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Abstract 
In this work, the effect of pulsed laser used during the powder bed fusion (L-PBF) additive 

manufacturing (AM) process on Inconel 718 (IN718) material properties has been investigated. 

Argon gas atomised (AGA) IN718 powder is characterised in terms of flow, density, particle 

size distribution and morphology. Powder shows mostly spherical morphology with Hausner 

ratio of 1.17 indicating good flow characteristics. Density optimisation trials are carried out by 

varying laser power and exposure time. Fabricated samples are characterised in terms of 

porosity by area fraction analysis using light microscopy and volume fraction analysis using 

X-ray microcomputed tomography (micro-CT). Minimum porosity of 0.16% is achieved for 

laser power of 200 W and exposure time of 110 μs. Microstructural analysis using the Electron 

Backscatter Diffraction (EBSD) technique shows limited columnar grain structure in the Z 

direction and more equiaxed type grains in the XY direction (normal to the Z direction). Tensile 

test results show 754 MPa yield strength, 1070 MPa ultimate tensile strength and ~24% 

elongation. Finally, hole drilling residual stress measurements show increase from ~0 MPa to 

over 450 MPa in tensile stress up to a depth of 1 mm from the top surface of the as-build L-

PBF IN718 sample. It has been found that laser pulsing produces higher homogeneity in grain 

structure and better mechanical properties than that by the continuous laser method.  
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1. Introduction 
Additive manufacturing (AM) is a family of novel manufacturing  processes that allows for 

fabrication of parts from 3D CAD models [1]. AM has shown great potential and growth over 

the last decade and is expected to further revolutionise manufacturing of complex engineering 

parts [2]. AM has been recently used with a variety of engineering materials including 

polymers, metals and ceramics [1,2]. Notably, industry has shown a desire to manufacture 

metallic engineering components using expensive and hard-to-process materials such as 

titanium and nickel base superalloys [2]. 

The laser powder bed fusion (L-PBF) AM method is used to fabricate metallic engineering 

components using powder feedstock materials. The L-PBF process broadly involves following 

steps: metallic powder is spread on the top of a build substrate platform creating a ‘powder 

bed’; the powder bed is scanned by a heat source according to the 2D slices of the CAD model; 

the heat source melts the powder which subsequently solidifies, creating a 2D layer of the 

object being manufactured; and finally the platform moves downwards, and a new powder bed 

is created. By repeating the process, 2D layers are added and consolidated until a fully 3D 

component emerges [1]. Figure 1 shows a schematic of the L-PBF process.  
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Figure 1: Schematic of L-PBF Process.(Courtesy of TWI Ltd.)  

 

The fabricated metallic material is subjected to a complex cycle of heating and cooling during 

the L-PBF process [3]. Prior research has shown that this complex thermal history leads to 

various issues arising in deposited material. These issues include defects (lack of fusion, 

porosity etc.) [4–7], accumulation of residual stresses [8–10] and microstructural 

inhomogeneity leading to anisotropy in the mechanical properties [11,12]. Density of deposited 

material varies with the variation of L-PBF process parameters and for each ‘material – 

machine’ combination, development work is necessary to maximise it [4,13]. Residual stresses 

are usually generated due to the melting and rapid solidification during the manufacturing 

process [9,13]. Thermal residual stresses can be minimised by preheating the build plate during 

the manufacturing process [13] or by performing post-thermal treatments such as stress 

relieving and hot isostatic pressing [14]. 

Inconel 718 (IN718) is a nickel base superalloy which possesses excellent corrosion resistance, 

high temperature (up to 650°C) strength and the fracture & fatigue properties [15]. It is 

extensively used in various industrial sectors including aerospace, oil & gas and power 

generation [15,16]. IN718 is a precipitation hardened material that contains substantial amounts 

of other alloying elements including iron (Fe), niobium (Nb) and chromium (Cr). The main 

phase of IN718 is an austenitic matrix phase formed by Ni, called the γ (gamma) phase. Within 

the matrix, secondary phases can precipitate called gamma prime (γ´) - Ni3(Al, Ti) and 

metastable gamma double prime (γ˝) - Ni3Nb with tetragonal, space centred crystal structure 

(D022). These precipitates increase strength of the material and are stable up to 720°C. 

However, when the material is exposed to temperatures higher than 720°C, deleterious delta 

(δ) - Ni3Nb stable phase with orthorhombic crystal and Laves - (Ni,Cr,Fe)2(Nb,Mo,Ti) phase 

transformation occurs, leading to the decreased its mechanical properties [15,16]. 
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There is currently an industrial desire to produce safety critical IN718 components using the 

L-PBF manufacturing process. However, combination of the complex thermal history caused 

by the L-PBF process and the complicated metallurgy of IN718 leads to parts that do not have 

the desirable microstructure [17–20]. They also exhibit highly anisotropic microstructure 

which usually results in large scatter band in the mechanical properties [20,21]. Typically, the 

columnar type microstructure is observed along the Z direction [20]. Whereas, in the XY 

direction (transverse to the Z direction) more random equiaxed microstructure is observed [20]. 

It is well known that the texture in microstructure depends on numerous factors such as thermal 

gradient and the solidification velocity. 

In order to control these aforementioned factors and to create tailor-made ‘graded’ 

microstructures [5,22], various methods have been developed. One of the most promising 

techniques is a pulse beam approach during manufacturing. Pulsing is a method in which the 

electric current injected into the laser diodes is switched on and off rapidly [23,24]. Hence, the 

laser is emitted in ‘pulses’ of light lasting from a few milliseconds to a few picoseconds [24]. 

Due to this pulsing effect the powder bed is not scanned in a continuous line but as a series of 

overlapping circles. 

Using a pulsing heat source alters the heating and especially the cooling characteristics of the 

PBF process. In electron beam (EB)-PBF  when the electron beam is pulsed to fabricate IN718 

material it has shown promise with regards to achieving desirable isotropy in microstructure 

[25,26]. However, during L-PBF the effect of a pulsing laser source has not been thoroughly 

examined and any work done to date has been focused on aluminium and titanium alloys 

[23,24]. A pulsating heat source has been shown to lead to a less columnar grain structure in 

aluminium alloys due to significantly higher cooling rates [24,27]. Similar material response 

has been found in titanium alloys with the higher cooling rates leading to lower number of 

columnar grains [24,28]. Hence, there is a gap in the state-of-the-art to see the effect of a pulsed 
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laser heat source on the microstructure and mechanical properties of L-PBF IN718 structure 

and the possibility of achieving higher homogeneity in grain structure due to higher cooling 

rates. 

The objectives of the present work are to: 

• Determine the suitability of the supplied argon gas atomised (AGA) IN718 feedstock powder 

for the L-PBF process. 

• Perform density optimisation trials with the pulsed L-PBF process by varying the laser power 

and exposure time process parameters and to determine the porosity using both area and 

volume fraction analyses. 

• Determine the tensile properties of L-PBF IN718 manufactured using optimised process 

parameters in three different build orientations. 

• Measure residual stresses by the hole drilling method in L-PBF IN718 samples manufactured 

using optimised process parameters. 

2. Material and Experimental Procedures 

2.1 Material and manufacturing 

Argon gas atomised IN718 powder with a stated particle size of 15-45 μm and below 63 µm 

was acquired from LPW technology (Cheshire, UK).  

Specimens were manufactured using an AM250 machine built by Renishaw (Gloucestershire, 

UK). The machine was equipped with a 200 W fibre laser working in pulsed wave mode. 

Specimens were designed in CAD software and sectioned into STL files. Manufacturing took 

place in a protective argon atmosphere, with no substrate preheating. 

A machine equipped with a pulsed mode laser, works by illuminating a point with the desired 

laser power for a specific exposure time before moving to the next point and repeating the 

process. The AM250 machine has numerous parameters that can be varied including layer 

thickness, laser power, exposure time, hatch spacing, point distance etc.. Two main parameters 
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were varied during this work: pulse laser power and exposure time. These were selected as the 

controlling parameters because they regulate the amount of energy that is inputted into the 

powder bed. Virgin powder was used for each production run. Unless otherwise specified all 

the samples were offset from the build plate using support structures.  

2.2. Sample preparation 

A series of 16 cubes of 10 mm3 size, were produced to determine the suitable L-PBF process 

parameters showing maximum density in the build material. Moreover, these samples were 

used to investigate the defects, porosity as well as microstructural inhomogeneity. 

The cubes were manufactured by varying the laser power from 170 to 200 W and the exposure 

time from 90 to 120 μs. Layer thickness was 60 μm as suggested by the machine manufacturer 

as a good compromise between the required energy and manufacturing speed. The point 

distance was 60 μm and the hatch spacing was 140 μm. Between each layer, the scanning 

pattern was rotated by 67°.  

In order to investigate the effect of grain anisotropy, the L-PBF cubes were sectioned in the 

longitudinal build (Z) and traverse (XY) directions as shown in Figure 2. The Z and XY 

samples were hot mounted using conductive Bakelite to form a single disk, for each set of 

parameters. Each sample disk was metallographically prepared using silicon carbide (SiC) 

grinding papers of 600, 1200 and 2500 grit. Final polishing was carried out using 3μm, 1μm 

and 0.25μm diamond suspensions and colloidal silica nanoparticle suspension solution. 

 

Figure 2: Schematic cutting plan for L-PBF IN718 cube samples. 
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Near net-shape cylindrical tensile samples were produced at three different orientations, with 

the gauge length vertical, horizontal and at 45 degrees to the built plate. A total of nine samples 

were produced, three in each orientation. The length of each sample was 60 mm with 8 mm 

diameter. Six specimens for residual stresses measurement using the incremental hole drilling 

method were manufactured. The dimensions of each specimen were 30 mm x 30 mm x 10 mm. 

The tensile and hole drilling samples were manufactured using the down-selected parameters 

that maximised density. 

2.3. Powder characterisation 

To determine the suitability of the IN718 powder for the L-PBF process it was characterised in 

terms of chemical composition (ISO 7524 [29],7525 [30]), powder size distribution (ASTM 

B822-17 [31]), flowability (ASTM B213-17 [32]), apparent density (ASTM B212-17 [33]) and 

tap density (ASTM B527-15 [34]). Using standardised testing results the Hausner ratio was 

calculated. The Hausner ratio is an empirical metric of flowability, which is calculated by 

dividing tap density by the apparent density. Samples of the powder were also 

metallographically prepared to observe surface morphology and powder internal structure by 

using a using a Zeiss Sigma field emission gun scanning electron microscope (FEG-SEM) 

(Cambridge, UK). PSD analysis was carried out using a Mastersizer 3000 equipment 

manufactured by Malvern Panalytical (Malvern, UK). Flowability, apparent density and 

packing density measurements were carried out using a PowderFlow kit supplied by LPW 

technology. 

2.4. Porosity measurement & texture analysis 

The porosity of the L-PBF samples was measured with two different methods, area fraction 

and volume fraction analyses. For the former analyses, a representative light micrograph based 

method described in ASTM E2109-01 (2014) [35] was employed on polished samples in both 

the Z and XY orientations. Each polished sample disk was observed using an Olympus (Essex, 
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UK) BX51M light microscope. For each of 16 sample disks, greyscale micrographs were 

acquired at a magnification of 10X with a constant light level and exposure time. Each 

micrograph was 2048x1464pixels equivalent to 1.1x0.822 mm2. 64 micrographs were acquired 

from the XY direction and 40 micrographs from the Z direction. The micrographs were then 

processed using ImageJ processing software. Each micrograph was converted into black and 

white using a thresholding tool. Pores were converted into black pixels. The percentage of 

black pixels versus the total number of pixels, for each micrograph was determined. Porosity 

was then calculated by averaging the percentages of black pixels of the micrographs for each 

set of parameters.  

For volume fraction analyses, micro-CT scans were performed by using a lab-based X-ray 

micro-CT scanner at the University of Aberdeen, Zeiss XRADIA-410 having a minimum 

spatial resolution of 0.9 µm and minimum voxel size of 0.1 µm.  As the material used in this 

study has a high formula unit (Z) value, the duration of the scan time (30 hours per sample) 

was significantly high, despite voltage of 140kV, power of 10W and a binning mode of 4. Since 

cost and time involved were high, not all of 16 samples were scanned. For this purpose, samples 

with lowest porosity were down selected. The region of interest was the centre of each sample 

and a cylinder (Ø2 mm  2 mm) was scanned and reconstructed. Note that greater detail about 

the infrastructure and reconstruction can be found elsewhere [36].  The voxel size was 4 µm. 

The resulting data was post-processed using Avizo software by Fisher Scientific (Oregon, 

USA). Processing of the data involved using a threshold to convert porosity into black voxels. 

Total volume of voxels was calculated for each sample and 3D rendered to determine the 

distribution of porosity. 

In addition to light microscopy and micro-CT based fraction analyses, texture analysis was 

carried out on the polished sample that had the lowest porosity by electron backscatter 

diffraction (EBSD). The map was acquired using a Nordlys EBSD detector manufactured by 
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Oxford Instruments (High Wycombe, UK). Processing of maps was performed on Channel5 

software also supplied by Oxford Instruments. Maps were acquired with an accelerating 

voltage of 30 kV. The step size was 0.65 μm. 

2.5. Tensile testing 

L-PBF IN718 cylindrical tensile samples were CNC machined from a diameter of 8 mm to a 

diameter of 4 mm on the gauge length as stipulated by the ASTM E8-16a standard [37]. 

Samples were marked with a 16 mm gauge length to calculate plastic elongation after failure.  

The yield testing was carried out on Instron (Massachusetts, USA) tensile testing machines 

with a strain rate control of 0.015 strain/min and using a dual averaging extensometer. After 

yield the strain rate was increased to 0.4 strain/min until fracture. 

2.6. Incremental hole drilling residual stresses measurements 

The incremental hole drilling method was used to determine in-plane residual stresses in the 

L-PBF samples. Measurements were carried out according to ASTM standard E837-13a.A 

total of six specimens were hole drilled, three with support structures (Specimens 1-3) and 

three build without support structures (Specimens 4-6). 

Type ‘A’ strain gauge rosette was used at the centre of the top surface of each sample. The 

rosette consists of three strain gauges each connected to a desktop computer through an 

amplifier at a voltage of 10 V. This positioning of the rosette leads to the measurement of the 

σxx and σyy in-plane stresses as well as the τxy shear stress. Due to porosity present in the L-PBF 

samples, the hole cannot be drilled using regular drill bits as these can frequently break when 

they encounter a pore due to deflection. Hence, the hole was drilled through the rosette using 

an AJ-1 air abrasion machine made by Texas Airsonics (Texas, USA). The hole is drilled by 

using pure silica sand propelled by a 551 kPa compressed air stream through a 2 mm diameter 

orifice abrading IN718 material to create a 2 mm diameter hole. It is not possible to control the 

hole depth using air abrasion. Hence, steps were achieved by drilling in two (2) minute intervals 
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until depth reached 1 mm. Depth and diameter of the hole at each step were determined by a 

calibrated graduated focusing scope which can measure the focusing distance in thousandths 

of an inch. Measurements were processed using Eval 7 software by SINT technology (Florence, 

IT). The residual stresses were assumed to be non-uniform and integral method was used for 

the calculation [38]. 

3. Results and Discussion 

3.1. Powder characterisation 

Table 1 shows the chemical composition of IN718 powder as analysed by AMG Superalloys 

(Rotherham, UK).  

Table 1: Chemical composition (wt.%) of IN718 powder  

Element Ni Cr Fe Nb Mo Ti Al Co C O 

Weight % 53.32 18.99 18.01 5.01 3.04 0.91 0.46 0.06 0.05 0.022 

 

The powder was found to have good flowing and density properties. Table 2 shows flowability 

and density data. Flowability was measured at 12.33 s per 50 g of powder. Observation of 

powder during the test showed that powder flow was consistent and smooth without stoppages 

and without any clump formation. Hausner ratio was found to be 1.17 for this powder. Hausner 

ratio values below 1.25 have been linked with good flowability properties. Density 

measurement data showed that the apparent density is 4.55 g/cm3 or a packing density of ~55% 

and the tap density is 5.3 g/cm3. 

Table 2: Flowability, apparent & tap density and Hausner ratio for IN718 powder 

Metal Powder 

Flowability 

(s/50g) 

Apparent 

density (g/cm
3
) 

Tap density 

(g/cm
3
) 

Hausner Ratio 

(AD
H
/P

t
) 

LPW IN718 12.33 4.55 5.3 1.17 
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In terms of powder size distribution (PSD), the powder is suitable for the L-PBF process. PSD 

of the IN718 powder was found to be slightly higher than nominal size of 15-45μm but lower 

than a maximum 63μm. Results obtained from the PSD analysis are shown in Table 3. The 

PSD analysis is typically reported through Dvx values. These values represent the diameter 

below which x percent of the volume of the powder particles were found. Hence, Dv10 means 

that 10% of the powder particles have a diameter smaller than 29μm whereas Dv90 means that 

10% of the particles have a diameter higher than 52 μm. 

Table 3: Light scattering PSD analysis data for AGA IN718 powder 

 
Result 1 Result 2 Result 3 Average Allowable Fail/Pass 

Dv 10 (µm) 29.0 29.1 29.2 29 15-30 Pass 

Dv 50 (µm) 38.8 38.9 39.0 39 30-45 Pass 

Dv 90 (µm) 51.5 51.6 51.7 52 45-60 Pass 

 

Whole powder micrograph shows that the majority of particles are spherical in shape and thus 

suitable for the L-PBF process. Figure 3 shows morphology of both whole (a) and cross-section 

(b) of IN718 powder. However, some number of irregularly shaped particles can also be 

observed. These include satellites, splat caps, fragmented particles and elongated particles 

(shown by arrows). These irregular particles are produced during the atomisation process and 

thus their presence is acceptable. Powder cross-section micrograph shows that most of the 

powder particles are spherical. However, a particle at the centre of the image shows porosity 

inside the powder because argon gas can get trapped inside the particles during the atomisation 

process.  

Irregularly shaped particles can have highly differing dimensions impacting the measured PSD 

of the powder. This occurs because the differing dimensions allow them to pass through sieves 

used to separate powder size ranges after the manufacturing process. During PSD analysis 

some of these particles will scatter light along the larger dimension. Thus, they are measured 
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as being bigger than the stated value of <63 μm and due to the limitations of the technique they 

will be reported as larger than their actual size. Hence, the reported PSD range is slightly 

overestimated. 

 

 

Figure 3: SEM micrographs of whole powder (a) and polished cross-section (b). Arrows 

point out irregular particles present in the powder 

3.2. Porosity measurement 

The area fraction analysis results are shown in Figure 4 which is a compilation of micrographs 

taken from samples in the XY direction. According to these measurements, porosity varies 

from 5.33% for sample A1 to 0.16% for sample D3. It is apparent that increasing either laser 

power or exposure time leads to a decrease in porosity. Hence increasing the laser power from 
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170 W to 200 W for a constant exposure time of 90 μs leads to a decrease in porosity from 

5.33% to 1.92% for samples A1 to A4. Similarly, increasing the exposure time from 90 μs to 

120 μs for a constant laser power of 170 W causes a drop, in porosity from 5.33% to 1.1% for 

samples A1 to D1. Increasing both parameters at the same time leads to a rapid decrease in 

porosity. However, after a certain point further increase leads to a slight increase in porosity as 

can be seen between samples D3 and D4. The micrographs also show the shape of porosity. 

For high porosity values (>1%) the shape is irregular and shows to be arranged in lines, 

probably coinciding with scan lines. For low porosity (<1%) the shape of the pores changes to 

be circular and does not follow any discernible pattern. Elongated pores are a result of lack of 

fusion defects within and between layers due to insufficient heat input to completely melt the 

powder. Circular pores are caused by argon gas being trapped within the material. 

 

Figure 4: Light micrographs showing porosity in L-PBF IN718 samples in XY direction, 

porosity varied by varying laser power and exposure time 
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Laser power and exposure time can individually affect the amount of energy inputted in the 

powder bed. Hence, a concurrent increase in both laser power and exposure time cause more 

thorough melting of the powder bed. However, increasing the parameters separately is not 

enough to melt the powder completely, leading to unmelted or partially melted powder 

particles, which then create porosity due to lack of fusion. Increasing both parameters at the 

same time leads to amplified energy input, which can completely melt the powder layer 

exposed to laser beam and hence minimise porosity (D3). Further increase in exposure time 

leads to a slight increase in porosity (D4). The increase in porosity for the parameters of sample 

D4 is possibly an effect of increased sublimation or boiling of lighter elements in the melt pool, 

such as aluminium [39]. 

The above interpretation is supported by the shape of the porosity. Irregular pores are formed 

due to improper and incomplete melting of the powder bed. Circular pores are formed as a 

result of entrapment of argon gas which tends to get trapped during the solidification process 

and leave rounded pores. As energy input increases, powder melts more thoroughly forming a 

melt pool of liquid metal. The melt pool then solidifies, leading to full consolidation of the 

material. When the thermal energy that is delivered to the material is high, lighter elements 

evaporate causing bubbles to form in the melt pool. The bubble contains the working argon 

gas. When the melt pool solidifies, bubble walls will also solidify and manifest as gas porosity 

within the bulk material. 

The volume fraction analysis results still show sample D3 having the lowest porosity at 0.07%. 

Micro-CT results for samples C3, C4, D3 & D4 (low porosity samples) show lower porosity 

values than that calculated through the area fraction analysis. Figure 5 shows the size, shape 

and distribution of the porosity in the samples. The results show that the porosity is randomly 

distributed within the samples.  
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Figure 5: X-Ray micro-CT volumes showing morphology of the porosity within L-PBF IN718 

samples 

Difference between the two fraction measurement methods can be attributed to a few main 

factors. First, pore morphology is complex and heterogeneous and hence size and shape of 

pores at the free surface are different from those at the subsurface. The area fraction analysis 

is limited to free surface condition and hence approximates fraction based on the measurements 

of free surface. On the other hand, X-ray micro-CT method produces 3D pore shapes and sizes. 

Moreover, because the voxel size 4 μm is used in X-ray micro-CT scans, pores smaller than 20 

μm will not generally be detected which artificially decrease the measured porosity. 

Furthermore, the pixel size of the area fraction analysis is 0.64 μm and in this case smaller 

pores can be detected. Hence, a combination of the characterisation methods is necessary to 

ascertain the correct percentage of porosity and its distribution within the samples. 

3.3. Texture analysis 

Figure 6 shows EBSD maps acquired from sample D3 (the lowest porosity sample) in the Z 

direction (a) and XY direction (b). Crystal orientation of a grain is shown as a colour value 
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with the help of an inverse pole figure (IPF) legend. Black pixels are areas where the detector 

was unable to acquire crystal data and, in this instance, coincide with porosity in the sample.  

 

Figure 6: IPF coloured EBSD maps of sample D3; along the build direction (a) and XY 

direction (b) 

EBSD maps reveal a significant difference in structure between Z and XY directions. Map (a) 

shows that most of the grains are columnar in shape. Numerous grains have their length running 

parallel to the Z direction and vary in length between 100-200 μm. However, these columnar 

grains are not stacked together, one next to the other but are separated by areas where the grains 

are either, at a roughly 45° angle to the Z direction, or areas of equiaxed small grains. In terms 

of crystal orientation, IPF colouring reveals that there is no preferred crystallographic direction. 

This type of microstructure is roughly columnar however it differs considerably from the 

columnar structure observed in IN718 processed by continuous L-PBF [40]. In prior work 

columnar grains have grown in an orderly fashion, one next to the other, and show a strong 

preference for the [001] crystallographic direction [40].  

The microstructure the XY direction in Figure 6 (b) is distinguishably different from the Z 

direction. Most of the grains are irregular and small to medium in size (5-40 μm in diameter). 

Occasional very large (70-100 μm in length) grains that are roughly circular in shape can be 
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observed. Therefore, it is possible to state that the microstructure at the XY plane is roughly 

equiaxed in nature. EBSD map data of the XY direction for IN718 processed using continuous 

L-PBF in the literature was not available, to the best knowledge of the authors. However, by 

studying of optical micrographs of etched samples [20] it is possible to extract information 

regarding the shape and size of grains in the XY direction for continuous L-PBF. This 

comparison reveals that pulsed L-PBF has a greater variation of grain sizes in contrast to 

continuous L-PBF [20].  

The disparity in microstructure between pulsed and continuous L-PBF can be attributed to the 

difference in heat generation and subsequent cooling. The pulsed laser generates heat in a 

circular area surrounding the spot being illuminated creating a melt pool. After the end of the 

illumination the heated area quickly cools down at rates of 104 to 106 K/s [41,42], possibly 

solidifying before the next point is illuminated. Hence discreet melt pools are created and 

extinguished. In contrast, the continuous laser energy input remains constant as it scans, leading 

to the formation of a melt pool which follows the laser, solidifying continuously.  

It should be noted that other samples with high porosity in this study might not provide a 

representative grain morphology due to high porosity involvement. In addition, grain 

morphology will not dramatically change from one sample to the other in terms of columnar 

grain structure (Z direction) and equiaxed structure (XY direction). 

3.4. Tensile testing 

Tensile test results show that the pulsed L-PBF material in the as-built condition shows higher 

yield stress (YS) and ultimate tensile strength (UTS) than continuous L-PBF material in the as-

built condition. However, tensile properties are lower than material produced through EB-PBF, 

both pulsed and continuous. The tensile testing results are presented in Table 4 along with data 

extracted from the literature regarding other PBF production methods, as well as for 

traditionally manufactured wrought IN718.  
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Table 4: Summary of reported tensile properties of L-PBF, EB-PBF and wrought IN718 

material 

 Orientation 0.2% YS 

(MPa) 

UTS (MPa) Young's 

Modulus 

(GPa) 

Elongation 

(%) 

Current 

Study 

(Pulsed L-

PBF) 

Horizontal 754.3±4.4 1070.5±11.6 216.5±3.7 20.5±0.8 

Vertical 659.4±19.2 1018.9±0.8 211.5±4.7 23.9±0.5 

45° 704.2±5.1 1045.8±5 213.4±2.7 20.2±0.2 

Continuous 

L-PBF [21] 

Horizontal 572±44 904±22 162±18 19±4 

Vertical 643±63 991±62 193±24 13±6 

45° 590±15 954±10 200±23 20±1 

Pulsed EB-

PBF [26] 

Horizontal 850 1050 

N/A 

22 

Vertical 1000 1300 15 

EB-PBF [43] Horizontal  869±32 1108±50 N/A 22±1.8 

Wrought 

(Aged) [44] 

N/A 1034 1241 199 12 

 

Table 4 reveals that horizontal samples show higher yield stress (YS) and ultimate tensile 

strength (UTS) but lower elongation than the vertical samples. Samples produced at 45° have 

YS and UTS values in between the other two types of samples but with similar elongation to 

horizontal samples. Differences in the tensile properties can be attributed to the difference 

observed in microstructure between Z and XY directions. In horizontal orientation samples, 

tensile stresses are applied along the transverse direction. Hence, the substantial number of 

grain boundaries help to increase strength of the material. In contrast, the vertical samples built 

vertically are loaded along the Z direction. The Z direction has a relatively small number of 

grain boundaries as well as these columnar types of elongated grains also possess dendritic 
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featured microstructure. Hence, cracks and defects can propagate easier within the material 

leading to lowering the tensile properties for the vertical samples. Due to the above described 

explanation, it becomes apparent that the tensile properties of 45° samples are in between the 

horizontal and the vertical samples. Moreover, there is no appreciable difference in elongation 

to failure amongst the samples built in various orientations. 

Comparing the tensile test results of the current work with prior work in continuous L-PBF 

(Table 4) shows that using a pulsed laser source leads to improved mechanical properties 

regardless of the sample orientation. However, the effect of orientation on the mechanical 

properties is different in the two process paradigms. The difference in the tensile properties 

between pulsed and continuous samples can be explained by the marked difference between 

the Z direction microstructures produced by the two heat sources. Continuous L-PBF 

microstructure exhibits columnar grains along the Z direction [21] in contrast to pulsed L-PBF 

microstructure  which is more ‘complex’ (Figure 6a). Hence, in horizontal orientation tensile 

testing, the grains can be pulled apart due to continuous L-PBF microstructure which is not the 

case for pulsed L-PBF microstructure. 

While comparing tensile properties of the current study to EB-PBF (Table 4), horizontal 

samples showed similar results in terms of UTS and elongation. In contrast, the results of 

pulsed EB-PBF show comparable results for the horizontal orientation but markedly better 

properties for pulsed EB-PBF samples in the vertical orientation. However, it should be noted 

that the scanning strategy employed in [26] was specifically designed to take advantage of the 

pulsing nature of the heat source. 

4.5. Incremental hole drilling residual stress measurements 

Figure 7 shows the incremental hole drilling residual stresses measurement data for the 

specimens with support structures (a) and without support structures (b). The hole depth 

reached from the top surface of each specimen, varied from 0.96 mm to 1.02 mm. Hence, the 
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repeatability of the hole drilling procedure isn’t identical despite the specimens being produced 

using the same process parameters. This lack of repeatability is demonstrated in the two charts 

showing that each specimen has  a slightly different residual stress field, whether it is supported 

or not. For the supported specimens, σxx and σyy stress components are tensile in nature and 

range from 0 MPa to 463 MPa with increased hole depth. The shear stress component τxy is 

slightly tensile at small depths and becomes more compressive deeper in the hole varying from 

33.6 MPa to -42 MPa. For the specimens without supports, σxx and σyy stress components varied 

from slightly compressive to tensile and values of -6.5 MPa to 159 MPa without a strong 

correlation with hole depth. Shear stress component τxy begins as compressive for specimens 4 

and 5 and becomes tensile with increased hole depth from -56 MPa to 11 MPa. Shear stress 

component for specimen 6 however reverses the trend for unsupported specimens because it 

becomes more compressive with increased hole depth instead of tensile. 
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Figure 7: Residual stresses measurements for L-PBF IN718 samples with (a) and without 

supports (b) 
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Despite each specimen exhibiting a different residual stress field, general tendencies can be 

seen for each type of specimens (supported versus unsupported). The supported specimens 

show increasing tensile stress for the σxx and σyy components, with increased hole depth. The 

two stress components are closely related to each other, both following the same trend. 

Specimens 2 and 3 showed a maximum being reached followed by a slight decrease in the 

magnitude of the stress. However, the depth at which this change-over occurs varies from 0.53 

mm for specimen 3 to 0.86 mm for specimen 2. In contrast specimen 1 shows continuous 

increase with increasing hole depth, with no discernible change-over point. The shear stress 

component τxy for all three specimens shows a change from slightly tensile shear to 

compressive shear with increasing hole depth. 

For the specimens without supports, the normal stress components (σxx & σyy) do not exhibit 

any discernible behaviour with increased hole depth. The shear stress component τxy for 

specimens 4 and 5 show a change from compressive to slightly tensile with increased hole 

depth. Conversely, shear stress for specimen 6 becomes more compressive with increased hole 

depth. 

Residual stress data showed that specimens without supports exhibit lower residual stresses in 

comparison to those with supports. Prior research has shown that this is expected [45] for two 

main reasons. Specimens without supports are built directly on top of the substrate plate and 

share a large interface with it. Hence, any residual stress that develops in the specimens is 

counteracted in part by the substrate. Therefore, the removal of the specimens from the 

substrate leads to a release of residual stress, leading to a reduction in measured residual stress.  

Residual stress data also show that the normal residual stress components (σxx & σyy) are 

significantly higher than the shear component (τxy) and roughly equal. This occurs due to the 

pulsed nature of the heating-cooling cycle as well as due to the rotation of the scan lines 

between subsequent layers, during the manufacturing. 
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There are certain issues with the hole drilling residual stress measurement method as performed 

on L-PBF material. The existence of porosity within the L-PBF specimens affects the residual 

stress field. Therefore, random distribution of the porosity, despite the same parameters used 

for manufacturing, will produce different residual stress fields for each specimen. These 

random stress fields impact the reproducibility of the hole drilling measurement which makes 

it very difficult for a direct quantitative comparison between specimens. However, qualitative 

comparisons are easier to make with obvious trends being exhibited in the case of the 

specimens with and without supports. 

Note that it may be possible to relieve residual stresses during manufacturing by means of base 

plate pre-heating, However, the results presented in this study were obtained without the pre-

heating case and hence residual stresses are to be larger than expected for the pre-heating case.  

 

4. Conclusions 

In this study, several aspects of pulsed L-PBF manufacturing of IN718 material were 

investigated. These were; characterisation of the precursor powder, determination of pulsed L-

PBF process parameters to fabricate highly dense material, assessment of tensile properties and 

residual stress measurement in the as-built condition. The following conclusions can be drawn 

from this work: 

▪ AGA IN718 powder with a PSD of 29-52μm, a Hausner ratio of 1.17 and typical gas atomised 

morphology has been found suitable for the pulsed L-PBF process.  

▪ Area fraction analysis shows porosity reaches a minimum of 0.16%. Hence 99.84% dense 

material can be achieved for pulsed L-PBF process parameters of 200 W for the laser power 

and 110μs for the exposure time and is comparable to the density achieved by continuous L-

PBF. 
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▪ Crystal structure of the as-built pulsed L-PBF IN718 material is less oriented and less columnar 

than continuous L-PBF. 

▪ Resultant grain structure of pulsed L-PBF samples in the ‘as built’ condition show a YS of 

~706 MPa, a UTS of ~1045 MPa and elongation of ~21.5% on average.  

▪ There is no distinguishable difference between pulsed and continuous L-PBF in elongation of 

IN718. 

▪ It is possible to produce stronger and slightly stiffer IN718 by means of pulsed L-PBF in 

comparison with continuous L-PBF without having to sacrifice ductility.  

▪ Maximum residual stress in the samples with support structures is 463 MPa, three time higher 

than in samples without support structures at 159 MPa. 
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