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Resumo 

 O papel do fabrico aditivo tem vindo a aumentar na indústria devido às excelentes 

propriedades mecânicas das peças produzidas e da liberdade geométrica de construção. No 

entanto, o fabrico aditivo não é capaz de produzir a qualidade superficial, nem tolerâncias 

geométricas e dimensionais necessárias quando comparadas a métodos convencionais, assim, é 

comum as peças produzidas por fabrico aditivo necessitarem de operações de pós-

processamento, que podem incluir maquinagem. 

 Esta dissertação estuda a maquinabilidade do aço maraging 18Ni300 produzido por 

fabrico aditivo (AM) e por métodos convencionais quando sujeitos a operações de corte 

ortogonal. 

 Desenvolvimento de um setup experimental que resultou de adaptações de um limador. 

 Ensaios de corte ortogonal foram realizados com duas ferramentas diferentes em ambos 

os materiais, sendo que para as amostras obtidas por fabrico aditivo foram realizados ensaios 

em duas direções diferentes relativamente à direção de construção, de modo a perceber a 

influência da anisotropia do material. 

 Para determinar a maquinabilidade do material foram analisados esforços de corte, 

pressão específica de corte, coeficiente de atrito, ângulo de corte, e formação de apara. 

 O estudo revelou que apesar da diferente condição metalúrgica (AM e convencional), 

ambos os materiais apresentam comportamentos semelhantes. Diferenças na geometria das 

ferramentas de corte utilizadas resultaram em diferenças significativas em termos de pressão 

específica de corte para ambos os materiais, sendo que estes resultados foram consistentes 

com outros trabalhos realizados. 

 Foram obtidas aparas contínuas e serrilhadas, características deste tipo de aços, 

dependendo da espessura de apara não deformada do ensaio, com espessuras maiores gerando 

aparas serrilhadas e espessuras menores gerando aparas contínuas.  Adicionalmente, foi 

identificado um limite máximo de espessura da apara não deformada, para o qual o tipo de 

formação de apara muda de contínua para serrilhada. 
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Abstract 

 The role of Additive Manufacturing (AM) has been growing in industrial applications due 

to the excellent mechanical properties and geometrical freedom of the parts. However, 

additive manufacturing is not able to achieve the necessary surface quality, geometrical and 

dimensional tolerances when compared to conventional methods, so it’s common for AM parts 

to be subjected to post-processing operation, which may include machining. 

 This dissertation studies the machinability of additively manufactured (AM) and 

conventional 18Ni300 maraging steel when subjected to orthogonal cutting operations. An 

experimental setup was developed and validated based on an existing shaper machine. 

 Instrumented orthogonal cutting tests were performed using two different cutting tools 

in both materials, being that the AM material was subjected to cuts in different directions 

relative to the build direction to assess its anisotropy. In order to assess machinability, cutting 

forces, specific cutting pressure, friction coefficient, shear angle, and chip formation were 

analyzed. 

 The experimental tests revealed that despite the different metallurgic conditions (AM 

and conventional), both materials presented similar behaviors. Tests showed the influence of 

the tool geometry to be the dominant factor in differences in the specific cutting pressure for 

both materials and directions, still the results were consistent with specific cutting pressure 

values obtained for other machining operations. 

 Both materials presented continuous and serrated chips, characteristic of these types 

of steel, depending on the uncut chip thickness of the test, where higher uncut chip thicknesses 

resulted in serrated chips and lower values resulted in continuous chips. Additionally, an uncut 

chip thickness threshold was identified after which the chip formation becomes serrated. 
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Introduction 

1.1 - Project’s Framework and Motivation 

Metal additive manufacturing has been experiencing a growth in interest in recent years 

for its ability to produce high performance near net shape components from a 3D CAD model 

with geometries impossible to obtain from conventional methods.  

One  example where this technology can provide great benefits is the injection moulding 

industry where it can be used for its ability to create inserts with conforming cooling channels, 

which are more efficient than the conventional “strait drilled” counterparts, leading to 

reduced tool wear and improved part quality. 

However, the need for high quality surface roughness, dimensional and geometric 

tolerances leads to the need for post processing of most metallic additive manufacturing 

components. These post processing methods usually involve metal cutting, as such, it is 

necessary to evaluate the machinability of these new materials when compared to their 

conventional counterparts. 

This poses new challenges as the differences in microstructure and anisotropic nature and 

residual stresses of these AM materials compared to the conventional ones need to be evaluated 

regarding their behaviors in machining operations. 

This will be especially significant for hybrid manufacturing technologies that include both 

processes in a single machine. 

This dissertation will focus on accessing the machinability of additive manufactured 

18Ni300 maraging steel through specific cutting pressure, friction coefficient, shear angle and 

chip morphology on multiple directions relative to the building direction of the material and 

comparing it to the conventional material. 

This dissertation is integrated in the MAMTool project under development at Institute of 

Science and Innovation in Mechanical and Industrial Engineering (INEGI). This work is performed 

in the sequence of previous MSc thesis, that investigated the same material in diverse cutting 

conditions [1] and [2]. This dissertation will provide complementary results in singular cutting 

conditions. 
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1.2 - Objectives 

The main purpose of the dissertation is the machinability evaluation of 18Ni300 maraging 

steel produced both by conventional means (casting, rolling) and metal additive manufacturing, 

including the influence of build direction. As such, these intermediate steps were devised: 

 

• Literature review on the state of the art of metal additive manufacturing technology 

focusing on LPBF (laser powder bed fusion), orthogonal cutting models, and the 

characteristics of AM maraging steels; 

• Development of a testing setup to perform instrumented orthogonal cutting tests on a 

shaper machine; 

• Brief inspection of cutting tools performance and their adaptation to the developed 

setup, towards ensuring repeatable orthogonal cutting conditions; 

• Experimental orthogonal cutting tests with load measurement analysis performed on 

conventional and AM 18Ni300 maraging steel with two different cutting tools; 

• Chip morphology evaluation for different uncut chip thicknesses in order to access 

machinability; 

• Evaluation of specific cutting pressure, friction coefficient and shear angle as indicators 

of machinability. 

 

1.3 - Structure 

This dissertation is divided into five main chapters, organized as follows: 

 

• Introduction: A description of the motivation behind this project as well as a summary 

of its main goals; 

• State of the art: Literature review on metal additive manufacturing, with a special 

focus on the laser powder bed fusion process, a brief report of maraging steel and the 

mechanics of orthogonal cutting are presented; 

• Experimental procedure: Characterization of the material being used, tool selection, 

description of test setup and overview of the testing procedure are performed;  

• Results and discussion: It includes the analysis of the results from the orthogonal 

cutting tests including specific cutting pressure, friction coefficient, shear angle, chip 

morphology evaluation and cutting tool wear; 

• Conclusions and future work: Main conclusions from the project and possible future 

work to be done on the subject are performed.



 

 

 

State of the Art 

2.1. Additive Manufacturing 

2.1.1. Introduction 

 Additive Manufacturing (AM), as defined by the ASTM and ISO standards, is a 

manufacturing process in which material is deposited, joined or solidified layer-by-layer to 

create a three-dimensional object based on a 3D CAD model [3].  This process has been in 

development for over 40 years, known then as 3D printing or rapid prototyping, and as the 

name implies was used to quickly create non-functioning prototypes during the early stages of 

design of a new product as proof of concept. As this technology has advanced it became possible 

to manufacture dense parts with very similar or, in some cases, better performance than their 

conventional counterparts [4]. 

 The biggest application in the area of design is the ability to quickly create a prototype 

which can be used as proof of concept, or even a functional prototype which can be used to 

assess possible design flaws in the early stages of development without the need to heavily 

invest in tooling like injection moulds, resulting in reductions in time and money spent [5]. 

 Additive Manufacturing has also brought great advantages to the industry in the form 

of functional parts, where the freedom of geometrical constraints compared to the 

conventional manufacturing methods allows for new design solutions. This however comes with 

the caveat that in some cases the necessary geometrical, dimensional and surface tolerances 

can be hard to achieve as well as the inherent anisotropy of the building process, requiring the 

parts to undergo post-processing, in the form of machining, heat treatment and others [6]. 

 Applications of AM technology can be found on the moulding industry where this 

manufacturing process allows the creation of prototypes of the parts which can be tested 

before building the mould. As well as in the construction of the mould itself where inserts can 

be created with more efficient conforming cooling channels, impossible to achieve with 

conventional methods. Additive manufacturing methods also reduces waste of material, 

present in subtractive technologies. In Figure 1 a comparison between two moulding inserts is 

made, one conventionally machined and the other additively manufactured, and in Figure 2 a 

thermal simulation of the injection moulding procedure shows that the AM insert achieves lower 
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temperatures, resulting in lower down times between consecutive injections and longer tool 

life. 

 

 
 Figure 1 - Comparison between a conventionally machined moulding insert (a) and an 
AM insert by Milacron Holdings Corp (b), adapted from [7]. 

 
 Figure 2 - Thermal simulation of the injection moulding process for conventional insert 
(a) and for the AM insert (b) adapted from [7]. 

 

 This technology also has great potential in the aerospace and aircraft industry where 

new design possibilities allow for a reduction in weight of the parts whilst maintaining 

structural integrity or in the medical sector with prosthetics [8]. Figure 3 shows two brackets 

build by General Electric for an airbus airplane, one using conventional process and the other 

using AM. 
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 Figure 3 - Brackets for an airbus airplane built by General Electric. The top one is 
produced by conventional process and the lower one is additively manufactured [9]. 

 The process to obtain the AM parts starts with a 3D CAD file of the piece which has to 

be converted to a standard format compatible with the AM software such as .STL, .3Mf, or 

.AMF. then the software slices the part into thin 2D layers which can be “printed” by the 

machine creating the final part. Most parts require some form of post processing in order to 

remove substrate (supports for the part during the “printing” process) or achieve final 

geometry and properties [8]. 

2.1.2. Categories in Additive Manufacturing 

 The AM process can be divided into seven distinct categories as per the ISO/ASTM 52900 

standard [3]: 

 

• Binder jetting: process in which a liquid bonding agent is selectively deposited to join 

powder materials; 

• Directed energy deposition: process in which focused thermal energy is used to fuse 

materials by melting as they are being deposited; 

• Material extrusion: process in which material is selectively dispensed through a nozzle 

or orifice; 

• Material jetting: process in which droplets of build material are selectively deposited; 

• Powder bed fusion: process in which thermal energy selectively fuses regions of 

a powder bed; 

• Sheet lamination: process in which sheets of material are bonded to form a part; 

• Vat photopolymerization: process in which liquid photopolymer in a vat is selectively 

cured by light-activated polymerization.  

https://www.iso.org/obp/ui/#iso:std:iso-astm:52900:ed-1:v1:en:term:2.5.8
https://www.iso.org/obp/ui/#iso:std:iso-astm:52900:ed-1:v1:en:term:2.6.1
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2.1.3. Metal Additive Manufacturing 

 Metal additive manufacturing (MAM) is one branch of the AM area and the interest of 

this dissertation; as opposed to rapid prototyping, MAM is commonly used to produce very 

complex functional metallic parts with very little constraints compared to conventional 

methods. Of the categories of AM mentioned above, only four are relevant to MAM: powder bed 

fusion (PBF), directed energy deposition (DED), binder jetting and sheet lamination [4]. 

 These processes differ in the feedstock used (powder, wire, or sheets), consolidation 

method using an energy source (laser, electron beam, electric arc, or ultrasonic vibrations).  

The workpieces used in this thesis were obtained through Laser Powder Bed Fusion (LPBF), 

which is a type of PBF where the energy source used to melt the material is a focused laser. As 

such, a more detailed research is performed in this category [10]. 

2.1.4. Laser Powder Bed Fusion 

 Laser powder bed fusion is the dominant method for producing additive manufactured 

functional metal parts at a relatively low cost when compared to other MAM technologies, and 

with a relatively large pool of metals available for use. Table 1 shows the most common 

materials used in Laser powder bed fusion. 

 

CATEGORIES METALS 

STEEL 316L Stainless Steel 

18Ni300 Maraging Steel 

H20 Tool Steel 

904 Stainless Steel 

TITANIUM Commercially pure Titanium cpTi 

Ti-6Al-4V (Ti64) 

Ti-6Al-7Nb-4Zr-8Sn 

Ti-13Zr-Nb 

Ti-13Nb-13Zr 

NICKEL Inconel (625,718) (Ni-CR-Mo) 

Chromel (Ni-Cr) 

Hastelloy X (Ni-Cr-Fe-Mo) 

Nimonic 263 (Ni-Co-Cr-Mo) 

NiTi alloys 

ALUMINIUM  AlSi12 

AlSi10Mg 
Table 1 - Common material used in LPBF, adapted from [11, 12]. 
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 In LPBF a high-energy laser is used to melt and aggregate the powder creating the new 

part, layer-by-layer. When a layer is completed, the build platform lowers and a roller or rake 

is used to push more powder into the powder bed and the process continues. This powder is 

contained in a reservoir beside the powder bed and there is often a vibration system that 

guarantees an even distribution of the powder on the bed, as can be seen on Figure 4. 

 The process starts by spreading a layer of powder into the bed. When this is done, the 

laser melts the first cross section according to the provided 3D model. Once the laser scanning 

is complete the build platform lowers, and a new layer of powder is deposited by the 

roller/rake and the laser scanning begins again. This process continues until the part is 

complete. It is then necessary to remove the loose unmelted powder from the finished part 

which can prove difficult for certain geometries with internal channels. In some cases, post 

processing machining is required to remove support structures or to improve surface quality or 

tolerances. 

 

 

 
Figure 4 - Schematic of a LPBF system, adapted from [13]. 

2.1.5. Process Parameters 

 In LPBF there are several process parameters that affect the building process and have 

a great influence in the overall quality of the finished part. These parameters can be divided 

into four major areas: laser related, scan related, powder related and temperature related. 

Figure 5 illustrates these parameters, and since not all parameters have the same relevance 

to the finished product quality, only the most important parameters will be researched further: 
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Figure 5 - Process parameters of the LPBF process [14]. 

2.1.5.1. Laser power 

 Laser power needs to be adjusted along with other parameters to achieve complete 

melting of the powder according to scan speed, particle size, layer thickness, etc. If laser 

power is to low incomplete melting may occur, leading to a reduction in density and mechanical 

properties. If too high, heat transfer may occur, this may lead to inconsistencies in the final 

structure of the part [11]. 

 

2.1.5.2. Scan speed 

 Scan speed refers to the speed that the laser passes through the powder bed. Like laser 

power, it needs to be adjusted according to the other parameters. Scan speeds too high lead 

to incomplete melting and speeds too slow lead to excessive heat input [15].  

2.1.5.3. Scan spacing 

 Scan spacing refers to the distance between two consecutive passes made by the laser; 

if the scan spacing is too large adjacent melt lines may not fuse together leading to porosities 

and lower densities [11]. 
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2.1.5.4. Scan pattern 

 Defined by the path of the laser through the powder bed, the simplest scan strategies 

are unidirectional or bi-directional. However, it has been shown that longer track lengths (the 

total distance the laser travels on each scan) increase residual stresses which can lead to 

geometrical distortions of the final part. In order to reduce this, more complex patterns can 

be applied to reduce track lengths as can be seen in Figure 6. One strategy is to alter the 

direction of the scan between each layer as can be seen in Figure 7 in order to minimize the 

anisotropic nature of this process [16]. 

 

 
Figure 6 - Different Scanning pattern strategies [16]. 

 

 
Figure 7 - Orientated path progress for the meander scan strategy [16]. 

2.1.5.5. Particle size, shape, and distribution 

 Particle size is one of the main factors in flowability of the melt pool. To achieve the 

best results, a mix of smaller and bigger particles is ideal. The smaller particles will fill the 

voids between the larger ones, reducing the chances of porosities [17]. 



 

10   State of the Art 

10 

2.1.5.6. Layer thickness 

 Layer thickness refers to the thickness of the deposited powder before each scan of 

the laser. It has been shown that this parameter can have a great impact on the mechanical 

properties of the finished piece. Higher thicknesses tend to produce more ductile parts at the 

cost of impact resistance and overall strength, whereas lower layer thicknesses produce higher 

strength, higher impact resistance and less ductile parts [18]. 

2.2. Maraging Steel 

 Maraging steels are iron-nickel alloys and are known for their exceptional strength and 

toughness, without losing ductility. To better understand these steels, one can look at the word 

“maraging” which can be decomposed into: “mar” for martensite and “aging” for the heat 

treating process of age hardening that allow precipitation of hard compounds, granting the 

material its good strength and ductility properties [19]. These alloys are composed mostly of 

iron (65-75% Fe) and Nickel (17-26%) with additions of cobalt, molybdenum, titanium and 

aluminium, whilst maintaining very low amounts of carbon (<0.03%). The lack of carbon allows 

for better hardenability, ductility and a combination of strength and toughness. Because of its 

low carbon content these alloys rely on the ageing heat treatment for several hours to 

precipitate intermetallic compounds that grant them their superior strength and hardness but 

maintaining ductility [20]. Initially these alloys where known as 18NiCo(200), 18NiCo(250) and 

18NiCo(300) where the 18 referred to the Nickel w% and the 200,250 and 300 referred to the 

yield strength in kilopound per square inch, [ksi]. Now the “Co” has been dropped off from the 

designation, meaning they are now known simply as 18Ni(200-500). 

 Table 2 and Table 3 show the nominal composition of the different grades of maraging 

steel and their properties, respectively. 

 

 
Table 2 - Nominal compositions (wt%) of the maraging steel grades [21]. 

 
Table 3 - Properties of conventionally manufactured maraging steel grades in aged conditions 

[21]. 
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2.2.1. Strengthening Mechanisms 

 As with many common steels the first strengthening mechanism of maraging steel is 

due to the transformation of austenite into martensite. This process starts at the 

martensite start temperature (Ms) and finishes at the martensite finish temperature (Mf) 

[22]. By air cooling the material from around 820°C to room temperature it is possible to 

achieve a soft iron-nickel martensite, containing molybdenum, titanium, aluminium, and 

cobalt in supersaturated solid solution. 

 Unlike most common steels this process alone does not provide such high mechanical 

properties simply from the presence of martensite, so further heat treatment is necessary. 

This brings the aging or precipitation hardening process, in which the material is heated to 

460°C to 480°C for at least three hours (although this time is dependent on the size of the 

part to be heat treated). This results in nanoprecipitation of intermetallic phases such as, 

nickel-molybdenum, iron-molybdenum and iron-nickel granting the material its strength 

and hardness [21]. Table 4 and Table 5 show the effect of temperature and ageing duration 

on the properties of conventionally manufactured 18Ni300 maraging steel.  

 

 

 
Table 4 - Effect of ageing temperature on the properties of 18Ni300 [23]. 

 

 

 
Table 5 - Effect of ageing duration on the properties of 18Ni300 [23]. 

 

 Because these alloys have a significant amount of cobalt, which is costly, their 

production is rather expensive; so some research is being done into producing cobalt-free 
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maraging steels, with slightly worse mechanical properties but more accessible in terms of 

production costs.  

 One important point is that whilst cobalt plays a significant role in achieving high 

strength maraging steel by enhancing the age hardening of Mo, it does not appear in any 

of the intermetallic precipitation phases mentioned above [24], making it possible to create 

cobalt-free maraging steels at the cost of slightly worse mechanical properties [20]. 

 

2.2.2. Maraging Steel in Additive Manufacturing 

 Maraging steels are commonly used in AM processes because of their excellent 

weldability, due to their almost complete lack of interstitial alloying elements [25]. 

 Laser powder bed fusion melts a small amount of powdered material producing a melt 

pool, followed by rapid cooling and subsequent solidification. As seen above, when the material 

is melted by the laser reaching temperatures above the Ms and subsequently rapidly cools down 

to below the Mf temperature, the material is essentially subjected to a quenching 

transformation from austenitic into soft martensitic structures. After, the LPBF part is 

subjected to the precipitation hardening heat treatment mentioned above, creating coherent 

the intermetallic precipitation phases that grant the material its strength and hardness whilst 

preserving ductility [26]. 

 In Figure 8 it is possible to see the changes of microstructure throughout the LPBF 

process in maraging steels. As the laser heats the material and creates melt pools, the 

austenitic phase forms at the interface between liquid and solid and grows to the centre of the 

melt pool (due to the temperature gradient). As the material cools down, the solidified 

austenite transforms into the martensite phase [26]. 

 
Figure 8 - Formation process of the microstructure in maraging steel during PBF process [26]. 
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The 18Ni300 is the most common maraging steel used in AM applications and is among 

the best materials in terms of mechanical properties compared to the most common metals in 

AM processes as can be seen in Figure 9 and Table 6. 

 

 
Table 6 - Most common metals in AM [27]. 

 

 

 

 

Figure 9 - Yield strength and hardness of the most common metals in AM [27]. 
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2.3. Machining 

 Machining is a manufacturing process in which a sharp cutting tool is used to remove 

excess material to leave the desired shape on the workpiece. The basic mechanism of 

machining involves shear deformation of the workpiece [28]. Machining provides excellent 

precision, geometrical and dimensional tolerances, and a good surface finish to the part whilst 

allowing for relatively complex free-form shapes. All of this is possible for a relatively low price 

when compared to the time and money spent on dedicated moulding, forging or die-casting 

tools (which in turn require machining processes themselves), besides some parts may only be 

achieved through machining [29]. 

 Machining can be applied to a variety of materials. Almost every solid material can be 

machined, although difficulties can appear when machining very brittle and/or very hard 

materials. With machining, extremely high dimensional and geometrical tolerances can be 

achieved (e.g 25 μm) and surface finishes of (e.g 0.4 μm). By a combination of different 

machining operations and tools high geometrical complexity and variety is possible [28, 30]. 

 Figure 10 is a comparison between machining and other manufacturing processes and 

shows the excellent tolerances and surface finishes achievable by machining, whilst still 

allowing for large sizes and geometrical complexity. 

 

 

 
Figure 10 - Tolerance range vs surface finish (a) and complexity vs size (b) of different 

manufacturing processes [29]. 
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 Machining can be divided into three major fields [28]: 

 

• Conventional machining: processes where a sharp tool is used to cut the workpiece. 

Examples of this type of machining are milling, drilling, turning or at its most basic 

orthogonal cutting; 

• Abrasive processes: processes where abrasive particles are used to remove material 

from the workpiece, for example grinding; 

• Non-conventional machining: most common examples of non-conventional machining 

are chemical machining where a chemical is used to erode the workpiece. Thermal 

energy processes like laser cutting where a energy source is used to melt the material, 

and electro-chemical machining where an electrical discharge is used in a chemical 

bath to remove material are also common.  

2.3.1. Orthogonal Cutting 

 Orthogonal cutting is the most basic machining metal cutting method to analyse in 

order to develop a machining model to describe the forces, friction and chip formation 

parameters present in regular machining operations. Notwithstanding most machining 

operations are three-dimensional (milling, turning, drilling) orthogonal cutting can be 

approximated by a two-dimensional approach. Orthogonal cutting gets its name from the 

angle between the cutting speed and the cutting edge of the tool being 90° as opposed to 

other machining techniques where this angle differs from 90º introducing a new force 

component, which leads to more complexity for the cutting model [31]. In orthogonal 

cutting, a chip is removed from the workpiece by shear deformation by the action of a 

cutting tool along the shear plane orientated at a shear angle. The relevant parameters for 

the chip being cut (Figure 11) are the uncut chip thickness, t0, the width of the cut, w, 

and the chip thickness (after cut), tc. The uncut chip thickness, t0 is defined by the 

distance between the edge of the cutting tool and the original surface of the workpiece. 

The width of the cut, w, is the same as the width of the workpiece being cut. Chip 

thickness, tc, is the final thickness of the chip after being cut. For the cutting tool the 

relevant parameters are the rake angle, α, and the clearance/relief angle. The rake angle 

influences the cutting forces and can be positive or negative. Positive rake angles usually 

result in lower cutting forces while negative angles result in more robust tools. The relief 

angle provides a clearance space between the workpiece and the tool flank, reducing 

friction and preventing damage to the newly cut surface [28]. 
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Figure 11 - Orthogonal cutting schematic with positive rake angle (a) and negative rake angle 
(b) adapted from [28]. 

 For the orthogonal cutting models to be valid, it is assumed that the cutting is uniform 

along the cutting edge making it a two-dimensional plane strain deformation process. There 

are then two forces present: the cutting force 𝐹𝑐⃗⃗⃗⃗ , along the cutting velocity direction, and the 

passive thrust force 𝐹𝑡⃗⃗⃗⃗ , perpendicular to the 𝐹𝑐⃗⃗⃗⃗ , see Figure 14. 

 The uncut chip thickness, t0 and chip thickness, tc are related by the chip thickness 

ratio, r: 
 

 𝑟 =
𝑡0
𝑡𝑐

 2.1 

 
 

 

 Since tc is always greater than t0, the chip thickness ratio is always lower than one. It 

is possible the define the shear angle, ϕ geometrically using the chip thickness ratio and the 

rake angle, as: 

 tan(𝜙) =
𝑟𝑐𝑜𝑠(𝛼)

1 − 𝑟𝑠𝑖𝑛(𝛼)
 

 

2.2 

 

2.3.1.1. Forces in orthogonal cutting 

 There are several models to define the parameters present in orthogonal cutting 

although the most used is the Merchant model. This model allows us to calculate Merchant’s 

shear angle, 𝜙𝑚 (the m is used to distinguish from the shear angle calculated geometrically, 

simply 𝜙), friction coefficient, μ, shear stress, τ, and others. For Merchant’s thin shear model 

to apply, the following assumptions must hold [28]: 

 

• The tool is perfectly sharp and has no contact along the clearance face; 

• The surface, where shear occurs is defined by a plane; 
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• The cutting edge is a straight line extending perpendicularly to the direction of motion, 

and generates a plane surface as the workpiece moves past it; 

• The chip does not flow to either sides; 

• Uncut chip thickness is constant; 

• Width of the tool is greater than the width of the workpiece; 

• A continuous chip is produced without any Built-up Edge (BUE) (see Figure 12); 

• Workpiece moves with a uniform velocity; 

• The stresses on the shear plane are uniformly distributed.  

 

 
Figure 12 - Schematic illustration of BUE [32]. 

 Figure 13 shows the main forces acting on the chip during orthogonal cutting 

operations. Shown, there are two sets of forces, one as a result of the tool acting on the chip 

and another as a result of the workpiece acting on the chip. 

  
Figure 13 - Main forces acting on the chip during orthogonal cutting [28]. 

 Starting with the forces from the tool we have a friction force and its normal are caused 

by the friction between the chip and tool along the rake face. We can define the friction force, 

𝐹  and its normal, �⃗⃗�  and their resultant force, �⃗� . The resultant force, �⃗�  is orientated at an 
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angle β, called the friction angle, see Figure 13. With these forces defined, one can calculate 

the friction coefficient μ according to the Coulomb friction model: 

 

 𝜇 =
F

N
 

 

2.3 

and 

 𝜇 = tan (𝛽) 

 

2.4 

 In another perspective one may define another pair of forces acting on the chip, namely 

the shear force,𝐹𝑠⃗⃗⃗⃗ ,  responsible for the shear deformation and its normal component, Fn⃗⃗ ⃗⃗  , and 

their resultant force, 𝑅’⃗⃗  ⃗. By definition the shear stress, τ, acting along the shear plane 𝜙, is a 

function of the shear force, 𝐹𝑠,⃗⃗ ⃗⃗  ⃗ and the area of the shear plane, As, where that force is being 

applied: 

 

 𝜏 =
Fs

As
 

 

2.5 

  

 

 

As is a function of the uncut chip thickness, t0 the width of the cut, w and the shear angle, 𝜙: 

 

 𝐴𝑠 =
𝑡0𝑤

sin(𝜙)
 

 

2.6 

 In order to keep the balance of forces, it is clear that the resultant force relative to 

the shear forces 𝑅’⃗⃗  ⃗ needs to have the same magnitude, be collinear and have the opposite 

direction to its counterpart �⃗� , relative to the friction forces. Since all these forces are 

dependant on cutting parameters or tool geometry and their directions are not aligned with 

the workpiece’s geometry, they are not ideal to be measured directly, as such there is a need 

to normalise these forces. 
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Figure 14 - Normalised forces acting on the tool [28]. 

 In Figure 14 it is possible to see these normalised forces, which incidentally are the 

cutting force, 𝐹𝑐⃗⃗⃗⃗  and thrust force, 𝐹𝑡⃗⃗⃗⃗ , mentioned above and their resultant force 𝑅’’⃗⃗⃗⃗ . Since the 

referred forces are aligned with the cutting velocity and uncut chip thickness, t0, they can be 

accurately measured by a dynamometer. As these forces are simply a normalisation of the 

“real” forces acting on the chip they can be related by trigonometric relations: 

 

 

 

 𝐹 = 𝐹𝑐 sin(α) + 𝐹𝑡 cos(α) 

 

2.7 

 𝑁 = 𝐹𝑐 cos(α) + 𝐹𝑡 sin(α) 

 

2.8 

 𝐹𝑠 = 𝐹𝑐 cos(𝜙) + 𝐹𝑡 sin(𝜙) 

 

2.9 

 𝐹𝑛 = 𝐹𝑐 cos(𝜙) + 𝐹𝑡 sin(𝜙) 

 

2.10 

 

 Figure 15 shows the relations between these forces in Merchant’s circle: 
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Figure 15 - Merchant's circle of forces, adapted from  [33]. 

 From the equations 2.5 and 2.9 above, we can rewrite the shear stress equation (2.11): 

 

 𝜏 =
𝐹𝑐 cos(𝜙) + 𝐹𝑡 sin(𝜙)

(𝑡0𝑤/ sin(𝜙))
 

 

2.11 

 Merchant’s theory says that from all the possible angles emerging from the cutting tool 

edge where shear deformation may occur, one shear angle 𝜙𝑚 predominates. This angle is one 

where the shear stress acting on the work material is equal to its shear strength, resulting in 

shear deformation. For the other possible angles, the shear stress is lower than the shear 

strength of the material, so no deformation occurs. In theory this happens because the material 

will deform along a shear angle that minimizes the deformation energy. So, taking the 

derivative of the shear stress equation (2.11) with respect to ϕ and setting it so zero, its 

possible to solve this equation for 𝜙𝑚 resulting in Merchant’s relation: 

 

 𝜙𝑚 = 45 +
α

2
−

𝛽

2
 

 

 

2.12 

 This relation relies on the assumption that the shear stress of the workpiece is constant, 

meaning its independence from strain rate and temperature. In real working conditions this is 

obviously incorrect so this relation can be used as an approximation rather than a well-defined 

equation. Nevertheless, its useful as it is a quick and simple way to calculate the shear angle 
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based only on the results from load measures without the need to measure the chip thickness 

[28]. 

2.3.2. Chip formation 

 The morphology of the created chip depends greatly on the properties of the material 

being cut, the geometry of the cutting tool and the actual parameters of the cutting operation. 

The cut chip morphology can be characterized into four main types as can be seen on Figure 

16. 

 

 
Figure 16 - The cut chip morphology: discontinuous chip (a); continuous chip (b); Continuous 

chip with built up edges (c); Serrated chip (d) [28]. 

 Discontinuous chips usually appear when machining brittle materials such as cast irons 

at lower cutting speeds. The chip separates into various segments, usually leading to an 

irregular texture in the newly machined surface. 

 Continuous chip is usually seen on ductile materials at high cutting speeds. Long 

continuous chips are formed leading to a good surface finish. It is to be noted that in certain 

operations if the chip gets too long, they may tangle around the piece or the tool compromising 

the process. As such, some tools are equipped with chip breakers. 

 Continuous chip with built up edges appear when machining ductile materials at low 

to medium cutting speeds, where some of the material adheres to the rake face of the tool. 

This phenomenon is called built-up edge (BUE). This is a cyclical phenomenon where the BUE 

grows on the rake face until it become too big and unstable and breaks up. This causes problems 

as when the BUE breaks from the tool it can cause damage reducing tool life. Also, the parts 

of the BUE that breaks off can end up imbedded into the newly machined surface causing it to 

become rough.  

 Serrated chips appear on certain difficult to machine materials like titanium alloys, 

nickel-based alloys (such as maraging steel) and austenitic stainless steels at higher cutting 

speeds. It can be considered semi-continuous as this is a cyclical formation with alternating 

high and low shear strain zones in a saw-tooth like fashion [28]. 
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2.4. Machinability of Additive Manufacturing Metals 

 Pos-processing operation are often required for AM materials to meet the necessary 

geometrical tolerances and surface roughness, so it’s important to understand the influence of 

the AM processes on post-processing metal cutting operations. 

 Fortunato [34] performed machinability studies on selective laser melting (SLM) 

manufactured maraging steel on untreated samples (NT), solutionized heat treated samples 

(PT) at 815ºC for 1 hour, and solutionized and age hardened samples (TT) at 480ºC for 4 hours. 

The untreated samples (NT) resulted in highest chipping tool wear due to high thermal stresses 

and reaction between the steel oxides and aluminum, while the tool wear for the PT and TT 

samples was considerably lower under milling operations. According to Rohrbach and Schmidt 

[35] martensite softening of aged alloys starts occurring at 200ºC for the PT and TT samples, 

and microstructural transformation starts above the austenitic transformation of 800 ºC for NT 

samples. Regarding cutting speeds the NT samples registered an increase in cutting forces with 

the increase in cutting speed; this is likely due to the higher tool wear at higher speeds, since 

no microstructural transformations take place, thermal softening is not sufficient to 

compensate for the increased tool wear. The PT samples did not present significant changes 

with different cutting speeds, as the thermal softening counteracts the higher tool wear due 

to speed. The TT samples showed slightly lower cutting forces with increase in cutting speeds 

as the thermal softening reduced the cutting forces.  

 Fortunato [34] also performed some tests on different cutting directions for the NT 

samples and found that for milling the process the build direction has a negligible effect on the 

axial force but there is a difference in transverse and feed forces depending on the build 

direction (although the tests performed were both on a transversal cross-section of the 

workpiece in relation to the build direction, see figure 17 for clarification on the cross-

sections). All samples presented a slight increase in surface hardness after milling due to the 

associated plastic deformation that occurs in metal cutting. Very low surface roughness was 

achieved for all samples (below 0.45 μm) with the NT material achieving higher roughness for 

higher cutting speed (due to increased tool wear) and the TT samples achieving the best overall 

surface roughness (0.175 μm) with increased cutting speed [34]. 

 Al-Rubaie [36] performed machinability studies of SLM produced Ti6Al4V alloy and found 

the AM material resulted in higher cutting forces, higher tool wear and better surface 

roughness, when compared to the conventionally manufactured (CV material). No significant 

differences were found upon visual analyses of the chips between the AM and CV materials. 

Since the microstructure, hardness and residual stress differences caused by the SLM process 

did not result in significant discrepancies in machining behavior of the material, it was 

concluded that the parameter used to machine the conventional material should also be 

applied to the AM one. 
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 Coz [37] studied micro cutting of Ti6Al4V produced by SLM process and found that while 

the SLM material presented higher cutting forces (up to 23% higher), cutting parameters (feed 

rate and cutting speed) appeared  to have a similar effect on the cutting forces and chip 

morphology on the AM and CV materials.  

 Segebade [38] performed orthogonal cutting in AM AlSi10Mg on different cutting 

directions to analyse the effect of the anisotropy of the AM process and found that cutting 

directions parallel and orthogonal to the building direction behaved similarly in terms of 

specific cutting pressure, but cuts performed on a 45º angle to the building direction resulted 

in higher specific cutting pressures. The same was true for chip ratio, r where cuts at 0º and 

90º angles performed similarly but cuts at 45º angles resulted in higher chip ratios. 

 Matras [39] tried to optimize surface roughness achieved by milling of SLM produced 

AlSi10Mg at different laser scanning speeds and found that it’s possible to reduce initial the 

surface roughness of the SLM material by a factor of more than 20. He also showed that the 

increase in laser scanning speed causes a deterioration of the finished surface roughness likely 

due to an increase in BUE caused by the higher scanning speeds. 

 Couto [1] and showed that it is possible to obtain 18Ni300 maraging steel almost fully 

dense parts (99.7% relative density) through additive manufacturing with similar mechanical 

properties compared to the conventional material. In turning tests no significant differences 

were found between the AM and conventional materials, not allowing to clearly correlate the 

manufacturing method to the obtained cutting forces. 

 Lainho [2] performed milling and turning operations on 18Ni300 maraging steel and 

found that even though 18Ni300 maraging steel showed slightly higher flow stress under 

compression testing than the conventional counterpart, no additional power requirement was 

noticed nor a marked difference in specific cutting pressure identified between the two 

manufacturing methods. Cutting tool geometry was also revealed to play an important role in 

specific cutting pressure and tool wear was found to be more noticeable on the conventional 

material. 

 Overall, the cutting forces of AM materials seem to be slightly higher than conventional 

ones, while chip formation and the effects of cutting parameters seem to be similar. However 

great care must be taken on the parameters of the AM process as this seems to affect 

machinability. Still, since this is a relatively new technology further research seems to be 

necessary. 

 



 

 

 

Experimental Procedure 

3.1. Introduction 

 

 The experimental procedure of this dissertation focusses on the machinability studies 

of 18Ni300 maraging steel both additive manufactured and conventional. Because AM methods 

may not comply with the industrial requirements for surface quality and dimensional 

tolerances, post processing machining operations are necessary. As such its essential to 

understand the response of these AM materials to machining and compare it to the 

conventionally manufactured ones. 

 This work focuses on 18Ni300 maraging steel as it is a common material used in AM 

technologies because its strengthening mechanisms lend themselves to this type of 

manufacturing excellent mechanical properties. One of the main applications of this steel is in 

inserts for the moulding industry, making it even more relevant for the MAMTool project. Since 

this work will be based on orthogonal cutting it will also be possible to compare the results 

with Merchant’s theory and verify its base assumptions. 

 In order to characterize this material’s machinability a shaper machine was used to 

perform orthogonal cutting tests with load measurements. From those tests important 

parameters were determined (namely specific cutting pressure, friction coefficient, and shear 

angle) as well as chip morphology and tool wear information. As to better understand the 

possible anisotropic nature of the AM material, tests were performed in two different directions 

relative to the building direction. 

 

3.2. Material description 

 The machinability study of additively manufactured steels is the focus of the MAMtool 

project which has resulted in more dissertations that focus, among other aspects, on the 

maraging 18Ni300 mechanical characterization. Engaging on the same subject, this dissertation 

takes some of the results of [1] and [2] for completeness of the current investigation.  
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 First it is necessary to define the different directions of the AM material. According to 

ISO 52921, the building direction is defined as the Z direction. As such, cross-sections 

perpendicular to the building direction will be referred to as longitudinal (parallel to the XY 

plane) and cross-section parallel to the building direction, will be referred to as transversal (ZX 

and ZY planes), Figure 17 illustrates the different cross-sections mentioned. 

 
Figure 17 - Schematic of the different cross-sections compared to the building direction, 

adapted from [1]. 

 

 Additively manufactured blocks (10x19x50mm) were cut (wire-EDM) into thinner slices, 

as demonstrated in Figure 18. Additionally, they were grinded in order to ensure the same 

thickness throughout the specimen. 

 

 

 
Figure 18 - Original AM workpiece as provided by the manufacturer. 

 After the initial cuts, each of the four pieces will be cut in two, creating two new 

workpieces that will have tests performed on different directions as illustrated in Figure 19. 

The final workpieces will have a thickness, 𝑤 = 2𝑚𝑚. Later, some of the tests required lower 

thicknesses so the workpieces were grinded to a new thickness of 1mm. A similar process was 

used for the conventional material, when direction was not relevant. The AM samples used in 

this dissertation were testes “as built”, meaning that no heat treatment (aging) processes were 

applied. The final length of the workpieces was l = 26mm for the CV and AM XY direction and  

l = 19mm for the AM Z direction.
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Figure 19 - Schematic of the final cuts and test directions compared to the building direction 

on specimen A and specimen B. 

 

3.3. Compression Behavior 

 Quasi-static compression tests were performed by Lainho [2] on cylindrical (ϕ6x6) in 

the Z direction to assess the AM 18Ni300 steel flow stress under compression. Three 

compression tests were performed on the AM material at room temperature and the results can 

be seen on Figure 20 in the form of a stress-strain curve. 

 

 
Figure 20 - True stress-strain curves for three AM test samples [2]. 

 

 These tests showed great repeatability among the AM samples which present an 

average yield strength of around 1100 MPa. These results can be compared with the 

compression test results on the conventional materials performed by Couto [1]. 
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Figure 21 - True stress-strain curves for two conventional test samples [1]. 

 As can be seen in Figure 21, Couto [1] performed two compression tests on the 

conventional material achieving almost identical results. The conventional material presented 

lower yield strength. 

 Three other tests were also performed at different temperatures in order to define the 

material’s response under compression at elevated temperatures. Regarding these tests, three 

different temperatures were chosen: 20°C as a control, 200°C and 700°C. The results of the 

tests can be seen in Figure 22. 

 

 
Figure 22 - True stress-strain curves for AM samples performed a 20°C, 200°C, and 700°C. 

  

 The compression test at 20°C presented similar results to the previous tests on the AM 

material as expected and the tests at higher temperatures resulted in lower yield strengths, 

which can be explained by the loss of mechanical properties due to temperature. 
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3.4. Microstructure 

 A chemical etching using aqua regia, a mixture of nitric acid and hydrochloric acid, was 

used on polished AM samples in order to reveal the microstructure along with melt pool 

boundaries and laser scan paths. 

 In Figure 23 a 75x magnification lens was used and it is possible to see multiple aligned 

melt pools. 

  

 

 
Figure 23 - Optical images of chemically etched maraging steel along a transverse cross-

section, 75x lens magnification. 

 Figure 24 used a 1500x magnification lens, and shows the boundary layer between 

different melt pools, as well as the formation of the columnar grain structures. In some cases, 

it looks like the crystal formations can even form across the boundary layer. Overall, the 

orientation of the crystals is clearly columnar and aligned with the building direction Z, as 

schematically shown in Figure 8. 

 

 

 
Figure 24 - Optical images of chemically etched maraging steel along a transverse cross-

section, 1500x lens magnification. 
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3.5. Test Setup 

 The orthogonal cutting tests were conducted on a type L2-03.6 universal shaper 

machine adapted to perform this operation. For load measurement, a three-component (Fx, Fy 

and Fz) piezoelectric dynamometer (KISTLER 9257B) was used. A charge amplifier (KISTLER 

5070A) and a data acquisition system (ADVANTECH 4711A) allowed for signal conversion, 

collection and processing. 

 

 

3.5.1. Shaper machine 

 A universal shaper machine is a machine tool that uses linear motion to machine a 

linear toolpath onto the workpiece. Its cut is similar to a lathe’s but with a linear cut instead 

of helical.  Due to being a very robust machine, an orthogonal cutting setup can be adapted 

and a broad range of cutting conditions explored (e.g tools, cutting dimensions) 

 A shaper machine works with the principle of a quick return mechanism, so an 

analytical kinematic analysis was performed to define cutting speeds. Figure 25 shows a 

schematic representation of a quick return mechanism. 

 
Figure 25 - Schematic of a quick return mechanism  [40]. 
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Let O41 be the origin of the orthogonal coordinate system. The angle 𝜙21 is a function of time 

and assuming a constant angular velocity 𝜔21, can be written as [40]: 

 

 𝜔21 = 
𝑑𝜙

𝑑𝑡
 

 

 

3.1 

 ∫ 𝑑𝜙
𝜙21

0

= 𝜔21 ∫ 𝑡
𝑡

0

 

 

3.2 

 𝜙21 =𝜔21𝑡 

 

3.3 

The x-coordinate of point B, 𝑋b can be defined as a function of 𝜓41: 

 

 𝑋𝑏 = 
𝑏

tan𝜓41

 

 

3.4 

 

Since  𝜓41 =
𝜋

2
− 𝜙41 one can rewrite equation 3.4 as: 

 

 𝑋𝑏 = 𝑏 ∗ tan𝜙41 

 

3.5 

 

Trigonometric analysis reveals tan𝜙41 as: 

  

 tan 𝜙41 =
𝐴𝐴′̅̅ ̅̅ ̅

𝐴′𝑂41
̅̅ ̅̅ ̅̅ ̅

= 
𝑟 sin𝜙21

ℎ − 𝑟𝜙41

 

 

3.6 

 

So, one can rewrite equation 3.5 as: 

 

 𝑋𝑏 = 𝑏 ∗
𝑟 ∗ sin(𝜔21 ∗ 𝑡)

ℎ − 𝑟 ∗ cos(𝜔21 ∗ 𝑡)
 

 

3.7 

 

 By differentiating this equation, we can calculate the speed of point B, Vb which is the 

speed of the ram and the cutting speed [40]: 

 

 𝑉𝑏 = 
𝑑𝑋𝑏

𝑑𝑡
 

 

3.8 

 

 𝑉𝑏 = 𝑏 ∗
𝑟 ∗ 𝜔21 ∗ [ℎ ∗ cos(𝜔21 ∗ 𝑡) − 𝑟]

[ℎ − 𝑟 ∗ cos(𝜔21 ∗ 𝑡)]2
 3.9 
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Figure 26 - Side view of the L2-03.6 universal shaper machine. 

 The universal shaper machine used in this dissertation was a type L2-03.6 with a 

distance 𝑏 = 694.5𝑚𝑚 and ℎ = 413𝑚𝑚, as per the technical drawings of the manufacturer. The 

shaper machine has several working positions that change the angular velocity 𝜔 and maximum 

stroke as can be seen on Figure 27.  

 Using the equations above, one can calculate the radius of the mechanism and the 

maximum cutting speed for each position as shown in Table 7. As can be seen, the cutting 

speed values are relatively small compared to other cutting operations and are very consistent 

for the different working positions of the shaper machine. The tests perform in this dissertation 

were for position B2 corresponding to a theoretical cutting speed of 26.1 m/min. This position 

was chosen because the cutting speeds are basically the same across different positions, but 

the maximum stroke of the ram was appropriate for the setup used (specially regarding safety 

for the operators and chip collection).  

  

 

 
Figure 27 - Possible cutting parameters for the L2-03.6 universal shaper machine. 
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Angular velocity 𝝎 [rpm] 25 35 45 60 85 115 

Max. Stroke [mm] 300 250 200 150 100 75 

Radius [mm] 95.5 72 58 44 29.3 22.25 

Max. cutting speed vc 

[m/min] 
25.0 26.4 27.3 27.6 26.1 26.8 

 

Table 7 - L2-03.6 shaper machine calculated parameters. 

3.5.2. Load cell 

 In order to measure the loads during the cutting test, a piezoelectric dynamometer 

type 9257B from Kistler with a type 1687bB connecting cable was used. This is a quartz 

dynamometer capable of measuring the three orthogonal components of a force. The maximum 

range of the measurements depends on the direction, with Fx and Fy having a range of -5 to 5 

kN and Fz having a range of -5 to 10 kN. In order preserve the dynamometer, it was decided 

not to perform tests that would result in forces over 2.5 kN (as a safety net) in case something 

went wrong during the test (for example if the depth of cut, t0 was higher than expected 

resulting in higher cutting forces). 

 In order to mount the dynamometer to the table of the shaper machine a fixation plate 

was designed as well as a gripping system with a slot for the workpiece to be mounted and 

hold. Figure 28 shows the dynamometer mounted on the shaper machine (a) and the workpiece 

gripping system (b). 

 

 

 
Figure 28 –Kistler dynamometer fixation setup (a) and workpiece gripping system detail with 

associated load cell axis system (b). 
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3.5.3. Charge Amplifier 

 When a load is placed on the piezoelectric dynamometer it produces an electrical 

charge proportional to the force, being necessary to convert that electrical charge (pC) into a 

proportional voltage (V) so that it can be read by the data acquisition system. For this purpose, 

a Kistler type 5070A multichannel charge amplifier (Figure 29) was used with the 

characteristics given in Table 8: 

 

Number of channels 4 or 8 

Measuring range (pC) 

±200 … 200000 

±600 … 600000 

 

Measurement uncertainty (0 … 50 °C) (%) <±0.3/<±1 

Frequency range (20 Vpp) (kHz) 0 … >45 

Output voltage (V) ±10 

Output current (mA) <±2 

Output resistance (Ω) 10 

 

Table 8 - Kistler type 5070A technical data. 

 

 
 

Figure 29 - Kistler type 5070A charge amplifier. 
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3.5.4. Data acquisition 

 The data acquisition system transforms the analog signal voltage from the charge 

amplifier into a digital signal that can be read by the computer software. An Advantech USB-

4711A portable data acquisition module (Figure 30) was used along with the DAQNavi software 

to enable the acquisition of data. The load data from this software was then exported to 

Microsoft Excel for further analysis. 

 

.  
 

Figure 30 - ADVANTECH USB-4711A portable data acquisition module. 

 

 

 

3.5.5. Cutting Tool 

 Cutting inserts were design specifically for the shaper machine, manufactured by Palbit 

S.A. A AlTiN PVD coating grade (PH7920) was chosen according to manufacturer 

recommendation. Two distinct cutting inserts were used. 

 The difference between the two cutting inserts were the rake angles, one with a 12° 

rake angle and the other with a 5° rake angle, both tools exhibit a 7° relief angle as can be 

seen in Figure 31. 
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Figure 31 - CAD drawings of the cutting tools: on the left, tool with 12° rake angle and on the 
right, tool with 5°rake angle. 

 The PH7920 coating is a physical vapor deposition (PVD) which is a vacuum coating 

process, where a film of coating material is deposited atom by atom on a substrate by 

condensation from a vapor into the solid phase (Figure 32) [41]. The PH7 series uses a AlTiN 

coating layer with high hardness, oxidation and high temperature resistance on a cemented 

carbide substrate, resulting in excellent tool life.  

 

 

 
Figure 32 - Palbit PH7920 grade coating [42]. 
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 In order to hold the cutting tool to the shaper machine a custom STCN 90° style tool 

holder was used, according to Palbit S.A specification in Figure 33. This is a turning tool holder 

that was adapted to be used on the shaper machine. The inserts were clamped onto the tool 

holder using a double gripping system: screw and clamp. 

 

 
Figure 33 - STCN 90° tool holder [43] (a), and side view of the adapted shaper machine tool 

holder with a 12° tool (b). 

 Tool wear is a key factor in establishing the machinability of a material. To guarantee 

consistency between consecutive tests, all the tests for load and chip analyses were performed 

with new inserts. Nonetheless, to assess the performance of these tools for the orthogonal 

cutting operation, several cuts were performed on the same tool and microscopic analysis was 

done. 

 Figure 34 shows an unused 12º rake angle cutting tool edge and Figure 35 shows a 

significant amount of built up edge (BUE) starting to appear after the second cut and increasing 

significantly on consecutive cuts. Figure 36 shows that eventually the amount of BUE stabilizes 

and the tool can keep performing cuts without breaking (in this case, up to 40 cuts), however, 

since no surface quality testing was performed, it is uncertain if or how this BUE may affect 

the surface quality of the workpiece. This analysis was only performed on the conventional 

material as this was shown to be the one to cause the most damage to cutting tools by Lainho 

[2] and Fortunato [34]. Despite the BUE, the consecutive cuts did not evidence any significant 

tool damage (wear, edge clipping). Since the all the tests performed used a new cutting tool 

edge it was determined that the tool was adequate to ensure stable cutting orthogonal cutting 

conditions. 

 

 
Figure 34 - Unused 12º rake angle cutting tool edge. 

(a) (b) 
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Figure 35 - 12º rake angle cutting tool wear after (a) one cut, (b) two cuts, (c) three cuts and 

(d) four cuts using the CV material. 

 
Figure 36 -12º rake angle cutting tool wear after (a) 10 cuts, (b) 20 cuts, (c) 30 cuts and (d) 

40 cuts using the CV material. 

 
  

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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3.6. Orthogonal Testing Procedure 

 The main goal of this dissertation was to assess the machinability of 18Ni300 maraging 

steel through orthogonal cutting tests. Therefore, a working testing procedure for orthogonal 

cutting in the universal shaper machine needed to be developed. 

 At an initial stage, relying on previous works conducted by Couto [1] and Lainho [2] on 

the same material (18Ni300), load was estimated through specific cutting forces in order to 

design the specimen and experiment. 

 The initial proposed setup used specimens with a width, w, of 2 mm and several tests 

were planed for each tool (12° and 5°) and for each material (conventional, CV and both 

directions of additively manufactured, AM) ranging from uncut chip thicknesses, t0 of 0.05 mm 

to 1 mm. 

 First test attempts were conducted with the conventional material due to its better 

availability. The testing setup revealed some issues which resulted in an iterative 

improvement. 

 The first problem encountered was intermittent damage of the cutting edge of the 

tools on some tests, where for the same measured forces some tools would present damage, 

and others wouldn’t. Firstly, it was though that the damage was due to the cutting forces 

during the test, but it turned out that the shaper tool relief system (a hinge that allows for tool 

sliding on the return movement) was not enough to protect the tool edge, which would fail due 

to impact. 

 

 
Figure 37 - Brand new cutting tool edge as seen though a 5x magnification lens. 
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Figure 38 – Broken cutting tool edge after one cut as seen though a 5x magnification lens. 

 

 In Figure 37 and Figure 38 there is a comparison between a brand-new cutting edge 

and a damaged cutting edge after only one cut due to hitting the workpiece on the return 

movement of the ram. The solution to this problem was to manually stop the shaper machine 

right after the cut and only allow the return movement after raising the ram. 

 Another problem identified was the difficulty to define the uncut chip thickness, t0 

before the cut. The instrumented tool slide of the shaper machine was used (Figure 39) for 

higher uncut chip thicknesses (t0). It was, however, found that it did not have the precision, 

nor the accuracy required to ensure smaller t0. 

 

 
Figure 39 - Tool slide of the L2-03.6 universal shaper machine. 
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 As such, a Mitutoyo NO. 2124-50 jeweled dial indicator was used to measure the 

movement of the ram of the shaper machine and define t0. This dial indicator was fixed to the 

ram of the shaper machine and was measuring against the grinded surface of the gripping 

system as shown in Figure 40. 

 

 

 
Figure 40 - Mitutoyo NO. 2124-50 Jeweled dial indicator mounted on the shaper machine. 

 The last problem found was inconsistencies of t0 throughout the test leading to uneven 

cuts along the workpiece. These inconsistencies appeared mostly for small cuts (t0 lower than 

0.05mm) and for large cuts (t0 greater than 0.2mm).  

 This problem persisted throughout the tests but was heavily mitigated by fine tunning 

the shaper machine linear guides (with a set of screws designed for this effect on the ram of 

the machine) and using gauge blocks to properly align the workpiece with the fixation system 

and the shaper machine (ensuring an even cut). 

 Finally, it was decided to grind the workpieces to a new width, w of 1mm as this 

resulted in lower measured cutting forces and improved consistency of the cuts. Since the tests 

with a width of 1 mm showed more consistent results this was adopted as the new width for all 

posterior tests with the CV and AM material. 

3.7. Final Test Procedure 

 The final test procedure adopted for the tests started with the measurement of the 

width, w of the workpiece on a Mitutoyo digital micrometer with a precision of 1 μm (seen on 

Figure 41) followed by two initial cuts on the top and bottom of the workpiece, this was done 

to ensure a good surface finish and to guarantee that the surface to be cut was flat. 
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Figure 41 - Mitutoyo micrometer. 

 Then the height of the workpiece was measured on a Mitutoyo toolmaker’s microscope 

with a 2x magnification lens shown on Figure 42. This was necessary to accurately measure 

the removed material after each cut or, in other words, the uncut chip thickness, t0, by 

measuring the height along the full length of the workpiece before and after the cut. 

 

 

 
Figure 42 - Mitutoyo toolmaker’s microscope (a) and measuring device detail (b). 

 After it was measured, the workpiece was put on the shaper machine with the help of 

a gauge block to ensure alignment and the ram of the shaper machine was lowered to the 

correct height for the chosen t0 with the dial indicator (see Figure 40). The orthogonal cut was 

then performed with the cutting forces being measured by the load cell. After the cut the 

workpiece height was measured again in the toolmaker’s microscope. Subtracting the heigh 

after cut from the heigh before cut, resulted in the real t0 cut from the workpiece, along the 

cut length. 

 The resultant chips were then observed in a microscope to measure their thickness and 

evaluate their morphology, as well as the cutting tools in order to assess damage, BUE, and 

possible tool wear.

(a) (b) 



 

 

 

Results and Discussion 

4.1. Cutting Forces 

 In this section the results from the orthogonal cutting tests will be presented. Since in 

orthogonal cutting there are no lateral forces the Fx component should be zero. Figure 43 

shows the cutting forces during a test, for the conventional material, with an average uncut 

chip thickness, t0 of 0.26 mm. 

 

 
Figure 43 - Cutting forces for one of the tests on the CV material with a 12º rake angle tool. 

 There are three distinct phases show in this figure: an initial stage where the average 

forces values are null, the noise fluctuations in the measurement are due to the vibrations 

caused by the engine of the shaper machine; the second phase starts when there is a jump in 

the measured Fy and Fz forces, this is the start of the cut, until the forces stabilize; and a third 

phase, after the cut, where the forces return to zero. 

 The Fy force measured by the dynamometer corresponds to the cutting force, Fc, and 

Fz corresponds to the thrust force, Ft, as seen in Figure 14. Since the forces in the x axis are 

null, we can discard that component. In order to analyze the cutting forces only the stable part 

of the cut was used, so a linear regression was approximated to the relevant part of the graph 

to remove the noise fluctuation caused by the shaper machine as seen in Figure 44. All the 
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posterior analyses performed (e.g specific cutting pressure, friction coefficient, shear angle) 

was also restricted to the same respective stable phase of the cut. 

 These graphs also allow one to calculate the cutting speed achieved, since the time at 

the start and finish of the tests are known, as well as the overall length of the specimen. The 

total duration of cut was 0.7 seconds, corresponding to an average speed of 22.6 m/min. This 

is slightly  lower  than

 

the theoretical  valued

 

of 26.1 m/min calculated  in section  3.5, likely 

because the working speed of the shaper machine is lower when under load. 

 

 

 
Figure 44 - Analysed cutting forces for one of the tests on the CV material with a 12º rake 

angle tool. 
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4.2. Specific Cutting Pressure 

 Specific cutting pressure, Kc, is often used as a parameter to assess a material’s 

machinability. It is defined as the ratio between the cutting force, Fc, and the cross section 

area of the undeformed chip A: 

 

 𝐾𝑐 = 
𝐹𝑐

𝐴
 

 

4.1 

 

Where A is defined as: 

 

 𝐴 =  𝑡0 ∗ 𝑤 4.2 

 

Using equations 4.1 and 4.2 we arrive at: 

 

 𝐾𝑐 = 
𝐹𝑐

𝑡0 ∗ 𝑤
 4.3 

 

 The results of the specific cutting pressure, Kc for the different materials and rake 

angles as a function of uncut chip thickness, t0 can be seen on Figure 45, Figure 46 and Figure 

47 for the conventional and AM materials. Analyzes of the graphs reveals that specific cutting 

pressure, Kc tends to decrease with increasing values of uncut chip thickness, t0, until it 

eventually stabilizes for higher values of t0. This is caused by the size effect present in metal 

cutting. It is generally believed that all metals contain defects (grain boundaries, missing 

atoms, impurities, and others) and as the size of the material removed decreases, so does the 

probability of encountering these stress-reducing effects, leading to higher specific cutting 

pressures [44] [45]. Also, friction, material microstructure and ploughing effect become more 

important as t0 decreases. 

 For larger t0 the value of the specific cutting pressure should tend to the values 

obtained in traction or compression tests. The tests conducted resulted in values of Kc higher 

than the results from the compressions tests (Figure 20), this is likely because the value of t0 

is not large enough to achieve this, although the Kc still shows a decreasing tendency.  

 Metal cutting tools have a finite sharpness so the contact between the tool flank and 

the machined surface can induce a ploughing force. This force can be defined as the measured 

force just prior to the onset of chip formation and is also theorized to be responsible for the 

size effect in metal cutting [46]. This means that depending on the conditions the cut may be 

accompanied by ploughing rather than a pure shear cutting regime.
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Figure 45 – Specific cutting pressure, Kc, as a function of uncut chip thickness, t0, for the conventional material, CV for both 5º and 12º rake angle tools. 
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Figure 46 - Specific cutting pressure, Kc, as a function of uncut chip thickness, t0 for the additively manufactured material, AM, for both 5º and 12º rake 

angle tools in the Z cutting direction. 
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Figure 47 - Specific cutting pressure, Kc, as a function of uncut chip thickness, t0 for the additively manufactured material, AM, for both 5º and 12º rake 

angle tools in the XY cutting direction. 
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 Across all the materials, the 5º rake angle tool presented significantly higher values of 

Kc over the 12º rake angle tool, due to the higher cutting forces achieved for the same t0, 

leading to the conclusion that tool geometry and t0 are the most influential parameters 

regarding the specific cutting pressure. 

 The only difference found between the AM and conventional materials is that for the 

CV samples, the specific cutting pressure stabilized at the same value for both 5º and 12º rake 

angles as evident by the power tendency curves of Figure 45. Whereas for the AM samples, in 

both cutting directions, the 5º rake angle tests stabilized at higher values compared to the 12º 

rake angles. 

 No significant differences are evident between the different AM directions and the 

results achieved match the values and response for the specific cutting pressures obtained by 

Couto [1] and Lainho [2] for different machining operations as seen on Figure 48 and Figure 

49. Note that whilst both Couto and Lainho achieved higher values of Kc these correspond to 

smaller t0 compared to the tests performed for this dissertation, is it also important that these 

tests were performed at higher cutting speeds. 

 

 
Figure 48 - Specific cutting pressure results obtained by Couto for the AM material in turning 

operations [1]. 
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Figure 49 - Specific cutting pressure results obtained by Lainho for both materials in milling 

operations [2]. 
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4.3. Friction Coefficient 

 To understand the material’s tribological response deriving from the interaction of the 

tool and the chip, the friction coefficient, 𝜇, is a useful indicator. 

  Among other factors, the friction coefficient is dependent on both the material of the 

workpiece and the coating of the cutting tool. The results of calculated friction coefficient 

along with the corresponding uncut chip thickness, t0 for the different tools and materials are 

shown in Figure 50, Figure 51 and Figure 52. These values were computed using equations 

2.3, 2.7 and 2.8 using the measured forces from the load cell. The results shown are the average 

friction coefficient achieved for each test performed, the error bars correspond to the standard 

deviation for each test. 

 

  

 
Figure 50 - Friction coefficient, μ, and associated uncut chip thickness, t0, for the 
conventional material (CV) and for cutting tools with 5º and 12º rake angles. 
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Figure 51 - Friction coefficient, μ and associated uncut chip thickness, t0 for the AM material 
for cutting tools with 5º and 12º rake angles and cut along the XY direction. 

 

 

 
Figure 52 - Friction coefficient, μ and associated uncut chip thickness, t0 for the AM material 
for cutting tools with 5º and 12º rake angles and cut along the Z direction. 
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 Overall, the values for the friction coefficient are relatively high (with maximum values 

reaching 0.95), this is likely due to the built-up edge that sometimes occurred on the cutting 

edge of the tool. 

 Results show that for the AM samples the friction coefficient tends to decrease with an 

increase in uncut chip thickness, for both tool geometries. This behaviour also occurred for the 

CV material with 5º rake angle but not for the 12º rake angle tool, where all the tests resulted 

in very similar friction coefficients, leading to the conclusion that the CV material is less 

sensitive to this behavior. 

 For all the materials the 12º rake angle tool resulted, on average, in higher friction 

coefficients than the 5º rake angle. For the CV material the difference was 8.3%, for the AM 

material along the XY direction the difference was 5.69%, and for the AM material along the Z 

direction the difference was 5.03%. 

 The analyses also showed that both AM cutting directions resulted in very similar 

friction values, leading to conclude that cutting direction does not influence the friction 

coefficient. 

 The CV material resulted in significantly higher coefficients of friction as seen on 

Figure 53 and Figure 54, presenting, on average, 8.78% higher values for the 5º rake tool and 

11.62% higher values for the 12º rake tool, compared to the AM material. 

 

 
Figure 53 - Friction coefficient, μ, and associated uncut chip thickness, t0, for the all the 
materials with the 5º rake angle tool. 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1 2 3 4 5 6 7 8 9

t0
 (

m
m

)

𝜇

𝜇 - AM, XY direction 𝜇 - AM, z direction 𝜇 - CV

t0 - AM, XY direction t0 - AM, Z direction t0 - CV



Results and Discussion         53 

 

 

 
Figure 54 - Friction coefficient, μ and associated uncut chip thickness, t0 for the all the 
materials with the 12º rake angle tool. 
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4.4. Chip thickness ratio and Shear angle 

  

 The chip thickness ratio, r, is a parameter that informs about the deformation of the 

chip, it can also the used to calculate the shear angle of the cut through equation 2.2. It is 

defined by dividing the uncut chip thickness, t0 by the chip thickness, tc. 

 To measure the chip thickness, tc, photographs of the chips were taken using a 

microscope with a 5x magnification lens. An example of such measurement can be seen on 

Figure 55. These were then associated with their respective t0 measurements along the chip 

to calculate the chip thickness ratio, r. 

 

 

 
Figure 55 – Measurements of chip thickness, tc, on a chip resulting from a cut with a 5º rake 
angle on the AM material. 
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 The results for the average chip thickness ratio for the tests performed on the CV 

material can be seen on Figure 56 along with the t0 of each test. Globally speaking, no clear 

relation between chip thickness ratio, r, and uncut chip thickness, t0, nor any relation with the 

rake angle of the tool are observed. The results also seem to have relatively high variability as 

shown by the error bars corresponding to the standard deviation for each test. Nevertheless, 

one can realize more stability on chip thickness ratio for higher uncut chip thickness. For lower 

t0, it seems that rake angle could have more influence. 

 

 
Figure 56 – Chip thickness ratio, r and associated uncut chip thickness, t0 for the CV material 
with both 5º and 12º rake angle tools. 

 Since the friction coefficient has been calculated in section 4.3 one can calculate 𝜙𝑚 

(see equation 2.12) and use the results of the chip thickness, tc, to calculate 𝜙 and verify 

Merchant’s orthogonal cutting model.  

 Figure 57 and Figure 58 show the comparison between the shear angle as calculated 

by merchant, 𝜙𝑚, and geometrically, 𝜙 for the CV material for both 5º and 12º rake angle tools. 

The results show that the geometrical shear angle, 𝜙, seems to be higher than the one 

calculated by merchant, 𝜙𝑚, across all t0 ranges except for extremely low values of t0; although 

the scatter for the calculation using Merchant’s model appears to be lower as evidenced by the 

error bars corresponding to the standard deviation. 

 The more inconsistent results of shear angle,𝜙, for the lower extremes of t0 are likely 

because of the ploughing regime mentioned in section 4.2, where for lower values of t0, the 

ploughing forces are influencing the chip ratio and consequentially, the shear angle. The shear 

angle calculated through Merchant relation does not seem to be influenced by this effect as it 

is calculated directly through measured forces, which are being approximated through a linear 

regression along the full length of the test (meaning they are not as sensitive to the effects 
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resulting from the ploughing forces just prior to chip formation), so 𝜙𝑚 remains relatively 

constant across all t0 ranges. 

 The results also show that the 12º rake angle tool seems to produce higher shear angles 

when compared to the 5º rake tool for both calculation methods. 

 
Figure 57 – Merchant’s shear angle, ϕm, and experimental shear angle, ϕ, with associated 

uncut chip thickness, t0 for the CV material for the 5º rake angle tool. 

 
Figure 58 - Merchant’s shear angle, ϕm, and experimental shear angle, ϕ, with associated 

uncut chip thickness, t0 for the CV material for the 12º rake angle tool. 
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geometrical shear angle is noticeably higher for both rake angles. As with the CV material, the 

12º rake angle tool results in slightly higher shear angles for both methods. 

 Regarding direction of cut relative to build direction, no apparent differences we 

noticed. 

 The overall results seem to indicate that Merchant’s shear angle is for smaller values 

of t0, whilst for larger values it seems not to coincide with the values of the geometrical shear 

angle. Since the geometrical values are calculated through measurements on the chip after the 

cut further tests were performed to analyse ship morphology. 

 

 
Figure 59 - Merchant’s shear angle, ϕm, and experimental shear angle, ϕ, comparison for tests 

with small uncut chip thickness, (t0 < 0.1 mm)  for the AM material. 

 

 
Figure 60 - Merchant’s shear angle, ϕm,, and experimental shear angle, ϕ, comparison for tests 

with large uncut chip thickness, (t0 > 0.25 mm)  for the AM material. 
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4.5. Chip Morphology Analysis 

 After each orthogonal cutting test, the resultant chips were collected. Because of the 

large number of tests performed, a vast number of chips were collected, as such, not every 

chip was analyzed. 

 The photos obtained through microscopic analyses were overlayed and cut together 

using Photoshop since even with the lowest magnification lens (5x), several photos were 

required to capture the full chip. Some difficulties were also found for chips that presented 

some curvature perpendicular to the viewing angle (3D curvature) of the microscope resulting 

in out of focus areas. 

 All the materials revealed that an increase in uncut chip thickness resulted in less 

curling of the chips. Figure 61 shows three different chips (at the same scale) obtained with a 

5º rake angle tool for the conventional material, with increasing t0 from 0.023 mm to 0.075 

mm. While remaining continuous, the increase in t0 leads to less curling of the chip and a clear 

increase in chip thickness, tc.  

 

 

 
Figure 61 – Chips from three different tests with (a) t0 = 0.023 mm (b) t0 = 0.05 mm and (c) t0 
= 0.075 mm for  5º rake angle and CV material. 

 

 

 

   

(a) (b) (c) 
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Figure 62 presents two chips from tests conducted on the CV material with a 5º rake angle tool 

and shows the transition that occurs when t0 passes a certain threshold where the chips start 

becoming serrated, as is characteristic of these steels. This serration can explain the results 

obtained for shear angle calculation on the chapter above, as the serration of the chip results 

in higher chip ratios, r, or oscillating ones. 

 Serrated chip formation is a competitive result of thermal softening and deformation 

hardening in the primary shear zone during a cutting operation [47] and it has been shown that 

cutting speed, rake angle and t0 are the most influential factors in serrated chip formation 

[48]. 

 Figure 63 and Figure 64 illustrate the same behaviour for the AM samples along both 

directions (XY and Z) and with both cutting tools (5º and 12º rake angles). Since one of the 

problems encountered during the tests was to accurately set the value of t0 before the cut, it 

is hard to precisely calculate the threshold transition value of t0 from which the material starts 

presenting serrated chips. Notwithstanding, this value should be between 0.25 mm and 0.3 mm 

for both materials and tools. No tests were performed with t0 greater than 0.4 mm, but it is 

assumed that this behaviour continues for higher values of t0. 

 Although obtained through different cutting directions and with different cutting tools, 

Figure 63 (b) and (d) Figure 64 (b) and (d) show the evolution of the serrated chip formation 

with increasing t0, for t0 ranging from 0.27 mm to 0.36 mm, being clear an increase in this 

behaviour. 

 

  

Figure 62 - Chips from two different tests with (a) t0 = 0.32 mm and (b) t0 = 0.24 mm for 5º 
rake angle and CV material. 

(a) 

(b) 
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Figure 63 – Chips from tests performed on the AM material along the Z direction for a 5º rake 
angle tool for (a) t0 = 0.07 mm and (b) t0 = 0.28 mm and for a 12º rake angle toll for (c) t0 = 
0.16 mm and (d) t0 = 0.27 mm. 

 

 
Figure 64 - Chips from tests performed on the AM material along the XY direction for a 5º rake 
angle tool for (a) t0 = 0.03 mm and (b) t0 = 0.29 mm and for a 12º rake angle tool for (c) t0 = 
0.02 mm and (d) t0 = 0.36 mm.

(a) (b) 

(c) (d) 

(a) (b) 
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Conclusions and Future Work 

5.1. Conclusions 

 The objectives proposed for this dissertation were achieved and some conclusions may 

be drawn from the results regarding the machinability of the 18Ni300 maraging steel produced 

by additive manufacturing and conventional methods, which are summarized as follows: 

 

• Even though the AM material presented higher flow stress than its CV 

counterpart, no significant differences were found among the tested materials 

regarding specific cutting pressure. Tool geometry and uncut chip thickness 

seem to be the dominant factors; 

• The friction coefficient in orthogonal cutting seems to be related to uncut chip 

thickness and consequently cutting forces for the AM material where an 

increase in uncut chip thickness resulted in lower friction coefficients, whereas 

for the CV material this was not the case; 

• It show also be noted that the values of the friction coefficient were relatively 

high, likely due to built-up edge. This phenomenon is exacerbated by the 

relatively low cutting speeds achieved during the tests; 

• The friction coefficient for the 12º rake angle tool was slightly higher than for 

the 5º rake angle tool for both materials; 

• The friction coefficient of the CV material seems to be between 8.5% and 11.5% 

higher than for the AM material; 

• Chip analyses revealed that for small uncut chip thickness both materials 

present continuous chip, however, when increasing the uncut chip thickness, 

above a certain threshold (t0 = 0.25 to 0.3 mm) causes the chips to be serrated; 

• Despite all of the orthogonal cutting tests along different directions relative to 

the build direction of the AM material, no distinction in specific cutting 

pressure was found due to the material anisotropy; 

• Orthogonal cutting experiments consist of an appropriate methodology for 

determining the specific cutting pressure of the considered metals; 
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• The results for specific cutting pressure achieved in this dissertation present a 

similar trend and values when compared to previous work performed by Couto 

[1] and Lainho [2] for the same material under different cutting operations. 

 

5.2. Future Work 

 

• Perform orthogonal cutting at higher cutting speeds more closely matched with other 

machining operations; 

• Conduct orthogonal cutting tests with temperature monitoring in order to test its effect 

on serrated chip formation; 

• Use high speed video to study chip formation in orthogonal cutting; 

• Perform machinability studies for 18Ni300 maraging steel for drilling operations; 

• Perform orthogonal cutting at a 45º angle relative to build direction as some literature 

shows that this might result in some anisotropic behaviors compared to the directions 

tested in this dissertation; 

• Perform systematic tool wear analysis for the AM material; 

• Perform experimental testing on 18Ni300 with different heat treatments conditions; 

• Perform compression tests at different strain rates and at different temperatures in 

order to build a Johnson-Cook model for this material; 

• Carry out orthogonal cutting numerical simulation work and compare it with the results 

achieved in this dissertation;
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