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Abstract  

Defence Research and Development Canada (DRDC) has been acting in a scientific support role to 

Fleet Maintenance Facility Cape Scott (FMFCS) to develop and exploit capabilities in blown-powder 

laser additive manufacturing (BPLAM) for defence applications. This support is necessary to 

achieve maximum performance for parts made from each alloy of interest to the Royal Canadian 

Navy (RCN). The present study was conducted on Monel K500, a useful naval alloy with high 

strength and corrosion resistance. The objective was to understand the effect of hatch spacing on 

the geometric features of layers of beads deposited using the FMFCS system. An understanding 

of this relationship is necessary for the equipment operator to easily choose the correct hatch 

spacing so that a sound part can be made by the machine that matches the 3D computer model. 

Groups of three beads of Monel K500 were deposited on bar stock of the same alloy with 

different amounts of bead overlap. The geometric features of the bead groups, and of individual 

beads within each group, were measured and compared to the percent overlap. This allowed the 

creation of charts that can be used by the equipment operator to understand how their choice of 

hatch spacing affects layer thickness, capture efficiency, and fusion with the previous layer when 

using this Monel K500 powder. Furthermore, the quantitative data gathered by this study can be 

used in future work to develop a model of bead deposition applicable to other alloys of interest. 

 

Significance to defence and security  

Additive manufacturing (AM) is a potentially disruptive technology for the rapid fabrication of 

parts without using the traditional supply chain. In this technology, parts are built up by 

depositing material line by line, layer by layer. The RCN has made a significant investment into 

developing AM capabilities within FMFCS, with the aim of enabling quick production of 

difficult-to-source parts and structural repair of damaged parts. However, creating metallurgically 

sound parts using the BPLAM system requires that equipment settings be optimized for each 

material, which currently is only achieved by trial and error. This study builds on previous work 

to develop an understanding of the relationship between hatch spacing (the distance between lines 

of deposited material) within a layer, and the characteristics of the layer. The results of this work 

provide the equipment operator with scientific guidance on how to choose the right hatch spacing, 

reducing the requirement for time-consuming trial and error. 
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Résumé  

Recherche et développement pour la défense Canada (RDDC) offre un soutien scientifique à 

l’Installation de maintenance de la flotte Cape Scott (IMF CS) pour mettre au point et exploiter 

des capacités de fabrication additive au laser par projection de poudre pour des applications de 

défense. Ce soutien est essentiel pour obtenir le meilleur rendement possible des pièces 

fabriquées en différents alliages présentant un intérêt pour la Marine royale canadienne (MRC). 

La présente étude porte sur le Monel K500, un alliage à haute résistance de qualité marine, d’une 

grande utilité et résistant à la corrosion; elle doit permettre de comprendre l’effet de l’espacement 

entre les écoutilles sur les caractéristiques géométriques des couches de billes déposées à l’aide 

du système de l’IMF CS. Il est important que l’utilisateur du matériel comprenne bien cet effet 

afin de pouvoir choisir aisément le bon espacement pour que la machine qui suit le modèle 

informatique 3D puisse produire une pièce résistante. On a déposé des groupes de trois billes de 

Monel K500 sur des barres d’un même alliage à différents échelons de superposition de billes. On 

a ensuite mesuré et comparé les caractéristiques géométriques des groupes de billes et de chacune 

des billes d’un groupe selon le pourcentage de superposition. Cela a permis de produire des 

graphiques dont l’utilisateur du matériel peut se servir pour comprendre comment le choix de 

l’espacement a une influence sur l’épaisseur des couches, l’efficacité du captage et la fusion avec 

la couche précédente lors de l’utilisation de la poudre de Monel K500. De plus, les données 

quantitatives recueillies au cours de l’étude pourront être utilisées dans des travaux ultérieurs pour 

élaborer un modèle de dépôt de billes qui pourra s’appliquer à d’autres alliages présentant un 

intérêt. 

 

Importance pour la défense et la sécurité  

La fabrication additive est une technologie potentiellement perturbatrice qui permet de produire 

rapidement des pièces sans utiliser la chaîne d’approvisionnement traditionnelle. Cette 

technologie permet également de fabriquer des pièces par dépôt de  matériaux par lignes ou par 

couches successives. La MRC a beaucoup investi dans la mise au point de capacités de 

fabrication additive à l’IMF CS dans le but de produire rapidement des pièces difficiles à trouver 

et de réparer la structure des pièces endommagées. Cependant, pour produire des pièces 

résistantes du point de vue métallurgique à l’aide du système de fabrication additive au laser par 

projection de poudre, il faut que le réglage du matériel soit optimisé pour chaque matériau, ce qui 

à l’heure actuelle ne peut être obtenu que par essais-erreurs. La présente étude s’inspire de 

travaux antérieurs dans le but de comprendre le rapport entre l’espacement entre les écoutilles (la 

distance entre les lignes de dépôt des matériaux) à l’intérieur d’une couche et les caractéristiques 

de celle-ci. Les résultats obtenus ont permis de fournir à l’utilisateur du matériel des 

recommandations scientifiques sur la façon de choisir le bon espacement, sans avoir à perdre 

autant de temps à procéder par essais-erreurs. 
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1 Introduction 

Additive manufacturing (AM), the fabrication of components through the stepwise addition of 

material based on a 3D computer model, is being explored by defence agencies worldwide as a 

potentially disruptive manufacturing technique. The Royal Canadian Navy (RCN) has installed a 

blown-powder laser additive manufacturing (BPLAM) system at Fleet Maintenance Facility Cape 

Scott (FMFCS) with the aim of developing this technology for part repair, replacement of legacy 

parts, on-demand manufacturing and, eventually, fabrication of parts in theatre. The operation of 

this system has been described previously [1]. 

While systems of this type have great potential for the applications listed above (particularly part 

repair), other AM technologies have seen more commercial development and wider use [2, 3]. 

Furthermore, the specific system installed at FMFCS is not commercially supported, and did not 

come with well-established operating practices for the materials of RCN interest. Instead, DRDC 

has been acting in a scientific support role to the operators of the FMFCS system in order to help 

develop their capabilities with the system and exploit this technology. 

There are many interrelated variables that influence the properties of a part built using a BPLAM 

system. In order to successfully produce a sound part the equipment operator must choose 

appropriate settings on the machine that reflect the material(s) in use. If an inappropriate 

combination of settings is chosen the result may be a failed build, poor mechanical properties in the 

finished product, excessive internal defects, porosity, etc. [4–6]. Assuring consistent success in 

fabricating parts therefore demands an understanding of how to choose the correct equipment settings. 

Figure 1 shows a simplified flowchart summarizing some of the important variables in the 

BPLAM process and their interrelationship. The operator must choose the processing parameters, 

such as the laser settings, powder feed rate and laser scanning speed, that ultimately control the 

material properties of the deposit. When the specific combination of chosen parameters is used it 

leads to the deposition of a bead track with a specific geometry (i.e. a certain height, width, 

shape). DRDC has previously studied the relationship between the processing parameters and the 

bead geometry, and has developed a method by which suitable combinations of parameters can be 

selected and bead geometry predicted based on the selection [1, 7]. 

The equipment operator must also choose how the deposited bead tracks are spaced and oriented 

in relation to one another. These so-called build parameters include the spacing between adjacent 

passes in a layer (the hatch spacing), the spacing between layers (the layer thickness) and the 

general order and direction for depositing passes within each layer. Based on these choices, 

computer software slices up the 3D model of the part to determine the build path. It is clearly 

essential that the operator’s choices for hatch spacing and layer thickness match the real-world 

dimensions of the deposited beads; otherwise what is actually built will not be the same as the 

computer model. Therefore it is necessary to have an understanding of the relationship between 

bead geometry and hatch spacing in order to make the right choice of build parameters. 

The present work was conducted in order to begin to understand this critical relationship. As 

indicated by the dashed box on Figure 1, the effects of varying hatch spacing on the layer geometry 

and the individual bead geometry were studied. This work used Monel K500, a useful alloy for 

naval purposes with high strength and corrosion resistance, and involved two different sets of 

processing parameters that were deemed to be suitable for fabrication based on previous work [1]. 
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The objectives of this work were twofold. First, the results of these experiments were intended to 

offer qualitative guidance on how to choose build parameters. This information could be used to 

anticipate, in general terms, how the hatch spacing will affect the geometry of beads in each layer, 

the capture efficiency, the soundness of the bond with the substrate, etc. This would help inform 

future advice to the operators of the FMFCS BPLAM system on the selection of build parameters. 

This experimentation was not intended to give comprehensive, statistically significant quantitative 

data on the relationship between hatch spacing and layer thickness for Monel K500. To do so would 

have required considerably more effort and would have been limited in applicability to the 

particular powder used for the study. 

The second objective, however, was to gather some quantitative data that could later be used to 

develop an empirical mathematical model of the relationship between bead geometry and build 

parameters. Such a model would be much more useful than exhaustive data on a single powder as it 

could potentially be used with any powder. If validated, a model would offer more than guidance 

to the system operator, instead allowing them to calculate the exact effect the choice of build 

parameters would have on the part structure. In the long term, such a model could be incorporated 

into the system software to allow for automatic selection of build parameters based on processing 

parameters. The development and validation of the model will be left to future work, but can use 

the quantitative data collected in this work as a starting point. 

 

Figure 1: Simplified flowchart showing the relationships between processing parameters, 

bead geometry, build parameters, 3D model and the build path for fabrication 

of a component using a given metal powder. The relationship of interest 

for the present study is indicated by the dashed grey box. 
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2 Background 

The issue of hatch spacing
1
 in BPLAM has seen limited study. However, the BPLAM process is 

similar to that used in blown powder laser cladding, a field with a longer history and more 

published research. It is therefore useful to summarize the information in the literature from both 

of these applications when considering the effects of hatch spacing on powder deposition. 

In many situations, both in cladding and AM, surface uniformity is valued. It has long been 

known that decreased hatch spacing (i.e. increased bead overlap) leads to a reduction in the size 

of valleys between beads. For this reason, many operators select relatively high overlap (i.e. up to 

70%) during laser cladding in order to minimize roughness of the resulting surface [8]. However, 

it has also been shown that increased overlap leads to increased layer thickness. While this may 

not be an issue for laser cladding, with AM this can increase the roughness of surfaces 

perpendicular to the deposition plane [9]. Thus minimizing overall surface roughness during 

BPLAM is likely not as simple as increasing overlap, but instead requires an understanding of the 

relationship between overlap and layer geometry. 

Furthermore, there is a trade-off between surface roughness and deposition productivity. As overlap 

increases so do the number of beads required to cover a given surface area. Mazumder et al. tried 

a variety of overlaps ranging from 13% to 67% for AM of H13 tool steel [9]. Their measurements 

showed that the deposition rate was maximized for this powder at an overlap of 40% while 

deposition productivity was reduced at lower and higher overlaps. Similar observations have led to 

other operators using overlaps in the range of 50–60%, as these offer a balance between relatively 

low surface roughness and decent productivity [10]. 

Overlap does not simply dictate surface roughness and productivity, though. Hatch spacing also 

affects aspects of each individual bead geometry, such as dilution. Dilution is a measurement of 

the degree to which the substrate (or previously deposited layer) is melted back during deposition. 

As bead overlap increases, a tendency has been noted for dilution to decrease [9, 11]. This can 

become an issue as very low dilution is associated with reduced fusion between layers, and thus 

can lead to poor interlayer strength. It is important, then, that the hatch spacing be chosen to 

complement the bead geometry resulting from the processing parameters used. 

In summary, the literature suggests that there is no single bead overlap that gives optimum results 

in all situations. Hatch spacing is yet another of the interrelated variables central to BPLAM. The 

choice of hatch spacing must reflect the bead geometry but it can also affect the bead geometry, 

and the use of an inappropriate hatch spacing can lead to suboptimal mechanical properties, 

surface finish and/or productivity. It is therefore important that the relationship between hatch 

spacing and bead geometry be understood in order choose parameters that will maximize the 

performance of parts created using the FMFCS BPLAM system. 

                                                      
1
 The term ‘hatch spacing’ can be somewhat misleading, as it can suggest that passes are deposited with 

gaps in between. In reality passes within a layer overlap one another to some degree. If the passes did not 

overlap then the substrate layer would not be totally covered by the deposit layer and the deposit layer 

would not be coherent. 
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3 Experimental 

3.1 Materials and equipment 

Pre-alloyed, atomized Monel K500 powder (batch #14D1150; Sandvik AB) was used for this 

study. This powder was produced in the same manner as the powder used in previous studies  

[1, 7], but came from a different batch. The chemical composition and particle sizing data as 

provided by the manufacturer are given in Table 1 and Table 2. 

Table 1: Chemical composition of Monel K500 powder as provided 

by the powder manufacturer. All values in wt. %. 

Al Si Ti Mn Fe Co Ni Cu C O P 

2.7 0.41 0.88 1.06 1.6 0.012 64.1 29.9 0.011 0.007 0.005 

Table 2: Particle size data for Monel K500 powder, as provided by the powder manufacturer. 

D10 (µm) D50 (µm) D90 (µm) 

8.9 23.1 46.4 

This powder was deposited on a bar of wrought Monel K500. The bar stock was machined to a 

final diameter of 5.08 cm prior to deposition. It was then cleaned with an alcohol-based degreaser 

(Brake Wash; Zep Superior Solutions). This bar diameter was used in order for the resulting 

samples to fit existing fixturing at the Dockyard Laboratory (Atlantic). 

The FMFCS BPLAM system was used to deposit the bead tracks. This system has been described 

previously [1, 7]. Briefly, the system utilized a computer controlled Nd:YAG pulsed laser (model 

FLS 542CL; Rofin Lasag AG). The laser was focused on the substrate during deposition of the 

beads (i.e. a 0 mm defocusing distance was used). The powder was fed from a hopper through a 

lateral powder feeder head (model 9MP-CL; Sulzer Metco) with argon used as a carrier and 

shielding gas. During deposition the laser and powder feeder remained stationary, while the 

substrate was rotated using a 5-axis positioning system (model A3200; Aerotech Inc.). Beads were 

deposited in an orientation analogous to the 1G welding position. The containing chambers and 

the proprietary controlling software were produced by the National Research Council of Canada. 

3.2 Creation of deposits 

This study employed a bead-on-bar approach to determine the relationships between hatch 

spacing and the resulting bead/layer geometry. The beads were deposited on Monel K500 bar 

stock as shown in the schematic of Figure 2. There were two sets of beads, with all the passes in 

each set having the same processing parameters. Table 3 summarizes the peak power, duration 

and frequency of the laser pulses used for each set, along with the laser scanning speed and 

powder feed rate. There were eight groups of passes in each set. Group 1 had only a single pass 

(in order to determine the single bead geometry), while Groups 2–8 each contained three adjacent 
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passes. The spacing between passes in each group are given in Table 4. These hatch spacings 

were chosen as they were anticipated to give overlap levels of 20, 30, 40, 45, 50, 55, and 60%, 

which was considered likely to span the range suitable for a build. These overlap levels were 

predicted based on previous work with Monel K500 powder [1]. 

During deposition, the bar was oriented perpendicular to the stationary laser and was rotated to 

create the circumferential bead tracks. The powder feeder head was tilted at an angle to the laser 

beam and oriented to give a slight lateral trajectory to the powder flow that coincided with the bar 

rotation direction. These directions are shown on Figure 2. The exact angle between laser and 

powder feeder is a proprietary aspect of the FMFCS BPLAM system. 

 

Figure 2: Schematic showing how sets and groups of passes were deposited on the bar stock. 

Group 1 from each set consisted of a single bead, while Groups 2–8 each contained 

three beads. During deposition the bar was rotated in the direction shown, and 

the powder blown at a slight angle to the top of the bar as indicated. 

Table 3: Parameters used for deposition of beads. 

Set 
Peak Power 

(W) 

Frequency 

(Hz) 

Pulse 

Duration 

(ms) 

Scanning 

Speed 

(m/min) 

Powder 

Feed Rate 

(g/min) 

1 500 20 17 0.711 10 

2 500 20 10 0.635 8 
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Table 4: Spacing between passes in each group. 

See Figure 2 for schematic of how beads were grouped. 

Set Group Hatch spacing (µm) 

1 

1 Single bead 

2 600 

3 525 

4 488 

5 450 

6 413 

7 375 

8 300 

2 

1 Single bead 

2 552 

3 483 

4 449 

5 414 

6 380 

7 345 

8 276 

After all of the beads were deposited on the bar stock, the bar was cut into wedges using wire 

electrical discharge machining (EDM). This created at least eight cross-sections of each of the 

sets of passes. One face of each of the wedges was then ground to remove the heat affected zone 

left by the EDM, and then mechanically polished. Samples were chemically etched to reveal the 

microstructure using waterless Kalling’s reagent by swabbing for five to ten seconds. The cutting, 

polishing and etching procedure was as previously described [1]. 

3.3 Geometric measurement of beads 

3.3.1 Measurement of single beads 

Polished and etched bar sections were analyzed using an inverted optical microscope (model 

DMI3000; Leica Microsystems) and associated software (Vision Lite ver. 6.0.034; Clemex 

Technologies Inc.) in order to measure the bead dimensions. Measurements made on the single 

beads comprising Group 1 of each set of beads were as previously defined [1]. Briefly, the bead 

height, clad width, cross-sectional clad area and molten area were measured. These measurements 

were then used to calculate the single bead dilution and capture efficiency. In addition to the peak 

height, the average height (HAVE) was calculated by dividing the clad area (AC) by the clad width 

(W), as shown in Eq. (1). 
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𝐻𝐴𝑉𝐸 =
𝐴𝐶

𝑊
 (1) 

Once all of the Group 1 beads were measured, the measurements within each set were averaged to 

arrive at a nominal single bead geometry. This single bead geometry was used to compare and 

thus normalize the subsequent measurements of beads in Groups 2–8. 

As an indication of the uncertainty in the bead geometric measurements, the standard error of the 

mean, 𝑆𝐸�̅�, was calculated for each characteristic, using: 

𝑆𝐸�̅� =
𝑠

√𝑛
 (2) 

where s is the sample standard deviation and n the number of measurements. 

3.3.2 Measurement of all three beads in each group 

Similar measurements were made on beads in Groups 2–8. Figure 3 shows the typical appearance 

of most of the triple bead cross-sections after polishing and etching. Like the single beads, the 

triple beads were measured for maximum height (HMAX), clad width (W), clad area (AC) and 

molten area (AM). These measurements were made as defined in Figure 4. These measurements 

were then used to calculate the dilution and capture efficiency as previously defined [1], along 

with the average height of each triple bead group (HAVE) using Eq. (1). 

 

Figure 3: Typical appearance of triple bead cross-section after polishing 

and etching. The first bead is at left and the third bead at right. 
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Just as for the single beads, all of the bead measurements for a given group and set were averaged 

and the standard error of the mean calculated. To facilitate comparison of the two sets of beads, 

the triple bead measurements were also normalized by dividing by the corresponding single bead 

measurement. For example, normalizing the maximum triple bead height involved dividing HMAX by 

the average single bead height. For measurements that involved the cumulative effect of all three 

beads (i.e. W, AC, AM) normalization of the triple bead characteristic also required dividing by three. 

Hatch spacing was also normalized by calculating the percent overlap for each particular hatch 

spacing. This calculation was based on the single bead width, W, and the hatch spacing, d, 

following Eq. (3). 

𝑂𝑣𝑒𝑟𝑙𝑎𝑝 % =
𝑊 − 𝑑

𝑊
∙ 100 (3) 

 

Figure 4: Definition of measurements taken on triple beads. 

3.3.3 Measurement of the third bead in each group 

The only completely visible bead in each triple bead group was the third bead (see Figure 3). This 

was because portions of the first and second beads were remelted by the subsequent bead. In 

order to extract further information about the effects of overlap on bead shape the third bead in 

Groups 2–8 was measured. 
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Based on visual inspection of the triple bead cross-sections, the third bead appeared to be of a 

similar lenticular shape to the single beads, although rotated to partially rest on the second bead. 

In order to facilitate comparison of the third bead to the single beads, the third bead was measured 

as shown in Figure 5. First, a line was drawn from tip to tip of the lenticular bead. The third bead 

angle (α) was then measured between this line and the original bar surface. The height (H), width 

(W), pseudo clad area (ACʹ) and pseudo molten area (AMʹ) were also measured with reference to 

this line. ACʹ and AMʹ do not correspond to any real distinction between the deposit and the base 

metal, which is why the modifier ‘pseudo’ is used. 

 

Figure 5: Definition of measurements taken of third bead. 

Using these third bead measurements two other geometric characteristics were calculated. The 

total bead area (ATOT) was taken as the sum of ACʹ and AMʹ, and the projected width (WPROJ) was 

calculated using Eq. (4).  

𝑊𝑃𝑅𝑂𝐽 = 𝑊 ∙ cos 𝛼 (4) 

The third bead measurements were also normalized by comparing them to the corresponding 

single bead measurements. 
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4 Results 

4.1 Visual inspection of cross-sections 

In general, the bead shapes were similar to those shown in Figure 3. Beads were usually lenticular, 

with clearly defined boundaries. In most cases the third bead was the tallest bead in a cross-section. 

However, some of the cross-sections contained abnormally shaped beads. An example is shown 

in Figure 6. Here, the second bead was misshapen, notably taller than either of the other two 

beads and had a less distinct boundary with the third bead. Abnormal beads like this were noted 

with significant frequency in two groups: Group 3 of Set 1 (60% of cross-sections) and Group 2 

of Set 2 (25% of cross-sections). 

It was unclear why these beads were abnormally shaped. Some possible explanations include 

variations in the laser power, disruption of the laser optics by soot/smoke, changes in the powder 

feed rate or local adhesion/buildup of powder on the substrate surface. Whatever the cause it was 

obviously transient, as not all of the cross-sections in even a single group were affected. In order 

to understand the cause online monitoring and recording of the deposition process would be 

required. At this point in time the FMFCS system does not have such a feature. 

 

Figure 6: Example of abnormally shaped middle bead from Set 1, Group 3. 

Regardless of the cause, the type of abnormal shape shown in Figure 6 would have had the 

tendency to increase the average measurement of triple bead height (both HMAX and HAVE), clad area 

and capture efficiency, while decreasing the dilution. Furthermore, the extra material deposited in 
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the abnormal beads could have shielded the substrate from the laser power, potentially resulting 

in reduced molten area. 

4.2 Single bead measurements 

Group 1 beads were measured as described in Section 3.3.1. The complete set of bead measurements 

are provided in Annex A, while Table 5 provides a summary of average bead geometry. 

Table 5: Single bead measurement results, averaged by set. 

Error values given represent the standard error of the mean. 

Set 
Bead Height Clad 

Width 

(µm) 

Clad 

Area 

(µm
2
) 

Molten 

Area 

(µm
2
) 

Dilution 

(%) 

Capture 

Efficiency 

(%) Max. (µm) Average (µm) 

1 148 ± 9 113 ± 9 
611 

± 21 

68862 

± 4641 

21966 

± 2779 

24.2 

± 3.4 
4.1 ± 0.3 

2 88 ± 6 65 ± 5 
563 

± 18 

36585 

± 2866 

25680 

± 3663 

41.2 

± 6.6 
2.2 ± 0.2 

The single beads did not have the geometry expected based on previous work with Monel K500 

powder [1], despite the fact that the same laser and powder feeder parameters were used. Most 

significantly the dilution was much higher than anticipated. The difference in bead shape was 

likely due to the fact that a different lot of powder was used for the previous study. The lot of 

powder used for this study, although procured to the same requirements and provided by the same 

supplier, had a different particle size distribution to the first powder. Based on these single bead 

measurement results it is clear that changes in powder characteristics result in different deposition 

properties, and that a set of parameters optimized for one lot of powder cannot necessarily be 

considered ideal for another lot. 

4.3 Triple bead measurements 

The raw data of triple bead measurements are provided in Annex A, while the normalized results 

are displayed in Figure 7 through Figure 12. In all of the following charts the error bars indicate 

the standard error of the mean, as defined in Eq. (2). Where geometric characteristics were 

calculated from direct measurements, such as HAVE and dilution, the standard error was calculated 

using regular propagation of uncertainty rules. 

Because the single beads did not have the anticipated geometry, the hatch spacings chosen did not 

give the desired array of percent overlap (i.e. 20, 30, 40, 45, 50, 55, and 60%). However, since the 

ratio of bead widths from Set 1 to Set 2 was as anticipated, the hatch spacings chosen gave similar 

overlap percentages for each set (i.e. ~2, 14, 20, 26, 33, 39, and 51%). 

Figure 7 summarizes the effect of different bead overlaps on the maximum triple bead height. In 

general, increasing the bead overlap tended to increase the maximum height. This was expected, as 

the more beads are overlapped the more they tend to pile up on one another to reach higher peaks. 
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There was notable scatter in the data shown on Figure 7. However, as discussed in Section 4.1, 

some of the beads were abnormally shaped and likely to erroneously increase triple bead height. 

Abnormal beads were significantly seen in the Set 1, Group 3, and the Set 2, Group 2  

cross-sections. These correspond to the Set 1, 14% overlap and Set 2, 2% overlap data points 

indicated by arrows in Figure 7. Indeed, these data points appeared to be higher than expected 

based on the general trends of the other points in each set. 

 

Figure 7: Normalized maximum triple bead height vs bead overlap. Arrows indicate the 

data points that correspond to the groups that had abnormally shaped beads. 

An interesting feature of Figure 7 was that the trends suggested that even at zero overlap the 

maximum height of a triple bead group would still be notably greater than the single bead height. 

In other words, reasonable trendlines drawn through the Set 1 and Set 2 data appeared unlikely to 

pass through the point (0%, 1.00), even if the aforementioned questionable data points were 

ignored. This observation suggested that even when the hatch spacing equals the single bead 

width there would still be some interaction between beads, leading to an increase in peak height. 

Furthermore, the increase in peak height was greater for Set 1 beads than for Set 2. Set 1 beads 

were higher to begin with than Set 2 beads, perhaps indicating that the increase in maximum 

height was related to the initial bead height. 

The average height of triple beads followed the same trends as peak height (Figure 8). The 

increase in average height compared to single beads was less pronounced, though, likely due to 

end effects. With only three beads the measurements included the uncovered ends of the first and 

third beads, suggesting a lower average height than if a steady state had been reached. 
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Figure 8: Normalized average triple bead height vs bead overlap. Arrows indicate the 

data points that correspond to the groups that had abnormally shaped beads. 

Since only three beads were deposited and measured the graphs of Figure 7 and Figure 8 should 

not be used to make decisions about the appropriate layer thickness for a given single bead shape. 

The end effects were likely significant and it is unlikely that a steady state was reached in only 

three passes. The exact number of beads required to reach a steady state depends on the overlap 

ratio, but at modest overlaps (i.e. ≤ 50%) it has been suggested that steady state is reached after 

five beads [12]. As stated in the introduction, this data is provided instead to help support the 

development of mathematical model(s) to predict the effect of different hatch spacing on layer 

dimensions. Such model(s) could be extrapolated to show the expected steady state dimensions. 

Model validation would then require the deposition and measurement of many beads (enough to 

reach steady state) in a single layer. 

The effect of bead overlap on incremental bead width was straightforward (Figure 9). As bead 

overlap increased the width per bead decreased steadily. Linear trendlines through the Set 1 and 

Set 2 data had very high r-squared values: 0.993 and 0.998, respectively. This suggested that the 

widths of the individual beads in each group of three (as measured at the bar surface) did not 

change based on overlap. Furthermore, the slopes and intercepts of the trendlines were very 

similar for each set, indicating that the preceding bead shape did not significantly affect the 

subsequent bead width. Taken all together, these observations suggested that the hatch spacing 

alone determined the resulting triple bead width, and therefore that the pre-existing substrate 

topography did not affect the placement of beads on the bar surface. 
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Figure 9: Normalized triple bead clad width vs bead overlap. 

Increasing bead overlap also tended to decrease molten area (Figure 10). This result was easy to 

understand. The more beads are overlapped the more they tend to pile up on one another. The 

shielding effect of the already-deposited material increases, making it more difficult for the laser 

energy to reach the original substrate and cause melting. Of course, the laser energy increasingly 

melts back the clad area of previous beads with increased overlap, but this is not captured in the 

measurement of molten area as defined in Figure 4. 

The trend for clad area was not particularly obvious (Figure 11). Clad area appeared to be relatively 

consistent at lower overlaps, but did decline at high overlap (i.e. ~50%). Interestingly, the clad area 

per bead was almost always greater than that of a single bead, and the trends suggested that even at 

0% overlap this would still be the case. Like the bead height results shown in Figure 7 this indicated 

that previous beads must have influenced subsequent beads even when the beads were spaced to be 

barely touching. 

Since capture efficiency is calculated based on clad area, the graph shown in Figure 11 also gives 

the effect of bead overlap on normalized capture efficiency. 

Although both clad area and molten area, in general, decreased with bead overlap, it was clear that 

the decrease in molten area was more significant. Accordingly, as shown in Figure 12, dilution 

tended to decrease with bead overlap. In all cases dilution of the triple beads was less than that of the 

single beads. This suggested that it is not sufficient to choose processing parameters that will result 

in a modest amount of dilution for a single bead (i.e. 5–20% dilution as used in previous work [1]). 

The hatch spacing must be chosen so that the reduced dilution caused by bead overlap results in 

adequate dilution of the layer. Smaller hatch spacing thus requires higher single bead dilution as 

the beads become more overlapped. 
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Figure 10: Normalized triple bead molten area vs bead overlap. Arrows indicate the 

data points that correspond to the groups that had abnormally shaped beads. 
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Figure 11: Normalized triple bead clad area vs bead overlap. Arrows indicate the data points 

that correspond to the groups that had abnormally shaped beads. Note that since capture 

efficiency is calculated based on clad area, this graph also shows normalized capture efficiency. 
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Figure 12: Normalized triple bead dilution vs bead overlap. Arrows indicate the data 

points that correspond to the groups that had abnormally shaped beads. 

4.4 Third bead measurements 

The raw data of third bead measurements are provided in Annex A, and the normalized results are 

displayed in Figure 13 through Figure 19. For the third bead height (Figure 13) the trends were not 

particularly obvious as there was a significant amount of scatter in the data. However, it appeared as 

though the data followed U-shaped curves. Passes with low overlap led to the highest third beads, 

while passes with intermediate overlap (i.e. 14–20%) had the lowest third bead height of each set. 

Third bead width (Figure 14) also had unobvious trends. For Set 1 beads, it appeared that 

increasing the pass overlap tended to increase bead width. However, for Set 2 beads the data had 

outliers that tended to make this trend less clear. 

There appeared to be even less of a trend for projected third bead width (Figure 15). Projected 

widths of third beads from both sets were in a narrow range, within 7%–18% greater than the 

respective single bead width. Meanwhile the error bars for each data point were generally ±6% of 

the single bead width. One way of interpreting this plot was to therefore conclude that the projected 

width of a bead did not depend on the percentage overlap. This conclusion supports the observation 

that the widths of triple beads at the surface of the bar were highly predictable (see Figure 9). 

It is also worth noting that Figure 15 shows that the projected third bead width was always greater 

than the single bead width, even when the hatch spacing was very close to the single bead width. Just 

as was seen for triple bead height (Figure 7 and Figure 8), the third bead width plot suggested that 

bead geometry was still influenced by previous beads when the beads were spaced to be just touching.  
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The angle of the third bead (Figure 16) exhibited very clear trends. As pass overlap increased the 

third bead angle also increased. This increase in angle was much more significant for Set 1 beads 

than for those of Set 2. Set 2 beads were shorter in height than those of Set 1 (see Table 5) and so 

this result was understandable. The higher the preceding beads are, the higher the tilt angle when 

subsequent beads are deposited. The trends in third bead angles also did not appear to pass 

through the point (0%, 0°), indicating that when the hatch spacing equals the single bead width 

there is still bead overlap. 

 

Figure 13: Normalized third bead height vs bead overlap. 
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Figure 14: Normalized third bead width vs bead overlap. 

 

Figure 15: Normalized projected third bead width vs bead overlap. 
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Figure 16: Average third bead angle vs bead overlap. 

The trends for pseudo clad area (Figure 17) were very similar to those of third bead height. The 

largest pseudo clad areas in each set were found at the lowest bead overlap. After that, the trends 

appeared to follow a U-shape, with the minimum pseudo clad area seen at overlaps of 14%–32%. 

Conversely, pseudo molten area (Figure 18) appeared to peak at intermediate bead overlaps. 

Comparing the total third bead (Figure 19) area was particularly enlightening. First, there were no 

clear trends that showed an influence of bead overlap on total bead area. It appeared that the total 

area was relatively consistent regardless of bead overlap. Second, all third beads had a total area 

greater than that of the corresponding single bead (i.e. normalized ATOT was always greater than 

one), regardless of overlap. This result showed that the mere act of depositing a bead near a  

pre-existing bead caused an increase in the size of the second bead. 
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Figure 17: Normalized third bead psuedo clad area vs bead overlap. 

 

Figure 18: Normalized third bead pseudo molten area vs bead overlap. 
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Figure 19: Normalized third bead total area vs bead overlap. 
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5 Discussion 

5.1 Optimizing hatch spacing 

Although there was notable scatter and uncertainty in the data, the trends in triple bead 

measurements presented in Section 4.2 provide useful guidance in choosing BPLAM build 

parameters. Decreasing the hatch spacing, and thus increasing bead overlap, led to the beads being 

deposited more and more on top of one another. The data showed that this caused the beads to reach 

greater maximum and average heights, which, although not measured in this study, tends to reduce 

surface roughness. This would seem to support the use of a large bead overlap in an actual build. 

However, there was a notable decrease in triple bead molten area, dilution and capture efficiency 

at high overlap. This was seen even when only three beads were considered; the effects would be 

expected to be even more notable when a whole layer of beads is deposited and the bead 

deposition reaches a steady state. If not accounted for, such a decrease in molten area/dilution 

could lead to interlayer lack of fusion in fabricated components. And, in general, high capture 

efficiency is desirable as it improves productivity and reduces waste. These observations would 

thus tend to support the use of a low bead overlap during a build. 

All considered, the data suggested that there was no specific bead overlap that would maximize 

deposition performance in all situations. Instead, the hatch spacing must be chosen to meet the 

particular requirements of the build. For example, if low surface roughness were desired then a 

relatively small hatch spacing (i.e. high overlap; ≥50%) may be favourable. Of course, the 

processing parameters would have to be chosen to give a sufficiently high dilution to avoid 

interlayer lack of fusion, and a somewhat reduced capture efficiency would have to be an 

acceptable consequence. On the other hand, if high capture efficiency were desired or if 

processing parameters that gave low dilution were selected, then relatively high hatch spacing 

(i.e. low overlap; <10%) could be used at the sacrifice of surface roughness. If a balance between 

relatively low surface roughness and decent capture efficiency were desired than an intermediate 

hatch spacing (i.e. 10–25%) could be used. Overlaps in this range did not tend to significantly 

reduce dilution (see Figure 12) and capture efficiency tended to be high (see Figure 11). 

Once processing parameters and a hatch spacing has been chosen, the equipment operator must 

still choose an appropriate layer thickness to use for a build. Unfortunately the data shown in 

Figure 7 through Figure 12 do not provide enough information to choose the layer thickness 

based on a given hatch spacing. This is because the data was developed for only three beads, 

which likely was insufficient to reach steady state. In the absence of any further information, to 

determine the right layer thickness a sample would have to be made by depositing a single layer 

at the desired hatch spacing. The average layer height could then be measured and used to select 

the layer thickness. 

5.2 Influence of previous passes on bead deposition 

There was a consistent theme running through the graphs of triple bead measurements and of 

third bead measurements. The graphs indicated that even when passes were spaced at distances 

approaching the single bead width, the shape and size of the subsequent beads was different to that 
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of the single beads. Specifically, third beads had, on average, 14% greater cross-sectional total 

area (see Figure 19) and 11% greater surface width (see Figure 15) than the single beads. The act 

of depositing a bead next to a pre-existing one also tended to increase the total deposited material 

(see Figure 11), although this effect diminished as the overlap increased. The data thus indicated 

that the process of bead deposition was influenced by the substrate surface topography prior to 

deposition. 

There are a couple of proposed explanations for why bead deposition was affected by prior beads. 

First, it is possible that the previous bead(s) changed the flow of powder on and around the 

substrate surface. Much in the same way as a snow fence affects the local accumulation of snow; 

the previous beads could have acted to catch more of the powder blown onto the surface. It is also 

possible that the previous beads improved the absorption of the incident and/or reflected laser 

beam. Each of these possibilities, or a combination of the two, could explain why the total 

deposited material increased when multiple beads were deposited. Whatever the cause, the fact 

that bead shape is modified by the pre-existing surface topography complicates the mathematical 

modelling and prediction of bead deposition during a build. 

5.3 Assumptions for modelling deposition of multiple beads 

Ideally a model could be developed that summarizes the manner in which multiple beads interact 

during deposition. If accurate, such a model would be invaluable for predicting the resulting layer 

characteristics for a given hatch spacing and thus optimizing the build parameters. The 

development of this type of empirical model will be left to future work, but the results of this 

study, particularly those of the third bead measurements, are valuable in defining the necessary 

assumptions to feed into the model. 

Based on the results of this study, some assumptions that can be used to develop the model include: 

1. All beads will be lenticular in shape (based on visual analysis of the triple bead cross-sections). 

a. Determining the exact mathematical equation(s) for the bead shape will be left to 

future work. 

2. The first bead deposited on a flat surface will have a geometry driven solely by the processing 

parameters used. 

a. This geometry (i.e. height, width, clad area and molten area) can be predicted based 

on the processing map. 

3. The centre of subsequent beads will be offset from that of the preceding bead at a distance 

equal to the hatch spacing. 

4. Subsequent beads will be rotated, with one end resting on the preceding bead and the other 

resting on the substrate surface. 

a. The angle of rotation will thus vary based on bead overlap (see Figure 16). 

5. These subsequent beads will have dimensions that differ from the first bead. 

a. The projected bead width will be consistent and larger than the single bead width; in 

this case it was ~11% greater than the single bead width (see Figure 15). 
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b. The total area of the bead will be consistent and larger than the single bead area; in 

this case it was ~14% greater than the single bead total area (see Figure 19).  

c. The ratio of pseudo clad area to pseudo molten area will vary from bead to bead  

(see Figure 17 and Figure 18), based on the previous bead geometry in a  

yet-to-be-determined manner. This manner will result in relatively low pseudo clad 

area and high pseudo molten area at intermediate (i.e. 15%–30%) bead overlaps. 

d. The bead height will also vary from bead to bead in a manner similar to that of the 

pseudo clad area (compare Figure 13 to Figure 17). 

In developing an empirical model based on these assumptions, the biggest hurdle will involve 

addressing items 5c and 5d above. The data gathered in this study painted a relatively clear 

picture regarding the positioning, width and total cross-sectional area of beads deposited on/next 

to other beads. But the mechanism defining the other dimensions of these lenticular beads was not 

as obvious. Future work will thus necessarily involve proposing possible mechanism(s) to explain 

the variations in bead geometry shown in Figure 13 and Figure 17 and exploring the validity of 

these mechanisms. 
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6 Conclusions and recommendations 

Understanding of the effect of build parameters on geometric features of the build is a critical step 

towards FMFCS exploiting BPLAM technology for defence applications. The results of this 

study offer insight to the equipment operator as to how their choice of hatch spacing can affect 

bead geometry during a build. Most importantly, hatch spacing changes the average layer height, 

the dilution (or degree of fusion with the previous layer) and the capture efficiency. The graphs 

presented herein provide the operator with an understanding of the magnitude and direction of 

these effects, and a general sense of the ranges of overlap that should be considered for a build 

based on the desired characteristics. Without this information the operator would have to guess at 

what hatch spacing to use, without any understanding of how that choice will impact the build. 

While the qualitative information developed in this work is useful, in this state the quantitative 

data is likely only applicable to the particular powder (i.e. composition, morphology, particle size 

distribution) and processing parameters used. The experiments would have to be repeated using 

other powders in order to get similar data for those situations. Rather than repeating this process 

for every powder, it would be much more preferable to develop a model that describes bead 

deposition. If robust enough, such a model could be used to truly optimize the build parameters 

and predict features like layer thickness and surface roughness. The model could also potentially 

be used to simulate a build in order to detect and prevent any defects in advance. 

It is recommended that such a model be developed in future work. As a starting point, the 

quantitative data gathered in this study can be used for model development. One of the most 

important results of this study is the evidence that the shape and size of a bead is different when 

topography of the substrate changes. The first bead deposited on a flat substrate will be narrower 

and with less cross-sectional area than the beads that follow (provided they are positioned close 

enough to interact). While this observation will complicate the model, it is clear that any model 

that intends to adequately describe the geometry of overlapping beads must take this feature into 

consideration. 

While development of a finite element (FE) model based on melt-pool thermodynamics and fluid 

dynamics of the powder stream would be useful, this approach would likely require a multiyear 

financial commitment to yield a validated tool. In the meantime, FMFCS would only have the 

guidance of this document to help in choosing/optimizing build parameters. Therefore, it is 

proposed that an empirical geometric model of overlapping beads be developed in the short term. 

This type of model would allow the geometric profile of multiple beads to be calculated based on 

a known single bead shape and a specific hatch spacing. This would greatly reduce, but not 

completely replace, the trial and error required when developing processes for new powders, but 

would likely result in a usable tool much sooner than if using an FE approach. 
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 Deposit measurement raw data Annex A

In Table A.1, all of the raw results of bead cross-sectional analysis are provided. Table A.2 gives 

the raw results of third bead cross-sectional measurements. The processing parameters used to 

make the beads are summarized in Table 3. 

Table A.1: Raw data of single and triple bead cross-section measurements. 

Set 

Hatch 

spacing 

(µm) 

Overlap 

Max. 

Height 

(µm) 

Width 

(µm) 

Clad 

Area 

(µm
2
) 

Molten 

Area 

(µm
2
) 

1 

Single 

Beads 
N/A 

129.4 554.3 50670 14530 

123.6 657.3 58510 28450 

144.1 676.4 73920 28200 

183.8 620.4 90470 21320 

176.5 486.7 65050 8840 

175.1 650.1 93450 21240 

107.4 660.2 55570 34260 

119.1 663.1 61390 30870 

173.5 626.3 78580 22420 

150 519 61010 9526 

600 1.8% 

179.4 1842 256200 45990 

178 1882 236800 69810 

180.9 1882 227800 64670 

179.4 1860 252600 58230 

217.6 1826 291600 49610 

180.9 1879 260000 70050 

150 1870 181800 91020 

141.1 1864 195900 72410 

182.3 1801 223900 58070 

182.4 1812 215400 68060 

525 14.1% 

220.5 1735 292700 44070 

283.9 1666 326500 33410 

276.4 1598 285200 40910 

247.1 1648 261100 48330 

236.8 1728 301300 52900 

254.4 1688 280100 39730 

204.4 1707 269900 48490 

226.4 1623 259300 45340 

229.4 1619 254600 38820 

269.1 1661 286700 49360 
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Set 

Hatch 

spacing 

(µm) 

Overlap 

Max. 

Height 

(µm) 

Width 

(µm) 

Clad 

Area 

(µm
2
) 

Molten 

Area 

(µm
2
) 

1 

487.5 20.2% 

204.4 1550 225100 50040 

211.8 1601 239100 63220 

216.2 1657 233700 58730 

229.4 1657 252100 65480 

233.8 1553 243000 50000 

204.4 1634 263700 56030 

188.2 1557 205300 72910 

183.8 1595 207200 67510 

197 1658 226900 55880 

198.5 1628 217700 61660 

450 26.4% 

216.1 1504 232900 44190 

231 1521 252300 73890 

251.4 1622 277700 55330 

219.1 1548 245200 46000 

241.2 1504 247400 50390 

233.8 1568 261100 42510 

254.4 1554 253900 63220 

236.7 1591 247000 52360 

227.9 1528 243500 48910 

200 1469 237000 48530 

412.5 32.5% 

232.3 1476 265700 43580 

235.3 1465 240000 42510 

211.7 1435 212700 53060 

211.7 1384 204400 47960 

245.6 1445 242400 56400 

252.9 1500 255300 63790 

225 1469 237500 55180 

217.6 1367 217200 37880 

197 1372 200400 41050 

222 1412 243500 26490 

375 38.6% 

267.6 1417 241300 46630 

247.1 1423 243500 52410 

238.2 1279 225900 33690 

247.1 1346 242200 41180 

272.1 1429 271000 49630 

251.5 1384 218100 51420 

222 1436 224300 66390 

232.3 1392 234400 54220 

258.8 1461 253100 49820 

222 1394 214200 60190 
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Set 

Hatch 

spacing 

(µm) 

Overlap 

Max. 

Height 

(µm) 

Width 

(µm) 

Clad 

Area 

(µm
2
) 

Molten 

Area 

(µm
2
) 

1 300 50.9% 

232.4 1259 189200 48530 

264.7 1260 246300 36150 

286.7 1154 231300 19860 

298.5 1278 245300 48640 

255.9 1238 212200 44750 

251.4 1253 224600 45260 

273.5 1251 228700 39300 

239.7 1257 212300 37120 

254.4 1278 229300 44650 

2 

Single 

Beads 
N/A 

85.27 510.22 29280 21280 

92.62 519 36460 11300 

100 596.9 47690 26420 

104.4 520.5 36060 14520 

83.85 520.6 31190 21210 

98.6 642.8 45130 36370 

54.4 586.6 24460 38110 

80.91 607.3 42410 36230 

552 2.0% 

120.6 1696 135400 80900 

120.6 1766 129000 86350 

117.7 1720 128800 86880 

113.2 1679 130100 70140 

135.3 1704 174900 61840 

130.9 1599 159500 57180 

123.5 1647 140600 62370 

110.3 1644 144900 62830 

483 14.2% 

157.4 1553 158400 72120 

129.4 1551 136700 70050 

94.14 1564 108700 95040 

97.03 1576 132400 74390 

110.3 1560 121400 81840 

150.9 1509 118100 78700 

92.62 1539 109600 80930 

100 1564 120200 70150 
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Set 

Hatch 

spacing 

(µm) 

Overlap 

Max. 

Height 

(µm) 

Width 

(µm) 

Clad 

Area 

(µm
2
) 

Molten 

Area 

(µm
2
) 

2 

448.5 20.3% 

125 1484 119200 79160 

111.7 1533 113300 99120 

136.8 1504 141600 67010 

110.3 1495 119400 64980 

119.1 1442 113000 65970 

97.13 1396 92750 61140 

95.61 1403 104100 73800 

108.8 1501 112500 74820 

414 26.5% 

132.4 1457 120700 99770 

122 1350 124000 41860 

129.4 1375 119000 56300 

120.6 1395 108300 75580 

111.8 1434 107700 88760 

123.6 1466 131900 85100 

132.2 1478 132200 90480 

129.4 1439 133800 76200 

379.5 32.6% 

147 1356 119900 75430 

135.3 1313 114500 60030 

142.6 1282 119300 56680 

138.2 1375 117700 62500 

126.5 1362 116200 62170 

97.13 1331 91230 87890 

133.8 1331 110500 71550 

123.5 1339 117700 84820 

345 38.7% 

142.6 1314 114900 63460 

148.5 1301 124000 60420 

141.2 1331 122000 61700 

130.9 1328 116800 71610 

120.6 1210 106100 63900 

133.8 1282 126000 61970 

129.4 1216 115200 62060 

276 51.0% 

129.4 1163 92350 60290 

144.1 1151 115800 48940 

129.4 1097 105900 58510 

139.7 1157 107500 49430 

147 1172 117100 50050 

138.3 1183 113300 60490 

114.7 1094 93220 65230 

157.3 1134 128500 70360 
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Table A.2: Raw data of third bead cross-section measurements. 

Set 

Hatch 

spacing 

(µm) 

Overlap 

Third 

Bead 

Height 

(µm) 

Third 

Bead 

Width 

(µm) 

Third 

Bead 

Angle 

(°) 

Pseudo 

Clad 

Area 

(µm
2
) 

Pseudo 

Molten 

Area 

(µm
2
) 

1 

600 1.8% 

112.4 798.4 10.291 59002 68939 

123.5 737.1 8.299 68079 58141 

147.7 686.1 5.438 75564 33102 

164.8 631.2 4.459 74965 20746 

78.1 791.2 11.59 43606 69168 

173.6 642.6 0.982 81666 16497 

139.9 694.6 2.526 70770 40392 

114.8 685.7 3.523 57466 40130 

147.9 558.7 4.507 64755 23383 

107.5 610.5 3.253 39531 32252 

525 14.1% 

111.6 760.9 13.675 58054 67741 

145.9 669.8 12.035 69571 48226 

94.1 631.8 10.087 38005 49119 

67.5 686.0 16.045 27240 61432 

103.5 723.2 12.134 51680 61018 

71.3 723.5 14.529 30967 67512 

117.0 664.9 10.267 57771 48607 

100.6 648.4 10.701 49457 43835 

100.1 585.4 9.267 43127 36033 

46.0 672.2 15.764 19199 63818 

487.5 20.2% 

107.3 599.5 13.384 45513 47322 

110.5 655.0 14.86 45033 54099 

97.5 744.5 12.379 54448 58719 

133.5 789.8 11.233 70705 59307 

79.9 617.1 12.076 39771 42429 

160.0 776.9 11.238 68155 65605 

78.1 580.4 10.679 29855 45273 

118.5 622.2 10.86 47289 42604 

81.7 705.0 12.973 34432 60800 

89.7 726.3 10.437 48586 55319 
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Set 

Hatch 

spacing 

(µm) 

Overlap 

Third 

Bead 

Height 

(µm) 

Third 

Bead 

Width 

(µm) 

Third 

Bead 

Angle 

(°) 

Pseudo 

Clad 

Area 

(µm
2
) 

Pseudo 

Molten 

Area 

(µm
2
) 

1 

450 26.4% 

135.8 747.6 10.119 73657 47812 

111.7 657.0 16.449 48444 56202 

106.7 792.3 12.983 62478 67534 

80.2 668.4 13.621 38169 48030 

85.6 727.7 15.407 43748 65235 

109.3 779.4 10.447 66553 58109 

120.1 720.4 13.6 63121 64548 

97.4 775.9 13.433 56986 57106 

134.1 673.4 12.523 62838 42113 

129.9 545.4 13.021 46319 32416 

412.5 32.5% 

140.9 707.2 15.804 64276 46548 

82.8 709.3 16.972 40708 57259 

80.6 797.0 12.611 45437 64842 

86.3 722.7 12.948 41438 60844 

168.0 627.6 14.301 75902 34170 

128.7 762.4 13.772 72393 57193 

111.2 646.9 16.331 43203 53652 

86.0 615.7 17.035 31250 45317 

103.0 517.9 12.911 36273 28896 

73.1 659.3 15.717 32263 52279 

375 38.6% 

108.9 773.3 16.292 55330 64668 

93.9 718.0 16.242 46308 48814 

117.4 581.0 18.771 43671 36338 

119.5 732.3 17.635 62325 58436 

83.8 767.7 15.768 51724 59187 

102.0 729.2 13.433 54513 56660 

80.0 718.8 16.322 44369 58839 

104.1 776.1 13.383 60898 60909 

84.9 703.2 14.667 43889 57640 

300 50.9% 

93.4 710.2 14.164 51626 46090 

114.9 774.6 16.88 60517 60321 

116.3 674.8 20.558 57422 45306 

99.0 798.7 19.381 57172 61901 

90.7 712.1 18.188 45295 45437 

116.3 783.0 14.997 63720 45927 

101.8 801.9 16.676 54306 60048 

87.5 740.5 16.273 39989 55221 

107.3 776.7 13.533 61693 54034 
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Set 

Hatch 

spacing 

(µm) 

Overlap 

Third 

Bead 

Height 

(µm) 

Third 

Bead 

Width 

(µm) 

Third 

Bead 

Angle 

(°) 

Pseudo 

Clad 

Area 

(µm
2
) 

Pseudo 

Molten 

Area 

(µm
2
) 

2 

552 2.0% 

60.9 710.3 6.803 31392 55995 

52.0 766.8 6.844 26990 62249 

84.3 671.4 4.972 39901 42974 

90.0 596.7 3.137 39204 21520 

96.5 632.5 7.058 46450 32405 

91.7 561.3 6.36 31729 29790 

43.0 662.0 6.495 18632 47518 

68.0 571.6 4.451 24647 38409 

483 14.2% 

96.7 694.5 6.549 48705 47986 

97.7 702.2 5.431 35783 51299 

63.6 574.5 5.942 23263 38191 

80.1 531.5 6.856 31272 22707 

84.3 510.4 5.824 31337 22751 

34.1 583.4 7.288 15374 47529 

50.8 637.9 7.539 20594 51037 

44.5 624.6 6.01 18294 53663 

448.5 20.3% 

64.1 559.5 6.425 24059 34987 

54.7 695.7 5.96 22228 55929 

58.5 623.7 9.875 24636 46188 

57.8 554.5 6.03 22980 29114 

40.4 556.2 10.397 14405 38300 

25.2 607.9 4.556 9015 53347 

46.2 629.3 7.478 15342 56365 

47.6 721.4 6.472 22206 58784 

414 26.5% 

59.7 677.6 7.214 29975 57030 

53.7 521.7 8.434 19537 28559 

68.9 583.3 10.606 22893 36262 

72.8 594.2 8.199 30999 34965 

47.6 631.0 7.777 17815 49446 

41.6 715.7 7.025 18512 64091 

38.9 680.0 9.993 19112 64777 

52.5 704.6 9.03 24473 60963 

379.5 32.6% 

38.9 574.3 9.111 14884 46951 

36.0 694.2 10.115 13 69604 

64.3 691.5 10.022 27153 60593 

36.0 704.8 10.066 17248 63110 

46.4 648.7 9.749 20169 53129 

43.0 610.3 7.053 13489 46777 

87.5 508.5 8.244 27894 25954 

67.0 653.2 7.952 29561 45164 
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Set 

Hatch 

spacing 

(µm) 

Overlap 

Third 

Bead 

Height 

(µm) 

Third 

Bead 

Width 

(µm) 

Third 

Bead 

Angle 

(°) 

Pseudo 

Clad 

Area 

(µm
2
) 

Pseudo 

Molten 

Area 

(µm
2
) 

2 

345 38.7% 

53.9 710.9 9.089 22544 60615 

49.3 720.9 8.441 25867 56997 

53.9 690.1 9.72 27197 60266 

52.2 683.6 8.733 24658 54186 

77.0 575.8 6.75 26379 34126 

55.4 670.0 9.952 23176 39302 

78.8 620.3 7.24 34388 43029 

276 51.0% 

64.6 630.1 9.312 22424 44129 

52.5 663.0 10.128 21465 52072 

70.6 542.1 10.802 26663 29452 

45.0 653.3 9.704 20975 49523 

58.3 708.7 9.72 28875 55178 

87.7 620.5 9.934 38681 28199 

53.7 681.3 7.513 22239 54339 

73.5 572.1 15.058 28210 31849 
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