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Abstract 
 

Additive manufacturing (AM) is a rapidly developing technology that transforms the 

manufacturing toolbox and operation of industrial companies. In this technology, material is 

selectively added layer-by-layer in order to create a complex part that is not easy to be produced 

in subtractive methods. Physical and chemical behaviour of powders used in additive 

manufacturing is a key element in industrial applications. Hence, it is necessary to accurately 

control and optimise the processing techniques with precise powder characterisation. There has 

been a considerable attention to the bulk powder behaviour in different fields of powder 

technology, but there is a lack of extensive research on the spreadability of powders in additive 

manufacturing (AM). To date, no prediction in spreadability of AM feedstock has been 

established hence no feasible powder spreadability metrics is achieved so far. While 

quantifying powder spreadability is a vital step for AM, there is no standard strategy for this 

purpose. Lack of a generally agreed definition for spreadability in AM might be related to the 

heterogenous nature of the powders which may differ by powders types, method of AM 

application and processes conditions. Therefore, precise monitoring of the spread behaviour of 

powders seems to be very challenging since powders may change their spreading dynamics at 

any period of time during the experiments and results to uncertainty. In other words, one 

spreadability metric may perfectly fit with a specific type of powder or process condition, while 

for a different choice of material or application it may not be relevant. Hence a parallel 

investigation on powder properties and processes parameters may be a suitable approach to 

develop the understandings in powders spreadability. 

However, expanding of the current understandings regarding the spread behaviour of powders 

may help to establish a standard measurement method for spreadability. 

 

In this project the combined effect of powder characterisations and processes parameters such 

as gap size, spread velocity and environmental conditions on the spreadability of stainless steel 

powders has been investigated. The samples are two different batches of 316L stainless steel 

and their particle size distributions are both in the range of 15-105µm. Series of experiments 

are conducted through using an in-house spreading rig to quantify the spreading behaviour of 

two different samples. This work investigates the spread quality of powders through obtaining 

the bulk density of spread layer on the build plate and form a comparison to the initial bulk 

density of the respective powders. 
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Chapter 1. Introduction  
 

Additive Manufacturing (AM) is a novel technology that due to its ability to produce complex 

geometrical parts, raises attention in current manufacturing industries. Unlike the conventional 

subtractive method of manufacturing that creates the part from a continuous piece, additive 

manufacturing technology produces optimised components through production of successive 

layers. The three-dimensional part is manufactured directly from a computer aided design 

(CAD) model that can significantly reduce the time, cost and material waste mainly because  

post modification process is not necessarily required in AM parts compared to conventional 

method of manufacturing [1]. Vat photo-polymerisation (VAT), material jetting, material 

extrusion, power bed fusion (PBF), binder jetting (BJ), sheet lamination and direct energy 

deposition (DED) are 7 types of additive manufacturing. Powder bed fusion is a common 

method of AM in which a desirable powder layer is deposited and spread on the build plate 

and afterwards the build plate containing the powder layer is lowered down to a pre-allocated 

height to create a gap for next deposition of the new layer. Therefore, an explicit understanding 

of powder characteristics and properties of recoating systems such as build plate, spreader, gap 

size and velocity of the spreading machine is necessary to enhance the spread quality. While 

separate investigation of the powder quality and process parameters are the key factors for 

quality control, the combined effect of both parameter on the spread layer and subsequently 

the final product is very crucial in AM. Therefore, a thorough study of process parameters 

during spreading of powders and their impact on the spread quality that is commonly known 

as “spreadability” is required in AM technology [2]. Spreadability is generally referred to 

spread uniformity of highly packed powders without formation of empty patches [3]. 

 

In spread based additive manufacturing and particularly in powder bed fusion methods, 

creating a very thin layer of powder is essential. Utilising fine powders is inevitable for 

generating thin layers, while this may increase the powders cohesiveness that reduces the 

flowability of powders, which consequently decreases the homogeneity of the layers. However 

it is important to note that although flowability is a useful index to predict the powder quality 

but it is not a sufficient metric to measure spreadability [3]. 
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The quality of spread layer is not only affected by flowability but is significantly related to 

processes parameters and environmental conditions. The processes parameters such as gap size 

and spread velocity has direct influence on layer consistency. Consistent thickness, surface 

roughness and uniformity of individual layers are key factors for spread layer quality and 

ultimately final product. While spreadability of powders is a fundamental aspect of powder bed 

fusion manufacturing method, an accepted standard measure for spreadability is not yet 

available. 

 

Although, some studies attempt to define a standard metric for spreadability through 

experimental and numerical approaches, a solid agreement regarding the definition of 

spreadability still lacks. Thus, an optimised measure of layer uniformity as well as spread 

quality and their correlation to characterisation of stainless steel powders is the main interest 

on this research.  

 

Laser or other common energy resources for melting or sintering of spread layers is also a very 

important factor to create defect free layers within AM production but has not been addressed 

in this project.  

 

1.1 Aims and Objectives  

The exponential growth of additive manufacturing (AM) is mainly due to its enormous 

potential in a wide range of markets such as medical, electrical, clothing and building 

constructions. The advantage of producing complex near-net-shapes that has been offered by 

additive manufacturing is the major ambition for further researches towards the development 

of this novel technology. 

 

The impact of feed powder properties on the manufacturing process and end product quality 

has been the main focus of previous researches, which has been aiming at developing a standard 

method for powder characterisation in AM. The complex interaction between powder 

properties, bulk powder behaviour, in-process performance and product quality is the major 

interest of existing studies. However, despite of numerous studies on correlating powder 

properties with bulk powder behaviour, there is still a considerable lack of investigations in 

powder spreading behaviour under AM process conditions. Therefore, the aim of this research 

is to contribute in establishing a correlation between properties of stainless steel powders, 
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common AM process parameters and powder behaviour by devising appropriate test methods 

to achieve optimised outcomes. The evaluation of the outcomes is based on the value of bulk 

layer density accompanied with qualitative assessment of the spread layer. 

 

Firstly, it has been attempted to identify the factors which may affect the spread quality of 

powders and consequently final part within the current literature and conduct series of 

experiments to investigate the effects of these factors. It has been gathered from the literature 

that powder parameters such as size, shape and bulk properties along with the process 

parameters such as gap size, spread velocity, spreader type and environmental conditions are 

the key factors influencing the spread behaviour of powders. 

Flowability as a bulk parameter is a description of complex behaviour of powder when it is 

mobilised or subjected to stress. Therefore, correlation between single powder properties and 

bulk flow behaviour of the powder is a key term in this application. The impacts of mechanical, 

physical and chemical properties of powder on the flowability, layering and spreading process, 

highly affects the performance of the powder in additively manufactured products. Thus, 

discovering a suitable test method associated with the powder flow properties that impacts the 

quality of the layer is a critical objective to achieve in this project. 

 

In this project, powder properties and their bulk flow behaviour will be characterised through 

using standard methods within the literature. Investigation on the spreading behaviour of 

powders by using an in-house spreading rig that imitates the actual AM process is also an 

objective in this research. The spreading process will be examined while considering different 

set of parameters such as gap thickness, spreader blade speed and mass of feed powder. In 

order to experimentally conduct the proposed case, one parameter such as speed will be 

considered as the variable and other parameters will remain constant and the effects of these 

parameters on the process condition will be investigated. Furthermore, the influence of 

humidity as an environmental factor has also been investigated as an objective in this project. 

Different steps to produce a final part with desirable quality in AM is shown in the map below; 
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1.2 Structure of Thesis 
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This thesis consists of 7 chapters that is briefly described as follows: 

• Chapter 1 presents the introduction which consists of a relevant background of the 

research and an overview of the structure for this work. The aims and objectives of this 

project has been presented in this section.  

• Chapter 2 consists of related studies that is available within the literature. The effect of 

powder characterisation and spreading processes on the final part is also gathered from 

the literature in this section. Definition and the knowledge gap of the term 

“spreadability” in additive manufacturing has been highlighted in this section. 

• Chapter 3 provides information regarding the material and methods utilised in this 

project. 

• Chapter 4 presents the effect of velocity and gap size as processes parameters on the 

spread layer of 316L stainless steel. Qualitative and quantitative analysis of these 

effects is carried out in this section. Furthermore, effect of humidity as an 

environmental factor on the spread layer of 316L stainless steel has been analysed in 

this chapter. 

• Chapter 5 concludes the findings of this work where the results are illustrated in the 

form of matrices obtained through the experiments. 

• Chapter 6 serves the future works and recommendation that may improve the accuracy 

of the results. 

• Chapter 7 covers the list of references that has been used for the creation of this thesis. 
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Chapter 2. Review of Literature 

2.1 Types of Additive Manufacturing  

Additive Manufacturing processes is categorized  into 7 groups by American Society for 

Testing and Materials (ASTM) group “ ASTM F42” which has been listed in the Standard 

Terminology for Additive Manufacturing Technologies.These categories has been classified 

mainly based on the material used and machine technology [4]. 

 
Figure 1: (a) Vat photo-polymerisation, (b) material jetting, (c) material extrusion, (d) power bed fusion, (e) binder 

jetting, (f) sheet lamination, (g) direct energy deposition [5]. 

 

2.1.1 VAT Photo Polymerisation  

Vat polymerisation is a type of AM method which uses radiation to solidify layers of liquid 

photopolymer resin. Normally, an ultraviolet (UV) light is used to cure and form the 3D model 

layer-by-layer. Vat polymerisation method utilises liquid material to form the model therefore, 

a structural support is required to hold it. In some cases, the surface of each layer is smoothened 

by a blade to reduce the roughness of the resin base layer [5]. 

Fast production, ability of creating large objects with high quality are the benefits of this 

method but utilising resin as the build material results into creation of objects with less strength, 

durability and stability. 
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2.1.2 Material Jetting 

Material jetting method works similar to inkjet printer but instead of ink deposition, droplets 

of material deposits from the nozzle onto the build plate and solidifies layer-by-layer. Layers 

are hardened by either self-cooling or cured through use of ultraviolet (UV) light. Polymer and 

casting wax are commonly used as feeding materials which are not mechanically strong and 

produced parts are structurally weak and may require support material. High dimensional 

accuracy, surface quality, homogeneity and low wastage of materials are the advantage of 

material jetting [5]. 

 

2.1.3 Binder Jetting 

Two types of materials which is used for binder jetting process are commonly powder based 

material and the binder agent. The binder that mostly is liquid works as an adhesive on 

powders. Liquid binder is injected on the build material by the axially moving print head. 

Subsequently build platform is lowered to a specific height to create a space for the next layer 

and this process repeats for each layer. This method is capable of producing large objects with 

high production rate and different types of material such as metal, sands and ceramic can be 

used as build material. However, the production method is relatively expensive and due to use 

of binder the created parts are not structurally strong [5]. 

 

2.1.4 Material Extrusion 

In extrusion based additive manufacturing process or fuse deposition modelling (FDM) 

material is deposited through an axially moving heated nozzle. High accuracy of final product 

in this method is mainly due to the constant pressure and speed of material deposition. It is 

very essential to consider a suitable flow rate when the new layer is plotted, because when the 

nozzle changes the direction, excess material might be deposited at the corners and causes 

inaccuracy within the layers. Polymer and plastics are used, and layers may be fused together 

or bonded by utilising a chemical agent. The production process is less expensive compare to 

other methods and built material are accessible [5, 6]. 

 

2.1.5 Powder Bed Fusion (PBF) 

The powder bed fusion generally is subdivided to; direct metal laser sintering (DMLS), selective 

laser melting (SLM), electron beam melting (EBM), selective heat sintering (SHS), and 

selective laser sintering (SLS). In all types of PBF method, a layer of powder is deposited and 
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spread by a roller or blade. The deposited layer is then melted and sintered by laser or 

electron beam. The same process is carried out after lowering down the build plate and 

creating a new layer. Variety of materials, inexpensive process , dimensional accuracy of 

final part, mechanical strength of sintered objects and simplicity of application are the main 

benefits of this method while the production rate is relatively slow, high mass of powders is 

required for spreading and quality of final part is significantly related to powder properties 

and process conditions [5]. 

 

2.1.6 Directed Energy Deposition (DED) 

Directed energy deposition (DED) is a type of AM that is commonly used to repair the existing 

object or add parts to the previously built section. Laser engineered net shaping, directed light 

fabrication, direct metal deposition and 3D laser cladding are categorised under DED 

processes. In this method a focused thermal energy such as laser or electron melt the material 

while it is deposited through number of moving nozzles simultaneously. This method has many 

advantages such as fast production rate, low wastage of material, high strength of final part, 

near net shape, repairing of existing parts and production of large objects. However, capital 

cost of manufacturing is very expensive while surface quality of created objects are not 

desirably high and may need post processing to improve the surface quality of built object [5]. 

 

2.1.7 Sheet Lamination 

Ultrasonic additive manufacturing (UAM) and laminated object manufacturing (LOM) are two 

types of sheet lamination methods in additive manufacturing.  Metal sheets or ribbons are 

welded by ultrasonic welding in the UAM process. The process uses high frequency vibratory 

energy to soften the metal sheets, which are then joined layer-by-layer. The stacked sheets are 

welded together to create a 3D object. The LOM process uses the same techniques but instead 

of metal, paper is used by applying adhesive between the layers in order to bond the paper 

sheets. High speed of production, lower cost and availability of build material are the benefits 

of this method, but surface finish of final part may require post processing and removing of 

excess material is time consuming and generates waste materials. Moreover, strength of final 

part may be reduced if the adhesives for bonding are not sufficient [5]. 
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To date, majority of researches that cover steel powder application in AM are mostly limited 

to powder bed fusion, direct energy deposition and binder jetting method [7]. PBF is mainly 

applied to produce light weight engineering parts, architectural design and high-end 

applications. Th main drawbacks of PBF method are low production rates and the necessity to 

continuously clean the un-melted powder [7]. Porosity and lack of fusion (LOF) through the 

layers are common imperfections of PBF method [8, 9]. Therefore,  using regular spherical 

shape powders is recommended to reduce possible defects [10]. DED method is commonly 

used to fabricate defect-free, near-net shape products of high density [11]. However, due to 

complexity of process parameters in DED, the properties of final part is unpredictable in this 

method [7]. It is also reported that in the absence of continuous inert gas in DED method, 

formation of oxide layers is likely to occur. This defect can be amended by applying a shield 

layer such as  chromium oxide on the surface of steel layer to avoid porosity on both the spread 

layer and final part [12, 13]. Rapid heating or cooling of melt pool is not involved in binder 

jetting method, therefore the occurrence of residual stress in the final part is prohibited. 

However, low density of final part is a considerable disadvantage of this method. Moreover, 

this method is not easily applicable with utilising ultra-fine and loosely packed particles [14-

16]. 
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2.2 Types of Powder Production Methods in Additive Manufacturing 
Powders are the main feedstock of AM products hence the process of powder production has 

a significant influence on the quality of manufactured product. However, the production of 

feedstock in additive manufacturing is of even more prominence since application of powder 

in additive manufacturing requires a precise characterisation. Production method of metal 

powders are diverse but, gas atomisation (GA), water atomisation (WA), plasma rotating 

electrode process (PREP) are the most common powder production methods in AM. 

 

2.2.1 Water Atomisation (WA) 

 Water atomisation process is the process of producing fine metal 

powders where the molten metal is atomised by a water jet. The 

feedstock is melted in a furnace and then deposited into a crucible that 

is called tundish. The tundish is used to control the flow rate of the 

liquid metal when it enters the atomisation chamber and flows through 

the gravity. High pressure water collides against the free-fall molten 

metal to atomise and solidify the particles and results into the 

production of fine powders. Furthermore, particles are collected and 

dried before post processing and packaging. However, it is notable that 

powder produced with this method is commonly categorised as 

irregular shaped particles [17, 18]. 

 

2.2.2 Plasma Atomisation (PA) 

 Plasma atomisation (PA) is a powder production method that is 

developed by Pyro-Genesis and Hydro-Quebec (LTEE) [19-21] to 

produce different size of titanium powders with high sphericity and 

consequently good flowability. This process is also beneficial for 

recycling used powders. In this method the feedstock which is either 

in the form of wire or powder, feeds into the atomisation chamber. 

Afterwards, the input feedstock is melted by a heat source of plasma 

arc that produces high velocity hot zone to create high-purity spherical 

powders [18, 19, 22].  

Figure 2:WA process [17]. 

Figure 3:PA process [22]. 
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2.2.3 Plasma Rotating Electrode Process (PREP) 

Plasma rotating electrode process is similar to plasma atomisation, 

however, in PREP the end of the metal bar is melted by the plasma 

arc while it is being rapidly rotated in the chamber. Then the molten 

metal is spun off by the centrifugal force and subsequently 

solidified into spherical form. The uniformity and purity of 

produced powders improves further as particles are melted and 

solidified in a chamber that is filled with an inert gas jet [18]. 

 

 

 

2.2.4 Gas Atomisation (GA)  

Gas atomization process involves two factors known as,  

interaction of the melt and an atomising gas. In this method the melted 

metal from the top chamber is spherodised by a high-pressure 

atomizing gas. Air or inert gas is used to transfers a kinetic energy to 

the liquid metal. To prevent oxidization and contamination of the metal 

powder, nitrogen, argon, or helium are mostly used. To control the 

powder purity in manufacturing of complex designed products, 

electrode induction melting gas atomization (EIGA) and vacuum 

induction melting (VIM) is used. 

 

Electrode induction melting gas atomisation (EIGA) is a method that controls contamination 

through heating and continuous melting of the feedstock rod. The free fall molten is solidified 

without contacting crucibles which prevents the contamination [18]. 

 

VIM uses electric currents that pass through a set of induction coils to melt the metal under 

vacuum condition. In this method, the melted metal is directly discharged into the atomisation 

chamber from the furnace instead of utilising a tundish[18]. 

 

 

 

Figure 4:PREP process [22]. 

Figure 5:GA process [22]. 
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Table 1  provides a summary for different types of powder production and their application in 

AM industry [23, 24]. 

Table 1:Advantages and disadvantages of different powder production types. 
Manufacturing 
process 

Advantages Disadvantages 

Water 
Atomisation 
(WA) 

• High throughput 
• Low cost 
• Wide range of particle size 

• Post processing to 
remove excess water 

• Irregular particles 
• Satellite present 
• Wide PSD 
• Low yield of powder 

Gas 
Atomisation 
(GA) 

• Excellent metallurgical quality 
• High powder flow rate due to 

high sphericity 
• Wide range of alloys available 
• Suitable for reactive alloys 
• Relatively low cost in high 

volume production 
• Large supply base 

• Satellite present 
• Wide PSD 
• Low yield of powder 

Plasma 
Atomisation 
(PA)  

• Excellent metallurgical quality 
• Very high flow rate due to high 

sphericity 
• Reactive and high melting 

point alloyed can be made 

• High cost 
• Limited supply base 
• Specific requirement 

of feedstock in the 
form of wire or 
powder 

Plasma 
Rotation 
Electrode 
Process 
(PREP) 

• Excellent metallurgical quality 
• Very high flow rate due to 

High sphericity 
• High purity 
• Reactive and high melting 

point alloyed can be made 

 

• High cost 
• Low productivity 
• Limited supply base 
• High quality bar 

needed as starting 
material 

Electrode 
Induction 
Melting Gas 
Atomisation 
(EIGA) 

• Excellent metallurgical quality 
• High flow rate 
• Reactive and high melting 

point alloyed can be maid 
• High production rate  

• High cost 
• Limited supply base 
• Only alloy bar can be 

used as the starting 
material 
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2.2.5 Production of Steel Powders 

Powder production type (e.g. processing of molten metals and the cooling rate) and the 

compositional elements of molten metal may impact the microstructure, surface properties, 

shape and size of solidified powders. All these properties will influence the powder spreading 

and final parts manufactured by AM. 

Steel powders mainly consist of iron and carbons and when they resist corrosion they are 

known as stainless steel. The corrosion and oxidation resistance of stainless steel is mainly due 

to the chromium content. Stainless steel is produced when chromium content is sufficient to 

create a protective oxide film on the surface of the steel and the greater the amount of chromium 

the higher the corrosion resistance of stainless steel. Austenitic, ferritic, martensitic, duplex 

and precipitation are the five classes of stainless steel that is characterised based on crystalline 

structure and each of these five categories lay on different position of the Schaeffler diagram. 

The 300 series of stainless steel are chromium-nickel alloys and are categorised as austenitic 

[25]. 

Nickel, carbon, manganese and nitrogen are the main components to create an austenite form 

while chromium, silicon, molybdenum and niobium are essential elements for ferrite form of 

stainless steel. Figure 6 shows the diagram that is established by Anton Schaeffler in 1949 in 

which the low carbon stainless steel 316L is positioned in the dominantly austenite region with 

3 to 10 percent of ferrite. The chromium and nickel content of 316L may vary between 16-18 

% and 11-14 %, respectively. The position of 316L on the Schaeffler diagram is mainly based 

on the percentage of chemical composition of stainless-steel alloy [26]. 

    

 

 

Figure 6:Schaeffler diagram (A-austenite; M–martensite; F–ferrite) [26]. 
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Moreover, phase diagram indicates the position of the alloy based on its composition and the 

temperature in which it is either entirely liquid or solid. For instance, an alloy with a mixture 

of elements A and B may lie on the right or left side of the phase diagram which are known as 

hyper-eutectic and hypo-eutectic, respectively. Eutectic composition is a point in which the 

mixture solidifies at a temperature lower than any other composition. 

 

As it shown in the Figure 7 the vertical axis of the diagram indicates the correct temperature 

based on the cooling rate of the mixture and the horizontal axis represents the composition 

changing from pure A to Pure B. Whereas; TA and TB are the melting temperatures of the pure 

substances and TE is the unique eutectic temperature. a and b are the distinct solid phases and 

L denotes the liquid phase [27]. 

 

  

It is also important to note that the duration of time that austenitic steels exposed to high 

temperature is an influential factor of microstructural changes of steel powder [28]. 

 

Gas atomisation of metal powders is currently the most popular method of AM powder 

production and in particular spherical steel powder production as it gives a dry collection of 

highly spherical powders and it is relatively low cost in high volume production. The amount 

of oxidation in gas atomised powders is limited as the melting processes is taking place in a 

vacuum atmosphere or a protective environment. Moreover, this method is suitable for reactive 

alloys and wide range of alloys are available with this method [29]. However, even though 

powders are produced in low oxygen environment at inert gas conditions,  the surface of the 

powders are still enriched with very thin layer of oxygen-affinity [29, 30]. The cooling rate 

was “defined as the time over which primarily crystallization occur” [31, 32]. Gas atomised 

Figure 7:Binary phase diagram for a eutectic [27]. 
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316L steel powders has lower rate of cooling compared to powders produced by water 

atomisation, which results in production of more spherical powders. However, irregularities of 

water atomised powders can be improved by altering the water jetting pressure and jet angle in 

water atomisation [29, 33, 34]. The morphology of solidified microstructure highly depends on 

the cooling rate of molten metal with respect to heat extraction during the transition from liquid 

phase to a solid [35, 36]. In order to have finer particles with enhanced chemical homogeneity, 

a high cooling rate is required, while a coarse microstructure is suggestive of low cooling rate 

during solidification [32, 36]. Size of the droplets and gas composition in the chamber has a 

significant impact on the cooling rate. Such that smaller droplets at 100% helium produce 

higher cooling rate and less solidification time since heat transfer is faster in these situations 

[37]. Particles atomised in lower cooling rate exhibit higher crystalline fraction and on the other 

hand particle atomised in a higher cooling rate show a  higher amorphous fraction 

[31].Amorphous metals exhibit excellent mechanical properties and have greater wear and 

corrosion resistance due to the absence of grain boundaries  compare to crystalline 

materials[38-40]. Metal Cooling rate also has influence on the coating properties of powders 

such that increased cooling rates improves the coating properties of powder batch [41]. It has 

been found by Raza et al. that increased cooling rate, minimised the shrinkage of sintered gas 

atomised 316L stainless steel powders while its reduction resulted to lower density, mechanical 

properties and corrosion resistance of the powders [42].  

Powder characterisation such as particle size distribution, morphology and chemical 

composition of GA powders is generally required following the production process, however, 

there is still some complications that prevent high quality metal powders to be produced. For 

instance, irregularity and satellite formation on the surface of particles are the common defects 

of gas atomised production method. These defects certainly have negative impact on the 

flowability and packing behaviour of the powders and accordingly reduces the quality of the 

final sintered product. However, an enhanced design of devices and chamber modification in 

GA processes reduces these defects within processing [43]. Moreover, hollow formation of 

particles is another defect that occurs when the gas atomised particle is surrounded by the 

molten droplets. Formation of hollow particles increases the inhomogeneity of layers, 

decreases the density of the powder and increases the possibility of pore formation in the final 

sintered part [10, 44, 45]. However, a novel gas atomisation method is developed by Neue 

Materialien Bayreuth GmbH along with bkl Lasertechnik and MBFZ tool craft in order to 

prevent these complications. This method is based on arc spraying process and it is reported 

by Chen et al. that the produced particles have higher sphericity, smoother surface and less 
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satellite formation. It is also stated that unlike the conventional gas atomisation method, the 

novel arc spraying method is capable of producing powders with much narrower particle size 

distribution which may be a desirable choice in additive manufacturing upon appropriate 

application [10]. 

 

2.3 Types of Powder Characterisation in Additive Manufacturing 

To date, powder characterisation techniques for additive manufacturing are generally based on 

the earlier standards of powder characterisation in powder metallurgy (PM). However, 

challenges regarding powder characterisations in additive manufacturing requires in-depth 

standards that are specifically designed for AM industry. Standard guide of powder 

characterisation that is currently addressed by ASTM and ISO needs to be adjusted within AM 

industry [46]. It is important to note that powder characterisation covers the specific 

(individual) and bulk characterisation techniques. Specific characterisation techniques such as 

particle size, morphology, density, surface, chemistry and specific density generally measure 

the specific properties of one individual particle. On the other hand, bulk characterisation 

techniques such as Hall flowmeter and angle of repose mainly measure the collective effect of 

all powders in a batch [2]. 

 

2.3.1 Powder Flowability  

Characterisation of bulk powder behaviour such as flowability is a common point of interest 

among previous studies. It has been frequently suggested within literature that flowability 

clearly impacts the process conditions in additive manufacturing. The flow behaviour of 

powders is directly influenced by the method of powder production. For instance, powder 

produced by gas atomisation method exhibits better flow behaviour compared to water 

atomised powders due to enhanced morphological quality [23, 24]. However, it is important to 

note that sometimes powders produced with the same production method may show different 

flow behaviour in spreading process due to differences in other parameters [47]. 

 Powder flowability is defined as the “ability of powder to flow” [48]. True description of 

powder flow behaviour in experimental tests seems to be a multi-dimensional property rather 

than a single value which also depends on other characteristics of powders. Flowability is 

directly influenced by the physical properties of the powder aligned with other factors such as 

handling, storing, or measuring process; thus, it should be quantified as a multivariable 
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characteristic. Therefore, a comprehensive definition of flowability is stated as “the ability of 

powder to flow in a desired manner in a specific piece of equipment” [48].  

In order to assess the flow behaviour of powders, a precise measurement of flow properties 

such as flow function, internal friction and wall friction is required. Flow function is obtained 

as a ratio of the major principle axis (s1) to the unconfined yield strength (sc) from Mohr’s 

circle, where the slope of the graph provides a descriptor for flowability [49]. Flow behaviour 

of powders is classified with the value of flow function as shown in the table below: 

																																																														𝑓𝑓#	 = s$
s%

    

where, s1 is the major consolidation stress and sc is the unconfined yield strength. 

 

 

 

 

 

Internal friction is a parameter associated with failure properties of the bulk powder under 

stress and is obtained by measuring the stable value of shear stress depending on the normal 

load. Internal friction is measured as an indicator of flow and packing behaviour of the powders 

and occurs when particles move against each other. It is also defined as the rate of loss of work 

in the flow of powders [50]. It has been identified that particle shape has a great influence on 

the angle of internal friction such that increase in angularity of particles increases the angle of 

friction [51, 52]. Internal friction is mainly affected by size distribution, initial voids, loadings 

and surface properties of the particle [53]. Decrease in particle size will increase the internal 

friction [52, 54, 55].The angle of internal friction is obtained by the Mohr-Coulomb yield 

standard and the formula is provided as; 𝜏 = s	tanθ+c where 𝜏 is the shear strength, s is the 

normal stress, q is the angle of friction and c is the cohesion [54].  

 

Wall friction as an external friction is the angle of slide against the wall surface. In order to 

obtain the value of internal and external friction, the Jenike shear cell is commonly used to 

Table 2: Jenike,1964 Classification of flowability [49]. 

Description  Flow function value 

Very cohesive < 2 

Cohesive 2 to 4 

Easy flowing 4 to 10 

Free flowing > 10 

Equation1	
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measure the friction between the bulk material and wall of the container. The result shows 

whether the material will slide on the wall or adhere to it and is used to govern the mass flow 

or funnel flow behaviour in the container. The higher the angle of wall friction, the steeper the 

container wall needs to be for powder to flow. When the pressure from normal stress on to the 

powder increases, the effective angle of friction decreases, and wall friction also decreases. 

Friction between the powders and container wall increases when stored in a static situation for 

a period of time. It is also indicated in the book that fine particles with wide PSD exhibit more 

friction compared to that of larger particles with narrow PSD [56]. 

 

 Hall and Carney Flowmeters, apparent and tapped density, angle of repose, laser diffraction 

particle sizing and scanning electron microscopy are the standard powder characterisation 

techniques that is reviewed in ASTM F3049. However, some novel powder characterisation 

techniques such as avalanche tester, powder rheometry and image analysis are commercially 

available [2].  

 

  2.3.1.1 Angle of Repose (AOR)  

The angle of repose is defined by ISO-4490 [57] /ASTM B213 [58] as a 

flowability measurement for powders. In this method as it shown in 

Figure 8 powders are deposited through a funnel and settled onto a flat 

base plate. The slope angle of the created heap is known as angle of 

repose which measures the flowability as a level of friction within the 

powders [2, 59].Other properties of powders such as shape, size and bulk 

density may affect the measured angle and commonly it is recommended 

that the steeper the angle, the more cohesive the powder is [60]. 

Table 3 represents the Carr classification of flowability for powdered 

particles based on the angle of repose [61]. 
Table 3: Carr classification of flowability [61]. 

Description  Repose Angle 

Very free flowing <30º 

Free flowing 30-38º 

Fair to passable flow 38-45º 

Cohesive 45-55º 

Very cohesive (non-flowing) >55º 
Figure 8: (a)Angle of Repose [60]. 

(b)Schematic Angle of Repose. 
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2.3.1.2 Hall Flowmeter  

The Hall Flowmeter test is one of the ASTM standard 

method for measuring the flow rate of freely flowing 

powders such as metal. However, it is also used to measure 

other powder characteristics such as; apparent density, 

tapped density and angle of repose. Specific amount of 

powders is deposited through a closed orifice until all 

powders are settled. Figure 9 illustrates the apparatus used 

for this test and different size of orifice diameter may be 

used for this test. The tip of the orifice is then opened and 

consequently powders flow from the opening of the orifice. 

The required time for powders to completely flow is 

precisely measured. This procedure is repeated for several 

times to mitigate the human error. 

 

However, it is important to note that flow behaviour of powders may vary when it passes 

through the air, hence the flow rate is not a consistent quantity but rather a simple comparative 

measure [62]. Hall flowmeter test is mainly suitable for free flowing specimens, hence it is not 

applicable for cohesive powders [63]. Inter-particle force is the most influential factor in 

powder flow which directly impacts the procedure in Hall flowmeter test. Difficulty in 

quantitative assessment of this test is mainly due to the large amount AM powder that passes 

through a small opening of orifice. Additionally, the stress state of the powder in real AM 

processing is different compared to that of the laboratory scale [59]. In addition, when free 

flowing powders are not completely dry, they are prone to rat-holing, arching, clinging  and  

bridging in this test which is shown in the Figure 10 [62, 64]. 

 
 
                                   Figure 10: (a)Rat-hole, (b) Arching, (c) Clinging, (d) Bridging [64]. 

Orifice 
Opening 

Funnel 

Density 
Cup 

(a) (b) (c) (d) 

        Figure 9: Hall Flowmeter. 
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2.3.1.3 FT4 Powder Rheometer 

FT4 powder rheometer® is the most common testing tool that is used to measure the dynamic 

flow resistance of powders [65]. While other standard characterisation techniques focus on the 

flowability of powders under the influence of gravity, FT4 powder rheometer aims to measure 

the dynamic shear load. Since shear is an indicative force during the spreading process of PBF, 

the FT4 tester is an interesting topic of investigation in AM researches [2].It is a universal flow 

tester that has been designed by Freeman Technology and provides four categories of bulk, 

dynamic flow, shear and process in testing methodologies. Density, compressibility and 

permeability is measured under bulk category of tester. Basic flowability, aeration, 

consolidation, flow rate and specific energy is tested under dynamic flow criteria. Furthermore, 

shear cell and wall friction are analysed under shear methodology. Moreover, segregation, 

attrition, caking, electrostatic moisture and agglomeration tests is covered under process 

category [66]. It is designed to test the powders under a condition that resembles the true 

behaviour of powder in AM machines. It has been proven that testing the powders with this 

apparatus is very beneficial for powder optimisation, particularly when working with used and 

re-used metal powders [67]. The flow resistance of dynamic powders is measured by utilising 

a precision ‘blade’ [66]. The rotating blade driven downward or moving upwards into the bulk 

assembly to simulate the interaction and flow between the powders. The required energy by 

the rotating blade is considered as flowability [68]. The definition of an unconfined test (i.e. 

upward motion) clockwise motion is specific energy (SE)  and the definition of a confined test 

(i.e. downward motion) is basic flowability energy (BFE) [69]. Change in flowability with FT4 

rheometer appears to show promising results while testing with shear cell may not be able to 

fully detect those changes [69]. However, distribution of the stress inside the powder bed is not 

yet fully understand ,hence it is suggested that the results from the FT4 rheometer is generally 

reliable as a comparative data rather than design data [70]. 

Figure 11: FT4 Powder Rheometer [66]. 
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2.3.1.4 Avalanche Tester 

REVOLUTION powder analyser is an avalanche tester that unlike some other standard flow 

test (i.e. Hall flowmeter and angle of repose), is not only based on gravity forces but rather 

imitates the dynamic behaviour of powder during the spreading processes. This device uses a 

rotating drum that rotates at a controlled velocity. The gravity and friction to the wall are 

influential factors to form the wave in  the loaded powder until avalanche occurs [2]. Special 

camera in front of a backlight is operated to record the images from the surface and cross-

sectional area of the powder that illustrates the exact motion of the powder in the drum. The 

occupied area of drum and the avalanche of the powders is shown as a black-and -white picture 

[71]. The Dynamic flow testing, packing analysis and multi-flow test can be conducted through 

the use of Revolution Powder Analyser [72]. 

 

 

 

 

 

 

 

 

 

2.3.1.5 Dimensionless Shear Rate 

Analysis of powders flow behaviour as a function of the shear rate is a useful measure  due to 

dynamic nature of powders during the processes of manufacturing parts [73]. The 

dimensionless shear rate by Tardos et al. has been used to draw a classification for the flow 

regimes of powders which is presented by Equation 2.  

 

																										𝜸°∗ = 𝛾°/𝑑1 𝑔⁄ 45 6⁄  

where dp is the mean particle diameter, g is the gravitational acceleration and 𝛾° is the shear 

strain rate. Shear strain rate is calculated as a ratio of spreading speed and depth of shear zone 

(gap size in powder bed spreading processes) [74, 75]. Based on the value of dimensionless 

shear rate the classification of the flow regimes according to Tardos has been presented in 

Figure 13.  

Equation 2	

Figure 12: Revolution Powder Analyzer principle [71]. 
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The region on the left side of the classification diagram covers the boundary of low  

dimensionless shear rate (< 0.2) in which friction is the predominant force and is considered as 

the quasi-static regime. On the other hand, the dynamic regime of flow on the right side of the 

diagram is the region that collision between the particles overcomes the frictional force where 

the dimensionless shear rate is higher than 0.3 and the shear stress is double the magnitude of 

the shear strain rate. However, the intermediate regime with the dimensionless shear strain rate 

between 0.25 and 0.3 covers the region in which the collisional and frictional force between 

the particles are equally influential [74].  

 

2.3.1.6 Effect of Powder Flowability on the Final Part in AM 

Flowability is an effective parameter in additive manufacturing process and is considered as 

an indicator of powder behaviour during the spreading process [65, 67]. Powder flowability in 

correlation with other powder properties, influences the quality of final part in additive 

manufacturing [59]. This is mainly because flowability of powders may impact the movement 

of powders and consequently the arrangement of particles. Furthermore, if packing is disturbed 

by the flowability, the sintering may be negatively impacted which increases the porosity, 

surface roughness and reduces the density of final part. For instance, the use of near spherically 

shaped powders results into higher flowability and consequently produces homogeneous 

microstructure [76]. In-depth assessment of flowability is required since powders need a 

sufficient flow during the additive processing in AM. Flowability is a parameter that effects 

the process efficiency and consequently the final AM part [71]. However, the impact of flow 

behaviour of powder on the properties of sintered part is not fully covered by the previous 

studies [77]. Attar et al. stated that by improving the flowability of powders, the final density 

Figure 13: Classification of flow regime according to Tardos et al. [74,75]. 
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of the AM product improves [78]. Furthermore, Koo et al. assessed different mixtures of 

polyamides and reported that poor flowability of powder results into complications in 

spreading of powders which consequently reduces the quality of sintered part [79]. It has been 

reported by Sun et al. that homogeneity of layers significantly improves when flowability 

increases [76]. This suggestion also agreed by Ma et al. that excessive voids in metal powders 

which is formed by poor flowability creates discontinuities within the final part [80]. 

Furthermore, it has been stated that packing and flow behaviour of metal powders, are 

influential factors of powder bed formation that improve the development of melt pools and 

microscopic homogeneity [81]. Ziegelmeier et al. performed a study regarding the effect of 

flow behaviour of thermoplastic elastomers powders on resulting parts. The valuation of 

flowability is conducted through investigation of the Hausner ratio, avalanche angle, 

Revolution powder analyser and rheometer. It has been gathered that, higher flowability results 

into higher packing efficiency. This leads to better surface quality, higher ultimate tensile 

strength, and higher percentage of elongation at break for the final part. Poor flowability 

adversely affects the arrangement and packing of powders which leads to inhomogeneous pore 

structure and empty patches within the spread powder layer and this will result in poor 

sinterability and consequently increases the porosity within the layers and final part [82].  

Freeman Technology conducted series of experiment to improve print quality through powder 

flowability assessment of FT4 powder Rheometer. It has been reported that flow behaviour of 

the powders has a critical influence to control the process efficiency and quality of final 

product. Three samples of stainless steel from same supplier is tested to investigate their 

performance in AM process. It is gathered that sample A and B with lower specific energy 

exhibit acceptable behaviour compared to sample C with a higher value of specific energy. The 

higher value of specific energy in sample C implies a higher particle to particle friction hence 

lower flowability. Sample C with lower flowability caused poor deposition and a lower quality 

of the final part [83]. In addition, a study by Liu et al. states that better flowability in powders 

with respect to the value of Hausner ratio, generates parts with increased hardness and ultimate 

tensile strengths [84]. Furthermore, evaluation of powder layer density on the two samples of 

stainless steel in the SLM process is studied by Choi et al. It is established that there is no 

correlation between the values of Hausner Ratio (𝐻𝑅) and Hall flow results. It is also derived 

that although one of the samples failed the Hall flowmeter test but still showed a successful 

spread. This implies that testing the flow behaviour of the powders is not adequate to predict 
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the packing state of deposited layers and consequently the density of final part ,but the quality 

of packing may varies in different processes conditions [85].  

 

2.3.2 Bulk and Tapped Density 

Bulk density, which is also known as apparent density is an important parameter in powder 

characterisation as it has a substantial impact on flow behaviour of powder during the spreading 

process. Bulk density is referred to the ratio of the weight of powder to its volume including 

the voids [86]. Bulk density is related to the size [87], chemical composition [88], moisture 

content [89], and the magnitude of consolidation stress [62, 90] of the powder. Tapped density 

on the other hand, is the “ratio of a known weight of a powder to the least volume the powder 

could occupy upon tapping” [91]. Rate of change in volume through tapping is a good indicator 

of the flow rate within the powders. The Hausner ratio (HR) and compressibility index (CI) are 

useful flowability metrics that is obtained through a comparison of the bulk and tapped 

densities [92, 93]. 

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 = 100 × I
rJKLLMNO	rPQRSN		

rJKLLMN		
T 

and   

𝐻𝑎𝑢𝑠𝑛𝑒𝑟𝑅𝑎𝑡𝑖𝑜= I
	rJKLLMN		
rPQRS		

T 

These two measurements can be used as indices of the ability of powder to flow which is 

influenced by interparticle interactions. Hausner ratio is an indicator to describe the packing 

behaviour of the powder upon tapping. Hausner ratio close to the value of one indicates a 

flowable powder while the ratio greater than 1.25 presents powders with unfavourable flow 

behaviour [61].  

Scale of flowability with respect to CI and HR has been presented in Table 4.  
Table 4: Scale of flowability based on CI and HR [61]. 

Compressibility Index (%) Scale of flowability Hausner Ratio 

1-10 excellent 1.00-1.11 

11-15 Good 1.12-1.18 

16-20 Fair 1.19-1.25 

21-25 Passable 1.26-1.34 

26-31 Poor 1.35-1.45 

32-37 Very poor 1.46-1.59 

>38 Very, Very poor >1.60 

Equation 3	

Equation 4	
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2.3.2.1 Effect of Bulk and Tapped Density on the Final Part in AM 

It has been perceived that utilising powder with high bulk density results into producing parts 

with enhanced tensile properties. In the presence of inconsistent bulk density of metal powders, 

poor surface quality and undesirable mechanical properties of final part is predicted. [82]. The 

density of powders in powder bed fusion process affects the layer bulk density and 

consequently the sintering process. This will as a result change the surface quality and density 

of the final part. It is also reported by the same author that utilising recycled powder leads into 

irregularities of powder density and in return results into non-uniform layer [45]. According to 

Rausch et al. an increase in the bulk density of metal powders reduces the porosity and surface 

roughness and increases the relative density of the final part. Moreover, it has been further 

added that by decreasing the powder bulk density more energy is required to produce dense 

part which is mainly due to the likelihood of irregular melt pool. This implies that the higher 

surface roughness is exhibited by using a powder with low bulk density which certainly is a 

defect in the final part. This can be compensated by using higher energy input, which is cost 

intensive. Therefore, it is beneficial to make use of powders with high bulk density to create 

dense parts in a more efficient and economic manner [94]. Schultz et al. reported that defect in 

mechanical strength of the final part is associated with the use of  nylon powder with lower 

bulk density [95]. A further study of Inconel powders by Nguyen et al. shows that the density 

of the final part decreases when utilising recycled powders due to the reduction in their bulk 

density [65]. It has been gathered through examining of different SLS and non-SLS powders 

that fabrication of weak parts with higher porosity and less dense structures is highly related to 

the use of less dense material [96].When the bulk density of the powder decreases, the mean 

distance between particles tend to increase which results in increase void formation in each 

layer and consequently cause extrusions and intrusions as well as balling. This will 

significantly reduce the surface quality and mechanical strength of the final part [94]. Reducing 

the tapped density of  316L stainless steel powders will results into high porosity and shrinkage 

during the sintering of the end product [97]. However, according to the study on the 316L 

stainless steel powders by Spierings et al. generally characterisation of powders based on the 

tapped density is not a sufficient tool to predict their spreadability and the resulting layer 

density. This is suggested based on the experiments of three different batches of powders with 

similar tapped density which exhibit significantly different surface quality and mechanical 

properties [98]. 
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2.3.3 Particle Size and Size Distribution 

Particle size is a key property in powder characterisation as it provides useful information for 

manufacturing of products and has direct impact on the flowability of the powder. Very fine 

particles have very high surface area to volume ratio which influence the packing and 

mechanical properties of the powder [99]. Van der Waals force in fine grains is dominant 

compared to gravity force, hence agglomeration in fine particle are very common [100]. Two 

phase interaction of solid/gas in fine particles is a reason of poor flow in bins, hoppers or 

processing vessels. During powder discharge from the hopper, fine particles are prone to 

ratholing due to their cohesive nature, which is one major problem of the spreading process. 

Flooding may also occur by utilising fine particles when rathole collapses or in-feed rate is 

slower than the discharge rate. Fluidisation (air entrainment) and particle entrainment are two 

mechanism which cause segregation in fine particles. The settlement and its duration in fine 

powders is much more than coarse particles due to air entrapment during the compaction [101]. 

Nevertheless, utilising fine powders in additive manufacturing is desired since typical layer 

thickness in EBM and SLM processes are around 50-200 µm. Therefore a thorough 

understanding for specific design of outlet in AM machines seems to be very beneficial [102]. 

Tensile strength in smaller particles is larger than coarse particle, since they have larger surface 

area to volume ratio available for bonding [103, 104]. Larger particle sizes show higher 

elongations under tensile testing, however they have more tendency to not fully melt due to 

less laser interaction [98]. Lower specific surface in larger particles leads into greater tapped 

density. Lower friction between larger particles due to lower specific surface improves the 

flowability of powders which helps for easier compaction upon tapping and accordingly into a 

greater value of tapped density [105].  

Particle size distribution (PSD) measures the total size of the powder population as a powder 

property and a suitable graded size distribution that provides a precise scale of coarse and fine 

particles in a batch of powder is a key factor for better performance of powders [1]. Segregation 

of powders during the spreading process is a great concern which requires in-depth 

understanding of PSD in AM applications [106]. However, it is widely accepted that narrow 

particle size distribution is preferably applied in order to prevent segregation and improve 

flowability [96, 107].  Sieving and laser diffraction analysis are two common methods which 

is widely used to measure particle size distribution. However presicion in PSD is greatly 

dependent on the method of measurment, the process and device of use and specifically on the 

shape of particles. In some measurment techniques such as scanning electron microscopy 
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(SEM), irregular particles may be assumed to be spherical for ease of measurment  which 

reduces the accuracy of PSD [108, 109]. 

 

2.3.3.1 Effect of Particle Size and Size Distribution on the Final Part in AM 

Particle size distribution is an important measurement to alter the quality of final part 

particularly the mechanical resistance, surface quality and porosity of the end product[1, 65]. 

Sutton et al. found in agreement with Bierwagen and Sanders, Hoffman and Finkers, Zheng et 

al. and Karapatis and Egger, that finer particles can be advantageous as they exhibit better 

particle packing that reduces surface roughness on the final part [45, 110-113]. 

On the other hand, tendency of fine powders to agglomeration is a downsides in PBF process 

since agglomeration can significantly disturb the flowabity of powder through deposition [108, 

114-116]. Discontinous flow behaviour in PBF may result into non-uniform deposition of 

powders on the build plate and consequently reduction in density and homogeneity whithin the 

layers. This hurdle leads to balling effect in different regions and cosequantly undesired 

porosity in the final part [116-120]. By utilising larger particles, not only a higher breaking 

elongation is obtained, but also powder flow is improved hence a homogenous layer is created 

and consequently balling effect in the final product is reduced. There are several packing 

defects that directly reduce the packing quality of the layer and consequently quality of final 

part. For instant “loosening effect” may occur if the mixture predominantly contains larger 

particles. This defect happens because fine particles are not sufficiently small to fill the voids 

between larger particles and accordingly the frame of large particles became loosen. In 

contrast, “wall effect” appears when the PSD is biased to finer particles and wall boundaries 

created by larger particles interrupts the uniform packing of fine particles  .“Wedging effect” 

is also a particle interaction which occurs when fine particle in a batch are not sufficient enough 

to fill the voids between larger particles and this happens dominantly for angular particles [121, 

122]. 

Spiering et al. performed a study to compare the density of final part in SLM process by using 

different grade stainless steel 316L powders. It was stated that, in order to produce parts with 

the highest possible density in combination with a low surface roughness, it is important to 

optimise the influential parameters such as PSD. It has been found that although the application 

of fine particles is necessary to form a thin layer in the spreading process, they reduce the 

flowability. Therefore, it is essential to generate a suitable PSD to mitigate this issue [123].  
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According to Bai et al. fabrication of metal parts with mono-sized fine copper powders is a 

challenge to produce a fully dense part. However, unlike fine particles, coarse particles exhibit 

better spreading due to higher flowability but they inhibit sintering and densification [15, 124]. 

However, Simchi stated that decreasing particle size does not necessarily results into higher 

densification of the final part since reflectivity increases due to agglomeration and laser power 

is less absorbed when powder size decreases [114]. Nevertheless, using large particles are cost 

efficient compared to the application of solely fine powders in a powder bed. It is further added 

that less energy input is required with utilizing bimodal batches of powder as bimodal particles 

are less sensitive to sintering condition. It is concluded by the author that the use of bimodal 

powder mixtures in binder jetting improves flowability, packing density and sintered density 

of final part while reduces the sintering shrinkage [124]. According to Bridgwater, Sommier et 

al. and Duffy and Puri, when size ratio for free-flowing powders increase, the segregation also 

increases. However, to minimise segregation, particle properties can be improved through 

narrowing size distribution biased to smaller particles [107, 125-127]. Vock et al., described 

that flowability and PSD are directly related such that if the width of PSD decreases, the 

flowability increases [1, 62, 123].A further  study by Spiering et al. proves that narrower PSD 

in stainless steel 316L, have a positive impact on the mechanical properties and finishing 

surface of final part [98]. However, Liu et al. investigated the effect of particle size distribution 

for two batch of gas atomised stainless steel 316L powders on the process parameters and part 

quality in SLM and reported that wider particle size distributions increase the powder bed 

density since smaller particles can fit in the gaps between the larger ones and in return higher 

part density and smoother side surface for finishing parts is achieved. Additionally, better 

flowability, high tensile strengths and hardness is attributed to narrow particle size distributions 

due to less segregation [84].A further study by Mostafaei et al. stated that utilising narrow PSD 

in binder jetting method leads to printing defects with high pore coordination while wider PSD 

results in higher part density [128].  According to Lutter-Gunther, wide PSD improves the 

powder bed density due to more interlocking. However, it is important to note that this 

interlocking may reduce the flowability and packing of spread based additive manufacturing, 

hence wide PSD may be more beneficial for non-spread based methods of AM. 

Moreover, increase in packing may improve the powder bed density but not necessarily the 

density of final part since density of the individual layers does not directly define the final 

density of the product. The final density is rather influenced by the surface roughness of the 

individual layers. This is because, inconsistent deposition of layers on top of each other 

ultimately reduces the density of the final product [1, 129].The results for powder 
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characterisation of Inconel powders in PBF by Nguyen revealed that the narrower PSD 

improves the flowability and accordingly the surface quality while a wide PSD leads to an 

uneven spread layer, and creates high surface roughness of the printed part [65]. 

Tang et al. suggested that reusing or recycling powders for a long time may narrow the PSD of 

metal powders [130].Moreover, Liu et al. reported that PSD of recycled 316L stainless steel 

become narrower which in result improves the followability due to less interlocking between 

the powders [84]. The PSD became narrower since finer particles pass through the gap and 

spread while larger ones is pushed away with the blade from the build plate. Therefore, a 

narrower PSD with increased number of large particles and decreased number of fine particles 

is achieved with recycling powders in PBF method [131].On the other hand, in some articles 

such as Yusuf et al. it is suggested that the PSD of recycled  316L SS in SLM method is not 

noticeably changed compare to the virgin batch [132]. This may be due to the reason that the 

gap size is large enough to spread the coarse particles along with the finer ones. 

 

2.3.4 Powder Morphology 

Powders that are used in actual experimental work are not a perfect sphere and there are always 

some irregularities within the powders. Therefore, a standard morphological characterisation 

of powder is imperative. Morphology mainly describes the overall shape of an individual 

particle such as spherical, dendritic and angular geometries. The powder production method 

and processes can clearly change the morphological characteristic of the powders. For instance, 

as it has been mentioned in Section 2.2, powders produced by GA method are more spherical 

compared to WA process. The necessity of morphological characterisation is mainly due to the 

significance of shape on the green strength (strength of deposited powders before sintering), 

flowability, compressibility and bulk density of deposited powders [133].  

 

Sphericity is described by Waddell in 1935 as the ratio of the surface area of an equal-volume 

sphere to the actual surface area of a particle. The result is quantified between value of 0 and 

1, where value of 0 is considered as the most irregular in shape and value of 1 is  measured as 

an absolute spherical shape [134]. Aspect ratio as a shape factor is described as the ratio of 

minimum to maximum diameter of the particle (i.e. a perfect sphere has an aspect ratio of 1:1). 

Different shapes of stainless steel powders that is generally categorized as spherical, spongy, 

rounded, flaky, and cubic have different aspect ratio while the spherical have lower aspect ratio 

[30, 135]. Convexity is also a shape factor which is described in terms of compactness and is 
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defined as a ratio between the volume of  actual particle  to the volume of the smallest convex 

shape (convex hull). The convexity index equal to 1 is an indicator of smooth outlines and 

lower than one for rougher shapes [136]. Elongation (also known as eccentricity) and 

roundness are two other shape factors that has been largely used in different field of studies. 

Elongation is defined as the ratio of particle diameter to its length, and roundness as a measure 

of sharpness is the ratio of the average radius curvature of all the convex corners to the 

circumscribed circle of the particle [137, 138]. Scanning electron microscopy (SEM) is the 

tools to measure the morphological parameters, however with using of this tool, there is a 

statistical limitation for the gathered data [2].  

 

2.3.4.1 Effect of Morphology on The Final Part in AM 

The shape of stainless steel powders has a substantial influence on different parameters such 

as sintering, mechanical properties, corrosion resistance and dimensional change of final part. 

Shape of the particles governs their bonding points, which can directly affect the sintering 

processes. Therefore, strength, hardness, density and ductility of final part that is related to the 

sintering processes, highly depends on the shape of particles [30, 133]. It is also reported that 

shape of the individual powders has a great impact on the flowability, bulk density and packing 

efficiency of powders that consequently change the quality of the final part [139, 140]. Attar 

et al.  performed a study to investigate the effect of titanium particle morphology on the SLM 

produced part. It has been recommended that spherical shaped particles increase the 

homogeneity of layer deposition as well as molten liquid during SLM that results in lower 

porosities in the end product. It is further concluded that duration of milling processes can 

significantly change the morphological properties of the powder that results in changes of 

properties within the final part. Longer milling time leads to more irregularities of the metal 

particle shape as powders are in collision for a longer period of time and accordingly this may 

reduce the relevant density, compressive strength and compression strain of the final SLM part 

[78]. Mussatto et al. carried out a study to address the influence of 316L stainless steel 

morphology on the powder bed uniformity. It is concluded that the sphericity and surface 

texture of steel powders affect the quality of deposited layer on the bed. The batch of steel 

powder with higher sphericity and smoother surface shows higher flowability due to lower 

mechanical interlocking which ultimately optimise the layer uniformity and consequently 

influence the density and uniformity of final part [141]. It is important to note that the processes 

of heat transfer is more effective while using uniformly spherical metal powders that results 
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into a lower specific heat capacity thus reducing the energy requirements which is cost effective 

in AM process [142]. It is also reported that the strain hardening of 316L stainless steel powder 

strongly relates to the morphological factor where irregular shaped powders reduces the 

ductility of final part [143, 144]. A further study by Olakanmi stated that due to increased inter-

particle friction of irregular aluminium particles, the particle packing and bed densities reduces 

and consequently creates mechanical defects in the final part [145]. 

 

As mentioned before, spherical particles with aspect ratio closer to 1 exhibits better flowability 

during spreading and better bed quality. On the other hand, the surface roughness and packing 

fraction of the layers increase and decrease respectively,  when the aspect ratio of irregular 

particles increases, particularly at higher translational spreader velocities [146]. 

It has been agreed by many authors that the morphological properties of the recycled and reused 

polymer powders may change during the processes and the surface roughness of the final part 

increases as an ‘orange peel’ texture is appeared on the final part [147-153]. Surface of reused 

powder may also deform or distort after several cycle of applications. The reused powder 

became less spherical and gained rougher surface by increasing the reuse time as particles 

became distorted [76].  

However, some researches[154-156] advised that recycling of stainless steel does not have a 

great impact on the mechanical properties of the final part. It has been stated that “reused 

powder showed no measurable undesired influence on the AM process and the samples 

exhibited highly consistent tensile properties through the whole area of the built plate” [130, 

157].Moreover it has been reported that  recycled 316L SS powder retain their sphericity and 

circularity compare to recycled AlSi10Mg powders. It has been further added by the author 

that the recommended reuse time is up to 30 overall build processes as further reuse may 

leads to physical and chemical change of the powder [132]. 

2.3.5 Surface Properties 

Porosity is also known as void fraction and is identified as a measure of voids. Porosity is 

measured as the ratio of void space to the apparent volume of the powder [158]. It is an 

influential factor that directly changes the physical interaction and chemical reactivity of 

particles [159]. Small, irregular voids created during manufacturing processes due to 

differential contraction and larger spherical pores develops from gas entrapments during gas 

atomisation processes. Powder denudation during the processes of additive manufacturing and 
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fluctuation of the surface can create spherical pores that  may result into even larger  spherical 

pores within the final part [160]. Oxidation and contamination of the powder can also be 

another reason of pore formation and spatter presence. Metal AM powders are prone to 

oxidation in aerated conditions, which acts as a major contaminant that increases the rate of 

porosity within the final manufactured components [161]. It is reported that process-induced 

porosity can be affected by the characteristic of the powder porosity where sinterability has a 

direct link to the porosity of the particle [162]. 

 

Surface roughness of the powders plays an important role on the flow behaviour of powders 

such that, rough surfaces of particles decreases the flowability compared to smooth particles 

and this is mainly due to increased inter-particle friction [78]. 

Adhesion force between particles during deposition and spreading process is an unfavourable 

factor which generates an undesirable effect on the flow behaviour of powder, hence, 

investigation of adhesion force is essential in many manufactural processes and particularly 

AM industry. Force between particle-to-particle or particle-to-surface which arises from 

electrostatic forces, capillary forces and the Van der Waals interactions strongly depends on 

the environmental condition of the workplace and physicochemical properties of powders 

[163]. Van der Waals force is defined as a distance-dependant interaction between atoms and 

molecules and is considered as a dominant force of adhesion. Particle size, shape and moisture 

content are influential factors when evaluating adhesion force. In addition, particle shape is an 

important parameter when evaluating the adhesion force. Irregular particles induce less 

adhesive force due to lower contact area while adhesion force in spherical particles increases 

as effective contact area increases [164, 165]. 

 

2.3.5.1 Effect of Surface Properties on the Quality of Final Part 

As previously mentioned in Section 2.3.3.1, Lutter-Gunther stated that the density of final part 

is not necessarily dependent on the layer density but is also influenced by the surface roughness 

of the individual layers. This implies that porosity and surface roughness are the most important 

surface properties of particles [129]. The quality of the final part is strongly related to the two 

types of porosity in AM process, namely powder induced porosity and process induced 

porosity. It is important to understand that the measure of porosity is entirely dependent on the 

application of the final AM product, since some products such as aerospace engines need 

lowest possible porosity whereas biomedical implants requires porosity to some extent for 
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better integration. In other words, parts that are intended to bear high amount of force requires 

full density to resist the failure and this necessitates the reduction of porosity [166]. Internal 

porosity and surface impurities are powder-related defects which degrades the quality of final 

product. The attached satellites on the surface of the particle which also known as projections 

are identified as a factor that produces porosity in the final part. This is primarily due to the 

fact that welded satellites reduce the flowability and uniformity of powder packing [43, 167]. 

Tang et al. stated that reusing or recycling the metal powders may reduce the satellite projection 

while the surface of the particle became rougher [130]. Cordova et al. described that internal 

porosity is due to entrapped gas during the production process which is known as hollow 

particles. The large number of hollow particles in the batch causes poor flowability and laser 

interaction which ultimately reduces the density of final part [168]. It is also stated by Sutton 

et al. that internal porosity of powders increases the amount of voids and subsequently increase 

the porosity of final part [45]. A further study of Sutton et al. reveals that, increase in internal 

particle porosity significantly reduces the density and increases the porosity of the final product 

[140]. It has been reported by Chen et al. that size of internal porosity in the spherical Ti-6Al-

4V powders increases with the increase of particle size. This experiment has been applied on 

three types of powder produced through gas atomisation, plasma rotating electrode process and 

plasma atomisation process and all three samples show similar result [22]. 

 

Adhesion force also contributes an important role on the spreadability of the powder. It is 

commonly suggested that adhesion is an important element which affects the flow behaviour 

of metal powders during spreading process. Agglomeration of high adhesive powders tend to 

be sheared off under the recoater blade in which results to irregular and less dense powder 

layer. Non-uniform packing fraction due to increased adhesion force, increases the surface 

roughness of the layer, which substantially reduces the density of final product. It is further 

added that reducing the particle-to-particle adhesion between fine and cohesive powders and 

particle-to-blade adhesion improves the layer quality. Layer quality is mainly related to 

uniform and highly packed spreading of powders without formation of empty patches or 

jamming within the layer. However, if  adhesion between powder and substrate due to surface 

contamination or oxidation decreases the quality of deposited layer decreases clearly changes 

the quality of final part in AM [169]. 
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2.4 Effect of Spreading Process on the Quality of Final Part 

2.4.1 Gap Size (Layer Thickness) 

The height of the layer is an important parameter that controls the quality of spread layer such 

that reduction of layer thickness result into poor spreading while increasing the thickness of 

the layers improves uniformity of the spread layer [98, 170, 171]. Although smaller gap size is 

desirable due to higher absorption of laser energy, but it also results into an increase in shear 

as particles have less space to pass under the blade (shear zone). Moreover, utilising smaller 

gap size may increase the formation of empty patches and transient jamming as larger particles 

or agglomerate powders are not able to pass through the small gap size and may drag other 

particles on their way. 

In some previous researches the effect of layer thickness on the spread layer and accordingly 

on the final part has been covered. However, the quality of layers is also related to the 

equipment and other processing parameters that is involved in the test. It is important to note 

that the effective layer thickness is limited to the energy absorption through the layer. This 

implies that presence of very coarse particles is not beneficial in layer-based AM process as 

coarse powders increase the effective layer thickness, which results into less absorption of 

energy through underlying surfaces. This problem hinders the full melting of particles and 

accordingly causes inhomogeneity and incomplete fusion. It has been reported that this flaw 

can end up decreasing ductility in the final part [98]. Therefore, it is expected that reducing the 

gap size enhances the sinterability. density and surface quality of final part [63, 172]. Typical 

layer thickness that is currently used in AM is approximately between 20µm to 150 µm for 

SLM method [102, 173-175] , 50 to 200µm for EBM method [102, 176]and 40 to 1000µm for 

LMD process [102, 173, 177]. In order to have all  particles of the batch on the build plate it is 

expected to have a gap size greater than the maximum particle size. However, in reality other 

processing conditions such as speed, spreading device and environment may prevent this 

demand to occur [45, 114]. In order to avoid sintering failure of large particles, it is 

recommended to used fine powders whithin the size range of 15μm to 150µm. It is important 

to note that although it is desirable to have a batch of powder with maximum size of 150 but it 

is also essential to impose a limit for minimum particle size in the PSD to avoid  agglomeration 

and poor flowability [111, 113]. As concluded by Abd-Elghany, increasing the layer thickness, 

decreases the density within the layers (after sintering) and therefore reduces the density of 

final steel part. It is further reported that by increasing the layer thickness, surface roughness 
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of the final part increases as larger particles on the spread layer are not fully melted [178]. 

Ahmed et al. proposed a simple technique for assessing spreadability of gas-atomised 316 L 

stainless steel particles in AM. It has been established that the frequency of empty patches 

increases significantly with smaller gap sizes. In agreement, Nan et al. analysed the transient 

jamming of irregular stainless steel powders. According to the author, mechanical arching and 

transient jamming are the output of very thin gap sizes and consequently weakens the bonding 

between the particles during the sintering phase which significantly reduces the quality of the 

final part [179-181]. The probability of formation and length of empty patches increases when 

the gap size decreases. On the other hand, spreading through a large gap size reduces the 

dimensional accuracy of final part. It is recommended by the author that application of an 

appropriate gap size with respect to the number based D90 of the batch, can reduce the chance 

of transient jamming [181]. However, it is suggested by Fayazfar et al. that smaller gap size 

improves the laser interaction which results into a bounded layer. It is further added; since most 

of the layered base AM processes require very thin layer of powder, improving the flowability 

of the powders is a suitable solution to compensate the drawbacks of small gap sizes [7]. 

2.4.2 Spreading Velocity 

Experimental studies regarding the effect of blade velocity on the final AM part is limited. It 

is described by Abd-Elghany et al. that the interaction between the spreader and 304L stainless 

steel powders in SLM process has a considerable influence on the solid density of final parts 

[178]. Zhang et al. conducted a DEM simulation study to investigate the effect of roller-

spreading on the powder bed density and it has been concluded that when translational velocity 

of roller increases powder bed density decreases. This problem results into defects such as 

inner holes and poor performance of AM parts [182]. According to Haeri et al. [146] and Parteli 

and Poschel [183], higher transitional velocity of the roller spreader results in larger surface 

roughness and smaller packing fraction of the layer, hence, lower bed quality. This 

consequently reduces the surface quality and density of the final part [184]. In an agreement 

with the previous statements, Parteli and Poschel, also confirmed that increase in blade velocity 

adversely impacts the powder packing and creates undesirable voids between the deposited 

powders due to the limited time for particles to fill the voids [183]. Furthermore, Meier et al. 

stated that mean layer thickness decreases due to the dynamic powder post-flow when the blade 

velocity increases which ultimately reduce the powder layer quality [171]. Therefore, it is 

expected that physical and mechanical properties of final part alongside its surface finish 

reduces when spreading velocity increases.  
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Increase in blade velocity will also reduce the coordination number mainly because force and 

pressure of the moving particles in the powder heap increases which increases the chance of 

collision between the particles. As a result, the packing fraction is negatively affected which 

reduces the quality of the final part. It is also suggested by the other that the surface quality 

decreases when spreading speed increases [185]. Furthermore, when the spread velocity 

increases the probability of vibration also increases that negatively impacts the spread layer 

[186, 187]. 

 

It has been agreed by many authors that low transitional speed results into higher overall 

packing fraction and authors also confirm that a higher spreader velocity will not only result 

into a lower packing density but also increase surface roughness on the deposited layer [146, 

175, 183, 186]. Although increasing the blade velocity may deteriorate the quality of the final 

part, it is important to consider that in order to reduce the production time and achieving an 

efficient throughput, it is necessary to increase the speed of spreading. Thus, it is essential to 

apply an appropriate blade speed that suits the application and purpose of produced part [175, 

188]. 

 

2.4.3 Spreader Type and Design  

Design, material and type of the spreader can change the powder deposition process and spread 

behaviour of powders. However, impact of spreading processes is not fully understood through 

the literature and it is important to note that although some post processing methods such as 

grinding and polishing may improve the defects that may arise through deposition and 

spreading processes, but understanding the influential spreading parameters would 

significantly reduce the cost and time in AM part production [189]. Beitz et al. evaluated the 

effect of blade geometry on surface roughness of PA12 powder bed in low-cost SLS. The 

findings show that, shape of the blade has a significant impact on the surface quality and density 

of the bed. A flat-bottomed blade provides better results compared to sharp and slightly 

rounded end blades. This is mainly because the compression induced by greater horizontal 

contact zones between the bed and blade lead to a more uniform and dense powder bed. It is 

also obtained that direction of deposition also influence the tensile strength and fracture strain 

of final part; such that the tensile and fracture strain of the specimen that is tested through the 

deposition direction is considerably higher compared to the values which is obtained within 
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the perpendicular direction of deposition. According to the author this result is mainly due to 

more contact of particles through the deposition direction and consequently higher sintering in 

that direction. But surface quality of the final part did not defer with respect to deposition 

direction [189]. Furthermore, Haeri designed an optimised blade in his DEM study to achieve 

the lowest void fraction, which is believed to be a successful substitute compared to complex 

spreaders. Surprisingly, it has been found that although volume fraction of the bed that is 

generated by the optimised blade is slightly lower than a roller at low velocities, but by 

increasing the blade velocity the volume fraction of the layer improves. This could significantly 

be beneficial since an enhanced final part can be produced in less time [190]. Haeri et al. has 

done a further study on rod shaped polymers which found that roller type spreader outperforms 

a blade as the blade has less contact with the bed resulting into particle dragging. This 

ultimately degrades the bed quality which is generally due to the contact dynamics between the 

blade and the bed. Evidently, a large area is contacted by the roller that helps a gradual particle 

rearrangement while for the blade just a single point of the edge is in contact with the bed 

[146]. Hence, the void fraction of the bed is lower when using the roller rather than blade and 

this ultimately results into higher density and less porosity of the final part. 

 

Sofia et al. conducted a series of experiments to quantify the effect of powder spreadability on 

SLS by verifying the effect of powder compression produced by a roller spreading tool on the 

three batches of different size glass beads. However, it is important to note that this method is 

not entirely compatible for a blade mechanism as there is no significant compaction on the bed 

with blade compared to that of a roller mechanism. Results of the test with 3 different mean 

particle size of 16 µm, 45 µm and 125 µm has been investigated. It has been obtained that 

rollers which induce compression on the powder bed, has no significant effect on either the 

resistance or the stiffness for the largest particle size of 125 µm. Conversely, For the smaller 

particle size (16 µm) there is a significant change in both the stiffness and resistance of final 

part. Nevertheless, compression force induced by the roller on the average size particles (45 

µm) changes the stiffness only, but has no impact on final resistance [191]. 

 

However, as stated by Yan et al. the shape of the blade has no negative impact on the packing 

density when translational speeds of spreading is considerably low [186]. The research of Snow 

et al. reveals that the material of the blade also has influential impact on the coverage 

percentage of the bed. It has been found that utilising steel blade results into a better coverage 

compared to the silicone and ceramic blades [2, 170]. 
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2.4.4 Humidity  

Spreading processes in AM industry is commonly conducted in a sealed chamber with an inert 

environment. However, powder contamination in different phases through production of the 

powder to the spreading process is an important parameter that requires a precise consideration. 

Contamination and water adsorption through different steps of powder production and handling 

may affect the physical and chemical condition of the powder and consequently influence the 

behaviour of the powder in different processing step of AM production [65, 192]. Humidity 

rise within the powder, creates liquid bridge inside the bulk powder which can lead to 

undesirable flow behaviour such as agglomeration [193]. Clearly, relative humidity as an 

environmental factor plays an important role on density and flowability of the bulk powder. It 

has been reported that powder can clump together when they are exposed to high humidity and 

this may reduce the flow and packing behaviour of powders [46]. Creation of liquid bridge 

within the particles increase the cohesion between particles and consequently results into poor 

flowability and lower apparent density [194-196]. Moisture content in the metal powder not 

only decreases the flowability of the powders but also increases the hydrogen porosity  through 

melting processes , which decreases the quality of final part [192, 197]. It is also agreed by 

Nguyen et al. that the flow behaviour of moist powder can significantly deteriorate during the 

spreading process which directly decreases the quality of final part [65]. In contrary some 

studies show that  humidity is not necessarily a detrimental factor which negatively influences 

the packing and flow behaviour of the powder but rather improves the flowability and in return 

increases the packing density as moisture can act as a lubricant [198]. Moreover moisture 

content within the electrostatically charged powder provides conductivity that helps to 

dissipate the charge among the powders [193]. 

 

An experimental investigation of AM stainless steel powders conducted by Wu et al. reported 

that, with increased humidity the powder flow rate decreases [199].Water vapor adsorption test 

of three different AlSi7Mg powders by Lerma et al. reveals that water adsorption in the sample 

with wide PSD biased to higher number of fine particles is higher. It is deducted that fine 

particles are prone to absorb more moisture due to the higher specific area. High humidity 

within the sample with greater number of fine particles results into poor flowability and 

agglomeration and hinder the spreading quality of powder layer, which can create defect in the 

final part [200]. A similar statement is also approved by Lefebvre et al. which explained that 
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humidity directly reduces the flowability and apparent density of titanium powders in AM 

process, specifically if it contains higher ratio of fine particle [201]. Moisture content in the 

metal powder forms hydrogen porosity during the melting process due to creation of gas 

bubbles in the melting pool that significantly reduces the homogeneity and density in the 

aluminium alloy final part in SLM process [197, 202]. It is advised by Li et al. and Weingarten 

et al. that drying of powders before and during the process considerably reduces the formation 

of hydrogen pores and subsequently increases the density of final part [203, 204]. A further 

study by Cordova et al. measures the spreadability of pre-treated and moisturized powders for 

laser powder bed fusion on metal powders that included, Inconel 718, Ti6Al4V, AlSi10Mg and 

Scalmalloy. The open and funnel tool that work in a very similar condition of layer spreading 

in PBF process are proposed by Cordova et al. to measure the spreadability and effect of 

moisture on flowability. It is stated that the presence of moisture in all samples decreases the 

flowability and relative density of spread layer. It is also observed that AlSi10Mg which has 

more roughness and more irregular shape is greatly impacted by humidity compared to other 

samples and relative density is improved by air drying of Ti6Al4V and AlSi10Mg [192]. 

However, another study by Bauer et al. showed that even with spherical metal particles, 

increase in humidity leads to decrease of flowability [205]. It is also gathered by Cordova et 

al. that existence of satellites and surface roughness on one of the samples allows a higher 

amount of water to be adsorbed. It is also added that humidity is one of the factors that 

negatively impacts the repeatability of the spreading [192]. 

Nevertheless, humidity in EBM method may not be an influential factor as EBM processes 

takes place in a vacuum environment [206]. 

 

2.5 Definition of Spreadability Within the Literature  
In many previous researches, spreadability has been addressed as flowability [59, 65, 67, 113, 

123, 130, 207-212]. However, accepting flowability as a reliable metric of spreadability is not 

a promising method, as flow behaviour of powders within the flowability measurement devices 

is not an exact resemblance of powder flow during spreading in AM machines [1, 3, 192, 213-

215]. For instance, Cordova et al. suggested that measure of flowability does not accurately 

represent the spreading mechanisms. However, due to the necessity of producing thin layers in 

AM process, the flowability measures has a significant influence and needs to be accounted for 

[192].  
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On the other hand, powder spreadability is defined as a flowability measurement by Spierings 

et al. where they suggest that analysis of powder flowability is a critical requirement in order 

to predict the quality of spread layer and consequently final part [63].  

 

There are some attempts on defining the term “spreadability” by different authors in both 

experimental and simulation fields.  

 

Snow et al. established viable powder spreadability metrics with correlating the spread 

behaviour of powder and characterisation of powder. Spreadability is described as viable 

metrics related to the percentage of coverage on the built plate, the powder deposition rate and 

the rate of change of the avalanching angle. Layer thickness, spreading speed, spreader material 

and powder quality are the main input factors and powder’s angle of repose is considered as an 

indicative of powder spreadability in this work. It is concluded that increasing the recoating 

speed results into an increase of deposition rate and the rate of change of the avalanche angle. 

It also suggested that recoating speed does not have a direct impact on the build plate coverage 

while blade material has a notable effect. It is noted that the in-depth quantification of packing 

fraction is missing in this work [2, 170]. Furthermore, a method has been presented by Ahmed 

et al. which assessed powder spreadability by defining the term as "complex characteristic 

features of a powder which allows the powder to be spread uniformly as a thin layer of a few 

multiples of particle size without the formation of any empty patches, presence of agglomerates 

and rough surfaces." In this paper jamming and empty patches are the measures with respect 

to the length, area and location of empty patches. It has been gathered that the frequency and 

size of the empty patches, decreases with increasing gap heights (thickness of spread layer). 

However, analysis of packing fraction has not been covered in this study [3].  

Further experimental investigation by Sophia et al. quantifies the effects of powder 

spreadability on selective laser sintering process (SLS) by verifying the effect of powder 

compression produced by a roller spreading tool. It is concluded that with the increase in the 

particle size, the effect of compression process decreases. It has also been added that resistance 

of sintered product increases by utilising fine particles to be compressed. However 

quantification of packing fraction lacks in this study but instead the strength and stiffness is 

assessed as a measurement of fraction and porosity [191].  

The review of Drake et al. suggests that movement of powder has a direct impact on the spread 

behaviour on the build plate and states that spreadability is the “ability of the powder to spread 

over itself, its interaction with build plate material, its interaction with the recoater blade or 



 43 

roller, as well as its interaction with partially built parts within the build chamber”. It is has 

been indicated that powders characteristics effects the movement of a particle while spreads 

over another [216]. 

Numerical simulation in cooperation with experimental methods is both time and labour 

efficient to obtain reliable results. For instance, the discrete element method (DEM) as a 

particle-scale numerical approximation is a solution for simulating the continuous and 

discontinues behaviour of particles. However, simulation is not precise and may lead to 

uncertainty as it is generally based on assumptions where an experimental validation is 

required. Moreover, depending on the model and skills of the modeller it is sometimes very 

time consuming and expensive [217].  

Nan et al. performed a DEM study of jamming during particle spreading in additive 

manufacturing. The term spreadability is not explicitly defined in this paper but the measure of 

spreading introduced by this work is in terms of particle dynamics and transient jamming. The 

jamming is created by the formation of empty patches. It has been found that particles velocity 

behind the blade decreases when the gap height increases. It is also concluded that by setting a 

narrower gap height the size of empty patches increases, while the probability of jamming 

decreases with a greater gap heights [181].  

DEM study by Xiang et al. does not directly define the term spreadability, however, packing 

density and coordination number is calculated in order to evaluate the powder packing. It is 

gathered that increase in bed height (gap size) results into an increase of packing density and 

coordination number. Moreover, it is stated that compression on the layer results into an 

increase in density and coordination number, while it counterbalances the effect of layer 

thickness. Furthermore, it is shown that utilising mono-sized distribution of powders improves 

the packing density and coordination number [218]. 

Parteli and Poschel conducted a DEM study to investigate the spreading behaviour of powders 

by utilising a cylindrical roller. Results of this study for the spreading of irregular particles 

indicates that the quality of surface (surface roughness) decreases while velocity of the roller 

increase [183]. 

Desai et al. performed a simulation to present a process map that is derived from a physics 

model-based machine learning. It stated that spreadability of AM powders is quantified through 

the spread layer properties such as mass of spread layer, spread throughput, porosity of 

deposited layer and roughness of the spread layer. The spread layer roughness and porosity 

increases with increased magnitude of the rotational speed [188]. 
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A further DEM powder spreading simulations of rod-shaped polymers is used by Haeri et.al. 

revealed that utilising roller as a spreader increases the quality of spread layer because 

compaction of roller reduces the possibility of void creations compared to the spreader blades. 

The term spreadability is not explicitly defined in this work but rather packing fraction is 

considered as a measurement of spread layer quality [146]. In addition, a further study is 

implemented by the same author where a new optimised blade is designed to create a layer 

with volume fraction close to that of a roller. Surprisingly, in contrast with the majority of the 

previous studies, it has been found that although packing fraction of the layer in lower spread 

velocity is slightly lower compared to a normal roller, the optimised blade presents less 

sensitivity to changes in speed. Increasing the velocity of the optimised blade results into an 

increase in the volume fraction. This is an innovative achievement as it significantly improves 

the time efficiency of the processes [190]. 

Fouda et al. performed a simulation by using the commercial DEM software EDEM®.In this 

work spherical, mono-sized, non-cohesive particle is used for spreading. A vertical blade, 

powder heap and build plate is modelled as the spreading system in this study while the effect 

of layer thickness (gap size) and mean normalised velocity in the shear layer is investigated .It 

is reported that packing fraction of deposited layer is lower than packing fraction of the initial 

powder heap and this reduction is mainly due to three mechanism. The first mechanism is 

explained as the shear-induced dilation due to movement of particles by the blade at the initial 

point. The second mechanism is due to the dilation of powder when it passes through the gap 

and finally the third mechanism is caused by the movement of particles after passing the blade 

(at the back of the spreader) due to the inertia. It has been observed that the packing density of 

the layer is directly influenced by the blade velocity and the gap size. Increase in gap sizes and 

a decrease in blade velocity results into an increase of packing fraction. However, it is notable 

that, although mono-sized spheres as a single parameter is used for simplification in this 

simulation, this would create an uncertainty as it is not a true resemblance of a powder batch 

in real AM processes. It should be considered that using mono-size sphere powder could 

potentially lead to a desirable packing fractions that is not necessarily linked with the packing 

fraction of the actual spreading process [175]. 

Critical influences of particle size and adhesion on the powder layer uniformity is studied by 

Meier et al. It has been described that the quality of the spread layer is measured by the packing 

density and surface uniformity. The results of this simulation show that decrease in packing 

fraction and non-uniform surface layers occurred by a decrease in particle size and increase in 
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cohesiveness. It further added that reduction in the adhesive interaction of particles with the 

recoating blade and substrate will improve the surface uniformity of cohesive powders. 

Furthermore, increase in nominal layer thickness increases the quality of the layer and mean 

layer thickness decreases due to the dynamic powder post-flow when the blade velocity 

increases [171]. 

Packing quality of stainless steel 316L powder layer during counter-rolling-type powder 

spreading process has also been studied by Chen et al. It is gathered that the packing layer 

density decreases when the spreading speed increases and on the other hand the layer surface 

roughness and the rate of increasing surface roughness rises when the spread velocity increases. 

Also, when the spread velocity decreases the friction between the particle and build plate 

increases, which hinders the drag force between particles and the roller. This results in particles 

to reside on the build plate without any movement, however, increasing the speed has an 

inverse effect .This means by increasing the spreading speed the drag forces of the roller 

overcomes the friction forces , and consequently increases the unconfined movement of 

particles crossing the gap and particles will keep moving before they completely stop, which  

generates a loose powder layer. It is stated that the packing quality of the layer reduces when 

the spreading speed increases, and this is mainly due to an increase of particles collision force. 

It is further added that coordination number of the powder pile decreases when spreading speed 

increases which causes a looser  powder pile and therefore reduces the packing quality of the 

layer[185]. 

 

2.6 Knowledge Gap Regarding the Spreadability of Powders Within the Literature 

In summary, cost, labour and time are significant inhibitors of conducting experimental work 

to measure “spreadability” in AM, hence there is a solid gap of knowledge regarding 

spreadability in the literature. It has been found that the most common definition of 

spreadability that is outlined by authors revolves around powder characterisation, packing 

fraction and the quality of spread layer while a standard technique for predicting the 

spreadability of powders in the AM process is lacking [2]. Majority of previous studies has 

separately focused on the powder quality and process parameters while a parallel investigation 

of both parameter on the spread layer and subsequently the final product is lacking. Although 

in many of the earlier works , flowability of powder as an important indicator of powder quality  

is represented as spreadability but there is no direct correlation between these two terms [3]. 

This is mainly because due to the dynamic nature of powder in the spreading processes; the 
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static flowability measures such as angle of repose does not necessarily imitate the true flow 

behaviour of powders during spreading. Moreover, even dynamic measures of flowability such 

as FT4 powder rheometer does not accurately resemble the spreading process. 

Moreover, investigations regarding the effect of process parameters such as gap size, blade 

speed and process condition on the deposited layer and final product is very limited. Studies 

that investigate the in-process parameters do not cover the precise physics of powder spreading. 

For instance, in some researches such as Snow et al.[170] the influence of gap size and spread 

velocity on the coverage area is reported but the process of measuring the packing density is 

not specifically covered. Moreover, Ahmed et al.[3] may quantify the jamming and empty 

patches on the spread layer by utilising different gap sizes but still the measurement of packing 

density and coverage area are not reported. It is also notable that the effect of environmental 

condition on the process of spreading is not sufficiently covered in the current literature. 

Despite the fact that simulation-based studies are more flexible to measure “spreadability” in 

AM, but experimental validations are crucially essential. 

In this work series of experiments is conducted by using an in-house spreading rig to 

quantitively and qualitatively evaluate the spreading behaviour of powders in parallel with 

powder characterisation. The effect of speed and the gap size, between the blade and build plate 

and humidity has been investigated to achieve reliable results through establishing a standard 

measurement method for spreadability of powders. 

 

2.7 Summary of Chapter 

In this section, the main types of additive manufacturing have been explained in detail that are 

known as vat photo polymerisation, material extrusion, material jetting, binder jetting, powder 

bed fusion, direct energy deposition and sheet lamination. Moreover, the different types of 

powder production and their advantages and disadvantages have been mentioned. As it is 

derived from Table 1, gas atomisation method is the most suitable type of AM powder 

production due to excellent metallurgical quality, high powder flow rate due to high sphericity, 

relatively low cost in high volume production and large supply base. However, satellite 

presence and wide PSD are the drawbacks of GA method of powder production. Furthermore, 

powder characterisation and process parameters have been covered in this chapter and their 

effect on the final product has been gathered from literature. Flowability of the powders, bulk 

density, size and size distribution, morphology and surface roughness as an individual 

characteristic are significantly influential in spreading performance of powders while, one can 



 47 

be impacted from another. For instance, the flowability of powder is highly affected by size, 

shape and surface of particles. Sphericity significantly improves the flowability, fine powders 

reduce the flow and particles with rougher surface also reduce the flowability. Moreover, 

particle size has an impact on tapped and bulk density of powders as larger particles exhibit 

greater tapped and bulk density due to lower specific surface and easier compaction. In 

summary, in spread base method of AM, spherical powders, with narrower PSD biased to fine 

particles and smoother surface can be considered as optimised collection of powders in order 

to have desirable flow through spreadability and defect free final part. However, it is important 

to note that a suitable PSD highly depends on the type of manufacturing method and application 

of final product. For instance, with binder jetting method wider PSD improves the density of 

final product and with EBM method a range of larger sized particles is required compared to 

SLM method. 

Process parameters during the spreading procedures such as gap size, spread velocity, blade 

types and environmental conditions are prominent factors that are considerably influential on 

the spreading behaviour and quality of final part. Although producing a thin layer is desirable 

in AM processes to increase the laser absorption, spreading of powders through a smaller gap 

size results into production of layers with lower packing fraction, higher number of empty 

patches and jamming along the spread layer. Therefore, selecting a suitable gap size is highly 

related to the application of final product and laser power. However, as previously mentioned 

in this section increasing the flowability of the feed powder may highly be beneficial to 

compensate the defects from smaller gap sizes. Speed of spread is also a crucial matter through 

spreading processes as increasing the spread velocity reduces the packing fraction of the layer 

and accordingly decreases the density and surface quality of final product. Although increasing 

the spread velocity degrades the quality of spread layer and final product, production of parts 

with very low speed is not time and cost efficient as decreasing the speed increases the built 

and fabrication process time. Therefore, a balance approach for selecting an optimised spread 

speed is a necessity in AM processes. Spreader material and design may significantly affect 

the surface quality, uniformity and bulk density of the layer due to variations in powder 

arrangements and compaction. Moreover, humidity as an environmental factor in powder 

production, handling and spreading processes significantly impacts the flow and spreading 

quality of the layers. This is mainly due to moisture bridge within the powder which results 

into agglomeration and porosity through the layer. However, humidity in EBM method may 

be of less importance as EBM procedure takes place in a vacuumed condition. 
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 Nevertheless, it is important to note that there is a controversy within the literature that 

humidity may increase the quality of flow and packing of powders as it has been stated that 

moisture can act as a lubricant and minimise the static charge among the powders. Therefore, 

this dispute, forces a demand for further experimental research to draw a conclusion in this 

regard. 

It is necessary to consider that although effect of some factors such as flowability or particle 

size distributions on the spreading of powders in additive manufacturing may draw more 

attention within the literature, but all factors are almost equally effective, and they should be 

assessed in parallel. However, it has been gathered that flowability is an indicator of powder 

quality since it can be affected by almost all powder properties and processes parameters and 

accordingly impact the spreading, packing and sinterability of powders in additive 

manufacturing. It is gathered that for a desirable spreading of powders higher flowability is 

certainly required but this does not imply that higher degree of flowability necessarily 

guaranties a desirable spreading as other factors are also influential. However, it is important 

to note that a desirable degree of flowability for spreading of powders has not been quantitively 

defined yet as it is not clear that which measuring device is a definite indicative of flowability 

in AM process. 
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Chapter 3. Material and Methodology  

3.1 Size and Morphological Properties of Samples 

This project worked on spreading behaviour of two stainless steel samples (SS316L) from the 

same supplier that have a similar composition but taken from different positions on the phase 

diagram for powder preparation. They lie on hyper-eutectic and hypo-eutectic points on the 

phase diagram which has been explained in Section 2.2.5. These powders have been pre-heated 

at different temperatures up to 1000oC with electron beam powers. However, the beam power 

was carefully controlled to be low enough to have raw unsintered powders. 

The materials have been prepared by researchers from University of Sheffield for the MAPP 

project. As reported by the supplier both samples are similar in main compositions (FeCrC) 

but the percentage of minor elements may defer. Both samples are characterised as gas 

atomised spherical powders with particle size distribution in the range of 15-105µm. Size and 

morphological characterisation of both samples has been previously measured by Dr Jabbar 

Gardy at the University of Leeds and is shown in Table 5 and Table 6. Samples are virgin 

powders, but they have been reused during the spreading process of this project which may 

deform their surface properties.  

 

 

 

 

 
 

 
 

Table 5: Material Properties. 

Type of Powder  Material  PSD (μm) D[v,0.9] 

Bulk 

Density 

(g/cm3) 

Tapped 

Density 

(g/cm3) 

Sample 1, Metal Powder  SS316L 15-105 71.88 4.734 5.270 

Sample 2, Metal Powder  SS316L 15-105 74.53 4.628 5.147 
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Particle size distribution has been carried out by Dr Jabbar Gardy using Morphologi G3 

analyser as illustrated in Figure 14 which shows volume-based particle distribution of both 

samples is similar to some extent. However, some differences have been detected from the 

graph. For instance, sample 1 has slightly higher fraction of fine particles in the range of 5 to 

45 µm while sample two comprises of higher amount of larger particle in the range of 60 to 80 

µm. Although PSD of two samples are not significantly different but it is important to note that 

presence of fine or coarse particle in a given volume could result into differences in the 

Table 6: Morphological characteristics of the two samples (v and n 

denote volume and number based, respectively). (Dr Jabbar Gardy) 

Measurements  Sample 1 Sample 2 

CE Diameter D[v,0.05] (μm) 22.097 28.360 

CE Diameter D[v,0.1] (μm) 39.599 40.618 

CE Diameter D[v,0.5] (μm) 50.739 59.984 

CE Diameter D[v,0.9] (μm) 71.878 74.527 

CE Diameter D[n,0.05] (μm) 9.832 9.968 

CE Diameter D[n,0.1] (μm) 11.66 11.82 

CE Diameter D[n,0.5] (μm)  20.00 25.841 

CE Diameter D[n,0.9] (μm) 50.739 64.364 

HS Circularity D[n,0.05] 0.975 0.975 

HS Circularity D[n,0.1] 0.981 0.980 

HS Circularity D[n,0.5] 0.989 0.987 

HS Circularity D[n,0.9] 0.996 0.994 

Convexity D[n,0.05] 0.989 0.989 

Convexity D[n,0.1] 0.992 0.992 

Convexity D[n,0.5] 0.994 0.995 

Convexity D[n,0.9] 0.999 1.000 

Aspect Ratio D[n,0.05] 0.926 0.930 

Aspect Ratio D[n,0.1] 0.945 0.945 

Aspect Ratio D[n,0.5] 0.971 0.970 

Aspect Ratio D[n,0.9] 0.994 0.994 
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spreading behaviour of the two batches as shown in Table 6. The results imply that two samples 

do not have exact similar fraction of particle sizes in their PSD range. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Shape analysis of two samples has been conducted through Morphologi G3 and scanning 

electron microscopy (SEM). As it is reported in Table 6 the value of circularity, convexity and 

aspect ratio for both samples are very close to 1. It has been described in Section 2.3.4 that a 

perfect sphere has an aspect ratio of 1 and a value of 0 indicates a non-spherical particle. 

Therefore, both samples can be characterised as spherical particles. This is further approved by 

qualitative analysis of SEM images taken by Dr Jabbar Gardy that is shown in Figure 15. SEM 

images of both samples illustrate some cracks, pores and satellite fusion on the surface of the 

particles. It is also detected that particles are slightly contaminated due to reuse through various 

experiments. It is important to note that this analysis is performed on few particles among a 

large number of particles and is not a representation of the whole batch. Therefore, further 

analysis for greater volume of particle population following adequate sampling selection 
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Figure 14: (a) Volume- based particle size distribution and (b) cumulative volume-based particle size distribution. 
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methods are necessary to derive a decisive conclusion. Nevertheless, there is no significant 

differences in the shape characterisation of sample 1 and sample 2. 

 

 

SEM images for sample 1 SEM images for sample 2 

 

 

 

  

  

 

Figure 15: SEM Images of sample 1 and sample 2. 
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3.2 Measurement of Flowability of Samples 

3.2.1 Angle of repose  

Angle of repose is a common standard method of static 

flowability characterisation that is conducted in this work. 

The process of the measurement is explained in Section 

2.3.1.1 and the obtained value of AOR for 200g of both 

samples has been shown in Table 7. The experiments have 

been conducted at 48 % relative humidity and 21℃. In order 

to minimise the error, the experiments are carried out in a 

stable environmental condition and is repeated by a single 

user until reaching a minimum variation in iterations. The 

value of AOR is quite similar for both samples and with 

respect to the Carr classification in the Table 3, both 

samples can be considered as very free flowing powders as 

they both have AOR values lower than 30º. However, 

sample 1 has a slightly higher value compared to sample 2 

which implies that sample 2 is marginally more flowable. 

 

3.2.2 Hall flowmeter  

Hall flowmeter test is a further flowability test that has been 

performed in this work. Both samples are examined through 

different sizes of orifice openings, from 0.5mm to 20 mm 

diameter while the flow time of the specimen is recorded. The 

flow time of 100 gram of each sample has been measured 

several times to eliminate the human error while the flow 

behaviour of the sample is observed. It has been observed that 

flow behaviour of sample 1 and sample 2 through the orifice 

are completely different. Sample 2 smoothly passed through 

the orifice opening size of 0.5 mm without any external force 

while sample 1 exhibited no flow through that diameter of the 

opening. Sample 1 passed through the 5.5 mm opening with 

tapping force while formation of ratholing is clearly detected and 

is shown in the Figure 17. 

Figure 16: Angle of repose. 

               Figure 17: Hall flowmeter. 
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Table 7 shows the scale of flowability for sample 1 and 2 and it is clearly gathered that both 

samples have very similar flow patterns except with the Hall flowmeter test. It is noted that 

based on flowability measures and the classification that has been presented in Table 3 and 

Table 4, both samples can be categorised as very free flowing powders.  

 

3.2.3 Angle of repose of powder bed  

 

 

The standard test of angle of repose in the laboratory is normally performed with 200g of the 

sample to form a conical pile. However, due to the size of the rig, the deposited heap on the 

                                          Table 7: Scales of flowability for 200 g of powders.  

Powder Rheology Metric Sample 1 Sample 2 Scale of flowability  

Tapped Density  5.270 5.147 - 

Funnel Test  Rat hole Free flow - 

Bulk Density 4.734 4.628 - 

Angle of Repose (AOR) 29° 27° Very free flowing 

Hausner Ratio (HR) 1.11 1.11 Excellent 

Compressibility Index (Carr) 10.17 10.08 Excellent 

 (b)    (c)  (a) 

Sample 1 Sample 2 

Figure 18: (a) Side view of ratholing, (b) Ratholing in sample 1, (c) Free flow in Sample 2. 

Figure 19: AOR of the powder bed at uncontrolled ambient condition. 
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build plate is relatively smaller than the heap of 200 g of powder. Therefore, in order to analyse 

the heap of 7g powder, the captured image of the heap is calibrated through using of ImageJ. 

The angle of repose for 7g powder is obtained to be compared with the actual AOR angle of 

200 g powder and to observe that how angle of repose varies with changing in the mass of 

powder. Moreover, the form of the heap with 7g powder is qualitatively analysed from the 

captured images. It is shown in Figure 19 that sample 1 produced a more compacted form of 

heap while sample 2 looks looser. Slope of both sides of the heap is measured and the average 

of those values is considered as the final angle of repose for 7g powder bed. AOR values of 7 

grams powder bed as shown in Table 8 indicates that sample 2 exhibits lower slope angle, 

hence it is more flowable compared to sample 1. However, with respect to Carr index in Table 

3, AOR of both samples are classified as very free flowing. As previously mentioned in Section 

2.3.1, measure of flowability may vary with different testing methods and conditions. Test of 

AOR is dependent upon the testing process conditions and form of the heap which is created 

through that method. Hence, although flowability is a good indicator of powder quality but 

considering flowability as an indicator of spreadability is not conclusive.  
 

 

 

 
3.3 Mechanical design of the rig 
 

 
 
 

 

 

 

 

      Table 8: Angle of repose of 7g powder bed 

Sample1 Sample2 

26.3 23.6 

Figure 20: Front view of the rig. 
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Figure 21: (a) Top view of spreading rig, (b) rectangular feeder, (c) Deposited Heap in front of the bevelled blade. 

Figure 22: (a) Feeding the powder, (b) Initial powder heap- side view. 
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Figure 20, 21 and 22 illustrates different view of the spreading rig that is subdivided into 

different sections. The spreading analysis is done through a set of experiments on the rig while 

different parameters such as spreading speed and gap size are established to observe the 

spreading behaviour of a single layer of the two samples .The rig consists of a 115mm x 60mm 

rectangular flat aluminium bed that horizontally moves in the backward and forward motion. 

The direction and speed of the motion is controlled by the computer that is connected to the 

motor. The spreading speed of the blade in powder bed AM is commonly up to 150 mm/s [2, 

175, 188, 219] hence the spread velocity in this work has been chosen within this range. Four 

different speed of 50 mm/s,100 mm/s,150 mm/s and 200 mm/s are applied in this work. The 

vertical bevelled blade of the rig is fixed, while the build plate is moving to spread the deposited 

powder. The gap between the plate and the blade is considered as layer thickness and controlled 

by a measuring screw under the built plate. The thickness of the gap is measured by different 

sized thickness gauge assortment. Gap sizes of 51μm, 102 μm, 191μm and 318 μm have been 

chosen based on the D90 and the largest particle size of the batch. Gap sizes of 51μm is smaller 

than D90 and gap size 102 μm is larger than D90 but smaller than the largest particle in the batch. 

Gap sizes 191 μm and 318 μm are both larger than D90 and the largest particle in the batch. 

Each of the samples are experimented under relatively controlled process conditions, where 

the relative humidity and temperature are recorded. The mass of the powders for each gap size 

is maintained constant, while speeds has been changed from 50 mm/s to 100 mm/s, 150 mm/s 

and 200 mm/s. 

After fixing the gap size the pre-weighed powder is manually poured through the rectangular 

feeder to form a conical heap in front of the blade. This process is performed by a single person 

to minimise the human error. However, it is important to note that a machine-controlled feeding 

processes certainly improves the accuracy of pouring and heap formation. Due to the design of 

the rig in this project, collection of the excessive powders from the sides is not possible. 

Therefore, selection of an adequate mass of powder to create the heap is an important part of 

the spreading procedure. A suitable mass of powder is selected by trial and error to create a 

maximum possible coverage on the surface of the plate without powders falling from the sides. 

The amount of powders that fully cover the built plate without falling from the sides strongly 

depends on the gap size and speed of spreading and is shown in the Table 9.  

After finishing the feeding process, the initial powder heap is settled in front of the blade on 

the built plate while the feeder is slowly and steadily removed. In this case the powder heap is 

supported by the built plate from the bottom but is not in contact with the blade at the initial 

point. In the next step as shown in Figure 21(c) the plate moves backward with a constant 
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velocity to sweep the powder along the built plate. When the whole length of the built plate 

passes under the blade, the remained un-spread powder at the end of build plate is collected 

and weighed to measure the losses. Afterwards, the image of the spread layer profile is captured 

and saved for further analysis. The quality of the images taken from the digital camera is 

satisfactory for a visual observation of the spread layer, but a precise assessment of the surface 

requires high standard imaging techniques. High standard image analysis of the layer is an 

essential step that can significantly help mitigate the adverse effects of spreading defects and 

reduces the cost and time of production in additive manufacturing. At the final stage the spread 

powder is collected from the top of the built plate, weighed and recorded in order to obtain the 

percentage of spread, mass per area and bulk density of the layer. The amount of collected 

powder can also be considered as the percentage of spread or percentage of coverage.  

 

3.4 Summary of Chapter 

 

In this chapter the powder characterisation of two samples of stainless steel powders and their 

spreading processes has been described in detail. It has been gathered that both samples exhibit 

very similar individual and bulk characteristics such as size distribution, shape, flowability and 

bulk density. However, the funnel flow test shows a clear variation as sample 1 exhibits 

ratholing during the measurement while sample 2 easily flows. Initially, it has been assumed 

that this may be due to cohesion in sample 1. Therefore, many factors such as higher fraction 

of fine particles, moisture bridge and electrostatic charges may increase the cohesion and be  

possible factors that cause rathole within sample 1.  

The spreading rig has been used for spreading processes of the layers which imitates the 

industrial powder bed fusion method of AM. An individual layer of powder has been spread 

on the build plate and for further investigation the layer profile has been captured through use 

of an overhead camera. Four gap size of 318 μm, 191 μm, 102 μm and 51μm indicate the 

thickness of the layer while the experiments has been conducted with different speeds of 50 

mm/s, 100 mm/s, 150 mm/s and 200 mm/s. The method in this work has been allocated to 

measure the combined effect of powder properties and processes parameters on the spreading 

behaviour of the powders. Furthermore, the percentage of spread, Mass per area and bulk layer 

density of an individual layer has been obtained to draw a comparison between the 

spreadability of two different samples that has been explained in detail in next chapters. 
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Chapter 4. Effect of Processes Parameters on the Spread Layer of 

Stainless steel (Velocity, Gap Size, Humidity) 

4.1 Spreading Profiles 

Mass allocation of feeding powder is the initial issue of the spreading process. By decreasing 

the gap size, the amount of feeding powder had to be decreased to avoid powder falling from 

the sides and become contaminated due to limitations of the rig. However, the amount of 

powder which is going to be poured into the feeder has been obtained by trial and error to 

ensure that the area and percentage of coverage for all different masses of powders at a specific 

gap size are fairly close. For instance, the area and percentage of coverage at gap size of 191µm 

with 7g of powders are not noticeably different from the values of them with 5g of powders 

but dropping of powders is prevented with utilising 5g of them. 

Nevertheless, it is very important to consider that although decrease of the mass of the powder 

with decreasing the gap size may not have notable impact on the percentage and coverage of 

spread but the form of the heap may differ and cause some degree of inaccuracy in results. 

However, it has been assumed that changes in mass does not considerably impact the formation 

of the heap. 

As previously mentioned, the mass of powder required to be adequate to cover the plate but 

not fall from the sides. It has been noted by experience through the tests that the highest speed 

of 200 mm/s is the problematic one, since powders that have been spread at this speed had a 

higher chance of being scattered or dissipated. Such that a specific amount of powder might 

effortlessly spread with speed of 50 mm/s or 100 mm/s but scattered with the speed of 200 

mm/s. For instance, 8 grams of sample 1 powder with gap size of 318 µm and speed of 200 

mm/s, perfectly spreads while with the same amount of mass of sample 2, powders fall from 

the sides. Nonetheless, for consistency to ensure the accuracy of comparisons, the same amount 

of mass has been selected for sample 1 and sample 2. The final results of this trial and error is 

shown in Table 9. 

 

 

 

 

 

 

 

Table 9: Mass of powder in spreading test for sample 1 and sample 2. 

Gap size(µm) Mass(g) 

318 7 

191 5 

102 3.5 

51 3 
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It is observed through the experiments that spreading profiles for gap size 51 µm exhibits 

severe jamming and empty patches at all four speeds. This is mainly due to the fact that the D90 

of both samples are higher than the gap size of 51 µm and as it has been mentioned in Section 

2.4.1, in order to have an accebtable spread on the build plate it is expected to have a gap size 

greater than the D90. Moreover, to have a perfect full spread, it is beneficial to have a gap size 

larger than the maximum particle size of the PSD. Figure 23 shows the spreading profile of 

sample 1 with 51 µm gap size at the lowest velocity of 50mm/s .From the profiles of 51 µm it 

was also observed that at higher speeds of 100mm/s,150mm/s and 200mm/s, the amount of 

spread powder on the bed was extremely low to be collected from the surface of the build plate. 

It is assumed since D50 of both samples are higher than 50 µm, 50 percent of particles are not 

cable of passing through this gap size. 

Thus, based on the spreading profile and amount of spread powder on the build plate, the results 

for gap size of 51 µm is not analysed in this work. 

 

 

 

 

 

 

 

 The ratio of gap size to D90 of both samples has been obtained to demonstrate how many 

particles are able to pass through the gap above each other at the same time. As shown in Table 

10 and Table 11, the ratio is very similar for Sample 1 and 2. As previously mentioned in 

Section 3.1, the volume based D90 of samples 1 and sample 2 are 71.88 µm and 74.53 µm 

respectively. 

 
 

 

 

 

 

 

Table 10: Ratio of Gap Size to D[v,0.9] for Sample 1. 

Gap size (μm) 318 191 102 51 

Gap size/D[v,0.9] 4.42 2.66 1.42 0.71 

Table 11: Ratio of Gap Size to D[v,0.9] for Sample 2. 

Gap size (µm) 318 191 102 51 

Gap size/D[v,0.9] 4.27 2.56 1.37 0.68 

Figure 23 : Spreading profile of gap size 51 µm (sample 1) 
 Temperature:21-23 ℃     Humidity:31-38% 
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Table 12: Spreading profiles of sample 1 

Temperature:21-23 ℃     Humidity:31-38% 

  Speed mm/s  

Gap 

Size 

(μm) 50 100 150 200 

102 

 

 

 

 

 
 

   

NA 

 

191 

 

 

 

 

 
 

    

318 
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Table 13: Spreading profiles of sample 2 

Temperature:21-23 ℃     Humidity:31-43% 

  Speed mm/s  

Gap 

Size 

(μm) 50 100 150 200 

102 

 

 

 

 

 
     

191 

 

 

 

 

 
 

    

318         
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The spreading profile of Sample 1 and sample 2 is shown in the Table 12 and Table 13. The 

experiments in this work are conducted for a single layer application. It is important to note 

that the spread quality of a single layer experiment may differ from multi-layer spreading, 

where the powder is spread on a previously sintered layer. Due to interaction of powders with 

the previously deposited layer in a multi-layer spreading tests, the new layer might be either 

uniformly spread or the packing may be disturbed which depends on the surface quality of 

previous layer. However, in real practice of AM, the new layer is spread on a layer which has 

been previously sintered. Hence, having more than one layer without sintering the previous 

layer is not relevant in additive manufacturing. Nevertheless, due to limitation of design of 

the rig, spreading of multi layers has not been examined in this project. 

 It is clear that sample 2 exhibits much uniform and homogenous layer in all gap sizes and 

spread velocities. However, effect of change in gap size and plate speeds is more noticeable in 

sample 1. It has been gathered that decreasing the gap size in sample 1, significantly reduces 

the uniformity and continuity of the spread layer but surface layer of sample 2 is less affected 

by reducing the gap size and speed. It is also observed that the frequency, area and length of 

empty patches in sample 1 increases by increasing the plate velocity, but this is not been 

detected for sample 2. At the speed of 200mm/s and gap size of 102µm there was no powder 

of sample 1 collected from the build plate. This can be explained by the fact that with the 

increase of plate velocity the drag force from the blade increases which leads to empty patches, 

while with lower spreading speed the friction force between the particles and the build plate 

may overcome the drag force and consequently particles may stay still after passing under the 

blade. Increase in the spreading velocity limits the time for particle to pass under the blade, 

which consequently results into the presence of lower number of spread powders behind the 

blade. Spreading profiles of sample 1 show that  more powders tend to be spread at the sides 

of the build plate rather than the centre. It is a hypothesis that this may be due to the form of 

the heap of sample 1. As it can be observed in Figure 21(c) the crown of the heap of Sample 1 

is detached from the main body which may possibly collapse and move as a block through the 

spreading and disturb the packing in the centre of the plate and shifted toward the sides of the 

plate. However, this assumption requires further analysis with high speed photography. 

Furthermore, increase in the speed of the build plate results into increase of waves on the layer 

of both samples as observed in Table 13. An increase in the speed could results in the vibration 
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of the bed which can lead to an increase in force and pressure of particles on the moving bed.  

This could be a potential reason for the wavy surfaces of spread powders at high speeds. This 

can be however checked in the future work, where the machine vibration could be accurately 

measured and the wavelength could be compared with that of the spread layer surface.  

 

Interestingly, the area of spread for both samples increases by increasing the gap size, but this 

is more noticeable with sample 2. The trace of the blade’s unevenness on the surface of the 

layer is also detected on the spreading profile of sample 1, while for sample 2 it is negligible. 

The probability of this defect may increase when a larger particle or agglomerates of fine and 

cohesive powders in front of the blade sweep other particles on their way of spreading along 

the layer. However, as stated by previous researches, this defect may be prevented by using a 

roller, since roller induces more compaction rather than dragging the particles [146]. It is also 

assumed that the occurrence of empty patches in the spreading profiles of sample 1 is mainly 

due to jamming of particles in front of the blade. Since the frequency of empty patches 

increases by reducing the gap size, this may imply that powders of sample 1 are more prone to 

agglomerate or clumped together and are not able to pass through the smaller gaps. It is 

important to note that this may also lead to segregation of particles in the area behind and in 

front of the blade.  

 

 It has been gathered that although powder characteristics of both samples are similar, the 

spreading behaviour of them are significantly different. As it is explained in Section 3.1 and 

Section 3.2 measurement of size, shape and flowability of both samples is conducted in this 

work but there was no specific differentiation to explain the disparity in their spreading 

profiles. Triboelectric charging test of sample 1 also suggests that there is no difference in 

charging of the sample during 5 runs of the test. Surprisingly, through the experiments on 

sample1 it has been found that increasing the relative humidity from 38% to 54%, the 

percentage of spread decreases from 79% to 60% while the occurrence of empty patches also 

increases. Therefore, it drew a conclusion that rise of humidity may explain the disparity in 

spreading behaviour of sample 1 and sample 2. Hence, spreading behaviour of both samples at 

gap size of 318 µm and four different speeds of 50 mm/s,100mm/s,150 mm/s and 200mm/s at 

high humidity of 73% has been tested. Several batches of powder with the mass of 7g is 

contained in the desiccator for more than 24 hours to absorb 73% of humidity and is removed 

one by one through the tests so that the batch contains a constant humidity in all tests. 
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Table 14: Spreading profiles of sample 1&2 stored under 73%humidity  

Temperature:20-21 ℃    Stored under 73 % humidity 

  

Speed mm/s  

50 100 150 200 

Sample 1 

 

 

 

 

 
     

Sample 2 

 

 

 

 
     

 

Comparison of the spreading profiles shows that surface quality of spread layer for sample 1 

considerably deteriorated after conditioning the sample with 73% of humidity. But notably, 

sample 2 exhibits much lower impact when 73% relative humidity is applied to the batch. 

Spreading profiles of sample 2 with higher humidity also show that when velocity of the build 

plate reduces, the effect of humidity also reduces. Such that with the velocity of 50mm/s 

the spreading profile of sample 2 with 73% humidity is almost the same as the profile of sample 

2 at uncontrolled ambient condition (i.e. gap size 318 µm and speed of 50 mm/s). Therefore, it 

has been derived that effect of humidity increases when spreading velocity increases. 

Throughout the feeding processes of sample 1 at higher humidity, it is observed that tapping is 

required in order to help the powders pass through the funnel while sample 2 freely flowed. As 

it has been explained in Section 2.4.4, humidity creates cohesion within the powder batch due 



 68 

to liquid bridge and powders can clump together. This implies that powders of sample 1 may 

be more prone to cohesion compared to sample 2. Referring to Section 2.2.5 this may occur 

due to chemical composition of the sample 1, which is taken from different position on the 

phase diagram. Moreover, humidity can create agglomeration when finer particles exist in the 

batch and in an agreement with this fact, it is reported in Section 3.1 that PSD of sample1 

contains slightly larger amount of fine particle. Furthermore, reusing of powders for longer 

periods seems to increase the adverse effect of humidity as powders can absorb moisture for a 

longer period of time. This is proven through the experiments of all four velocities, when 

humidity increases the repeatability of the tests decreases and the surface of the spreading 

profiles deteriorates by repeating the processes. 

 

4.2 Percentage of Spread 
The percentage of spread and losses through spreading of both samples has been recorded and 

shown in Table 15 and Table 16. Percentage of losses has been obtained by measuring the 

dropped powders after spreading. This value is recorded to detect how much of the powders 

may scatter or dissipate due to human or machine error. This confirms that the error in 

measurement of spread percentage is very negligible. 
 

Table 15:Percentage of Spread for Sample 1. 

Gap size(µm) 318 191 102 

Velocity(mm/s) 50 100 150 200 50 100 150 200 50 100 150 200 

Spread (%) 79.9 72.1 60.9 50.9 43.3 22.3 18.6 12.5 11.06 11.6 7.6 NA 

Losses (%) 20.1 27.1 39.1 49.1 56.7 77.7 81.3 87.7 88.9 88.4 92.3 NA 

 
 

Table 16: Percentage of Spread for Sample 2. 

Gap size(µm) 318 191 102 

Velocity(mm/s) 50 100 150 200 50 100 150 200 50 100 150 200 

Spread (%) 98.5 97.5 93.1 83.2 82.9 73.9 66.1 61.8 54.9 43.6 36.9 32.5 

Losses (%) 1.5 2.5 6.9 16.8 17.1 26.1 33.9 38.2 45.1 56.4 63.1 67.5 
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Tables above proves that with all gap sizes and speeds, the percentage of spread on the build 

plate for sample 1 is notably lower than sample 2. However, for both samples, increasing the 

gap size leads to an increase of percentage of spread while increasing the velocity results into 

a decrease of this measure. In other words, percentage of spread decreases when the spread 

velocity increases and decreasing the gap size intensifies this deficiency. Percentage of spread 

of sample 1 at the lowest gap size of 102 µm and the highest speed of 200 mm/s is zero as there 

was no powder for collection in this set of process parameters.  

Surprisingly, sample 2 exhibits much higher percentage of spread even with the least optimised 

set of spreading parameter (smallest gap size and highest speed). 

However, percentage of spread is not a definite measure of spreadability mainly because in real 

AM practice, the built plate is fully covered by the powder while the excessive powder would 

fall off from the base plate after spreading, hence the percentage of spread may not provide 

beneficial information. Nevertheless, since the design of the rig is not facilitated to be fully 

covered by the powder, the percentage of spread has been looked and analysed in this project 

to investigate the spread flux. Therefore, percentage of spread is a useful indicator to assess the 

effect of different variables such as speed and gap size on the spreading processes in this 

project. 

 

4.3 Mass Per Area(g/cm2) 

The mass per area (g/cm2) of each layer is established as an indicator of packing behaviour and 

is obtained by measuring the mass of spread powder within the area of spread profile that is 

calculated through ImageJ. As portrayed in Figure 24, after calibrating the image of spread 

layer the area is calculated and recorded.  

 

 

 

 

 

 

 

 

 Figure 24: Area of Spread layer through ImageJ. 
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Figure 25, 26 and 27 portray the graphs of mass per area (g/cm2) for all gap sizes and 

velocities. 	For all gap sizes and velocities mass per area of sample 2 are notably higher 

compared to sample 1. Moreover, increasing the gap size for both samples increases the amount 

of powder that passes through the blade and consequently the value of mass per area, while 

increasing the speed decreases this value.  

It is clearly observed that the error bars of sample 2 decreases as the gap sizes increase and at 

the lowest gap size of 102 μm, error bars are much larger. This implies that with sample 2, 

decreasing the gap size reduces the repeatability through different iterations. Surprisingly, this 

is not the case for sample 1, as a decrease in the gap size results into a decrease within the error 

bars. This may be explained by the amount of larger number of fine particles in sample 1, which 

may indicate better repeatability of powders under smaller gap sizes. However, it is very 

important to note that although repeatability is an important factor of spreading, other factors 

such as powder arrangement and surface quality have a higher influence on the quality of the 

spread layer and are the main indicators of spread quality. 

Thus, comparing the values of mass per area for both samples proves that sample 2 is a suitable 

batch for powder spreading regardless of the repeatability. 

It is also obtained that mass per area of both samples are closer together at larger gap size of 

318 μm while the distance between the two graphs incrementally increases as the gap size 

decreases. This implies that decreasing the gap size magnifies the difference of mass per area 

between the two samples. 

 
                      Figure 25: Graph of Speed (mm/s) Against Mass Per Area for Gap size 318 µm. 
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                         Figure 27: Graph of Speed (mm/s) Against Mass Per Area for Gap size 102 µm. 
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Figure 26: Graph of Speed (mm/s) Against Mass Per Area for Gap size 191 µm. 
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4.4 Bulk Layer Density 
Bulk layer density is a quantitative measure that is established as a metric of spreadability in 

this project. The effect of speed and gap size between the blade and build plate has been 

investigated through calculating the bulk layer density in order to evaluate and compare to 

the initial bulk and tapped density of powders. In order to calculate the bulk layer density, the 

volume of the spreading profile is obtained through the use of ImageJ software, while the 

respective gap size is considered as the depth of the layer. Subsequently, the mass of the 

spread layer gathered from the collected spread powder is divided by the volume to provide 

the value of bulk layer density. It is important to note that considering the gap size as the 

thickness of the layer is not very accurate as thickness of the layer may vary along the layer. 

This requires further consideration in future works to precisely obtain the thickness of the 

layer. Considering the gap size as the depth of the layer is not truly applicable as the precision 

of the rig is not sufficient to create an absolute even layer along the whole area of the build 

plate. Therefore, to eliminate this uncertainty the measure of mass per area (g/cm2) from the 

previous section, which is completely independent from the thickness of the layer, is a useful 

metric that can be used in parallel with the analysis of bulk layer density. 

        

                          Figure 28: Graph of Speed (mm/s) Against Layer Density for Gap size 318 µm. 
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                                      Figure 29: Graph of Speed (mm/s) Against Layer Density for Gap size 191µm. 

 

 

 
                                 Figure 30: Graph of Speed (mm/s) Against Layer Density for Gap size 102 µm. 
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Figure 28 illustrates the graph of spreading velocity against bulk layer density for both samples 

at a constant gap size of 318 µm. As it is shown in the graph, sample 2 clearly has higher bulk 

layer density at all four velocities compared to sample 1. However, for both samples bulk layer 

density decreases when the spreading velocity increases. Surprisingly, although both samples 

have very similar sizes, shapes and flowability characterisation, they achieved very different 

values of bulk layer density under similar conditions. For sample 2, it is observed that at gap 

size 318µm at the lowest velocity of 50 mm/s, the value of bulk layer density is very close to 

the initial bulk density of the sample. The initial bulk density of sample 2 is 4.628 g/cm3 and 

the bulk layer density that is achieved after spreading is 4.337 g/cm3.  

On the other hand, bulk layer density of sample 1 is not suitable because even at the gap size 

of 318 µm, which is more than 5 times larger than the D90 of the sample along with the lowest 

speed of 50 mm/s, the bulk layer density is far from the value of initial bulk density of the 

sample. Bulk layer density of 3.88 g/cm3 has been obtained by spreading sample 1 at the speed 

of 50 mm/s and gap size 318 µm while the initial density is 4.734 g/cm3. Error bars of sample 

1 at gap size 318 µm are larger compared to sample 2, which means the repeatability of the 

tests for sample 2 is higher than sample 1. 

The initial bulk density of the two samples is considered as a benchmark for comparison. In 

this work the values of the bulk layer density of the two samples are very close, hence they can 

be directly compared together. The difference between the bulk layer densities of the two 

samples at gap size of 318 µm decreases when velocity decreases such that at the lowest speed 

of 50mm/s, the graph of both samples converges together while with increased velocity they 

gradually diverge. Nevertheless, it has been proven that for both samples at gap size of 318 

µm, increasing the speed degrades the bulk layer density. 

Graph of gap size 191 µm for both samples is shows in Figure 29 and illustrates; when velocity 

of spread increases the bulk layer, density decreases. The layer thickness with this gap size is 

more than 2 times larger than the D90 of sample 2 and at the lowest speed of 50 mm/s, the bulk 

layer density of 4.04 g/cm3 is achieved which is still in a satisfactory range with respect to the 

initial bulk density of the sample. It is important to note that, the difference of bulk layer 

densities of the two samples at gap size 191 µm are not dependent to the spread velocity as the 

distance between them on the graph are rather similar at all four velocities.  

For speed of 50 mm/s,100 mm/s and 150 mm/s the error bars for sample 2 are smaller compared 

to sample 1 but contrarily, at the highest speed of 200 mm/s, error bars of sample 2 is larger 

than sample 1.This suggests that repeatability of sample 2 reduces with the highest velocity of 

200 mm/s. It is also observed that error bars of sample 1 decreases when the gap size decreases 
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while for sample 2, the error bars decrease when gap size increases and as mentioned in the 

previous section this may be due to presence of larger fraction of fine particles in the sample1.  

 

Figure 30 presents the values of bulk layer density of sample 1 drastically reduces with gap 

size of 102 µm and it is further impaired when velocity increases. At the speed of 200 mm/s 

there was no powder collected from the surface of the build plate and accordingly bulk layer 

density reaches to the value of zero. But the reduction of the bulk layer density of sample 2 by 

reducing the gap size is not as significant as sample 1. 

However, it can be derived that for both samples a packing close to the respective tapped 

density of them has not been achieved which means none of the samples achieved a fully 

compacted packing. 

In sum, it has been gathered that the optimised bulk layer density is obtained through spreading 

of sample 2 at the largest gap size of 318 µm and lowest velocity of 50 mm/s while bulk layer 

densities of sample 1 through all different gap sizes and velocities are not suitable to use. 

This means that the most desirable layer density is only achievable at the lowest velocity and 

largest gap size which certainly is not efficient in terms of cost and time. Thickness of the layer 

should be carefully selected as absorption of laser energy reduces when the thickness of the 

layer is not desirably small which significantly reduces the quality of final part. Moreover, 

since speed is an important factor in additive manufacturing industry, it is essential to 

understand the application of the end product and establish a balanced approach to choose an 

optimised spreading velocity and accordingly prioritise the properties that is desired from the 

final part.       

 

4.5 Ratio of Layer Bulk Density to Initial Bulk Density  
The percentage of spread and mass per area may not be a certain indication of spread quality 

as the quality of the bed is dependent on the packing of it rather than the coverage. As 

previously mentioned in Section 4.2, in reality there is enough powder to cover the whole area 

of the bed and the full area of the bed would be covered with the powder. Therefore, packing 

of powders rather than the percentage or area of coverage is the most accurate indicator of the 

spread quality. Therefore, a layer packing close to the initial bulk density of the powder is a 

potential feasible measure of spreadability. Since shape, size and the value of bulk density of 

sample 1 and sample 2 are very similar(i.e. spherical shape , PSD in the range of 15μm to 
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105μm and bulk density is 4.734 g/cm3 and 4.628 g/cm3 respectively for sample 1 and sample 

2), the comparison of them on a same graph would be reasonably reliable.  

However, it is important to consider that, if the value of initial bulk density of different samples 

is not the same, comparing them on a single graph would not be an accurate comparison since 

each sample has a separate benchmark. This means a sample may show a higher bulk density 

to other samples on the graph, while it is not close to its initial bulk density as the other sample 

is. Hence, the ratio of bulk layer density to the initial bulk density would give the most reliable 

result for this comparison.  

Therefore, spreadability index in this work is defined as the ratio of bulk layer density to the 

initial bulk density of the powder. This implies that the spreadability index should be a value 

between 0 to 1 where, the value of 1 indicates the maximum packing and 0 indicates no 

packing. The value over 1 indicates that the layer is over packed and compacted.  

It has been reported in the literature, when powders are very compacted in SLS method the 

depth of sintering reduces as there is not sufficient space for laser to penetrate which may affect 

the productivity of multi-layered product. Moreover, when powders are over packed the 

sintered layer under the top layer, may be interacted again by laser and this may damage the 

layer. It has been stated by the author that in SLS method use of freely poured layer of powders 

are common rather than compacted layer[220].However, the degree of compaction in EBM 

method is not as important as SLS and SLM method, since EBM method takes place in vacuum 

environment and also the EBM method operates with larger or deeper diffuse spot which can 

freely penetrated to a compacted layer [221, 222]. 

 

Figure 31, 32 and 33 presents the ratio of layer bulk density to initial bulk density of sample 1 

and sample2.It has been obtained that the ratio of layer bulk density to initial bulk density of  

sample 2 at all gap sizes and velocities are higher than the respective value of sample1 .This 

value for sample 2 at gap size 318 μm and 191μm at lowest spread velocity of 50 mm/s  is 

close to 1 which indicates a good packing of this sample while sample 1 exhibits poor packing 

compare to sample2.It is shown in the Figures of 31, 32 and 33 that with increasing of speed 

the distance of this ratio (layer bulk density to initial bulk density) to the value of 1 gradually 

increases and  tends toward zero. This implies that at all gap sizes, the quality of spread 

decreases when velocity increases. 

It is clear that this ratio for sample 1 is considerably low enough to state that the quality of 

spread for sample 1 at all different gap sizes and spread velocities are not in a satisfactory 

range. 
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Figure 31: Graph of Layer Bulk Density/Initial Bulk Density against speed for Gap size 318μm. 

Figure 32: Graph of Layer Bulk Density/Initial Bulk Density against Speed for Gap size 191 μm. 
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4.6 Dimensionless shear rate 

The proposed equation of dimensionless shear rate by Tardos has been used in this work to 

perform a comparison in terms of the shear strain rate (𝛾°) as a different representation of 

previous results in this work. Shear strain rate is defined as a parameter that combines two 

variables of spread velocity and specific shear zone depth (gap size). Therefore, referring to 

Section 2.3.1.5 the equation of Tardos has been performed in the form of:  

𝜸°∗ = XYZ[\#]^_	(a)
cd1	e]fZ	(g)

h [𝐷kl	 𝑔⁄ ]5 6⁄   

 

where all different gap size of 318 µm,191 µm and 102 μm and different velocity of 50 mm/s, 

100 mm/s,150 mm/s and 200 mm/s has been assessed in the equation while the average particle 

size (𝐷kl) and acceleration of gravity (g) is also used to calculate the dimensionless shear rate 

of each specific set of data. The obtained value of 𝜸°∗  revealed that for all of the spreading 

sets the flow regimes of both samples lies in the rapid flow region (𝜸°∗ > 0.3) due to collisions 

between the particles. It is clear that dimensionless shear rates of both samples are not located 

in the quasi-static and intermediate flow region as in these regions the frictional force is an 

influential factor and may affect the movement of the particle which means there is no 

possibility for spreading of powders in these two regions. 
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Figure 33: Graph of Layer Bulk Density /Initial Bulk Density against Speed for Gap size 102 μm. 
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It has been shown in the Figure 34 and Figure 35 that although each individual value of 𝜸°∗ in 

sample 1 and sample 2 are not significantly different, the bulk layer density at different gap 

sizes in sample 2 are closer together compared to sample 1. Hence the three lines of sample 2 

in the Figure 35 are unified while Figure 34 shows that sample 1 exhibits less unification. It 

has been detected that sample 2 shows a significant correlation in different gap sizes, while the 

graph of dimensionless shear rate against bulk layer density for sample 1 displays a 

convergence with larger gap size at 318 μm .This implies that sample 2 is more reliable for 

spreading compared to sample 1 as shear rate of the powders in sample 2 is not significantly 

affected by change in gap sizes. 

The values of dimensionless shear rate for each individual gap size and spread velocity has 

been calculated and presented in Table 17 and Table 18 which revealed that an increase in gap 

size (depth of shear zone) decreases the value of dimensionless shear rate while an increase in 

spread velocity increases the possibility of collisions between the particles and consequently 

increases the value of dimensionless shear rate. These findings are also in line with the results 

of bulk layer density and mass per area. 

Table 17: Dimensionless shear rate for 

sample 1. 

Gap Size  Speed γᴼ* 

(μm) (mm/s)  =𝛾°(𝐷kl/g)1/2 

318 

50 0.358 

100 0.715 

150 1.073 

200 1.430 

191 

50 0.595 

100 1.191 

150 1.786 

200 2.381 

102 

50 1.115 

100 2.230 

150 3.344 

200 4.459 

Table 18: Dimensionless shear rate for 

Sample 2. 

Gap Size  Speed γᴼ* 

(μm) (mm/s)  =𝛾°(𝐷kl/g)1/2 

318 

50 0.389 

100 0.778 

150 1.166 

200 1.555 

191 

50 0.647 

100 1.295 

150 1.942 

200 2.589 

102 

50 1.212 

100 2.424 

150 3.636 

200 4.849 
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                       Figure 34: Dimensionless shear rate against bulk layer density of Sample1. 

                               

 

                          Figure 35: Dimensionless shear rate against bulk layer density of Sample 2. 
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4.7 Effect of Humidity on the Spread Layer (Conditioning) 
It is shown in the previous sections, despite the fact that both samples have very similar powder 

characterisation scales, but their spreading behaviour is significantly different. Afterwards, 

through testing the samples, it has been recognised that humidity is a potential factor since 

powders behave different at high humidity conditions. The bulk layer density of both samples 

with gap size 318 μm has been obtained through conditioning at an average relative humidity 

of 73%. As it can be found from Figure 36, regardless of the speed, the bulk layer density of 

sample 1 drastically reduces when the humidity rises, however this change particularly at the 

lower velocities was not observed for sample 2. The bulk layer density of sample 2 at the speed 

of 50 mm/s at uncontrolled ambient conditions and 73% relative humidity is 4.19 g/cm3 and 

4.34 g/cm3 respectively, which is close to the initial bulk density of the powder (4.628 g/cm3).  

 

It is also gathered that with sample 2, increase of velocity signifies the effect of humidity as at 

speed of 150 mm/s and 200 mm/s the reduction of bulk layer density is more obvious with this 

sample. The difference between the bulk layer densities of sample 2 at different humidity 

condition increases while the spread velocity increases which means spread velocity intensifies 

the effect of humidity in sample 2.  

 

It is also noted that the error bars of the graphs with higher humidity for both samples are larger 

than the uncontrolled ambient condition. This implies that increase in humidity reduces the 

repeatability of spreading tests. However, it has been detected that error bars of sample 2 with 

gap size 318 μm at both high humidity and uncontrolled ambient conditions are much lower 

than that of sample 1. 

 

Moreover, the graph of Layer bulk density over initial density against speed at 73% humidity 

shows that with the increase of humidity, particularly at lower speeds, there is no remarkable 

changes in the ratio of layer bulk density over initial density of sample 2 while this difference 

for sample 1 is highly noticeable. This suggests that increase in humidity has a major impact 

on spread quality of sample 1. However, it is concluded that regardless of the environmental 

condition, bulk layer density of both samples decreases when spreading velocity increases. 

 

Therefore, with respect to the findings of this section it is assumed that humidity is a potential 

reason of difference in spreading behaviour of sample 1 compare to sample 2. 
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The difference in spreading behaviour of two samples could be related to different assumptions. 

Firstly, the larger number of fine particles in sample 1 may result into agglomerations of 

particles or low flowability, which consequently results into jamming and empty patches of the 

layers. As stated in Section 2.4.4, when size of the powders decreases to fine particles, they 

become more sensitive to moisture and this led to undesirable flow behaviour such as 

agglomeration and clumping of powders. This can be detected in this work as sample 1 with 

larger fraction of fine particles are very sensitive to humidity.  

The presence of rathole in Hall flow meter test in Section 3.2.2 may also confirms that sample1 

is more sensitive to humidity.  

Secondly, they lie on different positions on phase diagram as one sample is placed on hyper-

eutectic side and other sample is positioned on hypo-eutectic side of the diagram. Referring to 

Selection 2.2.5, this may be due to the difference of some minor elements in chemical 

composition of two samples, which may also result to changes in their microstructure and 

corrosion resistance. However, information regarding the cooling and heating rate during the 

powder production, which can strongly impact the microstructure and surface quality of 

particles is unavailable. 

Therefore, further investigation is required to understand the exact difference in microstructure 

and internal characterisation of two samples.  

  

 

Figure 36: Comparison of Bulk Layer Density for Gap Size 318µm With Change in Humidity. 
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4.8 Summary of Chapter 

The qualitative and quantitative analysis of spread profiles has been performed to form a 

comparison in this section. 

Qualitative observation through image analysis of layer profiles for both samples indicates that 

by reducing the gap size from 318μm to 51μm, the surface quality of the layer drastically 

decreases which results into the elimination of the 51 μm. This was clearly predictable as the 

gap size should be larger than the D90 and preferably greater than the largest particle in the 

batch. However, sample 1 exhibits a significantly poor layer profile regardless of the gap size 

and spread velocity. The quality of surface using sample 1 is severely lower than the respective 

layer created with sample 2. 

Quantitative measures have been established to define spreadability metrics through 

investigation of individual spread layers that is created with a spreadability rig. Percentage of 

spread, mass per area, layer bulk density, ratio of layer bulk density to the initial density of the 

powder and dimensionless shear rate, are established in this work to achieve a viable measure 

for spread quality of stainless steel in AM. Since each method had its own limitation through 

different phase of spreading processes, a correlation between the results has been formed which 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1

0 50 100 150 200 250

LB
D

/IB
D

Speed (mm/s)
Sample 1 At 73% Humidity Sample 2 At 73% Humidity

Sample 1 At Uncontrolled Ambient Sample 2 At Uncontrolled Ambient

Figure 37: Comparison of Bulk Layer Density/Initial Density for Gap Size 318µm With Change in Humidity. 
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shows an exceptional agreement between them. However, it has been finally gathered that the 

ratio of layer bulk density to the initial density is the potential measure which can be defined 

as the spread quality to predict the spreading performance of the layers. 

Interestingly, the result of different metrics in this project follows a single pattern which 

confirms that increasing the gap size for both samples improves the spreading quality, while 

increasing the speed degrades the spreadability measures. The quantitative values obtained 

from the defined metric (the ratio of bulk layer density over the initial bulk density of the 

powder) indicates that sample 2 exhibits optimised spreadability compared to sample 1. Sample 

2 is more repetitive through the experiments while sample 1 seems to be an unreliable feeding 

material to be spread on the build plate. 

Sample 2 exhibits an optimised spread quality at gap size 318 μm and speed of 50 mm/s. 

Moreover, at gap size 191 μm and speed of 50 mm/s the spread quality is still desirable. 

However, since gap size of 318 μm is out of range of the recommended layer thickness for PBF 

method (20-200 μm), hence gap size of 191 μm which is larger than the largest particle and 

also the D90 of the batch is preferably recommended. 

As previously mentioned, the recommended spread velocity in AM is generally less than 150 

mm/s. However, it is beneficial to achieve the best quality of spread at highest speeds without 

decrease of spreadability, which may be achievable by utilising narrower PSD or flow agent to 

improve flowability that requires further investigation. 

Furthermore, the effect of humidity on the spread performance of the two batches has been 

studied and it has been found that sample 1 is highly sensitive to humidity. This could be a 

hypothesis to explain that the difference in spreading behaviour of these two samples could be 

due to the negative impact of humidity on sample 1. 
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Chapter 5. Conclusions 
The results of experiments in terms of effect of speed and gap size on the layer density have 

been summarised in the provided matrices and the guidelines of colour codes is available at the 

end of this page which explains the presented colour based on the value of bulk layer density. 

 

• Matrices of experiments at uncontrolled ambient conditions 

 

• Matrix of experiments at high relative humidity (73%) 

 

• Table of colour code guideline  
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The quality of the final part in AM depends on both the powder quality and process parameters. 

To date, no agreement is found regarding the term “spreadability” in additive manufacturing. 

Therefore, defining a standard spreadability metric with respect to processes parameters is 

essential in additive manufacturing. This necessity calls for new researches in this field to 

perform qualitative and quantitative analysis of spreadability. Despite the fact that quality of 

the final part is directly related to the spreading behaviour of the powders, there is a 

considerable gap in the knowledge regarding the correlation of powder characterisation and 

spreadability. Furthermore, since quality of the layers is an influential factor in quality control 

of the final part, the spreading behaviour of the powders needs to be thoroughly investigated. 

The method of this project has been developed through collecting relevant ideas within 

available literature regarding spreadability of powders in additive manufacturing. Conceptual 

guidelines have been provided through review of some studies such as Snow et al. [170], 

Ahmed et al. [3], Fouda et al. [175] and Chen et al. [185] while gap of these researches has 

also been considered. However, there are some differences in the results of this project 

compared to previous studies. For instance, it is concluded by Snow et al. that angle of repose 

of powder is an indicative of its spreadability, while in this work two powders with almost the 

same measure of angle of repose exhibit very different spreading behaviour. This implies that 

scale of flowability with a specific method of assessment such as AOR is not a definitive 

measure for spreadability since this flow property is not an intrinsic property of powder and it 

may differ upon the condition of measurement.  

It is assumed that the effect of environmental condition on the spread behaviour of powder 

within the sample 1 may be the reason for this disparity. Hypothetical effect of humidity on the 

surface chemistry at nanoscopic scale could adversely affect the flow behaviour of this sample 

compared to sample 2.  

This project is conducted to focus on the process variables and identify a set of quantitative 

metrics along with qualitative assessments to predict a correlation between powder 

characterisation, processes parameters and spreadability in additive manufacturing.  

Therefore, a quantitative analysis of bulk layer density has been employed in this project. 

Through establishing different metrics and mitigating the drawbacks of each metric, it has been 

gathered that the ratio of bulk layer density over initial density of the powder is a possible 

metric to measure the quality of spread. 

To draw a conclusion, the presented matrices is provided which shows a summary of the results 

that have been obtained through the experimental tests. The colour code on the matrices has 

been selected based on the proximity of the bulk layer density to the initial density of the 
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batches. The green colour represents a value of bulk layer density that is very close to the initial 

bulk density, colour orange denotes the value that is not very high but still is in an acceptable 

range and colour red indicates that the obtained bulk layer density is very far from the initial 

bulk density of the batch. Therefore, the closer the value of this ratio to 1 the higher the spread 

quality and a ratio close to 0 is an indicator of poor spread quality. As explained in previous 

sections, bulk layer density of sample 1 in all different gap sizes and speeds is notably lower 

than sample 2, which is possibly due to higher moisture adsorption of sample 1. It has been 

detected that sample 1 is significantly affected when 73% relative humidity is applied to the 

batch, while sample 2 has a considerably low impact from the changes in humidity. However, 

for both samples the bulk layer density decreases when spread velocity increases. Furthermore, 

increasing the spread velocity signifies the influence of humidity on sample 2 as with speed of 

50 mm/s at 73% humidity condition, the bulk layer density is still in the green category while 

increasing the velocity, the bulk layer density decreases compared to its value at uncontrolled 

ambient conditions.  

Correlation of the powder properties and process parameters is not fully covered within 

literature and findings of this project conform that the spread quality of powders not only 

depends on the characteristics of powders but also conditions of application are highly 

influential. 

Investigation through this project reveals that spreadability of two gas atomised spherical 

batches of stainless-steel 316L with similar size distribution, particle shape, morphology, and 

bulk density are considerably different, and this disparity directly depends on the process 

parameters such as gap size, spread velocity and particularly environmental conditions. It has 

been obtained that sample 1 is not a suitable choice of powder to be used in uncontrolled 

environments, but it may fit with non-spread based AM methods and requires further 

investigation in future works. However, although highest spread quality is achieved with 

sample 2 at largest gap size of 318 μm and lowest speed of 50 mm/s, but both of these processes 

parameter options are not very cost and time effective as higher layer thickness reduces the 

laser absorption and lower speed reduce the production rate. Therefore, depending on the 

application of the final product these parameters can be chosen and also by altering the PSD, 

improving the flowability or improving the design of the spreader blade, the spread quality 

may improve with lower gap size and higher speed. 
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 However, due to the pandemic and time restriction, thorough understanding regarding the 

nature of these two samples and their spread behaviour in different processes conditions is 

limited in this project which necessitates further experimental and simulation investigations. 
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 Chapter 6. Future Work 
This project focused on two samples of stainless steel to generate a viable measure for 

spreadability. However, it is very important to note that in order to establish a spreadability 

map regime, investigation on different powders and powder characterisation along with 

different processes parameters is essential. Similar to majority of the spreadability studies 

within the literature, this work is also limited to investigation of only one single layer while 

impact of spreading behaviour of individual layers upon each other is neglected. The surface 

quality of previous layers may have a significant influence on the spreading behaviour of the 

new deposited layer. Therefore, investigation of spreadability in multi-layer experiments gives 

more accurate information. 

 

Furthermore, the current rig is not facilitated with laser to sinter the deposited layer before 

spreading of the next layer. Hence, the spreading processes is not very close to the actual 

spreading of powders in powder bed fusion machines, as particle arrangements and interactions 

may vary when deposited on the previously sintered layer. Therefore, application of laser is 

recommended for the future work. 

 

Particle size distribution of both samples used in this project is 15-105μm that is a desirable 

broad PSD but spreading of a narrower PSD would certainly give different results, which may 

be useful for future works. Narrow PSD biased to fine particles may be a suitable choice for 

future work as this would lead to a thin and uniform packing of the layer with smoother surface. 

However, it is important to note that a powder batch with excessive fine particles is prone to 

agglomeration, so it is important to have enough large particles to help the flow. 

 

Moreover, effect of surrounding environment on the spreading behaviour of the powders also 

is an influential factor affecting spreadability. Hence, it is recommended to conduct the 

experiments in a well-controlled and isolated environment. As it has been explained before 

humidity had a significant impact on the spreading behaviour of sample 1, therefore, further 

investigation to gather all information regarding the flowability, internal structure, 

microstructure, surface analysis and surface oxidation is crucial at different environmental 

conditions. To fully understand the effects of humidity on both the flowability and spreading 

performance, flowability of the humid powders are required to be analysed. 
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Focused ion beam (FIB) and x-ray tomography (XRT) may be used for further analyse of the 

internal structure of both samples. Furthermore, x-ray photoelectron spectroscopy (XPS) 

technique is also a useful application to identify elemental composition and surface analysis of 

these powders.  

 

Furthermore, utilising high-speed camera within the spreading processes would be very useful 

since effects of different parameters can be captured with high level precision. 

 

Spreadability of powders is greatly affected by different types of the spreaders and this can be 

detected when roller or different types of blades with different angles are used. It has been 

explained within the literature review of this work that optimisation of the spreader tool 

compensates the negative impact of speed and gap size. Rounded, bevelled and flat end blade 

are different options that can be used in the future experiments. 

More importantly redesigning the rig to a more practical version would be significantly 

beneficial. The current rig is not capable of collecting the excessive powders after spreading 

processes, which limits the variety and combination of the variety of experimental choice 

regarding mass of powders, speeds and gap sizes. Moreover, currently gap size is measured 

through utilising plastic gauges that is not an accurate measurement, therefore a precise motor 

to control the depth of the gap size would give considerably more accurate result. Measuring 

the depth of the layers through all points of the build plate is a limitation of this project and 

gap size has been considered as the thickness of the layer which is not the case in real spreading 

of powders in AM. Therefore, methods such as X-ray imaging can be conducted to measure 

the thickness of the layer. 

Surface quality of the layers is also an influential factor that directly affects the quality of final 

product. Optical measuring methods may be performed to evaluate the surface quality of the 

layer.  
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Appendix 
 

 

Angle of Repose of 7g powder heap on the bed for sample 1 
                    

Iteration  H(left),mm  
B(Left), 

mm 

AoR 

(Left), 

Radians 

AoR 

(Left), 

Degrees 

H (Right), 

mm 

B (Right), 

mm 

AoR 

(Right), 

Radians 

AoR 

(Right), 

Degrees 

AoR 

(Average), 

Degrees  

1 11.485 27.778 0.392053 22.46298 13.087 26.159 0.463877 26.57819 24.52058 

2 15.256 25.541 0.538442 30.85047 11.639 31.194 0.357118 20.46138 25.65592 

3 13.797 28.79 0.446893 25.60509 11.996 27.59 0.410138 23.49917 24.55213 

4 15.163 26.244 0.523914 30.01804 13.458 28.113 0.446472 25.58095 27.79949 

5 15.972 24.427 0.579089 33.17933 13.152 28.186 0.436584 25.01445 29.09689 

        
Average  26.325 

 

 

 

 

       

STDEV 1.827794 
 
 

 

Angle of Repose of 7g powder heap on the bed for sample 2 
          

Iteration  H(left),mm  
B(Left), 

mm 

AoR 

(Left), 

Radians 

AoR 

(Left), 

Degrees 

H (Right), 

mm 

B (Right), 

mm 

AoR 

(Right), 

Radians 

AoR 

(Right), 

Degrees 

AoR 

(Average), 

Degrees  

1 12.442 25.226 0.45821 26.2535 12.955 27.791 0.436209 24.99296 25.62323 

2 13.299 29.111 0.428526 24.5527 11.563 29.689 0.371397 21.27946 22.91608 

3 12.704 25.584 0.460892 26.40717 10.587 29.11 0.348818 19.98579 23.19648 

4 13.595 26.79 0.469602 26.90622 10.798 24.792 0.410767 23.53523 25.22073 

5 11.274 29.473 0.365347 20.93283 10.287 26.504 0.370232 21.21273 21.07278 

        
Average 23.60586 

        
STDEV 

 
1.657555 
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Angle of repose of sample 1 for 200 g 
 

 Weight of the empty container: 2.4803 g     
           

Iterations  
Net 

weight 
(g) 

R1 R2 R3 R4 R5 R(avg) Heigth 
(mm) AoR Aor (Degrees) 

1 200.27 55 55 55 54 52 54.2 32 0.533 30.558 
2 200.05 55 55 58 59 56 56.6 30 0.487 27.925 
3 200.01 55 55 54 56 52 54.4 31 0.518 29.677 
4 200.06 55 55 58 52 54 54.8 30 0.501 28.698 
5 200.04 54 52 55 57 55 54.6 31 0.516 29.586 
6 200.05 55 52 51 55 52 53 30 0.515 29.511 
7 200.04 55 58 52 51 54 54 30 0.507 29.055 

Average 200.0411                 29.28723 

 
     

    
Standard 
Deviation  

          0.771104 
 

 

 

Angle of repose of sample 2 for 200 g 
 

 

 

 

 

 

 

 Weight of the empty container: 2.4803 g     
           

Iterations  
Net 

weight 
(g) 

R1 R2 R3 R4 R5 R(avg) Heigth 
(mm) AoR Aor 

(Degrees) 

1 200.08 53 54 57 56 55 55 28 0.471 26.980 
2 200.13 58 54 56 59 59 57.2 30 0.483 27.676 
3 200.07 53 55 55 58 59 56 29 0.478 27.378 
4 200.01 57 54 55 58 58 56.4 29 0.475 27.212 
5 200.10 55 57 55 55 55 55.4 29 0.482 27.631 
6 200.01 58 55 54 59 53 55.8 28 0.465 26.647 
7 200.02 55 55 55 59 56 56 29 0.478 27.378 

Average 200.0552                 27.27153 

 
     

    
Standard 
Deviation  

 
         0.336635 
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Triboelectric Charging Test of Sample 1 by Dr Jabbar Gardy 
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Composition of Austenitic Stainless Steels[25] 

 

 

 

 

 

 

 

Powder heap in 73% relative humidity 
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Records of temperature and humidity through the experiments: 
 Gap(μm) Speed(mm/s) Temp℃ Humidity% 

Sample1 

318 

50 23 31 

100 23 31 

150 23 31 

200 24 33 

191 

50 21 36 

100 22 35 

150 21 36 

200 21 36 

102 

50 21 37 

100 21 37 

150 21 38 

200 - - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Gap(μm) Speed(mm/s) Temp℃ Humidity% 

Sample2 

318 

50 21 33 

100 21 38 

150 22 43 

200 22 43 

191 

50 22 31 

100 23 31 

150 23 31 

200 22 35 

318 

50 22 28 

100 22 34 

150 22 34 

200 23 35 
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 Gap(μm) Speed(mm/s) Temp℃ Humidity% 

Sample1 

73%RH 
318 

50 21 73 

100 21 73 

150 20 73 

200 20 72 

 

 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Gap(μm) Speed(mm/s) Temp℃ Humidity% 

Sample2 

73%RH 
318 

50 20 74 

100 20 73 

150 21 73 

200 21 73 


