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ABSTRACT 

Additive manufacturing provides exceptional geometrical freedom to the designers and 

enables the production of parts that cannot be made through subtractive processes. Defects in 

additively manufactured (AM) metals are detrimental to the manufactured components. This 

study aims to understand the fracture initiation mechanism in as-built AM 17-4 stainless steel. 

Micro-computed tomography (micro-CT) analysis was conducted on the undeformed and 

fractured unnotched and notched specimens to characterize the defects in the as-printed 

specimens before and after deformation. The micro-CT analysis showed that the initial void 

count and volume fraction increased after the deformation indicating new void nucleation and 

dilation of voids. Furthermore, coalesced void colonies were noticed in the fractured specimens 

in the vicinity of the fracture surface. Evidence for void nucleation, dilation, and coalescence 

indicates ductile fracture to be the fracture initiation mechanism in AM 17-4 steel. 
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1.  INTRODUCTION 

1.1. Background 

Additive manufacturing is a technique used to fabricate three-dimensional objects layer-

by-layer from powder, wire, or sheets using three-dimensional computer-aided design (CAD) 

model data without any secondary processing [1]. The main advantage of additive manufacturing 

over the conventional subtractive fabrication and shaping process is that it can quickly produce 

complex parts with optimized geometry and functionality in relatively small production units [2]. 

Moreover, unlike conventional subtractive manufacturing, the additive manufacturing process 

does not involve the discharge of wastes which aids in maintaining sustainability by repairing, 

remanufacturing, extending lifetime, recycling, consolidating parts, and optimizing processes to 

save energy and material that promotes green technology [3]. Different metallic alloys such as- 

stainless steel, aluminum alloys, titanium alloys, copper alloys, super alloys, cobalt alloys, and 

refractory alloys are employed in powder or wire form depending on the additive manufacturing 

process [1,4–6]. Metal additive manufacturing is often differentiated into two broad categories 

based on feedstock: (i) powder bed system and (ii) powder or wire feed system [1,4]. Powder bed 

systems can be classified in terms of the source of the powder into two categories: electron beam 

melting (EBM) and laser powder bed fusion (LPBF). LPBF technique can be classified as 

selective laser melting (SLM), selective laser sintering (SLS), and direct metal laser sintering 

(DMLS) [1,4,7]. LPBF is becoming popular for manufacturing metallic parts with complex 

geometry. In the LPBF procedure, thin layers of powder are deposited on the build plate, and the 

laser beam is implemented as a power source to fuse the powders at the locations according to 

the pre-defined line pattern extracted from CAD model geometry to fill the 2D layer of the part 

[8]. A new layer of powder is applied when one layer is completed, and the process is repeated 
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until the 3d part is manufactured. The powder delivery system comprises a platform to supply 

powder, a roller to distribute powder to create the layer of powder, and another platform to hold 

the manufactured component (see Figure 1). A laser and a scanner with optics are used as an 

energy delivery system, which helps to deliver focused spots to all points of the build platform. 

A flow of gas (argon or nitrogen) is flowed over the powder bed to provide protection of the 

manufactured part against oxygen and clear the metal fumes and spatter generated from the laser 

path [9]. 

 

Figure 1. Schematic diagram of the laser powder bed fusion (LPBF) additive manufacturing 

process.  

In the aerospace industry, metal additive manufacturing amalgamates multiple 

components to enhance performance within timeline and economic constraints, better risk 

management, and shape complex geometry to enable mass lightening [10]. Due to the advent of 

additive manufacturing, the intricate parts of aircraft such as, cooling channels in turbine blades 

[11], aircraft oil coolers [12], and liquid rocket engine thrust chambers [13], which were difficult 

and time-cumbersome to manufacture previously, became more accessible. Recently, the nozzle 

of a leading edge aviation propulsion (LEAP) jet engine, developed by General Electric and 

Snecma, was redesigned with a single part and reduced number of welded or brazed joints by 

Scanner system

ComponentPowder

Powder delivery 

platform

Roller

Laser source

Fabrication 

platform
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applying direct metal additive manufacturing (DMAM) [14]. A320 nacelle hinge bracket [15], 

rocket engine injectors by NASA [16], and the stator of a NASA liquid oxygen (LOX) 

turbopump [16] are a few more examples of the components of aircraft and spacecraft that are 

commercially produced using metal additive manufacturing. . Furthermore, metal additive 

manufacturing ensures clean and efficient energy production with reduced greenhouse gas 

emissions and pollution with its application in the fabrication of parts and core components 

required for the production and storage of energy [17]. For instance, Westinghouse utilizes 

powder-bed fusion to additively manufacture reactor components of its nuclear energy plants 

made of 316L stainless steel, Zirconium alloys, and Inconel 718 [17]. In addition, three-

dimensional printed bottom nozzle for debris-filtering in the nuclear fuel assembly [17], 

fabrication of electrodes of a micro-battery [18], synthesis of membrane and anode components 

of a microbial fuel cell [19], and manufacturing of Masoneilan control valve parts with unique 

configurations using metal laser sintering by General Electric Oil and Gas [17] are few of the 

applications of metal additive manufacturing in the energy sector. Different metals, such as 

stainless steel, magnesium, Co-Cr alloy, and Ti alloys, are used as raw materials for additively 

manufactured (AM) biomedical products [20].  

Even though the applications and uses of metal additive manufacturing are rapidly 

growing, failures and damages are common in AM metal parts and components due to 

manufacturing defects or flaws [21]. More precisely, failure occurring in the service stage can be 

attributed to the shortcomings of the design and fabrication processing stages. The localized 

heating and rapid cooling with powdered feedstock act as a favorable environment for forming 

small cracks, unmelted particles, gas bubbles, and a lack of fusion regions during manufacturing 

[22]. More specifically, defects from design, fabrication processing, and service stages are 
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mainly responsible for the fracture and failure in AM metals [23]. Firstly, poor design choice 

results in a rough surface finish, residual stress gradient, microstructure with elongated grains, 

lack of fusion porosity, and gas porosity, leading to fracture [24]. Poor design choice includes the 

wrong selection of metal additive manufacturing process, materials, or parts to be produced 

using the metal additive manufacturing technique or combination of all three without considering 

the metallurgical characteristics and the load distribution within the manufactured hardware [23]. 

Secondly, several internal and surface defects are responsible for fracture initiation during the 

metal additive manufacturing process [23]. The surface defects result from keyholing, balling, 

warping or curling, craters, ejected molten droplets, swelling from melt pool, unfused powder, 

unmelted or partially melted powder particles, weld tracks, lack of fusion, and roughness [1,25]. 

Finally, these internal and external defects can also initiate fracture during service [26].  

In the metal additive manufacturing technique, defects can be classified into three 

subgroups such as: (i) powder-related defects, (ii) fabrication processing-related defects, and (ii) 

post-processing-related defects [27]. The primary sources of powder-related defects are powder 

characteristics, surface contamination, and trapped gas [27]. Effects defects due to powder on the 

surface roughness, porosity, density, and mechanical properties in the AM components were 

studied in the past [7,28]. Without optimized process parameters such as laser power, layer 

thickness, hatch spacing, and scan speed can generate defects, including a lack of fusion (LOF) 

voids and keyhole pores [27,29,30]. Supply of optimized energy to the melt pool is necessary to 

melt the previously deposited layer and to ensure perfect bonding between layers. Lack of 

optimized energy supply to the melt pool may result in inadequate melting, vaporization, poor 

bonding, and LOF defects. The defects have sharp edges and are elongated between the layers 

[31,32]. Moreover, excessive energy and low scanning speed to the melt pool will result in 
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substantial vapor recoil forces and damaging convection currents, leading to spherical voids and 

gas bubbles due to the surface tension of the melt pool [8]. It is challenging to remove gas pores 

by post-processing and depends on the solubility of the contaminated gas [33]. At the time of re-

melting during the deposition of the next layer, the gas bubble formed on top of the melt pool 

escapes to the gas bubble deeper in the melt pool, which generates keyhole-induced more 

detrimental porosity [34]. Post-processing techniques such as heat and hot-isostatic press (HIP) 

treatment usually reduce inherent defects [35,36]. However, inert gas in the HIP chamber can 

help regrow thermally induced porosity (TIP) [37]. Thus the characterization of the defects in the 

AM components is necessary for as-built and post-treated conditions. 

The optical microscopy and scanning electron microscopy (SEM) are most commonly 

used techniques for inspecting the microstructure of materials by two-dimensional imaging. 

However, the microscopes only provide information about specific sections of the sample that 

does not represent the whole part's structure with non-homogeneously distributed defects. Sanaei 

et al. [30] employed the optical microscope and scanning electron miroscope to evaluate the 

surface roughness of AM Ti-6Al-4V samples. The density-based two methods: the Archimedes 

method and gas pycnometry, are unsuitable for quantitatively determining defects' size, shape, 

location, or distribution as these methods are only suitable for small volume parts [38]. The 

potentially non-destructive strategy, micro-computed tomography (micro-CT), is more 

appropriate for investigating the internal structure and controlling the quality of metals [39]. 

Solberg et al. [40] employed X‐ray computed tomography to visualize the unfavorable 

distribution of significant defects and the defects' size, similar to the defects found to initiate 

failure from fractography. Gong et al. [41] utilized micro-CT to locate the internal defect 

structure involving porosity and inclusions of Ti-6Al-4V rectangular samples made by SLM and 
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EBM. Defect characteristics and their variability were studied using micro-CT analysis by 

Sanaei et al. [30], and the defects have irregular shapes with much less sphericity. The effect of 

the internal pores on the tensile behavior of AM 316L steel were investigated using X-ray 

computed tomography by Wilson-Heid et al. [42]. The intentional and unintentional pores in the 

AM components can initiate early fracture [42,43].  

Fractures observed in metals can be classified into three categories such as, (iii) ductile 

fracture, (i) transgranular cleavage fracture, and (ii) intergranular fracture. Ductile fracture, also 

known as fibrous or dimpled fracture, is a common fracture initiating mechanism in metallic 

materials with significant plastic strain. Ductile fracture is a multi-step process that starts with 

the nucleation of voids from the inclusions, and those nucleated voids grow with the aid of 

plastic strain (see ). Eventually, the ductile failure can be triggered by the coalescence of the 

voids or shear localization due to plastic instability. A ductile fracture can be characterized by 

the presence of microscopic microvoids in the fracture surface of the specimens. Transgranular 

fracture is a brittle type of fracture which occurs due to the separation of the material along the 

atomic planes. The formation of the rivers-like pattern is observed in the specimens' fracture 

surface. Intergranular fracture is a rare type of brittle fracture that occurs along the grain 

boundaries of the metals. Intergranular fracture is a type of brittle fracture which is caused due to 

segregation of impurities at the grain boundaries [44]. This results in weakened grain boundaries 

and facilitates crack propagation along the grain boundaries. Grain boundaries are visible in the 

fracture surface in the intergranular fracture. Different types of fractures in conventional metallic 

materials have been well-defined experimentally and computationally [44,45]. Thus, the fracture 

behavior of AM metals gets a lot of attention.  
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A modified Gurson-Tvergaad-Needleman (GTN) model was adopted by Yang et al. [46] 

to predict the ductile fracture behavior of the AM Ti6Al4V alloy. The authors proposed an 

inverse analysis technique to calibrate the modified GTN parameters. Another study by Muro-

Barrios et al. [47] presented a dual-scale porosity failure process for the AM Ti6Al4V alloy 

where they proposed a computational cell model based on Gurson porous material model and 

characterized the defects using optical and electron microscopy. Nalli et al. [48] calibrated the 

parameters of uncoupled ductile fracture models for AM Ti6Al4V, 17-4 PH and AlSi10Mg 

alloys. Naragani et al. [49] determined the grain-scale description of void growth and 

coalescence in AM IN718 alloy. Kim et al. [50] investigated the effect of an artificial internal 

defect on tensile loading by introducing a octahedral defect by changing the process parameter in 

LPBF 17-4 steel. Miers et al. [51] evaluated effect of porosity on the stain localization in LPBF 

316L stainless steel.  These studies cannot explain the nucleation of new voids, the inherent 

defects' growth, and the voids' coalescence in the AM metals. Though few researchers have 

attempted to explain the ductile fracture in AM metals, understanding the fracture in AM steels 

needs more community efforts.  

 

Figure 2. Ductile fracture process in metals. 
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Figure 3. (a) Transgranular cleavage fracture and (b) intergranular fracture in metals. 

1.2. Research Gaps 

Defects in as-built AM steel may lead to early fracture due to reduced strength and 

ductility [4,42]. The fracture initiating mechanism in the as-built AM 17-4 stainless steel is still 

elusive to the additive manufacturing community. There is also a lack of research works in 

identifying the influence of AM defects on the fracture initiation in as-built AM 17-4 stainless 

steel. Therefore, to understand the influence of AM defects on fracture, we need to quantitatively 

characterize the defect distribution in the as-built AM steel test specimens before and after 

fracture. Furthermore, the effect of geometrical complexities or intricacies on AM defects 

remains unexplored, and their influence on the fracture initiation is yet to be investigated.  

1.3. Research Objectives 

This study aims to investigate the fracture initiating mechanism in AM steel using SEM 

and micro-CT. The objectives of this study are as follows: 

(i) to quantify the growth of the number of voids and void volume in AM specimens after 

deformation.  

(b) Intergranular

fracture

(a) Transgranular 

fracture

Grain boundary

Grain

Fracture along the 

grain boundary

Fracture through 

the grains
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(ii) to determine the statistical distribution of void features of AM steels before and after 

deformation. 

(iii) to investigate the influence of sudden geometrical changes on the size and density of 

AM defects. 

(iv) to elucidate the fracture initiating mechanism and evaluate the characteristic length 

over which the voids have to grow to initiate fracture. 

1.4. Organization of Thesis 

The thesis is organized as follows: 

Chapter 2: Materials and Methods: The materials, additive manufacturing technique, 

processing parameters, geometry, tensile testing process, and finite element modeling are 

presented. The characterization techniques of the defects in the AM steels are also illustrated in 

this chapter. 

Chapter 3: Results and Discussion: In this chapter, the statistical distribution of the 

voids in AM steels are investigated through the analysis of micro-CT data. Based on this 

analysis, the voids' nucleation, growth, and coalescence are identified. Finally, the fracture 

initiating mechanism is explained, and the characteristic size of the void is determined. 

Chapter 4: Conclusions and Future Work: Conclusions based on chapter 3 are 

presented. Future work related to the post-treatment to reduce the inherent defects in AM steels 

and computational modeling of AM steel fracture is also provided in this chapter. 
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2.  MATERIALS AND METHODS 

2.1. Additive Manufacturing Process Parameters and 17-4 Steels 

The specimens used in the present study were additively manufactured employing DMLS 

from 17-4 stainless steel spherical powder with a particle diameter of 36-44 µm. 17-4 stainless 

steel specimens were printed with the following process parameters: laser power of 220 W, 70 

µm laser beam diameter, scanning speed of 755 mm/s, and a 0.11mm hatching space. A 90° 

build orientation with the build plate and a layer thickness of 40 µm are used as build 

parameters. The present study aims to understand the deformation behavior and failure initiating 

mechanism in the as-printed AM steel specimens. Therefore, post-processing heat treatment was 

avoided for the steel test specimens which is usually employed to reduce the material defects in 

AM specimens. A similar study on understanding the fracture behavior of heat-treated 17-4 PH 

stainless steel specimens will be conducted in the future.   

17-4 stainless steel was used in the present study due to its wide range of engineering 

applications. 17-4 stainless steel finds its application in aerospace [52], surgical instrumentation 

[53], naval [54], nuclear [55], and petrochemical industries [56] due to its high strength, fracture 

toughness, hardness, and excellent corrosion resistance [52–56]. The material properties of 17-4 

stainless steel can be partly attributed to the chemical composition of the steel powder which is 

presented in Table 1. 17-4 stainless steel powder comprises of 15-17.5 wt.% chromium, 3-5 

wt.% nickel, and 3-5 wt.% copper which combinedly provide high corrosive resistance and 

conductivity [57,58]. The microstructure of 17-4 stainless steel was studied in the laboaratory 

using small disc-shaped specimens which were grinded using silicon carbide (SiC) paper with 

grit size in the following order: 60, 120, 400, 800, and 1200. Furthermore, the grinded steel 

specimens were polished using alumina suspension and were subsequently etched using Fry's 
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reagent. Finally, the etched steel specimens were observed under a light microscope. The melt 

pool boundaries, layer thickness, and hatch spacing are clearly visible in the optical micrograph 

(see Figure 4). Moreover, the microstructure is also responsible for the material's favorable 

mechanical properties, and microstructural characterization is discussed in the following section.  

Table 1. Chemical composition of 17-4 stainless steel powder. 

Element Wt (%) 

C Max. 0.07 

Cr 15-17.5 

Cu 3-5 

Mn Max. 1.0 

Nb 0.15-0.45 

P Max. 0.04 

S Max. 0.03 

Si Max. 1.0 

Ni 3-5 

Ta 0.15-0.45 

Fe Balance 

 

 

Figure 4. Optical micrograph of the 17-4 AM stainless steel parallel to the build direction. 
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2.2. Geometry of the Specimens and FE Analysis 

In this study, one reference unnotched (RU) and C-notched (CN) axisymmetric 

cylindrical specimens were considered. Three different notch radii (CN1: 0.5 mm, CN2: 1 mm, 

and CN3: 1.5 mm) were used to achieve a wide range of stress triaxialities and to understand the 

response of the material when subjected to a sudden change in geometry in the critical section. 

Furthermore, these specimens were also used to study the AM defects near geometrical 

discontinuities. The geometric details and dimensions of the AM 17-4 stainless steel specimens 

are provided in Figure 5. Uniaxial tension tests were performed using a servo-hydraulic MTS 

809 load frame. A uniform displacement rate of 0.02mm/s was maintained during the uniaxial 

tension tests. The elongation of the deformed test specimens was monitored using a contact 

extensometer with 1-inch (25.4 mm) gauge length (Epsilon model 3542). The engineering stress 

strainload curves obtained for various test specimens are shown in  

 

Figure 5. Geometric details of test specimens. RU(referenced unnotched), CN(circular notched). 
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Figure 6. Experimental engineering stress-strain curves of the AM test specimens. 

Finite element analysis (FEA) was conducted using the commercially available FEA 

package ABAQUS® for both unnotched and notched test specimens. The finite element models 

were discretized using four noded bilinear axisymmetric CAX4 elements available in the 

ABAQUS® library. J2 plasticity constitutive model was used to capture the material non-

linearity, and a non-linear geometric solver was used to obtain the finite element solutions. The 

strain hardening curve for the J2 plasticity model was obtained from the experimental stress-

strain curve of the reference unnotched specimen and the Ramberg–Osgood relationship (see 

Figure 7a). The boundary conditions used for the finite element models are shown in Figure 8. 

The engineering stress-strain curve obtained from FEA was compared with the experimental 

stress-strain curve to validate the finite element model (see Figure 7b). The stress triaxiality and 

equivalent plastic strain distributions across the critical section (least cross-section) of the test 

specimens at fracture were extracted from the non-linear finite element analysis and are 

presented in Figure 9 and Figure 10, respectively. The maximum stress triaxiality across the 

critical cross-section of the steel specimens at fracture ranged from 0.3 to 1.13. Equivalent 

plastic strains have higher values in the vicinity of the notches in the notched specimens. 
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Figure 7. (a) Strain hardening curve of reference unnotched AM 17-4 steel specimen, (b) 

experimental and FEM engineering stress-strain curves of reference unnotched specimen. 

 

 

Figure 8. Applied boundary conditions. (a) referenced unnotched (RU) specimen, (b) notched 

specimen. 

At 𝑟 = 0; 𝑢𝑧 = 0 

At 𝑧 = 0; 𝑢𝑟 = 0 

 𝑟  

 𝑧  

 𝑟  

 𝑧  

(a) (b) 



 

15 

 

Figure 9. Triaxiality profiles at fracture for as-built AM 17-4 stainless steel specimens. 

 

Figure 10. Equivalent plastic strain profiles at fracture for as-built AM 17-4 stainless steel 

specimens. 

2.3. Microstructure Characterization 

The fracture initiation mechanism for rolled 17-4 steel has been studied [59–61]. The 

wrought 17-4 steel microstructure contains a martensitic structure, whereas the AM 17-4 steel is 
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quantified the distinct microstructure of AM 17-4 steel by employing Electron Backscatter 

Diffraction (EBSD). EBSD is a scanning SEM based technique with a diffractor that reveals 

crystallographic details such as phase, texture or crystallographic orientations, grain size, grain 

shape, and average grain orientation [62]. The samples of EBSD analysis must be prepared by 

carrying out several steps: sectioning, grinding, polishing, and etching using the standard EBSD 

sample preparation technique [35]. The samples were mounted in 1 inch epoxy rounds. These 

were then ground on SiC papers, starting at 240 grit then using 320, 400, 600, and 1200 grit at 

200 rpm. After this, the samples were diamond polished for 10 minutes each on 6 µm, 3 µm, and 

1 µm. Final polishing using 50nm colloidal silica polish was performed for 30 minutes. Once 

polished, the samples were coated with 5nm of Carbon to maintain conductivity in the SEM. 

EBSD analysis was performed using JEOL 6500 SEM integrated with an EBSD system to 

investigate the grain morphology and crystallographic orientations. The following settings were 

maintained for the EBSD investigation: 20 nA of beam current, 20 kV of accelerating voltage, 

70° specimen tilt angle, 78.66% hit rate, and an acquisition speed of 1399.76 Hz. The band 

contrast microstructure of the 17-4 AM stainless steel, analyzed using the SEM, is illustrated in 

Figure 11. The grain size of AM steel is larger than that of wrought steel, and the grain structure 

of AM steel is not as equiaxed as wrought steel. The martensitic structure can provide maximum 

hardness, and the ferritic structure is soft and ductile. So, crack initiation and growth are easier in 

ferritic AM steel than in martensitic wrought steel [61]. EBSD orientation maps and FCC/BCC 

phases for the horizontal and vertical cross-sections are shown in Figure 12. There is a 

significant difference in grain orientation and grain size of the horizontal and vertical sections of 

the AM 17-4 stainless steel test specimens. The average length of the grains in the horizontal and 

vertical cross-sections are 3.38 µm and 4.07 µm, respectively. Equiaxed and columnar grains 
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were identified in both the horizontal and vertical sections as shown in Figure 11. The horizontal 

section of the test specimen is dominated by equiaxed grains, whereas elongated columnar grains 

are primarily identified in the molten pool boundaries of the vertical section. The maximum 

aspect ratio ranges from 1.06 to 8.12 and 1.06 to 15.03 for the horizontal and vertical sections, 

respectively. The EBSD analysis also indicates that the 17-4 stainless microstructure is largely 

dominated by the BCC/BCT phases compared to that of the FCC phase, which is consistent with 

the literature [35,61]. The presence of the ferritic phase in the AM 17-4 stainless steel could 

provide high ductility, but inherent defects in the as-built AM components lead to early failure. 

Thus, a comprehensive study of the fracture initiation mechanism is presented in the following 

sections. 

 

Figure 11. SEM microstructures of the 17-4 AM stainless steel (a) cross-section (perpendicular 

to the build direction) and (b) vertical section (parallel to the build direction). 
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Figure 12. EBSD orientation maps of the 17-4 AM stainless steel specimen. (a) cross-section 

(perpendicular to the build direction) and (b) vertical section (parallel to the build direction). The 

IPF triangles apply to both sections. 

2.4. Void Characterization and Quantification 

2.4.1. Techniques for Void Characterization 

2.4.1.1. SEM 

The optical microscope (OM) and electron microscope (EM) have the same working 

principle and are used for surface characterization. However, the source of OM is visible light, 

and the source of EM is the focused accelerated electron beam. EM provides higher resolution 

data than OM as electrons have a shorter wavelength and are more energetic than visible light 

[63]. SEM is an advanced universal instrument widely implemented to visualize the surface of 

materials with a spatial resolution of 1 nm and provide information about the topography, shape, 

size, texture, composition, orientation of grains, and crystallography [64]. The specimen is stuck 
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emitted from the electron gun, and the electrons move through the condenser and objective 

lenses and generate an electron beam of a few nanometers in diameter. Then electron signals are 

generated when the electron beam interacts with the specimen surface for scanning over the 

surface [65]. This specimen and electron beam interaction generates different electron signals, 

such as Auger electrons, characteristic x-rays, transmission electrons, absorption electrons, 

backscattered electrons, and secondary electrons [65,66]. The detector detects the electron 

signals, transforms the amount of the detected electrons into the brightness of the corresponding 

points, and forms the corresponding electron image to display on a screen [65]. However, SEM 

images attain information about the surface of the specimen, and the internal structure remains 

concealed. 

 

Figure 13. Schematic diagram of a scanning electron microscope. 
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2.4.1.2. Micro-CT 

Micro-CT is advanced instrumentation through which the internal 3D structure of a 

material can be reconstructed through the different X-ray attenuation of materials. Micro-CT 

comprises an X-ray tube that emits X-ray, a sample holder, a detector, and a video camera with a 

high-resolution charged-coupled device (CCD). The generated X-ray passes through the sample 

and forms a shadow projection on the detector or CCD camera. The CCD camera cannot detect 

the X-ray, so the scintillator converts the X-rays into visible light, and then the CCD camera can 

detect the projection. The sample holder, the detector, or the X-ray source rotates (180° or 360°) 

to capture the shadow projection of different orientations [67,68]. The back projection algorithm 

is employed to reconstruct the 2D structure to the 3D structure [69]. The reconstructed 3D 

structure is then analyzed using an image processing algorithm[68].  

 

Figure 14. Schematic diagram of a typical micro-CT scan and reconstruction. 
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accelerating voltage of 15kV using a JEOL JSM-6490LV SEM (JEOL USA, Peabody MA, 

USA). Typical SEM micrographs of the fracture surfaces of the reference unnotched (RU) and 

notched (CN1) test specimens are presented in Figure 15 and Figure 16, respectively. 

Furthermore, magnified images of five different locations on the fracture surface of the test 

specimens are also presented. The regions were divided based on varying stress and strain states 

across the cross-section of the test specimens, which was obtained using the finite element 

analysis discussed earlier. Fractures in steel can be classified into three categories: ductile 

fracture, intergranular fracture, and transgranular cleavage fracture. Ductile fracture in the steel 

originates from microvoid nucleation followed by growth of the voids and finally coalescence 

leading to fracture during plastic deformation [70,71]. The microvoids nucleate due to debonding 

and/or cracking of the secondary particles in the steel matrix. Other than the nucleated 

microvoids, material defects with an equivalent spherical diameter ranging from tens of microns 

to a few hundreds of microns (see Figure 11) are common in as-built AM steel specimens which 

can be attributed to gas porosity and lack of fusion defects [22,72]. These nucleated microvoids 

and/or existing material defects elongate and dilate due to the applied external load on the test 

specimen. Finally, these microvoids and/or defects coalesce to form cracks which initiate ductile 

fracture in the steel specimens [46]. Transgranular fracture is a brittle cleavage fracture 

characterized by river-like patterns and is caused due to the propagation of cracks through the 

grain interiors [44]. The SEM micrographs of the test specimens presented in Figure 15 and 

Figure 16 show majority of dimples with traces of river-like patterns on the fracture surface. 

Although small dimples with an average equivalent spherical diameter of ~1 µm are visible on 

the SEM fractographs, it is challenging to identify coalesced microvoid colonies on the 

fractographs of the test specimens responsible for ductile fracture in steel. The dimples' sizes are 
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more prominent in SEM fractographs of conventional 17-4 PH steel compared to AM specimens, 

and the coalesced void colonies can be identified on the fracture surfaces (see Figure 17). 

Therefore, the SEM study of fractographs of the AM 17-4 stainless steel specimens is 

insufficient in identifying the fracture initiation mechanism in the fractured steel specimens. 

Thus, a three-dimensional void identification technique needs to be adopted to elucidate the 

fracture initiation mechanism in AM 17-4 stainless steel specimens. 

 

Figure 15. SEM analysis of the fracture surface of the AM unnotched 17-4 stainless steel 

specimen. 
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Figure 16. SEM analysis of the fracture surface of the AM notched 17-4 stainless steel specimen 

CN1 (notch radius 0.5 mm). 

 

Figure 17. SEM analysis of the fracture surface of conventional unnotched 17-4 PH stainless 

steel specimen. 
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present study will be discussed in detail later in the section. Three-dimensional (3D) non-

destructive techniques namely, Archimedes method and gas pycnometry may be used to identify 

internal defects in the test specimens; however, these methods are incapable of providing 

quantitative characteristics of the internal defects in the specimens [38]. Micro-CT is a 3D non-

destructive technique initially developed for medical applications. Micro-CT is equipped with X-

ray beams and detectors which extract images of a 3D object about an axis of rotation and 

reconstructs a 3D model of the object using algorithms [22]. Recently, Micro-CT has been 

introduced to AM metals for in-situ measurement of part geometry and defect characterization 

[22,38]. In the present study, micro-CT is used to characterize the manufacturing defects in the 

as-built AM steel test specimens, and the defect characteristics were utilized to understand the 

fracture initiating mechanism in the as-built steel specimens.  

The micro-CT scans were conducted using GE Phoenix v|tome|x s X-ray computed 

tomography system equipped with a 180 kV nano focus X-ray tube and a high-contrast GE 

DXR250RT flat panel detector (GE Sensing & Inspection Technologies GmbH) at a voltage of 

150 kV and a current of 350 µA with a diamond target. Detector timing ranged from 333-500 

milliseconds, and 600-1000 projections were acquired. A voxel resolution of 16.9 µm was 

achieved during the scanning with a sample magnification of 11.835X. The acquired images 

were reconstructed into a volume data set using GE datos|x 3D computer tomography software 

version 2.8.0 RTM (GE Sensing & Inspection Technologies GmbH). A minimum of 8 voxels 

were considered a threshold for a single void to remove reconstruction artifacts and noise, 

resulting in a void volume of 38,608.4 µm3 and equivalent spherical diameter of 41.93 µm. The 

minimum detectable void in the micro-CT scan is close to the layer thickness (40 µm) in the 

DMLS technique and the mean diameter of the particles (around 40 µm) used in additive 
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manufacturing the 17-4 stainless steel specimens. It will be possible to capture the common 

manufacturing defects in as-built AM components with this voxel resolution. 

All the notched and unnotched AM 17-4 stainless steel specimens were subjected to 

micro-CT scans both before and after the fracture. The tensile test specimens were scanned over 

a distance of 15 mm from the center of the gauge length. The scanned section of each test 

specimen was further divided into three separate 5 mm zones: A, B, and C, for the evaluation of 

local characteristics of voids before and after deformation (see Figure 18). The number of zones 

is limited to three, so a sufficient number of defects are available in each zone for statistical 

analysis of the defect characteristics. As shown in Figure 18, zone A is located near the center of 

the gauge section of the test specimens. Zones B is adjacent to zone A, whereas zone C is 

adjacent to zone B and is located farthest away from the critical section of the test specimen. 

Zone A is anticipated to experience the largest plastic deformation since it is closest to the 

critical section. In contrast, zones B and C are expected to undergo relatively less plastic 

deformation. 

 

Figure 18. Zones for Micro-CT scan of (a) Untested (b) Tested AM steel specimens.  
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Defect analysis was performed on the reconstructed 3D image of the steel test specimens 

using VGStudio Max version 2022.20 (Volume Graphics, Inc.). The features of defects include 

equivalent spherical diameter, sphericity, number of voids, and void volume fraction. Statistical 

analysis was conducted for the defect features in the following section. 
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3. RESULTS AND DISCUSSION 

3.1. Growth of the Number of Voids and Void Volume Fraction after Deformation 

The present study quantified the change in the number of voids and void volume fraction 

after deformation in the AM as-built 17-4 stainless steel test specimens. The average void count 

per cubic millimeter in the three zones (zones A, B, and C) for undeformed specimens RU, CN1, 

CN2, and CN3 were observed to be 185, 237, 310, and 362, respectively. After the fracture, the 

average void count per cubic millimeter increased to 299, 390, 794, and 887 in the three zones 

for specimens RU, CN1, CN2, and CN3, respectively. This implies that the number of voids per 

cubic millimeter increased by 61.62%, 64.56%, 156.13%, and 145.03% in the three zones after 

fracture for specimens RU, CN1, CN2, and CN3, respectively (see Figure 19).  The increase in 

the number of voids after fracture indicate void nucleation in the test specimens during the 

deformation process.  

The void volume fraction is a measure of the volume of void per unit volume of material, 

which is a ratio of the volume of the defects to the total volume of the material in the individual 

specimen. The average void volume fraction in the three zones of the undeformed specimens 

RU, CN1, CN2, and CN3 were found to be 2.25%, 3.32%, 3.77%, and 4.19%, respectively. After 

fracture, the average void volume fractions of the three zones increased to 3.67%, 5.01%, 6.00%, 

and 6.62% for specimens RU, CN1, CN2, and CN3, respectively. Therefore, the average void 

volume fractions in the three zones increased by 62.70%, 50.70%, 59.20%, and 57.86% after 

fracture in specimens RU, CN1, CN2, and CN3, respectively (see Figure 20). The increase in 

void volume fraction can be attributed to the two phenomena, namely, void nucleation and void 

growth.  
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Figure 19. Comparison of average void count per unit volume for undeformed and fractured AM 

17-4 steel specimens. 

 

Figure 20. Comparison of average defect volume fraction for undeformed and fractured AM 17-4 

steel specimens. 
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with an equal defect volume. The equivalent spherical defect diameter distribution for 

undeformed and deformed zones A, B, and C of the reference unnotched specimen RU are 

presented in Figure 21. Similarly, the equivalent spherical defect diameter distributions for the 

zones A, B, and C of the notched specimens CN1, CN2, and CN3 both before and after fracture 

are presented in Figure 22, Figure 23, and Figure 24, respectively. As evident from the defect 

equivalent spherical diameter probability density plots, the distributions are asymmetric with the 

mean defect size being larger than the median, thereby resulting in positively skewed 

distributions. Based on the statistical analysis of the equivalent spherical defect diameter using 

probability density plots, the defect sizes present in the notched and unnotched test specimens 

before and after fracture were observed to follow lognormal distribution. A distribution is 

considered to be lognormal when the logarithm of the random variable is observed to be follow 

gaussian distribution and is applicable for non-negative data. Previously, lognormal distribution 

was used to represent the pore size distribution in metallic and cementitious materials [73,74].  

The probability density function of a lognormal distribution is given as 

 
𝑦 =

1

𝑥𝑠∗√2𝜋
𝑒𝑥𝑝 (

−(𝑙𝑜𝑔𝑥 − �̅�∗)2

2𝑠∗2 ) , 0 < 𝑥 < ∞ (1) 

where, 𝑥 is the equivalent spherical defect diameter. �̅�∗ and 𝑠∗ are two lognormal distribution 

parameters that denote the mean and standard deviation of the natural logarithm of equivalent 

spherical defect diameter, respectively. �̅�∗ and 𝑠∗ are given as 

 �̅�∗ = log (�̅�),    𝑠∗ = log (𝑠) (2) 

where, �̅� and 𝑠 are the mean and standard deviation of the equivalent spherical diameter.   

More than 98% of the defects present in the unnotched specimen RU and notched 

specimens CN1, CN2, and CN3 at both undeformed and deformed states were observed to have 

equivalent spherical defect diameter ranging between 40 µm and 120 µm. Furthermore, the 
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logarithmic mean (�̅�∗) of the equivalent spherical defect diameter did not exhibit significant 

variation before and after fracture in all the three zones for all the unnotched and notched 

specimens (see Figure 21, Figure 22, Figure 23, and Figure 24). However, the equivalent 

spherical diameter of the larger defects experienced a substantial change after fracture. For the 

largest 500 voids in the zone A of the undeformed specimens, the equivalent spherical diameter 

increased by 11.10%, 7.63%, 2.81%, and 3.11% for specimens RU, CN1, CN2, and CN3, 

respectively, after the fracture. The equivalent spherical diameter of the largest 200 defects in 

zone A of the undeformed specimens increased by 13.02%, 8.49%, 5.88%, and 8.77% for the 

specimens RU, CN1, CN2, and CN3, respectively, after the fracture. Therefore, the significant 

change in size of the larger defects after fracture indicate that larger defects present in the 

undeformed specimens dictate the fracture initiation in AM steel. The median, 90th percentile, 

and 95th percentile equivalent spherical defect diameter in zone A of specimens RU, CN1, CN2, 

and CN3 for undeformed and deformed conditions are provided in Table 2. In CN1, CN2, and 

CN3 specimens, the median, 90th percentile, and 95th percentile of equivalent spherical diameter 

of defects decreased. This can be attributed to higher microvoid nucleation in the notched 

specimens due to the high stress triaxiality. However, the nucleated voids did not grow 

significantly due to low fracture strain. The median, 90th percentile, and 95th percentile 

equivalent spherical defect diameter increased in the RU specimen, which may be attributed to 

significant growth of the nucleated voids due to higher fracture strain compared to that of the 

notched specimens. 

 



 

 

3
1
 

Table 2. Median, 90th percentile, and 95th percentile equivalent spherical diameter of defects in zone A of undeformed and deformed 

test specimens. 

Equivalent spherical diameter (µm) 

 RU CN1 CN2 CN3 

 Undeformed Deformed Undeformed Deformed Undeformed Deformed Undeformed Deformed 

Median 51.71 51.71 53.91 50.53 50.53 45.17 50.53 45.17 

90th percentile 77.24 79.74 83.43 78.76 77.75 61.31 75.67 59.63 

95th percentile 89.2 94.65 97.32 94.31 92.19 71.71 90.72 69.87 
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The sphericity distributions of the defects in zones A, B, and C before and after fracture 

for specimens RU, CN1, CN2, and CN3 are presented in Figure 25, Figure 26, Figure 27, and 

Figure 28, respectively. The value of sphericity is unity for perfectly spherical defects, whereas 

highly irregular defects have a sphericity close to zero. In the AM 17-4 stainless specimens, the 

sphericity of the smaller defects was found to be higher compared to that of the larger defects 

(see Figure 29). Based on statistical analysis using the probability density plots, the sphericity 

distributions of the defects present in zones A, B, and C of all the unnotched and notched test 

specimens before and after fracture were observed to follow the gaussian distribution. The mean 

sphericity of defects in all the three zones of undeformed RU is 0.57 and after the deformation is 

0.56 which represent a slight decrease (see Figure 25). For the CN1 specimen, the mean 

sphericity of the defects in all the three zones for undeformed and deformed conditions were 0.57 

and 0.55, respectively which also showed a slight decrease whereas the standard deviation 

showed a slight increase in all three zones after fracture (see Figure 26). The mean sphericity of 

the defects in all the three zones of CN2 and CN3 specimens in the undeformed condition was 

0.56 and it slightly increased after fracture to 0.58 whereas, the standard deviation of the 

sphericity distributions decreased after fracture (see Figure 27 and Figure 28). The newly 

nucleated voids are smaller in size with higher sphericity. In the case of CN2 and CN3 

specimens, the nucleated voids could not get a chance of enough growth due to the lower 

fracture strain. However, in RU and CN1 specimens, the nucleated voids also dilated or 

elongated due to higher fracture strains compared to CN2 and CN3 which could reduce the 

sphericity of the newly nucleated voids. 
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Figure 21. Distribution of equivalent spherical defect diameter of the unnotched specimen. (a) 

undeformed zone A, (b) deformed zone A, (c) undeformed zone B, (d) deformed zone B, (e) 

undeformed zone C, and (f) deformed zone C. 
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Figure 22. Distribution of equivalent spherical defect diameter of the CN1 specimen. (a) 

undeformed zone A, (b) deformed zone A, (c) undeformed zone B, (d) deformed zone B, (e) 

undeformed zone C, and (f) deformed zone C. 
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Figure 23. Distribution of equivalent spherical defect diameter of the CN2 specimen. (a) 

undeformed zone A, (b) deformed zone A, (c) undeformed zone B, (d) deformed zone B, (e) 

undeformed zone C, and (f) deformed zone C. 
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Figure 24. Distribution of equivalent spherical defect diameter of the CN3 specimen. (a) 

undeformed zone A, (b) deformed zone A, (c) undeformed zone B, (d) deformed zone B, (e) 

undeformed zone C, and (f) deformed zone C 
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Figure 25. Distribution of sphericity of defects in the unnotched specimen. (a) Undeformed zone 

A, (b) deformed zone A, (c) undeformed zone B, (d) deformed zone B, (e) undeformed zone C, 

and (f) deformed zone C. 
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Figure 26. Distribution of sphericity of defects of the CN1 specimen. (a) Undeformed zone A, 

(b) deformed zone A, (c) undeformed zone B, (d) deformed zone B, (e) undeformed zone C, and 

(f) deformed zone C. 
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Figure 27. Distribution of sphericity of defects of the CN2 specimen. (a) Undeformed zone A, 

(b) deformed zone A, (c) undeformed zone B, (d) deformed zone B, (e) undeformed zone C, and 

(f) deformed zone C. 
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Figure 28. Distribution of sphericity of defects of the CN3 specimen. (a) Undeformed zone A, 

(b) deformed zone A, (c) undeformed zone B, (d) deformed zone B, (e) undeformed zone C, and 

(f) deformed zone C. 
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Figure 29. Relationship between sphericity and equivalent spherical diameter for unnotched 

undeformed AM 17-4 steel specimen. 

3.3.  Influence of Sudden Geometrical Changes on Size of AM Defects 

In the present study, notched specimens were used to investigate the influence of sudden 

geometric change on the number and density of AM defects. The bar charts providing the void 

volume fraction in the three zones A, B, and C of all the test specimens is presented in Figure 31. 
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cross-section diameter whereas, Zone A of all the notched specimens have a sudden geometric 

change unlike the remaining two zones in the notched specimens. As evident from the bar chart 
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specimens are similar after fracture implying that sudden geometric change in AM specimens 

does not influence the void volume after fracture. However, based on the images extracted using 
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plots where the mean defect size corresponding to zone A in the undeformed notched specimens 

was higher compared to that of the other zones in the notched specimens. Furthermore, the 

largest defect size in the undeformed notched specimens was found in zone A of the specimen. 

The maximum defect size (equivalent spherical diameter) found in zones A, B, and C of 

undeformed specimen CN1 are 286.52 µm, 172.82 µm, and 164.16 µm, respectively, implying 

that the largest void present in zone A is ~1.65 times greater than that of the other zones in the 

specimen. Similar observations were made for undeformed notched specimens CN2 and CN3 

where the maximum defect sizes (equivalent spherical diameter) in zone A are 320.41 µm and 

386.64 µm which are ~1.68 times and ~2.4 times greater than their counterparts in zones B and C 

of the undeformed specimens. Therefore, it can be concluded that undeformed as-built AM steel 

specimens with sudden geometric change such as, notch root of the notched specimens used in 

this study are prone to larger inherent defects which may result in early fracture initiation in the 

steel specimens. 

 

Figure 30. Comparison of the void count per unit volume in undeformed and deformed test 

specimens. 
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Figure 31. Comparison of the local void volume fraction in undeformed and deformed test 

specimens. 

3.4. Fracture Initiating Mechanism 
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spherical diameter of the coalesced defects in the deformed specimens RU, CN1, CN2, and CN3 

are 623.02 µm, 490.71 µm, 391.21 µm, and 538.09 µm, respectively. 

 

Figure 32. Defects in zone A before and after fracture for specimens (a,b) RU and (c,d) CN1.  
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in the test specimens which is the final stage of ductile fracture. The equivalent spherical 

diameter of these coalesced voids range between 350-600 μm suggesting that the voids coalesce 

over this critical length to initiate ductile fracture in AM steel specimens. Therefore, the increase 

in the number of voids, void volume fraction, and the presence of coalesced microvoids in the 

fractured specimens provide sufficient evidence of ductile fracture in the as-built AM steel test 

specimens which is not apparent in the SEM analysis. 

 

Figure 33. Defects in zone A of deformed test specimens (a) RU, (b) CN1, (c) CN2, and (d) 

CN3.  
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4. CONCLUSIONS, IMPLICATIONS, AND FUTURE RECOMMENDATIONS  

4.1. Conclusions 

The following important conclusions can be made from this study 

1. The number of voids per cubic millimeter increased by 61.62%, 64.56%, 156.13%, and 

145.03% after fracture in specimens RU, CN1, CN2, and CN3, respectively which provides 

evidence of void nucleation in the test specimens. 

2. The void volume fraction increased by 59%, 52%, 55%, and 45% for specimens RU, CN1, 

CN2, and CN3 which can be attributed to void nucleation and subsequent void growth in 

the specimens. 

3. Larger defects have significantly higher growth during deformation. Top 500 defects have 

an increment of 2-11% and for the top 200 defects an increment of 5-13% for the 

specimens. 

4. Geometrical intricacy can result in inherent large defects in the AM components. Large 

defects were observed in the notch root and the equivalent spherical diameters in zone A 

is ~1.65-2.4 times greater than their counterparts in zones B and C of the undeformed 

notched specimens which can be attributed to the sudden change in geometry of the test 

specimens. 

5. Coalesced defects with equivalent spherical diameters of 623 µm, 490 µm, 354 µm, and 

538 µm are found in the deformed specimens RU, CN1, CN2, and CN3, respectively. This 

provides evidence of void coalescence in the AM 17-4 steel specimens. 

6. The micro-CT analysis provided evidence of microvoid nucleation (61-156% increase), 

dilation (45-59% volume change including the newly nucleated voids) and coalescence 

over a length varying between 350-623 microns in the AM 17-4 steel indicating that the 
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ductile fracture to be the fracture initiating mechanism. The characteristic length for the 

damage in the AM steel is around 600 µm. 

4.2. Practical Implications of Current Research and Future Recommendations 

1. The current study reveals the defect distributions and their effects on the fracture, which 

can provide a deeper understanding of controlling the AM defects to delay fracture 

initiation and improve the performance of the AM steels. Since the fracture initiation in the 

AM 17-4 stainless steel is significantly influenced by the existence of larger defects, future 

additive manufacturing efforts should focus on controlling the larger defects in AM parts.   

2. Geometrical intricacies introduce larger defects, which could be detrimental to the AM 

components. Thus, appropriate process and build parameters should be considered for AM 

components to produce geometrically intricate components. 

3. This study revealed the effects of the inherent defects in the ductile fracture initiation of 

the AM steel. More efforts should be given to determine the effects of the metallurgical 

heterogeneity, anisotropy, and residual stress on the ductile fracture initiation. 

4. Post-treatment in AM components can potentially reduce the inherent defects in AM steels. 

This study should be repeated for the heat-treated AM steels to investigate their fracture-

initiating mechanisms.   

5. This study is limited to defect characterization before and after fracture in AM specimens. 

The same statistical study can be conducted in several loading intervals to characterize the 

dilation and elongation of the nucleated and inherent defects. 

6. The existing uncoupled and coupled ductile fracture models can be modified by 

incorporating this study's statistical understanding of the defect size distribution and 

growth to predict fracture initiation in AM components.  
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