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ABSTRACT

Today’s Additive Manufacturing (AM) is mostly layer-based. Despite AM’s great
capabilities in fabrication of complex geometries, product’s surface roughness is a limiting
factor in many industrial applications. Therefore, application of AM parts in industrial
services highly relies on appropriate modeling, inspection, and post-processing of the
fabricated surfaces. A thorough investigation of surface roughness to improve surface
quality of AM products is the focus of this thesis by developing methodologies to complete

the three tasks of modelling, inspection, and post-processing of AM surfaces.

A theoretical formulation to model surface roughness of layer based manufactured parts
is developed by defining centerline using a Total Least Square (TLS) approach and the
model is validated experimentally. The developed model is also used for surface
topography of AM parts as a new metrology approach. Optical scanning data point cloud
of Fused Deposition Modeling (FDM) parts are used to conduct inspection based on the
developed methodology. 3D topography of the surfaces are reconstructed when a good
agreement with the corresponding 2D profilometer inspection is observed. Acetone vapour
bath smoothing is used for post-processing of FDM parts. The number of smoothing cycles,
and the duration of each cycle are considered as the main smoothing parameters. Effect of
geometric complexity and smoothing parameters are studied and the best smoothing
settings are proposed for a desired level of smoothing requirement. The developed
experimental models allow engineers to plan the smoothing process based on the build

orientation and geometric complexity of the product.

Keywords: Additive Manufacturing, Layer-based Manufacturing, Surface Roughness,
Surface Quality, Surface Topography, Laser Scanning, Point Claud, Fused Deposition
Modeling, Total Least Square Fitting, Acetone Vapour Bath Smoothing



ACKNOWLEDGMENT

I would like to express my gratitude to my supervisor Dr. Ahmad Barari that without

his great support and understanding, | would not be able to accomplish my academic goals.



TABLE OF CONTENTS

ABSTRACT ettt ettt et sbe e bt ee e I
ACKNOWLEDGMENT ...ttt snee e I
TABLE OF CONTENTS . ...ttt i
LIST OF FIGURES ... .ot Vi
NOMENCLATURE ... e Xi
ABBREVIATIONS ..t Xiil
1. INTRODUCTION. ..ottt st 1
1.1.  Motivation: poor surface integrity of AM parts..........ccccoeevveveiieieene i, 2
1.2.  Objective: improving the surface integrity of AM parts...........c.ccccovevveinenee. 2
1.2.1.  Analytical modeling of the surface profile...........cccoovininnniinnnn. 3
1.2.2. Inspection of the surfaces manufactured by AM methods .................... 4
1.2.3. Post processing of the Parts ..........cccccvevvveieeie s 5

2. LITERATURE REVIEW AND BACKGROUND.........cccociiiiiiiiiieiceee 7
2.1, INEFOUUCTION ...ttt bbbt 7
2.2.  Analytical Modeling of surface roughness ..........ccocovverivenieiene e 7
2.3, SUrface tOPOGrapNY ....ccveiiie et 16



2.3.1. Surface texXture PAramMeters ........ccvcveeeereerie e e e e e e see e 16
2.3.2.  Surface roughness measurement iNStrUMENts...........ccceevvvereereeseenne. 25
2.3.3. Literature review on surface roughness measurement of AM parts.... 32

2.4.  Literature review on post-processing of layer-based manufacturing parts. 35

2.4.1. Post-processing for metallic AM partS.........ccccevevveeveececeese e 38
2.4.2. Post processing for non-metallic AM products...........ccccceevvevveiesieenee. 43

3. METHODOLOGY ...ttt ettt 48
3L INEFOTUUCTION ...ttt 48
3.2.  Developing the arithmetical surface roughness formula ..........c...c..cccco...... 48
3.2.1.  Total Least Square (TLS) Method...........ccccovevveiiiiiiieiececeee e 51
3.3, INSPECLION PrOCEAUIES ......eoueiiiieiii ittt 56
3.4, Design OF XPEITMENTS ......oviiiiiiiiiiiieiee e 64
4. RESULTS AND DISCUSSIONS ..ottt 67
A1, INEOAUCTION ..ottt 67
4.2.  Analytical SOIUtioN FESUILS.........c.ccveiiei e 67
4.3.  Validation of analytical solution with Experimental results....................... 74
4.4.  Results of poSt-proCcessing StAGE .......coverververiereririesineeie e 78
4.5.  Statistical analysis and model development .............ccocevveiiiiiiiiiiicciecies 90
4.6.  DeSIgN MOUEIS........ooiiiiiiicie e 95



4.7.  Dimensional ACCUIACY .......ccciveruiiieiieiesieseesiesee e eie e e eresree e eneesneeses 96

5. CONCLUSION AND RECOMMENDATIONS FOR FUTURE RESEARCH 98

REFERENCES ..ottt snasnaenes 103
APPENAIX A bbb bbbt n e b 111
APPENTIX B ..ottt et e e ae e e re s 117



LIST OF FIGURES

Figure 2-1 Schematic representation of staircase effect in layer based manufacturing..... 8

Figure 2-2 Schematic of the trigonometric model [3and 4]......cccccccevvvevviieiiieni s 10
Figure 2-3 Surface profile of general layer-based manufactured part [8]..........ccccevveenee. 11
Figure 2-4 Proposed profile shape in [10] ......ccooveieieiiniiiiereeeee s 12
Figure 2-5 Surface profile approximation [13]........ccooeiiiiiinininiieeeee e 13

Figure 2-6 Elliptical representation of surface profile manufactured by layer-based

L= aToTo Y LS RSOSSN 15
Figure 2-7 Schematic of surface profile of a layer-based method [22] ..........cccocvrirnnne. 16
Figure 2-8 The ideal and actual cycle of manufacturing a part [24].........ccoooeviiiniinne. 17
Figure 2-9 The waviness and roughness on a surface [24]........cccccecevvevecveieece e 18

Figure 2-10 Schematic of a surface roughness device based on magnifying the surface

tOPOGIrAPNIES [24]. ..ot 18
Figure 2-11 Schematic derivation of Ra [24] .....oooveiiiiiiiieeee e 21
Figure 2-12 A digitized surface used in calculation of Ra [24].......ccccoevveieiieiicecee, 21
Figure 2-13 Schematic illustration of derivation of RSmand R JIS [24].......cccveveneene. 23

Figure 2-14 skew parameter distinguishes between two profiles with differing shapes . 24

Figure 2-15 The components of a stylus type surface texture measuring instrument [24].

Figure 2-16 Schematic illustration of analog position sensitive gauges [24]. ................. 27

Vi



Figure 2-17 Schematic illustration of a PGl gauge [24]. .....ccccoevviieiiveiece e 28

Figure 2-18 Schematic representation of non-contact surface texture measuring systems

Figure 2-19 Comparison of the roughness of surfaces as sintered and shot-peened with

different particle materials [60]. ......cccveveiiieiieeie e 39
Figure 2-20 the difference between the raw surface and CNC finished part [60]. .......... 40
Figure 2-21 Left: the as received SLA surface, right: the laser polished surface [67]. ... 43

Figure 3-1 The simplified approach using wrong centerline in calculation of arithmetical

roughness for layered based manufactured surfaces............ccccooevveveiivn e, 50
Figure 3-2 The mean centerline established based on total least square fitting............... 52
Figure 3-3 Inspection of an FDM part with Faro Laser Arm..........ccccocvvveiniencneinnennns 58

Figure 3-4 The results of the surface 3D digitizer device and the surface fitted to the points

from a sample with 60 deg. build orientation. .............ccccoceiieiiiii i 59
Figure 3-5 The mechanical roughness device functioning on a sample at 85°................ 61

Figure 3-6 The 3D optical surface topography microscope measuring a 60° with 0.010

iNCh layer thiCKNess SUMTACE. ........c.ccuiiiiii e 62

Figure 3-7 Surface topography and 2D surface profile of an FDM surface with 0.010 inch

layer thickness and 50° build orientation............ccccceceeiieie e 62
Figure 3-8 The jigs and their application in keeping a surface in horizontal position..... 63

Figure 4-1 Resulting angle versus number of layers for aimed angles of & = 40° and 50°

when depression is constant and equal to (£tan(8)).....ccccoveveerieeieriinieeie e 69

Figure 4-2 Achievable angle vs number of layers at each surface angle. ..........c.cc.coc..... 70

vii



Figure 4-3 3D representation of the surfaces with 0.010 and 0.013 inch layer thickness at

different surface angles after surface reconstruction from point cloud data..................... 75
Figure 4-4 The theoretical and experimental surface roughness of the specimens. ........ 77

Figure 4-5 Pre and post-smoothing surfaces for t=0.010 and 0.013 inch and 4 cycles for
IS TRT=T oo 0 OSSR 79

Figure 4-6 3D roughness evaluation of the post processed surfaces before and after post-

processing with 4 cycles each for 15 seconds and 0.013 inch layer thickness. ................ 80

Figure 4-7 Post-Smoothing surface roughness values for different smoothing cycles and

time for 0.010 inches layer thICKNESS. ..........ccovoiiiiiiiee e 82

Figure 4-8 Post-Smoothing surface roughness values for different smoothing cycles and

time for 0.013 inch layer thiCKNESS. ... 82
Figure 4-9 Effect of different smoothing parameters on RRP. .........cccccooiviiiniiinnnnne. 84

Figure 4-10 The RRP versus surface angle for TET of 30 seconds by 2 cycles of 15 seconds
and 3 cycles of 10 seconds for t=0.010 INCH...........ccocoiiiiiieie i 85

Figure 4-11 RRP versus surface angle for 2 cycles of 15 seconds and 4 cycles of 8 seconds.

Figure 4-12 Surface roughness versus surface angle for different duration time and number

of cycles for 0.010 inch layer thiCKNESS. .........cccovviiieiiiccece e 88

Figure 4-13 Surface roughness versus surface angle for different duration time and number
of cycles for 0.013 inch layer thICKNESS. ..........ooiiiiiiic e 89

Figure 4-14 Linear and quadratic models fitted to experimental data for t=0.010 and 0.013

viii



Figure 4-15 Graphic representation of SSE and RMSE of linear and quadratic models for
DOth 1aYer tNICKNESSES. .....iiviiiecie e e e e e ns 95

Figure 4-16 Surface roughness calculation of products with other layer thicknesses for a
[0 L oL U] T I U URRTRT 96

Figure 4-17 Dimension of the cube versus TET with and without the forth cycle.......... 97



LIST OF TABLES

Table 2-1 Selected 3D surface texture Parameters..........ccovvevveieeieeseeiesieeseereesee e 25
Table 3-1 SMOOthiNg fAaCLOrS. ....c..cciiece e 66

Table 4-1 Resulting angle and corresponding depression (b) needed from 1 to 20 layers at

159 SUMFACE ANQIE. ....vieieeie e e nn 71

Table 4-2 The suggested angle, corresponding final angle and the required layers for the

SUQQESTE ANQIE. ... e re e 73

Table 4-3 Linear models fitted to the experimental results for 0.010 inch layer thickness.

Table 4-4 Quadratic models fitted to the experimental results for 0.013 inch layer
T CKINESS. .ttt bbb r e reare s 92

Table 4-5 SSE and RMSE of linear and quadratic models for 0.010 inch layer thickness.



NOMENCLATURE

Symbol Description
A Area
a Line parameter
b Layer depression and Line parameter
C Line parameter
E Deviation from centerline
h Vertical intersection of centerline
L Length
m Centerline slope
n Number of points
P Height of peaks
Ra Average profile roughness
Rda Mean slope of a surface with centerline
Rdq Root mean square slope of a surface with centerline
Riu Kurtosisness of a surface
Rmax Peak valley height
Rq Root mean Ssquare roughness
RMS Root Mean Square roughness
RSm Mean Width of Profile Elements

Xi



Rsk

Rt

R;

Rzis

Skewness of a surface

Peak valley height

Mean Roughness Depth

Mean Roughness Depth in JIS
Profile features spacing

Average Surface roughness.

Density of summits of the surface
Highest peak.

Root mean square Surface roughness.
Skewness of the surface.

Texture direction of the surface
Texture aspect ratio of the surface
Lowest valley.

Ten point height of the surface.
Layer thickness

Depth of valleys

Step width

Surface points distance from centerline
Centerline angle or build orientation
Surface slope, build orientation

Surface profile angle from vertical axis

Xii



ABBREVIATIONS

Abbreviation Description

AA Arithmetic Average

ABS Acrylonitrile Butadiene Styrene
AFB Abrasive Fluidized Bed

AFM Atomic Force Microscopy
AFM Abrasive Flow Machining

AJD Abrasive Jet Deburring

ALM Additive Laser Manufacturing

AM Additive manufacturing

APS Atmospheric Plasma Spraying

BF Barrel Finishing

CAD Computer Aided Design

CLA Center Line Average

CNC Computer Numerical Control
DMLA Direct Metal Laser Additive
DMLS Direct Metal Laser Sintering
FDM Fused Deposition Modeling
GPS Geometrical Product Specifications
HCM Hot Cutter Machining

Xiii



ISO

JIS

LM

MEMS

MMP

PBF

PGI

RRP

SEM

SL

SLA

SRS

STL

TET

TLS

XCT

International Standard Organization
Japanese Institute of Standards
Layer Manufacturing

Micro Electro Mechanical Systems
Micro Machining Process

Powder Bed Fusion

Phase Grating Interferometric
Roughness Reduction Percentage
Scanning Electron Microscopy
Stereo Lithography

Selective Laser Additive

Surface Roughness Sensitivity
STereoLithography

Total Exposure Time

Total Least Square

X-Ray Computed Tomography

Xiv



1. INTRODUCTION

Additive manufacturing (AM) is getting more attention as a manufacturing rather than
a prototyping process for various applications today. Since its emergence and development
into a manufacturing process, AM made it possible to manufacture lots of complicated
designs and geometries, which where almost unfeasible by the traditional methods. An
interesting fact about AM is that there is not a direct relationship between the cost and
complexity of the product as it is for traditional processes. The concern in AM is the size
of the part, not its complexity. Am does not require many expensive and time consuming
lateral processes such as jig and fixture, die and tool design. The final product can be
manufactured by AM. However, the product may require a post processing, which is
negligible compared to the lateral processes in traditional methods. In addition, the
optimum designs, specifically the topologically optimized designs, are very expensive to
manufacture by the traditional methods or even unfeasible. In this respect, AM obviates
many problems in the way of innovation and manufacturing of optimum structures. The
designer can think in a broader context without much concern about complexity and

manufacturability of the design.



1.1. MOTIVATION: POOR SURFACE INTEGRITY OF AM PARTS

AM processes have many advantages over the traditional methods in manufacturing
complex geometries and its phenomenal capabilities. Therefore, it is important to conduct
research works to obviate its downfalls and improve it toward a process capable of
manufacturing functional final products. Similar to every other manufacturing process, AM
also has its own deficiencies that need to be reduced or eliminated. The rough surface of
AM npart is its main drawback. The need for a specific surface quality is due to design
requirements such as surface integrity, assembly fitting, aesthetic requirements, surface

functionality or the requirements of any other downstream manufacturing process.

The poor surface roughness is mainly a result of the layer by layer deposition of
material, which creates the staircase effect for all inclined surfaces. For the horizontal and
vertical surfaces the ridge pattern is the main part of the surface roughness. The staircase
effect is directly influenced by layer thickness. Thinner layer thickness results in less
staircase effect and so better surface quality. The process parameters, such as layer
thickness, define the ridges that cause the surface roughness. AM surfaces include textures
that are strongly related to the filling pattern or the trajectories followed by the solidifying

mechanisms such as the laser beam or polymer injection head, etc.

1.2. OBJECTIVE: IMPROVING THE SURFACE INTEGRITY OF AM PARTS

In order to improve the surface integrity in AM family of manufacturing processes, our
approach is categorized into three main stages. The three stages are modeling the surface

roughness, inspection of the manufactured surface and finally the post processing stage.



The first two steps are general for all AM processes since the layer-based nature of them.
However, the post processing stage needs to be considered for each AM process separately
as there are material and process differences. The three stages are discussed in the

following paragraphs.

1.2.1. Analytical modeling of the surface profile

An acceptable surface roughness on a manufactured surface is so important in industrial
applications. Therefore, an analytical approach to predict the final surface roughness is of
substantial importance. An accurate model for surface roughness can be employed for
actively controlling the manufacturing parameters to achieve the desired surface roughness
or to plan for the proper selection of the required post-processing. The two main process
parameters affecting the surface roughness are the layer thickness and build orientation.
The analytical model developed in this research, utilizes the Total Least Square (TLS)
method for defining the centerline used to calculate the surface roughness. In the research
works conducted so far, it is presumed that the centerline used in calculating the surface
roughness passes through the mid point of the surface profile. However, based on the
definition of centerline, the sum of the distance of all points on the surface from the
centerline must be minimum. This assumption casts doubt on the validity of the fact that
the distance of all points from the line passing through the mid point of the surface profile
is minimum. Therefore, in developing the centerline in this research, this assumption is not
made and the centerline is found based on procedures taken to minimize the sum of the
distances. Thus, the line found using the developed procedure is considered as the

centerline.



1.2.2. Inspection of the surfaces manufactured by AM methods

Inspection of the surfaces manufactured by AM processes is a challenging task as the
surfaces mostly contain rough textures and patterns. The layer-based nature of AM surfaces
necessitates a comprehensive research to stablish a methodology for measuring AM
surfaces. The surface measurement devices commercially available are laser based
machines, optical microscopes for surface topography and the mechanical roughness
measuring devices. The surface being inspected defines the most appropriate method to
measure the surface. The layer-based nature of AM surfaces creates a very repetitive and
fine-featured pattern that makes it difficult for inspection devices to measure them. All
three types of surface measuring devices are utilized in this research to select the best

option for each surface topography specification.

Larger layer thicknesses tend to create more sensible features and larger values of
surface roughness. The combined effect of layer thickness and build orientation defines the
maximum surface roughness that the measuring device can measure. In the case of laser-
based devices, the reflection of the laser beam from the surface is so important. On very
smooth surfaces with very fine patterns, the laser-based devices such as Faro Arm have
trouble in identifying the patterns. The optical microscope shows the 3D surface
topography and gives valuable information about the surface under inspection. This device
was used to study the effect of post-processing stage compared to the surface before
finishing. After the post processing, a mechanical roughness device was used to measure

the surface roughness after post processing.



1.2.3. Post processing of the parts

Considering all efforts made to improve the process parameters to get a better surface
roughness, the AM processes still suffer from a poor surface quality. Application of AM
parts in industrial services highly relies on an appropriate post-processing stage to improve
the surface roughness of the products. Since each AM process uses a certain type of
material, the post processing stage must be studied for the specific AM process. In this
research, Fused Deposition Modeling (FDM) method is considered as the manufacturing
method and efforts has been made to improve its surface roughness. The main sources of
roughness for AM processes can be divided into three main categories based on their
importance: first, the inherent layer by layer characteristics of these methods. Second, the
slicing and chordal errors and third, the fabrication parameters. The first category of the
roughness sources of AM parts can be improved by optimizing the third category
(fabrication parameters). FDM process has many process parameters such as, layer
thickness, part orientation, raster angle, road width, air gap between roads and model
temperature making this process more crucial from surface roughness aspect. The first
logical procedure is to optimize all the pre-processing and processing factors. Optimizing
the layer thickness based on the features complexity, and the triangulation step are the pre-
processing steps to be considered. Post-processing is the only option to further enhance the
surface roughness of FDM parts. Therefore, after optimizing all the pre-processing and
process parameters for objective functions such as mechanical properties, build time and
etc., the next step is to do the optimization with an eye on minimizing the required post-
processing as the objective function. The post-processing can be categorized into two

groups: mechanical and chemical processes. The main disadvantages of mechanical



approach are inaccessibility of some sections, the need for clamping the work piece,
delicate features on AM parts, and details of the mechanical tool used. Considering all the
cons and pros of the mechanical finishing processes, yet they cannot fulfill the
requirements of a functional and efficient finishing process for FDM parts. An efficient
method should be able to improve the surface roughness while keeping the mechanical and
geometrical properties constant, improving the surface roughness all over the surface

without limitation, and without requiring clamping and extra costly operations.

Chemical finishing improves the surface roughness significantly without the limitations
pointed out for mechanical approaches. However, it has material restrictions that makes it
not applicable for all parts. It can be used for parts made of Acrylonitrile Butadiene Styrene
(ABS). Acetone vapour bath smoothing is used for the post-processing stage. Smoothing
parameters are divided into the number of smoothing cycles and the duration of each cycle.
Effect of design and smoothing parameters are studied and the best smoothing setting is
proposed for each set of design parameters. An experimental model is developed to enable
the engineers to predict the final surface roughness based on the build orientation and

define the required post-processing steps to achieve it.

The structure of this thesis is as follows: After the introduction section, chapter 2
discusses the background and literature review in surface roughness of layer-based
manufacturing parts including modeling, inspection and post processing. In chapter 3, the
proposed methodologies are presented and chapter 4 includes the results and discussions.
In chapter 5, the concluding points are provided and suggestions for future research are

presented.



2. LITERATURE REVIEW AND

BACKGROUND

2.1. INTRODUCTION

The literature review is divided into three sections: first, analytical modeling of the
surface roughness. Second, the surface inspection methods, terminologies and devices.
Finally, the post processing stage to improve the surface integrity. In order to understand
the surface roughness and how the surface texture can be modeled for layer-based
manufacturing parts, a literature review of modeling the surface roughness is presented
first and then surface topography inspection and roughness terminologies are discussed. At
the end, the research works about post processing of layer-based manufacturing parts are

presented.

2.2. ANALYTICAL MODELING OF SURFACE ROUGHNESS

Additive manufacturing is a layer-based process and the final part is made by layer by
layer depositing the material. As a result, staircase effect will be present on all inclined
surfaces (Figure 2-1). There is no staircase effect on horizontal and vertical surfaces so the
dominating factor in surface texture will be the ridge pattern. Staircase effect is one of the

main characteristics of all AM manufactured parts. The portion of surface pattern related



to staircase effect is dominating over the ridge pattern. Therefore, staircase effect, if
present, is the main factor affecting the surface roughness and requires more attention. The
influence of staircase effect and ridge pattern on the surface texture of AM parts can be
considered at macro and micro levels, respectively. Additive manufacturing methods can
be divided into two primary categories: trajectory and non-trajectory. The trajectory AM
processes, such as Fused Deposition Modeling (FDM), require a solidifying head move
over the surface and deposit the material as beads. The surface pattern of these methods
includes the ridge patterns. The Selective Laser Sintering methods are also trajectory
processes but the layers are manufactured by sintering the powder particles and there are
no beads. In the non-trajectory AM processes, the entire layer is manufactured at once,

such as Stereolithography or SLA.

/\ Staircase Effect
Layer 4 / I

Layer 3 \ I

Layer 2 \ I

Layer 1 \

Figure 2-1 Schematic representation of staircase effect in layer based manufacturing.

The two main characteristics of a surface manufactured by layer-based methods, such
as Fused Deposition Modeling (FDM), are the staircase effect and ridge patterns. The
former causes the profile cusps and the latter is created by the beads deposited adjacent to
each other. The ridge pattern significantly affects the surface roughness of the horizontal
surfaces and the cusps are the dominating factor affecting the surface roughness of every
inclined surface from the horizontal plane [1]. The process parameters such as layer

thickness and filling pattern, define the ridges that cause the surface roughness. The effects



of the process parameters on the structural quality of parts manufactured by FDM are

studied in the literature [2].

Regarding the importance of an appropriate surface roughness on a manufactured
surface, an analytical approach to estimate the final surface roughness is of substantial
importance. Developing an accurate model to predict the resulting surface roughness based
on the manufacturing parameters can be employed for actively controlling the
manufacturing parameters to achieve the desired surface roughness or to plan for the proper
selection of required post-processing setups. The two main process parameters affecting
the surface roughness are the layer thickness and build orientation. One of the commonly
adopted approaches to calculate the surface roughness in layer-based parts is derived from
trigonometry of the cusp geometries caused by the staircase effect [3 and 4]. In their initial
model, the surface was considered as stair-steps with square corners. Later, in a more
general form, the surface profile was modelled by sharp triangular shape with angle ¢ from
the vertical line. A schematic representation of the model is presented in Figure 2-2. Build
orientation or surface angle plays a crucial role on the final surface roughness. The
proposed trigonometric formula to calculate surface roughness with square corners and

sharp triangular corners are presented in Equations (2-1 and 2-2), respectively.

t
R, = ZCOS(B) (2-1)

_ X A" t(tang sinb + cos0)

0 Z (2-2)

Rq

where Ra is the surface roughness, t is the layer thickness, ¢ is the angle counter clockwise

from the vertical line and @ is the surface angle or built orientation.



K = Up facing
composition

roughness

Figure 2-2 Schematic of the trigonometric model [3 and 4].

R.1. Campbell et al. [5] used the experimental measurement data to visually represent
the predicted surface roughness of a given CAD model. The designed specimen had surface
angles from 0° to 180° with increments of 2°. The surface roughness was measured using
a mechanical roughness measurement device. They also compared their experimental
results with the trigonometric model presented by Reeves et al. [3 and 4]. They noted that
in some cases there is not a satisfactory conformance between them. This finding and the
other similar observations encouraged the researchers to look for other parameters such as

the details of the cusp corners to develop a better model for the surface roughness.

The simple formula in Equation (2-1) is referenced in Campbell et al. [5] as: R, =

tsinf /4tan6 which has misled some researchers [6 and 7] to the end that they have used

the formula as: R, = tsin(%)tan(@).
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Ahn et al. [8 and 9] considered the edge profile as an inclined line with ¢ angle from
the vertical line (Figure 2-3). Their research was aimed at finding the optimum build
orientation to minimize the required post-processing. In developing the model, the same

trigonometry process was used and the proposed formula is as follows:

A Ljcos(8 —0)
R = =2 cos— &)
L : Layer thickness
¢ : Profile angle
lﬂ R‘__ & : Swface angle
)J - W : Step width
} A :Step area

CAD geometry RP part surface finish
Figure 2-3 Surface profile of general layer-based manufactured part [8]

Byun and Lee [10] proposed a new profile rather than square corners to characterize
the cusp profile and added two other parameters including fillet radius and corner radius as
shown in Figure 2-4. The formula was used to determine the optimum build orientation
considering three criteria: build time, surface roughness and cost. Their proposed formula

to calculate the surface roughness was:

l, (R +RH)(1-"T/,)sind
R, = ZcosH — 7
t

(2-4)

AR+ RH(-T/))

E tanfsinf
t

11



LIS S
Figure 2-4 Proposed profile shape in [10]

Their results showed that part orientation is one the most significant factors in
manufacturing a part with AM processes. They used a variable layer thickness in their
research. The experimental results showed that the developed model can help users in

choosing the optimal build orientation with three different objective functions.

Paul and Voorakarnam [11] used the average centerline method in calculating the
surface roughness. Their results showed that orientation angle and layer thickness are the
main parameters affecting the surface roughness. The experimental results revealed that
the model is able to predict the roughness up to a certain layer thickness and after that
shows poor performance. Perez et al. [12] studied the surface roughness of layer-base
manufactured parts using the average centerline method. They considered the layer
thickness and layer depression (horizontal space between the layers) in developing their
model. Layer depression was defined based on the layer thickness and surface angle so the
surface roughness was a function of layer thickness and surface angle. Their model had
some difficulties in predicting the surface roughness for angles close to 0 and 90 degrees

and needed some corrections. The developed theoretical model yields a maximum

12



roughness value so the results can be used as an upper bound in determining manufacturing
strategies. For example, when the required surface roughness is known in advance, the
maximum bound for roughness can be obtained. There can be two manufacturing strategies
using the results of their study: manufacturing with a given Ra within a specified roughness
tolerance, and second, manufacturing using a constant layer thickness. The results of these
two strategies revealed that when a specified roughness is required, the layer thickness

must be modified.

Pandey et al. [13] proposed a semi-empirical model to predict the surface roughness of

a layer-based manufactured part by FDM. They approximated the layer edge profile by a
parabola with base length of t/cose and height of 30-35% of base length, as shown in
Figure 2-5. The areas A1, A and Az are used to calculate the surface roughness as shown in
Equation 2-5. They observed a gap between the roads of filaments at surface angles from
70° to 90°. This gap was found to change the general model of the surface roughness. The
results of this model are reported to be in good agreement with the experimental results.

T f

50%

30-35% #
of = s Mean Line
base R T

l

fl{}%
t/cos @

Figure 2-5 Surface profile approximation [13]
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A+ A, + A
R, = 1000 ——2 3 (2-5)

t
/COSH

Ahn et al. [14] used experimental results of surface roughness to develop a theoretical
model for surface angles of 0° to 180°, with 3° increments, on layer-base manufactured
parts. The edge profile was considered as a sharp triangular edge similar to their previous
works [8 and 9]. A distribution of surface roughness values versus surface angle was
presented. For the unmeasured angles, interpolation method was used. The normal vector
of the facet in CAD model alongside with the corresponding roughness from the

distribution was used to predict the surface roughness at a specified surface angle.

Ahn et al. [15] considered the edge profile of a surface produced by FDM as an elliptical
curve (Figure 2-6). Their model considers the cross section shape as well as the layer
thickness and build orientation as the defining factors for surface roughness. In addition,
the overlap interval between the adjacent layers is deducted from the actual layer thickness,
thus the overlap is also considered. The effect of these factors were investigated and their
results showed that the model could be used as a more detailed representation of surface
roughness. They showed that for angles close to 90°, the effect of layer thickness is not

significant on the surface roughness value.

Ahn et al. [16] used parabolic representation with different coefficients for surface
profile of layer-based manufactured parts. They used average centerline method in
calculating the surface roughness and the results of experiments was in good agreement

with the predicted values.
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Figure 2-6 Elliptical representation of surface profile manufactured by layer-based
methods [15].

Boschetto et al. [17-21] studied the 3D roughness profile of AM surfaces. They
considered the edge profile as a sequence of circular arcs. They used average roughness
values coming from a profilometric analysis in roughness analysis. They did a statistical
analysis and concluded that the edge profile of the layer can be expressed by rounded
curves. The proposed profile is useful for describing the micro-geometrical FDM surfaces.
The third dimension makes the calculation of other roughness parameters such as
amplitude, spatial and hybrid roughness parameters possible. The proposed model was
validated by measuring the surface roughness of tubes with all surface angles from 0° to
180°, at 5° increments. A very good agreement was observed between the experimental

and theoretical results; however, the mathematical difficulties have caused the theoretical
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model fail to predict the roughness values for angles close to 0 and 180 degrees. They also

have used neural network method in predicting the surface roughness value of FDM parts.

Barari et al. [22 and 23] developed a non-uniform rational B-spline (NURBS) model
for representing the cusps geometry generated by layer-based manufacturing methods.
They estimated the surface roughness based on the local surface gradient on the part and
the selected layer thickness. Using their model, the local surface roughness was estimated

effectively using Equation 2-6. The suggested surface profile is shown in Figure 2-7.
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Figure 2-7 Schematic of surface profile of a layer-based method [22]
A+ A, + A; (2-6)
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2.3. SURFACE TOPOGRAPHY

2.3.1. Surface texture parameters

In subtractive manufacturing methods, material is removed from a balk to create the
desired shape. The removal of material by the manufacturing tool causes a scratch on the
surface, which can also be referred to as a minute groove. As the manufacturing tool passes
across the surface, the formation of minute grooves produces surface texture. The texture
is determined within each of the created grooves on the surface, and it depends on the way

that the material has been removed from the surface. If the tool is set up perfectly and



follows an accurate path, then the removed particles will be the same size and a flat plane
will be resulted. However, if there are any irregularities on the tool surface itself or the path
it follows, an undulating surface will be resulted. The case in the majority of the
manufacturing processes is not perfect and roughness irregularities are left on the surface
referred to as surface topography. In the case of additive manufacturing methods, the part
is build by sequentially adding material layer by layer. For these type of manufacturing
methods, the surface irregularities are again present because of the path that the solidifying

head follows or any other type of layer creation method being used [24].

The ideal cycle of manufacturing and service life of a part is going directly from a
manufactured part to working station with an acceptable performance, shown in Figure
2-8. The actual process conditions make this ideal cycle impossible and so there must be
some measures to make sure the required performance is achievable. The process control
needs to be done during or after the manufacturing process to identify the defects in the
process and corrected them. In order to validate the performance of a part, standard
definitions are required to define the goal and allowed deviations accurately. The surface

texture and tolerance standards are developed to serve this goal [24—26].

Figure 2-8 The ideal and actual cycle of manufacturing a part [24].
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Surface irregularities define the surface topography and based on the spacing
between them, a surface can be curved, wavy or rough. The waviness and roughness can
coexist on a surface as shown in Figure 2-9. However, on an actual surface, the
irregularities will not have a pattern and it can be randomly distributed. The roughness
irregularities on a normal surface are so small to be visible by a naked eye so some
magnifying devices are needed to explore the surface roughness. Figure 2-10 shows a
schematic view of a magnifying device that is a basis for the majority of surface roughness
equipment. The measuring technique is to draw a very sharp stylus across the surface at a
constant speed for a set distance. An electrical signal is obtained and amplified to a much

larger value. Then the signal is displayed on a screen output or as a graph to characterize

Waviness Spacing

the surface texture [24].

Waviness

Rougness

Roughness
Spacing

Figure 2-9 The waviness and roughness on a surface [24].
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Figure 2-10 Schematic of a surface roughness device based on magnifying the surface
topographies [24].
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The distinction between the roughness and waviness often depends on the size of the
workpiece. For instance, the irregular spacing might be regarded as roughness on a large
shaft but considered as waviness on a watch staff. Another point of view is the number of
waves on a functional length, which defines the classification criterion. One wave on a
watch staff might be considered as curvature and part of the form of the part but on a longer
component can be accepted as a waviness. A better way to classify these concepts is doing
so according to their cause. Roughness is defined as the irregularities, which are inherent
in the manufacturing process. For example, cutting tool or abrasive grids, etc. Waviness
can be defined as the part of surface texture that the roughness is superimposed. The
waviness can a result of vibrations, chatter or work deflections and strains in the material.
It is hard to define a distinct point where waviness becomes a part of the form of the surface
but form is usually defined as the general form of the surface. The qualitative definition of
these concepts is not enough to use them in real manufacturing process. The surface texture

needs to be quantified, which need a digital representation of the surface [24].

Characterizing the surface texture requires the extraction of texture related information
from the surface topography information. The useful information must be extracted
through the measurement, which capture relevant aspects of the texture such as heights,
spacing and distribution of the features. International Standard Organization (ISO) has
developed two standards to characterize the surface texture. The specific standards
designed for this purpose are called Geometrical Product Specifications (GPS). The first
one is surface texture: profile method-terms, definitions and surface texture parameters

(ISO 4287:1997) [24] and the second one is surface texture: areal 2: terms, definitions and
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surface texture parameters (ISO 25178-2) [26]. The ISO 4278 standard is concerned with
terms, definitions, and parameters for profile measurement. However, ISO 25178-2 defines

areal parameters for 3D texture analysis.

It is hard to put an individual number for characterizing the surface topography and be
able to completely represent the surface complexity. Therefore, an accurate assessment of
surface performance in service life needs exploring the surface parameters and quantify
them. Surface profile parameters fall into three categories based on the surface they
represent: amplitude parameters, which are defined by picks and valley heights or both,
irrespective of the horizontal spacing between them, such as Ra. The second category are
the spacing parameters, which are defined by the spacing of irregularities along the surface,
such as RSm. The third category are the hybrid ones, which are defined by amplitude and
spacing combined, such as Rqq. Some of the surface texture parameters, which are more
common, are explained in the following paragraphs according to 1SO 4287:1998 [24 and
25]. The 3D texture parameters have distinct advantages over the profile parameters. As
the surface topography is 3D in nature, thus any 2D profiles used in characterizing the
surface result in an incomplete description of the real surface. Among the various surface
texture parameters, some of them are recommended to be used in characterizing AM
surfaces in the literature [29], so this parameters are explained in details in the following

sections.

Roughness average, Ra, is the most frequently used parameter in surface topography
analysis. Previously, this parameter was referred to as Center Line Average (CLA) or

Arithmetic Average (AA). In calculation of Ra over a length, the mean line is found and
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the areas below the mean line are inverted above the line and the mean height of them is
called Ra, as shown in Figure 2-11 Schematic derivation of Ra [24]. Therefore, the unit for
Ra is in length typically in microns. If the surface profile is digitized, as illustrated in Figure
2-12, which means the height of all points from the mean line is known, Ra can be found

by Equation (2-7):
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Figure 2-11 Schematic derivation of Ra [24]
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Figure 2-12 A digitized surface used in calculation of Ra [24].
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Root Mean Square (RMS or Ry), is another way of calculating the average roughness
obtained by squaring each height value and taking square root of the mean of them over an
assessment length of I. The RMS value is referred to as Rq, too. The Rq values are more
meaningful when being used in statistical works but graphical calculation of R, is easier

and that is why it was initially adopted.

1 l
RMS = 7fOZ(x)dx (2-8)

Peak and Valley Height, Ry, is the maximum peak to valley height, which means the
distance between the highest and lowest points on the profile over the assessment length.

This parameter is sometimes referred to as Rmax.

Mean Roughness Depth, R, is the arithmetic mean value of the single roughness
depths of consecutive sampling lengths. There are many versions to R, depending on the
institution developing the standard. One of the frequent versions is the Japanese Institute
of Standards (JIS) version, Rzais. The difference is in the number of the sampling over the
length. It takes five peaks and five valleys, also referred to as ten point height. This factor

is helpful in measuring small lengths (Figure 2-13).

Mean Width of Profile Elements, RSm, this parameter is used to define the average

spacing of the profile’s peaks and valleys.
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Figure 2-13 Schematic illustration of derivation of RSmand R.JIS [24].
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Slope, Rda and Rqq, Of a profile is the angle that the surface makes with a line parallel
to the centerline. The mean of the absolute value of slope calculated at each of the points
in the profile within the sampling length is known as the average slope, Rqa for arithmetical

mean and Rqq for the rms value.

Amplitude distribution (Skew, Rsk, and Kurtosis, Rk): the amplitude distribution
curve illustrates the relative total lengths over which the profile graph attains any selected
range of heights above or below the centerline. By plotting the density vs height (y), the
way that the amplitude density is distributed over the entire profile can be represented. A
profile with a regular shape yields an amplitude distribution symmetrical about the
centerline. Any asymmetrical profile gives a skewed curved as shown in Figure 2-14.
Depending on whether the bulk of the material is above or below the centerline, the

direction of skew will be positive or negative, respectively. The skewness parameter Rsk
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gives significant information about the shape of a surface profile. The two surfaces with

the same Ra values but different profile can be distinguished by their Rsk value.

Rsk is negative

N

Rsk is positive

P

il
=
\

Figure 2-14 skew parameter distinguishes between two profiles with differing shapes
[24].
Skew cannot detect whether the spikes are uniformly distributed about the mean line;
however, Kurtosis is able to detect it. Kurtosis (Rk) provides a measure of the sharpness
of the surface, a "spiky" surface having a high Kurtosis value and a "bumpy" surface having

a low Kurtosis value.

The 3D surface texture parameters are summarized in Table 2-1 Selected 3D surface
texture parameters adopted from EUR 15178 EN and ISO 25178-2, The Development of

Methods for the Characterization of Roughness in three dimensions.
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Table 2-1 Selected 3D surface texture parameters

Amplitude Parameters

Symbol Description Comment
Average absolute deviation The most commonly used and
Sa
of the surface. corresponds to Ra
Used to discriminate between different
s Root mean square deviation surfaces of the surface based on height
a of the surface. information and to monitor

manufacturing stability.

Indicates aspects of load carrying

Ssk Skewness of the surface. capacity/lubrication.
. Largest peak height within the
> Highest peak. definition area.
Sv Lowest valley. Largest valley depth within the
definition area.
S; Ten point height of the surface. Used to evaluate extreme surface

height deviations.

Spatial Parameters
Used to evaluate the density of peaks

Sds Density of summits of the surface and pits in the surface.

St Texture direction of the surface  Indicates the direction of the significant
lay of the surface.

Str Texture aspect ratio of the surface Measures the isotropy of a surface.

2.3.2. Surface roughness measurement instruments
Contact based instruments:

One of the most common types of surface texture assessment, working based on contact
of the measuring instrument with the surface is the stylus type instruments. In this type, a
stylus follows the surface profile along a line and magnifies the profile for further study.

These devices measure the profile along a line so for 3D cases, the measurements are done
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several times and the average is considered as the result. Figure 2-15 shows the schematic
roughness measurement by stylus instrument. According to Figure 2-15, the stylus travels
across the surface and pickup converts its vertical movements into an electrical signal. This
signal is then amplified and used to operate the recorder. The recorder gives the magnified
surface profile. The magnified signal is filtered and then Ra value is displayed on a pointer
or as a number on a screen. The illustration presented here is the basic principles of a stylus
type roughness measurement, the more recent products have extra facilities but there is no
difference in principles. A gauge is required to convert the vertical movements of the stylus
into electrical signal. There are two main type of gauges: analog and digital transducers.
The analog transducers can be divided into two types: position sensitive and motion

sensitive [24].

1) Position sensitive: the signal is proportional to the displacement. The output depends
on the displacement of the stylus and its position within its range of vertical movement
irrespective of the movement of the stylus. Figure 2-16 shows an analog position sensitive

transducer with variable inductance gauge.

i) Motion sensitive: this type produces signal only when the stylus is moving. The
output depends on the speed of the stylus movement. This type is more useful is measuring
formed surfaces. This type has a piezoelectric crystal capable of creating electric signal

when deformed.

In the case of digital gauges, as the stylus moves, pulses corresponding to multiples of
the transducer resolution are fed into an up-down electric counter displaying the gauge
displacement. The two gauges that are currently being used in commercial instruments are
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based on interferometry. The principle used in interferometry-based devices is counting
the light and dark “fringes” caused when two light beams interfere. The two types are laser
and Phase Grating Interferometric (PGI). The PGI type offers a wider range of
measurement and has a smaller size. Another advantage is that the measuring range is
independent of laser wavelength. Figure 2-17 shows schematic diagram of a PGI gauge
[24].
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Figure 2-15 The components of a stylus type surface texture measuring instrument [24].
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Figure 2-16 Schematic illustration of analog position sensitive gauges [24].
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Figure 2-17 Schematic illustration of a PGI gauge [24].

Non-Contact roughness Instruments

There are also non-contact gauges for surface texture measurements including
Capacitance systems, laser triangulation, Atomic Force Microscopy, Confocal

Microscopy, Scanning Interferometer, etc. Each type is discussed briefly here.

Capacitance systems are the most basic form of surface measurement. This type used
the surface as one of the plates of a capacitor. The air between the surface the probe, which
is another plate, serves as the dielectric. The overall change in the surface profile causes a
change in the distance between the probe and surface so the capacitor changes. The changes
are converted to roughness values. This type does not provide the surface profile and in
most cases gives the Ra for a specific material and surface geometry. Figure 2-18 (a) shows

the schematic of a capacitance system [24].
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Laser triangulation systems are one of the simplest types. The measurement is cheap
and fast; however, gives poor vertical and lateral resolution. A focused laser beam is
projected onto a surface. The illuminated point on the surface is imaged onto a position
sensitive device that is calibrated in terms of Z height at the surface. Figure 2-18 (b) shows

a graphical representation of a laser triangulation system [24].

In confocal microscopy, a rotating disc is used with a series of optical pinholes arranged
in a spiral as shown in Figure 2-18 (c). This creates a series of images that progressively
spiral outwards to give an overall picture of an area. As the disc spins, a voice coil motor
is used to bring each new image into focus. Since the distance the voice coil has moved is
known, the height of the surface at the focus point can be determined, hence building a 3D
image of the surface. This method also has the limitation to small area and height of

measurements [24].

In scanning interferometer, the conventional white light is used as the light source. A
piezo drive system is used to “scan” the objective lens about a focal point. As the imaging
system is “traversed” through its range by the piezo drive system, the focal point is noted
for each pixel. The major benefit of such a measurement system is that large numbers of
points (typically 1024x1024) can be measured with very high lateral resolution (0.3um)
and vertical resolution (typically less than 0.1nm) in just a few seconds. Figure 2-18 (d)

shows the structure of this system graphically [24].

Atomic Force Microscopy (AFM) is a contact based system; however, as the applied
force is too small it is considered as non-contact method. They work based on force not
displacement. These systems provide very high resolution 3D representation of the surface.
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They can resolve the individual atoms. The limitation of these systems are the very small

area of measurement (100umx100um) and very small roughness values (5um). The

MEMS etching technology is used in making the AFM stylus out of silicon. The cantilever

is about 50um long and the stylus tip as small as 1nm diameter. The piezo electric activators

built into the silicon are used to move the cantilever arm up and down, and deflection of

the arm is measured by noting the deflection of a light beam reflected off the top of it, near

the stylus. Horizontal actuators allow a scanning motion of the stylus. Figure 2-18 (e)

represents the schematic view of this system [24].
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Figure 2-18 Schematic representation of non-contact surface texture measuring systems
[24].
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2.3.3. Literature review on surface roughness measurement of AM parts

In many surface roughness measurements conducted on non-metallic additive
manufacturing parts, the measurement device is a contact based surface roughness
measurement system. As a well stablished method, the position sensitive contact based
devices are the most commonly used roughness measurement systems for on non-metallic
AM parts [6, 11-20]. Taylor Hobson Form profilometer and Mitutoyo are among the
frequently used brands. The top surface of a layer-based manufacturing part will be
affected by surface texture of the previously built layers, which contribute to the creation
of the surface features at multiple spatial wavelengths (scales). Considering the process
specific characterization for layer-based manufacturing methods, the following points must
be considered when selecting a measurement technique. First, the scale of the features that
the measuring technique needs to characterize. Second, the size and shape properties of the

surface texture features to be measured from the part’s final performance standpoint.

In the case of surface texture analysis for metallic AM parts, more research efforts are
made. The spatial frequency of the irregularities on the manufactured surface, the nature
of the material and topography of the surface define the choice of measurement system.
The measuring systems are divided into two main categories: contact-based stylus devices
need to consider the physical interaction of the probe and the surface to be measured. For
instance, whether there is any risk of damage to the probe or the surface. In addition, the
stylus radius and cone angle must be chosen carefully based on the surface

characterizations to best catch the surface topography details [27].
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On the other hand, non-contact devices, such as focus variation and confocal
microscopy need to consider the reflective properties of the surface to be measured. The
considerable differences between the AM metallic parts’ surface and the traditional
methods, are the challenging problems for any surface texture measuring system. A great
majority of metal AM parts are made by powder-based methods, leading to a very irregular,
and is characterised by sharp protrusions and recesses at multiple scales, with open pores
transitioning into closed pores underneath the surface. Each AM manufacturing method
creating metal parts, has its own surface characteristics, which might be hard to measure.
For example, Powder Bed Fusion (PBF) methods cause specific patterns featuring balling,

spatter formation, loose or partially melted particles, which are very hard to measure [27].

One of the main difficulties of the optical methods is their limited measuring range in
vertical direction, also the small measuring area. The PBF methods sometimes cause large

local surface slopes that may exceed the maximum limit of the optical method.

Contact-based topography or profile topography measurement of AM metallic parts has
been reported in the literature by many researchers [28-32]. The non-contact based
methods such as confocal microscopy [33 and 34], Focus variation microscopy [28 and
35], Chromatic confocal microscopy [36], Conoscopic holography [37], Coherence
scanning interferometry [38], Atomic force microscopy (AFM) [39], Elastomeric sensor
[40-42]. The literature survey showed that most of the choices were contact—based profile
measurement via stylus instrument. In general, the profilometers are low cost and also have
lower operator training costs. They also have high comfort level for machinists and

inspectors. However, they fail to bring a good understanding of the surface 3D topography.
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In this way, the non-contact based methods utilized, are mostly optical devices. The two
more frequent optical devices are the variation and confocal microscopy methods. Both
methods have difficulties in measuring the surface texture of AM parts because of the
highly irregular nature of the surface topographies on AM surfaces. One of the main
advantages of optical methods is less acquisition time compared to the contact-based
methods. The scanning interferometry, also referred to as the scanning interferometry or
white light interferometry, has more difficulties in terms of local slope and vertical scale
of roughness in AM surfaces. The other non-contact method, AFM is rarely used since this
method is so limited in terms of the vertical measurement range and the risk of damaging

the stylus on the metallic AM surfaces.

The methods discussed so far intend to investigate the surface texture quantitatively
and each has some sort of difficulty because of the specific surface characteristics of AM
parts. The 2D imaging techniques such as Scanning Electron Microscopy (SEM) and
optical microscopy are used to investigate the surfaces qualitatively. However, in some
cases, if calibrated properly, these instruments have been used for quantitative
measurement in the image plane [43-45]. As a special use of optical microscopy, Barari et
al. [22] used this method for obtaining the edge profile of the FDM parts and quantified
the roughness value. Based on these finding, the 2D imaging methods can be used in
quantifying the surface roughness indirectly. However, its not a promising method and

there are many obstacles in the way of their application in quantifying a surface texture.

One of the method having the potential capability of solving the current issues in

surface topography measurement of AM parts is X-Ray Computed Tomography (XCT)
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[46]. Using XCT, surface information can be extracted from the volumetric data with
appropriate data processing method. This method obviates the limitations in vertical
measurement range due to walls and undercuts. This method does not have the limitations
of non-contact methods and also has an advantage over the contact-based methods since it
is capable of extracting surface data from the inaccessible internal AM surfaces. The
obstacles in the way of adapting XCT into surface topography measurement is in currently
poor spatial resolutions of the measurement, and lack of complete understanding of
metrological performance and error sources, necessary for a proper calibration of the

surface extraction algorithms (mainly based on thresholding/edge detection) [47,48].

Another non-contact approach to quantify an AM surface has been reported in Ref.
[49]. 3D laser scanner has been used to extract the point cloud data from the surface and
finite difference methods are used to reconstruct the surface form the existing points from
the surface. This approach highly depends on the accuracy of the points extracted from the

surface and the estimation approach used to reconstruct the surface.

2.4. LITERATURE REVIEW ON POST-PROCESSING OF LAYER-BASED MANUFACTURING

PARTS

When additive manufacturing process cannot satisfy the desired level of surface
roughness of a product, the post processing via mechanical or chemical finishing methods
need to be considered. AM surfaces include textures that are strongly related to the layer
thickness, and filling pattern or the trajectories followed by the solidifying mechanisms
such as the laser beam or polymer injection head, etc. The poor surface roughness is mainly

a result of the layer by layer deposition of material, which creates the staircase effect. The
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staircase effect is directly affected by layer thickness and thinner layers result in less
staircase effect and so better surface roughness. The other main source of poor surface
roughness is the chordal error coming from approximating part’s surface by triangles (STL
format) in the CAD software. This defect is mainly improved by reducing the maximum
edge length of the triangles. The main sources of roughness can be divided into three main
categories based on their importance: first, the inherent layer by layer characteristics of

these methods. Second, the slicing and chordal errors and third, the fabrication parameters.

Beside all the advantages of AM process, lies its own design requirements that must be
treated very seriously. The main factor is the requirement for support structures for some
AM processes, in the cases that there is no material underneath to build on. The support
requirement is one of the drawbacks of AM and its removal requires extra effort and cost.
In addition, support removal leaves some defects on the surface, decreasing surface
integrity. Another source of roughness is the remnants of the support removal process.
Since not all additive manufacturing methods need support structure, this source is not
included as one of the main categories. However, if there is a need for support structure,

such as FDM, it becomes one of the main factors hurting the surface roughness.

The first category of the roughness sources of AM parts, staircase effect, can be
improved by optimizing the third category (fabrication parameters). FDM has many
process parameters such as, layer thickness, part orientation, raster angle, road width, air
gap between roads and model temperature making this process more crucial from surface
roughness aspect. Surface roughness is related to the mentioned parameters and studies

have been conducted to improve them and examine their effect on the surface roughness
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of the manufactured surfaces [50]. It is reported that the surface roughness and accuracy
are the main drawbacks of AM process and even more challenging than the strength of AM
parts [51 and 52]. The first logical procedure is to optimize all the pre-processing and
processing factors. Optimizing the layer thickness based on the features complexity, and
the triangulation step are the pre-processing steps to be considered. The layer thickness can
be optimized based on the product’s shape, which means adaptive slicing of the part. In
adaptive slicing, the layer thickness is selected according to the features complexity and
surface curvature [53-57]. However, according to all possible optimizations and
improvements in pre-process and process factors, the surface roughness of AM parts are
not still in an acceptable level, especially FDM parts that suffers from all main categories
of roughness and support remnants as well. Post-processing is the only option to further
enhance the surface roughness. The first approach is to minimize the required post-
processing as much as possible. Therefore, after optimizing all the pre-processing and
process parameters for objective functions such as mechanical properties, build time and
etc., the next step is to do the optimization with an eye on minimizing the required post-
processing as the objective function. Studies are conducted aiming at minimizing the
required post-processing by optimally selecting the build orientation as main factor
affecting the surface roughness of AM parts [58 and 59]. The post processing for metallic
parts can be categorized into abrasive blasting, peening and laser polishing groups. The
research works to improve the surface roughness of metallic AM parts is presented in the
next section. Most of the research works in post-processing of non-metallic products are
related to FDM parts as it suffers the most. The post-processing for non-metallic AM

products is one of the main categories for improving the surface roughness. Post-processing
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for non-metallic parts can be categorized into two groups as: mechanical and chemical

processes, discussed in the following paragraphs.

2.4.1. Post-processing for metallic AM parts

The raw surface of the metallic parts made by Direct Metal Laser Sintering (DMLS)
method have a surface roughness of approximately 8.75um. Thus, a post processing stage
IS required to improve the surface roughness of DMLS parts, some of which are briefly

introduced here adopted from Ref. [60].

Abrasive Blast (Grit & Ceramic), in which a stream of abrasive media is forcibly in
propelled against the surface under high pressure. Abrasive blasting with grit and ceramic
particles creates a stain and matte final finish on the surface. To a large extend, this method
yields a uniform finish on the surface; however, it is not 100% uniform over the entire

surface [60].

Shot Peening, is a cold working process to induce compressive residual stress on the
manufactured surface to improve the mechanical properties such as fatigue life, etc. In this
process, the manufactured surface is impacted by round metallic or ceramic or both, with
a force enough to create small indentations or dimples. Shop peening is so similar to
sandblasting, with the difference that in shot peening, the plasticity is the dominant
deformation mechanism; however, in sandblasting, abrasion is the finishing mechanism.
Figure 2-19 shows an impeller part made by DMLS method and after different shot peening

processes [60].
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b) shot Peened with metal ¢) shot Peened with metal and
(Ra=10pum) particles (Ra=5um) ceramic particles (Ra=4um)

Figure 2-19 Comparison of the roughness of surfaces as sintered and shot-peened with

different particle materials [60].

Rossi et al. [61] studied the improvement of surface roughness and corrosion resistance
of Direct Metal Laser Additive (DMLA) parts. The post processing methods used were
blasting with corundum, shot peening with ceramic particles, micro grinding with grinder
and emery polishing. The results revealed that the most promising methods for finishing

the DMLA parts are the shot peening and emery polishing.

Polishing, is a metal finishing operation. The surface is finished by abrasive or mops
in multiple stages. In the first stage, the coarse grid particles are used at high speed to
remove the defects on the surface. The defects can be pits, nicks, lines and scratches. In the
next steps, the fine-grained particles are used to finish the surface. In the final step, cotton

mops are used to get a mirror like surface finish [60].

Electrochemical Polishing, also referred to as electro polishing, is a process in which
the material is removed from the metal surface through polishing, passivation, and
deburring. This process is reverse of electro plating in which by anodizing the surface, a
thick layer is deposited on the surface. This process creates a bright finished surface and

can be used instead of abrasive fine polishing in micro structural preparation [60].
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Optical Polish, (Hand Finishing) is very cost effective and results a very bright
finished surface. It’s one of the best finishing options for low quantities of parts. This
process removes 0.0075-0.025mm from a DMLS surface as there a porosities on the
surface that need to be removed to get a bright surface at the end. Because of this material
removal, it is better to considered an offset in design dimension for the post processing
stage. One of the disadvantages of this method is that it creates inconsistent finish from

part to part so it is not a proper choice for large quantities of parts [60].

CNC Finishing/Machining, is an appropriate method for achieving tight tolerances on
the finial finished surfaces. Detail oriented precision can be achieved by 3-axis, 5-axis or
6-axis lathe machines. Because of the machining operation on the surface for finishing
purposes, like optical polishing, the must be an offset considered for the dimensions in
design stage. Figure 2-20 shows the difference between the raw material made by DMLS

process and CNC finished ones [60].

Figure 2-20 the difference between the raw surface and CNC finished part [60].

Abrasive Flow Machining (AFM), (Extrude Hone Polishing), is used for getting

accurate radius in internal surfaces. In this way, an abrasive media is extruded through the
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internal surface of the part and the surface finish is improved. The process is particularly
useful for difficult to reach internal passages, bends, cavities, and edges. A more uniform
surface finish is resulted from this process but it’s an expensive choice for DMLS parts

with no tolerance requirements [60].

Electroplating, in a method in which electrical current is used to reduce the ions of a
desired material from a solution and coat a conductive object on the surface. Electroplating
can be used to build up thickness on undersized parts, so it can be used to improve the
surface roughness of the parts. This process is an inexpensive method of improving the

surface roughness [60 and 62].

Micro Machining Process (MMP) is a mechanical-physical-chemical surface
treatment applied to items placed inside a treatment tank, providing highly accurate
selective surface finishes. The advantage if this process is its capability in improving the
surface roughness locally and wherever desired. MMP begins with a detailed analysis of
the surface state of the item to be treated, establishing the processing parameters required
to meet the customer’s objectives. This process is ideal for parts requiring precision
tolerance finishing and for large quantities of parts, as well as parts with internal passages

that cannot be reached by an alternate method [60].

Atmospheric Plasma Spraying (APS) is a coating process that deposits a ceramic
layer on the AM metal part. According to the results of Ref. [63], a relatively low surface

roughness can be achieved by APS ceramic coating on the SLM parts.
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Abrasive Fluidized Bed (AFB) [64], the finishing is done by rotating the part inside a
fluidized bed of abrasives at high speeds. The final roughness can be as low as 1.5um. The
finishing mechanisms are essentially the micro-ploughing/micro-cutting of the semi-
molten metal due to high speed impacts with the fluidized abrasives and, secondly, the
local micro-fatigue/micro-cracking created by the penetration of the harder abrasive edges
into the softer metal workpiece. The geometric shape of the abrasive particles have a very
significant effect in establishing the final morphology of the workpiece. The spherical
abrasive particles are more prone to act by micro-ploughing finishing mechanism alone,
while angular abrasive combines both micro-ploughing and micro-cutting with some
material removal. The rotating speeds of the workpiece are important on the effectiveness
of AFB finishing. Higher speeds lead to better surface fishing because of the almost
complete removal of the larger semi-molten powder agglomerates of the starting
morphology of the parts. In general, AFB could be used as an easy-to-automate, low cost,
low time consuming and industrially sustainable finishing technology for metal parts made

by metal additive manufacturing.

Laser Polishing, is based on laser irradiation. In this method, a smoother surface is
achieved by melting a microscopic layer on the surface by a laser beam. The melted layer
then re-solidifies under shielding gas protective conditions, resulting in a smoother surface
as shown in Figure 2-21 from a Selective Laser Additive (SLA) process. The laser energy
acting on the surface must be controlled carefully; it should be strong enough to melt a
layer deep enough to include the roughness peaks, but it must not melt the surface deeper

than the valleys. The three primary factors of the process are: the surface material, its initial
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topography and the energy density of the laser beam. The high energy density of the laser
beam (energy per surface unit) with respect to other plasma-arc heat sources makes it
possible to melt a microscopic layer locally without affecting the surrounding areas. This

is a key factor in laser-polishing process [65770].

Original Surface

m

$ 20 Polished Surface
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80
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Figure 2-21 Left: the as received SLA surface, right: the laser polished surface [67].

Laser polishing is applied on Additive Laser Manufacturing (ALM) parts [71]. In ALM
process, the powder is projected into the melting zone under the laser beam, and enables
the direct manufacturing of complex metallic parts, larger than the parts manufacturable
SLA. The result showed very smooth surfaces on thin ALM parts because of laser
polishing.

2.4.2. Post processing for non-metallic AM products

Kulkarni and Dutta [72] proposed CNC machining using ball end mill, with a focus on
tool path generation algorithm. The main disadvantages of this approach are inaccessibility
of some sections, the need for clamping the workpiece, delicate features on AM parts, and
details of the ball end mill. Another research utilizing CNC machining for finishing FDM
parts, done recently, focuses on a variable cutting depth to prevent inner defects from being
created and removing the initial surface morphology [73]. In their research, the authors

have tried to link the FDM process parameters to CNC machining parameters and couple
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them in a more efficient way. The cutting depth is derived as a function of deposition angle
(surface slope with the horizontal axis). Pandey et al. [13] attempted to improve the surface
roughness of FDM parts by Hot Cutter Machining (HCM) of the surface and reported
0.3um surface finish with 87% confidence level. This approach suffers from inaccessibility
of all sections of the AM parts, also the need for clamping the part. This is limited by tool
size and available movements on the machine to access different parts of the sample to
machine. However, the author stated that development of a hybrid machine that does the
cutting, while layer by layer depositing the material, would solve this problem. Another
mechanical approach used to enhance the surface roughness of AM parts is Abrasive Flow
Machining (AFM). This method is used on Stereo Lithography (SL) parts [74], which also
suffer from poor surface roughness because of layer-based nature of this process. It is
reported that the media pressure, grit size and the type of abrasive particles and built
orientation are the most significant factors. The minimum surface roughness obtained with
this process is 1.27um. However, the inaccessibility of some sections that the flow of
material is not feasible, such as: slots, blind holes and intricate features, etc. are the main
drawbacks of this method. In addition, there is no way to control the pressure based on the
surface profile and as a result, some parts may be machined unwantedly reducing the
accuracy of the model. Leong et al. [75] have used Abrasive Jet Deburring (AJD) method
to improve the surface roughness of SLA parts. The process parameters including flow
pressure and time are considered and dimensional errors and roughness reduction are
studied. The main downfalls of mechanical processes for finishing AM parts are
inaccessibility of some parts, higher process costs and their need for clamping the part. The

clamping can hurt the mechanical and geometrical properties, and it is time consuming. It
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mainly depends on the part’s shape to be finished, thus they are limited in this aspect as
well. Therefore, methods not requiring clamping are more favourable. A non-clamping
mechanical process used to improve the surface roughness of FDM parts is Barrel Finishing
(BF) [18 and 76]. The results of these research works showed FDM and BF methods being
successfully coupled with each other. The BF method is mainly affected by the build
orientation. An important parameter found to be essential was BF working time, by
increasing which, the surface roughness was improved at each specific surface slope.
However, BF technology might not be applicable for products with extremely delicate and
fragile parts and there might be some regions that the process cannot finish them, such as
small holes and corners. Considering all the cons and pros of the mechanical finishing
processes, yet they cannot fulfill the requirements of a functional and efficient finishing
process. An efficient method should be able to improve the surface roughness while
keeping the mechanical and geometrical properties constant, improving the surface
roughness all over the surface without limitation, and without requiring clamping and extra

costly operations.

The chemical post processing uses acetone and can be applied to Acrylonitrile
Butadiene Styrene (ABS) parts. The Dimethyl Ketone (acetone) smoothing process is used
to improve the surface finish of the ABS parts fabricated by the typical additive
manufacturing processes. Acetone is a colorless, mobile, flammable liquid, and is the
simplest ketone with the Boil temperature 56 °C. ABS is a common thermoplastic. Its glass
transition temperature is approximately 105 °C (221 °F). ABS is amorphous and therefore

has no true melting point. It is a polymer with a low reticulation degree, including nitrile
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functionality. ABS have weak interaction with polar solvents such as acetone, ester and
chloride solvents. Acetone is chosen for the smoothing process due to its low cost, very
low toxicity and to its very high diffusion. The interaction of acetone and ABS doesn’t
result a chemical change in the ABS. ABS is sufficiently polar for acetone vapour to make
an “ABS + acetone” slurry. However, acetone can cause a profound geometrical change in
ABS. The process involves boiling acetone in a chamber and suspending a part in the
resulting vapour. By repeatedly soaking the part in the vapour for some set period,
interaction of acetone and ABS results in a slurry of ABS and acetone on the surfaces of
the work piece. As acetone evaporates, the ABS polymer strands will be left behind, with
only their macroscopic shape being altered by the surface tension of the acetone/ABS
solution [77]. This process results in smoother surfaces for the FDM part made of ABS.
However, the amount of smoothing and its effect on the surface roughness and part’s

dimensional accuracy needs some focused investigation.

Contrary to the mechanical approaches, chemical finishing improves the surface
roughness significantly without the limitations pointed out for mechanical approaches.
However, it has material restrictions that makes it not applicable for all parts and it can be
used for parts made of ABS. Galantucci et al. [78 and 79] showed that chemical post-
treatment of the ABS parts improves the surface roughness significantly at a negligible
expense of prototypes dimension change. They used acetone vapour bath and immersed
the samples for 300 seconds. A minor reduction was found in tensile strength but a greater
ductility was also observed after post-processing. Bending tests showed better flexural

strength. The build orientation, which is the main factor affecting the mechanical properties
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shows less influence after the finishing process. In Ref. [80], the authors reduced the vapour
smoothing process time and concluded that the smoothing time is a function of surface area
and the relation is linear. Garg et al. [81] studied the effect of part orientation on the surface
roughness and dimensional accuracy treated by acetone vapour. The results showed that
the staircase effect is dramatically reduced. In addition, there was a minimal change in

dimensional accuracy; however, the dimensional deviation was reduced.

The literature survey proves that the chemical methods outweigh the mechanical ones
in many aspects. This thesis attempts to study the post processing procedures for FDM
parts; therefore, the aim of this research is to investigate the parameters affecting this
process and provide a thorough approach for designing a part as it relates to the final surface
roughness requirements and steps to take for achieving that. From product design
perspective, there is a necessity for a model to develop, so the designer can predict the
surface roughness after post-processing. For instance, it is reported that build orientation
has a major effect on the result of post-processing. Thus, in design stage, if there is a need
for a specific surface roughness value, a model for predicting the post finishing roughness
can help the designer to design based on that, and change the design if need at the very
beginning of the design process. The necessity of such model has served as motivation to
thoroughly investigate the process parameters and consider the number of cycles for
immersion in the bath and duration of each cycle at different surface angles (build
orientation) as the main process parameters to develop a useful model for predicting the

final surface roughness of FDM parts.
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3.METHODOLOGY

3.1. INTRODUCTION

The methodology section is divided into three parts. First, the analytical surface
roughness modeling procedure is discussed in order to develop the arithmetical surface
roughness formula. Second, the inspection procedure taken to measure the surface
roughness of FDM parts is explained. Third, the design of specimens and the post

processing stage setups are introduced.

3.2. DEVELOPING THE ARITHMETICAL SURFACE ROUGHNESS FORMULA

Although the recent research works reported good results in estimation and modeling
of the details in cusps geometry but an accurate relationship between the overall shape of
cusps and the arithmetical surface roughness is not derived yet. We believe that the current
deficiency in predicting the surface roughness of additive manufactured parts is due to a
wrong assumption of the mean centerline (or the best substituted fitted surface) in
calculation of the arithmetic average roughness. Although understanding the details of the
profile cusp geometry is very important but this study shows the employed criteria in
stablishing a proper mean centerline having a more significant effect on the calculated
arithmetical surface roughness. The models developed for estimation of the surface profile

with different curves are essentially dealing with the ridge shape. The two main factors of
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an AM part surface is staircase effect and ridge pattern. The staircase effect and ridge shape
are in macro and micro scales, respectively. Therefore, the staircase effect is the most

important one and we have developed out methodology based on staircase effect.

As the first step in deriving the arithmetical surface roughness formula, the common
trigonometry with the assumption of square cornered profile is utilized. Figure 3-1
schematically shows the simplified profile view of the surface manufactured by layer based
additive manufacturing processes such as FDM. The average surface roughness is defined
as the arithmetic average deviation of each point on the profile from the centerline [46].
The traditional assumption used in the previous works in stablishing the centerline was that
the centerline passes through the midpoint of each cusp edge. The arithmetical roughness
of a surface can be calculated by Equation (3-1) where f(x) is surface profile and | denotes

assessment length.

1 l
Ro=7 | IFe9ldx @

Using the basic trigonometry, the cusp geometry is described by three parameters b, t,
and |, where t is the layer thickness and b is called the layer depression (horizontal distance

on each layer).

b =t X cot(a) (3-2)
[ = t
2 x sin(a) (3-3)

Based on Equation (3-1), and the assumption that the surface is created by the same
cusp geometry repeating over the entire surface, the roughness value can be obtained by

only considering one cusp unit representing the profile, as the shaded area in Figure 3-1.
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The integration of f(x) over the assessment length (), which due to uniformity of the profile
is also considered as the measurement cut-off, is the shaded area in Figure 3-1. Therefore,

the arithmetic roughness value, R is calculated as follows:

1 t b t?
Ashaaea =3 %5 % 5 = g cot(@) o
tz
A = cot(a) ¢ t
R, = ohaded 8 - 7 cot(@) x sin(a) = 7 cos(a) (3-5)
2 x sin(a)

According to the above calculation, when ¢ is zero, the formula proposed in Ahn et al.
[9] must result into what is presented in Equation (3-5). This discrepancy happens because
of another assumption made as it considers the entire step with no centerline and calculates
the roughness as half of cusp height that is also not correct. The above formulation is in

accordance with the formulas proposed in Reeves et al. [4] and Campbell R.1, et al. [5].

Slope. m = tan (a)

t axis intersection. h=t/2

Figure 3-1 The simplified approach using wrong centerline in calculation of arithmetical
roughness for layered based manufactured surfaces.
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3.2.1. Total Least Square (TLS) Method

The methodology presented in this thesis is developed using a more general definition
for centerline. The centerline is defined as a line that the total distance of all point on the
cusp profile from it is minimum, called TLS method. In the standard, the centerline is
considered as known to the metrologist. The method to find the centerline is not discussed
in the standards of surface roughness. In order to find the surface roughness of a measured
surface, especially while dealing with point clouds, the normal practice to define the
substitute plane is to fit a total least square plane, which minimizes the summation of square
distances of all point from the fitted plane. Therefore, proper establishment of centerline
requires fitting the best substitute plane on the cut-off length of the surface being neglected
in deriving the Equation (3-5) for layered based manufactured surfaces. Considering this
issue, a new formulation is derived here without assuming that the centerline passes
through the midpoint of each edge. Based on Equation (3-1), instead of calculating the
shaded area in Figure 3-1, the integral is taken for each cusp edge to find the actual
arithmetic roughness. Figure 3-2 shows the new configuration proposed in this work. The
distance of a point in x-y plane (xi, yi) from a specified line defined by Equation (3-6) can
be represented as follows:

ax+by+c=0 (3-6)
. ax; + by, + ¢

where a, b and c are the line parameters in x-y plane and E stands for distance from the

3-7)

line.
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The integral should be taken over each vertical and horizontal line and the sum of them
will give us the total distance of every point on the vertical and horizontal lines from the

centerline, specified by equation (3-8).

y=mx+h (3-8)

z

Centerline Slope, m = tan ()

Surface slope. n = tan(6)

_—-——f---’
1

nEm

Figure 3-2 The mean centerline established based on total least square fitting

For the first vertical and horizontal line, the integration will result Ev1 and Eny, respectively,

as follows:

t1 _ 2
t0 ms+1

(3-9)
-1

:m{(mbo — t; + h)3 — (mby — to + h)3}
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(3-10)
1

= I 3 1) (b1~ B = (mbo — to + 1))

where E2, and EZ, are the sum of squares of the distances of all the points from the
centerline for the vertical and horizontal lines, respectively. m denotes the slope of the line
with horizontal axis x, h is the intersection of the line with the vertical axis y, and (bo, to)
and (b1, t1) are the x and y coordinates of the start and end point of the edge profile,

respectively.

The upper and lower bounds of the integrals change for the other layers. The total value is
the sum of the results of the vertical and horizontal integrals and for two layers it can be

written as follows:

-1

B = g gy (Ombo =t + )® = (mbo — 0+ h)*) +
1

I 7D (b —t+ ) = (mbo — 6y + 1)} =
(3-11)
1
m{(mlﬁ —ty +h)® = (mby — t; + B)°} +
1
S 3D (b2 =t + 1)° = (mby — £ + %)

The general formula for n number of layers will be as follows:
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n
1
B = mz{(mbi—l —t; +h)3 = (mb;_; —t;_; + h)3}
i=1
(3-12)
1 n
- L 3 - ,
+ 3m(m2 + 1) Zl{(mbl t; + h) (rnbl_1 t; + h) }

The aim of these calculations is to find an analytical model representing the centerline
for a given set of cusps. The final centerline can be represented using the two parameters,
m and h in Equation (3-8). According to the definition of centerline in the standard, it is
necessary to find the parameters m and h such that they minimize the total calculated E in
Equation (3-12). This can be achieved by setting the derivatives of E equal to zero with
respect to m and h. Solving the two resulting equations simultaneously will result in the
optimum centerline with m and h values minimizing E. The derivatives of Equation (3-12)
with respect to m and h are as follows:

0E*? 1 < 2 2
ETA = (mz + 1) Z{(mbi_l -t + h) — (mbi—l Rt h) }
i=1

(3-13)

n
1
+ mzl{(mbl -t + h)z — (mb;_; — t; + h)Z} -0
=
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1

) Z bi{(mb;_y — t; + h)* — b;_y(mb;_; — t;_y + h)?}
=1

6m

- m{("lbi—l —t; + h)® — (mb;_; — t;_y + h)3}

. n (3-14)
- . . f. 2
It T Z 3b{(mby_y — t; + h)

— 3b;_1(mb;_y — t;_; + h)?}

3m?+1

" 3m2(m? + 1)2 {(mb; — t; + h)® — (mb;_; —t; + K)*} ;=0

It is difficult to solve the Equations (3-13) and (3-14) using an analytical approach.
Thus, they are solved numerically in this work. In order to solve these equations, the layer
thickness and depression of all layers are considered equal and increased at the amount of
thickness and depression increments, respectively. The assumption made here is that all
layers belonging to a triangular patch of the Stereolithography file (STL) have the same

thickness (t) and depression (b), which makes the final calculations a lot simpler.

In order to find the roughness values, N number of layers are considered. For each layer,
the areas between the obtained centerline and edge profile are calculated, and the sum of
all these areas is divided by L (length of each layer). According to Figure 3-2, the following

calculations are done to find the roughness value:

X; = mbl- + h— ti (3'15)
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_ (x)*sin(2p) (3-16)

Ay 2
tisi—h
p= — _p, (3-17)
m
4, = (tiv1 — & — x;) X P; (3-18)
2
Ay = ((bir1 — b)) — P,)sin(2¢) (3-19)
4
A 1= AI + A” + AIII (3'20)
L; = x;sin(e) + FLW + (bi+1 — by — Py)cos(¢) (3-21)
A
R, = Z il (3-22)
(i L;
=1

So far, the analysis results have revealed that the centerline angle (¢) is different from
the surface angle (#). This finding brings in another significant issue, which is the

relationship between the layer thickness (t) and depression (b). Considering Figure 3-2,

they are related by tan(0) = %.
3.3. INSPECTION PROCEDURES

Inspection of layer-based manufacturing parts for surface roughness purposes required
an adequate measuring span to cover the patterns on the surface. At least three ridges need
to be present on the measuring span and around 5 mm in length. In this research, an area
of 4mmx4mm is measured to have enough details from the surface. Most of the non-contact
methods presented in literature review do not have the required measuring area for layer-

based manufacturing surfaces, also the vertical range of them is not enough for texture
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assessment of layer-based manufacturing parts. There is not a specific procedure or a

standard to measure the layer-based surfaces and more research needs to be done.

In this thesis, a new methodology using Total Least Square (TLS) method is developed
to calculate the surface roughness. The point cloud data extracted from each surface is
examined. The point cloud is the 3D coordinates of the points from the surface, which is
scanned by a laser scanner, Faro Arm (Figure 3-3). In order to obtain the surface roughness
value of each surface, a plane from which the total sum of arithmetic distance of all points
is minimum, is fitted to the data points. This plane is called the Total Least Square (TLS)
plane. In this regard, a computer program is developed that by getting the point cloud data
of the surface, calculates the TLS plane and the deviations from this plane is used in finding

the surface roughness.

This procedure is an effective method for Layer Manufacturing (LM) parts. However,
the ridge pattern must be large enough so the laser scanner resolution can catch the details
for roughness purposes. In the case of FDM parts, the build orientation and layer thickness
were the defining factors for using point cloud data. The laser scanners range of
measurement was enough for examining the surface texture of the FDM parts with 0.010
and 0.013 inch layer thickness before doing the post-processing stage. However, after
conducting the finishing process for 0.010 inch layer thickness of FDM parts, the
experimental results revealed that this method can be used for surface angles below 30
degrees. For larger layer thickness values, bigger angles would be possible. The 3D discrete
point cloud data captured from one patch of specimens is shown in Figure 3-4 (a) from two

different views and part (b) shows the corresponding best plane fitted to the entire data set.
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Figure 3-3 Inspecion of an FDM art with Faro Laser Arm,
In the next step, the distance from the TLS plane is calculated and the surface roughness

is found using Equation 3-23.

_ i=1ldis|

n

5, (3-23)

where n is the number of points extracted from the surface and dis is the arithmetic distance
of each point from the TLS plane. The approach starts with importing the coordinates of

points into a computer program developed here to calculate the surface roughness values.

The surface reconstruction is done by PolyWorks software coming with Faro Laser Arm.
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a) The discretepoints obtained from a FDM surface (60 deg.) depicted from two views.

b) The surface fitted to the points (60 deg.).
Figure 3-4 The results of the surface 3D digitizer device and the surface fitted to the

points from a sample with 60 deg. build orientation.

As mentioned, the point cloud data are efficient in surface roughness calculation of
angles below 30° in our cases of experiments. Therefore, it depends on layer thickness and
build orientation. One of the most frequently used devices for surface texture assessments
is the mechanical position sensitive device from contact-based category. For the surfaces,
which their details are hard to be caught by laser scanner or are out of its range of accuracy,
a contact based mechanical roughness device, position sensitive, is used. The angles below

30 were out the range of the mechanical device and the Faro Laser Arm could be used for
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angles up to 60° with 0.010 inch layer thickness. This overlap was used to verify the
compliance of the two devices. At 30°, the mechanical profilometer gave 34.22 um surface
roughness and the Laser Arm data yielded 35.68 um. This results show that the two devices
are giving close results so the measuring device was switched to mechanical profilometer
after 30° with 0.010 inch layer thickness. In the case of 0.013 inch layer thickness, after
60° surface slope, the mechanical profilometer was used and the results at 60° and 65° were
0.7 and 0.4% different. Based these observations, it was decided to merge the results and
use the devises according to their measuring ranges. The Laser arm measurement used in
these cases was too time consuming and it took approximately 30 min to measure a surface
with 60° surface slope and 0.010 inch layer thickness. On the contrary, the mechanical
roughness device does the task in less than 10 minutes. It would be possible to measure all
angles by the mechanical roughness; however, the one available for us does not cover the
large details on the surfaces below 30 degrees. Figure 3-5 shows the mechanical roughness
device while functioning on an 85 deg. surface with 0.010 inch layer thickness. The
mechanical roughness device used in this research is Mitutoyo SJ 210, 178-951A model,

with stylus radius of 5um.

All samples were examined by a 3D optical surface topography microscope as well.
This microscope has a camera capturing pictures from the surface at different heights and
creates a stack of figures. A software then processes the pictures and reconstructs a 3D
topography of the surface. The software used is called MicroPhase from GetPhase Inc.
Figure 3-6 Shows the microscope while measuring a 60 degrees surface by it. The surface

topography and surface profile of this sample is shown in Figure 3-7. The main concern in
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measuring the surface roughness using the optical methods is the transparency of the
surfaces and also calibration of these devices. The device works based on the light intensity
at different height that the picture is taken; however, if the surface is translucent by any
degree, the results will not be promising for surface roughness values. They are designed
mostly for measuring metal surfaces, and for using them on polymer surfaces, other
calibration procedures must be taken. In addition, the optical microscopes work based on
the light reflected from the surface. The AM parts, FDM parts in particular, have surface
patterns that is out of the vertical range of optical devices. It also has a short range and best
works at higher build orientations above 75° for 0.010 inch layer thickness. Increasing the

layer thickness makes the measurements more difficult.

Mitutoyo SJ-201

Figure 35Themechan|cal féug‘h’he"s'sy device fuhctioning on a sample at 85°.
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Figure 3-6 The 3D optical surface topography"microscope measuring a 60° with 0.010

inch layer thickness surface.
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a) Surface topography b) 2D surface profile
Figure 3-7 Surface topography and 2D surface profile of an FDM surface with 0.010

inch layer thickness and 50° build orientation.

In this research, the 3D optical microscope was only used for investigating the surface

topography shapes qualitatively not for roughness measurements. The important use of 3D
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microscope results was in studying the effect of post processing stage on the surface
roughness. The grooves and ridges on the surface were investigated to see the differences

before and after finishing step.

One of the main concerns in all measuring operations is holding the specimen in an
appropriate position. Most of the measuring devices require the sample to be hold
horizontally, perpendicular to measuring direction. In this research, some jigs with inclined
surfaces with the same angles as the samples are designed and printed with an FDM
machine as shown in Figure 3-8 (a). The jig have four sides, each with an angle from 5 to

90 degrees at 5 degree increments. Figure 3-8 (b) shows a sample on a jig at 50 degrees.

25,30,40and 45 deg. 50, 55,60and 65 deg. 70, 75, 80 and 85 deg.
a) The designed jige to keep the samples horintally

50 deg. surface holden horizontally

5, 10, 15 and 20 deg.

b) A samble‘ WiAth 50 deg. bund orientatibn' on'ajig
Figure 3-8 The jigs and their application in keeping a surface in horizontal position.
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3.4. DESIGN OF EXPERIMENTS

In order to validate the developed analytical model and the post processing stage, an
experimental setup for fabrication of specimens, Inspection, and roughness analysis is
stablished. FDM process is used as a platform to implement the conceptual methodology.
However, the concept can be implemented for any other layer-based AM process. The final
specimen was designed to maximize the number of angles that can be measured, while
minimizing the overall size and complexity in order to make it cheap and easy to print. To
this end, a cubical shape was used as the basis for the part. By placing four angles on each
side, sixteen different angles are available for analysis. These angles range from 5-85
degrees in increments of 5°, skipping 35°. On the interior, five smaller surfaces are included
on each side, these increase in increments of 1 degree from 30 to 49, so 35° is also present
on the surface. Figure 3-9 (a) shows the designed specimen. The specimens are
manufactured with two different layer thicknesses as 0.010 and 0.013 inch as shown in

Figure 3-9 (b).

The smoothing parameters are divided into two parts as the number of cycles and cycle
duration. Three levels are considered for each one resulting in 32=9 smoothing setups,
considering full factorial method in design of experiments (Table 3-1). The full factorial
method is chosen since there is not enough data about the behaviour of the surface
roughness at each surface slope. The full factorial method gives a more comprehensive
output from the experiments using the input parameters. In general, 9x36=324 experiments
need to be conducted. Acetone vapour bath is used as the smoothing method and the parts

are hung in the bath according to the smoothing setup and the results are studied.
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a) The designed specimen for surface roughness evaluation.

i 1 'iim'l'““2[”"”"”""1\' \\n\\\\;\\\\\\\\\n\\\\t\;\\\\

b) The typical final manufactured specimens (inch).
Figure 3-9 The designed (a) and the manufactured specimens (b).

The total time during which the part is exposed to acetone vapour can be calculated for
each set of smoothing parameters, referred to as Total Exposure Time (TET). This
parameter is used as the main smoothing parameter. Another parameter called Roughness
Reduction Percentage (RRP) is defined (Equation 3-24) to see the amount of reduction in

surface roughness for each smoothing setup.
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i _cof

a a
RRP = =% x 100 (3-24)

a

where S and S(f are the initial and final roughness, respectively.

Table 3-1 Smoothing factors.

Factor 1, Number of cycles Factor 2, Cycle Duration (Seconds)
2 8
3 10
4 15
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4. RESULTS AND DISCUSSIONS

4.1. INTRODUCTION

This chapter presents the results of the analytical solution compared to the experimental
results for different angles. Then the experimental results of the post processing stage are
presented and experimental models are fitted to the data for predicting the surface
roughness values. Based on the results of this research, the best post processing setup, main
factors affecting the roughness values, and the best model for predicting the surface

roughness are stablished.

4.2. ANALYTICAL SOLUTION RESULTS

The developed analytical model for predicting the surface roughness is used here and
the values are compared to the experimental ones. The two layer thicknesses are 0.010 and
0.013 inch and the depression is found by b = t/tan(6). A computer algorithm is
developed to find the achievable angle considering the new centerline established in this
study. This output is a measure of the required number of layers and layer depression to
create a particular angle. Before 45° surfaces, with respect to horizontal plane, the
achievable angle increases and converges to a certain angle, which might be smaller or
bigger than the aimed angle. The point is that the desired angle might be anywhere in this

trend with a certain number of layers. Figure 4-1 (a) represents the trend of the achievable
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surface angle for ideal surface angle of 40 degrees. As it can be seen in Figure 4-1 (a), by
increasing the number of layers, the achievable angle converges to 39.8° after 27 layers.
However, for other cases it may converge to a larger angle so the best choice can be found
with fewer number of layers before convergence. At 45° surface, the trend changes and
that’s the angle at which the achieved angle is always the same as the aimed one and it
converges to 45° with only three layers. For the surfaces with more than 45° with respect
to horizontal plane, the achievable angle starts from a larger angle for few numbers of
layers and decreases toward a close angle to the desired one. However, the angle that the
curve converges to, can be either smaller or larger than the aimed angle. For instance, at
50° (Figure 4-1 (b)), the best result with 100 number of layers is 51.3407° and actually it
converges to this value after 91 layers. A noteworthy point here is that both trends start
from a too smaller or too larger angle than the desired one for few numbers of layers,
conveying the fact that for fewer numbers of layers, the issue addressed above is more
significant. In order to solve this problem, it is suggested that the layer thickness be reduced

to increase the number of layers and achieve a better result.

The layer thicknesses available on the machine is of great importance in selecting the
number of layers for the achievable angle closest to the desired one. The product design
specifications and dimensions define the available space to manufacture a certain surface
angle on the machine. Therefore, considering the available space and the desired angle, the
designer can check the required number of layers based on the curves obtained in this work.
This will lead to the layer thickness necessary to have that number of layers in the space

available. Then the approach is to check the available layer thicknesses on the machine,
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the required layer thickness should be equal or bigger than the options on the machine. If
its equal to one of the options so the surface can be easily manufactured but if it is larger,
number of layers should be increased, which can lead to some error in surface angle. Taking
this discussion in to account in deciding about the process parameters ends in some back
and forth between number of layers and the final possible approach considering machine

limitations and design requirements.

Figure 4-2 (a-f) shows the results of different angles from 5 to 90 degrees with 5 degrees
increments versus the number of layers. In design application and during service life of a
product, the surface properties are the other significant parameters, which can be of
assembly, authentic etc. requirements. Surface roughness is one of the surface properties
and is one of the substantial process design parameters. Considering the fact that the desired
angle is not always the angle that the corresponding curve convergence to and also there
are other choices available for a specific angle with some error, surface roughness resulting

from each of the choices can be another criterion to select between two available options.
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The process designer can choose the number of layers based on two factors. The two
factors are minimizing the surface roughness and the accuracy of the resulting angle. Table
4-1 shows the corresponding possible angles and a parameter defined as the surface
roughness divided by layer thickness for each number of layers at 15°. In order to achieve
an angle of 15°, about 10 layers are required to get an angle of 15.0205° and after that the
resulting angle increases slightly and with 100 layers the resulting angle is 15.1230 degrees,
that is more than 15°. Regarding the preferred surface roughness, the designer can decide
about the angle. An increase in the number of layers causes an increase in surface roughness
and based on the application that a higher or lower surface roughness is desirable, the
number of layers can be selected. In fact, if the angle is not the main factor and an angle of
14.480° is acceptable leading to a lower surface roughness, the number of layers can be
changed to 4 layers instead of 10.

Table 4-1 Resulting angle and corresponding depression (b) needed from 1 to 20 layers

at 15° surface angle.

No. Of  Resulting Angle RJt No. of Resulting Angle RJt
Layers (Deg.) Layers (Deg.)
1 6.190 0.11061 11 15.038 0.18909
2 12.614 0.17174 12 15.052 0.18918
3 13.987 0.18178 13 15.063 0.18925
4 14.480 0.18525 14 15.071 0.18931
5 14,711 0.18684 15 15.078 0.18936
6 14.837 0.18771 16 15.083 0.18940
7 14,913 0.18823 17 15.088 0.18943
8 14.962 0.18857 18 15.092 0.18945
9 14.996 0.18880 19 15.095 0.18948
10 15.0205 0.18897 20 15.098 0.18949
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The results can also be used to decide on the most accurate angle that can be obtained,
where an accurate angle is the most significant goal. As it can be inferred from the results,
for 10° as the goal, the possible angle with 20 layers is 9.931° and 9.9498° with 100 layers.
This means that in order to have a more accurate angle for 10°, the designer should aim at
a larger angle to get an accurate 10 degrees surface. In other words, the analytical solution
presented here provides the designer with a tool to get a more accurate angle on the final
part by aiming at another angle achievable from the analytical solution. Table 4-2 shows
the suggested angles to achieve each angle at 5° increments with 0.02° error. For each
particular desired angle, there is a suggested angle, which should be selected so that on the
final part the angle will be close enough to the desired one. At each angle with 20 layers,
there might be a good accuracy with 20 layers; however, the possibility of that accuracy
with 20 layers depends on the space available for it and the minimum layer thickness
available on the machine. For instance, at a five-degree surface slope, if the aim is chosen
5°, a good accuracy will be achievable but with 20 layers which might not be feasible at
the moment, either because of limited space or minimum feasible layer thickness on the
machine. Therefore, the other purpose should be focusing on minimizing the number of
layers. For instance, aiming at 5.2° will yield 5.0076° only with 5 layers that is more
reasonable. In the case of small features, where there is only a limited space (i.e. 1 mm) for
building the feature with an FDM machine or any other layer based 3D printing machine,
the layer thickness and number of layers will be the crucial factors. Within 1 mm space, it
is possible to get a 5° angle with 10 layers which means 0.1 mm layer thickness but with

100 layers, it might not be feasible to have 0.01 mm layer thickness. As a result, the number
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of layers should be minimized by aiming at a more appropriate angle leading to a more

feasible layer thickness.

According to the results in Table 4-2, after a certain angle (20 degree) the designer can aim
at the actual desired angle because it yields the final angle without any need to change it.
It can be concluded that for small features with small angles (lower than 20°), the designer
can use the proposed method to change the angle to get the final desired angle. In order to
summarize these results, based on the design requirements and machine specifications, the
designer has different options to select. If the goal is to have an accurate angle, these results
suggest that for small features, aiming at another angle slightly different from the desired
one leads to a better result. In addition, if the surface roughness is important, number of
layers can be changed to get the preferred surface roughness but it should be noted that this
might cause some error in the desired angle. However, while selecting an angle to be
manufactured, the possible layer thicknesses on the machine also affects the number of
layers and if there are not options to have the desired layer thickness, the aim must be
reducing the number of layer with losing some accuracy in angle.

Table 4-2 The suggested angle, corresponding final angle and the required layers for the

suggested angle.

Desired Suggested Achievable  Required  Error
angle (deg.)  angle (deg.) angle (deg.) layers (%)

5 5.2 5.0076 5 0.076

10 10.2 10.0248 9 0.248

15 15.1 15.0204 10 0.204

20 20 20.0079 10 0.079

25 25 25.0246 5 0.246
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4.3. VALIDATION OF ANALYTICAL SOLUTION WITH EXPERIMENTAL RESULTS

In order to validate the analytical study presented here, an experimental setup for
fabrication of specimens, measurement, and roughness analysis is utilized. Layer thickness
and the horizontal depression between the subsequent layers define the overall shape of the
cusp for any profile of the product. Traditionally, the horizontal depression is calculated
based on trigonometry and the local slope of the desired profile curvature. Therefore,
modelling the resulting surface roughness as a function of layer thickness and the local
slope of the desired profile will be a practical approach to use for predicting and process
controlling applications. The commercially available AM machines are still very limited
in terms of layer thickness variation. In addition, dynamic change of layer thickness is not
an option in many commercial systems. As a result, the surface local slope will be the most
adjustable parameter to control and conduct the required experimental study. FDM process
is used as a platform to develop and implement the conceptual methodology. However,

the concept can be implemented for any other layer-based AM processes.

The point cloud data is captured for each patch of specimens and a surface is fitted to
the data. Figure 4-3 shows the reconstructed surface topographies of two sets of the
specimens with 0.010 and 0.013 inch layer thickness at 10, 35 and 90° surface angles
obtained by Faro Laser Arm. Appendix A shows all reconstructed surface topographies for

all angles from 5 to 90° with 5° increments.
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a) 10° surface angle (left is 0.010 inch and right is 0.013 inch layer thickness)

b) 35° surface angle (left is 0.010 inch and right is 0.013 inch layer thickness)

c) 90° surface angle (left is 0.010 inch and right is 0.013 inch layer thickness)
Figure 4-3 3D representation of the surfaces with 0.010 and 0.013 inch layer thickness at

different surface angles after surface reconstruction from point cloud data.

In the next step, the results of the analytical formulation and the actual surface

roughness values calculated using the point cloud data of the manufactured surfaces are
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compared as shown in Figure 4-4. In the theoretical solution the surface is considered
perfectly smooth and there is no waviness. The only thing considered is the square stair-
step shape of layers on the top of each other. However, the surface created by FDM process
has waviness on it as a result of machine vibration, acceleration, deceleration of head
during printing, etc., which is not taken into account in analytical solution. The other effect
that is not considered is the filling underneath surfaces which is visible on 5 and 10°
surfaces. The infill material can be seen on the surface making it too different from the
ideal surface. At higher surface slopes such as 80° and 85°, the waviness is dominating and
after a certain degree (70°) the trend is locally changed to increasing by increasing the
angle. This behaviour can be attributed to the waviness effect. In addition, in the theoretical
model, the surface is considered as steps with square edges, which is another reason for

getting different results.
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Figure 4-4 The theoretical and experimental surface roughness of the specimens.
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4.4, RESULTS OF POST-PROCESSING STAGE

The smoothing process in acetone vapour bath on FDM parts made of ABS removes
the staircase effect on the part’s surface dramatically and yields a smoother surface. Figure
4-5 (a) and (b) show the pre and post-smoothing surfaces for the 90 degrees surface slopes
for 0.010 and 0.013 inch layer thickness, respectively. Figure 4-5 (a) shows the pre-
smoothing surface for 0.010 inch layer thickness and (b) shows the smoothed surface with
4 cycles and 15 seconds cycle duration. As it can be seen in these figures, the smoothing
process has a profound effect on the surface to the end that the staircase effect is almost
removed and only some grooves have remained on the surface. For the layer thickness of
0.013 inch the staircase effect is more and the same smoothing process has less effect on
removing that and as it can be seen in Figure 4-5 (c) and (d), few amount of peaks and
valleys still remain on the surface compared to the pre-smoothing surface. This result
confirms that layer thickness has a significant effect of smoothing process by acetone. The
surface topographies obtained by optical microscope showed the same behaviour about the
pre and post-processing result. Figure 4-6 shows some typical results of 3D optical

microscopy.
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a. 50° before b. 50° after

c. 55° before d. 55° after

e. 65° before f. 65° after
Figure 4-6 3D roughness evaluation of the post processed surfaces before and after post-

processing with 4 cycles each for 15 seconds and 0.013 inch layer thickness.
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In order to find the optimum smoothing parameters to get a specific surface roughness
on the FDM surfaces, 9 experiments with different smoothing setups have been conducted
for each layer thickness. Figure 4-7 illustrates the final surface roughness values resulted
from each smoothing set of parameters for 0.010 inch layer thickness. The notation used
in the figures are as “Ra a-b”, the first number (a) indicates the number of cycles and the
second (b) stands for the duration time. For example, “Ra 2-8” means the part has been
smoothed for two cycles, each for 8 seconds. Compared to the original roughness values,
smoothing process has affected the surface roughness significantly, especially for angles
above 40 degrees. In addition, after smoothing process, the fluctuations in the curves
attributed to process parameters, machine vibrations etc. are removed from the surface and
the curves behave smoother. This behaviour indicates the fact that smoothing process also
removed surface irregularities resulted from process parameters and machine instabilities.
The surface roughness decreases by increasing the surface angle showing more important
effect of surface slope. As it can be inferred from Figure 4-7, as the cycle number increases,
smoother surfaces are resulted, also increasing the cycle time leads to smoother surfaces.
It can be concluded that 4 cycles with 15 seconds results the smoothest surface; however,
there should be a relation between the number of cycles and cycle time and which one has
the more significant effect on the surface roughness. Figure 4-8 shows the results for the
layer thickness of 0.013 inch, and it confirms the same results as of 0.010 inch layer
thickness. Considering these two results, surface slope is the main design factor affecting

surface roughness.
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It seems that the most important parameter affecting the surface roughness is TET and
the two parameters individually do not have such a significant effect. Figure 4-9 shows the
effect of TET for both layer thicknesses based on the RRP parameter. In the legend of
Figure 4-9, the first column is the number of cycles, second is the cycle time and the third
column is the TET. As it can be understood from the results, after 40° the curves become
stable and converge to a certain RRP and before 40° the results are so sensitive to the
surface slope. It means that at angles less than 40°, a change in surface slope results in a
very different roughness value and if they are present on a part together, the final surface
will not be homogenously smoothed. On a surface having angles larger than 40°, more
homogeneous results will be achieved. These results suggest that in design stage, the
surfaces required to be smooth and have various angles with respect to horizontal axis (like
a free surface), be designed in such a way that at a specific build orientation, all angles fall
above 40° when printing. In general, the sensitivity to surface slope decreases after 40°.
Surface Roughness Sensitivity (SRS) to surface slope can serve as an indicator to choose
the build orientation at in order to have a smoother surface SRS should be as low as
possible. These results can be used as a design tool that helps the designer to decide on the
product’s build orientation. At design stage, each surface slope will yield a different surface
roughness, which is predictable using the available results from pre-processing step. For a
part that a particular surface roughness is required at some areas, the designer can calculate
the corresponding RRP and use the results of Figure 4-9 to decide on the appropriate post-
processing parameters. In this way, at design stage, the build orientation can be selected so

as to give the proper surface slope and the corresponding post-processing parameters.
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In order to study this idea that TET is the main factor, the two cases having the same
TET: 2 cycles of 15 seconds and 3 cycles of 10 seconds are compared. The RRP for these
two sets are presented in the following column diagram (Figure 4-10). As it is obvious,
almost in all cases, 2 cycles of 15 seconds results in a smoother surface than 3 cycles with
10 seconds, which shows that duration time has more effect on the surface roughness. It is
worth noting that 2 cycles with 15 seconds is easier and more cost effective than 3 cycles
with 10 seconds for it needs less cycle changes resulting in less effort necessary to conduct
the smoothing process but in order to decide whether it’s a significant variation, a statistical
analysis should be conducted. Another set of smoothing parameters which are close in TET
are 4 cycles of 8 seconds (32 seconds) and 3 cycles of 10 seconds (30 seconds). The column
diagram for this case is shown in Figure 4-11. Although TET is less in the case of 3 cycles
by 2 seconds but the results are almost the same or even better with fewer cycle with longer

time.
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Figure 4-10 The RRP versus surface angle for TET of 30 seconds by 2 cycles of 15

seconds and 3 cycles of 10 seconds for t=0.010 inch.
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Figure 4-11 RRP versus surface angle for 2 cycles of 15 seconds and 4 cycles of 8
seconds.

In order to decide which factor has more effect on the surface roughness, at each cycle
number, time is increased and reduction in surface roughness with respect to original
roughness is represented and in the other case, the time duration is kept constant and
number of cycles are increased for 0.010 inch layer thickness (Figure 4-12 (a-f)). The
important fact about these results is that by increasing the surface angle, the reduction
percentage increases until 40 degrees and after that the behaviour becomes more stable and
surface roughness reduction does not change significantly by increasing the surface angle.
In the case of constant number of cycles, increasing the duration time from 8 to 10 seconds
results in reduction of surface roughness as reduction percentage increases. However,
increasing duration time from 10 to 15 seconds gives more reduction in surface roughness.
This result shows that increase in duration time leads to smoother surface and has more
effect on the surface roughness. On the other hand, when duration time is constant and
number of smoothing cycles are being increased, from 2 to 3 cycles, the surface roughness

is decreased but as opposed to constant cycle case, from 3 to 4 cycles, the reduction in
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surface roughness is less than from 2-3 cycles. This result proves that duration time has
more effect on surface roughness. After 3 cycles, the effect of number of cycles is
decreased as it can be seen in Figure 4-12 but the effect of duration time becomes more by
increasing it. This behaviour is more obvious in the case of 0.013 inch layer thickness
(Figure 4-13). Increasing the time from 8 to 10 seconds has the least effect and surface
roughness does not change significantly but from 10 to 15 seconds there is a significant
increase in RRP. The reverse is observed for constant duration time as from 3 to 4 cycles,
the increase in RRP is less than 2 to 3 cycles, supporting the fact that effect of number of
cycles is becoming less. This trend for 0.013 inch layer thickness also confirms the more
significant effect of duration time than number of cycles. In general, these differences
suggest that when a TET is achievable with two different configurations, the one with less

number of cycles is preferred from either cost or smoother surface aspects.
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Figure 4-12 Surface roughness versus surface angle for different duration time and

number of cycles for 0.010 inch layer thickness.
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Figure 4-13 Surface roughness versus surface angle for different duration time and

number of cycles for 0.013 inch layer thickness.
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4.5. STATISTICAL ANALYSIS AND MODEL DEVELOPMENT

The statistical analysis used here is the 6-Sigma method, which suggests that if the
difference between the minimum and maximum value of results (maximum deviation) is
less than 6 times of standard deviation of the results, the data distribution can be considered
as normal distribution. Then a regression analysis will lead to a model fitted to the data set.
The result of 6-Sigma analysis showed that for all cases and both layer thicknesses the
variation between minimum and maximum roughness values is less than 6 times of
standard deviation of that case, suggesting that the distribution can be considered normal

based on 6-Sigma method.

At each surface angle, a linear and a quadratic model with 95% confidence level are
fitted to the results and the outputs show that the quadratic model better fits to the
experimental data for both layer thicknesses. Figure 4-14 shows the models for 65° surface

angle for both layer thicknesses.

woh @ post-processed Sa @ post-processed Sa
N \' Quadratic model 7 "" Quadratic model
— Linear model ] e | = Linear model

Sa (micrometer)
Sa (micrometer)

15 20 25 30 35 40 45 50 55 60 15 20 25 30 35 40 45 50 55 60
TET (seconds) TET (seconds)

a) 65 degrees with t=0.013 inch b) 65 degrees with t=0.013 inch
Figure 4-14 Linear and quadratic models fitted to experimental data for t=0.010 and 0.013 inch.

Table 4-3 and Table 4-4 show the linear and quadratic models fitted to the data for

0.010 and 0.013 inch layer thickness, respectively.
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Table 4-3 Linear models fitted to the experimental results for 0.010 inch layer thickness.

Angle
(Deg)

t=0.010 inch

Surface roughness linear model for

Surface roughness linear model for

t=0.013 inch

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

S.=0.0580x%t+49.7667
Sa=-0.1588xt+44.3042
S.=-0.3288xt+40.2188
Sa=-0.2584xt+27.7633
Sa=-0.2695%t+23.7395
Sa=-0.2349xt+18.3481
S.=-0.1805x%t+12.8705
S.=-0.1188xt+8.1616
Sa=-0.1049x%t+7.2035
S.=-0.0918xt+6.3366
S.=-0.0785%t+5.0519
S.=-0.0582xt+4.0727
S.=-0.0563%t+3.5207
Sa=-0.0455x%t+3.3550
Sa=-0.0329x%t+2.7212
S.=-0.0388xt+3.1485
S.=-0.0420%t+3.0610

S,=-0.0412xt+2.6573

Sa=-0.1165%t+71.7994
Sa=-0.0944xt+65.5741
Sa=-0.3356x%t+74.3322
S.=-0.4830xt+67.3221
Sa=-0.2975%t+39.1561
Sa=-0.2128x%t+28.6594
Sa=-0.1449x%t+20.5677
Sa=-0.2159%t+15.2914
Sa=-0.1559x%t+11.7592
Sa=-0.1579%t+11.2722
Sa=-0.1364x1+9.2474
Sa=-0.1358x%t+8.9994
Sa=-0.1127xt+7.8270
Sa=-0.1068xt+7.0268
Sa=-0.0906%t+6.0773
Sa=-0.0976xt+6.6614
Sa=-0.0890xt+6.0394

Sa=-0.0863%t+5.5088
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Table 4-4 Quadratic models fitted to the experimental results for 0.013 inch layer

thickness.

Angle
(Deg.)

Surface roughness quadratic model for
t=0.010 inch

Surface roughness linear model for
t=0.013 inch

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

S.=-0.00621xt?+ 0.52621xt + 42.10279
S.=-0.00995xt? + 0.59090xt + 32.03211
Sa= 0.00005xt? - 0.33284xt + 40.28458
Sa= 0.00423xt2- 0.57697xt + 32.97755
Sa=0.00587xt? - 0.71215xt + 30.98490
Sa= 0.00370xt?- 0.51390xt + 22.91406
Sa= 0.00416xt2- 0.49427xt + 17.99590
Sa=0.00253xt? - 0.30930xt + 11.28027
Sa=0.00288xt? - 0.32228xt + 10.76196
Sa= 0.00296xt? - 0.31522xt + 9.99323
Sa= 0.00204xt? - 0.23272xt + 7.57532
Sa=0.00279xt? - 0.26889xt + 7.52135
Sa=0.00186xt? - 0.19640xt + 5.81363
Sa= 0.00206xt? - 0.20092xt + 5.89896
Sa= 0.00149xt? - 0.14500%t + 4.55536
Sa=0.00150xt? - 0.15188xt + 4.99923
Sa=0.00107xt? - 0.12288xt + 4.37554

Sa= 0.00229xt? - 0.21421xt + 5.48851

Sa=0.00364xt? - 0.39114xt + 76.29453
Sa=0.00204xt? - 0.24795xt + 68.08728
Sa= -0.00501xt? + 0.04250xt + 68.14335
Sa= -0.00233xt? - 0.30711xt + 64.44273
Sa= 0.00557xt? - 0.71760xt + 46.03292
Sa= 0.00195xt? - 0.36001xt + 31.06966
Sa= 0.00236xt? - 0.32301xt + 23.48368
Sa= 0.00544xt? - 0.62614xt + 22.00622
Sa= 0.00402xt? - 0.45902xt + 16.72069
Sa= 0.00341xt? - 0.41465xt + 15.47403
Sa= 0.00329xt? - 0.38415xt + 13.30206
Sa= 0.00332xt? - 0.38578xt + 13.09134
Sa= 0.00310xt? - 0.34623xt + 11.64925
Sa= 0.00258xt? - 0.30135xt + 10.21198
Sa= 0.00190xt? - 0.23358xt + 8.41749
Sa= 0.00214xt? - 0.25907xt + 9.30434
Sa= 0.00194xt? - 0.23562xt + 8.43790

Sa= 0.00255xt? - 0.27873xt + 8.65848

In order to draw a quantitative comparison between the linear and quadratic models,
the Sum of Square of Errors (SSE) and Root Mean Square Error (RMSE) for both models

are compared (Table 4-5 and Table 4-6). For both indicators, the quadratic model has a

smaller average than the linear model in both indicators. Therefore, the quadratic model is

found to be the best model to explain the trend of surface roughness based on TET. Using
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these models, the proper TET to get a specific Sa value at a certain surface angle on a
surface can be selected. Figure 4-15 illustrates the results of SSE and RMSE for both
models. As it can be understood from Figure 4-15, for angles below 30 degrees, the two
models are not capable of representing the results efficiently. This can be explained by
considering the larger staircase effect on these angles the initial value of the surface

roughness.

Table 4-5 SSE and RMSE of linear and quadratic models for 0.010 inch layer thickness.

t=0.010in Linear Model Quadratic Model
Angle SSE RMSE SSE RMSE

5 4729409518 2.599288232  35.70678138  2.439493847
10 48.76684644  2.639449251  19.05592715 1.782130146
15 441930235  2.512625931  44.19217028  2.71391999
20 34.51134362  2.220403555  29.14777355  2.204078551
25 13.08862686  1.367407707  2.732554547  0.674852397
30 10.05956861  1.198783229  5.946718647  0.995549986
35 8.76250979 1118832924  3.574121434  0.771807557
40 3.390495225 0.695957226  1.471797317 0.495277249
45 3.228593086  0.679137382  0.730646056  0.348961807
50 4.621605365 0.812544976  1.983776918 0.575003901
55 1594604441  0.477284647 0.338414958  0.23749209
60 2.684938731  0.61932437 0.338659628  0.237577927
65 1.082575188  0.393260217  0.045383976 0.086971236
70 1505519932 0.463761012 0.228847874  0.195298009
75 0.844059258  0.347246158  0.18039798  0.173396453
80 1426644084 0.451449109 0.750953231 0.353777998
85 0.852647707  0.349008331 0.50655805  0.290562113

93



90 2.476100087
Average  12.79909984

0.594750859
1.085584173

0.894801719
8.212571372

0.386178223
0.831240527

Table 4-6 SSE and RMSE of linear and quadratic models for 0.013 inch layer thickness

t=0.013 in Linear Model Quadratic Model

Sum of Root Mean Sum of Root Mean

Angle Square of Square Error Square of Square Error

Errors (SSE) (RMSE) Errors (SSE) (RMSE)

5 10.3011898  1.213094614  6.314920468  1.025907766
10 88.8668319 3.563041075 87.6208633 3.821449622
15 86.89294451  3.523248187  79.33694452  3.63632013
20 138.4800067  4.447792498  136.8444214  4.775709744
25 88.24291609  3.550511353  78.91349217  3.626602914
30 13.83872336  1.406044267  12.69269582  1.454458422
35 5.428228531  0.880602759  3.750833999  0.790657321
40 12.13807846  1.316818594  3.243040116  0.735191598
45 7.812803896  1.056463365  2.956620449  0.701975836
50 5.631933453  0.896973758  2.148949549  0.598463247
55 6.057395555  0.930237723  2.814179329  0.684857568
60 4.464382169  0.798604333  1.161144052  0.439913638
65 4385742539  0.791539417  1.503653977  0.500608626
70 4.846885522  0.832113104  2.845459263  0.688653186
75 2.264205905  0.568733669 1.1838437 0.444192845
80 4.215320357  0.776008133  2.837345214  0.687670611
85 2.786344043  0.630911364  1.651424587  0.524630757
90 2.527556015 0.600898852  0.570438847  0.308339328
Average 27.17674938  1.543535392  23.79945948 1.41364462
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Figure 4-15 Graphic representation of SSE and RMSE of linear and quadratic models for
both layer thicknesses.

4.6. DESIGN MODELS

The application of the experimental models is in deciding about the proper TET to

achieve a specific surface roughness on the surface of a product. Figure 4-16 shows a

typical example of the models developed in this study at 45° and the TET of 30 seconds.

The models fitted for all surface angles from 5 to 90°, with 5° increments, are represented

in Appendix B. Supposedly, if a layer thickness between the ones used in this study is

chosen, the final surface roughness can be interpolated between them. If the layer thickness

of the product is something other than the two values considered in this study, for example

0.012 inch, the surface roughness of the product after 30 seconds of exposure can be



interpolated using the two available curves. The following linear interpolation can be done

to calculate the surface roughness of a 0.012 inch layer thickness (Sa (0.012)) product:

Sa(0012)—38  6.6—38
0.012-0.010  0.013 — 0.010

Sa (0.012) = 5.667 pm

——t=0.010 inch| |
""" t=0.013 inch

Sa (micrometer)

15 20 25 30 35 40 45 50 55 60

TET (seconds)

Figure 4-16 Surface roughness calculation of products with other layer thicknesses for a
particular TET

4.7. DIMENSIONAL ACCURACY

The overall size of specimens with the different surface angles is a 60x60x20 mm cube.
In order to check the dimensional change of the specimens after the post processing, they
are measured and the results are shown in Figure 4-17-a. The maximum observed
dimensional change is 0.082 millimetre, which is a negligible change. It can be concluded
that the post-processing stage does not have a significant effect on the dimensional
accuracy of the products. As it can be seen in the results of 2 and 3 cycles, increasing
duration time decreases the dimensions. However, the results of smoothing with 4 cycles,
shown by downward triangles in Figure 4-17-a, are not consistent comparing to the results
of the other cycles. It is observed that increasing number of cycles is not as efficient as
increasing the duration time in each cycle. Therefore, it is found that smoothing with 3

cycles gives the most efficient result in terms of a better surface roughness, less time and
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cost, and also less inconsistency in dimensional accuracy. The roughness improvement
gained by using 4 cycles is not significant and as a result, smoothing with 4 cycles is not

recommended.

Figure 4-17-b shows the results of dimensional measurement without fourth cycle.
Considering all the observations and as a general rule of thumb for quick planning, the
dimensional accuracy of the parts after smoothing in acetone vapour bath is maintained the
most using 3 cycles of 15 seconds duration, which gives a desirable surface roughness

when dimensional accuracy is still within an acceptable range.

Error Percentage % = 0.0045(TET) — 0.0568

0.15 T T T :
—&~Error Percentage %

====_Linear Model

Error Percentage %

| | | | |
15 20 25 30 35 40 45

TET (seconds)

Figure 4-17 Dimension of the cube versus TET with and without the forth cycle
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5. CONCLUSION AND RECOMMENDATIONS

FOR FUTURE RESEARCH

The three primary stages to thoroughly investigate and improve the surface quality were
followed. These stages are modeling the surface profile, inspection and post processing. A
new analytical modeling of the surface profile was developed. The developed model
considers the centerline not passing through the center of each edge profile line. Instead,
the centerline was found by minimizing the total distance of points on the surface profile
from a line. The defining parameters of that line were found using a minimization process.
The line found was considered as the centerline and roughness was found more accurately
in this way. The results showed that the new algorithm is most useful for small features at
small surface angles with respect to horizontal plane and for low number of layers. Before
any post-processing, the inspection was done using a 3D digitizer (FARO Laser Arm) and
processed by a computer program developed in this study to find the roughness values. The
theoretical and experimental results were slightly different. The differences can be
attributed to the process parameters of the machine including vibration of the printing head,
the acceleration and deceleration of the axes while printing. The theoretical procedure does

not work on 90 degrees because of cosine of 90° becomes zero. As the surface becomes

smoother by increasing the angle toward 90°, the effect of process parameters becomes

98



more influential and after a certain angle (70°) they dominate the amount of roughness.
From 70-85° surface angles, surface waviness, which because of process errors, dominate
the staircase effect. This leads to an increase in roughness until 85° but at 90° the roughness

becomes minimum compared to all other angles.

The results of analytical solution show that based on the aim of the designer, different
approaches may be considered. When the goal is to get a more accurate surface angle while
reducing number of layers, aiming at an angle slightly different than the desired one can
maintain both purposes especially for angles smaller than 20 degrees. In addition, the
results can be used for finding the number of layers required for the aimed angle. The
results also showed that between the available options, the one yielding a better surface

property could be chosen.

The rough surface of AM parts before post-processing, and specifically for FDM parts,
mandated a 3D representation of the manufactured surface. There are many pattern details
and AM specific textures that need to be considered in measurement process. Therefore, in
this thesis, a 3D surface reconstruction from point cloud data was generated and the point
cloud data from FDM part surface was used to calculate the surface roughness. In
conclusion, it can be said that for rough unfinished FDM surfaces or any other AM
processes that create a rough surface at the end, a 3D surface texture inspection is more

crucial to detect all pattern and surface details.

In this research, acetone vapour bath smoothing was employed to enhance the surface

roughness of FDM parts made of ABS. The roughness values are profoundly improved and
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a reduction percentage of maximum 95% was observed. The results showed that the main

input factor in smoothing process is total exposure time. When breaking down the total

exposure time into number of cycles and cycle duration, cycle duration proved to be the

more important factor. The surfaces angles more than 40° slope with respect to the

horizontal axis, the surface roughness values become less sensitive to surface slope. An

experimental model is develop to predict the resulting surface roughness within a good

accuracy. The main finding of this study can be summarized as follow:

The theoretical model predicts the roughness more accurately than the previous
models and its significance is revealed for fine features on the surface.

The theoretical model can be also be used in selecting the minimum number of
layers to achieve an accurate angle ion the surface. This was also observed more on
lower surface slope with respect to the horizontal plane.

For rough additive manufacturing surfaces, a 3D representation of the surface
texture is more vital because of the details on the surface. 3D point cloud data was
used to study the surface texture of unfinished FDM parts. After post-processing,
the angles below 30 degrees for 0.010 inch layer thickness was also investigated by
point cloud data. For 0.013 inch layer thickness until 50 degree surface slope was
done by point cloud data as this surface was rougher.

3D optical microscopy was used for qualitative study of the effect of post-
processing and the results were used to compare the surfaces before and after post-

processing.
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e Layer thickness is the main design factor affecting the surface roughness and
reducing it results in reduced surface roughness.

e The surface roughness values become less sensitive to surface slope after 40
degrees.

e Total exposure time is found to be the main smoothing factor and between the
number of cycle and cycle duration, cycle duration is the more important one.

e The maximum roughness reduction percentage of 95% is observed and is
achievable by angles above 40 degrees.

e Smoother surfaces can be achieved at low surface roughness sensitivity values.

e The experimental models are developed to predict the results of the smoothing
process and design based on them. The quadratic model better fits the results. At
high surface roughness sensitivity values the two models are very close.

e The dimensional changes are negligible after the post-processing step. The best

smoothing setup is 3 cycles with 15 seconds.

The main contributions of this study in each stage of surface integrity improvement can

be summarized as follows:

e The analytical model is developed based on the true definition of centerline
using total least square method. Because the staircase effect is the main
roughness factor for inclined surfaces, the sharp square corner edge profile is
assumed in developing the model. The edge profile shape is the second factor

and its effect is in micro level compared to staircase effect.
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e In order to inspect the additive manufactured surfaces in 3D, an approach is
proposed and has resulted in acceptable accuracy. There is not a specific device
capable of inspecting additive manufactured surfaces in 3D. A 3D surface
topography is achieved by 3D point cloud data of the surface. A computer
program is developed to process the point cloud data and find the surface
roughness.

e The post processing stage is investigated and best number of cycles and cycle
duration are found for each surface angle. Experimental models are developed
for post processing of FDM parts made of ABS. For each surface angle one can

find the required post processing time and setup.

For further investigation, it can be recommended to study other profile geometries and
find the centerline using total least square method. More research can be done for 3D
inspection of additive manufacturing surfaces. The methodology presented in this thesis
was about the FDM surfaces. Other additive manufacturing processes need more

investigation to study their surface texture.
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Appendix A

The reconstructed surfaces representing the 3D surface topography of each surface
angle are presented here. The figures in the left and right are for 0.01 and 0.013 inch layer

thicknesses, respectively.
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Appendix B

The experimental quadratic models for surface angles from 5 to 90°, with 5° increments

and both layer thicknesses are presented. Surface roughness vs. total exposure time models

are given for each case.
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