
 

 

Uppsala University  logotype 

MATVET-AM 22006 

Degree project 30 credits 

August 2022 

Process development and 
optimization towards binder 
jetting of Vanadis 4 Extra 

Jivesh Jain 
Error! Reference source not found. 

  



 

Faculty of Science and Technology 

Uppsala University, Place of publication Uppsala 

Supervisor: Christos Oikonomou and Ulf Jansson Subject reader: Erik Lewin 

Examiner: Urban Wiklund 

Uppsala University  logotype 

Process development and optimization towards binder jetting of 

Vanadis 4 Extra 

Jivesh Jain 

Abstract 

Additive manufacturing (AM) has experienced significant growth and development in recent 

years, owing to the ability to produce complex parts using a wide range of materials with relative 

ease. Powder bed-based metal AM has been at the forefront of this growth, even reaching the 

point where parts can be manufactured for end-use applications. Binder jetting (BJ) is one such 

technique where a liquid binder is selectively deposited on powder layers to create a green 

body which is then densified using sintering. The aim of this work was to use binder jetting to 

produce parts using Vanadis 4 Extra, a highly alloyed cold-work tool steel produced by 

Uddeholm AB for applications involving high demand on abrasive wear. Optimization of the 

densification parameters, which included debinding atmosphere, debinding temperature, 

sintering atmosphere, sintering temperature, and sintering time, to achieve full density parts was 

carried out as the first phase. It was found that the sintering atmosphere and time had the most 

significant impact on the density of the samples while the debinding atmosphere heavily 

impacted the C residue from the binder. In the second phase, samples were produced using the 

optimized parameters for mechanical analysis, which included analyses of the surface 

roughness and the wear resistance of the binder jetted samples against the conventionally 

produced samples. The surface roughness was in line with the data presented in literature for 

binder jetted samples. The binder jetted samples produced during this work exhibited better 

wear resistance than the conventionally produced samples, with the samples post-processed 

using hot isostatic pressing showing even better wear resistance. One possible explanation is 

the diffusion of N from the sintering atmosphere into the samples, leading to the conversion of 

carbides to carbonitrides and even nitrides. However, further investigation is needed in order to 

confirm this theory.   
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Abbreviations 
V4E Vanadis 4 Extra  
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PSD Particle size distribution 

BS Binder saturation 

LT Layer thickness 

TD Debinding temperature  
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Tm Melting temperature  

Tsol Solidus temperature 
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1 Introduction 

1.1 Aim  

The aim of this master thesis is to optimize the process of binder jetting (BJ) additive manufacturing (AM) 

to produce fully dense, end-use parts using Vanadis 4 Extra (V4E), a highly alloyed cold-work tool steel. 

Characterization of the resulting microstructure and the surface roughness as well as benchmarking of the 

wear resistance against parts produced using powder metallurgy (PM) are important objectives for the pro-

ject. Since BJ is a two-stage process (fabrication being the first and consolidation being the second), it is 

important to optimize the consolidation stage first to be able to produce full-density parts for the character-

ization and testing phase.  

1.2 Motivation 

Tool steels contain relatively high amounts of C, allowing them to form carbide phases dispersed in the 

metal matrix, improving mechanical properties like hardness and wear resistance. However, processing 

such C-rich tool steels is challenging using Powder Bed Fusion (PBF) processes like Selective Laser Melt-

ing (SLM) and Electron Beam Melting (EBM). [1]  

BJ is a powder bed-based AM process that is decoupled into two stages. The first stage is fabrication 

during which a green body is made by bonding the powders while the second stage is consolidation during 

which the green body is sintered to achieve full density. Due to the homogenous heating of the material 

during sintering, BJ provides an excellent alternative for processing C-rich tool steels while still utilizing 

the general benefits provided by AM. The higher build rates and easy scalability also provide BJ with the 

possibility of being more sustainable compared to other PBF AM processes [2]. The figure below highlights 

the cost of scaling up production for BJ compared to both SLM and EBM.  

 

Figure 1: Manufacturing cost dependence on the number of parts for BJ, SLM, and EBM [2] 

The recent surge in the use of AM for making end-use products from metallic materials has pushed for a 

better understanding of the effect of powder characteristics on the properties of the final product. Most 

metal AM processes are powder bed-based and follow a layer-by-layer approach to make a part. Powder 

morphology is critical for good flowability and spreadability of the powder, both of which are relevant 



 

5 

powder properties during layer formation by powder spreading. Gas atomization produces extremely spher-

ical powders, however, there is no real control over the size of the particles. Usually, powder particles are 

produced over a wide size range. Finer particles show poor flowability due to the inter-particle friction, 

making them unsuitable for use in PBF processes [3]. The sintering stage of BJ benefits from using fine 

powders as they provide a large specific surface area and thus high sintering activity. This is a good enough 

reason to offset the negative effects related to fine powders and use them for manufacturing parts using BJ 

(Figure 2 shows the typical particle size distributions (PSD) for the powders used for most metal AM pro-

cesses). Uddeholm AB uses gas atomization to produce V4E powder for use in PM as well as PBF AM. 

Due to the reasons mentioned above, the finer particles are sieved away and are essentially useless. BJ can 

be employed to use those fine particles as feedstock to produce parts from V4E.  

 

Figure 2: Typical particle size distributions for manufacturing processes utilizing powder as the raw material [4] 
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2 Background knowledge 

2.1 Binder Jetting  

2.1.1 Introduction  

Binder jetting (BJ) is a powder bed, non-beam-based AM technique [5]. Unlike other popular powder bed-

based AM processes, part fabrication in BJ is performed at a low temperature (<100˚C) [6]. The whole BJ 

process chain can be decoupled into two stages, namely fabrication and consolidation [7, 8]. A green body 

is produced during the fabrication stage, which is sintered at a high temperature during the consolidation 

stage. Figure 3 provides an overview of the complete process of manufacturing high-density parts using 

BJ. The BJ process chain can be broadly divided into seven steps: part designing, printing, curing, depow-

dering, debinding, sintering, and post-processing [9].  

 

Figure 3: Overview of the complete process for manufacturing high-density parts using BJ 

As per [10], part fabrication at low temperatures provides several advantages for BJ over other more popular 

powder bed-based processes like L-PBF and EBM. Firstly, a much wider range of materials is suitable for 

processing at low temperatures, i.e. theoretically any material in a powdered form can be used as feedstock 

for BJ [3, 11]. As the parts are not exposed to heat during fabrication, they do not experience any thermal 

stresses [12]. As such, materials that face challenges like severe distortion and thermally-induced stress 

cracking when processed using PBF techniques are extremely suitable for processing using BJ, due to the 

homogenous temperature distribution during the consolidation stage [12]. Furthermore, as no heat needs to 

be conducted away from the part, the need for support structures is eliminated as the loose powder is suffi-

cient to support the parts in the powder bed [6, 13]. The absence of a high-energy heat source and the fact 

that binder dispensing is significantly quicker than scanning a heat source over the powder bed allows BJ 

to achieve much higher build rates [14, 15]. Therefore, scaling up can be as simple as increasing the number 

of binder dispensing nozzles, owing to the independence between the fabrication and consolidation steps 

[16].  

Even though the printing and densification steps are decoupled, the properties of the green part have a 

significant impact on the properties of the final part [11]. A green body density of at least 50% is generally 

necessary to achieve full densification after sintering [11]. As per [9], the difficulty in predicting the con-

siderable shrinkage experienced by the parts during sintering is the most significant drawback of BJ, inhib-

iting the large-scale, commercial adoption of the process. The need for several processing steps to produce 
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full-density parts leads to an increase in the total production time. The need for furnaces to carry out the 

consolidation steps also leads to an increase in the overall cost of making parts using BJ AM [9].  

2.1.2 Printing  

As mentioned in [9], BJ is defined in the ASTM standard F2792 as “an additive manufacturing process in 

which a liquid bonding agent is selectively deposited to join powder materials”. The liquid bonding agent, 

also called the binder, is jetted through several nozzles present on the printhead. The most common spread-

ing mechanism for creating layers in BJ is using a counter-rotating roller as it offers improvements for 

powder flowability and spreadability [9]. Binder is deposited on the newly spread powder layer as per the 

required cross-section. The deposited binder is then dried using a heater and the whole cycle is repeated for 

a new layer.  

 

Figure 4: A schematic illustration of the printing step in BJ AM [17]  

The interaction between the powder and the binder is extremely complex and depends on a multitude of 

factors, including binder viscosity, droplet volume, droplet velocity, powder size, packing density and 

roughness of the powder bed, the total volume of binder dispersed, contact angles, etc. [9]. [9, 11, 18, 19] 

provide comprehensive discussions related to the binder-powder interactions. There are also several im-

portant, directly controllable parameters associated with the printing step. A few of the most impactful 

parameters are discussed in detail in the following sub-chapters. 

2.1.2.1 Layer thickness: 

Layer thickness (LT) corresponds to the amount by which the powder bed is lowered to create a new layer. 

It is constrained on the lower end by the size of the largest powder particle. As per [20], the optimal LT is 

around three times the powder particle size. Although thinner layers lead to a significant increase in the 

printing time, [21] mentions several benefits of doing so. A smaller LT produces parts with higher green 

densities, caused by the increased packing stress per particle (illustrated in Figure 5) [12]. Thinner layers 

also provide better control over binder dispersion, improving the green body integrity of the parts [20]. LT 

is also shown to have a significant impact on the mechanical properties, showing improvements of up to 

30% in parts made using thinner layers [22]. According to [13], LT has a substantial effect on the surface 

roughness of the final part as well. A smaller LT is shown to lower surface roughness [21] while also 

improving dimensional accuracy, as the LT dictates the minimum feature size in the z-direction [20].  
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Figure 5: The effect of LT on the powder bed packing density, where LT2 (right) > LT1 (left). Adapted from [9] 

2.1.2.2 Powder spreading speed:  

Depending on the spreading system, the powder spreading speed can be defined as a combination of the 

roller rotation speed (rpm) and the roller traverse speed (mm/s) [9]. Lower speeds lead to longer printing 

times, while higher speeds generally lead to lower packing density [23] and increased surface roughness of 

the powder bed [9]. However, this might not always be the case; depending on the powder characteristics, 

higher speeds might lead to better dimensional accuracy [21]. For example, particles smaller than 10 µm 

have been seen to show better packing density at higher spreading speeds [21].  

2.1.2.3 Binder saturation:  

Binder saturation (BS) is defined as the ratio of the volume of binder deposited into the powder bed to the 

total pore volume in the powder bed [23, 24]. The pore volume is directly calculated based on the packing 

density of the powder in the powder bed, which in turn is influenced by several parameters, including the 

powder morphology, particle size distribution (PSD), and spreading strategy for layer creation [9]. As men-

tioned in [18, 23, 25], increasing the BS improves the green body strength, thereby easing the handling of 

the unsintered part. A sufficiently high BS also helps in avoiding layer delamination [9]. Conversely, over-

saturation can cause bleeding of the binder into the surrounding powder, leading to dimensional inaccura-

cies (as can be seen in Figure 6) and increased surface roughness [9]. Higher volumes of binder also mean 

more residue in the sample, causing problems like inhomogeneous microstructure and deterioration of me-

chanical properties [24]. However, this problem can be utilized as a creative way to achieve material doping 

[11, 26].  

 

Figure 6: Influence of binder saturation on the dimensional accuracy of the part [9] 

2.1.2.4 Binder drying strategy: 

The drying of the binder after printing a layer depends on two factors: heater power and drying time [23]. 

The heater power defines the heating rate as well as the temperature the binder is exposed to [13], whereas 

the drying time is the duration for which the binder is exposed to the heater for interlayer drying during 

printing [13, 27]. Sufficient drying reduces surface moisture on the powder layer, improving the spreading 

of the next layer [11]. Sufficient drying also helps in controlling binder bleeding [11], as shown in Figure 

7. Excessively dried powder becomes fragile and could lead to part cracking due to the shear forces exerted 

by the roller while creating a new layer [23]. Higher drying temperatures and longer drying times could 

also lead to over-curing of the binder, which might lead to weak interlayer bonding, thereby increasing the 
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chances of layer delamination [23]. Increased consumption of electricity and longer printing times should 

also be considered when using high drying temperatures and long drying times.  

 

Figure 7: Parts printed with different parameters for binder drying during printing, where the dashed arrows indicate 
potential binder migration paths: a) appropriately dried binder; b) insufficiently dried binder [18] 

2.1.3 Post-printing  

During the printing process, the binder only bonds the powder into a green body. Therefore, for most ap-

plications, the as-printed parts are not suitable as end-use products. To achieve full-density parts with im-

proved mechanical properties, several post-printing processes are carried out. The performed processing 

steps are dependent on the binder composition and properties, the powder material composition and prop-

erties, and most importantly, the desired properties as per the final application. [11] 

2.1.3.1 Curing  

As mentioned above, the as-printed parts are quite fragile, making them difficult to handle. Therefore, the 

parts are left in the powder bed after printing and the whole powder bed is exposed to the curing process 

[28]. The curing process increases the green strength of the part [15] by polymerizing the binder, as can be 

seen in Figure 8. For most binders, polymerization is initiated using heat, however, other alternatives in-

clude photopolymerization using visible light [11]. The important parameters to consider during curing are 

the temperature, time, and atmosphere, which are solely selected based on the binder chemistry [27].  

 

Figure 8: State of the binder at different processing steps. Adapted from [27] 
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After curing, the green parts have enough strength to be removed from the powder bed during a ‘de-pow-

dering’ / ‘de-caking’ step [15]. The excess powder is typically cleaned off from the parts using brushing by 

hand, however gentle vacuuming and air-blasting can also be used [9].  

2.1.3.2 Debinding  

After curing and removal of the loose powder, the parts are exposed to further heating in a furnace to 

decompose the polymerized binder [8]. A refined heating cycle with a slow heating rate is usually used to 

facilitate proper binder decomposition and degassing [27]. The conditions under which debinding occurs 

have a significant impact on the properties of the final part. For example, the residual binder can greatly 

affect contact conditions during the early stages of sintering, substantially altering the densification kinetics 

[9]. According to [11], some of the factors relevant to the debinding process include the binder chemistry 

as well as the debinding temperature, time, and atmosphere. [11] also suggests using Thermo-Gravimetric 

Analysis (TGA) on the cured binder to determine relevant decomposition temperatures and develop effec-

tive debinding parameters.  

2.1.3.3 Sintering  

“Sintering is a high-temperature heat treatment that densifies and strengthens green parts by transferring 

chemical bridges to mechanical bonding” [11, p. 789]. The basic phenomenon behind sintering is the re-

duction in the total interfacial energy of the material by providing sufficient energy and time. As explained 

in Figure 9, the specific surface energy (γ) is reduced due to densification while the total surface area (A) 

is reduced due to grain coarsening.  

 

Figure 9: Basic phenomena behind sintering [29, p. 7] 

 

The process of sintering is dependent on several parameters, most of which can be assigned to one of two 

broad categories, material or process variables (categorized in Figure 10). Depending on the material chem-

istry and the sintering temperature used, densification can be achieved using either solid or liquid phase 

sintering [29]. “In general, compared with solid state sintering, liquid phase sintering allows easy control 

of microstructure and reduction in processing cost, but degrades some important properties, for example, 

mechanical properties. In contrast, many specific products utilize properties of the grain boundary phase 

and, hence, need to be sintered in the presence of a liquid phase.” [29, p. 5] 
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Figure 10: Table listing the parameters that influence the sintering process [29] 

As per [30], finer powder with a narrow or multi-modal PSD promote densification during sintering. How-

ever, the existence of isolated pores inside grains as well as the entrapment of insoluble gases within isolated 

pores disrupts the densification phenomena, limiting the ability of the part to reach full densification.  

2.1.4 State of the Art 

Figure 11 compares several manufacturing techniques for metal parts based on the complexity of parts that 

can be manufactured as well as the potential production volume. BJ holds a unique position among metal 

AM techniques, mainly due to the ease of scalability. Therefore, BJ makes it possible to employ the benefits 

of AM combined with the potential to produce medium to high volume batches at relatively high speeds. 

However, a potential drawback is a limitation on the size of parts producible using BJ (shown in Figure 

12).  

 

Figure 11: Categorizing several metal manufacturing techniques based on their production volume and complexity 
of parts that can be produced [31] 
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Figure 12: Comparison of metal AM technologies based on part size and relative part resolution [32] 

As mentioned previously, densification is achieved for binder jetted parts through sintering. Parts produced 

using metal injection moulding (MIM) achieve similar densities to binder jetted parts as both achieve den-

sification during the sintering stage. Laser-based PBF processes generally achieve higher densities (up to 

99.8%) as the material is completely melted during that process. Therefore, further post-processing (for 

example hot isostatic pressing) is usually necessary to achieve full-density (>99.9%) parts for BJ. [31] 

 

Figure 13: Comparison of densification of BJ with other metal manufacturing processes based on porosity analysis 
of micrographs [31] 
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As BJ utilizes finer powder compared to other AM processes, it is usually possible to achieve relatively 

high surface quality compared to other techniques (as can be seen in Figure 14). However, these values are 

still quite poor compared to conventional manufacturing techniques and therefore, post-processing is re-

quired to achieve high surface quality. [31] 

 

Figure 14: Surface roughness comparison of samples produces using various AM techniques [33] 

2.2 Post-processing 

2.2.1 Hot-Isostatic Pressing 

“Hot isostatic pressing is a sintering process that exerts an isotropic gas pressure on the powder during 

the heating process and achieves densification by the combined effects of high temperature and high pres-

sure.” [34]  

The main characteristic of hot isostatic pressing (HIP) is that the use of gas allows for the exertion of 

equivalent pressure in all three dimensions. [35] HIP is mainly used as a fabrication technique, producing 

parts by applying uniform temperature and pressure to an encapsulated powder compact. Another use of 

HIP is for post-sintering treatment to eliminate all residual porosity from sintered parts (also called capsule-

free HIP), as shown in Figure 15. [36] However, as per [37], the limitation with this is that tunnel (open) 

porosity that connects to the surface of the part is not eliminated during HIP. Therefore, in order to achieve 

fully dense parts, is it a prerequisite to ensure that there is no open porosity in the part.  

 

Figure 15: Hot Isostatic Pressing as a post-processing technique to eliminate residual porosity [38] 
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2.3 Vanadis 4 Extra 

2.3.1 Properties  

Vanadis 4 Extra (V4E) is a highly alloyed cold work tool steel produced by Uddeholm AB (Hagfors, Swe-

den). Table 1 shows the elemental composition of V4E.  

Table 1: Elemental composition of V4E [39] 

Element  Fe C Cr Si Mo Mn V 

Composition [wt%] 85.9 1.4 4.7 0.4 3.5 0.4 3.7 

V4E offers great wear resistance combined with high ductility, allowing for the manufacturing of high-

performance tools. It is easily machinable, offering better machinability than tool steel grade AISI D2. 

According to Uddeholm, it also boasts the highest dimensional stability during heat treatments than all 

other high-performance cold work tool steels. This particular property makes V4E very suitable for coating 

via Chemical Vapour Deposition (CVD). [39] 

2.3.2 Applications  

Uddeholm produces bars and cylinders of V4E using forging as well as through PM processes like HIP. As 

per Uddeholm, “Vanadis 4 Extra SuperClean is especially suitable for applications where adhesive wear 

and/or chipping are the dominating failure mechanisms, i.e.  

• with soft/adherent materials such as austenitic stainless steel, mild steel, copper, aluminium, etc. 

as work material 

• with thicker work material 

• high strength work materials 

Uddeholm Vanadis 4 Extra SuperClean is however also very suitable for blanking and forming of Advanced 

High Strength Steels, these materials place high demands on the tool steel regarding abrasive wear re-

sistance and ductility. Examples:  

• Blanking and forming 

• Fine blanking 

• Cold extrusion tooling 

• Powder pressing 

• Deep drawing 

• Knives 

• Substrate steel for surface coating” [39] 

 

Figure 16: Bumper for passenger car made using blanking tools made by Uddeholm Vanadis 4 Extra SuperClean 
(sheet material strength was 1000 MPa and thickness was 2 mm) [39] 
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3 Materials and methods 
Following the two-stage process of BJ, the project was also split into two phases. The first phase was aimed 

at optimizing the consolidation process while the second phase was aimed at optimizing the printing pa-

rameters and benchmarking the mechanical properties of V4E samples processed using BJ.  

3.1 Phase 1 – Optimization of the densification process 

This phase was only aimed at optimizing the parameters related to the consolidation process to achieve 

high-density parts, paired with a desirable microstructure. The direct effect of the densification parameters 

on mechanical properties was not considered as it was deemed outside the scope of this project. Based on 

the concept of Design of Experiments (DoE), several recipes were formulated using five parameters as 

variables: debinding atmosphere, debinding temperature, sintering atmosphere, sintering temperature, and 

sintering time.  

3.1.1 Printing parameter selection  

Table 2 lists the relevant printing parameters used for all the experiments in this phase. It is worth mention-

ing that while selecting the values for the parameters, their effect on time and cost was not considered. The 

layer thickness was chosen based on the size of the powder while the slowest spreading speed was chosen 

to ensure the samples were manufactured to the highest achievable quality. Values for the other parameters 

were chosen based on experiments conducted by [5, 8, 24]. 

Table 2: Printing parameter values for phase 1 

Printing parameter Value 

Layer thickness 50 μm 

Binder saturation 70% 

Spreading speed 1 mm/s 

Drying time 10 s 

Drying temperature  60˚C 

3.1.2 Printing  

An X1-Lab BJ machine manufactured by ExOne (Pennsylvania, USA) was used to print samples using gas 

atomized V4E powder. The powder had a median particle size (d50) of 16.06 μm, d10 of 8.01 μm, d90 of 

22.47 μm, and an aspect ratio of 0.904. As for the sample design, cubes with a side of 5 mm were printed 

as the only characterizations to be performed during this phase were density and shrinkage. AquaFuse from 

ExOne, a water-based binder containing ethanediol and 2-butoxyethanol, was used as the bonding agent 

and standard Cleaner Fluid from ExOne was used as the cleaning agent for the machine. 

3.1.3 Densification parameter selection  

Differential Scanning Calorimetry (DSC) and Thermo-Gravimetric Analysis (TGA) were performed on 

both, the AquaFuse binder and the V4E powder, to develop the debinding and sintering strategies respec-

tively. The tests were carried out using a Netzsch (Selb, Germany) STA 449 F1 Jupiter thermal analyser, 

which can perform both tests simultaneously using only a single sample. In total, three tests were carried 

out, two on the cured binder and one on the V4E power, and Table 3 lists the parameters used for each of 

the tests. For each test, the sample was placed in an alumina crucible while an empty crucible was used as 

the reference sample.   

Table 3: Parameters used for the DSC/TGA tests 

Sample Atmosphere Max. Temp. [°C] Heating rate [°C/min] 

Binder 95%Ar + 5%H2 700 10 

Binder Air 700 10 

V4E N2 1500 5 

https://www.exone.com/
https://www.exone.com/
https://www.exone.com/
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3.1.4 Part removal, curing and depowdering 

Upon the completion of printing, the printed parts were left in the print bed as the whole build bed was 

transferred to an oven for curing. This was done using a special tool, designed specifically for the X1-Lab.  

The curing was carried out in an Ecocell® 111 oven from MMM Medcenter Einrichtungen GmbH (Munich, 

Germany). The bed containing the parts was held at 200˚C for 2 hours in air (cycle shown in Figure 17) 

and was allowed to cool down to room temperature inside the oven.  

The cured powder bed was placed in a fume hood for depowdering the parts. Tweezers were used to 

separate the parts from the unbound powder while a brush was used to dust off the excess powder stuck to 

the parts.  

All green bodies were evaluated using visual inspection as well as the measurement of weight and di-

mensions. The mass was measured using a Mettler Toledo (Ohio, USA) AB024-S analytical balance while 

the dimensions were measured using vernier callipers. Based on the results, forty of the best samples were 

chosen and all chosen samples were assigned a label (as depicted in Figure 39 in Appendix A).  

3.1.5 Debinding  

A tube furnace was used for burning out the binder from the printed parts. The samples were debinded 

using one of three recipes described in Table 4. It should be noted that the samples were placed in alumina 

crucibles to prevent contact of the powder with the glass tube. Before starting the debinding cycle, the tube 

containing the samples was purged with the working gas for 30 mins (not represented in the cycles shown 

in Figure 17) to minimize oxygen contamination. A gas flow rate of 100 mm3/min was used for the flushing 

as well as during the whole debinding process.  

Table 4: Parameter description of the different recipes for debinding  

Group Atmosphere Temp. [˚C] Time [h] 

D1 95%Ar + 5%H2 435; 650 0.5; 1 

D2 Air 435; 650 0.5; 1 

D3 95%Ar + 5%H2 435; 1000 0.5; 2 

Recipes D1 and D2 were developed based on the results of the TGA performed on the cured binder. Recipe 

D3 was developed to test a hypothesis related to open porosity and the possibility of merging the debinding 

and sintering steps into one. For all recipes, a heating and cooling rate of 7˚C/min was followed. Upon 

cooldown, the weight and dimensions of the debinded samples were measured and the brown body density 

was calculated.  

 

Figure 17: Thermal cycles for curing and debinding 
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3.1.6 Sintering  

A tube furnace setup from Entech Energiteknik (Ängelholm, Sweden) was used to carry out the final den-

sification step. Similar to the debinding process, the samples were placed in alumina crucibles which were 

then placed in the middle of the length of the tube. The tube was then purged with the working gas with a 

flow rate of 100 mm3/min before starting the heating cycle. The same flow rate was also maintained 

throughout the sintering process.  

Table 5: Parameter description of the different recipes for sintering  

Group  Atmosphere Hold temp. [˚C]  Hold time [h] 

S1 N2 1200 1 

S2 N2 1200 2 

S3 N2 1200 4 

S4 N2 1200 6 

S5 N2 1200 8 

S6 N2 1250 1 

S7 N2 1250 2 

S8 N2 1250 4 

S9 N2 1250 6 

S10 N2 1250 8 

S11 95%Ar + 5%H2 1250 2 

 

Figure 18: Process cycles for all the sintering recipes 
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Eleven recipes (described in Table 5) were developed based on the DSC results for the V4E powder, data 

provided by Uddeholm AB on the thermal behaviour of V4E, and data available in literature on the sintering 

of V4E ([40–42]). Two sintering temperatures were chosen, 1200˚C (TS/Tm = 0.9) and 1250˚C (TS/Tm = 

0.94), based on the solidus temperature of the V4E powder. The sintering was carried out at each of the two 

temperatures using several different hold times. All recipes except one were carried out in a 100% N2 at-

mosphere. The recipe using the Ar/5%H2 was developed to see the effect of a reducing atmosphere on the 

samples, especially the ones that were debinded in air. All the sintering recipes followed a heating and 

cooling rate of 5˚C/min and the samples were always cooled to room temperature inside the furnace. Figure 

18 depicts the thermal cycles for all of the sintering recipes (Figure 40 in Appendix A provides a complete 

and easy-to-comprehend processing history of all the samples). As done in the previous steps, the sintered 

samples were weighed, and their dimensions measured.  

3.1.7 Characterization  

The density and shrinkage of the samples were measured at different stages of the complete manufacturing 

process. These stages are pre-debinding, post-debinding, and post-sintering.  

3.1.7.1 Sample preparation 

The sintered cubes were mounted in bakelite using a Buehler (Illinois, USA) Pneumet® II mounting press. 

Next, the mounted samples were polished using a Stuers (Denmark) Tegramin-20 automatic polishing ma-

chine. A pre-loaded standard polishing recipe for steels was used. Table 6 describes all the polishing steps, 

including the grinding step using SiC. For all the grinding steps (the first three steps in Table 6), the sample 

holder and the grinding surface were rotated in the same direction, i.e., co-rotation. After each step, the 

samples were ultrasonicated in ethanol for 10 mins to remove any abrasive particles stuck to the sample. 

SiO2 was used as the abrasive for the final polishing.  

Table 6: Polishing steps for sample preparation 

Surface Solution 
Force 

[N] 

Time 

[min:s] 

Surface rotating 

speed [rpm] 

Holder  

rotating speed [rpm] 
Rotation 

SiC foil #550 Water 30 2:20 300 150 Co- 

MD Largo (9 µm) DiaPro 9 40 4:30 150 150 Co- 

MD DAC (3 µm) DiaPro 3 30 4:30 150 150 Co- 

MD Chem OP-U Non-dry 10 1:30 150 150 Counter- 

3.1.7.2 Light Optical Microscopy (LOM) 

The polished samples were observed using an Olympus (Tokyo, Japan) BX60M light optical microscope. 

Images were taken using a Toupcam U3CMOS camera manufactured by Touptek (Zhejiang, China). All 

images were taken using a magnification of 50X. Additionally, two randomly chosen (all samples were 

printed and sintered using the exact same parameters), polished samples were etched using nital. The mi-

crostructure of the etched samples was then observed once again using LOM.  

 

3.1.7.3 Scanning Electron Microscopy (SEM) 

A selected number of polished as well as unpolished samples were analysed using a Leo 1550 microscope 

from Zeiss (Oberkochen, Germany). The SEM machine was also equipped with an Oxford Instruments 

(Oxfordshire, UK) AZtec Energy Dispersive X-ray Spectroscopy (EDS) module, which was used for ele-

mental analysis of the samples.  

3.1.7.4 Porosity analysis 

Fiji, an upgraded distribution of ImageJ2 software, was used to calculate the porosity based on the images 

taken during LOM. For reliable results, nine micrographs were analysed for each sample and each micro-

graph was analysed three times. The detailed procedure for the porosity measurement using image analysis 

is explained in Appendix D. 
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3.2 Phase 2 – Printing parameter optimization and mechanical 

testing  

The aim during this phase was to optimize one of the printing parameters, i.e., spreading speed and charac-

terize the surface roughness of the as-sintered samples. Benchmarking the wear resistance of the samples 

after HIP and HT was another objective. The final objective was microstructure analysis of the post-pro-

cessed samples.  

3.2.1 Spreading test  

This experiment was performed using only the spreading mechanism of the X1-Lab. Layers of powder were 

generated using the counter-rotating roller by varying the roller traverse speed and photographs were taken 

of the layers using a smartphone camera. The images were then evaluated using Fiji image analysis soft-

ware. Three layers were spread using each value of the spreading speed and a reset layer was spread be-

tween each test to level the powder bed. It is worth noting that a feed powder to layer thickness ratio of 1 

was used throughout the whole experiment.  

3.2.2 Printing and densification 

Four cylindrical samples (X1, X2, X3, X4) of diameter 18.5 mm and length of 50 mm were manufactured 

for the wear testing and seven cuboidal samples (Y1, Y2, Y3, Y4, Y5, Y6, Y7) of dimensions 20x15x10mm 

were manufactured for the hardness testing, surface roughness measurement, and microstructure analysis.  

The same parameters as in phase 1 (Table 2) were used for printing the samples for mechanical testing. 

Curing was also performed using the same parameters. Recipe D1 (TD = 435;650˚C, tD = 0.5;1h; Ar/5%H2) 

was chosen for the debinding step, whereas recipe S10 (TS = 1250˚C, tS = 8h; 100% N2) was used for the 

sintering process. All these samples (X1, X2, X3, X4 and Y1, Y2, Y3, Y4, Y5, Y6, Y7) were manufactured 

using the exact same printing and densification parameters, i.e., they were identical.  

3.2.3 Surface roughness analysis  

The surface roughness of two randomly chosen samples (Y6 and Y7) was measured directly after sintering 

using light interferometry. Two samples were analysed to increase the accuracy and reliability of the results. 

A Bruker (Massachusetts, United States) contour GT 3D optical microscope was used to perform the anal-

ysis at Hagfors. 2D and 3D surface profiles were created, and roughness parameters were calculated ac-

cording to ISO 4287, the standard followed by Uddeholm.  

3.2.4 Post-processing  

Before any post-processing treatment, the densities of the samples made for mechanical testing were meas-

ured using an Anton Paar (Graz, Austria) pycnometer. Fifteen trials were performed for each sample using 

helium as the working gas. Half of the samples were then treated using HIP at the Uddeholm workshop in 

Hagfors. A URQ-HIP QIH48 unit from Quintus Technologies (Västerås, Sweden), using a molybdenum 

furnace and argon as pressurizing gas was used for capsule-free HIP of the sintered samples. A heating rate 

of 10˚C/min was used to heat the samples to 1160˚C, where they were held for 90 mins. The end temperature 

in the cooling regime was 60˚C. Densities of the HIPed samples were then measured using pycnometry for 

comparison with their pre-HIP densities.  

Finally, all the samples were heat treated as per the standard heat treatment procedure for V4E used by 

Uddeholm. The samples were austenitized at 1160 °C for 10 min in a vacuum furnace, then quenched with 

a quenching rate (T8/5) of 300s. The samples were then tempered 3 times for 1h each at 525 °C in a muffle 

furnace.  

3.2.5 Mechanical testing  

A pin-on-disc setup (shown in Figure 19) was used to conduct the wear resistance test at Hagfors. The 

samples were machined to create pins with a diameter of 15mm and a length of 20mm. Al2O3 (800 mesh) 

was used as the abrasive surface for testing the wear resistance. The sample was pressed against the abrasive 

paper with a force of 1782 g and was worn down in wet conditions for 4 trials of 15 mins each.  

https://www.google.com/search?rlz=1C1BYYL_svSE956SE956&sxsrf=ALiCzsaJrpw-RC-LlZrG7sHTjDEDeF97zw:1654204964016&q=Billerica&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooTjarUOIAsUuqqjK0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWDmdMnNyUosykxN3sDLuYmfiYAAAEhMBWFgAAAA&sa=X&ved=2ahUKEwj12I_a2Y_4AhU0CRAIHaqhBqwQmxMoAXoECF4QAw
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Figure 19: Machine set up for the wear resistance test   
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4 Result and Discussion 

4.1 Binder characterization 

In Figure 20, the results from the two TGA tests performed on the cured binder are shown. For both samples, 

a slow but gradual decrease in the amount of sample is observed up to approx. 400˚C. The sample in the 

Ar/5%H2 atmosphere undergoes extremely fast decomposition starting from 400˚C till 460˚C, losing ap-

prox. 74% of its initial mass. However, no significant change in mass is seen upon further heating to 700˚C. 

The sample in air also experiences extremely fast decomposition between 400˚C and 450˚C, losing approx. 

50% of its initial mass. In this case, the decomposition continues with further heating, although the rate of 

decomposition is not as fast as before. At the end of the heating cycle at 700˚C, only 4.7% of the initial 

mass remains for the sample heated in air compared to 11.2% residual mass for the sample heated in the 

Ar/5%H2 atmosphere.  

 

Figure 20: TGA results for the cured binder heated in Ar/5%H2 (green) and air (red) 

Figure 21 shows that the amount of residual binder is more in samples debinded in a reducing/inert atmos-

phere as compared to an oxidizing atmosphere. It can also be observed that this difference widens as the 

BS increases. Based on the TGA data, the C residue in the samples due to incomplete binder decomposition 

when debinded in Ar/5%H2 (11.26%) is significantly more when compared to samples debinded in air 

(5.43%). This is because AquaFuse is an organic binder and an oxidizing atmosphere like air is better for 

decomposition compared to a reducing/inert atmosphere.  
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Figure 21: A graph depicting two curves representing the residual binder amounts (as % of the mass of the printed 
part) for various amounts of BS; the red curve represents debinding in Ar/5%H2 while the blue curve represents 

debinding in air 

After the debinding step, a decrease in the density of the sample is expected as decomposition of the 

binder leads to a decrease in the mass of the sample. When debinding in air, even though the good decom-

position conditions mean that most of the binder mass is lost, the mass gain due to oxidation of the steel is 

large enough to cause an overall increase in the mass of the sample. Thus, the density of the samples is 

higher after debinding when the samples are debinded in air.  

4.2 Thermal characterization of V4E powder  

The results from the simultaneous DSC/TGA of the V4E powder are shown in Figure 22. It is seen from 

the TGA results that the powder is stable up to 800˚C. Starting from there, an increase in the mass of the 

sample is observed, peaking around 1066˚C. The total increase in mass is only about 0.71% and can be 

credited to oxidation of the powder. The increase in mass is lost upon further heating, with the heating cycle 

ending with the mass of the sample nearly equal to the initial sample mass.  

The DSC results of the V4E powder are quite complex, and it is difficult to characterize all the peaks. 

Based on the endothermic nature of the phenomenon of melting, the peak at 1326.3˚C is identified as the 

onset of melting, also called the solidus temperature. The melting is completed at 1406.7˚C, which is termed 

the liquidus temperature.  The peaks at 1003˚C, 1023˚C, and 1219˚C correspond to mechanisms related to 

the oxidation of the steel powder.  
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Figure 22: DSC/TGA results for V4E powder; specimen heated to 1500˚C in N2  

4.3 Phase 1 

4.3.1 Printing  

Most of the print jobs were successful in producing parts with green body densities greater than 50%. 

However, a small number of prints were either unsuccessful or resulted in poor quality parts due to problems 

related to powder spreading. Figure 23 shows two such instances, both of which resulted in the printing of 

poor-quality parts with low green body densities.  

 

Figure 23: Problems related to powder spreading during printing: I) inhomogeneous powder surface; II) inadequate 
spreading of the powder while creating a new layer  

4.3.2 Density analysis 

The relative densities of the samples pre- and post-debinding, calculated using the formula Density = 

Mass/Volume, are plotted in the graph shown in Figure 24. While the samples debinded in a reducing at-

mosphere show a decrease in the densities of the samples, the samples debinded in air exhibit the opposite 

behaviour, their densities increase.  
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Figure 24: Graph showing the relative densities (calculated using mass and volume) for the samples pre- and post-
debinding  

Debinding recipe D3 was developed to check if debinding at a higher temperature (1000 ˚C compared to 

650˚C for recipe D1) and for a slightly longer time would cause sufficient densification of the samples such 

that a sintering step would not be required. The aim was to try and see if all the surface porosity could be 

eliminated during a high temperature debinding step so that the part could directly be HIPed to achieve full 

densification. Unfortunately, the SEM images in Figure 26 show that the sample did not experience the 

expected reduction in open porosity and therefore could not be HIPed directly after the debinding step.  

Figure 25 highlights the colour variation in the samples after debinding. The most important observation 

is that the sample debinded using recipe D3 turned black. This is due to easy oxidation on the surface of 

the tool steel at high temperatures. The other two samples were debinded in a reducing atmosphere and 

therefore did not experience any real oxidation.  
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Figure 25: Colour variation in the samples after following different debinding recipes; the left sample was debinded 
using recipe D1 and retains the original colour of V4E; the centre sample was debinded using recipe D3 and exhibits 
an even lighter shade of grey, probably due to cleansing of the surface of the sample from most oxygen because of 
the high temperature exposure; the right sample was debinded using recipe D3 and turns black, owing to the easy 

oxidation of the steel in air when heated to high temperatures 

 

Figure 26: SEM images of sample A5 (post-debinded, debinded using recipe D3) with varying magnifications: I) 
100X; II) 500X; III) 2000X; IV) 10000X 
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Figure 27: SEM micrographs of samples (post-sintering) debinded using different recipes: Ar/5%H2 (left) and air 
(right); the micrographs show samples with increasing magnification moving from top to bottom: 500X, 2000X, 

10000X 

Figure 27 directly compares two samples post-sintering, namely A2 and A3, based on their SEM images. 

The only difference between the samples is the debinding step, everything else, including the sintering, was 

performed using the same recipe. It can be seen that the sample debinded in air (sample A3) shows poorer 

densification compared to the sample debinded in a reducing atmosphere (sample A2). As per [24], debind-

ing in an oxidizing atmosphere is not preferable even with the benefits mentioned in Chapter 4.1. The main 

drawback is that it causes oxidation of the metal powder, greatly reducing its sinterability and thus nega-

tively impacting the densification of the sample. One possibility of solving this challenge is using a reducing 

atmosphere during sintering to reduce the oxidized powder. Samples D1 and B2 were processed using this 

route, however, it is observed that the samples did not really sinter or densify, which is similar to the rest 

of the samples that were debinded in air and sintered using other recipes.  

Calculations for the amount of residual binder as a function of the initial sample mass, inspired by [8], 

show that less than 0.1wt% residual C is added to the sample if a BS of 70% is used, provided that the 

sample is debinded in Ar/5%H2. For V4E tool steel, this amount of C addition is within the permissible 
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range. However, upon analysis using EDS, a gain in C of 3.5wt% is observed. The difference could be due 

to the less efficient decomposition of the binder when debinding a green body compared to a pure binder 

sample [24]. A highly probable reason justifying the high C wt% could be surface contamination of the 

sample during sample preparation for EDS. As EDS only measures C content on the surface of the sample, 

using a different elemental analysis method (combustion analysis for example) that also measures the C 

content in the bulk of the sample could provide more accurate results.  

Samples debinded using recipe D3 show similar densities and behaviour to samples debinded using 

recipe D1. However, the higher temperature for recipe D3 is worse economically as it would require more 

energy. Exposure to a higher temperature might also lead to undesirable grain growth and therefore a wors-

ening of the mechanical properties.  

Finally, based on the results and discussion above, it can be theorized that the debinding atmosphere has 

a more significant effect on the debinded density compared to other debinding parameters. As the objective 

in this phase was to optimize the densification parameters to achieve the best possible density, recipe D1 

was selected for further experimentation. 

Based on the observations made from Figure 27, the relative densities of the samples debinded using 

recipe D1 and sintered according to the developed recipes were plotted in Figure 28. In general, samples 

sintered at 1250˚C show higher densities compared to the samples sintered at 1200˚C. A trend of increasing 

density with increasing sintering time can also be observed for both curves, excluding the 2h sample for 

the 1200˚C curve and the 4h sample for the 1250˚C curve as outliers.  

The outliers can be ascribed to the use of only one sample for the measurement of each sintering recipe. 

Even though multiple cross-sections and a large number of images were used for the porosity analysis, any 

major defects in a sample would heavily influence the results of that particular recipe. The use of multiple 

samples for each recipe along with images from several cross-sections would help greatly in increasing the 

accuracy of the results and therefore reducing the probability of seeing outliers.  

 

Figure 28: Relative density measurements of the samples post-sintering, obtained from image analysis of the LOM 
micrographs  
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As expected, samples sintered for longer times show better densification. Samples sintered using a Ts/Tm 

ratio of 0.95 showed better densification compared to the samples sintered using a Ts/Tm ratio of 0.9, as the 

higher temperature provides more energy for the diffusion of material. Only solid-state sintering was used 

as there are no drawbacks related to high distortion and deterioration of mechanical properties [29]. The 

best density achieved was 98.9% for the sample sintered at 1250˚C in an N2 atmosphere for 8h. Increasing 

the sintering time even more should lead to a further increase in the density, however, increasing the sin-

tering time makes the process worse economically. Therefore, 8h was the longest sintering time that was 

used for sintering the binder jetted samples.  

Due to the open porosity present in the debinded samples, the working gas during sintering can pass 

through the bulk of the sample. As the surface area in contact with the gas is very large, mass transfer is 

expected to occur from the gas to the sample. [43] In the case of N2 as the sintering atmosphere, the hard 

phases which should have been carbides are instead converted to carbonitrides or even nitrides. This hy-

pothesis is further investigated using the EDS results in Figure 32 and Figure 33.  

4.3.3 Shrinkage 

Figure 29 depicts the shrinkage experienced by the samples during the sintering step. The samples 

debinded using recipe D1 experienced volumetric shrinkage ranging from as low as 8% to as high as 50%. 

Large shrinkage of the green body during sintering usually points towards successful densification as the 

pores present in the green body are diffused to the surface.  

Many of the samples shrunk anisotropically, i.e., different shrinkage in different directions. A few of the 

samples also developed curved surfaces due to the anisotropic shrinkage (Appendix F).  

Although shrinkage is an important factor to consider while designing parts for manufacturing using BJ, 

detailed investigation of the effects of changing the process parameters was not included in the scope of 

this project.  

 

Figure 29: Shrinkage effect highlighted by measuring the size of samples after every densification step 

4.3.4 Microstructure analysis 

Figure 30 shows SEM micrographs of a polished cross-section of sample E3 (post-sintering) at different 

magnifications. From I), it can be observed that more porosity exists around the edges of the cube as com-

pared to the bulk of the sample.  
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Figure 30: SEM images of sample E3 (post sintering) using the SE2 (scattered electron) detector at various magnifi-
cations: I) 49X; II) 100X; III) 200X; IV) 500X; V) 1000X; VI) 5000X 

The darker spots in the micrograph VI) in Figure 30 are likely to be hard phases like carbides, nitrides or 

carbonitrides. The presence of two types of hard phases, namely round- and plate-shaped, has already been 

observed by [40–42] for sintered V4E material. According to those experiments, the round phases are uni-

formly distributed in the grains and are possibly V-rich of type MX while the plate phases are concentrated 

at the grain boundaries and are thought to be Cr-rich of type M7X3. The same phases are also visible for the 

binder jetted samples (post-sintering) in the micrograph shown in Figure 31. The shape and location of the 

phases become clearly visible after etching the sample with nital. For confirming the presence of the above 

mentioned hard phases, a technique like X-ray diffraction should be utilized.  
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Figure 31: LOM micrograph of sample E3 (post-sintering) etched with nital 

It can be seen from the etched micrograph in Figure 31 that there is a large amount of the round, MX-type 

hard phases in the sample. This could be due to the excess C in the sample from the binder residue.  

The EDS data in Figure 32 and Figure 33 show that the darker spots are rich in V, Cr, and N. The map 

spectrum also shows that there is 4.9% C present in the sample, which is much higher than expected. As 

mentioned previously, the excess C can be ascribed to the residual C from the incomplete burning of the 

organic binder. It can also be ascribed to the surface contamination of the samples during sample prepara-

tion for the analyses using microscopy. As only the surface is analysed during measuring the elemental 

composition using EDS, even minor contaminations can cause the results to be completely different. This 

makes the results quite unreliable. Using a more reliable technique (like combustion analysis) would be 

required to draw any proper conclusions about the hard phases present in sintered V4E samples.  
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Figure 32: Elemental analysis using EDS of a polished cross-section of sample E3 (sintered at 1250˚C for 8h in N2) 

In Figure 33, spectrum 1 focuses on the metal matrix while spectra 2 and 3 focus on a potential hard phase. 

Based on the results, it can be established that spectra 2 and 3 indeed highlight a vanadium-rich hard phase, 

possibly nitrides or carbonitrides.  
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Figure 33: EDS analysis of specific points on the as-printed surface of sample A2 (sintered at 1200˚C for 2h in N2) 
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4.4 Phase 2 

4.4.1 Spreading test 

As the roller rotational speed was fixed, the roller traverse speed was effectively the spreading speed. The 

images in Figure 34 show results from the spreading test with varying spreading speeds. The results are 

measured as the area of the powder bed covered by a new layer of powder. It is also possible to observe a 

decrease in the smoothness of the spread layer with increasing spreading speed.  

 

Figure 34: Powder spread test with varying roller traverse speed: I) 1mm/s; II) 2mm/s; III) 3mm/s; IV) 4mm/s; V) 
5mm/s; VI) 7mm/s; VII) 10mm/s; VIII) 15mm/s; IX) 20mm/s; X) 30mm/s 

Figure 35 summarizes the results from the spreading test by relating the roller traverse speed to the 

powder bed coverage achieved. The uncovered area was highlighted manually, and image analysis was 

used to calculate the powder bed coverage by the newly spread layer as a percentage of the total area of the 
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powder bed surface. The results exhibit a few inconsistencies, but in general, it can be observed that there 

is a decreasing powder bed coverage area as the spreading speed increases.  

 

Figure 35: Graph depicting the relation between roller traverse speed and the achieved powder bed coverage  

Usually, an increase in the spreading speed should correspond to a decrease in the surface quality of the 

powder layer. This general trend is visible in the results from the spreading test (Figure 34) using fine V4E 

powder. As the rotational speed of the roller is constant for all trials, the number of rotations required for 

spreading a layer reduces as the traverse speed increases. This can introduce waviness in the surface with 

the smallest errors in roller runout, as visible in Figure 34. At high roller traverse speeds, it is possible for 

fine powder particles to just slide under the roller and not be spread. This can cause several problems like 

increased surface roughness, incorrect layer height, and insufficient powder required to create a complete 

layer. This last challenge is directly visible in the results of the spreading test.  

4.4.2 Post-HIP density  

The densities of six randomly chosen samples were measured using pycnometry before and after HIP are 

plotted in Figure 36. All the samples were fabricated and densified using the exact same parameters, mul-

tiple samples were measured to improve the accuracy of the results. Although the samples show a slight 

increase in density, near full density (>99.9%) is still not achieved for any of the measured samples. An 

increase in the density is expected after HIP as pressure is applied on the sample with the use of a gas 

medium. The inability to reach near full density could only happen because of the existence of open porosity 

in the samples. Optimizing the densification process to get rid of the open porosity would make it possible 

to achieve near full density after HIP treatment.  
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Figure 36: Comparison of the sample densities pre- and post-HIP using pycnometry 

4.4.3 Surface roughness characterization 

Table 7 lists the values for three parameters involved with surface roughness:  

• Ra - the arithmetical mean of the absolute values of the profile deviations  

• Rt - the absolute distance between the highest peak and the lowest valley 

• Rz - the mean roughness depth (averages the 5 highest and lowest peaks on the surface) 

Table 7: Important surface roughness parameters of the sintered samples 

Sample Ra [µm] Rz [µm] Rt [µm] 

Y6 9.01 66.13 89.43 

Y7 13.5 82.46 104.91 

Figure 37 depicts the 3D view of the measured surface roughness of the as-sintered samples. Both samples 

Y6 and Y7 are identical in terms of fabrication and densification processing, two samples were measured 

just to increase the reliability and accuracy of the surface roughness data.  
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Figure 37: 3D view of the surface during surface roughness analysis of I) Sample Y6 and II) Sample Y7 

The surface roughness measurements were done on the x-y plane of the sample, with the z-axis representing 

the build direction. Therefore, the measured surface roughness is mainly dependent on the roughness of the 

powder bed and the powder properties like size and morphology. The samples were consolidated using 

solid-state sintering, therefore the powder spreading strategy would still hold a significant impact on the 

roughness of the final part.  

Sample Y6 has a Ra of 9.01µm, values which are quite similar to those found in literature related to 

binder jetting. For example, [23] and [8] achieved a Ra of 9µm and 18.46µm respectively, while [15] 

achieved an extremely good surface finish boasting a Ra of 17.4 ± 0.7 nm. [44] measured Sa values ranging 

between 10 – 20 µm while trying to understand the dependence of surface roughness on the LT as well as 

the BS.  

4.4.4 Wear resistance test 

The results in Figure 38 show that both the samples made using BJ show a higher wear resistance compared 

to the sample made using the current manufacturing technology of HIPing the metal powder in capsules. 

Between the two BJ samples, the sample which was HIPed exhibits a wear rate of 53.7 mg/min compared 

to the un-HIPed sample which exhibits a wear rate of 60.6 mg/min. Furthermore, both these samples exhibit 
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a higher wear rate compared to the sample which was manufactured conventionally. The conventionally 

produced sample exhibits a wear rate of 78.2 mg/min, which means the sample loses that much amount of 

material per minute. Therefore, a lower wear rate equates to higher wear resistance.  

 

Figure 38: Results from the wear test of sample X3 (BJ+HT), sample X4 (BJ+HIP+HT), and a sample made using 
PM (HIP) 

The addition of the residual C (approx. 3.5%) from incomplete debinding could be responsible for the 

improvement in wear resistance. More C allows for the formation of more hard carbide phases, enhancing 

properties like hardness, and thus wear resistance.  

The higher wear resistance could also be attributed to the nitriding effect on the samples due to sintering 

in an N2 atmosphere. The formed nitrides and carbonitrides appear as hard phases and enhance the wear 

resistance of tool steels. The comparison between the wear resistance of nitrides and carbides is evaluated 

in [45], stating that nitrides have higher wear resistance. However, the nitriding effect experienced by the 

samples during sintering leads to an alteration of the elemental composition of the samples. This could lead 

to other problems like the worsening of other mechanical properties. Therefore, this nitriding effect and its 

consequences need to be further investigated.  
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5 Conclusions  
A lot more testing and data would be required to conclusively establish the effect of certain parameters on 

certain properties of the material. However, some conclusions that can be drawn from the project are: 

I. Finer powders face numerous challenges regarding flowability and spreadability, making opti-

mizing the spreading parameters a must to create green bodies without defects.  

II. Debinding binder jetted samples in air leads to a more complete decomposition of binder than 

when debinded in an inert/reducing atmosphere but causes oxidation of the metal powder, thus 

reducing its sinterability and thereby reducing the possibility of obtaining a fully dense part post-

sintering.  

III. Samples debinded in a reducing atmosphere experience problems with residual C from the in-

complete decomposition of the organic binder. The residual C contaminates the material, chang-

ing the material composition and altering the properties of the material. Samples of V4E exhibit 

a C gain of 3.5wt% (measured using EDS) against the expected 0.1wt% from theoretical calcu-

lations. The extra C could be ascribed to several reasons, including less efficient binder decom-

position, and sample contamination before microscopy analysis.  

IV. Longer sintering times are essential for achieving full density of the binder jetted samples of V4E 

without experiencing the severe shrinkage and distortion that would be caused by liquid state 

sintering. However, increasing the sintering time has a negative economic impact. As such, sin-

tering for 8h at 1250˚C in a N2 atmosphere produced samples with a density of approx. 98.9%.  

V. Sintering in an N-rich atmosphere causes a nitriding type of effect in V4E. The hard carbides are 

converted to carbonitrides and even nitrides. This hypothesis was supported by observing the 

presence of N in the sample using EDS. For further investigation and verification, more reliable 

methods like X-ray diffraction must be utilized to correctly identify the phases present in the 

samples.  

VI. Higher roller traverse speeds lead to an increase in the roughness of the powder bed and might 

cause a reduction in the green body density. However, higher speeds lead to faster build rates 

and therefore higher efficiency of the BJ machine. 

VII. The surface roughness of as-fabricated BJ samples was measured by light interferometry. The 

Ra was found to be around 11 µm, which is generally superior to the surface obtained using other 

AM techniques. The surface roughness significantly depends on the properties of the feedstock 

material and on the processing parameters. With the use of finer powders, better surface rough-

ness is an added advantage.  

VIII. Binder jetted samples show an improvement in the wear resistance of V4E by approx. 22% 

for the un-HIPed sample and approx. 31% for the HIPed sample. There are several possible ex-

planations for this increase in wear resistance, with the most probable being an increase in the C 

content in the sample, causing the formation of more hard phase carbides. Another major possi-

bility is the nitriding effect experienced by the samples during sintering in a N2 atmosphere. 

Further experimentation is required to verify these hypotheses and gain proper understanding of 

the strengthening mechanisms affecting the mechanical properties of V4E.  
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7 Appendix  

Appendix A 

Figure 39 shows the methodology used for labelling the forty shortlisted samples. The samples are named 

with one letter (A-H) followed by one digit (1-5). This allowed for easy handling and organization of a 

large number of samples. 

 

Figure 39: Sample labelling 

Figure 40 depicts the processing history of the densification procedure undergone by each sample. The 

sample space is coloured as per the recipe used for debinding (left) and sintering (right). The details of the 

debinding (bottom left table) and sintering (bottom right table) recipes are mentioned in the two tables at 

the bottom of the figure. The samples marked with an ‘x’ are the samples that were either contaminated 

during some testing or of bad quality, therefore they were not included in any results.  

 

Figure 40: Sample processing history (for each sample the left half represents the debinding recipe and the right half 
represents the sintering history); the tables at the bottom show the debinding (left) and sintering (right) recipes 

  

A1 A2 A3 A4 A5

B1 B2 B3 B4 B5

C1 C2 C3 C4 C5

D1 D2 D3 D4 D5

E1 E2 E3 E4 E5

F1 F2 F3 F4 F5

G1 G2 G3 G4 G5

H1 H2 H3 H4 H5

Samples
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Appendix B 

 

Figure 41: Calculations comparing the residual C left after debinding in Ar+H2 and air for several values of binder 
saturation 
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Appendix C 

Relative density of the samples was calculated using the formula 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  𝑀𝑎𝑠𝑠 𝑉𝑜𝑙𝑢𝑚𝑒⁄ .  

 

 

Figure 42: Density measurement using mass and volume of the samples after only curing 

1 2 3 4 5 6

A 0.5541 0.5632 0.5417 0.4956 0.5044 4.0564

B 0.5728 0.5356 0.5351 0.3776 0.5608 3.9707

C 0.5576 0.5408 0.5739 0.5252 0.3847 4.0853

D 0.5464 0.5507 0.5622 0.503 3.9775

E 0.5607 0.5508 0.5552 0.4949 0.5289 4.0704

F 0.5595 0.56 0.5636 0.51 0.3916 4.125

G 0.5373 0.5611 0.5204 0.5092 0.549 4.0095

H 0.5077 0.5186 3.0796 3.9378 3.9296 4.0684

1 2 3 4 5 6

A 4.4328 4.5056 4.3336 3.9648 4.0352 4.0564

B 4.5824 4.2848 4.2808 3.0208 4.4864 3.9707

C 4.4608 4.3264 4.5912 4.2016 3.0776 4.0853

D 4.3712 4.4056 4.4976 4.024 3.9775

E 4.4856 4.4064 4.4416 3.9592 4.2312 4.0704

F 4.476 4.48 4.5088 4.08 3.1328 4.125

G 4.2984 4.4888 4.1632 4.0736 4.392 4.0095

H 4.0616 4.1488 3.999481 3.9378 3.9296 4.0684

1 2 3 4 5 6

A 56.52 57.45 55.25 50.55 51.45 51.72

B 58.43 54.63 54.58 38.51 57.20 50.63

C 56.87 55.16 58.54 53.57 39.24 52.09

D 55.73 56.17 57.34 51.31 50.71

E 57.19 56.18 56.63 50.48 53.95 51.90

F 57.07 57.12 57.49 52.02 39.94 52.59

G 54.80 57.23 53.08 51.94 56.00 51.12

H 51.78 52.90 50.99 50.21 50.10 51.87

Cured - Mass [g]

Cured - Density [g/cm3]

Cured - Relative Density [%]

Length [cm] Width [cm] Height [cm] Volume [cm
3
] Temp. [˚C] 200

1 (5 mm cube) 0.50 0.50 0.50 0.1250 Atmosphere Air

2 (10 mm cube) 1.00 1.00 1.00 1.00 Time [h] 2

3 (Sample H3) 1.00 1.00 0.77 0.77

xxx

Sample Dimensions Curing 

Theoretical density [g/cm3]

7.8432Delaminated samples 
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Figure 43: Density measurement using mass and volume of the samples post debinding  

1 2 3 4 5 6

A 0.5338 0.5501 0.5736 0.4973 3.8807

B 0.5591 0.5608 0.5959 3.8014

C 0.5485 0.5698 0.5645 4.0373

D 0.5595 0.5420 0.5527 0.5213 0.5341 3.9244

E 0.5494 0.5424 0.5467 4.0341

F 0.5481 0.5482 0.5545 0.5237 4.0931

G 0.5561 0.5528 0.5017 0.5792 3.9769

H 0.5027 0.5137 3.0507 3.9024 3.8937 4.0363

1 2 3 4 5 6

A 4.2704 4.4008 4.5888 3.9784 3.8807

B 4.4728 4.4864 4.7672 3.8014

C 4.388 4.5584 4.516 4.0373

D 4.476 4.336 4.4216 4.1704 4.2728 3.9244

E 4.3952 4.3392 4.3736 4.0341

F 4.3848 4.3856 4.436 4.1896 4.0931

G 4.4488 4.4224 4.0136 4.6336 3.9769

H 4.0216 4.1096 3.961948052 3.9024 3.8937 4.0363

1 2 3 4 5 6

A 54.45 56.11 58.51 50.72 49.48

B 57.03 57.20 60.78 48.47

C 55.95 58.12 57.58 51.48

D 57.07 55.28 56.37 53.17 54.48 50.04

E 56.04 55.32 55.76 51.43

F 55.91 55.92 56.56 53.42 52.19

G 56.72 56.39 51.17 59.08 50.71

H 51.27 52.40 50.51 49.76 49.64 51.46

1 2 3 4 5 6

A -2.07 -1.34 3.25 -0.72 -2.24

B -1.40 2.57 3.58 -2.16

C -0.93 2.96 -0.96 -0.61

D 1.34 -0.89 -0.97 1.87 -0.68

E -1.15 -0.86 -0.87 -0.46

F -1.16 -1.20 -0.93 1.40 -0.41

G 1.92 -0.85 -0.76 3.08 -0.42

H -0.51 -0.50 -0.48 -0.45 -0.46 -0.41

Change in Density - from Curing to after Debinding [%]

Mass - Debinded [g]

Density - Debinded [g/cm
3
]

Relative Density - Debinded [%]

Group Atmosphere Temp. [˚C] Time [h]

Curing Air 200 2

D1 95%Ar + 5%H2 435; 650 0.5; 1

D2 Air 435; 650 0.5; 1

D3 95%Ar + 5%H2 435; 1000 0.5; 2
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Shrinkage was calculated by manually measuring the dimensions of the sintered samples and comparing 

them to the as-printed dimensions. The samples are marked with colour to investigate the influence of the 

debinding recipes on the shrinkage post sintering.  

 

 

Figure 44: Shrinkage calculations for the sintered samples 

  

Sample Length [mm] Width [mm] Height [mm] Volume [cm
3
] Shrinkage [%] Shrinkage from ideal [%]

A3 5.1 5.2 4.9 0.129948 7.469158879 -3.9584

A2 4.6 4.7 4.7 0.101614 24.14120036 18.7088

G1 5.25 5.25 5.1 0.14056875 -0.093457944 -12.455

H1 4.8 4.65 4.6 0.102672 21.05190311 17.8624

E1 4.65 4.55 4.7 0.09944025 26.477797 20.4478

F1 4.95 4.85 4.8 0.115236 15.62623556 7.8112

G5 5 5.2 5.25 0.1365 4.718028187 -9.2

A1 4.45 4.5 4.55 0.09111375 30.61964592 27.109

F2 4.8 4.85 4.9 0.114072 8.7424 8.7424

H4 8.5 8.65 8.45 0.62128625 37.871375 37.871375

H5 9.15 9.2 8.85 0.744993 28.04791185 25.5007

G2 5 4.85 4.9 0.118825 11.29252005 4.94

E2 4.5 4.7 4.5 0.095175 28.24468055 23.86

E3 4.4 4.45 4.5 0.08811 33.57119835 29.512

D2 4.35 4.4 4.4 0.084216 32.6272 32.6272
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Appendix D 

Figure 45 explains the image analysis process for calculating the porosity in the samples using the LOM 

micrographs.  

 

Figure 45: Images explaining the steps for porosity measurement using image analysis; I) Opening the micrograph 
image in the ImageJ2 software; II) Manually adjusting the threshold to highlight (red) all the dark areas (porosity) in 
the micrograph; III) Image showing the highlighted areas in a simplified view; IV) Using the analysis command to 

summarize the results by calculating the area covered by the darkened region 
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Appendix E 

 

Figure 46: Surface roughness parameters calculated for samples Y6 (left) and Y7 (right) according to the ISO 4287 
standard 

  



 

49 

Appendix F 

 

Figure 47: Anisotropic shrinkage experienced during sintering  


