularly 

AM techniques. Besides, recently BJ has been implemented into the manufacturing of 

automotive and heavy equipment. Table 2.1 briefly presents the companies that are using BJ 

technology and its field of application. [5,9,11,19]. 

 

 

The drawbacks of Binder Jetting technology 

Generally speaking, binder jetting printed parts contain low initial packing densities which is 

usually around 50–60% of the theoretical density because of the lack of compressing forces in 

the printing step [16]. As pores in a porous part are the source of stress concentration, they easily 

lead to crack propagation. So, porosity elimination in the printed part is vital to achieving a solid 

figure which has reasonable mechanical properties [20]. On the other hand, obtaining high 

densities is always associating with a large amount of shrinkage during sintering which 

noticeably affects the dimensional accuracy. [10,11]. Therefore, controlling the shrinkage to 

achieve an accurate distortion-free geometry is another challenge in BJ productions. [13] 
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Table 2.1 MIT licensees for BJ [21] 

Companies Field of application 

3D Systems (formerly Z corporation) Rapid prototyping and concept modeling 

Integra Lifesciences holding 

corporation 

Production of time-release drug-delivery devices 

TDK Production of ceramic components for electronic 

application 

CeraNova Corporation Porous ceramic filters production 

Soligen Inc. Production of ceramic molds for metal casting 

Voxeljet Production of ceramic shells for investment casting 

ExOne Metallic parts and tooling, sand molds for casting 

Viridis3D LLC Fabrication of sand molds for metal casting 

 

 

2.1.2 Binder Jetting General Variables  

In general, the quality of a finished part produced via BJ has directly impacted by the whole 

process variables. Despite many advantages that BJ method has, in order to become competitive 

with conventional manufacturing methods in terms of quality of fabricated parts some 

weaknesses should be tackled or diminished such as porosity, weak mechanical properties, 

dimensional inaccuracy, and bad surface quality. Therefore, the BJ key parameters should be 

optimized to reach a desirable part. Studies on these process variables in which the following 

section discusses them can be categorized into pre-process, in-process, and post-process 

parameters [10,20]  
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2.1.2.1 Binder Jetting Pre-Process Parameters 

Powders 

Powder properties are the most impactful parameter among pre-process parameters [5]. 

Flowability, tap density, particle size and their distribution, and the morphology of powder 

particles can be named as major factors influencing the processability and quality of BJ 

manufactured part in terms of mechanical properties and physical features. The Flowability of a 

powder is the first feature that should be considered in material selection for the process which 

critically affects spreadability. As a powder bed AM technology, BJ requires a powder material 

with perfect spreadability. Powders with weak flowability, can not be spread smoothly and 

uniformly onto the bed and lead to detrimental defects in part structure through the printing 

step[12,22]. The tap density of powders has a direct effect on green density since there is no 

noticeable compacting force during powder deposition into the powder bed. Subsequently, green 

density influences the sintering behavior and final density of parts. [22].  

Powder particle size and its size distribution (PSD) is another factor by which sinterability, 

flowability, wettability with the binder, surface roughness, and the part’s dimensional accuracy 

are directly or indirectly affected [3,23,24, 26].  In BJ, size of the powders lies within a range of 

0.2–200 μm [5] while powders with large particles have suitable flowability due to low 

interparticle friction and weak van der Waals forces, small particle size powders have better 

sinterability and powder-binder reactivity thanks to higher surface area per volume unit 

[12,27,28]. The weak flowability of fine powders can be modified by increasing the median 

particle size [23].  

Generally, powders with too small particle size agglomerate because of the electrostatic forces 

between particles [11, 29] which results in the creation of large voids and weakens binder 

penetration in the powder bed. Besides, they have poor wettability because of a large angle of 

contact and agglomeration. Thus, using fine powder usually leads to detrimental defects in the 

printing step. [22,23,30] On the other hand, implementing bimodal powder size which is a 

combination of small and large particles can significantly improve green part quality. While the 

small particles fill the gaps between larger particles, the large particles enhance the spreadability 

of the powder due to their suitable flowability and together they can improve packing density 

which leads to increase in the number of contact points between particle, called as “coordination 
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number”, and finally, results in the increase in the final sintered density [12,26,31,32,33,34]. 

Powder particle size also influences the minimum thickness of a layer, which is one of the key 

process parameters and it should be at least as large as the largest particle [5,12] to prevent large 

particles from getting pushed out of the powder bed. 

 

The powder’s morphology is another important factor by which the flowability, packing density, 

interaction between particles, the relative density of green part, and final sintered density are 

affected [22]. Most metal powders that have been used in AM are either water or gas atomized 

that each has different shapes of powders [5]. However, water-atomized powders (Figure 2.3b) 

with their irregular particles’ shape are more common and economical in conventional P/M 

while gas-atomized powders (Figure 2.3a) with their spherical particles’ shape have better 

flowability, spreadability [5,35] and sinterability [34] which makes them suitable but expensive 

option for powder bed AM technologies such as BJ. It has been reported that adding a low 

amount of lubricant (up to 2%), such as zinc stearate can enhance the flowability of powders 

with irregular particle shape. [36] 

Some studies reported that by adding a small amount of some nanoparticles and suspend it into 

the liquid binder, the sinterability of printed parts can be improved as the ink-jetted nanoparticles 

can enhance densification as well as reducing sintering shrinkage and increasing mechanical 

strength. [37]  

The tap density of powder has a direct effect on the bulk density of the powder bed. The lower 

tap density can lead to a higher amount of porosity, subsequently higher shrinkage rate and lower 

final sintered density [38]. 
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(a)                                                                             (b) 

Figure 2.3 SEM images showing characteristic morphologies of 316L SS powder; (a) gas 

atomized powder, (b) water atomized powder [35]. 

 

Binders 

The binder that is used in the printing step is another critical pre-process parameter. In fact, it 

acts as a glue to stick powder particles into each other to shape the desired part and hold it until 

the initial stage of sintering. [39]. Similar to the powder, the binder directly influences green part 

quality as well as its density. [38]. Basically, the binder being used in BJ is organic-based which 

thermally decomposes and leaves a slight amount of residue. The amount of solid binder powder 

in the solvent, which can be water or alcohol, lies within the range of 1wt% to 10wt% [40]. With 

too much solid binder, the liquid binder cannot penetrate deep enough to adhere layers together. 

Without good layer adhesion, the green part will be too weak to handle It is vital for the binder to 

always maintain in the liquid phase as the dried liquid tends to cause blockage in the printhead 

[41]. In general, all amount of binder needs to be removed during the debinding step at the 

beginning of the heat-treatment process otherwise, any residual in the debinded part will turn 

into carbon at high temperature and hinder the diffusion during the sintering step leading to low 

final sintered density as well as weak mechanical properties[5,12,41]. 

Dislike scientific research studies, in the scope of the industry, changing the raw material 

features is neither an economy-wise nor a possible option, but recognizing these features can 

help to select the best raw materials. Taking into account this fact, it is better to focus more on 
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tailoring the process parameters in which the following section briefly mentions some of them in 

order to optimize and achieve a suitable green part. 

 

2.1.2.2 Binder Jetting In-process Parameters 

Knowing the fact that the BJ technology is more straightforward than other powder bed AM 

processes such as EBM and SLM, there are still some key parameters that should be recognized 

well in order to attain a suitable part regardless of what type of powder and alloy is used.  

First and foremost, the part orientation in the printing step is a parameter that affects some final 

properties of the BJ manufactured part. Based on the literature, the part orientation noticeably 

influences the mechanical properties such as tensile and compression strength while a printed 

part is weaker in the perpendicular direction of the printing direction as the inter-layer strength is 

lower than intra-layer [11,42,43]. Thus, part orientation should be considered with respect to the 

application of the final part. 

 

Another important in-process parameter is layer thickness. It has been reported that the layer 

thickness affects the amount of porosity inside the part [44]. In fact, by lowering the layer 

thickness the amount of porosity is decreased and the whole part sintered density is increased. 

[45] Moreover, it has been found that the layer thickness has an effect on tensile strength. 

[42]Also, the layer thickness has a significant influence on the shrinkage, distortion, and 

dimensional accuracy of BJ parts as the smaller layer thickness improves these parameters. [10] 

Additionally, using a medium-low layer thickness leads to obtain better surface roughness. [10] 

Similarly, by minimizing the layer thickness the higher density is achievable after sintering has 

done.[46] In general, reducing the layer thickness to an optimum size leads to an increase in 

green part density as well as obtaining a high quality printed part.[42] 

 

Another important factor, which mainly affects compaction of powder bed and green part density 

is powder spreading speed and the rotating roller. [47]It has been shown that a higher spreading 

speed of the powder leads to a lower powder bed compaction, as well as bad surface roughness. 

It is also found that using a rotating roller overtakes a blade spreader in terms of the uniformity 

and compaction of the powder bed. [48] It has been demonstrated that Higher spread speed 

increases the amount of shrinkage and hence decreases the dimensional accuracy after sintering, 
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which is due to the low packing density and lack of uniformity of the spread powder. Also, lower 

spreading speeds and using rotating roller results in a higher strength in the green part.[48] 

 

Drying time is one of the important factors during the printing step that should be taken into 

account to reach an ideal green part. As a matter of fact, the drying time in BJ refers to the period 

during which the jetted binder goes under the heater for drying after a layer is printed. Besides, 

during this time, the printhead goes to the cleaner tank for removing extra binders to avoid 

blockage happens. Therefore, insufficient drying time leads to printhead blockage in printhead as 

well as incomplete binder penetration into the powder layer, which subsequently deteriorates the 

part’s surface quality and strength [10].  

 

Furthermore, the amount of binder deposited into the powders, which is called binder saturation, 

to shape the green part impacts its density and dimensional accuracy. It has been reported that it 

is a critical parameter for predicting green part quality [49,50] Also, an optimized binder 

saturation leads to desired dimensional accuracy and green part density as the high amount of 

binder leaks out the designed layer and lowers both green part density and dimensional accuracy 

and low amount of binder results in lack of strength in green part. [10, 49,51] Besides, printing 

speed which is binder deposition speed affects dimensional accuracy. In fact, by increasing the 

binder deposition speed dimensional accuracy will be decreased and even some powder particles 

can get ejected out of the powder bed.[48, 52].    

 

There are two general methods of pouring the binder onto the powder bed; drop-on-demand 

(DOD) and continuous-jet (CJ) [5,12,53]. In the DOD method, binder liquid droplets are shaped 

by applying electrical impulses through a piezoelectric or a thermal inkjet printhead [54,12]. 

Piezoelectric printheads work based on electrical stimulations that result in the deformation of 

piezo materials, which subsequently leads to generating pressure waves on the binder tank and 

form binder droplets [53,54] whereas thermal inkjet printheads vaporize the liquid and make the 

binder droplets to eject through volume expansion [12]. To avoid blockage of solid material in 

thermal printheads the vaporized liquid should dissolve again quickly [5]. On the other hand, in 

the CJ method, pressurized liquid binder jets out of printhead which makes this method more 
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useful for high-speed coverage of large surface areas while the DOD technology is more being 

used for spreading small and a more precise amount of binders [53].  

 

All in all, there are some other factors such as drying temperature and time, roller leveling speed, 

printhead distance from the powder bed, etc. which contribute directly the green part quality and 

indirectly the final part properties. However, these parameters are machine design-dependent and 

fixed in a specific machine while varying in different machines. Thus, investigating these types 

of parameters is more beneficial for the machine design step, not process optimization. 

Preferably, studies on in-process parameters should aim at non-machine dependent process 

factors to reach beneficial conclusions for the general BJ process.  

 

2.1.2.3 Binder Jetting Post-process Parameters 

Debinding 

In most BJ material systems, binders are based on organic compounds and burnt out during post-

processing. The removal of the binder which is called “debinding” significantly affects the final 

part properties as the left residues hinder the densification during the sintering process. Basically, 

the debinding process usually is designed in a way that minimizes the amount of residues and 

adding an agent into the debinding process atmosphere such as oxygen or hydrogen, which can 

be reactive with the binder polymer, can accelerate the process [27,55] There are several types of 

debinding process in conventional PM processes including the direct thermal debinding and the 

catalytic debinding. In BJ, the thermal debinding process is used because of the type of binders, 

however, this process is slower than the catalytic one and needs enough time to let the 

evaporated/decomposed gas components inside the part escape to the atmosphere through pore 

channels. Defects such as blisters can be frequent unless suitable heating rates and enough times, 

such as several hours, are applied.[55] There are four key parameters by which the debinding 

process is affected; the heating rate, debinding temperature, hold time, and the atmosphere of the 

furnace. Those parameters depend on the type of binder material, which mostly affect the quality 

of a polymer removal, through evaporation or chemical decomposition. Basically, the hating rate 

and appropriate temperature(s) are selected based on the thermogravimetric analysis test (TGA) 

which represents the mass reduction of a test sample versus time/temperature. Also, the 

atmosphere is selected based on the removal mechanism and the powder alloy reactivity. For 
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example, oxidizing atmospheres can be detrimental for metallic materials while useful for binder 

decomposition. Thus, debinding in an inert atmosphere such as Argon or vacuum is more 

common. Although, reducing atmosphere such as Hydrogen, Nitrogen, and combination of each 

with Argon can be used based on the binder and powder alloy material in order to deoxidize or 

decarburize the green part from decomposed binder residuals. [55,56,57]  

 

Generally, the debinding step associates with two main challenges. The first challenge is the 

heating rate and the time it needs to let the binder comes out from the core of a real industrial 

part since the high heating rate can result in crack formation due to the high pressure of 

decomposed/evaporated gas binder inside the green part. Second, the amount of residue that is 

left at the end of the debinding process, is crucial since it can be detrimental for the subsequent 

sintering process. Residuals from debinding can badly affect mechanical properties of the final 

part as well as hindering the diffusion between powder particles which results in a low 

densification rate and finally, a low final sintered density.[34, 55]  

Although debinding information from PM somewhat helps the debinding process of BJ, more 

research needs to be done in order to tackle BJ’s debinding challenges. 

 

 

Sintering 

Sintering is a thermal process used to bond contacting particles into a solid object. In industrial 

applications, sintering is a means to strengthen shaped particles to form desired objects such as 

metal cutting tools, electronic capacitors, automotive transmission gears, watch cases, and oil-

less bearings. Having said that the sintering process is usually used as post-processing for parts 

made by conventional powder metallurgy as well as BJ-fabricated parts, the quality of the final 

parts once sintering is finished, usually depends on powder variables (size, additives, etc.), and 

the sintering condition such as the atmosphere of the furnace, temperature, holding time, heating, 

and cooling rate. [34,58].  Generally, the sintering process can be divided into four stages: 

Contact formation where weak atomic forces at particle contacts hold the particles together prior 

to sintering. This stage is usually ignored and not characterized as a separate stage during 

sintering by most publications. Neck growth is the first stage that each contact grows without 

dealing with neighboring contacts. Pore rounding is the intermediate stage where adjacent necks 
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enlarge and interact with each other to form a net of cylindrical pores. Pore closure is the last 

stage that cylindrical pores squeezed and closed to form separate spherical ones and then they 

shrink in order to reach high final densities. [34,59]  

Similar to the debinding process, a sintering atmosphere should be selected based on the type of 

material and the properties that are desired while reducing or inert atmosphere are common to 

prevent oxidation, sintering can also be done in a vacuum to avoid trapped gas [34]. Generally, 

the main goal in sintering is to obtain a fully dense part close to 100% of theoretical density 

although, in some BJ applications such as biomedical implants fabrication, parts are intentionally 

made to have a porous structure [60,61,62]. Recently, it has been shown that high enough 

densities around 99% for BJ parts can be obtained after sintering.[3,63,64,] although it is more 

difficult in comparison with the conventional PM as the green density is usually lower in BJ 

manufactured parts. Consequently, it has been reported that reaching near full density (99%) 

after sintering, significantly improves the mechanical properties of BJ parts.[5] However, grain 

size coarsening is inherent in the sintering process, particularly in the last stage, at high 

temperatures.[34,88] Moreover, adding a small number of additive elements such as Cu 

nanoparticles can lead to a significant enhancement in BJ parts properties. [3,37,65] In fact, these 

nanoparticles act as agents which sit in powder particles interstices and lead to lowering sintering 

temperature. [37] Moreover, the shrinkage during sintering and mechanical strength are 

improved by using some transition metals in the powder bed such as Copper, Boron, Boron 

Nitride, and Boron Carbide which improve the final sintering density. [3] Finally, tailoring 

sintering parameters for BJ printed parts is based on the material and the desired part properties, 

which is comprehensively discussed in the following chapters of this work. 

 

Infiltration as Post-sintering 

One of the most common post-sintering solutions to reach near full density is infiltration. 

However, the compositional changes can be detrimental to the mechanical properties of the part.  

High and low-temperature infiltration mechanisms can be used based on the part material. The 

material used as an infiltrant should have a lower melting temperature than the main material to 

avoid the part from losing structural integrity during heating [12]. As an example, bronze which 

has a melting point of 950 °C is a suitable infiltrant material to fill the open pores of a sintered 

part that has a relative density lower than 92% and made from stainless steel with the melting 
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point of 1450 °C [3,5,11,34]. Also, infiltration can improve the mechanical strength of a sintered 

BJ part as it fills the interparticle gaps and eliminates the potential area for stress concentration. 

[66] 

 

HIP as Post-sintering 

Another post-sintering common option is Hot Isostatic Pressing (HIP) process. As a matter of 

fact, HIP can be used once sintering is done and reaching full density is needed. Unlike 

infiltration, HIP is used for the parts with isolated porosity that have more than 92% relative 

density and at temperatures lower than those that sintering happens. As mentioned, this process 

is useful for the parts without open porosities otherwise, since in the HIP process the pressure is 

uniformly applied on the part surface, nothing happens to the surface connected pores and hence, 

density will not increase. [68,5] Also, it has been reported that using HIP after sintering for BJ 

parts can enhance mechanical properties up to those of MIM fabricated parts, as well. [38]. 

 

2.2 Binder Jetting Material of Focus 

Nowadays, BJ materials in-used range across some ceramics and metals. Generally, in 

comparison with other types of materials that have been used in AM processes, ceramic 

materials have low usage in AM products. In fact, a few types of ceramics such as Silica and 

Calcium sulfate are being used in the commercial AM. Having some properties such as high 

melting temperature, high thermal expansion coefficient, and low fracture toughness make them 

challenging material for the sintering-solidification process approaches such as BJ. Also, the 

binder jetting has been used to print green parts and based on the applications, they can be 

directly used such as sand molds and cores manufactured by binder jetting systems (e.g. ExOne, 

Voxeljet) for the sand casting industry. On the other hand, for the metal AM, particularly BJ, 

metallic powders are similar to the ones used in old-style powder metallurgy. However, besides 

some of the features that PM powder needs to have, there are some other specifications that 

suitable powders for AM powder bed processes such as BJ required to have such as powder 

spreadability. Plus, metallic powders are quite sensitive to moisture and easily oxidize although 

this does not mean that untouched powders in the powder cannot be reused for production. In 

fact, binder jetting supports the production of a much wider range of metal powders. 

Theoretically, BJ can handle almost all the powder materials which have a suitable binder 
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system. Although, because of the need for post-processing to reach desired mechanical 

properties, it is exposed to more constraints than other AM processes. All in all, the raw material 

options for AM are still somewhat limited due to some technical and non-technical reasons such 

as product cost and market demands. [68,69]  

 

2.2.1 Stainless steel alloys 

Stainless steel is a class of low carbon (up to 0.08 %) ferrous alloys which are known for its 

unique properties such as corrosion resistance, as well as its creep and oxidation, resist at high 

temperatures. In fact, as the chromium element in this alloy has a strong affinity for oxygen, the 

ability to form an ultra-thin film of chromium oxide on the surface makes the stainless steels 

resistant to corrosion. In practice, having a minimum amount of 10.5% Cr element in a ferrous 

alloy would define it as a type of stainless steel. However, there are a few types of stainless steel 

that have around 9% or more than 30% chromium element. Besides the chromium which is the 

key alloy element of stainless steel, there are also other essential alloying elements in each 

specific grade of stainless steel such as nickel, manganese, sulfur, molybdenum, titanium, 

silicon, carbon, and niobium. [70] As a matter of fact, these alloying elements are added to 

stainless steel for a special purpose such as strengthening, precipitation hardening, sensitization 

reduction, and improving their machinability. As time goes by, the demand for stainless steel 

increases since they have a variety of applications in aerospace, automotive industry, oil and 

chemical refinement, and biomedicine leading them became interesting alloys for the research 

domain. [71] Recognizing their properties as well as the proper processing techniques are critical 

to produce and select suitable stainless steel alloy powders for AM feedstock, particularly BJ.  

 

Stainless steel grades 

Stainless steel alloys are classified into four major families of ferritic, martensitic, austenitic, and 

duplex based on their main phase microstructure at room temperature, which is controlled by the 

amount of each alloying element. Ferritic stainless steels are alloys of iron and chromium which 

have a ferritic microstructure at room temperature. In comparison with other grades, ferritic 

stainless steels have less resistance to corrosion and lower strength at high temperatures. 

Although they have many applications as they are cheaper, have better magnetic behavior, better 

sinterability in PM parts, higher thermal conductivity, and a lower coefficient of thermal 
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expansion than the other grades. Martensitic grades of stainless steels are types of alloys that 

possess a martensitic crystal structure at room temperature. They exhibit high strength as well as 

fair wear and corrosion resistance therefore, they have been used once resistance to corrosion is 

required in combination with high strength at low temperatures or creep resistance at high 

temperatures. Austenitic grades are the most common types of stainless steels which offer 

superior resistance to corrosion compared to the other grades. These types of alloys also have 

applications in elevated temperature exposures. In general, austenitic stainless steels such as 

316L still show acceptable corrosion resistance at high temperatures as 900 °C while ferritic and 

martensitic stainless steels lose their corrosion resistance noticeably at temperatures above 700 

°C. Although austenitic stainless steels do not have suitable machinability, they exhibit a 

superior creep resistance. Duplex stainless steels or austenitic-ferritic stainless steel have two 

main phases of austenite and ferrite in their microstructure and carry some of the characteristics 

of both grades. Due to the amount of nitrogen and molybdenum, even some of the duplex 

stainless steels have better corrosion resistance than the austenitic grade such as 304L or 316L. 

Their excellent resistance to chloride stress-corrosion cracking, which is the Achille of austenitic 

alloys in the chemical and petrochemical industry, can be named as their superiority of these 

types of alloys. [70,71] 

 

 

Application of 316L and its characteristics 

In the 1960s the application of sintered stainless steel was widened up to industrial scale. 

Initially, sintered stainless steels served miscellaneous applications besides the fabrication of 

some automotive components. Among different alloys of stainless steel, 316L is one of the most 

commons that have had a wide application in the market. For instance, it has been used for the 

production of automotive parts, tools, electronics, and office equipment. [70] Also, 316L is one 

of the most common alloys in surgical implants from cardiovascular to orthodontic [71]. Besides, 

it is one of the most widely used materials in PM (powder metallurgy), MIM (metal injection 

molding), and nowadays in BJ for research and industrial applications because of the excellent 

mechanical properties of high corrosion resistance, high heat resistance, and good weldability. 

[73] From the microscale point of view, 316L stainless steel is austenitic steel with a little 

amount of ferrite due to having a high amount of nickel and a little bit manganese as an austenite 
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phase stabilizer at room temperature and low amount of carbon (around 0.03%) to increase 

ductility and minimizing sensitization and the formation of chromium carbide to reduce 

intergranular corrosion. [72,73] Figure 2.4 shows the micrograph of cast 316L which its phases 

can be seen there. [74] Table 2.2 shows the composition of 316L and based on the composition it 

can be mapped on Shaffler diagram Figure 2.5, to find out the phases it contains. Since 316L 

stainless steel is a highly alloyed material, the mechanical and corrosion properties are a concern 

therefore, obtaining a high final density that affects these properties is important for the 

optimization of the desirable attributes. 

 

Figure 2.4 A micrograph of As-cast 316L showing austenitic matrix with a little amount of 

ferrite on grain boundaries and some carbides inside the grains [74] 

 

Table 2.2 The composition of 316L stainless steel. [73] 

C Mn Cr Mo Ni Mn P S Si Fe 

≤0.03 ≤2.0 16-18 2-3 10-14 0.65 ≤0.045 ≤0.030 ≤1.0 Bal. 
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Figure 2.5 Shaffler diagram for alloyed steels, the purple-colored area is where 316L usually lay 

on, this diagram is based on the amount of Ni, Cr, and other elements. 

 

2.2.2 Stainless steel powders 

Generally, most powders that exist in the market are manufactured for conventional PM methods 

[76]. There are different methods for manufacturing powders while each of them results in 

specific properties for the powders and makes them suitable for a particular fabrication process. 

As an instance, the stainless steel powders made by water atomization have known as 

compacting grade and are capable of being cold-pressed in a die due to their irregular shape of 

particles[71] Moreover, gas atomized stainless steel powders have applications that need 

consolidation through hot pressing or extrusion [71]. Although the cooling rate in the water 

atomization process is way higher than the gas atomization, both have particles with 

homogenous microstructures and without segregation [71]. In fact, using suitable stainless steel 

powders as well as obtaining near full density lead to reaching unique parts that offer properties 

such as high fatigue resistance and impact strengths that are even better than properties attained 

by wrought stainless steel alloys [71]. Besides gas and water atomization, some other methods 

have been used for the fabrication of stainless steel powders such as centrifugal atomization 

which is useful for the fabrication of MIM grade powders. The most important features that 

should be taken into account for the production or selection of a stainless steel powder for BJ 
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process are nearly spherical shape and bimodal size which have a desirable flowability as well as 

suitable sinterability. [75] 

 

So far, several different methods have been used based on their product features for the 

manufacturing of metallic powders but for BJ feedstock usage powder characteristics should be 

investigated in terms of the following conditions; (1) powder size range and its size distribution, 

(2) morphology of the powder (obtaining ideal sphericity), (3) powder particles surface, and (4) 

powder alloy chemical compositions.  Table 2.3 presents these techniques as well as their 

specific features, advantages, and disadvantages.[77] However, because of some limitations in 

terms of process-material sensitivity, only a couple of them are applicable for stainless steel 

alloys; water, gas, and centrifugal atomization are the most commonly used processes in that 

regard. [78] 

Table 2.3 Summary of powder characteristics based on the manufacturing process method. [77] 

Manufacturing process 
Particle size range 

(µm) 
Pros Cons 

Water atomization 0-500 Low cost and high 

productivity 

High amount of oxides, 

irregular particle shape, 

satellite exists, for non-reactive 

alloys 

Gas atomization 0-500 Suitable for a wide range 

of alloys as well as reactive 

ones, spherical particles, 

high productivity 

Satellite exists on particles, 

relatively high cost of 

production 

Centrifugal atomization 0-600 Wide range of particle 

sizes with narrow PSD 

Hard to achieve fine particles 

unless in very high speed 

Plasma atomization 0-200 Ultra-fine and spherical 

particles 

High cost and low productivity, 

wire or powder form of 

feedstock is needed 

Plasma rotating electrode 0-100 High pure and spherical 

powders 

High cost and low productivity 
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Centrifugal atomization method is a technique for the production of ferrous alloys powders such 

as stainless steel, through a rotating element. In practice, smooth, low oxidized content and low 

satellite, or even satellite-free powders can be obtained under a non-oxidizing atmosphere but 

need quite high rotating speed which reduces the productivity and raises the cost. Knowing the 

fact that centrifugal atomization is not a good option due to its disadvantages, remaining suitable 

options would be water and gas atomization. Although using the water atomized 316L powders 

are more economical than gas atomized ones, there are some drawbacks in this type of feedstock. 

In fact, water atomized powders have irregular non-spherical morphology which leads to bad 

rheological properties [79] as well as poor packing characteristics.[80,81] Besides, water 

atomized 316 L powder showed lower green density in comparison with gas atomized one with 

the same particle size.[80] Moreover, it has been reported that during the sintering of samples 

made from gas atomized and water atomized 316L with the same particle size, gas atomized 

powder samples reach higher density and exhibited lower shrinkage due to their spherical 

particle shape and higher green density. Also, because of the existing relatively high amount of 

oxides (especially SiO2) in water atomized 316L powders, H2O was produced and trapped as 

sintering proceeded and pores were closed, resulted in impeding full densification and pore 

annihilation. [80] All in all, from previous studies on BJ feedstock, it can be concluded that using 

a gas atomized powder which has a spherical particle shape with fine particle size and bimodal 

distribution would be the best option for BJ of 316L alloy. [5,75,82] 

 

 

2.3 Sintering Theory 

Human beings have been sintering ceramics and metals for thousands of years, but in practice, 

the comprehending of its fundamentals was started in the 1940s. The simplest example is when 

students in school work with wet clay to shape a pot, and then heat the wet pot to make it strong. 

That heating process is called sintering. In a similar way, freshly fallen snow bonds, will harden 

and eventually form ice, this is a cold version of sintering. In fact, until the last war, it was quite 

vague to people that what is going on in microscale and between particles to come up with a 

qualitative theory that involves the effective processing factors such as the temperature and time 

and relates them to an output parameter such as density or grain size. Sintering fundamentally 

characterized by the formation of sinter necks due to the reduction of the surface energy of 
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particles as the temperature rises. [34] In fact, the reduction of the surface energy happens due to 

removing the free surface and further with reducing grain boundary area via grain growth. This is 

the driving force in the sintering of most metals. It has been reported in many pieces of literature 

that the smaller particle size powder has more surface energy which leads to higher sintering 

rates and lower temperatures for neck initiation. Also, it is worth mentioning that in order to 

reach lower grain boundary energy, some grains rearrangement occurs. [34,83] The temperature 

needed to initiate the sintering mainly depends on the material, the green part compaction, and 

the particle sizes besides other parameters such as particle’s morphology and surface’s quality, 

heating rate, time, pressure, and atmosphere environment affect sintering behavior. [84] 

 

2.3.1 Thermodynamics of Sintering  

In 1945 the first theoretical model for the sintering of two spherical shape particles was offered 

by J. Frenkel [85]. In that model, the surface tension is assumed as a driving force that leads to 

mass transportation and filling the vacant space between two contacting particles and the mass 

flow considered be viscous Newtonian. This theory resulted in the creation of the relationship 

between the neck radius, X, formed between two contacting spheres with a radius of a, and the 

time of sintering, t: 

𝑋2

𝑎
=  

3

2
 
𝛾

𝜂
 𝑡                                                                                                                            (2.1) 

Where 𝛾 and η are surface tension and viscosity respectively. The false assumption behind this 

model was that the crystalline materials cannot exhibit Newtonian viscous flow. On the other 

hand, Frenkel's theory was implemented to powder compacts by Shaler & Wulff in 1948 [86] 

and introduced the plastic flow into sintering theory. They came up with an adjustable equation 

for densification during sintering. The general sintering equation that they offered for the 

formation of the neck between contacting spherical particles is: 

𝑋𝑛

𝑎𝑚
=  𝐹(𝑇)𝑡                                                                                                                        (2.2) 

 

Where n and m represent the mass transportation mechanism and F(T) is a function of 

temperature. If n = 2 and m = 1 Newtonian flow found by Frenkel’s equation is dominant. For 

instance, if n = 3 and m = 1 diffusion is characterized by the evaporation from concavities and 
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condensation in cavities, volume diffusion is leading mechanism by n = 5 and m = 2, grain 

boundary diffusion by n = 6 and m = 2 and surface diffusion by n = 7 and m = 3. Further, in 

1949, Kuczynski [87] offered a sintering model for two contacting spherical particles, which 

turned out to be the most acceptable theory. [34, 88]. In that model, he claimed that the mass 

transport mechanism in the sintering of metals is due to the lattice (or volume) diffusion and 

mostly the volume diffusion is dominant. Nonetheless, in 1967, Rockland [89] suggested for the 

sintering of metallic materials that the grain boundary diffusion is the dominant mechanism 

while atoms diffuse into the interstitials through grain boundaries.  

 

It is worth mentioning that diffusion is playing the main role in the sintering process and it is a 

temperature-dependent process [34]: 

 𝐷 = 𝐷0exp (−
𝑄

𝑅𝑇
)                                                                                                           (2.3)                                                                         

where D and Do are diffusion coefficient and diffusion constant, respectively with the same unit 

of (cm2/s), R is the universal gas constant (8.314 J/mol·K), Q is the activation energy (J/mol) for 

diffusion, and T is the temperature (K). 

 

2.3.2 Kinematics of Sintering 

During the sintering process, contacting particles bond to each other by some diffusion 

mechanisms at a temperature below the melting point, which is also known as solidus sintering 

[34]. Similarly, sintering can be conducted in higher temperatures than the solidus phase, which 

are known as liquidus and super-solidus phase sintering. In the solid-state sintering, diffusional 

mechanisms control the process and because of that, it needs relatively high time. In super-

solidus and liquid phase sintering, due to the presence of liquid, the sintering process is carried 

out faster with a higher densification rate [34]. More specifically, most of the sintering processes 

in the industry of metal powder metallurgy applications are conducted in the liquid phase, 

particularly for multi-material systems and alloys as it offers better control on microstructure. 

Nevertheless, microstructural softening takes place in the liquid phase sintering and causes 

distortion and loss of shape fidelity. [91] Thus, this type of sintering regime was not chosen for 

the sintering of BJ samples in this piece of work. Supersolidous phase sintering theory first 

proposed by German [92] in 1990. In fact, by elevating the temperature to above solidus and 



27 
 

below liquidus points, a liquid fraction is created within the powder compaction which 

subsequently wets the solid phase and enlarges the sinter necks. As phase diagrams could be up 

to 50 C off, it is recommended to use DSC curves to find out about the sintering temperature. 

[34] However, a quite accurate measurement of the temperature needs to be done to prevent the 

melting of the whole compact which is a vital point that should be taken into account for the 

sintering of BJ samples. Since it is hard to control the amount of liquid phase, this type of 

sintering regime is not used for this research and thus the solid-state sintering was selected in this 

piece of work.  

 

2.3.3 Solid-state sintering 

As mentioned before, solid-state sintering occurs at the temperatures below the solidus point 

where the material is in the solid phase. The solid-state sintering includes different stages and is 

conducted through mechanisms that are mainly based on atomic diffusion. However, not all the 

diffusion mechanisms result in densification and shrinkage. The densifying mechanisms are the 

ones that lead to bulk transport of atoms such as grain boundary diffusion, lattice (volume) 

diffusion from grain boundary, and plastic (viscous) flow. On the other hand, some diffusion 

mechanisms including surface diffusion, evaporation-condensation mechanism, and lattice 

(volume) diffusion from the particle surface to the neck area cause neck growth without any 

densification. Figure 2.6 schematically shows the bulk and surface transport mechanisms of 

atoms during sintering. The dominance of non-densifying mechanisms in sintering leads to 

obtain a porous microstructure [34,92]. 

 

Densifying: 

- Plastic flow (dislocation climb or glide) 

- Grain boundary diffusion  

- Lattice (volume) diffusion (from grain boundary) 

 

Non-Densifying: 

- Evaporation-Condensation  

- Surface diffusion 

- Lattice (volume) diffusion (from grain surface) 



28 
 

 

 

Figure 2.6 Diffusion mechanisms in sintering models for two contacting spheres with diameter 

D. The first sketch displays neck growth measured by the neck diameter, X, through surface 

transport mechanisms that do not lead to densification. The second sketch shows diffusion 

through bulk transport mechanisms that lead to mass-transportation, associating with shrinkage, 

between contacting particles to create densification. [34] 

 

 

2.3.4 Stages of Sintering  

The stages during sintering show the geometrical progress of transforming a weak powder 

compact into a solid body. Based on the conditions that sintering is started; the sintering stages 

might begin with loose or deformed powder particles. The first one is the case for parts formed 

using slip casting, injection molding, extrusion, tape casting, and BJ. Particle deformation to give 

a high starting density is associated with high-pressure forming, such as die compaction, cold 

isostatic pressing, and cycles that pressure is applied prior to sintering. In sintering models, 

particles are assumed to be spherical, start with point contacts between particles close to each 

other. [93] 
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Based on phenomenological observations, sintering is divided into three overlapping stages: 

• Neck growth; the first stage that each contact between neighbor particle forms and grows 

without an eye-catching change in volume. Surface diffusion is more dominant in this stage. 

• Pore rounding; the intermediate stage in which adjacent necks enlarge and interact with each 

other to form a net of cylindrical pores. In this stage, the pores become interconnected and the 

accompanying reduction in curvature and surface area causes a slower rate of sintering. Grain 

boundary diffusion is the most principal mechanism here. 

• Pore closure; the last stage that cylindrical pores squeezed and closed to form separate spherical 

ones. In the final stage, the densification rate is slow and the grain growth is obvious. Plastic 

flow and volume diffusion are the most prominent in this stage. 

 

Figure 2.7 shows these sintering stages. The first stage starts with interacting particles while a 

neck growing by short atomic motion. Simultaneously, a grain boundary shapes at the neck area, 

as the grains have random crystal orientations with respect to each other. Those necks are saddle 

surfaces owing to the combination of concave and convex surface curvatures existing. Figure 2.8 

shows a scanning electron micrograph(SEM) of the neck growth during sintering.  

 

Figure 2.7 Graphical representation of the sintering stages [34] 
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Figure 2.8 Scanning electron micrograph of neck growth for sintered spherical 32 μm nickel 

particles [34] 

 

Figure 2.9 clarifies how the necks grow during sintering as time goes by. From empirical 

observations, adequate holding time in sintering at a proper temperature is needed to let particles 

diffused to each other. [34] 

 

 

Figure 2.9 Neck growth during the sintering of copper particles [34] 

 

All in all, knowing the fact that the relative green density in BJ products is around 60%, during 

the sintering, the initial stage results in up to 2% shrinkage due to the neck formation between 

particles. Nevertheless, at the end of the final stage of sintering, up to 20%, linear shrinkage can 

be seen. Adding a short amount of sintering additives can improve the sintering process by 

enhancing particle bonding before the initial stage of sintering. Plus, sintering additives affect 

grain growth during the sintering process. In more detail, they enhance surface diffusion rate, as 
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well as improving lattice and grain boundary diffusion while they resist grain boundary mobility 

and weakens grain surface energy during the sintering process [34,37,94] Also, using a mixed 

distribution of large and small particles can profoundly promote densification behavior during 

the sintering of BJ products [5,12,28].  

 

 

2.4 Analytical Model 

Sintering of powder particles is a thermal process that involves the mass-transport phenomena 

resulting in the particles get bounded [95]. The mass-transport phenomena which lead to 

densification in the compact of particles are due to reduce the free surface energy between them. 

The surface diffusion mechanisms only form the initial bonding between particles which is 

called “necks” during sintering. Following the surface diffusion, grain boundary and volume 

diffusion mechanisms progress and increase the density of BJ printed part by diffusing its 

powder particle into each other to reduce the free surface energy. 

 

2.4.1 Combined stage Sintering Theory  

Hansen et al. [96] developed a combined-stage sintering model for solid-state sintering by 

studying the mass-transport mechanisms during sintering, which let them predict both the 

shrinkage and densification during sintering. In their work, the grain boundary and volume 

diffusion were assumed to be the reason for densification resulting in the combined-stage 

sintering equation: 

−
𝑑𝐿

𝐿𝑑𝑡
=

𝛾𝛺

𝑘𝑇
[

ɼ𝑣𝐷𝑣 

𝐺3 +
ɼ𝑏𝐷𝑏

𝐺4 ].                                                                                                            (2.4) 

In the above equation 𝐿 is a representative dimension, 𝑡 is time, Ω is the atomic volume, 𝛾 is the 

surface energy, 𝑇 is the temperature, 𝑘 is Boltzmann’s constant, Γ is a lumped scaling factor, 𝐷 is 

the diffusivity factor, 𝐺 is the grain size, and the subscripts ν and 𝑏 are volume diffusion and 

grain boundary diffusion factors, respectively. On the other hand, the lumped scaling factors, Γ𝑣 

and Γ𝑏 are the density-dependent geometric terms as well as 𝐷, the diffusivity factors which 

should be determined from experiments for a specific sintering system. Assuming that the 
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shrinkage is anisotropic while the mass does not change in sintering, the following equation can 

be obtained: 

  −
𝑑𝐿

𝐿𝑑𝑡
=

𝑑𝜌

3𝜌𝑑𝑡
 .                                                                                                                                   (2.5) 

By combining (2) and (3) Su and Johnson [97] rearranged the combined-stage sintering equation 

through piling all the density-dependent material parameters on one side, while the known 

process-dependent parameters except the 𝑄 which is apparent activation energy on the right side:  

𝑘

𝛾𝛺𝑎𝐷0
∫

(𝐺 (𝜌))𝑛

3𝜌𝛤 (𝜌)
𝑑𝜌 = 

𝜌

𝜌0
∫

1

𝑇
exp (−

𝑄

𝑅𝑇
) 𝑑𝑡.

𝑡

0
                                                         (2.6) 

Here, D0 is the apparent diffusivity factor representing the diverse influence of both the volume 

and grain boundary diffusion mechanisms. The left side is considered as the increase of internal 

energy because of the increase in the density of the system during the sintering process. 

Similarly, the right side of the above equation is considered as the energy that deposited to the 

system during the process. Now, the right side can be introduced as a term(Θ), work of sintering, 

as follows: 

Θ(t, T) = ∫
1

𝑇
exp (−

𝑄

𝑅𝑇
) 𝑑𝑡.

𝑡

0
                                                                (2.7) 

In the above equation, the value for apparent activation energy is necessary to evaluate the work 

of sintering (Θ) can be determined through numerical analysis. Guessing an initial value from 

previous works and giving it a wide range, it can be found through iteration. In this study, the 

proper value for Q was found through iteration using the least-squares norm of residuals method, 

equation 2.8, which is a statistical approach to find the best value that fits well the experimental 

data into the combined stage sintering model. 

min (𝜒2) = ∑ (
𝜌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,𝑖 − 𝜌𝑐𝑎𝑙𝑐,𝑖

𝜌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,𝑖
)

2
𝑛
𝑖=1 .                                                (2.8) 

where ρ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  refers to the experimentally measured relative density, and ρ𝑐𝑎𝑙𝑐 refers to the 

predicted value from the combined stage sintering model. Based on the model, it is clear that at a 
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given time 𝑡 there should be an apparent density of ρ corresponding to a work of sintering of Θ. 

[97] 

 

 

2.4.2 Master Sintering Curve 

As mentioned before, the sintering process is influenced by many material-based and process 

parameters, which make it difficult to predict the sintering behavior. Therefore, an empirical tool 

to present the sintering behavior without accurately measuring material parameters was needed 

for the powder metallurgy community. This concept is called the Master Sintering Curve (MSC) 

which presents the relationship between the relative density during the sintering and the work of 

sintering based on the equation 2.7. In more detail, the MSC is capable to predict the final 

density of sintered products as well as the comparison between the densification behavior of 

different powders during the sintering process. Based on previous studies, a sigmoidal function is 

the best choice that describes the relationship between the apparent density and work of 

sintering. [90,98,99] Consistent with this, the apparent relative density ρ measured from the 

experiments has a sigmoidal relation with the work of sintering as follows: 

ρ = 𝑎 + 
(1−𝑎)

1+exp (−
(𝑙𝑛𝛩−𝑏)

𝑐
)
 .                                                                                              (2.9) 

In the above equation a, b, and c are constants that define the sintering curve for the system. 

Constant a is the relative density of the green part. Constants b and c depend on the material.  

 

An Example of MSC for Inconel 718 alloy and the plot of residuals for different values of its 

apparent activation energy is shown in Figure 2.10. It was found that the apparent activation 

energy Q is affected by heating rate[100], powder particle size[33], and any other parameter that 

has an effect on sintering behavior. In fact, most pieces of literature that discuss the MSC are 

rather related to conventional PM processes than BJ. Implementing the MSC to establish an 

empirical comparison for the sintering of BJ samples is part of this thesis.  
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                                        (a)                                                                           (b) 

Figure 2.10 (a) Master sintering curve for Inconel 718 alloy and (b) the plot of residuals [100] 
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Chapter 3 

 

Materials and Methodology 

 

The methodology of this thesis relies on three different powders and a binder as raw materials, 

besides set of characterization tests as well as some density measurements on both raw materials 

and final processed samples. The powders are made of 316L stainless steel alloy with three 

different particle size distribution. The binder for this study was a patented liquid binder that was 

provided by the General Electric Company, additive manufacturing division (West Chester, 

OH).[109] For the characterizations, scanning electron microscopy (SEM) and a set of powder 

characterization tests were done. Moreover, thermal gravimetric analysis (TGA) as well as the 

differential scanning calorimetry (DSC) were used to design an optimum heat treatment profile. 

Further, Archimedes density measurement was applied to measure the final density of samples 

after sintering. Finally, the measured density data were collected and undergone a statistical 

refinement practice to be prepared for MSC which is an empirical tool to examine the 

sinterability of each powder. 

 

3.1 Materials 

3.1.1 316L Stainless Steel Powders 

In this study, three different 316L stainless steel powder were used. Those powders vary in terms 

of their particle size. All the powders were gas-atomized which means that a typically spherical 

morphology had to be expected for their particles. Table 3.1 shows the info for the powders as 

well as the nominal particle size distribution from the supplier company. The three powders are 

referred to as unimodal fine (UMF), bimodal coarse (BMC), and bimodal fine (BMF). Each 

powder had blended by a rotary blender (Thumler’s A-R12) for 15 min to have a fine distribution 

before usage. 
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Table 3.1 The 316L powder types and their nominal particle sizes 

Powder designation Nominal particle sizes (µm) 

UMF 0-22 

BMC 5-45 

BMF 5-45 

 

 

3.2 Powder characterization 

Similar to any other manufacturing process, characterization of raw materials which in this work 

are metallic powders has been always a need to assess the impact of the powder characteristics 

on the process and the final part. Generally, the important powder characteristics that should be 

inspected in AM are flowability, particle size distribution, morphology, and tap density. 

[55,77,78] 

 

3.2.1 Particle Size Distribution (PSD) 

For the powders that were used in this thesis, the particle size distribution analysis test was done 

using the CAMSIZER X2 system (RETSCH, Wuppertal, Germany) which works based on the 

digital image processing of pictures, 300 per second, taken from powder particles. As it can be 

seen in figure 3.1, The CAMSIZER X2 uses a simple patent; dispersing powder particles in front 

of two bright LED light sources and The shadows of those particles are taken by two high-speed 

cameras. While the basic camera is for the detection of the big particles with a large field of 

view, the zoom camera is installed to scan smaller particles with high resolution. Further, a user-

friendly software analyzes the size and shape of the particles caught by the cameras and finally 

giving away the distribution of each class size particles. For the work of this thesis, a set of 

hundred particle class size from 0.1 µm to 100 µm was defined to classify each powder particle 

size distribution.  
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Figure 3.1 The CAMSIZER X2 system from RETSCH and the way that it captures the powder 

particles [101] 

 

 

3.2.2 Stability & Flowability 

As a powder bed AM technology, BJ requires a powder material with perfect spreadability. 

Powders with weak flowability, cannot be spread smoothly and uniformly onto the bed and lead 

to defects in the part structure during the printing step. In order to find out the rheology of the 

powders, the rheometry test was done using the FT4 powder Rheometer system (Freeman 

Technology, Welland, UK), figure 3.2. From the test analysis and interpreting some factors, the 

flowability of powders was examined. In more detail, the FT4 employs the technique of 

measuring the powder resistance to flow. During the test, a ‘blade’ starts to rotate and moving 

downwards through the powder to establish a flow pattern with 11 different flow patterns for 

each trial. This leads to thousands of particles to interact, slide, or flow over another, and the 

amount of resistance energy that the blade face from the powder, shows how they are hard to 

flow. For the powders used in this thesis, two sets of trials were done and the average was taken 

as the output data. 
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Figure 3.2 The FT4 powder rheometer system and the flow pattern that its blade create [102] 

 

3.3 Powder sintering experiments 

3.3.1 Sample Fabrication 

Green samples from three different powders were fabricated using cubical silicone molds with 

the approximate dimensions of 1 𝑐𝑚 × 1 𝑐𝑚 × 1𝑐𝑚. The powder is added to the silicone mold 

layer by layer. For each layer, the liquid binder was dropped with a pipette until it reaches the 

powder surface. To accelerate the spreading of binder, removing the trapped air bubbles and 

flattening the sample surface, the silicone mold was placed on a benchtop vibrator for a minute. 

This process is iterated until the powder fills the silicone mold. Then, the silicone mold is left on 

a hot-plate overnight at 100 °C to remove the binder solvent. The dried green sample is removed 

from the silicone mold gently and inspected to see its integrity. Figure 3.3 illustrates the sample 

fabrication procedure and a green sample. 
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                                            a)                                                                      b) 

Figure 3.3 Sample fabrication facilities; a) silicone mold and the vibrator. b) a dried green 

sample with ~1cm3 dimension. 

 

3.3.2 Heat Treatment 

As discussed in the late chapter, the properties of the final part highly rely on post-processing 

parameters. The post-processing procedure in this thesis includes debinding and sintering. Once 

sample fabrication finished, the dried green samples were undergone to a thermal heat treatment 

in the GSL-1600X-50-UL tube furnace (MTI Corporation, Richmond, CA) which is shown in 

figure 3.4, with a specific heat treatment profile. The heat treatment profile was designed based 

on the thermal behavior of both binder and powder materials. In the following sections the 

debinding and sintering analysis which resulted in an optimum heat treatment profile, are 

discussed. 
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                                (a)                                                                       (b) 

Figure 3.4 (a) the MTI GSL-1600X-50-UL Tube furnace and (b) the illustration of its different 

elements [103] 

 

3.3.2.1 Debinding 

As the first step of post-processing, debinding plays a vital role in the BJ process. Knowing the 

fact that inadequate debinding can lead to detrimental defects in the final part, the debinding 

should be designed in a way that results in the minimum amount of residue. Based on the type of 

material, fully thermal debinding is used for the BJ debinding. In that regard, the mass reduction 

based on the temperature was studied for the binder in order to find the initiation temperatures 

for the debinding step. 

 

3.3.2.1.1 Thermal Gravimetric Analysis (TGA) 

Thermal gravimetric analysis (TGA) test method was used for the study of the debinding step. 

For that purpose, a small amount of cured binder was prepared with the net mass of 24.4 mg in 

an alumina crucible. Further, the sample was placed into the STA 449F1 TGA system (Netzsch, 

Burlington, MA), which is shown in figure 3.6, under a 95% Ar-5% H2 atmosphere. Due to the 

limitation of the changing atmosphere during the heat treatment process, the atmosphere of 

debinding was selected to be similar to the sintering step. Using the TGA test system, the sample 

was heated from room temperature (24 °C) to 800 °C, where approximately is the point before 

the sintering sarts [33], with a constant heating rate of 10 °C/min. Leaving less than 10% of the 

binder by the end of the experiment, the debinding initiation temperatures as well as the duration 
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were obtained from the TGA curve to guarantee a reasonable optimum debinding step in the heat 

treatment profile.  

 

3.3.2.2 Sintering 

Based on the material and geometry accuracy, the solid-state sintering regime was chosen for the 

samples in this research. It was vital not to pass solid-state during sintering since the shape 

fidelity would get lost. In that regard, the solidus temperature in the phase diagram of the 316L 

alloy was required in order to know the maximum temperature that was the limit in the heat 

treatment profile. Figure 3.5 shows the phase diagram for the alloy where the solidus point is 

around 1400 °C. [104] Although the phase diagram provided a reasonable estimation for the 

sintering temperature limit, the difference in their PSD can lead to a difference in their solidus 

point. [105] Therefore, the thermal behavior of each powder had to be studied. 

 

Figure 3.5 The phase diagram of commercial 316L stainless steel [104] 
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3.3.2.2.1 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) experiment was done to precisely capture phase 

transformation versus rising temperature in each powder. For that purpose, the amount of 158 mg 

of powder was put into an alumina crucible with 350 mg mass. Besides, another empty crucible 

was used as the reference sample since the DSC works based on the difference in energy 

consumption of the test sample with a reference sample that does not have any phase 

transformation in the temperature range that the experiment is done. Further, both the reference 

and test samples were put into the same system that the TGA test was done, the STA 449F1 DSC 

system (Netzsch, Burlington, MA), which is shown in figure 3.6, under a 95% Ar-5% H2 

atmosphere with the constant heating rate of 10 °C/min. Similar to the TGA, the gas atmosphere 

was selected regarding the availability and safety restrictions for use in the very heat-treatment 

process. From the DSC diagrams, solidus points in both heating and cooling were obtained and 

they were considered for the heat treatment profile of the fabricated green samples.  

 

Figure 3.6 The STA 449F1 DSC/TGA system from NETZSCH [106] 
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3.3.3 Heat Treatment Profile 

As mentioned before, the heat treatment process was performed using a tube furnace (MTI GSL-

1600X-50-UL) while the framework was defined based on the results from TGA and DSC 

(Netzsch Jupiter STA 449 F1) experiments. From these experiments and previous works, 

temperature, time, and the gas atmosphere inside the furnace were selected for the heat treatment 

process based on the materials. The processes generally consist of three stages: drying, where the 

green samples were placed into an oven to let the solvent get evaporated from the samples at 

relatively low temperatures (up to 100 °C). Debinding, where the binder removed at moderate 

temperatures (up to 500 °C). In the end, sintering was conducted at high temperatures (up to 

1400 °C) where shrinkage and densification take place. The multi-stage profile has been defined 

where the temperature was shortly held for intervals in order to dedicate enough time for 

thermodynamic and mass transportation phenomena to get accomplished. This is the general 

experimental approach that was taken in this study. With respect to the safety restrictions, both 

debinding and sintering were executed in 95%Ar–5%𝐻2 atmosphere while the hydrogen acts as a 

reducing agent, it breaks the oxide layers that exist on powder particles’ surface,[55] thereby 

improving the formation of sinter necks between particles [5]. The process started from room 

temperature with a heating rate of 10 °C/min up to 310 °C. The samples were kept at this 

temperature for 30 min, then were heated to 430 °C with the same heating rate and stayed there 

again for 30 min to enable decomposition of the binder. To carry out sintering, first, the samples 

were heated up to 900 °C with the ramp of 10 °C/min. Subsequently from this temperature they 

ramped up at 5 °C/min to a variety of higher temperatures with different holding time (0-10 

hours) then cooled down to room temperature. Figure 3.7 schematically shows the heat-treatment 

process used in this study. The details about the debinding and sintering temperatures with 

different holding times are presented in Table 3.2.  



44 
 

 

Figure 3.7 The heat-treatment profile for the test samples 

 

Table 3.2 the heat-treatment procedure features  

Sintering temperature 

range(°C) 

Holding time 

range(min) 

Debinding temperature 

range(°C) 

Heating 

rate(°C/min) 

900-1400 0-600 310-470 5-10 

 

 

3.4 Density Measurements 

3.4.1 Powders Density Measurement 

Since the powders have different PSD, during the atomization process they might catch different 

amount of gas trapped inside their particles that affects their density. Besides, in powder 

metallurgy, green and sintered densities usually are shown as the term “Relative Density” which 

is the ratio of measured density to the real density of the alloy. In order to determine the real 

density of the powders the gas pycnometry test was done using the ULTRAPYC 1200E gas 

pycnometer system (Quantachrome, Boynton Beach, FL) shown in figure 3.8. The pycnometer 

system works based on measuring the true volume of the solid powder by implementing the 

Archimedes principle for fluid displacement and Boyle's Law for gas expansion. In this 

measurement system, a gas is used as the fluid since it can easily penetrate the smallest pores to 
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obtain high accuracy. Thus, Helium was used as the displacing gas because of its small atomic 

dimension which leat it to penetrate to pores with a 0.2 nm dimension while as an Ideal gas it 

does not react with any material during the test. [107] 

 

Figure 3.8 The ULTRAPYC 1200E gas pycnometer system from Quantachrome that used for 

powders density measurement 

 

3.4.2 Green Samples Density Measurement 

The initial assessment for the density of fabricated samples was determined through mass and 

geometry measurements. The mass measurements were done using the analytical balance (Adam 

Equipment Inc, Fox Hollow Road, Oxford, CT) with ± 0.0001 𝑔 and geometrical measurements 

were performed by calipers (Mitutoyo Absolute Digimatic Caliper, Mississauga, ON). Further, 

the green density is estimated by using Equation 3.1, where m is the mass of the sample, and a, b, 

and c are the diameters of each cubical samples. The average value of three different points 

measurement was taken for each side to reduce errors in the measurement. 

𝜌𝑔𝑟𝑒𝑒𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 =  
𝑚

𝑎∗𝑏∗𝑐
 (

𝑔𝑟

𝑐𝑚3
).                                                                                     (3.1) 
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3.4.3 Sintered Samples Density Measurement 

The bulk density of each sintered sample was quantified using the average of three measurement 

repetitions. For that purpose, the Archimedes method was chosen and measurements were 

performed based on ASTM B962 – 17 [108] which is the standard for measuring the density of 

PM and sintered samples. Knowing the fact that sintered samples usually have some pores which 

are open to the surface, the small amount of the high vacuum grease (Dow Corning, Mississauga, 

ON) was added on the surfaces in order to prevent the liquid to penetrate in and obtain a 

reasonable accuracy. Samples’ weights were measured, once in the air and once it was immersed 

in water by the analytical balance and Archimede test kit (Adam Equipment Inc, Fox Hollow 

Road, Oxford, CT) shown in figure 3.9 with ± 0.0001 𝑔 accuracy. Further, by implementing the 

equation 3.2, the bulk densities of the samples were determined while the temperature was 

monitored to reach precise results. 

𝜌 =
𝑊𝑎𝑖𝑟 

𝑊𝑎𝑖𝑟 − 𝑊𝑤𝑎𝑡𝑒𝑟 
× 𝜌𝑤𝑎𝑡𝑒𝑟  (

𝑔𝑟

𝑐𝑚3
).                                                                         (3.2) 

 

 

Figure 3.9 Archimedes setup for density measurement of sintered samples 
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3.5 SEM Imaging 

3.5.1 Powder particles SEM imaging 

Scanning Electron Microscopy (SEM) imaging of the powders was performed using the Vega3 

SEM system (Tescan, Warrendale, PA). That SEM is a type of thermionic emission SEM system 

that comes from a heated tungsten filament as the electron sonurce. In order to qualitatively 

study the shape of powders, a quite thin layer of each powder adhered to a strip of crystal clear 

tape. Further, each tape that was covered by powders attached to a solid plastic slide and was put 

in the filmstrip holder. During imaging, casual areas were chosen over each slide and a sufficient 

number of pictures were taken from the powders. During the experiment, voltages of 15 kV and 

20 kV were used for SEM imaging.  SEM images from the powders were used to visually study 

their particle features such as their shape and satellite contents. 

 

3.5.2 Sintered samples microstructure imaging 

Prior to microstructure imaging of sintered samples, mounting, followed by polishing were done 

on them. The specimens were mounted in a conductive phenolic compound, ground, and 

polished for imaging of regions that were representative of the overall sample microstructure. 

Further, SEM was performed to study the microstructures of the samples after sintering. A 

special emphasis is placed on analyzing the precipitation of a sigma phase for the three materials. 

The SEM specimens were prepared using conventional metallography techniques and imaging 

was performed using Vega3 (Tescan, Warrendale, PA) equipped with Bruker XFLASH® energy 

dispersive spectroscopy (EDS) and backscattered electron (BSE) detectors.   
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Chapter 4 

 

Results and Discussion 

 

4.1 Results 

4.1.1 Initial powder 

The particle size distribution of the three 316L stainless steel powders is shown in Figure 4.1. 

The UMF powder in Figure 4.1(a) has a unimodal gaussian distribution with a size of 7 µm D10, 

12 µm D50 and 18 µm D90. This PSD is commonly used in MIM process [110,111]. The BMC 

powder in Figure 4.1(b) has a non-discrete bimodal distribution with a size of 13 µm D10, 30 µm 

D50 and 50 µm D90. This PSD is typically used in PM process [112]. The BMF powder in 

Figure 4.1(c) has also non-discrete bimodal distribution with a particle size of 9 µm D10, 21 µm 

D50, and 40 µm D90. The SEM images in Figure 4.2 show the morphology of the as-received 

powders. All three powders have similar morphology, i.e. spherical or near-spherical, with some 

satellites. This dominant spherical morphology can improve powder flowability, packing density, 

and uniformity of the powder layer thickness. The true density of each powder, obtained through 

the gas pycnometry measurements, is given in Table 4.1. The three selected 316L powders, with 

similar morphologies, comparable densities and contrasting PSD, provide an excellent 

foundation for studying the effects of PSD on the sinterability of BJ printed samples. 

 

   

                       (a)                                          (b)                                                (c) 

Figure 4.1: Particle size distribution graphs of (a) UMF, (b) BMC and (c) BMF stainless steel 

powders. 
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(a)                                            (b)                                                 (c) 

Figure 4.2: SEM images of (a) UMF, (b) BMC and (c) BMF stainless steel powders. 

 

Table 4.1: The true densities of stainless steel powders obtained through gas pycnometry. 

Powder name Number of 

tests 

Standard deviation 

(%) 

Average density 

(g/cm𝟑) 

UMF 15 0.011 7.8761 

BMC 15 0.092 7.9651 

BMF 15 0.057 7.9712 

 

 

4.1.2 Thermogravimetric analysis 

TGA is performed on GE binder to find the optimum debinding condition (Figure 4.3). 

According to the TGA curve, GE binder undergoes three decomposition steps. The first step 

occurs at a temperature range of 70 oC - 285 oC with a weight loss of 20 % which can be 

attributed to the loss of residual solvent and low molecular weight oligomer. The second step 

decomposition occurs at a temperature range of 285 oC - 420 oC with a weight loss of 43 % 

which can be attributed to the structural changes, such as loss of functional groups from polymer 

A. The third step decomposition occurs at a temperature range of 420 oC - 460 oC with a weight 

loss of 26 % which can be associated with degradation of the polymer backbone (or functional 
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groups from polymer B). Based on the tangent method, 285 oC and 420 oC found to be the 

inflection points of the curve and are selected as debinding temperatures to minimize the residual 

carbon content in the microstructure after sintering.  

 

Figure 4.3: Thermal gravimetric analysis curve of GE polymeric binder. 

 

4.1.3 Differential scanning calorimetry 

Figure 4.4 shows the DSC results for all powders. It is observed that solidus and liquidus 

temperatures of DSC heating curves (Figure 4.4(a)) are different from those of DSC cooling 

curves (Figure 4.4(b)). This illustrates the effect of PSD on solidus and liquidus temperatures. 

UMF has the lowest solidus (1408 oC) and liquidus (1450 oC) temperatures on heating (Figure 

4.4(a)) due to the less kinetic factors associated with the lowest median particle size (~ 12 µm). 

The fine particles have higher surface area inducing higher heat sensing. Thus, the resistance for 

solid to liquid transformation is reduced to a lower temperature [105]. As expected, coarser BMC 

and BMF have highest solidus (1418 oC) and liquidus (1458 oC) temperatures due to the 

pronounced kinetic factors.  On the other hand, DSC cooling curves show that all three powders 

have almost the same solidus (~ 1402 oC) and liquidus (~1434 oC) temperatures. This is 

attributed to the phase change from liquid  to solid  which eliminates the kinetic factors 

associated with powder. The solidus and liquidus obtained from the heating and cooling curves 

are displayed in Table 4.2 Since sintering trials are done with isothermal holding at the 
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maximum temperature, the sintering temperatures are determined according to the cooling 

solidus temperature (~1402 oC) to guarantee subsolidus sintering.     

 

         (a) 

 

      (b) 

Figure 4.4: Differential scanning calorimetry curves of stainless steel powders during (a) heating 

and (b) cooling. 
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Table 4.2 Solidus and liquidus temperatures of stainless steel powders obtained from DSC. 

 Solidus 

temperature 

(UMF) 

Liquidus 

temperature 

(UMF) 

Solidus 

temperature 

(BMC) 

Liquidus 

temperature 

(BMC) 

Solidus 

temperature 

(BMF) 

Liquidus 

temperature 

(BMF) 

Heating 1408°C 1450°C 1418°C 1458°C 1418°C 1458°C 

Cooling 1402°C 1434°C 1400°C 1433°C 1403°C 1437°C 

 

4.1.4 Powder sintering 

4.1.4.1 Effect of PSD on sintering 

The densification plots for the three powders with similar initial packing density are shown in 

Figure 4.5. The density is plotted versus the work of sintering described in Equation 2.7, where 

the temperature and time of the sintering are combined into one term (θ). Green samples were 

prepared carefully to get similar packing densities (65%) for all powders to decouple the effect 

of green density. The densification of the three powders exhibits a sigmoidal behavior. The UMF 

powder shows the sharp sintering curve and achieves the highest density (95%). This is because 

it has the lowest median particle size (12 µm D50). Small particles accelerate the densification 

due to higher surface energy [34,122]. In addition, smaller particles have larger contact area 

leading better diffusion between the particles [33]. Accordingly, The BMF (20 µm D50) and 

BMC powder (30 µm D50) achieved a lower density of 94% and 92%, respectively. Their 

sintering profiles also show shallower sintering slops due to their larger particle sizes. 
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Figure 4.5: Master sintering curve for UMF, BMC and BMF powders with similar relative green 

density (65 %).  

 

4.1.4.2 Effect of green density on sintering 

Initial packing density is an important factor that influences the sinterability of BJ printed parts. 

Considering that the samples printed by BJ have relatively low green densities (50-60 %) [5], 

another set of samples with lower green densities were fabricated from BMC and BMF to 

replicate BJ samples in which the effect of PSD was decoupled. It should be noted that it was not 

possible to fabricate firm samples with lower green densities from UMF due to its undesirable 

rheology. Figure 4.6(a) shows the comparison between the densification behavior of high and 

low green density samples for BMF. The densification plots of both high and low green density 

samples exhibit a sigmoidal behavior and are plotted versus the work of sintering. From the 

Figure 4.6(a), low green density (LGD) samples with 58% relative green density reached the 

maximum density of 91% after sintering, whereas this value is 94% for high green density 

(HGD) samples with 65.4% relative green density. Similarly, Figure 4.6(b) compares high and 

low green density samples from BMC where the densification plots again show the density 

change versus the work of sintering and have a sigmoidal behavior. In the Figure 4.6(b), LGD 
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samples with 53% relative green density, achieved 78% after sintering, while the HGD samples 

with 65.6% relative green density attained 92%. Thus, in both BMF and BMC powders, the 

HGD samples always reached higher density after sintering due to the fact that higher green 

density increases the number of contact points per particle, known as the coordination number. 

Plus, higher green densities reduce pore sizes and enhance densification during the sintering 

because of the higher local stresses that enlarge the contact area between particles [34].  

 

      

(a)                                                                          (b) 

Figure 4.6: Effects of green density on the master sintering curves for (a) BMC and (b) BMF 

powders 

4.1.5 Sintering Microstructure 

Microstructure observations reveal the formation of trangranular and intergranular Cr-Mo-rich 

phases for the samples with the highest density. Figure 4.7 shows the microstructure of BMF 

with 94% density. The Cr-Mo-rich phases also exhibit a depletion in Nickel. Selected area 

diffraction pattern (not shown here) confirms the particles to be sigma (σ) phase and carbide 

particles. Carbide particles are mostly spherical (Ø<10 µm) homogenously distributed in the 

microstructures. The σ phase a more elongated shape and is concentrated along the grain 

boundaries. The length of the sigma phase can easily exceed 10µm in length. 
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Figure 4.7: SEM BSE images with EDS chemical maps of BMF microstructure with initial 

relative green density of 65 % after sintering at 1400 °C for 600 minutes. 

 

4.2 Discussion 

Based on the results from Figure 4.5, PSD of the powders has a small effect on the maximum 

sintered density. The samples prepared from UMF, BMF, and BMC with similar high green 

densities (~65%) showed small differences in their maximum sintered densities from 92% to 

95%. On the other hand, from Fig. 7a and b, it is observed that the initial packing density plays a 

much more important role in the densification of the green samples. The samples with lower 

green densities of 53% and 58%, reached noticeably lower sintered densities of 78% and 91%, 

respectively. To obtain a better understanding of the difference in the densification behavior, the 

MSC analytical model was implemented and the experimental data were fitted to a sigmoidal 

curve through the non-linear regression curve fitting method. 

 

4.2.1 Master sintering curves 

The density of sintered samples was measured and analyzed by considering the solid-state 

sintering theory [83,85]. The solid-state sintering involves three major diffusion mechanisms 

associated with different activation energies. Since these mechanisms working in cooperation, it 

is difficult to determine their contribution and the temperature they get activated during the 

sintering cycle. Generally, to ease the analysis, an equal activation energy value for the entire 

sintering cycle is considered, which is called apparent activation energy. In this work, the 



56 
 

apparent activation energy for each powder was determined by minimizing the residuals between 

the experimental data and the predicted data from the MSC model (Equation 2.9). The procedure 

to find the apparent activation energy was conducted through iteration and comprehensively 

described in section 2.4.1, Equation 2.8, of this thesis. 

The MSC fits for the three powders with high green densities are shown in Figure 4.5, while the 

two powders with low green densities are shown in Figure 4.6. The normal probability plots for 

all five MSC fits are presented in Figure 4.8. It compares the residual errors of experimental and 

predicted data from non-linear regression. It shows that the residuals of all five MSC are 

normally distributed presenting a P-value higher than 0.05.  

The statistical accuracy of the five MSC fits is presented in Table 4.3. The coefficient of 

determination, also called R-square, is higher than 90% for all five MSC fits. The root mean 

square error (RMSE) showing the standard deviation of the residuals and how they are spread 

out in the MSC are relatively low (<0.028). Finally, standard error (SE) of predicted constants b 

and c in Equation 2.9 are also given in Table 4.3. 

    

                        (a)                                                (b)                                               (c) 

  

(d)                                                 (e) 

Figure 4.8: Normal probability plot for (a) UMF, (b) BMC-HGD, (c) BMF-HGD, (d) BMF-LGD 

and (e) BMC-LGD. 
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Table 4.3 Nonlinear regression summary statistics. 

 R-square (%) RMSE SE (b) SE (c) 

UMF 97.4 0.020 0.15 0.13 

BMC-HGD 91.5 0.025 0.20 0.23 

BMF-HGD 94 0.028 0.21 0.23 

BMC-LGD 92.3 0.024 0.19 0.22 

BMF-LGD 90.5 0.037 0.19 0.23 

 

4.2.1.1 Activation energy 

The residuals for the MSC associated with the three powders in Figure 4.5 and the two green 

densities in Figure 4.6 were computed for a range of Q and are shown in Figure 4.9. The 

apparent activation energy resulting in the lowest residual for the 5 MSC fits range between 103 

and 110 kJ/mol. From previous works, R. M. German [95] studied the solid-state sintering of 

316L powder and apparent activation energy was reported around 167 kJ/mol. The slight 

deviation in activation energies between this work and R. M. German can be attributed to 

difference of the powder preparation technique (water atomized powder), sample preparation 

technique (injection molding) and binder composition. Previous studies indicate that powder 

particle size, powder morphology, binder composition, green part density, debinding and 

sintering conditions affect the sintering behavior and the diffusion phenomena and hence the 

value of apparent activation energy [34,113–115]. 

The volume fraction of ferrite in the microstructure can also reduce the activation energy for 

sintering. Wu et al. showed that the sintering density increases with the volume fraction of ferrite 

in the microstructure [116]. This is because the diffusion rate is higher in ferrite than austenite. 

The high-volume fraction of σ-phase in Figure 4.7 means that a high-volume fraction of δ-ferrite 

is present during the sintering of the material. The Cr-rich δ-ferrite decomposes into the σ-phase 

during the slow cooling of the material [117]. This means that the activation energy is capturing 

both the contribution of the austenite and the ferrite in the solid-state sintering.  
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                              (a)                                                               (b)                                                      (c) 

 

                                                                (d)                                                         (e) 

Figure 4.9: Determination of apparent activation energy for (a) UMF, (b) BMC-HGD, (c) BMF-

HGD, (d) BMF-LGD and (e) BMC-LGD. 

 

4.2.1.2 Onset of sintering 

The onset of sintering values in Figure 4.10. are obtained from the first and second derivatives of 

master sintering curves. Table 4.4 summarizes the difference in onsets of sintering for the three 

powders with different PSD and two green densities. For the same green density (~ 65 %), UMF 

has 7 % and 12.2 % lower ln(θ) value than that of BMF and BMC, respectively.  This shows that 

reducing the PSD expediates the onset of sintering which can be attributed to the lower median 

particle size of UMF powder providing more particle-particle contacts within the sample. In 

addition, as particles get smaller, they have more surface energy. This makes sintering favorable 

and requires less work to initiate the densification [33]. 

On the other hand, the green density has a more noticeable impact on the onset of sintering 

(Table 4.4). BMF-LGD has 10 % higher work of sintering than that of BMF-HGD. Similarly, 

BMC-LGD has 17.5 % higher work of sintering than that of BMC-HGD. This illustrates that 
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increasing the green density facilitates the onset of sintering significantly. From the microscale 

point of view, this can be attributed to the increase in the number of contacts within the powder 

particles as porosity and pore size reduces in the green sample. During sintering, these contact 

areas enlarge owing to local stresses at these points, leading the formation of more necks and 

eventually more grain boundaries accompanied with shorter diffusion paths. All these factors 

reduce the amount of work of sintering to initiate the densification [34,118]. 

 

Figure 4.10: Onset work of sintering (ϴ) values for UMF, BMC and BMF plotted against green 

density. 

 

Table 4.4. Summary of differences in onset of sintering and densification rate.  

 Difference in onset of sintering (%) Difference in densification rate (%) 

 BMC-HGD BMF-HGD BMC-HGD BMF-HGD 

UMF -12.2 -7 +15 +4.5 

BMC-LGD +17.5 NA -5 NA 

BMF-LGD NA +10 NA -6.8 
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4.2.1.3 Densification rate 

The densification rates in Figure 4.11 are obtained from the slope of the master sintering curves. 

Table 4.4 summarizes the differences in the densification rates for the three powders with 

different PSD and two green densities. The slope of sintering at 65 % green density for UMF is 

4.5 % and 15 % larger than that of BMF and BMC, respectively. As expected, for the same green 

density, decreasing the PSD enhanced the densification kinetics. This is due to the higher surface 

energy of finer particles which has stronger driving force for sintering to consume the surface 

energy.  For the same PSD, it is observed that increasing the green density also accelerates the 

densification. As shown in Figure 4.11, BMF and BMC at lower green densities exhibited 6.8% 

and 5% lower densification rates, respectively, compared to their higher green densities. This can 

be attributed to the maximized number of particle contacts leading the formation of many grain 

boundaries and short diffusion paths, both favoring faster sintering [34,119]. 

 

Figure 4.11: Slope of sintering values for UMF, BMC and BMF plotted against green density. 

 

4.2.2 Flowability 

As a powder bed AM technology, BJ requires a powder material withdesirable flowability. In 

that regard, in order to examine the processability of a powder, the flowability test should be 
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done to characterize the ability of a powder to compact well and reach a high green density for 

any type of powder bed AM technology. Otherwise, powder material cannot be spread smoothly 

and uniformly onto the bed and leads to structural defects in the part during the printing step 

[12,22,120]. Figure 4.12 shows the total stability energy of powder materials versus the flow 

rate. This figure is used to build Table 4.5 presenting the powder flowability factors.  Based on 

the specific energy (SE) factor, UMF has the highest specific stability energy corresponding to 

the lowest flowability. Also, from the stability index (SI) factor which represents how much 

powder is stable in terms of flowability at different flow rates, BMF is the most stable powder, 

while UMF is the least stable powder. It should be noted that the closer the SI value to 1, the 

more stable the powder. The difference in the flowability of the powders is related to their 

particle size. In fact, powders with large particles have suitable flowability due to low 

interparticle friction and weak van der Waals forces while powders with smaller particle size 

tend to agglomerate and have poor flowability because of the electrostatic forces between small 

particles [12,22,27-28,30]. Based on the flowability test, UMF is not qualified to be used for the 

BJ process. BMF and BMC have good flowability based on SE factor but BMF is more stable at 

different flow rates which makes it a superior candidate to be used in BJ. 

 

Figure 4.12: Energy consumption during dynamic flow of UMF, BMC and BMF powders. 
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Table 4.5 Flow properties for UMF, BMC and BMF powders. 

Powder name Number of tests Specific energy (mJ/g) Stability index  

UMF 11 4.92 1.09 

BMC 11 2.66 0.93 

BMF 11 2.85 0.98 

 

4.2.3 Sintered microstructures 

The current investigation on 316L powders shows that the sintering temperature and time must 

be above 1200°C for more than 1 hour in order to obtain a minimum relative density of 90%. 

The precipitation kinetic of σ-phase is strongly dependent on the alloy composition [117]. The 

nose of the TTT curve is located at a temperature range of 800°C~850°C. The incubation time 

for precipitation varies strongly with the alloy composition. Perron et al. showed that a slight 

addition on Nb in 316L alloy can reduce the incubation time for σ-phase precipitation below 1 

minute [121]. It is thus not surprising to observe a high density of σ-phase in the sintering 

microstructure in Figure 4.7.  

The precipitation of σ-phase particles has a detrimental effect on the properties of 316L alloy 

[117]. On the one hand, it leads to a depleted zone in the surrounding γ matrix (see Figure 4.7).  

The σ-phase and γ-austenite induce the galvanic effect, and the γ-austenite is corroded 

preferentially. Consequently, the corrosion potent is decreased. On the other hand, σ-phase also 

leads to brittle regions which reduce the ductility of the material. In order to reduce the amount 

of σ-phase in the final microstructure, a solutionizing heat treatment was applied to the sintering 

microstructure shown in Figure 4.7. The microstructure was heat treated to 1050°C for 30 

minutes then air cooled. Figure 4.13 shows that heat treatment dissolved entirely the σ-phase. 

The Cr-rich carbides are the only precipitates that remain in the microstructure. 
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Figure 4.13: SEM BSE images with EDS chemical maps of BMF microstructure with initial 

relative green density of 65 % after sintering at 1400°C for 600 minutes followed by 

solutionizing at 1050°C for 30 minutes. 
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Chapter 5 

 

Conclusions & Future Work 

 

5.1 Conclusions 

This thesis focuses on defining the important criteria to select powder for BJ additive 

manufacturing applications. It evaluates the effect of PSD and green density on the sinterability 

of the BJ samples. In order to decouple these two parameters, green samples were fabricated in a 

controlled environment. A total of 280 samples were prepared in the laboratory. Three different 

PSD and three green densities were evaluated. Debinding and sintering treatments were applied 

to the green samples and their relative densities measured using the Archimedes method. Here 

are the major conclusions obtained from this study: 

 

5.1.1 Heat-treatment analysis 

The polymeric binder used for this work was provided by GE. The thermal gravimetric analysis 

shows two decomposition stages. This is because the binder is made of two polymers. The first 

decomposition stage initiates around 285°C and the second stage around 420°C. These two 

temperatures were chosen to design the optimum de-binding conditions. 

Differential scanning calorimetry analysis of the three powders shows a slight change in solidus 

and liquidus temperatures during heating. The finer (UMF) powder has the lowest solidus 

(1408°C) and liquidus (1450°C), while the coarser (BMC) powder has the highest solidus 

(1418°C) and liquidus (1458°C). The fine particles have higher surface area inducing higher heat 

sensing. Thus, the resistance for solid to liquid transformation is reduced to a lower temperature. 

DSC analysis during cooling shows that all three powders have almost the same solidus (~ 1402 

oC) and liquidus (~1434 oC) temperatures. This is attributed to the phase change from liquid to 

solid which eliminates the kinetic factors associated with powder.  

All the sintering temperatures are below 1400°C to guarantee sub-solidus sintering. Analysis of 

the microstructure and the activation energy confirmed that sintering occurred through solid state 
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diffusions in austenite and δ-ferrite. The three PSD and range of green densities investigated here 

did not affect the sintering mechanism.  

The sintering microstructure has a high volume fraction of detrimental σ-phase. This is due to the 

high sintering temperatures (>900°C) and a long time (>30 minutes) employed. The σ-phase 

precipitates can be solutionized using a short heat treatment above 1000°C. 

 

5.1.2 Densification data and Master Sintering Curve 

All the sintering data follow a sigmoidal shape and MSC fit is utilized to describe analytically 

the sintering behavior. Statistical analysis showed that all the MSC fits have a R-square value 

higher than 90% with a normal distribution of their residuals.  

The MSC theory is used to analyze the sintering kinetics of the three powders and the different 

green densities. While the PSD and green density does not affect the sintering mechanism, they 

have a strong impact on the sintering kinetics. 

The finer powder (UMF) has the lowest work required to initiate sintering. It also has the fastest 

sintering rate and thus the highest final density (95 %). The coarser powder (BMC) requires 

more work to trigger sintering. The densification rate is also significantly slower leading to the 

lowest relative density (92 %). 

The green density has a stronger impact on the sintering kinetics. The work required to trigger 

sintering is increased by 17.5 % when the green density is reduced from 65% to 53%. This is 

much higher than what is observed when the PSD is modified. As a reference, the difference in 

the onset of sintering for the UMC and BMC is only 12.2%. Decreasing the green density also 

reduces the densification rate and leads to a much lower final density. 

The results presented in this investigation shows that the PSD is important to optimize the 

relative density of a BJ additive manufacturing printed parts. However, the green density has a 

much stronger impact on the final density. Thus, the capacity of the powder to flow and compact 

in the powder bed must be the first criterion for powder selection. The flowability tests 

performed on the three powders show that it is the BMF that behaves the best.  
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5.2 Future works 

The approach derived in this thesis provides a foundation for more progress in studying BJ 

process improvement. Improvements can be defined in terms of experimental, analytical, and 

numerical studies. 

In order to improve the accuracy of the analytical model obtained from the MSC theory, 

dilatometry measurements are recommended to be conducted in future work to accomplish and 

compare with the results of this thesis. Also, it is recommended to conduct the TGA test on 

printed samples in order to investigate the debinding of a real BJ product as well as the 

interaction of powder and binder. 

As the shrinkage is an unattachable feature of sintering, studies on predicting shrinkage as well 

as shape distortion of BJ products are of interest.  

Another important aspect of this thesis, which would be interesting to study as future work, is 

linking the analytical sintering densification model obtained from MSC theory to a FEM model 

to predict mechanical and geometrical part properties. A UMAT code should be generated for 

that purpose and it needs to be done to expand the application of the MSCs more than predicting 

the density. 

Mechanical properties improvement is of interest and in that regard, mechanical testing should 

be conducted and the results will need to compare with microstructure analysis, grain size, and 

porosity distribution to enhance mechanical properties. 

Last but not least, the printing and sintering of complex industrial-scale products are of interest. 

Stainless steel powder materials, particularly 316L grade have a great application in 

manufacturing automotive parts hence studying the densification behavior of industrial-scale BJ 

printed parts would be a practical extension to this thesis in the future. 
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