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Abstract. Additive manufacturing (AM) of steels involves the layer by layer consolidation of 

powder or wire feedstock using a heating beam to form near net shape products. For the past 

decades, the AM technique reaches the maturation of both research grade and commercial 

production due to significant research work from academic, government and industrial research 

organization worldwide. AM process has been implemented to replace the conventional 

process of steel fabrication due to its potentially lower cost and flexibility manufacturing. This 

paper provides a review of previous research related to the AM methods followed by current 

challenges issues. The relationship between microstructure, mechanical properties, and process 

parameters will be discussed. Future trends and recommendation for further works are also 

provided. 

 

1.  Introduction 

Steel has been widely used in various applications, starting from the defense, petroleum, automotive, 

nuclear and chemical industries, due to its excellent mechanical properties and cost efficient [1]. 

Among them, stainless steels are getting more attention due to its excellent corrosion and oxidation 

resistance. Chromium additions impart passive protection layer when the amount of more than 11% 

[2]. However, there is a difficulty using conventional manufacturing to fabricate complex shape parts 

with cooling channels, mesh structure or inner cavities.  

Additive manufacturing (AM) is a revolutionize technology which can manufacture solid parts 

from 3D image data through layer by layer processing. This technique melts the powder particle using 

electron or laser beam, while heat source is moving relative to base materials and then parts will 

solidify. AM process can be classified into two categories: powder bed (PB) and flow-based technique 

[3–5]. The PB process covers the electron beam melting (EBM) and selective laser melting (SLM), 

while flow-based method includes the laser-engineered net shaping (LENS), direct metal deposition 

(DMD) and direct metal laser sintering (DMLS).  

PB technique starts from the bed of powder and the beam scanning the powder that melts the 

powder and solidified as final parts. The illustration of the process is shown in figure 1. These 

methods give parts with high density, excellent mechanical properties, and smooth surface, but it is 

limited for small scale product due to small beam size. While flow-based method begins with the 

injection of powder feedstock through the deposition head and heat from beam melts layer by layer 

until the desired part. This technique can build large scale products due to high deposition rate and 

volume, but it creates a rough surface and imprecision dimension. The methods are illustrated in figure 

2.  
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Several types of steels have been processed through AM technique. Starting from pure iron, 

stainless steel (304, 316, 321, 347, 420, 17-4PH), tool steel (H13, M2 HSS), maraging steel 

(18Ni300), until low-alloyed steel (4140, 4340). The lists of previous work on the AM of steel are 

shown in table 1. 

The focus of this paper is the development of the AM technique for steels materials, along with the 

current scientific, technical challenges and economic consideration that still need to be solved. 

 
 

 

Figure 1. Powder bed fusion illustration scheme (adapted from [4]) 

 

 

 

 
 

Figure 2. Flow-based illustration scheme (adapted from [4]) 
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Table 1. List of publication 

      

AM 

Technique 
Machine Type Alloy 

Heat 

Source Power 

Input Feedstock 

Characteristics 
References 

EBM 
Arcam 

(Sweden) 
H13 steel Electron beam Powder particle [6] 

EBM Arcam S12 Pure iron Electron beam 
Gas atomized 

powder 
[7] 

EBM Arcam AB 316 Electron beam Powder particle [8] 

EBM EBSM (China) 316L Electron beam 
Gas atomized 

powder 
[9] 

EBM Sciaky (USA) 
Stainless steel 

321, 347 
Electron beam Wire filler [10] 

SLM 
EOS 

(Germany) 

Stainless steel 

(17-4, 15-5 PH) 

Yb-fiber laser 

beam 
Powder particle [11,12] 

SLM 
Realizer 

(Germany) 
316L Laser beam Powder particle [13] 

SLM 
SLM-Solution 

(Germany) 
316-L 

Yttrium fiber 

laser 
Powder particle [14–16] 

SLM 
Concept Laser 

(Germany) 

Maraging steel 

(18Ni300) 

Continuous 

fiber laser 
Powder particle [17] 

SLM 
Concept Laser 

(Germany) 
M2 HSS 

Nd: YAG 

laser beam 

Gas atomized 

powder 
[18] 

SLM 
Concept Laser 

(Germany) 
316L Laser beam Powder particle [12,19–21] 

SLM 
Concept Laser 

(Germany) 

17-4 PH 

stainless steel 

Fiber laser 

beam 

Water atomized 

powder 
[22] 

SLM 
Concept Laser 

(Germany) 

Low alloyed 

steel 

Nd: YAG 

laser beam 

Water and gas 

atomized powder 
[23] 

SLM HRPM (China) 316L Fiber laser 
Gas atomized 

powder 
[24] 

SLM HRPM (China) AISI 420 
Continuous 

fiber laser 

Gas atomized 

powder 
[25] 

SLM LSNF (China) 304 SS 
Continuous 

fiber laser 
Gas atomized [1] 

DMLS 
EOS 

(Germany) 
4340 steel 

Ytterbium 

fiber laser 
Powder particle [26] 

DMLS Laser-based 316L 
Continuous 

CO2 laser 
Powder particle [27,28] 

LENS 
LENS (SNL-

USA) 

304L and 17-

4PH 
Laser beam Atomized powder [29] 

LENS 
LENS (SNL-

USA) 

316 and 316L 

SS 

Nd: YAG 

laser beam 
Powder particle [30–33] 

LENS LENS H-13 steel Laser beam Powder particle [34–36] 

LENS LENS AISI 4140 Laser beam 
Pre-alloyed 

powder 
[37] 

DMD Laser-based AISI 4340 steel Laser beam 
Pre-alloyed 

powder 
[38] 

DMD Laser-based H13 steel Laser beam Powder particle [39,40] 
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2.  Microstructure and Mechanical Properties of AM Parts 

The final properties of an AM product are depending on the process parameter such as laser power, 

scanning speed, beam diameter, layer thickness, beam scan pattern, build direction, and powder mass 

flow rate. The microstructures are also controlled by thermal history cause by repeating heating and 

cooling process during AM or also called thermal cycle. The thermal cycle induced the grain to 

growth on preferred crystallographic orientation, for example <100> direction for fcc alloys, which 

cause strong crystallographic texture, anisotropic tensile properties and evolve the microstructure [41]. 

However, Dehoff et al. show that the microstructure can vary from columnar grains with very strong 

texture to almost equiaxed grains with weaker texture using a modification of build parameters [42]. It 

makes the randomly crystallographic texture is possible in the AM process. On the other hand, Peter 

demonstrated that hot-isostatic processing (HIP) could also result in the equiaxed grain formation [43].  

 

Table 2. Tensile properties of steel fabricated by AM technique 

         

Machine 

Type 
Alloy Condition 

Specimen 

Orientation 

   

(MPa) 

     
(MPa) 

  (%) 
Hardness 

(HB) 
Ref. 

SLM 250 316L 

As-built 

Z 

500 600.2 55 NA 

[16] 
Heat-

treated 
475 617.9 54.1 NA 

HIP 380 586.6 64.4 NA 

SLM M1 316L As-built NA 640 760 30 NA [12] 

LENS 316L As-built Z 405-415 620-660 34-40 NA [33] 

  
Heat 

treated 
 325-355 600-620 42-43   

Wrought 

Alloy 
316L 

Anneal 

treated 
 235 560 55 146 a 

EOS 

M270 

15-5 

PH 
As-built NA 1100 1470 15 NA [12] 

Wrought 

Alloy 

15-5 

PH 

H900 

condition 
 1275 1380 14 420 b 

EOS 

M250 

AISI 

4340 

Stress 

relieved 
XY 1303 1372 16-17 430-468 [26] 

DMD 4340 
Stress 

relieved 
XY NA 1398 1.66 NA [38] 

Wrought 

Alloy 
4340 

Heat 

treated 
 1475 1595 12 NA c 

a Nominal wrought 316L data from Online Metals Corp. (www.onlinemetals.com) 

b Nominal wrought 15-5 PH data from Online Metals Corp. (www.onlinemetals.com) 

c Nominal wrought AISI 4340 data from Material Property Data (www.matweb.com) 

 

The thermal cycles can also trigger a variety of metallurgical phenomena such as solid-state phase 

transformation and segregation behavior. El Kadiri et al. investigate the phase transformation of low-

alloyed steel fabricated by LENS [37]. They found that delta ferrite is the primary phase of the 

solidification process. Due to very high cooling rates, they observed fine allotriomorphs ferrite in the 

microstructure which can lead very brittle behavior. In addition, Jagle et al. studied the microstructure 

evolution in the maraging steel fabricated by SLM [17]. They found that martensite is the main phase 

in the as-built condition also due to high cooling rates. Several post-heat treatments have been used to 

formed precipitate phase and reported that it could increase the hardness of the maraging steels. 

Therefore, these unconventional thermal history processes unleash possibility to control the 

microstructure of any kinds of steels materials.  
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Defects density can induce by the process parameters, including microvoids, inclusion, pores de-

bonding and weak grain boundary. Xue et al. investigate the effect of microporosity on the tensile 

strength of 316L fabricated by LENS methods [32]. It is reported that an increasing porosity volume 

can significantly decrease the tensile properties. Therefore, the HIP treatment has been used to reduce 

the amount of porosity and proven to increase the fatigue limit on the 316L stainless steel [15]. 

There are only a few research works using wire filler. Qi et al. reported that high amount of MC 

carbides formed in the stainless steel fabrication [9]. This secondary phase can lead brittle properties 

and lower the ductility. Therefore, most of the previous works used powder as an input feedstock. 

Table 2 summarizes the tensile properties of steel from the previous research works. The table shows 

that most of the AM fabricated steel has an excellent mechanical properties compare to the 

conventional process product. 

 

3.  Technology Challenges 

From the heat source, AM methods can be divided as two, using laser or electron beam. Due to its 

different nature energy carried out by photons and electron, it gives significant differences. The 

electron beam can provide higher scan rate up to 10
4
 mm/s compared to the laser beam that only 1200 

mm/s [44]. The electron beam can leap instantly from point to point and move inertia-free, but it has 

significant disadvantages which need a vacuum atmosphere to operate. Therefore, there are only a few 

studies using electron beam for steel fabrication, but it is popular for Ti alloy and Ni-base alloys 

manufacturing. 

One of the major drawbacks on the AM technologies is the residual stresses that decrease the 

mechanical properties of the final product. The melting process creates thermal gradients between 

different layers which lead to significant residual stress. These residual stresses can be accurately 

measured using x-ray or neutron diffraction [20]. According to Rangaswamy et al. the magnitude of 

local residual stress reach up to 75% of the yield strength of the material, and it goes higher for 

superalloys parts [45]. As a result, these residual stresses also cause considerable inaccuracies on the 

dimension in the final product. Additional treatment has been proposed by Klingbeil et al and Shiomi 

et al which showed that substrate preheating and post-annealing treatment can be used to limit warping 

displacement induced by residual stresses [46,47]. 

 

4.  Economic Consideration 

According to the conclusion from Baumers, there are two AM advantages over conventional 

manufacturing techniques [48]. First, AM methods can efficiently fabricate complex geometry 

components and second, this technology can manufacture very small production quantities at 

relatively low average cost. This indicates that AM have future in economic perspective. The 

implementation of AM method can reduce cost budgeting, increase the efficiency of raw material used 

and reduce the waste of production in various industries. 

The AM process can be replacing the production of tool dies in the injection moulding machine, 

which made of tool steel. The die requires a complex shape with a cooling channel and inner cavities. 

Kinsella investigated the flow-based AM method for Nickel superalloy (IN718) in forged engine case 

[49]. It is reported that more than 30% cost saving can be achieved using AM process compared to 

conventional process. However, only a few researches have been done investigating the prospective 

studies in steel materials. 

The cost in manufacturing can be divided into (i) fixed cost such as tools, dies, buildings, etc, and 

(ii) recurring costs include raw materials, labour, etc. Figure 3 shows the illustration of total cost of 

manufacturing component via AM and conventional process. The total cost was calculated as a linear 

function of amount of parts being produced. The slope line represent the ratio of the recurring cost of 

AM divided by the recurring cost of conventional method. This cost model calculated that the budget 

of AM has a cheaper manufacturing cost than the conventional one for small-scale production, proven 

by interception in 175 parts for 2 recurring cost while 90 parts for 1.5 recurring cost. In summary, the 
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AM is currently favoured in small-production due to significant recurring cost driven by the high cost 

of raw material.  

 
 

Figure 3. Cost comparison between AM and conventional process (adapted from [4]). 

 

5.  Conclusion and Further Works 

Additive manufacturing revolutionize future industrial production by offering several advantages 

compare to conventional one, such as production of small quantities with complex geometry, design 

freedom, and reduction of development times. Along with optimum processing parameters and post-

treatment, the resulting AM mechanical properties are comparable or even better than the conventional 

production methods. However, the AM processes with various type of machine, are presently far from 

being completely developed to manufacture the controlled-microstructure materials. Therefore, the 

future works should focus on the better understanding of process control, enhance the machine power 

and design new alloys. The computational approach also could be used to minimize the trial and error 

experiment. In addition, the cost reduction of raw materials should be continued.  
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