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Abstract 

A comprehensive study was conducted to investigate the mechanical properties and 

microstructure of additively manufactured 18Ni-300 maraging steel. The gas-atomized 

powder was used as the feedstock, and the morphology and microstructure were examined 

to reveal the cellular structure with a majority of spherical powder particles. Cubic samples 

were built with 40 and 50 µm powder layer thicknesses. The 40 µm samples were built 

using ceramic and brush recoater blades. The three variations were then heat-treated, and 

all six sets of samples were studied to measure porosity in different layers. All samples 

showed relatively low porosity levels. The porosity level was shown to increase a few 

millimetres underneath the finished surface and then decrease gradually. The heat-

treatment process was shown to decrease the porosity level due to the evolution of the 

microstructure. The hardness was also measured for different layers, and no variation was 

observed through the depth. The aged samples also showed higher hardness due to 

precipitations. Uniaxial tensile tests were conducted on test coupons by varying powder 

layer thickness, build direction, and recoater blades. The mechanical properties and 

microstructure of the specimens were studied before and after the deformation. In the as-

built case, horizontal samples showed higher strength and ductility due to lower thermal 

stress from the manufacturing process. The powder layer thickness showed not to affect 

the mechanical properties significantly. Besides, the ceramic recoater showed slightly 

better mechanical properties due to the powder particleôs better spreadability over the build 

plate. The heat-treatment increased the mechanical strength significantly for both 

horizontal and vertical samples, while the ductility dropped as a payoff. The aged samples 

showed to have similar strength regarding their building direction with lower ductility of 
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the vertical samples. Lower ductility was related to the building orientation due to the grain 

growth direction, while the strength was related to precipitation, regardless of the build 

orientation. All cases showed a phase transformation through the deformation process. The 

as-built cases turned into a fully martensitic structure, and the aged samples transformed a 

portion of the austenite into martensite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

Dedication 

 

To my parents that their memories encourage me every day. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 

 

Acknowledgement 

I am grateful to Dr. Mohsen Mohammadi, who gave me this opportunity to start my 

journey as a Ph.D. student and patiently guided me through this process. The Ph.D. was 

more than a program to me. I learned how to broaden my vision with the existing 

capabilities and share my knowledge as gratitude.  

Heartful thanks go to Dr. Edmund Biden for teaching me how to see the big picture with 

his thoughtful comments. I want to thank Dr. Clodualdo Aranas for his ideas and 

comments, bringing insight into this work and Dr. Huining Xiao, and Dr. Amir Mostafaei 

who kindly agreed to stand on the committee. 

I am grateful to the Mechanical Engineering department staff who helped me start my 

new life as a student at UNB, Paulette Steever, Ann Bye, and Debbie Basque. I am also 

thankful to the technicians who helped me conduct the experiments, Vince Boardman, 

Brian Guidry, and Gregory Greer. I should also thank Dr. Zahra Khatami from the 

Electrical Engineering department, Dr. Dennis Connor from UNB Civil Engineering, 

Steven Cogswell from UNBôs Microscopy and Microanalysis Facility (MMF), Dr. Hamed 

Asgari from the University of Waterloo, Dr. Amir Hadadzadeh from the University of 

Memphis, Dr. Babak Shalchi Amirkhiz from the CanmetMATERIALS, Dr. Hadi Pirgazi 

and Dr. Leo Kestens from Ghent University, Victoria Jarvis, Dr. Jim Britton, and Dr. Zhilin 

Peng from McMaster University. 

My appreciation also extends to all MAMCE members as postdoctoral fellows and 

students and staff who helped me during my program, especially to Sajad Shakerin, 

MohammadHossein Ghoncheh, Krista McCarthy, and Dr. Mehdi Sanjari. 



vi 

 

I am also thankful to my wonderful friends Dr. Ali Zeighami and Dr. Sara Babaei, who 

encouraged and helped me start my journey.  

Finally, I should thank my brothers Shahin Shamsdini, Afshin Shamsdini, their families, 

and my friends, especially Ken Yeamans, who always support me and are available 

whenever I need them. 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii  

 

Table of contents 

Abstract .......................................................................................................................................... ii  

List of tables ................................................................................................................................... x 

List of figures ................................................................................................................................ xi 

Chapter 1 Introduction ................................................................................................................... 1 

1.1 Maraging steels ...................................................................................................................... 4 

1.2 Additive manufacturing ......................................................................................................... 6 

1.3 Literature review .................................................................................................................... 8 

1.3.1 Manufacturing process .................................................................................................... 8 

1.3.1.1 History of AM .......................................................................................................... 8 

1.3.1.2 Different methods .................................................................................................... 9 

1.3.2 Process parameters ........................................................................................................ 11 

1.3.2.1 Energy density and optimization of process parameters ........................................ 11 

1.3.2.2 Porosity and relative density .................................................................................. 13 

1.3.2.3 Building direction .................................................................................................. 14 

1.3.3 Pre and post-process parameters ................................................................................... 16 

1.3.3.1 Powder metallurgy and recoating mechanism ....................................................... 16 

1.3.3.2 Heat-treatment ........................................................................................................ 17 

1.3.4 Mechanical properties ................................................................................................... 18 

1.3.5 Microstructure ............................................................................................................... 20 

1.3.6 Crystal structure ............................................................................................................ 21 

1.4 Gap of knowledge ................................................................................................................ 24 

1.5 Contributions ....................................................................................................................... 26 

1.6 Comments on the papers ...................................................................................................... 28 

1.7 Study outline ........................................................................................................................ 30 

1.8 Contribution to mechanical engineering .............................................................................. 32 

1.9 Hypothesis ........................................................................................................................... 33 

1.10 Funding .............................................................................................................................. 34 

1.11 References .......................................................................................................................... 35 

Chapter 2 A trade-off between powder layer thickness and mechanical properties in additively 

manufactured maraging steels ...................................................................................................... 44 

2.1 Introduction .......................................................................................................................... 45 

2.2 Experimental procedures ..................................................................................................... 47 



viii  

 

2.2.1 Materials and LPBF process ......................................................................................... 47 

2.2.2 Characterization ............................................................................................................ 48 

2.2.3 Mechanical properties ................................................................................................... 50 

2.3 Results .................................................................................................................................. 52 

2.3.1 Powder characteristics .................................................................................................. 52 

2.3.2 LPBF-MS1 solidification .............................................................................................. 55 

2.3.3 Characterization and grain structure ............................................................................. 60 

2.3.4 Mechanical properties ................................................................................................... 66 

2.4 Discussion ............................................................................................................................ 82 

2.4.1 Properties through the depth ......................................................................................... 82 

2.4.2 Phase change due to additive manufacturing process ................................................... 83 

2.4.3 Grain structure during deformation ............................................................................... 84 

2.5 Conclusions .......................................................................................................................... 85 

2.6 References ............................................................................................................................ 87 

Chapter 3 Plastic deformation throughout strain-induced phase transformation in additively 

manufactured maraging steels ...................................................................................................... 95 

3.1 Introduction .......................................................................................................................... 96 

3.2 Experimental procedure ....................................................................................................... 99 

3.2.1 Material and manufacturing process ............................................................................. 99 

3.2.2 Sample preparation and tensile testing ........................................................................ 100 

3.2.3 Phase identification ..................................................................................................... 101 

3.2.4 Electron microscopy ................................................................................................... 101 

3.3 Results ................................................................................................................................ 102 

3.4 Discussion .......................................................................................................................... 118 

3.4.1 Phase transformation ................................................................................................... 118 

3.4.2 Plastic deformation ..................................................................................................... 119 

3.4.3 Strain hardening .......................................................................................................... 120 

3.5 Conclusions ........................................................................................................................ 122 

3.6 References .......................................................................................................................... 123 

Chapter 4 A relationship between the build and texture orientation in tensile loading of the 

additively manufactured maraging steels ................................................................................... 130 

4.1 Introduction ........................................................................................................................ 131 

4.2 Experimental procedures ................................................................................................... 134 

4.2.1 Manufacturing process ................................................................................................ 134 



ix 

 

4.2.2 Through the depth properties ...................................................................................... 135 

4.2.3 Mechanical properties ................................................................................................. 136 

4.2.4 Electron microscopy and texture analyses .................................................................. 137 

4.2.5 X-ray diffraction technique ......................................................................................... 137 

4.3 Results ................................................................................................................................ 138 

4.4 Discussion .......................................................................................................................... 155 

4.4.1 Grain structure ............................................................................................................ 155 

4.4.2 Phase transformation ................................................................................................... 155 

4.4.3 Mechanical properties ................................................................................................. 157 

4.4.4 Deformation mechanism ............................................................................................. 158 

4.5 Conclusions ........................................................................................................................ 159 

4.6 References .......................................................................................................................... 161 

Chapter 5 Effect of recoater-blade type on the mechanical properties and microstructure of 

additively manufactured maraging steels ................................................................................... 168 

5.1 Introduction ........................................................................................................................ 168 

5.2 Experimental procedure ..................................................................................................... 169 

5.3 Results ................................................................................................................................ 171 

5.4 Discussion .......................................................................................................................... 177 

5.5 Conclusions ........................................................................................................................ 179 

5.6 References .......................................................................................................................... 180 

Chapter 6 Summary ................................................................................................................... 182 

6.1 Final remarks ..................................................................................................................... 182 

6.2 Additional information on the published works ................................................................ 184 

Chapter 7 Conclusions and future works ................................................................................... 186 

7.1 Conclusions ........................................................................................................................ 186 

7.2 Recommendation for future work ...................................................................................... 190 

7.2.1 Tailored mechanical properties ................................................................................... 190 

7.2.2 Modelling and simulations .......................................................................................... 192 

Appendix A. ............................................................................................................................... 193 

Curriculum Vitae  

  



x 

 

List of tables 

Table 1.1 Martensite and austenite start and end temperatures for 18Ni-maraging steel (Dos Reis, 

et al., 2015) .................................................................................................................................... 22 

Table 2.1 Chemical composition of maraging steel MS1 powder (Material data sheet, 2017) ..... 48 

Table 2.2 LPBF process parameters applied in this research......................................................... 48 

Table 2.3 Particle size average and cumulative distribution percentage (while ɛ is the average 

particle size and ů represents the standard deviation). All data are in ɛm. .................................... 54 

Table 3.1 Chemical composition of the powder used in the DMLS process (Material Data sheet, 

2017) ............................................................................................................................................ 100 

Table 3.2 The average grain size for each variation of specimens .............................................. 113 

Table 4.1 Chemical composition of the 18Ni-300 maraging steel powder (Material Data sheet, 

2017) ............................................................................................................................................ 135 

Table 4.2 LPBF process parameters applied in the current study ................................................ 135 

Table 4.3 Uniaxial tensile test specimensô dimensions (Standard, 2015). ................................... 137 

Table 4.4 Mechanical properties of 18Ni-300 maraging steel, (AB: As-built, HT: Heat-treated, H: 

horizontal, V: Vertical, ST: Solution-treated), (Becker, et al., 2016), (Vishwakarma, et al., 2020), 

(Kempen, et al., 2011), and (Handbook, 1990). ........................................................................... 143 

Table 4.5 Austenite phase fraction for various samples (All data in % with ±0.2% error). ........ 149 

Table 5.1 Chemical composition of the maraging steel MS1 feedstock powder (sheet, 2017). .. 170 

  



xi 

 

List of figures 

Fig. 1-1 Schematic of the Direct Metal Laser Sintering (DMLS) process. ...................................... 3 

Fig. 1-2 Process parameters defined for core and contour of a build (Mohammadi and Asgari, 

2018). ............................................................................................................................................. 12 

Fig. 1-3 Porosity due to overlapping (Gong, et al., 2014) ............................................................. 13 

Fig. 1-4 Porosity versus scan speed (Gong, et al., 2014) ............................................................... 14 

Fig. 1-5 Horizontal vs vertical build in the additive manufacturing process (Hadadzadeh et al., 

2018). ............................................................................................................................................. 16 

Fig. 1-6 Three deposition methods (a) scraper blade (b) counter rolling cylinder, (c) slot feeder 

(Van der Schueren et al., 1995) ..................................................................................................... 17 

Fig. 1-7 Fe-Ni system metastable phase diagram (Tan et al., 2017). ............................................. 22 

Fig. 2-1 Schematic of the uniaxial tensile test sample and the cubic samples. .............................. 51 

Fig. 2-2 SEM image for MS1 powder at two different magnifications for (a-b): morphology, and 

(c-d): microstructure. ..................................................................................................................... 53 

Fig. 2-3 The particle size distribution of the MS1 powder. ........................................................... 54 

Fig. 2-4 Variation of the porosity through the depth of LPBF-MS1-40 and LPBF-MS1-50 cubes.

 ....................................................................................................................................................... 56 

Fig. 2-5 XRD analysis of the MS1 powder, LPBF-MS1-40, and LPBF-MS1-50 cubes. .............. 58 

Fig. 2-6 SEM image at three different magnifications of (a-c): LPBF-MS1-40 cube, and (d-f): 

LPBF-MS1-50 cube. ...................................................................................................................... 59 

Fig. 2-7 EBSD mappings showing (a): IPF orientation map of LPBF-MS1-40, (b): IPF orientation 

map of LPBF-MS1-50, (c): phase map of LPBF-MS1-40, (d): phase map of LPBF-MS1-50. ..... 61 

Fig. 2-8 XRD Pole Figures showing Phase maps at (a): LPBF-MS1-40, and (b): LPBF-MS1-50, 

ODF sections at ű2=45° shown at (c): LPBF-MS1-40, and (d): LPBF-MS1-50. .......................... 62 

Fig. 2-9 STEM-HAADF image and the corresponding EDS elemental maps of LPBF-MS1-40. 64 

Fig. 2-10 STEM-HAADF image and the corresponding EDS elemental maps of LPBF-MS1-50.

 ....................................................................................................................................................... 65 

Fig. 2-11 Variation of hardness through the depth of LPBF-MS1-40 and LPBF-MS1-50 cubes. 66 

Fig. 2-12 Typical uniaxial tensile stress-strain curves of LPBF-MS1-40 and LPBF-MS1-50. ..... 67 

Fig. 2-13 Ultimate strength versus elongation in various studies for the as-built additively 

manufactured 18Ni-300 maraging steel including this study. ....................................................... 68 



xii  

 

Fig. 2-14 SEM images of fracture surface at two different magnification for (a, c): LPBF-MS1-

40, (b, d): LPBF-MS1-50. .............................................................................................................. 69 

Fig. 2-15 Grain color map of deformed samples for (a): LPBF-MS1-40, and (b): LPBF-MS1-50.

 ....................................................................................................................................................... 70 

Fig. 2-16 XRD Pole Figures of deformed samples showing grain orientation (a): LPBF-MS1-40, 

(b): LPBF-MS1-50, ODF sections at ű2=45° of deformed samples (c): LPBF-MS1-40, and (d): 

LPBF-MS1-50. .............................................................................................................................. 72 

Fig. 3-1 Schematic design of the tensile test sample showing the powder layer thickness. ........ 101 

Fig. 3-2 OM micrographs showing porosity in (a): LPBF-40, (b): LPBF-50. ............................. 102 

Fig. 3-3 Tensile stress-strain curves and the corresponding strain hardening variation .............. 104 

Fig. 3-4 Ultimate tensile strength versus fracture strain for 18Ni-300 maraging steels produced 

using both additive and conventional manufacturing techniques (Tan, et al., 2017), (Dehgahi, et 

al., 2020), (Kuļerov§, et al., 2019), and (Bhardwaj, et al., 2018). ............................................... 104 

Fig. 3-5 (a, b): IPF for LPBF-40-A, LPBF-50-A, (c, d): Pole figures for LPBF-40-A and LPBD-

50-A, (e, f): ODF for LPBF-40-A, LPBF-50-A, (g): ODF key components (Sanjari, et al., 2017).

 ..................................................................................................................................................... 106 

Fig. 3-6 XRD pattern for the 18Ni-300 deformed and undeformed samples in zones A and C. . 107 

Fig. 3-7 (a, b): IPF for LPBF-40-B, LPBF-50-B, (c, d): Pole figures for LPBF-40-B and LPBD-

50-B, (e, f): ODF for LPBF-40-B, LPBF-50-B. .......................................................................... 108 

Fig. 3-8 (a, b): IPF for LPBF-40-C, LPBF-50-C, (c, d): Pole figures for LPBF-40-C and LPBD-

50-C, (e, f): ODF for LPBF-40-C, LPBF-50-C. .......................................................................... 109 

Fig. 3-9 EBSD grain boundary maps in three different zones shown for (a, b): LPBF-40-A, 

LPBF-50-A, (c, d): LPBF-40-B, LPBF-50-B, and (e, f): LPBF-40-C, LPBF-50-C. ................... 110 

Fig. 3-10 EBSD KAM in three different zones shown for (a, b): LPBF-40-A, LPBF-50-A, (c, d): 

LPBF-40-B, LPBF-50-B, and (e, f): LPBF-40-C, LPBF-50-C.................................................... 112 

Fig. 3-11 Grain size distribution in different zones of the LPBF-40 and LPBF-50 samples. ...... 113 

Fig. 3-12 Misorientation angle distribution in different zones of the LPBF-40 and LPBF-50 

samples. ........................................................................................................................................ 114 

Fig. 3-13 STEM-BF image and corresponding elemental distribution maps in the LPBF-40-C 

sample. ......................................................................................................................................... 116 

Fig. 3-14 STEM-BF image and corresponding elemental distribution maps in the LPBF-50-C 

sample (i: dislocations). ............................................................................................................... 118 

Fig. 4-1 Schematic of the uniaxial tensile test samples. .............................................................. 136 

Fig. 4-2 Through the depth porosity and hardness for samples (a): As-built, (b): heat-treated. .. 139 



xiii  

 

Fig. 4-3 SEM micrographs for samples (a): As-built, horizontally printed (b): As-built, Vertically 

printed, (c): heat-treated, horizontally printed, and (d): heat-treated, vertically printed. ............. 140 

Fig. 4-4 stress-strain curves for as-built and heat-treated samples on both horizontally and 

vertically printed samples. ........................................................................................................... 141 

Fig. 4-5 Fracture surface for samples (a): as-built, horizontal, (b): as-built, vertical, (c): heat-

treated, horizontal, (d): heat-treated, vertical. .............................................................................. 144 

Fig. 4-6 BF-STEM micrographs for samples (a): as-built, horizontal, (b): as-built, vertical, (c): 

heat-treated, horizontal, (d): heat-treated, vertical. ...................................................................... 145 

Fig. 4-7 BF-STEM micrograph, along with the element distribution map for heat-treated samples 

printed in the horizontal direction. ............................................................................................... 146 

Fig. 4-8 BF-STEM micrograph, along with the element distribution map for heat-treated samples 

printed in the vertical direction. ................................................................................................... 147 

Fig. 4-9 XRD intensity over 2ɗ range in the undeformed condition for as-built and heat-treated 

samples in horizontal and vertical directions. .............................................................................. 148 

Fig. 4-10 XRD intensity over 2ɗ range in the deformed condition for as-built and heat-treated 

samples in horizontal and vertical directions. .............................................................................. 149 

Fig. 4-11 EBSD plots for as-built vertical samples (a): IPF, undeformed, (b): IPF, deformed, (c): 

PF, undeformed, (d): PF, deformed. (e): texture simulation based on the FC-Taylor model and 

uniaxial tensile deformation. ........................................................................................................ 151 

Fig. 4-12 EBSD plots for aged, horizontal samples (a): IPF, undeformed, (b): IPF, deformed, (c): 

PF, undeformed, (d): PF, deformed. ............................................................................................ 153 

Fig. 4-13 EBSD plots for aged vertical samples (a): IPF, undeformed, (b): IPF, deformed, (c): PF, 

undeformed, (d): PF, deformed. ................................................................................................... 154 

Fig. 5-1 SEM in different magnifications for (a,b,c): LPBF-Brush, (d,e,f): LPBF-Ceramic. ..... 172 

Fig. 5-2 Engineering stress-strain curves comparing LPBF-Brush and LPBF-Ceramic samples.

 ..................................................................................................................................................... 173 

Fig. 5-3 Porosity and hardness measured through the depth (a): LPBF-Brush sample, (b): LPBF-

Ceramic sample (Shamsdini, et al., 2020). .................................................................................. 174 

Fig. 5-4 SEM at low and high magnifications for (a-b): LPBF-Ceramic, and (c-f): LPBF-Brush.

 ..................................................................................................................................................... 175 

Fig. 5-5 XRD-ODF graphs for LPBF-Ceramic samples (a): undeformed, (b): deformed, LPBF-

Brush (c): undeformed, (d): deformed, and (e): reference system. .............................................. 177 



 

1 

 

Chapter 1 

Introduction 

Additive manufacturing (AM) adds layers of a substance in powder or wire form 

through a melting process and builds up a solid volume incrementally. Such a procedure is 

controlled by computer software, converting a CAD model into a solid object. The additive 

manufacturing process explained is addressed as 3D-printing in the market. Developments 

recently can be categorized to wrought materials as the input of the AM process, especially 

in metal powder quality, the fusion process of the addition such as laser beam or electron 

beam sintering and melting, and the machine capabilities such as its maximum dimensions. 

All the mentioned developments result in higher quality products in terms of density and 

mechanical properties in comparison with conventional manufacturing techniques. 

Forming and subtracting procedures have been the leading manufacturing technologies 

for decades. The concept of adding layers to each other in order to manufacture a 3D object 

is introduced as the new production technology for agile production purposes. AM is a new 

and fast-growing technology, which has many advantages compared to forming and 

subtracting methods. Increasing production speed, fabricating objects with complicated 

geometries, reducing material waste, and decreasing the production price motivate the 

manufacturers to invest in and develop this technology. 

Additive manufacturing of high-strength steels and stainless steels has received 

tremendous attention recently due to their superior mechanical properties, versatility, and 

compatibility with post-processing subtractive techniques. The high-strength alloy steels 

such as maraging steels are iron-based alloys with low carbon content, and the precipitation 
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of intermetallic compounds is the strengthening mechanism for such materials. The 

material discussed in this research has the commercial name 18Ni (300) maraging steel, 

where the 300-grade index shows the strength range in ksi. 

Many industrial sectors, including aerospace, oil and gas, energy, and marine, are 

currently investigating the use of additive manufacturing techniques in their supply chain 

and ways their products can compete with conventional counterparts. All industries 

involved with high-strength materials, including defence, aerospace, marine, subsea oil and 

gas, and manufacturers in automotive and tooling industries, are currently dealing with this 

new technology or discussing its adoption. 

Fig. 1-1 shows a schematic of the direct metal laser sintering (DMLS) method as one 

known powder bed fusion technique. In this method, the powder supply container's virgin 

powder is spread over the build platform using a recoater blade. The recoater blade might 

be made of ceramic, known as hard recoater, or carbon fibre brush or rubber, known as soft 

recoater. The powder's height spread over the build plate in each layer is called the powder 

layer thickness. Receiving input from a computer-aided design (CAD) code, the laser unit 

applies the energy source. The laser power melts down the powder particles and forms a 

thin layer. The excess powder, which might contain heat-affected particles, is then 

collected into the powder collection container. This powder is referred to as condensate or 

used powder. The whole process repeats, and each layer of powder is sintered into the 

solidified layers underneath. 
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Fig. 1-1 Schematic of the Direct Metal Laser Sintering (DMLS) process. 
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1.1 Maraging steels 

Among alloy steels, maraging steel is well known due to its superior mechanical 

properties. This high-strength steel class was first introduced and developed during the '50s 

and is of great importance yet. This alloy consists of high nickel content with a low carbon 

weight percentage. The martensitic (bcc) structure is formed during a diffusionless 

transformation from (fcc) crystal structure in maraging steels. The name maraging is based 

on the aging of martensitic structure in these alloys; see, e.g. (Floreen, 1968), (Sha, et al., 

1993), (Belyakov, et al., 1968) for more details.  

The three essential alloying elements in this type of material are nickel, cobalt, and 

molybdenum, followed by titanium and aluminum. Each alloying element has its effect on 

the material's behavior, and changing the weight balance highly affects the microstructure 

and mechanical properties. It is worth noting that, the maraging steel contains carbon lower 

than 0.03% (weight) and the intermetallic precipitates govern the age hardening. The two 

significant grades of 18% nickel maraging steel are C-grade and T-grade, in which the 

former contains 4-5% cobalt and a low amount of Titanium, and the latter is free of cobalt 

with a higher amount of Titanium (Vasudevan et al., 1990). As mentioned earlier, by 

changing the alloying element weight percentage, the mechanical properties are 

significantly affected. For example, for 8.5% cobalt, by increasing molybdenum content 

from 3.3 to 5% and titanium from 0.2 to 0.4%, the yield strength increases from 1400 to 

1700 MPa. Higher strength up to 2400 MPa can be reached by having 12.5% cobalt, 4.2% 

molybdenum, and 1.6% titanium (Sha et al., 2009).  

Each alloying element has its footprint in maraging steel. The nickel has two major 

contributions to the mechanical properties, which are helping to form precipitates as well 
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as controlling the austenite reversion. Although cobalt forms no precipitates, the cobalt 

element's existence prevents the formation of molybdenum solution in the matrix and 

results in the formation of Fe7Mo6 precipitates. As mentioned earlier, titanium and 

molybdenum form precipitations, which are the main strengthening mechanisms in 

maraging steel (Sha et al., 1993).  

A comprehensive study on high strength maraging steel with different compositions has 

been done previously, where better mechanical properties of maraging steel were achieved 

by the precipitation of copper in the microstructure (Li et al., 2017). It was also shown that, 

the mechanical properties of Mn-based maraging steels are highly affected by different 

precipitates and aging conditions (Qian et al., 2016). The mechanical properties of 

maraging stainless steels 13-8 PH Mo change dramatically in high-temperature conditions 

due to the changes in the microstructure and phases (Huang et al., 2016). This is because 

the austenite reversion due to temperature increase significantly affects maraging steel's 

hardness (Dos Reis et al., 2015). High strength maraging steel with Cr-rich composition 

showed three precipitation phases in the microstructure, including Ni-rich, Mo-rich, and 

Cr-rich phases (Li et al., 2015). Sha et al. (Sha et al., 2013) showed that various mechanical 

properties could be achieved for low Ni maraging steels.  
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1.2 Additive manufacturing 

For many years, manufacturing methods were restricted to conventional forming 

operations and subtractive techniques from an initial shape to the final product. A new 

method has recently attracted the attention of many researchers and engineers called 

material accretion manufacturing or rapid prototyping or additive manufacturing (AM) 

(Kruth, 1991). This method was first introduced in the '80s using the stereolithography 

process, applicable in polymer production, see e.g., (Kodama, 1981), (Kruth et al., 1998). 

In general, AM refers to methods by which 3D objects are formed layer by layer from CAD 

models (Asgari et al., 2017). Of particular interest in this contribution is metal additive 

manufacturing (MAM), where mainly metal powder or wire is fused using different energy 

sources, including laser or electron beam. 

AMôs three main processes are introduced using different machine manufacturers called 

sintering, melting, and metal deposition processes (Gu et al., 2012). Selective metal 

sintering (SMS) was one of the initial steps forward to make metal parts using additive 

procedures. In this method, heat applied to one metal powder layer melts the layer, and 

after solidification, a new layer is added the same way to the previous one, and this 

incrementally produces a 3D object, see e.g., (Van der Schueren et al., 1995), (Agarwala, 

et al., 1995), (Kruth et al., 1996). On the other hand, in the SLS process, the laser beam 

acts as the heat source on the metal powder to make the 3D object (Kruth et al., 1998). The 

latter technique and the melting process were then called selective laser melting (SLM) or 

laser beam melting (LBM). An alternative for laser as the heat source has been the electron 

beam, which led to another technique parallel to SLM called electron beam melting (EBM) 

(Murr et al., 2012). The EOS GmbH has introduced its own SLM technique called direct 
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metal laser sintering (DMLS) process, which was used to produce all the samples for this 

study. Recent studies show that AM techniques are cost-efficient in small batch production 

comparing to conventional methods (Atzeni et al., 2012), and they have a great impact on 

the spare-part supply chain (Khajavi et al., 2014) and repair and maintenance (Cyr et al., 

2018). 
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1.3 Literature review  

1.3.1 Manufacturing process 

1.3.1.1 History of AM 

Additive manufacturing goes back to the time when plastic polymers were first 

manufactured in three dimensions (Kodama, 1981). In this method, photo-hardening liquid 

material was exposed to an ultraviolet light layer by layer, and the three-dimensional 

polymer was solidified. In such a technique, complicated shapes were manufactured for 

the first time with internal structures. The power source applied was 200-500 W with a 2-

3 mm beam diameter. In this technique, the layer thickness was 2-6 mm, with a scanning 

speed of 0.5-2.5 mm/min. The novel additive manufacturing then expanded into a broader 

range of material, and different names and techniques were introduced to address the new 

manufacturing technique based on adding material to building parts. Rapid prototyping, 

CAD oriented manufacturing, design controlled automated fabrication, direct CAD 

manufacturing, 3D printing, desktop manufacturing, instant manufacturing, layer 

manufacturing, laminated object manufacturing, solid free-form fabrication, material 

deposit manufacturing, material addition manufacturing, material increase manufacturing 

are all referring to the same concept (Kruth, 1991).  

Different techniques were then categorized based on the supply material into solid, 

liquid, gas, and powder. Laminated object manufacturing uses the deposition of sheet 

metals to build parts. Chemical vapour deposition produces solid parts by forming gas 

through chemical reactions. Stereolithography, fuse deposition modelling, and inkjet 

printing are three techniques that use liquid material to build parts. Three-dimensional 

print, selective laser sintering, and laser cladding are known to manufacture using powder 
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(Kruth, et al., 1998). The laser powder sintering was then successful in melting Fe-Cu 

powder into 55 % relative density in a selective laser sintering process (Kruth, et al., 1996). 

The laser power used was 90 W with 0.6 mm layer thickness and 50 mm/s scanning speed. 

1.3.1.2 Different methods 

Wire arc additive layer manufacturing (WAALM) is one of the additive techniques in 

which large scale components can be manufactured quickly. The energy source in this 

method is applied through an electric arc to the welding wire (Ding et al., 2011). This 

technique is shown to produce fully dense 18Ni-maraging steels with higher mechanical 

properties and anisotropy along the build direction in the as-build condition (Xu et al., 

2018). However, in aged condition, the mechanical properties could increase with plastic 

deformation compared to the wrought maraging steel (Xu et al., 2019). The wire arc 

additive manufacturing also divides into three gas tungsten, plasma, and gas metal arc 

welding (GTAW, PAW, and GMAW) techniques. The heat dissipation orientation was 

modeled by Xiong et al. (Xiong et al., 2018) in GTAW, showing the temperature gradients 

in different layers. Due to high heating and cooling rates, the heating load cycles 

significantly affect the mechanical properties of the additively manufactured parts 

compared to conventionally manufactured ones. A study on GTAW was conducted by 

Rajkumar et al. (Rajkumar et al., 2014) in continuous current and pulse current variation 

to weld maraging steel into low alloy steel. The microstructure of the interface zone was 

studied, showing integrated weldments. In another study conducted by Sakai et al. (Sakai 

et al., 2015), maraging steel was welded with laser, plasma, and Tungsten Inert Gas (TIG) 

techniques, and the results were compared, showing similar properties. 
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The electron beam is another heat source for additive manufacturing. This method 

applies a higher energy density to melt the material with lower cooling rates than the laser 

beam. Various materials have been studied and compared in laser and electron beam 

melting (Murr, et al., 2012). Both techniques result in adding a new dimension of 

microstructural architecture to the manufacturing world. The electron beam technique was 

implemented on Inconel 718 by Sun et al. (Sun et al., 2018), and various build orientations 

were studied. They found that the building height was a more influencing parameter than 

the build orientation. The Selective laser beam technique versus Electron beam melting 

was compared in a study on Ti-6Al-4V. The process parameters and the beam melting 

technique significantly affected the defect generation (Gong et al., 2014).  

Laser additive manufacturing is categorized based on partial melting versus complete 

melting of powder in a study by Gu et al. (Gu et al., 2012). Different material powders 

were reviewed with the three methods of laser sintering (LS), laser melting (LM), and laser 

metal deposition (LMD).  

Maraging steel is produced through the laser powder bed fusion technique and 

conventional manufacturing (Jägle et al., 2017). The precipitation hardening is considered 

through the manufacturing process before aging. 

A series of process parameters were introduced by Agarwala et al. (Agarwala et al., 

1995) as control parameters, machine-specific, and geometry specifics, and material 

properties that all affected the additive process. Various materials were then reviewed in 

terms of mechanical behavior based on the process parameter optimization. A relationship 

between the thermal history with the mechanical properties and process parameters is 

investigated for a broad range of materials. 



 

11 

 

The maraging steel-H13 bimetal interface was studied by Shakerin et al. (Shakerin et 

al., 2019). The application of building material on top of fractured parts was considered, 

and the mechanical properties and microstructure of the interface were investigated. 

1.3.2 Process parameters 

1.3.2.1 Energy density and optimization of process parameters 

In the laser powder bed fusion (LPBF) technique, which is the current study's 

manufacturing method, the energy is applied through a laser beam. The energy density Ed 

(J/mm2) can be calculated based on the laser power P (W), scanning speed v (mm/s), and 

laser spot diameter d (mm) as Eq. (2.1) (Campanelli et al., 2010): 

Ὁ
ὖ

ὺȢὨ
 

(2.1) 

The above equation shows the energy applied to a single track of the surface. Eq. (2.1) 

can be modified to the energy density over the volume Ev (J/mm3) as Eq. (2.2): 

Ὁ
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(2.2) 

where t (mm) is the powder layer thickness and h (mm) is the hatch spacing (the distance 

between the centre line of the laser track with the parallel track). 

Considering the process parameters mentioned in Eq. (2.2), Casalino et al. (Casalino et 

al., 2015) correlated the mechanical properties and the relative density affected by the 

process parameters. Bai et al. (Bai et al., 2017) also studied the mechanical properties of 

18Ni maraging steel and developed a set of optimized process parameters to reach the 

highest relative density. Dilip et al. (Dilip et al., 2017) did a similar study and optimized 

the process parameters to build HY100 steel with the highest relative density. A 65 J/mm3 

of energy density resulted in fully dense prints. Mohammadi and Asgari (Mohammadi and 
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Asgari, 2018) could achieve better surface roughness by changing the process parameters 

at the builds' surface. A variation of process parameters was introduced for core and 

contour, and the upskin, downskin parameters were varied to have better surface 

parameters (See Fig. 1-2). With this technique, the mechanical strength and hardness were 

addressed in the core, while the surface properties were optimized at the contour. 

 

Fig. 1-2 Process parameters defined for core and contour of a build (Mohammadi and Asgari, 2018). 

Mutua et al. (Mutua et al., 2018) introduced a process parameter window showing the 

effect of laser power, scan speed, and energy density. The low energy led to insufficient 

melting, while too high energy resulted in shrinkage and burnt surface. The results showed 

a wide range of processing windows to have optimum conditions in terms of relative 

density and surface quality. In another study performed by Mooney et al. (Mooney et al., 

2019), process parameters on the anisotropy of the maraging steel parts were investigated. 

The scan strategy and the build orientation were considered variables, and the relative 

density was related to the powder feedstock. The anisotropy was shown to be reduced 

through heat-treatment. The laser scan strategy was then studied on maraging steel 

mechanical properties and microstructure (Bhardwaj et al., 2018). The scanning strategy 

showed to highly affect the texture and grain growth through the solidification process. 
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1.3.2.2 Porosity and relative density 

As mentioned in the previous section, the porosity is the first obstacle that the additive 

parts need to overcome to be able to be compared with the conventional processes. Various 

studies have been conducted to relate the porosity to the process parameters and investigate 

ways they occur through the additive process. A set of process parameters and scan strategy 

showed by Aboulkhair et al. (Aboulkhair et al., 2014) to reach 99.8% dense AlSi10Mg. 

The scanning speed showed to determine the pore type. Lower scan speed led to keyhole 

pores, while lack of fusion resulted from higher speeds. The porosity formed due to the 

hatch spacing was investigated for Ti-6Al-4V (Gong et al., 2014) and showed that high 

overlaps led to decreasing the melt-pool depth, resulting in unmelted formation powder 

(See Fig. 1-3 and Fig. 1-4). 

 

Fig. 1-3 Porosity due to overlapping (Gong, et al., 2014) 
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Fig. 1-4 Porosity versus scan speed (Gong, et al., 2014)  

The fatigue behaviour of 630 stainless steel was investigated, and the fatigue strength 

was recognized to be lower compared to conventionally produced samples due to the 

porosity involved in additive manufacturing (Akita et al., 2016). The energy density was 

then studied as a measure to design parameters. Low, medium and high energy density 

values led to different balling regimes, continuous tracks, and keyholes, respectively 

(Bertoli et al., 2017). A spatial model was developed to predict the porosity as a laser power 

function and scan speed and validated on 17-4 PH stainless steel (Tapia et al., 2016). 

Another geometry model was also presented by Tang et al. (Tang et al., 2017) to show the 

relationship between the porosity and process parameters. The volume fraction of unmelted 

powder is predicted in this model based on the geometry of melt-pools, hatch spacing, and 

layer thickness. 

1.3.2.3 Building direction 

Another parameter recognized to be affecting the mechanical behaviour of the additive 

manufactured parts is the building direction. There are multiple reasons for such an effect. 
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One of them is regarding the residual stresses in various directions. Considering that each 

layer consists of a fixed thickness, parts built in the horizontal direction are made of fewer 

stacks, while vertically printed samples are exposed to higher layers. Each layer can be 

considered a heat load impulsively applied to the material through the laser beam. These 

heat loads apply residual stresses each, and as a result, a vertical build is experiencing 

higher residual stresses than the horizontal ones. In a study conducted by Croccolo et al. 

(Croccolo et al., 2016), the effect of build orientation was investigated on the maraging 

steelôs fatigue behaviour. They concluded that the building direction has a low effect on 

fatigue strength. However, Kuo et al. (Kuo et al., 2017) studied Ni-base alloysô creep 

properties and found a low creep life and ductility in the horizontal builds. The main reason 

for such behaviour was then related to the intermetallic precipitations grown in a specific 

orientation. The grain orientation can be considered then as another reason for different 

mechanical properties in different build directions. Tan et al. (Tan et al., 2018) investigated 

the mechanical properties of maraging steel build in different orientations and concluded 

that it could be reduced effectively through the heat-treatment process despite a difference 

in the mechanical properties. In a similar study, plastic anisotropy was investigated, and an 

optimized heat-treatment plan on reducing the strain anisotropy was suggested (Mooney et 

al., 2019). In another study conducted by Hadadzadeh et al. (Hadadzadeh et al., 2018), 

AlSi10Mg was built in different build directions, and the microstructure evolution was 

examined. The horizontal direction showed to induce more equiaxed grains while columnar 

grain was grown in the vertical builds (See Fig. 1-5). This transition from equiaxed to 

columnar was related to the solidification process due to local thermal boundary conditions.  
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Fig. 1-5 Horizontal vs vertical build in the additive manufacturing process (Hadadzadeh et al., 2018). 

1.3.3 Pre and post-process parameters 

1.3.3.1 Powder metallurgy and recoating mechanism 

Metal powder is the input to the powder bed fusion technique, and consequently, the 

powder properties can directly affect the manufactured parts. The powder and packing 

density spread can determine other process parameters such as powder layer thickness and 

the recoater mechanism (Snow et al., 2019). Powder spreadability has been studied 

recently, and three quantitive parameters were recognized to be (1) the powder deposition 

rate, (2) the avalanching angle rate change, and (3) the covered percentage of the build 

plate. Another powder property is recognized to be the particle size, as well as adhesion. A 

model was presented and concluded that with very fine particle size, the gravity force is 

dominated by the cohesion, and consequently, the powder quality reduces in terms of 

spreadability. The layer thickness was then recommended to be over two to three times the 

maximum powder particle size (Meier et al., 2019). Different powders are used in the 
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powder bed fusion technique, and the gas atomized powder is showing better properties 

due to its fine size and spherical morphology (Joly et al., 1974). 

Powder deposition mechanisms were studied by Schueren et al. (Van der Schueren et 

al., 1995), showing that powder properties affect the deposition mechanismôs selection. 

Scraper blade deposits a layer of powder by sweeping over the build plate. A counter-

rolling cylinder rolls and moves the powder to deposit over the build plate. The third 

method is to use a slot feeder in which the powder is deposited incrementally over the build 

plate (See Fig. 1-6). The effect of using a ceramic recoater blade is then investigated by 

Dana et al. (Dana et al., 2019). The build plateôs vibration was considered a considerable 

disadvantage, while a soft recoater would not spread the powder particles effectively over 

the build plate.  

 

Fig. 1-6 Three deposition methods (a) scraper blade (b) counter rolling cylinder, (c) slot feeder (Van der 

Schueren et al., 1995) 

1.3.3.2 Heat-treatment 

As discussed earlier, maraging steel is first introduced by its martensitic structure due 

to ageing (Sha et al., 2009). The mechanical strength of 18Ni-300 maraging steel can 

increase from around 1200 Mpa in the as-built additive manufactured samples up to 2000 

MPa. This vast increase is mainly due to intermetallic precipitations of Ni, Ti and Mo alloy 

elements available in the material composition. Fine intercellular spacing is also 

recognized as a reason for the higher strength of additively manufactured maraging steel 
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than conventionally produced ones (Kempen et al., 2011). The payoff for increased 

strength is a reduction of ductility in the aged samples. The heat-treatment was studied and 

shown to transform a portion of martensite into austenite (Casati et al., 2016). However, 

the same study suggested that the phase transformation still had a lower effect than the 

precipitation hardening.  

Precipitations were observed to form during the additive manufacturing of 19Ni 

maraging steel in an intrinsic heat-treatment process (Kürnsteiner et al., 2017). This new 

method was suggested to combine the manufacturing and heat-treatment processes in order 

to reach a high density of precipitations without further ageing. The ageing of 18Ni-300 

maraging steel was then investigated, and the solution treatment showed to result in an 

entirely martensitic structure after the ageing process (Mutua et al., 2018). 

1.3.4 Mechanical properties 

After the relative density of additive parts reaches the conventionally manufactured 

ones, the first measure to compare the performance is mechanical properties. The additive 

manufacturing technique has tried to build parts comparable to older techniques. In some 

cases, it has also been successful in producing parts with higher properties. One example 

of higher mechanical properties is the AlSi10Mg studied by Asgari et al. (Asgari et al., 

2017). Strength and ductility were investigated to be much higher in the additive build 

compared to die-cast ones.  

Studies on maraging steel show that different build directions and scanning strategies 

can result in various strengths and ductility in the as-built cases (Becker et al., 2016). 

Different process parameters result in a range of strength from 950-1200 MPa and ductility 

from 8.3-13.5%. By applying the heat-treatment, strength increases to 1840-2300 MPa, 
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and the elongation drops to 2-7%. However, a comparison between additive manufacturing 

and wrought products is more complicated. Increased strength results in reduced ductility 

in the as-built case, while the aged samples show similar strength and lower ductilities 

(Becker et al., 2016) (Dehgahi et al., 2020).  

Mechanical strength of maraging steels is attributed to the strength of lath martensite 

sMart, intermetallic precipitations sp, and solid solution hardening sss as shown in Eq. (2.3) 

(Galindo-Nava et al., 2016): 

s s s s  (2.3) 

However, the mechanisms mentioned above are governed by the dislocation density, 

alloying elements, and grain size (Galindo-Nava et al., 2016). The reverted austenite phase 

has shown not to affect the aged samplesô mechanical properties (Casati et al., 2016). 

Different heat-treatment time is studied by Mooney et al. (Mooney et al., 2019) to 

investigate the mechanical properties of additively manufactured maraging steels, and scan 

rotation degree has been recognized to excessively affect mechanical properties. Variation 

of ageing time and temperature on the hardness is also studied by Mutua et al. (Mutua et 

al., 2018). Tensile properties of AM maraging steel are studied for different build 

orientations by Suryawanshi et al. (Suryawanshi et al., 2017), and slightly different 

properties in different build directions were reported. Mechanical properties of wire arc 

manufactured maraging steels were also studied, and similar properties were reported with 

wrought material (Xu et al., 2018), while mechanical properties showed to improve after 

cold rolling (Xu et al., 2019).  
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1.3.5 Microstructure  

The microstructure of the additive manufactured parts has been studied via various 

microscopy techniques. Scanning electron microscopy (SEM) is typically used to 

investigate the cellular structure and possible inclusions, while transmission electron 

microscopy (TEM) studies the microstructure in higher magnifications to depict fine 

precipitations. The electron backscattered diffraction technique is also a very useful tool to 

investigate grain orientations and texture.  

Using the SEM technique, Ti and Al inclusions were depicted in the AM maraging steel 

by Thijs et al. (Thijs et al., 2011). By using a finite element model, the solidification process 

was predicted. The grains were shown to grow along with the maximum heat flux (Wang 

et al., 2016). The cellular structure was predicted to form at the melt-poolsô core while the 

columnar dendrites formed at the melt-pool boundaries (Tan et al., 2017). The models 

agreed with the micrography presented in various studies (Tan et al., 2018), (Suryawanshi 

et al., 2017) and  (Takata et al., 2018). 

Fractography of the as-built and aged maraging steel samples via the SEM graphs were 

shown to form dimples and inter-, trans-granular fracture, respectively (Kempen, et al., 

2011). Failure progression in various tensile deformation stages was studied, and cavity 

and unmelted powder were depicted in the SEM micrographs by Kucerova et al. (Kuļerov§ 

et al., 2019). 

Dislocations were depicted in the bright-field TEM graphs, while the STEM-EDX 

showed element distribution maps along with the microstructure (Tan et al., 2017). Lath 

martensite was also depicted in the maraging steel studies, and the precipitate morphologies 

were investigated by Li et al. (Li et al., 2017). The austenite phase was observed in line-
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tracks in the STEM-BF by Dehgahi et al. (Dehgahi et al., 2020), which was in agreement 

with the formation of reverted austenite between the martensite laths (Galindo-Nava et al., 

2016). Using the STEM-BF maps, Hadadzadeh et al. (Hadadzadeh et al., 2019) recognized 

a hierarchical microstructure affecting the dynamic behaviour of AlSi10Mg.  

Grains were observed in the EBSD inverse pole figure (IPF) maps to orient 

perpendicular to the melt-pool boundaries (Suryawanshi et al., 2017). High-, low- angle 

grain boundaries (HAGB/LAGB) were correlated to the local misorientation in a study on 

additively manufactured stainless steel (Wang et al., 2018). The maraging steel texture 

affecting the impact properties were investigated by Masoumi et al. (Masoumi et al., 2016), 

and the fibre textures along with the bcc lattice structure normal directions such as {112}, 

{113}, and {110} were showing increased toughness. 

1.3.6 Crystal structure 

Crystal structure of maraging steels mainly consists of body-centred cube (bcc) crystals 

in the form of martensite (‌ǲ) phase, and face-centred cube (fcc) crystal of austenite (ɔ) 

phase. The fcc phase is a packed structure compared to bcc. Thus, a deformation can result 

in phase transformation from martensite to austenite. The martensite forms in a 

diffusionless transformation, while austenite forms in a diffusion-controlled process 

(Floreen, 1968). The metastable phase diagram of Fe-Ni is shown in Fig. 1-7. Heating 18Ni 

maraging steel from room temperature, the material goes through austenite reversion. At 

austenite formation start temperature (As), the austenite fraction is 10% and increases to 

90% by heating to austenite formation finish (Af) temperature. By cooling the material, 

transformation starts at a relatively cooler temperature (Ms). Martensite forms in a 

diffusionless transformation process, and by reaching (Mf), 90% transformation has 
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occurred. The martensite and austenite start and end temperatures are shown in Table 1.1 

(Dos Reis et al., 2015). 

Table 1.1 Martensite and austenite start and end temperatures for 18Ni-maraging steel (Dos Reis, et al., 2015) 

 Ms M f As A f 

Temperature (°C) 194 62 623 801 

As a result, it is essential to consider the evolution of microstructure regarding its phase 

change during the manufacturing process. It is known that the material goes through a 

series of reheating and cooling with very high heating and cooling rates in the additive 

process. Thus, a different phase fraction in the additively manufactured maraging steel 

compared to conventional builds is expected, as observed in the literature (Xu et al., 2018). 

Besides, the ageing process increases the austenite through austenite reversion, which has 

been reported (Xu et al., 2018) (Suryawanshi et al., 2017) (Tan et al., 2017) previously. 

 

Fig. 1-7 Fe-Ni system metastable phase diagram (Tan et al., 2017). 
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It is noteworthy that austenite has a lower hardness and is more prone to deform than 

martensite under tensile stress. Two mechanisms introduced to explain the deformation-

induced phase transformation are known as Greenwood-Johnson and Magee mechanisms. 

In the former mechanism, transformation occurs due to the difference between the packing 

density of two crystal structures. In the austenite-martensite dual-phase structure, the 

austenite transforms into martensite during deformation so that the structure can expand 

and compensate for the deformation. In the latter mechanism, plastic deformation leads to 

the formation of martensitic variants in preferred orientations (Leblond et al., 1989) and 

(Taleb et al., 2003). 

In order to investigate the austenite and martensite phases, Shakerin et al. (Shakerin et 

al., 2020) conducted an X-ray diffraction (XRD) test to study the interface of maraging 

steel-H13 bimetal samples. Dehgahi et al. (Dehgahi et al., 2020) used the same technique 

to investigate the martensite/austenite phase fractions of additively manufactured C300 

maraging steel with high and low titanium. A higher austenite fraction in the high Ti 

maraging steel was reported. Superior mechanical properties were associated with the 

retained austenite in the horizontal builds as well. In another study, texture evolution was 

studied using the XRD technique in C300 maraging steel with high and low Ti content, 

and the TRIP effect was investigated (Dehgahi et al., 2021). 

 

 



 

24 

 

1.4 Gap of knowledge 

In previous sections, different aspects of the additive manufacturing process were 

presented. Despite various studies conducted so far on 18Ni-300 maraging steels, some 

fields are still overlooked, which were covered in the current thesis. 

Multiple studies on the mechanical properties and microstructure of additively 

manufactured 18Ni-300 maraging steel showed that the additive technique can produce 

parts with comparable mechanical properties to conventional techniques. Different process 

parameters have been investigated, and the effect of each had been reported (Bai et al., 

2017) (Becker et al., 2016) (Bhardwaj et al., 2018) (Casalino et al., 2015) (Mooney et al., 

2019) (Thijs et al., 2011). However, the powder layer thickness was overlooked in the 

studies mentioned above, and a comparison of mechanical properties and microstructure 

between builds with lower and higher powder layer thickness was missing. The first paper 

in chapter two covers this part, starting with a study on the powder morphology and 

comparing the mechanical behaviour of builds with 40- and 50-µm powder layers. 

Despite the vast research on the AM-18Ni maraging steelôs mechanical properties in the 

literature (Dehgahi et al., 2020), (Kempen et al., 2011), (Rajkumar et al., 2014), 

(Suryawanshi et al., 2017), (Takata et al., 2018), and (Tan et al., 2017), the author found 

the necessity to investigate such materialôs deformation behaviour. The second paperôs 

subject in chapter three is a comprehensive study on the deformation and phase 

transformation of the 18Ni-300 maraging steel through a quasi-static uniaxial tensile test. 

This paper sheds light on the microstructure evolution throughout the additive process as 

well as the deformation process. 
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Comprehensive studies have been conducted previously on the effect of building 

direction and heat-treatment on AM-18Ni maraging steels (Mutua et al., 2018), (Croccolo 

et al., 2016), (Tan et al., 2018), (Mooney et al., 2019), (Casati et al., 2016), and (Meneghetti 

et al., 2017). However, the hierarchical microstructure has not been recognized before. The 

third paper in chapter four aimed to investigate the microstructural differences in different 

building directions in different scales. Besides, phase transformation studied in chapter 

three was extended to different building directions and the ageing process in this chapter.  

The fifth chapter was formed in a short communication paper discussing the effect of 

the recoater blade. Despite multiple studies on additive parts produced with a hard ceramic 

recoater (Dos Reis et al., 2015), (Saka et al., 2015), (Jägle et al., 2017), (Kuļerov§ et al., 

2019), (Jägle et al., 2014), and (Fortunato et al., 2018), using a soft recoater has not been 

investigated in the literature. Mechanical properties and microstructure of 18Ni-300 

maraging steels with hard and soft recoater blades are presented in this chapter. 
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1.5 Contributions 

Different chapters of this thesis were written in collaboration with different research 

teams. For clarification, the contribution of the author of this thesis is specified in each 

paper separately. 

Paper one in chapter two was written in collaboration with Sajad Shakerin, Dr. Amir 

Hadadzadeh, Dr. Babak Shalchi Amirkhiz, and Dr. Mohsen Mohammadi. The first author 

(author of this thesis) conducted all the experimental tests except the TEM and XRD 

studies. Moreover, the author of this thesis interpreted and wrote the manuscript of the 

paper. The co-authors helped with the interpretation of the data and TEM analysis.  

The second paper in chapter three was written in collaboration with M.H. Ghoncheh, 

Dr. Mehdi Sanjari, Dr. Hadi Pirgazi, Dr. Babak Shalchi Amirkhiz, Dr. Leo Kestens, and 

Dr. Mohsen Mohammadi. The first author (author of this thesis) conducted all the 

experimental tests except the TEM and XRD studies. The author of the thesis interpreted 

and wrote the manuscript of the paper, and the co-authors helped with the interpretation of 

the data and TEM and EBSD analysis.  

The third paper in chapter four was written in collaboration with Dr. Hadi Pirgazi, M.H. 

Ghoncheh, Dr. Mehdi Sanjari, Dr. Babak Shalchi Amirkhiz, Dr. Leo Kestens, and Dr. 

Mohsen Mohammadi. The first author (author of this thesis) conducted all the experimental 

tests except the TEM and XRD studies and the numerical modelling. The first author 

interpreted and wrote the manuscript of the paper. The co-authors helped with the 

interpretation of the data as well as the TEM, EBSD and numerical modelling.  

The fourth and last paper in chapter five was written in collaboration with M.H. 

Ghoncheh and Dr. Mohsen Mohammadi. The author of the thesis conducted all the studies 
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except the XRD tests and interpreted and wrote the paperôs manuscript. The co-authors 

helped with the interpretation of the data.  
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1.6 Comments on the papers 

Studies in this thesis were conducted in different times and facilities. The following 

comments are added to help the reader have more consistent insight into the work. 

In chapter two, Fig. 2-15(a,b) shows the EBSD study on deformed samples. The map is 

showing the grains while the colours are randomly selected and do not represent the 

orientations.  

Studies in chapters two, three, four, and five show texture in the pole figure maps and 

orientation distribution functions. It is worth mentioning that <100> texture was measured 

normal to the building direction in all cases. In other words, the grains were elongated 

along the building direction. The <111> texture was also measured from the same reference 

system. On the other hand, the <110> texture measured in the deformed cases was depicted 

normal to the loading direction.  

In chapter three, Fig 3-5(g) shows the key components for the ODF maps. The key 

component is depicted from a study on rolled steel in which the reference system is based 

on the rolling and transverse directions. Despite the differences between rolling and the 

additive manufacturing process, the map helps the reader better understand the fibre 

textures. The ɗ-fibre and ɔ-fibre in rolled steel are similar in <100>-fibre and <111>-fibre 

normal to building direction in additive specimens. Similarly, the Ŭ-fibre defined in the 

rolled steel is similar to the <110>-fibre normal to the additive partsô load direction. 

The 67° layer rotation in the additive manufacturing process is one of the additive 

techniqueôs scanning strategies. The laser-track rotates 67° every layer in this method 

resulting in more consistent melt-pools with fewer defects. All samples in the current study 

were built using this scanning strategy. 
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The SEM micrographs representing the microstructure were studied from different areas 

and different layers. The images used in this thesis are the typical ones showing similar 

features to most of the graphs depicted from different samples. 

The depth measurements were conducted on cubic samples built with various process 

parameters discussed in chapters two, four and five. The additive samplesô repeatability 

was investigated on the top layer for three samples, and the results were identical. Then, 

each test of hardness and porosity was conducted on one test specimen through the depth. 

The hardness was repeated at least three times, while the porosity was conducted on a 

minimum of fifteen images from various surface areas.  

Deformation studies were conducted on the undeformed and deformed specimens in all 

four studies in this thesis. The undeformed specimen was taken off from the end of the 

uniaxial tensile specimen beyond the tensile grip. The deformed specimen was picked from 

the fracture area. In chapter three, an area far from the fracture inside the gauge length was 

also studied, which showed similar behaviour to the undeformed area. The three specimens 

were designated as zones A, B and C, as shown in Fig. 3-1 in chapter three. 
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1.7 Study outline 

A comprehensive study on the mechanical properties and microstructure of additively 

manufactured 18Ni-300 maraging steel (MS1) was performed in this research. A study on 

the variation of mechanical properties through the depth of samples is presented in this 

research. The effects of process parameters, including the recoater blade type, powder layer 

thickness, and build orientation and the interaction of these parameters on the mechanical 

properties and microstructure of DMLS-MS1, were studied. Finally, the combination of a 

heat treatment cycle as a post-processing procedure with AM process parameters is 

investigated in this work.  

Initially, the characteristics of MS1 feedstock powder, including shape, size, and 

morphology, as the DMLS process input were studied. Solid cubes and bars were then 

additively manufactured to study the microstructure and mechanical properties of DMLS-

MS1. In addition, solid cubes were then polished layer by layer, and the variation of relative 

density and hardness were measured through the depth of the printed samples. Phase 

analysis was conducted using X-ray diffraction techniques both on the MS1 powder and 

all printed samples to investigate the phase transformation. Several uniaxial tensile tests 

were performed on the MS1 bars to study the effects of different process parameters on the 

mechanical properties. The deformation and fracture mechanisms were studied through 

SEM, EBSD, and TEM techniques to investigate the effect of process parameters on the 

mechanical behavior of the additively manufactured material. 

This thesis is presented in a paper-based format in 6 chapters. Chapter 1 contains an 

introduction to additive manufacturing as well as the maraging steel material. Chapter 2 

presents a study on powder characterization and the effect of powder layer thickness on 
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mechanical properties and microstructure. In chapter 3, a more in-depth study is presented 

on the deformation behavior of AM material with various powder layer thicknesses. 

Chapter 4 discusses the building orientation as well as the heat treatment effects on 

maraging steel. Chapter 5 shows the effect of using a soft recoater blade in the additive 

manufacturing process. Finally, in chapter 6, this study is summed and concluded.   
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1.8 Contribution  to mechanical engineering 

The main contribution to mechanical engineering in this research is studying the effect 

of the additive manufacturing process parameters on maraging steelôs mechanical 

properties. On the macroscopic scale, the strength, ductility, elasticity, hardness, and 

porosity are studied for various manufacturing parameters. On the microscopic scale, 

throughout different analytical techniques, including OM, SEM, EBSD, XRD, and TEM, 

the strengthening mechanisms along with the deformation and fracture mechanisms are 

studied for the same variation of manufacturing parameters. 
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1.9 Hypothesis 

The result of this research might be used as a guide for mechanical engineers to be able 

to have an efficient design procedure to use AM techniques. Increasing the production 

speed by increasing the powder layer thickness is the first step in increasing AM processesô 

productivity. In order to examine this hypothesis, a study is conducted on the variation of 

powder layer thickness affecting mechanical properties and microstructure. 

 Being able to print an additive part in the horizontal direction with better mechanical 

properties can increase the production speed while minimizing the metal powder 

consumption during the manufacturing process at the same time. A series of experiments 

are designed to investigate the effect of building direction on mechanical properties and 

microstructure of additively manufactured samples. 

 Changing the recoater blade type is expected to change the powder distribution pattern 

on the building platform. Using soft versus hard recoater blades are examined to study the 

properties of the manufactured maraging steels. 

The effect of heat treatment is dominant among all the parameters mentioned above. 

The heat treatment is expected to reduce the additively manufactured partôs anisotropy and 

give the studied material superior tensile properties close to 2 GPa. This hypothesis is 

examined through experiments with different process parameters. 
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Chapter 2 

A trade-off between powder layer thickness and mechanical properties 

in additively manufactured maraging steels 

Abstract 

In this paper, a comprehensive study on the microstructure and mechanical properties 

of an additively manufactured 18Ni-300 maraging steel (with the brand name MS1), 

fabricated through the laser-powder bed fusion (LPBF) technique is presented. The 

influence of powder layer thickness and the characteristics of feedstock powder as the input 

in the LPBF process is investigated on the microstructure and mechanical properties of 

solid cubes and cylindrical rods. Relative density and hardness are measured through the 

depth of the manufactured cubes. The study of porosity and hardness through the depth of 

LPBF-MS1 cubes proves homogeneous properties in the core of the material in comparison 

with more heterogeneous properties closer to the subsurface layers. X-ray diffraction 

techniques both on the powder and the as-built samples are then performed to identify 

phases in the fabricated samples. A correlation between lower austenite content and higher 

strength is observed for the tensile samples manufactured with lower powder layer 

thickness. Texture analysis shows a directional grain growth along the building direction 

resulting in a weak texture, while the material induces a stronger texture with an increased 

amount of austenite after the deformation. Studying the effects of powder layer thickness 

shows slightly lower strength and ductility for the samples manufactured with higher 

powder layer thickness, while the energy consumption, as well as the manufacturing time, 

are reduced. 
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Keywords: Maraging steel; laser-powder bed fusion; microstructure; powder layer 

thickness; mechanical properties. 

2.1 Introduction  

For many years, manufacturing methods were restricted to conventional processes such 

as casting, metal forming, welding, etc to develop the final product from an initial shape. 

A new method has recently attracted the attention of many researchers and engineers called 

additive manufacturing (AM). This family of manufacturing methods, in general, refers to 

procedures by which 3D objects are formed layer by layer from CAD models (Asgari, et 

al., 2017), (Kruth, 1991), (Kodama, 1981), (Kruth, et al., 1998), and (Hadadzadeh, et al., 

2019). Of particular interest in this contribution is metal additive manufacturing (MAM), 

where metal powder or filament is fused using different energy sources, including laser or 

electron beam (Gu, et al., 2012), (Van der Schueren, et al., 1995), and (Kruth, et al., 1996). 

One of the main uncertainties with the AM technology is the mechanical and physical 

properties of the parts, which is expected to be similar or even higher compared to those 

created using conventional methods.  

Maraging steels are attractive alloys for engineers and scientists due to their superior 

mechanical properties such as high strength as well as excellent toughness compared to 

other high strength steels (Rajkumar, et al., 2007), (Joshi, et al., 2016). Many industries 

including defense, nuclear, and the aviation sector have been utilizing maraging steels as 

strategic parts such as landing gears, rocket motor casings, and submarine hulls (Niu, et 

al., 2019), (Rajkumar, et al., 2014), and (Chakravarthi, et al., 2018).  

Recently, maraging steels have become the materials of interest in the field of additive 

manufacturing due to low carbon content and their low susceptibility to solidification 
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cracking (Kürnsteiner, et al., 2017), (Lang, et al., 1971). Also, the martensite 

transformation is fully satisfied due to the high cooling rate inherent in additive 

manufacturing. In this regard, process parameters significantly affect the final 

characteristics of additively manufactured maraging steels. Most of the recent studies were 

dedicated to processing parameters such as laser power, scanning speed, spot diameter and 

scanning space in order to reach the lowest porosity levels for maraging steels (Bai, et al., 

2017), (Mutua, et al., 2018), (Kempen, et al., 2011), (Casalino, et al., 2015), (Tapia, et al., 

2016), and (Tang, et al., 2017). For example, it was shown that changing the laser power 

and scanning speed to a specific range can increase the relative density of 18Ni-300 

maraging steel (Bai, et al., 2017), and (Mutua, et al., 2018). A comparison between the 

microstructure of conventional and LPBF fabricated maraging steels showed a higher 

fraction of the austenite phase in the AM part (Jägle, et al., 2016). Similar mechanical 

properties to conventional parts can be achieved by modifying process parameters and 

implementing appropriate heat-treatments (Mutua, et al., 2018), (Tan, et al., 2017), and 

(Suryawanshi, et al., 2017). 

Kempen et al. (Kempen, et al., 2011) investigated the effect of layer thickness on the 

density of LPBF-maraging steels and found out higher density can be achieved at lower 

layer thicknesses. However, the use of lower layer thickness results in a longer time and 

higher production cost. It was also proven that the layer thickness is by far more influential 

on manufacturing time than other process parameters such as laser power, where the 

increase of layer thickness by 66% resulted in the reduction of manufacturing time by 40% 

(de Souza, et al., 2019). In this regard, layer thickness plays a significant role in the 

efficiency of the LPBF process. The effect of the powder layer thickness on the 
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microstructural characteristics of additively manufactured maraging steels has been 

overlooked in the literature. As a result, this study aims to thoroughly investigate the role 

of layer thickness on the microstructure, grain morphology, and texture, as well as the 

mechanical response of LPBF-maraging steel. Furthermore, this study sheds some light on 

the possibility of using higher powder layer thicknesses, while keeping the microstructure 

and mechanical properties consistent, and consequently make the LPBF method more 

affordable.  

2.2 Experimental procedures 

2.2.1 Materials and LPBF process 

Gas atomized maraging steel powder with the brand name MS1 and chemical 

composition shown in Table 2.1 was used as the feedstock material (Material data sheet, 

2017). This powder was virgin (never used) and supplied by EOS GmbH (Material data 

sheet, 2017). An EOS M290 machine was used to additively manufacture all the LPBF-

MS1 samples. This machine was equipped with a 400 W Yb-fiber laser with a spot size of 

100 ɛm. Nitrogen gas was blown over the build plate during the LPBF process, where the 

bed was preheated to 40 °C. Table 2.2 shows the laser power ὴ ὡ , laser scan speed 

ὺ άάȾί, hatch spacing Ὤ άά , and powder layer thickness ὸ (mm) used to produce 

two sets of samples along with associated simplified volume energy densities E (J/mm3) 

defined as follows: 

Ὁ
ὴ

ὺȢὸȢὬ
 (1) 
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Table 2.1 Chemical composition of maraging steel MS1 powder (Material data sheet, 2017) 

Element Ni Co Mo Ti Al  Cr Cu C Mn Si P S 

Max % 19.00 9.50 5.20 0.80 0.15 0.50 0.50 0.03 0.10 0.10 0.01 0.01 

Min % 17.00 8.50 4.50 0.60 0.05 - - - - - - - 

The effect of laser spot size to calculate the energy density is not considered in this 

equation, where it was kept constant in this study. A set of solid cubes with 10 mm×10 

mm×10 mm dimensions along with cylindrical bars with 120 mm height and 12 mm 

diameter were built with layer thicknesses of 40 and 50 µm. Stripe scanning strategy was 

employed using a 10 mm length of stripes and 67° layer rotation to manufacture the 

samples. All the cylindrical bars were printed in the horizontal direction, as their 

longitudinal axes were perpindicular to the building direction. From now on, all the cubes 

and bars build with 40µm powder layer thickness are referred to as LPBF-MS1-40 and the 

ones produced using 50µm powder layer thickness as LPBF-MS1-50. 

Table 2.2 LPBF process parameters applied in this research 

p (W) v (mm/s) t (ɛm) h (ɛm) E (j/άά ) 

285 960 40 110 67.47 

305 1010 50 110 54.90 

2.2.2 Characterization 

The morphology and size distribution of the MS1 powder were studied using 

microscopy and image processing procedures. Mapping techniques (Saha, et al., 2011) 

were used to measure the particle size distribution through the ImageJ software (Schneider, 

et al., 2012), where a mean value of over 200 particles was measured as a representative of 

the size distribution. MS1 powder particles were then mounted, polished, and etched to 

study the microstructure of the powder. The MS1 Powder particles were cold mounted first 

and then polished by a Nano 1000T Grinder-Polisher using SiC sand papers starting from 

FEPA grade 300 to 4000. The surface finishing was implemented via polish cloths along 
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with 6ɛm, 3ɛm, and 1ɛm diamond suspension. To elucidate the microstructural features 

for scanning electron microscope (SEM) observations, the samples were etched in Nital 

3% (σ ὧά Ὄὔὕ ωχ ὧά ὉὸὬώὰ ὥὰὧέὬέὰ) for 120 seconds (Murty, et al., 2016), (Small, 

et al., 2008), and (Sakai, et al., 2015). A Jeol 6400 SEM was used to study the powder 

characteristics, the LPBF-MS1 microstructure, and the fracture surfaces of the tensile 

samples. The SEM was also equipped with a Genesis Energy Dispersive X-Ray 

Spectrometer (EDS) to perform a quantitative compositional analysis of the LPBF-MS1 

samples. The LPBF-MS1 samples were cut using an electrical discharge machining (EDM) 

equipment and polished for microscopic investigations. The LPBF-MS1 samples were hot 

mounted and the image processing was also conducted using a Zeta-20 optical microscope 

(OM) to measure the porosity fraction. For this purpose, the collected images were 

analyzed using a mapping technique, i.e. the porosities were detected based on the 

difference in the contrast, where the average value of the porosity fraction of 50 images 

was reported (Asgari, et al., 2017). In order to perform the SEM and EBSD studies of 

LPBF-MS1 samples, the last step of polishing using the 0.05ɛm OPS suspension was also 

added to the procedure previously explained. The Microstructure of LPBF-MS1 samples 

was further analyzed using a Hikari electron backscatter diffraction (EBSD) detector 

mounted on a field emission gun scanning electron microscope (FEG-SEM) FEI Nova 

NanoSEM-650. The EBSD samples were analyzed with 20nm and 70nm step sizes at 

×5000 and ×2000 magnifications, respectively. 

 X-ray Diffraction (XRD) technique was then carried out to identify the phases. The 

Rietveld analysis was employed to measure the weight percentage of body-, and face-

centered cubic (BCC-FCC) phases representing the martensite-austenite fraction. Data was 
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then collected using a Brucker D8 instrument equipped with a Co-KŬ radiation source over 

a 2ɗ range of 45-105°at 45mA and 35kV. The same XRD instrument equipped with a 

VANTEC 500 area detector was used to measure the texture in all bulk samples. The 

texture measurement with 5 mm oscillation along the building direction was implemented 

to conduct the experiments. Pole figures were then calculated and developed using MTex 

software. Transmission electron microscopy (TEM) analysis was performed using an FEI 

Tecnai Osiris TEM equipped with a 200keV X-FEG gun to further study the precipitates 

in LPBF-MS1 samples. A Super-EDS detector set on the TEM apparatus was capable of 

probing down to 1 nm elemental mapping by means of a sub-nanometer electron probe. 

An FEI Helios NanoLab 650 dual-beam instrument was used to prepare the TEM samples 

using lift-out techniques where the thickness of the TEM samples was 50 nm. 

2.2.3 Mechanical properties 

A CRM Clark Rockwell hardness machine equipped with a diamond indenter head and 

150kg load were used for hardness measurements in the HRC scale. At least three data 

were recorded to meet the repeatability requirements, where the average value was 

calculated and reported. A surface grinder was used for removing 1mm layers off of the 

surface of the LPBF-MS1 cubes to reach a new layer for measuring hardness as well as the 

porosity explained in the previous section. The process was repeated for each sample layer 

by layer to record hardness values for each layer.  

The LPBF cylindrical bars deposited with two different powder layer thicknesses (40ɛm 

and 50ɛm) were used for uniaxial tensile tests. The test bars were machined into uniaxial 

tensile test configurations according to ASTM standard E8/E8M round tensile test 

specimens with a gage length of 30mm (Standard, 2015). Uniaxial tensile tests were 
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performed using a universal hydraulic Instron 1332 machine with a 25mm extensometer at 

quasi-static strain rates of 9×10-3 s-1. Three tensile tests were performed for each sample 

set and the mechanical properties were derived from the tensile test data, where a typical 

graph for each set of samples was presented. The fracture surface along with the 

deformation region was subjected to further deformation studies using SEM and XRD 

techniques.  

Fig. 2-1 shows the schematic of the uniaxial tensile test samples as well as the cubic 

samples. The building direction was toward the z-axis, while the side surface of the cubic 

sample is shown as the x-z and y-z surfaces. The EBSD and TEM were performed on the 

x-y plane passing through the center of the tensile sample. 

 

Fig. 2-1 Schematic of the uniaxial tensile test sample and the cubic samples. 
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2.3 Results 

2.3.1 Powder characteristics 

Fig. 2-2 shows the morphology and cross-section microstructure of the MS1 powder at 

high and low magnifications. Fig. 2-2 (a)-(b) presents the typical morphology and shape of 

the virgin powder used in this study. In Fig. 2-2 (a), a globular morphology consisting of 

spherical, oval, dumbell , and satellite-like powder particles can be observed. The spherical 

particles with smoother surfaces are dominant since the virgin powder was used, although 

the oval and dumbell -like particles were also found. It was stated that the best melting 

characteristics belong to small spherical particles with smooth surfaces due to a good 

combination of flowability and powder packing (Tan, et al., 2017), (Aboulkhair, et al., 

2014), and (Asgari, et al., 2018). Besides, some ultrafine particles were also found in the 

powder, where the particle size is as small as 1ɛm (Fig. 2-2 (b)).  

Fig. 2-2 (c)-(d) shows the cross-sectional microstructure of the virgin powder in two 

magnifications. The MS1 powder is featured with a dendritic structure where the dendrites 

are almost fully equiaxed, as seen in Fig. 2-2 (d). Such a fine cellular structure is related to 

the rapid cooling inherent to the gas atomization process (Chen, et al., 2018).  
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Fig. 2-2 SEM image for MS1 powder at two different magnifications for (a-b): morphology, and (c-d): 

microstructure. 

A study on the MS1 particle size distribution is shown in Fig. 2-3. The average particle 

size of the virgin powder was less than 20ɛm, which was in agreement with the literature 

(Mutua, et al., 2018). In another detailed study, gas atomized 18Ni-300 maraging steel 

powder with an average particle size of 41.62ɛm and spherical morphology was used to 

build test samples (Tan, et al., 2017). Recent studies showed a similar cellular structure 

and particle size distribution for LPBF-maraging steels (Shakerin, et al., 2019), (Kuļerov§, 
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et al., 2019). As a comparison, the average particle size along with the cumulative 

distribution percentage for d10, d50, and d90 of the powder is presented in Table 2.3. The 

particle size average is measured to be 17.40ɛm with 8.46ɛm standard deviation shown in 

Table 2.3. Gas atomized powder particles of 18Ni-300 maraging steel with an average size 

of 35ɛm with a d90 equal to 54ɛm was reported in the literature as well (Casati, et al., 2016) 

and (Bhardwaj, et al., 2018), while similar powder with 15-45ɛm particle size distribution 

was used in another work (Bai, et al., 2017). 

 

Fig. 2-3 The particle size distribution of the MS1 powder. 

 

Table 2.3 Particle size average and cumulative distribution percentage (while ɛ is the average particle size 

and ů represents the standard deviation). All data are in ɛm. 

Powder ɛ Ñ ů  d10 (10%) d50 (50%) d90 (90%) 

Gas atomized 17.40 ± 8.46 8.22 15.62 26.30 
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2.3.2 LPBF-MS1 solidification  

Fig. 2-4 illustrates the variations of the porosity level through the depth of the cube 

samples. At the surface, the porosity level of 0.45% and 0.34% were calculated for the 

LPBF-MS1-40 and LPBF-MS1-50 cubic samples, respectively. By moving towards the 

depth, this value decreases more rapidly for the LPBF-MS1-40 cube than the LPBF-MS1-

50  sample. Finally, both samples leveled off around 0.1% porosity value at the depth of 

2.5mm. The measurements were conducted for over 3.5mm inside the core considering the 

symmetry and similar properties for the side faces. Contour process parameters used on the 

sides of the cubes for better surface finish are the main reasons for such variation of 

porosity (Mohammadi, et al., 2018). The rapid drop of porosity for the LPBF-MS1-40 cube 

can be due to heat dissipation at the edge of the sample in addition to the numerous heating 

and cooling cycles applied to the melt pools. On the side of the samples the heat dissipates 

through the powder bed from one side and to the solid block on the other side during the 

production. These factors affect the homogeneity of the material prompting changes in 

porosity for the first few millimeters. The powder layer thickness shows no effect on the 

heating dissipation at the core of the material (See Fig. 2-4). This can be simply due to the 

overlap of layers during the deposition process forming the melt pools. In other words, 

each time the laser is applied, a certain depth of material remelts (which is more than the 

height of the powder layer thickness) and is a function of the applied energy (Gong, et al., 

2014). 

Porosity as a function of scan speed has been studied previously for 18Ni-300 maraging 

steel. The macro-hardness and relative density (as a measure of porosity) were reported to 

be interconnected (Kempen, et al., 2011), while the relationship between the microhardness 
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and porosity was not depicted in the same research. Relative density was measured in the 

literature for various energy densities showing that the highest relative density of 99.9% 

can be achieved at a certain energy density (Casalino, et al., 2015). A more detailed study 

on the parameters affecting the relative density showed the conjoint effect of laser power, 

scan speed, and scanning space on the relative density (Bai, et al., 2017). In another study, 

the image analysis method (IAM) showed a higher porosity compared to the Archimedes 

method for the same material (Suryawanshi, et al., 2017). In the current literature, the 

variation of porosity throughout the bulk material has been overlooked.  In the current 

study, the process parameters have been set in order to reach the highest relative density 

based on the recommendation of the manufacturer as well as the literature and then the 

porosity has been measured through the depth of the material as far as the change was 

observed. 

 

Fig. 2-4 Variation of the porosity through the depth of LPBF-MS1-40 and LPBF-MS1-50 cubes. 

Phase studies on metal powders in AM were done on AlSi10Mg (Asgari, et al., 2017) 

and stainless steel CX (Asgari, et al., 2018) previously, as well as 18Ni-300 maraging steel 

(Mutua, et al., 2018). X-ray diffraction patterns of the MS1 powder and the LPBF-MS1-
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40 and LPBF-MS1-50 cubes are shown in Fig. 2-5, where austenite (ɔ) and a combination 

of ferrite (Ŭ) and martensite (ŬË) volume fractions are also presented. The virgin powder 

contains a 7.37% austenite phase, while this amount decreases to 2.33% and 2.27% after 

printing the LPBF-MS1-40 and LPBF-MS1-50 cubes, respectively. Numerous 

heating/cooling cycles during the sintering process resulted in the final reduction of the 

austenite fraction in these samples. The laser processing of the gas atomized maraging steel 

powder affects the microstructure of LPBF-MS1. The high solidification rate during the 

printing process seems to prevent the formation of the austenite. Moreover, increasing the 

powder layer thickness has no effect on the final phases. Changing other process 

parameters resulted in austenite volume fraction ranging from 4 to 10% in previous studies 

(Bhardwaj, et al., 2018). In a recent study on the wire arc additive manufacturing (WAAM) 

of maraging steel, 8.3% austenite fraction was reported (Xu, et al., 2018). The 2.33% and 

2.27% austenite reported in the current study is the lowest achieved compared to the 

literature. The difference between the austenite volume fraction in WAAM and LPBF 

processed maraging steels is due to the different solidification rates inherent in these two 

methods (Dharmendra, et al., 2019). 

Similar to any other high nickel steel alloy, transformation in maraging steels from 

austenite to martensite occurs in a shear-type diffusionless mechanism, and martensite is 

reported to be the only product of austenite transformation (Hall, et al., 1968). The crystal 

structure of iron-nickel martensite is the same as ferrite (BCC), where their differences are 

related to the higher dislocation density of martensite (Hall, et al., 1968). 

The martensite phase grew initially inside the prior-austenite grains (PAG) during the 

solidification forming packets of martensite. The reverted austenite layers then started to 
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form along the PAG and martensite packet boundaries. They were reported to grow 

longitudinally keeping the lateral dimension less than 200nm (Qian, et al., 2016) and 

(Galindo-Nava, et al., 2016)). 

 

Fig. 2-5 XRD analysis of the MS1 powder, LPBF-MS1-40, and LPBF-MS1-50 cubes. 

Fig. 2-6 (a)-(f) compares the SEM microstructures of the LPBF-MS1-40 and LPBF-

MS1-50 samples at different magnifications. For both samples, well-ordered melt pools 

can be found in Fig. 2-6 (a) and (d), where fish scale marks were highlighted showing 

consistent melting patterns in almost all deposition layers. The melt pools are almost 

identical in size and shape resulting in a more homogeneous microstructure. The parabolic 

melt pool boundary was related to the solidification and re-solidification of the under layers 

(Casalino, et al., 2015). As can be seen, the solidification structure of both samples consists 

of overlapped melt pools in semi-elliptical shape. At higher magnification shown, the 

solidification structure consists of very fine columnar and equiaxed cells for both LPBF-

MS1-40 and LPBF-MS1-50 samples. Indeed, the dendritic solidification structure of the 

manufactured cubes is similar to the feedstock powder as shown in Fig. 2-2 and Fig. 2-6. 
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The evolution of such a fine solidification morphology is due to the high cooling rate of 

the LPBF process (Bodziak, et al., 2019). The dendritic columnar cells grew perpendicular 

to the melt pool boundaries due to the heat flux direction, although the crystal structure 

seemed to force its preference to incline the dendritic direction from the perpendicular line 

(Wang, et al., 2016).  This cellular-dendritic morphology is typical of additively 

manufactured maraging steels and attributed to the elemental microsegregation at the cell 

boundaries (Kuļerov§, et al., 2019), (Shakerin, et al., 2019). Above all, the solidification 

morphology of the LPBF-MS1-40 and LPBF-MS1-50 samples are almost identical, and 

layer thickness seems not to affect the solidification behavior of the LPBF-MS1. 

 

 

Fig. 2-6 SEM image at three different magnifications of (a-c): LPBF-MS1-40 cube, and (d-f): LPBF-MS1-

50 cube. 
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2.3.3 Characterization and grain structure  

Fig. 2-7 shows the EBSD-inverse pole figure (IPF) and the EBSD-phase maps for both 

LPBF-MS1-40 and LPBF-MS1-50 samples. The crystallographic planes oriented in the 

same direction are presented in the IPF maps with the building direction along the z-axis. 

As shown in Fig. 2-7 (a)-(b), the LPBF-MS1 is consisted of mostly columnar grains 

evolved epitaxially along a preferred orientation in both LPBF-MS1-40 and LPBF-MS1-

50 samples. The grains in bundles of solidified cells oriented in the same crystallographic 

direction. The bundle structure was also reported for the laser metal deposited maraging 

steels (Kürnsteiner, et al., 2017). The phase maps show a very low amount of austenite for 

the LPBF-MS1-40 and LPBF-MS1-50 samples. However, the latter has slightly higher. 

The presence of austenite at the grain boundaries was also reported in the literature 

(Kuļerová, et al., 2019) and (Kürnsteiner, et al., 2017). Martensite and ferrite are the main 

phases observed on EBSD maps. Although the scanning strategy can affect the crystal 

growth direction, it is shown previously that the grain growth is perpendicular to the 

scanning plane (Bhardwaj, et al., 2018). Moreover, the epitaxial grain growth along the 

building direction is depicted in the EBSD maps as well, which is in the direction of the 

heat flux. 
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Fig. 2-7 EBSD mappings showing (a): IPF orientation map of LPBF-MS1-40, (b): IPF orientation map of 

LPBF-MS1-50, (c): phase map of LPBF-MS1-40, (d): phase map of LPBF-MS1-50. 

Fig. 2-8 (a), (b) shows the XRD texture analysis for the as-built samples with the 

building direction along the z-axis. The pole figures depicted through XRD show a very 

weak fiber texture in both cases. Moreover, the epitaxial growth of the crystal structure 

during the manufacturing process in the building direction is in accordance with the 

literature (Suryawanshi, et al., 2017) and (Bhardwaj, et al., 2018). In Fig. 2-8 (c), (d), the 
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orientation distribution function (ODF) graphs are illustrated at different layer thicknesses, 

indicating the typical ɔ fiber texture with very low intensity at ű2=45° section. Thus, the 

as-built LPBF-MS1 texture is almost random either for LPBF-MS1-40 or LPBF-MS1-50. 

Bhardwaj et al. (Bhardwaj, et al., 2018) also reported the absence of a strong texture in 

LPBF-maraging steels.  

 

Fig. 2-8 XRD Pole Figures showing Phase maps at (a): LPBF-MS1-40, and (b): LPBF-MS1-50, ODF sections 

at ű2=45° shown at (c): LPBF-MS1-40, and (d): LPBF-MS1-50. 

In order to characterize the fine precipitates and secondary phases in LPBF-MS1 

samples, TEM analysis was conducted to study the distribution of alloying elements. The 

STEM high angle annular dark -field (HAADF) image along with the EDS elemental maps 
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are shown in Fig. 2-9 and Fig. 2-10 for the LPBF-MS1-40 and LPBF-MS1-50 samples, 

respectively. As can be seen, both samples contain globular particles within the matrix, 

which are rich in Ti, Al, N, and O. These particles are core-shell structures with aluminum 

oxide in the core and titanium nitride (TiN) in the shell. Ti/Al-rich nanoparticles were 

previously observed in LPBF- maraging steel grade 300 (Tan, et al., 2017). Due to the 

manufacturing process, the entrapped nitrogen forms the TiN in spherical shape surrounded 

by Al2O3 shell through the Marangoni effect, which is in accordance with the literature as 

well (Kempen, et al., 2011). The LPBF-MS1-50 sample contains more of these core-shell 

particles than the LPBF-MS1-40 sample. This means that the layer thickness can affect the 

microstructure in terms of the density of nanoparticles. This is expected since more powder 

is deposited in the LPBF-MS1-50 case compared to the LPBF-MS1-40 one resulting in a 

higher degree of entrapped gas along the powder bed, while the size of the nanoparticles is 

finer in the LPBF-MS1-50 samples. 
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Fig. 2-9 STEM-HAADF image and the corresponding EDS elemental maps of LPBF-MS1-40. 
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Fig. 2-10 STEM-HAADF image and the corresponding EDS elemental maps of LPBF-MS1-50. 
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2.3.4 Mechanical properties 

Fig. 2-11 shows the hardness variations through the depth of the LPBF-MS1 cubes. The 

hardness values were measured in the HRC scale ranging from 37-39 and 38.5-40 for the 

LPBF-MS1-40 and LPBF-MS1-50 samples, respectively. The hardness increases from the 

surface to the depth of 2.5mm for both the LPBF-MS1-40 and LPBF-MS1-50 samples. 

Furthermore, the hardness value levels off for the LPBF-MS1-50 case, while it slightly 

decreases for the LPBF-MS1-40 cube.  

 

Fig. 2-11 Variation of hardness through the depth of LPBF-MS1-40 and LPBF-MS1-50 cubes. 

Uniaxial tensile properties are shown in Fig. 2-12 to study the effect of the powder layer 

thickness on the mechanical properties. Both sets of samples behaved similarly under 

uniaxial tensile loading involving almost the same stress-strain curves. Yield strength of 

1084 ° 10 and 1126 ° 31 MPa and ultimate tensile strength of 1222 ° 4 and 1221 ° 2 MPa 

were measured for the LPBF-MS1-40 and LPBF-MS1-50 samples, respectively. In the 

necking zone, there was a divergence in the mechanical responses of the two sets of 

samples as they fractured at different elongations. The LPBF-MS1-40 sample elongated at 

14.6%, while the elongation of the LPBF-MS1-50 sample was measured to be 12.9%. The 
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higher ductility of the LPBF-MS1-40 samples can be attributed to the lower nanoparticle 

content (see Fig. 2-9 and Fig. 2-10). Fig. 2-13 represents a summary of the fracture strain 

and yield and ultimate strength of the as-built additive manufactured maraging steels in the 

literature as well as in this research. The highest strength was acquired by the result of the 

current research compared to the literature. The elongation is also high compared to most 

cases in previous studies, (Bai, et al., 2017), (Casalino, et al., 2015), (Tan, et al., 2017), 

(Kuļerov§, et al., 2019), (Casati, et al., 2016) and (Bhardwaj, et al., 2018). 

 

Fig. 2-12 Typical uniaxial tensile stress-strain curves of LPBF-MS1-40 and LPBF-MS1-50. 
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Fig. 2-13 Ultimate strength versus elongation in various studies for the as-built additively manufactured 

18Ni-300 maraging steel including this study. 

Fig. 2-14 shows the SEM fracture surface of the uniaxial tensile samples at high and 

low magnifications. At the macroscopic scale, the fracture surfaces of both samples seem 

to be identical containing a peripheral shear zone along with a central fibrous zone. This is 

the classic cup and cone fracture type, where voids nucleate and grow at the center and 

finally coalesce leading to the separation of the central region. Thereafter, shear-mode 

fracture occurs on the periphery of the sample at approximately 45° to the loading axis 

(Meyers, et al., 2008). The number of voids at the central zone is considerably higher for 

the LPBF-MS1-50 samples rather than the LPBF-MS1-40 ones (see Fig. 2-14 (a)-(b)). 

Particularly, large voids are more concentrated in the LPBF-MS1-50 sample. This could 

be related to the higher concentration of TiO2 inclusion in the microstructure of the LPBF-

MS1-50 samples. Incomplete melting sites and unmelted powders were also reported to act 

as the origin of large voids (Casati, et al., 2016). The high magnification features of fracture 

surfaces at the central zone are presented in Fig. 2-14 (c) and (d). Scan tracks pulled out of 

the surface are marked in Fig. 2-14 (c) and (d) as well (Asgari, et al., 2017). The typical 
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dimple rupture with relatively similar size and shape can be observed for both samples 

indicating an identical ductile fracture of both samples at the micro-scale. The equiaxed 

and C-shaped dimples were also observed for 18Ni-300 maraging steels (Dos Reis, et al., 

2015). Another potential for initiating fracture is the PAG boundaries as a softer part of the 

matrix (Viswanathan, et al., 2005). Three weak points starting the fracture were to be the 

melt pool boundaries, grain boundaries, and intragranular boundaries (Zhong, et al., 2016) 

(Guan, et al., 2013) (Mills, et al., 1987).  

 

Fig. 2-14 SEM images of fracture surface at two different magnification for (a, c): LPBF-MS1-40, (b, d): 

LPBF-MS1-50. 
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The deformed samples were cut along the loading direction to perform a deformation 

analysis. Fig. 2-15 depicts the unique color grain maps for both deformed samples with the 

building and loading directions along the z and x axes, respectively. Compared to the as-

built condition (Fig. 2-7 (a)-(b)), the grains were elongated along the loading direction 

regardless of the AM building direction, see Fig. 2-15 (a)-(b). It is noted that, despite the 

presence of some zero solutions in the LPBF-MS1-40 sample, still elongated grains are 

obvious in Fig. 2-15 (a). The 40 × 40 µm scan area showed a similar grain width for both 

LPBF-MS1-40 and LPBF-MS1-50 cases with more elongated grains in the latter along the 

loading direction. Mutua et al. (Mutua, et al., 2018) reported an average grain size of less 

than 1µm for the as-built condition, which is obviously finer than the deformed samples in 

the current study. 

 

Fig. 2-15 Grain color map of deformed samples for (a): LPBF-MS1-40, and (b): LPBF-MS1-50. 

 

Texture analysis of the deformed samples carried out using XRD texture analysis and it 

is shown in Fig. 2-16 (a)-(b). Similar pole figure patterns can be observed for both samples 
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with higher intensity for the LPBF-MS1-40 case, see Fig. 2-16 (a)-(b). It is obvious from 

the {110} pole figure that, the high-intensity points are located at the north and south poles, 

implying a preferred texture along the <110> direction. Although the intensities were close 

for the LPBF-MS1-40 and LPBF-MS1-50 in the as-built samples (1.47 and 1.53), the 

increase was more significant for the former compared to the latter case (3.2 and 2.6) after 

the deformation (See Fig. 2-8 and Fig. 2-16). In other words, the deformed LPBF-MS1-40 

samples showed a stronger texture compared to other cases. The ODF results are shown in 

Fig. 2-16 (c)-(d) and reveals a weakened ɔ fiber texture, while a rotated cube appeared for 

both samples. The Crystalographic texture of (001)[1ρ0] and (001)[ρρ0] with a maximum 

intensity of 5.34 for LPBF-MS1-40 and 4.95 for LPBF-MS1-50 was observed in addition 

to the weak ɔ fibers observed in Fig. 2-8.  
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Fig. 2-16 XRD Pole Figures of deformed samples showing grain orientation (a): LPBF-MS1-40, (b): LPBF-

MS1-50, ODF sections at ű2=45° of deformed samples (c): LPBF-MS1-40, and (d): LPBF-MS1-50. 
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2.4 Discussion  

Using fine MS1 powder with an average particle size below 20ɛm in addition to proper 

process parameters resulted in higher mechanical properties compared to previous studies 

(see Fig. 2-3 and Fig. 2-13) (Tan, et al., 2017). This is due to having lower porosity (Fig. 

2-4) as well as lower austenite fraction (Fig. 2-5). The powder layer thickness seems to 

have less influence on the mechanical properties if the process parameters are selected 

cautiously. As shown in Equation 1, the energy density applied through the additive 

manufacturing process is affected by the powder layer thickness, hatch distance, scanning 

speed and laser power. The energy density applied was 67.47 J/mm3 for the LPBF-MS1-

40 and 54.90 J/mm3 for the LPBF-MS1-50. Although the energy densities reported in 

previous studies were much higher (95 J/mm3 (Suryawanshi, et al., 2017), 198 J/mm3 

(Kempen, et al., 2011) and a range of 75-132 J/mm3 (Casalino, et al., 2015)), better 

mechanical properties were not reported. The lower energy density results in cheaper 

products and the higher powder layer thickness results in faster prints. Changing the 

powder layer thickness from 30ɛm ( (Casalino, et al., 2015), (Kempen, et al., 2011), and 

(Suryawanshi, et al., 2017)) to 40ɛm in the current study means 33% faster print while 

changing to 50ɛm is 66% quicker. 

2.4.1 Properties through the depth 

The primary investigation on the LPBF-MS1 showed that the core porosity level was 

almost the same for both LPBF-MS1-40 and LPBF-MS1-50 samples. This means that the 

porosity level can be kept the same by applying proper process parameters and increasing 

the powder layer thickness. However, the sub-surface porosity level was slightly higher for 

the LPBF-MS1-50 samples. The hardness variation was well consistent with the porosity 
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gradient through the depth, where the hardness values dropped with the increase of porosity 

(see Fig. 2-4 and Fig. 2-11). The same hardness-porosity correlation was previously 

observed in the 18Ni-300 maraging steel (de Souza, et al., 2019). 

2.4.2 Phase change due to additive manufacturing process 

Both samples contained almost the same amount of austenite in the martensitic matrix 

as well as solidification structure, identical grain morphology, and crystallographic texture 

(see Fig. 2-6, Fig. 2-7, and Fig. 2-8). The solidification structure of the powder looked 

similar to the as-built additively manufactured samples. However, the distinction between 

the two samples was detected via the STEM results in Fig. 2-9 and Fig. 2-10, where the 

LPBF-MS1-50 sample was more concentrated in Al/Ti-rich nanoparticles. The formation 

of these particles was reported to be a result of high precipitation kinetics (Bodziak, et al., 

2019). The LPBF process is intrinsically fast in cooling, which can satisfy the fast 

formation kinetics of Al/Ti-rich nanoparticles. Due to the thinner layer thickness of LPBF-

MS1-40, the sample was exposed to more heating/cooling cycles, and thus apparently a 

fraction of the nanoparticles dissociated and dissolved in the matrix. As a result, the layer 

thickness can affect the microstructure of LPBF-MS1 at the nanoscale. 

The martensitic structure is the main reason for high strength and hardness for this 

material in the as-build condition due to its high dislocation density (Galindo-Nava, et al., 

2016)) (Sha, et al., 2009). Lath martensite with submicron width was reported previously 

as the main phase to be observed in the TEM micrographs, while the austenite along with 

the precipitates was also tracked in the dark field graphs. The latter phases mainly formed 

and located inside the martensite laths. Globular and Widmanstatten austenite 

morphologies were both reported for additively manufactured maraging steels in the 
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literature (Viswanathan, et al., 2005). The grain size of the martensite packets is a function 

of martensite start (Ms) temperature, while the packets are grown inside the PAGs with 

high angle misorientations (Qian, et al., 2016). Therefore, the coarser martensitic 

microstructure was observed in the EBSD orientation maps, while the austenite was finer 

and located in the boundaries (Casati, et al., 2016). Besides, martensite laths can be 

observed across the coarse grains, which is typical in LPBF-maraging steel (Shakerin, et 

al., 2019). 

The elastic-plastic behavior under uniaxial tensile loading was relatively analogous for 

both samples, which is consistent with the microstructural similarities mentioned earlier. 

More interestingly, the LPBF-MS1-50 samples reached an identical UTS value to that of 

the LPBF-MS1-40 ones. The independency of tensile strength with the variation of layer 

thickness was also reported for the LPBF 304 stainless steel (Guan, et al., 2013). The only 

noticeable difference appeared in the necking zone, where the LPBF-MS1-50 case failed 

at slightly lower elongation than the LPBF-MS1-40 one. According to the cup & cone 

fracture mechanism, the nanoparticles embedded in the matrix can act as the nucleation 

sites for void formation (Bertoli, et al., 2017) (Croccolo, et al., 2016) (Cyr, et al., 2018). 

Thus, the higher concentration of nanoparticles (see Fig. 2-10) can be responsible for the 

negligible lower ductility in the LPBF-MS1-50 samples. The sub-surface porosity can also 

assist rupture in the shear zone (see Fig. 2-4) (Dilip, et al., 2017) (Ebrahimi, et al., 2018).. 

2.4.3 Grain structure during deformation 

The study on the deformation behavior of the LPBF-MS1 shows a very weak fiber 

texture in the as-built condition. The absence of a strong texture is mainly related to the 

rotation of laser source between layers, and subsequently the rotation of heat flow, resulting 
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in the almost random orientation of grains (Suryawanshi, et al., 2017). Upon tensile 

loading, a preferred texture was developed as a rotated cube texture. The texture 

development was identically observed in both cases of powder layer thickness, and the 

deformation behavior was independent of the layer thickness in the LPBF-MS1. Therefore, 

the same deformation behavior can also be achieved by increasing the layer thickness to 

LPBF-MS1-50; see (Hadadzadeh, et al., 2018) (Thijs, et al., 2011) (Jia, et al., 2014) (Jägle, 

et al., 2014). As mentioned above, the grain morphology and orientation, as well as the 

solidification structure, were not altered by changing the layer thickness to 50µm. Indeed, 

the microstructural features were preserved at higher layer thicknesses resulting in similar 

mechanical properties along with deformation behavior under uniaxial tensile loading. 

Consequently, using the 50µm layer thickness can be considered as the modification of 

process parameters since a more efficient LPBF process can be conducted in terms of 

manufacturing time and cost, while keeping microstructural and mechanical properties the 

same (Xu, et al., 2019) (Masoumi, et al., 2016) (Figueiredo, et al., 2019) (Hadadzadeh, et 

al., 2020). 

2.5 Conclusions 

In this paper, a thorough investigation of the characteristics of gas atomized maraging 

steel (MS1) powder was studied as well as the additively manufactured cubes and bars with 

two powder layer thicknesses. The following conclusions based on the experimental results 

obtained in this investigation can be drawn:  

Porosity and hardness study showed a steady property beneath the outer layer of the 

additively manufactured core section. The results showed consistent and similar properties 

for both powder layer thicknesses. 
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Austenite percentage decreased during the manufacturing process, while the phases 

seemed to be less affected by powder layer thickness. 

The deformed samples showed a textured matrix and the grains were elongated in the 

same direction of deformation, while directional growth of grains was observed for the as-

built samples. 

Martensite laths observed in the TEM micrographs showed no evidence of segregation 

of alloying elements at the cell boundaries. Instead, spherical shaped oxide and nitride of 

aluminum and titanium were observed in the matrix, respectively. 

The use of optimum process parameters including the laser scan speed, laser power, 

hatch distance as well as powder layer thickness resulted in uniform melt pools along with 

consistent grains in terms of shape and size in all the LPBF-MS1 samples. Columnar 

dendrites were observed around the melt pool boundaries and equiaxed cells in the core of 

the melt pools. 

In all aspects of this study, the change in powder layer thickness resulted in either 

identical properties or slightly different with a higher advantage of lower powder layer 

thickness. By increasing the powder layer thickness from 40ɛm to 50ɛm, the 

manufacturing process is much faster, and the resulting product is cheaper at the same time. 

Although, the mechanical properties can be kept almost the same with this increase. 
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Chapter 3 

Plastic deformation throughout strain-induced phase transformation in 

additively manufactured maraging steels  

Abstract 

A comprehensive study was intended to show the microstructural features of additively 

manufactured (AM) 18Ni-300 maraging steel. Uniaxial tensile tests were conducted on 

specimens built using laser powder bed fusion (LPBF) technique for two different powder 

layer thicknesses. The specimens were built to have the lowest possible porosity, and 

tensile tests showed two stages of strain hardening. In stage I, the dislocation density 

increased, leading to a positive strain hardening rate. A negative strain hardening rate due 

to the necking effect was then followed in stage II. X-ray diffraction (XRD) analyses 

revealed a phase transformation through the deformation. Various analyses via electron 

backscattered diffraction (EBSD) technique was then conducted with large scans over three 

different zones representing undeformed, deformed, and severely deformed close to the 

fracture area. The pole figures and orientation distribution functions (ODF) revealed a 

texture evolving through the deformation process in agreement with the kernel average 

misorientation (KAM) and grain boundary maps. Transmission electron microscopy 

(TEM) was used to detect the inclusions and segregated alloying elements adjacent to the 

fractured surfaces. Results indicated that the deformation led to diminishing the austenite 

(ɔ) phase, while the transformed austenite sourced the high dislocation density area at cell 

boundaries. 

Keywords: 18Ni-300 Maraging steel; Laser powder bed fusion (LPBF); layer thickness; 

austenite (ɔ); martensite () 
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3.1 Introduc tion 

Additively manufactured (AM) maraging steels have been recently received 

considerable attention due to their superior mechanical properties as well as their excellent 

manufacturability (Sha, et al., 2009). Coexistence of the martensite ( ) phase and well-

dispersed nano-precipitates results in ultra-high-strength and hardenability accompanied 

by a high level of machinability, which is attractive to the automotive and aerospace 

industries (Rajkumar, et al., 2014). Over the last couple of years, the progress in laser 

additive manufacturing in terms of machine capabilities and process parameters has led to 

the development of products with exceptional mechanical properties compared to 

conventional counterparts (Shamsaei, et al., 2015). In this regard, optimization of the 

process parameters brings a higher probability of soundness in the product by lowering the 

volume fraction of structural defects, e.g. hot cracking, keyholes, shrinkage, and gas 

porosities (Mohammadi, et al., 2018).  

In AM maraging steels, reheating cycles during consecutive powder layer depositions 

induces a quasi-dynamic aging phenomenon (Tan, et al., 2017). This artificial aging results 

in the formation of fine precipitates through the heat-affected zones, and subsequently, 

higher strength of the as-built AM product compared to the conventionally cast parts 

(Suryawanshi, et al., 2017). Despite the comprehensive studies on the heat-treated AM 

samples (Tan, et al., 2017), (Suryawanshi, et al., 2017), (Cyr, et al., 2018) and (Xu, et al., 

2018), the microstructural and mechanical behavior of the as-built products has been 

overlooked. The as-built product mainly contains the body-centred cubic (BCC) martensite 

( ) and a small fraction of the face-centred cubic (FCC) austenite (ɔ) phase (Tan, et al., 

2017). According to the Fe-Ni phase diagram, at almost 18 wt% Ni, ɔ is thermodynamically 
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stable over a wide temperature range between the peritectic (1716°C) and eutectoid 

(688ÁC) transformations, while the  phase is expected to athermally form from ɔ at 

temperatures below 870°C (Dos Reis, et al., 2015) and (ASM, 1991). Due to the high 

contents of Ni as a strong ɔ-stabilizer and ultra-high cooling rate during laser powder bed 

fusion (LPBF), a small portion of retained ɔ is always expected to remain at ambient 

temperatures (Xu, et al., 2018). This phase can be nucleated and grown during the aging 

process as well, known as reverted ɔ (Jägle, et al., 2014). The higher amount of reverted 

austenite results in higher ductility and toughness and prevents premature failure (Yuan, et 

al., 2012). The amount of retained ɔ inversely affects the strength and hardness of the as-

built maraging steel, increases its ductility (Wang, et al., 2014) (Shamsdini, et al., 2020). 

The plastic deformation, on the other side, can also cause ɔŸ  transformation (Martin, et 

al., 2016) (Emadoddin, et al., 2011). The strain-induced phase change, also known as 

transformation induced plasticity (TRIP), was previously studied in the Fe-Cr-C system, 

and the role of reverted austenite on stopping cracks from penetrating the martensite laths 

was discussed (Yuan, et al., 2012).  

The AM maraging steels typically show a hierarchical grain structure, where the  laths 

form inside the prior austenite grains (PAG) in the style of blocks and packets (Galindo-

Nava, et al., 2015) (Morsdorf, et al., 2015). Besides, a synergy between consecutive 

reheating cycles and rapid cooling during the LPBF process leads the grains to grow along 

the build direction and perpendicular to the melt-pool boundaries (Shakerin, et al., 2019) 

(Asgari, et al., 2017). This directional growth leads to anisotropy, which is another reason 

for higher mechanical strength perpendicular to the building direction compared to the 

conventional manufacturing methods (Hadadzadeh, et al., 2018). The plastic deformation 
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as another factor affecting the grain structure is also needed to take into account. Multiple 

studies have been conducted to discuss the effects of texture evolution during deformation 

in 18Ni maraging steels  (Dos Reis, et al., 2015) (Ahmed, et al., 1994) (B®reġ, et al., 2017) 

(Figueiredo, et al., 2019). Reis et al. (Dos Reis, et al., 2015) observed the martensite to 

austenite phase transformation due to creep for 18Ni maraging steel resulting in ductile 

failure. Ahmed et al. (Ahmed, et al., 1994) performed a deformation study on cold-rolled 

18Ni maraging steel studying the magnetic properties due to phase transformation. Beres 

et al. (B®reġ, et al., 2017) investigated the hydrogen embrittlement of maraging steels and 

concluded that the austenite grain size affects the failure mechanism. Figueiredo et al. 

(Figueiredo, et al., 2019) studied the texture of the forged 18Ni maraging steel in different 

depths from the forged surface. They observed an increase in the Ŭ and ɔ fibres with 

increasing depth as well as the lowest strain in the surface. 

Due to the novelty of the AM process compared to conventional manufacturing 

methods, a thorough study on the deformation of additively manufactured products is 

needed. The mutual effect of the AM process and plastic deformation on the strain-induced 

phase transformation and mechanical behavior of the as-built AM 18Ni-300 maraging steel 

has been conducted in the current study. In order to investigate the role of the AM process, 

the powder layer thickness is chosen as a variable parameter, while the effect of plastic 

deformation is recognized by employing the uniaxial tensile testing. Since the volume 

fraction of retained ɔ is different between the AM and conventionally cast steels (Xu, et 

al., 2018), the TRIP effect of the AM 18Ni-300 maraging steel is necessary to be evaluated. 

Thus, a thorough study on the strain-induced phase transformation in the as-built 18Ni-300 

maraging steel is investigated in this research. 
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3.2 Experimental procedure 

3.2.1 Material and manufacturing process 

Gas atomized 18Ni-300 maraging steel powder was deposited to produce horizontally 

printed cylindrical bars via an EOS M290 machine. The chemical composition of the 

powder is given in Table 3.1. A scanning beam with 100 µm spot size was emitted by a 

400 W Yb-fiber gun during the manufacturing process, and pure nitrogen gas (99.999 %) 

was continuously purged into the chamber. The LPBF technique was chosen to deposit and 

fuse powder layers on a build plate preheated at 40°C, where a 67° strip scanning strategy 

was applied between successive layers. Powder deposition was carried out at two powder 

layer thicknesses of 40 µm and 50 µm (designated as LPBF-40 and LPBF-50) to fabricate 

the cylindrical bars with 12 mm and 120 mm in diameter and length, respectively. The laser 

power and scanning speed used for LPBF-40 samples were 285 W and 960 mm/s, while 

the LPBF-50 samples were made using 305 W power and 1010 mm/s scanning speed. The 

hatch distancing of 110 µm was used for both cases. 

A mapping technique was used to measure the porosity. In this method, the polished 

surface's optical microscopy (OM) image was analyzed and based on the contrast between 

the base metal and the pores, the porosity fraction was calculated. High magnification 

images were collected through a Zeta-20 OM, and the area fraction was measured over the 

entire surface. The top surface was ground and polished, and the measurement was 

conducted over multiple layers through the depth. The average value was reported as the 

overall porosity level. 
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Table 3.1 Chemical composition of the powder used in the DMLS process (Material Data sheet, 2017) 

Element Fe Ni Co Mo Ti Al  Cr Cu C Mn Si P S 

Max % Bal. 19 9.5 5.2 0.8 0.15 0.5 0.5 0.03 0.1 0.1 0.01 0.01 

Min % Bal. 17 8.5 4.5 0.6 0.05        

3.2.2 Sample preparation and tensile testing 

Specimens for the uniaxial tensile testing were machined according to the E8/E8M 

ASTM standard (Standard, 2015). Through a quasi-static strain rate, the tensile tests were 

performed using a universal hydraulic Instron 1332 machine. The elongation was measured 

using a 25mm extensometer at a 9×10-3 s-1 strain rate, and the tests were conducted at 

room temperature. As shown in Fig. 3-1, the building direction along the z-axis was 

perpendicular to the loading direction. Samples were cross-sectionally cut into three pieces 

of undeformed (zone A), deformed (zone B), and severely deformed (zone C) via an 

electrical discharge machine (EDM). In this regard, the undeformed piece was collected 

from the part fixed within the grips, while the deformed and severely deformed pieces were 

taken from locations near the gauge shoulder and fracture area. Afterward, samples were 

mounted, ground through 300-4000 grits SiC sandpapers, and regularly polished using 6.0-

0.05 µm polish cloths. 
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Fig. 3-1 Schematic design of the tensile test sample showing the powder layer thickness. 

3.2.3 Phase identification 

X-ray diffraction (XRD) technique was used to identify phases in the samples collected 

from A and C zones. A Brucker D8 instrument with a Co-KŬ radiation source working at 

45 mA and 35 kV was used to collect the data over 45<2ɗ<130Á with a rotation speed of 

60 deg./min, and the intensity of peaks was measured using the Rietveld analysis technique.  

3.2.4 Electron microscopy 

EBSD measurements were conducted using an FEI QuantaTM 450 FEG-SEM 

microscope to study the grain size and orientation and the area fraction of low- and high-

angle grain boundaries (LAGBs and HAGBs) in zones A, B, and C. The EBSD studies 

were carried over a zone within 1400 × 500 µm2 with a step size of 500 nm located at the 

x-y plane specified in Fig. 3-1. The diffraction patterns were also collected using the TSL® 

OIM data collection software and were post-processed by the OIM data analysis software. 

The crystallographic textures were calculated by harmonic series expansion with truncation 

at L=16. Regarding the transmission electron microscopy (TEM), an FEI Helios NanoLab 
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650 dual beam instrument was utilized to collect a thin piece of the sample at the vicinity 

of the fracture area (zone C). The effect of plastic deformation on the volume fraction of 

the ɔ phase was assessed in detail with an FEI Tecnai Osiris TEM apparatus that was 

equipped with a 200keV X-FEG gun. 

3.3 Results 

Fig. 3-2 shows the OM micrographs of the polished surfaces along with the average 

porosity levels. Fig. 3-2 (a) shows the LPBF-40 sample with a low fraction of porosity, 

while Fig. 3-2 (b) shows the LPBF-50 sample with a higher average porosity level 

compared to the former case. In both cases, the pores sizes are very small (under 50 µm), 

and the overall porosity level shows an almost fully dense material. 

 

Fig. 3-2 OM micrographs showing porosity in (a): LPBF-40, (b): LPBF-50. 

Fig. 3-3 shows the true stress-strain and strain hardening curves for the LPBF-40 and 

LPBF-50 samples. The LPBF-40 sample elucidates a combination of the higher ultimate 

tensile strength (UTS) and better ductility, which brings higher energy absorption before 

failure. The total strain and UTS values in the LPBF-40 and LPBF-50 are almost 14.39% 

- 1278 MPa and 11.76% - 1265 MPa, respectively. However, their stress-strain curves 

present a consistency within the initial 4 % elongation, where the materials are exposed to 
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elastic-homogeneous plastic loading condition. The difference in elongation percentage 

has mostly occurred after the peak stress, where the structural defects such as porosities 

and microcracks start to nucleate, coalesce and grow. It seems that the LPBF-40 structure 

is more integrated than the LPBF-50 one. As another observation, the LPBF-50 sample 

shows a sharp drop in its stress values right before the fracture. This trend was reported by 

Rusinek and Martinez (Rusinek, et al., 2009) as a deformation step in which a high volume 

fraction of porosities is being coalesced to form micro-voids. In the current study, a slight 

increase in the tensile strength compared to the literature was achieved, which is presented 

in Fig. 3-4 (Tan, et al., 2017), (Dehgahi, et al., 2020), (Kuļerov§, et al., 2019), and 

(Bhardwaj, et al., 2018). In this Figure, ultimate tensile strength versus the fracture strain 

is presented for 18Ni-300 maraging steels produced using both additive and conventional 

manufacturing techniques.  

Due to the highly anisotropic texture resulted from the directional grain structure, the 

AM products typically show higher strength than those conventionally cast and solidified 

(Kuļerov§, et al., 2019). By focusing on the strain hardening curves, it is confirmed that 

change in the powder layer thickness does not affect the rate of strain hardening; however, 

it just shifts the critical point of Ὠ„Ὠ‐ϳ π from 6 % strain in the LPBF-40 sample to 4 

% in the LPBF-50 one. This point is following the peak stress where a balance between 

strain hardening and geometric softening takes place.  
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Fig. 3-3 Tensile stress-strain curves and the corresponding strain hardening variation 

 

Fig. 3-4 Ultimate tensile strength versus fracture strain for 18Ni-300 maraging steels produced using both 

additive and conventional manufacturing techniques (Tan, et al., 2017), (Dehgahi, et al., 2020), (Kuļerov§, 

et al., 2019), and (Bhardwaj, et al., 2018). 
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Fig. 3-5 illustrates the EBSD results of the LPBF-40-A and LPBF-50-A samples, 

including inverse pole figures, orientation distribution function (ODF), and pole figures 

(PF) of the texture analyses. The inverse pole figures show the melt-pool boundaries 

(curved dash lines) and the crystallographic orientation of grains over a large scan area. 

The orientation is random for both cases, which can be attributed to grains renucleation 

during repetitive reheating cycles. As a comparison between two structures, the LPBF-40-

A contains a combination of grains oriented along the <100> and <111> directions, while 

the LPBF-50-A reveals a higher fraction of grains preferentially oriented along the <001> 

direction. The (001) pole figures in Fig. 3-5 (c, d) show peaks in the center in both cases. 

The pole figures are in agreement with the ODF plots shown in Fig. 3-5 (e, f). In Fig. 3-5 

(e, f), highly intensified components of {100} ɗ-fibre are observed. The {111} ɔ-fibre 

components are intensified in the LPBF-40-A samples. However, the LPBF-50-A shows 

weaker ɔ-fibre components comparatively. 
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Fig. 3-5 (a, b): IPF for LPBF-40-A, LPBF-50-A, (c, d): Pole figures for LPBF-40-A and LPBD-50-A, (e, f): 

ODF for LPBF-40-A, LPBF-50-A, (g): ODF key components (Sanjari, et al., 2017). 

Fig. 3-6 shows the XRD patterns for the undeformed and severely deformed samples 

for both cases of powder layer thickness. The LPBF-40-A sample is reported to have a 

lower ɔ volume fraction (4.6 %) than the LPBF-50-A case (5.1 %). The ɔ peaks shown in 

Fig. 3-6 have been disappeared in the LPBF-C samples, in agreement with the elimination 

of the ɔ phase through the strain-induced ɔŸ  phase transformation. It is noteworthy that, 

no traces of hcp-martensite were depicted in the XRD patterns (Martin, et al., 2016). 

Although the maraging steel used in the current study has a substantially high percentage 

of alloying elements, it shows ɔ to the  phase transformation due to plastic strain, similar 
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to the low alloy ferritic bainitic steels (L-TRIP) (Fischer, et al., 2000). It turns out that a 

strain-induced transformation can also prevent premature failure, while a complete 

transformation of ɔ to  may occur in lower strains (Yuan, et al., 2012) and (Wang, et al., 

2014).  Similarly, in the current study, the material has gone through a complete phase 

transformation before the fracture.   

 

Fig. 3-6 XRD pattern for the 18Ni-300 deformed and undeformed samples in zones A and C. 

Fig. 3-7 shows the collected EBSD data of zone B near the gauge shoulder, which is 

partially exposed to plastic deformation. Melt-pools are identified and marked in Fig. 3-7 

(a, b) by curved dash lines. The size of the melt-pools is the same as those observed in zone 

A (Fig. 3-5). Like the undeformed cases in Fig. 3-5, components of the ɗ-fibre{100} and 

ɔ-fibre{111} are observed in the zone-B for both LPBF-40 and LPBF-50 samples. 

Although the pole figures that are shown in Fig. 3-7 (c) and (d) look similar, the intensities 
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are weaker in the zone-B compared to zone-A (see Fig. 3-5). The {111} components 

observed in the ODF plot in Fig. 3-7 (e, f) are similar for both LPBF-40 and LPBF-50 cases 

and agree with the pole figure plots showing similar grain orientation for LPBF-40-B and 

LPBF-50-B samples. 

 

Fig. 3-7 (a, b): IPF for LPBF-40-B, LPBF-50-B, (c, d): Pole figures for LPBF-40-B and LPBD-50-B, (e, f): 

ODF for LPBF-40-B, LPBF-50-B. 

Fig. 3-8 represents collective EBSD data of zone C, which is neighbouring to the 

fracture area. As shown in Fig. 3-8 (a, b), the grains are drawn along the load direction 

resulting in the semi-oval shape of the melt-pools. Fibrous textures are observed in the 

EBSD pole figures and shown in Fig. 3-8 (c, d). Fig. 3-8 (e, f) show the ű2=45Á section of 

the ODF designated by ɗ-fiber {100} and ɔ-fibre {111} planes. The (111)[1ς1] and 

(111)[ρρ2] peaks show the ɗ-fibre components, while (001)[1ρ0] and (001)[ρρ0] represent 

ɔ-fibre. The peaks in the {001} family planes are not a considerable concern due to the 

high vulnerability of these planes to crack propagation and transgranular cleavage fracture 

in the BCC structure (Pineau, et al., 2016). It is also possible that the intergranular fracture 
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initiates from the porosities at the vicinity of the cell boundaries and deflects through the 

{001} planes (B®reġ, et al., 2017). 

 

Fig. 3-8 (a, b): IPF for LPBF-40-C, LPBF-50-C, (c, d): Pole figures for LPBF-40-C and LPBD-50-C, (e, f): 

ODF for LPBF-40-C, LPBF-50-C. 

Fig. 3-9 displays the grain boundaries types and the area fraction over different 

sectioned zones in the LPBF-40 and LPBF-50 samples. High angle grain boundaries 

(HAGBs) categorized as the 2D structural defect with 15-64.7° misorientation angles are 

pointed out in black colour, while low angle grain boundaries (LAGBs) with misorientation 

angles ranged within 3-15° are shown in light green colour. In both cases of the powder 

layer thickness, the plastic deformation results in more number and higher length of the 

LAGBs. As Sangid et al. showed (Sangid, et al., 2011), the GBs with lower interfacial 

energy, such as the values expected in LAGBs, offer a more substantial barrier against slip 

transmission. Regarding this fact, the as-built structure of the LPBF-40-A sample with a 

lower fraction of LAGBs compared to the LPBF-50-A zone is supposed to be more 
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resistant against the dislocations slip during the uniaxial tensile testing. This trend is also 

observed in the deformed LPBF-B zones. Therefore, the LPBF-40 sample reveals more 

strain hardenability, which brings it a higher UTS value than the LPBF-50 one. The above 

observation is in good agreement with the results in Fig. 3-3. The LAGBs are suitable sites 

to accumulate and tangle the dislocations. Subsequently, an increase in the LAGBs in zone 

C is a shred of evidence showing the high density of dislocations in Fig. 3-9 (e, f) 

(Masoumi, et al., 2019). 

 

Fig. 3-9 EBSD grain boundary maps in three different zones shown for (a, b): LPBF-40-A, LPBF-50-A, (c, 

d): LPBF-40-B, LPBF-50-B, and (e, f): LPBF-40-C, LPBF-50-C.  

Fig. 3-10 shows Kernel Average Misorientation (KAM) technique in zones A-C. The 

KAM results are used to measure the local grain misorientation, where the more dislocation 

density leads to higher KAM values. It can also be employed to investigate the local lattice 
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distortion, localized deformation, and stored strain energy in grains (Saraf, 2011) 

(Schwartz, et al., 2009). The LPBF-40 and LPBF-50 samples in zones A and B present a 

semi-homogenous distribution of KAM majorly ranged at intermediate intensities (Min:1-

Max:2). The LPBF-50-(A to C) samples show a localized distribution of KAM at higher 

intensities compared to the LPBF-40-(A to C). In the undeformed cases (zone A), the 

difference in KAM intensity can be hypothesized due to a difference in residual stresses 

stored during 40 µm- and 50 µm-thick powder layers depositions. Higher KAM values 

(Min:4-Max:5) in the LPBF-50-A imply that the stored energy during 50 µm-thick layers 

deposition is higher than the 40 µm case numerous LAGBs compromise it. Since the more 

residual stresses lead to more dislocations nucleation, and consequently, more stored 

internal energy, it can be hypothesized that the LPBF-50 undeformed structure contains a 

higher volume of residual stresses compared to the LPBF-40 one. It might be another 

reason behind the lower strength and ductility of the LPBF-50 samples. In zone C, the 

KAM intensity is higher, ranged within Min:3-Max:4. A higher fraction of intensified 

KAM values is again observable in the LPBF-50 sample compared to the LPBF-40 case.  
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Fig. 3-10 EBSD KAM in three different zones shown for (a, b): LPBF-40-A, LPBF-50-A, (c, d): LPBF-40-

B, LPBF-50-B, and (e, f): LPBF-40-C, LPBF-50-C. 

In Fig. 3-11, the grain size distribution in each zone is presented for both LPBF-40 and 

LPBF-50 samples. As seen, the difference in powder layer thickness does not affect the 

grain size of the AM product. Zones A and B present similar trends in grain size variation, 

where the size of almost 90 % of grains is below 10 µm. However, in the sample collected 

from the vicinity of the fracture area (zone c), the majority of grains (90 %) is ranged below 

6 µm in size. More specifically, around 50 % of grains in the severely deformed zone C 

are smaller than 2 µm, while only 25-30 % of the grains in zone A and B are below 3 µm. 

The average grain size is also measured and presented in Table 3.2.  




































































































































