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Abstract

Laser powder bed fusion {BBF) refers tcan additive manufacturing (AM) process in
which a highintensity laser source melts powders in a ldyetayer manner to fabricate
parts based on eomputeraided design (CAD) modekithout almost any geometrical
limitations The development of the -BBF process has provided an outstanding
opportunity to manufacture uniggarts which are practically impossible to be produced
by conventional manufacturing methods. TRBBF process also does not require intricate
build tools and assembly processes. Howewgrality issues such as nomiform
microstructure or mechanical propertipsyosities and surface roughnedsteriorate the
quality of the parts fabricated by theABF processTherefore, the reliability anché
repeatability of the process are required to be addressed.

This study deals with improving the quality of the part fabricated by tRBIE process

and making the process more reliable and repeaflinbecontrol approach was employed

to elevate the quality of the final part from three different aspects. First, making the
microstructure and microhardness of the part uniform through a control approach was
investigated.Three controllers, namely, propiamal (P), adaptive P, anguasisliding
mode, were evelopel to control thanelt pool temperatur®r thelnconel 625 superalloy.

An analyticatexperimental model wasesentedio evaluate the performance of controllers
via simulation.A monitoring systentonsisting of awo-color pyrometer wastilized off-
axially to monitor themelt pool temperatur®r use by the controllers as a feedback signal.

The resultandicatedthat the control approacted to microhardness and microstructure
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uniformity, resulting from the reduced variation in the primary dendrite arm spacing
compared to theasewith constant process parameteéecondthe control approach was
utilized to produce optimum parts instead using the energy density criterion.
Temperature domains corresponding to the nocostmon porosities, namelylack of

fusion (LOF), lack of penetration (LOP), and keyhole, were determined in a range of
process parameters using a thermal imaging systersafé zone was introduced by
defining a lower and an upper limit based on the critical temperatures causing transitions
from LOP to defecfree and from defedree to keyhole zones, respectively. A
proportionalintegratderivative (PID) controller was udeto maintain the melt pool
temperature within the safe zone during tRBRF process for Inconel 625 and avoid the
formation of porosities, regardless of the initial condition selected and the scanning speed
employed. In all cases, a short settling timéie order of the printing time for a few layers
was required to reach the steaadgte condition at which defedree parts could be
obtained Finally, minimizing the top surface roughness of the parts manufactured by the
L-PBF process by deploying a Eéerward plus Feedback control systemas targeted in

this study The most common factors affecting the surface quality, namely, balling, lack of
inter-track overlap, overlapping curvature of laser scan tracks, and spatters, were
investigated through a miboring system consisting of a higipeed camera, a zooming
lens, and a short pass filter. The desired melt pool width and the critical value for the level
of spatters were determined usithg imaging system and subsequent image processing.
An experimentamodel was developed, and the control system was designed accordingly.
Both simulations and experimental resgt®wed excellent transient performarndéehe
control systenmo reach the desired melt pool width only after printing a few layers. Also,

the control system was evaluated at different scanning speeds and with different
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geometries. The results obtained from this sindicatedthat controlling the geometry of

the melt pool can mitigate significadefects occurring during the process and minémiz

the top surface roughness.
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Preface

This Ph.D. thesis is an integrated article thesis, also knoasaaslwich thesis, which has
been composed of five main chapted$ focusing on the monitoring and control for laser
powder bed fusion additive manufacturing. The chapters represent fzgten® either
published or under consideration for publication in authentic international joufitnas.

followings list them inthe order of the year

Chapter 1introduces the background and motivation of the research as well as the thesis
objectives. It shows the new path in laser powder bed fusion and explains how this thesis

contributes to making the process more reliable apeatable.

Chapter 2: is focused on thmicrostructure control of Inconel 625 during the laser powder
bed fusion processhis chapter is an extendeeérsionof a publishedresearchpape:
HosseinRezaeifaiand M. A. Elbestawi. "Oiline melt pool temperatarcontrol in l-PBF
additive manufacturing.The International Journal of Advanced Manufacturing

Technologyl12, no. 9 (2021): 2782804.

Chapter 3: deals with quality control of the laser powder bed fusieRBF) process using
a temperature measurementpegach rather than the commonly used energy density
criterion. A version of this chaptewvaspublished as a research pageosseinRezaeifar
and Mohamed Elbestawi. "Porosity formation mitigation in laser powder bed fusion

process using a contrapproach.'Optics & Laser Technolog¥47 (2022): 107611.
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Chapter 4: discussesninimizing the top surface roughness of the part manufactured by
the lasempowder bed fusion {PBF) process by deploying a Feedforward plus Feedback
control systemA version d this chapter is submitted to the journal of manufacturing
processes: Hossein Rezaeifarand Mohamed Elbestawi. " Minimizing the surface
roughness in {PBF additive manufacturing process using a combined feedforward plus

feedback control system."

Chapter 5 summarizes the main conclusions and contribution of the ilegidights the
strength and limitations, armtesents some suggestions for future wbikally, it defines

the contribution of this thesis to the literature.
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Introduction

1.1 Background

During the past few decades, there has been a significant eftamtirollingthe quality

of the final products in different manufacturing proces$és. reason behind controlling

the quality is making the processes more reliahlbrepeatabl&herefore, controlling the
guality of the parts fabricated by a manufacturing process is a potential candidate for

research in the manufacturing area.

Additive manufacturing (AM) is a fabridah process that shapes and consolidates the
powder feedstock to arbitrary configurations in a laygse fashion by taking the
information from a CAD file.lt is currently one of the rapidlgrowing advanced
manufacturing techniques in the wofld2]. Additive manufacturing technology, which
involves a comprehensive integration of matersdience, mechanical engineering, and

laser technology, is an important revolutiortie manufacturing industri3].

Several AM techniques are currently commercially available for processing different
materials, including metals, ceramics, and polymns.laser powder bed fusion+{RBF)
process is a wekstablished additive manufacturing (AM) technology in which metal
powders are fused laybw-layer to fabricate nearetshape parts in two main stages. First,
the powder is uniformly deposited on a substrate. Then, apugler laser selectively
melts powder particles based on a compatded design (CAD) model. Thigrocess
continues until the final component is buiRigure 1) [4i 9]. The advantages of this

system include its ability to produce higbsolution featureandinternal featuresThe
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emergence of IPBF as a novel processing method has opened a new window to fabricate
parts with unigue microstructural amechanical properties different from those produced
by conventional manufacturing methoddthough AM has several advantages over the
conventional manufacturing processes, the procesditionsin this technology have an
important influence on the qusliof the products, sthe physics of the process is required

to beinvestigated precisely.

Several factors can affect the quality of the part fabricated by-B#H_ processBased on

[10i 12], the microstructure of th@arts correlats with their mechanical properties.
Consequentlyusinga fixed set of process parameters may lead to components with non
uniform microstructure and consequently varying maida properties.Therefore,
keeping themicrostructure of the fabricated pars manipulating itduring theL-PBF

process helps to achieve the desired mechanical properties of the products.

System

Powder Delivery ; Over Flow
System 7 4 Container
,_ Iz
Fabrication
Piston

e o e S G S S S S A N R NN SIS N GES RS A S S

Figurel-1 Schematic otheL-PBFprocess.
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Although the microstructure control has been investigated in some types of additive
manufacturing, especially the direct energy deposition (DED) prgt8%sno attempts

have been made to control the microstructure of the part during-BPRBFLprocess.
Microstructural properties depend on the solidification precEise solidification structure

has two main characteristics: (1) Solidification mode or morphology anithé2jze of
solidification structure. Solidification modes are divided into four groups: (1) planar, (2)
cellular, (3) columnar dendritic, and (4pwaxed dendritic. The formation of each
solidification mode and the size of the solidification structure are determined by the thermal
dynamics of the procedsl] (Figure 1-2). Therefore, manipulation of microstructure is

possible by controlling the thermal dynamics of the melt pool.

L.

Microstructure in the L-PBF process

r

Solidification

Mode of Microstructure Size of Microstructure

- Planar

- Cellular

- Columnar dendritic
- Equiaxed dendritic

Thermal dynamics

Figure 2. Formation ofSLM microstructure and its relation with thermal dynamics
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Apart from the microstructure of the final part, the quality of the final product can be
deteriorated by a prevalent defect, which is called porosity. Porosity is defined by the voids
that are located inside the bulk of the printed part. Porosities can be dividefun
different groupd415,16], namely the lack of fusion (LOR%,17 19], lack of penetration
(LOP), gas porositie$4,19], and keyhole porositiept,20122]. In the lack of fusion
situation, the voids have irregular shapes and contain unmelted/partially (UM/PM) melted
powders. This kind of porosity occurs at low temperatures of the melt pool (Eig(&).

The LOP is defined amadequate penetration of the melt pool of a currently depositing
track into the previously consolidated layer or the adjacent track. The porosities formed by
this mechanism have been presented imfeid-3(b), in which two adjacent tracks were

not compléely bonded together. This type of porosity originates from the rapid
solidification rate and high viscosity of the molten material at a lower tempefagire

25]. Powder particles may have some internal holes filled by gas due to the powder
production process. The gas can dleased and trapped inside the part durind-tR&F
process, leading to the formation of tiny spherical porositieau(&ity3(c)), called gas
porosities. The entrapment of shielding gas and vaporized elements of the alloy can also
produce gas porositj20,26,27] Figure 13(d) illustrates the schematic of the keyhole
mode anatcompares it with the mode that the energy density is not high (conduction mode).

In the keyhole mode, gas caa trapped into the layers during the solidification process.

There are some studies for predicting the lack of fusion porddiBe23,29] For instance,

Lough et al.[29] developed a porosity probability mapping approach based on short
wavelength infrared imaging thermal features and micro CT data to predict LOF porosities.
However, In all studies mentioned above, the target was detecting a specific type of

porosity, andhere was no attempt to avoid such defects.
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20 um

20 um

Figure 13 Types of porosities formed during thePBF processing of Inconel 625: (a)
LOF porosity, with UM/PM patrticles, (b) LOP, with irregular porosities free from
UM/PM patrticles, (c) gas porosity, and (@ykole porosity.

Forienet al.[30] showed that keyhole porosities could be predicted by signals received by
a pyrometer, representing the temperature of the melt pool. Additionally, accorfBa{ to

the intensity of the melt pool radiation is proportional to the melt pool dimensions; thus,
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LOF and LOP porosities which form when the size of the melt pool is relatively small to
provide sufficient intetrack overlap cambe correlated to the temperature signals. As a
result, the likelihood of porosity formation can be monitored by a thermal sensor.
Accordingly, temperature ranges corresponding to these defects can be discovered via
temperature measurements, and conselyyemtsafe range of thermal signalan be
determined to produce defefcee parts The porosity levetan bemitigated by keeping

the temperature in the safe ranggng a control approach

Surface roughness is another factor that should be considé¢hedjuality of the products.

The high surface roughness adversely impacts the mechanical properties of the final
product, especially the fatigue performance, since surface asperities can act as preferential
crack nucleation sites during cyclic loadifgR,33] The surface quality of the-BBF
fabricated parts can be categorized into two groups ofssicface and top surface quality.

The surface roughness correspondingtothd® s ur f ace ori gi n-ates
st eppi Md34,efafidadhered powder particles. The former correlates to the layer
thickness and part orientation, and the latter finds its route in powder at{86u{e.qg.,

particle size and size distribution), meaning that both cannot be adjusted during the process.
On the other hand, the top surface quality is related to defects (i.e., lack dfdnter

overlap and balling), spatters, and the overlapping turvaf laser scan trackd7i 40].

At extremely high scanning speeds anldtieely low laser powers, the elongated melt
pools break up into smaller entities of spherical/sgpherical shape to reduce the
significant difference in the surface tension. This effect is known as the balling

phenomenon (Figre 1-4(a)) [41i 43].

ma i
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Lack of intertrack overlap is refeed to a situation in which the amount of energy
delivered to the powder bed during thd®BF process is not sufficient for the complete
melting of the powder particles. (kige :4(b)) [44i 46]. At extremely low absorbed
energy, the gapxisting between adjacent tracks contains UM/PM powder particles. These
openings in each layer make the layer thickness at some local regions larger for the

subsequent layer, resulting in surface roughness deterioration or even process failure.

Spatters i@ caused by the Marangoni convection combined with the recoil pressure, which
acts to eject the molten material from the melt pool to the surrouflig8] Despite the

low recoil pressure, which facilitates the melt pool flattening during tREBE procss,

the high recoil pressure caused by the extremely high absorbed energy leads to the material
evaporation, melt explosion, and creation of metallic [#8s50] When crushed by the
metallic vapor, the ejected material is broken into misimed molten droplets. The
dispersed droplets are called spatfei$ 53]. Figure 14(c) shows the spatters on the final

layer, which can directly affect the surface roughness.

In cases where there is no gap betwdenadjacent laser scan tracks, the curvature of the
tracks still results in the formation of peaks and valleys on the consolidated surface, leading
to top surface roughness. The influence of this factor on the surface roughness alleviates

by increasing théevel of intertrack overlag40].
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100 um

Figure 14 Factors that impact the surface qualfg) Balling effect, (b) Lack of inter

track overlap, and (c) Spatters solidified on the top surface of the sample.

Two of the factors affecting the surface roughness, namely, lack ctiatéroverlap and
overlapping curvature of scan tracks, are correlated to the width of the meld@dal]
According to[4], balling also can be correlated to the dimensions of the melt pool. In fact,
the melt pool turns into the unstable mode when the ratio of the length to width of the melt

pool transcends a certain value resgltin ballshaped beads. Therefore, thelt pool
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dimensiongplay a crucial role in forming the defects mentioned above. The dimensions of
the melt pool depend on several factors, such as process variables, as well as the height and
geometry of the part. Faexample, variations of scanning surface in building direction
result in different melt pool temperatures and consequently melt pool dimensions in
complex geometriefb4]. In addition, the level of spatters also changes because of the
mentioned factors. For instance, Gunenthiram ¢b8].showed that spatters increase by
increasing the laser powedrherefore a control approach that can control the dimensions

of the melt poolnd keep the level of spatters lower than a critical value solves the defects

and consequently improves the surface quality of the part fabricated byPRE process.

In order tocontrol the quality of the product online, an appropriate monitoring system is
essential. Specifically, a thermal monitoring system is required to control the
microstructure that is related to the thermal dynamics of the process. The most common
systemsn additive manufacturing for measuring the melt pool temperature, heating rate,
and cooling rate are pyrometers and thermal cameras. The sensors can be mounted on the
L-PBF process chamber an off-axial ora co-axial direction. For instancen infrared
camera has been used by Krauss ef{5d] (Figure 15) to investigate the limits for
detecting pores and other irregularities duthrgl_-PBF processThe camera was mounted
outside the process chamlwédf-axially, and a germanium shielding glass was utilized to
protect the camera from optical damage dytaserprocessingPavlov et al[57] used a
two-color pyrometer irthe configuration shown iRigure 16 co-axially to investigate the
effects of the hatch distance, the layer thickness, and manufacturing strategy on the quality

of the final product.
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Figure 15 IR camera at 50 Hz sampling rate, 50 mm camera obje@areanium
shielding glas$56].

11

Figure 16 Schematic oftie opticalsystemapplied[57].

Since there is a correlation between the surface roughness and the dimensions of the melt
pool, monitoring the melt pool geometry is crucial. For this purpose, CCD or CMOS
cameras are usually utilizeBor instance, Fox et g58] utilized a highspeed CMOS
camera in a caxial arrangement to monitor the melt pool width and height during-the L

PBF process.

10
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Conventional method®r controlling the quality of the AM productee not automated

and gener@ed for differentprocess parameterBurthermore, Additive manufacturing
processes such asABF and direct energy deposition (DED) atesceptibleprocesss

with concentrated démat source and very hi@p cooling rates. Thus, they are capable of
producing very sensitive produatéth locally tailored microstructure8esides, based on

the discussion in this section, there is a correlation between the geometry of the melt pool
and he surface roughness, which makes the AM process capable of improving the surface
roughness. In addition, some automated approaches can reduce porosities correlated to the
thermal dynamics of the melt pool. Overall, the AM process is capable of contthling

guality of the part indirectly, which is discussed in this report.

1.2 Motivation

Recently, additive manufacturing has caught the attention of the J@8ildAccording to
IDTechEx, metabased AM is the fastegrowing section in AM, and the upward
trajectory will continue through 20260]. More than 800 3D metal printers were sold in
2015 a growth of 46.9% over 2014. The main factor driving this growth in the market is
the increasing use of metal printing processes in areas such as aerospaus,rdeftioal,

and autorotive. Welltknown companies such as Siemens, NASA, Airbus, BMW, and
Stryker are investing in this technology to produce a huge number of components such as
fuel nozzles, blades for a gas turbine, rocket injectors, impeller wheels, and orthopedic
implants. Therefore, they need to make sure about the quality of the final part and the

repeatability of the AM process.

As mentioned, although the-RBF process as an additive manufacturing technology is
capable of processing a broad range of materials and hastages over conventional
methods, the parts fabricated by this proosms have many issugkat degrade their

11
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quality, such agporositiesor cracks, deformation resulting in dimensional errors, poor
surface finish, as wells noruniform properties whicaremore difficult to detect such as
mechanical properties and microstructure characterislibe part quality ismainly
affected byprocesgparametes and stochastic chamber environmeifiich can change the
physics of the proces$he process parameteas mostly kept constant in the literature
and the optimum process parameters are deterrbynetrial-and-errorapproachwhich

is time-consuming, costlylpcal, and machingnateriatspecific.ln addition, as mentioned,

the alteration of the IPBF process with fixed process parameters decreases the reliability

and repeatability of the process.

Today, n-process monitoring othe L-PBF processis a core of attraction to find the
relation betweethe melt pool signature and the issues that happen during the piideess.
next big step for the {PBF technology is to become fully automated in the sense that all
desired material and geometry properties of products are locally tailored to the desired
applications. Realtime control ofthe L-PBF processcombined with an appropriate

monitoring systenwill make the EPBF process more reliable and repeatable.

Additionally, manipulation of the properties of the parts in building directitnich results
in functionally graded parts required in different industriei be achievable using the

reaktime control approaches.

1.3 Researchobjectives

The core aim of the current research igriprove the quality and increase the consistency
of the Inconel 625 pts fabricated by thePBF process via control approaches. For this

purpose, thenicrostructureconsistency, porosity formatipand sirface roughnessf the

12
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final parts veretargeted in this thesi§he objective of this work could be refined into the

followings:

1) Process modeling to find a correlation between laser power and features of the melt
pool. The developed model can be used bothafbetter understanding of the
process anébr designing the modddased controllers.

2) Set up a monitoring system cisiing of a pyrometer, a thermal camera, and a
high-speed camera to monitor thePBF process and extract the features of the
melt pool such as the melt pool thermal dynamics and melt pool shape, as well as
some process signatures (spatters) during theeps.

3) Design a control system for controlling the temperature of the melt pool and
conseguently making the microstructure of the final part more uniform.

4) Determine an optimum range of temperature for printing parts with high density
instead of using thenergy density criterion.

5) Design a PID controller to keep the temperature inside the safe range of
temperature to mitigate the porosity formation.

6) Investigate factors that can affect the top surface quality.

7) Design a feedforward plus feedbamntrol system to control the width of the melt
pool and keep the level of spatters Jand consequently, improve the top surface

quality of the part manufactured by théPBF process.

1.4 Thesisoutline

Overall, themain results of this thesis have beerggaredinto threejournal papers in
which two journal papers havareadybeenpublished.One of the three journal papers is

still under reviewThe thesisomprise of the following chapters:

13
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Chapter 1introduces the background and motivation of the reseas well as the
thesis objectives. It shows the new path in laser powder bed fusion and explains how this

thesis contributes to madg the process more reliable and repeatable.

Chapter 2 is the first published journal articléThis chapter targets the
microstructure properties of the Inconel 625 parts fabricated by-BH_process. The
calibration of the pyrometer is discussed in this chapter. It also explains the variations of
the microstructure in building directioMoreover, the chapter presents #iffect ofthree
different controllers on the microstructure of the part. The effect of controllers on the

microhardness of the part is also discussed in this chapter.

Chapter 3 is the second published journal article; it covers objectives 4 and 5.
This chapterdescribes different types of porosities and how they form. The correlation
between the temperature of the melt pool and each type of porosities is explained. The
method ofdetecting the safe zone of temperature for printing parts usingRiB-Lprocess
is described in this chaptefhe applicability of the energy density in predicting the
densification level and defect type of thePBF fabricated partis called into quesbn.
Finally, the performance of the PID controller in porosity formation mitigation at different

scanning speeds and initial conditions is investigated in this chapter.

Chapter 4 is undefreview research that deals witfinimizing the top surface
roughnes of the parts manufactured by thé®BF process by deploying a Feedforward
plus Feedback control system. The factors affecting the top surface quality of tsegiart
as Balling, lack of intetrack overlap, overlapping curvature of laser scan tragkd, a
spattersaredescribed in this chapter. It also explains th@rocess monitoring of melt

pool width and spatters. An experimental model is developed, and a Feedforward plus

14
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Feedback control system is designed accordingly. The performance of thaleorgr
discussed at different scanning speeds in printing different geometries.

Chapter 5 summarizes the main conclusions and contribution of the thesis
highlights the strength and limitations, apcesents some suggestions for future work.

Finally, it defines the contribution of this thesis to the literature.

15
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Abstract:

Laser powder bed fusion is a promising additive manufacturing technology which has
enabled the fabrication of complskape, custordesigned, and cosfffective parts with

no need for expensive tools and dies. Despite the numerous advantages of thisggchno
inconsistency in the microstructure and, consequently, the mechanical properties of the
fabricated components in the building direction makes it quite challenging to obtain
uniform parts in the abuilt state. This issue originates from the laggfayer melt pool
temperature variation caused by the lay&e nature of this process when a fixed set of
process parameters are applied. Accordingly, a fay&s melt pool temperature control
system is beneficial in manipulating the process parametdrsharefore adjusting the

melt pool temperature. In this study, three different controllers, namely, simple
proportional (P), adaptive P, angiasisliding mode, were designed to control the melt
pool temperature in the building direction for Inconel 62pesalloy. An analytical
experimental model was introduced to evaluate the performance of controllers through
simulation. A monitoring system having a twolor pyrometer was used to online monitor

the temperature for use by the controllers as a feedligw#l sThe microstructure and
microhardness of the final products were evaluated prior to and after employing the melt
pool temperature controllers. Compared to the scenario with constant process parameters,
the implementation of these controllers ledmpioved microhardness and microstructure
uniformity, resulting from the reduced variation in the primary dendrite arm spacing. The
lessons learned from this study can assist in the fabrication of functionally graded materials

with engineered microstructige
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Pl Proportionalintegral
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2.1 Introduction

Laser powder bed fusion {BBF) is apromising additive manufacturing (AMgchnique,
which has drawn a great deal of attention in recent years for fabricating compleg shape
with intricate features in a laydy-layer mannerKigure 21) directly from aComputer
Aided DesignCAD) modelwithoutthe necessity of designing complicated build t¢bis

5]. The emergence df-PBF as a novel processing methibasopened a new window to
fabricate parts with unigue migwuctural and mechanical properties different fthose
produced by conventionalanufacturing methodk generalseveral experimegtor time
consuming simulations are neededdetermine the optimal process parametteviating

the formation of defectf6]. Nevertheless, since the average temperature of the build
increases gradually during theABF processlue to the heat accumulation phenomenon
[7], a fixedset ofprocess paramet(i.e.,laser power, scanning speed, hatch spacing, and
powderlayer thicknessmay lead to components with nraniform microstructure and

consequently varying mechanical propetrties

Galvo
Re-coating system system
Laser beam _
. # Two-color
pyrometer

Powder waste

Figure2-1 Schematic illustration of a laser powder bed fusiof?BF) system.
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To address the abovementioned issue in a reasonab)adyrmamically adjustable system

is essential to manipulate the process parameters to end up with a nearly constant
temperature along the build. In other wonagrostructurecharacteristis depend on the
solidification process, which is directly related to the thermal dynamics of the melt pool.
Therefore, it is necessary to control the thermal dynamics of the molten material to achieve
desiredattributeqe.g., uniform microstructure andrctionally graded materials) a cost
effective approachMoreover,becauseghe mechanical properties of the final parts are
governed by the microstructural features, melt pool temperature contrahigoeduces

the microstructural discrepancy but atesults in consistent mechanical properties (e.g.,
microhardness) throughout the p@;9].

A few attemptshave beemade recentlyo control the 1-PBF processA study n NIST
(National Institute of Standards and Technolodigcussed the controéquirements and

its essential equipmensuch as monitoring systemlaser systes) and computational
resource$l0]. They also explained the concept of a control system suitable forRIB&L
process. In another study,coaxial monitoring system consisting of a photodiode and a
complementary metal oxidemiconducto (CMOS) camera was employed to control the
melt pool ared11]. By applying a firstorder transient behavior for the transfer function
between the melt pool area and laser power, the fabricatiomerhang structures was
improved when a proportionaitegratderivative PID) controller was utilized. According

to a latter work conducted by the same autlip?$, a photodiode was used to transmit
melt pool area information, and a proporticivategral (PI) controller was utilized to
enhance the dimensional accuracy in two different cases, namely, slow scanning speed and
downfacing surface condition. However, both studies shared the same drawhatigof

a PID controller with fixed parameters, which lacks to guarantee a robust control for
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different conditions in the nonlinear AM processes. Besid®ss,considering the
proportional relation between the photodiodes signatk the melt pool arefll], the
output voltagdrom the photodiodearequitesmall in comparison to theakvalues of the

melt pool areaThereforea smallerror in the results leads soconsiderablerror inthe

melt pool areaneasurementsnakingthe melt pool unstabléfhe EU founded project
MEGaFiT established study on controlling the AM process by means of a thermal
camera, a colosensorand a topography sensdkfter introducing the concept of their
control design[13], three proportional (P) controllers with different gains were designed
to control the melt pool temperature by a pyromgtdt. However, output values were
reported in voltage, the same [d4], and the controller had a fixed gain. Besides, a
comparison among a P controller, a mebl@$ed feedforward otroller, and the
combination of these two controllers was implemented to evaluate the improvement in the
quality of the bridge structudd5]. In all the studies mentioned above, the quality of the
parts was examined in a macale, while micrescale features dictating the mechanical
properties were ignored. Therefore, microscopic features should be scrutinized from the
control point of view.

This research study, for the first time, proposes apta@aP controller and quasisliding

mode controller@-SMC) to control the melt poaémperature of Inconel 625 superalloy

in the L-PBF process by manipulating the laser powde conventional simple P
controller was also implemented as a referenavéduate the performance of the newly
proposed control systeritsterms of the rise time and robustness against disturbances. For
this purpose, a model that simulates tRRRF process is first suggested and validated by
experimental measurements using a-t@tor pyrometer calibrated in advance. Then, the

responses fothe proposed controllers are simulated. Finally, the controllers are
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experimentally implemented in theRBF machine. Using the proposed controllers and
setting two different reference temperatures, the influence of the controller type and the
temperatug on the microstructure and microhardness of the fabricated parts is investigated
and compared with the uncontrolled scenario. The knowledge gained from the
microstructural characterization and microhardness measurements reinforce the idea that
the applicdon of an appropriate control system can not only reduce the microstructural
and microhardness variations in the building direction but also provides the opportunity to

fabricate functionally graded materials (FGMs).

2.2 Modeling and control strategies

2.2.1 Simulation modeling

Different modeling methods are utilized to check the controller response before running an
experiment. Among those, analytical modeling and system identification approaches are
used for control purposes since the numerical methextiemelytime-consumingwhile

a fast response is required for a control system.

An analytical model has been proposed by Ning ¢1@].using a moving point heat source
solution, which was originally propounded by Carslaw and Jagg8rto find the
temperature distribution profile inside and aroundrttedt pool. Although the radiation

and convection heat transfers are ignored in this equation, the laser absorption coefficient,

latent heat of fusion, and powder packing density have been taken into consideration:

0 — W 0 'Y | (2-1)
—cfufiifo AQBW Aop, Q,
C‘YTQ_ c T p @ ]

whered h-hwhthofandll denote the laser powdaser absorption coefficieriiser scanning

velocity, thermal conductivity coefficient, current time, arkermal diffusivity,
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respectively, is an integral variablelhe terms = and "Y" in Eq. (21) are temperature
change and distance, respectively defined as:

— Y Y (2-2)

Y @ o d (2-3)

in which™Y and"Ysignify the initial temperature and the current temperature of the desired
location and time, respectivelyacy andd specify each point uniquely in the Cartesian
coordinate system. Given the fact that the temperature of a certain location on each lay

at a known time is required in this study, and the scanning speed is constant during the

control process§), 0can be substituted by. In addition, since the temperature of a single

point in each layer is measured by the pyrometer, it issg#ntial to have the temperature

distribution profile (0 mmandd & ). Therefore, Eq. (A1) can be rewritten as presented

in Eq. (24).
L. V\ 5 _ LIEA ’ !Y 2_4
_dmahe ——A@B- AP, —— 0, (&4)
C'Y'?Q— Cl JE— p q) ’

In Eq. (24), a is the height of the measuring poiAtcording to the model in Eq. {2),

the temperature of the molten material for Inconel 625 was reported to be 40@tich

is unrealistic because evaporation would happen at this high temperature. In addition, the
model suffers from a singularity probletm. this study, the model is constructed based on
Eq. (24), while experimental data are also used to correct the abovementionedBgsues.

defining a variablé  "QOhb to solve this, the final equation will taes follows:
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e @ 0B Ww w o o | (2-5)
— T — A BB Agp, — —~  q,
w ([ cl —_— pq”

C

The thermophysical material properties of the Inconel 625 are listed in Tdbl@t
function"Ohas been obtained by implementing several experiments, including 12 random
laser powers from 15@ to 400w and 10 random scanning speeds from @QDFi to

6004 a7Zi (120 experiments) with fixed hatspacing and layer thickne®y polynomial
fifth-order approximation, the following equation can be drawn:

(2-6)

wherer) represents the coefficient of the polynomial function whikndd& are integers

from O to 5.

The modeling results are depicted inuFig2-2. For validating the results, a pyrometer has

been employed to measure the melt pool temperaturerégl). Based on Figre 22, it

is selfevident that the model outputs are in good agreement with the experimental results
achieved by two measurement approaches for the mentioned range of laser power and
scanning speed. The temperature shows an ascending tretatdasing the laser power

and a descending trend by increasing the scanning speed as expected. It should be born in
mind that by increasing the laser power or decreasing the scanning speed, the melt pool
size is enhanced, and the level of evaporatiamcieased as well. Therefore, the melt pool
resists against a huge change in temperature. The response of the control systems using this

model is discussed section2.2.2.4.
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2.2.2 Controller design

The models ofthe AM processs have anumber of time-varying parameters and

coefficients such as laser power absorption, conductjtyd diffusivity of the material.

Additionally, there isadynamic environment inside the chamber that can alter the process

and measuremegt-or instance, vap@nd dust change the ratio of radiation engrdych

is the basis of the temperature measurement. Accordifi8t@0], PID controllers with

fixed gains are sensitive to the abovementiggredesseand adaptive gainand nonlinear

controllers providéetter results in such conditions.

Table2-1 Material properties of Inconel6 used for the simulatiof16].

Laser Absorptiort (%) | Thermal Conductivity (5 70 Thermal Diffusivity @
3) @o 7Ty
40 9.8 2.71
b
1470 @) - 1500 ¢ ( : ) \
o Model @ Model
1460 [ + Experiment|$ 1490 | + Experiment| |
s 1480 *
&

~ 1440 —~
5 % © 1470 o
£ 1430 o g *
© * ® 1460 &
& 1420 a
5 5 5 1450 |
Fatof =

1400 | ? 1aor

1300+ 1430 b

1380 : : : 1420 : : :

200 250 300 350 400 200 250 300 350 400

Power (W)

Scanning speed (mm/s)

Figure2-2 (a) Variations of the meftool temperature as a function of the laser power in

the fixed scanning speed of 3604 7i, and (b) effect of the scanning speed on the melt

pool temperature under the fixed laser power of @00
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In this study, a feedback control system using signals \aethiby the pyrometer was
implemented. Three different types of controllers, including conventional P, adaptive P,

andQ-SMC, were investigated, and results were compared.

2.2.2.1 P controller
According to Figure B, the error in the loop can be obtained by sukitrg the reference

temperature from the signal captured by the pyrometer as:

Q Y oY (2-7)

where"Y is the reference temperature, dids the temperature sensed by the pyrometer.
The Rcontroller with the proportional gaif® calculates the laser power outpiit, at the

layer‘@as:

6 6 §o: o) (2-8)

Based on Eq. 8), the controller output is obtained by adding the proportional section to
the previous laser power. The controller output was limited betwee1&06d 400w
since the laser system of the machine cannot work overa#pGand the system

identification has been applied in this range.

2.2.2.2 Adaptive P controller

By considering the first layer and Eq-%2in the modeling section, the temperature of the
scanned point captured by the pyrometer has a direct relation with the initial laser power
0 1 and the initial temperature of the powder lay€p , which is considered to be equal

to the environment temperature.
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Process
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Disturbance
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Temperature {2 ) | Pecontroller | —>( L/»——h- SLM Process > 2 + Real Temperature
S W R
T
Pyrometer

Figure 23 Block diagram of the employed P controller.

Yoy —Qok— . Qen, —— Q, Yp (2-9)

t YO d TAY p

After the laser beam scanned the first layer, the exposed material cools down through
convection, radiation, and conduction heat transfer mechanisms in a certain amount of
time. All these heatransfer mechanisms have a direct relationship with the measured
temperature of the first layefY)), so that the initial temperature for the second layer is
related to the captured temperature of the first layer. Therefore, the temperature of the

secondayer is affected by p and”Y as follows:

Yoy —A@B—  A@D, —— Q, "Yg (2-10)

t YO 6 pHRY ¢ ord p RY

Hence, the discrete model of the process can be explained as:

YQ O OQYQ p OQOQ p (2-11)
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Eq. (211) is used as a process model in designing the adaptive controller. The aim of using
this controller is to make the temperature error equal to zero. Using Egs.(PB), and

(2-11), the error can be derived as Egl12).
YQp OQUPYQC ©QpoQC (2-12a)
QQp YQp YQop (2-12b)

Y 'Q P [WNO) P YQ C (I)Q P 00 C
6Qp 6MQc¢c QYQDYp O PYQC QP60 (2-12c)
Q0 YQ YQ YQ OWQp OWQp (2-12d)
YR OO QYR OQPYQRC OQPpoQC¢

aaAYQ p

In order to hav&®™Q T, the proportional gain will be:

. YQp OUYQp AWQC (2-13)
DAYQp OQpYQRcC 0OQPoQC

Using recursive least square (RLS) estimation, the térarglcocan be determinegi@1].

The model presented in Eq-{2) can be rewritten as:

oQ r -0 (2-14a)
nQ YQ p 607 p (2-14b)
—Q HOURHQ (2-14c)

wheren Q is data vector, andis the parameter vectoFhe cost function is:
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o (2-15)
0 —hQ c - wQ n 0—Q

The recursive solution for minimizing the cost function is:

_TQ _7Q p (2-163)
0 wQ r Q-0 p
5o 02 er® (2-16b)
_0n Q0 Q pnr Q

o 7 6 TQ P (2'16(:)

in which_ is the exponential forgetting factar,represents the gain vector, ahds the
error covariance matrix. 70 @since the process has disturbance and slow changes.

Figure 24 shows the block diagram of the adaptive P controller.

Adaptive
Coefficient

Reference
Temperature

» Real Temperature

Pyrometer |«

Figure 2-4 The block diagram of the adaptive P controller. The coefficient of the
controller isupdated after printing each layer.
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2.2.2.3 Quasi diding mode controller
For theQ-SMC, the discrete controller presented?B] is used taontrol the temperature,
the only difference being that not only the coefficient corresponding to the states but also

other parameters are considered to be-traréant in the model. The sliding surface is:
YQ 6°YQ 'YQ 17

whered p based on the model presented in Bel1). The sliding dynamics is defined
as"Y'Q k mwhich is asymptotically stable. In this case, the controller output will be:
60 07 p (18)

6 WQ ropYQ 50QYQ ©Q pYQ p

in which 6 Q is the laser power calculated for the lay® p , and/ is an arbitrary
number such thaY’Q p 1 "YQ is asymptotically stableg(s p). The schematic of

the Q-SMC controller is presented in Fige 25.

Disturbance

Process
Parameters
l +
Reference + e

e + T~ + o
Temperature { Z ); SMC controller —Hf Z\}—b SLM Process > Z } » Real Temperature

Pyrometer [«

Figure 25 Quasi $iding mode controblock diagram.
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2.2.2.4 Simulation results
For comparing the performance of controllers, the sum of the squared error is used, as

defined in Eq. (19):

(2-19)
0 QYR

An identical noise that simulates the noise and errors of the sensor was applied to
systems with different controllerBigure 2-6(a) represents the results of the three control
systems. As it is evident, the applied noise is significant in the process. The true
temperature, which is calculated by the model in Eé)(2s shown irFigure 2-6(b). All

the controllers were successful in keeping the temperature around the desired value. The

following points can be extracted frdagure 2-6:

1. The response time of the adaptive P controller is shorter than the other ones.

2. The sum of the squed error in the)-SMC controller is the minimum among the
others (Table-2).

3. Compared to the others, tReSMC controller is more robust against the applied

noise.

Table2-2 Performance analysis of controllers in two different scenarios.

P controller Adaptive P controller Q-SMC controller
Jin Scenario 1 5632.9 4715.5 3137.9
Jin Scenario 2 13448 8138.2 16175
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Figure 26 (a) The temperature sensed by the virtual sensor with an identical noise and
error for all controllers, and (b) the true temperature calculated by the model based on the
controllers' command. The adaptive controller responded faster whijeahiesliding

mode controller was more robust against noises and errors.

The reasorfor the slow response of th@-SMC controller can be explained by the gain
setting usedn the control lawin [22], which was too smallA faster response would be
possiblewith another gain settingFigure 27). However, the slow response of this
controller wil be helpful to understand the change in the microstructure during the

transition time of the controller.

Figure 28 shows the input laser power for each layer using different controllers. It
emphasizes that the adaptive P controller increases the |lager ¢grastically at the start
of the process, making the melt pool temperature closer to the desired temperature faster

than the two other controllers.

To investigate the controllers more precisely, another scenario with two different
temperatures was denigd. Figire 2-9 shows the results of three controllers in the second

scenario. The main findings from e 2-9 are as follows:

1. TheQ-SMCused in this studis too slow to reach the second desired temperature.
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2. The adaptive P controller performed bettartlother controllers in this case (Table

2-2).

3. The response time of the adaptive P controller is considerably shorter than the

others (Figire 2-9 and2-10)

1520 + Reference Temperature
Adaptive P controller
----- SMC controller
1500 | P controller
o
0]
§ 1480
o
8 1460
5
|_
5 1440
|—
1420 4
1400 1 L 1 1 L 1 1 L 1

10 20 30 40 50 60 70 80 90
Layer number

100

Figure2-7 The true temperature calculated by the model based on the controllers'

commandvith modified gain setting in th@-SMC controller.

400 T T T T T T
Adaptive P Controller
—r=ee SMC Controller

P Controller E

350 -

Laser Power (W)

150 - ]

100 . . . .
10 20 30 40 50 60 70 80 90

Layer number

100

Figure2-8 The laser power in each layer for different controllers when a fixed desired

temperature is set (first scenario).
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Figure2-9 The true temperature when two different reference temperateresset
(second scenario). Tg-SMC is noticeably slow to switch between two desired

temperatures.
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Figure2-10 The laser power when two different reference temperatures were set (second

scenario).

In summary, the adaptive P controller performed béltien two others in the simulation
study, although, in some layers, it had a higher errasetition 2.4these controllers are

compared from the part microstructure point of view.
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2.3 Experimental setyp

The L-PBF machinedeployedin this studywasOmniSint160 having a 40 Yb-fiber
laser with a spot size of 1004 The printing processasperformed under the protection
of a highpurity argon gas atmospheteaser power, which is a critical process parameter
in the AM process, can be changeetleen layesin this machineenabling the control of

the process

The material used in the study was Inconel B2the form of powder withnte chemical

compositionprovidedin Table 23.

The monitoring system consists of a ta@lor pyrometer, capable of measuring the highest
temperature in its spot area. The detectable temperature range of this pyrometer lies
between 1008 to 32003 hwith a sample rate of D"QdThe spot size of theypmeter

is 800 * & Before using a contactless temperature measurement system such as a
pyrometer, it is essential to know some properties of the material under investigation,
specifically, theemissivity of the material. In the case of a tealor pyroneter, it is
necessary to adjust the emissivity slope of the device (the ratio of emissivity at two
wavelengths). The most effective way to determine and adjust the slope is to take the
temperature of the material using a probe sensor such as a thermacantpler suitable
devices. Once the sensor determines the actual temperature, the slope setting should be
adjusted until the pyrometer reads the same temperature as the actual one. To perform this
procedure for Inconel 625, a vacuum induction furnace arithrgon gas atmosphere was

used to heat the sample. It is a very suitable environment, resembling that ePBie L

machine in which the sensor is used. The setup is shown umeR2gll. A B-type
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thermocouple was used as a probe sensor to measureuaktamperature. The Inconel

625 powder was melted in a crucible and was spotted with the pyrometame(it).

Table2-3 The nominathemical composition of the Inconel 625 used in this study.

Element| Al C Co Cr Cu | Fe | Mo Mn Nb+Ta| Ni P S Si Ti
Min - - - 20.0| - - 8.0 - 3.15 | Bal - - - -
(Wt%)

Max 04| 01| 1.0|23.0| 05 |5.0|10.0f 05 4.15 | Bal| 0.015| 0.015| 0.5 | 0.4

(Wt%)

<0.001| 0.001| 0.07| 0.11

Result | 0.11| 0.02| 0.02| 22.0| <0.1| 0.3| 9.0 | <0.01| 3.80 | Ba

Figure2-11 A general view of the setup usedclibrate the pyrometer.
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Figure2-12 (a) Overview of the crucible with the pyrometer spotted area, and (b)

pyrometer configuration on the vacuum induction furnace.

The final result of the calibration is shown in &g 2-13. The noise at the beginning of
the thermocouple curve is due to tBédy currents induced by the induction coil on the

thin thermocouple leads.

As soon as the current is reduced to zero, the signal becomesdraeise Figire 2-13,

there is a strong agreement between the pyrometer and thermocouple temperature readings.

The investigation procedure and control process were carried out on a thin wall with
dimensions of 1.6 & 35& & 8da ahprinted on a small diskFigure 2-14). The
scanning speed, hatch spacing, and layer thickness weke %qo 80 & and 40 ¢
respectively, throughout the experiment. Also, the initial laser power wae 20¢hich

was manipulated by the controllers in the subsequent layers. Based on the scanning speed,
spot size, and sampling rate of the pyrometer, the melt pool fell into dheusga of the
pyrometer. The scanning pattern and the shielding gas flow direction are showaren Fig
2-15. The argon gas was being fed from the top of the process chamber toward the build

plate during the tPBF process. A sequential scanning patterh wi rotation between
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the subsequent layers was utilized for all of the samples. It should be mentionedtiicét ¢

systems were performed using LabVIEW on the Omidig@l L-PBF machine.

2000 T T T T
Thermocouple measurements
1800 + —-=-==Pyrometer measurements 4
Sensor noise from
1600 | High frequency induction i
&)
o 1400 i
5 .
g 1200 Furnace is turned off |
a
=
2 1000 -
800 b
600 + b
20 40 60 80 100 120 140

Time (s)

Figure 2-13 Diagrams showing temperature versus time for the measurements performed
by the thermocouple and pyrometer. The results were in agreement when the slope
coefficient was 0.96.

(@) (b)

Figure2-14 The: (a) side view, and (b) top view of the thin wall printedrendisk.
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Shielding gas flow direction

1333

® @ ® ©
® ® ® ®

(a) (b)

Figure2-15 (a) A 3D view of the scanning pattern and the shielding gas flow direction,
and (b) 2D view of scanning pattern with shielding gas flow direction flowing from the

top of the chamber toward the build plate (blue cross).

It is of notethat ro geometrical defects (in maesoale) were observed even in the part
manufactured by the fixed laser power since the process parameters were selected to be

close to those leading to the deféee Inconel 625 parts.

The fabricated thin walls wesectioned along the building direction, and microstructural
investigations were performed on the crssstions. The standard metallographic
technique was used to prepare samples. For microstructural examinations, mixed acid
etchant with the following coposition was used: HEI5 & dand HNQ-25 & a Detailed
imaging of the microstructure was conducted by a TESCAN VEGA scanning electron
microscopy (SEM) working at 2@ caccelerating voltage. The imadeSoftware was
utilized to calculatehe intercelllar spacing known as the primary dendrite arm spacing

(PDAS) based on the SEWhages
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The mcrohardnessest was conducted on different locations of the esession with an

applied load and dwell time of 200 g and 10 s, respectively.

2.4 Results and Discugsns

2.4.1 Control performance

The performance of the controllers was investigated by two sets of experiments with
different reference temperatures. For this purpose, a thin wall with 200 layers was
fabricated using an initial laser power of 200and reference temperatures of 14901

se) and 1450 (2" sed. The reference temperatures were chosen based on the range of
the melt pool temperatures in the nearly defes® zone acquired by pexperiment.

p T T first set of the experiment) armd 1T 1T second set of the experiment) deg of
overheating with respect to the liquidus temperature did not result in any-stateo

defects such as warpage and delamination (Figir).2

As mentioned, the temperature was measured in each layer at a fixed location. Hi§ure 2
represents themperature measurements using three controllers faf'set. Besides, the

laser power in each layarhich was decided by the controllers for the first meshown

in Figure 217. The adaptive P controlleQ-SMC, and simple P controller reached the
desired temperature after 10, 18, and 37 layers, respectively. Therefore, the rise time of the
adaptive P controller is significantly shorter than that of the other controllers. This feature
can be useful when the purpose of control is jumping to a Spaaifiperature at a specific
height of the part. For example, when FGM is the aim of the fabrication, the adaptive P
controller reacts faster to any deviation from the reference temperature in comparison to
the other controllers. In addition, as mentionedéction2.2.2.4,the Q-SMC is more

robust against external disturbances.
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Figure 2-16 The temperature sensed by the pyrometer for all controllers (1st set). The

adaptive P controller responded faster compared to the other controllers.
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Figure2-17 The laser power versus the layer number for different controllers (1st set)

In contrast, tb adaptive P controller behaves more aggressively compared to other
controllers. Referring to Tablg-4, it is reasonable to conclude that the adaptive P

controller works more efficiently when the application requires fast response, owing to the
fact thatthe mean temperature in this scenario is closer to the reference temperature.

Moreover, the standard deviation of the data captured by the pyrometer for the adaptive P
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controller is smaller than those of the other controllers. However, if the abovemdntione
terms are investigated after a specific layer number above which all controllers have
reached the desired temperature (e.g., layer 40)QtBMC has the lowest standard
deviation. Thus, if the initial layers are of lower importance (parts with sugpactiges),

the Q-SMC can be a competitor to the adaptive P controller for controlling the melt pool

temperature of the top layers.

Figure 2-18 shows the temperature measurements for thee? of experiments, in which

the difference between the initi@mperature and the desired temperature is smaller than
the F'set. In this set, the temperature with all controllers reached the desired temperature
significantly sooner, and their rise times were closer compared t& se¢ After 8, 10, 15
layers, te desired temperature was achieved by the adaptive P controller, simple P
controller, and th&€-SMC, respectively. Therefore, knowledge about the initial error can
be valuable in the control process. It is worth mentioning that different gains were tested

in simulation for the simple P controller to reach the best gain that works for both desired

Table2-4 The evaluation of the controller performance in the 1st set of experiments.

Controller Mean Standard deviation Mean Standard deviatior]
temperature (Layer 1 t0200) temperature (Layer 40 to 200)
(Layer 1 to 200) (Layer 40 to 200)
Simple P 1489.2 13.95 1492.09 9.29
Adaptive P 1490.3 12.42 1491.95 8.2
Q-SMC 1485.08 13.02 1489.35 7.64
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Figure 2-18 The temperature sensed by the pyrometer for all controllers (2nd set).

temperatures. Otherwise, for each specific temperature, a particular gain should be set
using several experimeni&4]. Table2-5 shows the men temperature and the standard
deviation of the data for thé%set of experiments and confirms the points discussed based

on Table2-4.

2.4.2 Microstructure results

To investigate the effect of the temperature control on the microstructure of the final
produds, a thin wall was also fabricated with a fixed laser power ot.2% the reference
sample. All parts were cut from the pyrometer spot location in the vertical direction. Then,
they were divided into three distinct regions (bottom, middle, and tophoaen in Figure

2-19. The microstructural features of each region were scrutinized based on SEM

micrographs.

According to[23], the microstructure of the Inconel 625 part fabricated by HRBE
process is in the cellular dendritic form. The primary dendrite arm spacing (PDAS) (Figure

2-20) was used as a metric for microstructural characterization purposes. After gathering
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Table2-5 The evaluation of the controller performance in the 2nd set of experiments.

Controller Mean Standard deviatior Mean Standard deviation
temperature (Layer 1 t0200) temperature (Layer 40 to 200)
(Layer 1 to 200) (Layer 40 to 200)
Simple P 1449.6 11.78 1450.92 10.38
Adaptive P 1450.26 12.83 1450.9 12.04
Q-SMC 1449.43 11.26 1450.35 9.67
Top
Middle
Pyrometer Spot Bottom

~—

A

[ I
\ ’l
N

Figure 219 The cutting location of the final parts along with the regions in which the

microstructural characterization was performed.
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Figure 220 SEM micrograph showing the primary dendrite arm spacing (PDAS)

theimages, the PDASs of different sections were measured. The -lhnagkiware was
utilized to measure the PDAS of controlled and uncontrolled parts. The field of view for
the measurement tfie PDAS was 30 @ 30‘ &The reported values for each case are

the average of at least twenty distinct measurements on different images.

Figure 221 represents the measurements of the PDAS in different cases 6fshedf
experiments in diffemgt regions. It indicates that regardless of the regions, the length of
interval (LI) of the PDAS became shorter when a controller was employed during the
process. Figure-22 shows the variation ithe temperature during the building for the
uncontrolled ese. The large variations of the PDAS can be traced back to the change in
temperature as opposed to the controlled scenkoo.instance, LI of the PDASs
throughout the part was calculated to be 0.55@and 0.165 d&in uncontrolled and
adaptive P camoller cases, respectively. The two other controllers also made the LI of the

PDAS shorter in comparison to the fixed laser power case. Then it can be concluded that
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when controllers come into action, more uniform microstructures are achievable. The
secom point that can be inferred from Figur@2is that the LI in the bottom region, where

the controllers still struggle to reach the desired temperature, is larger than the middle and
top regions. Nevertheless, the LI in the bottom region of the partéaéxi by the adaptive

P controller is shorter than those of RESMC and simple P controller due to the faster
response of the adaptive P controller. The middle and top regions of all controlled samples
have virtually the same range of the PDAS, meartiat the process has reached anear
uniform state prior to the middle region. Moreover, the mean value of the PDAS in the
uncontrolled case with fixed laser power of 250was lower compared to the controlled
scenarios in the middle and top regions (Figid). According to Figure A7, the laser
powers during the controlled processes were higher thamo3@0those regions. Given

the fact that the higher laser power in controlled cases results in larger melt pools and,
consequently, lower cooling ratéke lower mean values of the PDAS in the uncontrolled

case is justifiabl¢24].
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Figure2-21 PDAS variations in different regions while using fixed laser power and

controllers for the desired temperature of 149(1st set).
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Figure2-22 The temperature sensed by the pyrometer for the fixed laser power of 250 W.
The temperature sensed by theqgoyeter for the fixed laser power of 250 W. The sensed

temperature was increased during the build.

The PDAS measurements of tH& et of experiments are illustrated in Figur23® The

same discussion parallel to that of tiesét of experiments is vdlifor this case, which is
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confirmed by the SEM micrographs provided in Figw242According to Figure 24, a

more uniform microstructure is achieved when the adaptive P controller is implemented. It
is worth noting that the mean values of the PDAS &4H set of experiments are lower
than the 1'set. For example, the mean value of PDAS with the adaptive controller is 1.051
‘ aat the top of the part when the desired temperature is3l48Bile it is 0.8225 d&in

the 29 set of experiments. This is originated from the faster cooling rates associated with,
the smaller melt pools, which were created at lower temperature and laser poWsein 2
The high magnification micrographs of the parts (in the middle region) &édander
adaptive P controllers at desired temperatures of 44%Mhd 149G are shown in Figure

2-25, confirming the above discussion. In addition, the LI of @8&MC controller

changed from 0.391 din the F'set to 0.286 din the 29set sine the desired melt pool

temperature was achieved sooner in the latter case.
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Figure2-23 PDAS variations in different sections while using fixed laser power and

controllers for the desired temperature of 1450
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2.4.3 Microhardness results

To study the mecharat properties of the printed parts under controlled and uncontrolled
conditions, the microhardness was measured in the building direction, starting from the
height of 3a &. The microhardness measurement results are summariZeblie2-6.

The following outcomes can be outlined from the microhardness results:

1. The microhardness increased by increasing the desired temperature in a
statistically significant manner. The same trend has been observed for Inconel 625
elsewhere in which the increa of the laser power led to higher microhardness
values[25].

2. When a controller was deployed, the microhardness range became smaller than the
case in which a fixed laser power was utilized. This is attributed to the shorter LI
of thePDAS and, therefore, one uniform microstructures achieved by employing

the controllers (Figure-21 and Figure 23).
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Fixed laser power Adaptive P control

Top

Middle

Bottom

Figure 2-24 SEM micrographs of parts with the: (a), (c), (e) fixed set of process
parameters, and (b), (d), (f) adaptive P controller (2nd set). Theesameplsurements are

provided in each micrograph.
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Figure 2-25 SEM micrographs of the middle region of parts fabricated by the adaptive P
controller with the desired temperature of: (a) 145@nd set) and (b) 1490 (1st set).
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Table2-6 Themicrohardness features of the samples

Feature Fixed Adaptive | Adaptive | Simple P | Simple P | Q-SMC Q-SMC
laser P (1490 P (1450 | (14903 ) | (14503 ) | (14903 )
(14503 )
power 3) 3)
Min 276 320 308 314 300 314 298
microhardnesg
(HV)
Max 326 344 332 345 330 350 329
microhardness
(HV)
Variations 50 24 24 31 30 36 31
(HV)
Mean value 302.4 334 321.8 330.5 318.8 333.2 315
(HV)

2.5 Conclusions

In this study, an analyticaxperimental model was developed, and three different types of
controllers (adaptive RQ-SMC, and simple P) were designed to control the temperature
of the melt pool by manipulating the laser power. The performance of theltnstwas
examined with the existing modeind it was revealed that the adaptive P controller
performed better than the other controllelso, a monitoring system consists of a two
color pyrometer, which was calibrated previously, was utilized tbkstiadifferent types

of experiments on the-BBF machine and to investigate the performance of the controllers.
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To find out the correlation between the control process and uniformity of the final products,
the printed samples were investigated from therosiructure and microhardness points of
view. The results revealed that the thermal dynamics of the melt pool, specifically the
temperature, has a great impact on the microstructural and mechanical properties

uniformity of the final products. In summare following conclusions are derived:

1. Among the proposed controllers, the adaptive P has the fastest response to any
deviations from the reference temperature, making it a suitable choice when a time
variable temperature is preferable.

2. A smallerinitial error of the temperature can reduce the rise time of all controllers.
Therefore, the knowledge about the initial temperature can be helpful in
controlling the melt pool temperature.

3. Higher melt pool temperatures result in larger primary dendrite gpacing
(PDAS) which can be attributed to the melt pool enlargement and the reduced
cooling rate.

4. The length of interval (LI) of the PDAS is shorter in the controlled cases in
comparison to the case subjected to a fixed set of process parameterd)yespecia
the middle and top regions of the samples. This results in a more uniform
microstructure throughout the part. It is worthwhile to mention that when using an
adaptive P controller, the bottom region of the part shows a narrow LI of the PDAS,
which isclose to those of the middle and top regions.

5. Implementation of a controller can narrow down the variations of the
microhardness along the buildidirection, leading to more uniform mechanical

properties.
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Abstract

This studydeals withquality control ofthe laser powder bed fusion-@BF)processising

a temperature measurement approach rather than the commonly used energy density
criterion. Temperature domains corresponding to the mostmonporosities, namely

lack of fusion (LOF), lack of penetratiqdLOP), and keyhole, were determined in a range

of process parameters using a thermal imaging system. A safe zone was introduced by
defining a lower and an upper limit based on the critical temperatures causing transitions
from LOP to defecfree and fromdefectfree to keyhole zones, respectively. A
proportionalintegratderivative (PID) controller was used to maintain the melt pool
temperature within the safe zone during tRBRF process for Inconel 625 and avoid the
formation of porosities, regardleskthe initial condition selected and the scanning speed
employed. In all cases, a short settling time in the order of the printing time for a few layers
was required to reach the steaxdgte condition at which defedree parts could be
obtained. The kneledge gained from this study can pave the way for the development of
new temperaturbased criteria considering all process variabtagributinga role in the

L-PBF process.

Keywords

Laser powder bed fusion, Additive manufacturing, Control of rpell temperature,

Porosity, Quality inspection
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Abbreviations
AM Additive Manufacturing
CAD ComputerAided Design
EDM Electrical Discharge Machining
FOV Field of View
HIP Hot Isostatic Pressing
LOF Lack of Fusion
LOP Lack of Penetration
L-PBF Laser Powder Bed Fusion
LWIR Long-Wave Infrared Camera
PID ProportionalintegratDerivative
PM Partially-Melted
UM Un-Melted
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3.1 Introduction

Laser powder bed fusion {BBF) refers tcan additive manufacturing (AM) process in

which a highintensity laser source melts powders in a ldyetayer manner to fabricate

parts based on eomputeraided design (CAD) modekithout almost any geometrical
limitations [11 6]. The development of the-BBF process has provided an outstanding
opportunity to manufacture uniggarts which are practicaliynpossible to be produced

by conventional manufacturing methods. TRBBF process also does not require intricate
build tools and assembly processes. However, internal defects such as porosities deteriorate
the quality of the parts fabricated by thePBF process. Porosities can be formed via

different mechanisms, as follows:

1. Lack of fusion (LOF): When the energy of the laser is not high enough to fully
melt all the powder particles in a selected regionmetted/partiallymelted
(UM/PM) particles can bebserved in the final product (Figurel8a)). The
defects formed due to UM/PM particles are refetcess the LOF porositiehe
LOF porositesare characterized by their irregular shape and largd&i28].

2. Lack of penetration (LOP): The LOP is defined as inadequate penetration of the
melt pool of a currently depositing track into the previously consolidated layer or
the adjacent track. The porosities formed by this mechanism have been presented
in Figure 3-1(b), in which two adjacent tracks were not completely bonded
together. This type of porosity originates from the rapid solidification rate and high
viscosity of themolten material at a lower temperatyfieli 13]. As shown in
Figure 3-1(b), despite the porosities caused by LOF, the LOP porosities are free
from UM/PM powder particledn addition, &cording to the literaturgl4], the
consolidation process of powdsed fusion has two stages. First, powder melting,
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in which the powder particles fusion occurs and second, melt reshaping, which
consists of the flow of the molten material. Unlike LOF, the LOP forms during the
melt reshaping step. Therefore, the mechawisbh©P formation differs from LOF
formation as well.

3. Gas porosity: Powder particles may have some internal holes filled by gas due to
the powder production process. The gas can be released and trapped inside the part
during the LPBF process, leading thd formation of tiny spherical porosities
(Figure 3-1(c)), called gas porosities. The entrapment of shielding gas and
vaporized elements of the alloy can also produce gas pofbSitl/7].

4. Keyhole porosity:Another source for the formation of spherical/sepiierical
porosities in AM of metallic materials is the keyhole effect, taking psdegh
energy densitiesUnder this conditionthe evaporation ofthe molten material
causes the formation of a slender vapor cavity (known as keyhole), which is filled
with high-temperature metallic vapor or plasma. Instability, as well as repeated
formation and collapse of these keyholes, resultegérgeneration of gas bubbles
in the melt pool, which may lead to the coarse spherical porosities in the final part

if captured by the solidification interfa¢Eigure 3-1(d) [15, 17, 18].

Du Plessis et a[19] and Liu et al[20] showed thaamongthe abovementioned defects,

LOF, LOP, and keyhole porosities have a higher adverse impact on the mechanical
properties of the parts compared to the gas porosities. In addition, these porosities are hard
to remove even via pegrocessing methods suchhas isostatic pressingd(P), especially

if they occur near the surfaces of the pati.
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Figure 31 Types ofporosities formed during the-BBF processing of Inconel 625: (a)
LOF porosity, with UM particles shown inside the circles, (b) LOP, with irregular
porosities free from UM/PM particles, (c) gas porosity, and (d) keyhole porosity.

Several studies have beanplemented during the past decade to find the correlation
between energy density and different poros[&s 24]. Forexample Peng and Chd24]
introduced a model to find the correlation between the energy density and the porosity level
in a low energy density regimelowever, the model is applicable ongthin a limited

range of process conditionalthough the energy densityO equation(Eg. (1) [25])
considers the effect of some of the process parameters such as lasefUppseanning
speed), hatch spacingQ, and layer thikness(0), it fails to take the influence of other
variables (e.g., beam diameter, gas flow, building direction, and scanning pattern) into
account, which also play essential roles in porosity formg#i6in29]. For instance, Sow

et al.[28] showedthat the beandiameter altershe melting modewhile other process
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parameters remained constant. Sitieeconsideratioof all relevantvariables in a single
equation is nopractical,another approach in which all the proceagables are involved
needs to be applied to explore the defect formation mégharAccordingly, an online

investigation of the process is required to gain a better insight into porosity formation.

0 (31)

Bartlett et al]30] mounted a longvaveinfrared camera (LWIR) oféixially to detect the

LOF and keyhole porosities directlhey utilized a thermal image in each layer to provide

a suitableemperaturalistribution map of theorresponding layeto recognize thé OF.

The resultswhich were compared with SEM imagsebowedthat although the method can
detect theeOF with an accuracy d85%, it is notadequag for detecting keyhole porosity.

The requirements of such monitoringpaoaches are higtesolution and higispeed
sensors, which are rather costly. Coeck €i3dll used a monitoring system consisting of

two photodiodes to investigate the LOF@sities. They reported that the system is capable

of detecting porosities having diameter of 160 & or higher with 90% accuracy
However, it should be noted that the keyhole porosities can also cause critical issues,
especially at the edges of thePBF fabricated parts, which was not considered in this
study Forienet al.[32] showed that keyhole porosities could be predicted by signals
received by a pyrometer, representing the temperature of the melt pool. The outcomes of
this study indiated that from a specific threshold, the probability of keyhole porosity
formation would increase by increasing the temperature signal valuesl studies
mentioned above, the target was detecting a specific type of porosity, and there was no

attempt taavoid such defects.
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As mentioned before, keyhole porosities can be correlated to the intensity of the melt pool
radiation captured by a thermal sensor. Additionally, accordif@Blothe intensity of the

melt pool radiation is proportional to the melt pool dimensions; thus, LOF and LOP
porosities which form when the size of the melt pool is relatively small to provide sufficient
inter-track overlap, can be correlated to the terapure signals. As a result, the likelihood

of porosity formation can be monitored by a thermal sensor. Accordingly, temperature
ranges corresponding to these defects can be discovered via temperature measurements,
and consequently safe range of theahsignalscan be determined to produce defieee

parts The porosity levetan bemitigated by keeping the temperature in the safe rakge.
discussed ifi34], control approaches are feasible to keep the temperature of the melt pool

close to a specific temperature.

This research study proposeproportionaintegratderivative (PID) controller to keep the

melt pooltemperature of Inawel 625 superalloy during theRBF process in a safe zone

by manipulating the laser power layer by layer. For this purpose, a monitoring system
capable of capturing the thermal signals is first designed to send the thermal measurements
of each layer to #ncontroller. Then, a set of experiments is utilized to detect the safe zone
using the described sensor. Finally, the controller system is experimentally implemented
on the L-PBF machine to modify the laser power between twosecutive layers if
essential The performance of the controller is examined for three different scenarios and
the porosity level of the fabricated parts is investigated. The information gained from the
micrographs reinforces the idea that applying an appropriate control systemilyot on
improves the quality of the part at different initial conditions and scanning speeds but also

makes the fabrication of defeftee parts more timandcost effective.
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3.2 Materials and Methods

3.2.1 Fabrication procedure

The L-PBF machine employed in this studyanOmniSint160 with a 400w Yb-fiber
laserhavingwavelength of 109@ & and a spot size of 100 & This machine has the
capability of online laser power manipulation between two consecutive laygne
process chamber was filled with higlrity Ar gas to protect the melting area. The stripe
rotation strategy (67 degrees) was utilized asamningpattern to prevent excessive heat
accumulatior]35], andto producesuccessive layers oveplaing each othef15] (Figure
3-2). The hatclspacing and nominal powder layer thickness (platform displacement) in all
parts were 100 and 30 ¢ respectively.lt should be mentioned that experiments were
implemented on amallAlS| 304 stainless stedisk with a diameter of 50.8 mmiat can

be loatedon top ofthe original build plat€Figure 3-3). The material used in the study
was gas atomized Inconel 625 powder, supplied by Carpenter Additive In@ patticle

size in the range of 185 ¢ and the nominathemical compositiofistedin Table 3-1.

Layer n+1

Layer n

Previously
deposited layers

z

| jv Layer n-1
X

Figure 32 Schematic view of thstripe rotation strategy (67 degreasgd in this study.
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Original build plate

v,,A

Figure 3-3 The modifiedbuild plate in which amall disk is located inside the original

build plate The samples were printed on the small disk.

Table3-1 The nominakthemical composition of the Inconel 625 used in this study

(Result indicates the percentage of weight tested for the used powder).

Element| Al C Co Cr Cu | Fe | Mo Mn Nb+Ta| Ni P S Si Ti
Min - - - 20.0| - - 8.0 - 3.15 | Bal - - - -
(Wt%)
Max 04| 01| 1.0 |23.0] 0.5 |5.0{10.0f 05 4.15 | Bal| 0.015 | 0.015| 05| 0.4
(Wt%)
Result | 0.11| 0.02| 0.02| 22.0| <0.1| 0.3| 9.0 | <0.01| 3.80 | Bal | <0.001| 0.001| 0.07| 0.11
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3.2.2 Temperature measurement

Figure 34(a) shows the infrared thermal measurement system mounted on the process
chamber of the {PBF machine. An infrared thermal camera (Optris PI 08M) operating at

1 Q" Oécquisition frequency and a collection wavelength of 8@was used to capture
thermal signals. The camera was mountedagfally on the process chamber with a
viewing angle of approximately 60° to the powder @&idure 34(b)) using a polymer 3D

printed mounting fixture, and its field of view (FOV) covered the whole build surface
(small disk).Using this configuration, the pixel size is 8008A sapphire window
transmitting wavelengths in a range of 60I60¢ awas placed in front of the camem t
prevent the laser wavelength and allow suitable wavelengths to pass through. The apparent
temperature was used in this study instead of the true temperature because of two main
reasons: (i) detecting the defect signals requires only relative changesoutput of the
thermal sensor that correlate with different process wind8@2isand (ii) only constant
emissivity can be used on the camera, and this assumption produces huge errors since
emissivity depends on the viewing angle, wavelengtt,tamperature which aggravates

the temperature measurem§s®, 37] Therefore, the emissivity was considered equal to

1, making the measurements proportional to the absolute irradiance intensity of the object.
It is worthwhile to mention that a specific configuration was set on the cameng doei
measurement to ensure that the readings correspond to the pixel with the highest
temperature value. In this way, the results were not affected by random events such as

spattersAll measurements were accomplished through a LabView virtual instrument
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Process chambe

Figure 3-4. Monitoring system: (a@hethermal camera mountedth a viewing angle of
approximately60°to the powder bedand (b) the FOV of the camera covering the whole
building surface.

3.2.3 Influence of the temperature on porosity

As mentioned, among different kinds of porositlegdF, LOP, and keyhole deteriorate the
quality of the part drasticallj19, 20, 38] The LOF porosity occurs when the melt pool
areais not large enough to bond adjacent trg@k4.0]; thus, the size of the melt pool plays
a critical role in this type of porosity. Mercelis et [83] showed that the intensitf the
melt poolradiationhas a proportional relationship with the melt pool area; thud,@e

porosity is correlated to the temperature of the melt pool.

The LOP porosityoccurs when the viscogibf the molten material is néaw enough to
make itflow within the gaps quickly11i 13]. The reasomehind thehigh viscosity is the
low temperature of the melt pof@9, 40] meaning that theOP porosityis also related to

the temperature of the melt pool.

Finally, deep melt pools are created at extrenh@y temperatures due to a significant
amountof energy transferred from the laser beam to the powder patrticles. Also, sogne part

of the material evaporate and trap inside the deep meltfpaoing keyhole porosity17,
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18, 41] Accordingly, the keyhole porosity also can be correlated to the temperature of the

melt pool.

3.2.4 Safe zone ldentification

Based onsection3.2.3 LOF, LOP, andkeyhole porosities can be correlated to the
temperature of the melt pool. Therefore, a safe zone cdafimedin which highly dense

parts can be obtained by detecting the temperature signals corresponding to each defect. In
this study, vaous process parameters were utilized to pilefectfree partsas well as
partswith differentdefect types. Temperature measurements corresponding to each part
were also performed during the printing proc&sssed on the results, deviatddrom the
defectfreeconditionwere identifiedasabnormalitiesFrom a specifitaser powerkeyhole
porosity appeareth the printed sampled’he acquired signals these samplewere
consideredassignals by whichthe formation otthis type of porosity is prob#h Since
keyhole porosities cape formedat higher temperatures, these signals were considered
upper band signals, the minimumvaiichwas named the upper limit of the safe zdne.

other words, defective samples having keyhole porosities can heeabiithe measured
temperature exceeds the upper limit of the safe zone (upper band signal). Bhsides,
signals corresponding to pawtith the LOPporositywere considered lower band signals,
and the maximum of the measurements was called the lomérdf the safe zone.
Likewise, the lower band was located below the lower limit of the safe zone, where the
formation of the defective parts having LOP porosities is probtleworthmentioning
thatthe LOFporositywould form at a lower temperatutban that othe LOP porosityso

the measurements relatedhds type of porosityare located at the lower bariherefore,

the temperature signals corresponding to the LOF porosity do not affect the safe zone.

Figure 35 schematially illustratestheseband and the safe zone According tothe
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temperature dependency of the defects, the porosity igwaltigated by keeping the

signals inside the safe zane

3.2.5 Control strategy

Corrective actionis necessarywhen themeasuredemperatureexceeds the uppémit or

drops belowthelower limit to keep the temperature inside the safe zone. For this purpose,
an automatic approachouldbe deployed sincthe manuamodification ofthe process
parameters needs a user to check the monitorindtseduring the proces3he block
diagram of the control system is presenteéigure 3-6. The reference temperature was
set to be at the center of the safe zdrte laser power wasianipulatedoetween two
consecutive layers while the measurements waken for the whole laydian array of
signalq"Y) was captured by the thermal camauaing each layer)herefore, these signals

were required to be analyzbdforethecomputation of the error. The Feedback Element

Upper band
Temperature 4 Safe zone
Lower band
Minimum temperature in the part with keyhole porosity
Upper limit
Maximum temperature in the part with LOP
Lower limit
Maximum temperature in the part with LOF

Time

Figure 3-5 Schematic illustratio of the upper band, lower band, and safe zone.
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T, +
Reference r T € PID u LPBF Process T Melt pool
Temperature h Controller temperature

Thermal
camera

Figure 36 Block diagram of the PID control system.

inside the loop was in charge of the signal analysis and contained the following equation:

Y'Y onn®ReeQe (3-2)
YUY Y G 0REQO
Y £8D1 0 Wi 0

where™Y, “Y, 'Y , and”Y are the feedback signal, reference temperature, maximum
signal in measurements, and minimum signal in measurements, respectivelygingtor

Eq. (32), using the Feedback Element block, the signals within the safe zone were
considered as suitable signals, #melcontroller was switched dff this condition. On the

other hand, the maximum error was calculated when the sigaasutof the safe zone.

Becausehe criterion of the defective part is the difference between the temperature signals
of the molten material and thbresholds of the safe zone, a PID controller was used to
compute the needed adjustment in laser power to nmaittiai temperature inside the
defectfreeregion The PIDcontrol law continuouslypdatel thelaser powerbased on the
proportional, integral, and derivative of the error téflnestimated from the eline
measurementQ is defined as the difference teten the desired and the actual
measurement3hen, the updated laser power was fed into HRBE machine for printing

the next layerln this study, the P, I, and D gains were obtained using the trial and error
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approach during some pexperimentsThe P | and D gains in the designed controller
were 0.015, 0.005, and 0.02, respectiveRigure 3-7 presents the architecture of the
control approach in this study. First, the machine starts to print a layer by defining the
process parameters. After the fabrication of a layer and temperature measurements are
accomplished, the controller checks whethienot the printed layer was the last one. For

any given layer before the last one based on the abovementioned control system, if the
maximum temperature exceeds the upper limit or the minimum temperature drops below
the lower limit, the controller changdise laser power for the next layer; otherwise, the
process parameters will not change. This loop repeats until the last layer of the part is

printed. It is worth mentioning that the control system was implemented in a LabView vi.

( Start )

4

J L

i Process parameters /

v

Fabricate next Layer

Laser power

manipulation
ry Temperature measurement

v

4

Yes

Yes //\ No

Tnin < lower limit

Figure 3-7 The architeture of the process using the control system.
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3.2.6 Metallography

The fabricated samples were removed by EDM from the disk and sectioned along the
building direction using a precision cutter to investigate the quality of. gdressamples

were mounted iphenolicthermosettingesinand then ground with sequentially finer SiC
grinding papersThe wlishing wasperformedusing 9, 3andl*‘ dadiamond suspensions,
respectively For porosity examinationmixed acid etchant witkhe following chemical
composition was used: ?60HCI and 254 ¢HNOs. Imaging of the porosity was conducted

by a Keyence VHX5000 digital microscope.

3.3 Results and discussion

In this section, experimental tests are presented in three steps. Firseripe density is
evaluated as a metric for defdote part production. Then, the safe zone detection is

performed. Finally, the proposed control approach is examined experimentally.

3.3.1 Relation between energy density and part quality

As discussed, energy density is usually considered as a metric for finding the optimum
processing conditiarin this sectiontwo sets ofexperiments were performed. Two cubic
parts were printed in each seith the same energy density but different lgsmwrers and
scanning speedThe parts in the first set weabeledaspars "‘Oand "O'@ith anenergy
density 0f183.330f& & . Part "Owas printed with a scanning speedl8Dd afi and a

laser power 0B2.5w . The scanning speed and lasemmo for part "O"@vere doubled

The second set contained paf@0&nd "‘Owwith an energy density of 161.1¥a & .

Part "O"0Ofad a scanning speed and a laser power ofi1dBi and 72.50 , respectively.

Part "Ocwas fabricated witlascanning speed 8004& &7i and a laser power 45w .

Figure3-8 compares the quality of part©®and "O"Qwvhere part‘Owas almost fully dense
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with a relative density of 99.99%, and pai®'ad a relative density of 98.58% with
keyhole porosities in the whole part. Accordingly, parts fabricated by-fBH_process

can have different qualities and relative densities even when subjected to the same energy
densities but different combinatiooBlaser power and scanning spdeéidure3-9 presents

the discrepancy between the quality of the parts fabricated with the same energy density in
the second set. As can be sepait "‘O'O&ntains LOP while partOwhas keyhole
porosities. Therefa, two parts with the same energy density can have even different defect
types formed by different mechanisms. Based on the abovementioned discussion, we
conclude that the energy density value is not a reliable index to determine the quality of
the partsThis makes it necessary to implement temperatleged criteria, which would

be explained in the following section.

Part (1) Part (I1)

1000 um 1000 um

Figure3-8 (a) Part™O(0 82.50 andw 1504 a7i) andpart 'O'Q 165 and
® 3004 &7xi) were printed with the same energy densitp afdy aifd & .
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Part (I11) Part (IV)

¢ 4
" —
200 um

Figure 39 Part 'OO® 72.50 and® 1504 &7Fi) andpart 'Ow® 1450 and
w 3004 a7i) were printed with the same energy densitp @ pifa & .

3.3.2 Safe zone detection

As discussed isection3.2.3 LOF, LOP, and keyhole porosities are related to the melt
pool temperature. Also, a safe zone caddfnedbased on the temperature measuréamen
corresponding to each defect. In this section, fifteghic partswith dimensions of

106 @ 10a & 104 & were printed with a fixed scanning speed of &5@7i , while

the laser power varied from 60 to @with a step size of 2.& to obtain vaious features.

In addition, the melt pool temperature measurements were carried out to investigate the
relationship between the measurements and the quality of the abts3-2 shows the
process parameters and the relative density corresponding tsaapke.Figure 3-10
displays the quality of samplesl2. Samples-10 are almost defeditee, containing only

a low content of tiny gas pores. Some small keyhole porosities emerged in sample 11,
which are shown irFigure 310(a). The quantity and size dhe keyhole porosities

increased in sample 12. This observation indicates that samples with laser powers equal
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higher than that of sample 11 contain this type of porosity. On the other hand, samples 5
and 6 had LOP (Figure-B0(b)), while samples-2 contained LOF porosities (Figure 3

10(c)). Since sample 7 was free from any LOP porosities, samples with laser powers equal

or lower than that of sample 6 contain LOF/LOP porosities.

Table 32 The process parameters and relative densities of the partafebrin this

study.

Sample| Laser Scanning Layer Hatch Relative
number| power (P)| speedd a7i) | thickness‘( & | spacing( 0 | density (%)
1 60 92.58
2 62.5 95.61
3 65 96.82
4 67.5 97.04
5 70 98.08
6 72.5 99.48
7 75 99.96
8 775 150 30 100 99.98
9 80 99.99
10 82.5 99.99
11 85 99.77
12 87.5 99.49
13 90 98.71
14 92.5 97.78
15 95 97.26
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(@

Figure3-10 (a) Noretchedoptical micrographs of samplesl2. Higher magnification
micrographs of etched cressctions of samples 11, 6, and 4 showing keyhole, LOP, and

LOF porosities in (b), (c), and (d), respectively.

Based on thefarementioned discussion, determining thearngnd lower limits in Figure
3-5 is feasible by performing the melt pool temperature measurements during the printing
of different sampledrigure3-11 was constructed to determine the safe zone. In this figure,

each curve represents the temperature meamnt of a single layer with maximum or
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minimum apparent temperature corresponding to the sample mentioned in the legend. The
measurements of the layer with minimum apparent temperature in sample 11 (red line) and
the measurements of the layer with maximapparent temperature in sample 10 (green
line) overlap each other. Also, this behavior can be seen by investigating the curves
corresponding to sample 6 and 7. Such observation can be explained by the fact that some
areas have no defects in samples 6 &hd This is in line with the signal overlap

observations between the deféete and defective cases reportefBia.

T T T T T I

Max Sample 4
Max Sample 6

Min Sample 7
1800 - Max Sample 8 ||

Max Sample 10
B Min Sample 11
=2 1750 y
© —
©
g— 1700 + 1
5 Defect free zone
€ 1650 r .
o
©
£ 1600 = / 1
< Cor> |

1550

s LNWALVIWVA @t

1450

1000 2000 3000 4000 5000 6000
Time (ms)

Figure 311 Temperature measurements during printing of different samples. The defect
free zone is detected based onrtteximum values captured in sample 6 and the

minimum measurements in sample 11.
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The temperature signals above the minimum measurement in sample 11 can be related to
keyhole porosity, meaning that this margin is the upper band of the safe zone. With the
sane logic, the maximum measurement in sample 6 is the lower band of the safe zone
below which LOP porosity formation is probablée upper limit from the measurements

was 1732.623, and the lower limit was 1593.936. This information was used in the control
system to keep the temperature in the safe zone, which will be discussed in the next section.
The reference temperature for the controller was considered at the center of the safe zone,
which was 1663.28. It is worth mentioning that the temperature siglwalthe maximum

measurements in sample 4 (1522.692), the LOF porosity is probable.

3.3.3 Controller performance

As mentioned insection3.2.5, a PID controllewas employed to adjust and keep the
temperature of the melt pool within the safe zone duringtbesss. In this section, three
setsof experiments were implemented with different scendddsst the performance of

the controller. In the first set, ten initial layers were printed with the laser power af 100
and the scanning speed of 6@ ¥i . Then, the controller was switched on to manipulate
the laser power for the following 100 layers. The redssinind printing the initial layers

with a fixed laser power was to reveal the speed and the functionality of the controller.
Figure3-12 shows the quiy of the part fabricated in the first set. As it is shown, the initial
layers are full of keyhole porosities. As the controller came into action, the size of the
porosities became smaller, and their concentration became lower until the ponasi¢ies
completely vanished. Fige 313 shows the temperature signals and the controller outputs
after the controller was switched on. After 12 layers, the process reached a steady
condition. As it is presented inside the green circles, if the temperature exteegpér

limit, the controller reacts and adjusts the laser power to maintain the quality of the part.
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The red rectangle in Fige 312 shows the transition zone of the process. The porosity
level became lower in the building direction during this perlods worth noting that
defectfree areas started from some layers before the end of the transition zone. This
phenomenon is explained by two main reasons: (i) it shows the overlap between the signals,

which was discussed section3.3.2,and (i) the laser fused not only the powder layer but

also the consolidated layer(s) below at the end of the transition zone.

Figure 312 The sample fabricated during the first set of experiments. The red rectangle

corresponds to the settling time.

1900 T T T r
(a ) Temperature Measurements (b) 100
= Jpper limit L
1850 Lower limit 95
I 1800 %
3 g 90 |
g 1750 5
£ g .
1] g 85|
‘g 1700 | &
2 e
=1 8 sof
<€ 1650 [
1600 |- : 75
1550 ! L . : 70 . . . .
0 1 2 3 4 5 6 11 20 30 40 50 60 70 80 90 100 110
Time (ms) %10° Layer Number

Figure 313 (a) Temperature measurements during the control process of the first set of
experiments, and (b) the output of the controller. The green circles show that the

controller responded to any deviations from the safe zone.
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The second set of expermts was carried out with the initial laser power ot6&nd the
scanning speed of 1804 71 hproducing a part with the LOP porosities. Similar to the first
set, after ten layers, the controller was turned on to show its effect. The resulted part is
shown inFigure 314, where the LOP porosities at the bottom are reduced in the building
direction. The transition zone is smaller compared to the first set of experiments, proving
a shorter settling time in this case. As shown in Figufeb,3the safe zoneecame

perceptible after 9 layers. The described sets of experiments indicate that the controller is

capable of improving the part quality at different initial conditions.

Figure 314 The sample fabricated during the second set of experiments. The red

rectangle corresponds to the settling time.
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(a ) 1800 + Temperatltire measurements | | (b)
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Figure3-15 (a) Temperature measurements during the control prot#sssecond set

of experiments, and (b) the output of the controller.
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The third set of experiments was designed to examine the controllermpanice at
different scanning speeds. The initial laser power was set ab fdad the scanning speed
at 300a afi since these process parameters yielded keyhole porosities (Fig(ing.3
The fabricated part is shown in Figurd 8. As observed, thepntroller can adjust the laser
power to eliminate the porosities. Also, Figurd B shows that the temperatures were
successfully inside the safe zone, resulting in a défeetsection at the top layers.
Therefore, regardless of the scanning speed;ahaoller performed well and enhanced

the L-PBF product quality.

In general, the results showed that controlling the temperature using a PID controller is a
costandtime effective approach in which all the process parameters which were not
included in tle energy density equation are considered, making the method superior to the
energy density approach. Besides, this technique enhances the quality of the part in a few
layers regardless of the initially employed process parameters, which makes it applicable
to differentconditions It should be emphasized that although #pproach may not heal

the current defects, it mitigates the porosity formation and prevents the part from failure.

Figure 316 The sample fabricated during the third set of experiments. The red rectangle

is corresponding to the settling time.
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Figure 3-17 (a) Temperature measurements during the control process of the third set of

experiments, and (b) the output of the controller.

To correct the occurred porosity and the process parameters for the following layers
simultaneously,ite combination of theontrol approach with suitable dime corrective

actions (such as remelting for a specific case) is worth further investigation.

Apart from the point mentioned above, it is expected that the approach presented in this
study can also be applied to complesometries and high parts since 1) the porosities
discussed are all correlated to the temperature, themferewith the complex geometries,
these defects form with the same thermal situation and 2) it is shown that the controller
designed in this studyeacts efficiently to keep the temperature inside the safe zone.

However, it should also be investigated in the future.

3.4 Conclusion

In this study, the effect of the energy density on the quality of parts fabricated by the L
PBF process was examined. Thregety of porosities (lack of fusion, lack of penetration,
and keyhole) were investigated. A monitoring system consisting of a theamaka and

an IRtransmissive window wastilized to find the correlation between each type of
porosity andhermal measureemts. Based on the measurement results, a safe zone was
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introduced, and a PID controller was used to kbegghermal signals within the safe zone
during the process. The performance of the controller was evaluated in three different
scenarios. The resulisdicate that melt pool temperature control has a significant impact

on part quality. In summary, the following conclusions can be drawn:

1. Energy density is not a suitable criterion to predict the densification level and
defect type of the {PBF fabricéed parts because it only invohafmited number
of process parameters, while several other factors can alter the quality of printed
parts during the process. It was shown that two parts can have different qualities
with the same energy density and eean contain various types of defeatsler
such conditionsTherefore, an ofine investigation and control of the process
features are required to result in a highality part.

2. Temperature ranges corresponding to each type of porosity are identified through
temperaturemeasurements. This classification helpsidentify a temperature
range that is freéfom any defectBy keeping the temperature within this range
using manipulatin of the laser power, the quality of the part can be significantly
enhanced.

3. The control approach utilized in this study is applicable for different initial

conditions and at different scanning speeds.

Although the performance of the control approachewasnined in this study for elevating

the quality of the Inconel 625 parts fabricated by tHeBF process, the combination of

the control approach with oline corrective actions can be studied for other materials and
different geometries in the future. bhis case, in addition to changing the process
parameters, corrective action is also applied to the system to solve the unexpected failure
of the process.
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Chapter 4

Minimizing the surface roughness in |-PBF additive
manufacturing process using a combined feedforward

plus feedback control system

Complete Citation:

Rezaeifar, Hossein, and Mohamed Elbestaviliriimizing the surface roughness in L
PBF additive manufacturing process using a combined feedforward plus feedback control

system" Journal of Manufacturing Processes
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Abstract

This study aims at minimizing the top surface roughness of the parts manufactured by the
laser powder bed fusion {BBF) process by deploying a Feedforward plus Feedback
control system. The most common factors affecting tilase quality, namely, balling,

lack of intertrack overlap, overlapping curvature of laser scan tracks, and spatters, were
investigated through a monitoring system consisting of a-$yigled camera, a zooming
lens, and a short pass filter. The desired pabl width and the critical value for the level

of spatters were determined usithg imaging system and subsequent image processing.
An experimental model was developed, and the control system was designed accordingly.
The performance of the control sy was evaluated by simulations and experiments. In

all cases, the control system showed an excellent transient performance to reach the desired
melt pool width only after printing a few layers. Also, the control system was evaluated at
different scanningpeeds and with different geometries. The results obtained from this
study showed that controlling the geometry of the melt pool can mitigate signifefants

occurring during the process and minimize the top surface roughness.

Keywords
Laser powder bed fusionMonitoring of additive manufacturingSurface roughness

Defects Control of additive manufacturing

Abbreviations
AM Additive Manufacturing
CAD ComputerAided Design
EDM Electrical Discharge Machining
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FB Feedback

FF Feedforward

L-PBF Laser Powder Bed Fusion
MPC Model Predictive Control

PD ProportionalDerivative

PID ProportionalintegralDerivative
PM Partially-Melted

SEM Scanning Electron Microscopy
UM Un-Melted
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4.1 Introduction

Laser powder bed fusion {BBF) process is a wellstablished additive manufacturing

(AM) technology in which metal powders are fused laygtayer to fabricate nearet

shape parts in two main stages. First, the powder is uniformly deposited on atsubstra
Then, a higkpower laser selectively melts powder particles based on a corgjideer

design (CAD) model. This process continues until the final component ighi@]t The
development of the IPBF process has expanded the freedom in design and provided the
opportunity to fabricate parts with complex shapes and intricate features without the need
for expensive assembli¢g]. However, internal defects and unacceptable surface quality

of parts in the abuilt condition are major concerns toward fully implementing this
unprecedented technology in many industries, especially the aerospace and marine. The
high surfacaoughness adversely impacts the mechanical properties of the final product,
especially the fatigue performance, since surface asperities can act as preferential crack

nucleation sites during cyclic loadiii,9].

The surface quality of the-PBF fabricated parts can be categorized into two groups of
sidesurface and top surface quality. The surface roughness corresponding to the side
surface originat e-steppnai relfyleeft]tammdhérddgowdies t ai r
particles. The former correlates to the layer thickness and part orientation, and the latter
finds its route in powder attribuf@?] (e.g., particle size and size distribution), meaning

that both cannot be adjusted during the process. On the other hand, the top surface quality
is related to defects (i.e., lack of inteack overlapand balling), spatters, and the

overlapping curvature of laser scan trafd& 16], as explained in the following:
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1. Balling: At extremely high scanning speeds and relatively low laser powers, the
elongated melt pools break up into smaller entities of sphericalfgamrical
shape to reduce the significant difference in the sartaosion. This effect is
known as the balling phenomenon (kig4-1(a)) [17 19]. Formation of gouged
and humped regions at such conditions results in discontinuous laser scan tracks
which can act as severe impediments to the uniform deposition of the next powder
layer and subsequtiyi cause severe top surface roughness.

2. Lack of intertrack overlap: This is referred to a situation in which the amount of
energy delivered to the powder bed during tHeBF process is not sufficient for
the complete melting of the powder particles. (Fig4-1(b)) [20i 23]. At
extremelylow absorbed energy, the gap existing between adjacent tracks contains
unmelted/partially melted (UM/PM) powder particles. These openings in each
layer make the layer thickness at some local regions larger for the subsequent layer,
resulting in surface ra@hness deterioration or even process failure.

3. Spatter: Spatters are caused by the Marangoni convection combined with the recaoll
pressure, which acts to eject the molten material from the melt pool to the
surrounding[24,25]. Despite the low recoil pressunghich facilitates the melt
pool flattening during the {PBF process, the high recoil pressure caused by the
extremely high absorbed energy leads to the material evaporation, melt explosion,
and creation of metallic jef®6,27] When crushed by the metallic vapor, the
ejected material is broken into miesized molten droplets. The dispersed droplets
are called spatted28i 30]. If the spatter droplets solidify on the surface of the
layer, they can afféche surface quality. Fige 4-1(c) shows the spatters on the

final layer, which can directly affect the surface roughness.
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4. Overlapping curvature of laser scan tracks: In cases where there is no gap between
the adjacent laser scan tracks, the curvatur¢heftracks still results in the
formation of peaks and valleys on the consolidated surface, leading to top surface
roughness. The influence of this factor on the surface roughness alleviates by

increasing the level of intdérack overlaf16].

According to the abovementioned discussion,postessing seems essential to obtain the
desired surface quality for many applications. BasefBbp laser polishing, machining,

and electropolishing are the most versatile methods for improving the surface roughness of
the L-PBF fabricated components. Given that all these techniques are costly and time
consuming, there is a huge interest in limiting them by reducing the surface roughness of
L-PBF processed parts in thelaslt condition. To address this, one feasible apprésch
implementing an online method capable of simultaneously preventing defect formation
(i.e., defects affecting the surface quality) and improving the surface roughness-by real

time adjustment of the process parameters.

P

— y
=5 100 pm > = 100 um

Figure 41 Factors that impact ttseirface quality: (a) Balling effect, (b) Lack of inter

track overlap, and (c) Spatters solidified on the top surface of the sample.
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Two of the factors affecting the surface roughness, namely, lack ctiatéroverlap and
overlapping curvature of scaracks, are correlated to the width of the melt g6|20]

In other words, for a given hatch spacing, the surface roughness will be minimized if the
width of the melt pool exceeds a critical value. Accordinglie balling also can be
correlated to the dimensions of the melt pool. In fact, the melt pool turns into the unstable
mode when the ratio of the length to width of the melt pool transcends a certain value
resulting in ballshaped beads. Therefore, the dimensions of the melt [yohpcrucial

role in forming the defects mentioned above. The dimensions of the melt pool depend on
several factors, such as process variables, as well as the height and geometry of the part.
For example, variations of scanning surface in building doeatésult in different melt

pool temperatures and consequently melt pool dimensions in complex geofBeirias

addtion, the level of spatters also changes because of the mentioned factors. For instance,
Gunenthiram et al[33] showed that spatters increase by increasing the laser power.
Therefore, a control approach that can control the dimensions of the melt pool and keep
the level of spatters lower than a critical valusves the defects and consequently
improves the surface quality of the part fabricated by tRBE process. It is worth noting

that remelting of the last layer can significantly improve the surface quality, as suggested
by Yasa et al[34]. However, remelting of the last layer cannot soheeinternal defects

in previous layers. As noted, these defects can create conditions that result in increased
surface roughness or part failure during the process. iaykyer remelting has also

been employed in the literature to improve the surfaoghnes$34i 36]. Although this
strategy might solve the internal defects and improve the surface quality, it adversely
affects the dimensional accuracy and causes grain coarsening as well as ductility and

fatigue life reductioni37,38].
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A few attempts have been made recently to contrahiie pool dimensions in the-PBF
process. X[39] investigated the performance of the pdwnatintegratderivative (PID)

control and model predictive control (MPC) approaches in controlling the melt pool depth
and width via implementing various simulations. Similarly, Hussain et[40]
implemented a simulatiebased control of the melt pool area. However, the simulations

fail to provide a precise prediction of the real conditions. Vasileska [l4lcontrolled

the melt pool area via a layaise feedback control approach in a pulsetelength L

PBF machine bynanipulating the duty cycle of the laser power to correct the swelling
defect. However, the defects and issues mentioned above have a greater effect on the
surface roughness. Therefore, the effect of the control approaches in improving the surface

quality requires further investigation.

This research study proposeEeedforward plus Feedba@k plusFB) control system to

keep themelt poolwidth of Inconel 625 superalloy close to the desired value and the level
of spatters lower than a critical value ihgrthe L-PBF process to mitigate the defects and
improve the surface quality. For this purpose, first, a monitoring system consisting of a
high-speed camera, zooming lens, and-fuass filter capable of capturing the melt pool
width and level of spattenwas implemented. Then, the camera was calibrated through
three steps, and the image processing steps were implemented for capturing the required
information. Next, a set of experiments was utilized to determine the desired melt pool
width and the suitableange for the level of spatters using the described sensors and
microscopy. After that, the process model was obtained utilitiegmodified two-
innovation stochastic gradient descepproach and the data gathered from the-bjgged
camera. Some simulahs were conducted to evaluate the performance of the control

system.Finally, the control system was experimentally implemented on HRBE
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machine. The performance of the controller was examined for three different scenarios,
and the surface quality ¢ifie fabricated parts was investigated. The information gained
from the surface roughness measurements and SEM observations reinforces the idea that
applying an appropriate control system not only improves the surface quality at different
scanning speedsubalso mitigates defect formation and makes the fabrication of almost

defectfree parts with the minimized surface roughness-amecost effective.

4.2 Experimental procedure

4.2.1 Fabrication procedure

In this study, an OmniSi¥t60 L-PBF machine equipped with a ¥iber laser with a
maximum laser power of 4@0, a wavelength of 1090 & and a spot size of 100dwas

utilized to print parts. The laser power can be manipulated-laykyer in thismachine,
making the control approach possible. The process chamber was filled wigbuinighAr

gas to protect the melting area. Samples were printed on a small AISI 304 stainless steel
disk located on top of the original build plate, the details of whie explained if42].

The material used in the study was gas atomized Inconel 625 powder with a nominal
particle size in the range of 5 ‘ & The scanning strategy was serpentine with 90
degrees rotation betwa two consecutive layers. The hatch spacing and nominal powder

layer thickness in all parts were 100 and 3Q respectively.

4.2.2 Melt pool imaging and calibration

Figure 4-2 shows the higlspeed imaging system mounted on the process chamber of the
L-PBF mahine. A FASTCAM MC2.1 higtspeed camera (Photron) operating 82D
acquisition frequencfitted with a TOYO OPTICS F1.8 zooming lem&s employed to

observe melt pool width and the level of spatters during the process. As showara Fig
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4-2, the carera was mounted offxially at 400 afrom the build surface and a viewing
angle of around 60 degred$e images were taken with 50iintegration time to capture

melt pool characteristics, such as melt pool area (which was not elongated) and spatters.
The camera had a spatial resolution of 512 x 512 pixels. A short pass filter witbfa cut
wavelength of 1000 nm was located in front of the camera to eliminate the noise induced

by the reflected laser beam.

Before performing the measurements, the camereequired to be calibrated. The
calibration of the camera was done in three steps. As mentioned above, the camera was
installed on the machine with an angle to the building surface, so there will be a perspective
distortion in images captured by the @ (Figire 4-3(a)). Therefore, a calibration was
necessary to transform the melt pool images from the side view to the top view. In addition,
using the lens on the camera caused some distortion which was required to be addressed.
A polynomial distortion radel[43] was considered to corrigsoth mentioned errors. The
calibration was performed via calibration grid in LabView NI Vision Assistant. The details

of the calibration procedure have been explaingd4m5] Figure4-3 illustrates an image

before and after the distortion calibration. Following the distortion calibration, another
calibration step waperformed to capture the measurements of the true dimensions after
solidification. Four single tracks were printed, and at the same time, the widths of the melt
pools were measured in pixels via the monitoring system. Finally, the true width of the
melt pool was measured using scanning electron micros¢8gM), and ImageJ was

utilized to convert the pixel measurements to the real measurements (Fijure 4
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Zooming Lens

Figure 4-2 Monitoring systemthe highspeedtameravasmounted with a viewing angle

of approximately60°to the powder bed
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Figure 4-3 Grid calibration method: (a) image before calibration with perspective and
lens distortion, and (b) corrected image after calibration.

116



Ph.D. Thesi$ Hossein Rezaeifar McMaster University Mechanical Enginering

a (b)

Measured widthji |

Figure 44 (a) Average of true widthf the melt pool under SEM, and (b) measured melt

pool width in pixel.

The raw images were required to be processed to obtain the dimensions of the melt pool
and the level of spatters. For this purpose, the raw image after calibration transformation
(Figure 4-5(a)) was converted to a binary image (Fayd-5(b)), followed by an erosion

image processin@6] to separate the spatters from the melt pooluf€ig-5(c) shows the
spatters, and Fige 4-5(d) illustrates the separated melt pool. However, the spatters tend
to overlap and expand the mglbol area because of the -affial imaging system
considered in this study. Therefore, the accuracy of the measurement would be degraded.
To resolve this issue, another erosion image processing step was applied to the image to
reduce the generated error (Big 4-5(e)). Thereafter, the maximum feret diameter was
considered as the length of the melt pool, and the dimension perpendicular to the maximum
feret orientation was considered as the width of the melt poali@g5(f)). It is worth
mentioning that the mean pixel value of spatters determines the level of spatters in a single

frame.
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(c)

Figure 45 (a) Image after calibration, (b) binary image, (c) spatters, (d) melt pool
separated from spatters, (e) corrected melt pithl erosion image processing step, and

(f) measuring the melt pool dimensions.

4.2.3 Quality investigation procedure

The surfaces of the printed parts were observed using a TESCAN VEGA scanning electron

microscopy (SEM) working at an accelerating voltage of2DThe surface roughness of

the samples was measured WAliconafi | nf i ni t eFocus o mi @&oscope and
stylus profilometer. The surface roughness measurements reported in this study are the

arithmetic mean surface roughness value (Sa) aratithenetic mean deviation (Ra). For

measuring the density and investigating the melt pool width, samples were removed from

the disks by electrical discharge machining (EDM) and were sectioned along the building

direction using a precision cutter. The sagsplvere mounted iphenolicthermosetting

resin and then ground with sequentially finer SiC grindingepapThe polishing was

performed using 9, 3, ancclndiamond suspensions, respectively. Etching was performed

by mixed acid etchant with the chemical composition ofi ZHCI and 254 GHNO3.
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Optical imaging of the sectioned parts was conducted byyarie VHX5000 digital

microscope.

4.3 Defects investigation

The experimental investigation was conducted on 18 samples with dimensions of
104 ax 104 ax 104 & printed with a fixed scanning speed of 30@ i and various

laser powers changing from 60280w (Part 1 to 18Wwith an increment of 1@ . The
camera captured the width and the level of spatters during the process. However, the

measurements of the last layer were used to explain the surface quality.

As shown in Figure 4(a), the surface dPart 1 was full of discontinuous scan tracks
originating from a severe balling. In Part 3 (Figuré(8)), although the surface still
contained discontinuous tracks, the level of balling decreased. Part 7 was the first part
having uniform tracks (Figure-@(c)). However, the adjacent tracks did not have enough
overlap, leading to the presence of UM/PM particles between the tracks. The surface
roughness of Parts 3 and 7 were compared in FigdteThe average Sa in Parts 3 and 7

was 25.953 and 20.422 & respectively, revealing that the adverse effect of the balling
phenomenon on the surface quality is higher than that of the lack of fusion. Nevertheless,
keeping the width of the melt pool at a suitable value not only solves the lack of fusion
defects butalso eliminates the balling phenomenon. In Part 10, tracksunatceptable
overlap (Figure 4(d)). However, the surface would be more flattened by increasing the
laser power sincegt this condition, the melt pool becomes wider, and the overlapping
curvature of the laser scan tracks becomes more moderate. Also, the melt pool temperature
shows an ascending trend by increasing the laser power, which in turn decreases the

viscosity of the molten material and provides a situation for the excellent melafidw
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wetting of adjacent tracks. For example, Part 14, shown in Figéfe)4 had a better
surface quality than Part 10. The trend of improving the surface roughness with increasing
the laser power continued until a high level of spatters adversely dffdwtesurface
guality. For instance, a great amount of large spatters was formed on the surface of Part 18,

as shown in Figure-8(f).

The Sa of Part 9 to Part 18 was measured to investigate the effect of laser power and spatters
on the surface quality. Ashown in Figire 48, Sa reduced from Part 9 to Part 14. Part 15
also had the Sa almost similar to Part 14. Then, in Part 16, 17, and 18 the average Sa

increasednoticeably Therefore, it can be interpreted that increasing the laser power

Figure 46 SEMimages of: (a) Part 1, which had a huge amount of balling, (b) Part 3 in
which the amount balling decreased in comparison to Part 1, (c) Part 7 with lack-of inter
track overlap, (d) Part 10, (e) Part 14 which had a better surface quality compared to Part

10, and (f) Part 18, the spatters affected the top surface quality.
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