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ABSTRACT

Additive manufacturing (AM) and laser-aided machining and polishing (LAMP) of

materials are emerging manufacturing processes both for research and industrial sectors.

The AM process can manufacture near-net-shape parts with complex geometries. Mean-

while, the LAMP process integrated with an AM system offers a high processing rate,

minimum heat-affected zone, and easily adjustable process parameters during machining

and polishing. In mechanical properties characterization of AM metals and alloys, fatigue

is a vitally important test method to understand the behavior of materials in cycling loading

and unloading circumstances since most mechanical failures of structures are due to fatigue.

To characterize AMmetal fatigue behavior, it is also crucial to understand and analyze how

the fabrication process parameters, build orientations, and defect formations affect the abil-

ity of materials to resist fatigue failure. This research aims to study the needed fundamental

knowledge for a high-speed fatigue testing method with miniature specimens and investi-

gate the effect of build process parameters on the high cycle fatigue performance of AM

materials. In this study, the implementation of miniature specimens with increased surface

area and uniform stress distribution within gauges captures a large population of surface

and subsurface defects, reduces the stress gradient effect, maintains symmetric loading,

minimizes material and test equipment costs, and decreases sample preparation and test

time. The acquired knowledge from this study helps understand the influence of defects on

the fatigue behavior of AM materials and determine the high fatigue strength yielding pro-

cess parameters. Since the fatigue strength of materials can be improved by machining and

polishing part surfaces, the objectives of this research also include developing a multilaser

LAMP process and investigating the effect of different process parameters on part surface

quality improvements. The research results lead to new knowledge that could benefit a wide

range of manufacturing industries.
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SECTION

1. INTRODUCTION

1.1. BACKGROUND

Additive manufacturing (AM) is a layer-by-layer material deposition process. There

are several techniques recently developed formetal and alloy deposition i.e. laser powder bed

melting (LPBF), electron beam melting (EBM), direct energy deposition (DED), wire and

arc melting (WAAM), etc. LPBF and DED are two popular and widely accepted methods

to fabricate metals and alloys [1, 2, 3, 4, 5, 6, 7, 8]. While both processes are capable of

depositing near-net-shape internal and external complex geometries, DED process can also

be used to repair damaged and worn parts.

In mechanical properties characterization of materials, fatigue is a very important

test method to understand the property of a material in cycling loading and unloading

conditions. The practical implementation of any material or alloy in application fields

significantly depends on the fatigue properties. Fatigue of a material is defined as a

progressive and permanent structural change due to fluctuating stresses or strains. During

cyclic loading, progressive and localized structural damage and the growth of cracks cause

fatigue failure of a part. To avoid metal fatigue failure, it is crucial to understand and analyze

how the characteristic of metals affects its ability to resist fatigue failure.

The major drawbacks of the materials deposited in the AM process are the pres-

ence of surface irregularities, residual stress, and defects such as porosity, microcracks,

inclusions, dislocations, and others. They significantly influence the static and dynamic

mechanical properties of a material including fatigue strength. Several studies have been

carried out recently to assess the fatigue behavior of different AM materials i.e. AlSi10Mg
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[9, 10, 11, 12], Ti6Al4V [13, 14, 15, 16, 17, 18], Ni-based alloy [19], 15-5 PH stainless

steel [20], steel [21], stainless steel [22]. Unlike wrought materials, defects such as poros-

ity, shrinkage cavities, lack of fusion, voids, inclusion, etc. are formed arbitrarily during

a material deposition in the AM process. These defects are substantially detrimental to

the fatigue performance of a material. The other important factor influential in reducing

the fatigue life of AM materials is the surface anomalies i.e. high surface roughness and

irregularities due to the presence of contaminants, such as spatter, balling, and partially

melted powder [23, 24, 25]. These defects behave as a micro notch or stress intensity raiser.

Stress intensity factor (SIF) due to volumetric defect depends on the size, shape, location,

and orientation of the defect with respect to the loading direction, and proximity of mul-

tiple pores. Larger defects result in higher stress concentration, therefore, reduced fatigue

life. Based on Murakami’s root area method, the stress concentration is proportional to the

overall area of the defect perpendicular to the loading direction. Non-spherical or defects

elongated along the crack propagation direction are more detrimental than spherical defects

[16]. Subsurface defect location is found to be the most critical location in nucleating

fatigue cracks [26, 23]. However, the fatigue life is predicted to be the lowest when multiple

defects are present within close proximity. Since in AM, the formation of porosity, lack

of fusion, keyhole, voids, and others is substantially influenced by the fabrication process

parameters, the effect of process parameters on the fatigue behavior is yet to be investigated.

While minimum energy input for a dense part originates lack of fusion type defects most,

keyhole defects are dominant at high energy input [27, 28, 29].

Due to the layer-by-layer deposition process in AM technique, another downside

of the AM material is the anisotropy issue in mechanical behaviors such as tensile per-

formance [30, 31, 32, 33, 34, 35, 36], impact toughness [37] and fatigue properties [38].

Among the potential variables causing the anisotropy issue, both layer thickness and over-

lap rate were found to have an insignificant effect on the tensile properties on account of

the similar metallurgical bonding and microstructure while build direction and hatch angle
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revealed strong impacts on mechanical properties by influencing stress concentration and

microstructure [31]. Columnar grain structure with a higher length-width ratio induced

by the rapid cooling rate of the AM process could be the main reason for the mechanical

anisotropies [32, 35]. The possible reason for anisotropy issue in impact toughness could

be the difficulty level of crack propagation along the interlayer track boundaries [37]. While

AM materials exhibit anisotropic fatigue behavior [38], the effect of anisotropy on the

nucleation and propagation phase in fatigue assessment is yet to be investigated.

Fatigue test is indispensable in the characterization of materials, but both the AM

process and fatigue testing is time-consuming and very expensive [39, 40]. The imple-

mentation of a miniature specimen can minimize the overall expenses to a great extent. In

conventional wrought materials, miniature specimens demonstrate higher fatigue strength

than standard specimens due to the lower probability of larger material defects. Statistically,

large specimens contain more extreme defects. The presence of larger defects leads to crack

growth and failure at lower stress levels. AM materials have a higher defect population

within a definite volume compared to wrought materials. Additionally, the impact of the

size effect on mechanical properties depends on the type and local feature of the material

structure i.e., grain size, microcracks, inclusions, discontinuities, dislocations, and other

defects [41, 42, 43]. Therefore, miniature specimens have been proved to be instrumental

in characterizing AM material properties reliably [44, 45, 46].

There are several techniques already developed to monitor the crack nucleation and

propagation during the fatigue test. These techniques include the acoustic emission diagnos-

tic method [47, 48, 49], electrical resistance change method [50, 51], meandering winding

magnetometer (MWM)-array eddy current sensing [52], and thermographic method [53].

All these techniques require an additional sensor with intensive signal processing. Whether

a displacement or load control approach is applied in the fatigue test, there is a variation

in the control signal during the test due to the stiffness variation of the specimen which
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provides a unique insight into identifying the nucleation and propagation phase. A new

method named control signal monitoring (CSM) will be introduced in this study to identify

the nucleation and crack propagation life cycle.

In most applications especially for the usages critical to fatigue [54], post-fabrication

surface treatments such as machining, grinding, and polishing are preferred for AM metal

parts. Conventional machining and polishing processes are usually employed to improve

the part surface finish and bring it within GD&T. Besides conventional surface quality

improvement processes, laser aided machining and polishing (LAMP) can also be an effec-

tive method to achieve dimensional accuracy and minimize roughness [55, 56, 57, 58, 59].

LAMP offers a high processing rate, minimum heat-affected zone (HAZ), and easily ad-

justable process parameters [60, 61]. This method can also repair cracks and pores, ablate

metallic globules, and improve the fatigue performance of AM materials [62, 63]. This

technique is also advantageous over commonly used processes since the size of the tools

used in conventional methods for machining and polishing has limitations to reach critical

locations. Additionally, while a hybrid manufacturing process combined with AM system

makes the entire process unwieldy and complicated, LAMP can be easily integratedwith any

existing laser-enabled AM process. Among different AM techniques available, laser-aided

AM processes are very popular methods to fabricate ferrous and nonferrous materials. To-

ward improving the surface finish and obtaining GD&T for AM parts, by utilizing the same

laser employed to fabricate AM parts, surface roughness can be improved in the same build

chamber or machine. While different techniques and methods have been presented using

both CW laser and/or PL for the laser aided polishing process [55, 56, 57, 58, 59, 64, 65, 66],

further investigation is required to come up with a comprehensive and combined process

while selecting the scan patterns and types of lasers for machining and polishing AMmateri-

als. To address the issues mentioned above, this dissertation will conduct research focusing

on the fabrication, machining, polishing, and fatigue characterization of AM materials.
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1.2. RESEARCH OBJECTIVES

The main objective of this research is to advance the fundamental knowledge of

employing miniature specimens for fatigue testing of AM materials and investigating the

effect of build process parameters on the high cycle AM metal fatigue behavior. A part of

this research also includes studying the state of combining multiple lasers for both additive

and subtractive manufacturing processes. To achieve this goal, three research tasks are

carefully conducted.

In detail, research task 1 first addresses the key issues in conducting fatigue tests

effectively with miniature specimens. Geometrically, the size effect is related to the nonlin-

ear distribution of the stress [67, 68, 69]. The stress gradient occurring under bending and

shear stress has a higher influence on the size effect for a bending type test compared to an

axially loaded cyclic test but the axial fatigue test on mini specimens suffers buckling. In

this study, the transverse bending fatigue test with a constant stress distribution within the

gauge section in a miniature specimen minimizes the size effect and stress gradient effect. A

noble dual gauge Krouse type specimen designed in task 1 can increase the overall surface

area of the gauge to capture critical defects of AM parts since surface and subsurface defects

are found to be the most critical defects in influencing the fatigue characteristic of an AM

material.

The objective of task 2 is to attain a fundamental understanding of the effect of

fabrication process parameters and build orientation on the high cycle fatigue characteristic

of AM materials. In AM, the presence of surface irregularities, residual stress, and defects

such as porosity, microcracks, inclusions, dislocations, and others significantly affects the

fatigue strength of the material. The formation of different types of defects is substantially

influenced by the fabrication process parameters. To obtain the high fatigue strength yielding

process parameters, fatigue testing of metals fabricated with all different sets of process
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parameters is a very expensive and time-consuming process. Therefore, identifying the set

of nominal and optimized process parameters is an imperative topic of study to investigate

the fatigue characteristic of AM material at different process parameters.

The analysis of the fatigue fracture surface of AM materials, and the size, and

location of the defects nucleating fatigue cracks reveal that surface and subsurface defects are

the most influential in affecting the fatigue strength of an AMmaterial. The fatigue behavior

of a material is sensitive to surface roughness. The rough surface of material behaves as a

micro notch with high-stress concentration; hence, parts fail earlier. The fatigue strength of

a material can be increased by machining and polishing the part. Therefore, task 3 focuses

on researching the required fundamental knowledge for laser-aidedmachining and polishing

and investigating the effects of process parameters on surface quality improvement.

1.3. ORGANIZATION OF DISSERTATION

This dissertation has correlative tasks with the core goal of characterizing fatigue

properties of AM materials through conducting fatigue tests on miniature specimens and

investigating the effect of LAMP process parameters on surface roughness optimization.

Three research papers addressing the overall objectives are included in this dissertation.

In Paper-I, a noble dual gauge Krouse type miniature specimen including a fatigue

test setupwas proposed. The objective of using a custom test setup and aminiature specimen

was to minimize the sample manufacturing cost and time and reduce the test equipment cost

and power requirements. A high cycle fatigue test was performed on LPBF 304L stainless

steel samples with wrought materials included. In this study, a unique CSM method was

also introduced to identify nucleation and propagation phase during metal fatigue. The

nucleation and propagation phase differences between AM and wrought materials were

explained by fracture surface analysis. Previous studies show that miniature specimens

exhibit higher mechanical strength both for monotonic and cyclic loading compared to

standard specimens due to the lower probability of capturing large defects which affect the



7

strength of materials, especially fatigue. Therefore, the test results were also compared

with the results from previous studies to validate the performance of the designed miniature

specimen and to demonstrate the effective implementation of the test bench in fatigue testing

of AM materials.

Paper-II emphasized the investigation of the high cycle fatigue performance of laser

powder bed fused (LPBF) 304L stainless steel at different build process parameters. In AM,

the effect of the process parameters and build orientation could lead to a fatigue property dif-

ference within the same part. The variation of the fabrication process parameters influences

the mechanical properties of a material such as tensile strength, impact toughness, hard-

ness, fatigue strength, and so forth, but fatigue testing of metals fabricated with all different

sets of process parameters is a very expensive and time-consuming process. Therefore, in

this study, first, a design of experiment (DOE) was implemented for the selection of build

process parameters. Then the nominal and optimized process parameters were obtained

from part density, tensile, and impact toughness test results for different process parameters

and build orientation. Later, the fatigue test was performed on the horizontal, vertical, and

inclined specimens built with nominal and optimized process parameters. The test results

including the fractography of the specimens were analyzed and compared to obtain high

fatigue strength yielding process parameters for LPBF 304L stainless steel.

Paper-III proposed a novel laser aided machining and polishing process for AM

materials using multilaser technology in the same build chamber. An aluminum alloy

was deposited using the DED process. High power continuous-wave laser was used for

deposition andmacro-polishingwhile a high scan speed pulsed laser was used formachining

and fine finishing the depositedmaterial. The part surfacewasmachined andmicro-polished

with a unique scan pattern emulating multiple end-mills of different diameters. A design

of experiments was implemented to optimize machining and polishing parameters. Later,

the material removal rate was modeled and factors influencing the surface roughness were

discussed.
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ABSTRACT

A novel adaptive displacement-controlled test setup was developed for fatigue

testing onmini specimens. In property characterization of additivemanufacturingmaterials,

mini specimens are preferred due to the specimen preparation, and manufacturing cost but

mini specimens demonstrate higher fatigue strength than standard specimens due to the

lower probability of material defects resulting in fatigue. In this study, a dual gauge section

Krouse typemini specimenwas designed to conduct fatigue tests on additivelymanufactured

materials. The large surface area of the specimen with a constant stress distribution and

increased control volume as the gauge section may capture all different types of surface and

microstructural defects of the material. A fully reversed bending (R = −1) fatigue test was

performed on simply supported specimens. In the displacement-controlled mechanism,

the variation in the control signal during the test due to the stiffness variation of the

specimen provides a unique insight into identifying the nucleation and propagation phase.
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The fatigue performance of the wrought 304 and additively manufactured 304L stainless

steel was compared applying a control signal monitoring (CSM) method. The test results

and analyses validate the design of the specimen and the effective implementation of the

test bench in fatigue testing of additively manufactured materials.

Keywords: adaptive control; fatigue testing; simply supported bending; mini specimen;

additive manufacturing; 304L stainless steel

1. INTRODUCTION

Fatigue is a progressive and permanent structural change due to fluctuating stresses

or strains subjected to a material. 50% to 90% of mechanical failures of structures are due

to fatigue [1, 2]. Fatigue test is indispensable in the characterization of materials but the test

is both time-consuming and very expensive [3, 4]. In this research, a unique test setup was

designed and developed to reduce the test cost using mini specimen. The measured strength

of a material subjected to monotonic or cyclic loading depends inversely on the specimen

size. The impact of the size effect on mechanical properties depends on the type and local

feature of the material structure i.e., grain size, microcracks, inclusions, discontinuities,

dislocations, and other defects [5, 6, 7]. Extended studies were carried out to investigate

the effect of specimen size and loading condition on fatigue behavior of metallic materials

[8, 9, 10, 11, 12, 13, 14, 15]. Statistically, large specimens contain more extreme defects.

The presence of larger defects leads to crack growth and failure at lower stress levels. Sun

[16] proposed a probabilistic method to correlate the effects of specimen geometry and

loading condition on the fatigue strength based on the Weibull distribution. Tomaszewski

[4] performed comparative tests on mini specimens and normative specimens, and verified

the monofractal approach based on Basquin’s equation along with the Weibull weakest link

model. There are some other statistical methods proposed to evaluate the size effect on the

fatigue test [17, 18, 19, 20, 21]. All of these approaches epitomize that standard specimens

demonstrate lower fatigue strength than mini specimens due to the higher probability of
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larger material defects. Additively manufactured materials have a higher probability of

defects compared to wrought materials. In this paper, the implementation of a dual gauge

section Krouse type mini specimen increases the surface area to capture all different types

of surface and microstructural defects since most of the fatigue failures are initiated at the

surface or subsurface due to the presence of defects.

Geometrically, the size effect is related to the nonlinear distribution of the stress

[22, 23, 24]. The stress gradient occurring under bending and shear stress has a higher

influence on the size effect for a bending type test compared to axially loaded cyclic test

but the axial fatigue test on mini specimens suffers buckling. In this study, the transverse

bending test with a constant stress distribution within the gauge section in a specimen

eliminates the stress gradient effect.

There are several techniques already developed to monitor the crack nucleation and

propagation during the fatigue test. These techniques include the acoustic emission diagnos-

tic method [25, 26, 27], electrical resistance change method [28, 29], meandering winding

magnetometer (MWM)-array eddy current sensing [30], and thermographic method [31].

All of these techniques require an additional sensor with intensive signal processing. In the

current work, we introduce a simple but effective control signal monitoring (CSM) method

to identify the nucleation and propagation phase. In a displacement-controlled mechanism,

the control signal decreases with the decrease in the structural stiffness of the specimen.

The change in the control signal provides insight in estimating the nucleation and propa-

gation phase. In this study, the fatigue test was conducted on wrought 304 and additively

manufactured 304L stainless steel specimens. The CSMmethod was applied to identify the

nucleation and propagation phase. The test results were compared to validate the design of

the specimen and the test setup performance in high cycle fatigue testing.
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2. METHODOLOGY

In this study, a fully reversed bending (R = −1) fatigue test was performed on simply

supported specimens. A simply supported testing methodology has several advantages over

a fully clamped type of loading mechanism. The maximum deflection in a simply supported

and a fully clamped beam with a concentrated load 𝐹 at the center are given by Equations

(1) and (2) respectively [32, 33],

𝛿𝑚𝑎𝑥 =
𝐹𝑙3

48𝐸𝐼
(1)

𝛿𝑚𝑎𝑥 =
𝐹𝑙3

192𝐸𝐼
(2)

where 𝐹, 𝛿𝑚𝑎𝑥 , 𝑙, 𝐸 , and 𝐼 are the applied force, maximum deflection, length, modulus of

elasticity, andmoment of inertia of the beam respectively. For a given load, the displacement

is four times higher in a simply supported bending than in a fully clamped bending. During

the fatigue test, investigators attempt to actuate the specimen at its natural frequency to

achieve maximum displacement. However, the dynamics of the actuator coupled with the

specimen limit the operation. Therefore, as an alternate, we adopted a simply supported

bending mechanism as the testing methodology.

3. SPECIMEN DESIGN, ANALYSIS AND PREPARATION

3.1. DESIGN OF THE SPECIMEN

A dual gauge section Krouse type mini specimen was designed for simply supported

loading. The specimen is a modified form of the ASTM (American Society for Testing

andMaterials) International standard B593-96(2014)e1, definition E206, and practice E468

[34]. Some authors already reported on the modification and implementation of the speci-

men in miniature form [35, 36, 37, 38]. Since the specimens are miniature size, Haydirah
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[39] performed an error analysis based on the effect of specimen’s dimension. Figure 1

shows the dimension of our specimen. The effective length between both clamping ends is

25.4 mm. Each gauge is 4.34 mm long. The total gauge covers 34.17% of the total effective

length of the specimen. The dual gauge increases the overall surface area. The failure is

expected to be within the gauges. Another reason for choosing the dual gauge is to maintain

symmetry. In a single cantilever beam, the actuator follows a curved path during excitation.

To keep the path of the actuator one dimensional, and to distribute the load symmetrically

along with the specimen, the dual gauge concept is opted.

3.2. STRESS CALCULATION

Previous studies showed that simple beam equation is applicable to calculate the

stress in miniature wedge shaped specimen [34, 35, 36, 39, 37, 38]. The stress in a simply

supported bending beam with a point load at the center can be expressed as [40],

𝜎 =
𝑀 (𝑥)
𝐼 (𝑥)

ℎ

2
(3)

Figure 1. Drawing of the dual gauge section Krouse type mini specimen, all units are in
mm.
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where, 𝜎, 𝑀 (𝑥), 𝐼 (𝑥), and ℎ are the stress, moment, second moment of inertia, and the

thickness of the specimen, respectively. For a simply supported beam, 𝑀 (𝑥) =𝐹𝑥2 , and

𝐼 (𝑥) = 𝑏(𝑥)ℎ
3

12 where, 𝐹, and 𝑏 are the point load, and the width of the specimen, respectively.

For a Krouse type specimen 𝑏(𝑥) = 2𝑘𝑥 where, 𝑘 is the slope of the specimen. Inserting

𝑀 (𝑥), and𝐼 (𝑥) in Equation (3), we get,

𝜎 =
3𝐹

2𝑘ℎ2 = 𝑗 (𝐹, ℎ) (4)

where, 𝑗 is the stress function. The nominal stress 𝜎 within the gauge in Equation (3)

depends on the force applied and the thickness of the specimen, not on the distance 𝑥.

Ideally, a constant stress distribution is expected but in reality at the defect zone or at the

lower strength site, the actual local stress will be higher than the nominal stress.

3.3. SENSITIVITY AND UNCERTAINTY ANALYSIS

The specimen is a miniature size compared to the standard one. The necessity of

sensitivity and uncertainty analysis is inevitable to determine the optimal thickness of the

specimen. The stress calculation is sensitive to the force and thickness of the specimen

according to Equation (3). Uncertainty in force measurement depends on the sensor’s

accuracy, calibration, and set up. The thickness is sensitive to the machining and polishing

process. For a higher thickness, a higher force is required to attain particular stress. This

leads to the necessity of a high power system and actuator. An optimal thickness was

determined to eliminate the necessity of high power fatigue machine and external cooling.

Partially differentiating Equation (3) we get,

∇ 𝑗 =

𝐹
𝜎
× 𝜕𝜎

𝜕𝐹

ℎ
𝜎
× 𝜕𝜎

𝜕ℎ

 =


1

−2

 (5)
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From Equation (5), we can see 1% variation in specimen thickness produces 2%

change in stress value. To estimate the thickness uncertainties, 10 specimens were prepared.

The thickness was measured using a high precision laser displacement sensor. The uncer-

tainty was calculated obtaining overall standard deviation (std) using Equation (6).

𝑠𝑡𝑑 =
1
𝑛

𝑛∑︁
𝑗=1

(𝑥 𝑗 − 𝑥)2 =
1
𝑛

[
𝑔∑︁
𝑖=1

𝑛𝑖𝑆
2
𝑖 +

𝑔∑︁
𝑖=1

(𝑥𝑖 − 𝑥)2

]
𝑤ℎ𝑒𝑟𝑒,𝑥 =

∑𝑔

𝑖=1 𝑛𝑖𝑥𝑖

𝑛
(6)

where, 𝑥𝑖, 𝑆𝑖, and 𝑛𝑖 are the mean, standard deviation, and the number of scanned data points

of 𝑖 th specimen respectively. 𝑥 is the overall mean, and 𝑛 is the total number of data points.

For ±5% stress variation, the calculated optimal thickness of the specimen was 0.509 mm

with three sigma quality level. Including a factor of safety, the specimen thickness used in

this study is 0.65 mm.

3.4. FINITE ELEMENT ANALYSIS

Finite element analysis was performed using ABAQUS 2018 software (Dassault

SystèmesSimuliaCorp; Providence, RI,USA) to demonstrate the constant stress distribution

within gauge sections. According to the specimen design, as shown in Figure 2, the 3D

prototype of the specimen was simply supported at both sides which are marked by red

lines (𝑈𝑧 = 0). To ensure a symmetric deformation, the displacement on center-lines along

the x -axis (green line) and y-axis (blue line) are restricted in y direction (𝑈𝑦 = 0) and x

direction (𝑈𝑥 = 0), respectively. A constant displacement 𝑈𝑧 = 0.150 mm was applied on

the 3 mm × 7 mm dark grey rectangular area at the center of the specimen, which indicates

the rectangular plate washer in the machine setup. Boundary conditions are listed in the box

under the 3D prototype of the specimen. TheYoung’smodulus and Poisson’s ratio set for the

wrought 304 stainless steel were 200 GPa and 0.3 respectively. A linear elastic model was

applied to observe the mechanical response under this static condition, as the deformation is
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Figure 2. FEA simulation setup for wrought 304 stainless steel specimen.

within the elastic regime. The distribution of the nominal stress S11 on the whole specimen

is then obtained by the simulation, as shown in Figure 3. A constant nominal stress within

triangular gauge sections can be observed, and it reaches the maximum value at the surface.

Convergence study was also performed by selecting 6 different mesh sizes which result in

the number of elements ranging from 1263 to 166,506. The data points in Figure 4 shows

that the nominal stress converges to approximately 177.7 MPa as the number of elements

increases to 166,506, since when the number of mesh elements increases from 76,698 to

166,506, the change in nominal stress value is less than 0.2%. Figure 3 exhibits the nominal

stress distribution with the number of elements of 166,506. The sole purpose of using FEA

analysis is to demonstrate the stress distribution within the gauge.

3.5. MATERIALS AND SPECIMEN PREPARATION

The materials tested in this study are hot rolled and annealed 304 stainless steel

bulk material and additive manufacturing (AM) fabricated 304L SS bar. These materials

were chosen because they are economical and widely used due to their strength and high

resistance to corrosion. The chemistry of both the wrought material and powder used as the

feedstock for AM is listed in Table 1. The relatively close chemistry of both materials except

Ni which is 2% higher but not expected to make a significant difference in the test results
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Figure 3. FEA simulation result of the specimen.

may aid a better understanding of the comparative study. Rough finish (average 𝑅𝑎 = 3.82

μm) and fine finish (average 𝑅𝑎 = 0.482 μm, average 𝑅𝑧 = 4.242 μm) wrought specimens

were machined using W-EDM, while additively manufactured fine finish specimens were

cut along 𝑍 axis from a bar fabricated using the selective laser melting (SLM) process. A

Figure 4. Convergence analysis of the FEA simulation results.
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Table 1. Chemical properties (wt%) of 304L stainless steel powder and bulk 304 stainless
steel.

Material C Mn Si S P Cr Ni Cu Mo Co N O

Wrought 0.023 1.69 0.43 0.020 0.034 18.10 8.02 0.63 0.24 0.15 0.084 -

Powder 0.015 1.40 0.63 0.004 0.012 18.50 9.90 <0.1 - - 0.090 0.02

Renishaw AM250 machine was used to build the part. An optimal process parameter listed

in Table 2 was applied to yield maximum part density. A total of 10 specimens for each

type were manufactured with no additional surface preparation.

4. EXPERIMENTAL SETUP

4.1. MINI FATIGUE TESTING MACHINE

The mini fatigue testing machine consists of six major parts: (i) an electromagnetic

actuator, (ii) a non-contact displacement sensor, (iii) a load cell, (iv) a controller, (v) a

power amplifier or driver, and (vi) a test bench. The voice coil of a subwoofer was used as

the actuator. The sub-woofer behaves as a low audio frequency shaker. The mathematical

model of an electrodynamic shaker and a sub-woofer is relatively similar though the moving

elements of a shaker are more rigid than a subwoofer. Higher rigidity multiplies the power

requirements. To design a low power system, a soft mechanical suspension of the sub-

woofer was implemented to transfer maximum energy to the specimen. The actuator is

Table 2. Parameters used to build additively manufactured part using selective laser melting
(SLM) process.

Parameter Power Hatch Space Point Distance Exposure Time Energy Density Raster Rotation

Set (watt) (𝛍m) (𝛍m) (millisecond) (MJ/m3) (degree)

Nominal 200 85 60 75 58.8 67
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made of a high Curie temperature ferrite magnet with a cast aluminum frame of 10 inches

diameter. The larger diameter of the voice coil (3 inches) than the length (1 inch) of the

specimen supports the one-dimensional movement. The dust cap of the voice coil was

replaced with a plastic flange. A load cell was mounted in-line between the central clamp

and the flange to measure the tensile and compressive force. To measure the displacement

of the specimen, a high-speed non-contact laser displacement sensor was fixed with a guide

rail. Figure 5 illustrates the test bench setup. First, the specimen was clamped at the

center. The specimen sits on the bearings at both ends as shown in Figure 5. Spacers

were used at both ends to ensure no preload on the specimen. Then, the other bearing

holders were placed and clamped using heavy load toggle clamps on top. To ensure line

contact at both ends, bearings were used. Bearings also minimize the friction during the

simply supported vibration test. By sliding the displacement sensor using the guide rail,

the sensor was pointed at the center of the specimen. The displacement measured by the

sensor was processed using a microcontroller to determine the amplitude and mean of the

displacement. The data was sent to a computer from the microcontroller using a serial port.

An adaptive controller was implemented in the Python development environment to estimate

the required amplitude of the sinusoidal control signal. The signal from the computer was

sent to a waveform generator via Ethernet. A linear power amplifier connected with the

waveform generator drives the actuator. All process and manipulated variables were stored

for further analysis to identify the nucleation and propagation phase.

4.2. ADAPTIVE CONTROLLER DESIGN

An adaptive proportional and derivative (PD) controller was designed to control

the displacement amplitude. A conventional PID controller was avoided since the system

parameters change due to the structural stiffness change of the specimen during the test.

Material hardening or softening may occur too. There may also be a possibility of overshoot
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Figure 5. Fatigue test bench with a specimen mounted.

above the set point during the transient condition. Overshoot may affect the test results.

Therefore, an adaptive controller was designed. The design of an adaptive controller follows

Equation (7).

𝑢(𝑘) = 𝑢(𝑘 − 1) + 𝑃 ∗ 𝑒𝑟𝑟𝑜𝑟 + 𝐷 ∗ 𝑒𝑟𝑟𝑜𝑟 (𝑘) − 𝑒𝑟𝑟𝑜𝑟 (𝑘 − 1)
Δ𝑡

(7)

where, 𝑢(𝑘), and 𝑢(𝑘−1) are the control signal amplitudes at time 𝑘 , and (𝑘−1) respectively.

𝑃, and 𝐷 are the proportional and derivative gain respectively, and Δ𝑡 is the time step.

The proportional controller offsets the current value linearlywith the error, and the derivative

controller adds in controlling the actuation based on the rate of the change of error. The error

is defined as,

𝑒𝑟𝑟𝑜𝑟 = 𝑑𝑠𝑒𝑡𝑝−𝑝 − 𝑑𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑝−𝑝 (8)
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where, 𝑑𝑠𝑒𝑡𝑝−𝑝 and 𝑑𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑝−𝑝 are the desired and current displacement amplitude respectively.

The controller values were chosen by manual tuning with caution that no overshoot occurs

above the set point. The controller values need to be varied with the test frequency and

test material as well. The 𝑃 and 𝐷 controllers were set at 5.0 and 0.5 respectively for 304

materials at 56 Hz test frequency.

5. RESULTS AND DISCUSSION

The closed-loop displacement-controlled fatigue test was performed onwrought 304

and SLM fabricated 304L SS specimens. The sinusoidal excitation frequency was set at 56

Hz. Figure 6 shows the displacement amplitude of a specimen actuated at 0.100 volts control

signal amplitude for different frequencies. The system response is a window function with

39 Hz cutoff frequency. In terms of system dynamics, the fatigue test is a harmonic forced

vibration of two mass-spring systems. One is the actuator, and another is the specimen.

At cutoff frequencies, the system behaves like a shock absorber. A detailed explanation

can be found in the literature [41]. The frequency response shows that the displacement

amplitude is maximum at 56 Hz, 95 Hz, and 134 Hz. The test frequency was chosen

56 Hz since external cooling may be required at higher frequencies. All experiments were

conducted for simply supported fully reversed bending test at room temperature. During the

test, the temperature of the specimen was monitored using an infrared temperature sensor.

The deviation in the temperature remains within ± 2◦ C at 56 Hz test frequency.

In a Krouse type specimen, the fatigue failure can occur at any location within

the gauge. All the specimens tested in this study failed within the gauge as expected.

The random failure location is due to the defects present randomly within the gauge.

The nominal stress distribution is supposed to be constant while the local stress is expected

to be high at the defect zone. Figure 7 exhibits the failure location of wrought specimens.

Figure 8 illustrates the displacement and control signal amplitude for the wrought specimen

actuated at 0.200 mm amplitude which corresponds to 514.26 MPa nominal stress. During
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Figure 6. The frequency response of a specimen actuated at 0.100 volts control signal
amplitude.

the test, the stiffness of the specimen decreases as the crack grows, propagates, and final

failure occurs. The control signal amplitude decreases with the reduction of stiffness to

maintain the desired set displacement. The displacement amplitude increases suddenly

during the final failure. The test was stopped automatically when the amplitude was above

a threshold. The test result at different displacements illustrated in Figure 9 validates the

effective performance of the adaptive controller.

Figure 7. Fatigue failure of specimens actuated at different displacement amplitude.
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Figure 8. Displacement and control signal amplitude up to the entire fatigue life cycle of a
fine finished wrought specimen.

In this study, we introduce a control signal monitoring (CSM) method to identify the

nucleation and propagation stage. During the fatigue test, the crack first grows slowly, which

is termed as nucleation. When the nucleation process ends, the crack starts propagating

Figure 9. Displacement amplitude control of fine finished wrought specimens up to the
entire fatigue life cycle.
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and the final failure occurs. The stiffness of the specimen decreases at all stage, but the

rate of the stiffness change is different. Wang [42] reported for carbon fiber polymer-matrix

composite that the stiffness of the material has an inverse analogous relation with the change

in resistance up to the end of nucleation phase while performing the electrical potential

technique on fatigue test to identify the nucleation and propagation phase. Grammatikos

[31] implemented the linear regression analysis on the relative potential change as a function

of fatigue life fraction to identify different stages. Similarly, this is possible to identify the

phases using linear regression analysis on the control signal. First linear regression was

applied on the control signal. Then the peak amplitude of the signal near the end of

regression line was marked as the end of nucleation phase, as shown in Figure 10. Here

the regression helps in choosing the peak of the signal. Current study demonstrates the

implementation of CSM method. Future study includes the sensitivity analysis on the

monitoring signal. The implementation of the CSM method on other wrought and SLM

specimens is shown in Figure 11. To determine the maximum nominal stress, the average

Figure 10. Nucleation and propagation stage of a fine finished wrought specimen displaced
at 0.200 mm amplitude.
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Figure 11. Nucleation and propagation stage of fine finished specimens.

of the peak load was calculated up to the end of the nucleation phase. Inserting the

average in Equation (3), the nominal stress was calculated. Figure 12 shows the tensile

and compressive load response up to the final failure for the wrought specimen displaced at

0.200 mm amplitude.

The fatigue life of a specimen in terms of the number of cycles is the sum of

cycles during nucleation and propagation stages. Materials demonstrate a higher life cycle

at low-stress value. Figure 13 shows the end of the nucleation phase cycle and cycles

to failure for fine finished wrought and SLM specimens. The trend of nucleation and

propagation presented in the literature [43, 44] supports the results. Both the wrought and

SLM specimens demonstrate an increase in the nucleation and propagation cycle as the
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Figure 12. Load values for the specimen displaced at 0.200 mm amplitude.

stress goes low, but for a particular stress value, both the nucleation and propagation cycles

for the SLMmaterial is lower than those for the wrought material. A possible reason is that

additively manufactured materials have a higher probability of different types of defects.

The fracture surface analysis of wrought and SLM specimens is shown in Figure 14. In the

SLM specimen, the crack is initiated at the lack of fusion defect near the top surface while

surface defect is the crack initiation source for wrought specimens. We observed similar

type of defects to be the crack nucleation site for other SLM specimens. The crack starts

growing earlier in SLM materials than in wrought materials. Therefore, the nucleation life

cycle is less. The presence of other defects such as micro-cracks, pores, and lack of fusion

within the volume enhance the propagation rate. Additionally, some authors reported that

inter-layer bonding is weak in SLM materials [45, 46]. Therefore, SLM fabricated 304 L

SS demonstrate lower fatigue strength than bulk material.
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Figure 13. End of nucleation phase and cycles to failure for fine finished wrought and SLM
fabricated specimens.

Figure 14. Fracture surface analysis of fine finished wrought and SLM fabricated materials.

Further analysis was performed to evaluate the CSM method in identifying nucle-

ation and propagation phase. Rough finished and notched rough finishedwrought specimens

were prepared to conduct fatigue test. Rough finished specimens were chosen because these
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are easy to prepare. Figure 15 shows the notch location in the specimen. Figure 16 il-

lustrates the nucleation and propagation phase identified using the CSM method for the

specimens. As we know, notched specimens have higher stress concentration, hence, they

fail earlier. The number of cycles decreases more in nucleation phase due to the notch

while the influence of notch on the propagation is minimal. This attributes to the proper

implementation of the CSM method in identifying the end of nucleation phase. In future,

the method will be validated determining the crack length at the end of nucleation phase.

The Wohler curve for fine finished and rough finished wrought specimens, and fine

finished SLM specimens was plotted as shown in Figure 17. Both fine finished SLM and

rough finished wrought materials exhibit low fatigue strength compared to the fine finished

wrought material. The endurance limit (107) of the fine finished, rough finished wrought

specimen and fine finished SLM specimen reported here are 404.26, 344.62 and 336.52

Figure 15. Notched rough finished wrought specimens prepared with aW-EDMwire radius
of 0.125 mm.
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Figure 16. Nucleation and propagation phase of rough finished wrought and notched rough
finished wrought specimens.

MPa respectively. The yield tensile strength (YTS) and ultimate tensile strength (UTS) for

the wrought material used in this study are 582.5 and 780.9 respectively while for the SLM

material with the same process parameter used, they are 368.4 and 536.7 MPa respectively

[47]. These results are in good agreement with the general relationship between fatigue

limit and ultimate tensile strength [43]. The endurance limit is also comparable with the

results reported by other authors [38, 48].

6. CONCLUSIONS

In this study, a dual gauge section Krouse type mini specimen was designed to

achieve a constant stress distribution with increased volume to conduct fatigue test. The test

was performed with a simply supported loading mechanism on wrought and additively

manufactured materials using a unique adaptive displacement controlled mini fatigue test

set up. A new diagnosis method named control signal monitoring (CSM) was employed to
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Figure 17. Wohler curve plot of wrought and SLM fabricated specimens.

identify the nucleation and propagation stages. The test results and analyses illustrate that

SLM fabricated 304L stainless steel demonstrate lower fatigue strength in terms of both the

nucleation and propagation cycles compared to bulk wrought material. The test method

developed here can be applied in the extensive study on other additively manufactured

materials in the future.
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ABSTRACT

In additive manufacturing, the variation of the fabrication process parameters in-

fluences the mechanical properties of a material such as tensile strength, impact toughness,

hardness, fatigue strength, and so forth, but fatigue testing ofmetals fabricatedwith all differ-

ent sets of process parameters is a very expensive and time-consuming process. Therefore,

the nominal process parameters by means of minimum energy input were first identified

for a dense part and then the optimized process parameters were determined based on the

tensile and impact toughness test results obtained for 304L stainless steel deposited in laser

powder bed fusion (LPBF) process. Later, the high cycle fatigue performance was inves-

tigated for the material built with these two sets of parameters at horizontal, vertical, and

inclined orientation. In this paper, displacement controlled fully reversed (R = -1) bending

type fatigue tests at different levels of displacement amplitude were performed on Krouse

type miniature specimens. The test results were compared and analyzed by applying the

control signal monitoring (CSM) method. The analysis shows that specimen built-in hor-

izontal direction for optimized parameters demonstrates the highest fatigue strength while

the vertical specimen built with nominal parameters exhibits the lowest strength.
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1. INTRODUCTION

Additivemanufacturing (AM) has recently attainedmuch popularity both in research

and application fields such as aerospace, automobile, maritime, biomedical, and other

industrial sectors [1, 2, 3, 4]. Among different additive manufacturing process available,

laser powder bed fusion (LPBF) also known as selective laser melting (SLM) is a widely

accepted method to fabricate metals and alloys [5, 6, 7, 8, 9]. LPBF is capable of depositing

near-net-shape internal and external complex geometries but the major drawbacks of the

AM materials are the surface irregularities, residual stress, and defects such as porosity,

microcracks, inclusions, dislocations, and others. They significantly influence the static

and dynamic mechanical properties of a material including fatigue strength. Several studies

have been carried out recently to assess the fatigue behavior of different AM materials, that

is, AlSi10Mg [10, 11, 12, 13], Ti6Al4V [14, 15, 16, 17, 18, 19], Ni-based alloy [20], 15-5

PH stainless steel [21], steel [22], stainless steel [23]. Nasab et al. [24] studied the effect of

surface and subsurface defects on the fatigue behavior of AlSi10Mg. They also investigated

the combined effect of surface anomalies and volumetric defects on fatigue life of AlSi7Mg

fabricated via laser powder bed fusion [25]. Romano [26] investigated the effect of sub-

surface porosity and surface roughness on the high cycle fatigue behavior of AM 17-4 PH

stainless steel. Chan et al. [27] developed a methodology to predict the surface crack

nucleation mechanism in a nickel-based superalloy AM 718Plus and proposed that fatigue

life enhancement can be achieved by machining and polishing the surface. Zhan et al. [28]

proposed a fatigue damage model considering AM effects and investigated the variation of

fatigue life with the volumetric energy density and the variation of damage evolution rate.

Biswal et al. [29] studied the effect of internal porosity on the fatigue strength of Ti-6Al-

4V and proposed a modified Kitagawa-Takahashi diagram and a critical pore diameter to
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initiate crack applying Murakami’s approach. Since in AM, the formation of different types

of porosity, that is, lack of fusion, keyhole, voids, and others is substantially influenced by

the fabrication process parameters, the effect of process parameters on the fatigue behavior

is yet to be investigated. While minimum energy input for a dense part originates lack of

fusion type porosity most, keyhole defects are dominant at high energy input [30, 31, 32].

Due to the layer-by-layer deposition process in AM technique, another downside

of the AM material is the anisotropy issue in mechanical behaviors that is, tensile per-

formance [33, 34, 35, 36, 37, 38, 39], impact toughness [40] and fatigue properties [41].

Guan et al. [34] investigated the potential variables causing the anisotropy issue. They re-

ported that both layer thickness and overlap rate showed an insignificant effect on the tensile

properties on account of the similar metallurgical bonding and microstructure while build

direction and hatch angle revealed strong impacts on mechanical properties by influencing

stress concentration and microstructure. Hatch angle is the laser scan path angle with the

x-axis. Wang et al. [35] and Yu et el. [38] further confirmed the anisotropy in tensile

properties with different build orientations and proposed that columnar grain structure with

higher length-width ratio induced by the rapid cooling rate of AM process could be the

main reason for the mechanical anisotropies. Karnati et al. [40] investigated the anisotropy

issue in impact toughness of AM printed AISI 304L stainless steel with different build ori-

entations where vertical Charpy specimens exhibited the lowest toughness while horizontal

specimens provided the highest. They explained the difficulty level of crack propagation

along the interlayer track boundaries could be the possible reason. While Blinn et al. [41]

studied the anisotropic fatigue behavior of AISI 316L stainless steel, the effect of anisotropy

on the nucleation and propagation phase in fatigue assessment is yet to be investigated.

In this paper, the effect of build process parameters and anisotropy issues on the

fatigue behavior of laser powder bed fused AISI 304L stainless steel was investigated.

For fatigue testing, two sets of process parameters were selected to fabricate parts at hori-

zontal, vertical, and inclined build direction. Nominal parameters were chosen forminimum
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energy input for a dense part while the optimized parameters were determined by performing

tensile and impact toughness tests. The fatigue test was conducted on miniature specimens.

Since fabricating standard specimen is very expensive and time-consuming in the AM pro-

cess, miniature specimens are recently employed in mechanical properties characterization

of an AM material. Sreekar et al. [42] showed the miniature specimens to be instrumen-

tal in characterizing both bulk and AM material properties reliably. Dzugan et al. [43]

demonstrated the implementation of miniaturized tensile test specimens instead of standard

specimens in determining the local properties characterization of AM material Ti-6Al-4V.

Wan et al. [44] addressed the reasons, necessities, and potential strategies to evaluate and

qualify the fatigue performance of AM material using miniature specimens.

A modified Krouse type specimen with a dual gauge section was implemented for

the bending fatigue test in this paper. The Krouse type specimen is a wedge-shaped ASTM

(American Society for Testing andMaterials) International standard B593-96(2014)e1 spec-

imen, definition E206, and practice E468 [45]. The advantage of using such specimens is

that nominal stress distribution remains uniform within the gauge. Haidyrah et al. [46, 47]

and Gohil et al. [48] applied finite element analysis method on different modified versions

of Krouse type specimens to confirm the uniform nominal stress distribution within the

gauge. The uniform stress distribution eliminates the stress gradient effect in the bending

type test of miniature specimens [49, 50]. Additionally, the increased surface area in a dual

gauge specimen may also capture different surface and subsurface defects. A displacement

controlled test was performed in this study since the displacement controlled fatigue test

tends to be a more stable approach than load control and the driving force decreases with

the crack growth in displacement control [51]. Later implementing the control signal moni-

toring (CSM) method [52, 53], the crack nucleation, and propagation phase were identified

and compared for different build directions and process parameters.
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2. MATERIALS AND METHODOLOGY

2.1. MATERIALS

The material used for this study was Ar gas atomized AISI 304L stainless steel

(SS) powder purchased from LPW Technology (Imperial, PA 15126, USA) with a reported

particle size distribution ranging from 15 to 45 μm and true powder density of 7.935 g/cm3.

The chemical composition provided by the vendor is listed in Table 1. From the chemistry

of the material, this may be characterized as 304L SS due to its low content of interstitial,

N, C, O, and so forth.

2.2. FABRICATION

The AMmachine used in this study was Renishaw AM 250 (Renishaw Inc., Auburn

Hills, MI 48326, USA) equipped with an Nd-YAG pulsed laser (IPG Photonics, Oxford,

MA 01540, USA). The maximum power capacity of the laser is 200 W with a Gaussian

intensity profile. A preheating process was employed prior to the initiation of the build.

The substrate and powder were heated up and maintained 80◦C temperature to reduce the

thermal gradient and eliminate the water vapor inside powder particles. During the printing

process, a recirculating Ar gas flow was maintained to remove the condensate generated.

A design of experiment (DOE) was implemented for the selection of process parameters

in this study in order to vary the energy density range. The energy density (ED) in AM is

Table 1. Chemical composition of AISI 304L stainless steel powder particles in weight
percentage.

Element C Cr Cu Fe Mn N Ni O P S Si

wt.% 0.018 18.4 <0.1 bal. 1.4 0.06 9.8 0.02 0.012 0.005 0.6
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defined as

𝐸𝐷 =
𝑃

𝑣 × ℎ × 𝑡 (J/mm3), (1)

where, 𝑃, 𝑣, ℎ, and 𝑡 are the laser power (W), scan speed (m/s), hatch spacing (μm), and layer

thickness (μm), respectively. Hatch spacing is defined as the distance between two adjacent

laser scan tracks. Scan speed was calculated using Equation (2)

𝑣 =
Point distance
Exposure time

(m/s). (2)

Point distance and hatch spacing were identified as two variables where the scan

speed of the laser traveling was linearly related to the point distance. A higher point distance

determines a higher scan speed, hence a lower energy input is achieved and vice versa. Hatch

spacing controls the overlap between adjacent laser track, which tends to cause the lack

of fusion defects with less overlap and keyhole porosity with higher overlay. A previous

study by Brown [54] proposed a nominal parameter for AISI 304L which originated from

the optimization of bulk density and surface finish of downward skin. The parameters were

selected in a range surrounding the nominal parameters. Three levels of point distance

and five levels of hatch spacing were designated to obtain a 2-way full factorial experiment

with 15 parameter combinations. The laser power was set at 200 W with a constant layer

thickness of 50 μm and an exposure time of 88 μs. A stripe scan pattern was applied

to guide the way laser scanned with a hatch angle of 67◦ rotating between two adjacent

layers. The 15 parameter combinations are listed in Table 2 where ED #8 is for the nominal

parameters mentioned here [54].
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Table 2. Process parameters used to fabricate 304L stainless steel.

Laser Exposure Layer Point Scan Hatch Energy

Power Time Thickness Distance Speed Spacing Density ED #

(W) (𝛍s) (𝛍m) (𝛍m) (m/s) (𝛍m) (J/mm3)

200 88 50

53 0.6 65 102.6 1

53 0.6 75 88.8 2

53 0.6 85 78.4 3

53 0.6 95 70.2 4

53 0.6 105 63.5 5

70 0.8 65 76.9 6

70 0.8 75 66.7 7

70 0.8 85 58.8 8

70 0.8 95 52.6 9

70 0.8 105 47.6 10

88 1.0 65 61.5 11

88 1.0 75 53.3 12

88 1.0 85 47.1 13

88 1.0 95 42.1 14

88 1.0 105 38.1 15

2.3. PARAMETERS SELECTION

2.3.1. Nominal Parameters. In order to determine the nominal parameters, a den-

sity test was performed after the samples were printed with parameters listed in Table 2. All

the samples were cut off from the substrate with a Sodick VZ300L Wire Electric Discharge

Machine (EDM). The density test was performed on the as-printed samples based on the

Archimedes principle. The mean relative density results are illustrated in Figure 1 with a
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Figure 1. Relative density of the samples printed with the combination of all parameters.

true powder density of 7.935 g/cm3 and the average of three samples. From the trend of the

relative volumetric density along with the energy density indicated at the lower ED region,

the relative density of the as-printed sample elevated with the increase of ED till 58.8 J/mm3.

After that, the relative density was almost consistent (>99.0%) with negligible fluctuation.

Therefore, the set of parameters for ED #8 was chosen as the nominal parameters in this

study [54].

2.3.2. Optimized Parameters. In order to determine the optimized parameters,

tensile and impact toughness test was performed on the samples with ED above 58.8 J/mm3

included. Tensile testing was performed with miniature dog bone specimen as shown in

Figure 2 [42]. The samples fabricated were machined to size with a nominal thickness of

1 mm. Three specimens were prepared for each parameter combination with the gauge

length perpendicular to the build direction (horizontal specimen). Prior to the testing,

the specimens were polished with 800 grit sandpaper. The Instron UTM machine was

employed in this study to do tensile testing. The strain was controlled using an extensometer
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Figure 2. Dimension of the miniature tensile specimen.

with a strain rate of 0.015 mm/min to 1% strain value. After that, the extensometer was

removed and the testing was run with a cross-head speed of 1.5 mm/min. The tensile

properties of the tested samples were represented by 0.2% offset yield strength (YS) and

ultimate tensile strength (UTS). From the tensile test result of horizontal specimens with

different energy density combinations as shown in Figure 3, it can be seen that no significant

differences in YS and UTS can be recognized within the current ED range though there

is a large scatter in results at an energy density of 66.7 J/mm3. The possible reason

Figure 3. Tensile strength (yield strength (YS) and ultimate tensile strength (UTS)) of
horizontal specimens with different parameters combination.
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could be the quality of the printed part affected by the location on the build plate and the

relative location of the gas flow [37]. However, the median of YS and UTS at horizontal

orientation reached the maximum value at 76.9 J/mm3 in comparison with other parameter

combinations while the difference in UTS and YS for the vertical orientation (shown in

Figure 4) at 58.8 and 76.9 J/mm3 is negligible. Therefore, a further check was performed on

vertical orientation by Charpy testing to the as-printed sample to demonstrate the parameter

set optimized for impact toughness according to ASTM Standard E23. The longest axis

of the Charpy specimen was printed along the build direction. A 2 mm “V” notch was

machined with a standard broach. Three specimens were tested at each ED. The result of

impact toughness from Charpy testing is illustrated in Figure 5. A relatively larger variation

of impact toughness was observed for all ED. The median toughness achieved the optimal

value at 76.9 J/mm3. Hence, 76.9 J/mm3 was demonstrated to be an optimized parameter

set for both tensile strength and toughness.

Figure 4. Tensile strength (YS and UTS) of horizontal and vertical specimens for energy
densities 58.8 and 76.9 J/mm3.
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Figure 5. The impact toughness of as-built Charpy specimens printed in the vertical
orientation with different parameters combination.

3. FATIGUE TEST

3.1. SPECIMEN DESIGN AND PREPARATION

The fatigue strength depends on the specimen size, dimension, and loading con-

dition. Small specimens demonstrate higher fatigue strength compared to standard spec-

imens while real parts exhibit even lower strength than the standard ones. While ex-

tended studies have been carried out to compare and evaluate the size effects on fatigue

tests [55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69], recent studies show the

implementation of miniature specimens to be instrumental in characterizing local properties

of AM materials [42, 43, 44].

Since in AM, the effect of the process and build orientation could lead to fatigue

property differences within the same part, therefore, a miniature specimen was designed.

The dimension of the specimen is shown in Figure 6. The nominal thickness of the specimen

was 0.67mm. TheKrouse type specimenwith a dual gauge sectionwas employed to conduct

fatigue testing on the specimen fabricated using nominal and optimized parameters. While
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Figure 6. Schematic representation of miniature specimen including the dimensions with
the dual gauge section and the specimens cut at horizontal, inclined, and vertical orientation

the Krouse type specimen ensures uniform stress distribution, the dual gauge with increased

surface area enhances the probability of capturing different kinds of surface and subsurface

defects since fatigue crack initiates at this location in most cases. The dual gauge also helps

in distributing the load symmetrically and keeping the actuation path unidirectional, unlike

a single cantilever beam. The specimen was specially designed for simply-supported test

conditions. One of the advantages of using simply-supported is that the displacement is

four times the displacement in a fully clamped mechanism. Since fatigue strength is also

greatly influenced by the surface roughness of the test sample, therefore, finely finished

(average roughness 𝑅𝑎 = 0.482 μm, average 𝑅𝑧 = 4.242 μm) specimens were machined
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using a W-EDM. A total of 7 specimens for each build orientation and process parameters

were prepared without any additional surface preparation. Detailed FEA simulation results

and sensitivity analysis on the designed specimen can be found here [52].

3.2. TEST SETUP

An additional advantage of using miniature specimens is that it requires a lower

range of force; thus it minimizes the test setup cost. A subwoofer with low power capacity

was employed as an actuator in this study. The subwoofer is a low-frequency drive.

The mechanical modeling of a subwoofer is relatively similar to an electrodynamic shaker

but the shaker has more rigid moving parts. Since higher rigidity requires higher force,

the subwoofer with soft mechanical suspension is a well fitted low-cost alternate of a shaker.

In order to utilize the woofer as the actuator, a plastic flange of 76.2 mm diameter replaced

the cap of the voice coil. The flange of relatively larger diameter (3 times) compared to

the effective length of the specimen (25.4 mm) along with the cone (254 mm diameter)

supports the one-dimensional movement of the specimen. On top of the flange, the moving

parts were mounted. A load cell fixed between the flange and the clamp of the central

part measures the force applied on the specimen. Figure 7 illustrates the test setup with a

specimen installed for simply supported bending type fatigue testing. While the specimen at

the center was in surface contact (7 mm along the width and 3 mm along at length) with the

central fixture, both ends maintained a line contact with bearings to ensure simply supported

condition. In order to avoid any preloading on the specimen, spacers were used at both

ends. The other two bearing holders were placed on top of the spacers. Finally, the heavy

load toggle clamps fixed both ends of the test setup with the structure well. A high-speed

laser-based displacement sensor pointing at the central clamp measured the displacement

of the specimen. A proportional derivative (PD) controller was implemented to maintain
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Figure 7. Fatigue testbench setup.

the required set displacement while the load cell was used to measure the amplitude of the

force applied. For further analysis, the displacement, load, and control signal amplitudes

were recorded in a computer until the final failure of the specimen.

4. RESULTS AND DISCUSSION

The fatigue test controlling the displacement was performed for simply-supported

fully reversed (R = −1) type bending of the specimen with sinusoidal excitation at 56 Hz

test frequency. All experiments were conducted at room temperature monitored with an

infrared temperature sensor. The temperature variation reported here [52] remained within

±2◦ C. The specimens failed at random locations within the gauges since defects are present

randomly in the material. In Krouse type specimens, the stress concentration near the

defects within the gauges was expected to be high, though the nominal stress distribution
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was assumed uniform. Figure 8 illustrates the controller performance in maintaining the

set displacement of a horizontal specimen built with nominal parameters. During the test,

the control signal amplitude was also monitored. In the fatigue test, with the crack initiation

and propagation until the final failure happens, the stiffness of the specimen decreases.

Therefore, the amplitude of the control signal also decreases for a constant displacement

amplitude with an increasing number of cycles as shown in Figure 8 b. The displacement

increases suddenly at the final rapid failure stage indicating the complete failure of the

specimen. While the stiffness of the test sample decreases at nucleation, propagation,

and final failure stages, the rate of change in stiffness reduction is different at different

stages. This gives us a unique comprehension of identifying nucleation and propagation

phase applying a linear regression on the magnitude of the control signal and tracing the

last peak of the signal near the line as ending of the nucleation phase. After identifying

the nucleation and propagation, maximum nominal stress was calculated averaging the load

amplitude up to the end of nucleation using Equation (3),

𝜎 =
3𝐹

2𝑘ℎ2 , (3)

Figure 8. Amplitude of control signal and identification of the nucleation and propaga-
tion phase.
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where, 𝜎, 𝐹, ℎ, and 𝑘 are the nominal stress, load amplitude, thickness of the specimen,

and the slope of the wedge shape. Figure 9 shows the Wohler curve of the specimens tested

for different build orientations fabricated with nominal and optimized parameters. As we

can see, for both the nominal and optimized parameters, horizontal specimens demonstrate

higher fatigue strength than the inclined and vertical specimens while inclined specimens

have higher strength than vertical ones.

The fatigue strength of the material in the horizontal direction is higher not only

in the nucleation phase but also during propagation as we can see from the analysis of the

control signal [52] shown in Figure 10. During the fatigue test, the crack initiates within

the gauge and propagates across the cross-section. In inclined and vertical specimens,

the loading direction is parallel to the layers while this is normal for horizontal specimens.

Figure 9. S-N plot of the specimens tested for horizontal, inclined, and vertical direction
built with nominal and optimized parameters.
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Figure 10. Nucleation phase and propagation and final failure phase of the specimens.

Moreover, inclined and vertical specimens consist of a larger number of layers hence

interlayer within the gauges. InAMmaterials, interlayer strength is assumed to beweaker [9,

32]. Additionally, the inclined and vertical specimens have a higher defect probability since

they accommodate a larger number of interlayer within the gauges. Including anisotropy,

these are the possible reasons for horizontal specimens demonstrating higher fatigue strength
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during nucleation and propagation. While comparing the inclined and vertical specimens,

the crack in an inclined specimen has to travel through a large number of layers across

the cross-section during propagation. Therefore the propagation cycle is longer in inclined

specimens than in vertical specimens.

Scanning electron microscopic (SEM) images of fracture surfaces of the fatigue

specimens fabricated with nominal and optimized parameters are shown in Figures 11

and 12, respectively. Figure 11 a, c, e exhibit the fracture surface of the horizontal,

vertical, and inclined orientation specimens, respectively while the fracture surface for the

horizontal and inclined specimens built with optimized parameters are shown in Figure 12

a, b, respectively. In Figure 11 b, d, f, nominal specimens with all orientations (horizontal,

vertical, and incline) show that possible crack initiation sites are located around the lack-

of-fusion defects close to the surface (circled by dashed lines). The initiation is a combined

effect of higher nominal stress near the specimen surface and the stress concentration effect

of defects. Especially in Figure 11 b, f, unmelted powder particles can be found. While for

the specimens built with optimized parameters, there is no obvious sign of lack-of-fusion

type defects near the possible crack initiation sites, since the higher energy density provided

for the optimized parameters can reduce the probability of the generation of lack-of-fusion.

The initiation sites of specimens for optimized parameters mainly locate at the surface defect

such as surface cracks (shown in Figure 12 a, b). The fracture surface analysis reveals the

possible reasons for the material fabricated with optimized parameters exhibiting higher

fatigue strength at all different directions when compared with the material fabricated with

nominal parameters.
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Figure 11. Scanning electron microscope (SEM) images of the fracture surfaces with
possible crack initiation sites of the specimens.
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Figure 12. SEM images of the fracture surfaces with possible crack initiation sites of the
specimens fabricated by the optimized parameters.

5. CONCLUSIONS

In this paper, the effect of build process parameters on fatigue strength of laser

powder bed fused AISI 304L stainless steel was investigated. Nominal and optimized

process parameters were chosen to fabricate the material based on the density, tensile,

and toughness test results. The fatigue test was performed for displacement control on

a Krouse type miniature specimen with a dual gauge. The nucleation and propagation

phase was identified implementing the control signal monitoring method. The analyses and

experimental results show that material fabricated with optimized parameters demonstrate

a higher fatigue strength at horizontal, inclined, and vertical directions than the specimens

built with nominal parameters. Materials built with nominal parameters consist of the

lack of fusion type defects mostly while the materials for the optimized parameters are

expected to have keyhole type defects most. For particular stress, horizontal specimens

have higher strength both during nucleation and propagation compared to the inclined and

vertical specimens while the inclined specimens have higher strength than the vertical ones.

For both the parameters, this is in good agreement with the anisotropy issue. Future studies

may include the investigation of the size effect on fatigue performance, and the comparison

of the fatigue behavior of LPBF 304L SS between as-built and annealed specimens.
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ABSTRACT

In additive manufacturing (AM), the surface roughness of the deposited parts re-

mains significantly higher than the admissible range for most applications. Additionally,

the surface topography of AM parts exhibits waviness profiles between tracks and layers.

Therefore, post-processing is indispensable to improve surface quality. Laser-aided ma-

chining and polishing can be effective surface improvement processes that can be used due

to their availability as the primary energy sources in many metal AM processes. While the

initial roughness and waviness of the surface of most AM parts are very high, to achieve

dimensional accuracy and minimize roughness, a high input energy density is required

during machining and polishing processes although such high energy density may induce

process defects and escalate the phenomenon of wavelength asperities. In this paper, we

proposed a systematic approach to eliminate waviness and reduce surface roughness with

the combination of laser-aided machining, macro-polishing, and micro-polishing process.

While machining reduces the initial waviness, low energy density during polishing can

minimize this further. The average roughness (𝑅𝑎 = 1.11𝜇𝑚) achieved in this study with

optimized process parameters for both machining and polishing demonstrates a greater than

97% reduction in roughness when compared to the as-built part.
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1. INTRODUCTION

Additive manufacturing (AM) is an emerging manufacturing process applied both in

research and industrial fields such as aerospace, biomedical, space, defense, naval, energy

sectors, automotive, oil and gas industries, and others [1, 2, 3]. This process can be used

for the production of parts with complex geometries that are otherwise difficult to produce

using conventional manufacturing processes [4, 5, 6]. The complex, lightweight, and

customized parts manufactured by AM process can significantly minimize the consumption

of raw materials and improve the competence in real field application. Therefore, AM is

increasingly being used in different manufacturing fields. While AM has several advantages

over conventional manufacturing processes, parts produced with such process exhibit poor

surface roughness and geometric inaccuracy in their as-built state [7, 8, 9, 10]. Several

studies have been recently carried out to investigate the factors for dimensional inaccuracy

and poor surface quality of metal AM parts. Surface tension associated with temperature

gradients of the melt pool can cause rapid hydrodynamicmotions known asMarangoni flow,

resulting in the dishing or humping [11, 12]. Balling of material caused by long thin melt

pools degrade surface roughness [13, 14, 15]. Another process phenomenon degrading

the surface quality of AM parts is the staircase effect, which is the result of layer-wise

approximation of part geometry [16]. Fabrication process parameters also influence the

surface roughness. High energy density helps reducing top and side surface roughness while

repetitive laser melting and slow scan speed increases side surface roughness but decreases

top surface roughness [17, 18]. Partially fused powder particles are also a common cause

of high surface roughness in AM parts [19]. Due to all these factors mentioned above,
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achieving an admissible range of surface roughness and geometric dimension and tolerance

(GD&T) is very difficult in AM process. Therefore, post-processing especially surface

treatment is required to qualify AM parts for final applications.

In most applications especially for the usages critical to fatigue [20], post-fabrication

surface treatments such as machining, grinding, and polishing are preferred for AM metal

parts. Conventional machining and polishing processes are usually employed to improve

the part surface finish and bringing it within GD&T. Spierings et al. [21] utilized CNC lathe

to finish AISI 316 and 15-5 HP steels parts built with AM techniques and improved the

fatigue performance of the parts. Taminger et al. [22] applied high-speed milling (HSM) to

finish AM aluminum parts and evaluated the effectiveness of the different surface finishing

techniques to achieve a smooth surface finish. Löber et al. [23] reduced the as-built surface

roughness of AISI 316L steel parts using different surface treatment processes such as

grinding, sandblasting, and electrolytic and plasma polishing. They also compared and

quantified the change in surface roughness after different surface treatments. Beauchamp

et al. [24] introduced a novel shape-adaptive grinding process to finish AM Ti6Al4V parts

and smoothed down the surface to less than 10 nm average roughness from 4 to 5 µm.

Flynn et al. [25] implemented a hybrid manufacturing system by combining additive and

subtractive methods to mitigate surface roughness.

Besides conventional surface quality improvement processes, laser aided machining

and polishing (LAMP) can also be an effective method to achieve dimensional accuracy

and minimize roughness [26, 27, 28, 29, 30]. LAMP offers a high processing rate, min-

imum heat-affected zone (HAZ), and easily adjustable process parameters [31, 32]. This

method can also repair cracks and pores, ablate metallic globules, and improve the fa-

tigue performance of AM materials [33, 34]. LAMP technique is also advantageous over

commonly used processes since the size of the tools used in conventional methods for ma-

chining and polishing has limitations to reach critical locations. Additionally, while a hybrid

manufacturing process combined with AM system makes the entire process unwieldy and
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complicated, LAMP can be easily integrated with any existing laser-enabled AM process.

Among different AM techniques available i.e. selective laser melting (SLM), electron beam

melting (EBM), powder fed and wire fed direct energy deposition (DED), laser aided SLM

and DED process are very popular methods to fabricate ferrous and nonferrous materials.

Toward improving the surface finish and obtaining GD&T for AM parts, by utilizing the

same laser employed to fabricate AM parts, surface roughness can be improved in the same

build chamber or machine.

Toward modeling and developing the LAMP process and investigating the effect of

this process on mechanical properties of AM materials, several studies have recently been

carried out [35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46]. Chow et al. [47] demonstrated

the application of pulsed laser (PL) for both micro-milling and micro-polishing processes

by changing the focal offset distance between the laser focus and the part surface. Perry

et al. [48] investigated the effect of laser pulse duration and feed rate variation on surface

polishing. Ramos et al. [49] studied the effect of shallow surface melting and surface over

melting on the laser polishing process. Schneider et al. [50] discussed the general properties

of PL machining relevant to solid-state physics such as the initial ablation process and the

formation and properties of the plume. Brown et al. [51] performed a fundamental study on

laser metal interaction and its application to surface modification without altering the part

geometry. Marimuthu et al. [32] developed a numerical model based on a computational

fluid dynamic formulation to understand the melt pool dynamics during laser polishing.

They identified the input thermal energy as the key parameter affecting melt pool convection

and controlling the surface quality. Rosa et al. [52] proposed a quadratic model taking into

account the initial surface topography and polishing process parameters. Using the model,

they predicted the polished surface quality and also experimentally determined the optimal

parameters for polishing. Chen et al. [53] investigated the formation of bulge structure

during laser polishing and the influence of processing parameters on the bulge structure
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through parametric analyses. Yung et al. [54] made use of PL to polish complex geometries

i.e. convex, concave, and slant geometries made of AM CoCr alloy and achieved 93%

reduction in surface roughness with 8% hardness enhancement.

While PL has been reported to be applied for LAMP mostly, several researchers

also employed continuous wave (CW) lasers alone or combined with PL and demonstrated

improvement in surface roughness [40, 55, 56]. Solheid et al. [57] investigated the

effect of using CW laser and PL on improving the surface roughness of AM 18Ni (300

grade) Maraging steel. A stable melt pool with fine surface finishing was observed for PL

polishing at low power and low speed, while a significant improvement in surface quality

was achieved with CW laser at high scan speed and laser power. By utilizing both CW laser

and PL together, Nüsser et al. [58] deployed a dual beam technology for surface polishing.

CW laser was used for preheating the surface and PL polished the preheated surface.

The dual-beam polishing process demonstrated a higher reduction in surface roughness in

comparison to the conventional laser polishing process. Caggiano et al. [59] introduced an

innovative laser polishing process implementing wobble amplitude pattern during polishing

and applied convolutional neural network (CNN) based artificial intelligence technique on

polished surface images to identify optimal process parameters for polishing.

In previous studies, while different techniques and methods have been presented

using both CW laser and/or PL for the laser aided polishing process [26, 27, 28, 29, 30, 47,

48, 59], further investigation is required to come up with a comprehensive and combined

process while selecting the scan patterns and types of lasers for machining and polishing

AM materials using lasers. In this study, we proposed a unique laser aided machining and

polishing (LAMP) process with the combination of CW laser, pulsed laser, and a novel

scan pattern that emulates end mill of different sizes while machining and fine polishing

the material. For the LAMP process, the Scalmalloy aluminum alloy was fabricated using
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the DED process and the process parameters were optimized in each step of machining

(micro-milling) and polishing (macro-polishing and micro-polishing) to reduce the surface

roughness and improve the surface quality of the material.

2. MATERIALS AND METHODS

2.1. MATERIALS

Thematerial used in this study was Ar gas atomized aluminum alloy powder referred

to as Scalmalloy purchased from APWORKS GmbH (Taufkirchen 82024, Germany). The

powder was sieved to a particle size of 105 µm for powder fed DED process. Scalmalloy

is a high-strength lightweight alloy widely used in AM process for aluminum deposition

[60, 61, 62]. The material also exhibits excellent corrosion resistance. Because of its wide

range of applications in robotics, aerospace, marine, and automotive industries, the material

was chosen in this study. The chemical composition of the material is presented in Table 1.

2.2. METHODOLOGY

2.2.1. Experimental Setup. LAMP technique is advantageous over conventional

machining and polishing processes because of the flexibility of integration with any existing

laser enabled AM process. Additionally, the laser used for material deposition can also be

employed for the LAMP process. Figure 1 shows the experimental setup designed and

developed for this study. The LAMP system integrated with a powder-fed DED process

Table 1. Chemical composition of Scalmalloy powder particles in weight percentage (wt%).

Element Al Mg Sc Zr Mn Si Fe Zn Cu Ti O V

wt.% bal. 4.00-4.90 0.60-0.80 0.20-0.50 0.30-0.80 <0.40 <0.40 <0.25 <0.10 <0.15 <0.05 <0.05
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Figure 1. Experimental setup used in this study for direct energy deposition (DED) and
laser aided machining and polishing (LAMP) processes.

consists of a stepper motor-driven gantry, a CW high power (2 KW) laser, a low power

(100 W) PL, a galvanometer, an F-theta scan lens, and a servo-controlled powder feeder. In

this paper, material deposition and macro-polishing were carried out with CW laser while

PL was used for machining and micro-polishing processes. The CW laser was focused

using a 200 mm focal length focusing optics. A 2-Axis scanning Galvanometer (GVS312)

from Thorlabs combined with FTH254 F-Theta scanning lens was used for PL scanning.

The effective focal length of the F-Theta lens was 254mm. A two-channel arbitrary signal

generator (SDG2042X) from SIGLENT Technologies North America, Inc (Solon, Ohio

44139, USA) was used to generate a true waveform shape for PL scanning. The powder

was fed using the X2W powder feeder from Powder Motions Labs (Rolla, Missouri 65401,

USA) and focused on using an in-house custom-designed nozzle with a ceramic tube. The
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standoff distance between the workpiece and the nozzle was kept at 12.5 mm for effective

powder catchment. Argon gas was supplied as the shielding gas for the environment and

the CW laser and carrier gas for the powder supply. All the hardware and peripherals were

connected together with a LinuxCNC operating system to develop the hybrid manufacturing

system integrated for AM and LAMP processes.

2.2.2. Fabrication. Aluminum is a highly reflective and thermally conductive ma-

terial for any laser-enabled AM process. Therefore, a high-power TeraBlade-2000 direct-

diode 949-1001 nm wavelength CW laser (TeraDiode, a Panasonic company, Wilmington,

MA 01887, USA) was used in this study to fabricate Scalmalloy. Laser enabled AM pro-

cess can be classified into three categories such as powder bed SLM, powder-fed DED, and

wire-fed DED. In all these processes, the surface exhibits a waviness profile and rough-

ness. The surface roughness and waviness are defined by ASME B46.1 [31, 63] as low

frequency and high-frequency components, respectively. The surface roughness depends

on the input energy density applied to fabricate the material. Poor energy density choices

during deposition yields material defects that mimic bulge-like structures on the surface

and increase the surface roughness [53] while high wavelength surface features (Waviness)

exist on the surface of AM parts because of the layer width and thickness. These features

are especially high in the DED process, where the beam size is larger compared to the SLM

process beam size, and the track overlap leads to a wavy surface pattern. Therefore, in this

study, the powder-fed DED process was employed with no raster rotation to obtain initially

high surface roughness after deposition. Figure 2 (a) exhibits the schematic representation

of the raster pattern used for material deposition. The fabrication process parameters used

to deposit Scalmalloy is listed in Table 2. Based on the design of experiments, a total

of 44 rectangular patches with dimensions of 27 mm × 27 mm × 1 mm were deposited

to obtain optimized LAMP process parameters for good surface quality. All the samples

were deposited on 5000 series aluminum alloy substrate (152.4 mm × 152.4 mm × 12.7

mm). Among 44 rectangular deposits, 12 samples were used for the machining process
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Figure 2. Schematic representation of the CW laser scan pattern for material deposition
and macro-polishing and pulsed laser scan pattern for machining and micro-polishing.

while half of the remaining samples were used for macro-polishing and the rest for the

micro-polishing process. Figure 3 (a) shows the first 12 samples deposited and used for

optimizing the machining process.

2.2.3. Machining. In the laser-aided polishing process, the top surface of an AM

part is remelted and the material is redistributed from peaks of the surface to the valleys

because of surface tension and gravity [64, 65]. However, laser polishing alone cannot get

rid of certain surface features with high wavelengths. A machining process before polishing

can help to minimize high wavelength surface waviness. In order to ablate materials, the

laser machining processmay require high input energy, but higher input energy can originate

additional wavy features because of the mass transport of the fluid flow in the melting pool.

Table 2. Fabrication process parameters used to deposit Scalmalloy.

Parameters

Laser Travel Layer Layer Overlap Raster rotation Powder Shield gas

power speed width thickness between tracks rotation flow rate flow rate

(W) (mm/min) (mm) (mm) (%) (degree) (g/min) (L/min)

Value 1600 500 2.5 0.300 30 0 6 4
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Figure 3. Top view of Scalmalloy samples from #1 to #12 deposited with process parameters
mentioned in Table 2 and machined with different process parameters presented in Table 3.

Therefore, we proposed a unique laser-enabled machining process that utilizes low input

energy density to ablate materials. In this study, we introduced a novel PL scan pattern.

Figure 2 (b) shows the schematic representation of the scan pattern and its travel direction

used during machining cycles. The overall diameter of the scan pattern was set at 3.5 mm

which is twice the layer width including hatch spacing during material deposition. This

pattern is a modified version of the wobbling scan pattern introduced by Caggiano et al.

[59]. The unique feature of this pattern is that while machining the top surface of the

deposited samples, the pattern emulates end mills of multiple sizes commonly used in the

CNC milling process. In such a way, these patterns offer a high processing rate with low

thermal energy input during machining. The number of laser scanning passes on the top

surface of the material depends on the scan speed, travel speed, total diameter of the scan,

laser spot size, and the sum of the circumference of the scan pattern. Equation 1 was derived

to calculate the number of passes per mm during PL scanning,

𝑃𝑃𝑀 =
𝑆𝑆

𝑆𝑇
× 2 × 𝑁𝐶

𝐿𝑆
(1)
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where, 𝑆𝑆, 𝑆𝑇 , 𝑃𝑃𝑀 , 𝑁𝐶 , and 𝐿𝑆 are the scan speed, travel speed, number of laser scan

passes per mm, number of circles in scan pattern, and total length PL scans in the pattern,

respectively. The scan length is the sum of the circumference circles in a scan pattern given

by Equation 2,

𝐿𝑆 = 2 × 𝜋 ×
𝑁𝐶−1∑︁
𝑖=0

(𝑅 − 𝑖 × 𝑟 × (1 −𝑂𝑝)) (2)

where, R and r are the radius of the scan pattern and laser spot size, respectively. 𝑂𝑝 is the

overlap. Number of circles in the scan pattern can be calculated using Equation 3.

𝑁𝐶 =
𝑅

𝑟 × (1 −𝑂𝑝)
(3)

In this study, a 100 W PL (YLP-V2, IPG Photonics, Oxford, MA 01540, USA) with

1055-1075 nm wavelength, 100 ns pulse duration, and 5 kHz frequency was used for the

machining process. The depth of focus and spot size of the PL were 400𝜇𝑚 and 65𝜇𝑚,

respectively. Figure 4 (a) shows the focal offset distance used for the machining process

in this study. While the PL operates within the depth of focus, it ablates material acting

like a machining process. In this work, the PL power and scanning speed were fixed at

100 W and 30 m/min, respectively, while varying the travel speed, the input energy density

was changed for different experiments. A design of experiment presented in Table 3 was

constructed to obtain the optimal process parameters for roughness andmaterial removed by

the machining process. While the laser power and scan speed was kept constant, the travel

speed was varied from 150 mm/min to 375 mm/min with 75 mm/min increment. Since the

low input energy density was used during polishing, the number of machining cycles was

also varied in the experimental design. The first and third machining cycles were traveled

along the X-axis while for the second and fourth cycles, the direction was set to travel along

Y-axis. Among 44 deposited samples, the first 12 samples were used to obtain the optimal

machining process parameters for surface roughness and material removal determination.

Figure 3 (b) demonstrates the top surface texture of samples #1 to #12 after machining with
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Figure 4. Schematic representation of the pulsed laser focal offset distance used for ma-
chining and micro-polishing.

different process parameters. Samples (#1, #4, #7, and #10) were machined for 1 cycle

only with comparatively low input energy density. Therefore, the initial deposition hatching

Table 3. Design of experiments for the machining process of Scalmalloy samples #1 to #12.

Sample no. 1 2 3 4 5 6 7 8 9 10 11 12

Travel speed
150 150 150 225 225 225 300 300 300 375 375 375

(mm/min)

Number of
1 2 4 1 2 4 1 2 4 1 2 4

cycles

Number of scan
72 144 288 48 96 192 36 72 144 29 58 116

passes per mm
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pattern remains visible even after machining. The rest of the samples machined for 2 or 4

cycles depict the hatching pattern due to the machining process as we can see the pattern in

both directions.

2.2.4. Polishing. Macro-polishing: Based on the previous study conducted by

Ramos et al. [49] while investigating the effect of shallow surface melting and surface

over melting during laser polishing, the process can be classified into two main categories,

termed macro-polishing and micro-polishing. The difference between these two categories

is primarily defined by the depth of the molten layer, which could be either “deep” or

“shallow” with respect to the height of the asperities. The macro-polishing process can be

used to polish the surface roughly, while micro-polishing can smooth the roughly polished

surface. For the macro-polishing process in this study, the CW laser was used. During

the polishing process, the CW laser power was varied from 1000 W to 1600 W with 200

W increment and the travel speed was varied from 300 to 750 mm/min. While the focal

offset distance of CW laser and scan pattern for the macro-polishing process remained

identical to the deposition offset distance and scan pattern, unlike the scanning deposition

direction, the surface was scanned along Y-axis during macro-polishing. Table 4 represents

different process parameters used for rough polishing the top surface of the sample #13

to #28. Before the polishing process, the samples were deposited and machined with

optimal process parameters obtained from the laser-aided machining process. After macro-

polishing, the surface roughness of each sample was measured and the optimal process

parameters for the macro-polishing process were derived by analyzing the results.

Table 4. Different process parameters used for the macro-polishing of samples #13 to #28.

Sample no. 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Travel speed
300 300 300 300 450 450 450 450 600 600 600 600 750 750 750 750

(mm/min)

CW Laser
1000 1200 1400 1600 1000 1200 1400 1600 1000 1200 1400 1600 1000 1200 1400 1600

power (W)
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Micro-polishing: After obtaining the optimized process parameters for the machin-

ing and macro-polishing processes, samples #29 to #44 were deposited, machined, and

roughly polished with the resultant process parameters to prepare the samples for further

polishing process. An additional surface finishing process named micro-polishing was

introduced in this study to fine finish the surface of the roughly finished part. The PL and

scan pattern (shown in Figure 2 (b)) implemented in the machining process were also used

for the micro-polishing process. Compared to the machining process, the travel speed, laser

power, and focal offset distance were varied. While the scanning speed was equal to the

speed used for the machining process, during micro-polishing, the focal offset distance of

the PL was set at 20 mm as shown in Figure 4 (b). The PL power was varied from 40 to

100 W with a 20 W increment and the travel speed was changed from 300 to 750 mm/min

with 150 mm/min increment in each step. Table 5 represents different process parameters

used for micro-polishing process.

After the final polishing process, the surface roughness of the samples was measured

to obtain the optimal process parameters for the micro-polishing process. Figure 5 (a) and

(b) exhibit the surface texture of samples after final polishing process.

Table 5. Different process parameters used for the micro-polishing of sample #29 to #44.

Sample no. 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44

Travel speed
300 300 300 300 450 450 450 450 600 600 600 600 750 750 750 750

(mm/min)

Pulsed Laser
40 60 80 100 40 60 80 100 40 60 80 100 40 60 80 100

power (W)
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Figure 5. Surface texture of samples #29 to #36 and #37 to #44 after micro-polishing
process

2.3. SURFACE ROUGHNESS MEASUREMENT

In this study, a high-speed non-contact laser displacement sensor (Keyence LK-

H052) with 0.025𝜇𝑚 repeatability and 50𝜇𝑚 spot size was used for surface scanning to

determine the roughness of the as-built samples and materials removed after the machining

process. The as-built samples had a very high roughness as shown in Figure 3 (a) and mea-

suring the roughness using a surface profilometer may damage the touch probe. Therefore,

the laser displacement sensor was employed. To scan the surface of the samples, the laser

displacement sensor was mounted on the tool holder of a CNC milling machine. A point

on the surface of the substrate was fixed as the reference point for scanning the surface both

before and after the machining process. A CNC program for raster patterns with 50𝜇𝑚

increment was written to automate the scanning process. The data acquisition rate for the

sensor and the scan speed for the motion table were set for 1000 samples/sec and 1.25

mm/sec, respectively.

The common practice of laser line scanning is along one direction only. The average

of the roughness remains the same regardless of the scanning direction. In this study, the

as-built samples were scanned along the Y-axis of the deposition. Later, the data were

processed to determine the surface roughness. The average roughness (Ra) was calculated

according to the ASME B46.1 standard using the following Equation 4,
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𝑅𝑎 =
1
𝑛

𝑛∑︁
𝑖=1

|𝑍𝑖 − 𝑍𝑚𝑒𝑎𝑛 | (4)

where, n, i, and Z are the number of total data points, the data number, and the height

measured. respectively. We also scanned a few surfaces along X-axis and compared them

with the results obtained from Y-axis scanned. No significant difference was observed since

Equation 4 uses millions of scan points and averaging them yields no significant difference.

In this study, the laser scanning process was used for the as-built and machined surfaces

while a surface profilometer (Mitutoyo Surftest-212) was utilized to measure the surface

roughness after the macro-polishing and micro-polishing processes.

3. RESULTS AND DISCUSSION

The LAMP process is a three-step surface treatment method. Machining, macro-

polishing, andmicro-polishing together can yield a surfacewith significantly low roughness.

While machining ablates some materials from the top surface to minimize high wavelength

surface features (waviness), macro polishing and micro-polishing can do the rough and fine

polishing of the surface, respectively. During the machining process with different process

parameters, this is very important to determine the materials ablated due to laser-aided

machining. In this study, while the PL power was kept constant to maintain a consistent

Gaussian beam profile for the laser while the travel speed and number of cycles were varied

according to the design of experiments. Figure 6 (a) shows the average material removed

at different machining cycles with varying travel speed. This is obvious that the average

material removed in laser-aided machining process decreases exponentially with the travel

speed at different machining cycles while the average material removed increases linearly

with the number of cycles at different travel speed (shown in Figure 6 (b)). Therefore, the
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Figure 6. Average materials removed due to machining process at different travel speed and
machining cycles.
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average material removed can be expressed as Equation 5,

𝑅𝑚 = 𝐾 × 𝑁𝛼 × 𝑒−𝛽𝑆 (5)

where, 𝑅𝑚, 𝑁 , 𝑆 are the average material removed, number of machining cycles, and

travel speed of the motion table, respectively, while 𝐾 , 𝛼, and 𝛽 are the coefficients

assumed to be dependent on the material and laser properties. To determine the values of

the coefficients in Equation 5 and predict the material removed based on the number of

machining cycles and travel speed, a multiple linear regression analysis was performed on

Equation 6 using the experimental results. A significant regression (Equation 7) was found

with (𝐹 (2, 9) = 308.537, 𝑝 < 5.12 × 10−9) and an 𝑅2 = 0.986. This is evident that both

the number of machining cycles and travel speed were significant to predict the material

removed in the laser-aided machining process.

ln 𝑅𝑚 = 𝐾 + 𝛼 ln 𝑁 + 𝛽 ln 𝑆 (6)

𝑅𝑚 = 0.927 × 𝑁1.188 × 𝑒−0.0036𝑆 (7)

The powder-fed DED parts initially exhibit a high surface roughness due to both the

high and low wavelength surface characteristics. The surface roughness (𝑅𝑎) of all the as-

built samples in this study was more than 40𝜇𝑚 on average. The machining process reduces

the surface roughness by ablating some materials from the top surface and minimizes the

waviness. Figure 7 shows the surface roughness of the samples machined at different travel

speeds with varying numbers of cycles.

While the 4-cycle machining ablates a comparatively consistent amount of material

following the mathematical model, the surface roughness increases while compared with

the roughness achieved with 2 cycles. In conventional polishing processes, achieving

an optimal roughness, over polishing increases the roughness of the surface instead of
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Figure 7. Average surface roughness of samples #1 to #12 after machining process.

decreasing. While a material is overly polished by an abrasive material, the polishing

process creates additional peaks and valleys on the surface worsening the surface quality. In

laser aided machining, repetitive laser melting or ablation may also create additional peaks

and valleys due to the surface tension associated with the temperature gradient of repetitive

laser remelting. The objective of these experiments was to determine the machining process

parameters with minimal material removal but maximum surface roughness reduction. No

significant surface roughness reduction was observed at the highest speed (375 mm/min) for

the unit machining cycle though as the speed decreases, the roughness reduction increases.

This is because the input energy density increases with the decreasing speed. The effect of

the number of machining cycles shows that 2 cycle machining (both X and Y directions)

exhibits improved surface quality at different speeds than 4 cycle machining. Additionally,

2 cycle machining ablates fewer materials than 4 cycle machining. Therefore, 2 cycle

machining at 300mm/min speedwas chosen as the optimizedmachining process parameters.

Later, these parameters were used to machine samples #13 to #44.
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After machining, a reduction in surface roughness was observed. To further improve

the surface quality, macro-polishing was performed using the CW laser at different power

and travel speed. The surface roughness of samples #13 to #28 is shown in Figure 8. At all

different laser powers, the surface roughness was reduced but a more than 90% reduction in

roughness between machining and macro-polishing processes was observed between 450

and 600 mm/min speed and 1200 W laser power. Therefore, 500 mm/min travel speed with

1200 W power were selected as the optimized process parameters for the macro-polishing

process.

While macro-polishing reduces the surface roughness mostly in the entire LAMP

process, the micro-polishing process was implemented in this study for further smoothing

the surface quality after the macro-polishing process. Figure 9 illustrates the roughness after

micro-polishing the samples with different process parameters. Prior to implementing this

process, all the samples were machined and macro-polished using the optimized parameters

determined in this study. Increasing the scanning speed during fine polishing the surface

did not help much in improving the surface quality since the laser could not originate a

significant melt pool to polish the surface at higher speeds. As the PL power increases,

Figure 8. Average surface roughness of samples #13 to #28 after macro-polishing process.
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Figure 9. Average surface roughness of the samples #29 to #44 after micro-polishing
process.

no significant improvement in surface quality was observed because increasing the laser

power increases the melt pool depth and as a result creates additional roughness due to

high energy input. A reduction in surface roughness was noticed only for 40 W PL power

at all different speeds but the travel speed of 300 mm/min shows the highest improvement

in surface quality. Though parameters for sample #29 show the nominal surface quality

improvement within the boundary of the experimental design, The band of the process

parameters chosen in this study does not confine the lower boundary of the parameters for

optimal surface quality. As a future study, a new experimental design covering a wide range

of PL power and higher scan speed can help to obtain optimized process parameters for

improved surface quality.

For further investigation, to demonstrate the effectiveness of machining prior to

polishing, an additional sample was deposited and polished with optimized parameters

without machining. Figure 10 (a), (b), and (c) illustrate the line scanned surface profile of

the as-built, LAMP processed, and polished sample. The as-built sample surface (shown

in Figure 10 (a)) shows both the high and low waviness in surface topography while the

LAMP processed surface in Figure 10 (b) demonstrates the least waviness compared to the
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Figure 10. Surface profile (scanned line along Y axis) of as-built sample, sample machined
and polished with optimized process parameters, and sample not machined but polished
with optimized process parameters.
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polished surface illustrated in Figure 10 (c). Therefore, the LAMP process (combination of

laser-aided machining, macro-polishing, and micro-polishing) can be an effective method

for improving the surface quality of AMmetals due to minimizing the surface waviness and

roughness and achieving an overall surface quality improvement of more than 97% when

compared to the as-built part.

Due to the limitation in the degree of freedom of the CNC motion table, in this

study, the LAMP process was applied only on the XY (horizontal) plane of the deposited

materials. But a five-axis machine or a robotic AM system can facilitate the process with

the advantage of machining and polishing at different planes as well.

4. CONCLUSION

AM metal parts exhibit a high surface roughness. To improve the surface quality

of AM materials, post-processing is required. In this paper, we proposed a laser-aided

machining and polishing process to reduce the surface roughness of AM metals. The

conclusion of this research work can be summarized as follows.

• In this study, multiple lasers were integrated together for fabrication, machining, and

polishing of AMmaterials in the same build chamber. A unique scan pattern was also

introduced to implement low energy input for machining and polishing of metals. A

two-step polishing process using CW and pulsed laser was employed for rough and

fine polishing.

• A systematic approach was discussed and implemented to obtain optimal process

parameters for machining and polishing of AM aluminum alloy. A regression analysis

was performed, and a mathematical model was derived from the experimental results

to predict the material removed during the machining process.
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• The roughness and waviness in the surface topography were minimized using the

combined machining and polishing process and a more than 97% improvement in

surface quality was achieved.

Future works may include implementing the process to obtain geometric dimension

and tolerances (GD&T) for custom parts, applying the method for other AM processes,

materials, and alloys. The influence of the laser-aided machining and polishing process on

the microstructure and mechanical properties such as hardness, corrosion resistance, and

fatigue performance can also be a part of future studies.
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SECTION

2. CONCLUSION AND FUTURE WORK

Considering a great application of additive manufacturing in rapid prototyping and

complex parts manufacturing, this research targets at several key issues associated with

fatigue testing and property characterization of AM materials including the fabrication,

machining, and polishing using lasers. Based on these research tasks, the conclusions can

be summarized as follows.

At first, the constraints on the implementation of miniature specimens in fatigue test-

ing were addressed and the effectiveness of the dual gauge miniature specimen to overcome

these limitations was demonstrated. The implementation of miniature specimens minimizes

the material cost and build time of AM test samples. Additionally, fatigue test setup for

miniature specimens reduces the test equipment cost and power consumption requirements.

The dual gauge Krouse type specimen captures many surfaces and microstructural defects

with the increased surface area. Uniform stress distribution within gauges and symmetric

loading conditions during the test reduce the stress gradient effect on miniature specimens.

Finite element analysis and sensitivity analysis performed in this study evaluates the validity

of the specimen in conducting fatigue tests. The random failure location of the samples

within the gauges confirms the uniform nominal stress distribution. The new control signal

monitoring (CSM) method introduces a simple but effective approach to identifying the

nucleation and propagation phase during fatigue testing without incorporating any addi-

tional sensor. In this task, the fatigue test was performed with a simply supported loading

mechanism on wrought and AM 304L stainless steel materials using a unique adaptive dis-

placement controlled mini fatigue test setup. The adaptive PD controller has been proven

to be a useful controller design approach in displacement-controlled high cycle fatigue
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testing of miniature specimens. The test results and analyses illustrate that AM materials

demonstrate lower fatigue strength in terms of both the nucleation and propagation cycles

compared to bulk wrought material. The comparative study of the fatigue performance of

wrought and AM material reveals that the presence of surface defects and other internal

defects are the major reasons for AM materials exhibiting lower fatigue strength both in

terms of nucleation and propagation life cycles compared to wrought materials.

To further extend the research, the effect of build process parameters and build

orientation on fatigue strength of LPBF 304L stainless steel was investigated. Samples

were deposited based on an experimental design to determine nominal and optimized

parameters from part density, tensile, and toughness tests. These parameters were chosen

to fabricate specimens for fatigue testing. The feasibility of determining the nominal and

optimized fabrication process parameters was demonstrated effectively in this study. The

fatigue test was performed for displacement control on a Krouse-type miniature specimen

with a dual gauge. The nucleation and propagation phasewas identified by implementing the

control signal monitoringmethod. The analyses and experimental results show that material

fabricated with optimized parameters demonstrate a higher fatigue strength at horizontal,

inclined, and vertical directions than the specimens builtwith nominal parameters. Materials

built with nominal parameters consist of the lack of fusion type defects mostly while the

materials for the optimized parameters are expected to have keyhole type defects most.

For particular stress, horizontal specimens have higher strength both during nucleation and

propagation compared to the inclined and vertical specimens while the inclined specimens

have higher strength than the vertical ones. For both the parameters, this is in good

agreement with the anisotropy issue. For a dense part, the AM material built with higher

energy density during fabrication yields a higher fatigue strength at all orientations due to

the lower probability of the presence of lack of fusion type defects. Additionally, lack of

fusion type defects compared to the keyhole defects are found to be critical in the high cycle

fatigue of AM materials. In bending fatigue, the horizontal fatigue specimens demonstrate
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a higher fatigue strength compared to the inclined and vertical specimens at all different

process parameters due to the anisotropy issue and the presence of fewer layers within

gauges.

AM metal parts exhibit a high surface roughness which influences the fatigue char-

acteristics. To improve the surface quality of AM materials, post-processing is required.

In the final task, a unique laser-aided machining and polishing process was presented to

reduce the surface roughness of AM metals. Multiple lasers were integrated together for

direct energy deposition, machining, and polishing of Scalmalloy AMmaterials in the same

build chamber. A unique scan pattern was introduced to implement low energy input for

machining and polishing. A two-step polishing process using a continuous-wave and pulsed

laser was employed for rough and fine polishing. A systematic approach was discussed and

implemented to obtain optimal process parameters for machining and polishing of AM alu-

minum alloy. A regression analysis was performed, and a mathematical model was derived

from the experimental results to predict the material removed during the machining process.

The roughness and waviness in the surface topography were minimized using the combined

machining and polishing process and a more than 97% improvement in surface quality was

achieved. Studying the effect of LAMP process parameters in machining and polishing

AMmaterials helps reduce the surface roughness of AM parts. Additionally, investigations

performed on the LAMP process may introduce new scientific approaches to improving the

surface quality of AM parts.

The research findings of this dissertation add a significant scientific and knowledge-

based contribution in the advancement of the fundamental understanding of the high cycle

bending fatigue characterization of AM materials and laser-aided machining and polishing

besides additive manufacturing. The fatigue test method and LAMP process can be applied

in the extensive study on otherAMmaterials. This research has broader impact on the fatigue

characterization of AM materials. Using multiple units of equipment, high throughput

fatigue test results can be obtained for AM materials. The statistical distribution of fatigue
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behavior can be achieved with much less effort compared to the standard test equipment

and samples. Furthermore, the work may inspire other researchers to employ the equipment

and implement data-driven approaches in process parameter optimization and life cycle

prediction models. The LAMP process can also be applied to obtain geometric dimension

and tolerances (GD&T) for custom parts and for other AM processes, materials, and alloys.

The influence of the laser-aided machining and polishing process on the microstructure and

mechanical properties such as hardness, corrosion resistance, and fatigue performance can

also be a part of future studies. The overall outcome of this dissertation provided with

methodologies for high cycle fatigue characterization and machining and polishing of AM

materials could benefit many industries.
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