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ABSTRACT 

Powder bed fusion additive manufacturing (PBFAM) is being rapidly adopted by 

industry for the production of novel and complex geometries. However, production of PBFAM 

parts with near-surface voids remains a primary concern. Such voids impede the use of additive 

manufacturing for thin geometries and may significantly reduce fatigue life in larger AM 

components. Here, we develop a statistical model which relates the probability of near-surface 

void formation to the toolpath used in part production. Registered, computed tomography (CT) 

data were used as the ground truth to measure void location and morphology together with actual 

build plan data (e.g. vector trajectories, powers, speeds). From this, we identify the time between 

nonconsecutive, adjacent hatch strikes to be a statistically significant (p = 8.54*10-20) indicator of 

the likelihood that a given point becomes a void. Furthermore, we show that altering the hatching 

strategy to include fewer short hatches (i.e. a longer time between nonconsecutive, adjacent hatch 

strikes) can produce a similar geometry with significantly fewer near surface voids.  
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Chapter 1 
 

Introduction, Literature Review, and Experimental Background 

Metal Additive Manufacturing 

Additive manufacturing is, as defined by ASTM, ‘‘a process of joining materials to make 

objects from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing 

methodologies.” While several metal AM processes have been developed, directed energy 

deposition (DED) and powder bed fusion (PBF) are the most commonly used and studied 

methods, both using either an electron beam or laser as an energy source. In laser-PBF, layers of 

powder are spread under an inert atmosphere and then selectively melted using a laser, directed 

by a galvanometer. Typically, on a layer-by-layer basis, the laser first traces the outline of the part 

(the contour) and then travels back and forth (hatches) across the interior of the component. 

Laser-PBF allows for the fabrication of novel geometries, and reduces material waste and 

the environmental impacts of manufacturing. The ability to fabricate novel geometries of nearly 

arbitrary complexity also permits rapid low cost prototyping and fabrication of one-off parts. For 

these reasons, the technology is being adopted in the aerospace, automotive, and medical 

industries.  

High-cost material systems, such as titanium alloys are of particular interest for aerospace 

and medical applications. One titanium alloy, Ti-6Al-4V, is of particular importance due to its 

wide range of applications and the high-cost of machining using conventional, subtractive 

processes. In aerospace, there is also a potential performance advantage in leveraging AM to 

reduce material usage and component weight. Lockheed Martin estimates that metal AM may  
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“save between 30 and 50% of the cost of machining aerospace titanium structural components, 

which are some of the most expensive components in the F-35 airframe [4].’’  

AM also provides a financially-viable means for producing customizable, low-volume 

components. Due to the low fixed costs of metal AM (no dies or tool must be purchased to 

fabricate each unique part), the production of unique components or low quantity components is 

cheaper through metal AM than conventional methods. As a result, metal AM greatly increases 

the viability of patient specific Ti-6Al-4V implants, such as mesh scaffolds and porous bone-like 

implants. 

However, AM processes face challenges such as high feedstock cost, low production rate, 

and size limitations. As well, components produced by additive manufacturing may exhibit 

reduced fatigue performance compared to wrought components, and there is a lack of standards 

for AM component certification. 

The discrepancy in fatigue life is thought to be largely driven by micro-porosity and 

surface roughness, which can only be mitigated by hot isostatic pressing and surface finishing, 

respectively, increasing fabrication time and cost [4]. The voids nearest to the surface—which 

have been modeled to induce larger stress concentrations, as shown in figure 1-1—have been 

shown to have to greatest impact on high cycle fatigue life [4]. 
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 As such, near surface void mitigation is essential in extending the applicability of metal 

AM to fatigue-limited designs.   

 Void Formation Mechanisms in L-BPF 

 Researchers have described three main void formation mechanisms: lack of fusion, 

keyhole collapse,  and entrapment of gases in the melt pool [5].  Lack of fusion voids occur when 

the energy input is not sufficiently high to melt enough powder to create a solid part [5].Keyhole 

formation occurs when energy input is too large, causing a vapor depression which is 

significantly deeper than its width. The keyhole may be unstable, and leave behind small voids as 

its walls oscillate, or it may collapse when the energy input decreases [5]. Gas entrapment occurs 

 
 

Figure 1-1:  The stress concentration (Kt) generated by a pores as a function of normalized depth. 

Results are shown for idealized spheres/oblate spheroids with three different aspect ratios. 

Adapted from [1]. 
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when the melt pool forms and solidifies before gases below it can escape. Because the inert gases 

used in L-PBF are insoluble in metals, they are unable to dissolve and pass through the melt pool.  

For alloys like Ti-6Al-4V, an additional mechanism may make keyhole formation more 

likely. Because aluminum has a significantly lower boiling temperature than titanium [6], it may 

vaporize more readily from the melt pool. This vaporization exerts a downward force on the melt 

pool which can create a keyhole morphology on a millisecond timescale [7]. Keyholing at the end 

of short hatches—which may be sufficiently hotter than hatches of nominal length—may be a 

mechanism that creates voids in short hatches more often than in long hatches.  

However, researchers have also suggested additional mechanisms to explain void 

formation. For example, in addition to excessive energy input [7]–[9] causing keyhole collapse 

[10], melt-spatter interactions have been observed to  perturb the melt pool and cause voids [11]. 

Martin et al. have also suggested that melt pools may collapse in on themselves and produce 

small voids when the laser is turned off at the end of the hatch. Alternatively, if the laser is not 

turned off, the increase in energy density as the laser turns around will create a keyhole which 

collapses when the laser accelerates, leaving behind small spherical voids. [8]. 

Another proposed mechanism—particularly for the formation of near surface voids—

involves fluid dynamics. If two adjacent melt pools are molten at the same time, it is reasonable 

to suspect that they will combine to reduce overall surface energy. While hatch width in the bulk 

of the material has been shown to remain relatively constant, it has been modeled and 

experimentally verified that melt pool width oscillates between adjacent hatches near the end of 

each hatch [12]. That is, the hatch is wider near its beginning, as it moves away from the contour, 

than the in-bulk hatch width—likely due to melt pools combining. The next hatch is smaller than 

the in-bulk hatch width when it returns to the same contour. Alternating wide and narrow hatches 

may lead to poorer wetting of the hatch-contour interface and leave small tear-drop shaped voids 

between pairs of hatches. 
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Because flaws may form when energy input is too high or low, researchers have sought to 

control the size [13] [14] and temperature [15] of melt pools in additive manufacturing by sensing 

the build process and modulating the inputted power and speed during the build[16]. Other 

strategies include measuring the temperature of the substrate prior to beginning a hatch [17], so 

that each hatch begins with the same thermal starting conditions.  

Because shorter hatches will have less time to dissipate heat before the laser returns on 

the next hatch, it is reasonable to postulate that smaller hatches may cool less than larger hatches 

and accumulate heat over time. If this is the case, thermally isolated regions, overhangs, sharp 

corners, and thin geometries may require less energetic processing parameters or longer wait 

times between hatches to prevent voids from forming. 

 One factor that may affect porosity is toolpath [3]. While a typical toolpath includes a 

contour and then serpentine hatches across the part, researchers have experimented with various 

other toolpath strategies, such as “out-in” scanning—in which the contour spirals inwards 

continuously until the laser reaches the center of the part—or “out-in” scanning in which the laser 

starts in the middle and spiral outwards [2]. An illustration of an out-in toolpath is shown in 

figure 1-2. 
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As well, island scanning strategies have been devised, in which the laser hatches across 

squares or hexagons which tessellate to fill the layer. Instead of reducing component porosity, 

island hatching is thought to reduce residual stresses in the fabricated component [2]. An example 

of an island toolpath strategy is shown in figure 1-3. 

 
 

Figure 1-2:  Illustration of multiple layers of an out-in toolpath. Adapted from [2]. 

 



7 

 

 

Zheng et al [18] have reported that the toolpath has a strong influence on the distribution 

of defects, that lack of fusion defects are most often found in between layers and tracks, and that 

other defects are common at the end of tracks. This is consistent with the findings of Tammas-

Williams et al. that, in single directional hatching, voids form at the end of the tracks. Tammas-

Williams et al. [3] have also shown that near surface voids and bulk voids exist as two distinct 

populations. The former is found within 150-300 microns of the contour, and the latter is found 

deeper than 1,600 microns within the component, as illustrated in figure 1-4.  

 
 

Figure 1-3:  Illustration of multiple layers of a square island toolpath. The order the squares were 

processed was randomly determined. Adapted from [2]. 
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 Toolpaths which reduce the occurrence of one of these two populations do not necessarily 

reduce the occurrence of the other, suggesting separate mechanisms for the formation of near 

surface voids versus bulk voids. 

It has also been shown that small variations in the toolpath can results in very large 

changes in void number and volume, and that near surface voids are overwhelmingly more likely 

to form at the end of hatches than at the beginning [3]. However, a statistical prediction of near 

surface void formation remains largely unpursued in the literature despite the fact that near-

surface voids play an important role in fatigue performance of PBFAM components [19], 

particularly in thin-walled geometries [20].  

 
 

Figure 1-4:  Number of voids at a given distance from the surface, many voids are further than 

1,600 microns within the component, but a 2nd population is close to the surface. Adapted from [3]. 
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Motivation 

There still exists a large knowledge gap on the relationship between an additively 

manufactured part’s toolpath and the formation of near-surface voids; this is the focus of the 

current work. While this study does not investigate the relationship between toolpath and 

potential improvement of fatigue performance, it lays the groundwork by determining toolpath 

parameters which produce fewer near surface voids. A parameter, the inter-hatch travel time 

(IHTT) is identified as a strong indicator of near surface void formation likelihood. It is defined 

as the time needed for the laser—once at the hatch-contour interface—to move across the 

component and return to the hatch-contour interface. 

The relationship between IHTT and void formation is confirmed across various toolpaths. 

Finally, the basis for a statistical frameworks, which predicts void occurrence as a function of 

component geometry and toolpath, as well as which can programmatically generate toolpaths that 

produce components with less near surface porosity, is presented. Future work includes a propose 

experiment that details different strategies to mitigate the occurrence of these near-surface voids, 

to determine the mitigation method which is most effective and efficient, as well as determine the 

physical mechanism of these near surface voids. 

 

 

 



 

 

Chapter 2 
 

Experimental Procedure 

Experimental Design 

Three, 21 mm Ti-6Al-4V cubes were fabricated in a 3DSystems ProX-320 PBFAM 

system, utilizing a 500 W fiber laser with an output wavelength of 1070 ± 10 nm. The parts were 

fabricated using default processing parameters and grade 23 Ti-6Al-4V powder with a size 

distribution of 15-45 microns, supplied by 3D Systems. As in [21], the argon flow was slightly 

reduced, with all other parameters remaining identical to optimal processing settings: a hatch 

speed of 1,250 mm/sec, a laser power of 245 W, and a layer thickness of 60 microns. Powder was 

spread with a flexible silicone recoater. Between each layer, the hatches were rotated by 23 

degrees for the first 7 mm of build height, 47 degrees for the second 7 mm of build height, and 69 

degrees for the remainder of the build height, except for one sample with no rotation.  

Computer aided designs of all samples are shown in figure 2-1. 

 

 

Figure 2-1: (Left to right) Sample A, sample B, and sample C (all dimensions are in mm). 
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 Each sample was designed with a different focus on short and long hatches. Sample A 

was designed so that cube contained primarily long hatches, except for the top perimeter which 

contained primarily shorter hatches. Sample B was designed so that it contained primarily long 

hatches in the center region, but contained short hatches in the sharp corners protruding from two 

of its sides. Sample C has nearly the same geometry as sample B, but the toolpath does not rotate 

between layers. As the laser moves into and out of the sharp corners (see chapter 3), this sample 

contains only long hatches. 

CT Data Processing 

One means to assess part quality and detect voids is through computed tomography (CT). 

This is a 3 dimensional imaging technique, during which a sample is irradiated with an X-ray 

beam, and the absorption of various parts of the sample is measured on a detector screen, while 

the sample is rotated. From this, a 3 dimensional model of the sample is reconstructed. CT 

scanning can be used to nondestructively detect voids and their morphologies within a sample, 

with a typical resolution as low as 5 microns [22] .  

Each cube was CT scanned in a GE phoenix v|tome|x m 300, using a 300 kV micro-focus 

x-ray source to produce scans with a 15 micron voxel size. The location of voids (anomalous 

voxels) was automatically detected and registered to the build plate domain via software as 

described by [23], [24]. Raw CT data and extracted voids for sample B are shown in figure 2-2. 
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Each automatically-detected void was manually verified to minimize false positives. For 

this work, which focuses on near surface voids, only voids within 400 microns from the surface 

of each sample were used in subsequent analysis.  

Toolpath Analysis 

The machine’s toolpath (laser power, speed, location, and trajectory associated with each 

laser strike) was provided by 3D Systems and verified using an in situ using a data acquisition 

system similar to that described in [25], [26]. For each void, the nearest intersection of the hatch 

and contour on the toolpath was located. The travel time along the hatching path, forward in time, 

was measured until the hatch path intersected with the same contour again. If the travel distance 

was merely the distance between the two points directly, i.e., a laser “jump” occurring at 

turnaround, the laser path was followed again until the next intersection of the contour. This 

quantity of time was defined as tForward.  The phenomenon of between hatch jumps can be seen in 

figure 2-3.  

  

 
 

Figure 2-2:  Raw CT data of a component (left) and location of the voids within (right) 



13 

 

In this example, the tForward for the point at the end of the dashed hatch would be 

calculated as the time needed to complete both of the solid hatches to arrive at the next notable 

point on the contour. The time needed to go from the point at the end of the dashed hatch to the 

next point on the contour (the beginning of the first solid hatch) is trivial, as it is just the time 

needed for the laser to jump from one hatch to the next. 

This process was repeated, measuring backwards in time, from the hatch-contour 

intersection nearest to the void. The travel time when scanning backwards was defined as tback. 

 

 

Figure 2-3:  Illustration of a jump between hatches. After completing the dashed hatch, the laser 

jumps the distance shown the by bracket. 
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The inter-hatch travel time (IHTT) was defined as the lower of these two numbers associated with 

that void. 

𝐼𝐻𝑇𝑇 = 𝑚𝑖𝑛 [𝑡𝑓𝑜𝑟𝑤𝑎𝑟𝑑 , 𝑡𝑏𝑎𝑐𝑘] 

 The algorithm for determining IHTT is illustrated in figure 2-4. Any voxel in the CT 

space, whether a void or nominal voxel, can be mapped into the toolpath space, and has a 

corresponding IHTT. 
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The inter-hatch travel time strongly depends part geometry. Voxels within a 

neighborhood of a thin or sharp features can be expected to—on average—have a shorter IHTT 

than voxels which are far away from such features. For instance, consider the voxel shown using 

 

Figure 2-4:  Flow chart of IHTT calculation. 
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a solid grey square and highlighted by a dashed arrow in figure 2-5, which includes a portion of 

the laser toolpath for layer 300 of sample B. The path along which the laser travels forward to the 

neighboring contour point is shown using solid arrows, while the distance backwards in time is 

shown using dotted arrows. The IIHT for the voxel shown with a solid square is the minimum of 

the backward and forward distances multiplied by their respective travel speeds along each path 

(in this case, the time needed to travel forward). As shown in figure 2-5, points within thin 

geometries have smaller IHTTs than thick geometries.  

 

 

 

Figure 2-5:  Illustration of the short IHTT in a region of sample B with a thin geometry. 
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Similarly, voxels within sharp corners typically have smaller IHTTs than voxels in thick 

geometries. However, the IHTT at a given point may vary significantly with different scan 

directions. As illustrated in figure 2-6, showing vectors in layer 300 and 301 of sample B, a voxel 

located with a sharp feature (denoted by a square and highlighted by a red arrow) generally has a 

short IHTT except when (Figure 2-6 (b)) the angle of hatching is nearly parallel to one of the 

contours of the sharp feature.   

 

 

 

Figure 2-6:  Illustration of differing IHTT on layers 300 (left) and 301 (right) of sample B, in layer 

301, the laser travels over the rest of the part after leaving the left of the figure before returning to 

the contour. 
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  To test the hypothesis that IHTT is a statically-significant predictor of the likelihood of 

voids, IHTTs were computed for all voids (i.e. anomalous voxels) within 400 microns of the 

surface. A roughly balanced data set consisting of roughly 1400 nominal points per sample were 

also selected randomly from nominal voxels 200 microns from the surface. All nominal sampled 

were 200 microns from the surface, as that is the midpoint of the range of the voids’ distances (0-

400).  The means of IHTT of nominal and anomalous voxel populations, as well the IHTT 

distribution for each population, were compared. To compare the mean IHTT of each population, 

a two sample t-test was performed for each sample. To compare the population distributions, 

probability histograms of nominal and anomalous IHTTs were juxtaposed.   
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Chapter 3 
 

Results and Discussion 

Near-surface voids per sample 

 Based on CT analysis of Samples A, B, and C, near surface voids were on average small 

(~60 microns in diameter) and appear spherical at the CT resolution (15 microns/voxel) utilized. 

Table 1 shows that sample B contains the greatest number of near surface voids, and sample C 

contains the fewest. This is significant because the two samples have the same features and cross-

sectional geometries. In addition, the mean and median size of near surface voids in sample C is 

less than that of the near surface voids in sample B.  

 Figure 3-1 shows typical near surface voids: spherical (at this resolution) and small. 

 

Table 3-1:   Number and diameter of near surface voids per sample. 

Sample Number of  

near 

surface 

voids 

Mean 

diameter 

(microns) 

Median 

diameter  

(microns) 

Min 

diameter 

(microns) 

Max 

diameter 

(microns) 

A 234 65.7 54.8 18.6 345 

B 481 63.7 50.5 18.6 323 

C 76 47.1 36.4 18.6 142 

 

 

 

 

 

Place Figure Here 

Figure 1-1: Replace this with figure caption below figure.  
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Thin geometries (Sample A) 

 Figure 3-2 shows an isometric wireframe and a top-down view of sample A, which 

contains a thin perimeter atop it. 

 

Figure 3-1: CT images of representative near surface voids found in this work, taken from sample 

B. 

 

Place Figure Here 

Figure 1-1: Replace this with figure caption below figure.  

 

 

Figure 3-2:   Isometric wireframe (left) and top-down wireframe (right) view of CAD of sample A, 

a cube with a thin perimeter wall printed atop. All dimensions are in millimeters. 

 

To investigate the influence of thin features on IHTT and near-surface voids, sample A 

was design to consist of solid block base atop which thin internal and external perimeter walls 

were built. As shown in Figure 3-2, sample A had a total height of 25.5 mm (1,700 CT voxels 

tall). The bottom 4.5 mm (300 CT voxels tall) of the build correspond to material that was lost 
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during removal of the part from the build plate. The solid block base extended to a height of 24 

mm (CT voxels with a Z value from 300-1,600. The remaining height of 24.0-25.5 mm (1,600-

1,700 CT voxels high) correspond to the thin internal and external perimeter, shown in red in 

figure 3-3. 

  

 

 

Figure 3-3:  Thin upper rim (highlighted in red) atop sample A, CAD cross-section. 

             More voids were found in the thin internal and external perimeter regions of sample A, 

than in any other similarly 1.5 mm tall (100 CT voxel height) region. Note that this analysis 

considers all voids, not just those near the surface. Figure 3-4 shows a histogram of void 

occurrence as a function of part height, measured in voxels.  The thin walls at the top of the part 

have 85% more voids than the average of similarly tall sections within the solid block region of 

the part. Below a build height of 24.0 mm (1,600 CT voxels high), within the solid block region, 

an average of 49 voids (standard deviation of 7.95) were found per 1.5 mm (100 CT voxel) tall 

section. This is in contrast to the 91 voids within the thin walled region, 5.28 standard deviations 

above the mean of solid section.  
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Place Figure Here 

Figure 1-1: Replace this with figure caption below figure.  

 

 

Figure 3-4:   Total void count as a function of height in sample A. 

 

This result is striking given that data in figure 3-4 do not account for the fact that the thin 

walled region has a (60%) smaller cross sectional area than the rest of the cube. When normalized 

for cross-sectional area (number of voids in each 1.5 mm tall region divided by cross-sectional 

area), the thin-walled regions are shown to have 364% more voids than the average of the other 

sections, given the average number of voids per mm2, 0.1187 (standard deviation of 0.0192) in 

the body of the cube. The number of voids in the ring, when normalized for cross-sectional area, 

is 22.48 standard deviations above the mean of the other sections, as shown in figure 3-5.  

 

Place Figure Here 

Figure 1-1: Replace this with figure caption below figure.  

 

 

Figure 3-5:   Void count in sample A by height, normalized by cross-sectional area. 
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Given the large number of voids identified, the thin-walled region of sample A provides a 

good case to test the ability of IHTT to predict near-surface voids. Additionally, this case 

provides a wide range of IHTTs—see the nominal distribution in figure 3-6.  If IHTT has no 

effect on void formation, we would expect a similar distribution for void and nominal voxels 

across all IHTTs.  That is, if void formation is simply a byproduct of cross-sectional geometry, 

independent of toolpath, then both void and nominal population distributions ought to be 

independent of IHTT.  

 

 

Place Figure Here 

Figure 1-1: Replace this with figure caption below figure.  

 

 

Figure 3-6:   Probability histograms of anomalous and nominal voxel populations in sample A. 

 

The probability of a void occurrence was found to be significantly higher for voxels with 

short IHTTs. Normalized histograms (i.e. probability histograms) of void and nominal voxels as a 

function of IHTT are shown in Figure 3-6. Each distribution was normalized to enable 

comparison on the non-equal populations (213 nominal vs 1430 void voxels). The mean IHTT of 

anomalous voxels in sample A was 9,548 microseconds, while the mean IHTT of nominal voxels 
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was 16,814 microseconds, showing that shorter hatches are more likely to form near surface voids 

than long hatches (p = 8.54*10-20). 

Dividing the anomalous probability by the nominal probability for each bin of the 

histogram provides a representation ratio for voids, defined as the probability of a voxel with a 

given IHTT of being anomalous (part of a void) compared to the likelihood of a random voxel 

being anomalous. The representative ratio of voids is provided in figure 3-7. The representation 

ratio demonstrates that, for IHTTs less than 4,000 microseconds, a near-surface voxel is ~4 to 8 

times more likely to be a void than a typical near surface voxel.  

 

 

Place Figure Here 

Figure 1-1: Replace this with figure caption below figure.  

 

 

Figure 3-7:   Representation ratio of anomalous to nominal voxels in sample A 
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Sharp Features (Sample B) 

Sample B was designed to investigate the effect of sharp features on IHTT and void 

formation, as with thin features, voxels near sharp features are more likely to have small IHTTs 

than other voxels. Figure 3-8 shows an isometric wireframe and a top-down view of sample B, 

which contains many sharp corners. 

 

 

Place Figure Here 

Figure 1-1: Replace this with figure caption below figure.  

 

 

Figure 3-8:   Isometric wireframe (left) and top-down wireframe (right) view of CAD of sample B. 

All linear dimensions are in millimeters. 

 

If, the results found in sample A—that the likelihood of voids is higher in regions with 

lower IHTTs—holds, then we should expect more near surface voids in thin geometries, such as 
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the thin regions (for example, illustrated by the dashed arrow in the upper left corner in figure 3-9 

and near the many sharp protuberances along its surface).   

 

 

Place Figure Here 

Figure 1-1: Replace this with figure caption below figure.  

 

 

Figure 3-9:   Top down view of the positions of all near surface voids in sample B. Surface with 

low IHTT, thin geometry (solid arrows), surface with low IHTT, sharp corner (dashed arrow). 
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A top-down projection of all of the near surface voids via CT in sample B (figure 3-9) 

qualitatively confirms this hypothesis. Figure 3-9 shows a large concentration of voids in the thin 

region shown by the solid arrows and the sharp corner shown by the dashed arrow. Each of these 

regions have shorter IHTTs compared to other near-surface voxels within the sample. This effect 

is particularly apparent in the bottom and right edges of the hollow region highlighted by dashed 

arrow in figure 3-9—these edges larger IHTTs on average and almost no voids are found within. 

A quantitative analysis of sample B showed that near-surface voxels with short IHTTs 

are statistically more likely to be voids. The mean IHTT of anomalous voxels in sample B was 

9,709 microseconds. This is lower than the mean IHTT of randomly-selected nominal voxels of 

12,294 microseconds to a statically significant extent (𝑝 = 5.76 × 10−6). 

 

 

Place Figure Here 

Figure 1-1: Replace this with figure caption below figure.  
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Figure 3-10:   Probability histograms of anomalous and nominal voxel populations in sample B. 

 

As with sample A, for IHTTs less than 2,000 microseconds, a near-surface voxel is 

significantly more likely (~1.5x for sample B) to be a void than a typical near surface voxel.  

Sharp Features with increased IHTT (Sample C) 

To further test if near-surface voids were more strongly related to IHTT than to overall 

part geometry or cross-sectional area, sample C (figure 3-11) was designed to preserve sample 

B’s cross-sectional area and sharp features but to significantly increase IHTTs. By requiring 

hatching in a single direction (parallel to horizontal axis) and moving hollow geometries to the 

middle of the sample, all short hatches, with travel times under 5,000 microseconds, were 

removed.  

 

 

Place Figure Here 

Figure 1-1: Replace this with figure caption below figure.  
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Figure 3-11:   Isometric wireframe (left) and top-down wireframe (right) view of CAD of sample 

C. All linear dimensions are in millimeters. 

 

Figure 3-12 illustrates how short hatches were avoided in sample C: all hatches oriented 

themselves into the sharp features, and a sample of the actual toolpath of layer 300 of sample C. 

 

 

Place Figure Here 

Figure 1-1: Replace this with figure caption below figure.  

 

 

Figure 3-12: (a) Illustration of sample C’s hatching pattern, which was repeated on each layer. (b) 

Excerpt of actual toolpath on layer 300 of sample C. 

 

As predicted, a large reduction in the number of near surface voids, compared to sample 

B, was observed. Sample B contained 447 near surface voids, whereas sample C contained only 

74, a reduction of 83%. And while the two samples are not exactly identical, they have the same 

volume, total laser travel length (total energy input), cross-sectional area per layer, and features. 

 This reduction in near-surface voids strongly supports our hypothesis that short hatches 

are more likely to form near surface voids. However, statistical analysis of sample C is a difficult. 
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There are so few voids per bin on average that random noise plays a significant factor in bin 

count. The mean IHTT of anomalous voxels in sample C, 17,701 microseconds, is now higher 

than the IHTT of nominal voxels, 15,691 microseconds to just above a statistically significant 

extent (p = 0.017). This is likely because other factors are influencing the formation of voids. For 

example, the points around the edge of the part have higher IHTTs than the points around the 

central hollow features, but also have sharp, convex corners.  This may point to an effect local 

geometries on the likelihood of near-surface void formation when IHTTs are sufficiently long. 

The cases studied in this work suggest an IHTT threshold value around 5,000 - 10,000 

microseconds.  

Recent findings by Schwalbach et al. [12], which showed that a series of short hatches is 

more likely pass over a contour-hatch interface that has not completely solidified from a prior 

laser pass. They further argue that such interactions result in variations in track widths and melt 

depths resulting from interactions of a large melt pool formed by multiple hatches. Such 

interactions are suggested to possibly lead to a greater likelihood of void formation. Our results 

confirm that regions nearer to the hatch contour interface are more likely to form voids, 

particularly near short hatches. 

 

 

 

 

 

 



 

 

Chapter 4 
 

Conclusions 

This work introduced and identified the travel time between adjacent hatch strikes 

(IHTT) to be a significant indicator of the likelihood of near surface void formation. Using build 

plan data together with registered CT scan data of samples designed to exhibit varying IHTTs, 

features, and cross-sectional areas the following conclusions were drawn:  

 Near-surface void formation is not a simply a byproduct of cross-sectional geometry; it is 

dependent on toolpath and a strong function of IHTT. 

 The number of flaws formed in a component can vary greatly due to the toolpath used to 

construct it. Over thin-walled regions (Sample A) near-surface voids were ~4-8 times 

more likely to occur with IHTT less than 4,000 microseconds.  

 Over sharp features (Sample B) near-surface voids were ~1.5 times more likely to occur 

with IHTT less than 2,000 microseconds. 

 Sample geometry and hatching strategy can be modified (Sample C), without necessarily 

affecting cross-sectional area or total energy input, to significantly reduce near-surface 

voids by increasing IHTT for all hatches. For the samples and processing conditions 

considered in this work, a threshold IHTT on the order of 5,000 to 10,000 microseconds 

is estimated to significantly reduce near-surface voids.  

 We suggest that regions with short IHTTs may be more likely to form voids as a 

consequence of the interactions of melt pools formed by neighboring hatches. Recent 

work of Schwalbach et al. [12] shows short that short, sequential hatches likely produce 

interact with a contour-hatch interface remains molten over multiple passes. The high-

speed imaging data of Nassar et al [11] also show this phenomena, shorter hatches 
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solidifying after the next hatch ends, give an opportunity for melt pools from neighboring 

hatches to interact. It is possible that such interactions over already-molten material 

results in coalesce of the melt due to surface tension, forming a large volume which may 

either pull material from neighboring regions or affect subsequent layers. It is also 

possible that this repeated heating results in transition to keyhole formation [7], [10], 

[27]. 

To reduce the number of near-surface voids, we suggest modifications of the part 

geometry and/or hatching strategy to reduce the number of hatch points with short IHTTs (<5,000 

– 10,000 microseconds).  This approach presented here thus lays the groundwork for 

algorithmically-generated toolpaths which minimize the formation of near surface voids. 

Alternate approaches may involve feedforward control [28] of processing parameters to control 

melting and solidification. Ongoing work seeks to implement feed-forward control strategies and 

to identify other parameters which strongly correlate with near surface void formation, in order to 

produce a statistical model that to determine the number of flaws expected for a given build plan.  



 

 

Chapter 5 
 

Future Work 

Future work is planned to determine the physical cause of these near surface voids. The 

discrepancy in void count between samples B and C shows that varying the toolpath can greatly 

decrease void occurrence. Understanding the physical mechanism of void formation could be 

used to develop toolpaths which reduce void occurrence while minimally impacting other 

manufacturing considerations, such as build time.  

A series of cones are to be built with varying thickness, so that this effect can be 

measured over a continuum of feature sizes. Additional sections of toolpath may be added, and 

toolpath speeds may be changed, in order to determine the physical mechanism of flaw formation.  

 The basic cone design is shown in figure 5-1. 

 

 

Place Figure Here 

Figure 1-1: Replace this with figure caption below figure.  

 

 

Figure 5-1:  Cross section of a sample cone. All linear dimensions are in millimeters.  



 

 

The wall thickness of 2.5 mm on the bottom of the cone tapers to 0.5 mm over a height of 

4 mm. The inner dimeter starts at 10 mm and tapers to 2 mm. The IHTT of points on the outer 

surface decreases as a function of height due to the laser traveling over less build material, as well 

as traveling over a shorter jump. The IHTT of points along the inner surface decreases as a 

function of height only due to the laser traveling over less build material.  

Sample 1 is this cone fabricated with all default parameters, to act as a control. Sample 2 

we be built as the same cone, but the jump speed will be reduced to 3 m/s. This will allow for 

longer times between adjacent hatches. The IHTT of points on the outer surface will be larger 

than that of sample 1, but the IHTT of points on the inner surface will be identical to sample 1. 

However, allowing a pause as the laser jumps across the part will allow the thin geometry to cool. 

If short IHTTs cause voids due to regions with short hatches getting progressively hotter, leading 

to keyholes, this sample will have fewer voids than sample 1. However, if the cause of these near 

surface voids lies in the fluid dynamics of molten metal pooling between adjacent hatches, the 

number of near surface voids along the inner surface will likely be unchanged from sample 1. 

Sample 3 is the same geometry as sample 1 and 2, with the addition of an inner cone and 

outer sheath.  

 

Place Figure Here 

Figure 1-1: Replace this with figure caption below figure.  

 

 

Figure 5-2:  Cross section of sample 3. All dimensions are in millimeters. 
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The horizontal distance between the sample cone and the inner cone is 0.8 mm. The jump 

speed will be set to 3 m/s, to match sample 2. All other build parameters will be the default. On 

each layer, the hollow cone is fabricated first and then the inner solid cone. The IHTT of points 

along the inner and outer cones will be equal to those of sample 2. While the laser is imputing 

more power into the sample, the additional objects are designed to act as thermal supports, 

pulling heat away from the thin region as it is lased. If short IHTTs cause voids due to regions 

with short hatches getting progressively hotter, leading to keyholes, this sample will have fewer 

voids than sample 1 and 2, as the thermal support will be pulling heat away from the thin region 

faster than for samples 1 and 2. However, if the cause of these near surface voids lies in the fluid 

dynamics of molten metal pooling between adjacent hatches, the number of near surface voids 

along the inner surface will likely be unchanged from samples 1 and 2. 

Sample 4 is designed to further investigate the effect of slowing jump speed to reduce 

IHTT. It is the same geometry as sample 1 and 2, but the jump speed will be decreased to 1.25 

m/s, The IHTT of the points along the outer surface will be further reduced, without changing the 

IHTT of the points along the inner surface. Allowing a pause as the laser jumps across the part 

will allow the thin geometry to cool. If short IHTTs cause voids due to regions with short hatches 

getting progressively hotter, leading to keyholes, this sample will have fewer voids than samples 

1, 2 and 3. However, if the cause of these near surface voids lies in the fluid dynamics of molten 

metal pooling between adjacent hatches, the number of near surface voids along the inner surface 

will likely be unchanged from samples 1, 2, and 3. 

Sample 5 does not aim to determine the mechanism of void formation at all, but instead 

aims to fix the voids as they form with as little delay as possible. It is the same hollow cone 

geometry as samples 1, 2, and 4, but with the addition of two post-contours. Both post contours 

will be offset so that they are further within the part than the default pre-contours, (which will still 
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be included in this component). The 2 additional post contours will be offset from each other. If 

the voids that form near the surface tend to form near to the surface of the layer, opposed to 

forming below the layer being fabricated, remelting this region may smooth the surface and heal 

the voids. 

Together with the conclusions based on this current work, the proposed work will further 

the conclusion that short inter-hatch travel times negatively influence the likelihood of  near 

surface flaw formation. Additionally, insight into the physical mechanism behind the formation of 

these near surface flaws will be gained. Understanding the physical mechanism may allow 

researchers to better define the critical IHTT cutoff as well as extend this knowledge to other 

material systems. 

The proposed work will likely improve the manufacturability of thin geometries by L-

PBF. We propose a method (post contours in sample 5) which may quickly mitigate the presence 

of near surface voids. Even if this method does not prove effective, samples 1-4 will display the 

effectiveness of other methods for preventing near surface void formation in thin geometries. As 

well, The knowledge of the physical mechanism will lay the groundwork for additional mitigation 

mechanisms. 
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Appendix 
 

IHTT calculation code 

%Set bothCoords{1} equal to an N*3 matrix where the columns are the X, Y, Z 
%coordinates of the N voids you wish to calculate the IHTT for 
  
addpath('.../Utilities'); %must have Utilities folder with [redacted] function in path 
voxelSz = 10 %Size of DICOM voxels, in microns 
layerHght = 60; %Build layer height in microns 
n_below = 20; %For nominal data sampling, number of voxels below the surface to sample nominals from 
jump2scanRatio = 12; %Ratio of jump speed to scan speed. Output values are in effective scan length, i.e, 

the amount of scan length that would take the same amount of time to traverse as needed to return to the 

hatch-contour interface after departing from the point of interest 
  
%% Section 1 This section loads the DICOMs. This is needed to undertake registration in Section X 
  
DICOM_Path = [file path]; %editable 
FileParseString = 'ct%05u.dcm'; %editable 
[CTImageStack, Info] = LoadDicomStack(DICOM_Path); 
clear CTImageStack 
%% Sections 2 This section loads the DistMat. This is needed to check that your void is within your part 
  
DistMat = load(file path); %editable 
%% Section 3 This section contains the last of the editable fields 
  
data = %redacted, proprietary methods, data extraction %editable 
part_idx = 3; %This should agree with the part number inputted with the DICOM path! 
  
contour_params = %Redacted, determines which part of proprietary data structure is contours 

'cell2mat(data.parameters(:,8)) == 0' correponds to inner (CCW) contour, setting 0 to 1 will find the outer 

(CW) contour instead 
hatch_params =  %Redacted; proprietary method to determine which part of proprietary data structure is 

hatches 
start_params =  %Redacted; proprietary method to determine which part of proprietary data structure is the 

beginning of hatches 
end_params =  %Redacted; proprietary method to determine which part of proprietary data structure is the 

end of hatches 
  
extra_layers = 2; %currently unused; See block in section 5  
  
real_vector_list = %Redacted; This block checks for vector cells with value '[]' and removes them from the 

vector_list 
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remove_these =  %Redacted; proprietary method to determine which part of proprietary data structure is 

superfluous  
real_vector_list(remove_these) = []; 
  
nth_void = 0; %initializes process 
  
%% Section 4 Creating the sample of points n voxels below the surface 
  
[r,c,v] = ind2sub(size(DistMat.DistMat),find(DistMat.DistMat == -n_below)); 
void_coords = [r c v]; 
void_coords = datasample(void_coords,100000); %sample slightly more points than you want to select 
deleteList = []; 
for i = 1:length(void_coords) 
    deleted = false; 
    x = void_coords(i,1); 
    y = void_coords(i,2); 
    z = void_coords(i,3); 
    location = getPatientPos([x,y,z], Info(z))*1000; 
    location(3) = ceil(location(3)/layerHght); 
     
    if location(3) > length(real_vector_list) %prevents selecting nominals above build vectors (Possible due 

to slight registration error) 
        deleteList = [deleteList; i]; 
        deleted = true; 
    end 
    %for selecting nominal points from only a region 
%     if (z>2161 | z<1928) & deleted == false 
%         deleteList = [deleteList; i]; 
%         fprtinf('Note: You are selecting nominals from a constained set. Review Section 5 for details!') 
%     end 
end 
void_coords(deleteList,:) = []; 
void_coords = datasample(void_coords,5000); %It will take roughly 1 hour to process 50000 points on 

ARL 15468 
  
bothCoords{2} = void_coords; 
  

  
%% Section 5 Begins the analysis by point. Defines the layers of interest in each version 
dist_list = []; 
for ii = 1:2 %i = 1: real void coordinates , i = 2 sampled nominal points 
    void_coords  = bothCoords{ii}; 
    %     for i = 1:length(void_coords) 
    for i  = 1 
        x = void_coords(i,1); 
        y = void_coords(i,2); 
        z = void_coords(i,3); 
         
        nth_void = nth_void + 1; %counter 
         
        distance_from_isosurface = -DistMat.DistMat(x,y,z); %By convention, negative distmat is inside part; 

here, we reserve this. 
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        distance_from_isosurface = distance_from_isosurface * voxelSz %Voxels to microns 
        if distance_from_isosurface < 0 
            warning('Void number %u is outside of the mask') %fix this 
        end 
         
        location = getPatientPos([x,y,z], Info(z))*1000; %translates the CT coordinate into build coordinates 
        location(3) = ceil(location(3)/layerHght); %Denominator is layer height in microns 
        if location(3) > 360 
            location(3) = location(3) + 40; 
        end 
        if location(3) > length(real_vector_list) | location(3) < 1 
            continue 
        end 
        % This section could be used to find the IHTT of coordinates a 
        % predetemined number of layers above/below the point of interest; 
        % development needed 
         
        % This block checks to see if the extra layers above/below the void correspond to actual vectors, and 

removes them if not. 
        % %         for q = -extra_layers:extra_layers 
        % %             layers_of_interest(q+extra_layers+1) = location(3) + q; 
        % %         end 
        % % 
        % %         if (location(3) + extra_layers) > length(real_vector_list) 
        % %             layers_to_remove_above = length(real_vector_list) - location(3) + extra_layers; 
        % %             t = layers_of_interest(1:end-layers_to_remove_above); 
        % %         else 
        % %             layers_to_remove_above = 0; 
        % %         end 
        % % 
        % %         if (location(3) - extra_layers) < 1 
        % %             layers_to_remove_below = -(location(3) - extra_layers) + 1; 
        % %             layers_of_interest = layers_of_interest(layers_to_remove_below+1:end); 
        % %         else 
        % %             layers_to_remove_below  = 0; 
        % %         end 
         
        % Determines nearest hatch points 
         

         
        %         for h = 1:length(layers_of_interest) %Use if the block 
        %         above has been developed 
         
        overwriteForward = false; 
        overwriteVor = false; 
        hatch_idx = find(ismember(data.vectors{part_idx,location(3)}(3,:), hatch_params)); %detemines 

which idx are hatches 
        hatch_pts = data.vectors{part_idx,location(3)}(1:2,hatch_idx); %finds the location of those idx 
        k = dsearchn(transpose(hatch_pts),transpose(location(1:2))); %Finds nearest hatch point in contour to 

given point, returns as point1 
        point1 = hatch_pts(:,k); 
        %         end 
        point1_idx = hatch_idx(k); 
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        j = 2; 
        distance = 1001; 
        testPt = NaN; 
        distance2HatchptList = []; 
        while k+j < length(hatch_pts)+1 %j initalizes as 2, so the script does not check the point one ahead of 

k. 
            testPt = hatch_pts(:,k+j); 
            distance = pdist([point1(1),point1(2);testPt(1),testPt(2)]); 
            distance2HatchptList = [distance2HatchptList [j; distance; testPt]]; 
            j = j + 1; 
        end 
        if k < length(hatch_pts)-1 
            leastDistance = min(distance2HatchptList(2,:)); 
            index = find(distance2HatchptList(2,:) == leastDistance); 
            j = index + 1; %j is initalized at 2 
            lastPt = distance2HatchptList(3:4,index); 
            lastPtIdx = hatch_idx(k+j); 
        end 
         
        if k+j == length(hatch_pts) %condition triggered if no point is within dthreshold distance (this 

shouldn't ever be true?) 
            overwriteForward = true; 
        end 
         
        %creates a list of each hatch length 
        vectorDistanceList = []; 
        vecc = data.vectors{part_idx,location(3)}; 
        for qq = 1:length(data.vectors{part_idx,location(3)})-1 %list of distances between vector points is one 

shorter than the number of points 
            %vectorDistanceList(qq) = the distance from the qqth point to the qq+1thpoint, laser on, if the qqth 

point is at the beginning of the hatch, NaN otherwise 
            vectorDistanceList(qq) = pdist([vecc(1,qq),vecc(2,qq);vecc(1,qq+1),vecc(2,qq+1)]); %only finds 

the values that are of travel with laser ON 
        end 
         
        for qq = 1:length(data.vectors{part_idx,location(3)})-2 %must be shorter because of vec format 
            %vectorJumpDistanceList(qq) = distance from the qqth point to the qq+1th point, laser off, if the 

qqth point is at the end of a hatch, NaN otherwise. 
            vectorJumpDistanceList(qq) = 

pdist([vecc(1,qq),vecc(2,qq);vecc(1,qq+2),vecc(2,qq+2)])/jump2scanRatio; %only finds the values that are 

of travel with laser OFF 
            %jump2scanRatio scales down the time spent in jumping to an effective scan distance 
        end 
         

         
        if point1_idx+3*j+1 > length(vectorDistanceList) 
            overwriteForward = true; 
        end 
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        %determines number of hatches forward to count 
        if overwriteForward == false 
            forwardDistNoJump = nansum(vectorDistanceList(point1_idx:lastPtIdx-1)); 
            forwardDist = forwardDistNoJump + nansum(vectorJumpDistanceList(point1_idx:lastPtIdx-1)); 
        end 
         
        jj = 2; 
        distance2 = 1001; 
        distanceBack2HatchptList = []; 
        while k-jj > 0 
            testPt2 = hatch_pts(:,k-jj); 
            distance2 = pdist([point1(1),point1(2);testPt2(1),testPt2(2)]); 
            distanceBack2HatchptList = [distanceBack2HatchptList [jj; distance2; testPt2]]; 
            jj = jj + 1; 
        end 
        if k > 2 
            leastDistance2 = min(distanceBack2HatchptList(2,:)); 
            index2 = find(distanceBack2HatchptList(2,:) == leastDistance2); 
            jj = index2 + 1; %j is 2 initalized 
            firstPt = distanceBack2HatchptList(3:4,index2); 
            firstPtIdx = hatch_idx(k-jj); 
        end 
        if k-jj < 1 
            overwriteVor = true; 
        end 
         
        if overwriteVor == false 
            vorDistNoJump = nansum(vectorDistanceList(firstPtIdx:point1_idx-1)); 
            vorDist = vorDistNoJump + nansum(vectorJumpDistanceList(firstPtIdx:point1_idx-1)); 
        end 
         
        %either of these datas may be set to true if the point is near a 
        %corner; if both are true, the interhatchDist will be set to 
        %1000000, which should flag it as a bug. 
        if overwriteForward == true 
            forwardDist = 1000000; 
        end 
         
        if overwriteVor  == true 
            vorDist = 2000000; 
        end 
         
        if vorDist > forwardDist 
            interhatchDist = forwardDist; 
        else 
            interhatchDist = vorDist; 
        end 
         

         
        ammendList = single([nth_void, interhatchDist, pdist([location(1),location(2);point1(1),point1(2)])]); 
         
        dist_list = [dist_list;ammendList]; 
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    end 
end 
  

  
%remove nominals >400 from in-layer surface 
delList = []; 
for q = 1:length(dist_list) 
    if dist_list(q,3) >400 
        delList = [delList q]; 
    end 
end 
dist_list(delList,:) = []; 

 


