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Abstract 

Maraging steel components are subjected to dynamic compression and torsion loadings in 

their applications. Their response in these loading directions is the focus of this study. In 

order to have a thorough overview of the dynamic torsion behavior of maraging steels, the 

quasi-static and dynamic compression behavior of maraging steel was evaluated first. Gas 

atomized C300 metal powders containing two different Ti contents (0.72 and 1.17 wt.%) 

were used to additively manufacture maraging steel samples via laser powder bed fusion 

(LPBF). A comprehensive study was conducted to investigate the effects of chemical 

composition, heat treatment, and building direction on the quasi-static mechanical and 

dynamic compression and torsion behavior of 18Ni-300 maraging steel parts produced 

using LPBF. Initially , the effect of Ti on the quasi-static and dynamic responses of 

additively manufactured maraging steel parts was investigated. A Split Hopkinson pressure 

bar apparatus (SHPB) was utilized for high strain rate compression tests. In the as-built 

condition, the results showed that the Ti-rich samples exhibited higher hardness and tensile 

strength. After heat-treating at 490 °C for 6 h, the Ti-rich maraging steels showed higher 

strength and ductility (2057.74 MPa and 4.05%). As-built and heat-treated maraging steel 

samples were subjected to dynamic compression tests and results showed that as-built 

samples were fractured in strain rate of 3500 s-1, while heat-treated samples began to 

fragment in strain rate of 1930 s-1. Texture development during high strain rate tests of as-

built and heat-treated samples was also investigated and the results showed that 

crystallographic texture changed significantly in as-built samples. Vertically built samples 

fractured in strain rate of 1300 s-1, while for horizontally built samples, failure occurred in 

strain rate of 2200 s-1. The reason for different behavior is related to different 
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microstructures, where columnar and equiaxed microstructures were developed in the 

vertical and horizontal samples, respectively. High strain rate compressive results showed 

that until strain rate of 5000 s-1, the fracture did not happen for Ti-rich samples due to 

higher fraction of austenite phase in Ti-rich samples. As Ti-rich maraging steel showed 

exceptional behavior on quasi-static and dynamic compressive loadings, the dynamic 

torsion behavior of these samples was also evaluated. Finally, a Split Hopkinson torsion 

bar (SHTB) apparatus was utilized for studying the dynamic torsion behavior of the Ti-rich 

maraging steel sample in which at an angle of twist of 12 degrees, the failure happened. 

The Chang-Asaro constitutive model was developed for describing the dynamic 

compressive behavior of as-built and heat-treated samples and an acceptable agreement 

between the experimental results and modeling practice was observed. In addition, 

Johnson-cook and Voyiadjis, and Abed models were employed to describe the dynamic 

behavior of horizontal and vertical heat-treated samples. Furthermore, Kobayashi-Odd and 

Nemat-Nasser models were employed for describing the torsion behavior of LPBF-

maraging steel parts. Fair agreement between the model results and the experimental 

findings were observed. 
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Chapter 1: Introduction  
 

Additive manufacturing (AM), also known as 3D printing, is a fast-developing 

technology that enables the creation of lighter yet stronger parts. One of the key advantages 

of 3D printing is the ability to produce very complex shapes or geometries with reduced 

cost and time. Laser powder bed fusion (LPBF) is one of the additive manufacturing (AM) 

procedures to fabricate three-dimensional objects directly from a metal powder feedstock 

using a computer-aided design (CAD) model. Due to high heating and cooling rates 

inherent in LPBF (up to 108 °C/s), a very fine cellular structure is produced, which results 

in improving the mechanical behavior of the LPBF-parts compared to conventional 

counterparts [1]. The LPBF process can be used to fabricate different alloys such as 

aluminum, titanium, maraging steels, and stainless steels [2][3][4].  

 Maraging steel is a class of low carbon iron-nickel alloys with high strength and 

toughness, which is primarily alloyed with Ni, as well as Co, Mo, Ti, and Al. Maraging 

steel parts can be produced using the LPBF process and can be used as a suitable candidate 

for demanding applications such as aerospace, military, nuclear, tooling, and transportation 

[5][6]. C300 is a traditional maraging steel grade with 18 wt.% Ni, along with 8.5-9.5 wt.% 

Co, 4.6-5.2 wt.% Mo and smaller amounts of Ti and Al. The LPBF of C300 steels has 

received much interest because it offers a reasonable deposition rate and a broad process 

window to develop ultrafine microstructures leading to enhanced mechanical properties. 

 Marginal changes in the chemical composition in alloys, such as the maraging steel 

family, can often significantly change the mechanical properties. Among the investigations 

carried out on the role of alloying elements on the microstructural and strengthening 

mechanisms of maraging steels, the majority were focused on the trace of Ni, Mn, and Ti 
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after aging heat treatments [7ï13]. Besides, in many maraging steel structural applications, 

maraging steel parts experienced elevated and high strain-rate impact loadings. For 

instance, in tool and dies (automotive) and landing gears (aerospace), maraging steel parts 

are subjected to high strain-rate compressive and torsion loadings, and their response is 

important for designers and engineers. Furthermore, incidents like car accidents, bird 

strikes, and airplane collisions are examples of dynamic events in our life that needs to be 

investigated. 

1.1 Maraging steels 

Among the ultra-high strength steels, the maraging class is a special alloying system in 

which the low carbon content (good weldability) makes this material a preferred candidate 

for LPBF process [1,2]. Over the last decades, the ultra-high-strength 18Ni grades of 

maraging steels are widely credited for their good sintering properties, low porosity levels, 

and low vulnerability to hot cracking allowing the industries to implement them in their 

supply chain [13,15ï17]. In this category, the C300 maraging steels in which 300 is 

referred to its ultimate tensile strength (in ksi) is broadly used in tooling applications and 

aerospace industry, where its toughness and strength make it a good candidate for various 

parts of landing gears as well as punching and forming dies [18ï21]. During the LPBF 

process, due to repeated heating and cooling cycles, stress is accumulated, which is a 

concerning issue. To relieve high residual stresses within LPBF products, subsequent heat 

treatments are usually needed. The maraging steels gain their ultra-high strength through 

the precipitation of phases within post-processing heat treatment, e.g., Ni3Ti, Ni3Mo, 

Fe2Mo [14,22,23]. Besides, the presence of alloying elements such as Ni, Co, Mo, Ti, and 

Al promotes the formation of martensite by air-cooling and the formation of fine particles 
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of intermetallic compounds [24]. The presence of high Ni content, on the other hand, 

broaden the ɔ single-phase region to room temperature and, consequently, facilitates 

martensitic transformation [25,26]. According to the American Society for Metals (ASM) 

handbook, to have the optimum mechanical properties, it is recommended to conduct an 

age-hardening heat treatment for 3 to 8 hours at a temperature between 460 ↔C and 510 ↔C 

[27]. The LPBF of maraging steel introduces a promising opportunity to build parts with 

superior mechanical properties compared to conventionally built maraging steels [13]. Due 

to high cooling rates present during the LPBF process, martensitic matrix rapidly quenched 

from the austenite region and LPBF-maraging steel parts have high strength compared to 

conventional parts [13].  

1.2 Literature review  

1.2.1 Additive manufacturing  

Additive manufacturing has recently attracted attention as a cost-effective method 

for the fabrication of metals and alloys due to the reduction of production time and waste 

material and consolidation of assemblies into single parts. Metal additive manufacturing 

techniques are a form of near-net-shape manufacturing to fabricate three-dimensional 

objects directly from a powder or wire feedstock using a CAD model. Additive 

Manufacturing evolution goes back almost 150 years [28]. Research efforts provided the 

first modern AM process, known as Stereolithography in the late 1960s. Stereolithography 

(SL) is an additive technique, which an ultraviolet (UV) laser has been employed to 

selectively polymerize a vat of photopolymer resin [29]. As stereolithography was 

expensive and time consuming, in order to respond to the need of industrial requirements, 

more efficient technologies have emerged [29]. The 2000s were a period of growth for 
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AM, and new processes such as electron beam melting (EBM) were introduced [28]. 

Nowadays, with the improvement in computing power, additive technologies have become 

a promising method for manufacturers looking to save significant time and money on the 

production of parts. 

1.2.2 Different additive manufacturing techniques  

AM technologies are generally categorized into seven groups. 1) Binder jetting, 2) 

Directed energy deposition (DED), 3) Material extrusion, 4) Material jetting, 5) Sheet 

lamination, 6) Vat polymerization, and 7) Powder bed fusion. Between these techniques, 

powder bed fusion and direct energy deposition are the two most promising fabrication 

processes that offer high flexibility in geometric design [29].  

1.2.3. Powder bed fusion   

Powder bed fusion (PBF) is an additive manufacturing technique in which an energy 

source is exposed to the surface of a powder bed to bind material. A schematic of the PBF 

process is shown in Fig. 1.1. Among all AM processes, powder bed fusion is popular for 

manufacturers because of the wide range of materials that can potentially be processed. In 

the PBF process, the energy source, e.g., laser or electron beam, selectively melts and fuses 

powder particles to create a solid structure. PBF processes are used in aerospace and 

biomedical applications due to their ability to produce customized and complex geometries 

with excellent material properties compared with traditional metal manufacturing 

techniques [30]. Depending on the type of power source (laser or electron beam), PBF can 

be divided into two major techniques: laser powder bed fusion (LPBF) and electron beam 

melting (EBM) [30]. 
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Fig 1. 1 Generic illustration of BPF system [30]. 

 

1.2.4. Laser powder bed fusion technique  

The laser powder bed fusion technique is one of the powder bed fusion techniques in 

which the successive layers of metal powders are melted on top of each other by a high-

power laser beam with the use of the CAD model. In the LPBF process, a substrate is 

placed inside a chamber, and due to the high reactivity of materials in high temperatures, 

an inert gas (either argon or nitrogen at oxygen levels below 500 parts per million) is purged 

to prevent the formation of various impurities, such as oxides and nitrides. This process is 

accompanied by a high-power laser beam, usually an ytterbium fiber laser with hundreds 

of watts. Laser power, scanning speed, scan line spacing (hatch distance), thickness of 

powder layer, scanning strategy, working atmosphere, and temperature of powder bed are 

process parameters of LPBF, which directly affect the microstructure, density, mechanical 

behavior, strength, and surface quality of the final product and need to be optimized, for 

each material, to achieve a successful fabrication [31][32]. The primary goal in additive 
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manufacturing is always to achieve a high-density part and, in most cases, laser power and 

scanning speed are the most influential parameters on density. Studies have shown that 

higher laser power, higher layer thickness, lower scan speed, and lower hatch spacing 

results in better strength [33]. Measuring energy density is one of the best predictors for 

parts relative density. As for maraging steel, when the energy density is over 180 J/mm2, 

the part density almost reaches 100% [34]. The low energy led to insufficient melting, 

while too high energy resulted in shrinkage and burnt surface. 

1.2.5 LPBF-maraging steel  

1.2.5.1 Microstructure of maraging steel  

Microstructure of maraging steel parts consists of equiaxed, cellular, and columnar 

grains. During the solidification process, grains tend to grow along the maximum heat flow, 

which results in different grain morphologies with respect to thermal gradient and cooling 

rate. Columnar grains tend to form at the bottom of a meltpool due to high thermal gradient 

and fine equiaxed grains are mainly appearing at the top of the meltpool due to high cooling 

rates. The cellular structure was predicted to form at the meltpoolsô core [13]. Fractography 

of as-built and aged maraging steel samples were conducted by Kucerova et al. [9]. They 

found that failure in as-built samples is governed by ductile dimples, while in aged 

condition, brittle fracture happened for maraging steels. Crystal structure of maraging steel 

consists of martensite phase with body-centered tetragonal (BCT) structure and austenite 

phase with face-centered cube (FCC) structure. Austenite is the softer part, which 

accommodates most of the deformation [35].  

1.2.5.2. Process parameters  
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There have been many studies conducted to assess the effect of process parameters on 

the properties of the additively manufactured maraging steels. For instance, Bai et al. [5,6] 

analyzed the relative density of LPBF-maraging steel alloys by changing processing 

parameters, i.e. laser power, scanning speed, and hatch distance. They found that there is a 

reciprocal effect between these parameters and the density, where their increase firstly 

improves the relative density and then drops it due to keyhole formation and balling effects 

[36]. Furthermore, Kempen et al. [37] investigated the influence of laser scan speed and 

powder layer thickness in combination with various age-hardening treatments. Bhardwaj 

and Shukla [38,39] also evaluated the influence of the building direction on the physical 

and mechanical behavior of AM maraging steels. They concluded that the vertically printed 

samples showed lower residual stresses than horizontally printed ones. They also 

investigated the effect of laser scan strategy on mechanical properties of maraging steels, 

where scan strategy showed to have a significant influence on texture and grain growth. 

Mooney et al. [17] studied the mechanical properties, anisotropic behavior, and fracture of 

two maraging steel parts additively manufactured using two types of feedstock powders 

with slightly different chemical compositions. They have developed a modeling framework 

suitable to study the elastic and plastic anisotropic behaviors of these alloys. Tan et al. [40] 

also evaluated the effect of building direction on the mechanical properties of maraging 

steels. They found out that in the direction perpendicular to the building direction 

maximum temperature gradient exists and grains tend to grow in this direction. 

1.2.5.3. Heat treatment   

Aging treatments can modify microstructure through phase transformation and the 

introduction of different precipitations. The mechanical strength of maraging steels 
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increases with aging treatment due to the formation of precipitates. Heat treatment can 

reduce the ductility of maraging steels as well and is shown to transform a portion of 

martensite to austenite [13]. There are many studies on the effect of the heat treatment 

process on the mechanical behavior of LPBF-maraging steels. Tan et al. [13] reported that 

the integrated solution-aging treatment was a more preferable heat treatment recipe than 

only aging for LPBF-maraging steel 300. Conde et al. [41] studied the effect of different 

heat treatment schedules on LPBF-maraging steel 300. Their results showed that the 

promotion of martensite-to-austenite reversion is beneficial to enhance the ductility and 

toughness of maraging steel parts. Mooney et al. [42] investigated different heat treatment 

procedures on LPBF-maraging steel 300 to identify the optimum combinations of time and 

temperature, which can reduce anisotropy. They reported, aging at 490 °C for 8 hours is 

offered an optimal strength (yield strength >1900 MPa) whereas aging at 525 °C for 8 

hours provides a trade-off between yield strength and ductility (yield strength >1700 MPa 

and at å 10% strain). Mutua et al. [43] investigated the effect of post-heat treatment on 

microstructure and mechanical properties of maraging steel 300. They found that after 

solution treatment and aging, the maximum tensile strength obtained was 2033 MPa. 

1.2.6. Chemical composition of maraging steel   

Maraging steel is a class of low-carbon steels in which Ni, Mo, and Co are primary 

elements. Each alloying element has its effect on materials behavior and change in alloy 

content can significantly change the mechanical behavior of the final part.  Ni is the most 

important element, which helps in the formation of precipitates and is the austenite 

stabilizing element and controls the austenite reversion process during heat treatment. The 

effect of chemical composition on the mechanical behavior of maraging steels produced 
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using conventional manufacturing methods was investigated in detail before [22]. Galindo-

Nava et al. [14] elucidated that the reverted ɔ kinetics promoted by Ti addition has the 

highest hardening effect via Ni3Ti precipitation in the matrix. Schober et al. [11] reported 

an accelerated coarsening of precipitates, and consequently, a fast drop in the hardness of 

Ti-bearing maraging steels due to a broad variety of  phases during ageing. Carvalho et al. 

[44] showed that Co and Ti contents strongly influence lattice diffusion in maraging steels 

300 and 350. Ahmed et al. [26] confirmed that Ni and Mo act as strong austenite stabilizers, 

where Sha et al. [45] also reported this effect and explained a similar strengthening role for 

Ti as other researchers.  

1.2.7. Dynamic behavior of maraging steel   

In-service impact loading situations can expose maraging steel parts to dynamic 

loading. Therefore, it is crucial to investigate the deformation behavior of this alloy under 

these complex loading conditions. Few researchers have studied the effect of compression 

loading on the mechanical properties of maraging steels fabricated by conventional 

methods. Song et al. [46] employed a Kolsky compression bar test to investigate the 

compressive response of C250 maraging steel alloy at two strain rates. Their observations 

revealed that the dynamic strength increased with an increase in strain rate. Schnitzer et al. 

[47] studied the effect of high strain rate compression loadings on aged maraging steels. 

They observed that with increasing strain, strain rate sensitivity decreased, which is related 

to the pinning of dislocations by precipitates. 

1.2.8. Corrosion behavior of maraging steel  
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Relatively few researchers reported on corrosion behavior of LPBF fabricated 

maraging steel parts. In the application of maraging steel in pressure vessels, gas turbines, 

aircraft, these components are exposed to corrosive environments in the presence of 

external loading. Due to a variety of applications, the corrosion resistance properties of 

maraging steel have received a considerable amount of attention. Bouzakis et al. [48] 

conducted research regarding corrosion fatigue of additively manufactured maraging steel. 

They observed that additively manufactured parts show lower corrosion fatigue 

performance due to cellular-dendritic structure and multiple melt pools. Avelino et al. [49] 

investigated the corrosion behavior of maraging steels in NaCl solution and they found out 

that the austenite phase formed during heat treatment is detrimental to corrosion properties 

and it is better to conduct solution treatment to remove the austenite phase. Florez et al. 

[50] achieved the same results in HF medium for maraging steel. Their results showed that 

solution annealed maraging steels have more noble behavior. In addition, they found out 

that a higher amount of cobalt and titanium in grade 350 maraging steel leads to inferior 

corrosion resistance due to rendering a higher driving force for microgalvanic corrosion 

due to precipitates. In some applications, load from operation along with corrosive 

environments provide the opportunity for stress corrosion cracking (SCC). Zhao et al. [51] 

investigated the SCC behavior of maraging steels and they found out that SCC behavior of 

maraging steels under the effect of hydrogen is related to precipitates, dislocations, 

austenite grains.  

1.3. Gap of knowledge   

Since maraging steel components fabricated by the LPBF process have only recently 

been introduced to industrial applications, there is little information regarding the effect of 
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dynamic loading on the mechanical behavior of LPBF-maraging steel. Maraging steel parts 

are used in applications where they are subjected to dynamic loading such as compression 

and torsion. Multiple studies on mechanical properties and microstructure of additively 

manufactured 18 Ni-300 maraging steels were conducted as discussed in previous sections. 

However, most of these studies focused on the quasi-static behavior of LPBF-maraging 

steels and there are not any studies on the dynamic behavior of LPBF-maraging steels.  

Despite the available investigations on maraging steels, there is a knowledge gap on 

the effect of chemical composition (Ti content) on mechanical behavior and microstructure 

of LPBF-maraging steels. Therefore, a comprehensive study on the effect of chemical 

composition would help the industry to benefit from the results. Besides, comprehensive 

knowledge about maraging steel behavior in the presence of dynamic loading would be 

beneficial for designing parts.  

In this thesis, the maraging steel powders containing two different contents of Ti 

element were fused and printed using the LPBF process. In the first paper in chapter two, 

the effect of Ti on microstructure and mechanical properties of as-built parts were 

investigated. The second paperôs subject in chapter three is a comprehensive study about 

the effect of Ti on heat-treated LPBF-maraging steels. Due to the necessity to investigate 

the dynamic behavior of LPBF-maraging steels in industry, the third paper is about the 

effect of high strain rate compressive loading on microstructure and mechanical behavior 

of as-built and heat-treated maraging steels. Material response to high-speed deformation 

processes depends on many factors such as microstructure, texture, grain size, etc. In 

additive manufactured samples, a hierarchical microstructure is predictable involving cells, 

grains, and meltpools. The hierarchical structures in stainless steel and AlSi10Mg parts 
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produced by additive manufacturing have been shown by Wang [52] and Hadadzadeh [53], 

respectively. As a result of these studies, it is generally accepted that grain size, orientation, 

and morphology can affect the mechanical behavior of the final product. It is also believed 

that superior mechanical properties of additively manufactured parts are related to their 

hierarchical structure [54]. Thus, the effect of a hierarchical microstructure on the dynamic 

loading behavior of the material and the correlation between the mechanical behavior of 

the alloy and microstructural changes need to be investigated. Thus, paper four aimed to 

study the texture evolution during high strain rate compressive loading of as-built and heat-

treated LPBF-maraging steel samples. As discussed, building direction is an important 

parameter that affects the mechanical behavior of the additively manufactured parts. In the 

fifth paper, the effect of building direction on the dynamic compressive behavior of LPBF-

maraging steels were investigated. Furthermore, as maraging steel samples are subjected 

to both loading and corrosive environments in some industrial application, corrosion 

behavior of LPBF-maraging steel was investigated in 3.5% wt. NaCl solution. The effect 

of prior deformation and strain rate on corrosion behavior of LPBF-maraging steel have 

been evaluated in detail in the sixth paper. It should be noted that in practice, maraging 

steel parts tend to be applied in complex loading environments, which involve a torsional 

mode of deformation. Almost no work has been reported on the dynamic torsion on 

maraging steel. In the last paper, dynamic torsion behavior of LPBF-maraging steel parts 

was investigated using Split Hopkinson torsion bar apparatus.  Based on the results of 

studies on the effect of Ti element on quasi-static and dynamic compression behavior of 

LPBF-maraging steels, a dynamic torsion test was conducted on Ti-rich maraging steel 

samples. Developing new LPBF fabricated C300 components from powders with a higher 
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concentration of Ti and the same price, which has better mechanical properties, can be the 

main contribution of this thesis.  

 

1.4. Contributions  

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

members. 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 Mohammadhossein 

Ghonche, Dr. Amir Hadadzadeh, Dr.Mehdi Sanjari, 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.  

The second paper was written in collaboration with Dr. Mehdi Sanjari, 

Mohammadhossein Ghonche, 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. The author of the thesis interpreted and wrote the manuscript of the 

paper, and the co-authors helped with the interpretation of the data.  

The third paper in chapter four was written in collaboration with Reza Alaghmandfard, 

Joey Tallon, Dr. Akindele Odeshi, and Dr. Mohsen Mohammadi. The first author (author 

of this thesis) conducted all the experimental tests where the Split Hopkinson test was 

conducted with the help of Dr. Akindele Odeshi and the numerical modeling was done with 
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the help of Reza Alaghmandfard. The first author interpreted and wrote the manuscript of 

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

The fourth paper was written in collaboration with Dr. Hadi Pirgazi, Dr. Mehdi Sanjari, 

Reza Alaghmandfard, Joey Tallon, Dr. Akindele Odeshi, Dr. Leo Kestens, and Dr. Mohsen 

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

where the Split Hopkinson test was conducted with the help of Dr. Akindele Odeshi and 

EBSD analysis were done with the help of Dr. Hadi Pirgazi and Dr. Leo Kestens.  

The fifth paper was written in collaboration with Dr. Hadi Pirgazi, Dr. Mehdi Sanjari, 

Payam Seraj, Dr. Akindele Odeshi, Dr. Leo Kestens, and Dr. Mohsen Mohammadi. The 

first author (author of this thesis) conducted all the experimental tests, where the Split 

Hopkinson test was conducted with the help of Dr. Akindele Odeshi and EBSD analysis 

were done with the help of Dr. Hadi Pirgazi and Dr. Leo Kestens. Furthermore, TEM 

analysis was conducted by Dr. Vitaliy Bliznuk. Besides, numerical modeling was done 

with the help of Payam Seraj. 

The sixth paper was written in collaboration with Ayda Shahriari, Dr. Akindele Odeshi, 

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

experimental tests where the Split Hopkinson test was conducted with the help of Dr. 

Akindele Odeshi and electrochemical tests were done with the help of Ayda Shahriari.  

The seventh paper was written in collaboration with Dr. Hadi Pirgazi, Dr. Mehdi 

Sanjari, Payam Seraj, Dr. Akindele Odeshi, Dr. Leo Kestens, and Dr. Mohsen 

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

where the Split Hopkinson test was conducted with the help of Dr. Akindele Odeshi and 
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EBSD analysis were done with the help of Dr. Hadi Pirgazi and Dr. Leo Kestens. Besides, 

numerical modeling was done with the help of Payam Seraj. 

1.5. Study outline  

A comprehensive study on the high strain rate compression and torsion of additively 

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

the effect of chemical composition (Ti content) on the mechanical properties in quasi-static 

and dynamic conditions is presented in this research as well. The effects of the high strain 

rate compressive loading on the mechanical behavior of as-built and heat treated maraging 

steels were evaluated and the effect of the building direction on quasi-static and also 

dynamic behavior was investigated in this work. Besides, the electrochemical behavior of 

LPBF-maraging steels was studied and the effect of simultaneous corrosion and dynamic 

test was inspected.  

Initially, two gas atomized maraging steel powders with different Ti content (0.72 and 

1.17 wt.%) were used to additively manufacture maraging steel samples via laser powder 

bed fusion (LPBF) technique. The effect of Ti addition on microstructural and mechanical 

properties of the additively manufactured (AM) maraging steel was investigated. Then the 

effect of heat treatment on Ti addition was evaluated through different microstructural 

analyses. At the first step to characterize the dynamic behavior of additively manufactured 

maraging steels, a high strain rate compression test was conducted on as-built and heat-

treated maraging steel samples. Furthermore, the effect of building direction on the 

dynamic compressive behavior of LPBF-maraging steels was studied. Besides, corrosion 

tests were conducted on LPBF-maraging steels in 3.5 wt.% NaCl to analyze the 

electrochemical behavior of maraging steel parts. The effect of prior deformation (high 
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strain rate compression test) on corrosion behavior of maraging steels was evaluated. In 

the end, the high strain rate torsion behavior of LPBF-maraging steels was studied.  

This thesis is presented in a paper-based format in 10 chapters. Chapter 1 contains an 

introduction to additive manufacturing as well as the maraging steel family of alloys. 

Chapter 2 presents a study on the effect of Ti addition on the mechanical properties and 

microstructure of as-built maraging steels. Chapter 3 is a study on the effect of Ti addition 

on microstructure and mechanical properties of heat-treated maraging steels. In chapter 4, 

a study is presented on the high strain rate compression behavior of as-built and heat-

treated LPBF-maraging steels. Chapter 5 discusses the effect of texture evolution on the 

high strain rate compressive behavior of as-built and heat-treated maraging steels. Chapter 

6 shows the effect of building direction on dynamic compressive behavior of heat-treated 

maraging steels. Chapter 7 presents a study on corrosion behavior of maraging steels and 

chapter 8 is about dynamic torsion behavior of LPBF-maraging steels. Finally, in chapter 

9, this study is summarized and in chapter 10, conclusions and future works are presented.  

1.6. Hypothesis  

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

efficiently design procedures for using AM techniques. Production of new maraging steels 

with improved mechanical properties at the same price can be a significant step for AM 

engineers. To examine this hypothesis, a series of sub-studies were defined to address the 

original question of whether a change of chemical composition (Ti content) is beneficial 

or not. A series of experiments were designed to investigate the effect of Ti addition on the 

quasi-static and dynamic behavior of additively manufactured maraging steels. Based on 

the available information, it was assumed that the most important loading mode for 
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maraging steels is torsion mode. In this study, a new maraging steel alloy with superior 

mechanical behavior under dynamic loading was introduced. To achieve this goal, the 

effect of Ti on quasi-static and high strain rate compression behavior of as-built and heat-

treated maraging steels was studied, and at the final step, Ti-rich maraging steels were used 

for high strain rate torsion test. 
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Chapter 2: The Role of Titanium on the Microstructure and 

Mechanical Properties of Additively Manufactured C300 

Maraging Steels 

 

2.1. Introduction  

Among the ultra-high strength steels, the maraging class are special alloying 

systems in which the carbon is not acting a role in their hardening potential [1,2]. In fact, 

there have been many efforts to keep this impurity element as low as possible, where the 

maraging steels gain their ultra-high strength through the precipitation of phases within 

post-processing heat treatment e.g. Ni3Ti, Ni3Mo, Fe2Mo [2ï4]. The infinitesimal content 

of carbon leads to significantly better hardenability, formability, and toughness [5]. The 

presence of high Ni content, on the other hand, broaden the austenite ( ɔ ) single-phase 

region to the room temperature and, consequently, facilitates martensitic transformation 

[6,7]. As a result, the microstructure of maraging steels usually contains different types of 

precipitates embedded into a soft ductile martensitic matrix that is heavily dislocated [1]. 

Over the last decades, the ultra-high strength 18Ni grades of maraging steels are widely 

taken into account due to their good sintering properties, low porosity levels, and low 

vulnerability to hot cracking allowing the industries to implement them in their supply 

chain [8ï11]. In this category, the C300 maraging steels in which 300 is referred to its 

ultimate tensile strength (in ksi) is broadly used in tooling applications and aerospace 

industry, where its good toughness and strength make it a good candidate for various parts 

of landing gears as well as punching and forming dies [12ï15]. 

The presence of a number of alloying elements in the C300 steels makes this alloy 

expensive compared to many other engineering materials; therefore, choosing a beneficial 
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fabrication method that could be cost-, and energy effective should be highly considered. 

Recently, additive manufacturing (AM) techniques have been widely used to manufacture 

maraging steels [13,16ï18]. Among AM techniques, laser powder bed fusion (LPBF) has 

received much interest, not only due to a broad processing window, which could allow the 

operator to engineer different microstructures, but it also offers consistent physical and 

mechanical properties over well-defined processing parameters [19ï22]. Towards this end, 

there have been many studies conducted to assess the properties of the additively 

manufactured maraging steels [11,17,18,23]. For instance, Bai et al. [20,21] analyzed the 

relative density of AM C300 alloys by changing LPBF processing parameters, i.e. laser 

power, scanning speed, and hatch distance. They found that there is a reciprocal effect 

between these parameters and the density, where their increase firstly improves the relative 

density and then drops it due to keyhole formation and balling effects [24]. Bhardwaj and 

Shukla [17,23] also evaluated the influence of the building direction on the physical and 

mechanical behavior of AM maraging steels. They concluded that the vertically printed 

samples showed lower residual stresses than horizontally printed ones. 

Among the investigations carried out on the role of alloying elements on the 

microstructural and strengthening mechanisms of maraging steels, the majority were 

focused on the trace of Ni, Mn, and Ti after ageing heat treatments [1,10,25ï29]. Galindo-

Nava et al. [2] elucidated that the reverted ɔ kinetics promoted by Ti addition has the 

highest hardening effect via Ni3Ti precipitation in the matrix, while Schober et al. [29] 

reported an accelerated coarsening of precipitates, and consequently, a fast drop in the 

hardness of Ti-bearing maraging steels due to a broad variety of  phases during ageing. In 

spite of the most studies on the post-processing heat treatment of maraging steels, there has 
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been a lack of knowledge on the effect of chemical composition on the mechanical and 

microstructural properties of the as-built AM C300 alloys. In this case, the role of Ti 

content on the volume fraction of compoundsô clusters, which could be in-situ formed 

within the ultra-fast solidification during the LPBF can be taken into account, because these 

clusters can act as suitable sites to expedite precipitation during the ageing process 

[5,26,30]. 

In this study, the C300 alloy powders containing two contents of Ti element were 

fused and printed using the LPBF process. To study the effect of Ti concentration on the 

mechanical, microstructure, phase distribution, and texture of the AM C300 alloy, the 

specimens were vertically and horizontally printed using similar processing parameters and 

laser scanning strategy. As an objective of this research, the role of Ti addition and building 

direction on the presence of Ti-rich precipitates into the matrix has been assessed using a 

combination of multiscale electron microscopy techniques including scanning electron 

microscopy (SEM), electron backscatter diffraction (EBSD), and transmission electron 

microscopy (TEM) along with X-ray diffraction (XRD) procedures. 

2.2. Experimental Methodology 

The gas atomized C300 steel powders with size distribution of 10-63 µm and 0.72 

wt. % Ti content supplied by EOS GmbH (Low Ti content) and 1.17 wt. % Ti content 

supplied by Praxair (High Ti content) were used to produce the printed parts via the LPBF 

process. In order to compare microstructural and mechanical properties of a chemically 

modified C300 maraging steel powder and the conventional one, which are both 

commercially supplied, two types metal powders with various Ti contents were chosen. As 
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given in Table 2.1., the chemical composition of the powders with various contents of 

titanium, abbreviated as HighTi and LowTi, has been compared with the nominal one 

reported by the ASM international [31]. The chemical composition of the powders was 

determined using an inductively coupled plasma ï optical emission microscopy (ICP-

OES), where an Agilent ICAP-E725 was used according to the ASTM E1019-18, ASTM 

E1097-12, and ASTM E1479-16 [32ï34]. Besides from that, combustion infrared detection 

(CID) technique was conducted to identify the carbon and sulfur contents via a LECO CS-

844 apparatus. 

An EOS M290 additive machine located at Additive Metal Manufacturing Inc., 

Concord, ON, was employed to fabricate the cube and tensile samples. The machine was 

equipped with a 400W Yb-fiber laser and spot size of 100 µm. Based on the instruction by 

EOS GmbH [35], the LPBF process was conducted using 285 W as the laser power, 

scanning speed of 960 mm×s-1, 40 µm and 110 µm as layer thickness and hatch space, 

respectively. The process parameters were chosen so that the maximum density, minimum 

volume fraction of porosity, and suitable surface quality could be simultaneously satisfied. 

In this regard, some literature recommended 250-300 W, 850-1000 mm×s-1, and 80-120 

µm as the laser power, scanning speed and hatch space, respectively [36ï38]. Out from the 

optimized window, the more laser power, the more probability of keyhole defect and 

entrapped gas porosity [39,40]. The lower laser power, on the other side, promotes lack of 

fusion, balling effect, and consequently, surface roughness [40]. The strip scanning pattern, 

i.e. the laser beam was rotated 67° after each step layer deposition [41,42], was applied 

throughout the process. As schematically shown in Figure 2.1., a set of solid cubes with 15 

mm dimension was printed to study the microstructure, porosity area fraction, and hardness 
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of both materials, while the cylindrical rods with 12 mm diameter and L/D ratio of 10 were 

both horizontally and vertically printed to provide the uniaxial tensile samples. In all cases, 

the LPBF process was done under a protective atmosphere (99.999% high purity of argon 

gas) and the building plate with 250×250×325 dimensions (in mm) was preheated and held 

at 40°C during the process.  

Table 2. 1. Chemical composition of the standard C300 maraging steel and virgin powders used in this study. 

 Elements (wt.%) 

Ni Co Mo Ti  Si Mn C Al  S P Cr  

Standard 18.0-19.0 8.5-9.5 4.6-5.2 0.55-0.8 0.1 0.1 0.03 0.05-0.15 0.01 0.01 - 

LowTi  17.98 8.85 4.85 0.72 0.09 0.06 0.016 0.09 0.008 - 0.15 

HighTi  17.68 9.26 4.82 1.17 0.06 0.03 0.012 0.11 0.011 - 0.11 

In order to identify phases preexisted in the powder particles or those in-situ formed 

during the processing, the X-ray diffraction (XRD) analysis was carried out using a Bruker 

D8 Discover instrument equipped with Davinci-Design diffractometer, where the Cobalt 

sealed tube source with lmean=1.79026Å was utilized. The analysis was conducted over a 

range of 40<2ɗ<110Á with step size and time of 0.02Á and 1 s, respectively.  

To measure the hardness of the samples, a Clark macrohardness machine (CRM12) 

was employed, where the applied load was 150 Kg. The HRC hardness of the cubic samples 

was reported as a mean value of ten measurements. The tensile samples were collected and 

machined out from the printed cylindrical rods based upon the ASTM E8/E8M-15a 

standard [43]. A universal hydraulic controlled Instron 1332 apparatus equipped with a 25 

mm extensometer was used to test the tensile samples (with 32, and 6 mm dimensions in 

their gauge length and diameter) at a quasi-static strain rate of 9×10-4 s-1. 
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To determine the area fraction of porosity in un-etched AM C300 cubes, the optical 

microscopy along with the ImageJ image processing and a Zeta-20 microscope was used. 

The size distribution and microstructure of the metal powders, which were hot mounted, 

regularly polished, and etched via the Nital 3% (3 ml HNO3 + 97 ml ethanol) was assessed 

through SEM using a JEOL 6400 microscope. This apparatus was also employed to do 

fractography on the tensile samples. In addition, a Hitachi SU-70 field emission gun (FEG) 

ultra-high-resolution SEM was employed to evaluate the microstructure of the printed 

cubes, over which the texture analysis was also carried out with an Oxford instrument C-

nano EBSD detector. An area of 175×175 µm2 was collected to do the EBSD analysis with 

350 nm step size. Further analysis on the presence of precipitates in the LowTi and HighTi 

samples was proceeded using a Tecnai Osiris TEM equipped with a 200 keV X-FEG and 

super-X windowless energy-dispersive X-ray spectroscopy (EDS) detector. For TEM 

sample preparation, 2 mm thick, AM samples were further ground and subsequently ion 

milled via a Gatan 691 PIPS. The effect of Ti on microstructural changes was observed in 

cube samples, where the same dimension in different directions let to investigate the 

microstructure features regardless of building direction. In other words, along with 

different build orientations, the resulting microstructure is the same. 
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Fig 2. 1 The geometry of the AM tensile and cubic samples. 

2.3. Results and Discussions 

2.3.1. Phase Identification  

As can be seen in the XRD patterns (Figure 2.2.), the C300 maraging powders 

contain almost 9% volume fraction ɔ existed in the martensite (Ŭᾳ) matrix. High content of 

nickel (17-18 wt.%) as a strong ɔ stabilizer element broadens the single-phase ɔ region at 

ambient temperatures in C300 maraging steels. A high cooling rate applied during the 

powder atomization and the LPBF suppresses diffusional phase changes, where the most 

probable transformation is an athermal ɔ Ÿ Ŭᾳ. Low percentage of carbon in C300 chemical 

composition, on the other hand, increases the Ŭᾳ start temperature (Ms). A combination 

between all mentioned phenomena leads to enhanced hardenability of the C300 maraging 

steel. As given in Table 2.2., by comparing the phase fraction in the HighTi and LowTi 

powders, there has been almost the same percentage of the ɔ phase. Jagle et al. [26] and 
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Liu et al. [44] showed that the Ms of ultra-low carbon steels diminishes in the presence of 

higher contents of Ti, Mo, and Ni, which means that Ti in these steel grades acts as ɔ 

stabilizer. On the other side, higher content of Ni as a strong ɔ stabilizing element promotes 

more retained ɔ phase in the LowTi powders; however, the same values of (× Ni + Ti) % 

for both compositions cause no significant difference in ɔ or Ŭᾳ phases. 

 

Fig 2. 2 The XRD profiles of (a) C300 powders, and (b) as-built sample at different Ti contents. 

Table 2. 2. Volumetric percentage of phases presented in the C300 maraging powders and AM products. 

Sample Ŭᾳ volume fraction (%) ɔ volume fraction (%) 

LowTi powder 91.09 8.91 

HighTi powder 91.28 8.71 

LowTi AM cube 97.03 2.97 

HighTi AM cube 96.06 3.94 

The XRD patterns of the as-built AM C300 samples also confirm the presence of ɔ 

and Ŭᾳ in the microstructure, in which the ɔ (111) peak has been vanished in the HighTi 

AM alloy. As a comparison between the XRD data achieved from metal powders and 

printed samples, lower ɔ fraction in the printed samples is distinguishable. To discuss this 
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difference, the effect of solidification rate, equilibrium partition coefficient (k0), and the 

trace of alloying elements on the hardenability of the C300 steel should be taken into 

account. Since the cooling rate during the gas atomization (103-105 °C×s-1) [45] is much 

lower than the LPBF process (105-107 °C×s-1) [15,24,46], the initial microstructure formed 

through the isomorphous phase transformation around 18 wt.% Ni in Fe-Ni phase diagram, 

where L Ÿ L + ɔ, is coarser in the atomized powders. Higher diffusion rate of alloying 

elements in the gas atomization rather that the LPBF process affects the degree of 

microsegregation during the isomorphous transformation. Based on k0 value in the ɔ phase, 

the rate of segregation is different from a specific element to another one [47,48]. In this 

case, Ëȟ  is equal to 0.07, while for both strong ɔ stabilizers of Ni and Mn is 0.95 [49,50]. 

Lower k0 means higher severity of segregation due to the following equation [47], 

Ëȟ
ȟ

ȟ
                    (2-1) 

where, CS and CL are the concentration of element (i) in the solid and liquid phases. 

Regarding the unequilibrium solidification condition during both processes, equation (1) 

should be rewritten as a function of the solid/liquid interface velocity (R) [51], 

Ëȟ
ȟ

ȟ

ȟ

                   (2-2) 

in which, a0 and DL,i are referred to a constant on the order of the interatomic distance, and 

the solute diffusivity of element i at the solid/liquid interface. Considering quantities of 10-

9 m, and 5.5×10-9 m2×s-1 as a0 and DL, Ti in the Fe liquid at 1550°C [45,46], respectively, 

the R-dependent partition coefficient is correlated to k0 and R values. The ultra-fast 

interface velocity through the LPBF process brings higher kR,i values compared to gas 
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atomization, consequently, leads to more reluctancy in elementsô segregation. In this 

regard, solute trapping, i.e. the solute atoms substitutionally entrapped in the lattice 

structure [47,48], would be a prevalent phenomenon occurring during both processes, 

particularly the LPBF. The solute trapping is dominant for those elements that have high 

kR and low DL, e.g. Ni and Mn with 3.1×10-9 and 3.9×10-9 m2×s-1 diffusion coefficient, 

respectively [45,46]. Although the probability of Ti rejection to the solidification front is 

greater in the atomized powders, the layer-by-layer reheating cycles during the LPBF 

process leads to Ti atoms segregate within intercellular and intercolumnar regions, as Jagle 

et al. also presented [26,30,54]. Notwithstanding the Ti element, Ni and Mn experience 

trapping even during layer-by-layer reheating. Most solute elements, except Co, that 

substitutionally located in the ɔ lattice brings higher hardenability, consequently, induces 

further Ŭᾳ formation [5,30,55,56], while those that can have a chance to be segregated, such 

as Ti and Mo, act as high potential sites for keeping the ɔ phase [26]. 

The microstructure of both HighTi and LowTi powders are supposed to be 

interdendritic-intercolumnar austenitic due to the high concentration of Ti and other 

elements segregated into these channels. The AM products, on the other hand, are expected 

to be less prone to keep the ɔ phase within transgranular regions due to solute trapping of 

Ni and Mn, while the intercellular and intercolumnar regions are thought to be austenitic 

because of Ti segregation during remelting cycles. A comparison between LowTi and 

HighTi AM products shows that the HighTi sample presents higher ɔ percentage, since 

more titanium atoms can be rejected into intercellular regions, hence, the fraction of high 

potential sites for keeping the retained ɔ can be enhanced. 

2.3.2. Powders Shape and Size Distribution 
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Figure 2.3. demonstrates size and shape of the LowTi and HighTi powders to better 

understand the powder size distributions that directly affects the soundness of the AM 

products. The powders are mostly spherical within a broad range of size that is appropriate 

in terms of their flowability, packing density, and uniformity in layer deposition during the 

LPBF process. Some of the fine powders in both feedstocks are stuck to each other and 

form the satellite-shape colonies (marker (i)), while few of those show irregular shapes 

(marker (ii)) probably due to any inhomogeneity in the gas pressure or heat extraction 

during the powder atomization process [45]. The image processing on the low-magnified 

SEM images allows to identify powder size distribution, as revealed in Figure 2.4. As can 

be seen, there has been a homogenous distribution of the particles mostly ranged between 

5 and 35 µm, where $ ρυȢρ ωȢς and $ ρυȢψ ψȢχ µm (D is diameter). 

Homogenous distribution of the powders results in a suitable interlayer mechanical 

bonding, which ultimately leads to superior mechanical properties and monolithic integrity 

of the microstructure [24]. 
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Fig 2. 3 The SEM micrographs of the LowTi and HighTi powders at two magnifications (i) satellite-shape, 

and (ii) irregular powders. 
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Fig 2. 4 Size distribution and cumulative frequency of (a) LowTi, and (b) HighTi alloy powders. 

The micrographs of the LowTi and HighTi powders are shown in Figure 2.5. The microstructure of both materials is mostly 

columnar-dendritic, where the area fraction of the equiaxed grains in the HighTi powder is obviously higher. In terms of the thermal 

gradient (G) and solid/liquid interface velocity (R), both types of powders experienced similar situations providing almost the same size 

distribution, so the constitutional undercooling, ȹTC, during solidification is postulated as the main reason causing the morphological 

changes. To show this, the Fe-Ni isopleth for both chemical compositions is given in Figure 2.6. By focusing on the isomorphous 

reaction zone, it has been revealed that the HighTi shows broader mushy zone at 18 wt.% Ni in which liquid and ɔ phase are coexisted. 

The broad mushy-state interval exposes the solidifying material to longer solidification time, where the more fraction of solute can be 



 

38 
 

rejected to the solid/liquid front. As can be seen, the interval expanding is highly caused 

by the solidus line deviation, where the nickel content in the ɔ phase shifts to lower 

concentration. Therefore, based on equation (1), Cs and k0 are reduced. Lower k0 or more 

segregation presents higher amounts of ȹTC, over which the tendency of equiaxed growing 

is raised [28,47,57,58]. In other words, the more ȹTC, the more probability of 

unconstrained growth [48]. Although the morphology shown in Figure 5 belongs to Ŭᾳ + ɔ, 

this could be representative of the initial microstructure formed through L Ÿ L + ɔ reaction, 

where the ɔ phase continuously nucleates and grows within the liquid, and subsequently, 

transforms to Ŭᾳ phase.  The LowTi microstructure, on the other hand, tends to be dendritic 

and equiaxed in some places due to narrower freezing zone and shallower ȹTC. It is worth 

noting that, ȹTC is directly affected by k0, in which decrease in the distribution coefficient 

leads to a steeper deviation in solidus line bringing higher solute rejection, and 

consequently, higher ȹTC values [9,48]. The equilibrium liquidus and solidus temperatures 

of the studying materials are given in Table 2.3. 

 

Fig 2. 5 The SEM micrographs of (a) LowTi, and (b) HighTi alloy powders (i: dendritic, ii: equiaxed, iii: 

columnar, and iv: equiaxed morphologies).
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Fig 2. 6 The Fe-Ni isopleth of (a) LowTi, and (b) HighTi alloying systems indicating the liquidus and solidus temperatures of the studied materials. 

Table 2. 3. Thermal properties of the AM LowTi and HighTi samples. 

Alloy Liquidus temperature (°C) Solidus temperature (°C) Mushy range (°C) 

LowTi  1440.6 1384.6 56.0 

HighTi  1433.2 1360.7 72.5 
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2.3.3. As-built Microstructural Characteristics and Porosity Formation  

In order to present the nominal density of the as-built AM samples, pore area 

fraction measured by the image processing technique has been reported according to the 

optical micrographs in Figure 2.7. The area fraction of porosity is measured using image 

processing technique on the top surface of the unetched as-built samples. Both LowTi and 

HighTi AM cubes show high nominal densities, where ʍ  and ʍ  are 99.927% 

and 99.952%. The results show that processing parameters are properly chosen in such a 

way that the occurrence of some common processing defects like balling effect and lack of 

fusion was minimized. As seen in this figure, the porosities are mostly formed in spherical 

and wormy shapes in which the round ones are mainly caused by the protective gas 

entrapment, while the irregular wormy shapes are corresponding to solidification defects 

e.g. lack of fusion, keyhole porosity, and volumetric changes induced by solidification 

shrinkage and phase transformation. Other studies also reported some of these sources of 

porosity formation during the AM of maraging steels [49,54ï56]. 

 

Fig 2. 7 The OM micrographs of (a) LowTi, and (b) HighTi as-built structure revealing the presence of 

porosities (i: spherical gas porosity, ii: irregular shrinkage porosity). 
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According to the SEM micrographs given in Figure 2.8., a mixed microstructure 

containing columnar, and equiaxed morphologies is observable in both LowTi and HighTi 

AM samples. Within a single melt pool, the ɔ solid/liquid front moves toward the opposite 

direction of the heat extraction, i.e. from the peripheral regions to the center of the melt 

pool surface [51]. The C300 maraging steel with almost 18 wt.% Ni shows ɔ phase 

nucleation and growth within an isomorphous reaction. At ultra-high cooling rates during 

the LPBF process, once the ɔ phase starts to form, the solute rejection during solidification 

occurs. This is with regards to the diffusion coefficient and partition coefficient of alloying 

elements. At the vicinity of the melt pool boundaries, particularly at the bottom, the high 

value of G/R motivates the columnar morphology over which the primary columns start to 

grow toward the top central zones. The solute rejection taking place during the ɔ columns 

growth leads to an increase in ȹTC ahead of solid/liquid front, where the G/R is gentle, and 

consequently, the equiaxed ɔ phase starts to form at top central regions. Solute partition 

within the intercolumnar regions also provides high ȹTC, particularly next to the roots of 

the columns in which the metallostatic pressure is dropped and the fresh liquid with less 

solute concentration cannot be sucked into these regions [62]. High G/R, and high 

frequency of nucleation due to severe ȹTC are responsible for nucleation of fine cellular ɔ 

phase in contact with the solidified columns [51]; however, the cellular structure is not 

observable in Figure 2.9.  
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Fig 2. 8 Microstructure of the as-built (a, c) LowTi, and (b, d) HighTi samples (i: columnar, ii: fine 

equiaxed, iii: coarse equiaxed morphologies). 

2.3.4. Texture Analysis and Grain Morphology 

The inverse pole figure (IPF) along with the building direction of the as-built cubes 

is revealed in Figure 2.9. As can be observed, the texture analysis through the longitudinal 

direction allows better understanding of the grain shape, size and orientation. The melt pool 

boundaries, identified by dash lines, properly define the areas at which the initiation of 

different morphologies has taken place. The LowTi and HighTi IPF patterns confirm the 

coexistence of columnar, cellular, and equiaxed morphologies, similar to the SEM 

micrographs. As previously discussed, the structure is supposed to be martensitic in style 
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of numerous fine lathes that are highly dislocated, and some austenitic grains isolated at 

intergranular regions. 

To make the columnar and equiaxed grains as distinguishable as possible, the grain 

shape aspect ratio (◖), defined as ◖ = L2/L1 is considered, where L1 and L2 are referred to 

the dimension of the major and minor axes of an ellipse fitted to each grain, respectively. 

According to the available literature [63], ◖ = 0.33 is defined as the critical grain shape 

aspect ratio, at which the columnar (◖ Ò 0.33) to equiaxed (◖ > 0.33) transition takes place. 

In both samples, there has been similar fraction of columnar and equiaxed grains, 12% and 

88%, respectively. Since the cellular grains, i.e. short grown arms over which the 

nucleation and growth of secondary and ternary arms have been avoided due to high G 

values [47,48], are hard to identify via the term ◖, this semi-quantitative technique is 

conducted to distinguish the columnar from equiaxed grains. The grain area distribution in 

both LowTi and HighTi AM cubes are also reported in this figure, where $  and 

$  are 5.02 and 9.40 µm2, respectively. 
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Fig 2. 9 The IPF-Z maps of the as-built (a) LowTi, and (b) HighTi structures along with the building 

direction (BD), followed by distribution maps of (c) columnar/equiaxed grains, and (d) grain area. 

According to Figure 2.10., there is a weak random texture alongside the building 

direction of the LowTi sample, while the HighTi sample shows a more textured 

microstructure in which a tilted fibrous texture is developed. Based on Figures 2.8-2.10, it 

seems that the HighTi sample has coarser microstructure that can be attributed to its 

broader solidification interval demonstrated in Figure 2.6. Figures 2.10c and 10d show the 

grain boundary misorientation maps of the cube samples identifying low-, and high angle 

grain boundaries (LAGBs and HAGBs). The misorientation angle (ɗ) is used to represent 
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the difference between these two types of GBs, where 2.5Á<ɗ<15Á and 15ÁÒɗ are referred 

to LAGBs and HAGBs, respectively. The percentage of LAGBs in the LowTi sample 

(60%) is more than the HighTi one (56%). According to Rappaz et al. [64,65], the HAGBs 

are more prone to hot cracking during solidification that is also intensified by broadening 

the mushy-state range. Hence, this is another proof to show that the HighTi alloy reveals 

wider solidification temperature interval. Mutua et al. [60] also reported 51% LAGBs for 

the as-built maraging steel with a chemical composition very close to the LowTi sample. 

 

Fig 2. 10{100} pole figures and the grain boundary map of the as-built (a, c) LowTi, and (b, d) HighTi 

samples (In subfigures c and d, red and black lines indicate the LAGBs and HAGBs, respectively). 

2.3.5. Solute Clustering and Precipitates Formation 



 

46 
 

As illustrated in the STEM-bright field (BF) images in Figure 2.11., the AM 

structure of the LowTi alloy shows intercolumnar solute-rich zones, especially of Ni, Mo, 

and Ti, due to cyclic reheating during the LPBF process. However, the Ŭᾳ matrix also 

contains highly distributed Mo and Ni atoms, which indicates solute trapping or banding 

phenomenon taking place because of the ultra-fast solidification velocity (R) and slow 

diffusion rate of those elements. Ti, on the other hand, does not show trapping within the 

matrix, as a result of its low partition coefficient and high diffusion coefficient, as 

previously discussed. Layer-by-layer remelting cycles during LPBF facilitates solute 

partition of Ti and Mo, and subsequently, intensifies equiaxed morphological growth, 

while there have always been some columns epitaxially or independently form next to the 

melt pool boundaries (which was seen in SEM images). In spite of the elements mentioned 

above, Al and Co could not find a chance to get rejection into the intercolumnar regions 

during solidification. As another observation, the intercolumnar regions are high-potential 

sites to keep retained ɔ, while the Ŭᾳ lathes cover the rest of the AM structure. In the 

elemental maps, there have been also some round particles that are mostly Ti-, and N-rich, 

as well as Al and O-bearing compounds in some locations. The titanium nitride (TiN) is 

the most reported inclusion easily formed during the LPBF of C300 maraging steels that 

effectively affects the mechanical properties. Hence, the as-built samples are better to be 

heat treated to dissolve the inclusions and redistribute their containing elements [13]. In 

those places that Al, O, Ti, and N are coexisted, some studies reported the presence of 

core/shell Al2O3/TiN inclusions [14]. The nitrogen and oxygen impurities in the protective 

Ar gas can be easily dissolved into the liquid metal, and subsequently, react with the 

elements present in the alloy. In this regard, the mixing enthalpy of Ti-N is almost -190 
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kJ.mol-1 that brings negative Gibbs free energy of mixing [66], and Al is an active element 

that can be easily oxidized [14]. 

In Figure 2.12., the STEM-BF images illustrate the elemental distribution maps in 

the HighTi AM cube. The most important observable feature is Ni and Co atoms clustering, 

formed as the ultra-fine CoNi precipitates with 2nm in their size. These precipitates have 

been reported for the first time in the Ti-rich AM maraging steels; however, the LowTi 

alloy did not show the same feature in its microstructure. Galindo-Nava et al. [2] reported 

that increasing Ti content improves the strength of maraging steel by forming ɖ-Ni3Ti 

precipitates in conventional heat-treated maraging steels. It can be postulated that, the CoNi 

precipitates in the AM C300 is a metastable phase forming due to a lack of Ti element in 

the matrix. As previously discussed, Ti with its low partition coefficient and high diffusion 

rate can be easily segregated toward the intergranular regions, which intensifies Ti 

depletion within the transgranular zones [49,50]. Among all intermetallic compounds 

presented in the maraging steels, Ni3Ti is the most probable one to be precipitated due to 

its low Gibbs free energy of formation [67]; however, Ti depletion suppresses the 

nucleation of the Ni3Ti phase. In this case, Co and Ni elements react within the matrix to 

form the ultra-fine CoNi precipitates. Therefore, it is reasonable to report that the addition 

of Ti can induce CoNi formation, as also discussed by Tian et al. [67]. The CoNi precipitate 

with its high formation energy compared with the other common phases in the C300 

maraging steel such as FeCo, FeNi and Ni3Ti [59,60], act as suitable nucleation sites for 

those that show the lowest formation energy during the direct ageing treatment. The 

metastable CoNi with 0.185 eV formation energy could be transformed to Ni3Ti, FeTi, and 

CoTi with -0.538, -0.475, and -0.457 eV energy level, respectively [67]. Within the
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 temperature range of 500-650°C that is usually used to age the as-built maraging steels [13], more stable precipitates can be formed at 

the expense of primary intermetallics nucleated and grew during solidification. Since all of these stable phases are Ti-rich, ageing process 

at high temperature for sufficient holding time leads an increase in Ti solid-state diffusion from the intergranular to transgranular regions. 

 

Fig 2. 11The STEM-BF image and its corresponding elemental distribution maps showing the existence of ɔ phase between Ŭᾳ pockets in the as-built LowTi 

sample. 
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Fig 2. 12 The STEM-BF image and its corresponding elemental distribution maps showing the existence of ultra-fine CoNi precipitates in the as-built HighTi 

sample. 

The small size of CoNi clusters made them cumbersome to be visible in the EDS maps, where the selected area diffraction 

(SAAD) technique can help for further characterization. To confirm the presence of the ultra-fine CoNi clusters in the Ti-rich sample, 

the superlattice reflection of the clusters is further analyzed using the SAAD technique, as shown in Figure 2.13a. The pattern showing 

the presence of the CoNi precipitates in the HighTi matrix is identified due to the ordered structure of this phase. 
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Figure 2.13b shows a typical TEM-dark field image of the austenitic regions in the 

Ŭᾳ matrix. The width of Ŭᾳ laths is calculated for both samples, where the average thickness 

of each lath is almost 500 nm. Due to the accumulation of Ti in the ɔ region, increasing the 

titanium content does not affect the Ŭᾳ lath size. This observation confirms the grain size 

results calculated from the EBSD and confirms the previous studies [9,39]. Figure 2.13c 

reveals a TEM-bright field image to calculate the dislocation density (ɟD). Ultra-fast 

solidification during the LPBF process causes an extreme increase in ɟD because of severe 

thermal shocks associated with residual stresses by volume changes during solidification 

and phase transformation [27]. Based on equation (3) [69], ɟD can be correlated to the 

thickness (t) of the TEM foil using electron-energy loss spectroscopy (EELS) log-ratio 

technique. For this purpose, a grid with horizontal and vertical lines is superimposed on 

the TEM micrograph, followed by counting the number of vertical and horizontal 

intersections of dislocations the grid lines (Nvertical and Nhorizontal) and the dislocation density 

can be written as 

ʍ
В В

                     (2-3) 

where, ×Lvertical and ×Lhorizontal are the total length of vertical and horizontal grid lines. The 

average ɟD for LowTi and HighTi samples are calculated as 1.4×1015 m-2 and 2.4×1015 m-

2, respectively, in which a significant increase in ɟD is achieved at higher Ti content. 
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Fig 2. 13 (a) Diffraction pattern of the HighTi sample and its corresponding Miller index (i: superlattice 

reflections showing the presence of CoNi clusters), (b, c) TEM-DF and TEM-BF images of the LowTi 

matrix (ii: ɔ phase, iii: dislocations networks). 

2.3.6. Mechanical Properties 

The hardness of the AM cubes is reported as an average of ten measurements, where 

the LowTi and HighTi alloys show 33.3±1.1 and 40.3±2.4 HRC, respectively. The sample 

with higher Ti content presents almost 20% higher hardness value that can be caused by 

hardening effect of Ti-rich intergranular zones and those hard CoNi precipitates with Body 

Centered Cubic (BCC) structure well dispersed into the matrix. As another reason, higher 

dislocation density in the HighTi alloy can be taken into account, in which the strain 

hardening rate increasingly raises during the indentation. This can be assigned to the 

intensified dislocations entanglement that induces higher values of stored stresses during 

the deformation of material beneath the surface. It is well understood that Ti has a positive 

effect on the toughness and hardness of C300 maraging steels [25,27]. 

The results of the uniaxial tensile testing under quasi-static strain rate is 

demonstrated in Figure 2.14. As can be observed, those tensile samples horizontally printed 

show higher yield and ultimate tensile stresses, meantime more toughness due to higher 



 

52 
 

under-curve surface area compared to the vertical samples. The vertically printed samples, 

on the other hand, shows gentler strain hardening rate (dů/dŮ) before the maximum tensile 

stress. This means that the vertical samples present lower strain hardening capability that 

can be caused by some microstructural defects e.g. porosities and internal cracks, or the 

grains morphology that all are highly affected by G and R changes along with the building 

direction. In this regard, it has been reported that the volume fraction of the columnar grains 

that are highly susceptible to epitaxial growth, hot cracking, intercolumnar void formation, 

and segregation is much higher in the vertically printed samples [12,30,46]. Despite these 

samples that show a strong anisotropy in their mechanical properties, the horizontal 

samples usually propose less anisotropic properties accompanied by their cellular and 

equiaxed grain morphologies [23]. Generally, in spite of the vertical samples in which the 

loading and building directions are parallel, the orientation in the horizontal samples is 

perpendicular. Therefore, cracks and voids in the vertical samples more likely act as stress 

risers and produce a drastically drop in the tensile strength owing to the reduction in 

effective cross-sectional area [70].  

As another result, Ti element better elucidates its influence on the vertical samples, 

where the HighTi vertical sample shows higher values of elongation and toughness 

compared with the LowTi one. Mooney et al. [16] also observed the same trend and 

suggested that this variation is due to the presence of planar heat generation in the LPBF 

process along with the constrained movement of the build platform solely in the vertical 

direction. As previously mentioned, both Ti-containing samples showed a small volume 

fraction of porosity. Both gas and shrinkage porosities inevitably formed during the 

solidification of the melt pools and have detrimental effects on the mechanical properties, 
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as they act as stress localization sites [71,72]. The CoNi clusters uniformly distributed in 

the matrix of the HighTi sample can increase the shear strength of the lattice by interaction 

with dislocations during the uniaxial tensile test. In other words, the more Peierls stress, 

the more resistance of the lattice against the dislocationôs mobility [73].  

The coexistence of this precipitate and pre-existed porosities in the HighTi samples 

induces a better balance between hardening and softening phenomena during tensile 

deformation, which provides better elongation than the LowTi samples. The importance of 

this synergy should be considered, when the matrix is intrinsically high strength and brittle 

like the martensitic matrix in C300 maraging steels. This is because the Ŭᾳ pockets are very 

prone to the propagation of the microcracks generated neighboring the porosities during 

the deformation. Tey et al. [74] also reported the effect of precipitates and porosity on 

crack growth in AM Titanium-Steel-Copper sandwich materials, where the deleterious role 

of porosity on sample strength was controlling the brittle amorphous interface of studied 

material. To compare the mechanical properties reported in this study with some other 

research, Tables 2.4 and 2.5 present the average values of the elastic modulus (E), yield 

and ultimate tensile stresses (YS and UTS), elongation percentage at failure point, and 

toughness for both materials. Higher values of toughness and elongation percentage have 

been achieved by increasing the Ti content; however, this melioration is more significant 

in the vertical samples. Besides, the horizontal samples generally show better mechanical 

properties, particularly in load-bearing applications, where the absorbed energy before 

failure should be high. 
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Fig 2. 14 Stress-strain curves of the AM as-built samples. 

Table 2. 4. Mechanical properties of the AM LowTi and HighTi tensile samples. 

Sample E (GPa) YS (MPa) UTS (MPa) Failure elongation 

(%) 

Toughness (MJ.m-

3) 

LowTi ï 

Horizontal  

173.117±5.3 988.48±177.3 1196.37±4.6 15.1±1.0 150.19 

HighTi ï 

Horizontal  

172.997±1.3 1113.79±11.0 1217.72±11.7 15.39±1.2 159.22 

LowTi ï Vertical  140.144±1.0 1033.438±12.6 1134.453±22.6 11.68 ±1.0 108.66 

HighTi ï Vertical  146.631±5.5 962.66±12 1087.31±13.2 15.49±1.0 144.47 
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Table 2. 5. Comparison between mechanical properties of the AM maraging steel at various Ti contents, 

reported in some studies. 

 Ti content (wt.%) Hardness (HRC) UTS (MPa) Failure elongation (%) 

Current study ï V/H 

(LowTi)  

0.72 33.3 1134/1196 11.7/15.1 

Current study ï V/H 

(HighTi)  

1.17 40.3 1087/1217 15.5/15.4 

Mooney et al. (LowTi) 

[11,16] 

0.87 39.8 1174 15.7 

Mooney et al. (HighTi) 

[11,16] 

1.05 38.8 1172 12.9 

Casalino et al. [19] 0.88 35.0 1192 8.0 

Yuchao bai et al. [20,21] 0.80 39.8 1178 7.9 

Casati et al. [22] 0.70 38.8 1187 6.1 

Mutua et al. [60] 0.62 38.1 1125 10.4 

Kuļerov§ et al. [27] 0.60-0.80 38.8 1050 8.0 

Bhardwaj et al. [17,23] 0.60-0.80 39.8 1021 19.0 

 

The fractographs of the as-built LowTi and HighTi samples are given in Figure 2.15., 

where both vertical and horizontal samples show ductile fracture identified with deep 

dimples generating during the plastic deformation (see subfigures 15a-c). In some 

locations, microvoids formation and coalescence are responsible for the formation of 

abnormally huge dimples (blue arrows). An area marked with dash oval in the HighTi 

fractographs experienced decohesion during the tensile testing, which can be assigned to a 

scan track of the melt pools exposed to a large plastic deformation occurring through the 

necked area. This fact has been also reported in some studies [6,46,69]. The intergranular 

fracture is the dominant mode throughout the surface, locally associated with wavy-like 

feature of plastic deformation over some narrow places next to the edges (red arrows). The 
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wavy feature can be ascribed to a very small change in stress at its maximum value over a 

certain range of strain in the horizontally printed samples. This is due to a balance between 

softening and hardening phenomena, which are competitive at peak stress. The vertical 

HighTi sample shows a lower area fraction of abnormally grown microvoids, higher 

uniformity in ductile fracture, and less probability of abrupt decohesion. 

 

Fig 2. 15 The SEM fractographs of (a) LowTi-horizontal, (b) HighTi-horizontal, (c) LowTi-vertical, and 

(d) HighTi-vertical samples. 

2.4. Conclusions 

C300 maraging steels with two various Ti contents was horizontally and vertically 

produced via the LPBF process, and their microstructure, mechanical properties, fracture 
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behavior, texture and orientation were studied. The following conclusions can be drawn 

from this study: 

i. The volume fraction of martensite (Ŭᾳ) in both LowTi and HighTi powders is 

almost the same, while the HighTi AM sample shows lower percentage of Ŭᾳ 

compared to the LowTi AM sample. This difference is resulted by higher severity 

of Ti rejection into the intergranular regions of the HighTi alloy microstructure, and 

consequently enhancing the number of high potential sites of the retained austenite 

(ɔ). 

ii.  The volume fraction of ɔ phase in the C300 alloy powders is much higher than that 

in the AM samples due to higher solid/liquid interface velocity (R) and partition 

coefficient (k) of the solute elements during the LPBF process rather than gas 

atomization, which brings higher probability of the solute trapping or banding 

effect. Therefore, more substitutional atoms are trapped within the lattice structure, 

bringing higher hardenability in the additively manufactured samples. 

iii.  The micrographs of both LowTi and HighTi AM samples show a combination of 

columnar and equiaxed morphologies due to variation of the G and R over the 

length of the AM product, where the columnar grains are mostly formed at high 

G/R values, while equiaxed grains nucleate and grow at low G/R and  high  

constitutional undercooling (ȹTC). 

iv. Both manufactured samples show similar fractions of the columnar and equiaxed 

grains in their microstructure, in which the fraction of columnar and equiaxed 

grains are 12% and 88%, respectively. The grain size distribution of the LowTi and 

HighTi samples are reported within 1 to 5 µm2. 
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v. The HighTi sample shows numerous ultra-fine CoNi precipitates through its TEM 

micrograph, which is a metastable phase in the maraging steels. Therefore, it has 

been postulated that this phase can be transformed to more stable precipitates like 

Ni3Ti, FeTi, and CoTi during direct ageing, where Ti element can diffuse from the 

intergranular to transgranular regions induced by a sufficient holding time at high 

temperatures. 

vi. The hardness of the HighTi sample shows higher values than the LowTi one. The 

HighTi sample also reveals higher dislocation density that provides higher ultimate 

tensile strength. The stress-strain curve of the HighTi sample shows more scattered 

trend between the horizontal and vertical directions in comparison with the LowTi 

sample. In terms of toughness, UTS, and elongation, the samples horizontally 

printed overall present better mechanical properties and propose steeper rate of 

strain hardening before the peak stress. The mode of fracture for both materials is 

ductile transgranular accompanied by dimples formation. 
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Chapter 3: Concurrent improvement of strength and ductility 

in heat-treated C300 maraging steels produced by laser 

powder bed fusion technique  
 

3.1. Introduction 

Maraging steel is a class of low carbon iron-nickel alloys with high strength and 

toughness, which are primarily alloyed with Ni, as well as Co, Mo, Ti, and Al [1][2]. The 

ultra-high-strength of this class of material is achieved by aging treatment resulted in the 

formation of intermetallic precipitates such as Ni3Ti [3][4]. High strength and superior 

toughness of maraging steels made them suitable candidates for demanding applications 

such as aerospace, marine, nuclear, tooling, and transportation [5][6][7]. In this category, 

maraging steel 300 (300 is the yield strength in ksi) is a traditional maraging steel grade 

with 18 wt.% Ni along with 8.5-9.5 wt.% Co, 4.6-5.2 wt.% Mo and smaller amounts of Ti 

and Al [5][8].  

Recently, additive manufacturing (AM) techniques have been widely used to 

manufacture maraging steels [9][10]. Laser powder bed fusion technique (LPBF) is one of 

the AM procedures to fabricate three-dimensional objects directly from a powder or wire 

feedstock using a computer aided design (CAD) model [11][12]. Different thermal 

gradient, cooling rates and solidification front velocities across the melt pool results in 

evolution of a heterogeneous microstructure (both chemical and structural) during LPBF 

[13] [14].  As a result of this effect a very fine cellular structure has been formed during 

LPBF reportedly improving the mechanical behavior of  the manufactured parts [15]. 

However, in the LPBF process, due to the large thermal gradients, residual stresses 
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developed in as-built samples whereby some cracks may be created within the material 

[16][17][18]. To relieve these high residual stresses within the LPBF products, usually 

subsequent heat treatments needed after the LPBF process [19]. On the other hand, to 

optimize the physical and mechanical properties of maraging steel, it is essential to 

understand aging behavior during the heat treatment process [20]. In maraging steel, heat 

treatment is an effective way to improve mechanical properties through the formation of 

intermetallic precipitates [21]. Solution treatment/aging [22] and direct aging [23] are two 

common post heat treatment procedures that were introduced for LPBF of maraging steel. 

Solution treatment which is heating to temperature higher than austenite finish temperature 

(750 °C), results in the elimination of austenite phase. However, aging results in the 

formation of precipitates and martensite to austenite reversion.  

To date, several studies have been carried out to investigate the heat treatment 

process of additively manufactured maraging steel. For example, Conde et al. [24] studied 

the effect of different heat treatment schedules on LPBF-maraging steel 300. Their results 

showed that the promotion of martensite-to-austenite reversion is beneficial to enhance the 

ductility and toughness of maraging steel parts. In another study, Conde et al. [10] 

investigated austenite reversion in maraging steel 300 produced by selective laser melting. 

They concluded that martensite-to-austenite reversion between 610 and 690 °C results in 

gradual martensite to austenite reversion with high thermal stability. Mooney et al. [25] 

investigated different heat-treatment procedures on LPBF-maraging steel 300 to identify 

the optimum combinations of time and temperature, which can reduce anisotropy. They 

reported that, aging at 490 °C for 8 hours offered an optimal strength (yield strength 

(Rp0.2)>1900 MPa) whereas aging at 525 °C for 8 hours provided a trade-off between yield 
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strength and ductility (Rp0.2>1700 MPa and At å 10% ). Mutua et al. [22] studied the effect 

of post-heat treatment (solution treatment at 820 °C for 1 h and aging at 460 °C for 5 h) on 

the microstructure and mechanical properties of maraging steel 300. They found that after 

solution treatment and aging, the maximum tensile strength obtained was 2033 MPa.  

Increasing both the ductility and strength of heat-treated maraging steel parts 

simultaneously has been a challenge for researchers [26]. It was reported that reverted 

austenite and precipitation formation are two factors, which affect the mechanical behavior 

of maraging steels significantly [1][23]. Previous studies on conventional maraging steels 

reveal that reverted austenite formation and subsequent phase transformation also change 

the texture development and subsequent mechanical behavior [27][28][29]. Although the 

previous studies investigated the effect of heat treatment in improving the mechanical 

behavior of maraging steel, only a few studies have focused on the texture development 

manufactured by the LPBF process [19][24][22]. Thus, the effect of reverted austenite in 

the texture development of additively manufactured maragings steel was not studied 

before. Furthermore, the strength of maraging steels can notably be improved by precipitate 

formation after heat treatment. Maraging steel is strengthened by the precipitation of 

intermetallics at temperature of about 455ï510 °C. Depending on aging time and 

temperature, different precipitates such as Ni3Ti, Ni3Mo, Ni3Al, Fe2Mo can be embedded 

in the martensite matrix [14][30]. There are many studies, which focused on precipitate 

evolution, and strengthening on conventional [20] and additively manufactured [31] 

maraging steels. However, few studies have been published regarding the effect of 

chemical composition on precipitate evolution. 
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Chemical composition can have a significant effect on reverted austenite and 

precipitation formation. Galindo-Nava et al. [32] conducted a critical assessment of the 

individual contributions of Ni, Cr, Al, and Ti on the mechanical behavior of maraging 

steels. They concluded that the reverted austenite kinetics promotes by Ni and Ti additions 

have the highest strengthening effect by precipitating Ni3Ti in the matrix. Gray et al. [33] 

studied the effect of chemical composition on the volume fraction and precipitate chemistry 

of maraging steels. They concluded that decreasing Mo and W elements (crucial elements 

in forming laves) could reduce the formation of the laves phase and increase the formation 

of precipitates, which affect mechanical properties. Escobar et al. [34] investigated the 

effect of austenite-stabilizing (Ni, Mn, Cu), ferrite stabilizing (Cr, Mo), and carbide 

forming elements (Ti, N) on the formation of reverted austenite in super martensitic 

stainless steels . Their results showed that carbon and titanium have essential roles in 

stabilization of austenite during the reversion process with precipitation of Ti(C, N). 

Despite the available studies on maraging steels, there is a knowledge gap on the 

effect of chemical composition (Ti content) on reverted austenite and precipitate formation 

of LPBF-maraging steels. Therefore, in this work, the effect of Ti content on the 

microstructure and mechanical properties of as-built and heat-treated 18Ni-300 maraging 

steels produced by LPBF is discussed. Using X-ray diffraction and advanced electron 

microscopy techniques, the submicron changes of reverted austenite and precipitates are 

investigated. The heat treatment process of 490° C and 6 h (recommended by EOS GmbH) 

was chosen for the study. 
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3.2. Experiments 

3.2.1 Sample preparation 

C300 maraging steel powders with a size distribution of 10ï50 ɛm was used for the 

LPBF process. As given in Table 3.1., the two different metal powders were chosen with 

0.72 to 1.17 wt.% titanium content. The chemical composition was identified via an 

inductively coupled plasma-optical emission spectrometry (ICP-OES), in which an Agilent 

ICAP 725 was employed. In terms of Ti content, HighTi composition was chosen in such 

a way to make sure that Ti wt.% is far enough from 0.72 wt. % to avoid the probability of 

elemental loss during the LPBF. Also, 1.17 wt. % is not too high to induce a significant 

difference in phase stability and phase transformation. 

 

Table 3. 1. Chemical composition of powders used in this study. 

 Elements (wt.%) 

Ni Co Mo Ti  Si Mn C Al  S P Cr  

Standard 18.0-

19.0 

8.5-

9.5 

4.6-

5.2 

0.55-

0.8 

0.1 0.1 0.03 0.05-

0.15 

0.01 0.01 - 

LowTi  17.98 8.85 4.85 0.72 0.09 0.06 0.016 0.09 0.008 - 0.15 

HighTi  17.68 9.26 4.82 1.17 0.06 0.03 0.012 0.11 0.011 - 0.11 

 

Cubic and rod samples were additively manufactured using an EOS M290 additive 

machine at Additive Metal Manufacturing Inc. (AMM) in Concord, ON. The same process 

parameters recommended by EOS GmbH [35] to achieve the minimum porosity volume 
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fraction were used (listed in table 3.2.). Stripe scanning strategy by rotating the laser beam 

67° between the successive layers was utilized during the process. Sample cube (a=15 mm) 

and the rods (D=12 mm, L/D=10) were printed on the top of a build plate preheated at 

40̄ C. Fig. 3.1. shows the schematic of the cubes and rods that were fabricated. 

A Calvin 1543 heat treatment chamber was used to perform the heat treatment 

procedure. The heat treatment schedule recommended by EOS GmbH [35] for the C300 

maraging steel consists of heating the sample at 490 °C for 6 h, followed by furnace 

cooling. 

 

 

Fig 3. 1 Schematic of cube and rod fabricated samples in the LPBF process. 
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Table 3. 2. Process parameters of the LPBF process. 

Laser power (W) Scanning speed (mm/s) Layer thickness (ɛm) Hatch distance (ɛm) 

285 960 40 110 

       

3.2.2. Phase and microstructural analyses 

Phase analysis was implemented using the X-ray diffraction (XRD) technique using 

a Bruker D8 DISCOVER instrument Located at McMaster Analytical X-Ray Diffraction 

(MAX) facility. This instrument, equipped with DAVINCI.DESIGN diffractometer using 

a Cobalt Sealed Tube Source (ɚavg= 1.79026Å), was utilized for texture macroanalysis and 

phase identification. 2ɗ range of 40ï110° at 35kV and 45mA power settings was used to 

collect the data. XRD data were then analyzed with Rietveld analysis through Topas 

software Version 4.2.  

The microstructure of the as-built and heat-treated maraging steels was characterized using 

scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), and 

transmission electron microscopy (TEM). SEM and EBSD were performed using a Hitachi 

SU-70 Field Emission Gun (FEG) ultra-high-resolution. The results were processed with 

Oxford Instruments HKL Flamenco software. EBSD scans were performed at both low 

(x300) and high magnifications (x5000) over areas of 420 ɛmĬ315 ɛm (500 nm step size) 

and 30 ɛmĬ20 ɛm (50 nm step size), respectively. A standard metallography procedure 

was applied to the EBSD samples. Further investigations on the microstructural features of 

the samples were done using an FEI Tecnai Osiris TEM with a 200 keV X-FEG gun 

coupled with a Super-X windowless EDS detector. Ion milling was used for preparing the 
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TEM samples using a Gatan Precision Ion Polishing System (PIPS) model 691. The effect 

of Ti on microstructural changes was observed in the cube samples to avoid any 

interference between the effect of building direction and Ti. Therefore, SEM, EBSD and 

TEM were conducted on the cuboidal samples. 

 

3.2.3. Mechanical properties 

A CLARK CRM12 Rockwell hardness machine with a diamond indenter head and 

150 kg load was used for hardness measurements. The hardness measurements were 

performed on the cuboidal samples, where the mean value of at least 10 measurements was 

reported.  

Dog-bone tensile samples with 6mm gauge diameter and 32mm gauge length were 

machined from the cylindrical rods according to the ASTM E8/E8M-15a standard [36]. A 

universal hydraulic controlled Instron 1332 machine with a 25 mm extensometer was used 

for conducting the uniaxial tensile test at a quasi-static 9×10-4 s-1 strain rate. Each test was 

repeated 3 times to ensure reproducibility. In addition, the gauge sections along the tensile 

axis of the samples were cut and polished for texture macroanalysis. 

3.3. Results 

3.3.1. Mechanical properties of as-built and heat treated samples 

As the ýrst step to characterize the mechanical properties, the hardness of cube 

samples is measured on the top surface in as-built and heat-treat conditions. The hardness 
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for LowTi and HighTi samples in the as-built condition is 33±1.1 HRC and 40±2.4 HRC, 

respectively, which shows an increase of about 21.21% with the addition of Ti.  

Furthermore, the hardness in the heat-treated samples is 55±0.68 HRC for LowTi and 

57±0.63 HRC for HighTi, which shows an increase of about 3.63% with Ti addition after 

heat treatment. It should be noted that, although hardness HRC values are similar between 

LowTi and HighTi, there is still a consistent difference between them in HV (649 HV for 

LowTi and 727 HV for HighTi). 

Fig. 3.2. shows a typical stress-strain curve for two HighTi and LowTi maraging 

steel samples in the as-built and heat-treated conditions. Increasing Ti content in this 

maraging steel resulted in increasing the ultimate tensile strength (UTS) and elongation 

compared to LowTi counterpart in both as-built and heat-treat conditions. With regards to 

mechanical properties in the as-built condition, HighTi samples exhibit higher strength and 

elongation (1215.51MPa and 14.23%) than the LowTi sample (1192.51MPa and 14.05%). 

After heat treatment, the UTS was 2057.74MPa for the HighTi sample compared to the 

LowTi sample with 1938.14MPa (Showing an increase of 6.14%). Furthermore, as can be 

seen, the tensile ductility decreased after heat treatment to 4.05% and 1.94% for the HighTi 

and LowTi samples respectively (showing an increase of nearly double).
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Fig 3. 2 Uniaxial tensile stress-strain curves in as-built and heat-treat conditions.
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3.3.2. Microstructure 

Fig. 3.3. shows the SEM images of the side view (i.e. parallel to building direction 

(BD)) of the as-built and heat-treated cube samples. As it can be seen, three different zones 

across the melt pools (MP) can be observed in the microstructure: columnar dendritic 

structures at the bottom of the melt pools (area (i)), cellular structures between columns 

(area (iii)), and equiaxed morphology at the top central zone (area (ii)) [23]. Grain 

boundaries of heat-treated samples are vague and irregular, which can be due to the 

homogenization of microsegregation at high temperatures during heat treatment [23]. It 

seems that HighTi heat treated sample has more equiaxed grains based on Fig 3.3(d).
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Fig 3. 3 SEM images of the microstructure of the as-built and heat-treated samples. (a) LowTi as-built, b) HighTi as-built, c) LowTi heat treated, d) HighTi heat 

treated. ((i) Columnar structure at the bottom of the melt pools, (ii) Equiaxed structure at the top of the MP borders, (iii) Cellular structure inside the MP). 
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3.3.3 Crystallographic orientation 

To determine the morphology and orientation of the microstructure, electron 

backscatter diffraction (EBSD) is performed on the longitudinal cross section of the as-

built and heat-treated cube samples (i.e parallel to BD). Inverse Pole Figure (IPF-Z maps) 

are used in these figures since the preferable growth direction is parallel to the building 

direction in the LPBF process. Fig. 3.4. and 3.5. shows the IPF-Z maps and corresponding 

pole figures of maraging steel samples in as-built and heat-treated conditions. As can be 

seen in these two figures, pronounced crystallographic orientation are observed after Ti 

addition; while a weak texture is seen in the LowTi maraging steel, a preferred {111} 

texture is developed in HighTi alloy (in both as-built and heat treated conditions).  

Therefore, by adding Ti, <111> ɔ fibre texture (blue color) and a copper component ({112} 

<111>) were developed.  
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Fig 3. 4 EBSD results of the side of the samples at ×300 magnification. IPF-Z map of the HighTi and 

LowTi samples in as-built and heat-treat conditions. Build direction (z-axis) is marked as BD in the IPF 

maps. (a) LowTi-as built, b) HighTi- as built, c) LowTi heat treat, d) HighTi-heat treat.
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Fig 3. 5 EBSD results of the side of the samples at ×300 magnification. (100) and (111) Pole figure maps of HighTi and LowTi samples in as-built and heat-treat 

conditions.  (a) LowTi-as built, b) HighTi- as built, c) LowTi heat treat, d) HighTi-heat treat. 

 

To achieve deeper details of crystallographic orientations and fibers, orientation distribution function (ODF) maps in ◖ = 45° 

section in the as-built and heat-treated conditions were presented in Fig. 6. ODF maps also prove that the Ti addition can change the 
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crystallographic texture. As can be seen in Fig. 3.5., in the HighTi sample, fibre, and copper 

texture developed which is consistent with previous analysis. As can be seen by adding Ti, 

a relatively strong ɔ -fiber developed, where a strong near-rotated cube texture 

({001}<110>) formed in as-built and heat treated samples for the LowTi sample. 

  

 

 

Fig 3. 6 EBSD results of the side of the samples at ×300. ODF maps (◖2=45°) of the HighTi and LowTi 

samples in as-built and heat-treat conditions. (a) texture component key (b) LowTi-as built, c) HighTi- as 

built, d) LowTi heat treat, e) HighTi-heat treat. 
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3.3.4. Grain morphology 

Oxford Instruments HKL Flamenco software was used for processing the EBSD 

scans. The fraction of columnar and equiaxed grains was evaluated for both samples before 

and after the heat treatment from the IPF-Z maps and is shown in Table 3.3. To identify 

the columnar and equiaxed grains, the grain shape aspect ratio (◖), defined as ◖ =L2/L1, is 

considered, where L1 is the major axis, and L2 is the minor axis of an ellipse fitted to each 

grain, respectively. Columnar grains are determined with ◖ Ò0.33 (L2:L1=1:3 and lower), 

while equiaxed grains are identified by ◖ >0.33 [37].  As can be seen from Table 3.3., 

equiaxed grains fraction increased after heat treatment for both alloys (about 6.12% for 

HighTi sample and 8.32% for LowTi sample), which indicates that partial recrystallization 

occurred.  

 

Table 3. 3. Area fraction of columnar and equiaxed grains in the as-built and heat-treat conditions. 

Sample Fraction of columnar grains Fraction of equiaxed grains 

LowTi -as-built  8.14 91.85 

HighTi -as-built  5.80 94.19 

LowTi -heat treated 0.50 99.5 

HighTi -heat treated 0.37 99.96 

 

3.3.5. Phase identification of as-built and heat treated samples  

To evaluate the effect of heat treatment on the phase transformation, X-ray 

diffraction analysis was employed. Fig. 3.7. shows the XRD spectrum in the 2ɗ range of 
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40̄ -110̄  for the as-built and heat-treated conditions of both LowTi and HighTi alloys. 

XRD spectra show that the as-built microstructure of both alloys consists of austenite and 

martensite. The results show that after heat treatment, no significant change in the intensity 

of martensite peaks is observed and intensity of {200}, {111}, and {220} peaks of austenite 

were increased. Furthermore, no sign of the peaks for precipitates were observed in the 

heat-treated samples, which might be due to the small size and volume fraction of 

precipitates. During heat treatment, the temperature increased to above Ms, and some 

amount of martensite phase in the microstructure transformed back to the austenite, which 

is called reverted austenite [38]. 

Table 3.4. shows the volumetric percentage of phases based on Rietveld refinement 

analysis. As can be noted, after heat treatment, austenite fraction increases significantly for 

both LowTi and HighTi samples.  In the case of LowTi, the austenite volume fraction 

increased from 2.9% to 8.88%, whereas in the case of HighTi sample, the austenite fraction 

changed between 3.94% and 17.89%. This shows that heat treatment resulted in an increase 

of austenite fraction for both alloys, which this increase was about twice for the HighTi 

alloy. 
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Fig 3. 7 XRD pattern of HighTi and LowTi LPBF-maraging steel samples in (a) as-built and (b) heat-

treated conditions. 

 

Table 3. 4. Volumetric percentage of phases in the as-built and heat-treat conditions. 

Sample Ŭᾳ volume fraction (%) ɔ volume fraction (%) 

LowTi as-built  97.03 2.97 

HighTi as-built  96.06 3.94 

LowTi heat treated 91.12 8.88 

HighTi heat treated 82.01 17.89 

 

To analyze the effect of Ti content on the phase fraction of reverted austenite, high 

magnification EBSD analysis for heat-treated LowTi and HighTi samples was performed. 

As can be seen in Fig. 3.8., heat-treated maraging steel consists of Ŭ-martensite (red color) 

and ɔ-austenite (yellow color) and precipitates (here Ni3Ti as green color). It is noteworthy 

to mention that, after heat treatment of 6 h at 490 °C, two types of precipitates (Ni3Mo and 

Ni3Ti) were reported in maraging steel [23] (one of them identified as hexagonal Ni3Ti in 

EBSD maps). The areas near cell boundaries, identified as austenite (yellow spots), are 
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formed, which all of austenite grains in each sample have same crystallographic 

orientation; this has been observed before [19][39].  Crystallographic orientations of the 

austenite grains are changed in LowTi and HighTi samples. In the LowTi sample, all 

austenite grains have the same <100> orientation (red color). However, in the HighTi 

sample, all austenite grains in this area have the same <111> orientation (blue color), which 

is consistent with the pole figure in 300X magnification (Fig. 4). We can conclude that Ti 

not only can increase the volume fraction of austenite grains, but also it can change the 

orientation of austenite grains too. This change of orientation is the reason for the 

development of fibre texture in the HighTi sample. The difference between the X-ray 

diffraction and EBSD results in term of phase area fraction is because of significantly 

smaller areas that were scanned in the EBSD maps (due to the small size of austenite grains, 

high magnification EBSD was needed). The small austenite grains are detected mainly in 

intercellular and intercolumnar regions. Previous studies also reported the exclusive 

presence of austenite at the cell or dendrite boundaries for AM maraging steels [19][40]. 
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Fig 3. 8 EBSD results of the side of the samples at ×5000 magnification. (a) IPF-Z map of heat-treated 

LowTi sample (b) Phase map of heat-treated LowTi sample. (c)IPF-Z map of heat-treated HighTi sample 

and (d) phase map of heat-treated HighTi sample. Yellow spots represent reverted austenite, and green 

spots represent Ni3Ti precipitates. 

3.3.6. TEM analysis in the heat treated samples  

Further analysis is conducted using the TEM technique to study austenite and 

precipitate formation in maraging steel samples during heat treatment. Fig. 3.9. shows 

scanning transmission electron microscopy (STEM) image and energy-dispersive X-ray 

spectroscopy (EDS) mappings of LowTi sample showing chemical composition and 














































































































































































































































































































































































































































































































