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Abstract 16 

In laser powder bed fusion (LPBF), defects such as pores or cracks can seriously affect the final 17 

part quality and lifetime. Keyhole porosity, being one type of porosity defects in LPBF, results 18 

from excessive energy density which may be due to changes in process parameters (laser power 19 

and scan speed) and/or result from the part’s geometry and/or hatching strategies. To study the 20 

possible occurrence of keyhole pores, experimental work as well as simulations were carried out 21 

for optimum and high volumetric energy density conditions in Ti-6Al-4V grade 23. By 22 

decreasing the scanning speed from 1000 mm/s to 500 mm/s for a fixed laser power of 170 W, 23 

keyhole porosities are formed and later observed by X-ray computed tomography. Melt pool 24 

images are recorded in real-time during the LPBF process by using a high speed coaxial Near-25 

Infrared (NIR) camera monitoring system. The recorded images are then pre-processed using a 26 

set of image processing steps to generate binary images. From the binary images, geometrical 27 

features of the melt pool and features that characterize the spatter particles formation and 28 

ejection from the melt pool are calculated. The experimental data clearly show spatter patterns in 29 

case of keyhole porosity formation at low scan speed. A correlation between the number of pores 30 

and the amount of spatter is observed. Besides the experimental work, a previously developed, 31 

high fidelity finite volume numerical model was used to simulate the melt pool dynamics with 32 

similar process parameters as in the experiment. Simulation results illustrate and confirm the 33 

keyhole porosity formation by decreasing laser scan speed. 34 

Keywords: Laser Powder Bed Fusion (LPBF), Melt pool monitoring, Spatter analysis, 35 

Keyhole porosity, Finite volume modelling, X-ray computed tomography (X-CT) 36 
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1. Introduction  39 

Selective laser melting (SLM), otherwise called metal laser powder bed fusion (LPBF), is a 40 

process where a 3-D metal part is built in a layer-by-layer manner by utilizing a laser to melt the 41 

metal powder selectively in a powder bed. Kruth and der Schueren, 1995 [1] studied this 42 

technique in the mid 1990’s, followed by Meiners, 1999 [2]. In this process, a thin layer of 43 

metallic powder is molten at selected places by scanning a laser beam over a powder bed as per a 44 

predefined scanning strategy (Figure 1). The main advantage of this process is that it enables the 45 

manufacturing of complex metallic parts. Applications of the LPBF process can be found in a 46 

variety of sectors. Examples of those are the medical sector [3], tool industries [4], automotive 47 

industry [5] and aerospace industry [6]. The present state-of-the-art LPBF process with 48 

optimized processing parameters normally leads to near or over 99% part densities. Nevertheless, 49 

local defects such as pores might exist. These imperfections can be a concern as they can cause 50 

variations in the mechanical properties of produced parts. The presence of these porosities 51 

becomes even more problematic when the defects are present in critical zones (e.g. subject to 52 

high mechanical stress) of the produced parts and thus limit the use of LPBF in critical 53 

applications, such as aerospace or the medical industry. These undesirable defects might appear 54 

due to non-idealities related to the processing parameter settings as well as hardware behaviour, 55 

such as scanning mirror acceleration/deceleration, leading to over-melting or insufficient 56 

melting. 57 

 58 

Figure 1. Schematic diagram of the SLM process [7]. 59 

There are many reasons for pore formation in LPBF, such as lack of fusion [8], Plateau-Rayleigh 60 

instability [9], overheating in overhanging structures [10] or keyhole-induced pores [11]. The 61 

mechanisms behind the latter is the keyhole phenomenon, caused by high volumetric energy 62 

conditions, with the resulting porosity being denoted as a keyhole pore. During keyhole mode, 63 

the temperature at the centre of the laser beam and at the bottom part of the keyhole reaches 64 

values above the vaporization temperature of the metal. This prompts an exponential increase in 65 

the recoil pressure and a linear reduction in the surface tension, opening and stabilizing the 66 

keyhole void [12]. Nevertheless, when the keyhole is dragged along during scanning, instabilities 67 
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can arise. Matsunawa et al., 1998 [13] showed that as a result of the keyhole front inclination 68 

angle, the evaporation site can shift to different locations on the front keyhole wall. This can 69 

perturb the rear melt pool wall and as a result generate instabilities and keyhole oscillation. At 70 

this moment, the laser rays lose the vast majority of their energy because of multiple collisions. 71 

This redistribution of the laser energy can significantly change the local temperature distribution 72 

inside of the keyhole and subsequently also the local recoil pressure. With the decrease of the 73 

temperature and recoil pressure, a local rise of the surface tension is observed. As a result, the 74 

balance of forces is disrupted and the keyhole can no longer be sustained locally, leading to a 75 

rapid collapse of the keyhole. Consequently, a gas pocket might be trapped due to the abrupt 76 

breakdown of the rear wall, forming what is called a keyhole-induced pore at the bottom of the 77 

keyhole.  78 

Keyhole and keyhole-induced pore formation has already been studied by many authors. King et 79 

al., 2014 [11] proved that under certain conditions, the melting mechanism changes from 80 

conduction to keyhole mode laser melting. They identified the conditions for keyhole formation 81 

through single-track experiments for 316L stainless steel. Martin et al., 2019b [14] elucidated the 82 

mechanism of keyhole pore formation during laser turn points using in situ X-ray imaging and 83 

multi-physics simulations. Khairallah et al., 2016 [9] developed a numerical model that included 84 

the recoil pressure and the Marangoni effect and investigated the melt pool evolution. Bayat et 85 

al., 2019 [12] developed a high-fidelity multiphysics numerical model taking into account multi 86 

physics phenomena during LPBF. They studied the formation of keyhole porosities in printed 87 

single tracks of Ti6Al4V and validated the simulation results with experimental results. 88 

Cunningham et al., 2019 [15] used an ultrahigh-speed synchrotron X-ray imaging to capture the 89 

keyhole evolution across a range of process conditions for a Ti6Al4V alloy. 90 

The effect of the process parameters on the quality is indirect, namely through the melting 91 

process. Therefore, it is important to understand the relation between the melting behaviour and 92 

the part quality. It is known that the melt pool characteristics such as melt pool geometry and its 93 

thermal distribution are an indicator of the final microstructure, which can strongly affect the 94 

mechanical property of the final build part [16]. An in-process melt pool monitoring system is a 95 

useful tool to inspect the melt pool behaviour during the LPBF process [17]. Along with the in-96 

situ observations, multi-physics simulations of the LPBF process are very helpful in 97 

understanding the mechanisms of defect formation. These models enable the analysis of the melt 98 

pool’s thermo-fluidic behaviour with a very fine spatial-temporal resolution and involve various 99 

physical phenomena, e.g. evaporation, solidification, capillarity, etc. Multi-physics models have 100 

already been implemented by some of the co-authors to study the mechanisms of lack-of-fusion 101 

and keyhole-induced porosities during the LPBF process [12]. These models are found to be very 102 

accurate in determining the size, shape and the possible locations of the pores.  103 

During the powder bed fusion process, spatter particles may eject from the melt pool due to 104 

multi-physics phenomena. These spatter particles can have an impact on the part quality as large 105 

spatter particles that land on the top of the powder layer may attenuate the laser beam, resulting 106 

in lack of fusion porosity, and may increase surface roughness. Therefore, the identification and 107 

analysis of spatter are considered important. Matthews et al., 2016 [18] observed the denudation 108 

phenomena near the laser scan track using high-speed imaging and explained that for a typical 109 

environment, inward gas flow driven by a metal vapour jet due to the Bernoulli effect was the 110 

dominant driving force for denuding powder near a melt track. Ly et al., 2017 [19] explained the 111 

https://www.sciencedirect.com/topics/engineering/titanium-alloys
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physics of droplet ejection by ultra-high speed imaging of the melt pool. They presented detailed 112 

experiments and finite element modelling of metal micro-droplets to explain the physics of the 113 

laser-vapour-driven particle entrainment. Gunenthiram et al., 2018 [20] investigated metallic 114 

ejections generated during SLM using a high speed camera. Image analysis was performed for 115 

spatter analysis and a correlation was proposed between the volume of spatters and volume 116 

energy densities (VED) to identify melt-pool stability regimes. Repossini et al., 2017 [21] 117 

monitored spatter using an off-axis camera with a large field-of-view installed on their machine. 118 

Basic image processing, like the simple thresholding method, was used to binarize the recorded 119 

images. The binary images are then further processed to extract some features related to spatter, 120 

like the number of spatters, the average spatter area and the speed of ejected spatters.  121 

This paper focuses on melt pool and spatter analysis in LPBF builds for Ti-6Al-4V grade 23. 122 

Both the melt pool characteristics (intensity, geometry) and spatter can be observed with the in-123 

process coaxial monitoring system. The current work presents a first attempt to characterize 124 

spatter on coaxial camera images recorded from a coaxial monitoring system and to link it to the 125 

keyhole pores’ formation. An important challenge in analysing the coaxial camera images is that 126 

in many cases the melt pool is overlapping with the spatters. In addition, in some cases, the 127 

intensity of spatters in the images is quite low. Hence, applying a basic thresholding method to 128 

the images will miss-detect spatters ejected from the melt pool. Therefore, a novel combination 129 

of image processing steps are proposed in this paper to highlight and enhance both spatters 130 

overlapping with the melt pool and spatters with low intensity. The paper is structured as 131 

follows. Section 2 reviews the experimental procedure including the description of the 132 

measurement set-up and the algorithmic flow to process the collected data and to transform them 133 

into monitoring features. Furthermore, the measurements obtained through optical microscopy 134 

and X-ray tomography, as well as melt pool CFD simulations are described. Section 3 discusses 135 

the results at nominal and deviating volumetric energy density conditions obtained from 136 

experimental and modelling analyses. Conclusions are formulated in Section 4. 137 

2. Experimental procedure 138 

2.1 LPBF process 139 

An in-house developed LPBF machine of KU Leuven (LM-Q) was used to build the parts under 140 

investigation. This machine is equipped with an Ytterbium (Yb) continuous wave fibre laser 141 

source with a wavelength of 1080 nm and maximum output power of 1 kW. The focused laser 142 

beam has a spot diameter of 37.5 μm (Ø1/𝑒2: 13.5% of maximum). The subject of the 143 

investigation presented here are single-line tracks, built on dense LPBF substrates (10 mm x 10 144 

mm x 5 mm). The feedstock material used is Ti-6Al-4V grade 23 powder, with a powder particle 145 

size ranging between 15 - 45 µm. The dense substrates are built using optimized process 146 

parameters (see Table 1) that are, in their turn, optimized based on the maximum achieved 147 

Archimedes’ part density. The layer thickness is set at 30 µm, both for the substrates and the 148 

single line tracks. The scan strategy for the substrate is contour first, with a bi-directional infill 149 

and a rotation of 90 degrees between layers. The single tracks are produced simultaneously with 150 

the substrates, in a single job, to mimic normal processing conditions. For the single line tracks, 151 

the Volumetric Energy Density (VED) is modified by adapting both the scan speed and the laser 152 

power. The applied VEDs are subdivided into three regions, identified as being low, optimum 153 

and high VED (Table 1). The VED in Table 1 is calculated by using the following equation:  154 
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 𝑉𝐸𝐷 = 𝑃𝑣 ∙ 𝑑 ∙ 𝑡 
(1) 

where VED is the applied volumetric energy density (J/mm
3
), P is the laser power (W), v is the 155 

scan speed (mm/s), t is the layer thickness (mm) and d is the spot diameter (mm).  156 

Table 1. Process parameter for LPBF of Ti-6Al-4V.  157 

Condition  ID Laser 

Power / W 

Scan 

Speed / 

mm·s
-1

 

Volumetric energy 

density (VED) / J ·  mm
-3

 

Optimum VED 1 170 1000  151.11 

High VED 
2 340 1000 

 302.22 
3 170 500 

Low VED 
4 85 1000 

75.55 
5 170 2000 

In previous work [22], in which the same samples were examined, it was shown that for an 158 

identical high VED
1
 (i.e. ID# 2 and 3), a lower scan speed at the optimum laser power resulted in 159 

keyhole porosities, while a higher laser power at the optimum scan speed did not have the same 160 

detrimental effect. This study focuses on the analysis of the experimental condition leading to 161 

keyhole porosities (ID# 3 in Table 1). A comparison (both experimentally and through 162 

modelling) is thus made with the condition under optimum process parameters (ID# 1 in Table 1) 163 

and the condition at high VED (ID# 3 in Table 1).  164 

Extracting melt pool dimensions using metallographic analysis is challenging for Ti-6Al-4V, as 165 

the melt pool boundaries are not readily revealed by etching. Alternatively, the melt pool width 166 

is measured by imaging the top surface, by means of a Keyence VHX-600 optical microscope. 167 

The depth dimension is estimated by examining the keyhole porosity depth using X-CT cross-168 

sections. 169 

2.2 In-process melt pool monitoring  170 

The in-house developed LPBF machine of KU Leuven (LM-Q) is equipped with a coaxial melt 171 

pool monitoring set-up. A description of the conceptual operation and components is given in 172 

this section. The general layout is schematically shown in Figure 2. The laser source of 1080 nm 173 

wavelength is collimated (d), coupled into free space, and guided through an optic with a thin-174 

film interference filter (c). The filter is designed to have a cut-on wavelength of 950 nm i.e. 175 

                                                           
1
 In [22] the laser spot diameter was assumed to be 50 µm, resulting in slightly smaller reported VED values as 

compared to the values reported here. Afterwards the laser spot size was measured to be 37,5 µm leading to the 

corrected VED values shown in Table 1. 
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wavelengths above 950 nm are transmitted, while those below the cut-on wavelength are 176 

reflected. This filter is thus allowing the laser beam to pass freely through the optic. After the 177 

filter, the laser is positioned and focused on the powder bed using a Galvano-scanner and f-theta 178 

lens combination (b). When the laser hits the powder at the workplace (a), a melt pool is created 179 

and according to the black-body radiation theory (Planck’s law), a spectrum of radiation is 180 

emitted depending on the object temperature. Part of the generated melt pool radiation or process 181 

light is transmitted back into the f-theta lens and Galvano-scanner combination (b). The process 182 

light is then separated from the laser source by reflecting off the thin-film interference filter (c). 183 

After separation, the process light is distributed evenly among the two sensors using a beam 184 

splitter (e). The two sensors are a silicon photodiode (f) [23] and a CMOS camera (g) [24]. Both 185 

the sensors are band-passed filtered to have the near-infrared (NIR) wavelength range between 186 

800-950 nm for observation of the melt pool radiation. Filtering eliminates any remaining laser 187 

emission, as well as prohibits any stray ambient light from interfering with the measurements. 188 

 189 

Figure 2. Schematic overview of the monitoring setup. 190 

The analogue signal originating from the photodiode (f) is sampled using a sample and hold 191 

analogue-to-digital converter with 16-bit resolution (-10, 10 V) with the sampling frequency of 192 

20 kHz. The photodiode signal is synchronized and simultaneously logged together with the 193 

scanner XY-positions.  194 

The CMOS camera (g) is connected to a separate frame grabber system, using the Camera Link® 195 

interface. The images measure 80 by 80 pixels and have an 8-bit grayscale pixel depth. The pixel 196 

size is measured to be 14 µm by employing an R3L3S3P concentric square target calibration 197 

plate manufactured by Thorlabs and is placed in the working plane. This results in a field of view 198 

of 1120 µm by 1120 µm. Thus, both the melt pool and surrounding environment are captured by 199 

the images, allowing for the occasional spatter to be captured by the camera. An example image 200 
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during operation is shown in Figure 4, showing both the melt pool and some spatter particles 201 

being ejected from said melt pool. The grayscale image intensities are inverted for clarity 202 

(0=white, 255=black).  203 

The acquisition frame rate is fixed at 20,000 fps (frames per second). The camera acquisition is 204 

triggered with the machine controller’s data logging signal, synchronizing photodiode, scanner 205 

coordinates and camera images. All images are transferred and stored to a parallel RAID 0 SSD 206 

array containing 6 disks, capable of sustaining a data rate exceeding 1 GB/s. This assures that the 207 

maximum supported Camera Link® data rate of 850 MB/s is achievable throughout the entire 208 

process. 209 

2.3 Image processing steps for extracting geometrical and spatter features from the 210 

camera melt pool images 211 

Figure 3 shows the flowchart of the image processing and features extraction steps for 212 

characterising the melt pool geometry and spatters applied to the coaxial camera image. The 213 

innovation proposed in this paper is a combination of different existing image processing 214 

algorithms that are used in a particular sequence. The algorithms have been implemented in a 215 

MATLAB environment. In the first step, the noise that might be originating from the imaging 216 

sensor and/or the optical path in a raw image is suppressed by applying a Wiener filtering 217 

technique [25]. In the second step, the denoised image is further processed by identifying and 218 

localizing several co-variant regions called Maximally Stable Extremal Regions (MSERs) in the 219 

image [26]. In the third step, a filter is applied to select a representative MSER from the detected 220 

co-located MSERs. In the fourth step, a binary image is generated by setting the selected regions 221 

in the image to one and keeping the other regions to zero. In the final step, some geometrical and 222 

spatter-related features are extracted from the binarized image. Each step is briefly explained in 223 

the forthcoming subsections. 224 

 

Figure 3. Flowchart of the image processing algorithm for spatter detection. 225 

2.3.1 Wiener filtering for image denoising 226 

Suppose that a measured image is corrupted by independent zero-mean white Gaussian noise. 227 

The problem can be formulated as follows: 228 𝑦(𝑛, 𝑚) = ℎ(𝑛, 𝑚) ∗ 𝑥(𝑛, 𝑚) + 𝑣(𝑛, 𝑚) (2) 

Where 𝑦(𝑛, 𝑚) denotes the measured image with n and m being the pixel indices, ℎ(𝑛, 𝑚) 229 

denoting the linear time-invariant impulse response function of the optical path, 𝑥(𝑛, 𝑚) is the 230 

(unknown) true image, the operator ∗ denoting convolution and 𝑣(𝑛, 𝑚) denoting the 231 

measurement noise.  232 
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The objective is to remove noise or denoise 𝑦(𝑛, 𝑚) and to obtain an estimate �̂�(𝑛, 𝑚) of 233 𝑥(𝑛, 𝑚), which minimizes the mean squared error (MSE), 234 

𝑀𝑆𝐸(�̂�) = 1𝑁 ∑ (�̂�(𝑛, 𝑚) − 𝑥(𝑛, 𝑚))2𝑁
𝑛,𝑚=1  

(3) 

where 𝑁 denotes the number of pixel elements in 𝑥(𝑛, 𝑚). 235 

When 𝑥(𝑛, 𝑚) and 𝑣(𝑛, 𝑚) are stationary Gaussian processes, the Wiener filter is the optimal 236 

filter [25]. Specifically, when 𝑥(𝑛, 𝑚) is also a white Gaussian process, the Wiener filter can be 237 

simply formulated as follows: 238 

�̂�(𝑛, 𝑚) = 𝜇𝑥(𝑛, 𝑚) + 𝜎𝑥2(𝑛, 𝑚)𝜎𝑥2(𝑛, 𝑚) + 𝜎𝑛2(𝑛, 𝑚) [𝑦(𝑛, 𝑚) − 𝜇𝑥(𝑛, 𝑚)] (4) 

Where 𝜎2 and 𝜇 are the image variances and means, respectively. To use Eq. (4), the image 239 

mean 𝜇𝑥(𝑛, 𝑚), the image variance 𝜎𝑥2(𝑛, 𝑚) and the noise variance 𝜎𝑛2(𝑛, 𝑚) need to be 240 

determined. If the noise variance is unknown, it is taken equal to the average of all the local 241 

estimated variances. The image mean and variance are calculated locally around each pixel over 242 

a uniform moving average window of size (2𝑟 + 1) × (2𝑟 + 1): 243 

�̂�𝑥(𝑛, 𝑚) = 1(2𝑟 + 1)2 [ ∑ ∑ 𝑦(𝑝, 𝑞)𝑚+𝑟
𝑞=𝑚−𝑟

𝑛+𝑟
𝑝=𝑛−𝑟 ] 

(5) 

�̂�𝑥2(𝑛, 𝑚) = 1(2𝑟 + 1)2 [ ∑ ∑ (𝑦(𝑝, 𝑞) − �̂�𝑥(𝑛, 𝑚))2 − 𝜎𝑛2(𝑛, 𝑚)𝑚+𝑟
𝑞=𝑚−𝑟

𝑛+𝑟
𝑝=𝑛−𝑟 ] 

(6) 

With the parameter 𝑟 denoting an integer value. The choice of the parameter 𝑟 for determining 244 

the window size for averaging depends on the image size. Moreover, the choice is application-245 

specific and should be determined experimentally. However, according to [26], the value of the 246 

parameter 𝑟 should be selected around 2 or 3. 247 

2.3.2 Detection of Maximally Stable Extremal Regions (MSERs) 248 

Maximally Stable Extremal Regions (MSERs) are connected areas characterised by almost 249 

uniform intensity, surrounded by contrasting backgrounds. MSERs are constructed through a 250 

process of trying multiple thresholds. The selected regions are those that maintain unchanged 251 

shapes over a large set of thresholds [27]. The concept of MSER can be explained as follows. 252 

Assume that there exist all possible thresholds of a grey-level image 𝐼 = �̂�. Define pixels below 253 

a threshold as ’white’ and those above or equal to the threshold as ’black’. If thresholded images 254 𝐼𝑡 are shown one after the other, with time frame 𝑡 being also the threshold 𝑡, a black image will 255 

first appear at t=0. Subsequently, white spots corresponding to local intensity minima will appear 256 

and grow. At some point, regions corresponding to local minima will merge, enclosing black 257 

regions of high value pixels. For increasing threshold, these black regions will shrink. Finally, 258 
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the last image will be completely white. The set of all connected components of all frames of the 259 

movie is the set of all maximal regions (MSER 1, MSER 2, … , MSER 𝑘, … , MSER 𝑁), as seen in 260 

Figure 4 (b). The reader is referred to [27] for a more thorough description of the method. 261 

2.3.3 Filtering 262 

In case where some MSERs are co-located, for example, MSER 𝑘 with MSER 𝑘 + 1, and 263 MSER 𝑁 − 1 with MSER 𝑁 as illustrated in Figure 4 (b), filtering needs to be applied to select 264 

the most representative MSER. The first step is to check whether co-located MSERs exist. To 265 

this end, an MSER with the largest area is selected as a reference MSER. Then, the distance 266 

between the centroid of a benchmarked MSER and that of the reference MSER is calculated. If 267 

the centroid distance is smaller than a certain threshold, the benchmarked MSER is thus co-268 

located with the reference MSER. The second-largest area of the co-located MSERs is selected 269 

as a representative MSER. Based on the illustrative example shown in Figure 4 (b), the 270 

representative MSER for the two co-located MSER 𝑘 and MSER 𝑘 + 1 is MSER 𝑘, while the 271 

representative one for the two co-located MSER 𝑁 − 1 and MSER 𝑁 is MSER 𝑁 − 1. 272 

 

(a) 

 

(b) 

Figure 4. An illustrative example of identification of MSERs from an image: (a) raw/pre-273 

processed image, (b) MSERs identified from the image. 274 

2.3.4 Image binarization 275 

Once co-located and non-co-located MSERs are selected, the binary image 𝐼𝑏 is simply 276 

generated by setting the pixel values on the selected MSERs to one (black), and by setting the 277 

pixel values of the background to zero (white). 278 

2.3.5 Features calculation 279 

Figure 5 illustrates several features that are extracted from the binary image 𝐼𝑏. The largest 280 

object detected in the binary image 𝐴0 is taken as the melt pool, while the smaller objects 281 

(𝐴1, … , 𝐴𝑗 , … , 𝐴𝑁) are taken as spatters. The first defined features are the length, width and area. 282 

They are extracted using Hu's Moment Invariants [28] as implemented in the MATLAB 283 
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environment. The area is calculated by taking the 0
th

 moment, which is the equivalent to the total 284 

number of pixels of the original object. To determine the length and width, an ellipse that has the 285 

same normalized second central moments as the segmented object is construed for each object, 286 

as can be seen in Figure 5. The size of the principal axes of the equivalent ellipses then represent 287 

the length and width (major axis (a) and minor axis (b) respectively). The second feature is the 288 

main melt pool eccentricity, 𝜀 = √1 − 𝑏2𝑎2 , 𝑏 < 𝑎. The third feature is the perimeter of the main 289 

melt pool 𝜌. The fourth feature is the number of spatter, 𝑁. The fifth feature is the spatter ratio 𝑟 290 

being defined as the division between the total area of spatters and the main melt pool area, 291 𝑟 = ∑ 𝐴𝑗𝑁𝑗=1𝐴0 . The first 3 features are expressed as scalars in the unit of pixel. The remaining 2, 292 

number of spatter and spatter ratio, are dimensionless.  293 

 

Figure 5. Illustration of features calculated from a binary image 𝐼𝑏. 294 

2.4 X-ray computed tomography 295 

X-ray computed tomography (X-CT) measurements are performed to scan the object with a XT 296 

H 225 ST machine from Nikon Metrology having a maximum tube potential of 225 kV. The 297 

instrumental parameters are set at a tube voltage of 180 kV, a power of 12.1 W, an exposure time 298 

of 2000 ms and 3600 radiographs. The chosen target material for the X-ray generation is 299 

tungsten. The magnification is fixed at a factor of 20, prompting a measurement resolution 300 

(voxel size) of 10 μm. A copper filter of 1 mm thickness is utilized in front of the X-ray tube 301 

window to reduce the beam hardening effect. The volume reconstruction is performed using the 302 

Feldkamp-Davis-Kress algorithm. The alignment of the reconstructed volume is performed by 303 

the 3-2-1 registration technique with VGStudio MAX 3.2 software.  304 

2.5 Numerical modelling of the melt pool 305 

A Finite Volume Method based Computational Fluid Dynamics (CFD) model introduced by 306 

Bayat et al., 2019 [12] is used to simulate the heat and fluid flow conditions for both optimum 307 

and keyhole LPBF conditions. The model solves the conservation of mass, linear momentum and 308 

energy equations. It uses the Fresnel absorption function to model the laser behaviour [29], 309 
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which is dependent on the geometry of the depression zone. The model also takes into account 310 

several physical based phenomena such as evaporation, ablation pressure, melting, capillarity, 311 

Marangoni effect, solidification and the laser-material interaction [30]. Besides, it encompasses 312 

the ambient heat losses through the exposed free surfaces via convection, radiation and 313 

evaporation.  314 

3. Results and discussion 315 

The first part of this section shows the geometrical features of a melt pool comprising of the 316 

major axis-length, the minor axis-width and the melt pool area, as measured from the coaxial 317 

camera melt pool images of the single track experiment. The second part discusses the features 318 

comprising the number of spatters, the spatter area and the spatter ratio of the single track 319 

experiment. The third part presents numerical modelling results of the melt pool for optimum 320 

and keyhole LPBF conditions. In the final part of this section, melt pool geometry features are 321 

evaluated from optical micrographs. 322 

3.1 Geometrical melt pool features for the single track experiment 323 

This section shows the results from the photodiode and the high-speed camera for single tracks. 324 

The photodiode indicates the average melt pool intensity (single value output) and the high-325 

speed coaxial camera records the melt pool geometry (2D array of pixels) from which melt pool 326 

characteristics like length and width are extracted. Table 2 shows the melt pool intensity for line 327 

scans with different processing parameters. The average intensity of six line-scans is presented 328 

with its associated standard deviation. The first up to 15 data points in the beginning and up to 10 329 

data points at the end of the line scan are neglected due to the non-uniformity of the applied 330 

energy density. This is a result of the acceleration and deceleration of the galvanometer mirrors. 331 

The melt pool emission energy is calculated by averaging the photodiode signal and 332 

subsequently integrating over time, for a certain line length e.g. 1000 mm. This integrated value 333 

logically increases with decreasing scan speed (longer duration) if the average emitted intensity 334 

remains the same. 335 

However, it is clear from Table 2 that the average melt pool emission intensity does not scale 336 

linearly with the volumetric energy density (VED). Indeed, it is found that the recorded average 337 

signal from the photodiode for condition 2 is 14.7% higher than for optimum condition 1. While 338 

for condition 3 the recorded average signal is 13.2% lower than what was found for condition 1, 339 

even though both are observed to have the same VED. Alternatively, examining the average 340 

integrated melt pool intensity, condition 3 now exhibits the highest value. For condition 3 the 341 

integrated average value is 73.5% higher compared to condition 1. In contrast, condition 2 342 

exhibits the same 14.7% increase in integrated average value compared to optimum condition 1. 343 

These results could indicate that the occurrence of keyhole mode melting (condition 3) is tied 344 

with the integrated average of the melt pool radiation, while simultaneously it is less dependent 345 

on the average measured radiation. Figure 6 shows examples of the recorded melt pool intensity 346 

for a single track with optimum, high and low VED conditions. 347 
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 348 

Figure 6. Melt pool intensity (photodiode signal (V)) of single track with optimum, high and low 349 

VED conditions. Data between two dashed red lines are taken into account.  350 

 351 

 352 
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Table 2. Melt pool (MP) Intensity from Photodiode for LPBF of Ti-6Al-4V.  353 

Condition and 

VED 
ID 

Laser 

Power / W 

Scan Speed / 

mm·s
-1

 

Average MP 

Intensity / mV 

Integrated 

intensity over 

time for a 

length of 1000 

mm / V·s 

Optimum VED 

(151 J ·  mm
-3 

) 
1 170 1000 40.1 ± 1.5 0.0401 

High VED 

(302 J ·  mm
-3 

) 

2 340 1000 46.0 ± 1.7 0.0460 

3 170 500 34.9 ± 0.7 0.0696 

Low VED 

(75.6 J ·  mm
-3 

) 

4 85 1000 29.7 ± 1.9 0.0297 

5 170 2000 43.4 ± 1.7 0.0216 

In order to extract the melt pool geometry from the grayscale camera images, the camera images 354 

are pre-processed using the processing steps detailed in Section 2.3 to generate binary images. 355 

Some geometrical features including the melt pool length, width and area are calculated in units 356 

of pixels. For the single track experiments, the pixel size is equal to roughly 14 µm after camera 357 

calibration. Figure 7 shows the different melt pool features for an optimum condition (condition 358 

1, P = 170 W, v = 1000 mm.s
-1

) and Figure 8 shows the different melt pool features for a high 359 

VED (condition 3, P = 170 W, v = 500 mm.s
-1

). The average melt pool geometry results of all six 360 

line scans with optimum and keyhole conditions are presented in Table 3. As can be seen from 361 

the recorded and average melt pool dimensions, no significant difference in the melt pool area, 362 

width and length for the optimum (condition 1) and the keyhole mode (condition 3) is observed. 363 

While the average melt pool length is shorter and the width is larger for condition 3 as compared 364 

to condition 1, the variations are larger than the difference in dimensions, making the difference 365 

statistically insignificant. 366 

Figure 7 shows a very stable melt pool during the optimum process parameters (condition 1). In 367 

Figure 8 however, an unstable melt pool, as well as melt pool anomalies, are observed during the 368 

line scan for condition 3. These anomalies are due to spatter ejecting from the melt pool during 369 

processing. Indeed, a peak in the melt pool area and perimeter does not necessarily mean that the 370 

melt pool grows to be very large. Instead due to the 2D representation of a 3D space, both the 371 

spatter and the melt pool appear to be connected resulting in a large apparent area. In reality, the 372 

spatter is situated in a plane above that of the melt pool. As soon as the spatter detaches from the 373 

melt pool in the camera image, the melt pool area immediately drops back to the expected level 374 

(for an illustration see last three pictures in Figure 13). In the next section, results from the image 375 

processing algorithm for spatter detection are explained in detail after discussing possible spatter 376 

formation mechanisms. 377 
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 378 

Figure 7. Melt pool features for the optimum condition (condition 1, P = 170 W, v = 1000 mm.s
-

379 
1
).  380 
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 381 

Figure 8. Melt pool features for a high VED (condition 3, P = 170 W, v = 500 mm.s
-1

).  382 

 383 

 384 

 385 
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Table 3. The statistics of the melt pool geometrical features of optimum and keyhole conditions 386 

for LPBF of Ti-6Al-4V calculated from the position of 2 mm to 8 mm as shown in Figure 7 and 387 

8. 388 

Condition ID Melt pool 

width / pixel 

Melt pool 

length / pixel 

Area / 

pixel
2
 

Perimeter / 

pixel 

Eccentricity 

/ 

Optimum 

VED 

1 12.8 ± 0.9 24.6 ± 1.6 237 ± 25 59 ± 4 0.85 ± 0.03 

High 

VED 

3  13.6 ± 1.3 23.5 ± 1.6 241 ± 34 58 ± 5 0.81 ± 0.03 

3.2 Spatter features for the single track experiment 389 

The formation of spatter is a well-studied subject. Nevertheless, the correlation between the 390 

keyhole pore generation and the spatter formation observed in coaxial images remains unclear. A 391 

recent study by Young et al., 2020 [31], utilizing high speed x-ray imaging, distinguishes 5 types 392 

of spatters. Of these 5 types, only 2 are directly related to melt pool instabilities. Furthermore, 393 

they show that some types of spatters are always present irrespective of the processing conditions 394 

or melting mode. Wang et al., 2017 [32] distinguishes three types of spattering, mainly caused by 395 

melt pool instabilities due to Marangoni effect, recoil pressure and heat effect in molten pool. In 396 

general, two mechanisms of spatter formation are observed during keyhole mode melting. The 397 

first is related to the melt pool collapse as discussed before. The sudden breakdown of the 398 

keyhole is accompanied with a large change in the melt velocity and part of this melt can be 399 

pinched off during the collapse. This liquid metal stream elongates and breaks up into smaller 400 

droplets to minimize surface energy [9]. The second mechanism relates to the metallic jet stream 401 

coming from the keyhole because of the recoil pressure. The metallic vapour (typically ejected 402 

towards the rear) generates shear forces on the rear keyhole wall. These forces can reach such 403 

high levels that they can overcome the surface tension. As a result, liquid detachment can occur 404 

in the rear of the melt pool, generating spatter. Gunenthiram et al., 2018 [20] investigated and 405 

quantified the formation of spatters during an LPBF process and addressed the possible influence 406 

of keyhole formation on such instabilities. A correlation was proposed between volumes of 407 

spatters and volumetric energy density (VED). Repossini et al., 2017 [21] also showed that the 408 

over-melting condition produce a larger number of spatters than the nominal melting condition. 409 

In the analysis done in this work, we will investigate spatter formation for conditions 2 and 3 that 410 

have identical high VED. 411 

By employing a novel spatter detection workflow on high-speed coaxial images, a correlation 412 

can be made between the post-process X-CT observed keyhole porosity and the detected spatter 413 

in the images. Figure 9 and 10 show representative examples of the raw and processed coaxial 414 

melt pool images both in the absence and presence of spatters. The presence of spatters is not so 415 

obvious in the raw image, as shown in Figure 10 (a). Nevertheless, the spatters in the latter figure 416 

are effectively enhanced by the proposed algorithm, see Figure 10 (b).  417 
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(a) 

 

(b) 

Figure 9. An example of a processed image in the absence of spatters: (a) a raw image acquired 418 

by the melt pool monitoring system, (b) the binary image obtained by applying the image 419 

processing algorithm to the raw image. 420 

 

(a) 

 

(b) 

Figure 10. An example of a processed image in the presence of spatters: (a) raw image acquired 421 

by the melt pool monitoring system, (b) the binary image obtained by applying the image 422 

processing algorithm to the raw image. 423 
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 424 

Figure 11. Comparison of spatter data calculated from melt pool images and porosity 425 

information obtained from X-CT for high VED (condition 2, P = 340 W, v = 1000 mm.s
-1

). 426 
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 427 

Figure 12. Comparison of spatter data calculated from melt pool images and porosity 428 

information obtained from X-CT for high VED (condition 3, P = 170 W, v = 500 mm.s
-1

). 429 

Figure 11 and 12 show the number of spatters, extracted from the melt pool images for the high 430 

VED conditions 2 and 3. The transversal X-CT cross-sections are shown as well revealing the 431 

sub-surface keyhole porosity below the line scan. For condition 2, a keyhole pore is only formed 432 

at the end of the scan. This is in agreement with the observations of other authors [33], where the 433 

rapid collapse of the melt pool at the end of a track is associated with the formation of keyhole 434 

porosity. A keyhole at the end of the track can also be observed for condition 3. In both cases, 435 

the melt pool collapse can be associated with a spatter ejection. These observations confirm that 436 

the rapid melt pool closure on laser turn-off and galvanometer scanner deceleration is associated 437 

with keyhole porosity and spatter ejection, but furthermore, that these spatters are successfully 438 

detected by the algorithm applied to the camera images. 439 
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Next to the keyhole at the end of the track, many more keyholes and significant spattering can be 440 

detected all along the track in the coaxial camera images for condition 3 (Figure 12). To further 441 

demonstrate the correlation between the formation of keyhole porosity and the presence of 442 

spatters, the subsequent binary melt pool images processed with the above described algorithm 443 

are shown in Figure 13 (condition 2) and 14 (condition 3). For condition 2, only 1 spatter event is 444 

seen in the last images. For condition 3, numerous spatters are observed over the entire length of 445 

the scan (for instance in the first image at 8.75 mm and last image at 9 mm in Figure 14), which 446 

might indicate a possible correlation with the many keyhole pores observed by X-CT for this 447 

sample. 448 

 449 

Figure 13. The evolution of the binarized melt pool images captured for the Position Y of 6.96 450 

mm to 7.5 mm of the line scan with condition 2 (P = 340 W, v = 1000 mm.s
-1

). 451 
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 452 

Figure 14. The evolution of the binarized melt pool images captured for the Position Y of 8.74 453 

mm to 9 mm of the line scan with condition 3 (P = 170 W, v = 500 mm.s
-1

). 454 

To further investigate a possible correlation between the presence of spatters and the formation 455 

of keyhole pores, the melt pool images and the X-CT cross-section images of 12 line scans with 456 

high VED (condition 2 and 3) have been further processed and analysed. The analysis is 457 

performed from the start until the end of a single track with an analysis resolution of 100 µm. 458 

This means that if there are multiple spatters detected within a 100 µm range, they are counted as 459 

a single spatter event. Figure 15 shows a correlation between the number of keyhole pores 460 

observed in the X-CT cross-section images and the number of the spatter events for all the line 461 

scans of condition 2 and 3. The horizontal axis of the plot represents the number of spatter events 462 

detected in the coaxial melt pool images, while the vertical axis represents the number of keyhole 463 

pores detected in the X-CT cross-section images. It is clear from Figure 15 that the number of 464 

spatter events correlates with the number of observed keyhole pores along the Ti-6Al-4V tracks 465 

studied in this work.  466 
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Figure 15. Correlation between the number of keyhole pores detected with the X-CT and the 467 

number of spatters detected with the camera images processed with the proposed algorithm 468 

obtained from the 12 line scans with high VED (condition 2 and 3). Pearson’s linear correlation 469 

coefficient of such a relationship is 0.87. 470 

3.3 Finite Volume Model of the melt pool 471 

With the melt pool monitoring system used in the previous sections, we can get information on 472 

spatter and melt pool width and length, but it is not possible to observe the melt pool depth. CFD 473 

simulations were therefore performed to get more insight in the dimensional evolution of all melt 474 

pool dimensions. The CFD simulation has been performed for two experimental conditions 475 

(condition 1: P = 170 W, v = 1000 mm·s
-1 

and condition 3: P = 170 W, v = 500 mm·s
-1

). The 476 

computational domain is composed of 6,288,368 cells with an average size of 3.3 µm. The cells 477 

are chosen with an aspect ratio very close to unity, which is preferred for surface-tracking 478 

algorithms. Top views of the simulated melt pool liquid fraction for both conditions are shown in 479 

Figure 16 (a) and (b). According to Figure 16 (a), the melt pool in the conduction mode is found 480 

to be in a stable condition due to its optimum VED level. In this case, the evaporation recoil 481 

pressure is not significant and thus the melt pool will not face any instability and will preserve its 482 

morphology as it moves along the track. 483 
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 484 

Figure 16. The top surface of the melt pool after reaching the centre of the computational 485 

domain during the scanning of the single-tracks along with the liquid fraction contour for 486 

optimum condition (a) 1000 mm·s
-1

 and keyhole condition (b) 500 mm·s
-1

.  487 

Based on Figure 16 (a) and (b), the melt pool in the conduction mode (optimum VED) is 488 

narrower and at the same time longer from the top view as compared to the melt pool in the 489 

keyhole mode (high VED). The melt pool in the keyhole condition is highly unstable and the 490 

depression zone fluctuates due to the competition of recoil pressure and surface tension. At the 491 

same time, the Marangoni effect is more pronounced in the keyhole condition, mainly due to 492 

higher temperature gradient levels. This effect will make the melt pool in the keyhole mode 493 

wider than in the conduction mode that has lower temperature gradients, thus less pronounced 494 

Marangoni effect. Based on Figure 16, the melt pool in keyhole mode is shorter and at the same 495 

time wider, compared to the conduction mode. 496 

A more detailed modelled view of the melt pool’s internal structure for both of the studied cases 497 

is given in Figure 17. According to Figure 17, it is noted that most of the melt pool in keyhole 498 

mode is situated substantially below the top surface of the bulk domain. Accordingly, the melt 499 

pool is observed to be shorter from the top view, as compared to the conduction mode. The melt 500 

pool, however, becomes a lot deeper in the keyhole mode as compared to the conduction mode. 501 

This depth cannot be observed in our in-process experiments. While the comparison between the 502 

top view results from the numerical model and the experiments show qualitative agreement, the 503 

melt pool geometry is however found to be smaller in the experiments. This can be due to the 504 

fact that in the numerical model, the effect of gas-phase and its possible effect on the laser beam 505 

attenuation is not considered. More importantly, the discrepancy can be attributed to the fact that 506 

in the experiments, the monitoring device cannot accurately locate the solidus line from the melt 507 

pool tail, mainly due to low radiation of this zone. In this respect, the melt pool length is 508 

underestimated in the experiments as compared to the numerical model. 509 

It is found in previous work [12] that keyhole porosities can still travel, disappear or combine 510 

with other pores after formation, indicating that it proves very difficult to correlate melt pool 511 

signatures at a certain location with pores formed below. A correlation between the total number 512 

of spatter as seen from melt pool images and the total number of pores in a line of a certain 513 

length, as shown in Figure 15, is however still possible. 514 



24 

 

 515 

Figure 17. Melt pool anatomy after reaching the centre of the computational domain for 516 

optimum condition (left) with scan speed 1000 mm·s
-1

, and keyhole condition (right) with scan 517 

speed 500 mm·s
-1

.  518 

3.4 Microscopy evaluation of geometrical melt pool features 519 

The melt pool depth and width are measured on samples of tracks produced with the optimum 520 

condition and the high VED condition. A total of 5 measurements are made for each dimension. 521 

The melt pool width is measured by imaging the top surface (Figure 18 (c) and (d)) by means of 522 

a Keyence VHX-600 optical microscope. The melt pool depth for the sample produced with high 523 

VED (condition 3) is estimated by examining the keyhole porosity depth on a polished cross 524 

section by using SEM (Figure 18 (b)). As the sample produced with optimum VED (condition 1) 525 

shows no porosity to help determine the melt pool depth, the depth for this condition is estimated 526 

by examining the melt pool for a single line scan performed on a cold-rolled Ti-6Al-4V substrate 527 

[34]. The substrate is covered with a single layer of powder to mimic processing conditions. This 528 

experiment was carried out on a Concept Laser M1 LPBF machine, with similar VED to that for 529 

the optimum conditions. The laser power was set at 189 W, the scan speed at 900 mm/s. The 530 

laser beam spot size was 50 µm Ø1/𝑒2, resulting in a VED of 140 J·mm
-3

. A relevant cross-531 

section is shown in Figure 18 (a) revealing a conduction-controlled melt pool, made possible by 532 

a difference in microstructure between the substrate and the line scan, readily revealing the melt 533 

pool boundaries. A summary of the measurement result is shown in Table 4. For optimum VED, 534 

a depth-to-width ratio (aspect ratio) of ~ 0.85 is observed, indicating conduction-controlled 535 

melting. For the high VED, a depth-to-width ratio (aspect ratio) of ~ 2.4 is observed, indicating 536 

keyhole mode melting. The melt pool width values from Table 4 are smaller than those 537 

determined from the coaxial camera images (Table 3). Future work will focus on the calibration 538 

of melt pool grey-level that leads to the same camera melt pool width as the measured track 539 

width. 540 

 541 
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Table 4. Melt pool dimensions for optimal (condition 1) and high VED (condition 3).  542 

Optimum VED (condition 1, v = 1000 mm·s
-1

) High VED (condition 3, v = 500 mm·s
-1

) 

Depth / µm Width / µm Depth-to-

width ratio 

Depth / µm Width / µm Depth-to-

width ratio 

77 ± 2 90 ± 9 0.85 198 ± 9 82 ± 13 2.4 

 543 

Figure 18. Melt pool geometrical features for Ti-6Al-4V scan track, (a) Melt pool cross-section 544 

perpendicular to the line track, produced on a cold-rolled Ti-6Al-4V substrate with a VED of 140 545 

J·mm
-3

, similar to condition 1 (Optimum VED); (b) SEM of melt pool cross-section parallel to 546 

the line track for the sample of condition 3 (High VED); (c) Top view of the line track with 547 

Optimum VED (condition 1); (d) Top view of the line track with High VED (condition 3). 548 

4. Conclusion 549 

The melt pool intensity and geometry for single tracks melted upon an LPBF substrate are 550 

recorded and analysed using coaxial camera melt pool monitoring. Line scans are printed with 551 

optimum, low and high volumetric energy density (VED). Extensive keyhole formation was 552 
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observed for the lines printed with high VED at reduced speed. While the average melt pool 553 

intensity is the highest for the high VED condition at high speed, the integrated melt pool 554 

intensity over print time for a certain line length is the highest for the high VED condition at low 555 

speed. These results could indicate that the occurrence of keyhole mode melting is tied with the 556 

integrated average of the melt pool radiation, while simultaneously being less dependent on the 557 

average measured radiation. Next, image processing and features extraction steps for 558 

characterising the melt pool geometry and spatters were applied to the coaxial camera images. 559 

Contrary to expectations, no significant difference in the melt pool area, width and length is 560 

observed between the optimum and keyhole mode conditions. Also, spatters originating from the 561 

melt pool were analysed and counted by using an image processing algorithm for coaxially 562 

acquired camera images. For a certain line length, a correlation between the number of keyhole 563 

pores and the number of spatter was found, indicating that spatter could be another important in-564 

process signature of keyhole formation.  565 

CFD simulations provide more insights into the melt pool evolution and keyhole pore formation. 566 

From those simulations, it looks like the melt pool depths for the optimum and the keyhole 567 

process are very different. The high VED process at low speed shows a very deep melt pool 568 

depth possibly leading to keyhole formation and the optimum process only shows a shallow melt 569 

pool depth. The increase in melt pool depth over melt pool width ratio for the high VED 570 

condition at low speed was confirmed by measuring scan track depth and width of line scan 571 

samples. 572 

While this work shows that evaluating the integrated melt pool intensity over print time for a 573 

certain line length and detecting spatter could play an important role in assessing the quality of a 574 

printed part, building a complete quality assurance system for metal printing will require more 575 

research where approaches similar to the one proposed in this paper are needed to get a full 576 

understanding of the metal melting process including other types of metal printing defects. The 577 

authors will continue their research in this area and extend the proposed approach with more 578 

process information to build up a more complete picture of the defect formation process. 579 
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