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Abstract 

Permanent magnets are used in many everyday devices to assist in the 

conversion of electronic energy into mechanical energy. Traditional manufacturing 

pathways are well established, however, they inherently suffer from long lead times 

and high costs for low volume production runs. A technique known as additive 

manufacturing (colloquially 3D printing) has been applied to many industries using a 

multitude of materials with success in reducing both product development times and 

cost for prototypes and low volume production runs. Due to this reported success, 

several additive manufacturing techniques have been investigated in order to rapidly 

produce magnets of custom geometries using isotropic magnetic material (specifically 

neodymium-iron-boron). Although some of these techniques have shown promise, 

many require pre-processing of the raw powders into a filament or fluid suspension, 

thus increasing the number of steps in the process. 

As permanent magnet raw material is commercially available in powdered form, 

it was hypothesised that a powder-based additive manufacturing technique known as 

selective laser sintering could be used to produce permanent magnets by mechanical 

alloying of magnetic powder with a powdered polymer binder. It was further 

hypothesised that by combining the use of high energy anisotropic magnetic powder 

with an in-situ alignment fixture, as used in the industrial manufacturing process, 

permanent magnets with higher performance than those produced using additive 

manufacturing from isotropic powders. 

Accordingly, there were three key aims in this research project: 
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 Develop a selective laser sintering machine from off-the-shelf components 

and compare the geometrical and mechanical properties of the produced 

polyamide-12 parts with that of a commercial machine. 

 Using two commercially available isotropic magnetic powders with flake 

and sphere particle morphologies mixed with polyamide-12 powder, 

determine the processing parameters and mixing ratios which lead to 

magnets with the most accurate geometrical and strongest mechanical and 

magnetic properties. 

 Develop and test an in-situ particle alignment fixture and examine its effect 

on the geometrical and magnetic properties of magnets produced from 

anisotropic magnetic powder mixed with polyamide-12. 

The first experimental chapter (Chapter 3) covers designing, building and 

validating the tool required to conduct the research which is a selective laser sintering 

machine produced solely from off-the-shelf parts. Over the next two chapters 

(Chapters 4 and 5), the influence of machine processing parameters (laser power = 0.5 

– 1.17 W, scan spacing = 0.11, 0.22, 0.31 mm) and powder loading fraction (0 – 

90%/vol) on the properties of magnets produced from two commercially available 

neodymium-iron-boron powders was examined. By examining the geometrical, 

mechanical and magnetic properties, preferred processing parameters and mixing 

ratios could be identified based on their deviation from model data and highest 

mechanical and magnetic strength. Next (Chapter 6), an in-situ alignment fixture based 

upon a Helmholtz coil was proposed and a prototype developed. The ability of the coil 

to impart torque to anisotropic particles while minimising translational forces was 

examined using images captured with an optical microscope then evaluated using 

image processing techniques to characterise the percentage of loose particles it could 

align. Finally (Chapter 7), the Helmholtz coil-based alignment fixture was added to 

the selective laser sintering machine where it was used to provide an alignment field 

to each layer of anisotropic powder prior to consolidation by the laser. The geometry, 

density and magnetic properties of the permanent magnets were examined in the 

presence and absence of the alignment field. 

The constructed selective laser sintering machine was demonstrated to produce 

parts from polyamide-12 reaching densities of 918 ± 9 kg/m3 and achieving an elastic 
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modulus of 358.36 ± 3.04 MPa and elongation at break of 11.13 ± 0.02%. Permanent 

magnets produced from the mechanically alloyed commercial powders demonstrated 

the best properties with a supplied energy density of 0.255 J/mm2 possessing 

comparable magnetic characteristics to those produced with other AM methods (311 

± 9 and 363 ± 6 mT for the flake and spherical powders respectively). It was also 

demonstrated that magnetic powder loading fractions above 30%/vol for the spheres 

and 50%/vol for the flakes showed no significant increases in magnetic performance 

while the mechanical performance deteriorated significantly. An in-situ alignment 

fixture, based upon a Helmholtz coil, demonstrated 30% alignment of a selection of 

particles according to optical image analysis of randomly orientated flake particles. 

When used during the processing of magnets, the magnetic performance, when using 

anisotropic powder, was shown to increase by 28%. However, the low loose packing 

density of the starting powder (2880 kg/m3) compared to the isotropic powders (3023 

kg/m3 for the flakes and 4017 kg/m3 for the spheres) limited the maximum density of 

the magnets and thus suffered from poorer than expected magnetic performance. 

The content of this thesis demonstrates the development of an open source-based 

selective laser sintering machine which was then used to explore the production of 

permanent magnets from commercially available isotropic and anisotropic powders 

with the addition of an in-situ alignment fixture. 
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Chapter 1: Introduction 

Permanent magnets (PMs), specifically high energy neodymium-iron-boron 

(NdFeB) variants, are integral components in many consumer devices much as phones, 

computers, automobiles and medical devices primarily facilitating the conversion of 

electrical energy into mechanical energy through the interaction with temporary 

magnetic fields produced by current carrying conductors (Brown et al., 2002). With 

the ever increasing demand for these electromechanical devices, more pressure is 

being placed on companies and researchers to rapidly innovate their products to make 

them more compact, efficient and to deliver them at a lower cost. 

An increasingly popular technique known as additive manufacturing (AM), 

colloquially known as 3D printing, has been making a significant impact in bringing 

products to market more rapidly with a decrease in development cost and time while 

in some cases reducing the cost of short production runs of finished products (Figure 

1.1) (Thompson et al., 2016). While much of the research in AM has been focussed on 

polymers, recent attention has been expanding to metals and further into functional 

type materials which can have user-defined electrical, optical or magnetic properties 

(Thompson et al., 2016). 

 

Figure 1.1 – Injection moulding vs. additive manufacturing cost per unit. 
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Since the first reported study in 2016, there has been an increasing interest in the 

application of AM techniques to the production of PMs to achieve complex geometries 

for the use in electromechanical actuators and sensing equipment (Li et al., 2017a, 

Popov et al., 2018). Several common AM techniques have been explored with most of 

the work being conducted using fused deposition modelling (FDM). However, many 

of these techniques require pre-processing of the feedstock such as thermally pre-

alloying the materials with a thermoplastic which can make the material difficult to 

handle while introducing an extra step in the AM process. 

As both the binder polymer and the magnetic material are supplied in a powdered 

form, to minimise the amount of material pre-processing, this work looks into using 

selective laser sintering (SLS), a powder-based AM technique where the powder is 

consolidated by a laser to produce a 3D part, to produce PMs using a mixture of NdFeB 

powder and polyamide-12 as feedstock. Previously a single study had been conducted 

where a commercially available isotropic magnetic powder was mixed with a 

powdered polyamide-12 binder and consolidated with a laser producing PMs with 

customised geometry (Wendhausen et al., 2017). This study however did not report on 

the mechanical properties of the parts and also only investigated two independent sets 

of processing parameters which, they concluded, had a significant effect on the density 

and magnetic properties of the PMs. While this study demonstrated the feasibility of 

producing PMs using SLS, there was still many unanswered questions concerning the 

specific relationship between the processing parameters of the feedstock and the 

geometrical, magnetic and mechanical properties of the produced PMs. 

Further to this, a review of current literature also revealed that there had been 

very limited research conducted on the translation of industry leading manufacturing 

techniques, specifically the processing of high energy anisotropic powders, into the 

AM field. Most studies had focussed on using feedstock which consisted of isotropic 

NdFeB powder mixed with a thermoset or thermoplastic which, in the industrial 

injection moulding process, can reach a maximum of approximately 800 mT of 

remanent induction (Ma et al., 2002). While a large percentage of PMs are 

manufactured from isotropic powders, manufacturing methods based on anisotropic 

powders can produce PMs with larger remanent inductions and intrinsic coercivities 

using the same volume of material. This increase in magnetic properties is achieved 

by mechanically aligning the powder prior to consolidation using some form of 
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external magnetic field typically in the order of 1-2 T. This magnetic field aligns the 

tetragonal grains of the NdFeB crystals along their easy magnetisation axis which 

increases the percentage of aligned magnetic domains in the material, thus increasing 

the magnitude of the stored magnetic energy. With the largest limitation of PMs 

produced by AM techniques being the lack of compressive forces during processing 

resulting in lower packing density of the material than their injection moulded 

counterparts, aligning anisotropic powders during processing could result in PMs with 

increased magnetic performance. Successful implementation of techniques which 

allow the production of high energy PMs with customised geometries using an open-

source SLS platform could provide researchers and product developers with a tool to 

rapidly evaluate new designs containing PM materials reducing product cost and 

development times.  

The primary limiting factor when undertaking research using SLS to process 

new materials is the high cost associated with machine purchase (Kinstlinger et al., 

2016). These high costs limit the availability of access to SLS machines and also 

precipitates the reluctance of institutions to allow the processing of non-manufacturer 

specified materials. While there is a large community (known as Rep-Rap) of open-

source based machines available for the more common fused deposition modelling, 

facilitating the multitude of research performed using this method, there is a deficiency 

in the information available assisting the development of customisable SLS machines 

with only a single publication describing the conversion of a laser cutter into an SLS 

machine for under USD$10,000 (Kinstlinger et al., 2016). Therefore the development 

of a purely open-source system which could be constructed from off-the-shelf parts 

would be advantageous to propel the undertaking of research of processing new 

materials using SLS. 

1.1 SIGNIFICANCE 

In alignment with the current trends in the expansion of the applications for AM, 

this research makes significant contributions by describing the construction of an 

open-source tool which can be used as a customisable research platform and by 

describing the novel application of industry leading PM manufacturing methods to the 

SLS process. 
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This thesis describes the build of an open-source SLS machine which can be 

constructed from off-the-shelf parts and can be fully customised to process a variety 

of different materials. Previously the only reported open-source SLS machine 

described in literature was based on a CO2 laser cutter and lacked thermal control in 

the build area leading to increases in steeper temperature gradients resulting in 

increased part deformation during building. The machine described in this thesis uses 

a lower cost diode laser and includes thermal control of the build area which reduces 

part deformation and reduces the optical power required to consolidate the material. 

This thesis also expands on a study where PMs are produced using SLS from 

mechanically mixed NdFeB spheres and polyamide-12 powdered feedstock. 

Previously only two sets of processing parameters (#1 layer height of 0.15 mm and 

scan spacing of 0.1 mm, #2 layer height of 0.25 mm and scan spacing of 0.2 mm) were 

investigated and evaluated for their effect on the density and magnetic properties. This 

work investigates the effect of scan spacing, laser power and mixing ratios using two 

commercially available powders with flake and spherical particle morphologies on the 

geometrical, magnetic and mechanical properties of PMs produced using SLS. 

To improve the magnetic properties of magnets produced using SLS, the 

development and testing of a novel active in-situ particle alignment fixture is also 

investigated. Due to the absence of a compaction stage during AM processes, the 

inherent low packing density of AM PMs results in lower magnetic performance. 

While this alignment fixture was applied to the SLS process, it has potential to be 

applied to the manufacture of PMs using other AM techniques. 

1.2 AIMS AND OBJECTIVES 

This project aimed to investigate the processing of mixed NdFeB and polyamide-

12 powders using SLS to produce PMs with custom geometries while evaluating their 

performance based on processing conditions such as optical input energy, feedstock 

loading fractions and exposure to an in-situ alignment field. To achieve this aim, key 

objectives of the research were as follows: 

 Design, build and evaluate the performance of a low-cost SLS machine from 

off-the-shelf parts capable of processing polyamide-12 parts with 

comparable geometrical accuracy, density and mechanical strength to that of 

a commercial machine. 
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 Investigate the effect of processing parameters and magnetic powder loading 

fractions on the geometry, magnetic and mechanical properties of PMs 

produced by SLS. 

 Design an in-situ alignment fixture which could be used to mechanically 

align anisotropic NdFeB particles during the SLS process to enhance the 

magnetic performance of the PMs. 

 Evaluate the performance of the in-situ alignment fixture by examining the 

magnetic properties and crystalline orientation of magnets produced in the 

presence and absence of the external field. 

1.3 THESIS OUTLINE 

Chapter 1 provides a brief overview of the research focus of this thesis by 

presenting the gap in current knowledge and the solutions explored. Also presented is 

the significance along with the aims and objectives. 

In Chapter 2, a background on magnetism is presented where the source of 

ferromagnetism is explained as well as the behaviour of magnetic domains and their 

contribution to magnetic hysteresis when an external magnetic field is introduced. 

Furthermore, the traditional manufacturing methods of permanent magnets are 

presented with an explanation of their inherent disadvantages. The seven AM 

techniques, as outlined in ASTM F42, and their principle of operation are presented 

with a specific focus on the mechanisms behind polymer-based SLS. A review of the 

current literature in the AM of PMs is presented and summarised to demonstrate 

research that has been previously conducted while identifying the areas where 

knowledge is deficient. The review demonstrated that, while interest in the AM of PMs 

has been increasing recently, there was still little information regarding the production 

of PMs using powder-based techniques, specifically SLS. It was also identified that 

very few studies reported success in the in-situ alignment and processing of higher 

magnetic energy anisotropic powders.  

To provide a tool which can be used to process custom powder combinations, 

Chapter 3 describes the design, construction and validation of a SLS machine 

produced using off-the-shelf components. An explanation of each component of the 

system and its specific function is provided beginning with the physical parts and 

ending with the control software. The machine is then used to produce parts from 
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polyamide-12 of which their geometrical and mechanical properties are characterised 

and compared with identical parts produced using a commercial SLS machine. 

Chapter 4 forms the first part of the investigation into the processing of 

mechanically-mixed NdFeB and polyamide-12 powders to produce PMs using SLS. 

PMs are produced from two commercially available isotropic powders with different 

particle morphologies (flake and spherical) using a fixed magnetic powder loading 

fraction of 60%/vol which was selected to be similar to the loading fraction used in 

injection moulded magnets. The geometrical, mechanical and magnetic properties of 

the PMs are examined when produced while varying the supplied energy by changing 

the laser power, scan speed and scan spacing. This information is then used to describe 

a set of processing parameters that leads to the production of PMs with the best overall 

properties. 

Chapter 5 is complimentary to Chapter 4 where instead of altering the 

processing parameters, the magnetic powder loading fraction is varied. The loading 

fraction was varied with both commercial isotropic powders from 10% to 90%/vol and 

processed using the parameters that were determined to yield the best overall results. 

The geometrical, mechanical and magnetic properties were measured from parts at 

each loading fraction. This information was then used to determine the maximum 

loading fractions which produced PMs with optimal properties for particular 

applications.   

In order to increase the magnetic properties of PMs produced using SLS, 

Chapter 6 proposes the introduction of an in-situ alignment fixture which takes 

advantage of the magnetocrystalline anisotropy of high energy density anisotropic 

NdFeB powders. Based on magnetic theory, a chosen coil array is prototyped and the 

uniformity of its magnetic field evaluated. Furthermore, image processing techniques 

were used to track the position of particles before and after exposure to the magnetic 

field produced by the coil to ascertain the percentage of particles which were being 

aligned. 

In Chapter 7, the in-situ alignment fixture was added to the SLS machine and 

used to expose each layer to a near uniform magnetic field prior to consolidation. PMs 

were produced with and without the alignment field with their magnetic properties 

being measured post fabrication to determine the increase in magnetic performance 

due to the presence of the field. X-ray diffraction (XRD) was also performed on 
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samples produced with and without the alignment field to examine the effect of the 

external field on the alignment of the NdFeB grains.    

Chapter 8 summarises the conclusions from each chapter while reviewing how 

well the aims were met. The chapter concludes with the recommendation of future 

work to be conducted. 
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Chapter 2: Background and Literature 

Review 

This section presents the background pertaining to the research topic and 

relevant previous research conducted in the field. It begins by providing a background 

on magnets explaining their function (section 2.1) and production (section 2.2). 

Modern manufacturing techniques are then explored by examining the variety of 

additive manufacturing (AM) techniques (section 2.3) available and their inherent 

advantages/disadvantages. The focus on AM then narrows to provide an in-depth 

description of a powder bed fusion mechanism known as selective laser sintering 

(SLS) (section 2.4). The chapter is then concluded by exploring the previous work 

involving the AM of permanent magnets (section 2.5) and identifying a research 

direction for the improvement of such methods (section 2.6).  

2.1 FERROMAGNETISM AND PERMANENT MAGNETS 

There are several types of magnetism with the most common being 

ferromagnetism which is caused by the movement of charged particles within a 

material. An electron is an electrically charged subatomic particle which orbits the 

nucleus in an atom with its angular velocity and spin producing a magnetic field. Most 

elements have paired electrons in their orbitals, which causes the net magnetic field of 

the atom to be zero, however some elements have one or more unpaired electrons 

which result in the atom having a non-zero net magnetisation and therefore acting as a 

magnetic dipole (Coey et al., 2010). 

When ferromagnetic materials are below their Curie temperature, electron 

movements of nearby atoms tend to prefer to align their spins. This results in defined 

regions within a material exhibiting a directional magnetisation. There regions are 

known as magnetic domains (Figure 2.1) (Coey et al., 2010). 
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Figure 2.1 – Magnetic domain orientation with and without an applied external field 

(H). 

 

Without exposure to an external magnetic field, these magnetic domains are 

randomly aligned resulting in no net magnetic field outside the material. As the 

material is exposed to an external magnetic field (H) the sample’s magnetic induction 

(B) will increase (Figure 2.12). The sample’s magnetic induction (B) is a sum of the 

external magnetic field (H) and the magnetisation induced inside the sample (M). As 

indicated in Figure 2.2, the magnetic induction (B) will continue to increase with an 

increase in the applied field. However, the magnetisation (M) induced inside the 

sample will increase until it reaches its saturation magnetisation (Js) value. The 

strength of the external field at this point (Hs) is the minimum required to saturate the 

material. When the external field (H) is removed, the material may still exhibit some 

residual magnetic induction (Br or Mr) requiring a reverse magnetic field with a 

magnitude of the material’s coercivity (Hc) to reduce it to zero while the reverse field 

remains or with a magnitude of the intrinsic coercivity (Hci) for it to remain at zero 

once the field is removed. This relationship between the applied field and magnetic 

induction can be described by a hysteresis loop (Figure 2.2) (Sung and Rudowicz, 

2003). 
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Figure 2.2 – Illustration of the magnetic induction (B) and magnetic polarisation (J) 

due to an applied external field (H). 

 

Ferromagnetic materials are further classified as hard or soft depending on the 

ratio of the applied field to the magnetic induction (B = µ(H + M)). This is known as 

a materials permeability (µ = µrµ0). Soft magnetic materials have a high value of 

permeability and are used in applications where a changing magnetic field needs to be 

guided through a desired path so the magnetic domains should change direction easily 

to reduce energy losses. Hard magnetic materials have a very low permeability and are 

used where the residual induction is required to be large with the magnetic domains 

being difficult to move by an applied external field. These materials are known as 

permanent magnets (PMs) (Coey et al., 2010). 

PMs are integral components in many electromechanical devices used in 

medical, automotive, industrial and consumer electronics industries. Alloying of 

ferromagnetic materials enables the customisation of specific characteristics such as 

improved temperature resistance, magnetic energy density, resistance to 

demagnetisation and more. PMs can be formed from a wide range of alloys, however, 

neodymium-iron-boron (NdFeB) based magnets have become increasingly popular 

due to their high energy density product (BHmax) and the increasing demand for 

compact electromechanical devices. Their high energy density comes from the 
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uniaxial nature of the Nd2Fe14B phase, the properties of which are highly dependent 

on the manufacturing process (Kuhrt, 1995).  

2.2 TRADITIONAL MANUFACTURING OF NDFEB PERMANENT 

MAGNETS 

2.2.1 Sintered Magnets 

Powder metallurgy is the most common pathway for the production of high 

energy permanent magnets (Kuhrt, 1995). The process begins with induction melting 

of the raw elements to prepare an ingot with a controlled composition. The ingots are 

then milled, resulting in a fine powder which, due to the non-magnetic rare earth-rich 

grain boundaries, is magnetically anisotropic. The powder is then placed into a die and 

pressed while a very large external magnetic field (typically greater the 2 T) is applied 

to align all of the crystals within the material resulting in the largest possible energy 

product (Kuhrt, 1995). 

The pressed powder is then heat treated to sinter the grains together using a 

process known as vacuum sintering. Due to the large amount of shrinkage during the 

heat treatment stage, net shaped magnets cannot be produced directly from this process 

and thus require machining to achieve the desired shape. This can be done using 

traditional milling techniques for simple structures or electrical discharge machining 

(EDM) for PM with increased complexity (Li et al., 2007). 

Permanent magnets produced using powder metallurgy have been shown to 

exhibit residual magnetic inductions (Br) between 1.1 and 1.4 T resulting in energy 

products (BHmax) surpassing 200 kJ/m3 (Ma et al., 2002, Brown et al., 2002). However, 

despite the proven better magnetic performance of sintered magnets, they are much 

more difficult to produce due to the requirement for a foundry and the post-processing 

of the sintered material is still limited to relatively simple geometries (Li et al., 2015). 

2.2.2 Bonded Magnets 

The production of bonded magnets also begins with induction melting of the raw 

elements which are then rapidly quenched by pouring the molten mixture onto a liquid-

cooled, spinning copper wheel. The resulting flakes are then milled to produce the 

desired particle size. The resulting powder, due to the exchange coupling between the 

hard and soft magnetic phases, is magnetically isotropic (Croat, 1989, Croat, 2017). 
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An alternative powder production process has been commercially implemented 

by Magnequench (Singapore) which involves using gas atomisation to rapidly cool the 

homogenised raw material resulting in an isotropic powder with a spherical particle 

morphology. Although a more expensive processing route, the use of spheres when 

injection moulding allows a higher packing density with lower ejection forces (Monika 

G. Garrell, 2003, Croat, 2017). 

The resulting isotropic flake or spherical powder is mixed with a thermoset 

binding agent or thermoplastic and then moulded using traditional injection or 

compression moulding, extrusion or calendaring techniques. Using these methods, 

near net shape magnets with moderately complex geometries can be achieved. 

In bonded magnets, powder loading factor, initial magnetic properties and 

moulding methods are important factors to consider to obtain high BHmax magnets. 

When producing a magnet with a high BHmax, a high powder loading factor (k) is 

desired whilst still maintaining enough binder to achieve the desired mechanical 

properties.  Typical loading factors of bonded magnets are between 50% and 75% by 

volume depending on the application (Ma et al., 2002). 

 𝐵𝑟 = 𝐵𝑚𝑎𝑥𝑘 

𝐵𝐻 = 𝐵𝐻𝑚𝑎𝑥𝑘2 

 

(2.1) 

(2.2) 

The effect of the loading fraction (k) on both the remanent induction (Br) and 

energy density (BH) can be seen in Equations 2.1 and 2.2. The resulting remanent 

induction of a magnet is a ratio of the loading fraction to the remanent induction of the 

powder at the theoretical density whereas the maximum energy density is a ratio of the 

square of the loading fraction. The coercivity of the magnet remains independent of 

the powder loading fraction as it is an intrinsic property of the material (Croat, 2017). 

Using isotropic powder, magnets with remanent inductions (Br) of between 400 

and 800 mT are achievable resulting in energy densities of up to 55 kJ/m3 (Ma et al., 

2002). Isotropic powder is commonly used in the production of bonded magnets due 

to its larger grain size and lack of a need for an external magnetic field during the 

injection phase, however it should be noted that anisotropic powders which are aligned 

with an external field can also be used (Croat, 2017). 
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2.2.3 Post Processing Magnetisation 

Independent of the method used to create a PM, once the desired shape has been 

achieved and any required coating has been applied, the magnet must be magnetised. 

This is done by exposing it to a magnetic field greater than the saturation magnetisation 

value (Hs). Exposing the material to the magnetic field aligns all of the available 

domains with the direction of the magnetic field that it is exposed to. In the case of 

anisotropic magnets, this should be the direction in which the external field was 

applied during production. 

To produce a magnetic field with sufficient magnitude to saturate the material, 

stored electrical energy is rapidly discharged through an air core solenoid in which the 

material is placed. These devices are commonly known as capacitive discharge 

magnetisers (CDM). 

2.2.4 Cost and Lead Times 

The cost of manufacturing a magnet is highly dependent on the desired magnetic 

performance and the geometry. According to literature, costs involved in the 

production of bonded magnets have the potential to be much higher with parts of only 

moderate complexity requiring new moulds amounting to AUD$75,000 in tooling 

costs (Cormier and Harrysson, 2002). 

Rapid product development can also be negatively impacted by production lead 

times and with China producing more than 95% of the world’s rare earth magnets, 

most countries don’t have access to local production facilities, resulting in lead times 

of up to two months (Dong et al., 2017).  

High cost and long lead times makes short production runs and one-off 

prototypes prohibitively expensive while causing delays in product development. 

However, with the specific cost of NdFeB powder being reasonably low (less than 

AUD$150/kg at the time of publication) there is potential for reduction in both cost 

and lead times (Ma et al., 2002). 

2.3 ADDITIVE MANUFACTURING 

Colloquially known as 3D printing, additive manufacturing (AM) refers to a 

process (or series of processes) where a net shaped 3D object is formed by binding 

multiple layers of material. AM can be used to process a multitude of materials 
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including multiple forms of metals, polymers and ceramics. In the past, additive 

manufacturing has been extensively used to produce prototypes during product 

development due to the rapid realisation of designs without the need to produce 

moulds. AM has been applied to many industries including, but not limited to, 

education, medical, aerospace, automotive, construction and food industries with a 

view to expand further as more applications are discovered. It has been reported that 

AM has reduced product development costs in these industries by 40-70% and has 

reduced the time to market by up to 90% (Wohlers and Wohlers Associates, 2009). 

While predominantly used for prototyping in the past, AM has recently been 

gaining market share over traditional removal manufacturing methods such as milling, 

not only for prototyping, but also for end user products due to the design freedom that 

is inherent of some additive manufacturing processes (Gibson et al., 2015). Some 

examples of parts that could not be realised using traditional methods include fuel 

nozzles, lightweight aircraft parts and hearing aids (Trancoso et al., 2018). While 

extremely useful for realising low volumes of custom parts, the cost comparison for 

large volumes of injection moulded parts will unlikely to be ever competitive. 

With an annual year on year growth percentage of more than 40% over the past 

5 years, it is predicted that in coming years, additive manufacturing will continue to 

grow in popularity with the reduction in cost of machines and materials and also their 

ability to process a wider range of materials (Wohlers and Wohlers Associates, 2009, 

Wohlers and Associates, 2019). Future advancements are predicted to be in the 

fabrication of organic based and functionally graded materials along with embedded 

electronic sensors in parts which will aid the further widespread use of AM (Lehmhus 

et al., 2018, Wohlers and Associates, 2019). 

2.3.1 Additive Manufacturing Methods 

As identified in ISO/ASTM52900-15 there are seven AM methods: material 

extrusion, material jetting, vat photopolymerisation, binder jetting, powder bed fusion, 

directed energy deposition and sheet lamination (ASTM International, 2015). 

Most AM processes are layer-based and begin with the design of a 3-dimensional 

(3D) model produced using computer aided design (CAD) software. The 

stereolithography model file (.STL) output from the CAD software describes the 

surface geometry of the object using triangles in the Cartesian coordinate system. The 
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.STL file is then divided into thin 2-dimensional (2D) slices along the Z axis by the 

additive manufacturing machine’s driver software according to user input 

requirements and machine capabilities. Once the part is built by the machine, the part 

is then removed and any required post-processing is performed (Figure 2.3). 

 

Figure 2.3 – Generic AM process flow. 

 

The following provides a brief explanation of each AM approach with a focus 

on SLS. 

Material Extrusion 

The most well-known method of AM is material extrusion which is often called 

fused deposition modelling (FDM). FDM consists of a thermoplastic filament which 

is heated and extruded through a nozzle directed over a flat build area (Figure 2.4). 

The molten plastic is fused with adjacent extrusions and the previous layer resulting 

in a 3D part. 
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Figure 2.4 – Illustration of the material extrusion process. 

 

The simplicity and flexibility of FDM is attributed to its high popularity with a 

multitude of low-cost machines and a large variety of polymer and composite filaments 

available commercially (Molitch-Hou, 2018). Although highly popular, parts usually 

exhibit mechanical anisotropy, inferior density and require support material to support 

upper layers due to the method of material deposition (Gibson et al., 2015). 

Material Jetting 

Material jetting uses liquid resin polymers which are deposited in desired areas 

on a build platform then subsequently cured using light or heat (Figure 2.5). In the 

most common configuration, two ultraviolet curable liquid polymers with different 

properties are used. One polymer is used for the model material which has the 

properties that are desired for the final product, while the other is used as support 

material which has properties that discourages bonding with the model material and is 

generally easy to remove. 
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Figure 2.5 – Illustration of the material jetting process. 

 

Very fine geometries with near isotropic properties are achievable using material 

jetting, however due to the nature of the process, the number of processable materials 

is quite limited. 

Vat Photopolymerisation 

Similarly to material jetting, vat photopolymerisation methods use a light 

curable resin (Figure 2.6). Instead of being selectively deposited, a tank of resin is 

used. The build platform is submersed one layer’s thickness below the surface of the 

fluid and then selectively cured using a light source which can be in the form of a spot 

which is traversed or a mask. The build platform is then moved down one layer which 

allows the fluidised polymer to cover the previously consolidated layer.  
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Figure 2.6 – Illustration of the vat photopolymerisation process. 

 

Part properties are similar to that of material jetting due to the similarity in 

feedstock properties and bonding processes, however vat photopolymerisation 

machines tend to be lower in cost. This reduction in cost stems from the simplicity of 

machine design (Gibson et al., 2015). 

Powder Bed Fusion 

Powder bed fusion covers a variety of powder-based AM methods. The basic 

process of powder bed fusion begins by depositing a layer of fine powder over the 

surface of a piston. Areas of the thin powder layer are then selectively consolidated by 

an energy source such as a laser or electron beam. Once the desired areas of the layer 

have been consolidated, a new layer of powder is deposited from a feed piston or 

hopper and the consolidation continues (Figure 2.7). 
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Figure 2.7 – Illustration of the powder bed fusion process with a single powder feed 

piston. 

 

Parts produced using powder bed fusion typically display isotropic mechanical 

properties and require less post-processing due a lack of the need for support material. 

Another desirable trait is the wide range of materials that can be processed including 

polymers, metals and ceramics. However, due to the more complex processing 

conditions and need for powdered feedstock, both the machines and materials for 

powder bed fusion tend to be substantially higher in cost than for other AM methods 

(Gibson et al., 2015). 

Binder Jetting 

Similarly to powder bed fusion, binder jetting forms parts using a bed of powder 

which is recoated each layer (Figure 2.8). Instead of melting the powder directly, a 

polymer binder is sprayed selectively over desired areas of consolidation which is then 

cured using light or heat.  
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Figure 2.8 – Illustration of the binder jetting process with a single powder feed 

piston. 

 

The resulting part is typically of high density, however its mechanical properties 

are limited by the binder to particle interface. Both polymer and metal parts can be 

formed using binder jetting, however post processing is usually required to achieve the 

desired mechanical properties. 

Directed Energy Deposition 

Directed energy deposition uses an energy source (usually a laser or electron 

beam) to form a melt pool in which feedstock, in the form of powder or a wire, is fed 

into resulting in the deposition of new material (Figure 2.9).  

 

Figure 2.9 – Illustration of the directed energy deposition process. 
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The flexibility of directed energy deposition allows repairs to be made to already 

formed parts as the material can be deposited from any axis direction. However, there 

are still a limited number of materials that are compatible with this process as further 

research is required to understand optimum processing conditions (Dass and Moridi, 

2019). 

Sheet Lamination 

Parts formed using sheet lamination are formed by cutting 2-dimensional shapes 

from a roll of material that is fed across the build area (Figure 2.10). Cut layers are 

then welded or glued to preceding layers to build a 3D part. 

 

Figure 2.10 – Illustration of the sheet lamination process. 

 

Virtually any material that is available in sheet form can be processed using this 

method such as paper, plastics, ceramics and metals. However, due to the lack of 

support material, some structures with internal voids are not possible to fabricate. 

Other disadvantages include material waste, as this process employs both additive and 

removal processes, and the parts generally possess anisotropic properties and is largely 

dependent on the bonding process employed.  

2.4 SELECTIVE LASER SINTERING 

Selective laser sintering (SLS) is a powder bed fusion process which uses laser 

energy to selectively consolidate, using sintering, desired areas of loose powder in the 

powder bed. SLS techniques can be applied to a wide range of metal, polymer and 
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ceramic materials, however this section will predominantly focus on polymer-based 

materials. 

2.4.1 Fusion Mechanism 

To raise the temperature of selected areas of powder in a layer, a laser spot is 

traversed over a powder bed at a controlled velocity and power level which induces 

sintering. Sintering is the process of inducing grain growth of tightly packed particles 

which are being heated close to their melting temperature (solid state sintering), 

beyond their melting temperature (full melting) or above the melting temperature of a 

binder mixed with a structural material with a higher melting temperature (liquid phase 

sintering). Full melting is a sintering mechanism which is often applied to single phase 

materials to produce parts with densities exceeding 99% (Gibson et al., 2015). Parts 

produced from single phase materials often require very little post-processing 

treatment and often exhibit characteristics equivalent to that of parts produced using 

traditional removal techniques. With equivalent material characteristics, complex 

geometries such as fuel nozzles have been produced which were previously not 

possible using traditional manufacturing techniques.   

 

Figure 2.11 – Liquid phase sintering mechanism with binder and structural particles. 

 

Liquid phase sintering (Figure 2.11) is a highly versatile fusion mechanism 

which allows materials with a high melting temperature to be bonded using a binder 

with a lower melting temperature. While the binder is melted, the solid grains become 

soluble in the liquid polymer causing a force that pulls the grains together while also 

filling the voids between solid grains producing a part who’s density is higher than 

that of the loose powder (German et al., 2009). 
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2.4.2 Materials 

In principle, any material (metals, polymers and ceramics), that can be melted 

and then resolidified can be processed using SLS with polymers being popular due to 

the low amount of energy required to process them. Polymers are large molecules 

which are comprised of monomers arranged in amorphous or crystalline type 

structures. The type of arrangement and their transition temperatures affect the ease of 

which a material can be processed by SLS. A wide range of polymers have been 

successfully processed using SLS, however polyamide-12 makes up 95% of the 

commercial market primarily due to its low melting temperature of ~185 ֯C and its 

semicrystalline structure (Vasquez et al., 2014). 

Thermodynamics 

Polyamide-12 (commercially known as Nylon) is a semicrystalline polymer 

meaning it exhibits both amorphous and crystalline structures, the ratio of which is 

dependent on temperature. The peak heat flow of polyamide-12 as it is exposed to 

increasing and decreasing temperatures, represented by the differential scanning 

calorimetry plot in Figure 2.12, can be used to identify the crystallisation temperature 

(Tc) and melting temperature (Tm). These points describe the state of the material at 

these temperatures and are used to determine powder heating parameters. 

At temperatures below the crystallisation temperature (Tc), there are domains of 

crystalline structures (crystallites) which are bound together by amorphous regions. 

As the temperature of the polymer is increased above its crystallisation temperature 

(Tc), these crystalline structures begin to transition into amorphous structures with a 

total transition to amorphous occurring at the material’s melting temperature (Tm). As 

the temperature is increased above the melting point, semicrystalline materials behave 

like viscous fluids and therefore are malleable and able to be combined with adjacent 

particles. 
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Figure 2.12 – Differential scanning calorimetry of polyamide-12 (adapted from 

(Vasquez et al., 2014). 

 

As polyamide-12 is cooled below its crystallisation temperature (Tc), the 

crystalline structures begin to reform. As these structures reform, localised stresses are 

introduced between amorphous and crystalline domains. Rapid or uneven cooling 

results in these stresses being un-uniformly distributed throughout the mass causing 

part warping. This can be avoided by maintaining the entire part at a temperature above 

the crystallisation temperature (Tc), reducing the number of crystalline regions being 

formed during consolidation. 

Powder Bed Density 

The feedstock used in SLS is typically elemental, mixed or composite powder 

with particle sizes in the order of 50-200 µm (Gibson et al., 2015). As there is no 

compaction or settling stage after a powder has been deposited, the loose packing 

density of a powder, which is affected primarily by particle size distribution and 

morphology, plays a major role in the final part’s porosity and surface properties. As 

the porosity of the final part contributes greatly to its mechanical, and in the case of 

functional materials, its electrical and magnetic properties, it is important to ensure the 

loose packing density is as close to the material’s theoretical density as possible. To 

ensure the output quality desired is achieved, granulometry techniques can be used to 

examine the properties of a powder in order to characterise how the powder may 

behave during processing. 
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Particle size distribution plays a significant role in powder bed density. A mono-

modal powder obtains a very low packing density, whereas a multi-modal powder with 

a large particle size distribution can obtain a much greater packing efficiency due to 

all the small spaces between larger particles being filled by smaller particles (Zheng et 

al., 1995). There are however problems associated with processing powders with very 

small particle sizes such as increases in combustibility and inter-particle forces with 

decreases in particle sizes. 

Individual particle morphology is also a significant contributor to the loose 

packing density of a powder. It is well known that smooth, regular-shaped spheres will 

achieve a higher packing density than irregular-shaped particles due to the reduction 

of inter-particle friction (Schmid et al.). A mono-modal, normally distributed powder 

comprising of smooth, regular shaped spheres will achieve random close packing 

densities of 60-64% (Scott, 1960). Due to the better loose packing of regular-shaped 

particles, materials for SLS are primarily prepared using precipitation or atomisation 

techniques. However, powders produced using pulverisation techniques can also be 

processed, with processed parts typically exhibiting lower densities and mechanical 

properties. 

Blending Techniques 

The use of polymer-based composite powders was extremely prevalent in the 

early days of SLS for the indirect sintering of metals due to the low laser energy 

required to produce a green part (Gibson et al., 2015). In recent times, composite 

powders have been used to modify the properties of final parts, for example, the use 

of carbon fibre reinforced polyamide-12 to improve mechanical strength. 

Composite powders are commonly in the form of separate binder and structural 

particles or binder coated particles. When separate particles are blended, binder 

particles should be smaller than the structural material to allow more efficient packing 

in the powder bed. This allows a better dispersion of the binder between structural 

particles resulting in a stronger part with lower porosity (Gibson et al., 2015). 

Processing of powder comprised of separate particles can be challenging especially if 

the optical absorptivity and/or thermal conduction of the structural particles is higher 

than the binder. This could lead to areas of ablation or insufficient melting and 

alterations in the material microstructure (Gibson et al., 2015).  
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Individually coating the particles has several advantages such as better 

consistency in laser absorption and more effective binding (Gibson et al., 2015). Better 

laser absorption occurs because the laser energy must fall on the binder resulting in 

more consistent melting between particles. More effective binding is also expected as 

there is already a higher uniformity of binder distribution and it doesn’t need to flow 

to fill voids. However, particle coating is a highly specialised service and can be high 

in cost. 

2.4.3 Processing Parameters 

The processing parameters of materials using SLS can be grouped into four 

categories; laser related, scan related, temperature related and powder related. Many 

of these parameters are not mutually exclusive and are usually determined 

experimentally for each machine and material (Gibson et al., 2015). The following 

provides a description of the key processing parameters which affect the processing of 

a material. 

Energy Density 

Laser power and spot size, layer thickness, scan speed, scan spacing and powder 

bed temperature together determine the input power required for successful fusion of 

the material (Figure 2.13). 

 

Figure 2.13 – Components of energy density model in SLS. 
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Parameters such as layer thickness, spot size and powder bed temperature are 

usually fixed dependent on machine or material. This allows the supplied energy 

density per unit area to be described by: 

 
𝐸 =

𝑃

𝑈 ∗ 𝑙𝑠
 

J/mm2 (2.3) 

 Where P is the laser power in Watts, U the laser beam velocity in mm/s and ls 

is the scan spacing in mm. The energy supplied per unit area is often used in SLS to 

provide a relative comparison between processing strategies, however it does not take 

into account energy-particle interaction time or thermal conduction within the powder 

bed. In cases where the material being processed is highly thermally conductive, a long 

energy-particle interaction, i.e. slow scan speed and high laser power, may result in 

particles which are adjacent to the beam path being partially fused to the part. 

The required energy density to perform sufficient consolidation is primarily 

related to the melting temperature of the material, the surface area of each particle as 

well as its energy absorption at the laser’s wavelength. As modelling of the SLS 

process is still in its infancy, processing parameters are determined experimentally 

based on observations from single path scans or single layers as well as part properties 

such as density which tends to decrease as the supplied energy increases due to 

improved flow (decreased viscosity) of the liquefied material. The supplied energy can 

then be fine-tuned to provide the desired level of porosity, geometrical accuracy and 

surface properties. 

Temperature Regulation 

In SLS machines, the unsintered powder along with the unfinished part is often 

heated. This temperature regulation serves several important purposes, the most 

important of which is reducing the temperature gradients. The reduction in temperature 

gradients reduces the likelihood of localised stresses being induced during the build 

process which could manifest as part deformation. This is important because unlike 

other AM processes where the part is attached to a build platform by a support 

structure, the parts in SLS are often loosely placed amongst the unsintered powder. 

Temperature regulation also performs a secondary task of reducing the amount of 

required energy to be supplied by the laser. This in turn means that machines can be 

fitted with lower powered lasers making them safer to operate and cheaper to produce.  
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Thermal energy is often supplied to the powder bed by multiple heat sources 

such as ceramic heaters embedded in the build piston(s) as well as overhead infrared 

energy sources. Feedback in the form of thermocouples and infrared sensors are 

employed to accurately control the temperature to avoid fusion of the unsintered 

powder. 

When processing semi-crystalline materials such as polyamide-12, the powder 

bed is often regulated about 5-10 °C below the polymer’s melting temperature (Tm). 

Scan Strategy 

SLS printers typically have two scan operations; contour and fill. The contour 

scan is performed, usually with a lower laser power, where edges are present as to 

improve surface finishing and dimensional accuracy by reducing the amount of 

thermal conduction to adjacent particles. The fill scan is often performed in a raster 

fashion in order to fuse the bulk of the part. Between consecutive layers, the infill scan 

often changes orientation angle which helps distribute internal stresses as well as 

promotes isotropic properties (Figure 2.14). 

 

Figure 2.14 – Rectilinear scan pattern with a 45° direction alternation between 

consecutive layers. 

 

The fill scan can be a simple rectilinear pattern which progressively consolidates 

the surface from one side to the other, or it can be performed in sections known as 

‘islands’. Fill scanning using islands attempts to distribute the thermal gradients more 

evenly and is typically used for larger parts. The particular strategy chosen can be a 

large influencing factor on the quality of the final part. 

2.4.4 Comparison with Other Additive Manufacturing Techniques 

SLS has several advantages over other additive manufacturing technologies 

making it a good choice for manufacturing complex parts from composite materials: 
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 Unsintered powder in the powder bed acts as support material for model 

overhangs and undercuts but does not bond to the final part reducing or 

negating the need for post-process material removal. 

 Mechanical properties of sintered parts are comparable to that of injection 

moulded parts making them suitable for end use applications (Gibson et al., 

2015). 

 A wide range of materials are readily available in powdered form making the 

translation into processing for SLS simpler than other methods that require pre-

processing of feedstock (Gibson et al., 2015). 

Despite several advantages of SLS over other AM processes, the initial cost of 

the machines are quite high due to the increased complexity involved with processing 

powders with most commercial machines costing upwards of AUD$100,000 (Gibson 

et al., 2015). Although there are some low-cost desktop sized machines entering the 

market, their flexibility for processing non-manufacturer specified materials is very 

low due to the target being an end-user and not a researcher. This yields an opening 

for the design of a low-cost, open-source platform similar to what has been made 

available with the FDM process through the ‘RepRap’ community. 

2.5 ADDITIVE MANUFACTURING OF PERMANENT MAGNETS 

Since the first reported publication in 2016, there has been a growing interest in 

the use of additive manufacturing methods to produce net-shape magnets from rare 

earth materials. While there have been some studies where permanent magnets have 

been processed using non-rare earth materials such as AlNiCo (White et al., 2017) 

using SLM and recycled SmCo using FDM (Khazdozian et al., 2018b), this review 

focusses on isotropic and anisotropic NdFeB feedstock as the energy density is much 

higher (Paranthaman et al., 2016). 

2.5.1 Isotropic Magnets 

As with most materials that are used in additive manufacturing, their original 

processing characteristics are taken from traditional manufacturing techniques and 

translated into one of the seven AM methods. Key results from all of the current 

literature is summarised in Table 2.1. 
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The earliest reported research on the AM of NdFeB magnets was by Oak Ridge 

Laboratories (Oak Ridge, TN, USA) where they employed the binder jetting technique 

to form NdFeB magnets in a bed of loose powder with a flake particle morphology 

resulting in magnetic properties of: Br = 320 mT, Hci = 716 kA/m and BHmax = 20 

kJ/m2 (Paranthaman et al., 2016). The same group later investigated the effect of 

infiltrating the green part with eutectic alloys (NdCuCo and PrCuCo) resulting in 

significant increases in coercivity of up to 54% due to the separation of the magnetic 

grains by the Fe deficient Nd and Pr regions. Increases in mechanical strength were 

also observed due to a decrease in porosity by the infiltration process (Li et al., 2017b). 

The drawback of this method is the low loose packing density of the irregular shaped 

powder leading to a low green part density and therefore low remanent magnetic 

induction. 

Several studies have also reported on selective laser melting (SLM) of the raw 

powder without the addition of a binder. The suitability of a gas atomised NdFeB 

powder with a spherical particle morphology for powder bed applications was 

examined in (Kolb et al., 2016) where the flowability was found to be satisfactory. 

Single melt track studies were conducted which resulted in relative densities of up to 

93% of the specific gravity of the material (7430 kg/m3) when the feedstock was sieved 

below 32 µm and the layer thickness was reduced to 15 µm. However, this level of 

densification was unable to be achieved in the cuboid specimens with the relative 

density reaching a maximum of 86% which was attributed to the introduction of 

mechanical stresses in the re-solidification of the Nd-rich phase. Due to the high 

porosity, the parts exhibited lower magnetic properties than predicted with a maximum 

remanent induction of 514 mT. Although direct sintering of the raw magnetic powder 

results in higher densities than if a binder is employed, selective laser melting is a 

difficult process to conduct in a basic research environment due to the high costs 

associated with machine purchase and operation. 

With FDM being the most widely used AM technique, a majority of the research 

has been conducted using this platform.  A research group associated with the Vienna 

University of Technology (Vienna, Austria) were the first to report on the AM of 

bonded magnets using the FDM process where they formed a filament from 90%/wt 

spherical NdFeB particles suspended in a polyamide-11 matrix (Huber et al., 2016). 

The produced parts exhibited 22% lower density (ρ = 3570 kg/m3) than injection 
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moulded parts using the same feedstock resulting in an NdFeB material content of 43% 

of the specific gravity of the material. Researchers at Oak Ridge Laboratories managed 

to improve the powder loading fraction using a feedstock formed by suspending 

NdFeB flakes in a polyamide-12 matrix (Li et al., 2016). This resulted in magnets 

which exhibited magnetic properties of: Br = 510 mT, Hci = 688 kA/m and BHmax = 43 

kJ/m2 and densities of up to 4800 kg/m3. In a more recent publication, they have 

reported that they have managed to increase the powder loading fraction of NdFeB to 

70% increasing the magnet’s density and remanent induction to: ρ = 5200 kg/m3 and 

Br = 580 mT, exceeding the reported properties of magnets produced using the same 

feedstock using injection moulding (Li et al., 2018). By adding a solenoid underneath 

the build platform of an FDM printer which supplied a static magnetic field of 0.3 T, 

Wang et al. reported that the tensile strength and BHmax showed improvements of 23% 

and 30% respectively compared to no field (Wang et al., 2017). These improvements 

were reportedly due to the better packing of the particles suspended in the liquefied 

polymer in the presence of the magnetic field. Although the methodology states that 

an NdFeB loading fraction of 60% was used, the ratio of the remanent inductions of 

the parts (671 mT) to that of the starting powder (790 mT) indicate that a loading 

fraction of 85% was used (Equation 2.1) or a misrepresentation of values was made. 

A variation of FDM colloquially known as direct write, where the structural 

particles are suspended in a liquid binder then cured by light or heat, has also been 

explored for the fabrication of NdFeB magnets. This study was first conducted at the 

University of Tennessee (Knoxville, TN, USA) where an anisotropic NdFeB powder 

with a flake particle morphology was suspended in a thermoset epoxy resin and 

extruded onto a build area without using an external alignment system (Compton et 

al., 2018). With a volume fraction of 36.5%, the remanent magnetic induction (Br = 

300) didn’t reach the theoretical value that should have been achievable according to 

the material datasheet (Br = 474). This is likely due to the magnetic domains being in 

random alignment and thus causing some field cancelations within the material. A 

study conducted by Shen et al. showed that by sieving spherical powder below 25 µm, 

the packing density of the NdFeB particles suspended in the liquid polymer could be 

improved resulting in a higher remanent magnetic induction of up to 380 mT (Shen et 

al., 2018a). 
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Several other studies using FDM to produce permanent magnets have also 

demonstrated the flexibility of design when used in certain applications. Huber et al. 

demonstrated that the magnetic powder loading could be varied according to layer 

resulting in a permanent magnet with a pre-defined stray field (Huber et al., 2017). Li 

et al. used their large area FDM platform to produce curved permanent magnets to 

replace the ferrite ones in a brushed DC motor measuring the back-EMF and showing 

that the performance was increased (Li et al., 2018). Petersdorff-Campen et al. 

demonstrated the possibility of integrating permanent magnets into a functional 

structure by producing a prototype rotary blood pump using multi-material deposition 

(von Petersdorff-Campen et al., 2018). 

As both NdFeB and polyamide-12 binders are commonly available in powder 

form, Wendhausen et al. and Baldissera et al. investigated the production of permanent 

magnets using SLS with a mechanically mixed feedstock of spherical NdFeB particles 

and polyamide-12 (Wendhausen et al., 2017, Baldissera et al., 2017). The studies 

demonstrated that by using a powder loading fraction of 66%/vol, magnets with 

remanent inductions of between 300 and 380 mT could be achieved. A comparison 

was made with the performance of magnets fabricated with the same feedstock using 

uniaxial compression techniques with the AM magnets suffering from higher values 

of porosity (~25%) primarily due to the reliance on gravity to pack the powder during 

liquefaction of the polymer.   

Despite the recent research conducted on AM of permanent magnets, most 

techniques still suffer from lower performance when compared to injection moulding 

methods (Figure 2.15) primarily due to low achievable powder loading fractions. 
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Table 2.1 – Summary of AM isotropic NdFeB magnet studies. 

 
Date Author Process Magnetic 

Material 

Loading 

Fraction 

(%Vol) 

Binder Part 

Density 

(kg/m3) 

Br 

(mT) 

Hci 

(kA/m) 

BHmax 

(kJ/m3) 

Jul-16 (Parantham
an et al., 
2016) 

Binder Jetting MQP-B-20173-

070 (Flakes) 

46% (85%/wt)  3470 320 716 20 

Oct-16 (Huber et 
al., 2016) 

FDM MQP-S-11-9 

(Spheres) 

(90%/wt) Polyamide-11 3570 310 740  

Oct-16 (Li et al., 
2016) 

FDM MQP-B+-10118-

070 (Flakes) 

65% Polyamide-12 4800 510 688 43 

Dec-16 (Compton 
et al., 2018) 

FDM (Direct 

Write) 

MQA 38-14 

(Flakes) 

(Anisotropic) 

37% (78%/wt) Thermoset epoxy 3530 ~300 ~1000  

Dec-16 (Kolb et al., 
2016) 

Selective 

Laser Melting 

MQP-S-11-9 

(Spheres) 

100%   6390 514     

Apr-17 (Li et al., 
2017b) 

Binder Jetting MQP-B-20173-

070 (Flakes) 

43% Diethylene Glycol 4300 310 1345  

Apr-17 (Jaćimović 
et al., 2017) 

Selective 

Laser Melting 

MQP-S-11-9 

(Spheres) 

100%   6840 590 695 45 

Apr-17 (Wendhaus
en et al., 
2017) 

Selective 

Laser 

Sintering 

MQP-S-11-9 

(Spheres) 

(94%/wt) Polyamide-12  380 683 24 

Apr-17 (Wang et 

al., 2017) 

FDM  (60%/wt) Polycaprolactone  671 680 22 
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Jun-17 (Baldissera 

et al., 2017) 

Selective 

Laser 

Sintering 

MQP-S-11-9 

(Spheres) 

66% Polyamide-12 3600 300 708  

Aug-17 (Huber et 
al., 2017) 

FDM MQP-S-11-9 

(Spheres) 

43% (85%/wt) Polyamide-12 3200 314 745 15 

Dec-17 (Urban et 
al., 2017) 

Selective 

Laser Melting 

MQP-S-11-9 

(Spheres) 

100%   7200 550    

Apr-18 (Li et al., 
2018) 

FDM MQP-B+-10118-

070 (Flakes) 

70% Polyamide-12 5200 580 708 58 

Apr-18 (Shen et al., 
2018a) 

FDM (Direct 

Write) 

MQP-S-11-9 

(Spheres) 

60% (75-

90%/wt) 

Methacrylate oligo

mers & monomers 

4230 380 756  

Aug-18 (von 

Petersdorff-

Campen et 

al., 2018) 

FDM MQP-S-11-9 

(Spheres) 

56% Polyamide-

12/POM 

3670 350 711  

Nov-18 (Yang et al., 
2019) 

FDM (Direct 

Write) 

MQP-15-9HD 

(Flakes) 

(83.1%/wt) Thermoset epoxy 3780 478 775 40 
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Figure 2.15 - Relative representation of magnetic performance achieved of AM 

permanent magnets (shaded area representing typical performance of injection 

moulded magnets). 

 

2.5.2 Anisotropic Magnets 

As the magnetic properties of a permanent magnet can be improved by aligning 

the NdFeB crystals within the part without increasing the volume of magnetic material, 

several recent studies have investigated using in-situ alignment fixtures during the AM 

process and also post-processing alignment techniques. 

An investigation of the potential field required to align anisotropic NdFeB 

particles within a molten polyamide matrix was conducted by Nlebedim et al. 

(Nlebedim et al., 2017). Small cylindrical samples consisting of 50%/vol anisotropic 

NdFeB powder (MQA-39-14, Magnequench, Singapore) mixed with ethylene-vinyl 

acetate were extruded using a twin screw extruder. The magnetic characteristics of 

each sample were characterised before and after alignment using varied magnetic field 

strengths. They concluded that a magnetic field of <1000 mT could overcome the 

viscosity of the polymer once it was heated past it’s melting point providing full 

alignment of the crystals. A later study by the same group conducted the same 

experiment using anisotropic NdFeB powder mixed with polyamide-12 (as this is the 

polymer used in their large area FDM machine) (Khazdozian et al., 2018a). It was 

found that a majority (87%) of the crystals aligned with a field of just 250 mT with 

very little increase in alignment between 500 and 3000 mT. 
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In a separate study conducted by the same research group, Gandha et al. 

introduced a passive alignment fixture (consisting of permanent magnets) to their large 

area FDM machine in an attempt to align the anisotropic particles as they were 

extruded through the nozzle (Gandha et al., 2018). The feedstock comprised of 

anisotropic NdFeB particles blended with very fine (1-5 µm) SmFeN particles 

suspended in a polyamide-12 matrix. They concluded that the passive field created by 

the permanent magnets was insufficient to overcome the high viscosity of the polymer 

matrix and therefore resulted in no improvement of the as-produced samples. In an 

attempt to take advantage of the anisotropy of the magnetic particles, they exposed the 

parts to a varied external magnetic field (400-4000 kA/m) during heating to allow 

mobility of the magnetic particles. Using this post processing technique, the parts 

exhibited magnetic properties of up to: Br = 720 mT and Hci = 875 kA/m, however 

some deformation of the samples was observed. 

Despite these studies demonstrating that alignment can be performed on powders 

suspended in a polymer matrix that has been heated past its melting temperature, a 

successful implementation of an in-situ alignment fixture which aligns the magnetic 

particles during the fabrication process is yet to be realised. 

2.6 SUMMARY 

Permanent magnets are integral components in electromechanical devices, 

however, for short production runs, one-off prototypes or highly complex geometries 

traditional manufacturing techniques lead to high costs and long lead times. These 

inherent problems have led to the recent interest in using AM techniques to rapidly 

manufacture permanent magnets with several studies demonstrating this successfully. 

Magnets produced using SLM have shown the greatest promise delivering the best 

magnetic properties due to achieving near single crystal densities, however, SLM is an 

extremely complex and costly process due to the high temperatures required to melt 

the metal directly. FDM has shown promise especially with the large area AM process, 

however geometric complexity is limited due to the very large nozzle size of the 

machine. SLS was shown to produce parts with properties comparable to other 

methods however high porosity was reported. Limited research has been conducted 

using SLS potentially due to the higher costs associated with machine purchase. The 

use of anisotropic powders showed that the magnetic properties of AM magnets could 

be improved without increasing the powder loading fraction, however according to 
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literature an effective in-situ alignment fixture is yet to be implemented. Therefore, to 

produce permanent magnets with the best magnetic properties using AM, the loading 

fractions of magnetic powder need to be maximised and each NdFeB crystal should 

be aligned during processing using an in-situ alignment fixture. 
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Chapter 3: Construction and Evaluation of 

a Low-cost Selective Laser 

Sintering Machine 

Although there are a multitude of commercial SLS systems available, their high 

cost and low flexibility to process non-manufacturer specified materials limits their 

widespread use for the experimental processing of new materials. Since 2015, there 

has been increasing interest in reducing the cost of SLS systems with some companies 

releasing systems capable of processing polymers for less than AUD$10,000, 

however, they still do not allow the flexibility of low level control of processing 

parameters (Coslow, 2019). 

3.1 AIMS AND OBJECTIVES 

In order to have a tool to conduct the present research, this chapter aims to 

produce and benchmark the performance of an SLS machine, capable of processing 

polyamide-12 based materials (alloyed blends), constructed solely from off-the-shelf 

components against a commercially available system by comparing geometrical 

characteristics, densities and mechanical properties of produced parts. Key objectives 

include: 

 Design and produce an SLS machine which can deliver the required energy to 

sufficiently sinter polyamide-12 powder. 

 Experimentally determine the processing parameters (laser power, scan speed 

and scan spacing) which produce parts with the highest density and mechanical 

(tensile) properties. 

 Benchmark the SLS machine by comparing the part properties (geometrical 

deviation from model data, density and mechanical) against those produced 

with a commercially available machine. 
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3.2 METHODOLOGY 

3.2.1 Development of the Selective Laser Sintering Machine 

The low cost SLS machine was designed around the ability to control all of the 

process parameters identified in the literature review: energy density supplied by the 

radiation source per unit area, layer thickness and powder bed temperature. The 

following section describes the development of each major component in Figure 3.1. 

 

Figure 3.1 – Diagram of the primary components of an SLS machine. 

 

Radiation Source 

To supply the required optical energy to selectively sinter particles on the surface 

of the powder bed, a 15W laser diode (LMC450B, EleksMaker, Hong Kong, China) 

was chosen that emits light radiation at a wavelength of 450 nm. This laser diode 

module was chosen as it was the most powerful available sub AUD$200 to keep the 

overall machine cost below AUD$1500. Laser diodes are inherently more robust and 

compact than other forms of laser modules which alleviates the need for complex and 

expensive scanning systems, such as galvanometer controlled mirrors, as the laser can 

be tracked directly over the powder bed. 

A feature of this particular laser is that the output power could be controlled by 

varying the duty cycle of a TTL PWM signal. However, no technical datasheet was 

available and therefore the corresponding optical output power was unknown. To 

accurately determine the optical energy supplied by the laser, the output power was 
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measured using a 15 W average laser power meter (UP19K-15S-W5-D0, Gentec 

Electro-Optics Inc., Quebec, Canada) calibrated to the wavelength of the laser (± 

0.5%). 

 

Figure 3.2 – Setup of the experiment to measure the laser’s electrical input and 

optical output power. 

 

The laser was mounted 50 mm from the power meter to minimise the amount of 

light scattered by particles in the air (Figure 3.2). An Arduino (Mega 2560, Somerville, 

Massachusetts, USA) was used to supply a PWM signal with a variable duty cycle to 

the laser’s constant current controller and the voltage and current supplied to the diode 

was monitored using two digital multimeters. 

The PWM signal was varied between 5% and 100% duty cycle in steps of 5% 

which operating in continuous wave mode. The optical power, voltage and current 

measurements were taken after 60 s of continuous operation at each data point to allow 

the diode and detector to reach an equilibrium operating temperature. The results were 

then used to determine the required supplied PWM duty cycle for the desired optical 

power output. 

Once attached to the SLS machine, the laser was required to be manually 

focussed and the final spot size measured. This was performed by adjusting the lens 

distance from the diode using the inbuilt thread until macroscopically the spot 
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appeared the same dimension in both the X and Y planes. The laser was then made to 

mark a piece of medium-density fibreboard with a series of 20 x 20 mm boxes which 

was placed at the same focal distance as the powder layer from the laser. A calibrated 

digital microscope (Jiusion-1000x, Shenzhen Jiu Sheng Electronic Commerce Co., 

Ltd., Shenzhen, China) was then used to capture high resolution images of the 

markings which were then post processed using ImageJ (National Institutes of Health, 

Bethesda, MD, USA) to determine the spot size. 

It should be noted that as this is a class IV radiation source, appropriate safety 

precautions were taken such as the implementation of device interlocks and the use of 

laser safety glasses appropriate for the wavelength. 

Laser Positioning System 

As accurate positioning of the laser is key to achieving a geometrically accurate 

part, an overhead gantry design was chosen (Figure 3.3). The gantry was constructed 

from sections of 6060-T5 extruded aluminium which were cut to shape and drilled 

using a computer numerically controlled (CNC) milling machine (6040T, CNCEST, 

Shenzhen, China). All components were designed and manufactured by the author. 

 

Figure 3.3 – Laser positioning system comprising of belt-driven X and Y axes. 
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Belt driven systems are commonly chosen for CNC positioning in AM 

applications. The belt drives chosen for this system were a standard T2 timing belt 

with 16 tooth pulleys. The pulleys were attached to 200 step per revolution Nema 17 

stepper motors (OMC Corporation Limited, Nanjing City, China) which, using drivers 

capable of microstepping down to 1/16th steps, delivered an overall positioning 

resolution of 0.01 mm. 

To verify that the positioning system was delivering the desired accuracy, a dial 

indicator (Mitutoyo, Tokyo, Japan) with a resolution of 0.01 mm, was placed against 

the laser on each axis (Figure 3.4). 

 

Figure 3.4 – Dial gauge setup to measure the positional accuracy of the X axis. 

 

Using the machine’s software control interface, both the X axis and Y axis were 

traversed between 2.5 mm and -2.5 mm for two cycles in steps of 0.1 mm. The position 

displayed on the dial gauge was recorded at each step to be compared with the position 

dictated by the software. 

Powder Bed 

A powder bed in its simplest form is comprised of one or more pistons, one of 

which serves as the build platform with the others serving as powder feeders and/or to 

collect excess material. A simple design involving 3 adjacent pistons was chosen. The 
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outside pistons were used as powder feeders which contain the virgin material to be 

deposited on the build platform by the recoater. The center piston was the designed to 

be the build platform in which virgin material was deposited and then selectively 

consolidated by the laser.  

Each piston was actuated by 200 step per revolution Nema 17 stepper motor 

which was attached to a 10 mm diameter trapezoidal screw with a lead of 2 mm (Figure 

3.5). This combination achieved a full step resolution of 0.01 mm. 

 

Figure 3.5 – Powder bed with build piston (center) and right feed piston sleeves 

removed. 

 

As layer thickness uniformity is an essential part of the SLS process, the Z- axis 

positioning accuracy was characterised. This was performed by placing a dial indicator 

(Mitutoyo, Tokyo, Japan) with a resolution of 10 um on the surface of the piston 

(Figure 3.6). The piston was then actuated in the negative Z direction in steps of 0.1 

mm with the readout from the dial gauge recorded at each step. 
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Figure 3.6 – Dial indicator placed on the powder bed to measure build piston 

position. 

 

In order to apply another layer of powder to the build platform after the fusion 

of each layer, a counter-rotating roller was attached to linear rails suspended above the 

pistons (Figure 3.7). The chosen roller (recycled from a laser printer) was constructed 

from anodised aluminium and had a diameter of 20 mm and a length spanning the top 

of the piston assembly. The roller was rotated by a gear-reduction 12V DC motor at a 

rate of 60 RPM and the assembly was traversed across the powder bed by a timing belt 

(T2 type) driven by a 200 step per revolution Nema 17 stepper motor. To ensure the 

smooth distribution of powder, the surface of the piston assembly was end-milled and 

polished to reduce the risk of adversely affecting the powder flowability during layer 

deposition. 
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Figure 3.7 – Recoater setup for deposition of new powder layers on the build piston. 

 

In order to reduce warping of the part during the build sequence, the sintered 

material that forms the part needs to be held above the crystallisation temperature and 

as close to the melting temperature (Tm) as practical. This minimises the number of 

crystalline regions forming in the sintered part during processing, reducing internal 

stresses and minimising warping (Gibson et al., 2015). To maintain the desired 

temperature of the powder bed during the build sequence, a PID controlled temperature 

regulator, an REX-C100 (RKC Instruments Inc., Tokyo, Japan) was used. A K-type 

thermocouple was imbedded into the copper piston plate to provide the temperature 

feedback for the PID controller. A 200 W (240 VAC) ceramic heating element was 

also embedded into the piston plate which could be periodically switched on and off 

by the PID controller via a 40 A solid state relay (SSR). The piston was thermally 

insulated from the stepper motor using a cork gasket with a thickness of 6 mm. This 

also doubled as a seal in an attempt to prevent powder from bypassing the piston and 

collecting in the cylinder. 

To provide a surface temperature reading for the powder bed, an infrared 

temperature sensor (MLX90614ESF-BCC, Mexelis, Belgium) with a factory 

calibrated accuracy of ± 2 °C at an object emissivity (ε) of 1, was used. The infrared 

sensor was attached to the laser module at a distance of 42 mm from the surface of the 
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bed which, given the 35° field of view of the sensor, produced a circular sensing area 

with a diameter of 13 mm (or 131 mm2) (Figure 3.8). 

 

Figure 3.8 – A a) thermocouple and b) infrared temperature sensor attached to the 

SLS machine. 

 

The output of the infrared temperature sensor was attached to an Arduino (UNO 

r3, Somerville, MA, USA) via the I2C bus. Both the internal sensor temperature and 

the object temperature were sent to the control PC at sampling frequency of 2 Hz. 

As the emissivity of the polyamide-12 powder in the bed was likely to be less 

than that of a black body (ε = 1), the temperature sensor needed to be calibrated. To 

perform this calibration, a thermocouple was attached to the surface of the build plate 

(Figure 3.8a) to measure the actual surface temperature (TO). The build plate was then 

heated to 180 °C while the temperatures of both thermocouples, embedded and surface, 

were recorded. The build plate was then covered with an 0.1 mm layer of the 

polyamide-12 powder (Figure 3.8b) and was again heated to 180 °C with the 

temperatures from the embedded thermocouple and the infrared sensor (TA) recorded. 



  

Additive Manufacturing of Bonded NdFeB Magnets by Selective Laser Sintering 47

Using equation 3.1, the new emissivity correction value εN for polyamide-12 was 

calculated. This value was then applied to all temperature measurements of the power 

bed when polyamide-12 was being processed. 

 
𝜀𝑁 =  

𝑇𝐴

𝑇𝑂
 

(3.1) 

Hardware Interface 

The hardware interface (Figure 3.9) was needed to convert the low voltage 

signals from the computer into drive currents for the motors and laser. Each stepper 

motor in the machine was connected to a TB6560 (Toshiba, Tokyo, Japan) based 

bipolar stepper motor driver board. This stepper motor driver allowed each stepper 

motor’s position to be controlled by two transistor-transistor logic (TTL) signals; clock 

and direction. 

 

Figure 3.9 – Parallel port interface system to convert signals supplied by the 

computer into motor drive voltages. 
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To supply all of the required control signals to the laser and stepper motor 

drivers, two optically isolated parallel port interface boards (ST-V2, OMC Corporation 

Limited, Nanjing City, China) were used. These interface boards are typically used for 

direct control of motor drivers and other devices via the line printer terminal (LPT) 

port. They enable communication via the 8-bit data bus, 4-bit I/O control pins and 5-

bit input signal pins at TTL logic levels. Therefore, via one parallel port, a total of four 

stepper motors could be controlled along with one pin for the PWM control of the 

laser. No limit switches were implemented in the design as software limits were 

available through the control software, however an input pin was connected to the 

building door interlock to terminate device operation in the event of unauthorised 

entry. 

A full system block diagram can be found in Appendix A at the end of this 

document. 

Software Control 

Due to the experimental nature of the processing required by this machine, a 

CNC based control scheme was chosen. This type of control scheme allowed real-time 

adjustment of processing parameters via the graphical user interface of the control 

program as well as allowing pre-processing adjustment of parameters by editing the 

input instruction set. 
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Figure 3.10 – Mach3 graphical user interface. 

 

The interface program (Figure 3.10) chosen was Mach3 (Newfangled Solutions 

LLC, Livermore Falls, ME, USA) which is a parallel port based CNC control suite 

popular among the hobbyist community. Mach3 converts a G-code instruction set into 

control signals based upon user-defined output parameters such as axis pin selection 

and motor movement profiles. The motor movement profiles are preset according to 

the physical properties of the stepper motors, belt drives and lead screws. 
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Table 3.1 – G-code instructions used to control the SLS machine. 

G-code Instruction Designated Operation 

E1P1/E1P0 Laser On/Off 

M3 S(0-1000) Laser Ready + Set Laser Power (0-100%) 

G1 X**** Advance X axis by a millimetre value 

G1 Y**** Advance Y axis by a millimetre value 

G1 Z**** Advance build piston by a millimetre value 

G1 A**** Advance recoater by a millimetre value 

M7/M9 Rotate roller clockwise/counter-clockwise 

G1 B**** Advance feed piston 1 by a millimetre value 

G1 C**** Advance feed piston 2 by a millimetre value 

 

To ensure that the linear movement of the axes accurately reflected the distance 

dictated in the G-code, the motor movement profiles had to be set up in the Mach3 

settings. The steps per unit, maximum velocities and acceleration which make up the 

movements profiles for each axis can be found in Table 3.2. 

Table 3.2 – Motor movement profiles. 

 

Axis Steps Per 

Millimetre 

Velocity (mm/s) Acceleration 

(mm/s2) 

X 50 33.33 2000 

Y 50 33.33 2000 

Z (build piston) 100 0.83 50 

A (recoater) 100 1.25 200 

B (left feed piston) 100 0.83 50 

C (right feed piston) 100 0.83 50 
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Conversion of the 3D model into a G-code instruction set was performed by an 

open source program called Slic3r (Alessandro Ranellucci, Rome, Italy). Slic3r is 

based on the fused deposition modelling (FDM) process and while most processing 

parameters were directly translatable to the SLS process, the lack of laser control 

commands, no recoater commands and variations in scan spacing were problems that 

had to be addressed. 

As Slic3r is designed for the FDM process, extruder advancement commands 

were present when material was to be deposited. These areas where material was to be 

deposited directly coincide with the areas which were powder was required to be 

sintered. Therefore, to implement laser control instructions in place of the extruder 

commands, a MATLAB (Mathworks, Natick, MA, USA) script was produced (the full 

script can be found in Appendix B). The function of this script is described by the 

flowchart in Figure 3.11. 
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Figure 3.11 – Flow chart describing the function of the MATLAB script for G-code 

conversion.  

 

This MATLAB script read in the output produced by Slic3r and where each line 

of the G-code contained an advancement of the A-axis for the extruder, it was replaced 

with the corresponding laser on/off commands as per Table 3.1. The script also 
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performed the task of implementing inter layer commands for the recoater movement 

and the advancement of the feed pistons. The recoater was traversed across the build 

platform by driving the A-axis while simultaneously rotating the roller in the desired 

direction by using the corresponding commands as per Table 3.1.  

The differences in the spacing of the desired extruder paths were due to internal 

calculations of extrusion spacing based on nozzle diameter because of the way the 

software predicted how much area each extrusion would occupy. This was overcome 

by referring to Figure 3.12 when selecting the appropriate nozzle diameter in Slic3r 

for the desired scan spacing. 

 

Figure 3.12 – Calculated distance between parallel scans dependant of the nozzle 

diameter variable in Slic3r. 

 

3.2.2 Determination of Processing Parameters through the Analysis of Produced 

Parts 

Feedstock 

The feedstock chosen for processing using this SLS machine was a polyamide-

12 powder (SP301, Guangdong Silver Age Sci. & Tech. Co. Ltd., China) produced 

using precipitation. The powder was designed specifically for a machine equipped with 

a laser emitting radiation with a short wavelength (towards ultraviolet or 450 nm) 

which involved increasing the optical absorption in that spectrum by the addition of 

tinting dyes. Images were taken of the as-received polyamide-12 powder using a 

scanning electron microscope (SEM) (Zeiss, North Ryde, Australia) using 300x zoom, 
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an acceleration voltage of 5 kV and  a working distance of 3.2 mm. These images of 

the polyamide-12 powder showed that the particles had a near spherical morphology 

(Figure 3.13). 

 

Figure 3.13 – An SEM image of the polyamide-12 powdered feedstock. 

 

A summary of the material characteristics, as reported in the datasheet provided 

by the manufacturer, can be found in Table 3.3. 

Table 3.3 – Material characteristics of the polyamide-12 powder. 

 

Powder Theoretical 

Density (ρT) 

kg/m3 

Bulk 

Density (ρB) 

kg/m3 

Crystallisation 

Temperature (Tc) 

°C 

Melting 

Temperature 

(Tm) °C 

Median 

Particle 

Diameter 

(D50) µm 

SP301 

(Black) 

960 420 146 185 43 
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Figure 3.14 – Particle size distribution of the polyamide-12 powder. 

 

The particle size distribution (Figure 3.14) shows a near normal monomodal 

distribution about the D50 of the powder. 

Powder Bed Temperature 

Energy is supplied to the powder being consolidated from the ceramic heaters in 

the build piston, by method of conduction and from the laser by method of absorption. 

The build piston usually held at a temperature 5-10 °C lower than the melting 

temperature of the material being processed (Gibson et al., 2015). Therefore the build 

plate temperature was set at 180 °C. 

Layer Thickness 

The volumetric energy supplied by the laser, according to literature, can be 

simplified by breaking it up into layer thickness and the energy density per unit area 

(Gibson et al., 2015). The layer thickness is typically set at a value larger than the 

maximum particle diameter of the powder being processed. In this case, the most 

commonly used layer thickness of 0.1 mm was selected (Gibson et al., 2015). 

Scan Speed 

The maximum scan speed of this SLS machine is limited by the mechanical 

system driving the laser. As the laser is mechanically driven, the system has an upper 

limit of maximum velocity which is dictated by the characteristics of the stepper 

motors and the mass of their load. The belt drive system and the linear bearings also 
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contribute to overshoot and backlash of which the extent of their effect depends greatly 

on the maximum velocity and mass of their load. 

The determination of the maximum scan speed was performed in two parts. 

Firstly, the X and Y axes were set to travel at their maximum possible speed where no 

steps were missed. This was achieved by writing a G-code script which shuttled the 

axes in their positive directions and then returned them to their home positions. This 

script was run while the scan speed was increased by 4 mm/s. The maximum scan 

speed, as dictated by the stepper motors, was determined as the highest speed which 

allowed the laser to return to its home position. 

Secondly, to examine the effect of overshoot and backlash, single object layers 

were produced to replicate the sudden changes in laser direction which occur during 

the consolidation process. These single object layers were 20 x 10 mm boxes filled 

with a rectilinear scan pattern. The scan spacing was set to 0.5 mm as to avoid the 

overlap of parallel scans to easily examine any deviation of the scan lines from their 

intended path. 

Scan Spacing 

As identified in the literature review, scan spacing refers to the distance between 

parallel scans of the laser. Scan spacing can be set depending on individual user 

requirements such as infill percentage. However, as the focus of this study is to 

produce parts of high density, the scan spacing should be set to induce full 

consolidation of the powder within the borders of an object. 

To determine the minimum scan spacing single layer objects in the form of 

rectilinearly filled 20 x 10 mm boxes were produced and examined using still images 

taken with a digital camera. The scan speed was set to maximum and the laser power 

set to 20% of the maximum available. The scan spacing was varied as a percentage of 

the laser spot size with the values of -20%, -10% and 0% overlap examined. 

Energy Density per Unit Area 

As discussed previously, the energy supplied by the laser in the SLS process to 

the material can be simplified by describing it as the energy density per unit area which 

is often described by Andrew’s number (E) (Equation 3.2) (Gibson et al., 2015). 
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𝐸 =  

𝑃

𝑆𝑆 × 𝑆𝑃
 

J/mm2                       (3.2) 

Where P is the laser power in Watts, SS is the scan speed and SP is the scan 

spacing in millimetres. 

From Equation 3.2, it can be seen that variations in laser power, scan speed and 

scan spacing affect the amount of thermal energy delivered to a certain volume of 

powder, thus determining the maximum induced temperature. In order to determine 

the desired energy density which allows for full melting of the polymer powder, parts 

were produced with varied input energy density ranging from 0.06 J/mm3 to 0.16 

J/mm3. The supplied energy density was varied by adjusting the laser power between 

20% and 50% in steps of 5% of the maximum power available. The scan speed and 

scan spacing values were set as experimentally determined previously. For the ease of 

measurement of part parameters, cuboids with dimensions 20 x 10 x 5 mm were 

produced. A total of two parts were produced per build sequence with four build 

sequences per energy level resulting in eight parts per data point. 

Measurements 

Each produced part was measured in all planes using a digital caliper conforming 

to DIN 862 (Kincrome, Scoresby, Australia). The digital caliper was factory calibrated 

to ± 0.01 mm giving a maximum volumetric measurement error of 0.35%. The mass 

of each part was measured using a precision scale (GR-200, A&D Company Limited, 

Tokyo, Japan) allowing the density of each part to be calculated using Equation 3.3. 

 𝜌 =
𝑚

𝑉
 

kg/m3            (3.3) 

Where m is the mass of the object and V is the volume.  

Mechanical testing was performed as per ASTM D638 with type V tensile test 

samples giving a gauge length of 7.62 mm and a cross-sectional test area of 10.18 

mm2. An Instron (3367, Norwood, MA, USA) universal testing machine was used 

which was equipped with two crossheads (Figure 3.15).  
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Figure 3.15 – Setup of universal testing machine for tensile testing of samples. 

 

The lower crosshead was fitted with a pneumatic serrated clamp while the other 

was fitted with a 5kN load cell and another pneumatic serrated clamp. The distance 

between the clamps was adjusted to suit the sample then it was held in the clamps by 

opening the pneumatic valve allowing pressure to build. The extension rate of the 

machine during testing was set to 0.005 mm/s with a sampling frequency of 10 Hz. 

3.2.3 Comparison with Commercial Machine 

To validate the performance of the constructed low cost SLS machine, the 

geometry and density of parts produced with the experimental SLS machine were 

compared to ones produced with a commercial SLS machine, a 3D Systems sPro 140 

(3D Systems, Rock Hill, SC, USA). For these samples, their specified polyamide-12 

powder was used, Duraform PA. 

Sixteen cuboid samples were produced with the low cost SLS machine using the 

processing parameters at the point where the density plateaued. The model size was 

compensated to account for predicted gain growth at that particular power level based 



  

Additive Manufacturing of Bonded NdFeB Magnets by Selective Laser Sintering 59

on experimental data from the previous section. The processing parameters used by 

the commercial machine to produce the cuboid test specimens for comparison can be 

found in Table 3.4. 

Table 3.4 – Processing parameters used to produce samples with the commercial SLS 

machine. 

 

Laser Power 46 W Infill, 18 W Perimeter 

Scan Velocity 10 m/s 

Scan Spacing 0.2 mm 

Layer Thickness 0.1 mm 

 

The energy density required to consolidate the powder is not directly comparable 

between machines as there are differences in absorption properties of the Duraform 

PA (commercial machine) and the SP301 (low-cost machine). These differences are 

because the lasers operate at different wavelengths (450 nm for low-cost and 1090 nm 

for commercial) resulting in different coloured powders to improve the absorption of 

each powder at the laser’s operating wavelength. There are also differences in thermal 

control strategy of the powder bed as the commercial machine has a temperature 

controlled atmosphere which allows the bed to be held at a constant temperature 

regardless of layer height. This results in a lower amount of energy required to be 

supplied by the laser. 

The geometries and densities of these parts were measured using the same 

methods as was used with the previous samples. Three tensile test samples (ASTM 

D638 type V) were also produced using the same processing parameters. These 

samples were tested on the same Instron machine fitted with pneumatic clamps, a 5kN 

load cell and extended at a rate of 0.005 mm/s. 

3.2.4 Statistical Analysis 

The data for each measurement (geometrical deviation from model data, density 

and tensile properties), was represented by the mean ± standard deviation of the group 

of samples. Statistical significance between measurements was tested by applying 

Student’s t-test with a probability value of 0.05 (p < 0.05). 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Development of the Selective Laser Sintering Machine 

As the machine design was modular, each of the components had to be attached 

their designated position on the gantry base. A picture of the assembled machine is 

shown below in Figure 3.16. 

 

Figure 3.16 – Assembled SLS machine. 

 

Laser Measurements 

The results from the laser power measurements (Figure 3.17) show that the 

optical power output of the laser linearly increases with the increasing duty cycle of 

the PWM signal up until 80% where the output reaches a maximum of 2.44 W. Further 

increases in the duty cycle of the PWM signal appear to result in a linear decrease in 

optical power. 
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Figure 3.17 – Laser input and output power measurements with calculated efficiency. 

 

The likely cause of this is overheating of the PN junction of the laser diode 

causing it to increase its resistance resulting in decreased optical power (Kalisky et al., 

2006). From this it can be determined that the duty cycle of the PWM signal should be 

kept to 80% or lower to avoid damage to the laser diode through overheating. 

 

Figure 3.18 – a) macroscopic image of the squares engraved by the laser and 

microscopic images of the b) calibration grid, c) horizontal and d) vertical sections of 

the square. 
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From measurements taken by scaling the pixels of the microscope (Figure 3.18), 

the laser spot size was calculated to be 0.35 mm in both the X and Y planes. 

Positional Accuracy 

The acquired positional data for each axis can be found in Figure 3.19, Figure 

3.20 and Figure 3.21 for the X-axis, Y-axis and Z-axis respectively. 

 

Figure 3.19 – Recorded positional data for the X axis. 

 

Figure 3.20 – Recorded positional data for the Y axis. 
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Figure 3.21 – Recorded positional data for the Z axis. 

 

A summary of statistics of the positional accuracy of each axis can be found in 

Table 3.5. 

Table 3.5 – Summary of positional error statistics for all axes. 

 

Axis Absolute 

Average 

Error (mm) 

Standard 

Deviation 

(mm) 

Percentage 

Error <= 

0.1 mm 

Percentage 

Error <= 0.2 

mm 

Percentage 

Error > 0.2 

mm 

X 0.016 0.020 36% 59% 41% 

Y 0.021 0.025 20% 47% 53% 

Z 0.005 0.008 77% 100% 0% 

 

The positional data for both the X-axis and Y-axis (Figure 3.19 & 3.20) show 

that there was some registration error in the drive mechanism which was a major 

contributor to the absolute average error of both axes which was calculated to be 0.016 

mm and 0.021 mm respectively (Table 3.5). However, as mentioned previously, the 

maximum theoretical accuracy of a part produced using SLS is half the diameter of the 

largest particle in the powder used. With this being the case, it can be seen that with 

the absolute average error being less than half of the average particle diameter (D50 = 
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43 µm), the positional accuracy of the laser is not a limiting factor of part accuracy in 

the X-axis and Y-axis. 

Results shown in Figure 3.21, show that the positioning accuracy of the build 

piston far exceeds that of the other axes with an average absolute error of 0.005 mm 

(Table 3.5). Again, this indicates that the positional accuracy of the Z-axis is not a 

limiting factor in part accuracy and will assist in controlling the uniformity of 

transmitted laser energy between layers. 

Powder Bed Temperature 

The thermocouple embedded in the powder bed shows the internal temperature 

of the build plate reaching the set point of 180 °C after approximately 400 seconds 

(Figure 3.22). The thermocouple measuring the surface temperature follows a similar 

trend to that of the imbedded one, however only manages to achieve a maximum steady 

state temperature of 163 °C. This is likely due to some of the thermal energy being 

conducted into the air flowing across the surface which is of a much lower temperature 

at approximately 20 °C. 

 

Figure 3.22 – Powder bed temperatures as recorded by the internal thermocouple, 

surface thermocouple and the infrared sensor. 

 

Once it had reached steady state, the infrared sensor reported the 0.1 mm layer 

of polyamide-12 was reached 143 °C, however as the thin powder layer was in contact 

with the surface of the build plate, it was assumed that the powder was in fact at 163 

°C leading to an emissivity correction factor of 0.88 for the infrared temperature 
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sensor. Due to the high error uncertainty of the infrared sensor (± 2 °C) it would be 

unsuitable for precise measurements for the purpose of validating theoretical models, 

however it is useful to monitor surface temperature trends as the build layer moves 

further from heater as well as ambient temperature fluctuations. 

3.3.2 Determination of Processing Parameters through the Analysis of Produced 

Parts 

Scan Speed 

Figure 3.23 contains single layer rectilinearly filled 20 x 10 mm boxes produced 

with scan speeds decreasing from 66.67 mm/s to 16.67 mm/s (corresponding to images 

a) to m) respectively). 

 

Figure 3.23 – Single layer rectilinearly filled boxes processed at scan speeds from 

66.67 mm/s to 16.67 mm/s. 
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At scan speeds above 37.50 mm/s (Figure 3.23 a) to i)), it can be seen that a 

majority of the scan lines deviate from the intended path, indicating that as the laser is 

changing direction there is some registration error from the desired position. This 

registration error is an undesired effect as it may cause powder in select areas to be 

either unsintered or insufficiently melted resulting in areas of porosity in produced 

parts. 

Between Figure 3.23 i) and j), it can be seen that there is a visual reduction in 

the deviation from the desired scan path resulting in more defined sintered scan lines. 

It can be inferred from these results that the maximum scan velocity is the one depicted 

in Figure 3.23 j) which corresponds to 29.17 mm/s. 

Scan Spacing 

The images in Figure 3.24 show the effect of changing the scan spacing of the 

laser beam during parallel scans. From left to right, the images in Figure 3.24 show a 

scan spacing of 0.42 mm, 0.39 mm and 0.35 mm which correspond to an overlap of 

the laser beam of -20%, -10% and 0% respectively. 

 

Figure 3.24 – Single layer filled boxes with scan spacings of a) 0.6 mm, b) 0.48 mm 

and c) 0.36 mm. 

 

It is evident in Figure 3.24 a) that most of the time the scan lines do not overlap 

leading to large areas of unsintered powder. When the scan spacing is reduced in 
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Figure 3.24 b), there are fewer areas of unsintered powder, however their presence is 

still evident. A further reduction in scan spacing to a 0% overlap, Figure 3.24 c), shows 

that all of the scan lines manage to merge resulting in no unsintered powder within the 

desired areas of consolidation. It can be inferred from these results that a 0% overlap 

of the laser beam, which corresponds to scan spacing of 0.35 mm, is the preferred 

minimum scan spacing for the infill of fully dense parts. 

Energy Density per Unit Area 

 

Figure 3.25 – Part deviation from model data in the X and Y planes. 

 

Results show that an increase in energy density per unit area (Figure 3.25) causes 

a somewhat predictable increase in part size in the X-Y plane. This can be explained 

by excess energy being conducted to adjacent particles in the powder bed (Caulfield 

et al., 2007). A macroscopic example of this can be seen by examining the parts in 

Figure 3.26. 
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Figure 3.26 – Parts produced with supplied energy densities: a) 0.129 J/mm2, b) 

0.143 J/mm2 and c) 0.156 J/mm3. 

 

The parts pictured in Figure 3.26 have been produced with different supplied 

energy densities with a) being supplied with the lowest and c) being supplied with the 

highest. By examining the upper most area of each part (the area which was in contact 

with the build plate), it can be seen that as the supplied energy density is increased past 

0.129 J/mm2, there is a high amount of part growth in this region. This can be partly 

explained by Figure 3.27 where the surface temperature of the powder bed can be seen 

to decrease with each successive layer which is likely due to the low packing density 

of the material as well as the low thermal conduction of polymers. Therefore, particles 

in the layers closest to the build plate are more likely to be partially melted through 

conduction from their neighbours than those that are cooler in subsequent layers. If 

required, this could potentially be eliminated by an active (or passive) layer dependent 

energy density control system. 
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Figure 3.27 – Powder bed temperature during the processing of a part with a height 

of 5 mm. 

 

Figure 3.28 indicates that increasing the energy density has no statistical (p < 

0.05) effect on the deviation from model data in the Z-plane. This is to be attributed to 

the recoater being the sole contributor to the Z-plane accuracy when the parts are 

formed directly on top of the build platform. If parts were to be formed in loose 

powder, as they are in commercial machines, far more accurate thermal controls would 

need to be implemented to avoid sintering deeper into the powder bed than a single 

layer. 

 

Figure 3.28 – Part deviation from model data in the Z plane. 
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Figure 3.29 shows part density as a function of the energy supplied per unit area 

with the error bars representing the standard deviation. From this it can be seen that 

part density increases almost linearly to a maximum density of 920 kg/m3 at a supplied 

surface energy density of 0.129 J/mm2. This corresponds to a part density of ~96% of 

the theoretical density of the material. 

 

Figure 3.29 – Part density as a function of supplied energy density. 

 

The reduction in part density due to a further increase in supplied energy density 

has been noted previously (Gibson and Shi, 1997, Caulfield et al., 2007). This can be 

explained by an excess in thermal energy causing particles which are adjacent to the 

laser spot being attached to the part without undergoing full melting. It is therefore 

determined that the optimum energy to be supplied by the laser to achieve the highest 

part density without the risk of excess grain growth is 0.129 J/mm2. 
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Figure 3.30 – Stress vs. strain curves for each tested power level. 

 

The results of the tensile testing (Figure 3.30) show that the material has a linear 

elastic region until the point of failure skipping the permanent deformation 

characteristic usually exhibited by plastics. 

 

Figure 3.31 – Elongation at the breaking point and elastic modulus as a function 

supplied energy density. 

 

When each sample’s elastic modulus is examined against the supplied energy 

density (Figure 3.31), it can be seen that the material becomes more ductile as the 

energy is increased. This indicates that an increase in the thermal gradient in the 

material makes it more resistant to deformation. However, when the elongation at the 
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material’s failure point is examined against supplied energy density, it shows that a 

maximum value of 11.13 ± 0.02% is reached at an energy density of 0.129 J/mm2. 

When the supplied energy exceeds this value, the failure point is reduced. 

3.3.3 Comparison with Commercial Machine 

Using processing parameters derived from experimental data, a high level of 

geometrical accuracy was able to be obtained (Table 3.6 & Figure 3.32). 

Table 3.6 – Summary of geometrical deviation from model data and densities. 

 

 Deviation from 

Model Data – X and 

Y Planes (mm) 

Deviation from 

Model Data – Z 

Plane (mm) 

Density (kg/m3) 

Commercial 0.187 (± 0.032) 0.043 (± 0.017) 934 (± 3) 

Low Cost -0.006 (± 0.042) -0.007 (± 0.030) 919 (± 9) 

 

 

Figure 3.32 – Comparison of geometrical deviation from model data and densities 

between the low cost and commercial machines. 

 

The mean deviation from model data of the low cost machine was better than 

that of the commercial machine. This is due to the user’s ability to derive size 

compensation for a specific geometry through the fine adjustment of parameters in a 

trial and error approach. A drawback of this is that if a part of different dimensions 

were to be produced, it may require slightly different model compensation and 
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processing parameters, whereas the commercial machine has its parameters set where 

almost any geometry can be produced with similarly comparable results. 

Figure 3.33 and Figure 3.34 show the distribution of the deviation from model 

data about their averages of parts produced from both the low cost and commercial 

machines. 

 

Figure 3.33 – Deviation from model data in the Z plane. 

 

Figure 3.34 – Deviation from model data in the X and Y planes. 

 

The average densities (Figure 3.35) of the parts produced using the low cost 

machine (918 ± 9 kg/m3) were found, on average, to be lower than those produced 

using the commercial machine (934 ± 3 kg/m3). This is likely due to the more accurate 
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thermal control of the powder in the bed by the use of overhead heaters inside a 

controlled atmosphere with the commercial machine. 

 

Figure 3.35 – Part densities of samples from the commercial and low cost machines. 

 

Figure 3.36 – Stress vs. strain curves for the samples produced by the commercial 

machine. 

 

The tensile testing results from the parts produced using the commercial machine 

(Figure 3.36) showed a mean elastic modulus of 411.82 ± 5.10 MPa which is much 

lower than the 1586 MPa reported in the material datasheet. The mean elongation at 

break of 32.15 ± 1.83% differed from the value reported in the datasheet (14%). 

However, these values fall into the range reported by other studies when the supplied 

energy density is 0.023 J/mm2 (Gibson and Shi, 1997, Caulfield et al., 2007). 
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When compared to the values achieved by the low cost machine when the 

material is processed with an energy density of 0.129 J/mm2, the mean elongation at 

break was 65.4% lower than the samples produced by the commercial machine. The 

mean elastic modulus at the same energy density was also lower at 358.36 ± 3.04 MPa 

(13% lower). There are several factors that could be contributing to these differences 

with the main contributor likely to be increased thermal gradients in the low cost 

machine due to lack of atmosphere control. There could also be slight differences in 

the composition of the starting powders due to differences in manufacturing processes 

with one study finding that when sintering two commercially available powders using 

the same processing parameters, there were significant differences in both the elastic 

modulus and elongation at break (Zarringhalam et al., 2006). 

3.4 LIMITATIONS 

Although the low cost machine was demonstrated to produce parts from 

polyamide-12 which were mostly comparable with the ones produced by a commercial 

machine there were several limitations in this study. 

The parts produced were limited to a Z plane height of 5 mm. This meant that 

the effect of only the build plate being heated wasn’t fully tested as the amount of 

energy required to full consolidate the material would increase as each powder layer 

is deposited further away from the build plate. It is also likely that as the temperature 

gradients become greater with the cooler powder, part deformation is very likely. 

Further developments of this machine should investigate the implementation of 

infrared elements to regulate the temperature of the upper powder layers.  

Another limitation of this study was the absence of environmental control in the 

build area leading to ambient air temperature and humidity variations. The absence of 

temperature control could lead to slight variations in the amount of energy required to 

consolidate the polyamide-12 powder due to the conduction and/or convection of the 

heat away from the build piston. Variations in humidity could also affect the 

flowability and therefore the density of the loose powder in the bed leading to a 

reduction in part density. To mitigate these environmental influences, future 

modifications should be made to encase the build area in an airtight enclosure and 

potentially fill it with an inert gas such as argon or nitrogen. 
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3.5 CONCLUSION 

An experimental SLS machine was produced from off-the-shelf parts with a 

material cost below AUD$1500. It was demonstrated that the low cost platform allows 

full user control over material processing parameters such as scan speed, scan spacing, 

laser power and layer thickness. The use of open source slicing software and G-code 

post processing tools also allow for user modifications to geometries such as model 

size compensation as well as the opportunity to add custom machine operations. 

It was demonstrated experimentally that the supplied energy density could be 

varied and that these variation affected part growth in the X and Y planes, part density 

and mechanical properties. A comparison of geometry, density and mechanical 

properties was made between parts produced by the low cost machine and a 

commercial machine using a polyamide-12 material (Duraform PA). Parts from the 

commercial machine sintered to a mean higher density (934 ± 3 kg/m3) than the low 

cost machine (918±9 kg/m3) likely attributed to the lower temperature gradients 

because of the controlled atmosphere. Mechanical properties of the parts produced by 

the commercial machine, although lower than reported in the material datasheet, also 

outperformed that of the low cost machine by 64% for elongation at the point of failure 

and a 13% better elasticity modulus. 

With the performance of the parts produced by the low-cost SLS machine 

approaching the benchmarked performance of the commercial SLS machine, it was 

considered that the low-cost machine was a suitable platform for the experimental 

processing of mechanically alloyed NdFeB and polyamide-12 powders. 
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Chapter 4: Selective Laser Sintering of 

Bonded NdFeB Magnets from 

Mechanically Mixed Powders 

In the literature review (Chapter 2), it was identified that there has been recent 

interest in the manufacturing of neodymium-iron-boron (NdFeB) magnets using 

several additive manufacturing (AM) techniques (Huber et al., 2016, Li et al., 2016, 

Paranthaman et al., 2016, Shen et al., 2018b, Jaćimović et al., 2017). Many of these 

methods involved pre-preparation of a filament containing a polymer and NdFeB 

particles which could then be extruded in the desired shape. To minimise material pre-

processing, a study was conducted by Wendhausen et al. where NdFeB spheres were 

mechanically blended with polyamide-12 powder and processed using selective laser 

sintering (SLS) (Wendhausen et al., 2017). Results of this study showed that between 

the two conditions tested, the better magnetic properties occurred when more energy 

was supplied by the laser per unit area. However, as this study was limited to two 

processing conditions, a conclusion cannot be drawn on which of the processing 

parameters have the greatest effect on part properties, including mechanical and 

geometrical properties, which were not reported. Wendhausen et al. study also failed 

to investigate the processing of the most commonly used NdFeB powder type which 

has a flake particle morphology, but instead focussed on the far less commonly used 

powder type with spherical particle morphology, likely due to its higher bulk density. 

4.1 AIMS AND OBJECTIVES 

The aim of this study was to investigate the appropriate processing parameters 

to produce bonded NdFeB magnets from mixed powders with both flake and spherical 

particle morphologies using selective laser sintering. Key objectives included: 

 Production of cylindrical bonded magnet samples from two commercially 

available NdFeB powders (spherical and flake particle morphologies) with 

different supplied energy densities by varying laser power and scan spacing. 
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 Measurement of each part’s geometrical deviation from model data, density, 

magnetic strength and mechanical properties when subjected to compressive 

and tensile forces and relate their effect to the supplied energy density. 

 Based on part properties, recommend a supplied energy density which 

produces the largest value of magnetic and mechanical strength. 

4.2 METHODOLOGY 

4.2.1 Feedstock Properties 

Two different commercially available isotropic NdFeB powders, manufactured 

using different processes (melt-spinning and gas atomisation), were used in this study. 

The first, XCN1108A (Chongqing Royway Machinery Co. Ltd., Chongqing, China), 

was produced by a melt-spinning process resulting in a flake particle morphology. The 

second, MQP-S-11-9-20001 (Magnequench, Singapore), was produced using 

atomisation resulting in a spherical particle morphology. Magnetic and physical 

properties of these powders (including the polyamide-12 binder previously used in 

Chapter 3), as reported by the manufacturer supplied batch analysis, are summarised 

in Table 4.1. 

Table 4.1 – Polyamide-12 and NdFeB powder properties as reported by the 

manufacturers. 

 

Powder Particle 

Morphology 

Theoretical 

Density (ρT) 

kg/m3 

Bulk 

Density 

(ρB) kg/m3 

Residual 

Induction 

(Br) mT 

Intrinsic 

Coercivity 

(Hci) kA/m 

Particle 

Size 

(D50) µm 

SP301 Spherical 960 420 - - 43 

XCN1108A Flake 7640 3023 769 668 88 

MQP-S-11-

9-20001 

Spherical 7430 4017 744 723 43 

 

The particle size distributions, as reported in the manufacturer datasheets, 

(Figure 4.1) for the polyamide-12 and spherical NdFeB particles can be seen to be very 

similar which leads to a monomodal distribution for the powders when combined. 

However, as the flakes have a vastly different D50 to the polyamide-12, a bimodal 

distribution is expected. As the loose packing density of the powder bed directly relates 
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to final part density and bimodal distributions typically result in a loose packing 

densities closer to the theoretical material density, this distribution could lead to the 

improvement of one or more part properties over the monomodal spherical blend. 

However, if the polymer can be sufficiently liquefied to fill the gaps between each 

particle in the spherical powder resulting in the commonly reported random close 

packing density of 64%, it is likely that the spherical powder will demonstrate superior 

magnetic properties (Scott, 1960). 

 

Figure 4.1 – Particle size distribution of the raw starting powders. 

 

Photographs of the starting powders (Figure 4.2) show a colour difference 

between the starting powders which could potentially affect the energy absorption of 

the material due to relationship between colour and electromagnetic wavelength 

absorption/reflection in the visible and near-visible electromagnetic radiation 

spectrums. 
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Figure 4.2 – Macroscopic and SEM images of the NdFeB a) & d) flake, b) & e) 

spherical and c) & f) polyamide-12 powders. 

 

4.2.2 Powder Preparation 

The powder loading fraction for both magnetic powders was 60% by volume. 

From these mixing ratios, assuming full melting of the polymer allowing the NdFeB 

powders to settle to their bulk density, would result in estimated maximum achievable 

part densities (based on the summation of the bulk densities of both powders shown in 

Equation 4.1) of 3443 kg/m3 and 4437 kg/m3 (39.6% and 54.1% of their single crystal 

densities) for the flake and spherical powders respectively. After combining the 

powders, they were mixed for 1 hour in a ball mill (Figure 4.3) at 30 RPM immediately 

before being loaded into the feed pistons of the SLS machine. 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑃𝑎𝑟𝑡 𝐷𝑒𝑛𝑠𝑖𝑡𝑦

= 𝜌𝐵(𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑃𝑜𝑤𝑑𝑒𝑟) +  𝜌𝐵(𝐵𝑖𝑛𝑑𝑒𝑟) 

kg/m3   (4.1) 



  

Additive Manufacturing of Bonded NdFeB Magnets by Selective Laser Sintering 81

 

Figure 4.3 – Combined powders being mixed in a ball mill. 

 

4.2.3 Processing Parameters 

The SLS machine that was described in Chapter 3 was used to process the 

NdFeB and polyamide-12 powder blends. It was shown experimentally that by 

increasing the energy density supplied per unit area, the density of the part would 

increase, eventually plateauing when sufficient energy was supplied. Findings from 

experiments performed showed that the machine could process polyamide-12 using 

the maximum scan speed of 29.17 mm/s and a maximum scan spacing of 0.35 mm 

while increasing the energy density per unit area by increasing the laser power. 

To determine the processing parameters which delivered the highest part 

densities and magnetic and mechanical strength for both mixed NdFeB and polyamide-

12 powders, a similar approach was taken. However, in this instance, to further 

increase the supplied energy density per unit area, both increasing laser power and 

decreasing scan spacing independently were examined. The processing parameters 

were varied according to Table 4.2.  
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Table 4.2 – Range of processing parameters used to process the mixed 

NdFeB/polyamide-12 powders. 

 

Processing Parameter Lower Limit Upper Limit Step 

Laser Power 0.5 W 1.34 W 0.17 W 

Scan Spacing 0.11 mm 0.35 mm 0.12 mm 

 

As the viscosity and surface tension of polymer particles decrease with 

increasing temperature (Dobrescu and Radovici, 1983), it was hypothesised that higher 

processing temperatures would allow the NdFeB particles to pack more closely in a 

shorter amount of time resulting in higher density part.  

For all measurements made, cylindrical samples were produced with a diameter 

of 14 mm and a height of 4 mm (N = 4 for each powder type and parameter variation). 

These sample dimensions were chosen as they were optimum for the fixtures used on 

the device that was used to characterise the magnetic field of the samples (MAGNET-

PHYSIK, Cologne, Germany). Using the processing parameters which were 

determined to produce the highest densities, ASTM D638 Type V tensile test samples 

were produced for mechanical tensile testing. 

4.2.4 Measurements 

Geometry 

The dimensions of the samples were measured using a digital caliper conforming 

to DIN 862 (Kincrome, Scoresby, Australia) to ascertain the geometrical deviation 

from the model data. The digital calipers were factory calibrated to within +/- 0.01 mm 

resulting in a maximum error of 0.1% per 10 mm. 

Density 

The volume of each cylinder was calculated from the geometric measurements 

of each part leading to a maximum volumetric error of 0.39%. Each part was then 

weighed (GR-200, A&D Company Limited, Tokyo, Japan) to calculate density. 
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Magnetic 

The magnetic characteristics of the produced parts were measured using two 

methods: a Hall effect based measurement and a permeagraph. As permeagraphs are 

expensive to operate and require each sample to be sent internationally, an in-house 

test method was established where the magnet’s remanent induction (Br) could be 

evaluated immediately after production. This was performed in two stages (a detailed 

description of the device can be found in Appendix C):  

1) A capacitive discharge magnetisation device was produced which, when 

charged to 300 V, exposed the magnet sample to 3918 mT. This value, 

according to the material datasheet, was four times the saturation field required 

of the material reported as 800 mT. 

2) A holder, containing a ratiometric Hall effect sensor (A1324, Allegro 

MicroSystems, Manchester, New Hampshire, USA), was produced which 

located each magnet 5 mm from the surface of the element. When a magnet 

was placed in the holder, a Hall voltage proportional to the magnet’s remanent 

induction, was recorded. 

Using this method, each sample was magnetised to saturation then placed in the 

holder with north then south facing toward the Hall effect sensor where the deviation 

of the Hall voltage from quiescent was recorded. 

As the proposed rapid evaluation technique only gave an indication of remanent 

magnetic induction neglecting coercivity (Hc), the second quadrant demagnetisation 

response of the magnets which obtained the highest densities for each powder mixture 

were measured. These samples were shipped to Germany where a permeagraph 

conforming to IEC 60404-5 (MAGNET-PHYSIK, Cologne, Germany) was used to 

plot the magnetic induction due to the applied external field. 

Mechanical 

Compression testing was performed on the cylindrical samples using a universal 

testing machine (3367 Instron, Norwood, Massachusetts, USA). The machine was 

fitted with 100 mm diameter compression plates and a 30 kN load cell (Figure 4.4).  
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Figure 4.4 – Universal testing machine setup for compression testing. 

 

The sample was placed in the center of the compression plates and compressed 

with at a rate of 0.005 mm/s with the data being recorded at 10 Hz. Tensile testing was 

performed using the same machine with the same methodology as described in Chapter 

3. 

4.2.5  Statistical Analysis 

The data for each measurement (geometrical deviation from model data, part 

density, magnetic strength and mechanical (compression) properties), was represented 

by the mean ± standard deviation of the group of samples. Statistical significance 

between measurements was tested by applying Student’s t-test with a probability value 

of 0.05 (p < 0.05). To quantify linear relationships, a linear model was fit to the data 

under examination (fitlm function in MATLAB) and correlations were reported using 

their R-squared (R2) values. 



  

Additive Manufacturing of Bonded NdFeB Magnets by Selective Laser Sintering 85

4.3 RESULTS AND DISCUSSION 

4.3.1 Effect of Increasing Laser Power 

It was observed that during processing, as the laser power was increased to 1.34 

W, there was some ‘burning’ of the NdFeB powder resulting in small sparks emanating 

from the melt pool, while lower powers did not result in any sparks (Figure 4.5). 

 

Figure 4.5 – Images taken while consolidation with the laser power set to a) 1.34 W 

and b) 1.18 W. 

 

This phenomenon is reported in literature as spattering and is an observation 

commonly made in the SLM process (Anwar and Pham, 2018). Spattering has many 

potential causes based on processing parameters, material characteristics and 

processing atmosphere, however, due to the lower than usual temperatures experienced 

during the polymer melting, the most likely cause is the rapid heating of small particles 

of the NdFeB powder which in turn causes small pockets of trapped air to rapidly 

expand resulting in the particle being dislodged. It is possible that the suspected rapid 

heating of some particles could result in alterations in the material microstructure 

negatively impacting magnetic characteristics. To avoid the potential negative impact 

on the powder properties and the dangers associated with the ignition of powders 

outside of an inert gas atmosphere, the laser power was limited to 1.18 W for the 

remainder of these experiments. This limit in the maximum available laser power 

meant that the energy density per unit area could only be further increased by a 

reductions in scan spacing or by reductions in scan speed (as per the methodology). 
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4.3.2 Geometrical Properties 

 

Figure 4.6 – Part deviation from model data in the X and Y planes as a function of 

supplied energy density. 

 

Measurements of the dimensions of the produced parts (Figure 4.6) show that as 

energy density is increased, there is an positive increase in deviation from model data 

(part growth) with the slope of the increases ranging from 3.82 to 5.09 mm/J of 

supplied energy for the PMs produced from the flakes and 1.51 to 4.19 mm/J for the 

PMs produced from the spherical powder. When the deviation is plotted against laser 

power (one of the contributing factors to changes in supplied energy density), Figure 

4.7 shows that at low laser powers, there is very little part deviation from model data 

(less than 0.2 mm at 0.5 W). However as laser power is increased, geometric deviation 

becomes greater with the magnets produced from the flake powder being more 

susceptible (up to 1.16 ± 0.09 mm deviation at 1.18 W). 
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Figure 4.7 – Part deviation from model data in the X and Y planes as a function of 

laser power. 

 

Parts produced from the flake powder showed greater deviation from model data 

(maximum of 1.16 ± 0.09 mm) than the parts produced from the spherical powder 

(maximum of 0.60 ± 0.05 mm). The likely cause of this is the difference in mean size 

of the particles of each magnetic powder type (88 µm for the flakes and 43 µm for the 

spheres). Therefore, as extra particles are attached to the part due to conduction in the 

powder bed caused by increases in thermal energy, it is likely to result in a greater 

deviation with flakes. The geometric deviation from model data at specific supplied 

energy densities can be used to compensate the size of the model before the generation 

of G-code to improve the dimensions of the final part and eliminate the need for post 

processing material removal. 

4.3.3 Part Density 

It was observed that the part density increased with an increase in energy density 

supplied by the laser which appeared to plateau and, in the case of the PMs produced 

from the flakes, decrease with further increases in supplied energy. The results in 

Figure 4.8 indicate that this plateau is not only dependent on the laser power, but also 

the percentage overlap of parallel scans. The maximum densities, occurred for the 

flake mixture at 0.255 J/mm2 (mean density of 3323 ± 10 kg/m3) and at 0.203 J/mm2 

(mean density of 3828 ± 11 kg/m3) for the spherical mixture (Figure 4.8). As expected, 

the spherical particles packed to a higher density than the flakes which is attributed to 

the better packing density of smooth, regular shaped particles. The spherical particles 
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also reached their peak density with lower applied energy with the exception of the 

lowest laser power setting (0.5 W) with a 66% scan overlap where it appears that 

insufficient instantaneous energy was available to melt the polyamide-12. The likely 

cause for the spherical powder reaching a maximum part density with lower supplied 

optical energy is the differences in absorption coefficients between the NdFeB 

powders due to the colour differences with the flakes (Figure 4.2a) appearing darker 

than the spheres (Figure 4.2b) and thus absorbing more of the energy from the laser 

which would otherwise be used to melt the polyamide-12. 

 

Figure 4.8 – Part density as a function of supplied energy density. 

 

In addition, there was an observed decrease in density in the flake mixture past 

0.255 J/mm2 which can be explained, through the rapidly increasing grain growth 

observed in Figures 4.6 & 4.7, by the attachment of partially melted particles to the 

surface of the parts. From this, it can be inferred that there is a critical value of 

instantaneous thermal energy that can be delivered to the material before excess energy 

is transferred to neighbouring particles. This critical value of instantaneous thermal 

energy could be set by: the differences in specific heat capacity of the materials and/or 

the optical absorptions of each material at the specific wavelength of the laser.  

The specific heat capacity for polyamide-12 is reported to be 2500 J/kg·K while 

NdFeB material is 502 J/kg·K meaning that it takes five times as much energy to 

increase the polyamide-12 by 1 K than for the NdFeB material (Vasquez, 2011, 

Bunting Magnetics Europe Ltd, 2019). This could cause the NdFeB particles to heat 
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to a higher temperature causing grain growth though thermal conduction in the powder 

bed. There is currently no information available in literature for the optical absorption 

properties of NdFeB powder or this specific variant of polyamide-12. 

4.3.4 Magnetic Properties 

Measurements made by the rapid method show that the Hall voltage (Figure 4.9), 

representing residual induction, follows very similar trends as the part density (Figure 

4.10) with the spherical reaching a maximum at 0.203 J/mm2 inducing a Hall voltage 

of 1320 ± 8 mV. Parts produced from the flake powder appear to reach their maximum 

(inducing a Hall voltage of 1033 ± 6mV) magnetic performance at 0.255 J/mm2 before 

experiencing a sharp drop in magnetic performance which was expected due to a 

similar drop in part density. 

 

Figure 4.9 – Hall voltage induced by the samples as a function of supplied energy 

density. 

 

By plotting the Hall voltage against density, the results show that the magnetic 

properties of the parts are highly dependent on density and in turn magnetic powder 

loading. This is indicated by the strong R2 coefficients being 0.86 for the PMs 

produced from the flakes and 0.94 for the PMs produced from the spherical powder. 
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Figure 4.10 – Induced Hall voltage as a function of part density. 

 

The demagnetisation curves for the magnets produced from the flake and 

spherical powders (Figure 4.11) demonstrated residual inductions of 311 ± 9 and 363 

± 6 mT respectively, with the likely increase due to the better loose packing density 

(by mass) of the spherical powder. 

 

Figure 4.11 – Demagnetisation curves for the bonded magnets produced using the 

flakes and spherical powders. 

 

The demagnetisation curves also showed that the intrinsic coercivity of the 

produced magnets did not differ from that of the starting powder. This indicates that 
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there was no negative impact on the intrinsic properties of the material due to the heat 

exposure during the SLS process. 

4.3.5 Mechanical Properties 

Compression Testing 

For the magnets produced from both the spherical and flake powders, the elastic 

modulus (Figure 4.12) increases with supplied energy density reaching a maximum at 

0.306 J/mm2. After this point, the mechanical strength can be seen to reduce which is 

attributed to polymer degradation (J Gill and Hon, 2004). The magnets produced from 

the flakes exhibited a higher resistance to deformation with an elastic modulus of 249.6 

± 12.0 MPa compared to the spheres which had a maximum elastic modulus of 225.0 

± 13.8 MPa. 

 

Figure 4.12 – Elastic modulus as a function of supplied energy density. 

 

The strain limit (Figure 4.13), measured at a 2% offset, is also shown to increase 

with supplied energy reaching a maximum at 0.203 J/mm2 for magnets produced from 

spherical powder and 0.255 J/mm2 from the flakes. Magnets produced from the flakes 

exhibited a significantly higher yield strength reaching a maximum of 14.5 ± 0.5 MPa 

compared to 8.3 ± 0.2 MPa for the spheres. 
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Figure 4.13 – 2% strain limit as a function of energy density. 

 

A comparison between injection moulded magnets produced from spherical and 

flake particles also found that the flakes produced magnets with superior mechanical 

properties  (Monika G. Garrell, 2003). It was reported that the primary cause of failure 

was de-bonding between the polymer and the NdFeB and with the magnets produced 

from the flakes having a more complex de-bonding path leading to a higher, more 

abrupt failure. 

Tensile Testing 

ASTM D638 Type V specimens were prepared from both powders using a 

supplied energy density of 0.255 J/mm2 for both powders. Unfortunately, no 

specimens produced from the spherical powder could successfully be removed from 

the powder bed without fracturing. Two out of eight samples produced from the flake 

powder were successfully removed and tested with their stress-strain relationships 

shown in Figure 4.14. 
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Figure 4.14 – Stress vs. strain relationship for the tensile specimens produced from 

the flake powder. 

 

The samples demonstrated elastic moduli of 408.1 and 532.9 MPa which indicate 

that the material has a higher resistance to deformation under tensile than compression. 

The maximum yield for each sample were 4.2 and 2.6 MPa which were lower than that 

of the compression yields. However, as most of the samples were fractured during 

removal, it is likely that pre-fracturing of the two which survived to testing occurred 

rendering the results unreliable. In future attempts to better characterise the tensile 

properties of the produced magnets, a machine with a larger build area should be used 

to produce tensile samples with a larger cross-sectional area to reduce the likelihood 

of fracturing during parts removal. 

4.3.6 Scanning Electron Microscopy 

Images taken using a scanning electron microscope show both the flake (Figure 

4.15a) and the spherical (Figure 4.15b) particles suspended in the polymer matrix. As 

can be seen from both images, there are areas of voids within the specimen that could 

be caused by insufficient melting or a lack of polyamide-12 material to completely fill 

the pores between the random packed particles. If the particles have packed to their 

maximum density, then it would be prudent to investigate the addition of more 

polyamide-12 material in order to increase the mechanical properties of the magnets. 
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Figure 4.15 – SEM of fractured surfaces of the bonded magnets produced from a) 

flakes and b) spheres with the voids identified by the red circles and area of 

insufficient melting by the green. 

 

4.3.7 Comparison with Current Literature 

The magnets produced in this study using spherical NdFeB powder had a very 

similar residual induction to magnets produced by other AM methods (Figure 4.16), 

including the previous polymer study (Wendhausen et al., 2017). However, as 

indicated by the green shaded area, the magnets produced in this study do not meet the 

competing industry standard of injection moulding (Br = 400 to 800 mT and Hci = 600 

to 1400 kA/m) (Ma et al., 2002). This is likely due to the lower powder loading fraction 

attainable by AM techniques compared with injection moulding due to the lack of 

compaction during processing. 

Despite these studies using the same spherical powder, magnets produced in this 

study had one of the highest intrinsic coercivities, indicating that in metal SLM 

(Jaćimović et al., 2017), FDM (Li et al., 2016), binder jetting (Paranthaman et al., 

2016) and the previous polymer study (Wendhausen et al., 2017), the NdFeB phase is 

negatively impacted during processing or post-processing. However, this cannot be 

confirmed as no authors reported the demagnetisation characteristics of the as received 

powder. The magnets produced from NdFeB flakes in this study manifest lower 
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residual induction compared to other studies due to the lower loading fraction caused 

by the irregular particle morphology. However, if anisotropic flakes were to be used 

with an in situ alignment fixture, better magnetic performance could be achieved 

without the requirement of increasing the magnetic powder loading fraction. 

 

Figure 4.16 – Comparison of this work with PMs produced by other AM methods. 

 

Only one other additively manufactured magnet study (using FDM) reported on 

mechanical properties where they found their elastic modulus to be 4.29 GPa and 

ultimate tensile strength of 6.60 MPa (Li et al., 2016). These properties were much 

higher than what was found in this study which is likely due to the better coverage of 

each particle with the polymer during the forming of the filament. 

4.4 LIMITATIONS 

The unsuccessful removal of the standard tensile test specimens from the powder 

bed led to a suboptimal sample size for the tensile portion of the mechanical testing. 

Better tensile samples could potentially be attained by methods which would decrease 

the porosity (identified by the SEM images) which would increase the bonding 

between particles. 

The magnetic flakes and spheres used were also monomodal powders and 

therefore didn’t exhibit the best loose packing densities. The use of bimodal powders, 

of which are available commercially, would potentially increase the loading fraction 

of magnetic powders thus improving the magnetic properties of the magnets. 
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4.5 CONCLUSION 

This study demonstrated that near net-shape bonded magnets can be produced 

by mixing polyamide-12 powder with isotropic NdFeB powder with both flake and 

spherical particle morphologies using SLS. It was shown that by increasing the energy 

applied during consolidation to 0.255 J/mm2, the part density, magnetic and 

mechanical properties can be improved for both powder mixtures. Further increases in 

energy, particularly for the flake powder, cause a reduction in part density, magnetic 

and mechanical properties. Excess supplied energy also led to a large amount of 

thermal conduction in the powder bed resulting in large geometrical deviations from 

model data. Magnets produced with a supplied energy density of 0.255 J/mm2 

possessed comparable magnetic characteristics to those produced with other AM 

methods (311 ± 9 and 363 ± 6 mT for the flake and spherical powders respectively). 

As the powder loading fraction is likely to have an effect on the properties (specifically 

magnetic and mechanical strength) of the produced PMs, the effect of magnetic to 

polyamide-12 powder mixing ratios on the geometric, magnetic and mechanical 

properties of PMs produced by SLS is explored in the following chapter. 
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Chapter 5: Effect of Powder Loading 

Fraction in Bonded Magnets 

Produced by Selective Laser 

Sintering 

In the previous chapter it was demonstrated that bonded permanent magnets can 

be produced from flake and spherical NdFeB powder mixed with polyamide-12 using 

SLS. It was shown experimentally that the magnets possessed a high level of porosity 

and subsequently suffered from poor mechanical strength. It has been reported  

(Monika G. Garrell, 2003) that high powder loading fractions in bonded magnets 

produced using injection moulding also exhibit poor mechanical properties. It was 

therefore hypothesised that if the loading fraction of polyamide-12 was increased, the 

mechanical properties would improve with little impact on magnetic performance due 

to the already low packing density of the NdFeB. 

5.1 AIMS AND OBJECTIVES 

The aim of this study was to investigate the effect of altering the NdFeB loading 

fraction on the properties of magnets produced by SLS from mechanically mixed 

powders. Key objectives included: 

 Production of cylindrical bonded magnet samples from two commercially 

available NdFeB powders (spherical and flake particle morphologies) using 

different powder loading fractions. 

 Measurement of each part’s geometrical deviation from model data, density, 

magnetic strength and mechanical properties and relate their effect to the 

powder loading. 

5.2 METHODOLOGY 

5.2.1 Feedstock Properties 

The two NdFeB powders (flake and spherical) used in the previous chapter were 

again used as the magnetic particles in their as-received form. The same polyamide-

12 powder (SP301) was also used as the binder. 
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5.2.2 Powder Preparation 

Mixtures containing varied magnetic powder loading fractions were prepared by 

measuring volumes of the NdFeB and polyamide-12 powders and combining them to 

achieve a total volume of 100 mL per ratio: 

 100 𝑚𝐿 = 𝑥% 𝑁𝑑𝐹𝑒𝐵 𝑃𝑜𝑤𝑑𝑒𝑟 + (100

− 𝑥%) 𝑃𝑜𝑙𝑦𝑎𝑚𝑖𝑑𝑒 𝑃𝑜𝑤𝑑𝑒𝑟 

(5.1) 

The loading fractions (x) of magnetic powder (at their bulk density) for each 

particle morphology were adjusted between 10%/vol and 90%/vol in increments of 

10%/vol with the remaining volume being topped up with polyamide-12 powder. This 

resulted in a total of 9 loading fractions per powder type. 

Each powder mixture was combined in a ball mill (used previously in Chapter 

4) for 1 hour at a rotational speed of 30 RPM prior to measurements made on the 

combined powders and prior to leading into the feed pistons for processing. 

5.2.3 Processing Parameters 

Each powder mixture was processed using the same processing parameters 

(Table 5.1). 

Table 5.1 – Processing parameters used to process the NdFeB/polyamide-12 

mixtures. 

 

Processing Parameter Value 

Laser Power 1.01 W 

Scan Speed 29.17 mm/s 

Scan Spacing 0.11 mm 

Layer Thickness 0.1 mm 

 

These parameters, derived from the experiments conducted in the previous 

chapter, result in a supplied energy density per unit area of 0.255 J/mm2. For each 

powder loading fraction and each powder type (flake and spherical), N = 4 cylindrical 

samples were produced with the same dimensions as in Chapter 4 (D = 14 and H = 4 

mm). 
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5.2.4 Measurements 

Powder Bulk Density 

To ascertain the effect of the different mixing ratios on the density of the loose 

powder in the bed, the bulk density (ρB) of each blend was measured. 100 mL of each 

post-mixed powder was carefully poured into a 100 mL (± 0.5 mL) measuring 

cylinder. The mixture was then weighed using a precision scale (GR-200, A&D 

Company Limited, Tokyo, Japan) and thus the loose packing density was calculated 

using Equation 5.1. 

 𝜌𝐵 =  
𝑚

𝑣
 

kg/m3                 (5.2) 

Geometry 

The dimensions of the samples were measured using a digital caliper conforming 

to DIN 862 (Kincrome, Scoresby, Australia) to ascertain the geometrical deviation 

from the model data. The digital calipers were factory calibrated to within +/- 0.01 mm 

resulting in a maximum error of 0.1% per 10 mm. 

Density 

The volume of each cylinder was calculated from the geometric measurements 

of each part leading to a maximum volumetric error of 0.39%. Each part was then 

weighed using the precision scale to calculate density. 

Magnetic 

From literature it is known that the magnetic strength is a function of the powder 

loading fraction and can be accurately predicted based on its ratio to the powder at its 

single crystal density provided the microstructure of the material is not altered during 

processing (Brown et al., 2002). It was experimentally shown in the previous chapter 

that the remanent magnetic induction was strongly correlated to the density of the final 

part (R2 = 0.86 for the flakes and R2 = 0.94 for the spheres) with the coercivity being 

independent of the loading fraction. Therefore, as this experiment involved the 

comparison of relative magnetic performance due to powder loading, the Hall effect 

based measurement device, utilised in the previous chapter and described in detail in 

Appendix C, was used to measure the Hall voltage representative of the remanent 

induction of each sample post magnetisation. 
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Mechanical 

It was found in the previous chapter that tensile test samples produced using a 

magnetic powder loading fraction of 60%/vol had very poor mechanical strength and 

therefore were difficult to test. Therefore, to maintain consistency and investigate the 

mechanical strength of parts produced with magnetic powder loading fractions greater 

than 60%/vol, compression testing was performed on the cylindrical samples. Identical 

universal testing machine setup and protocol was used as in Chapter 4 where the 

samples were placed between two 100 mm compression plates attached to a 30 kN 

load cell and compressed at a rate of 0.005 mm/s. 

5.2.5  Statistical Analysis 

The data for each measurement (geometrical deviation from model data, part 

density, magnetic strength and mechanical (compression) properties), was represented 

by the mean ± standard deviation of the group of samples. Statistical significance 

between measurements was tested by applying Student’s t-test with a probability value 

of 0.05 (p < 0.05). To quantify linear relationships, a linear model was fit to the data 

under examination (fitlm function in MATLAB) and correlations were reported using 

their R-squared (R2) values. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Powder Bulk Density 

Each blended ratio demonstrated a linear relationship (R2 = 0.997 for the flake 

and R2 = 0.999 for the spherical blends) between the loading fraction of the NdFeB 

powder and the resulting bulk density (Figure 5.1). 
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Figure 5.1 – Bulk density of blended powder as a function of magnetic powder 

loading fraction. 

 

As expected, the spherical powder demonstrated a superior loose packing 

density over the flakes with an increase in bulk density of 36.7 kg/m3 per percent 

increase of magnetic powder loading. The increases were consistently 25% lower for 

the flakes with an increase in bulk density of only 27.4 kg/m3 per percent increase in 

magnetic powder loading. 

5.3.2 Powder Loading Limits 

As the loading fractions approached 80%/vol for the flakes and 70%/vol for the 

spheres, it appeared that there was poor bonding of the particles, likely due to 

insufficient polymer, ultimately resulting in parts that became too fragile to be 

removed from the build platform without damage (Figure 5.2). 
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Figure 5.2 – Damaged parts produced from a) flakes with a powder loading fraction 

of 80%/vol and b) spheres with a powder loading fraction of 70%/vol. 

 

Further increases in loading fractions beyond 80%/vol and 70%/vol for the flakes 

and spheres respectively resulted in almost no consolidation within the powder bed 

and therefore no parts were able to be produced using loading fractions exceeding 

these values. 

5.3.3 Geometrical Properties 

Results from measurements made using the digital calipers show a strong 

positive correlation (R2 = 0.970 for the PMs produced from the flakes and R2 = 0.959 

for the spheres) between geometrical deviation from model data and the loading 

fraction of NdFeB powder in both the X and Y planes (Figure 5.3). Parts produced 

from the flakes demonstrated a mean deviation of 0.14 mm for every 10%/vol increase 

in powder loading whereas parts produced from the spheres exhibited a lower 

deviation of 0.07 mm for every 10%/vol increase in powder loading. 
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Figure 5.3 – Part deviation from model data in the X and Y planes. 

 

This is again attributed to the higher thermal conductivity and lower specific heat 

capacity of the NdFeB powder than the polyamide-12. As thermal conduction is due 

to the free movement of electrons, increases in the volume of the better thermally 

conductive NdFeB material decreases the average spacing between each particle 

therefore allowing better exchange of electrons between neighbouring particles. This 

better exchange of electrons results in an increase in thermal conduction through the 

magnetic particles in the powder bed resulting in increases in part growth in both the 

X and Y planes. 

Increases in thermal conductivity and decreases in specific heat of polymer 

composites have been reported when metal particles have been added to a polymer 

matrix to form filled filaments for the FDM process (Nikzad et al., 2011). With Fe 

loading fractions of 40%/vol suspended in an ABS matrix, increases in thermal 

conductivity of up to 900% were observed. Therefore to compensate for excess grain 

growth and improve geometrical accuracy of parts, the perimeter traces could be offset 

according to the powder loading fraction or the laser power could be reduced. 
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Figure 5.4 – Part deviation from model data in the Z plane. 

 

As for geometrical deviation in the Z plane, measurements demonstrated that 

there was no dependency on magnetic powder loading (Figure 5.4) with R2 values of 

0.492 and 0.174 for the PMs produced from the flakes and spheres respectively. 

5.3.4 Part Density 

At a powder loading fraction of 60%/vol, there was no statistical difference (p < 

0.05) in the density of the samples produced in this study compared with the previous 

study with a mean difference of 2.5% for the flakes and 1.7% for the spheres. This 

small difference between the averages for both powders indicates a good level of 

repeatability between mixing batches. 
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Figure 5.5 – Part density as a function of the magnetic powder loading fraction.  

 

As with the previous study on processing parameters, magnets produced from 

the spherical particles demonstrated a higher overall density likely again due to the 

better random close packing of smooth, regular shaped spheres (Figure 5.5). Magnets 

produced from the flakes demonstrated a maximum density (3526 ± 35 kg/m3) with a 

powder loading fraction of 50%/vol (p < 0.05). This indicates that there is an optimum 

loading fraction at which the polyamide-12 can be liquefied sufficiently to allow 

maximum packing of the flakes. The densities of the magnets produced from the 

spherical powder appear to rapidly increase up until a 30%/vol loading fraction (3610 

± 60 kg/m3), where further increases in magnetic powder loading result in only an 

8.8% increase in part density reaching a maximum of 3929 ± 67 kg/m3 at a loading 

fraction of 70%/vol. 

5.3.5 Magnetic Properties 

The measured Hall voltage induced by each sample (Figure 5.6), representative 

of the residual induction (Br), demonstrated a very similar trend to the part density with 

R2 values of 0.98 for the PMs produced from the flakes and 0.991 for the spheres. This 

reinforces reports found in literature and the findings of the previous study on 

processing parameters, that a magnet’s residual induction is a ratio of the magnetic 

powder loading fraction. 



 

106 Additive Manufacturing of Bonded NdFeB Magnets by Selective Laser Sintering 

 

Figure 5.6 – Hall voltage induced by parts. 

 

Magnets produced from the flakes reached a maximum residual induction using 

a 50%/vol powder loading fraction (the same loading fraction at which maximum 

density was achieved) inducing a Hall voltage of 1075 ± 8 mV. The residual induction 

for the magnets produced from the spherical powder rapidly increased until a loading 

fraction of 30%/vol inducing a Hall voltage of 1190 ± 54 mV. Further increases in 

powder loading up to 70%/vol resulted in an increase in induced Hall voltage of only 

13.4%. 

5.3.6 Mechanical Properties 

Results of the compression testing showed that the mechanical performance of 

the magnets produced from the flakes was superior overall to the magnets produced 

from the spherical powder. 
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Figure 5.7 – Elastic modulus as a function of the magnetic powder loading fraction. 

 

Parts produced from both powders initially demonstrated a higher resistance to 

deformation (Figure 5.7) with the addition of magnetic powder up to a loading fraction 

of 30%/vol. This is solely attributed to the added presence of the magnetic powder 

which has a very high elastic modulus of 160 GPa which helps to resist part 

deformability when there is good bonding between the polyamide-12 and NdFeB 

particles (i.e. when the porosity is low). As the powder loading fraction is increased 

above 30%/vol, the amount of binder is reduced which in turn increases the porosity. 

This increase in porosity results in a decrease in both the elastic modulus (Figure 5.7) 

and the 2% strain limit (Figure 5.8). This effect has been observed in other studies 

when metals are suspended in a polymer matrix (Masood and Song, 2004). 
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Figure 5.8 – 2% strain limit as a function of the magnetic powder loading fraction. 

 

Figure 5.9 qualitatively shows the effect of the decrease in mechanical properties 

due to increased magnetic powder loading in the cylindrical samples produced from 

the flake powder post compression testing. At 40%/vol magnetic powder loading, 

Figure 5.9 shows a deformed, but still physically intact sample. As the powder loading 

in increased, particularly after 50%/vol, cracks begin to form in the part showing that 

the parts cannot withstand as much deformation. Figure 5.9 also shows that once the 

loading fraction is increased to 70%/vol, the part is almost entirely destroyed by the 

compression test. 

 

Figure 5.9 – Magnets produced from the flake magnetic powder post compression 

testing. 

5.3.7 Comparison of Magnetic and Mechanical Properties 

 The desire to maximise certain properties of PMs are generally application 

specific and from the results previously presented, there appears to be a trade-off 

between maximising magnetic strength and maximising the mechanical strength.  
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Figure 5.10 – Elastic modulus of PMs as a function of remanent induction. 

 

For the PMs produced from the spherical powder, there was no statistically 

significant (p < 0.05) increase in magnetic performance above powder loading 

fractions of 30%/vol. This was also the loading fraction where the parts exhibited the 

largest values of both elastic modulus and 2% strain limit (Figures 5.10 & 5.11). 

However, when the loading fraction was increased above 30%/vol there was a 

significant decrease in both mechanical properties. For the PM’s produced from the 

flakes, the powder loading fraction which exhibited the maximum magnetic 

performance was 50%/vol. However, the maximums of elastic modulus and 2% 

strain limit were reached at loading fractions of 30%/vol and 20%/vol respectively. 

This indicates that for PMs produced from the flakes, there is a trade-off between 

maximising magnetic strength and maximising mechanical strength. 

 

Figure 5.11 – 2% strain limit of PMs as a function of remanent induction. 
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5.4 LIMITATIONS 

It is likely that the power required to liquefy the polyamide-12 binder is 

dependent on the volume loading fraction due to the difference in thermal 

conductivity, specific heat and optical properties. Therefore by using the same power 

for each mixing ratio, it is likely that optimum densities and mechanical properties 

were not quite achieved meaning that only a relative comparison could be made 

between mixing ratios. 

At the higher mixing ratios, greater than 70%/vol for the flakes and 60%/vol for 

the spheres, the PMs became very fragile indicating that the particles were not bonding 

well. The likely cause of this is the similarity in the mean particle diameters of the 

powders, particularly with the spheres. It is therefore likely that if smaller diameter 

binder (polyamide-12) particles were to be used, their distribution between the 

structural (magnetic) particles would be better resulting in the ability to obtain higher 

loading fractions. 

5.5 CONCLUSION 

This study explored the effect of the magnetic powder loading fraction on the 

geometry, density, magnetic and mechanical properties of permanent magnets 

produced by SLS from mechanically mixed flakes and spheres. It was experimentally 

shown that at low powder loading fractions, the magnetic properties were poor but 

showed very good mechanical strength. As the powder loading fraction was increased, 

the magnetic energy density increased reaching a maximum for the flakes at 50%/vol 

and at 70%/vol for the spheres although little improvement (13.4%) was found 

increasing beyond a 30%/vol powder loading fraction. Further increases in powder 

loading for the flakes beyond 50%/vol resulted in a decrease in magnetic properties. 

Parts produced from both powders demonstrated increases in mechanical strength as 

powder loading fractions approached 30%/vol with further increases showing a rapid 

decrease in both the elastic modulus and the 2% strain limit. Based on the criteria of 

mechanical strength and magnetic properties, there is little advantage in producing 

magnets from mechanically mixed feedstock using SLS with powder loading fractions 

exceeding 50%/vol for the flakes and 30%/vol for the spheres as the reduction in 

mechanical strength outweighs the improvement in magnetic strength, however the 
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desired powder loading fraction would depend on specific applications. Therefore to 

further improve the magnetic strength, without increasing the amount of magnetic 

material in the PM, the next section focuses on the alignment of the Nd2Fe14B grains 

in anisotropic powder.  
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Chapter 6: Design of an In-situ Magnetic 

Particle Alignment Fixture for 

Selective Laser Sintering 

It has been demonstrated in the two preceding chapters (Chapters 4 and 5) that 

permanent magnets can be produced by using SLS to process mechanically mixed 

feedstock containing NdFeB flakes and spheres blended with polyamide-12. 

Limitations on the loose packing density of the magnetic powders has so far limited 

the magnetic performance of these permanent magnets. In order to produce magnets 

with higher energy densities, industrial processes commonly employ techniques which 

facilitate the alignment of particles in anisotropic powders during part formation. 

Therefore, in order to increase the magnetic performance without increasing the 

magnetic powder loading fraction, these techniques could be applied to the SLS 

process (Figure 6.1). 

 

Figure 6.1 – Depiction of particles on the powder bed before and after alignment 

with an external field. 

 

It was found by Khazdozian et al. that an alignment field of 250 mT during the 

extrusion of anisotropic particles suspended in a molten polymer binder could provide 

a high level of crystalline alignment within the material (Khazdozian et al., 2018a). In 

selective laser sintering, powder is deposited loose on the powder bed and until 

consolidation occurs, the particles have a very high mobility requiring a magnetic field 
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of a lower magnitude to provide alignment. However due to the high particle mobility 

in both rotational and translation directions, a magnetic field is required as to impart 

torque to each misaligned particle while minimising translational forces (Figure 6.2). 

 

Figure 6.2 – Free body diagram of a magnetic particle on the powder bed. 

 

According to the free body diagram of a magnetic particle exposed to an external 

field (BF) in Figure 6.2, if the magnetic field strength at point B1 is equal to the 

magnetic field strength at point B2, then the opposing forces F1 and F2 will be equal 

imposing a torque on the particle equal to: 

 
𝜏 =

𝐿

2
𝐵𝑃𝐵𝐹 sin 𝜃 

Nm                      (6.2) 

If the magnetic field strength at points B1 and B2 are not equal, then forces F1 

and F2 will be unbalanced causing translational forces to act on the particle potentially 

displacing it. Therefore the in-situ alignment fixture needs to produce a uniform 

magnetic field across the area where powder is to be deposited (build area). 

A Helmholtz coil is a coil array which is commonly used to produce a static, 

near-uniform magnetic field across a region of interest. The uniform magnetic field is 

produced by supplying current to two identical coils placed on the same axis (x) at a 

distance equal to their radius (r) as in Figure 6.3. 
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Figure 6.3 – Diagram of a Helmholtz coil. 

 

A single coil with a large diameter of tightly-wound wire of N turns with a 

current flowing through it with magnitude I, can be analytically modelled as a current 

loop carrying a current NI. The magnetic field (B1,2) along the centre axis (x) of a 

single current loop can be derived using the Biot-Savart law: 

 
𝐵1,2(𝑥) =

𝜇0𝑁𝐼𝑟2

2(𝑟2 + 𝑥2)3/2
 

T             (6.1) 

Where µ0 is the permeability of free space (µ0 = 4 x π x 10-7), N is the number 

of turns in each coil, I is the current and r the effective radius of each coil. By placing 

a coil at x = -r/2 and x = r/2, the contributory magnetic field of each coil can be 

calculated along their common axis (Figure 6.4). 
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Figure 6.4 – Contribution of the total magnetic field strength from each coil. 

 

By examining Figure 6.4, it can be seen that in the region between the two coils, 

the magnetic field is almost uniform. This analytical expression however is only useful 

to determine the magnetic field strength at points along the common axis of the coils. 

To examine the field across the entire region of interest analytically requires the use 

of Bessel functions which becomes highly complex and time consuming. A more 

appropriate approach to examining the field across the region of interest is to use 

numerical solutions which are provided by finite element analysis (FEA). 

From the analytical model of a Helmholtz coil showing a region of uniform 

magnetic field, it is hypothesised that this coil arrangement could be used to create a 

uniform magnetic field across the build area of an SLS machine in order to align 

magnetic powder particles prior to consolidation. 

6.1 AIMS AND OBJECTIVES 

In order to take advantage of the uniaxial anisotropy caused by the tetragonal 

grain structure of the Nd2Fe14B phase in specially designed anisotropic powders, an in 

situ magnetic alignment system is required. Therefore, this section is aimed at 

developing an in situ magnetisation fixture based on a Helmholtz coil which can be 
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used to physically align anisotropic NdFeB particles during magnet fabrication. 

Specific objective include: 

 Development of a numerical model which can be used to examine the variation 

in the magnetic field produced by a Helmholtz coil inside a specified area. 

 Design and construct a Helmholtz coil based on parameters of the numerical 

model and use magnetic field scanning techniques to validate the model. 

 Using optical analysis techniques, verify that the proposed in-situ alignment 

system is imposing an alignment effect on particles placed in the build area. 

6.2 METHODOLOGY 

6.2.1 Numerical Analysis 

To examine the largest gradient in the magnetic field distribution that a NdFeB 

particle would experience within a Helmholtz coil, a numerical analysis was 

conducted. 

Parametric Model of a Helmholtz Coil 

As the coil was to be operated from a DC power source, it was assumed that the 

field would be time invariant (ignoring lag caused by inductance), therefore a 

parametric model of a Helmholtz coil was constructed using magnetostatic simulation 

in Maxwell 16.0 (ANSYS, Canonsburg, PA, USA). This model featured two 

individual coils which were modelled as solid hollow cylinders with stranded current 

connections so the current through the loop could be described by NI. The build area 

was represented as a 2D plane measuring 50 x 50 mm in the centre of the coil in the X 

and Y planes (Fig. 6.5). 
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Figure 6.5 – The parametric Helmholtz coil model in Maxwell. 

 

The physical parameters used to parameterise the model, representative of the 

one constructed, are summarised in Table 6.1. 

Table 6.1 – Helmholtz coil physical dimensions. 

 

Model Parameter Value 

Coil Inner Radius 98 mm 

Coil Outer Radius 110 mm 

Coil Width 10 mm 

Coil Separation 104 mm 

Number of Turns per Coil (N) 100 

Maximum Coil Current (I) 22 A 
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Solution Statistics 

Adaptive meshing was used to generate the mesh for the model with maximum 

element sizes being set for different regions of interest. A spherical boundary (D = 500 

mm) encapsulated the entire model with a length based maximum mesh element size 

of 50 mm. A second spherical boundary (D = 100 mm) encapsulated the build area 

with a maximum element size of 5 mm. Within the plane of interest (X = -25 to 25 

mm, Y = -25 to 25 mm and Z = 0 to 0.1 mm), the maximum element size was reduced 

to 2.5 mm. 

 

Figure 6.6 – Finite element solution statistics. 

 

A solution with an energy error of less 1% (0.3045%) was obtained within three 

passes (automatic mesh refinements) using 2,167,705 tetrahedral elements (Figure 6.6) 

indicating that a mesh independent solution was obtained. 

Model Validation 

To examine the variation in distribution of the magnetic field within the build 

region and identify the location and magnitude of the largest gradients, the magnetic 

field strength (BF) was plotted on the surface of the 50 x 50 mm 2D plane at Z = 0. To 

validate the results produced by the numerical model, this distribution was correlated 

with measurements obtained from the functional prototype, the method of which is 

described in Section 6.2.2. 
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Magnetic Field Gradients 

Using the validated numerical model, the position and magnitude of the largest 

gradients can be identified from which the maximum imbalance of translational forces 

acting on a single particle can be determined. To quantify this imbalance, the magnetic 

field at the position of the largest gradient was plotted across the length of a median 

particle size (D50 = 88.24 µm) of anisotropic NdFeB powder (MQA-38-14, 

Magnequench, Singapore). 

6.2.2 Prototype Construction 

Coil Construction 

Using the physical dimensions listed in Table 6.1, a physical prototype of the 

Helmholtz coil was constructed. 

 

Figure 6.7 – CAD drawings of a) the outer piece of each coil and b) an isometric 

representation of a single spool. 

 

Each component of the spools were cut to shape using an end mill from 6 mm 

sheets of medium-density fibreboard (MDF). Each spool was constructed from two 

outer pieces (Figure 6.7a) and two inner rings with an outside radius of 98 mm. The 

four MDF layers were glued together using polyvinyl acetate (PVA) and held under 

compression for 24 hours to reduce the deformation while the glue dried. Each spool 

was carefully hand-wound with 100 turns of enamel-coated copper wire with a 

diameter of 1 mm while ensuring the same layering pattern was adhered to so that the 

electrical and magnetic properties of each coil were as close as possible. The 

differences in electrical properties (resistance and inductance) were measured 

independently to give an indication of the potential variation during assembly. 
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Figure 6.8 – Assembled Helmholtz coil. 

 

Both assembled spools (Figure 6.8) were mounted on the same plane as one 

another using M10 threaded polyamide-6 rod and nuts to finely adjust their relative 

position. Once assembled, the resistance and inductance of the coils were measured 

using an LCR meter (Uni-Trend Technology Co. Ltd., Shenzhen, China). 

Power Supply 

Electromagnetic torque is imparted to the particles as soon as there is a magnetic 

field present and therefore the coils were required to create a magnetic field for a very 

short period of time (<0.25 s). Systems like this would typically employ a capacitive 

discharge supply (such is the case in magnetisers), however, due to the very high 

inductance of this coil array, it would require a very large capacitor bank to deliver 

even low currents. Therefore, to supply the required current to the Helmholtz coil, a 

simple step down transformer in the form of an arc welder (Cigweld Compact 120A, 

Victor Technologies International Inc., St. Louis, MO, USA) was selected. To increase 

the output voltage of the welder, the input was stepped up from 240 VAC to 480 VAC 

using a step-up transformer (DT-2000VA, Yueqing Nqqk Electric Factory, Yueqing, 

China) resulting in an output voltage of 90 VAC. 

The AC output of the arc welder (represented as V1 in Figure 6.9) was rectified 

using a bridge rectifier made up of 4 x 30A Schottky diodes (MBR30100CT, Diodes 
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Inc., Plano, TX, USA). Each TO-220 package consisted of two diodes which had to 

be wired in parallel to achieve the 30A rating. The resulting rectified signal was 

smoothed using 6 x 10,000 µF electrolytic capacitors (AYX-HR193M400EF1, 

Itelcond, Milan, Italy), represented as C1, connected in parallel across the output 

(Figure 6.9). 

 

Figure 6.9 – Schematic of the DC regulator for the arc welder. 

 

To switch the power supply on and off via the Mach 3 software, a 40A solid state 

relay (SSR) was connected in series with the AC input of the step-up transformer. The 

input of the SSR was connected to the PC via the SLS machines hardware interface 

which allowed the power supply to be switched on and off using the M8 and M9 

macros respectively. A picture of the experimental setup of the power supply is shown 

in Figure 6.10. 
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Figure 6.10 – Experimental power supply setup for the Helmholtz coil. 

 

6.2.3 Experimental Analysis 

Power Supply Measurements 

The output voltage of the power supply while under load was measured by 

connecting a probe of a digital storage oscilloscope (DSO) (DSO510P, Hantek, 

Shandong, China) across C1. To measure the coil current, current sense resistor with 

a value of 0.005 (+/- 1%) Ω was placed in series with the coils and a second DSO 

probe was connected across it. A G-code script was written which turned the power 

supply on and off using the M8 and M9 macros for a period of 250 ms to ensure there 

was sufficient time for the capacitor bank to charge allowing the current to reach its 

maximum value. The DSO recorded both waveforms during the execution of this script 

in order to examine the step response of the excitation. 

Magnetic Field Measurements 

To validate the numerical model the magnetic field was measured at Z = 0 where 

the build plate is situated. The magnitude of the magnetic field strength (BF) due to the 
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Helmholtz coil was measured using a linear ratiometric Hall effect sensor (A1324, 

Allegro Microsystems, Manchester, NH, USA) with a reported sensitivity of 0.02 

mT/mV.  The sensor was glued to a strip of MDF which was then attached to the laser 

mount of the overhead gantry (Figure 6.11) allowing positioning to be performed in 

the X and Y planes using the Mach3 interface. 

 

Figure 6.11 – Hall effect sensor positioned within the Helmholtz coil. 

 

Mach3 was used to position the Hall effect sensor at 5 mm intervals within the 

effective build area, which corresponded to an area of 50 mm x 50 mm in the centre 

of the coil. At each position, the power supply of the Helmholtz coil was switched on 

using the M8 macro for a period of 250 ms. The output voltage of the Hall effect 

sensor, for the energised duration, was captured using a DSO (Figure 6.12). 
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Figure 6.12 – DSO output during the energising of the coil at position X = Y = 0. 

 

The peak voltage for each measurement was subtracted from the quiescent 

voltage of the sensor. To obtain the magnetic field strength, the voltage was then 

multiplied by the number of mT per mV as reported in the component datasheet (0.02 

mT/mV). 

Macroscopic Alignment 

As the anisotropic flake NdFeB particles exhibited both shape anisotropy and 

magnetocrystalline anisotropy, it was difficult to optically verify that they are aligning 

with the field along their easy axis. Therefore to macroscopically examine the 

movement of particles when exposed to the magnetic field produced by the Helmholtz 

coil, the alignment sequence was applied to small sections of ferromagnetic wire. Steel 

wire sections (D = 0.5 mm, L = 15 mm) were randomly placed on white baking paper 

within the 50 x 50 mm build area. An image of the build area was captured before and 

after the coils were energised. 

Particle Position Optical Analysis 

In order to examine the effect of the application of the magnetic field to a 

selection of anisotropic NdFeB flake particles within the build area, image analysis 

techniques were used with data collected from images taken using a microscope before 

and after alignment. 

A sheet of white, waxed cardboard was placed in the center (Z = 0) axis of the 

Helmholtz coil representing the position of the current layer in the powder bed. A small 
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amount of powdered anisotropic NdFeB flakes (MQA-38-14) were scattered on the 

cardboard and then the cardboard was ‘tapped’ until most of the particles were 

separated to make it easy to identify them. To capture the images, a plastic shelled 

microscope (Jiusion-1000x, Shenzhen Jiu Sheng Electronic Commerce Co., Ltd., 

Shenzhen, China) was placed inside the coils (Figure 6.13) and focussed so that the 

particle edges were at their sharpest point. 

 

Figure 6.13 – Microscope attached to the linear actuator lowered into the Helmholtz 

coil. 

 

An image was taken of the initial position of the particles, then the coil was 

energised for 250 ms using the G-code script employing macros M8 and M9. An image 

was then captured of the position the particles had moved to. The same process was 

then repeated to the same particles a second time to identify if the particles had all 

moved to their preferred orientation direction. The alignment and acquisition processes 

were repeated 20 times with a new selection of particles for each set of images 

obtained. 

Each image sequence was imported into MATLAB via the image processing 

toolbox where thresholding was performed, then binarised and the complement taken 

to produce a monochromatic image with 1’s representing the particles (Figure 6.14). 

The MATLAB function (imbinarize) performed the binarising based upon an image 
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processing technique known as Otsu’s method where a single value threshold is 

determined by maximising the inter-class intensity variance. 

 

Figure 6.14 - Depictions of a) an original image taken of the powder with the 

microscope, b) the image binarised and the histogram of the pixel distribution. 

 

Each binarised image was subtracted from the preceding one in the set resulting 

in a representation of the pixels that had changed due to the magnetic field being 

applied. A summation of the white pixels in each differential image was used to 

calculate the percentage of pixels which changed due to each coil energisation. The 

before and after images (for each energisation) were then bitwise multiplied with the 

difference image to obtain the position of the particles before and after energising the 

coil so that the position of the flake particles could be tracked. 

6.3 RESULTS AND DISCUSSION 

6.3.1 Helmholtz Coil Electrical Characteristics 

The measured electrical characteristics of the Helmholtz coil are presented in 

Table 6.2. The variation in resistance of both coils (0.003 Ω or 1.0%) showed that the 
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volume of copper wound on each was almost identical. However, the variance in 

inductance (0.100 mH or 2.4%) shows that the layering may not have been as 

consistent. This should be of little consequence as the total inductance is a summation 

of all inductances and thus the current must be the same through both coils at any point 

in time resulting in the same magnetic field generated by both coils. 

Table 6.2 – Electrical characteristics of the constructed Helmholtz coil. 

 

Characteristic Coil 1 Value Coil 2 Value Total 

Resistance (R) 1.487 Ω 1.490 Ω 2.977 Ω 

Inductance (L) 4.308 mH 4.208 mH 8.516 mH 

 

 

Figure 6.15 – DSO measurements of a) voltage across current sense resistor and b) 

voltage across coil during energising. 

 

The mean peak voltage reached by the power supply was 65.2 V (Figure 6.15b) 

delivering a current through the Helmholtz coil, measured as a voltage across the 

current sense resistor (Figure 6.15a), of 22 A (I = 0.110 / 0.005). This current value 

was used as the current input for the numerical model. The peak calculated power 

consumption at the peak of energisation was calculated as 1,434 W (P = 65.2 * 22). 

6.3.2 Finite Element Analysis 

Magnetic Field Distribution 

The magnetic field distribution from the numerical model (Figure 6.16a) 

demonstrates a reasonably uniform magnetic field across the main build area with a 

mean value of 20.40 mT at X = Y = 0 and  a maximum deviation of 0.16 mT occurring 
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near the outer edges along |Y| = 25. Experimental results obtained from the Hall effect 

sensor measurements (Figure 6.16b) show a similar distribution pattern, confirming 

the validity of the numerical model, however the mean magnitude of the field at X = 

Y = 0 is greater in the experimental model by 3.8%. This is most likely due to either 

manufacturing tolerances leading to measurement inaccuracy in the Hall sensor (±5% 

as reported by the datasheet) or inaccuracies in assembly of the Helmholtz coil. 

 

Figure 6.16 – Magnetic field distribution of a) the numerical model and b) 

experimental measurements within the build area. 

 

Magnetic Field Gradients 

Figure 6.17a shows the calculated magnetic field strength along the edges of the 

build area at |X| = |Y| = 25 where magnitudes of the gradients appeared the greatest. 

 

Figure 6.17 – Magnetic field through cross sections of the build area. 



  

Additive Manufacturing of Bonded NdFeB Magnets by Selective Laser Sintering 129

 

The magnetic field strength along the edges at |Y| = 25 and along the centre at 

|X| = 0 can be seen as to be parabolic with the gradient increasing as the position 

approaches the coils. Along |Y|, the gradient can be seen to be the greatest with a value 

of 0.014 mT/mm between |25| < X < |20|. This leads to a difference in magnetic field 

strength along the length of a typical NdFeB particle (88.24 µm) of 0.00123 mT or 

0.006% of the average strength of the field. 

6.3.3 Experimental Analysis 

Macroscopic Alignment 

Figure 6.18 shows images captured of randomly oriented steel wire sections 

before and after energising the Helmholtz coils. It can be seen that the same number 

of wire sections (27) are present in the build area before and after energising the coils.  

 

Figure 6.18 – Images of steel wire sections a) before and b) after energising the coils. 

 

As expected, the ferromagnetic sections align with the magnetic field lines 

between the north and south poles of the Helmholtz coil, however a large amount of 

agglomeration was observed. This agglomeration is due to the high relative 

permeability of iron (µr ≈ 5000) which allows the material to obtain a large magnetic 

field (B) in response to a small applied field (H) consequently leading to the attraction 

of nearby particles under the same effect. This agglomeration is not expected to occur 

when NdFeB particles are exposed to the same field as the permeability of NdFeB 
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magnets is close to that of free space (µr ≈ 1) which results in a much lower induced 

field in the material in response to an externally supplied field. 

Particle Position Optical Analysis 

As expected, the agglomeration observed with the iron pieces was not observed 

when the anisotropic NdFeB flakes were exposed to the magnetic field generated by 

the Helmholtz coil (Figure 6.19). This is due to the low relative permeability of the 

NdFeB material (µr ≈ 1) resulting in each particle obtaining a very small magnetic field 

(B) in response to the applied field (H). 

 

Figure 6.19 – Example images of anisotropic NdFeB particles a) randomly oriented, 

b) after initial energisation of the coils and c) after a second energisation of the coils. 

 

Once all of the sets of images (an example is shown in Figure 6.19) had been 

binarised and subtracted from the preceding image, the net movement of particles 

could be observed and quantified due to the energisation of the coil (Figure 6.20). 

 

Figure 6.20 – Images showing changes in particle positions caused by a) first and b) 

second energisation of the coil. 
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It was observed that the first discharge of each particle deposition resulted in a 

large net change in pixels indicating that there was either orientation and/or relocation 

of misaligned particles occurring (Figure 6.20a). A second energisation of the coils 

typically resulted in very little or no change in the image (Figure 6.20b) indicating that 

a single pulse was sufficient to align the particles in the direction of the field.  

By subtracting the binarised images from before and after the first energisation 

sequence, it was possible to track the movement of each particle that changed 

orientation and/or position (Figure 6.21). 

 

Figure 6.21 – Tracking of particles before and after the first energisation of the coil. 

 

From Figure 6.21, some of the larger particles can easily be identified by their 

distinct shapes and therefore can be easily tracked visually. It appears that all of the 

particles which are affected by the field relocate while being oriented to the magnetic 

field, however, they do remain in the viewing area of the microscope and typically 

move less than 100 µm. The movement of these particles may have a negative impact 

on the even distribution of particles within the part, however due to the tighter packing 

of particles when they are spread on the powder bed during the build process, they may 

not have as much freedom of movement and therefore not affect the particle 

distribution greatly. 

By counting the clusters of pixels as individual particles, the net particle change 

due to the first and second energisation sequences can determine the average amount 



 

132 Additive Manufacturing of Bonded NdFeB Magnets by Selective Laser Sintering 

of particles that are affected by the field across the all of collected datasets (Figure 

6.22). 

 

Figure 6.22 – Net particle pixel change in images due to energisation. 

 

Each particle deposition sequence resulted in a coverage of 9.7 ± 3.4% of the 

image after thresholding. Of those pixels representing particles, there was a net change 

of 29.3 ± 8.6% indicating that a large selection of particles changed position due to the 

energisation of the Helmholtz coil. A second energisation of the coil resulted in a net 

change in pixels of 1 ± 1.2% reinforcing the results observed in the still images that 

most of the alignment is performed in a single energising operation. It is likely that the 

particle which moved on the second energisation sequence were located in such a 

position that they could not maintain their orientation once the field is removed, i.e. 

standing on their narrow edge. 

6.4 LIMITATIONS 

Due to the use of low precision materials (such as the MDF) coupled with hand 

wound coils, there is likely to be high tolerances in the manufacturing of the coils 

which could lead to an unbalanced distribution in the field. In an attempt to mitigate 

some of the effects of high manufacturing tolerances, all parts were CNC machined 

with tolerances of less than 0.05 mm. 

As the particles are very spread out during the optical analysis, there was little 

inter-particle interaction, however, in the real powder bed, the particles are much 

closer which could result in increased agglomeration even though the relative 
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permeability is low. It is also likely that the mobility of the particles will be impacted 

when mixed with the polyamide-12 and multiple layers are involved. 

6.5 CONCLUSION 

An in-situ magnetic particle alignment fixture based upon a Helmholtz coil for 

the production of anisotropic magnets using selective laser sintering was proposed. A 

numerical model was constructed which demonstrated that a near uniform field (± 

0.48%) could be produced within a 50 x 50 mm area using two coils with an effective 

radius of 104 mm. A physical prototype based on these dimensions was produced and 

was shown experimentally to possess a near-uniform magnetic field distribution (20.4 

mT ± 0.16 mT) within the volume of interest. Macroscopic alignment experiments 

were conducted in which randomly oriented pieces of iron possessing shape anisotropy 

were exposed to the magnetic field. These pieces of iron demonstrated good alignment 

in the direction of the applied field but agglomerated due to the high relative 

permeability of the material. The movement of NdFeB particles was tracked using a 

microscope before and after alignment demonstrating that the magnetic field caused 

29.3 ± 8.6% of the particles to change orientation and/or position. It was demonstrated 

that energising the coil for a second time resulted in approximately 1% of particles 

being affected. It is therefore determined that the proposed in-situ alignment fixture 

can be used to impart forces on individual particles within a predefined area. However, 

to fully assess the suitability of this device to perform particle alignment during the 

SLS process, the alignment of full powder layers needs to be investigated. 

Accordingly, the next experimental chapter (Chapter 7) investigates the effect of the 

alignment fixture during the processing of PMs from anisotropic NdFeB powder. 
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Chapter 7: Selective Laser Sintering of 

Bonded Anisotropic NdFeB 

Magnets 

It was demonstrated in the previous chapter (Chapter 6) that a Helmholtz coil 

producing a near uniform magnetic field of 20.4 mT can align 29.3 ± 8.6% of a 

selection of anisotropic NdFeB particles along their easy magnetisation axes. The 

purpose of this chapter was to integrate the in-situ alignment fixture into the SLS 

machine, described in Chapter 3, in order to expose anisotropic NdFeB particles to the 

near uniform field prior to consolidation resulting in magnetocrystalline anisotropy in 

the produced part. 

7.1 AIMS AND OBJECTIVES 

To investigate the production of anisotropic NdFeB magnets using selective 

laser sintering by introducing an in-situ particle alignment fixture. Specific objectives 

include: 

 Design and construct a build piston which will not interfere with the magnetic 

field supplied by the alignment fixture. 

 Experimentally determine new processing parameters which lead to the largest 

measurable densities with the absence of heating in the build area. 

 Evaluate the magnetic performance of PMs produced with and without the 

presence of the magnetic field supplied by the alignment fixture prior to the 

consolidation of each layer. 

7.2 METHODOLOGY 

7.2.1 Non-magnetic Build Piston 

In order for the Helmholtz coil, designed in Chapter 6, to perform the task of 

aligning magnetic particles in the build piston, it had to be placed around an assembly 

that was non-magnetic so that the field was not altered. Therefore, due to the large 

amount of ferromagnetic material in the original SLS machine build piston assembly, 

a new design had to be produced. 
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Design and Construction 

To reduce the potential effect of the piston drive motor on the alignment field, it 

was positioned on the underside of the assembly (Figure 7.1). To assist in keeping the 

design simple, there was no automatic recoater implemented, meaning that new layers 

of powder were spread across the build piston manually, prior to the consolidation of 

each layer, using an aluminium blade. As the recoater was actuated manually, at the 

beginning of each layer, a volume (approximately 1 mL) of powder was deposited on 

the right hand side of the piston. The blade was then traversed from right to left while 

applying a small amount of downward pressure using the top of the powder bed as a 

guide. This ensured that the layer height was always the distance at which the piston 

stepped down by. It should be noted that although both counter-rotating rollers and 

blade type recoaters are used in industrial machines, both the speed and angle of the 

manually operated recoater may have some variation and may influence powder 

deposition. 

 

Figure 7.1 – 3D model of the new build piston design. 

 

The materials chosen for the new design are listed in Table 7.1. The components 

constructed from MDF (build plate, bearing support plate, top plate and motor mount) 

were machined using an end mill (6040T, CNCEST, Shenzhen, China). The build plate 

was also face machined to a depth of 0.5 mm to remove surface irregularities. 
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Table 7.1 – Materials list for the non-magnetic build piston. 

 

Part Material 

Build plate MDF, 6 mm 

Bearing support plate MDF, 6 mm 

Top plate MDF, 6 mm 

Motor mount MDF, 6 mm 

Cylinder PVC pipe, Ø = 76 mm 

Linear rail Tasmanian Oak dowel, Ø = 9.5 mm 

Lead screw Polyamide-66 threaded rod, Ø = 10 x 1.5 mm 

Shaft coupler Aluminium, Ø = 5 to 10 mm  

 

Each component of the piston assembly was attached using epoxy resin to reduce 

the risk of unintended movement during powder processing. 
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Figure 7.2 – New build piston assembly and Helmholtz coil attached to the overhead 

gantry of the SLS machine. 

 

Once the new piston assembly had been constructed, it was attached to the 

Helmholtz coil and placed into the overhead gantry containing the laser and 

positioning system (Figure 7.2). 

Evaluation of Build Piston Accuracy 

Layer thickness is an important aspect of SLS and it is therefore important that 

the newly constructed non-magnetic build piston can achieve accurate positioning. The 

linear resolution of the lead screw was calculated to be 7.5 µm per step (thread pitch, 

1.5 mm, divided by number of steps per revolution of the stepper motor, 200). 

However, as polyamide has high deformability properties which potentially negatively 

impact its stepping precision. To validate the precision of the new build piston, a dial 

indicator (Mitutoyo, Tokyo, Japan) with a resolution of 0.01 mm was used to measure 

the position of the build plate from Z = 0 to Z = -5 in steps of 0.1 mm. The difference 
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of the desired position was recorded against the measured position for each step. The 

measurement process was repeated three times. 

Laser Spot Size 

To reduce the likelihood of interference of the magnetic field by the laser 

module, its position was raised relative to the powder bed. By increasing the height of 

the laser, the focal distance of the beam was altered resulting in an increased size of 

the laser spot. To re-determine the laser spot size, the same protocol used in Chapter 3 

was used where a 20 x 20 mm box was etched into a piece of MDF and was placed 

under a calibrated optical microscope to measure the track width of the X and Y traces. 

7.2.2 Feedstock Properties 

Magnets were produced using three different magnetic powders. The first two 

were the isotropic powders which were used as feedstock in Chapter 4 with flake 

(XCN1108A) and spherical (MQP-S-11-9-2001) particle morphologies. PMs were 

produced from these powders (used in Chapter 4 and 5) in order to test the repeatability 

benchmark the quality of parts produced by the non-magnetic build piston. This was 

important due to the absence heating in the piston and potential increased tolerances 

due to the materials the new pistons was produced from. To evaluate the effectiveness 

of the alignment system in improving the magnetic properties of PMs, a third powder 

was used (used previously in Chapter 5 to conduct the optical alignment experiment) 

which was magnetically anisotropic (MQA-38-14) and exhibited a flake type particle 

morphology. Due to the Nd rich grain boundaries within the anisotropic powder, the 

physical direction of the material once consolidated affects the magnetic properties, 

specifically the relationship between magnetic induction and coercivity, giving an 

indication of how well the grains are aligned due to the presence of the external field. 

The magnetic and physical properties of the powders (including the polymer binder), 

as reported by the manufacturer’s datasheets, are summarised in Table 7.2. 
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Table 7.2 – Polyamide-12 and NdFeB powder properties as reported by the 

manufacturers. 

 

Powder Particle 

Morphology 

Theoretical 

Density 

(ρT) kg/m3 

Bulk 

Density (ρB) 

kg/m3 

Residual 

Induction 

(Br) mT 

Intrinsic 

Coercivity 

(Hci) kA/m 

Particle 

Size (D50) 

µm 

SP301 Spherical 960 420 - - 43 

XCN1108A Flake 7640 3023 769 668 88 

MQP-S-11-

9-20001 

Spherical 7430 4017 744 723 43 

MQA-38-

14 

Flake 7510 2880 1283 1099 88 

 

From the bulk densities reported in Table 7.2, it can be seen that the anisotropic 

magnetic powder (MQA-38-14) exhibits a lower loose packing density that the 

isotropic flakes (XCN1108A) used to produce PMs in Chapters 4 and 5. It was 

observed that the final density of the PMs produced in Chapter 4 was dependent on the 

bulk density of the starting powder. It was therefore expected that magnets produced 

from the anisotropic flake powder would be lower in density due to the powders lower 

loose packing density. 

 

Figure 7.3 – Particle size distributions of the NdFeB and polyamide-12 powders (D50 

of each is indicated by the vertical lines). 
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The demagnetisation curves for the NdFeB powders, as supplied by the 

manufacturers, are shown in Figure 7.4. The demagnetisation curve for the anisotropic 

flakes was produced using samples close to the materials single crystal density with 

all of the grains aligned by an external field of greater than 4 T (manufacturer 

specified). 

 

Figure 7.4 – Demagnetisation curves of the NdFeB powders at their theoretical 

densities. 

 

Each NdFeB powder was mixed with the black SP301 polyamide-12 powder 

with a loading fraction of 60%/vol in a ball mill at an angular velocity of 30 RPM for 

1 hour. Although it was shown in Chapter 5 that there was very little increase in part 

density when loading fractions over 30%/vol were used for the spheres and 50%/vol 

for the flakes, the high loading fraction would result in part properties directly 

comparable with the results from Chapter 4 where a 60%/vol loading fraction was also 

used. 

7.2.3 Determination of Processing Parameters 

As there was no heating of the powder in the build piston, the laser had to supply 

all of the thermal energy required to transition the polyamide-12 binder into its liquid 

state. Therefore it was necessary that a new set of processing parameters be 

experimentally determined which resulted in PMs with statistically equivalent part 

densities to those produced using a 60%/vol powder loading in Chapter 4. 
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It was found in Chapter 4 that the densities of the parts increased with increases 

in laser power and decreases in scan spacing resulting in higher values of energy 

supplied by the laser per unit area. It was also shown that increases past 1.18 W of 

supplied laser power resulted in sparks emanating from the melt pool when the laser 

spot size was 0.35 mm. As the focal distance of the laser was increased resulting in a 

likely increase in spot size, it was predicted that the maximum laser power would also 

be able to be increased before sparking would be observed (Table 7.3). 

Experiments from Chapter 4 also showed that by reducing scan spacing values, 

so that adjacent scans overlapped, resulted in improvements in the densities of the 

produced PMs which was attributed to the same areas of powder being heated more 

than once allowing the particle to repack more efficiently. Therefore the scan spacing 

was set so that a 66% overlap of the laser spot was achieved (Table 7.3). 

Table 7.3 – Range of processing parameters used to process the mixed 

NdFeB/polyamide-12 powders. 

 

Processing 

Parameter 

Lower Limit Upper Limit Step 

Laser Power 1.42 W 2.44 W 0.34 W 

 

For each powder type and supplied energy density, four cubes with dimensions 

10 x 10 x 10 mm were produced. It was important in this experiment to change from 

cylinders to cubes so that the PMs exhibited shape isotropy in the directions parallel 

and perpendicular to the magnetic field supplied by the alignment fixture. 

7.2.4 Alignment Conditions 

Once the processing parameters had been determined for the non-magnetic build 

piston, the effect of the alignment field was examined by producing magnets without 

any alignment field as a control, with an alignment field produced by the Helmholtz 

coils and with the alignment field using powder that had been exposed to a magnetising 

field of 90 kA/m. 
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Applied External Field 

After the deposition of each layer of powder, power was supplied to the 

Helmholtz coil for a period of 250 ms. As per the experiments conducted in Chapter 

6, this resulted in the loose particles being exposed to a uniform magnetic field with a 

strength of 20.4 mT . 

Cubes with dimensions 10 x 10 x 10 mm were produced (N = 4) from all three 

powders NdFeB powders (isotropic flakes, isotropic spheres and anisotropic flakes) 

using the determined processing parameters for each powder mixture. 

Powder Pre-magnetisation 

A limitation of the magnetising fixture was the power supply that was used to 

provide the current through the coils could not be increased above 22 A and thus forced 

an upper limit of the magnetic field that it could supply (20.4 mT). In an attempt to 

partially overcome this limitation, an investigation into the effect of partially pre-

magnetising the loose powder using a capacitive discharge magnetiser was also 

conducted. By pre-magnetising the feedstock prior to being processed by the SLS 

machine, it allowed more torque to be imparted to each particle by the alignment 

fixture as the total torque is the cross product of the alignment field and the residual 

magnetic field of the particle. 

To pre-magnetise the loose powder, already mixed with the polyamide-12, 5 mL 

was placed into a small plastic 10 mL test tube and subject to a partial magnetising 

field using the capacitive discharge magnetiser. The pre-magnetisation field strength 

was chosen as to be 5% (90 kA/m) of the material’s coercivity as to minimise particle 

interaction. It was hypothesised that, due to the high mobility of the particles when 

mixed with the polyamide-12, during the magnetisation process, the particles would 

mechanically align themselves with the external field in their already preferred 

magnetisation direction (easy magnetisation axis) resulting in magnification of each 

particles inherent anisotropy. The pre-magnetisation procedure was repeated until a 50 

mL volume of powder was prepared for processing. 

7.2.5 Measurements 

Each 10 x 10 x 10 mm cube was evaluated by measuring its geometry, density 

and magnetic performance. X-ray diffraction was used to examine the crystallographic 
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structure of samples to quantify the number of aligned crystals due to the alignment 

field. 

Geometry 

The dimensions of the samples were measured using a digital caliper conforming 

to DIN 862 (Kincrome, Scoresby, Australia) to ascertain the geometrical deviation 

from the model data. The digital calipers were factory calibrated to within +/- 0.01 mm 

resulting in a maximum error of 0.1% per 10 mm. 

Density 

The volume of each cylinder was calculated from the geometric measurements 

of each part leading to a maximum volumetric error of 0.30%. Each part was then 

weighed (GR-200, A&D Company Limited, Tokyo, Japan) to calculate density.  

Magnetic Properties 

The second quadrant demagnetisation curves for each sample were evaluated 

using a permeagraph with the sample orientated in the machine in both the parallel and 

perpendicular directions (Figure 7.5). By using this method to characterise the 

demagnetisation curves, insight can be gained into the level of magnetic anisotropy 

that the samples possess by examining the difference in magnitude between the curves. 

 

Figure 7.5 – Magnet orientations during permeagraph measurements. 

 

Crystalline Structure Orientation 

To examine the orientation of the Nd2Fe14B phase due to the application of the 

applied external field prior to powder consolidation, x-ray diffraction (XRD) 

techniques were employed. XRD takes advantage of Bragg’s law and is performed by 

exposing a material sample to x-rays while rotating it at an angle of  theta (ϴ) to an x-

ray source while a detector picks up the reflected x-rays (at an angle of 2ϴ) (Figure 
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7.6). Due to the constructive or destructive interference of these re-emitted waves, 

peaks and troughs occur depending on the orientation of the crystallographic planes of 

the crystalline lattice in the [h k l] unit cell coordinates.  

 

Figure 7.6 – Illustration of Bragg’s law, the theory behind XRD. 

 

By comparing the magnitude of peaks representing the Nd2Fe14B phase in both 

the randomly oriented and aligned samples, insight into the extent of the 

magnetocrystalline alignment of the material due to the coil can be obtained. From the 

literature, the specific peak of interest is the tetragonal crystal axis [006] which lies at 

42.4° on the 2ϴ axis (Gandha et al., 2018). 

For these measurements, 10 x 2 mm discs (N = 2) were produced with randomly 

orientated particles, aligned with the external field and also aligned using pre-

magnetised powder. The samples were analysed using a D8 Advance Eco x-ray 

powder diffractometer (Bruker, Billerica, MA, USA). To perform each analysis, a 

sample was locked into the spinner stage and rotated between 10 and 80 degrees with 

a 2ϴ increment of 0.05 degrees. 

Statistical Analysis 

The data for each measurement (geometrical deviation from model data, part 

density and magnetic strength), was represented by the mean ± standard deviation of 

the group of samples. Statistical significance between measurements was tested by 

applying Student’s t-test with a probability value of 0.05 (p < 0.05). To quantify linear 
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relationships, a linear model was fit to the data under examination (fitlm function in 

MATLAB) and correlations were reported using their R-squared (R2) values. 

7.3 RESULTS AND DISCUSSION 

7.3.1 Build Piston Characteristics 

Positional Accuracy 

The measured deviation from the desired position of the build piston showed an 

increase (R2 = 0.683) as the piston got further away from the zero point (Figure 7.7). 

Although the inter-layer variation was different for each run, the net mean deviation 

across the 5 mm was similar. The inter-layer variation in the stepping of the build 

piston could result in uneven layer thicknesses causing some layers to by insufficiently 

melted during consolidation by the laser and thus decreasing density of the produced 

part. 

 

Figure 7.7 – Measured deviation of the build piston from desired position. 

 

The increase in deviation was likely due to the stretching of the polyamide-6 

threaded rod in combination with the large manufacturing tolerances permitted. The 

mean deviation measured across the 5 mm range was found to be 0.089 mm (1.7%). 

To compensate for this inaccuracy, each model was software compensated in the Z 

plane by the same factor (1.7%) before being converted to G-code. 
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Laser Spot Size 

Due to the increase in focal length of the laser (by 85 mm), the spot size increased 

from 0.35 mm to 0.88 mm (Figure 7.8) resulting in an increase in instantaneous 

irradiation area of 632%. As a result of the size, the scan spacing was set to 0.18 mm 

to satisfy a 66% overlap of adjacent scans. 

 

Figure 7.8 – Macroscopic image of the a) laser etched MDF and microscopic images 

of b) the calibration grid, c) horizontal trace and d) vertical trace. 

 

This increase in irradiation area meant that the output power of the laser could 

be increased. 

7.3.2 Geometrical Properties 

As with the findings in Chapter 4, magnets produced from powders with a flake 

particle morphology showed a greater deviation from the model data than the magnets 

produced from the spherical powder (Figure 7.9). This is again attributed to the larger 

mean particle size of both flake powders. 
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Figure 7.9 – Part deviation from model data as a function of supplied energy density. 

 

It was observed that magnets produced from the anisotropic flakes were far more 

sensitive to excess grain growth than the isotropic flakes. When observing the 

difference in powder colours (Figure 7.10), it can be seen that the anisotropic powder 

is darker than the isotropic powder flakes and therefore would absorb more of the 

optical power from the laser resulting in higher thermal absorption. 

 

Figure 7.10 – Photographs of the a) polyamide-12, b) isotropic spherical, c) isotropic 

flake and d) anisotropic flake powders with e) PM cubes produced from the 

corresponding powders. 
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7.3.3 Part Density 

The mean measured densities of the magnets (Figure 7.11) produced from the 

isotropic flakes and spheres reached 3314 ± 7 and 3836 ± 14 kg/m3 respectively both 

with a supplied energy density of 0.464 J/mm2. These values achieved without heating 

in the build area did not differ statistically (p < 0.05) from the maximums achieved in 

Chapter 4 (3323 ± 10 and 3828 ± 11 kg/m3) with the heating. This indicates that similar 

densities are achievable in the absence of heating in the build area provided that the 

supplied energy density is increased to compensate. 

As expected, due to the lower bulk density of the anisotropic powder, these 

magnets obtained a lower density reaching a maximum of 2853 ± 23 kg/m3 at a 

supplied energy density of 0.335 J/mm2. 

 

Figure 7.11 – Part density as a function of supplied energy density. 

 

When comparing the densities of the parts which had been processed in with 

exposure to the magnetic field with those which had not, it was shown (Figure 7.12) 

that there was no statistical difference (p < 0.05) indicating no reduced powder re-

organisation by the introduction of the alignment field. 
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Figure 7.12 – Densities of parts produced with (white) and without (coloured) the 

external alignment field. 

 

7.3.4 Magnetic Properties 

The second quadrant demagnetisation curves of the magnets produced from both 

the isotropic flake and spherical particles show no significant difference when 

processed with and without the external alignment field with less than 0.5% difference 

between the remanent magnetic induction and coercivity (Figure 7.13). This result was 

expected due to the orientation of individual particles being independent of their 

domain alignment due to the magnetic coupling between the hard (Nd2Fe14B) and soft 

(Fe rich) regions within the materials (Brown et al., 2002). 

Distinctive anisotropy was observed in the magnets produced from the 

anisotropic flakes when they were processed in the presence of the alignment field. 

Demagnetisation curves in the parallel and perpendicular directions of the magnets 

produced in the absence of an alignment field (Figure 7.13) show that there was no 

significant difference in residual induction (5.7 ± 2.3%) or intrinsic coercivity (0.01 ± 

0.0%) indicating that they were magnetically isotropic. When the anisotropic powder 

was exposed to the external magnetic field prior to the consolidation of each layer, the 

difference in residual induction and intrinsic coercivity between the parallel and 

perpendicular directional measurements resulted in increases of 18.3 ± 2.6% and 3.3 

± 0.5% respectively. This demonstrated that the introduction of the alignment field 

causes the magnets to become magnetically anisotropic. When the powder was pre-

magnetised, further increases in the differences in residual induction (46.4 ± 2.2%) and 



 

150 Additive Manufacturing of Bonded NdFeB Magnets by Selective Laser Sintering 

intrinsic coercivity (12 ± 0.3%) between the measurement directions were observed. 

These increases indicate that the alignment field by itself is insufficient to align all of 

the loose particles prior to consolidation by the laser.
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Figure 7.13 – Demagnetisation curves for the produced samples. 
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Figure 7.14 – Normalised residual induction of magnets produced from anisotropic 

flakes. 

 

By normalising the residual induction of the magnets produced from the 

anisotropic flakes with their density (Figure 7.14), the magnetic strength in the parallel 

direction can be seen to increase with the applied alignment field. A similar trend can 

be seen when the magnetic energy density (BHMAX) is normalised with part density 

(Figure 7.15). 

 

Figure 7.15 – Normalised magnetic energy density of magnets produced from 

anisotropic flakes. 
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Despite the demonstrated increases in both residual induction and magnetic 

energy density, it appears as though the Helmholtz coil does not deliver a strong 

enough magnetic field to achieve full alignment or that full alignment is not possible 

due to inter-particle interactions preventing rotation. 

7.3.5 X-ray Diffraction 

The x-ray diffraction patterns from the 10 mm x 2 mm samples (Figure 7.16) 

display peaks representing the orientation of the Nd2Fe14B crystals within the samples. 

When the material has no preferred alignment, several peaks appear throughout the 2ϴ 

range. However, as more of the crystals become orientated to a specified direction, 

these peaks begin to converge on the [006] crystal axis (indicated by the red lines in 

Figure 7.16 at 42.4°). 

 

Figure 7.16 – X-ray diffraction patterns for samples a) no alignment field, b) exposed 

to alignment field and c) exposed to alignment field with pre-magnetised powder. 
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When the crystals were randomly aligned, i.e. no alignment was performed 

(Figure 7.16a), the [006] peak was not dominant with a ratio to the highest peak of 

0.876. This ratio was increased when the material was exposed to the alignment field 

(Figure 7.16b), however at 0.929 was still not the dominant peak. When the powder 

was pre-magnetised and then exposed to the alignment field (Figure 7.16c), more 

alignment was observed with the peaks converging on the [006] crystal axis with it 

becoming the dominant peak with an intensity ratio of 1.056 to the next highest peak. 

Despite this clear convergence, there are still small remaining peaks at the crystals 

other axes indicating that not all of the crystals in the material have been aligned. 

7.4 LIMITATIONS 

The materials that the piston assembly were constructed from, while care was 

made to mitigate error during manufacturing and assembly, were not of high quality 

leading to the potential of the device being inaccurate. This was shown in the stepping 

accuracy of the lead screw constructed from the polyamide-6 threaded rod, however 

this could be compensated for. However, due to the high manufacturing tolerances and 

low rigidity for MDF, there was potential for movement and thus inaccuracies during 

machine operation. The choice of materials, although the machine was not operated 

over a long period of time for these experiments, would also have poor wearability 

leading to larger variations in build accuracy over time. To improve on this design, 

future iterations would be constructed from engineering plastics to improve 

manufacturing tolerances and thus improve machine accuracy, repeatability and 

wearability. 

As the recoater was manually actuated, there was potential for variations in the 

way that each layer was deposited. This could be influenced by the speed at which the 

recoater was traversed and the angle at which the recoater was held. Both of these 

factors have the potential to influence the loose packing of the particles in the build 

piston. 

The power supply which was used to deliver current to the Helmholtz coil only 

supplied a maximum of 22 A resulting in an alignment field of 20.4 mT. Due to the 

lack of ability to increase the coil current and subsequently the strength of the 

alignment field, it is difficult to determine if further increases in residual induction in 

the produced PMs could be achieved using this alignment fixture. Future investigations 
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should begin with the development of a new power supply which can deliver 

substantially more current to the alignment fixture. 

7.5 CONCLUSION 

It was demonstrated using permeagraph measurements and XRD techniques, 

that anisotropic NdFeB powder could be aligned by the proposed in-situ alignment 

fixture based on a Helmholtz coil. Both the demagnetisation curves and the diffraction 

patterns showed an increase in the magnetic performance when the powder was 

exposed to the magnetic field prior to consolidation of the layer. The performance was 

found to increase further when a small pre-magnetisation field was applied to the loose 

powder prior to loading into the machine indicating that the strength of the alignment 

field by itself is insufficient to align all particles. Despite the increasing residual 

induction and energy density of the magnets produced by aligning anisotropic powder 

with the Helmholtz coil, the overall performance of the magnets was lower than the 

ones produced from the isotropic flakes and spheres due to the lower volume of 

magnetic powder caused by the lower bulk density of the starting material. By 

increasing the strength of the alignment field and increasing the bulk density of the 

starting material (perhaps by selecting another anisotropic powder) this method could 

be used to enhance the energy density of magnets produced using the SLS process. 
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Chapter 8: Conclusions and Future 

Research 

This chapter reiterates the aims while summarising the methodology, results and 

conclusions for each chapter followed by the overarching outcome of this research 

project. Potential areas of future work are also identified with suggestions on 

modifications/extensions of individual parts of the project. 

8.1 CONCLUSIONS 

The aim of this project was to investigate the processing of mixed NdFeB and 

polyamide-12 powders using selective laser sintering (SLS) to produce permanent 

magnets (PMs) with custom geometries while evaluating their geometrical properties, 

magnetic and mechanical performance based on processing conditions such as optical 

input energy, feedstock loading fractions and exposure to an in-situ alignment field. 

To achieve this aim, the project was broken up into four discrete stages of which the 

outcomes will be described below. 

The first stage involved the design, build and validation of a low-cost SLS 

machine that could be used to process the custom-blended polyamide-12/NdFeB 

powders (Chapter 3). The SLS machine, constructed by the author solely from off-the-

shelf components, was fitted with a 15 W near-ultraviolet laser which was 

mechanically-tracked across a three piston powder bed of which the center (build) 

piston was heated. The machine’s processing parameters (for polyamide-12) were 

experimentally derived by producing cuboids and tensile test specimens whilst the 

varying the energy density supplied by the laser. The processing parameters which 

produced parts exhibiting the highest values of density and mechanical (tensile) 

strength were chosen as the preferred values for scan spacing, scan speed and laser 

power (energy density of 0.129 J/mm2). The density and mechanical properties of the 

parts produced with the low-cost machine were compared with a commercial system 

with results indicating that the low-cost machine could produce parts of comparable 

quality (part density of 918 ± 9 kg/m3, elastic modulus of 358.36 ± 3.04 MPa and 

elongation at break of 11.13 ± 0.02%). 
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The SLS machine was then used to process mechanically-alloyed isotropic 

NdFeB and polyamide-12 powders with flake and spherical particle morphologies at 

a loading fraction of 60%/vol (Chapter 4). In order to systematically determine the 

suitable processing parameters for each material, the supplied energy per unit area of 

the laser was varied by altering the laser power, scan speed and scan spacing with parts 

produced from both powders at each energy variation. The geometry, density, 

magnetic and mechanical (compression) properties of the PM samples were then 

measured and evaluated. It was found that increases in the supplied energy density 

improved the density, magnetic (reaching 311 ± 9 and 363 ± 6 mT for the flake and 

spherical powders respectively) and mechanical properties, however this also led to 

excess grain growth requiring size compensation of the model. Further increases past 

0.255 J/mm2 demonstrated a deterioration in all properties leading to the determination 

of that value as an upper limit for the processing energy. 

Due to the low loose packing density of the NdFeB powders (39.6% and 54.1% 

of their single crystal densities for the flake and spherical powders respectively), it was 

hypothesised that by increasing the polyamide-12 content, the mechanical properties 

of the PMs could be improved (Chapter 5). Therefore the flake and spherical NdFeB 

powders were mechanically-alloyed with loading fractions ranging between 10% and 

90%/vol then processed using the previously determined parameters (from Chapter 4). 

As expected, at lower content volumes of NdFeB powder (specifically 30%/vol), the 

mechanical strength was improved by up to three times, however this was at the 

sacrifice of some magnetic performance. It was found that for the flakes, a loading 

fraction of 50%/vol demonstrated the best overall properties, while for the spheres, 

there was no statistical advantage of using loading fractions above 30%/vol. 

It was demonstrated in Chapters 4 and 5 that the magnetic performance (dictated 

by powder loading fraction) of the PMs produced from the commercially available 

isotropic NdFeB material could not be improved due to the material’s low loose 

packing density and the absence of compaction during the SLS process. Therefore, as 

there was no immediate method available of improving the packing density of the 

NdFeB material, the addition of a process common to the industrial manufacture of 

PMs was investigated (Chapter 6). This process involves exposing anisotropic NdFeB 

material to an alignment field prior to consolidation causing particles to mechanically 

align along their easy magnetisation axes resulting in an increase in the number of 
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aligned magnetic domains in the PM thus improving the magnetic performance of a 

fixed volume of material. To perform the alignment of these loose particles, a coil 

array (Helmholtz coil) which could supply a near-uniform region of a static magnetic 

field across the build area was designed and constructed. The prototype coil’s 

performance was evaluated both by measuring the strength of the magnetic field using 

a Hall effect sensor across the plane of interest (build area) as well as examining the 

effect of the field on NdFeB particles using image processing techniques. The results 

of these experiments showed that there was a near-uniform (± 0.48%) region of 

magnetic field across the build area, as well as there was a measureable effect on the 

rotational orientation of particles when exposed to the alignment field. Experimental 

data from the image analysis indicated that the field mechanically affected the 

orientation of 29.3 ± 8.6% of particles within a selection on the powder bed. 

The final experiment was to examine the effect that the Helmholtz coil had on 

the magnetic performance of PMs produced when the anisotropic NdFeB material was 

exposed to the magnetic field during processing (Chapter 7). So that the magnetic field 

was not affected by the ferrous material in the original powder bed design, the build 

piston was redesigned to exclude ferromagnetic materials from within the coils. PMs 

were produced by exposing the blended anisotropic NdFeB/polyamide-12 powders to 

the external field before the consolidation of each layer. The magnetic properties 

(permeagraph measurements) and crystalline orientation (x-ray diffraction patterns) of 

PMs produced in the presence and absence of the alignment field were compared to 

measure the extent of orientation. The demagnetisation curves demonstrated a 

significant increase in the residual induction (46.4 ± 2.2%) as opposed to the magnets 

that were processed in the absence of a field. The x-ray diffraction patterns showed a 

convergence of peaks around the tetragonal axis [006] when the particles were 

processed in the presence of the alignment field. Unfortunately the overall magnetic 

performance of the magnets suffered due to the lower loose packing density of the 

anisotropic NdFeB powder which was only 38.3% of the materials single crystal 

density. 

This thesis aimed to investigate the effect that different processing conditions 

had on producing PMs using SLS. The results of which demonstrated that there is 

upper and lower limits to the processing window of mechanically alloyed NdFeB and 

polyamide-12 powders as well as preferred powder loading fractions which are 
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dependent on physical properties of the starting powders. This research also 

demonstrated the feasibility of an in-situ alignment fixture which was shown to 

improve the performance of PMs produced using SLS. Continued development of this 

in-situ alignment fixture, in combination with further refinements in feedstock 

properties, could see a further improvement in the processing of PMs using SLS 

resulting in reductions in cost and development times of electromagnetic devices. 

8.2 FUTURE WORK 

Commercially available SLS machines typically employ a controlled 

atmosphere of nitrogen or argon to reduce part deformation due to large temperature 

gradients and reduce the amount of material oxidisation during processing ultimately 

improving the quality of the produced parts. To improve the quality of the parts 

produced by the lost-cost SLS machine built in this thesis, a controlled atmosphere of 

either air, a vacuum or an inert gas could be implemented. One of the simplest methods 

of implementation would be to encase either the powder bed or the entire machine in 

a plastic (or glass) box which would then allow the addition of PID controlled infrared 

heaters for thermal regulation. Alternatively, a vacuum could be created inside the box 

which would reduce the amount of thermal energy being conducted/convected away 

from the build area. 

The NdFeB and polyamide-12 powders obtained for this study had similar 

particle size distributions leading to sub-optimum packing densities post blending. It 

is widely reported in literature that when the binder particles are smaller than the 

structural particles in a blend, better packing densities are achieved. It is therefore 

hypothesised that if multi-modal powders were used as feedstock, better packing 

densities would be achieved, leading to increases in magnetic properties and potential 

increases in mechanical properties. 

The anisotropic powder selected for the alignment section of the study 

manifested the lowest loose packing density of all of the NdFeB powders leading to 

the production of PMs with the lowest part density and thus low residual induction. By 

selecting an anisotropic powder with better loose packing density, the PMs produced 

from anisotropic powder would exceed the performance of the PMs produced from the 

isotropic powders. 
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 It was demonstrated by the XRD patterns that not all of the NdFeB grains in the 

anisotropic powder were aligned along their easy axis. This was due to insufficient 

strength of the alignment field caused by a limitation in the current that the power 

supply could deliver to the coils. In order to increase the available current to the coils, 

a larger power supply needs to be obtained or constructed. As the field is only required 

for a short period of time, a capacitive discharge supply could be used. This would 

increase the strength of the alignment field leading to an increase in the number of 

particles aligned along their easy axis and thus improving the magnetic properties of 

the PMs. 

The recommended future work described here would result in PMs produced 

using SLS with improved magnetic properties which would expand the applications, 

potentially from prototyping to end user products.  
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 Appendix A – Circuit Diagrams  

Figure A.1 shows the wiring of the REX C-100 temperature controller that is used to 

heat the build area. 

 

Figure A.1 – Connection diagram of the temperature control for the build piston. 

Figure A.2 shows the connections of the hardware used in the SLS machine in the form 

of a block diagram. Each of the off-the-shelf components are described by their 

corresponding inputs and outputs as marked on the circuit boards. 
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Figure A.2 – Connection diagram of the computer controlled aspects of the SLS machine.
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Appendix B – MATLAB Script for G-code 

Conversion  

As Slic3r was designed to generate G-code for FDM based machines, the G-code had 

to be post-processed to correctly operate the SLS machine. The following MATLAB 

script modifies the Slic3r generated G-code by removing extruder commands and 

replacing them with laser switching commands, adding recoater instructions and 

adding instructions to control the feed pistons. 

clear all; close all; clc; 

  

laser_power = 300; % 100% = 1000; 

scan_velocity = 1800; % mm per minute 

layer_thickness = 0.1; % mm 

feed_increment = layer_thickness * 1.1; %increment of the feed pistons 

no_of_objects = 2; %number of objects on the build platform 

  

recoater_distance = 9; %distance the recoater has to travel 

  

laser_state = 0; 

modification_number = 0; 

  

copyfile('INPUT_FILE.gcode','transform_temp.txt'); 

data = readtable('transform_temp.txt'); 

  

data([1,2,3,height(data)-128:height(data)],:) = []; 

data(:, 6:width(data)) = []; 

  

gcode_table = table2array(data); 

  

% determine length of array and how many changes need to be made 

  

for i = 1:length(gcode_table) 

    cell_val = gcode_table{i, 4} ; 

    if(contains(cell_val, 'A') == 1 && laser_state == 0) 

        laser_state = 1; 

        modification_number = modification_number + 1;         

    elseif(contains(cell_val, 'A') == 0 && laser_state == 1) 

        laser_state = 0; 

        modification_number = modification_number + 1;  

    end 

     

end 

  

laser_state = 0; %initial state of laser (0 = off) 
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% determine A axis advancements and add laser control commands 

  

l_p = num2str(laser_power); 

l_p = strcat('S', l_p); %laser power 

  

for i = 1:length(gcode_table) + modification_number 

    cell_val = gcode_table{i, 4}; 

    if(contains(cell_val, 'A') == 1 && laser_state == 0) 

        laser_state = 1; 

        gcode_table(i+1:end+1, :) = gcode_table(i:end, :); 

        gcode_table{i, 1} = 'E1P1'; 

        gcode_table{i, 2} = ''; %increase laser power (switch on) 

        gcode_table{i, 3} = ''; 

        gcode_table{i, 4} = ''; 

        gcode_table{i, 5} = ''; 

    elseif(contains(cell_val, 'A') == 0 && laser_state == 1) 

        laser_state = 0; 

        gcode_table(i+1:end+1, :) = gcode_table(i:end, :); 

        gcode_table{i, 1} = 'E1P0'; 

        gcode_table{i, 2} = ''; %set laser power to 0 (switch off) 

        gcode_table{i, 3} = ''; 

        gcode_table{i, 4} = ''; 

        gcode_table{i, 5} = ''; 

    end 

     

end 

  

% correct first layer advancement 

  

gcode_table(1, :) = gcode_table(2, :); %initial movement of axes to start position 

moved to line 1 

gcode_table{1, 4} = 'Z'; %add first z axis movement 

gcode_table{1, 7} = strcat('F', num2str(scan_velocity)); %add initial scan velocity 

gcode_table{1, 8} = 'S0'; %add laser power 

gcode_table(5:end+3, :) = gcode_table(2:end, :); % 3 new lines added between 1 & 2 

gcode_table{2, 1} = 'M06'; %pause after movement to intial print position 

gcode_table{2, 2} = ''; 

gcode_table{2, 3} = ''; 

gcode_table{2, 4} = ''; 

gcode_table{2, 5} = ''; 

gcode_table{3, 1} = 'E1P1'; %turn laser on 

gcode_table{3, 2} = ''; 

gcode_table{3, 3} = ''; 

gcode_table{3, 4} = ''; 

gcode_table{3, 5} = ''; 

gcode_table{4, 1} = 'G1'; %set laser power 

gcode_table{4, 2} = l_p; 

gcode_table{4, 3} = ''; 

gcode_table{4, 4} = ''; 
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gcode_table{4, 5} = 'M3'; 

  

% add M3 (laser enable) after recoater commands 

  

for i = 8:length(gcode_table) 

    if(contains(gcode_table{i, 1}, 'M06') == 1) 

        gcode_table{i+2, 1} = 'E1P1'; 

        gcode_table{i+3, 5} = 'M3'; 

    end 

end 

  

% remove A axis advancements 

  

for i = 1:length(gcode_table) 

    if(contains(gcode_table{i, 4}, 'A') == 1) 

        gcode_table{i, 4} = ''; 

    end 

end 

  

% set selected scan velocity 

  

s_v = num2str(scan_velocity); 

s_v = strcat('F', s_v); 

  

for i = 1:length(gcode_table) 

    if(contains(gcode_table{i, 3}, 'F') == 1) 

        gcode_table{i, 3} = s_v; 

    end 

    if(contains(gcode_table{i, 4}, 'F') == 1) 

        gcode_table{i, 4} = s_v; 

    end 

    if(contains(gcode_table{i, 5}, 'F') == 1) 

        gcode_table{i, 5} = s_v; 

    end 

end 

  

% correct z axis advancements according to number of objects 

  

l_t_cumulative = layer_thickness; 

f_i_cumulativeB = feed_increment; 

f_i_cumulativeC = feed_increment; 

recoater_direction = 0; 

object_number_control = no_of_objects; 

  

for i = 1:length(gcode_table) 

    if(contains(gcode_table{i, 2}, 'Z') == 1) 

        l_t = num2str(l_t_cumulative); 

        l_t = strcat('Z', l_t); 

        gcode_table{i, 2} = l_t; 
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        if(object_number_control == no_of_objects) 

            if(recoater_direction == 0) 

                f_i = num2str(f_i_cumulativeB); 

                f_i_1 = strcat('B', f_i); 

                gcode_table{i, 5} = f_i_1; 

                f_i_cumulativeB = f_i_cumulativeB + feed_increment; 

                recoater_direction = 1; 

            elseif(recoater_direction == 1) 

                f_i = num2str(f_i_cumulativeC); 

                f_i_2 = strcat('C', f_i); 

                gcode_table{i, 6} = f_i_2; 

                f_i_cumulativeC = f_i_cumulativeC + feed_increment; 

                recoater_direction = 0; 

            end 

        end 

        object_number_control = object_number_control - 1; 

        if(object_number_control == 0) 

            l_t_cumulative = l_t_cumulative + layer_thickness; 

            object_number_control = no_of_objects; 

        end 

    end 

    if(contains(gcode_table{i, 4}, 'Z') == 1) 

        l_t = num2str(l_t_cumulative); 

        l_t = strcat('Z', l_t); 

        gcode_table{i, 4} = l_t; 

         

        if(object_number_control == no_of_objects) 

            if(recoater_direction == 0) 

                f_i = num2str(f_i_cumulativeB); 

                f_i_1 = strcat('B', f_i); 

                gcode_table{i, 5} = f_i_1; 

                f_i_cumulativeB = f_i_cumulativeB + feed_increment; 

                recoater_direction = 1; 

            elseif(recoater_direction == 1) 

                f_i = num2str(f_i_cumulativeC); 

                f_i_2 = strcat('C', f_i); 

                gcode_table{i, 6} = f_i_2; 

                f_i_cumulativeC = f_i_cumulativeC + feed_increment; 

                recoater_direction = 0; 

            end 

        end 

        object_number_control = object_number_control - 1; 

        if(object_number_control == 0) 

            l_t_cumulative = l_t_cumulative + layer_thickness; 

            object_number_control = no_of_objects; 

        end 

    end 

  

end 
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% add recoater commands 

  

modification_number = 0; 

r_d = num2str(recoater_distance); 

r_d = strcat('A', r_d); 

recoater_direction = 0; 

object_number_control = no_of_objects; 

  

for i = 1:length(gcode_table) 

    cell_val = gcode_table{i, 1}; 

    if(contains(cell_val, 'M06') == 1 && object_number_control == no_of_objects) 

        modification_number = modification_number + 1;         

    end 

    object_number_control = object_number_control - 1; 

    if(object_number_control == 0) 

        object_number_control = no_of_objects; 

    end 

end 

  

object_number_control = no_of_objects; 

  

for i = 1:length(gcode_table) + (modification_number - 1) * 1 

    cell_val = gcode_table{i, 1}; 

        if(contains(cell_val, 'M06') == 1 && recoater_direction == 0) 

            if(object_number_control == no_of_objects) 

                gcode_table{i, 1} = 'M6'; 

                gcode_table(i+3:end+3, :) = gcode_table(i:end, :); 

                gcode_table{i+1, 1} = 'M8'; 

                gcode_table{i+1, 2} = ''; 

                gcode_table{i+1, 3} = ''; 

                gcode_table{i+1, 4} = ''; 

                gcode_table{i+1, 5} = ''; 

                gcode_table{i+2, 1} = 'G1'; 

                gcode_table{i+2, 2} = r_d; 

                gcode_table{i+2, 3} = ''; 

                gcode_table{i+2, 4} = ''; 

                gcode_table{i+2, 5} = ''; 

                gcode_table{i+3, 1} = 'M9'; 

                gcode_table{i+3, 2} = ''; 

                gcode_table{i+3, 3} = ''; 

                gcode_table{i+3, 4} = ''; 

                gcode_table{i+3, 5} = ''; 

                recoater_direction = 1; 

            else 

                gcode_table{i, 1} = ''; 

            end 

            object_number_control = object_number_control - 1; 

        elseif(contains(cell_val, 'M06') == 1 && recoater_direction == 1)  

            if(object_number_control == no_of_objects) 

                gcode_table{i, 1} = 'M6'; 
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                gcode_table(i+3:end+3, :) = gcode_table(i:end, :); 

                gcode_table{i+1, 1} = 'M7'; 

                gcode_table{i+1, 2} = ''; 

                gcode_table{i+1, 3} = ''; 

                gcode_table{i+1, 4} = ''; 

                gcode_table{i+1, 5} = ''; 

                gcode_table{i+2, 1} = 'G1'; 

                gcode_table{i+2, 2} = 'A0'; 

                gcode_table{i+2, 3} = ''; 

                gcode_table{i+2, 4} = ''; 

                gcode_table{i+2, 5} = ''; 

                gcode_table{i+3, 1} = 'M9'; 

                gcode_table{i+3, 2} = ''; 

                gcode_table{i+3, 3} = ''; 

                gcode_table{i+3, 4} = ''; 

                gcode_table{i+3, 5} = ''; 

                recoater_direction = 0; 

            else 

                gcode_table{i, 1} = ''; 

            end 

            object_number_control = object_number_control - 1; 

        end 

        if(object_number_control == 0) 

            object_number_control = no_of_objects; 

        end 

end 

  

data = array2table(gcode_table); 

delete('transform_temp.txt'); 

writetable(data, 'output.txt', 'Delimiter', ' ', 'WriteVariableNames', false); 

movefile('output.txt', 'OUTPUT_FILE.gcode'); 

  

disp('Completed Successfully'); 
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Appendix C – Capacitive Discharge 

Magnetiser and Magnetic Field 

Measurement Device  

The following section describes the design, construction and validation of a capacitive 

discharge magnetiser (CDM) and a Hall effect based device that can rapidly give an 

indication of the residual induction of a PM. 

CAPACITIVE DISCHARGE MAGNETISER 

To magnetise a magnet to saturation, it must be exposed to a magnetic field greater 

than or equal to the material saturation value (BSAT). For the isotropic materials used 

in this study, according to the datasheets, the value for magnetic saturation was <1000 

mT. To generate this field, a circuit (Figure C.1) was designed which charged a 

capacitor bank and then short circuit discharged the stored energy through a small coil. 

The characteristics of the coil which was wound are described in Table C.1. 

 

Figure C.2 – Schematic of the capacitive discharge circuit. 

 

Table C.1 – Physical and electrical characteristics of the coil. 

Feature Value 

Outer Diameter 68 mm 

Inner Diameter 35 mm 

Height 40 mm 



 

174 Appendix C – Capacitive Discharge Magnetiser and Magnetic Field Measurement Device 

Number of Turns 200 

Conductor Diameter 1 mm 

Resistance 0.321 Ω 

Inductance 472.7 µH 

 

The capacitor bank charging was initiated by closing switch SW1 which connected the 

capacitor bank to full wave rectified AC mains (240 VAC). Current flowing into the 

capacitor bank was limited by R1 (100 W incandescent bulb) to avoid large current 

surges causing component damage. Once the desired voltage was reached (monitored 

by a volt meter), SW1 was opened and SW2 was closed. This caused the energy of the 

capacitor bank to rapidly discharge through coil L1 inducing a magnetic field (B) 

proportional to the current (I) and number of turns per unit length (n) (Equation C.1) 

within the coil where the magnetic sample was clamped. A flyback diode was placed 

across the coil to prevent the capacitor bank being damaged from back EMF caused 

by the collapsing magnetic field. The experimental setup is shown in Figure C.2. 

 𝐵 =  𝜇0𝑛𝐼 T (C.1) 

Where µ0 is the permeability of free space (µ0 = 4 x π x 10-7). 

 

Figure C.2 – Capacitive discharge magnetiser experimental setup. 
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To ensure the coil was producing sufficient magnetising strength, a Hall effect sensor 

(A1326, Allegro MicroSystems, Manchester, NH, USA) was placed in the center of 

the coil. A 0.005±1% Ω resistor was placed in series with the coil to measure the 

discharge current. The outputs of both sensors were recorded by a digital storage 

oscilloscope while the coil was discharged at varied voltages between 1 and 300 V. 

 

Figure C.3 – Measured coil current according to charge voltage of capacitor bank. 

The current through the coil was shown to increase by a factor of 2.6 A/V dependent 

of the charge voltage of the capacitor bank (Figure C.3). This meant that at a charged 

voltage of 300 V, a peak current of 780 A was discharged through the coil. 

 

Figure C.4 – Measured magnetic field generated by the coil due to the discharge 

current. 
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The peak voltage of the Hall effect sensor due to the coil current was extracted from 

data recorded by the oscilloscope. The magnetic field was calculated by multiplying 

the output voltage to magnetic field constant found in the component datasheet (25 

mV/mT). Figure C.4 shows that the Hall effect sensor saturates at around 100 mT with 

a capacitor bank charge voltage of 8 V. By fitting the linear region of the Hall sensor’s 

output, the magnetic field produced by the CDM is found to be 4.7 mT/A giving a 

maximum magnetic field (when the capacitor bank is charged to 300 V) of 3666 mT. 

Although this value is a result of extrapolation based on the direct linear nature of 

magnetic fields (Equation C.1), it is deemed adequate as it is more than three times 

greater in magnitude than what is required to saturate the PMs. 

MAGNETIC FIELD MEASUREMENT DEVICE 

To rapidly evaluate the residual induction of the magnetised PMs, a Hall effect 

measurement device was built. The holder (Figure C.5) was designed to accommodate 

the 14 mm diameter samples while holding them centrally over the Hall element. The 

hall element was placed in the center of the sample along the plane of magnetisation 

at a distance of 5 mm to avoid saturation of the sensor. 

 

Figure C.5 – Magnetic sample holder. 

Once glued in place in the holder, the Hall effect sensor was connected to a 5 V power 

supply with its output connected to a digital voltmeter (VC8145, Vichy, Guangdong, 

China) with a resolution of 0.5 mV. The voltage displayed (minus the quiescent 

voltage) when a sample was placed in the holder was recorded as a representation of 

the magnitude of the sample’s residual induction. 
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To verify the repeatability of this method, a selection of four samples, who’s residual 

induction had been measured by the permeagraph method, were magnetised and then 

subsequently placed in the measurement device. Each sample was magnetised in one 

direction then the absolute Hall voltage was recorded with their north and south poles 

facing the sensor. Each sample was then magnetised in the other direction and the 

measurement process was repeated 

 

Figure C.6 – Hall voltages due to samples measured in multiple directions. 

The absolute Hall voltages of each sample (Figure C.6) were shown to be repeatable 

meaning that the positioning of the magnet relative to the sensor was consistent as well 

as the linearity of the sensor when measuring north and south poles giving an average 

standard deviation of 5.63 mV or 0.53%). 
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Figure C.7 – Averages of the Hall voltages compared with the permeagraph 

measurements of each sample. 

When the averages of the measurements of each sample were compared with the 

measurements of residual induction made using the permeagraph, it can be seen that 

there is a linear relationship (R2 = 0.934) between the induced Hall voltage and the 

residual induction. 

By combining the use of these devices, the PM samples produced throughout this 

project could be rapidly evaluated on site. 


