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Abstract 

This study delves into analyzing the effects of various machining techniques 

on the flexural fatigue life of Ti-6Al-4V L-PBF specimens. The fatigue life and 

fracture behavior of specimens subjected to milling, grinding, polishing, and 

abrasive media blasting were compared. The findings reveal significant differences 

in the fatigue resistance between machined and non-machined parts. This study 

contributes to the understanding of the effects of post-processing on the durability 

of L-PBF manufactured components, offering insights for enhancing their 

application in critical aerospace and biomedical applications. 
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Chapter 1: Literature Review 

1.1 ADDITIVE MANUFACTURING 

Additive manufacturing (AM), often referred to as 3D printing, is a 

manufacturing method in which the part(s) or specimen(s) are produced in a layer 

based manner [1]. This contrasts with more traditional techniques, with regards to 

the production of metal components, where the parts are often produced through 

casting or by subtractive manufacturing methods. In the case of casting, the material 

is melted and then poured into a mold to generate the desired geometry [2], [3]. As 

per subtractive manufacturing a stock material is produced through casting and this 

stock is then shaped through various means of cutting and removing material, hence 

the subtractive nature of these processes [4]. 

The implementation of AM technology in industry has grown significantly in 

past years as these methods offer many benefits which include reduction of waste 

material, freedom of design, and rapid prototyping, to name a few [5], [6]. According 

to designation F2792 of the American Society for Testing and Materials (ASTM), 

there are seven AM process categories [7]. One technology that has gained much 

recognition in its advancements in various fields and industries is Powder Bed 

Fusion (PBF). 
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1.1.1 Overview of Laser Powder Bed Fusion 

As per the previously mentioned standard, Powder Bed Fusion refers to “an 

additive manufacturing process in which thermal energy selectively fuses regions of 

a powder bed [7].” The thermal energy required to fuse the powder material is 

generated by either an electron beam or a laser. The schematic represented in Figure 

1.1 illustrates how the process functions when the heat source is a laser. In order to 

differentiate between the two forms of PBF, the latter method is often referred to as 

Laser Powder Bed Fusion (L-PBF). 

 

 

Figure 1.1 Schematic of L-PBF System [8] 



3 

L-PBF has evolved significantly since it was first developed by Carl Deckard 

and Joseph Beaman in 1986 at The University of Texas [9], [10]. The original 

machine used a high-powered laser that generated heat energy to fuse powder 

materials into a 3D object. Thanks to advancements in laser technologies as well as 

other areas, today’s L-PBF systems are capable of working with an array of materials 

spanning from polymers to metals to ceramics and composites [8], [11]. 

The general feedstock for this process as the name suggests is in the form of 

powder material. The layout of the machine varies between systems however, certain 

features are represented in similar manners throughout these units. These features 

include the laser source, the optical equipment (lenses and mirrors), the powder bed 

situated on the build platform, a powder supply/reservoir, and a powder distribution 

mechanism (roller, rake, etc.). 

Generally, the process steps are as follows. First, a new layer of powder is 

evenly distributed along the bed. Second, the laser is maneuvered by the mirrors in 

order to fuse powders at desired locations on the powder bed. Once, the laser 

completes its pass on the first layer, the build platform lowers, and a new layer of 

powder is introduced. The laser then comes in and fuses the desired areas once more. 

The process is repeated until the build is complete. 
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1.1.2 Challenges of L-PBF 

Because of the various intricacies of the L-PBF process many challenges arise 

when using this technology. To ensure the quality of the components placed into the 

various industries serviced by this process, these challenges must be addressed. 

These challenges include the formation of common defects including, but not limited 

to balling, porosity, high surface roughness, and the presence of residual stress which 

can lead to distortion and cracking [8]. 

 

1.1.2.1 Balling 

Balling can occur for two main reasons, the first can be explained as the result 

of loose powders on the powder bed [12]. The accumulation of these powders is then 

exposed to the heat energy of the laser process which rather than fuse into a smooth 

layer, the powder balls up due to the material’s tendency to achieve a low state of 

surface energy. The second reason does not have to do with the presence of loose 

powders, but rather with the inability for the powder to fuse with the substrate or 

previous layer [13], [14], [15], [16]. The culprit in this case may be inadequate 

contact between the two, however the balling phenomena is present due to a similar 

understanding of the principle of minimum surface energy. In this case the balling 

effect occurs due to surface tension. Figure 1.2 and Figure 1.3 demonstrate 

commonly reported cases of balling present in L-PBF. 
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Figure 1.2 Balling with less (left) and more (right) molten substrate [8] 

 

 

Figure 1.3 Balling due to droplet spatter [8] 
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The presence of this defect can be detrimental to this AM process [17], [18]. 

When balling occurs throughout the build, it can severely affect the quality of newly 

spread layers of powder which could lead to voids in the part being produced. 

Furthermore, the balling effect is often taller than the layer which can become an 

obstacle for the rake or roller often damaging this mechanism when they come in 

contact. When balling occurs on the final layers of a build, the surface quality of the 

print is also compromised. 

 

1.1.2.2 Porosity 

Porosity can be thought of as voids or cavities within a particular component. 

In the L-PBF process, porosity can be classified into the three types of pores that are 

formed when inadequate parameters are utilized. These include fusion pores, gas 

pores, and shrinkage pores named for the mechanisms behind their respective 

creations [19], [20], [21]. 

Fusion pores occur when there is not enough energy produced to join the 

current layer to a the layer below [21]. This lack of energy prevents proper melting 

between the layers, resulting in a gap being formed. If this is not corrected during 

the build, the resulting build while have a large quantity of fusion porosity or lack 

of fusion. 
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Gas pores can also be thought of as fusion pores; however, the main culprit 

here is not the lack of energy but rather the presence of gases. This gas may become 

entrapped during the build, creating a barrier between layers, ultimately denying the 

possibility for the layers to fuse as they solidify [22]. Eventually, the gas escapes 

leaving behind a cavity in its place. Because of the nature of the formation of these 

pores, gas pores tend to more spherical than fusion pores [23], [24]. Figure 1.4 

illustrates the difference between fusion pores and gas pores. 
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Figure 1.4 a) Irregular shaped fusion pores b) spherical gas pores [25] 
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Figure 1.5 Shrinkage porosity in a cast part [26] 

 

Lastly, shrinkage pores are generated during the solidification of the molten 

layers. These are a result of insufficient molten material. Because there is not enough 

material, the material shrinks as it solidifies creating voids [27]. Figure 1.5 

demonstrates how this porosity looks in a cast metal part. 
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Porosity is a major defect that is not exclusive to the L-PBF process. Ideally, 

the goal of any manufacturing process is to achieve a fully dense part, in other words, 

the absence of porosity. Although this may not be entirely feasible in practice, certain 

steps can be taken to achieve highly dense builds. 

 

1.1.2.3 High Surface Roughness 

High surface roughness is a concern because it can greatly affect the quality 

of the component produced through L-PBF. The roughness of a part is often 

correlated with the magnitude of the diameter of the powder being used, i.e. finer 

powders produce parts with finer surface finish [8]. Unfortunately, these powders 

are often much more difficult and expensive to produce and handle. 

Roughness is also attributed to oxidation that results from atmospheric gases 

present in the build chamber combined with the adhesion of partially melted powders 

[28]. L-PBF is therefore operated in an inert environment to reduce some of these 

defects. However, postprocessing techniques have been needed to achieve desired 

surface quality. 
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1.1.2.4 Residual Stresses 

Residual stresses are formed because of the rapid heating and cooling nature 

of the L-PBF process. When the laser is focused on to the powder, it quickly adds a 

lot of heat energy in order to fuse the layers. The subsequent layer of powder that is 

added is significantly colder than what was previously melted. This large thermal 

gradient that is created in a relatively short period of time is what causes L-PBF parts 

to have residual stresses [29], [30]. 

These internal stresses can be catastrophic as they can lead to deforming or 

cracking the parts in order to relieve the stresses [31]. These stress may seem to be 

a norm of the L-PBF process that one may be forced to accept, however, Shiomil et 

al. found approximately 55% and 40% reduction in residual stresses due to remelting 

tracks and preheating the substrate [32].  

 

1.2 SURFACE QUALITY 

Regardless of how you manufacture any part that is to be utilized in the real 

world, it is essential that a favorable surface quality is achieved. Before one can take 

steps to ensure that the surface finish is acceptable, one must understand how the 

surface quality is observed, reported, and ultimately altered. 
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1.2.1 Roughness Measurement Techniques 

When it comes to specifying the various forms and machines used to measure 

the roughness of a material or a specific part, it ultimately comes down to two 

measurement techniques, contact and non-contact [33], [34]. As the name suggests, 

the first technique deals with some sort of physical contact made by a stylus typically 

made of a diamond tip which moves across the surface. As the stylus moves through 

the surface, it creates a map of the surface noting the changes in height and 

quantifying them at quite an impressive scale.  

This “map” of the variations in height is then passed through some filter that 

cuts away excess or erroneous data. The resulting value is the representative 

roughness of the surface, typically represented in microns. This manner of 

evaluation is highly accepted in industry, however certain questions arise with this 

method. Because of the physical nature of this process, it is often difficult to 

reproduce the measurements. It is also important to note that because the stylus is 

often equipped with the diamond tip, the profile that is tested is essentially scratched 

and may have some effect on the quality of the surface. Figure 1.6 demonstrates the 

typical operation of a contact roughness measurement device. 
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Figure 1.6 Schematic of contact surface roughness measuring system [35] 

 

 

Because of this and other factors, non-contact forms of measuring the surface 

roughness of components has been growing in popularity and is quickly being 

adopted in industry [33], [36]. The most prolific of the non-contact methods would 

have to be optical measurement techniques. As the name suggests, this method uses 

the behavior of light in order to map the surface [37]. This method is rather quick, 

as the equipment can quickly scan a large area or multiple parts at a time. Again, this 

data is filtered, and the roughness of the specimen is given. 

Although it may seem that optical means of analyzing the surface is superior 

to mechanical/contact forms of analysis due to the ease of inspecting the same area 

fairly easily without altering said surface [38], this method still faces some issues. 

Most notably would be the sensitivity of this technique when scanning relatively 

smooth parts. Typically, smooth surfaces tend to be more reflective as noted by their 
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shiny exterior. This can be a problem as optical measurement techniques rely on the 

reflection and refraction of light, which on a smooth surface the readings may 

produce erroneous data or may even fail to recognize the specimen [33]. Figure 1.7 

illustrates a schematic of the general operation and the components of an optical 

roughness measurement device.  

 

 

Figure 1.7 Schematic of optical roughness measurement device [39] 
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Both forms of analyzing roughness have both their advantages and 

disadvantages, but it is important to recognize their strengths and weaknesses in 

order to be certain that the data produced can be accepted. Regardless of the 

measuring method that is used, it is important to follow the standard for measuring 

specific to your needs and applications.   

 

1.2.2 Roughness Measurement Parameters 

When it comes to the different measurement parameters for roughness, they 

can be split into two main categories. The first category is line or trace roughness, 

which is denoted by a capital ‘R’ and followed by a subscript that denotes the method 

used to quantify the roughness. The second category is surface roughness measured 

over an area, which is denoted by a capital ‘S’ and is also accompanied by a 

subscript. Although there are advantages and disadvantages when comparing the 

roughness values between line and surface area, the characterizing feature that is 

essential to observe would be the parameter denoted by the subscript. Figure 1.8 

shows some of the most common parameters used when analyzing roughness along 

with a brief description of what each parameter specifies and how it is calculated. 



16 

 

Figure 1.8 Common roughness parameters [40] 

 

The most widely used roughness parameters are Ra and Sa [41], [42]. The ‘a’ 

in the subscript signifies the arithmetic mean or average z-value of the analyzed 

surface [40], [41], [43], [44]. For Ra, this would be the average height of the z-profile 

measured along a line with respect to an arbitrary reference line. For Sa, this would 

be the average height of a specified area with regards to an arbitrary reference plane. 

These methods of reporting roughness are widely used in industry and academia as 

they offer a quick and rather intuitive explanation of the overall average roughness 

of a part or specimen.  

Other widely used roughness parameters are Rq and Sq. The ‘q’ in the 

subscripts describes that the standard deviation of the z-profile is what is being 

reported by these two parameters. These are often referred to as the quadratic mean 

or root mean square (RMS) average deviation [40], [41], [45]. For Rq, this would be 

the calculated deviation in the height with respect to the mean line. For Sq, it would 
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represent the average deviation from the average profile plane. These parameters 

help demonstrate whether the surface is uniform or not. 

Next, there is roughness parameters Rp and Sp. The ‘p’ in the subscript stands 

for the peak z-value. Given this, it is understood that the parameter signifies the 

maximum height within the sampled region [40], [41]. For Rp, this would be 

maximum z-value within a single sampling length. To report the average Rp of a 

part, it would be necessary to average the Rp value over the assessment length. For 

Sp, this would be maximum z-value within a single sampling area. These parameters 

are useful when combined with Ra and Sa. If there is a large discrepancy between the 

peak roughness and average roughness, this could signal problematic surface 

deficiencies.  

On the other side of the spectrum are roughness parameters Rv and Sv. The ‘v’ 

in the subscripts stands for the valley z-value. The valley is the maximum negative 

height or maximum depth [40], [41], [42]. For Rv, this would indicate lowest z-value 

within the sampling length. For Sv, it would be the lowest z-value within the 

sampling area. Determining the lowest valley depth on a component may be crucial 

to understanding the performance of said object. These valleys tend to act as surface 

defects which essentially reduce the feature size resulting in stress concentrating at 

this location. These locations can therefore, be seen as failure initiation sites when 

the parts are loaded with a stress [44], [46], [47]. 
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Lastly, there are roughness parameters Rz and Sz. The ‘z’ in the subscript 

denotes that the given roughness parameter describes the maximum height of the 

surface [40], [41], [43]. That is to say, you take the minimum z-value and subtract it 

from the maximum z-value. Note that because these are taken from a mean reference 

line, the minimum value would be negative. Another way of calculating this height 

would be to sum the absolute values of the maximum peak and valley.  

 

1.2.3 Surface Finishing Techniques 

As previously noted, one of the challenges of L-PBF technologies is the high 

surface roughness; in order to combat the possible issues associated with the high 

surface roughness, steps can be taken to improve the quality of said surface. There 

are numerous methods to improve the surface finish, however, some techniques are 

not as readily available due to factors such as cost, lead times, or simply availability. 

Some common techniques though are milling, grinding, polishing, and the use of 

abrasive media blasting such as sand blasting. The latter has many forms and is 

growing in popularity among post processing techniques of AM parts due to its 

capability of servicing complex geometries. 

Milling is a widely used machining technique. This process has many forms 

depending on the desired outcome or cutting approach [48], [49]. Generally 

speaking, this process can be described by the use of rotary cutters to remove 



19 

material from the workpiece [50]. Figure 1.9 illustrates a general form of milling. 

Due to the rotary nature of milling as the tool moves across the surface, ridges are 

left behind. The presence of these ridges is a regular occurrence when using this 

machining method. The distance between and height of the ridges are dependent on 

the cutting parameters which if not properly controlled, can lead to significant 

variations on the surface finish [50], [51]. 

 

 

Figure 1.9 Visualization of milling [52] 
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Grinding, or abrasive cutting is another widely used machining technique. The 

primary use of this technique is to improve the surface quality of the workpiece. 

Grinding can be seen as microscopic cutting; the process essentially removes 

material at a small scale. This abrasive machining process typically uses a grinding 

wheel as the cutting tool; the grinding wheel is and expendable part made from a 

matrix of coarse abrasive particles [53]. Figure 1.10 demonstrates the general 

operation of a grinding wheel. The makeup of the grinding wheel however can lead 

to inconsistent contact to the workpiece due to wearing which can lead to 

“inconsistent surface quality and low processing efficiency [54], [55], [56], [57].  

 

 

 

Figure 1.10 Diagram of the grinding process [58, p. 1] 
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Polishing is a finishing process used to create a smooth surface. Typically, the 

polishing process consists of an abrasive that is glued to a work wheel [59]. The 

work wheel is then passed over the work piece to remove any imperfections on the 

surface. Figure 1.11 illustrates how a workpiece is polished. This is typically a multi-

stage process as the polishing pad or work wheel is swapped out for a wheel with a 

finer abrasive at each subsequent step. It is important to note that a polished surface 

does not need to have a mirror-like finish.  

 

 

Figure 1.11 Schematic of polishing methods [60] 
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Abrasive blasting is the process of propelling an abrasive media under high 

pressure to the workpiece. This can be done for several applications: to smooth a 

rough surface, to roughen a previously smooth surface, or to shape the surface or 

remove contaminants [61]. Figure 1.12 demonstrates the general operation of 

abrasive blasting.  

 

Figure 1.12 Sandblasting diagram [62] 
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1.3 FATIGUE TESTING 

Fatigue testing is a crucial form of mechanical testing; it is performed by 

applying cyclical loading to a specimen [63]. These tests help determine the fatigue 

life of a material, or the operational life of a component that is expected to be 

susceptible to fatigue. Fatigue tests can be applied to full size, operational 

components however, test coupons are typically used. These coupons are either 

subjected to uniaxial or flexural fatigue. 

The fatigue performance, like other mechanical properties is a primary 

concern for aerospace structures [64]. It has been demonstrated that the fatigue 

endurance of AM materials such as Ti-6Al-4V, is comparable to that of wrought 

materials [65], [66]. However, these components are also affected by issues 

associated with AM such as surface conditions [32], [65], [66], [67]. Post processing 

techniques like machining have also been shown to impact the fatigue performance 

of these AM parts [65], [66], [67], [68].  

 

1.3.1 Uniaxial Fatigue Testing 

Uniaxial fatigue testing is the standard practice for strain-controlled fatigue 

testing as per ASTM E606 standard [69]. In this form of testing, the specimen is 

subjected to cyclical loading in a single axis, hence the name, uniaxial. The load 

amplitude typically ranges from a maximum tensile stress to a maximum 
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compressive stress. The test geometry as defined by the standard is in the shape of 

an hourglass, similar to that of a tensile test specimen. Because of this geometry, the 

coupon is expected to fail along the gauge diameter. Figure 1.13 demonstrates the 

experimental setup for a uniaxial fatigue test. 

 

 
Figure 1.13 Uniaxial fatigue test setup [70] 
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An overwhelming majority of fatigue studies on AM parts focus on uniaxial 

fatigue testing [44], [71], [72], [73], [74], [75]. However, there are concerns that the 

single axis testing may not be representative of real-world stresses which has led 

many to perform multiaxial fatigue tests in an attempt to replicate these end-use 

scenarios [76], [77], [78], [79], [80], [81]. 

 

1.3.2 Flexural Fatigue Testing 

Flexural fatigue testing is the bending fatigue testing mechanism for rigid and 

semi-rigid plastics as defined by designation D7774 of the ASTM standards [82]. 

There are two main procedures described under this designation. The first is a three-

point bending test in which a rectangular test specimen is held at three locations and 

is then subjected to tensile and compressive cyclical loading. The second method is 

a four-point bending test similar to the previous with an added holding location. 

Figure 1.14 highlights a typical four-point bending test setup. 
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Figure 1.14 Four-point bending test setup [83] 

 

 

Flexural fatigue testing allows for a more accurate model of expected in use 

loading conditions and has been increasingly adopted as a form of qualifying 

materials [84], [85], [86], [87], [88], [89]. This method needs to be further examined 

to determine its applicability and significance when analyzing metal components. 
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1.3.3 Fracture Surface  

In the study of fatigue specimens, a thorough analysis of the fracture surface 

is essential. The fracture surface serves as a critical gateway to comprehending the 

underlying reasons for part failure. Accurate inspection and interpretation of fracture 

features are imperative for informed assessments [90], [91]. 

One of the primary pieces of information that can be obtained from the 

fracture surface is the material properties, namely whether the material is ductile or 

brittle [92]. In a ductile material, dimples can be seen throughout the fracture surface 

as evidence for its plastic instability [93], [94], [95]. In a brittle material, the fracture 

is relatively flat with crystalline facets [96], [97]. Figure 1.15 and Figure 1.16 

highlight a ductile and brittle fracture surface, respectively. 
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Figure 1.15 Image of ductile fracture surface [98, p. 10] 
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Figure 1.16 Image of brittle fracture surface [99, p. 33] 
 

The fracture surface typically has two main regions: the fatigue or crack 

growth region and the overload region [90], [91]. The fatigue region is a rough 

surface that experiences gradual progression as evidenced by beach marks and 

striations on the surface. In contrast, the overload region experiences sudden 

catastrophic failure with little to no deformation evident on the surface. 
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Chapter 2: Materials and Methods 

 

2.1 POWDER MORPHOLOGY 

Grade 5 titanium powder produced by ATI was utilized to produce the 

specimens. The powder was sampled with regards to designation B215 of the ASTM 

standards [100] and characterized using a Retsch Technology Camsizer X2 X-Dry 

following designation B822 of the ASTM standard [101]. As demonstrated in Figure 

2.1 the powder demonstrates a spherical morphology. According to the analysis of 

the sampled powder, the feedstock has d10, d50, and d90 of 25, 37, and 49 microns, 

respectively. This information is shown in Table 2.1. 

 

Figure 2.1 SEM of Ti-6Al-4V powder 
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Table 2.1 Powder analysis data 

 

 

2.2 PART FABRICATION 

Rectangular specimens of dimensions of 6mm x 6mm x 45mm were built 

using an EOS M290 L-PBF system equipped with two Ytterbium lasers. The 

specimens were built under EOS Nominal parameters, that is a laser power of 280 

W and laser scanning speed of 1200 mm/s as illustrated in Figure 2.2. The specimens 

were fabricated in an Argon environment with gas flow coming from the top of the 

build plate and the rake introducing fresh powder from the right as depicted in Figure 

2.3. The specimens then underwent a stress relief heat treatment in a vacuum 

furnace. The temperature rose at a rate of 5°C per minute until it reached 600°C. The 

temperature was held for two hours, and the samples were then evenly cooled at a 

rate of 5°C per minute. 
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Figure 2.2 EOS P-V diagram for Ti-6Al-4V 

 

 

Figure 2.3 Image of completed build  

 



33 

2.3 MACHINING TECHNIQUES 

The specimens were randomly assigned to one of four machining techniques 

to achieve a desired geometry of 5mm x 5mm x 45mm. These include processes that 

are commonly available such as milling, surface grinding, and polishing as well as 

thermal atomized fusillade (TAF), a technique specifically designed to improve the 

quality of complex geometries that are additively manufactured. It is also important 

to note that the supports were cut off and a 45° chamfer was added to the edges that 

run along the build direction. 

The milled specimens were machined at the UTEP machine shop with an end 

mill. Figure 2.4 outlines the cutting parameters used. The specimens were milled 

along the build direction with a single pass, removing 0.5mm from each side. The 

edge of the cutter remained tangent to edge of the surface. Figure 2.5 depicts the 

surface of a milled specimen; the ridges produced by this machining technique are 

clearly visible. 
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Figure 2.4 Cutting parameters for milled specimens 



35 

 

Figure 2.5 Milled specimen surface  

 

The TAF specimens were also fabricated at UTEP in the W.M. Keck Center 

for 3D Innovation with a DECI Duo machine from PostProcess Technologies. This 

method of machining utilized a slurry made of alumina beads and water. The 

specimen would be held by a vise on a rotating platform and the pressurized slurry 

would be sprayed out of a nozzle that moved up and down the build direction of the 

specimen. Figure 2.6 outlines this method and the parameters used. Figure 2.7 

depicts the surface of the TAF specimens. 
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Figure 2.6 TAF surfacing parameters 
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Figure 2.7 TAF specimen surface 

 

The surface ground specimens were machined by a third party. A grinding 

wheel was used to remove 0.5mm of material from each side of the rectangular bar. 

The wheel’s rotation speed and accompanying parameters were not specified 

however, the grinding was done along the build direction with several passes until 

the desired depth was achieved. Figure 2.8 demonstrates how this method was 

applied. Figure 2.9 illustrates the surface of a surface ground specimen. Shallow 

scratches can be seen along the grinding direction. 
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Figure 2.8 Grinding procedure 
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Figure 2.9 Surface ground specimen surface 

 

Lastly, the remaining specimens were sent to Laboratory Testing Inc. (LTI) 

to be polished along the build direction. The parameters for this machining technique 

were not shared by the company, however they are industry certified to produce 

polished surfaces in compliance with aerospace and testing standards. They also 

guarantee a Ra value of less than 0.8 microns. Figure 2.10 illustrates the surface of a 

polished specimen. Shallow scratches can also be seen but unlike the ground 

sample’s, the scratches more closely align with the build direction. 
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Figure 2.10 Polished specimen surface 

 

2.4 ROUGHNESS MEASUREMENTS 

Contact and non-contact methods for measuring line roughness were used to 

analyze the top and bottom surfaces of the machined specimens. The contact method 

was done using a Mitutoyo Surftest SJ-210 mechanical profilometer. The non-

contact method was done using a Keyence VR-5000 optical microscope. When 

analyzing the data for the non-contact method, the filters applied were the same used 

by the mechanical profilometer to make the measurements comparable. Figure 2.11 

demonstrates how the specimens were analyzed on the VR-5000. 
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Figure 2.11 Scanning surface roughness via Keyence VR-5000  

 

2.5 FATIGUE TESTING 

The specimens were subject to four-point bending fatigue testing. The tests 

were performed on an MTS Landmark machine equipped with a 100 kilonewton 

(kN) load cell. The four-point test was a modified version where rather than gripping 

the rectangular bar, the specimen was held in place by four pins. The top pins were 

stationary and had a span of 10mm. The bottom pins were for loading and had a span 

of 30mm. Figure 2.12 illustrates the test setup. Because of the modified testing 

sequence, the stress ratio was 0.1; the stress ratio indicates the relationship between 

the maximum and minimum stress applied. 
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Figure 2.12 Fatigue test setup 

 

Four maximum testing stresses were selected: 1200 MPa, 1067 MPa, 900 

MPa, and 667 MPa. Three specimens from each machining technique were 

randomly allocated to each stress level. Table 2.2 illustration the test matrix for the 

experiment. The fatigue tests were conducted at a frequency of 10 hertz (Hz) until 

fracture. The machine would automatically stop the testing 7x106 cycles; this was 

the cutoff point. 
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Table 2.2 Fatigue test matrix 

 

 

2.6 FRACTURE SURFACE INSPECTION 

The fracture surface of all the specimen that failed/broke during the fatigue 

testing were analyzed with a Keyence VHX optical microscope. The fracture 

surfaces were meticulously analyzed to identify the failure mechanism exhibited by 

the specimens, mainly the location of the fracture origin. 

 

 

 

 

 



44 

2.7 HARDNESS TESTING 

Microhardness testing of the unloaded machined surfaces of all specimens 

was conducted using a QATM hardness tester. Microhardness tests are usually 

performed on the polished cross section of a specimen. However, the machined 

surfaces were analyzed in order to further understand the effects the machining 

techniques had on the specimens’ mechanical properties.   
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Chapter 3: Results and Discussion 

3.1 LINE ROUGHNESS 

The line roughness values Ra and Rv of all specimens were categorized and 

analyzed according to the machining techniques. A high Ra and Rv indicates a worse 

surface quality, and a lower value indicates a better surface quality. Table 3.1 shows 

the average line roughness among the different post processes along with a 

comparison of the average line roughness of a sample with an as-built surface. 

Because previous studies demonstrated that Rv is more closely associated with 

fatigue life [44], this parameter was used to rank the machining techniques’ quality 

in terms of expected fatigue performance. The ranking of best to worst surface finish 

is polished, surface ground, milled, and TAF, respectively. It should be noted that 

all machining techniques produced surfaces that were several magnitudes better than 

the as-built surface. 
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Table 3.1 Average line roughness per machining method 

 

 

In order to further understand the significance of the machining methods on 

the line roughness measurements, the Rv values were submitted to a one-way 

analysis of variance (ANOVA). The ANOVA was performed using Minitab, a 

statistical analysis software to compare the mean values with respect to each 

machining technique. In an ANOVA test, the null hypothesis is that the means do 

not differ, this indicates that there exists no difference among the parameters being 

compared. To reject the null hypothesis, a p-value of less than the acceptable error, 

in this and most cases 5 percent (0.05), must be produced from the ANOVA test. 

Figure 3.1 demonstrates the results from the ANOVA test. The p-value for this test 

was far below the acceptable error indicating that the means differ. In context, this 

constitutes that in terms of the line roughness Rv, the machining techniques are 

different from one another. However, this is only partially true. The polished and 
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surface ground sample are unique from one another, and all other machining 

methods explored as there is no overlap in the roughness measurements. The milled 

specimens expressed as ‘Tangent Chamf’ in figure 3.1 and TAF specimens (Deci 

Duo) are different from the polished and surface ground but not from each other. 

Due to the high variance in roughness values of the milled specimens, there is an 

overlap with the TAF specimens. Statistically, this means that there is no difference 

between the two machining techniques when compared by the line roughness Rv.    
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Figure 3.1 Line roughness (Rv) ANOVA results  
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3.2 FATIGUE RESULTS 

The fatigue data was organized to compare the performance of the specimens 

with regards to their respective machining techniques. To facilitate the comparison, 

four different scatter plots were generated to compare the line roughness versus the 

cycles to failure at each of the four maximum testing stresses. Figures 3.2 to 3.5 

depict the four plots with a best fit logarithmic line. The results from the two highest 

testing stresses are rather similar when compared to each other. Indeed, the trend of 

higher cycles to failure as the line roughness increases is apparent at both the 

maximum testing stress of 1200 MPa and 1067 MPa. The slopes of the lines of these 

two graphs also appeared to be very similar to one another. The similar trend 

continued when analyzing the performance at 900 MPa however, the slope of the 

line decreases significantly. Finally, the performance at 667 MPa seems to indicate 

and end to the trend as indicated by the flat line suggesting no correlation between 

the cycles to failure and the line roughness. Unfortunately, this flat line is due to the 

fact that at 667 MPa was the only testing stress where runoffs occurred, that is the 

fatigue test reached the 7x106 cycle threshold and stopped. The presence of these 

runoff data points significantly skews the data to the right. The trend suggested by 

the plots contradicts the findings of Gockel et al. [44] that fatigue life improves when 

roughness decreases. 
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Figure 3.2 Line roughness vs. Cycles to failure at 1200 MPa 
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Figure 3.3 Line roughness vs. Cycles to failure at 1067 MPa 

 

 

Figure 3.4 Line roughness vs. Cycles to failure at 900 MPa 
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Figure 3.5 Line roughness vs. Cycles to failure at 667 MPa 

 

Given that the previous plots suggested that a worse surface quality improved 

the fatigue life of the specimens, all the fatigue data was plotted to develop an S-N 

curve comparing the various machining techniques to another. To help better 

understand the significance of the machining, the data from a past study using as-

built samples was included to further comprehend the effects of machining on the 

fatigue life. Because the as-built specimens were fatigue tested at lower stresses, the 

stress parameter was expressed as percentage of yield strength, so the data is 

comparable. Figure 3.6 depicts the S-N curve generated.  
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Figure 3.6 S-N curve comparing machining techniques 

 

From the S-N curve, there is a significant improvement in the fatigue 

performance from as-built surfaces to the machined surfaces. This correlates with 

the notion that smoother surfaces have better fatigue endurance. However, the data 

between the machining methods indicates that the order of best performing 

technique to worst performing is TAF and milled, polished, and then surface ground. 

The fact that there is an overlap between the TAF and milled specimens on their 

fatigue performance reiterates the findings from the ANOVA which stated that there 

was no statistical difference between the two machining methods. However, the fact 

that these have the best performance of all the techniques despite having the worst 

surface quality is questionable.  
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To further understand if the machining techniques were truly affecting the 

fatigue life when compared to one another, a general linear model test was performed 

by using Minitab. The null hypothesis of this test is that there exists no significant 

correlation between the variables; the null hypothesis is rejected if the p-value is less 

than 0.05 as well. The variables that were compared were the cycles to failure versus 

the machining techniques and the stress levels. Figure 3.7 shows the results from the 

general linear model. Based on the p-values obtained, the machining methods do not 

seem to affect the fatigue life of the specimens, rather it is the testing stress that 

indicates an improvement and worsening of the fatigue performance. The latter 

statement makes sense, as the testing stress is lowered, it is expected that the 

specimen will endure more cycles until it reaches a point where it will infinitely run. 

This is the nature of all materials when subjected to stress. However, the idea that 

the machining does not affect fatigue life may be due to the fact that the roughness 

values are closely related to each other. It may be that at this scale, an improvement 

in the surface roughness is truly insignificant as far as the fatigue performance is 

concerned. However, the question remains why it appears that the specimens with 

worse surfaces outperformed the specimens with better surface quality. 
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Figure 3.7 General linear model test results 

 

3.3 FRACTURE SURFACE 

Analysis of the fracture surface resulted in the identification of three locations 

for crack initiation. These are surface, chamfer, and defect. A surface initiation site 

refers to the fracture beginning on the bottom surface of the specimen. A chamfer 

initiation site refers to the fracture beginning on one of the chamfers near the bottom 

surface of the specimen. Lastly, a defect initiation indicates the fracture began at 

internal defect situated within the cross section of the specimen. A correlation 

between the fatigue life and the crack initiation site quickly became evident. 

Specimens with shortest to longest fatigue life were ordered from initiation sites of 

surface, chamfer, and then defect. The three initiation sites can be thought of as 

benchmarks whereas the number cyclical loadings increase, the failure site is 

surpassed one at a time until either the specimen fails at one of these or does not 

break and is labeled a runoff. Table 3.2 demonstrates the amount of each initiation 
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site across the machining techniques as well as the maximum and minimum cycles 

to failure at the specified site. It is important to note that only the milled and TAF 

specimens experienced crack initiation at an internal defect. 

 

 

 

Table 3.2 Fracture initiation sites 

 

 

 

 

 

 

 



57 

While identifying the propagation (fatigue) and overload regions on the 

fracture surfaces, it was observed that the propagation regions grew in a similar 

fashion as the number of cycles to failures increased. Figures 3.8 to 3.10 illustrate 

this phenomenon with the propagation and overload regions highlighted in blue and 

red, respectively. Figure 3.8 depicts a TAF specimen with a surface fracture 

initiation site on the lower left side near the chamfer. Figure 3.9 depicts a polished 

specimen with a crack initiation site on the lower left side chamfer. Figure 3.10 

depicts a TAF specimen with an initiation site at an internal defect. 

 

Figure 3.8 F17 (TAF) – Initiation site on the lower left surface near the chamfer 
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Figure 3.9 F49 (Polished)- Initiation site on the lower left side chamfer 
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Figure 3.10 F77 (TAF)- Initiation site at defect on the lower right side 

 

Further analysis of the specimens whose failure initiated at an internal defect 

demonstrated that internal defects where circular, possibly gas porosity, and were 

located near the bottom edge ranging from 100 microns at the nearest point and 500 

microns at the furthest point. Figure 3.11 depicts a TAF specimen which failed at a 

defect of diameter of 29µm located 205µm from the bottom surface. Figure 3.12 

depicts a milled specimen which failed at a defect of diameter of 27µm located 98µm 

from the bottom surface. Figure 3.13 depicts a TAF specimen which failed at a defect 
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of diameter of 35µm located 163µm from the bottom surface. Figure 3.14 depicts a 

TAF specimen which failed at a defect of diameter of 10µm located 284µm from the 

bottom surface. Figure 3.15 depicts a milled specimen which failed at a defect of 

diameter of 31µm located 511µm from the bottom surface. Figure 3.16 depicts a 

milled specimen which failed at a defect of diameter of 8µm located 203µm from 

the bottom surface. Figure 3.17 depicts a TAF specimen which failed at a defect of 

diameter of 8µm located 132µm from the bottom surface. 

 

Figure 3.11 F30 (TAF)- Internal defect crack initiation 
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Figure 3.12 F34 (Milled)- Internal defect crack initiation 
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Figure 3.13 F82 (TAF)- Internal defect crack initiation 

 

 

Figure 3.14 F47 (TAF)- Internal defect crack initiation 
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Figure 3.15 F61 (Milled)- Internal defect crack initiation 
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Figure 3.16 F77 (Milled)- Internal defect crack initiation 

 

 

Figure 3.17 F78 (TAF)- Internal defect crack initiation 
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3.4 MICROHARDNESS  

The microhardness data was analyzed on Minitab and an interval plot of 

hardness HV versus machining method was generated. Figure 3.18 demonstrates 

how the mean HV values compare between machining techniques. Overlapping 

occurs between the milled, polished, and surface ground specimens suggesting the 

difference in means is not statistically significant. The hardness values of the TAF 

specimens do not overlap with any of the other machining techniques suggesting 

that it is the only unique method in terms of microhardness. Despite this, the 

estimated hardness value means represented by the diamonds in figure 3.18 most 

closely resemble the fatigue performance of the corresponding machining 

techniques. It is reasonable then to propose that hardening of the material may have 

occurred during the different machining techniques, with TAF experiencing the most 

as evidenced by its larger hardness value. This work hardening event could lead to 

better fatigue performance. 
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Figure 3.18 Hardness vs machining method interval plot  
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Chapter 4: Conclusions 

Gockel et al. concluded that improving the surface quality of L-PBF parts 

leads to better fatigue performance [44]. This was shown to be true when analyzing 

the performance of as-built specimens versus machined specimens. The drastic 

improvement of the surface quality, or the drastic reduction in the line roughness Rv, 

had quite an immense impact on the fatigue life. This, however, was found to be true 

to only a certain extent.  

Roughness of machined specimens with Rv of less than 6µm does not 

inversely correlate to fatigue endurance. Rather, the opposite relationship was 

observed at high stress levels. Furthermore, machining of the specimens appeared to 

have work hardened the surfaces of the specimens. Work hardening is known to 

improve the mechanical properties of materials such as fatigue endurance. 
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